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ABSTRACT 

Pharmaceutical contamination in coastal ecosystems is an emerging environmental is-

sue, with neuroactive pharmaceuticals of particular concern as they bioaccumulate in non-target 

fish, affect the central nervous system and can trigger population-level effects. The presented 

outcomes disclose recent research efforts, revealing multiple adverse effects of exposure to 

neuroactive pharmaceuticals in fish, albeit skewed data concerning few neuroactive compounds 

and largely freshwater species exist. Moreover, bioconcentration is seldom considered and 

rarely determined in combination with other endpoints, hampering the link between internal 

dosage and effects. Also, estimating the bioconcentration of neuroactive pharmaceuticals 

through lipophilicity is not straightforward, depending on multiple experimental factors. Here, 

nine neuroactive compounds were signalled as potentially threatening in aquatic ecosystems 

due to environmental concentrations either exceeding or near thresholds known to significantly 

affect fish behaviour, growth and condition or reproduction. Up to 28 neuroactive pharmaceu-

ticals were detected in estuarine surface waters and seven fish species demonstrating the diver-

sity and pervasiveness of neuroactive compounds in both high and slightly impacted coastal 

ecosystems. Bioaccumulation among all species revealed no clear pattern linked to compounds 

lipophilicity, species habitat use or trophic level, with higher frequency and concentrations ob-

served in the brain, followed by liver and muscle tissues. Acute and chronic exposure experi-

ments with two estuarine/marine fish species evidenced the toxicity of three pharmaceuticals 

with different modes-of-action, highlighting higher uptake and toxicity of the neuroactive com-

pound fluoxetine in comparison to other frequently detected compounds tested. Sub-individual 

measurements revealed effects on critical processes (e.g. antioxidant and biotransformation 

mechanisms, or energetic metabolism), whereas individual-level effects of higher ecological 

relevance (e.g. alterations to growth, feeding or activity behaviours) followed chronic exposure 

or acute exposure at higher concentrations. Overall, critical insights on environmental fate and 

exposure effects in fish are provided, highlighting the need for priority research and continuous 

monitoring of neuroactive pharmaceuticals in coastal ecosystems. 

 

 

KEYWORDS: Coastal pollution, Neuroactive pharmaceuticals, Estuarine and marine fish, Bio-

accumulation, Toxicity 
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RESUMO 

A contaminação por fármacos nas zonas costeiras constitui um problema ambiental 

emergente, onde os fármacos neuroativos são de particular importância porque bioacumulam 

em espécies não-alvo, afetando o sistema nervoso central e causando efeitos ao nível das popu-

lações. Os resultados demonstram, na literatura existente, os diversos efeitos adversos da expo-

sição de fármacos neuroativos em peixes, apesar de incidir sobre poucos compostos e maiori-

tariamente espécies de água-doce. A bioconcentração é também insuficientemente considerada 

e raramente estudada em combinação com outras respostas biológicas, dificultando a conjuga-

ção entre concentração interna e efeitos observados. A estimativa da bioconcentração dos fár-

macos neuroativos através da sua lipofilicidade não é direta e depende de múltiplos fatores 

experimentais, o que dificulta a previsão de risco. Contudo, concentrações ambientais de nove 

fármacos neuroativos excedem ou estão próximas de concentrações que causam efeitos deleté-

rios em peixes. Dados ambientais, com a deteção de até 28 fármacos neuroativos em águas 

superficiais e peixes, evidenciam a ubiquidade e diversidade destes compostos em estuários, 

sendo que o padrão de bioacumulação em sete espécies de peixes foi independente da lipofili-

cidade dos compostos, do uso do habitat ou do nível-trófico das espécies, com maior frequência 

e concentrações observadas no cérebro, seguido do fígado e músculo. Experiências de curta e 

longa exposição a fármacos neuroativos com duas espécies estuarinas/marinhas demonstraram 

a toxicidade de fármacos com diferentes modos-de-ação, revelando maior acumulação e toxi-

cidade do fármaco neuroativo, fluoxetina, em comparação com outros fármacos frequentemente 

detetados. As respostas sub-individuais revelaram efeitos em processos essenciais (e.g. meca-

nismos antioxidantes, biotransformação, metabolismo energético), enquanto efeitos individuais 

de relevância ecológica (e.g. crescimento, comportamentos alimentares e locomotores) ocorre-

ram após exposição crónica, ou aguda a concentrações mais elevadas. Em suma, novos conhe-

cimentos relativos à presença, acumulação e efeitos da exposição em peixes, demonstram a 

necessidade de priorizar a investigação e monitorização dos fármacos neuroativos em ecossis-

temas costeiros. 

 

 

PALAVRAS-CHAVE: Poluição costeira, Fármacos neuroativos, Peixes estuarinos e marinhos, Bi-

oacumulação, Toxicidade 
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RESUMO ALARGADO 

A ocupação das áreas costeiras compreende atualmente aproximadamente metade da 

população mundial, potenciada pela oferta de recursos e serviços dos ecossistemas estuarinos e 

marinhos. Desta forma, os estuários são alvo de múltiplas ameaças, associadas às várias ativi-

dades humanas, entre as quais a introdução de contaminantes nos ecossistemas costeiros, afe-

tando os organismos aquáticos e a produtividade e qualidade destes ecossistemas. Os fármacos 

constituem um grupo complexo de compostos com propriedades físico-químicas diversas e com 

vários modos de ação, cuja utilização tem enorme relevância na melhoria da qualidade de vida 

do Homem, auxiliando no tratamento e prevenção de inúmeras doenças, bem como em contexto 

veterinário. Os fármacos são utilizados globalmente e em grandes quantidades, e o seu consumo 

tem vindo a aumentar nas últimas décadas, tendência que se prevê acompanhar o crescimento 

populacional, e maior necessidade e facilidade de acesso. Após o seu consumo, uma porção 

destes compostos é excretada pelo organismo, podendo ser encaminhada para estações de tra-

tamento de águas onde, contudo, a sua eliminação é frequentemente incompleta, resultando na 

sua libertação para os ecossistemas aquáticos. Esta constante descarga constitui um problema 

emergente, uma vez que os fármacos são biologicamente ativos a concentrações muito reduzi-

das, e atuam em vias/alvos moleculares que são comuns entre o Homem e outros organismos, 

em particular em vertebrados como os peixes. Assim, os fármacos são considerados contami-

nantes emergentes, potencialmente nocivos para o ambiente aquático e para a saúde humana. 

Em particular, os fármacos neuroativos, que atuam no sistema nervoso central, são potencial-

mente prejudiciais ao interferirem com processos essenciais que regem o funcionamento do 

cérebro, alterando comportamentos essenciais como locomoção, alimentação ou reprodução, 

que em última análise culminem em alterações ao nível das populações. Estudos recentes têm 

demonstrado a toxicidade dos fármacos neuroativos, sendo reconhecidos efeitos em várias es-

pécies não-alvo, incluindo invertebrados e peixes, existindo, no entanto, uma lacuna de conhe-

cimento relativamente à ocorrência e efeitos em ambientes estuarinos e marinhos.   

Neste contexto, o objetivo principal deste trabalho é estudar a presença e bioacumulação 

de fármacos neuroativos em ecossistemas estuarinos, bem como investigar os efeitos de expo-

sição aguda e crónica em espécies de peixe estuarinas e marinhas, contribuindo desta forma 

para uma melhor avaliação do risco ambiental destes compostos.   

A presente tese é composta por seis capítulos, quatro dos quais constituem artigos cien-

tíficos publicados em revistas indexadas, sendo estes precedidos por um capítulo de introdução 
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geral ao tema (capítulo 1) e seguidos de um capítulo final de discussão geral e considerações 

finais (capítulo 6). 

O primeiro capítulo consiste num enquadramento geral ao tema da tese, com foco na 

contaminação ambiental por fármacos e respetivas implicações. São abordadas várias questões 

relativas ao tema, nomeadamente a origem dos fármacos no ambiente e a sua classificação como 

poluentes emergentes; a contaminação em ecossistemas estuarinos, zonas altamente urbaniza-

das; o potencial nefasto da presença e acumulação de fármacos neuroativos em particular; a 

importância da utilização de espécies de peixes como indicadores da qualidade do habitat e a 

utilização de biomarcadores como ferramentas de análise de respostas à exposição a fármacos. 

No capítulo 2 são explorados os mais recentes desenvolvimentos presentes na literatura 

sobre fármacos neuroativos, através de uma revisão sistemática abrangendo a biocon-

centração e efeitos de exposição em peixes. O trabalho desenvolvido permitiu explorar 

vários padrões e limitações no conhecimento da toxicologia dos fármacos neuroativos. 

Em particular, os resultados revelam uma tendência de investigação limitada a apenas 

alguns fármacos e bastante centrada em espécies de água doce, comparativamente a 

espécies estuarinas e marinhas. De entre as respostas analisadas, a bioconcentração é 

insuficientemente considerada e raramente em combinação com outras respostas bioló-

gicas, dificultando a integração dos níveis de concentração interna com os efeitos ob-

servados. O estudo da relação entre a bioconcentração de fármacos neuroativos e a sua 

lipofilicidade, revelou que a sua utilização como indicador do potencial de bioconcen-

tração não é imediata, e a análise dos dados existentes revela que a bioconcentração 

está, em parte, subordinada a fatores experimentais, abióticos e bióticos. A relação entre 

o potencial de bioacumulação e os efeitos de toxicidade observados (mortalidade, cres-

cimento e condição, comportamento e reprodução) revelaram a incerteza da relação, à 

exceção da mortalidade, provavelmente associada à variabilidade e escassez da infor-

mação existente. Considerando as concentrações ambientais atuais, foram sinalizados 

nove fármacos neuroativos com maior potencial de risco, cujas concentrações nos sis-

temas aquáticos excedem, ou estão próximas de atingir, concentrações que causam efei-

tos significativos no comportamento, crescimento/condição ou reprodução dos peixes. 

No entanto, para alguns fármacos neuroativos não existe informação disponível, em 

particular em sistemas estuarinos e marinhos, realçando a necessidade de monitorizar e 

implementar estratégias de gestão de risco destes fármacos. 

No capítulo 3 foi estudada a ocorrência e bioacumulação de 33 fármacos neuroativos 

em águas superficiais e em sete espécies de peixes estuarinas e marinhas de quatro ecossistemas 
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estuarinos com diferentes níveis de impactos. Os resultados revelaram a ubiquidade e diversi-

dade de fármacos neuroativos presentes em águas superficiais, incluindo 28 fármacos perten-

centes a diferentes classes terapêuticas como antidepressivos, antiepiléticos, psicostimulantes, 

opioides ou ansiolíticos, nos diferentes estuários, independentemente do nível de urbanização 

ou hidromorfologia dos mesmos. A bioacumulação de 13 fármacos neuroativos nas diferentes 

espécies de peixes revelou um padrão comum entre espécies e em todos os estuários, com maior 

frequência de deteção e concentrações no cérebro, seguido do fígado e do músculo. A bioacu-

mulação de fármacos neuroativos foi observada em todas as espécies estudadas, não existindo, 

contudo, uma relação significativa com a lipofilicidade dos fármacos, o uso do habitat ou o 

nível trófico das espécies, apesar dos níveis acumulados variarem entre espécies. Aqui são re-

velados padrões de ocorrência e bioacumulação essenciais para a aplicação futura em estudos 

de análise de risco ambiental de fármacos neuroativos, e demonstrada a necessidade de inves-

tigar os impactos destes compostos em ambientes estuarinos. 

No capítulo 4, foi estudada a toxicidade do antidepressivo fluoxetina através da exposi-

ção aguda de uma espécie estuarina residente, o caboz-comum Pomatoschistus microps, a con-

centrações ambientalmente relevantes e a concentrações mais elevadas. As respostas biológicas 

analisadas incluíram a atividade de enzimas antioxidantes, de biotransformação e de neuro-

transmissão, bem como danos de exposição ao nível dos lípidos e DNA, e alterações compor-

tamentais (atividade locomotora e alimentação). O antidepressivo fluoxetina revelou-se capaz 

de interferir no funcionamento de mecanismos antioxidantes (e.g. inibição) e de biotransforma-

ção (resposta hormética) a concentrações ambientais, não tendo, contudo, incitado efeitos ao 

nível da neurotransmissão, de danos nos lípidos ou DNA, ou comportamentais, revelando uma 

certa tolerância desta espécie estuarina em comparação com estudos anteriores em espécies de 

água-doce. Contudo, a exposição a concentrações mais elevadas, revelou o impacto significa-

tivo deste antidepressivo no sistema colinérgico (neurotransmissão) e no comportamento loco-

motor e alimentar, cuja relação merece uma investigação mais aprofundada. Assim, torna-se 

evidente o potencial tóxico deste fármaco neuroativo, com potenciais implicações em compor-

tamentos essenciais à aptidão e sobrevivência destes indivíduos, culminando em perturbações 

de elevada relevância ecológica. 

No capítulo 5 é dado ênfase aos efeitos da exposição crónica de três fármacos com di-

ferentes modos de ação, nomeadamente o antidepressivo fluoxetina, o anti-hipertensivo propra-

nolol e o anti-inflamatório não esteroide diclofenac, com o objetivo de avaliar diferenças de 

toxicidade em fármacos frequentemente consumidos e presentes no ambiente. Para tal, juvenis 

de corvina Argyrosomus regius, foram expostos a concentrações ambientalmente relevantes dos 
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três compostos, tendo sido posteriormente avaliadas múltiplas respostas biológicas. Ao nível 

sub-individual foram analisadas alterações de mecanismos antioxidantes, de biotransformação, 

de neurotransmissão, de metabolismo energético e ainda a existência de danos oxidativos. Ao 

nível individual foram avaliadas alterações no crescimento e condição dos juvenis bem como a 

bioconcentração dos três fármacos nos tecidos musculares. Os resultados obtidos revelaram 

diferentes mecanismos afetados e diferentes níveis de toxicidade dos três compostos, sendo que 

o fármaco neuroativo (fluoxetina) mostrou maior bioconcentração e toxicidade que os restantes. 

A exposição à fluoxetina evidenciou uma extensa acumulação nos tecidos, resultando no de-

créscimo da taxa de crescimento dos juvenis de corvina, na ativação de defesas antioxidantes, 

na inibição de enzimas de biotransformação e no aumento de danos oxidativos nos lípidos e 

DNA no fígado. O anti-hipertensivo propranolol revelou uma toxicidade intermédia, com me-

nor concentração nos tecidos que o fármaco neuroativo, causando, no entanto, o aumento de 

danos no DNA e reduzindo o metabolismo aeróbico no músculo, provavelmente como resposta 

ao aumento do stress oxidativo. Por último, o anti-inflamatório diclofenac não acumulou no 

tecido muscular, e mostrou o menor nível de toxicidade dos três compostos, todavia levando ao 

aumento do consumo energético celular no músculo e consequente redução da energia disponí-

vel.   

Nestes capítulos experimentais (4 e 5) é demonstrada a importância de estudos que com-

binam respostas ao nível sub-individual e individual, permitindo conhecer os efeitos precoces 

e os mecanismos afetados, comparando diferentes níveis de toxicidade, e dando enfase à im-

portância de integração de respostas ecologicamente relevantes.   

No capítulo 6 é apresentada uma discussão geral dos resultados obtidos e perspetivas 

futuras de investigação, destacando a contribuição do presente trabalho com novos conheci-

mentos relevantes sobre a presença, bioacumulação e efeitos dos fármacos neuroativos em am-

biente estuarino, e implicações para estudos futuros de avaliação de risco ambiental, enfati-

zando a necessidade de priorizar a investigação e a monitorização destes compostos em ecos-

sistemas estuarinos e marinhos. 
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General introduction 

Our oceans are experiencing broad and local scale impacts of human presence and ac-

tivities. Humans have historically taken advantage of the natural resources and services offered 

by marine and coastal ecosystems, with almost half of the world’s population settled in the 

vicinity of coastal areas (Martínez et al., 2007). As a result, estuaries are recognized as one of 

the most impacted ecosystems in the world due to urban development and industrialization, 

facing numerous anthropogenic impacts of varied nature (Halpern et al., 2015; Wolanski et al., 

2019). Human activities linked to resources exploitation (e.g. fisheries, aquaculture), and de-

struction of habitats (e.g. dredging, land claim) or industrial and urban development, have con-

tributed to significant habitat degradation in coastal environments at an increasing pace over 

recent decades, compromising ecosystems’ health, with consequences for marine life (Cabral 

et al., 2022; Halpern et al., 2019). In particular, the input of land-based pollutants into aquatic 

systems, i.e., the drainage of chemical contaminants, nutrients and organic contents is of major 

concern. The majority of marine pollutants (80%) is estimated to originate from rivers’ runoff 

and direct discharges of human-related activities, threatening marine organisms and affecting 

the productivity and quality of these ecosystems (Cabral et al., 2022; Wilhelmsson et al., 2013). 

Though it was generally thought that world’s rivers, estuaries and oceans would carry away and 

dilute those discharges, the presence of hazardous substances that were previously undetected 

in complex environmental matrices (e.g. water, biota, soil) is now being disclosed by cutting-

edge scientific research (Fatta-Kassinos et al., 2011). These newly noticed contaminants, for 

which toxicity has only recently been recognized, are referred to as contaminants of emerging 

concern (CEC) and include typically unregulated compounds that despite being released for 

many years, detection and quantification in the environment are fairly new (e.g. biocides, phar-

maceuticals and personal care products). These compounds may profoundly affect aquatic wild-

life, yet insufficient information concerning occurrence, fate and impacts in the environment 

exist, which results in their inclusion in monitoring programs (e.g. European Commission, 

2022) meant to further address their persistence in the environment as well as their bioaccumu-

lation and toxicity potential.   

Over the last two decades, focus has been directed to the continuous release of human 

and veterinary pharmaceuticals into the aquatic environment (Daughton, 2016). Pharmaceu-

ticals have long been produced and prescribed to improve human and animal health, lessening 

the impacts of illnesses and their symptomatology, and overall improving well-being. Notably, 

these compounds are consumed globally and in large quantities, with increasing trends in use 
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reported for decades, mostly reflecting the need for treatment of age-related and chronical dis-

eases (OECD, 2021), and expected to continue increasing, linked to population growth allied 

to higher demand and access (Arnold et al., 2014; Bernhardt et al., 2017). After pharmaceutical 

consumption, a considerable portion of the compound is excreted from the human or animal 

body in its unchanged form (parent compound), or in more easily excreted forms, such as me-

tabolized or conjugated forms (phase 1 and phase 2 metabolites) (e.g. Monteiro and Boxall, 

2010; Patel et al., 2019). Once excreted, these compounds can be directly released, or flow 

through sewage systems, to be collected and treated in wastewater treatment plants (WWTP) 

before being released into the aquatic environment (aus der Beek et al., 2016; Wilkinson et al., 

2022).   

Pharmaceuticals consist of a diverse group of complex chemical compounds, of varied 

physicochemical and therapeutic properties, yet they share some key features that have led to 

their classification of emerging pollutants of priority concern (European Commission, 2013). 

Pharmaceuticals are biologically active at low concentrations, meaning that these compounds 

will potentially cause a biological response at environmentally relevant concentrations (ng/L – 

µg/L) (e.g. Corcoran et al., 2010; Fabbri, 2015), by targeting specific molecular pathways, 

which are in most cases evolutionary conserved, especially among vertebrates (Gunnarsson et 

al., 2008). Hence, when present in the environment, pharmaceuticals may trigger effects in non-

target species, i.e. wildlife species other than human or target animals to which pharmaceuticals 

were meant to be applied. In this context, questions concerning the potential impacts of the 

presence of pharmaceuticals and personal care products (PPCPs) towards humans and wildlife 

were being published in the late nineties (Christensen, 1998; Daughton and Ternes, 1999), in-

cluding on prescribed and unprescribed pharmaceuticals, but also fragrances, sunscreens or 

cosmetics, among others. Yet, only recently the detrimental impacts of pharmaceuticals in the 

environment are recognized, and the lack of information concerning their occurrence and po-

tential impacts acknowledged.  

Major sources of pharmaceuticals’ input into the environment include wastewater treat-

ment plants that receive influents from domestic, hospital and industrial sewage systems; the 

use of pharmaceuticals in animal production sectors, including aquaculture; improper disposal 

of unused or expired medicines; or indirectly using sludge from treatment plants to improve 

soil fertility (Arnold et al., 2014; Caldwell, 2016; Kümmerer, 2010; Patel et al., 2019). Higher 

concentration discharge of pharmaceuticals is mostly associated with manufacturing/produc-

tion processes (up to mg/L range) (e.g. Fick et al., 2009; Larsson, 2014). However, the most 

prominent and consistent input of pharmaceuticals into the environment is through treated or 
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untreated wastewater discharges, where concentrations in the ng/L-µg/L range are typically 

reported. Conventional wastewater treatment systems use activated sludge processes that were 

primarily designed to remove pathogens, organic and inorganic matter in suspension from 

wastewaters. Hence, the elimination of specific compounds such as pharmaceuticals was gen-

erally beyond the scope of WWTP and thus removal efficiencies are highly variable and gen-

erally low for the majority of pharmaceuticals (e.g. Jelić et al., 2012; Rivera-Utrilla et al., 2013). 

Advances in tertiary wastewater treatments such as chlorination, ozonation, or membrane fil-

tration can highly reduce the concentrations of some pharmaceutical compounds, despite low 

removal rates are still described in some cases (e.g. Adeleye et al., 2022). Overall, the persistent 

loads of pharmaceuticals result in exceptionally high concentrations of pharmaceuticals in 

WWTP, limiting its complete removal, resulting in residual concentrations still detected in final 

effluents (e.g. Loos et al., 2013), even for compounds with generally high removal rates. More-

over, pharmaceuticals are discharged on a continuous daily basis, contributing for its ceaseless 

input into aquatic systems, rendering them the classification of pseudo-persistent pollutants 

(Daughton and Ternes, 1999).  

The presence of pharmaceuticals in the environment is still largely unregulated, given 

that public health is a priority, coupled to a lack of risk assessment data for compounds that 

entered the market before any legislation was applicable (Kuster and Adler, 2014), and the 

inexistence of regulation defining safety concentrations in the environment, a result of yet in-

sufficient available information. In this context, many efforts to prioritize and improve risk 

assessment of pharmaceuticals have been made (e.g. Ågerstrand et al., 2015; Burns et al., 2018; 

Zhou et al., 2019), and currently regulatory actions account for pharmaceuticals as substances 

of priority concern that may constitute a risk for non-target species. The inclusion of pharma-

ceuticals in European legislation, namely through the European surface water Watch List, was 

proposed within the scope of the Water Framework Directive (WFD) objectives (European 

Commission, 2000). This Watch List includes substances signalled as potentially threatening 

to the environment and thus set for broad-scale monitoring in EU surface waters, including 

several pharmaceuticals and their metabolites, such as antibiotics, antifungals, and antidepres-

sants (European Commission, 2022). However, much more research is needed to fully 

acknowledge the fate and impacts of pharmaceuticals in the environment and to unravel both 

bioaccumulation and toxicity potential in wildlife.  

With thousands of pharmaceutical compounds currently marketed (Arnold et al., 2014; 

Arpin-Pont et al., 2016), over 600 compounds have already been detected in the environment 

all around the globe (aus der Beek et al., 2016; Wilkinson et al., 2022), including in highly 
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remote places such as the polar regions (e.g. Duarte et al., 2021; Kallenborn et al., 2018). Fresh-

water systems are most frequently screened for pharmaceutical presence, whereas estuarine and 

coastal areas are comparatively less studied, likely due to the expected dispersion and dilution 

processes (Fonseca and Reis-Santos, 2019; Gaw et al., 2014), and only a decade ago has atten-

tion been directed to these systems (Fabbri and Franzellitti, 2016; Gaw et al., 2014). Notwith-

standing, these are critical receptors of both river basin inputs and direct inputs of urban 

wastewater discharges, and thus worthy of further investigation (Gaw et al., 2014). In fact, 

baseline studies report high concentrations of a large suite of pharmaceuticals in estuaries and 

coastal areas (e.g. Reis-Santos et al., 2018).  

Among the different classes of pharmaceuticals that exist, neuroactive pharmaceuticals 

such as antidepressants, antiepileptics, anxiolytics are of particular concern. These compounds 

are designed to cross the blood-brain barrier and target the central nervous system, through 

different modes of action, interfering with essential chemical signalling processes that underlie 

brain functioning, thus ultimately likely to trigger population-level effects by altering, for in-

stance, behavioural or reproductive endpoints (Brodin et al., 2014; Calisto and Esteves, 2009). 

Recent studies have underpinned the potential toxicity of neuroactive pharmaceuticals towards 

non-target species: effects have been reported in multiple species, including invertebrate and 

vertebrate organisms and include a variety of effects such as altered growth and development, 

reproduction and behavioural responses (e.g. Calisto and Esteves, 2009; Cunha et al., 2019, 

2017; Sehonova et al., 2018). By sharing a high percentage of pharmaceutical targets with hu-

mans, due to conserved orthology of drug targets (e.g. Danio rerio over 90.0 %) (Gunnarsson 

et al., 2019), fish can be particularly susceptible to pharmaceuticals. Fish are frequently used as 

model species and biological indicators of habitat quality assessment in estuaries (Cabral et al., 

2012; Deegan et al., 1997; Whitfield and Harrison, 2014), due to their wide distribution and 

long life cycle, their important ecological role as well as their economic value, among other 

factors (Cabral et al., 2022). Fish responses are key adaptations to environmental changes, both 

of anthropogenic or natural origin, and can be observed at different levels of biological organ-

ization (van der Oost et al., 2003). Early-warning signs, usually referred to as biomarkers, in-

clude any measurable alteration that arises from the interaction of a biological system with any 

environmental stressor, whether physical, chemical or biological (WHO, 1993). Biomarkers 

include sub-individual (e.g. biochemical, cellular or tissue) or individual (e.g. behaviour, de-

velopment) alterations that can signal exposure, effects or susceptibility to any stressor, and are 

well recognized by the scientific community as a preeminent contribution/tool (van der Oost et 

al., 2003), by means of sensitivity and ecological relevance, in comparison with commonly used 
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endpoints in toxicity assessments such as mortality. At the sub-individual level, biochemical 

changes including the engagement of antioxidant defences or metabolic enzymes, as well as the 

oxidative stress revealed by lipid and DNA damage, are a few examples of early responses that 

can pinpoint exposure to hazardous contaminants. At the individual level, changes in individu-

als’ growth, condition or alterations to behaviours such as feeding, locomotion or social inter-

actions, are highly relevant as they evidence potential implications in terms of survival and 

population structure (e.g. Hamilton et al., 2016).   

Likewise, the uptake of chemical contaminants is an important biomarker of exposure 

and an hazard measurement of toxicity, ultimately confirming the interaction with specific con-

taminants (McCarty et al., 2011; van der Oost et al., 2003). Pharmaceuticals are no exception, 

and bioconcentration in multiple tissues of organisms has been confirmed in laboratory and 

field studies (e.g. Duarte et al., 2022; Świacka et al., 2022). Determining the accumulation of 

different neuroactive pharmaceuticals in fish collected from the field, and in individuals ex-

posed in the laboratory are key practices to investigate which compounds are more likely to 

bioaccumulate and cause detrimental effects, as well as to underpin risk assessment analysis 

(e.g. Fonseca et al., 2021). Bioaccumulation of lipophilic chemicals is usually estimated 

through each compound’s physical and chemical properties, particularly through lipophilicity 

(logKow), a measure of partitioning between polar (aqueous) and non-polar (octanol, tissue-like) 

fractions, which is currently used under European guidelines as a threshold for increased bio-

concentration and toxicity potentials of chemicals and pharmaceuticals (ECHA, 2003; EMA, 

2006). Yet, predicting pharmaceuticals’ bioaccumulation through lipophilicity-based ap-

proaches has shown some inconsistencies, resulting in poor estimations of bioconcentration for 

some pharmaceuticals (e.g. Fick et al., 2010), and the suitability of such an approach has not 

yet been addressed for neuroactive pharmaceuticals. Moreover, according to the read-across 

hypothesis, for a given pharmaceutical, if the human target is conserved in fish, a pharmaco-

logical or ultimately toxicological effect is expected if concentrations reach human therapeutic 

concentrations (Huggett et al., 2003). However, the relation between internalized concentra-

tions and fish biological responses is also not fully understood for most pharmaceuticals, though 

being critical for establishing the link between pharmaceutical exposure and toxicity effects 

(Miller et al., 2018; Rand-Weaver et al., 2013). 
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Aims and importance of this thesis 

The main goal of this thesis is to study the presence of pharmaceuticals in the estuarine 

environment and investigate the effects of exposure in non-target fish species. Specifically, the 

present thesis aims to provide an overview of the limited knowledge available on the topic of 

neuroactive pharmaceuticals as well as provide key new insights on potentially threatening 

compounds by exploring their presence in the aquatic environment and their impacts in marine 

and estuarine fish species.  

In this context, an overview of the scientific advances on the topic is given through a 

critical review of the current literature, where an innovative and integrated analysis of published 

data reveals important aspects of the ecotoxicology of neuroactive pharmaceuticals of human 

and veterinary use in fish species. Here, the use of lipophilicity as a predictor of uptake and 

bioconcentration of neuroactive pharmaceuticals is investigated, revealing a weak relation 

which in turn hinges on a multitude of experimental factors such as species, life-stage, tissue, 

among others. Results are discussed towards the classification of major hazard pharmaceuticals 

in the context of environmental risk assessments.   

Aiming at investigating pharmaceuticals occurrence and spatial variability in the estua-

rine environment, the occurrence and bioaccumulation of neuroactive pharmaceuticals across 

seven fish species with distinct life-strategies is assessed, providing innovative and crucial in-

sights. Overall, an innovative integrated framework is presented, providing an overview of the 

occurrence patterns across multiple estuarine systems, multiple species, multiple tissues and 

multiple pharmaceuticals.  

A comprehensive approach of pharmaceuticals’ ecotoxicology, through acute and 

chronic exposures of fish to pharmaceuticals, is also provided, aiming at evaluating effects at 

different levels of biological organisation (i.e. sub-individual and individual-level responses) 

and estimating inherent exposure risk. Two ecotoxicity studies were conducted in two different 

fish species, one estuarine resident and one marine species, in the short and long term, where a 

multi-biomarker approach is used for measuring changes from essential molecular/biochemical 

processes, up to individual key processes such as growth, condition and behavioural endpoints.   

Overall, although pharmaceutical compounds have long been present in estuarine and 

marine environments, only recently are we awakening to their potential detrimental impacts 

and realising key information on the effects and the environmental risk they pose is still limited, 

particularly in the estuarine and marine environments. Hence, this thesis intends to expand the 

knowledge on the occurrence and effects of pharmaceuticals with estuarine field assessments 
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to determine neuroactive pharmaceuticals occurrence and variability patterns. Moreover, it in-

tends to assess effects of exposure to non-target species through experimental trials, integrating 

multi-biomarker responses at sub-individual and individual levels in different fish species, ul-

timately contributing towards a more comprehensive and effective risk assessment of the im-

pacts of these compounds in estuarine environments. Ultimately, the outcomes of this thesis 

aim to contribute with new insights of potential application in regulatory frameworks on phar-

maceuticals by increasing recognition of the environmental occurrence and risk of exposure to 

neuroactive pharmaceuticals, and improve risk management policies within presently imple-

mented environmental quality directives (e.g. Water Framework Directive, European Commis-

sion, 2000). 

Thesis outline 

The present thesis is composed of four scientific papers published in peer-reviewed in-

ternational journals, each corresponding to a chapter.  

In Chapter 2, a review of the current literature concerning bioconcentration and toxic 

effects following exposure of non-target fish species to neuroactive pharmaceuticals is pre-

sented. Here, by exploring available toxicity data, the relation between bioconcentration of neu-

roactive pharmaceuticals and their lipophilicity is studied, major drivers of bioconcentration 

are explored and the link between internalized concentrations and toxic effects concerning fish 

survival, growth and condition, behaviour and reproductive endpoints is determined. Ulti-

mately, the comparison of toxic concentrations with current environmental concentrations en-

ables the identification of major exposure risks and identify potentially critical pharmaceutical 

compounds in these natural ecosystems.   

In Chapter 3, the occurrence and bioaccumulation of 33 neuroactive pharmaceuticals in 

surface waters and seven estuarine and marine fish species of four differently impacted estua-

rine systems are investigated. Here, the presence of neuroactive pharmaceuticals from seven 

different classes, such as antidepressants, antiepileptics, psychostimulants, opioids, or anxio-

lytics, in estuarine waters and their bioaccumulation patterns in various fish tissues, including 

brain, liver and muscle, are explored. Moreover, the links between bioaccumulation and com-

pounds’ lipophilicity, species habitat use patterns and trophic levels are also explored and dis-

cussed within the context of future environmental risk assessments.  

In Chapter 4, the biological effects of short-term exposure to antidepressant fluoxetine 

on a resident estuarine fish species are explored. Multi-biomarker responses at sub-individual 

and individual levels are determined, including alterations to antioxidant and detoxification 
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mechanisms, cellular damage and neurotoxicity, as well as changes to individual responses such 

as activity and feeding behaviours.   

In Chapter 5, the toxicity of long-term exposure to three pharmaceuticals with distinct 

modes of action and from different therapeutic classes (the antidepressant fluoxetine, the anti-

hypertensive propranolol and the non-steroidal anti-inflammatory drug diclofenac) are investi-

gated. Here, juveniles of a marine fish species are exposed to identify major impacts at the sub-

individual and individual levels, including changes in antioxidant and detoxification processes, 

energy metabolism, neurotransmission and oxidative damage, as well as fish growth rate and 

pharmaceutical uptake.   

Finally, a general discussion is presented in Chapter 6, where an integrated view of the 

main outcomes is presented, and future perspectives and knowledge gaps for further investiga-

tion are pointed out.  
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Bioconcentration of neuroactive pharmaceuticals in fish: Relation 

to lipophilicity, experimental design and toxicity in the aquatic en-

vironment 

 

 

Abstract 

Uptake of contaminants is linked to their toxicity and is usually estimated through their lipo-

philicity (logKow). Here, we review current literature regarding bioconcentration, i.e. uptake of 

contaminants from the external environment only, and the effects of exposure to neuroactive 

pharmaceuticals in fish. We aim to determine if lipophilicity is a suitable predictor of biocon-

centration of these compounds in fish, to identify major drivers of bioconcentration and explore 

the link between bioconcentration potential and toxicity, focusing on survival, growth, condi-

tion, behaviour and reproduction endpoints. Additionally, we compare concentrations known 

to elicit significant effects in fish with current environmental concentrations, identifying expo-

sure risk in ecosystems. The majority of studies have focused on antidepressants, mainly fluox-

etine, and encompasses mostly freshwater species. Few studies determined pharmaceuticals bi-

oconcentration, and even a smaller portion combined bioconcentration with other toxicity end-

points. Results show that lipophilicity isn't a good predictor of neuroactive pharmaceuticals' 

bioconcentration in fish, which in turn is highly influenced by experimental parameters, includ-

ing abiotic conditions, species and life-stage. The need for increased standardization of experi-

mental settings is key towards improving accuracy of environmental risk assessments and ap-

plication in future regulatory schemes. Still, increased fish lethality was linked to increased 

bioconcentration, yet no other correlations were observed when considering effects on growth, 

condition, behaviour or reproduction, likely as a result of insufficient and variable data. In the 
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context of current environmental concentrations, several neuroactive pharmaceuticals were 

found to be potentially threatening, while data on occurrence is lacking for some compounds, 

particularly in brackish/marine systems. Specifically, nine compounds (fluoxetine, citalopram, 

sertraline, amitriptyline, venlafaxine, clozapine, carbamazepine, metamfetamine and oxaze-

pam) were found at concentrations either above or critically close to minimum response con-

centrations, thus likely to affect fish in freshwater and brackish or marine environments, which 

supports further exploration in risk management strategies and monitoring programs in aquatic 

environments. 

 

Keywords 

Literature review, Psychoactive compounds, Uptake; BCF, Toxicology, Environmental risk 

 

Introduction 

The input of pharmaceuticals of both human and veterinary use into the aquatic envi-

ronment results mainly from the direct release of municipal, hospital and industrial wastewaters, 

as well as aquaculture and animal husbandry discharges (Arnold et al., 2014; Cunha et al., 2017; 

Kümmerer, 2009; Tang et al., 2020). This constant release contributes to their pervasive and 

persistent presence, currently accounting for more than 600 pharmaceutical residues detected 

in aquatic ecosystems worldwide (Arnold et al., 2014; aus der Beek et al., 2016). Although 

typically found in concentrations at high ng/L range (aus der Beek et al., 2016), in some cases, 

close to specific hot-spots, concentrations can reach hundreds of μg/L (e.g. Fick et al., 2009). 

As pharmaceutical compounds target specific pathways, many of them conserved among ver-

tebrates (Gunnarsson et al., 2019, 2008), their presence in the aquatic environment raises con-

cerns over potential toxic effects to non-target species. Accordingly, alterations to numerous 

biological endpoints such as development, reproduction or behaviour have been reported 

mainly over the last two decades, for pharmaceuticals of various therapeutic classes, many at 

environmentally relevant concentrations (e.g. Corcoran et al., 2010; Fabbri, 2015; Fent et al., 

2006; Overturf et al., 2015). In this context, several authors have highlighted the problematics 

of environmental contamination by pharmaceuticals (e.g. Daughton and Ternes, 2001; Fent et 

al., 2006; Halling-Sørensen et al., 1998), contributing to its classification as of emerging envi-

ronmental concern, potentially threatening the aquatic environment and human health (Euro-

pean Parliament and Council, 2013). 

Of particular relevance are neuroactive pharmaceuticals that act directly in the nervous 

system and, by interfering with chemical signalling associated with brain function, may 
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compromise essential physiological processes, ultimately leading to population-level effects 

through behavioural and reproductive changes (Brodin et al., 2014; Calisto and Esteves, 2009; 

Rang et al., 2012). A growing bulk of literature has focussed on these compounds, with an 

increasing number of studies measuring their environmental occurrence, bioconcentration and 

numerous biological effects following neuroactive pharmaceuticals exposure, albeit in a non-

systematic manner and with varying degree of effects reported (e.g. Calisto and Esteves, 2009; 

Cunha et al., 2019, 2017; Sehonova et al., 2018). Among many other, changes to fish growth, 

reproduction and behaviour are pointed as of higher ecological relevance and potentially threat-

ening for fish populations (e.g. Brodin et al., 2014; Hamilton et al., 2016; Melvin and Wilson, 

2013).  

Bioconcentration, on the other hand, is also frequently considered, in line with poten-

tial increased toxicity and transference within food webs, and it occurs in various tissues, such 

as brain, muscle, plasma or liver (e.g. Duarte et al., 2020; Heynen et al., 2016; Xie et al., 2017). 

Bioconcentration is inherently associated with compounds’ physical and chemical properties, 

particularly with lipophilicity. Estimated through octanol/water partition coefficient (Kow), lip-

ophilicity describes the partition of compounds between polar (water) and non-polar (octanol) 

fractions. Octanol is considered a surrogate for lipid-rich organism tis-sues/membranes, and 

thus used as a proxy for bioconcentration of lipophilic compounds. Accordingly, there is a gen-

eral agreement that bioconcentration of lipophilic compounds increases as logKow increases, 

for compounds with logKow up to 6 (e.g. Arnot and Gobas, 2006; Bintein et al., 1993; Mackay, 

1982). Since the early 2000s, the European Chemicals Agency (ECHA) and the European Med-

icines Agency (EMA) guidelines set lipophilicity level as a threshold (logKow > 3 or 4.5) as a 

requirement for further evaluation of bioconcentration and bioaccumulation potential as well 

as for risk assessment analysis of newly designed chemicals and pharmaceuticals, respectively.  

In the specific case of pharmaceuticals, the increased awareness of potential toxicity to 

non-target organisms contributed to its current classification as compounds of emerging envi-

ronmental concern and recent inclusion in European legislation (European Parliament and 

Council, 2013). However, the presence of pharmaceuticals in the environment is still largely 

unregulated, mostly due to a lack of risk assessment data for compounds that entered the market 

before any legislation was applicable (Kuster and Adler, 2014). Moreover, the link between 

higher bioconcentration potential and increased toxicity in fish has not yet been explored for 

neuroactive compounds, though it is generally accepted for organic compounds (e.g. Sijm and 

Hermens, 2005).  
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In this context, this study aims to provide new insights regarding bioconcentration and 

biological effects of exposure in fish, based on currently available literature. Specifically, it 

aims to determine if bioconcentration of neuroactive pharmaceuticals i) can be predicted by 

compounds’ lipophilicity, ii) is influenced by experimental conditions namely pH, temperature, 

salinity and exposure time, iii) is associated with increased toxicity to fish, affecting survival, 

growth, condition, behaviour or reproduction. Ultimately, we compare current environmental 

neuroactive pharmaceutical levels with concentrations known to elicit significant effects, high-

lighting imminent risks of exposure in natural freshwater as well as brackish and marine eco-

systems.  

Materials and Methods 

Literature search and inclusion criteria 

Publications used in this study were compiled following a systematic search in Web of 

Science (WoS, 28/08/2020), of unlimited time range, which targeted studies exclusively on fish 

and neuroactive pharmaceuticals, with keywords including “Fish”, “Pharmaceutic*” and dif-

ferent combinations of terms used to define pharmaceutical classes and endpoints measured. 

For pharmaceutical classes, terms of the Anatomical Therapeutical Chemical (ATC) classifica-

tion system from WHOCC (see Appendix 1, Table A1.1) were considered for all classes within 

category N (which includes all compounds acting on the nervous system), along with other 

common terms used, such as neuroactive, psychoactive or psychiatric. Furthermore, multiple 

keywords were selected to target potential endpoints measured such as growth, behaviour, re-

production, bioconcentration, among others (for full details on the research steps and terms used 

see Table 2.1 and Appendix 1, Fig. A1.1). 

 

Table 2.1. Research terms used for systematic literature search. 

Animal group Fish 

Response/Endpoint respons* OR effect* OR expos* OR assay* OR toxic* OR  

growth OR morphometric* OR condition OR 

behavio* OR reproduct* OR  

bioconcen* OR uptake OR bioaccum* OR 

LC50 OR EC50 OR NOEC OR LOEC 

Compound Pharmaceutic* OR 
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ATC class (1st and 

2nd levels) and other 

common terms 

analgesic* OR painkill* OR antipyretic* OR opioid* OR antimi-

graine 

anesthetic* 

antiepileptic* OR anticonvulsant* 

anti-parkinson 

psychoanaleptic* OR anti-dementia OR antidepressant* OR psy-

chostimulant* 

psycholeptic* OR antipsychotic* OR hypnotic* OR sedative*  

anxiolytic* 

neuroactive 

psychoactive 

psychiatric 

 

A database with more than 3500 distinct publications was created. A thorough selection 

of publications of interest was conducted, selecting studies that matched all the following cri-

teria:  

i. waterborne in-vivo, single generation exposure; 

ii. single compound exposure; 

iii. exposure within a controlled environment (excluding e.g. mesocosms, natural ponds); 

iv. exposure without any prior or subsequent treatment/potential stressor (excluding e.g. 

pharmaceutical exposure followed by simulated transportation). 

An additional search was also performed on references from review articles concerning 

neuroactive compounds, obtained from the systematic search, which resulted in the inclusion 

of 13 additional studies. A final database including 451 publications was obtained, with articles 

between 1979 and 2020 (see all references used in Appendix 1, Table A1.2).  

Information concerning neuroactive compounds, concentrations, exposure time, species 

and tissues used, as well as abiotic parameters measured (temperature, pH, salinity) was in-

cluded in the database. Additionally, for each endpoint, the Minimum Response Concentration 

(MRC) was registered, which corresponds to the lowest concentration at which a significant 

effect was observed. Endpoints considered for further analysis included: 

i. Lethal concentration 50 (LC50); 

ii. Growth and condition (growth rate, body length and weight, condition factor); 
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iii. Behaviour, including predatory avoidance and feeding behaviours (freezing/active 

time after predatory attack, latency to enter strike zone/leave refuge, number of 

entries/fish entering the strike zone, latency to reach cover/refuge, escape rate/velocity; 

number/frequency of feeding strikes, number of feeding individuals, time to first 

feeding, latency to capture ith prey, number prey consumed/capture success, time to 

total intake, feeding rate); 

iv. Reproduction, including hatching and fecundity endpoints (total number of eggs, eggs 

per female or day, clutch size, number of clutches per tank, spawning rate, time to 

initiate breeding; hatching success, number of eggs hatched, time to hatch). 

Bioconcentration factors (BCF) were also included in the database, considering both 

reported values and values calculated as the ratio between measured tissue and water pharma-

ceutical concentrations, whenever sufficient information was provided. Bioaccumulation and 

kinetic derived factors were not included due to their distinctive nature and exceptionally low 

number. 

Pharmaceuticals’ ATC classification was obtained through the ATC search engine for 

pharmaceuticals of human (https://www.whocc.no/atc_ddd_index/) or veterinary use 

(https://www.whocc.no/atcvet/atcvet_index/). Pharmaceuticals were considered of veterinary 

use when found exclusively on veterinary ATC index, otherwise were considered of human 

use.  

Pharmaceuticals’ estimated log octanol-water partition coefficient values (log Kow) for 

uncharged molecules, were obtained via KOWWIN™ program by EPI (Estimation Programs 

Interface) Suite™ (https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-

interface). 

To link current environmental concentrations to concentrations known to trigger effects 

in fish, a comparison between environmental concentrations and the MRC of all endpoints con-

sidered was performed. Choice of MRC values followed the European guidelines on environ-

mental risk assessment of chemical substances to human health and the environment (European 

Commission, 2003), which proposes a more conservative approach, that whenever information 

on both freshwater and brackish/marine species is available, the data should be pooled and the 

assessment should be based on the most sensitive endpoint, regardless of the medium. Back in 

2016, aus der Beek and colleagues compiled worldwide measurements of pharmaceuticals in 

the environment, available in the literature until 2013. To complement their database with the 

most recently published research, we searched for environmental concentrations measured in 

https://www.whocc.no/atc_ddd_index/
https://www.whocc.no/atcvet/atcvet_index/
https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-interface
https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-interface
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surface waters from 2013 to 2021, using environment/water and detection/quantifica-

tion/screening as keywords in Web of Science (24/03/2021). Of all studies found, the average 

and maximum values reported for each pharmaceutical in freshwater and brackish/marine en-

vironments (exclusively on surface water samples, excluding any potential overestimation 

linked to pharmaceutical production sources or wastewater treatment effluents which are known 

to have exceptional contributions) were compiled (see Appendix 1, Table A1.3). A median 

value (of all average values compiled) was then calculated for each pharmaceutical and consid-

ered for graphical representation, along with maximum reported values. 

Statistical analysis 

Spearman rank correlation analysis was used to test for correlations between neuroac-

tive pharmaceuticals’ lipophilicity (logKow) and bioconcentration factor (median BCF), as well 

as between median BCF and minimum response concentrations (MRC), for each endpoint class. 

Endpoints considered in the analysis included lethality (LC50), growth and condition, behav-

iour (predatory avoidance and feeding) and reproduction (hatching and fecundity).  

Principal components analysis (PCA) was performed to explore the potential influence 

of abiotic parameters (pH, salinity and temperature) and exposure time on neuroactive pharma-

ceuticals’ bioconcentration. Only BCF values for which all parameters were provided (pH, sa-

linity, exposure time and temperature) were included in the analysis, i.e., a total of 218 out of 

381 BCFs (see Appendix 1, Table A1.4). 

All analyses were performed in R software (R Core Team, 2019), considering a signif-

icance level of 0.05. 

Results 

Literature on neuroactive pharmaceuticals 

Over the last thirty years, an exponential increase in the number of publications con-

cerning the effects of neuroactive pharmaceuticals in fish is evident (Fig. 2.1). Overall, less 

than 10 studies were published per year until 2006, whereas in the last decade a steady increase 

of publication rate followed, reaching up to 65 publications in the year of 2019. Until the 28th 

of August 2020, when our search was conducted, 31 studies had already been published. A total 

of 87 different neuroactive pharmaceuticals were studied among the 451 publications consid-

ered (Appendix 1, Table A1.2).  
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Figure 2.1. Rate of publications concerning bioconcentration and effects of neuroactive pharmaceutical compounds in fish, 

until 2019 (N=420). 

 

Neuroactive compounds of human use accounted for 90.8% of all compounds studied, 

whilst veterinary use corresponded to 6.9%, and 2.3% were not listed in the ATC system. The 

most represented pharmaceutical classes were Psychoanaleptics (N06) and Psycholeptics (N05) 

corresponding to 32.2% and 23% of all compounds, respectively. Within the Psychoanaleptics 

class, the vast majority, 71.4%, were Antidepressants (N06A), whereas 21.4% corresponded to 

Psychostimulants, agents used for ADHD and nootropics class (N06B), and 7.1% to Anti-de-

mentia drugs (N06D). Concerning Psycholeptic compounds, 45% were Antipsychotics (N05A), 

35% Anxiolytics (N05B) and 20% Hypnotics and sedatives (N05C).  

The most investigated pharmaceuticals were the antidepressant fluoxetine (98 publica-

tions), anesthetics tricaine mesylate (90) and benzocaine (49), the antiepileptic carbamazepine 

(41), antidepressants venlafaxine (22) and sertraline (21) and the anxiolytic diazepam (21).  

Molecular changes (measured in 42.8% of all publications), alterations in fish behaviour 

(37.3%) and physiology and growth (27.7%) were the most frequently assessed endpoints, fol-

lowed by mortality (26.6%) and anesthetic efficacy (23.9%). Pharmaceutical bioconcentration, 

accumulation or depuration in fish tissues was measured in 14% of all publications, whereas 

effects on fish reproduction or development and histology were investigated in only 12.9% and 

10.4% of studies, respectively. Only 10.4% of all studies determined pharmaceutical uptake, 

concentration or depuration simultaneously to any other endpoints considered. 

Among all publications, 125 different species and subspecies were investigated, yet al-

most half of all studies (47.9%) were restricted to four freshwater species: Danio rerio, On-

corhynchus mykiss, Pimephales promelas and Carassius auratus. Moreover, studies were 
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performed within freshwater (86%), brackish and marine (11.3%), both (1.3%) or undefined 

(1.3%) environmental conditions.   

Bioconcentration and lipophilicity of neuroactive pharmaceuticals 

A total of 381 bioconcentration factors (BCF) were available for 22 out of the 87 phar-

maceutical compounds considered (Fig. 2.2). The majority of BCF values were measured in 

juveniles (46%) and adults (26%), followed by larvae (9%), embryos (7%) and 12% with un-

defined stage. The tissue groups used for BCF determination were the brain (17%), whole in-

dividual (18%), plasma (10%) and all the remaining organs (55%), which include muscle, liver, 

bile, gills, intestine, gonad, kidney and eyes. In terms of exposure time, 19% of studies deter-

mined BCF values following exposure up to 24 h or less, 52% within 1 to 7 days and 28% 

between 7 and 42 days.  

 

 

Figure 2.2. Bioconcentration factors (BCF, N=381) of neuroactive pharmaceuticals with increasing lipophilicity (logKow). 

Boxplots show median, 25th and 75th percentiles; upper and lower whiskers represent 1.5 times the interquartile range (IQR) 

of maximum and minimum values, respectively. 

 

Spearman rank correlation tests revealed that bioconcentration factor was positively 

correlated to pharmaceutical lipophilicity (rs = 0.50, p-value = 0.018), when considering median 
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values of all 22 pharmaceuticals (Fig. 2.2). For the two most represented groups, Psycholeptics 

and Antidepressants, no significant correlations between median BCF and lipophilicity were 

observed (rs = 0.71, p-value = 0.136 and rs = 0.36, p-value = 0.389, respectively; Fig. 2.3A and 

B). 

 

 

Figure 2.3. Bioconcentration factors (BCF) of Psycholeptics (A, N=88) and Antidepressants (B, N=205) groups with increas-

ing lipophilicity (logKow). Boxplots show median, 25th and 75th percentiles; upper and lower whiskers represent 1.5 times the 

interquartile range (IQR) of maximum and minimum values, respectively. 

 

Considering different tissue groups, a significant positive correlation was found be-

tween BCF and logKow for whole individuals (rs = 0.86, p-value = 0.024, Fig. 2.4A-D), which 

seems to be mainly driven by two compounds, cocaine and fluoxetine (Fig. 2.4A). Contrarily, 

non-significant correlations were observed for brain (rs = 0.28, p-value = 0.325, Fig. 2.4B), 

plasma (rs = 0.19, p-value = 0.608, Fig. 2.4C) and other organs group (rs = 0.35, p-value = 

0.215, Fig. 2.4D), which include muscle, liver, bile, gills, intestine, gonad, kidney and eyes.  
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Figure 2.4. Bioconcentration factors (BCF, N=381) of neuroactive pharmaceuticals with increasing lipophilicity (logKow) in 

different tissue groups: (A) whole individual, (B) brain, (C) plasma and (D) other organs, including muscle, liver, bile, gills, 

intestine, gonad, kidney and eyes. Boxplots show median, 25th and 75th percentiles; upper and lower whiskers represent 1.5 

times the interquartile range (IQR) of maximum and minimum values, respectively. 

 

Bioconcentration variation with exposure conditions 

Principal component analysis revealed that 67.29% of BCF variation can be explained 

by the first two principal components. Overall, the analysis evidenced patterns of data distribu-

tion driven mostly by temperature and to a lesser extent by exposure time (Fig. 2.5). Pharma-

ceuticals with high bioconcentration potential, corresponding to BCF quartiles Q3 and Q4, are 

mostly represented at the lower-right side of the plot, closely associated with variations in tem-

perature and exposure time, although a few are positioned at the centre of the diagram. Most of 

these compounds correspond to antidepressants (N06A), but also hypnotics and sedatives 

(N05C) and antipsychotics (N05A). On the central and upper part of the graph are compounds 

with low BCFs (Q1 and Q2), particularly anxiolytics (N05B), psychostimulants (N06B) and 
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antiepileptic (N03A) pharmaceuticals, where differences in temperature contribute to their sep-

aration into two clusters.  

 

 

Figure 2.5. Principal component analysis (PCA) of bioconcentration factors (BCF) and experimental conditions, namely pH, 

salinity, temperature and exposure time. Data points are coloured according to BCF quartiles (increasing BCF values from Q1 

to Q4) and different shapes correspond to different ATC classes, namely opioids (N02A), antiepileptics (N03A), antipsychotics 

(N05A), anxiolytics (N05B), hypnotics and sedatives (N05C), antidepressants (N06A), psychostimulants, agents used for 

ADHD and nootropics (N06B) and veterinary anesthetics (QN01A). 

 

Bioconcentration and toxicity 

Neuroactive pharmaceuticals’ bioconcentration was negatively correlated with LC50 (rs 

= -0.76, p-value = 0.016; Fig. 2.6A), meaning that neuroactive compounds with increasing bi-

oconcentration are more lethal to fish (have lower LC50). However, no significant correlations 

were observed between pharmaceuticals’ BCF and any other endpoint considered, specifically: 

growth and condition (rs = 0.30, p-value = 0.431, Fig. 2.6B), behaviour (rs = -0.05, p-value = 

0.912, Fig. 2.6C) or reproduction (rs = -0.33, p-value = 0.359, Fig. 2.6D).  
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Figure 2.6. Minimum response concentrations (MRC, µg/L) of neuroactive pharmaceuticals with increasing median biocon-

centration factor: (A) Lethality (LC50), (B) Growth and condition, (C) Behaviour (predatory avoidance and feeding) and (D) 

Reproduction (fecundity and hatching). Boxplots show median, 25th and 75th percentiles; upper and lower whiskers represent 

1.5 times the interquartile range (IQR) of maximum and minimum values, respectively. 

 

Biological effects and environmental concentrations 

Minimum response concentrations were available for 18 compounds of different thera-

peutic classes (Fig. 2.7 and Appendix 1, Table A1.5). All endpoint classes considered were 

represented, with alterations to behaviour described for many compounds (8 out of 18), fol-

lowed by effects on growth and condition (6) and reproduction (2). For anxiolytic diazepam, 

opioid morphine and anesthetic propofol no significant effects were reported within these end-

point classes, therefore the MRC values presented correspond to lethal effects (LC50). 
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Figure 2.7. Minimum response concentrations (MRC, µg/L), median and maximum environmental concentrations (µg/L; light 

and dark blue areas, respectively) of 18 neuroactive pharmaceuticals from different classes in (A) freshwater and (B) brackish 

and marine environments. MRC values correspond to the lowest concentration at which a significant effect was described in 

fish. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

Current environmental concentrations of pharmaceuticals in surface waters have been 

reported in the range of ng/L to μg/L. Measurements were more frequent in freshwater (71.3%) 

than in brackish or marine environments (28.8%), and concentrations tended to be higher in 

freshwater systems. The highest concentrations detected in freshwater were 78.3 μg/L of 

clozapine and 76 μg/L of citalopram, whereas in brackish and marine systems the highest values 

reported were 2.2 μg/L of oxazepam and 1.4 μg/L of carbamazepine. To the best of our 
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knowledge, propofol has not yet been detected in surface waters and clobazam, clozapine and 

mianserin have been found exclusively in freshwater environments.  

Within freshwater systems (Fig. 2.7A), median concentrations surpass fluoxetine MRC 

by over 2-fold, and maximum reported concentrations over 5000-fold. Likewise, surface water 

concentrations of antiepileptic carbamazepine represent a significant risk to fish growth and 

condition, with maximum concentrations exceeding the MRC by 17 times. Maximum reported 

concentrations of antipsychotic clozapine exceed MRC for fish growth and condition by 2.5 

times, whereas median concentrations are ten times lower than MRC. With environmental con-

centrations practically reaching MRCs of antidepressants venlafaxine, amitriptyline and ser-

traline, changes in fish behaviour and growth and condition are imminent, as well as of psy-

chostimulant metamfetamine (commonly referred to as methamphetamine), likely to cause re-

productive changes in fish.  

In brackish and marine environments (Fig. 2.7B), antidepressant fluoxetine median en-

vironmental concentration equals MRC for behaviour whereas maximum concentrations ex-

ceed MRC by 11 times. Likewise, MRCs for antidepressants citalopram and sertraline, anxio-

lytic oxazepam and antiepileptic carbamazepine are exceeded by maximum surface water con-

centrations. Notably, following the most sensitive data criterion (European Commission, 2003), 

only one MRC value corresponded to a study done in brackish/marine conditions (Diazepam, 

Figure 2.7B, see also Appendix 1, Table 1.5). 

Data on the occurrence of neuroactive compounds was only available for 14 out of 18 

compounds for brackish and marine environments, in contrast with freshwater systems, where 

data was available for 17 out of 18 compounds. Nonetheless, for three compounds, namely 

sertraline, bromazepam and oxazepam, maximum concentrations detected in brackish or marine 

environments exceed those reported for freshwater systems. 

Discussion 

Literature on neuroactive pharmaceuticals 

An increasing amount of literature has been published over the last decades, concerning 

the potential effects of pharmaceuticals on non-target organisms. In particular, studies of neu-

roactive compounds effects in fish are steadily increasing, with the publication rate thriving in 

the first years of 2000 and reaching up to 65 publications in 2019. Still, the exploration of the 

effects of different compounds in fish alone is unbalanced. Out of the 451 studies considered 
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in this review, encompassing 87 neuroactive compounds, more than half explored the effects 

of psycholeptics and psychoanaleptic drugs.  

Fluoxetine was, by far, the most studied neuroactive pharmaceutical of human use, con-

sidered in 98 publications. Following evidence of serotonin modulation in fish by fluoxetine 

and first indications of adverse effects in fish (Brooks et al., 2003b, 2003a), an increased effort 

to further assess fluoxetine and other antidepressants exposure effects was evident (e.g. Brooks, 

2014; Sehonova et al., 2018). Notably, selective serotonin reuptake inhibitors (SSRIs), such as 

fluoxetine, sertraline and citalopram, as well as antidepressants from other classes (e.g. ven-

lafaxine, amitriptyline, mianserin, bupropion) have been found to bioconcentrate in fish tissues 

and to cause significant alterations to behaviour, growth, condition or reproduction (e.g. Duarte 

et al., 2020; Hubená et al., 2020; Nowakowska et al., 2020; Painter et al., 2009; Sehonova et 

al., 2017). In this context, antidepressants venlafaxine and sertraline are also among the most 

studied compounds, with more than 20 studies each.  

Veterinary anesthetic tricaine mesylate and anesthetic of human use benzocaine were 

also markedly explored (90 and 49 studies, respectively), yet essentially within the context of 

its common use in aquaculture, to reduce fish stress associated with transport and handling (e.g. 

Coyle, 2004). The effects of exposure to antiepileptic carbamazepine were also vastly addressed 

(in 41 publications), mostly encouraged by its wide distribution and frequent detection in the 

aquatic environment, as a result of its low biodegradability (aus der Beek et al., 2016; Zhang et 

al., 2008). 

A substantial discrepancy between the number of studies with brackish or marine spe-

cies and freshwater species is also evident. The vast majority of studies, i.e. 86%, were per-

formed exclusively in freshwater conditions, whereas only 11.3% of studies were performed 

within brackish or marine conditions. This divergence has previously been reported by several 

authors (Fabbri and Franzellitti, 2016; Fonseca and Reis-Santos, 2019; Gaw et al., 2014), em-

phasizing the need for further assessment of occurrence and effects in brackish and marine 

environments, primarily overlooked due to presumed dilution and dispersion processes in these 

ecosystems. Notwithstanding, multiple sources of pharmaceutical input to marine and coastal 

areas prevail, including direct wastewater discharges decidedly contributing to increased phar-

maceutical input (Gaw et al., 2014). Moreover, despite more than 120 species and subspecies 

being targeted in all studies, almost half of all studies (47.9%) were restricted to four freshwater 

species: Danio rerio, Oncorhynchus mykiss, Pimephales promelas and Carassius auratus. Im-

portantly, intra and interspecies differences have been documented (e.g. Villeneuve et al., 2010; 
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Vossen et al., 2020), and therefore, the use of different species is warrant to account for natural 

variability and potentially dissimilar susceptibilities.  

Of all endpoints considered, effects on fish physiology and growth, behavioural, molec-

ular changes and mortality were the most frequently measured endpoints. Uptake, accumulation 

or depuration were considered by only a small portion of studies (14%), and in only one tenth 

of those it was assessed in combination with any other endpoints, although the combination of 

both bioaccumulation and ecotoxicity has been considered a promising approach to environ-

mental risk assessment for many years (Franke, 1996; van der Oost et al., 2003). Reproductive 

effects were the least frequently assessed endpoints, probably associated with the lower likeli-

hood of such effects occurring (Lopes et al., 2020) and the longer exposure periods usually 

required to assess such endpoints in fish (Melvin and Wilson, 2013). 

Data scarcity was also evident for bioconcentration factors (BCF), only covering 22 out 

of the 87 compounds listed. For three compounds, namely morphine, mianserin and paroxetine, 

only single BCF values were available, and for ten other compounds bioconcentration factors 

were limited to single studies. Hence, while the estimation of bioconcentration factors is limited 

to only one fourth of all studied compounds, it is also, for more than half of the 22 compounds, 

largely limited to the specificity of individual studies, including particular species, life-stages 

or tissues.  

Bioconcentration and lipophilicity of neuroactive pharmaceuticals 

Hydrophobic compounds have an increased propensity to partition into the lipidic frac-

tion, in this case, biota tissues (e.g. Arnot and Gobas, 2006). This is in fact a characteristic of 

interest, sought for in pharmaceutical production, along with low molecular weight, as it in-

creases permeability across biological membranes, especially for compounds that are intended 

to cross the blood-brain barrier (Pardridge, 2007). Bioconcentration of lipophilic chemicals has 

been shown to increase with increasing lipophilicity levels, and many predictive models have 

been developed to describe this correlation (Arnot and Gobas, 2006; Bintein et al., 1993; Mac-

kay, 1982). Accordingly, lipophilicity thresholds have been set and are used to predict chemical 

bioaccumulation and potential environmental risk in European legislation since 2006 (European 

Parliament and Council, 2006). 

However, our results show a weak although significant correlation between lipophilicity 

and bioconcentration considering all 22 pharmaceuticals for which BCF data was available (47 

studies). We also found no significant correlations between lipophilicity and bioconcentration 

within two most represented therapeutic groups, antidepressants and psycholeptics. Markedly, 
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some compounds with apparently no bioconcentration potential according to European guide-

lines (i.e., logKow < 3/4.5), are shown to extensively bioconcentrate in fish. For instance, the 

antipsychotic clozapine, which would not be considered as of substantial bioconcentration po-

tential (logKow = 2.84), presented the highest median BCF of all compounds, and was shown to 

bioconcentrate in fish tissues 358 times more than tramadol (logKow = 3.01), the first pharma-

ceutical to fall beyond the threshold of 3. Likewise, benzodiazepines temazepam and oxazepam 

(logKow = 2.15 and 2.32, respectively) have higher median BCFs than some compounds with 

logKow between 3.5 and 3.8, such as antidepressants citalopram and bupropion.  

Considering different tissue groups, bioconcentration was only significantly correlated 

to lipophilicity for whole-individual measurements, and no correlation was observed for brain, 

plasma or other organs groups, which include muscle, liver, bile, gills, intestine, gonad, kidney 

and eyes. However, in the whole-individuals group, the correlation found was driven mainly by 

two compounds, cocaine and fluoxetine, and by single BCF values (morphine, oxazepam, mi-

anserin and paroxetine), which results in extrapolation to all other neuroactive compounds. 

Overall, lipophilicity should not be considered the best predictor for bioconcentration 

of neuroactive pharmaceuticals in fish. Previous studies have highlighted the apparent under or 

overestimation of pharmaceutical uptake with lipophilicity-based predictions (e.g. Boström et 

al., 2017; Fick et al., 2010). Moreover, the use of a cut-off value of 3 without any further toxicity 

assessment, has already been considered doubtful (Franke, 1996). Therefore, the adjustment of 

current chemical regulations of these compounds to include assessment of compounds with 

lipophilicity lower than the current thresholds is paramount. Instead, the approach should be 

based, whenever possible, on empirical bioconcentration factors. Particularly, the measurement 

of pharmaceutical concentrations in fish plasma allows for direct comparison with human ther-

apeutic concentrations and is therefore convenient for predicting effects in fish. The application 

of such an approach has also previously been suggested to improve risk assessment (Ågerstrand 

et al., 2015; Huggett et al., 2003; Rand-Weaver et al., 2013). Notwithstanding, varying metab-

olism and drug specific pharmacokinetics, which are not accounted for in our results/data, can 

also influence the bioconcentration of these compounds. Recent information on drug pharma-

cokinetics and species metabolism reveals their fundamental role in bioconcentration, pointing 

to the need for considering these factors in future BCF determinations. For example, Margiotta-

Casaluci et al., (2014) described a bi-phasic kinetics in fluoxetine concentration in plasma of 

fathead minnow as a result of increased fluoxetine metabolism at higher concentrations. Tanoue 

et al., (2017) discussed how clearance rates and plasma protein binding profiles might influence 

tramadol plasma concentrations in the same species, whereas Huerta et al., (2016) reported 
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different oxazepam bioconcentration profiles between fathead minnow males and females, 

probably linked to gender-specific traits.  

Overall, by including such approaches in regulatory legislation, misclassification of 

newly produced chemicals, as well as of presently marketed drugs, based solely on lipophilicity, 

would certainly be avoided and contribute to improved environmental risk assessment. 

Bioconcentration variability with exposure conditions 

For many compounds, such as venlafaxine, oxazepam or fluoxetine, a substantial vari-

ability of BCFs was evident. Besides the inherent properties of pharmaceutical compounds, 

differences in bioconcentration among studies are likely to occur if different species, life-stage, 

exposure conditions, among other factors, are considered (Arnot and Gobas, 2006; Franke, 

1996; Miller et al., 2018; Sijm and Hermens, 2005; van der Oost et al., 2003). Noteworthy, the 

principal component analysis revealed that more than 67% of BCF variability could be at-

tributed to differences in experimental parameters, mainly to temperature but also exposure 

time, salinity and pH, highlighting the importance of such parameters in BCF assessment of 

neuroactive pharmaceuticals. The analysis also revealed the varying effects of these parameters 

within and among neuroactive pharmaceutical classes, revealing the complex nature of phar-

maceuticals’ bioconcentration. Only rarely the influence of such experimental parameters on 

neuroactive pharmaceutical uptake has been considered, yet some effects have been reported: 

Nakamura et al. (2008) and Alsop and Wilson (2019) showed highly pH-dependent fluoxetine 

and sertraline bioconcentration on body and liver of Oryzias latipes juveniles and in Danio 

rerio larvae, respectively; McCallum et al. (2019) and Meinertz et al. (2006) showed tempera-

ture influence on methylphenidate bioconcentration in Pungitius pungitius muscle and on isoeu-

genol uptake in Oncorhynchus mykiss muscle, respectively. The effect of exposure time is also 

rarely considered, with only a few studies presenting more than one sampling event. For in-

stance, Xie et al. (2015) reported higher sertraline BCFs after 7 days when compared to 4 days 

exposure in Carassius auratus juveniles. Ziarrusta et al. (2017) also reported increasing BCFs 

with exposure time (2, 4 and 7 days), in Sparus aurata juveniles’ tissues exposed to amitripty-

line. In a study by Pan et al. (2018), higher fluoxetine BCF was observed after 6 days than after 

only 3 days both in Danio rerio adults and Carassius auratus juveniles. Overall, higher BCF 

values are obtained with increasing exposure time, which is likely related to the time taken to 

reach a steady-state (Arnot and Gobas, 2006; Sijm and Hermens, 2005). Notably, this increasing 

BCF over-time is more pronounced at lower concentrations and in fish brain, than in any other 

tissues such as muscle, liver or gills (e.g. Pan et al., 2018; Xie et al., 2015; Ziarrusta et al., 
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2017), stressing the importance of concentration, exposure time and tissue selection in the as-

sessment of BCF. In this context, the relevance of chronic toxicity studies is frequently 

acknowledged, contributing to more accurate predictions of environmental exposure compared 

to short-term toxicity events, given the persistent nature of pharmaceuticals in aquatic systems 

(Crane et al., 2006; Fent et al., 2006). However, only 28% of BCFs were determined within 

longer timeframes (more than 7 days), despite the fact that some neuroactive pharmaceuticals 

require chronic administration to achieve the desired pharmacological effects in humans (Kreke 

and Dietrich, 2008). 

Concerning fish tissues, increased concentrations of pharmaceuticals in bile and liver 

are predictable, given their role in detoxification, whilst for neuroactive pharmaceuticals, in-

creased bioconcentration in fish brain is also likely (Miller et al., 2018; van der Oost et al., 

2003). Accordingly, bile presented particularly high bioconcentration factors (up to 2000x), 

despite sparse measurements, in comparison to other tissues, including liver, brain and muscle 

(Togunde et al., 2012; Zhao et al., 2017). In general, liver either showed increased or similar 

BCFs to fish brain, yet both tissues presented much higher bioconcentration than muscle tissues 

(e.g. Maulvault et al., 2018; Pan et al., 2018; Valdés et al., 2016; Xie and Lu, 2019). Plasma 

measurements, on the other hand, are not so frequent (e.g. Huerta et al., 2016; Nallani et al., 

2016; Overturf et al., 2016; Santos et al., 2020), and no particular pattern could be distinguished 

in comparison to other tissues. Disparities in tissue bioconcentration are evident, and these re-

sults reveal how tissue selection may play a key role in standardization across studies. For 10 

out of 22 neuroactive compounds, available BCFs were limited to a single value or tissue (e.g. 

morphine, mianserin, paroxetine, propofol, methylphenidate, bupropion, clobazam and brom-

azepam). Moreover, preliminary analysis of whole-individual BCF values of neuroactive phar-

maceuticals appear to underestimate bioconcentration in fish, as a result of whole-body dilution 

(e.g. Kirla et al., 2016; Nakamura et al., 2008). Overall, likely underestimation of bioconcen-

tration might be anticipated for most compounds based on available data, especially those of 

exclusive muscle and whole-body measurements, which will likely result in underrated risk 

characterization, as previously pointed out by Miller et al. (2018). 

In the particular case of neuroactive pharmaceuticals, it seems fundamental that biocon-

centration assessment includes fish brain, as the main drug target, which was only the case for 

17% of BCF values. Also, the measurement of pharmaceutical concentrations in fish plasma is 

considered a highly valuable approach, establishing the link between internal concentrations 

and toxicological effects in fish, by comparing them to human therapeutic plasma concentra-

tions through the Fish Plasma Model (Huggett et al., 2003). Yet, only 10% of BCFs have been 
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determined in plasma, and only a minute portion of studies have measured bioconcentration 

and toxic effects simultaneously, hampering the applicability of such approach.  

Unbalanced BCFs data was also evident considering single species and single life-stages 

assessments, with 13 and 14 out of 22 compounds, respectively, and only three studies consid-

ered more than one fish species (Heynen et al., 2016; Nallani et al., 2016; Pan et al., 2018). Pan 

et al. (2018) determined fluoxetine BCF in brain and muscle of both Carassius auratus juve-

niles and Danio rerio adults, where after 144 h of exposure to 0.1 µg/L of fluoxetine, species 

showed BCF differences up to 34 times in brain and 11 times in muscle. Heynen et al. (2016) 

determined oxazepam BCF in Perca fluviatilis muscle and in Pungitius pungitius whole-body 

tissues, both juveniles, finding that BCF was 1.3 times lower in P. pungitius. Nallani et al. 

(2016) determined clozapine BCF for both channel fish juveniles and fathead minnow adults, 

for acute (7 days) and chronic (28 days) exposures, respectively. Though only a few between-

species comparisons exist, differences in other experimental factors are pervasive (such as life-

stage, tissue, or exposure-time), thus limiting direct comparisons. Furthermore, the only study 

comparing bioconcentration within different life-stages of the same species, i.e. Danio rerio 

adult and embryo (Pan et al., 2018), reported that after 72h of exposure to 0.1 µg/L of fluoxe-

tine, embryos had a BCF of 0.22, whereas for adults, values ranged between 5.6 and 10.9, de-

pending on the tissue considered. Organism size and metabolic rates are known to influence 

bioconcentration rates and are particularly determined by different species and life-stages (Ar-

not and Gobas, 2006).  

Notably, highly variable BCF values highlight the complex nature of neuroactive phar-

maceutical uptake in fish, the critical influence of environmental conditions, as well as tissues 

and species life-stage considered. Although scarce studies corroborate the influence of such 

parameters, our results evidence how sampling design influences bioconcentration of neuroac-

tive compounds and consequently toxicity evaluation, pointing to the absolute need for higher 

standardization in future environmental risk assessment studies, particularly for improving ac-

curacy and appliance in future regulatory legislation.  

Bioconcentration and toxicity 

Uptake and accumulation of chemical compounds in aquatic organisms is generally 

considered an hazard measure itself in ecotoxicity studies, independently of any existing acute 

or chronic effects (van der Oost et al., 2003). Notwithstanding, effects are expected after in-

creasing internal concentrations up to a certain threshold - the internal critical concentration 

(Sijm and Hermens, 2005).  For pharmaceuticals, and according to the read-across hypothesis 
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(Huggett et al., 2003; Rand-Weaver et al., 2013), biological effects can be expected if human 

drug targets are conserved in biota, which is frequently the case in fish, particularly Danio rerio, 

sharing more than 90% of human drug target orthologues (Gunnarsson et al., 2019). Hence, the 

internalized pharmaceutical concentration should dictate first a pharmacological and later a tox-

icological response in fish, if human therapeutic concentrations are reached (Huggett et al., 

2003). Yet, despite the increasing number of studies focusing on the toxicity of pharmaceuticals 

in fish, few have simultaneously determined the internalized concentration of the compound, 

making it difficult to establish a link between bioconcentration and toxicity for many com-

pounds (McCarty et al., 2011; Rand-Weaver et al., 2013). In this study, we show that neuroac-

tive pharmaceuticals are not an exception, with only a very small percentage of studies (10.4 

%) measuring both bioconcentration and toxic effects.  

Our results show that neuroactive pharmaceutical bioconcentration was highly corre-

lated to fish lethality, evidencing that neuroactive compounds with increasing bioconcentration 

are more lethal to fish (have lower LC50). For instance, the compound with lower median BCF, 

morphine, had a LC50 of 52,509 µg/L, whereas the two compounds with higher BCF, sertraline 

and mianserin, showed median LC50 of 0.31 and 6.56 µg/L, respectively. This is in agreement 

with the concept of lethal body burden, where for any specific chemical, when a particular 

internal effect concentration - the lethal body burden - is reached, the death of an organism is 

ascertained (Sijm and Hermens, 2005). 

On the other hand, no correlations were found for all other endpoints considered, i.e. 

available data do not suggest that neuroactive compounds that bioconcentrate more increase the 

likelihood of effects on fish growth and condition, behaviour or reproduction. While at least for 

behavioural effects a significant correlation would be expected, considering neuroactive com-

pounds modes of action, for reproductive, growth or condition endpoints, lack of correlation 

could be the result of a less straightforward link to toxicity, and thus not result in direct effects 

in fish (Kreke and Dietrich, 2008; Lopes et al., 2020). However, considering the fact that very 

few studies have confirmed pharmaceutical internal concentrations, makes the comparison less 

straightforward. Overall, the absence of correlations between increasing bioconcentration po-

tential and effects likely results from insufficient and highly variable data, allied to the indirect 

comparison of a median BCF and minimum response concentration (MRC) values originated 

from different studies. Accordingly, when looking into the particular cases where both assess-

ments were conducted, it becomes evident that, for each pharmaceutical independently, con-

centrations at which significant effects are observed relate to increased internal concentrations, 

highlighting the need for such an approach in future studies.  
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Specifically, in behavioural studies, 25 out of 29 reported significant effects following 

exposure to neuroactive pharmaceuticals, yet only 5 measured bioconcentration and behav-

ioural changes (predatory avoidance and feeding) simultaneously (Cerveny et al., 2020; Heynen 

et al., 2016; Hubená et al., 2020; Xie et al., 2015; Xie and Lu, 2019). A higher number of studies 

on the effects to fish growth and condition were found (47 studies), although significant effects 

were only observed in 16 studies, and only in 3 were internalized concentrations measured 

(Duarte et al., 2020; Hubená et al., 2020; Pan et al., 2018). For fecundity and hatching re-

sponses, of the 24 studies that assessed the effects of exposure to neuroactive compounds, 13 

reported significant effects, yet none measured internal concentrations at the time significant 

effects were observed. 

Overall, the scarcity and heterogeneity of available data are likely behind the lack of 

correlation between bioconcentration potential and the toxicity of neuroactive compounds. Ac-

cordingly, when analysing the few studies where both assessments were considered, results 

evidenced that significant effects are linked to higher bioconcentration levels of individual neu-

roactive pharmaceuticals, emphasizing the benefits of such conjugated approach. 

Biological effects and environmental concentrations 

For 18 neuroactive pharmaceuticals, significant effects have been reported for either 

behaviour (predatory avoidance and feeding), growth and condition, reproduction (fecundity 

and hatching) or lethality (LC50). For the majority of compounds, either behavioural or growth 

and condition endpoints were, whenever available, the most sensitive endpoints (having lower 

MRC), except for metamfetamine, for which reproduction was found to be affected at lower 

concentration (0.597 µg/L, Liao et al. (2015)), than condition (1.1 µg/L, Hubená et al. (2020)). 

This is in agreement with previous studies, where behaviour has been pointed out as the most 

sensitive endpoint to study the effects of various contaminants in fish, including psychoactive 

compounds, in comparison to reproduction, development or lethality (Cunha et al., 2019; Mel-

vin and Wilson, 2013). Still, for 4 compounds only one type of endpoint was available (parox-

etine, bromazepam, clobazam and clozapine), and for 3 other compounds (diazepam, morphine 

and propofol) only LC50 values were available for MRC determination, due to both lack of 

significant responses and lack of tests. For instance, diazepam exposure did not affect the fe-

cundity of Pimephales promelas adults up to 13.4 µg/L (Lorenzi et al., 2014) or hatching of 

Danio rerio embryos up to 88 µg/L (Kalichak et al., 2016), whereas no studies exist for mor-

phine and propofol. Likewise, effects on predatory avoidance or feeding behaviours have not 

been studied for any of the three compounds, whereas for growth and condition, no changes 
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were observed in Oreochromis niloticus adults after 3 h of exposure to propofol (Valença-Silva 

et al., 2014) and no information is available for morphine and diazepam. 

Considering environmental concentrations of neuroactive pharmaceuticals in the con-

text of minimum response concentrations (MRC), the most toxic compounds in freshwater en-

vironments were antidepressants. Low MRCs in combination with rather high concentrations 

in surface waters resulted in 5 out of 8 antidepressants found at concentrations either above or 

close to fish MRC. In particular, fluoxetine was found in surface freshwaters at median con-

centrations 2.2 times higher than the MRC for predatory avoidance changes in fish, 0.008 µg/L 

(Martin et al., 2017). Critically, the highest environmental concentrations reported in these en-

vironments for antidepressants fluoxetine and citalopram largely exceeds behavioural MRC, 

over 800 times for citalopram (maximum reported value of 76 µg/L) and over 5000 times for 

fluoxetine (maximum reported value of 43 µg/L). Also, the presence of antidepressants ami-

triptyline, sertraline and venlafaxine and psychostimulant metamfetamine in freshwater envi-

ronments is imminently critical, considering that current maximum reported concentrations are 

just a few decimals of µg/L from potentially affecting fish growth and condition, behaviour or 

reproduction. Antiepileptic carbamazepine and antipsychotic clozapine are also critical, with 

maximum water concentrations exceeding MRC for growth and condition (1 µg/L Qiang et al. 

(2016), and 30.8 µg/L Overturf et al. (2012)), by 17 and 2.5 times, respectively. On the other 

hand, anxiolytics bromazepam and clobazam, as well as sedative temazepam, all benzodiaze-

pines, showed relatively similar toxicity (MRC between 6.9 and 9.1 µg/L, Cerveny et al. (2020)) 

and are usually found at concentrations from 360 up to thousand times lower than the MRC, 

thus unlikely to affect fish in freshwater systems. The only exception is oxazepam, to which 

MRC is slightly lower, 1.8 µg/L (Brodin et al., 2013), and environmental concentrations are 

relatively higher, in both freshwater and brackish/marine systems. For diazepam, MRC corre-

sponded to fish lethality (at 12700 µg/L, Nunes et al. (2005)), but previous studies showed that 

it is not likely to affect fish fecundity or hatching at current environmental concentrations 

(Kalichak et al., 2016; Lorenzi et al., 2014). 

In brackish and marine environments, antidepressants were also the most critical phar-

maceutical group. Akin to freshwater environments, fluoxetine was the most toxic neuroactive 

pharmaceutical, where MRC for fish behaviour (0.008 µg/L) equals median environmental con-

centration whereas it is exceeded 11 times by the maximum reported value (0.09 µg/L). Maxi-

mum concentrations reported for antidepressants citalopram (0.093 µg/L) and sertraline (0.304 

µg/L), as well as for antiepileptic carbamazepine (1.41 µg/L) and anxiolytic oxazepam (2.18 

µg/L) were all above fish MRC. However, these results need to be considered with caution, 
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given the clear information gap on species responses to neuroactive pharmaceuticals under 

brackish and marine experimental conditions. Out of the 18 compounds considered, only 4 

MRC values were available, and following a more conservative approach to MRC selection, 

the most sensitive data available were largely from freshwater studies (17 compounds). More-

over, information on occurrence of neuroactive pharmaceuticals is far less common for brackish 

and marine systems than for freshwater, although the increased effort towards coastal and ma-

rine systems noticed in recent years (Fonseca and Patrick, 2019; Gaw et al., 2014). For instance, 

the presence of four neuroactive compounds in brackish and marine systems is still unknown, 

namely mianserin, clobazam, clozapine and propofol, the former equally lacking occurrence 

data for freshwater systems.  

Overall, in light of current environmental concentrations, antidepressants, antipsychot-

ics and antiepileptics can be regarded as the most critical neuroactive pharmaceutical classes, 

as most compounds are currently present in aquatic systems at concentrations known to affect 

mostly fish behaviour or their growth and condition. This is especially critical for freshwater 

systems, but also for brackish and marine systems, where for instance, antidepressant sertraline 

and anxiolytics bromazepam and oxazepam, reach higher concentrations than in freshwater en-

vironments. With predicted increase in environmental concentrations by a growing world pop-

ulation and improved access to medical care (Kuster and Adler, 2014), the imminent risk is 

likely to occur through exposure to several more neuroactive pharmaceuticals, which are, at 

this point, almost reaching fish MRC for behaviour, growth and condition and reproduction.  

Conclusion 

Despite the increasing number of studies on the effects of neuroactive pharmaceuticals 

in fish over the last decades, the majority of all 451 publications focused mainly on antidepres-

sants (largely fluoxetine), anesthetics used in aquaculture (tricaine mesylate and benzocaine) 

and the antiepileptic carbamazepine, accounting for more than half of all studies. Moreover, the 

vast majority (86%) of studies encompasses freshwater conditions, and 216 publications tar-

geted only four freshwater species. Results also evidenced limited biological and environmental 

data on neuroactive pharmaceuticals in brackish and marine species and environments. Alt-

hough contaminant uptake and bioconcentration are considered hazard measurements in eco-

toxicology, and their estimation used for establishing thresholds in regulatory chemical and 

environmental legislation, it is seldomly considered in studies. It covers only 22 out of all 87 

neuroactive compounds studied, being determined in less than 15% of all studies.   
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Overall, we found a weak link between BCF and neuroactive compound lipophilicity 

(logKow), and further emphasized the apparent misclassification of some neuroactive pharma-

ceuticals bioconcentration under currently established regulatory thresholds (logKow > 3/4.5). 

Still, substantial variability in bioconcentration (BCF) was evident for many compounds, asso-

ciated with between-studies variability, including 67% of variation linked to abiotic parameters 

(temperature, exposure time, salinity and pH), and also potential inter-species, life-stages and 

tissues differences. The influence of sampling design is highlighted, pointing to the absolute 

need for higher standardization in future studies, for improved calibration and consequently 

environmental risk assessment.  

The available data support higher lethality of neuroactive pharmaceuticals with higher 

bioconcentration. However, no other correlations were observed when considering effects on 

growth and condition, behaviour or reproduction, likely as a result of highly variable and insuf-

ficient data. The lack of studies simultaneously determining bioconcentration and toxicity ef-

fects hinders direct comparison, highlighting the importance of measuring internalized concen-

trations and toxicity effects simultaneously.  

In the context of environmental risk posed by neuroactive pharmaceuticals, nine com-

pounds (fluoxetine, citalopram, sertraline, amitriptyline, venlafaxine, clozapine, carbamaze-

pine, metamfetamine and oxazepam) are either critically exceeding or imminently reaching 

toxic concentrations for fish in freshwater or brackish and marine environments. Allied to the 

expected increase of environmental concentrations it is paramount that these nine compounds 

are reviewed and prioritized within risk assessment studies, and included in risk management 

strategies and regulations, such as the watch list under the Water Framework Directive of Eu-

ropean Commission. 
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Neuroactive pharmaceuticals in estuaries: occurrence and tissue-

specific bioaccumulation in multiple fish species 

 

Abstract 

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 contamination, threatening non-target species in their natural environ-

ment. Of particular concern are neuroactive pharmaceuticals, which are known to bioaccumu-

late 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 investi-

gate 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 pharmaceuticals with the highest levels and highest fre-

quency of detection in the water samples were psychostimulants, antidepressants, opioids and 

anxiolytics, whereas in fish tissues, antiepileptics, psychostimulants, anxiolytics and antide-

pressants 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 

Screening for 33 neuroactive pharmaceuticals 
in 7 fish species from 4 estuaries

Brain  >  Liver > Muscle

DF  100     95          95 %

Bioaccumulation

13 pharmaceuticals

Antidepressants

Antiepileptics
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Opioids

Other
Antipsychotics

Max  207    >    86   >  20 ng/g
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Max 1590 ng/L
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variations in pharmaceutical occurrence among estuaries, bioaccumulation patterns were con-

sistent among estuarine systems, with generally higher bioaccumulation in fish brain followed 

by liver and muscle. Moreover, no link between bioaccumulation and compounds’ lipophilicity, 

species habitat use patterns or trophic levels was observed. Overall, this work highlights the 

occurrence of a highly diverse suite of neuroactive pharmaceuticals and their pervasiveness in 

waters and fish from estuarine systems with contrasting hydromorphology and urban develop-

ment and emphasizes the urgent need for toxicity assessment of these compounds in natural 

ecosystems, linked to internalized body concentration in non-target species. 

 

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 im-

proved the global public health. However, the excretion of pharmaceuticals from the human 

body contributes to their release into wastewaters and subsequently into the aquatic environ-

ment, through wastewater effluents, including discharges from wastewater treatment plants 

(Adeleye et al., 2022; Arnold et al., 2014; Monteiro and Boxall, 2010; Wilkinson et al., 2022). 

Overall, the main input of pharmaceuticals to aquatic systems includes domestic discharges, 

yet industrial and hospital effluents as well as other input sources such as pharmaceuticals ap-

plied in livestock or aquaculture are also substantial (Arnold et al., 2014) and are occasionally 

associated with extremely high 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; Bern-

hardt et al., 2017). Accordingly, many pharmaceutical compounds are frequently detected in 

wastewaters and end up being detected in various environmental matrices, generally at low 

μg/L concentrations, such as surface and ground waters or sediments, depending on the phar-

maceutical 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 effects 

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 
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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 European leg-

islation as emerging contaminants of priority concern, with the potential to threaten aquatic 

ecosystems and human health (European Parliament and Council, 2013). In this context, se-

lected pharmaceutical compounds, including neuroactive pharmaceuticals such as venlafaxine 

and its metabolite O-desmethylvenlafaxine, have been recommended for broad-scale assess-

ment in monitoring programmes (European 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 (Bertram et al., 2022; Brodin et al., 2014; 

Calisto and Esteves, 2009; Hamilton et al., 2016; Melvin and Wilson, 2013). In toxicity studies, 

molecular effects are among the most frequently assessed, followed by alterations in fish be-

haviour, physiology and growth, whereas studies on behavioural changes are pointed 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; Sehonova et 

al., 2018), 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 therapeutic classes such as 

antibiotics, antidepressants, among many others, in both invertebrates and vertebrates (Mez-

zelani et al., 2018; Silva et al., 2015; Świacka et al., 2022). In the particular case of fishes, the 

bioconcentration 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 neu-

roactive compounds’ bioconcentration, even under controlled conditions, 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 accumulation in fish. In particular, the bioaccumulation patterns 
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in natural aquatic systems are still seldomly explored, and includes mostly freshwater environ-

ments (Gaw et al., 2014; Mezzelani et al., 2018; Świacka et al., 2022). Although less studied 

compared to freshwater systems, estuarine and coastal areas are highly impacted systems, and 

as a result of the settlement of almost half of the world's population, they are also the major 

recipients of urban effluents and therefore of many pharmaceutical residues (Fonseca and Reis-

Santos, 2019; Martínez 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 pharmaceu-

ticals 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, multi-tissue and multi-system approach, towards unravel-

ling the fate and potential risk of neuroactive pharmaceutical compounds. 

Here, we present a comprehensive assessment of neuroactive pharmaceutical occur-

rence in surface waters and in wild biota from various estuarine systems along the North Atlan-

tic Portuguese Coast, aiming at further understanding the fate of potentially toxic neuroactive 

pharmaceuticals, including their bioaccumulation in different organs (muscle, liver and brain) 

of several fish species, with different life-history strategies and varying habitat use patterns of 

estuarine systems.  

Materials and Methods 

Sampling areas 

Four Portuguese estuaries with different morphological features and distinct levels of 

anthropogenic pressures, including resident population and wastewater-related parameters were 

sampled (Douro, Tejo, Sado and Mira) (Figure 3.1 and Table 3.1). Douro estuary, located in 

the north of Portugal, is surrounded by the second most populated metropolitan region in Por-

tugal with a resident population of ca. 0,68 million inhabitants in the vicinity of the watershed. 

It’s an estuary with a relatively low area and volume, with a high river flow (Table 3.1). The 

Tejo estuary is surrounded by the most populated metropolitan area in the country (ca. 1.84 

million inhabitants in the municipalities surrounding the Tejo watershed), and is the largest 

estuary in Portugal, characterised by large area and volume (Table 3.1). The Sado estuary, lo-

cated south of Tejo, is the second largest estuary in the country, surrounded by less populated 

areas (ca. 0.26 million inhabitants) than Douro and Tejo, whilst the Mira estuary is the smallest 
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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 3.1).  

 

Figure 3.1. Sampled estuarine areas (Douro, Tejo, Sado and Mira estuaries), where water (black circles) and fish (coloured 

areas) samples were collected. 

 

Secondary and tertiary treatments are applied to a considerable portion of all wastewater 

volume treated across the four estuaries (>73%, Table 3.1), 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. 
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Table 3.1. 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 1 km2  10 320 180 5 

River flow 1 m3s-1  450 300 40 3 

Mean depth 1 m  4 5 6 4 

Residence time 1 days  2 25 30 15 

Volume 1 106 m3  59 1900 500 27 

Resident population 2 Nº A  683063 1840523 257551 24717 

Percentage of wastewater volume 

treated in each treatment level 2 
% A 

Primary 0 27 0 0 

Secondary 50 57 29 32 

Tertiary 50 16 71 68 

Percentage of dwellings served 

by wastewater drainage 2 
% B  94 96 88 66 

1 From França et al., (2009) 
2 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.  

 

Sample pre-treatment and chemical analysis 

Fish and water samples were collected in the four estuaries (Figure 3.1) during the sum-

mer of 2019. Fish species were collected with beam trawls and transported on ice into the la-

boratory. 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 3.2). Tissue 

samples were weighted (0.10 ± 0.01 g) and stored frozen until extraction following McCallum 

et al. (2019). Extraction was performed twice with 1.5 mL of acetonitrile, including tissue dis-

ruption with zirconium beads for 4 minutes at 3450 oscillations per minute (Mini Beadbeater, 

Biospec). After centrifugation at 17500 g for 10 min at 4 ºC (Beckman Coulter Microfuge 22R 

Centrifuge), the supernatant was recovered and the entire process was repeated, making a final 

extract volume of 3 mL per sample.  

 

http://www.ine.pt/
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Table 3.2. 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 (EG) based on life cycle and estuarine 

habitat use (ER – Estuarine Resident, MM – Marine migrant, MS – Marine straggler) as well as the trophic levels (TL). 

Estuary Species N 
Length 

(mm) 
Weight (g) 

Size at ma-

turity (mm) 
EGa 

TL

b 

Douro Dicentrarchus labrax 5 289.6 ± 15.9 256.2 ± 23.7 361 (230-460)b MM 3.5 

 Platichthys flesus 5 283.2 ± 10.4 277.3 ± 34.3 224 (140-300)b MM 3.3 

Tejo Dicentrarchus labrax 7 337.6 ± 7.7 368 ± 27 361 (230-460)b MM 3.5 

 Halobatrachus didactylus 5 267 ± 20 371.1 ± 97.9 367 (321-438)c ER 4.0 

 Solea solea 6 204.8 ± 10.6 86.7 ± 16.4 303b MM 3.2 

Sado Dicentrarchus labrax 1 360 536.8 361 (230-460)b MM 3.5 

 Diplodus bellottii 6 172.5 ± 9.4 95 ± 17.5 117d MM 3.6 

 Halobatrachus didactylus 6 202.2 ± 37.7 172.8 ± 86.4 367 (321-438)c ER 4.0 

 Solea solea 2 244 ± 36.8 130.5 ± 49.4 303b MM 3.2 

 Sparus aurata 1 272 334 365 (330-400)b MM/MS 3.7 

Mira Dicentrarchus labrax 2 309.5 ± 23.3 324.9 ± 72.3 361 (230-460)b MM 3.5 

 Diplodus sargus 2 211.5 ± 4.9 185.2 ± 2.7 173e 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)b MM/MS 3.7 

a Franco et al., (2008); 
b Fishbase (www.fishbase.org);  
c Pereira et al., (2011); 
d Santos et al., (1998), average of sexes; 
e Erzini et al. (2001) in Prista et al., (2003). 

 

Twenty-five superficial (ca. 0.3m) water grab samples (1L) 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 µm polyamide membranes and ex-

tracted using OASISTM HLB cartridges, followed by a washing step with 5 mL of methanol:wa-

ter (10:90) and final elution with 6 mL of methanol. Both water and fish extracts were dried in 

a water bath under an N2 stream at 30°C. 

Before analysis, all extracts were reconstituted in 100 µL of methanol, transferred to 

glass autosampler vials, and centrifuged for 5 min at 4000 rpm (Mega Star 1.6R, VWR). An 

equal amount of deuterated internal standards was added to all samples before extraction. 

Screening for neuroactive pharmaceuticals included 33 compounds (Table A2.1), 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 - Psychostim-

ulants, OP - Opioids, AD - Antidepressants, ANX - Anxiolytics, AE - Antiepileptics, AP - 

http://www.fishbase.org/
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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 (concentrations ranging between 1 and 250 

ng/mL) with internal standards and native compounds (for more details see Appendix 2, Tables 

A2.1 and A2.2). 

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 ionisation (HESI) ion source. Instrument set-up is described in detail in Appendix 

2 (Tables A2.1 and A2.2). Briefly, heated electrospray in positive or negative ion mode was 

used for ionization and screening of targeted pharmaceuticals 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 identifi-

cation was performed with XcaliburTM 4.3 software (Thermo Fisher Scientific), and results are 

presented as ng of pharmaceutical compound per L of water or per g of wet weight (ww) of fish 

tissue.  

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 (Σ) per therapeutic class and for the total concentration of all pharmaceuticals. 

A total concentration without caffeine is also given because caffeine consumption 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 partition 

coefficient values (logKow) for uncharged molecules, were obtained via KOWWINTM program 

by EPI SuiteTM (Estimation Programs Interface). Correlations between neuroactive pharmaceu-

ticals’ lipophilicity (logKow) and field bioaccumulation factors (BAF), as well as between 
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trophic levels and summed pharmaceutical concentrations, were tested through Spearman rank 

correlation (r) analysis, where a significant level 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 previous 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. 

Results and Discussion 

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 3.3), with individual water samples showing a minimum of 10 

and a maximum of 26 different compounds. Neuroactive compounds from all the seven thera-

peutic groups considered were detected in at least one of four estuaries: two opioids, three an-

tiepileptics, four antipsychotics, four anxiolytics, eleven antidepressants, one psychostimulant 

and three other pharmaceuticals used in different therapeutic treatments (Table 3.3). A high 

detection frequency was observed for the majority of screened compounds, with several being 

detected in over 70% of water samples in all four estuaries, such as carbamazepine, haloperidol, 

oxazepam, venlafaxine, memantine and trihexyphenidyl, whilst a few others were present in 

every sample, namely caffeine, bupropion and zolpidem. These findings demonstrate the per-

vasiveness and diversity of neuroactive 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 ana-

lytes, whereas the concentration of the pharmaceutical mixture (∑ 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 concentrations for individual 
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neuroactive pharmaceuticals detected in this study is within the range (up to thousands of ng/L) 

of previously reported surface water concentrations in other European estuaries (e.g. Aminot et 

al., 2016; Fernández-Rubio et al., 2019; Zhou et al., 2019), albeit our study stands out by con-

sidering a broader suite of neuroactive compounds. 

Despite differences in hydromorphology and population density in the vicinity of these 

estuarine systems, there were no clear contamination patterns regarding the presence of differ-

ent therapeutic groups across the estuaries, with all therapeutic groups occurring in all estuaries 

(Table 3.3 and Figure A2.1). Conspicuously, the highest concentrations, for all therapeutic 

groups, were detected in the two less populated estuaries, Sado and Mira, in some cases ex-

ceeding thousands of ng/L (Table 3.3). There is an inherent variability associated with pharma-

ceutical occurrence in single event water grab samples and previous studies have shown daily, 

weekly and seasonal variations associated with pharmaceutical 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; Paíga 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 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 3.1). 

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.  
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Table 3.3. 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 (∑) and detection frequency (DF, %) per therapeutic group and for all analytes are also 

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

  Douro  Tejo  Sado  Mira  

Therapeutic 

Group 
Pharmaceuticals 

Med (Min-Max)           

ng/L 

DF 

(%) 

N=3 

Med (Min-Max)         

ng/L 

DF 

(%) 

N=9 

Med (Min-Max)              

ng/L 

DF 

(%)   

N=7 

Med (Min-Max)              

ng/L 

DF 

(%)   

N=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 

Σ 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 

Σ 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 < LOQ  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  

Σ 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  
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 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 

Σ 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 - 1.4) 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 

Σ 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 

Σ 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 

agents 
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 

Hypnotics and 

sedatives 
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 

Σ 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 
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Σ Total without caffeine 63 (58 - 64) 100 42 (28 - 68) 100 27 (5.3 - 2724) 100 76 (6.2 - 2703) 100 

Σ 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 
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Overall, the occurrence of pharmaceutical compounds differed among and within therapeu-

tic groups, with psychostimulants reaching higher median concentrations, followed by antidepres-

sants, opioids and anxiolytics (Table 3.3). The psychostimulant caffeine was found in every water 

sample analysed, and it was the compound with higher median concentrations in all estuaries (be-

tween 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 3.3). Caffeine is highly con-

sumed 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 (Ad-

eleye 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 sample, 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 concentrations up to 1590 ng/L, in the latter. 

Although opioid consumption in Portugal is relatively low in comparison with other European 

countries (OECD, 2019), it has been increasing in recent years, with tramadol, codeine and bupren-

orphine 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 tertiary treatment (Asimakopoulos and 

Kannan, 2016; Campos-Mañas et al., 2018), resulting in its frequent detection in environmental 

water samples, as in our study, in particular tramadol and codeine, two of the most frequently 

detected opioids (Campos-Mañas et al., 2018). Likewise, buprenorphine, which was not detected 

in our water samples, is reported as less frequently detected in both wastewater influents and efflu-

ents, and occurring at much lower concentrations compared to codeine or tramadol (Asimakopou-

los and Kannan, 2016; Campos-Mañas et al., 2018). Tramadol reached by far the highest concen-

trations 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 wa-

ters. Eight of the antidepressants were found in all four estuaries, whereas the other three, namely 

fluoxetine, mirtazapine and paroxetine, were found exclusively in Sado and Mira waters (Table 
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3.3). Bupropion, venlafaxine, duloxetine and mianserin were frequently detected in all four estuar-

ies (DF > 67%), yet reaching different maximum concentrations (Table 3.3). Higher median and 

maximum concentrations were observed for venlafaxine (maximum surpassing 300 ng/L in Sado 

and Mira), whereas sertraline and fluoxetine 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 concentrations 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. Fernández-Rubio et al., 2019; 

Reis-Santos et al., 2018) and marine waters (e.g. Björlenius et al., 2018; Nödler et al., 2014; Togola 

and Budzinski, 2008). 

Four out of six anxiolytic pharmaceuticals were detected in estuarine 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. Aminot et al., 2015; Fick et al., 2017; Wang et al., 2017), estuarine and sea waters 

(Björlenius et al., 2018; Fernández-Rubio et al., 2019), as well as being the most prevalent benzo-

diazepine in wastewaters (Asimakopoulos and Kannan, 2016) due to generally low removal per-

centage 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 estuar-

ies, 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 At-

lantic coast and other locations worldwide (aus der Beek et al., 2016; Fernández-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 concen-

trations 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 
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100% detection in surface waters (Cardoso-Vera et al., 2021). Other antiepileptics analysed in-

cluded clonazepam and topiramate, which were less frequently detected (up to 44 and 17%, respec-

tively) 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 

risperidone were not detected (Table 3.3). 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 excep-

tionally high concentrations of clozapine (up to 78 μg/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 me-

mantine, anticholinergic agent trihexyphenidyl and hypnotic sedative zolpidem, high detection fre-

quencies 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 stud-

ies, 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 effects (10 ng/L) 

according to the European Medicines Agency (EMA) and reaching maximum concentrations over 
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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.  

 

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 3.4). 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 indi-

vidual samples showing up to 6 different compounds, whereas in the muscle samples a maximum 

of 3 different compounds per sample were detected (Table 3.4). Pharmaceutical concentrations 

ranged between 0.1 and 207 ng/g for individual analytes, with antiepileptic topiramate, antidepres-

sant venlafaxine and the psychostimulant caffeine exhibiting the highest concentrations (Table 

3.4). The sum of all neuroactive pharmaceutical concentrations (∑ 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 3.4 and Figure 3.2). The same pattern was also observed for the maximum 

tissue concentrations, 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; McCallum 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 antiepileptics reaching higher summed concentrations, fol-

lowed by psychostimulants, anxiolytics and antidepressants (Table 3.4 and Figure 3.2). Antiepi-

leptics and antipsychotics were among the most frequently detected therapeutic groups, with fre-

quencies of detection higher than 47% in all three tissues.
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Table 3.4. 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 (∑) and detection frequency (DF, %) per therapeutic 

group and for all analytes (∑ Total) are also shown. < LOQ indicates values below the Limit of Quantification (DF = 0). 

  Brain  Liver  Muscle  

Therapeutic Group Analyte 
Med (Min-Max)              

ng/g 

DF (%) 

N=50 

Med (Min-Max)           

ng/g 

DF (%) 

N=55a 

Med (Min-Max)              

ng/g 

DF (%) 

N=55 

Opioids Buprenorphine < LOQ  < LOQ  < LOQ  

 Codeine 0.8 (0.5 - 1.7) 28 0.9 (0.6 - 1.6) 21 0.7 (0.7 - 1.1) 13 

 Tramadol < LOQ  < LOQ  < LOQ  

Σ Opioids 0.8 (0.5 - 1.7) 28 0.9 (0.6 - 1.6) 21 0.7 (0.7 - 1.1) 13 

Antiepileptics Carbamazepine 1.4 2 < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  

 Topiramate 12 (1.3 - 207) 72 8 (1.1 - 86) 62 2.3 (1.2 - 20) 47 

Σ Antiepileptics 12 (1.3 - 207) 72 8 (1.1 - 86) 62 2.3 (1.2 - 20) 47 

Antipsychotics Chlorpromazine < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  0.2 (0.1 - 0.5) 23 < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  

 Risperidone 0.2 (0.1 - 0.3) 72 0.2 (0.1 - 0.6) 69 0.2 (0.1 - 0.4) 65 

Σ Antipsychotics 0.2 (0.1 - 0.3) 72 0.2 (0.1 - 0.6) 73 0.2 (0.1 - 0.4) 65 

Anxiolytics Alprazolam < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  

 Hydroxyzine < LOQ  1.4 2 < LOQ  
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 Lorazepam < LOQ  5.3 2 < LOQ  

 Oxazepam < LOQ  < LOQ  < LOQ  

Σ Anxiolytics < LOQ  6.7 2 < LOQ  

Antidepressants Amitriptyline < LOQ  < LOQ  < LOQ  

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

 Citalopram < LOQ  < LOQ  < LOQ  

 Duloxetine 1.6 2 1.7 (1.7 - 3) 6 < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  2 2 1.1 2 

 Mirtazapine < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  

 Venlafaxine 1.1 (0.5 - 13) 30 1.8 (0.6 - 4.3) 19 0.9 (0.5 - 2.5) 22 

Σ Antidepressants 1.4 (0.5 - 13) 30 1.7 (0.1 - 6.1) 27 0.8 (0.1 - 2.5) 24 

Psychostimulants Caffeine 7.5 (5.5 - 9.7) 6 12 2 5.3 2 

Σ Psychostimulants 7.5 (5.5 - 9.7) 6 12 2 5.3 2 

Anti-dementia drugs Memantine < LOQ  < LOQ  < LOQ  

Anticholinergic agents Trihexyphenidyl 0.13 (0.11 - 0.14) 4 0.12 (0.11 - 0.12) 4 0.2 2 

Hypnotics and sedatives Zolpidem < LOQ  < LOQ  < LOQ  

Σ Other 0.13 (0.11 - 0.14) 4 0.12 (0.11 - 0.12) 4 0.2 2 

Σ Total  9 (0.1 - 207) 100 5.8 (0.1 - 86) 95 1.5 (0.1 - 21) 95 

Number of pharmaceuticals 2 (1 - 5)  2 (0 - 6)  1 (0 - 3)  

a The number of samples (N) varies for some of the analytes screened. For more details see Appendix 2, Table A2.3.  
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Figure 3.2. Sums (∑) of pharmaceutical concentrations per therapeutic group, in different fish tissues (brain, liver and muscle), 

in all and each estuary (Douro, Tejo, Sado and Mira). Values are presented as log10(x+1) of pharmaceutical concentrations 

(ng/g ww). Left (dark grey), centre (grey) and right (light grey) boxplots correspond to brain (N=50), liver (N=55) and muscle 

(N=55), respectively. 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. Therapeutic groups are the following: T - Total, 

PS - Psychostimulants, OP - Opioids, AD - Antidepressants, ANX - Anxiolytics, AE - Antiepileptics, AP - Antipsychotics and 

O - Other.  

 

Although frequently detected in water, the antiepileptic carbamazepine was only de-

tected 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 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 (Świacka et al., 2022). Topiramate was frequently de-

tected 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 3.4). In line with our results, a similar range of concentrations 
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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 occur-

rence at similar elevated levels, there is a general lack of field studies targeting this pharmaceu-

tical in fish, and this should be prioritised, considering the high concentrations observed. Also, 

no bioaccumulation of the antiepileptic 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 concentrations between 5.3 and 12 ng/g. Other field studies also re-

ported 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 bio-

chemical and behavioural endpoints were reported only at substantially higher external concen-

trations, 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. Fonseca et al., 2021; Mar-

tínez-Morcillo et al., 2020; Peña-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 



CHAPTER 3 

75 

(concentrations 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 amitrip-

tyline, citalopram, fluoxetine, maprotiline, mirtazapine, paroxetine and sertraline were not 

found in any fish tissues. Multiple studies have reported antidepressants’ bioaccumulation in 

fish collected in the wild, including those screened in this study, yet with considerable variabil-

ity (Miller et al., 2018; Silva et al., 2015; Świacka et al., 2022). Venlafaxine is commonly de-

tected 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 as-

sessed (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; Świacka 

et al., 2022). On the other hand, sertraline and fluoxetine are frequently detected in wild fish 

tissues 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 bioaccu-

mulation up to hundreds 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 metabolites 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, alt-

hough metabolites were not screened to confirm this hypothesis. While the remaining antide-

pressants 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; Świacka et al., 2022). 

While opioids buprenorphine and tramadol were not detected in fish, codeine concen-

trations were generally the same across tissues, though more frequently found in fish brain fol-

lowed by liver and muscle, reaching maximum concentrations of 1.7 ng/g in the brain (Table 

3.4). Codeine bioaccumulation in fish has been described in various freshwater fish species 

collected in the field (Rojo et al., 2019; Valdés et al., 2016) and at the same range of concen-

trations as in this study (up to 1.1 ng/g in Rojo et al., (2019)). Tramadol has also been reported 

to accumulate in different fish tissues (Grabicova et al., 2017; Hubená 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 Hubená et al., (2020) 
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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 μg/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 quan-

tification 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 

haloperidol 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 (usu-

ally 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). Accordingly, 

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 the liver. Both Cerveny et al., (2021) and Fick et al., (2010) studies 

pointed risperidone and haloperidol as of high risk for fish, as concentrations in fish plasma 

were either above or close to human therapeutic plasma concentrations, implying potential ex-

posure 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 considered within the Other 

compounds group was only observed for trihexyphenidyl (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 con-

sistent among all four estuaries (Figure 3.2). Generally larger contributions for summed con-

centrations were from antiepileptics, psychostimulants, anxiolytics and antidepressants groups 

(Table 3.4 and Figure 3.2), 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 
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caged Carassius auratus and wild Cyprinus carpio, with more than half of the compounds de-

tected 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 therapeutic groups among the seven groups considered, 

including for example β-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 (Figure 

3.2). 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 concentrations 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), 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 lipo-

philic 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 assess-

ment of chemical substances in European guidelines. However, in the particular case of neuro-

active pharmaceuticals, it seems that this factor alone may not be the best predictor for bioac-

cumulation 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 bioaccumu-

lation factors (BAF) and compounds’ lipophilicity existed, and no significant correlation was 

found when considering all BAF values (r = 0.2, p-value = 0.53, Figure 3.3), nor when consid-

ering each tissue independently (r > 0.2, p-value > 0.3), confirming that the prediction of bio-

accumulation of neuroactive compounds through compounds’ lipophilicity may not be straight-

forward.  
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Figure 3.3. Field-derived bioaccumulation factors (BAF, L/kg) of neuroactive pharmaceuticals with increasing lipophilicity 

(logKow). BAF values (N shown under each boxplot) were calculated as the ratio between pharmaceutical concentrations de-

tected 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 interquartile range (IQR) to maximum and 

minimum values, respectively.  

Neuroactive pharmaceutical bioaccumulation showed a prevalent pattern among spe-

cies, with higher summed concentrations in the brain followed by the liver and muscle tissues 

(Figure 3.4). This pattern was 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 phar-

maceuticals, such as topiramate, venlafaxine and risperidone (Figure 3.4). Notwithstanding, not 

all species seem to accumulate neuroactive pharmaceuticals in the same range of concentra-

tions, i.e., some were found to accumulate higher summed concentrations, 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) (Figure 3.4). 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 bioaccumulation among wild fish species are known, and its association 

with species’ ecological traits, including different habitat use, feeding strategies or trophic lev-

els 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 
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whole life cycle inside the estuary would have increased pharmaceutical accumulation com-

pared 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 classifications (Figure 3.5). This reveals how exposure 

to neuroactive compounds and consequent bioaccumulation in fish tissues does not imply ex-

posure 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 et al., 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. Notwithstanding, the specimens sampled here are late ju-

veniles/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. 

  

Figure 3.4. 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 (N=14), and marine migrants and stragglers Diplodus bellottii (N=6), Dicen-

trarchus labrax (N=15), Diplodus sargus (N=2), Platichthys flesus (N=5), Sparus aurata (N=5) and Solea solea (N=8). Con-

centrations (ng/g ww) are presented as log10(x+1), and scales differ between plots. Boxplots show median, 25th and 75th per-

centiles, upper and lower whiskers extending at most 1.5 times the interquartile range (IQR) to maximum and minimum values, 

respectively.  
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Figure 3.5. Mean (and standard deviation) of the summed concentrations per therapeutic class in the water (N=25) in ng/L (A) 

and fish brain (N=50, 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 resident species (ER, white 

bars) and marine migrant or straggler species (MM/MS, grey bars). Values are presented as log10(x+1) and scales differ between 

plots. Therapeutic groups are the following: T - Total, PS - Psychostimulants, OP - Opioids, AD - Antidepressants, ANX - 

Anxiolytics, AE - Antiepileptics, AP - Antipsychotics and O - Other (including anticholinergic agents, hypnotics and sedatives, 

anti-dementia drugs). 

Moreover, we addressed the potential link between bioaccumulation and fish trophic 

levels and found no significant correlations between total pharmaceutical concentrations (me-

dian values) and species trophic levels (TL, Table 3.2), for each of the three tissues, brain, liver 

and muscle (r > -0.54, p-value > 0.24). This points to a general bioaccumulation among all fish 

species, independently of trophic level, which is also highlighted by the overlap of data points 

obtained through the principal component analysis (Figure A2.2), showing that no specific pat-

tern 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 resident 

species, marine migrants or straggler species, and there was no obvious bioaccumulation pattern 
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in relation to the different trophic levels, indicating a general uptake of neuroactive pharmaceu-

ticals among the seven fish species, despite higher summed concentrations could be found in 

some species.  

Conclusion 

This study analyses the occurrence of a broad suite of neuroactive pharmaceuticals of 

various therapeutic groups in estuarine surface waters 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 neu-

roactive compounds detected in individual water samples, our results reveal a complex mixture 

of a suite of compounds in all four estuaries, 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 uptake 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 bi-

oaccumulation of these compounds across multiple estuarine and marine fish species, inde-

pendently 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 

pharmaceuticals 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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Biomarker and behavioural responses of an estuarine fish following 

acute exposure to fluoxetine 

 

Abstract 

Antidepressants such as fluoxetine are frequently detected in estuaries and can have profound 

effects on non-target organisms by interfering with the neural system and affecting essential 

physiological processes and behaviours. In this context, short-term effects of fluoxetine expo-

sure were analysed in the common goby Pomatoschistus microps, an estuarine resident fish 

species. Two experiments were conducted with fish exposed to: i) fluoxetine concentrations 

within the µg/L range for 96h (0.1, 0.5, 10 and 100 µg/L) and ii) fluoxetine concentrations 

within the mg/L range for 1h (1, 5 and 10 mg/L). Acute toxicity was assessed via multiple 

biomarker responses, namely: activity levels of antioxidant (superoxide dismutase and catalase) 

and detoxification enzymes (ethoxyresorufin O-deethylase and glutathione S-transferase); and 

biomarkers of effects (lipid peroxidation and DNA damage) and of neurotoxicity (acetylcho-

linesterase inhibition). Furthermore, behavioural responses concerning activity (active time, 

movement delay and number of active individuals) and feeding (number of feeding individuals) 

were also recorded and analysed. Acute fluoxetine exposure for 96h (in the µg/L range) reduced 

antioxidant CAT activity with increasing concentrations but had no significant effect on SOD 

activity. Biotransformation enzymes showed bell-shaped response curves, suggesting efficient 

fluoxetine metabolism at concentrations up to 10 µg/L. No significant damage (LPO and 

DNAd) was observed at both concentration ranges (µg/L and mg/L), yet one hour exposure to 

higher fluoxetine concentrations (mg/L range) inhibited acetylcholinesterase activity (up to 

37%). Fluoxetine (at mg/L) also decreased the number of both feeding and active individuals 

(by 67%), decreased fish active time (up to 93%) and increased movement delay almost 3-fold 

(274%). Overall, acutely exposed P. microps were able to cope with fluoxetine toxicity at the 

Fluoxetine

96h

0.1 - 100 µg/L

Pomatoschistus microps 

Biomarkers

Antioxidant enzyme (CAT) 

Biotransformation enzymes (EROD and GST) 

Activity 

Feeding Neurotoxicity (AChE activity)
1h
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Biomarkers Behaviour
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µg/L range but higher concentrations (mg/L) affected fish cholinergic system and behavioural 

responses.  

 

Keywords 

Antidepressant, SSRI, Ecotoxicology, Estuaries, Fish, Biomarkers, Feeding, Behaviour 

Introduction 

Pharmaceuticals are continuously released to aquatic environments via multiple routes 

such as household, hospital and industrial wastewater effluents, aquaculture or animal hus-

bandry, resulting in their ubiquitous presence in freshwater and coastal environments world-

wide (Caldwell, 2016; Kümmerer, 2009). Consequently, a wide range of concentrations have 

been reported, usually within ng/L to µg/L range (Mezzelani et al., 2018), yet much higher 

concentrations, in the mg/L range, have also been reported in surface waters, chiefly associated 

with effluents from aquacultures and pharmaceutical manufacturing plants (Fick et al., 2009; 

Larsson et al., 2007; Le and Munekage, 2004). As pharmaceuticals are designed to produce 

effects at very low concentrations, their frequent detection in the aquatic environment raises 

concern over putative deleterious effects in non-target organisms.  

Antidepressants and its metabolites have been frequently detected in the environment, 

with concentrations up to 1 µg/L in seawater, 8 µg/L in surface and groundwaters and up to 32 

µg/L in wastewater treatment plants (Mezzelani et al., 2018). Among these are selective sero-

tonin reuptake inhibitors (SSRIs), which are a group of pharmaceutical compounds used to treat 

depression and other psychiatric disorders. SSRIs act by blocking the reuptake of serotonin 

neurotransmitter from the synaptic cleft, increasing serotonin concentrations and consequently 

affecting neuronal signal transmission (Hiemke and Härtter, 2000). Allied to neuronal function, 

serotonin is also involved in other physiological mechanisms, such as those related to immune 

and endocrine systems or behavioural responses (Corcoran et al., 2010; Fent et al., 2006). Ser-

otonin and its transporters are highly conserved in many species, particularly among vertebrates 

(Kreke and Dietrich, 2008; Mennigen et al., 2011), which implies SSRIs may elicit deleterious 

physiological and neuronal effects in a large number of species.  

The antidepressant fluoxetine is one of the most prescribed SSRIs and is frequently de-

tected in surface waters of estuarine and coastal areas (Mezzelani et al., 2018; Silva et al., 2012). 

Fluoxetine is considered highly toxic to various organisms (Corcoran et al., 2010; Fent et al., 

2006), and even though there are inconsistencies across studies (Sumpter et al., 2014), detri-

mental effects of fluoxetine exposure have been observed in invertebrate and vertebrate species 
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(Sehonova et al., 2018; Silva et al., 2015), and at very short timeframes (i.e. within minutes to 

hours of exposure) (Ford and Fong, 2016). In fish, fluoxetine has been found to modulate gene 

transcription and enzymatic activities related to detoxification pathways, to alter endocrine and 

reproductive processes (e.g. reduce hormone production; fecundity and sexual development), 

as well as to alter behaviour (e.g. decreased feeding rates and locomotion) (e.g. Cunha et al., 

2016; Giacomini et al., 2016; Henry and Black, 2008; Lister et al., 2009; Saaristo et al., 2017). 

Moreover, fluoxetine uptake and metabolism in fish is known to occur over a short timeframe 

(Paterson and Metcalfe, 2008) and it has been shown to accumulate in fish tissues (Brooks et 

al., 2005; Schultz et al., 2011). Yet, a considerable knowledge gap still exists concerning expo-

sure effects on wildlife, particularly in marine and coastal environments (Gaw et al., 2014). 

Biomarkers are sensitive measurements of biochemical, cellular or molecular interac-

tions, that can signal early-on effects of exposure to xenobiotic compounds at the sub-individual 

level, and are therefore frequently used as indicators of exposure to and of effects in ecotoxi-

cology studies (van der Oost et al., 2003). Recent studies have reported different effects of 

fluoxetine on biomarker responses in various aquatic organisms, albeit only a few evaluated in 

vivo fish exposures (e.g. Chen et al., 2018; Ding et al., 2016; Pan et al., 2018). At the individual 

level, behaviour is an ecologically relevant indicator of exposure to neuroactive compounds, as 

it may directly impact fitness and survival of aquatic organisms (Brodin et al., 2014). 

In this context, the toxicity potential and effects of fluoxetine allied to its pervasive 

presence in the aquatic environment merits further exploration. Notably, analysing sub-lethal 

biological responses and behaviour changes of organisms exposed to a wide range of environ-

mental concentrations of this neuroactive compound is of high ecological relevance, and should 

contribute to improve our understanding of its potential impact on estuarine biota. Accordingly, 

the aim of this study was to assess the effects of fluoxetine waterborne exposure on key bi-

omarker and behavioural responses of Pomatoschistus microps (Krøyer, 1838), an estuarine 

resident fish species, pivotal to community functioning in temperate estuaries, and frequently 

used in ecotoxicology and biomonitoring studies (e.g. Fonseca et al., 2011; Oliveira et al., 

2013). We conducted two independent short-term exposure experiments where fish were ex-

posed to: i) fluoxetine concentrations within the µg/L range for 4 days (0.1, 0.5, 10 and 100 

µg/L), covering the range of environmental concentrations reported for antidepressants and its 

metabolites; and ii) higher concentrations of fluoxetine for 1 hour (1, 5 and 10 mg/L), simulat-

ing acute exposure to point source contamination. 

Accordingly, multiple biomarker responses were assessed in P. microps, namely: the 

activity levels of antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT), 
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responsible for protecting cells from reactive oxygen species (ROS) and thus for reducing oxi-

dative stress; the activity of detoxification enzymes ethoxyresorufin O-deethylase (EROD) and 

glutathione S-transferase (GST), responsible for the metabolism of xenobiotic compounds, in-

cluding pharmaceuticals; the levels of lipid peroxidation (LPO) and DNA damage (DNAd); and 

the activity of acetylcholinesterase (AChE) activity as an indicator of neurotoxicity. Concerning 

behavioural endpoints, we hypothesised that waterborne exposure to fluoxetine may alter loco-

motory and feeding behaviours in P. microps, and thus compromise individual fitness (e.g. by 

affecting fish ability to capture prey, avoid predatory attacks or to successfully reproduce), 

which would in the long-term reduce fish survival (Gerhardt, 2007). Ultimately, by combining 

sub-individual and individual responses, we intend to attain a more comprehensive assessment 

of fluoxetine toxicity on an estuarine fish species, a group which has seldom been evaluated. 

Materials and methods 

Fish sampling and acclimatization  

P. microps individuals (length 3.01 ± 0.25 cm) were collected at low tide in the Tejo 

estuary natural reserve, near Alcochete (mean and standard deviation of water salinity and tem-

perature were 19.2 ± 0.10 and 20.9 ± 0.26, respectively), using a hand net, and transported to 

the laboratory in a common tank (approx. 80L) with continuous aeration. Upon arrival, fish 

were divided randomly among three 80 L tanks, equipped with aeration and filtration systems. 

Throughout the day, a gradual shift to exposure water conditions was performed, with target 

values for temperature (ca. 20ºC) and salinity (18) similar to field water measurements. Fish 

were fed daily with newly hatched Artemia nauplii and worms (Hediste diversicolor). All pro-

cedures took place in a controlled temperature room, and water at 18 salinity was prepared with 

synthetic marine salt dissolved in filtered dechlorinated tap water. 

Experimental design  

Fish were allocated randomly among 15 experimental tanks, with 12 individuals per 

tank, and acclimated to exposure conditions for one week. The acute semi-static toxicity test 

was performed according to OECD guidelines (test no. 203) for 96 hours in 18L aerated glass 

tanks with natural photoperiod and no filtration. Four concentrations of the antidepressant 

fluoxetine and a control treatment were used (0, 0.1, 0.5, 10 and 100 µg/L), with three replicate 

tanks per concentration. Concentrations used in this trial cover the range of reported environ-

mental concentrations for antidepressants and its metabolites (Mezzelani et al., 2018). 
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Fluoxetine stock solutions were prepared with milliQ-grade water and stored at -20ºC. Daily 

water renewals were performed, and fluoxetine concentrations appropriately restored to main-

tain fluoxetine concentrations in the tanks. Water parameters, namely temperature, salinity, pH 

and ammonia, as well as fish mortalities were recorded daily. Feeding was suspended 24h be-

fore the beginning of the exposure test.  

After 96h exposure, fish were transferred to individual behavioural observation tanks 

and rested for 10 minutes in the new environment before each trial, to avoid handling stress 

interference. All tanks were covered throughout the experimental trials and observations were 

made through recorded high-definition video, to minimize any potential stress or bias caused 

by visual contact/human presence. In feeding trials, 10 Artemia nauplii were released per tank, 

marking the beginning of a 5-minute observation period for feeding and locomotory activities. 

Analysed behavioural endpoints included the percentage of active and feeding individuals, the 

overall time individual fish spent moving and the time individual fish took to make the first 

movement (i.e. movement delay). After behavioural trials, fish were immediately sacrificed, 

and tissues stored at -80ºC until further analysis.  

Fluoxetine uptake and metabolism in fish is known to occur over a short timeframe, 

within 5h of exposure to low concentrations (0.55 µg/L) (Paterson and Metcalfe, 2008). Hence, 

we hypothesized that 1 hour of exposure to a higher range of concentrations (mg/L) would 

allow for fluoxetine uptake and metabolism and would suffice to generate biological or behav-

ioural effects in P. microps. Accordingly, an acute static toxicity test was conducted, where fish 

were individually exposed to three fluoxetine concentrations and a control treatment (0, 1, 5 

and 10 mg/L) for 1h, in 1L glass beakers with water also at 20 ºC and 18 salinity. Concentrations 

used in this trial were chosen to mimic acute exposure to point source contamination (Fick et 

al., 2009; Larsson et al., 2007). Twelve fish were exposed per treatment and post-exposure 

procedures were performed as described above.  

All experimental procedures were performed in accordance with animal testing guide-

lines and licenced by university animal welfare committee and national authorities.  

Biomarkers quantification 

For biomarkers' quantification different fish tissues were dissected, namely liver, head 

and gills. Tissue samples were homogenized in cold 100 mM monobasic potassium phos-

phate/dibasic potassium phosphate (K2HPO4/KH2PO4) buffer (pH 7.4) containing 0.15 M KCl 

(potassium chloride), 0.1 mM PMSF (phenylmethylsulfonyl fluoride), 1 mM DTT (dithio-

threitol) and 1 mM EDTA (ethylenediaminetetraacetic acid) to avoid protein degradation. Four 
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individuals were pooled for liver samples and a 1:5 (w/v) tissue:buffer ratio was used in ho-

mogenization, whilst head and gills were individually homogenized in 1 and 0.5 mL of the same 

buffer at pH 7.2, respectively. 

Aliquots of liver homogenate were separated for lipid peroxidation (LPO), to which 

BHT (butylated hydroxytoluene) at 4% was added (1:15 v/v sample) to prevent further lipid 

peroxidation. The remaining liver homogenate was centrifuged at 12000 g for 20 min at 4°C, 

and aliquoted for superoxide dismutase (SOD), catalase (CAT), ethoxyresorufin-O-deethylase 

(EROD) and glutathione S-transferase (GST) determination. Gills homogenates were aliquoted 

for DNA damage quantification, while head homogenates were centrifuged at 11000 g for 3 

min at 4°C and used in acetylcholinesterase (AChE) activity analysis. 

All biomarker responses were determined in 96-well microplates and each reading was 

done in triplicate, using a microplate reader (Biotek Synergy HT). Protein content was adjusted 

to 0.5 – 0.7 mg mL-1 for biomarker determinations, except for AChE assays, for which protein 

content was adjusted to 0.3 mg mL-1. 

Superoxide dismutase (SOD) was measured according to Marklund and Marklund 

(1974), based on its ability to inhibit pyrogallol autoxidation, with few adaptations. Briefly, 

increase in absorbance was followed for 5 min at 325 nm, after incubation of 5 µL of homoge-

nate with 265 µL of 50 mM phosphate buffer (pH 7.8) containing 1 mM EDTA, and 30 µL of 

a 30 mM pyrogallol solution in 10 mM HCl. Control assays were performed in the absence of 

homogenate samples to determine pyrogallol autoxidation. SOD activity was expressed as U 

mg-1 of total protein concentration, with one unit of SOD as the amount of enzyme that inhibits 

the reduction of pyrogallol by 50%. 

Catalase (CAT) activity was determined according to Aebi (1974), by measuring the 

decrease in absorbance at 240 nm, caused by substrate consumption. Briefly, 130 µL of 50 mM 

phosphate buffer were added to 20 µL of sample, and the reaction was started with the addition 

of 150 µL of substrate (30 mM H2O2 in 50 mM phosphate buffer, pH 7). CAT activity was then 

calculated as the difference in absorbance per unit of time (ε = −0.04 mM−1 cm−1) and expressed 

as µmol per minute per mg of total protein concentration. 

Ethoxyresorufin-O-deethylase (EROD) activity was determined following Burke and 

Mayer (1974) method, with few adaptations by Fernandes et al. (2002). The reaction was initi-

ated with the addition of 10 µL of NADPH (8.33 mg mL−1) to 190 µL of 7-ethoxyresorufin 

solution (0.1 mg mL−1 in 100 mM phosphate buffer (pH 7.4)) and 100 µL of sample, at 30 °C 

for 20 min. Fluorescence from 7-hydroxyresorufin was measured at 537/583 nm excita-

tion/emission wavelengths, and resorufin sodium salt was used as standard. Activity was 
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calculated as the amount of resorufin (ρmol) generated per mg of total protein per minute of 

reaction time.  

Glutathione S-transferase (GST) activity was determined following Habig et al. (1974). 

Briefly, the conjugation of glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB) by 

GST was measured through changes in absorbance at 340 nm (ε = 9.6 mM−1 cm−1), for 3 min. 

The assay was started with the addition of 250 µL of a final reaction mixture containing 100 

mM phosphate buffer (pH 6.5), 20 mM CDNB and 20 mM reduced glutathione, to 50 µL of 

sample. GST activity was expressed as nmol CDNB conjugate formed per mg of total protein 

per minute of reaction. 

Lipid peroxidation (LPO) was determined according to Ohkawa et al. (1979). The reac-

tion of thiobarbituric acid reactive substances (TBARS) with 2-thiobarbituric acid (TBA) oc-

curred after incubation of 500 µL of TCA 12%, 450 µL of 60 mM Tris-HCl (pH 7.4) containing 

0.1 mM EDTA and 500 µL of TBA 0.73% with 50 µL of sample for 60 min, at 97 °C. Samples 

were cooled on ice and centrifuged at 13400g for 3 min, and absorbance was measured at 535 

nm (ε = 1.56 × 105 M−1 cm−1). LPO was expressed as nmol of TBARS formed per mg of total 

protein. 

DNA damage (DNAd) was determined in gills following the DNA alkaline precipitation 

assay by Olive (1988). Samples (50 µL) were first mixed with 250 µL of a 2% SDS solution 

containing 10 mM EDTA, 10 mM Trisbase (pH 12.4) and 50 mM NaOH. Then, 250 µL of a 

0.12 M KCl solution were added and the mixture was incubated at 60 °C for 10 min. After 

cooling down on ice for 15 min, the mixture was centrifuged at 8000g for 5 min, at 4 °C. Fol-

lowing the addition of 200 µL of Hoechst dye (1 μg mL−1 in 0.1 M K-phosphate buffer, pH 7.4) 

to 50 µL of the mixture, DNA concentration in the supernatant was determined at 360 nm/460 

nm of excitation/emission wavelengths. Fluorescence values were compared to a DNA standard 

curve and DNAd was expressed as μg DNA per mg of total protein. 

P. microps' head homogenates (cleaned of gills) were used for determination of acetyl-

cholinesterase (AChE) activity, which has been described as the main cholinesterase form in 

this species' head tissues, and a proxy of brain AChE (Monteiro et al., 2005). Acetylcholines-

terase (AChE) was determined according to Ellman et al. (1961), adapted to microplate (Guil-

hermino et al., 1996). Briefly, 250 µL of a final reaction mixture containing 100 mM phosphate 

buffer (pH 7.2), 75 mM acetylthiocholine and 10 mM DTNB (5,5’-dithio-bis(2-nitrobenzoic 

acid)) were added to 50 µL of sample (protein adjusted to 0.3 mg mL-1). The reaction of thi-

ocholine with DTNB to produce the yellow anion TNB, was followed at 412 nm (ε = 13.6 mM-
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1 cm-1), every 20 secs for 10 min. The enzymatic activity was expressed in nmol of substrate 

hydrolysed per minute per mg of total protein. 

Protein content was quantified following Bradford’s method, adapted to microplate: 250 

µL of Sigma Bradford solution is added to each replicate of sample (10 µL) and incubated for 

a 15 min period (light protected and at room temperature) after which absorbance is measured 

at 595 nm. Bovine serum albumin solution (1 mg mL-1) was used as protein standard.  

Data analyses 

Data was first checked for normality and homogeneity of variances and transformed 

when necessary in order to meet these assumptions (using Shapiro-Wilk and Levene tests, re-

spectively). In the 96h experiment, differences in biomarker responses among replicate tanks 

per treatment (n = 3) were first tested through analysis of variance. No differences were found 

among replicate tanks, except for one control tank in one biomarker response (DNAd). Since 

statistical results did not differ for DNAd analysis when considering tank and individual re-

sponses, for consistency with other biomarker responses, we present DNAd results based on all 

measurements in the following analyses. Accordingly, differences in biomarker responses 

among treatments in both experiments were tested through analyses of variance (ANOVA), 

followed by post-hoc Tukey tests. Number of replicates per treatment in the 96h experiment 

were n = 9 for SOD, CAT, EROD, GST and LPO and n = 12 for DNAd and AChE; whilst in 

1h experiment the number of replicates were n = 3 for SOD, CAT, EROD, GST and LPO, n = 

4 for DNAd and n = 6 for AChE. To test for independence of behavioural responses to treatment 

we used Kruskal-Wallis test (active time and movement delay, n = 12) and Fisher’s exact test 

of independence (number of active and feeding individuals, n = 12), followed by post-hoc tests. 

According to data normality assumptions, Pearson product moment correlation (rp) analysis was 

used to test for correlations among biomarker responses (parametric data), and Spearman rank 

correlation coefficients (rs) to test for correlations between biomarkers and behavioural re-

sponses (non-parametric data). All analyses were performed in R software (RStudio Team, 

2016), and a significance level of 0.05 was considered for all statistical tests used. 

Results 

Water parameters were constant across tanks and exposure days. Temperature (20.7°C 

± 0.2°C), salinity (18.1 ± 0.1), pH (7.3 ± 0.2), and conductivity (26.8 uS ± 0.2 uS) were meas-

ured daily, and ammonia levels were maintained under 0.2 mg/L. Three individuals from three 
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different tanks died over the 96h experiment (one in the control, one in the 10 µg/L and one in 

the 100 µg/L tank), thus mortality did not exceed 10%, as recommended by OECD guidelines.  

Following 96h of exposure to fluoxetine concentrations within the µg/L range (0.1, 0.5, 

10 and 100 µg/L), dose-dependent inhibition of catalase activity with fluoxetine was observed, 

with significant differences from the control group at 10 and 100 µg/L (F = 3.95, p-value < 

0.01, Fig. 4.1b). Concerning biotransformation enzymes, bell-shaped response curves were ob-

served for both GST and EROD activity (F > 4.8, p-value < 0.01, Fig. 4.1c and d). No significant 

effects were observed in SOD activity, in LPO and DNAd levels, or in AChE activities (F > 

0.36, p-value > 0.05, Fig. 4.1a, e, f and g). Concerning behaviour, no significant effects of 

fluoxetine were found after 96h (χ2 > 11.77, Fig. 4.2a and b; H > 2.80, Fig. 4.2c and d; p-values 

> 0.05). Few correlations were found among P. microps responses in the 96h experiment. Spe-

cifically, GST activity was positively correlated with EROD (rp = 0.64, p-value < 0.001) and 

SOD (rp = 0.60, p-value < 0.001) activities. EROD activity was positively correlated to SOD 

activity (rp =0.38, p-value < 0.01) and negatively to LPO levels (rp = -0.31, p-value < 0.05). 
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Figure 4.1. Biomarker responses of P. microps exposed to fluoxetine (µg/L) for 96h. One control and four fluoxetine treatments 

were tested (0, 0.1, 0.5, 10 and 100 µg/L). Bar plots with mean and standard deviations of biomarkers responses: a) SOD 

(superoxide dismutase) activity, b) CAT (catalase) activity, c) EROD (ethoxyresorufin O-deethylase) activity, d) GST (gluta-

thione S-transferase) activity, e) LPO (lipid peroxidation) levels, f) DNAd (DNA damage) and g) AChE (acetylcholinesterase) 

activity. Different letters indicate significant differences from post-hoc comparison Tukey tests, following a one-way analysis 

of variance for each biomarker response. Number of replicates per treatment: n = 9 for SOD, CAT, EROD, GST and LPO; n = 

12 for DNAd and AChE. 
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Figure 4.2. Behavioural responses of P. microps exposed to fluoxetine (µg/L) for 96h. One control and four fluoxetine treat-

ments were tested (0, 0.1, 0.5, 10 and 100 µg/L). Bar plots of the percentage of a) active individuals and b) feeding individuals, 

and of mean and standard deviations of c) fish active time and d) movement delay. Different letters indicate significant differ-

ences from post-hoc analysis, following Fisher’s exact test of independence (number of active and feeding individuals) and 

Kruskal-Wallis test (active time and movement delay), with n = 12 replicates per treatment for each behaviour endpoint. 

 

After 1 hour of exposure to 1, 5 and 10 mg/L concentrations of fluoxetine, AChE activity 

was significantly inhibited by 27 and 37%, at 5 and 10 µg/L, respectively (F = 5.60, p-value < 

0.01, Fig. 4.3g). For CAT and LPO, differences among treatments but not to control were ob-

served (F > 4.80, p-value < 0.05, Fig. 4.3b and e). However, no significant changes were ob-

served in SOD, EROD and GST enzymes activities nor in DNAd (F > 0.05, p-value > 0.05, Fig. 

4.3a, c, d and f). Yet, fluoxetine at the highest concentration (10 mg/L) significantly reduced 

the number of active and feeding individuals, both by 67% (χ2 > 11.77, p-value < 0.01, Fig. 

4.4a and b). Moreover, the active time of individual fish significantly decreased with exposure 

to fluoxetine at all concentrations tested (H = 19, p-value < 0.001, Fig. 4.4c). This decrease was 

concentration-dependent and ranged from 55% at the lowest concentration (1 mg/L) up to 93% 

at the highest concentration (10 mg/L). Furthermore, significant delays in fish movement were 

observed after exposure to fluoxetine at all concentrations tested (H = 16.11, p-value < 0.001, 

Fig. 4.4d), increasing from 69 seconds on average in control to 173 seconds at 1 and 5 mg/L 

(152 and 153%, respectively) and to 256 seconds on average (274%) at 10 mg/L exposure treat-

ment. Correlations among P. microps responses were also observed in the 1h experiment. GST 

was positively correlated with EROD (r = 0.62, p-value < 0.05), and negatively with fish active 

time (rs = -0.60, p-value < 0.05). AChE activity was positively correlated with fish active time 
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(rs = 0.74, p-value < 0.001) and negatively with fish movement delay (rs = -0.53, p-value < 

0.01). 

 

Figure 4.3. Biomarker responses of P. microps exposed to fluoxetine (mg/L) for 1h. One control and three fluoxetine treatments 

were tested (0, 1, 5 and 10 mg/L). Bar plots with mean and standard deviations of biomarkers responses: a) SOD (superoxide 

dismutase) activity, b) CAT (catalase) activity, c) EROD (ethoxyresorufin O-deethylase) activity, d) GST (glutathione S-trans-

ferase) activity, e) LPO (lipid peroxidation) levels, f) DNAd (DNA damage) and g) AChE (acetylcholinesterase) activity. Dif-

ferent letters indicate significant differences, from post-hoc comparison Tukey tests, following a one-way analysis of variance 

for each biomarker response. Number of replicates per treatment: n = 3 for SOD, CAT, EROD, GST and LPO; n = 4 for DNAd 

and n = 6 for AChE. 
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Figure 4.4. Behavioural responses of P. microps exposed to fluoxetine (mg/L) for 1h. One control and three fluoxetine treat-

ments were tested (0, 1, 5 and 10 mg/L). Bar plots of the percentage of a) active individuals and b) feeding individuals, and of 

mean and standard deviations of c) fish active time and d) movement delay. Different letters indicate significant differences 

from post-hoc analysis, following Fisher’s exact test of independence (number of active and feeding individuals) and Kruskal-

Wallis test (active time and movement delay), with n = 12 replicates per treatment for each behaviour endpoint. 

 

Discussion 

Acute exposure to fluoxetine altered several biomarker responses in P. microps, alt-

hough responses differed between the 96h exposure trial (from 0.1 to 100 µg/L concentrations) 

and the 1h exposure trial at higher concentrations (from 1 to 10 mg/L). Fish behavioural changes 

(feeding and locomotor activity) and neurotoxicity (acetylcholinesterase activity) were only 

observed after 1h exposure to higher concentrations (mg/L). 

Biotransformation enzymes are responsible for the metabolism of different xenobiotic 

compounds, including pharmaceuticals. Induction of biotransformation enzymes following 

fluoxetine exposure has been reported in vitro (Thibaut and Porte, 2008) and in vivo in fish (e.g. 

Chen et al., 2018). However, fluoxetine, and its metabolite norfluoxetine, have been found to 

accumulate in fish tissues (Brooks et al., 2005; Paterson and Metcalfe, 2008), as well as to 

inhibit different CYP isoforms at high concentrations (mg/L range) (Smith et al., 2012; Thibaut 

et al., 2006), including EROD (Laville et al., 2004). In this study, positive correlations between 

biotransformation enzymes in both exposure trials points to fluoxetine metabolism in P. mi-

crops’ liver, although significant differences were only evident in the 96h trial. Fluoxetine mod-

elled EROD and GST activities the same way (in the µg/L range), with increasing enzymatic 
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activity up to 10 µg/L then returning to basal levels at higher concentrations (100 µg/L). This 

follows the hormetic model, which describes low-dosage induction of enzymatic activity fol-

lowed by inhibition at higher dosages, resulting in a bell-shaped response curve (Calabrese and 

Baldwin, 2003). The reduction in activity of biotransformation enzymes at higher concentra-

tions can result from downregulation of genes involved in detoxification pathways, as observed 

by Cunha et al. (2016), or from direct enzyme inhibition by fluoxetine and/or its metabolites. 

Antioxidant enzymes, such as SOD and CAT, are the primary defence mechanisms 

against reactive oxygen species (ROS), which may be a product of chemicals exposure and 

uptake (van der Oost, 2003). Fluoxetine cytotoxicity at high concentrations (mg/L) has been 

linked to increased ROS production in fish hepatocyte cells (Laville et al., 2004), and only a 

few studies have explored fluoxetine effects on antioxidant enzymes’ activity in fish in vivo, 

yet with varying responses. For instance, Pan et al. (2018) found total antioxidant capacity (T-

AOC), and CAT and SOD activities significantly increased after 3 day exposure to fluoxetine 

at 0.1 µg/L in the goldfish (Carassius auratus). On the other hand, Ding et al. (2016) reported 

that a 7 day exposure to higher concentrations of fluoxetine (4 to 100 µg/L) caused a significant 

reduction in SOD activity in the same species. Cunha et al. (2016) also reported SOD inhibition, 

yet increased CAT activity in zebrafish embryos exposed to fluoxetine (0.4 to 247.5 µg/L) for 

80h. In this study, catalase activity was the only biomarker to vary in both exposure trials, with 

a decreasing trend in activity with increasing fluoxetine concentrations after 96h at low con-

centrations (µg/L). On the other hand, no significant fluoxetine effects were observed in SOD 

activity. Contrary to previous findings, our results suggest that acute exposure to both fluoxetine 

concentration ranges (µg/L and mg/L) does not generate overt oxidative stress in P. microps, 

which is further supported by the lack of oxidative damage in lipids and DNA. LPO levels and 

DNA damage showed no significant alterations in comparison to control treatments, even at 

higher concentrations (mg/L). Yet, Ding et al., (2016) and Chen et al., (2018) have previously 

reported increased levels of lipid peroxidation in fish exposed to fluoxetine at µg/L concentra-

tions after 7 and 42 days exposure, respectively. To the best of our knowledge, this is the first 

study to assess DNA damage in fish exposed to fluoxetine, yet in vitro studies with invertebrate 

species have shown fluoxetine genotoxicity and DNA damage at concentrations as low as ng/L 

(e.g. Gagné et al., 2006; Lacaze et al., 2015), whilst others have reported decreased or no DNAd 

in vivo (e.g. Franzellitti et al., 2015; Magni et al., 2017; Maranho et al., 2014). 

Differences in antioxidant responses among studies may be related to different experi-

mental settings, such as exposure time and concentrations tested, as well as to different life-

stages and species-specific responses. Smith et al. (2010) described high intra-species 
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variability in in vitro hepatic fluoxetine metabolism in four fish species, which hindered inter-

species comparisons. Noteworthy, in P. microps, the reduced antioxidant responses we ob-

served following acute fluoxetine exposure could result from expedite fluoxetine biotransfor-

mation and excretion, which would minimize antioxidative response and prevent oxidative 

damage in this species. Alternatively, other antioxidant mechanisms not measured in this study 

could be contributing to low oxidative stress levels. Furthermore, at the mg/L range, an increas-

ing trend in antioxidant enzymes with increasing concentrations could be observed, with con-

sequent reduction of LPO levels. Although Paterson and Metcalfe (2008) found rapid uptake 

and metabolism of fluoxetine in fish within 5 hours of exposure to 0.55 µg/L, our results suggest 

that the activation of antioxidant defences in P. microps may require exposure periods longer 

than 1 hour or much higher concentrations (5 or 10 mg/L). In this context, studies of short-term 

(hourly) exposures to enhanced concentrations of pharmaceuticals in biota are paramount to 

screen for affected mechanisms (e.g. Hamilton et al., 2016; Magno et al., 2015). Furthermore, 

identification of fluoxetine metabolic pathways, biotransformation efficiency and tissue bioac-

cumulation across fish species warrants further investigation. 

Only recently has AChE activity been measured in fish brains and shown to increase at 

concentrations ranging from 0.1 to 200 µg/L in acute and chronic exposures (Chen et al., 2018; 

Pan et al., 2018). In this study, no significant effects were observed in P. microps AChE activity 

in the 96h (exposure in µg/L) trial, although an increasing trend in activities could be observed, 

and is in line with the previous studies. However, in the 1h exposure trial (exposure in mg/L), 

AChE activity was significantly inhibited at 5 and 10 mg/L concentrations. In human serum, 

cholinesterase inhibition also occurred at high fluoxetine concentrations, in the mg/L range (ca. 

0.9 to 18 mg/L) (Müller et al., 2002). Fluoxetine and other SSRIs also evidenced a dose-de-

pendent inhibitory effect on zebrafish embryos cholinesterases (Farias et al 2019; Yang et al., 

2018). Accordingly, high fluoxetine concentrations and rapid uptake and accumulation in fish 

brain (Paterson and Metcalfe, 2008; Schultz et al., 2011) likely lead to the prompt AChE inhi-

bition even after only one hour of exposure.  

Decreased locomotor activity and latency in movement have been described in different 

fish species after short and long-term exposures to fluoxetine at both ng/L and µg/L range (e.g. 

Meijide et al., 2018; Saaristo et al., 2018; Winder et al., 2012). Fluoxetine has also been asso-

ciated to decreased feeding rates in fish at these concentration ranges (e.g. Mennigen et al., 

2010; Weinberger and Klaper, 2014), which could be linked to either reduced appetite (due to 

serotonin modulation) or indirect effects on activity (e.g. reduced locomotion and stimuli re-

sponse) (McDonald, 2017). At higher concentrations, in the mg/L range, hourly exposures have 
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induced changes in behaviour in fish and invertebrates (Hamilton et al., 2016; Magno et al., 

2015). In our study, only exposure to higher fluoxetine concentrations (mg/L over an hour) 

caused adverse effects on feeding and activity patterns of P. microps. Specifically, individual 

fish were less active and movement delay was increased at all concentrations in the mg/L range. 

The number of active and feeding individuals was also significantly reduced at 10 mg/L. How-

ever, P. microps behaviour was not affected after 96h exposure to concentrations of up to 100 

µg/L, suggesting that this species behavioural responses were less sensitive to fluoxetine expo-

sure in comparison to previous studies. Typically, estuarine species are well adapted to the high 

natural variability of these environments, which allows them to tolerate stressful conditions, 

including of anthropogenic origin (Elliott and Quintino, 2007). Albeit fish used in this study 

were collected at a natural reserve site, we cannot exclude prior exposure (and consequent con-

ditioning) of fish to fluoxetine and other SSRIs, which have been identified in the area, although 

at very low concentrations (< 10 ng/L, Reis-Santos et al., 2018). Furthermore, the majority of 

previous studies were performed in freshwater fish species and laboratory reared individuals 

(e.g. zebrafish, minnow, goldfish), thus different responses to fluoxetine toxicity could be 

linked to inter-species evolutionary differences. Brown et al. (2014) highlighted differential 

susceptibility of fish to pharmaceuticals, based on evolutionary divergence in species drug-

target activation, physiology, behaviour and ecology. 

Given fluoxetine’s mode of action, behavioural changes have been associated with mod-

ulation of the serotonergic system. The strong correlations between P. microps AChE activity 

and fish movement delay (negative correlation) and active time (positive correlation) further 

suggests that changes in fish activity could also be linked to alterations in the cholinergic sys-

tem. This hypothesis has also been suggested by other authors as a possible route of behaviour 

modulation (e.g. Farias et al., 2019; Winder et al., 2012). Therefore, AChE activity could be a 

suitable biomarker of fluoxetine toxicity in behavioural studies, yet links between serotonergic 

and cholinergic pathways and fish behaviour need to be further resolved. A metabolomics ap-

proach could provide valuable insights into metabolic pathways and interactions between these 

two systems and behaviour responses following exposure to SSRIs.  

In conclusion, acute exposure to fluoxetine induced hepatic biotransformation enzymes 

in P. microps, yet no significant oxidative stress responses were observed. Behavioural and 

neurotoxic effects were only observed at higher concentrations (mg/L). Nonetheless, further 

insights into the variability of inter-specific responses, as well as into chronic exposure effects 

at environmental relevant concentrations in non-model species, are needed to improve environ-

mental risk assessment of fluoxetine and other SSRIs. 
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Depressed, hypertense and sore: Long-term effects of fluoxetine, 

propranolol and diclofenac exposure in a top predator fish 

 

 

Abstract  

Pharmaceutical compounds are continuously released into the aquatic environment, resulting 

in their ubiquitous presence in many estuarine and coastal systems. As pharmaceuticals are 

designed to produce effects at very low concentrations and target specific evolutionary con-

served pathways, there are growing concerns over their potential deleterious effects to the en-

vironment and specifically to aquatic organisms, namely in early life-stages. In this context, the 

long-term effects of exposure of juvenile meagre Argyrosomus regius to three different phar-

maceuticals were investigated. Fish were exposed to environmental concentrations of one of 

three major used pharmaceuticals: the antidepressant fluoxetine (0.3 and 3 µg/L for 15 days), 

the anti-hypertensive propranolol and the non-steroidal anti-inflammatory agent diclofenac (0.3 

and 15 µg/L for 30 days). Pharmaceuticals bioconcentration in fish muscle was examined, along 

with biomarkers in different tissues related with antioxidant and biotransformation responses 

(catalase, superoxide dismutase, ethoxyresorufin-O-deethylase and glutathione S-transferase), 

energetic metabolism (lactate dehydrogenase, isocitrate dehydrogenase and electron transport 

system activities), neurotransmission (acetylcholinesterase activity) and oxidative damage 

(DNA damage and lipid peroxidation levels). Overall, each pharmaceutical had different po-

tential for bioconcentration in the muscle (FLX > PROP > DCF) and induced different 

Fluoxetine
0.3 - 3 µg/L

Individual responses

Tissue bioconcentration 

(FLX > PROP > DCF)

Argyrosomus regius
Propranolol

0.3 - 15 µg/L

Long-term exposure Growth (FLX)

Biotransformation (FLX)

Sub-individual responses

Antioxidant response (FLX)

Oxidative damage (FLX, PROP)

Energy metabolism (PROP, DCF)

Diclofenac
0.3 - 15 µg/L



CHAPTER 5 

121 

biological responses: fluoxetine was the most toxic compound to juvenile meagre, affecting fish 

growth, triggering antioxidant defense responses, inhibiting detoxification mechanisms and in-

creasing lipid peroxidation and DNA damage in the liver; propranolol exposure increased DNA 

damage and decreased aerobic metabolism in fish muscle; and diclofenac showed no potential 

to bioconcentrate, yet it affected fish metabolism by increasing cellular energy consumption in 

the muscle and consequently reducing fish net energy budget. The diverse response patterns 

evidence the need for future research focused on pharmaceuticals with different modes of action 

and their exposure effects on organismal physiological mechanisms and homeostatic status. 

Ultimately, the combination of sub-individual and individual responses is key for ecologically 

relevant assessments of pharmaceutical toxicity. 

 

Keywords: Pharmaceuticals, Bioconcentration, Growth, Energy metabolism, Oxidative stress, 

Neurotoxicity 

 

Introduction 

 

Pharmaceutical compounds of human and veterinary use are often released into the 

aquatic environment, either directly or after incomplete removal by wastewater treatment 

plants, contributing to their continuous and persistent presence in many aquatic systems (Cald-

well, 2016; Kümmerer, 2009). Hence, pharmaceuticals are commonly detected in surface, 

ground and drinking waters at concentrations in the ng/L and low μg/L range, yet maximum 

reported concentrations can reach hundreds of μg/L and up to mg/L (aus der Beek et al., 2016). 

Even if detected at low concentrations, these compounds may pose a risk to many species, as 

they are biologically active at very low concentrations and target specific pathways, most of 

them conserved throughout the tree of life, and in particular among vertebrates (Gunnarsson et 

al., 2008). Overall, pharmaceuticals have been found to affect various biological endpoints such 

as molecular and biochemical processes, including growth, metabolism, reproduction and be-

haviour (Duarte et al., 2019; Fabbri and Franzellitti, 2016; Sehonova et al., 2018). However, 

efforts have historically focused mainly on freshwater systems and acute exposure tests, with 

studies on chronical exposures and on estuarine and marine organisms still limited (Fent et al., 

2006; Gaw et al., 2014; Reis-Santos et al., 2018).  

With over 600 pharmaceuticals detected in the environment worldwide, therapeutic 

groups such as analgesics, antidepressants and anti-hypertensive drugs are prevalent (aus der 



CHAPTER 5 

122 

Beek et al., 2016). Within these classes, diclofenac (DCF), fluoxetine (FLX) and propranolol 

(PROP) are among the most used and prescribed drugs, and therefore some of the most fre-

quently detected compounds in the aquatic environment, at concentrations ranging from ng/L 

to μg/L (aus der Beek et al., 2016; Bonnefille et al., 2018; Mezzelani et al., 2018). Diclofenac 

is a nonsteroidal anti-inflammatory drug (NSAID) commonly prescribed to treat pain, fever and 

inflammation, whereas fluoxetine belongs to the antidepressant class of selective serotonin 

reuptake inhibitors (SSRIs) used to treat depression and other psychiatric disorders, and pro-

pranolol is a beta-adrenergic receptor antagonist (β-blocker), used to treat hypertension and 

heart-related diseases. Although with varying environmental degradation rates and retention 

efficiencies in water treatment plants (Luo et al., 2014), their continuous release ultimately re-

sults in the permanent exposure of non-target species (Arnold et al., 2014; Monteiro and Boxall, 

2010). In this context, chronic exposure assessments at environmental concentrations are para-

mount to address the potential risks posed by these compounds to aquatic species. In particular, 

examining the effects of pharmaceuticals with different modes of action (MOA), not yet fully 

described in fish, and at different levels of organization (i.e. sub-individual/biochemical and 

individual responses) will ultimately contribute to a more comprehensive and ecologically rel-

evant assessment of pharmaceutical toxicity.  

This study provides an integrative view on the risks and toxicity of three pharmaceutical 

compounds with different MOA, the antihypertensive PROP, the non-steroidal anti-inflamma-

tory DCF, and the antidepressant FLX, in the meagre Argyrosomus regius (Asso, 1801), a top 

predator fish species of high economic value. The specific aim of this study was to assess the 

effects of long-term exposure to two distinct environmentally relevant concentrations, integrat-

ing different levels of biological organization. Thus, following exposure, alterations at the in-

dividual level were investigated, including fish growth, condition, and pharmaceutical biocon-

centration. At the sub-individual level, various responses were assessed, namely: activity levels 

of antioxidant enzymes catalase (CAT) and superoxide dismutase (SOD), involved in the de-

toxification of reactive oxygen species (ROS) thus reducing oxidative stress; the responses of 

biotransformation enzymes ethoxyresorufin O-deethylase (EROD) and glutathione-S-transfer-

ase (GST), responsible for the metabolism of xenobiotic compounds such as pharmaceuticals; 

the levels of oxidative stress effects such as lipid peroxidation (LPO), DNA damage (DNAd), 

and of neurotoxicity, acetylcholinesterase inhibition (AChE). Furthermore, energy-related pa-

rameters were assessed, including: the levels of each energy reserve (carbohydrates, proteins 

and lipids), and total energy available (EA); lactate dehydrogenase (LDH) and isocitrate dehy-

drogenase (IDH) enzyme activities, involved in anaerobic and aerobic metabolism pathways, 
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respectively, as well as the LDH/IDH ratio; the electron transport system (ETS) activity, a proxy 

for cellular energy consumption; and finally the cellular energy allocation (CEA), for the quan-

tification of organismal energetic tradeoffs. 

Materials and methods  

Experimental design  

Argyrosomus regius juveniles (7.31 ± 0.58 cm, 3.84 ± 0.83 g), obtained from a fish farm, 

were randomly distributed among 21 experimental 40 L tanks, with 8 individuals per tank, and 

acclimated to exposure conditions for 15 days. The long-term semi-static toxicity test was per-

formed according to OECD guidelines (test no. 210) with a 16:8 h light:dark photoperiod and 

UV-treated natural seawater (average 24.8 PSU and 17.3 ºC). A control and two concentrations 

(low and high) were used for DCF, PROP and FLX exposures, with three replicate tanks per 

concentration. Fish were exposed for 30 days to nominal concentrations of 0.3 and 15 µg/L, for 

low and high concentrations, respectively. The exception was the high FLX treatment, which 

consisted of a separate 15 days’ exposure to a 3 μg/L concentration with fish from the initial 

batch and with an independent control group (controls high FLX). This was due to early distress 

signs (swimming and feeding) evident within 48 h exposure in a preliminary test run with a 15 

μg/L FLX concentration. Nonetheless, all concentrations used in this study cover the range of 

reported environmental concentrations for the different pharmaceutical classes (aus der Beek et 

al., 2016; Mezzelani et al., 2018). 

Pharmaceutical stock solutions were prepared with milli Q-grade water and stored at – 

20ºC. Daily water renewals were performed (25%), and pharmaceutical concentrations appro-

priately restored to maintain nominal pharmaceutical concentrations in tanks. Water parame-

ters, namely dissolved oxygen, temperature, salinity, pH, ammonia and nitrites, as well as any 

fish mortalities were recorded daily. Fish were fed daily with pellets developed for hatchery 

feeds (WinFast by Sparos), with portion adjustments throughout the experiment to maintain a 

2% ratio with mean fish weight.  

All experimental procedures were performed in accordance with animal testing guide-

lines (EU Directive 2010/63, Portuguese DL 113/2013), licensed by the animal welfare com-

mittee at the Faculty of Sciences of the Lisbon University, and by national authorities.  
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Growth and condition indices  

Total fish length (Lt, in cm) and weight (Wt, in g) were recorded at the beginning and 

end of the experiment. Fulton’s condition factor K was determined according to Ricker (1975): 

K = Wt/Lt3, where Wt is total weight and Lt is total length. Specific growth rates in weight were 

determined per tank, in % per day, using the formula: G = 100*(ln Wtf – ln Wti)/(tf – ti), where 

Wtf and Wti are fish total weights at final (tf) and initial (ti) days of exposure, respectively 

(Kroon et al., 2017).  

Concentration of pharmaceuticals in water and fish tissues 

Water samples were collected from each tank every week for pharmaceutical quantifi-

cation. Sample extraction, purification, and concentration were adapted from Pereira et al. 

(2015) and Sousa et al. (2011). Samples (500 mL) were sequentially filtered through 3 mem-

branes (1.2 µm, 0.45 µm and 0.2 µm), purified with OASIS HLB cartridges and subsequently 

washed with 5 mL of methanol:water (10:90) and eluted with 6 mL of methanol. The extract 

was dried under a gentle stream of N2 at 40ºC. Prior to analysis, extracts were dissolved in 500 

µL of methanol:water (3:97), filtered through a PVDF Mini-uniprepTM filter (0.45 µm), injected 

and quantified through ultra-high performance liquid chromatography and time-of-flight mass 

spectrometry (UHPLC-TOF-MS). Results are presented as µg of pharmaceutical compound per 

liter of water.  

Portions of fish dorsal muscle tissue (approximately 2 g) were sampled for pharmaceu-

tical quantification, i.e. bioconcentration (expressed as µg/kg in fish tissue). Sample extraction, 

purification, and concentration were performed as an extension of the method from Freitas et 

al. (2014). Briefly, tissues were homogenized, and extraction was performed with 5 mL of ac-

etonitrile and 1 mL of 0.1 M EDTA. Samples were centrifuged and the supernatant evaporated 

to near dryness (until 0.5 mL) under a gentle stream of N2 at 40 ºC. After adding 500 µL of 

0.1% formic acid to the residue, a filtration step through a PVDF mini-uniprepTM filter (0.45 

µm) was performed, followed by the injection into the UPHLC-TOF-MS for detection and 

quantification. Results are presented as µg of pharmaceutical per kg of wet weight. For a full 

description of methodology and instrumentation used for pharmaceutical quantification, includ-

ing limits of quantification (LOQ) and recovery (%) in water and fish muscle samples, see 

Appendix 3, Table A3.1. 
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Biomarkers quantification 

For biomarkers quantification different fish tissues were dissected, namely liver, brain, 

muscle, and heart. Tissue samples were homogenized in cold 100 mM monobasic potassium 

phosphate/dibasic potassium phosphate (K2HPO4/KH2PO4) buffer (pH 7.4) containing 0.15 M 

KCl (potassium chloride), 0.1 mM PMSF (phenylmethylsulfonyl fluoride), 1 mM DTT (dithi-

othreitol) and 1 mM EDTA (ethylenediaminetetraacetic acid) to avoid protein degradation. 

Liver homogenates were aliquoted for DNA damage (DNAd), lipid peroxidation (LPO) quan-

tification, superoxide dismutase (SOD), catalase (CAT), ethoxyresorufin-O-deethylase 

(EROD) and glutathione S-transferase (GST) determination. 

 Muscle homogenates were used for determination of LPO, DNAd, electron transport 

system activity (ETS), lactate dehydrogenase (LDH) and isocitrate dehydrogenase (IDH) activ-

ities, as well as for determination of total carbohydrates (CBH), proteins (PT) and lipids (LP) 

content. Heart homogenates were used for ETS, LDH and IDH activity measurements. Brain 

homogenates were used for the measurement of acetylcholinesterase (AChE) activity. 

All biomarker responses were determined using a Sinergy HT Microplate Reader (Bio-

Tek Instruments, Vermont, USA), and each reading was done in triplicate using homogeniza-

tion buffer as blank reaction. Superoxide dismutase (SOD) activity was measured according to 

Mccord and Fridovich (1969), and was expressed as U mg−1 of total protein concentration, 

where one unit is the amount of enzyme required to inhibit the reduction of cytochrome c by 

50%. Catalase (CAT) activity was determined according to Aebi (1974), following substrate 

consumption, as a decrease in absorbance at 240 nm. CAT activity was then calculated as the 

difference in absorbance per unit of time (ε = −0.04 mM−1 cm−1) and expressed as µmol per 

minute per mg of total protein concentration. Ethoxyresorufin-O-deethylase (EROD) activity 

was determined following Burke and Mayer (1974) method, with few adaptations by Fernandes 

et al. (2002). Activity was calculated as the amount of resorufin (ρmol) generated per mg of 

total protein per minute of reaction time. Glutathione S-transferase (GST) activity was deter-

mined following Habig et al. (1974), and activity was expressed as nmol CDNB conjugate 

formed per mg of total protein per minute of reaction. Lipid peroxidation (LPO) was determined 

according to Ohkawa et al. (1979) and was expressed as nmol of TBARS formed per mg of wet 

weight. DNA damage (DNAd) was determined following the DNA alkaline precipitation assay 

by Olive (1988). DNA concentration in the supernatant was determined following the addition 

of Hoechst dye and fluorescence values were compared to a DNA standard curve. DNAd was 

expressed as μg DNA per mg of wet weight. Acetylcholinesterase (AChE) was determined 
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according to Ellman et al. (1961), adapted to microplate (Guilhermino et al., 1996). The enzy-

matic activity was expressed in nmol of substrate hydrolyzed per minute per mg of total protein. 

LDH activity was assessed using the methods described by Vassault, (1983) and Diamantino et 

al., (2001) and results were expressed as nmol min−1 mg protein−1 (ε = 6.22 × 103 M−1 cm−1). 

IDH activity was determined following Ellis and Goldberg, (1971) method, adapted by Lima et 

al., (2007), and results were expressed as nmol min−1 mg protein−1 (ε = 6.22 × 103  M−1 

cm−1). Aerobic and anaerobic pathways were also assessed through LDH/IDH ratio. Cellular 

energy allocation (CEA) was calculated as in Verslycke et al., (2004a, 2004b): CEA = Ea/Ec, 

where Ea (available energy) = carbohydrate + lipid + protein (mJ mg ww-1), and Ec (energy 

consumption) = ETS activity (mJ h-1 mg ww-1). Following De Coen and Janssen, (2003, 1997), 

total content of carbohydrates, lipids and proteins were measured and transformed into ener-

getic equivalents using enthalpy combustion (39.5 kJ g-1 lipid, 24 kJ g-1 protein, 17.5 kJ g-1 

glycogen, respectively). Results were expressed as mJ mg wet weight−1. ETS activity in the 

mitochondria was determined according the method of De Coen and Janssen, (1997). Oxygen 

consumption was calculated using a stochiometrical relationship: 2 μmol of formazan formed 

= 1 μmol of oxygen consumed. The oxygen consumption rate was then converted into the en-

ergetic equivalent of 480 kJ mol O2
−1 for average carbohydrate, lipid, and protein consumption 

combinations (Gnaiger, 1983). Protein content was quantified following Bradford’s method, 

adapted to microplate, and bovine serum albumin solution (1 mg mL-1) was used as protein 

standard. For further protocol details see Appendix 3. 

 

Data analyses 

Differences in fish responses in DCF and PROP experiments were tested through per-

mutational analyses of variance (PERMANOVA) followed by pair-wise tests (results presented 

as Pseudo-F and tpw, respectively), whereas in FLX experiment, differences were tested with 

Mann-Whitney-Wilcoxon test (results presented as W). A multivariate nested design was ini-

tially considered, with treatment and tank treated as the fixed and nested (random) factors, re-

spectively. Tank effects were absent for the majority of fish responses, except for 1 and 3 out 

of 25 responses analyzed for PROP and DCF treatments, respectively. Since no statistical dif-

ferences were found when considering nested or one-factor design for these responses, we de-

cided to use the less complex univariate design, with treatment as the fixed factor. Differences 

in specific growth rates (G) and pharmaceutical bioaccumulation were tested with Welch’s t-

test (results presented as t), considering its robustness when a reduced number of samples is 
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being tested (minimum N = 3). Spearman rank correlation (r) analysis was performed to test for 

correlations between fish responses. Analyses were performed in PRIMER 6 and R software 

(R Core Team, 2018), and a significance level of 0.05 was considered for all statistical tests 

used.  

 

Results 

Water quality parameters and pharmaceutical exposure concentrations 

Water parameters were measured daily, and temperature (17.3 ± 0.2 ºC), salinity (24.8 

± 0.2), pH (8.1 ± 0.02) and dissolved oxygen (96.8 ± 0.1 %) were constant throughout the 

experiment, and ammonia and nitrite levels were maintained below 0.2 mg/L. Measured phar-

maceutical concentrations were slightly lower than nominal concentrations, and evidenced low 

variation among measurements (Table 5.1). Average concentrations (μg/L) in the water were 

0.13 and 9.25 for DCF; 0.15 and 2.52 for FLX and 0.27 and 14.74 for PROP, for low and high 

concentrations respectively (Table 5.1).  

Table 5.1. Average (± standard deviation) concentrations of pharmaceuticals in water (µg/L) and in fish muscle (µg/kg) sam-

ples, for low and high treatments of fluoxetine (FLX), diclofenac (DCF) and propranolol (PROP). 

 Water (µg/L) Muscle (µg/kg) 

 Low High Low High 

FLX 0.15 ± 0.02 2.52 ± 0.27 66.3 ± 10.6 425.5 ± 215.8 

DCF 0.13 ± 0.03 9.25 ± 1.18 < LOQ < LOQ 

PROP 0.27 ± 0.01 14.74 ± 2.65 1.39 ± 0.3 58.39 ± 22.8 

 

Individual responses 

Growth and condition indices 

Mortality in all treatments and controls was lower than 10%, where two fish died in 

control and high FLX treatments, and one fish in low DCF treatment.  

Fish length, weight and specific growth rates (G) were significantly reduced by FLX at 

the highest concentration (W = 119.5, p < .05; W = 132, p < .01; t = 6.2, p < .01, respectively; 

Fig. 5.1a-c), whereas Fulton’s condition factor (K) showed the same pattern, yet without statis-

tical significance (W = 103, p > .05; Fig. 5.1d). Contrarily, exposure to either low or high DCF 
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and PROP concentrations caused no significant morphometric changes in fish (Pseudo-F > 

0.09, p > .05; Fig. 5.1), nor on growth rates (t > - 0.4, p > .05; Fig. 5.1c). 

 

Figure 5.1. Individual responses of Argyrosomus regius juveniles after long-term exposure to low (light grey) and high (dark 

grey) concentrations of diclofenac (DCF), propranolol (PROP) and fluoxetine (FLX). Boxplots with median, 25th and 75th 

percentile (upper and lower whiskers represent 1.5 times the interquartile range (IQR) of maximum and minimum values, 

respectively) of responses measured: a) length (Lt), b) weight (Wt), c) specific growth rate (G), d) Fulton’s condition factor 

(K) and e) bioconcentration in fish muscle. Asterisks indicate significant differences between treatments and respective con-

trols. N=22-24 juveniles per treatment, except for FLX high (N=15) and respective control (N=10). 
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Pharmaceutical bioconcentration 

Bioconcentration of pharmaceuticals in fish muscle tissues was observed for both low 

and high FLX concentrations (t low FLX = -77.2, p < .001 and t high FLX = -18.1, p < .01; Fig. 5.1e 

and Table 5.1) as well as for PROP (t low PROP = -15.3, p < .001 and t high PROP = -23.5, p < .001; 

Fig. 5.1e and Table 5.1), yet no bioconcentration was observed for DCF (Fig. 5.1e and Table 

5.1).  

 

Sub-individual responses 

Fluoxetine 

After long-term exposure to high FLX concentration, liver antioxidant enzyme SOD 

activity was significantly increased (W = 13, p < .05; Fig. 5.2a), whereas the same pattern was 

observed for CAT activity, but not statistically significant (W = 14, p > .05; Fig. 5.2b). Activity 

levels of biotransformation enzymes GST and EROD were significantly reduced after exposure 

to high FLX concentration (W = 59 and W = 60, p < .05, respectively; Fig. 5.2c and d). Low 

FLX concentration had no effects on antioxidant and biotransformation enzymes (W > 206, p 

> .05; Fig. 5.2).  

Concerning damage, LPO levels were significantly reduced in the liver at low FLX con-

centration but increased at high concentration (W = 357, p < .01; Fig. 5.3a) and DNA damage 

was significantly increased at high FLX concentration (W = 12, p < .05; Fig. 5.3b). Contrarily, 

no changes in LPO and DNA damage were observed in muscle at low concentration (W > 251, 

respectively, p > .05; Fig. 5.3c and d) and no neurotoxic effects, namely changes in acetylcho-

linesterase activity, were observed in fish brain at both FLX concentrations (W > 51, p > .05; 

Fig. 5.3e).  
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Figure 5.2. Biomarker responses of Argyrosomus regius juveniles after long-term exposure to low (light grey) and high (dark 

grey) concentrations of diclofenac (DCF), propranolol (PROP) and fluoxetine (FLX). Boxplots with median, 25th and 75th 

percentile (upper and lower whiskers represent 1.5 times the interquartile range (IQR) of maximum and minimum values, 

respectively) of enzymes’ activities measured in the liver: a) superoxide dismutase (SOD), b) catalase (CAT), c) glutathione S-

transferase (GST) and d) ethoxyresorufin-O-deethylase (EROD). Asterisks indicate significant differences between treatments 

and respective controls. N=22-24 juveniles per treatment, except for FLX high (N=15) and respective control (N=10). 

 

FLX did not affect fish heart nor muscle energetic metabolism, i.e., aerobic and anaer-

obic pathways, assessed through LDH/IDH ratio (W > 157, p > .05; Appendix 3, Fig. A3.1; 

Fig. 5.4a). Moreover, the amount of energy reserves available (EA, i.e. total sugar, protein and 

lipids) and the electron transport system (ETS) activity, a proxy for energy consumption, also 

remained unchanged in muscle at low FLX concentration (W > 137, p > .05; Fig. 5.4b and 

Appendix 3, Fig. A3.2) which, consequently, revealed no significant changes in cellular energy 

allocation (CEA) (W = 152, p > .05; Fig. 5.4c). Few significant correlations could be observed 

among fish responses to FLX (Appendix 3, Table A3.4). Muscle and heart ETS activity were 

negatively correlated with both fish length and weight (Muscle: r = -0.40, p < .01 and r = - 0.34, 

p < .05, respectively. Heart: r = -0.32 and r = - 0.32, p < .05, respectively).  
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Figure 5.3. Oxidative and neurotoxic effects of Argyrosomus regius juveniles after long-term exposure to low (light grey) and 

high (dark grey) concentrations of diclofenac (DCF), propranolol (PROP) and fluoxetine (FLX). Boxplots with median, 25th 

and 75th percentile (upper and lower whiskers represent 1.5 times the interquartile range (IQR) of maximum and minimum 

values, respectively) of effects measured in the liver, muscle and brain: a) liver lipid peroxidation (LPO), b) liver DNA damage 

(DNAd), c) muscle lipid peroxidation (LPO), d) muscle DNA damage (DNAd) and e) brain acetylcholinesterase activity 

(AChE). Asterisks indicate significant differences between treatments and respective controls. N=22-24 juveniles per treat-

ment, except for FLX high (N=15) and respective control (N=10). 
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Diclofenac 

Long-term exposure to DCF caused no significant effects in liver antioxidant enzymes SOD 

and CAT and in biotransformation enzymes GST and EROD activities (Pseudo-F > 0.002, p > 

.05; Fig. 5.2a – d), as well as no damage to liver and muscle lipids and DNA, nor to brain AChE 

activity (Pseudo-F > 0.2, p > .05; Fig. 5.3a – e). However, DCF significantly increased ETS 

activity in fish muscle at both low and high concentrations (Pseudo-F = 3.9, p < .05; Fig. 5.4b), 

but not in the heart (Pseudo-F = 0.38, p > .05; Appendix 3, Fig. A3.1). Since muscle energy 

reserves were unaffected (Pseudo-F > 0.19, p > .05; Appendix 3, Fig. A3.2), a significant re-

duction in fish net energy budget (CEA) was observed following the increase in ETS (Pseudo-

F = 5.1, p < .01 and Pseudo-F = 3.88, p < .05, respectively; Fig 5.4a and b), yet with no signif-

icant changes to LDH/IDH ratio (Pseudo-F = 3.2, p > .05; Fig. 5.4c). Few significant correla-

tions among biomarker responses were observed (Appendix 3, Table A3.5). 

  

Figure 5.4. Energy related responses of Argyrosomus regius juveniles after long-term exposure to low (light grey) and high 

(dark grey) concentrations of diclofenac (DCF), propranolol (PROP) and fluoxetine (FLX). Boxplots with median, 25th and 

75th percentile (upper and lower whiskers represent 1.5 times the interquartile range (IQR) of maximum and minimum values, 

respectively) of responses measured in fish muscle: a) cellular energy allocation (CEA), b) electron transport system activity 

(ETS) and c) LDH/IDH ratio. Asterisks indicate significant differences between treatments and respective controls. N=22-24 

juveniles per treatment, except for FLX high (N=15) and respective control (N=10). 
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Exposure to PROP caused no changes in liver antioxidant CAT and SOD enzymes and 

biotransformation GST and EROD enzymes responses (Pseudo-F > 0.004, p > .05: Fig. 5.2a – 

d). Also, no effects on lipids and DNA damage were observed in the liver (Pseudo-F > 1.82, p 

> .05; Fig. 5.3a and b), whereas in muscle, DNA damage was significantly increased at high 

PROP concentration (tpw = 2.2, p < .05; Fig. 5.3a – d). No neurotoxicity was found at both 

concentrations (Pseudo-F = 0.7, p > .05; Fig. 5.3e).  
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Muscle metabolic ratio LDH/IDH was significantly increased after exposure to high PROP 

concentration (tpw = 4.3, p < .001; Fig. 5.4c) due to a decrease in aerobic metabolism, i.e. IDH 

activity (Pseudo-F = 14.68, p < .01; Appendix 3, Fig. A3.2). However, no significant changes 

in energy reserves or ETS activity followed PROP exposure (Pseudo-F > 1.04, p > .05; Appen-

dix 3, Fig. A3.2; and Fig. 5.4b), hence CEA also remained unchanged (Pseudo-F = 2.1, p > .05; 

Fig. 5.4a). Correlations among A. regius responses were observed (Appendix 3, Table A3.6). 

In the heart, LDH was negatively correlated with fish length and weight (r = – 0.30, p < .05 and 

r = – 0.37, p < .01, respectively).   

 

Discussion 

Exposure to pharmaceuticals from different therapeutic groups at environmentally rel-

evant concentrations had distinct effects in juvenile meagre Argyrosomus regius. Fluoxetine 

(FLX) was the most toxic pharmaceutical of the three, affecting fish growth, increasing antiox-

idant response, inhibiting liver biotransformation enzymes and triggering lipid peroxidation and 

DNA damage in the liver. On the other hand, Diclofenac (DCF) affected fish metabolism, by 

increasing cellular energy consumption in the muscle and reducing fish net energy budget. Ef-

fects of Propranolol (PROP) exposure were observed only at high concentration in muscle, 

where DNA damage increased, and a higher energy demand caused a shift to anaerobic metab-

olism. 

Individual responses  

Growth and condition 

Exposure to FLX (3 μg/L) resulted in decreased length, weight and growth rate in juve-

nile A. regius. Few earlier studies have also showed decreased fish growth after long-term wa-

terborne exposure to FLX in the µg/L range (0.03 to 200 µg/L) (Mennigen et al., 2010; Pelli 

and Connaughton, 2015), yet no effects on growth, condition or weight have also been reported 

(Chen et al., 2018; Foran et al., 2004). These different responses are likely associated with inter-

species differences in metabolic efficiency (Smith et al., 2010), albeit this study is the first to 

consider a brackish-marine species. Nonetheless, FLX effect on fish growth and condition may 

be linked to serotonin-mediated appetite suppression as well as to altered behaviours (McDon-

ald, 2017). 

Detrimental effects of PROP on fish growth have been reported at much higher concen-

trations (above 500 μg/L) (Giltrow et al., 2009; Huggett et al., 2002; Owen et al., 2009). 



CHAPTER 5 

134 

Accordingly, no significant effects of PROP in fish length, weight, condition or growth rates, 

were found in the present work, even though a slight decrease in growth rate could be perceived 

at high concentration, it was not statistically significant. Accordingly, these results suggest that 

PROP may not likely affect fish growth or condition at environmentally relevant concentra-

tions. 

Similarly, long-term exposure to high DCF concentrations was shown to decrease fish 

weight and growth rates (Memmert et al., 2013; Praskova et al., 2014), whereas lower concen-

trations caused no significant effects on fish length, weight, growth rates or condition (Lee et 

al., 2011). As discussed for PROP, our results suggest that DCF exposure do not affect meagre 

morphometrics at present environmentally relevant concentrations. 

Pharmaceutical bioconcentration  

Bioconcentration in fish muscle differed between the three pharmaceuticals tested, 

likely due to differences in biotransformation capacity. The metabolism of these three pharma-

ceuticals has been tested in fish, both in vitro (e.g. Baron et al., 2017; Connors et al., 2013; 

Smith et al., 2012) and in vivo (e.g. Ding et al., 2015; Lahti et al., 2011; Margiotta-Casaluci et 

al., 2014). Yet, differences in metabolic rates were demonstrated in vitro by Connors et al. 

(2013), where extensive metabolism of PROP and DCF by fish hepatocytes was observed, 

whilst FLX was not metabolized, therefore supporting greater potential for bioaccumulation. 

Likewise, in vivo, accumulation of FLX but not DCF was observed in rainbow trout (Zhang et 

al., 2010), and higher PROP bioconcentration, when compared to DCF, was described in 

zebrafish embryos (Bittner et al., 2019). Similarly, in this study, FLX was noticeably biocon-

centrated in fish muscle, in comparison to PROP and DCF. FLX uptake in fish occurs within 

few hours of exposure (Paterson and Metcalfe, 2008), and it bioconcentrates in different tissues 

(Nakamura et al., 2008; Pan et al., 2018; Schultz et al., 2011). Moreover, its concentration in 

fish tissues increases with exposure time (Ding et al., 2016), probably due to the low biotrans-

formation rates reported for FLX.  

Likely as a result of efficient metabolism and depuration, DCF has low potential for 

bioconcentration in juvenile fish (Memmert et al., 2013; Schwarz et al., 2017), as observed in 

low or untraceable muscle DCF concentrations of fish exposed under controlled conditions to 

similar ranges of concentrations (µg/L) (e.g. Daniele et al., 2016; Memmert et al., 2013). On 

the other hand, there is limited information regarding PROP bioconcentration in fish. Uptake 

of PROP into fish blood plasma has been reported (e.g. Bartram et al., 2011; Giltrow et al., 

2009; Owen et al., 2009), however, with low ensuing PROP bioconcentration in muscle tissues 
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(Ding et al., 2015), probably due to rapid and efficient PROP metabolism, as observed in vitro 

by several authors (Baron et al., 2017; Connors et al., 2013; Gomez et al., 2010). In fact, de-

creasing PROP concentrations in fish tissues with exposure time (Ding et al., 2016, 2015) fur-

ther corroborates efficient PROP metabolism in fish. 

 

Sub-individual responses 

Antioxidant and biotransformation enzymes 

FLX toxicity in fish hepatocytes has been linked to increased reactive oxygen species 

(ROS) production but also to its inhibitory effect on biotransformation enzymes of the cyto-

chrome P450 family, including EROD (Fernández et al., 2013; Laville et al., 2004). Likewise, 

in vivo inhibition of biotransformation enzymes GST and EROD by FLX has previously been 

reported (e.g. Chen et al., 2018; Ding et al., 2016), as well as increased CAT and SOD activities 

at low μg/L concentrations (Pan et al., 2018). Accordingly, in this study exposure to high FLX 

treatment also triggered an increased antioxidant response and inhibited both biotransformation 

enzymes activities, revealing enhanced oxidative stress and FLX toxicity at environmentally 

relevant concentrations. Likewise, SNRI venlafaxine, sharing the same mode of action of FLX, 

also increased liver CAT activity and inhibited GSTs in A. regius juveniles after 28 days of 

waterborne exposure at 20 μg/L (Maulvault et al., 2018b). 

Contrarily to FLX, Laville et al., (2004) found that DCF did not increase ROS produc-

tion in fish hepatocytes, whilst increased DCF exposure ensued fish antioxidant responses only 

at higher DCF concentrations (high μg/L to mg/L range) (e.g. Islas-Flores et al., 2013; McRae 

et al., 2019; Pandey et al., 2017). Moreover, either no changes or inhibition of EROD enzyme 

activity were reported in vitro (Laville et al., 2004; Thibaut et al., 2006) and in vivo (Guiloski 

et al., 2017; Prokkola et al., 2015), with GST induced after long-term exposure to similar con-

centrations but inhibited at higher µg/L (Guiloski et al., 2017; Stancova et al., 2017). In this 

study, no differences in liver antioxidant and biotransformation enzymes were found after ex-

posure to DCF, suggesting low potential to cause oxidative stress in A. regius at environmental 

concentrations tested. Similar results were also observed by Maulvault et al., (2018) in top 

predator Dicentrarchus labrax juveniles after dietary exposure to DCF. 

PROP also failed to increase ROS production in fish hepatocytes (Laville et al., 2004). 

Yet, only a few studies have measured antioxidant and biotransformation enzymes responses 

in vivo, without significant alterations after waterborne exposure (Bartram et al., 2011; Pereira 
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et al., 2018). Likewise, we observed no changes on antioxidant and biotransformation enzymes 

activities, suggesting low PROP toxicity at tested concentrations. 

Oxidative damage and neurotoxic effects 

In line with the enzymatic responses described above, FLX exposure (3 μg/L) resulted 

in both LPO and DNA damage in the liver of juvenile meagre. Similarly, exposure to FLX in 

the µg/L range have been shown to increase LPO levels in Carassius auratus and Pseu-

dorasbora parva after 7 and 42 days, respectively (Chen et al., 2018; Ding et al., 2016), whilst 

no significant effects were observed in Pomatoschistus microps after only 4 days (Duarte et al., 

2019). Increased lipid peroxidation was also observed in A. regius juveniles after 28 days of 

waterborne exposure to venlafaxine (20 μg/L), another serotonin reuptake inhibitor (Maulvault 

et al., 2018b). To the best of our knowledge, genotoxic effects of FLX in fish were firstly as-

sessed in our previous study (Duarte et al., 2019), with no changes in DNA damage reported 

for Pomatoschistus microps after 4 days of exposure to μg/L concentrations and 1 h exposures 

to mg/L range concentrations. Ultimately, LPO and DNA damage likely occur after longer ex-

posure periods, supporting the potential for FLX to promote oxidative and genotoxic effects in 

the long term, even at low concentrations.  

FLX can modulate fish cholinesterase activity and ultimately alter fish behaviour, with 

AChE activity pointed out as a valuable biomarker to study FLX neurotoxicity even if the 

mechanisms of this interaction are still unclear (e.g. Duarte et al., 2019; Farias et al., 2019). No 

significant differences in AChE activity were observed in A. regius juveniles, yet a slight in-

crease at high FLX treatment could be perceived, which is in agreement with previous studies 

(Chen et al., 2018; Pan et al., 2018). However, inhibition or no effects in acute exposures have 

also been reported (Duarte et al., 2019; Farias et al., 2019). Differences in exposure duration, 

concentrations tested, as well as species and life-stages considered are likely the cause for such 

varying responses, and evidence the need for further investigation on the impact of FLX on fish 

neurological pathways. 

Environmental DCF concentrations did not generate obvious oxidative stress in A. re-

gius juveniles. Similarly, no DNA damage was previously observed in Rhamdia quelen liver 

after acute and chronic exposures to a comparable range of concentrations (Ghelfi et al., 2016; 

Guiloski et al., 2017), though increased DNA damage in O. niloticus juveniles was observed 

after exposure to much higher concentrations (mg/L) of DCF for 15 days (Pandey et al., 2017). 

Few studies have measured the long-term effects of waterborne DCF exposure to lipid peroxi-

dation in fish yet these report inexistent (Schwarz et al., 2017; Stancova et al., 2017) or 
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decreased (Guiloski et al., 2017) levels of LPO. After long-term dietary exposure to DCF, Maul-

vault et al., (2018a) also reported inexistent lipid peroxidation in Dicentrarchus labrax juve-

niles. 

Concerning PROP, two studies have measured lipid peroxidation in vivo in fish after 

dietary exposure, where no differences in LPO levels were found (Ding et al., 2016, 2015). 

Similarly, in this study, waterborne exposure to PROP did not trigger lipid peroxidation in A. 

regius, but increased DNA damage in fish muscle, which, to the best of our knowledge, is the 

first record on genotoxic damage of this pharmaceutical in fish. Furthermore, only Pereira et al. 

(2018) have assessed the effects of PROP on cholinesterase activities in freshwater fish Phal-

loceros harpagos and, in agreement with our results, found no significant differences after acute 

and chronic exposures to a wide range of μg/L concentrations. 

 

Energy metabolism 

Disruption of fish energy metabolism by low μg/L FLX concentrations has been previ-

ously acknowledged (Mennigen et al., 2010; Mishra et al., 2017). However, no other studies 

have to date specifically addressed the effects of FLX on LDH and IDH enzymes activities, nor 

ETS activity in fish. Contrarily to previous findings, fish energy metabolism in A. regius juve-

niles’ muscle and heart was not affected by FLX. Nonetheless, potential links between de-

creased fish growth and muscle energy metabolism cannot be discarded, especially considering 

the negative correlations observed between heart and muscle ETS activity and fish length and 

weight. Although FLX had no impact on energy metabolism at low concentration, the cost of 

FLX exposure in fish metabolic performance merits further investigation.  

DCF clearly affected fish energy metabolism through an increase in muscle ETS activity 

at both concentrations and via a significant reduction of CEA. As a measure of cellular oxygen 

consumption and metabolism (King and Packard, 1975), increased ETS levels suggests that 

even at the lowest concentration tested, DCF significantly increased energy expenditure in A. 

regius juveniles. Interestingly, this increase in energy demand and consequent reduction of net 

energy budget (CEA) was not sufficient to bring changes in energy reserves (proteins, lipids 

and carbohydrates). Similarly, no changes in liver LDH activity were reported in Gasterosteus 

aculeatus exposed to 1 μg/L for 14 days (Lubiana et al., 2016), and increased LDH activity in 

serum and gills of Clarias gariepinus juveniles was found only after exposure to concentrations 

in the mg/L range (Ajima et al., 2015). 
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On the other hand, PROP exposure increased muscle LDH/IDH ratio, due to a decrease 

in muscle IDH activity. IDH is involved in cellular energy production via the aerobic pathway, 

but it is also a key enzyme to maintain cellular defence mechanisms (Jo et al., 2001). Since 

mitochondrial energy production, i.e. ETS activity, was not affected by PROP, this reduction 

in IDH activity might indicate a decreased capacity to counteract PROP oxidative stress in the 

muscle, which is further revealed by the increased DNA damage levels at the high concentra-

tion. Nonetheless, the slight decrease in growth rate observed at high PROP concentration, 

might be linked to this shift to anaerobic metabolism, along with the slight increase in ETS, i.e. 

energy consumption, hence reducing the amount of energy available for somatic growth. In-

deed, this interpretation is also supported by the negative correlations observed between heart 

LDH activity and both fish length and weight. Accordingly, previous studies have reported 

inhibition of metabolic processes such as glycogen production and glucose release in rainbow 

trout as a result of PROP binding to hepatic b-adrenoceptors (Fabbri et al., 1998; Gesto et al., 

2014), yet further investigation is needed to clarify the impact of PROP in fish metabolism. 

Conclusions 

Overall, pharmaceuticals from different therapeutic classes caused distinct responses in 

A. regius juveniles. FLX was the most toxic pharmaceutical of the three, impairing fish growth 

and liver biotransformation mechanisms. Additionally, oxidative stress observed in FLX treat-

ment appears to be triggered by the combination of inhibited biotransformation mechanisms 

and prominent bioconcentration in fish muscle which is further emphasized by the increase in 

LPO and DNA damage in the liver. No changes in energy metabolism were found at low FLX 

concentration, yet effects at high concentration evidenced fish growth impairment and should 

be considered in future studies, given that FLX concentrations in the low μg/L range are envi-

ronmentally relevant.  

PROP and DCF exposure caused no effects on fish growth or condition, yet PROP bio-

concentrated in muscle tissues, whilst DCF was not detected. Moreover, DCF did not enhance 

oxidative stress in fish liver, yet increased fish energy consumption in muscle, although not 

sufficient to cause changes in metabolic strategy or energy reserves. Interestingly, PROP caused 

a significant decrease in IDH activity, may be related to its role in cellular antioxidant defence, 

suggesting increased oxidative stress in muscle, as revealed by DNA damage increase.  

Overall, each pharmaceutical generated different individual and biochemical responses. 

Specifically, FLX higher toxicity was evident in changes at the individual level as well as in 

biochemical changes in fish liver, whereas PROP and DCF effects were observed on 
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biochemical changes in fish muscle. Although the modes of action of these pharmaceuticals are 

not fully described in fish, these may be the cause for differences in responses observed in this 

study. An Omics approach could give further insight into the mechanisms underlying pharma-

ceuticals’ toxicity in fish, including those related to biotransformation, oxidative stress, as well 

as detrimental effects on fish growth and energy metabolism. Ultimately, future research ad-

dressing the impacts of pharmaceuticals in different fish species to evaluate how physiology, 

behaviour and ecology underpin inter specific differences in effects, is key to improve our un-

derstanding of the environmental risk posed by pharmaceuticals. 
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General discussion and future perspectives 
 

Pharmaceutical contamination is a recent yet well-recognized environmental issue par-

ticularly in aquatic environments. Their pervasiveness, continuous-release, and potential to gen-

erate adverse effects even at low concentrations, may pose a severe threat to aquatic organisms, 

with future scenarios considering increased environmental concentrations due to predicted in-

creased population and access to therapeutic compounds. In this context, this thesis provides 

new insights into the occurrence and bioaccumulation patterns of neuroactive pharmaceuticals 

in estuaries, as well as on the effects of exposure on non-target fish species through an inte-

grated analysis of multi-biomarkers at the sub-individual and individual levels. The work de-

veloped here significantly advances current knowledge on environmental fate and toxicity to-

wards a more comprehensive and effective risk assessment of the impacts of these compounds 

in estuarine environments.  

A decade ago, the first studies raising attention to the problem of pharmaceutical con-

tamination in the marine environment were published, combining the first scientific findings 

concerning deleterious effects in non-target species (Fabbri and Franzellitti, 2016; Gaw et al., 

2014). Ever since the impacts of pharmaceuticals from different therapeutic classes have been 

investigated and increasing evidence of threat to non-target species revealed, a few neuroactive 

compounds (e.g. antidepressants, anxiolytics) have been at the forefront of reviews, albeit 

mostly in a descriptive way (e.g. Calisto and Esteves, 2009; Cunha et al., 2019, 2017; Sehonova 

et al., 2018). Hence, the work developed in Chapter 2, reviewing 451 studies encompassing 87 

neuroactive pharmaceuticals, underpins the increasing examination of the potential for biocon-

centration and toxicity of neuroactive pharmaceuticals in fish, and importantly, the identifica-

tion of major trends and knowledge gaps that should be addressed in future studies. Notably, 

Chapter 2 revealed a skewed set of data: the bulk of toxicological studies were mostly limited 

to the investigation of antidepressants (largely fluoxetine), two anaesthetics (tricaine mesylate 

and benzocaine) used in aquaculture, and carbamazepine, one of the most ubiquitous pharma-

ceutical in the environment. While the rationale of focusing research on these compounds is 

reasonable and reflects some critical and first findings on this field, it evidences the need to 

expand research to a broader range of neuroactive pharmaceuticals, many of which their tox-

icity is unknown. The gap between freshwater and brackish or marine studies also remains 

considerably large, although some years have passed since the first calls for action (Fabbri and 

Franzellitti, 2016; Gaw et al., 2014) and suggestions of higher risk for coastal and marine spe-

cies (e.g., Minguez et al., 2016). Coastal species could be particularly vulnerable to 
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pharmaceutical exposure, given the urban development in the vicinity of estuarine and coastal 

areas. A variety of fish species rely on estuaries to complete their life cycle, using these eco-

systems as passage (e.g. diadromous), over specific life-stages (e.g. marine migrants) or 

throughout their lifespan (estuarine species), which implies that they are well-adapted to these 

naturally dynamic environments, on top of anthropogenic stressors (Elliott and Dewailly, 1995; 

Elliott and Quintino, 2007; Franco et al., 2008). Still the impacts of pharmaceuticals are being 

vastly driven by information on freshwater species, and largely targeting up to four freshwater 

species (Chapter 2), limiting the knowledge on the impacts of pharmaceutical contamination in 

estuarine and marine species.  

In toxicology, the analysis of early-warning signs, referred to as biomarkers, allows for 

detecting premature alterations at different levels of biological organization, that can signal 

exposure, effects or susceptibility to any contaminant, and it is well recognized by the scientific 

community as a preeminent tool for environmental quality assessment (e.g. van der Oost et al., 

2003). Accordingly, the toxicity of neuroactive pharmaceuticals was investigated through mo-

lecular changes and through alterations to fish behaviour, physiology, growth and reproduction 

(Chapter 2), which are of high ecological relevance. The sensitivity of these endpoints was 

evident, where the majority of MRC (minimum response concentrations, i.e. the lowest con-

centration at which a significant effect was observed) corresponded mostly to changes in be-

haviour, but also growth and condition or reproduction, undoubtedly more sensitive and there-

fore more environmentally relevant than other endpoints such as mortality (e.g. Melvin and 

Wilson, 2013). These outcomes highlight the importance of including sensitive individual-level 

endpoints in future toxicity assessments of neuroactive compounds, particularly behavioural 

endpoints, which are central considering the mode of action of neuroactive pharmaceuticals, 

with increased potential to interfere with key neuronal processes and consequently behaviour.   

The toxicity of contaminants is directly linked to their uptake and accumulation in biota 

tissues, and the effects of such exposure are expected to occur when critical internal concentra-

tions are reached (Sijm and Hermens, 2005). In non-target biota, effects of exposure to phar-

maceuticals are expected if human drug targets are conserved, according to the read-across 

hypothesis (Huggett et al., 2003), which is mostly the case with fish species (Gunnarsson et al., 

2019). Therefore, if the accumulated concentration surpasses human therapeutic concentra-

tions, it will define a pharmacological or toxicological response which is, theoretically, ex-

pected to increase with increasing internal concentrations. Indeed, the results from Chapter 2 

confirmed that neuroactive pharmaceuticals with higher bioconcentration potential are the most 

lethal, i.e. pharmaceuticals that bioconcentrate more will reach a critical internal concentration 
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(the lethal body burden) at lower concentrations, after which the death of the organism is certain 

(Sijm and Hermens, 2005). Yet, the same relation was not clear for the remaining toxicity end-

points, namely growth and condition, behaviour, and reproduction. The reason behind these 

non-significant correlations is most likely related to the fact that few studies determining tox-

icity endpoints have concurrently assessed internalized pharmaceutical concentrations. This in-

evitably results in comparing BCFs and biological responses arising from different studies (con-

strained to their specificities, such as life-stages, species or tissues), therefore hampering the 

link between bioconcentration and toxicity (McCarty et al., 2011; Rand-Weaver et al., 2013). 

In the few cases where this approach was considered, however, it is evident that significant 

effects are associated with increased internal concentrations (e.g. Pan et al., 2018; Xie et al., 

2015). This reflects the absolute need to integrate both toxicity responses and internalized con-

centration measurements, excluding a significant source of inter-studies variability, and there-

fore contributing for a straightforward link between exposure and risk/toxicity assessments.   

The potential for bioconcentration is usually determined through compounds’ lipo-

philicity (logKow), which defines their propensity to partition into lipidic fractions, in this case 

organisms' tissues/membranes. Higher lipophilicity is thus usually akin to higher accumulation 

up to logKow 6, and this relation has been confirmed for other chemical compounds (e.g. Arnot 

and Gobas, 2006; Bintein et al., 1993). Therefore, lipophilicity has been used in European 

guidelines as a threshold for evaluating bioaccumulation potential and for environmental risk 

assessment (ERA) of existing and newly designed chemicals and pharmaceuticals (e.g. logKow 

> 3 by European Chemicals Agency, ECHA; logKow > 4.5 by European Medicines Agency, 

EMA). Most neuroactive pharmaceuticals fall into the category of lipophilic compounds with 

low molecular weight, a suitable combination for increased permeability needed to cross the 

blood-brain barrier (Pardridge, 2007). However, the suitability of logKow as a predictor of bio-

concentration for neuroactive pharmaceuticals was still unknown. In Chapter 2, it was evident 

that predicting bioaccumulation potential exclusively through lipophilicity may not be the best 

approach for neuroactive pharmaceuticals, revealing how compounds with high bioaccumula-

tion factors can be excluded by application of current guidelines. Likewise, this relation is also 

unclear when data is narrowed down to specific therapeutic classes (e.g. antidepressants or psy-

choleptics) or to specific tissues (e.g. brain, plasma or others, except for whole-body analysis). 

Therefore, current threshold regulations should be adjusted to include the risk assessment of 

compounds with lipophilicity lower than 3 and, ideally, bioaccumulation and toxicity studies 

should be conducted for all new compounds, independently of their logKow, with decisions 

based on empirical data. Despite risk assessment results not being accounted for in the final 
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decision on marketing authorization, it can be useful for providing detailed analysis concerning 

their impacts to the environment, particularly on the fate, toxicity and biodegradability of these 

compounds, and ultimately mitigation measures. Likewise, the revision of ERA for pharma-

ceutical compounds that entered the market before legislation applied (in 2006), for which risk 

assessment is missing, is critical, and has been proposed as a requirement for improving envi-

ronmental risk assessment of pharmaceuticals (Ågerstrand et al., 2015).   

The high variability of bioconcentration factors (BCF) was also evident, which, besides 

the inherent particularities of neuroactive pharmaceuticals, can be due to multiple factors such 

as between-studies variability, differences in experimental parameters (exposure time, temper-

ature, salinity and pH) but also inter-species, life-stages and tissues dissimilarities (Arnot and 

Gobas, 2006; Sijm and Hermens, 2005). In the case of neuroactive pharmaceuticals, only a few 

studies have addressed the influence of abiotic parameters (e.g. McCallum et al., 2019; Naka-

mura et al., 2008; Xie et al., 2015) and studies directly comparing species-specific responses or 

the influence of life-stages are notably insufficient, but appear to support BCF variations ac-

cordingly (e.g. Heynen et al., 2016; Pan et al., 2018). A highly important factor in exposure is 

the time to reach steady-state (i.e. the equilibrium between external and internal concentra-

tions), which varies among studies, with several studies reporting higher BCFs over time, at 

lower concentrations and in the brain (Pan et al., 2018; Xie et al., 2015; Ziarrusta et al., 2017), 

which is critical for addressing the impacts of neuroactive compounds. Notably, tissue selection 

plays a critical role in BCF determination, with considerable higher BCFs reported in brain and 

liver tissues, in comparison to muscle tissues or whole-body measurements, which may con-

tribute to the under estimation of internalized concentrations. The use of plasma measurements 

has also been proposed as a valuable tool, considering the direct link with human therapeutic 

concentrations (Huggett et al., 2003), yet no clear patterns were evidenced and its use in re-

search is still limited to a few compounds. The complexity of toxicokinetic and toxicodynamic 

processes is well known (McCarty et al., 2011), and evidently not an exception for neuroactive 

pharmaceuticals, even under controlled conditions. Some works report intra and interspecies 

influences in fish (e.g. Villeneuve et al., 2010; Vossen et al., 2020), yet more research is needed 

to investigate the influence of such factors. At the same time, an effort towards increased stand-

ardization and calibration of experimental settings is crucial towards improving information for 

regulatory frameworks.   

Finally, this chapter highlighted nine compounds of priority concern, that are either ex-

ceeding or close to reach toxic concentrations for fish in their natural environments. By com-

paring the lowest concentrations known to affect fish (MRC) with currently detected 
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concentrations in freshwaters or brackish and marine waters, it is evident that at least nine neu-

roactive compounds (namely fluoxetine, citalopram, sertraline, amitriptyline, venlafaxine, 

clozapine, carbamazepine, metamfetamine and oxazepam) should be prioritized in future stud-

ies and included in risk management strategies and regulations. Research and prioritization ef-

forts are essential for the inclusion of pharmaceuticals in currently regulatory actions as sub-

stances of priority concern that may constitute a risk for non-target species. This is the case of 

the European surface water Watch List, where several pharmaceuticals have been included, 

mostly azole compounds and antibiotics, but also neuroactive compounds such as antidepres-

sant venlafaxine and its metabolite O-desmethylvenlafaxine (European Commission, 2022). 

Notwithstanding, for many neuroactive compounds, information on occurrence and effects is 

still lacking, particularly in brackish and marine systems (e.g. clozapine, mianserin, clobazam, 

propofol), and further environmental screening is needed to pinpoint potentially threatening 

compounds.  

Aiming at filling the knowledge gap concerning the occurrence and bioaccumulation of 

neuroactive pharmaceuticals in estuarine environments, in Chapter 3, a multi-system, multi-

taxa, multi-tissue and multiple screening of neuroactive compounds approach was used. Out of 

33 neuroactive compounds analysed, 28 were detected in estuarine surface waters, in complex 

mixtures of at least 10 and up to 26 different compounds. All seven therapeutic classes includ-

ing frequently detected psychostimulants, antidepressants, opioids and anxiolytics were de-

tected, with individual compounds reaching thousands of ng/L. Despite slight variations in oc-

currence and concentrations among the four estuaries considered, results evidence the ubiquity 

and diversity of neuroactive residues in surface waters, occurring in both highly and slightly 

urbanized systems. Moreover, results revealed unexpected higher concentrations in the two less 

impacted systems, which may result from higher loads related to sampling season (summer) in 

combination with lower percentages of dwellings served by wastewater treatment in those sys-

tems, possibly contributing to higher and more unpredictable pharmaceutical inputs (Fork et 

al., 2021; Pereira et al., 2016). Thus, screening for pharmaceuticals in a priori considered low 

impacted areas should not be disregarded. Notably, 15 of the 28 neuroactive compounds were 

detected at concentrations above 10 ng/L, which is the action limit considered as of potential 

environmental risk under the marketing authorisation process, and above which studies on en-

vironmental fate and effects are required (EMA, 2006). Seven of these 15 compounds were also 

signalled as of priority concern in Chapter 2. These high and ever-increasing environmental 

concentrations may be threatening to fish, pointing to the need for prioritization, monitoring 

and inclusion of neuroactive compounds in future studies.  
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The bioaccumulation of 13 neuroactive pharmaceuticals was observed among three tis-

sues (brain, liver and muscle) of 7 different fish species. Bioaccumulation was pervasive and 

critical bioaccumulation patterns were observed. Firstly, neuroactive pharmaceuticals were de-

tected at higher frequency and at higher summed concentrations in the brain, followed by the 

liver and muscle. This pattern occurred among all species and was consistent amongst the four 

estuaries sampled. This outcome is somehow expected considering the mode of action of neu-

roactive pharmaceuticals, whose main targets are located in the brain (Miller et al., 2018; van 

der Oost et al., 2003), and the bioconcentration pattern observed for neuroactive compounds in 

laboratory trials (Chapter 2). Likewise, the same pattern has been previously reported in labor-

atory trials of fish exposed to wastewater effluents and in field studies (e.g. Brooks et al., 2005; 

Grabicova et al., 2014; Liu et al., 2018), yet previous studies were limited to a reduced number 

of compounds. Noteworthy, results confirm how critical tissue selection is within the context 

of bioaccumulation and toxicity assessments, both in laboratory and field studies, which was 

also one of the main conclusions presented in Chapter 2. As pointed out in the latter, only a 

small portion of studies determined bioconcentration and only 17% of bioconcentration factors 

were determined in fish brain, which might be contributing to the underestimation of bioaccu-

mulation and toxicity potentials of neuroactive pharmaceuticals. Secondly, all seven species 

accumulated neuroactive drugs in their tissues, revealing a general uptake, although at varying 

degrees. The hypothesis of increased bioaccumulation in species that spend their whole life 

inside the estuaries (resident species) in comparison with species that use the estuary as a 

nursery ground or occasionally for feeding purposes (marine migrants or stragglers) was not 

confirmed by our results. This could be associated with the fast and generalized uptake of phar-

maceuticals (e.g. Liu et al., 2021; Wang and Gardinali, 2013), or with the fact that the specimens 

sampled were late juveniles/young adults, that spend their first years inside the estuary as do 

resident species, albeit over their entire life-cycle, resulting in similar bioaccumulation. Future 

research concerning the influence of life-history strategies and habitat use patterns is of added 

value, as patterns observed for adult specimens, for instance, may differ. Moreover, no bioac-

cumulation pattern could be associated with species trophic levels, supporting the generalized 

uptake and bioaccumulation within all seven species. The dynamics of trophic transfer of phar-

maceuticals is still poorly addressed, although some recent studies have described a trophic 

dilution phenomenon between primary producers and top predators, likely related with higher 

metabolic capacities in top consumers (e.g. Xie et al., 2017). The benefit of using these estua-

rine and marine species as sentinels of pharmaceutical contamination in coastal environments 

is now recognized, albeit certain species bioaccumulated higher levels of pharmaceuticals. 
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Juveniles of European sea bass Dicentrarchus labrax and common sole Solea solea accumu-

lated total concentrations up to hundreds of ng/g, while European flounder Platichthys flesus, 

Lusitanian toadfish Halobatrachus didactylus and gilthead sea bream Sparus aurata reached 

tens of ng/g, whilst in other sea bream species Diplodus spp. lower concentrations were found. 

These different concentration ranges can be associated with varying species-specific traits such 

as different metabolic rates (Arnot and Gobas, 2006), yet scarce information concerning the 

uptake and accumulation of pharmaceuticals in different fish species exist (Chapter 2), and 

these inter-species variations need to be integrated in future studies for further resolution.  

The prediction of bioaccumulation through neuroactive pharmaceuticals’ lipophilicity, 

as previously revised in Chapter 2, was also analysed in this chapter (Chapter 3) from the field 

data obtained, and no significant correlation was found, again supporting that the use of lipo-

philicity alone is not straightforward for predicting neuroactive pharmaceuticals bioaccumula-

tion, and that the use of limiting thresholds under regulatory frameworks need to be carefully 

and urgently reviewed. Determining internalized concentrations provides an accurate measure 

of what fish uptake, while reflecting the final result of multiple interactions (e.g. exposure du-

ration and concentrations; but also individual contributions such as metabolic capacity), and 

ultimately confirming exposure and bioconcentration (McCarty et al., 2011). While measuring 

medium (water) concentrations is key for validating occurrence and investigating variability 

patterns of these compounds in natural ecosystems, the use of single grab water samples is also 

a limited or not fully representative sampling of the complexity of these matrices. Instead, by 

analysing tissue concentrations, a direct measurement of highly or frequently accumulated com-

pounds (e.g. topiramate, venlafaxine or risperidone, in Chapter 3) can be obtained, and in some 

cases, it can even help signal higher risk compounds that are not detected in the medium but 

bioaccumulated in multiple fish species, such as risperidone (Chapter 3; Fick et al., 2010; 

Grabicova et al., 2017). Measuring tissue concentrations within the scope of toxicity assess-

ments is paramount for understanding exposure effects, since it is the internalized concentration 

that will dictate a pharmacological and ultimately a toxicological response (Huggett et al., 2003; 

Sijm and Hermens, 2005) and it seems fundamental for filling the knowledge gap concerning 

exposure of wildlife to pharmaceuticals and revealing bioaccumulation patterns in the estuarine 

environment (Fonseca and Reis-Santos, 2019; Gaw et al., 2014). It is yet unclear for most com-

pounds, however, whether the concentrations detected in biota would be causing adverse effects 

in these specimens due to the scarcity of studies where both concentrations and toxicological 

endpoints were measured (Chapter 2), which is integral in defining threshold safety levels for 

fish in future regulatory and monitoring schemes.  
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While in Chapter 3 it becomes indisputable that estuarine and marine fish species are 

subjected to the inevitable encounter with multiple neuroactive pharmaceuticals, resulting in 

their uptake and bioaccumulation, the impacts of such exposure are still seldom explored, par-

ticularly concerning species from brackish and marine environments. In this context, Chapter 4 

and 5 consist of experimental trials designed to study affected mechanisms, following exposure 

to various pharmaceuticals with different modes of action, in different fish species, both inte-

grating multi-biomarker responses at sub-individual and individual levels.   

The work developed in Chapter 4 evidenced how fluoxetine affects fish antioxidant de-

fences, biotransformation processes, neurotransmission and behavioural responses of an estua-

rine species, the common goby Pomatoschistus microps. Despite being one of the most studied 

neuroactive pharmaceuticals, fluoxetine has scarcely been investigated in estuarine and marine 

species, although its presence in estuarine and coastal waters has been frequently described 

(Chapter 2; Madikizela et al., 2020; Mezzelani et al., 2018). Fluoxetine toxicity is linked to 

reactive oxygen species (ROS) production in fish hepatocytes, yet in vivo responses vary within 

the few studies available, with both induction and inhibition of antioxidant defences reported 

(e.g. Cunha et al., 2016; Ding et al., 2016; Pan et al., 2018). Here, evidence of significant inhi-

bition of antioxidant enzyme catalase with increasing concentrations (mg/L range at 96h) and 

slight increased or reduced activity (at higher concentrations, 1h) were observed, revealing the 

complex response of antioxidant mechanisms. On the other hand, biotransformation processes 

(GST and EROD) were equally modelled by fluoxetine at environmental concentrations, in line 

with its known influence on biotransformation enzymes (e.g. Kreke and Dietrich, 2008; Laville 

et al., 2004). A critical hormetic pattern of enzyme induction at low concentrations followed by 

inhibition at higher concentrations was found for both enzymes. Bell-shaped responses are a 

common, well-established response to environmental stressors and essential in toxicology, 

pharmacology and risk assessment, by describing dose-response relations at low doses (Cala-

brese, 2010), which is crucial for studying the effects of contaminants, like in the case of phar-

maceuticals occurring at low µg/L range. The choice of concentrations can, therefore, influence 

results’ interpretation, as previously pointed out by Lopes et al., (2020), concerning the opposite 

effects of antidepressants observed in fish and crustaceans in distinct concentration ranges 

tested. Therefore, studies at environmentally relevant concentrations and beyond, like in this 

chapter, using multiple concentrations, are crucial for studying dose-response relations and po-

tential hormetic effects of pharmaceuticals, as observed for biotransformation enzymes. No ox-

idative damage to lipids or DNA was detected in P. microps, differing from previous studies in 

which freshwater fish species showed increased lipid peroxidation (Chen et al., 2018; Ding et 
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al., 2016). First screening for DNA damage in fish was presented here, although decreased or 

no DNA damage has also been reported in invertebrate species (e.g. Franzellitti et al., 2015; 

Magni et al., 2017; Maranho et al., 2014). Moreover, contrary to our results, a significant de-

crease of fish locomotor activity and feeding rates has been observed in other fish species at the 

same range of concentrations (ng/L – µg/L) (e.g. Meijide et al., 2018; Saaristo et al., 2018; 

Weinberger and Klaper, 2014). In sum, exposure to environmentally relevant concentrations 

did not result in overt oxidative damage or behavioural effects in P. microps, revealing some-

how an inherent tolerance of this species comparing to previous studies in freshwater species, 

likely a result of adaption to naturally variable estuarine systems (e.g. Elliott and Quintino, 

2007). However, exposure to higher concentrations revealed the collapse of acetylcholinester-

ase activity (AChE) and of fish activity and feeding performances (the number of feeding and 

active fish was reduced, and fish were less active and showed increased movement delay). The 

activity of AChE is a biomarker of neurotransmission in fish and invertebrates, of common use 

in environmental contamination studies (van der Oost et al., 2003). While fluoxetine modula-

tion of serotonin levels is known to occur in fish (e.g. Mennigen et al., 2011), in line with its 

mode of action, recently the effects towards cholinergic system have been disclosed through 

the analysis of AChE activity. An increasing trend of activity at environmentally relevant con-

centrations was reported (e.g. Chen et al., 2018; Pan et al., 2018) yet inhibition of cholinester-

ases’ activity in fish was also previously reported in fish embryos at the ug/L range (de Farias 

et al., 2019), and now in P. microps at higher concentrations (mg/L). Notably, the inhibition of 

AChE activity was concomitant and highly correlated to the alterations in fish locomotor be-

haviours (movement delay and activity). While the complexity of the serotonergic system and 

its relation with other neurotransmitter systems are not quite resolved in fish (Kreke and Die-

trich, 2008), the hypothesis of fluoxetine modulation of fish behaviour through changes in the 

cholinergic system observed here and previously suggested (de Farias et al., 2019; Winder et 

al., 2012) warrants further investigation. Notwithstanding, these results reveal that fluoxetine 

might have the potential to influence individual survival and fitness, by compromising im-

portant behaviours as feeding and locomotion, that can ultimately lead to changes in population 

dynamics (e.g. Brodin et al., 2014). Overall, studies of exposure to environmentally relevant 

concentrations provide key and relevant responses, whereas exposure to higher concentrations 

are critical in future exposure scenarios and to investigate affected mechanisms and reveal end-

points that should be further investigated.   

The ubiquity of pharmaceuticals in the aquatic environment was evident in the previous 

chapters (Chapters 2 and 3), and albeit some variation was observed within ecosystems, it is 
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clear that wild fish are continuously exposed to these compounds. Therefore, chronic exposure 

studies are a valuable representation of environmental conditions, and a key way forward to 

understanding the impacts of pharmaceuticals in the environment. Chapter 5 revealed different 

patterns of chronic toxicity in juvenile meagre Argyrosomus regius among three pharmaceuti-

cals with different modes of action (MOA): the antidepressant fluoxetine, the non-steroidal anti-

inflammatory diclofenac and the antihypertensive propranolol. All three compounds are among 

the most used and prescribed drugs worldwide and are frequently detected in aquatic environ-

ments (e.g. aus der Beek et al., 2016; Wilkinson et al., 2022), though its effects on fish are 

seldom explored within the chronic exposure context. Chiefly, the results from Chapter 5 re-

vealed differently affected mechanisms among pharmaceuticals, likely associated with higher 

internal bioconcentration among compounds and different MOA. Extensive bioconcentration 

of the antidepressant fluoxetine occurred following chronic exposure at concentrations similar 

to those measured in estuarine waters (hundreds of ng/L, Chapter 3) and at 3 µg/L, more than 

10 times lower than maximum reported concentrations in surface waters (Chapter 2). At the 

highest concentration, chronic exposure resulted in decreased growth, triggered antioxidant de-

fences, inhibition of biotransformation enzymes and increased liver oxidative damage in lipids 

and DNA. For the first time, chronic exposure to fluoxetine was shown to significantly decrease 

juvenile fish growth in a brackish-marine species, though in line with some previous studies in 

freshwater fish species (e.g. Mennigen et al., 2010; Pelli and Connaughton, 2015). Whether 

growth rate reduction is linked to biochemical alterations, such as serotonin-mediated appetite 

suppression, or to altered behaviours (e.g. decreased feeding rate as observed in Chapter 4) is 

yet to be resolved (McDonald, 2017). Interestingly, energy metabolism biomarkers were not 

significantly altered, although energy consumption was negatively correlated with fish morpho-

metrics (length and weight), and previous studies have reported altered metabolic parameters 

following chronic exposure in freshwater species (e.g. Mennigen et al., 2010; Mishra et al., 

2017). The implications of fluoxetine on fish growth at environmentally relevant concentrations 

are critical and its link to energy demands warrant further research.   

As in the acute exposure trial with P. microps (Chapter 4), the same mechanisms were 

affected by fluoxetine exposure, i.e., altered antioxidant enzymes activities and inhibited bio-

transformation activities. However, A. regius juveniles showed enhanced liver oxidative stress 

(lipid peroxidation and DNA damage) following chronic exposure at lower environmentally 

relevant concentrations. While lipid peroxidation was previously associated with fluoxetine ex-

posure (Chen et al., 2018; Ding et al., 2016), genotoxic effects in the liver were firstly evaluated 

here (Chapter 4 and 5), despite only significant ensuing chronic exposure (Chapter 5), revealing 
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the potentially hazard of long-term exposure to fluoxetine at environmentally relevant concen-

trations. As observed in Chapter 4, acetylcholinesterase activity was also not significantly af-

fected at environmentally relevant concentrations in A. regius. However, on a preliminary test 

run with A. regius at 15 µg/L (ca. 5 times higher than the concentration used), behavioural 

distress signs concerning swimming and feeding were observed within 48h, revealing a much 

sensitive response of A. regius to fluoxetine comparing to P. microps (that did not exhibit be-

havioural changes up to 96h and at concentrations as high as 100 µg/L). Whether differences 

in responses observed among the two fish species are linked to species-specific traits, life-stages 

differences (P. microps adults vs A. regius juveniles) or variations in specimens’ origin (field 

collected vs aquaculture), needs to be further explored, yet it corroborates with the substantial 

inter-studies variability observed in Chapter 2.  

The antihypertensive propranolol showed intermediate toxicity and lower bioconcen-

tration than fluoxetine, albeit increased muscle DNA damage and reduced aerobic metabolism 

were observed. In line with previous studies, propranolol metabolism appears to be more effi-

cient than that of fluoxetine in fish hepatocytes (e.g. Connors et al. (2013)), likely contributing 

to lower tissue concentrations observed. Moreover, exposure to propranolol did not cause al-

terations to antioxidant, biotransformation or acetylcholinesterase enzymes as observed for 

freshwater species (Bartram et al., 2011; Pereira et al., 2018). Interestingly, propranolol caused 

a shift to anaerobic metabolism in muscle tissues, likely associated with increased oxidative 

stress, as revealed by concomitant increased DNA damage in fish muscle. While previous stud-

ies report propranolol interference in metabolic processes linked to its binding to hepatic β-

adrenoceptors, in freshwater species (Fabbri et al., 1998; Gesto et al., 2014), the impact of pro-

pranolol in estuarine and marine fish metabolism is still fairly unknown.  

Anti-inflammatory diclofenac did not accumulate in fish muscle tissues, contrary to 

what would have been assumed based on the compound’s lipophilicity, since it has the highest 

logKow of all three compounds tested, supporting the results from Chapters 2 and 3, albeit in 

this case not just considering neuroactive compounds. Diclofenac, akin to propranolol, did not 

cause alterations to antioxidant or biotransformation enzymes, nor neurotoxic effects, generally 

in agreement with its low toxicity to fish (e.g. Ghelfi et al., 2016; Maulvault et al., 2018; 

Schwarz et al., 2017). However, it affected fish metabolism by increasing energy consumption 

and reducing the fish net energy budget at both concentrations tested, possibly as a result of 

energy expenditure required for extensive diclofenac metabolism. Though the increased energy 

demand was not sufficient to decrease energy reserves (lipids, proteins or carbohydrates) after 

30 days, effects at longer exposure times cannot be disregarded, including decreased juvenile 
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growth rates (which were slightly, though not significantly, reduced). Overall, differences in 

bioconcentration potentials seem to support increased toxicity among pharmaceuticals, 

whereas, as expected, pharmaceuticals with different MOA evidenced different toxicity and 

effects, emphasizing the need to further investigate the mechanisms underlying pharmaceuti-

cals’ toxicity in fish, which are, for many compounds, not yet fully investigated. Here, the re-

sults presented in Chapter 4 and 5 highlight that approaches combining sub-individual and in-

dividual responses are key for ecologically relevant assessments of pharmaceuticals’ toxicity.   

Ultimately, this thesis presents important results of ecotoxicological trials under con-

trolled conditions, that are crucial for studying the applicability of biomarker measurements 

and to unravel specific targeted mechanisms in pharmaceutical toxicity studies. Furthermore, 

results reveal the complexity of pharmaceutical pollution in natural environments, that are cru-

cial for prioritization and improving risk assessment of neuroactive pharmaceuticals. The out-

comes of this thesis also emphasize knowledge gaps and further research needs concerning the 

occurrence and exposure effects of neuroactive pharmaceuticals to non-target species. Under-

lying the high variability of bioconcentration and effects observed among neuroactive pharma-

ceuticals, the need to further understand toxicokinetics and toxicodynamics of pharmaceuticals 

is highlighted. In this context, it is essential to address the influence of experimental parameters 

(e.g. temperature, salinity, pH, exposure time) but also to unravel inter- and intra-species vari-

ability (e.g. life-stage, tissue or species-specific traits), including differences inherent to wildlife 

and laboratory reared specimens. Omics approaches can also be valuable tools by providing 

new insights concerning toxicity mechanisms or affected pathways (e.g. Zhang et al., 2018) 

linked to the observed alterations in pharmaceutical biotransformation, oxidative stress, growth 

and metabolism or behavioural processes. Furthermore, a much-needed inclusion of marine and 

brackish species in future studies is also evident, still understudied compared to freshwater spe-

cies. The insufficient environmental data available for multiple neuroactive pharmaceuticals in 

these transitional ecosystems was also stressed, concerning both the occurrence in surface wa-

ters and bioaccumulation in fish, which is typically addressed for a reduced number of pharma-

ceuticals. Monitoring the environmental occurrence of pharmaceuticals is key to address and 

prioritize persistent and ubiquitous pharmaceuticals (e.g. compounds exceeding MRC or action 

limit concentrations) as well as highly or frequently bioaccumulated compounds. Moreover, the 

use of internalized concentrations is paramount for inter-studies comparison and linking expo-

sure to toxicity effects and should be considered in future studies. The results of such a com-

bined approach would help to understand if internalized concentrations found in wildlife biota 

extrapolate to adverse effects, that might be threatening these species in their natural 
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environments and allow for the integration of such compounds in prioritization and mitigation 

strategies. The importance of chronic studies is also highlighted as different responses can be 

observed within acute and chronic exposures, which is highly relevant considering the ubiquity 

and pseudo-persistency of pharmaceuticals in the aquatic environment.  

Ultimately, this thesis provides critical insights for the revision of the risk assessment 

of neuroactive pharmaceutical compounds in aquatic environments, with direct implications on 

management of water quality, within the scope of environmental directives (e.g. the European 

surface water Watch List, as per the Water Framework Directive, European Commission, 

2000). Moreover, results emphasize the urgency for innovative strategies, combining science 

communication for public engagement and implementation of technological solutions (e.g. on 

the wastewater treatment side), to significantly reduce the discharge and the environmental risk 

of these emerging contaminants in the aquatic environment, from rivers to the sea. 
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1. APPENDIX 1 

Supplementary material of Chapter 2 

 

 

Figure A 1.1. Full details on the systematic literature search steps (data search, screening, selection and inclusion), terms 

used and results obtained. 

 

 
Table A 1.1. Partial reproduction of the list of compounds included in the Anatomical Therapeutic Chemical (ATC) classifi-

cation system from WHO (World Health Organization), with classification levels within category N (that includes all com-

pounds acting on the nervous system). Full table available at https://doi. org/10.1016/j.scitotenv.2021.152543. 

ATC 2nd level ATC 3rd level ATC 4th level ATC 5th level 

N01 ANESTHETICS N01A ANES-

THETICS, GEN-

ERAL 

  

  

  

  

  

   

N01AA Ethers 

  

N01AA01 Diethyl ether  

N01AA02 Vinyl ether 

N01AB Halogenated hydro-

carbons  

  

N01AB01 Halothane  

N01AB02 Chloroform  

N01AB04 Enflurane  

N01AB05 Trichloroethylene  

N01AB06 Isoflurane  

N01AB07 Desflurane  

N01AB08 Sevoflurane  
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Table A 1.3. Environmental levels reported for neuroactive pharmaceuticals detected in surface water samples from freshwater and brackish/marine environments. 

Pharmaceutical Environment 
Surface water 

origin 

Average con-

centration 

(μg/l) 

Maximum 

concentration 

(μg/L) 

Maximum 

type (from 

source) 

Original reference Search DOI 

Amitriptyline Freshwater River/Stream 0.025500 0.071 Max Baker & Kasprzyk-

Hordern (2013) 

der Beek 

(2016) 

10.1002/etc.3339 

Amitriptyline Freshwater River/Stream 0.002250 0.0025 Max Aminot et al. (2015) This study 10.1007/s00216-

015-9017-3 

Amitriptyline Freshwater River/Stream 0.000610 0.00073 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 

Amitriptyline Freshwater River/Stream 0.018667 0.022 Max Thomas et al. (2014) This study 10.1111/jawr.12164 

Amitriptyline Estuarine/Marine Estuary 
 

0.0006 Max Klosterhaus et al. 

(2013) 

der Beek 

(2016) 

10.1002/etc.3339 

Amitriptyline Estuarine/Marine Estuary 
 

0.0064 Max Ziarrusta et al. (2015) This study 10.1007/s00216-

015-9224-y 

Amitriptyline Estuarine/Marine Estuary 0.0003 0.0003 Average Aminot et al. (2016) This study 10.1016/j.mar-

chem.2016.05.010 

Amitriptyline Estuarine/Marine Sea or Ocean 
 

0.026 Max Togola & Budzinski 

(2008) 

der Beek 

(2016) 

10.1002/etc.3339 

Bromazepam Freshwater River/Stream 0.0011 0.0011 Max Aminot et al. (2015) This study 10.1007/s00216-

015-9017-3 

Bromazepam Freshwater River/Stream 0.0438 0.134 Single value Togola et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Bromazepam Freshwater River/Stream 0.0953 0.32 Max Fick et al. (2017) This study 10.1016/j.chemo-

sphere.2017.02.126 

Bromazepam Freshwater River/Stream 0.0005 0.00073 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 

Bromazepam Estuarine/Marine Estuary 
 

0.356 Max Sadezky et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Bupropion Freshwater River/Stream 0.08075 0.14 Average Ferrer & Thurman 

(2012) 

der Beek 

(2016) 

10.1002/etc.3339 

Bupropion Freshwater River/Stream 0.00058 0.0006 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 
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Bupropion Estuarine/Marine Sea or Ocean 0.0024 0.0024 Single value Bjorlenius et al. 

(2018) 

This study 10.1016/j.sci-

totenv.2018.03.276 

Carbamazepine Freshwater Lake 
 

0.67 Max Han tran et al. (2013) This study 10.1002/clen.20130

0021 

Carbamazepine Freshwater Lake 0.101013063 8.053 Single value Narbaitz et al. (2013) der Beek 

(2016) 

10.1002/etc.3339 

Carbamazepine Freshwater Lake 0.01235 0.031 Max Pascual-Aguilar et al. 

(2013) 

This study 10.1016/j.jhaz-

mat.2013.07.052 

Carbamazepine Freshwater Lake 0.00223 0.01 Max Ferguson et al. (2013) This study 10.1016/j.sci-

totenv.2013.04.024 

Carbamazepine Freshwater Lake 
 

0.014 Max Moschet et al. (2013) This study 10.1021/es304484w 

Carbamazepine Freshwater River/Stream 0.127 0.127 Single value Glaser et al. (2020) This study 10.1002/hyp.13909 

Carbamazepine Freshwater River/Stream 0.0621 0.151 Max Aminot et al. (2015) This study 10.1007/s00216-

015-9017-3 

Carbamazepine Freshwater River/Stream 
 

0.14 Max Vystavna et al. 

(2012) 

This study 10.1007/s10661-

012-2811-x 

Carbamazepine Freshwater River/Stream 
 

0.094 Max Radović et al. (2014) This study 10.1007/s10661-

014-4092-z 

Carbamazepine Freshwater River/Stream 0.0245 0.044 Max López et al. (2014) This study 10.1007/s11356-

014-3187-y 

Carbamazepine Freshwater River/Stream 0.409569826 11.56123 Single value Loos et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Carbamazepine Freshwater River/Stream 0.428333333 1.65 Average Matongo et al. 

(2015)a 

This study 10.1007/s11356-

015-4217-0 

Carbamazepine Freshwater River/Stream 
 

0.0165 Max Lalović et al. (2017) This study 10.1007/s11356-

017-9748-0 

Carbamazepine Freshwater River/Stream 
 

0.0165 Max Lalović et al. (2017) This study 10.1007/s11356-

017-9748-0 

Carbamazepine Freshwater River/Stream 0.011386552 0.0229 Max Milić et al. (2018) This study 10.1007/s11356-

018-1401-z 

Carbamazepine Freshwater River/Stream 0.995 3.24 Average Matongo et al. 

(2015)b 

This study 10.1016/j.chemo-

sphere.2015.03.093 

Carbamazepine Freshwater River/Stream 0.2183 0.2183 Average Archer et al. (2017) This study 10.1016/j.chemo-

sphere.2017.01.101 

Carbamazepine Freshwater River/Stream 0.28 0.354 Average Fernandes et al. 

(2020) 

This study 10.1016/j.chemo-

sphere.2019.124729 

Carbamazepine Freshwater River/Stream 
 

0.48 Max Park and Jeon (2021) This study 10.1016/j.chemo-

sphere.2020.128014 
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Carbamazepine Freshwater River/Stream 0.016444444 0.026 Max Fonseca et al. (2020) This study 10.1016/j.en-

vint.2020.106004 

Carbamazepine Freshwater River/Stream 0.0772 0.498 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 

Carbamazepine Freshwater River/Stream 0.00151 0.0088 Max Hossain 2018 This study 10.1016/j.en-

vres.2018.04.030 

Carbamazepine Freshwater River/Stream 0.0177 0.0318 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 

Carbamazepine Freshwater River/Stream 0.0013 0.002 Max Čelić et al. (2021) This study 10.1016/j.jhaz-

mat.2020.124102 

Carbamazepine Freshwater River/Stream 4.8475 12.96 Max Salvatierra-stamp et 

al. (2018) 

This study 10.1016/j.mi-

croc.2018.04.012 

Carbamazepine Freshwater River/Stream 0.012294118 0.04 Max Chițescu et al. (2015) This study 10.1016/j.sci-

totenv.2015.06.010 

Carbamazepine Freshwater River/Stream 0.01475 0.038 Average Andreu et al. (2016) This study 10.1016/j.sci-

totenv.2015.08.007 

Carbamazepine Freshwater River/Stream 0.050621935 0.21 Max Fairbairn et al. (2016) This study 10.1016/j.sci-

totenv.2016.02.056 

Carbamazepine Freshwater River/Stream 
 

0.214 Max Paíga et al. (2016) This study 10.1016/j.sci-

totenv.2016.08.089 

Carbamazepine Freshwater River/Stream 0.09 0.276 Max Rivera-Jaimes et al. 

(2018) 

This study 10.1016/j.sci-

totenv.2017.09.134 

Carbamazepine Freshwater River/Stream 0.033566667 0.0631 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Carbamazepine Freshwater River/Stream 
 

1.763 Max Park et al. (2018) This study 10.1016/j.sci-

totenv.2018.05.081 

Carbamazepine Freshwater River/Stream 0.809 5.32 Max Česen et al. (2019) This study 10.1016/j.sci-

totenv.2018.09.238 

Carbamazepine Freshwater River/Stream 0.040844444 0.1123 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Carbamazepine Freshwater River/Stream 0.015133799 0.06743285 Max Su et al. (2020) This study 10.1016/j.sci-

totenv.2019.134525 

Carbamazepine Freshwater River/Stream 0.0603 1.81 Max Yang et al. (2021) This study 10.1016/j.sci-

totenv.2020.144080 

Carbamazepine Freshwater River/Stream 0.017428571 0.073 Max Boix et al. (2015) This study 10.1016/j.ta-

lanta.2014.08.005 

Carbamazepine Freshwater River/Stream 0.021976667 0.02256 Average Brieudes et al. (2016) This study 10.1016/j.ta-

lanta.2015.06.073 
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Carbamazepine Freshwater River/Stream 0.0139 0.295 Average Arlos et al. (2015)  This study 10.1016/j.wa-

tres.2014.11.008 

Carbamazepine Freshwater River/Stream 0.501295337 0.501295337 Average Silva et al. (2020) This study 10.1039/D0AY004

26J 

Carbamazepine Freshwater River/Stream 
 

0.026 Max Bernot et al. (2019) This study 10.1080/00288330.

2018.1457062 

Carbamazepine Freshwater River/Stream 
 

0.025 Max Chițescu and Nico-

lau (2014) 

This study 10.1080/02772248.

2015.1005092 

Carbamazepine Freshwater River/Stream 0.073 0.146 Max Stamatis et al. (2013) This study 10.1080/03067319.

2013.814121 

Carbamazepine Freshwater River/Stream 0.053755 0.531 Max Camilleri et al. 

(2014) 

This study 10.1080/03067319.

2014.983494 

Carbamazepine Freshwater River/Stream 
 

0.0033 Max Arbeláez et al. (2015) This study 10.1080/03067319.

2015.1055474 

Carbamazepine Freshwater River/Stream 0.00465 0.0068 Max Kiguchi et al. (2018) This study 10.1080/03067319.

2019.1637425 

Carbamazepine Freshwater River/Stream 0.228111111 0.652 Max Thomas et al. (2014) This study 10.1111/jawr.12164 

Carbamazepine Freshwater River/Stream 4.811683333 17.3452 Max Vumazonke et al. 

(2020) 

This study 10.3390/ijerph1711

4067 

Carbamazepine Freshwater River/Stream 0.120935 0.64331 Max Burcea et al. (2020) This study 10.3390/su1223101

97 

Carbamazepine Freshwater River/Stream 
 

0.243 Max Vilimanovic et al. 

(2020) 

This study 10.3934/environ-

sci.2020019 

Carbamazepine Freshwater River/Stream 
 

0.0154 Max Petre et al. (2016) This study https://revista-

dechimie.ro/Arti-

cles.asp?ID=5113 

Carbamazepine Estuarine/Marine Estuary 0.022506373 0.997 Max Sadezky et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Carbamazepine Estuarine/Marine Estuary 0.0123 0.018 Average Aminot et al. (2016) This study 10.1016/j.mar-

chem.2016.05.010 

Carbamazepine Estuarine/Marine Estuary 
 

0.1064 Max Anim et al. (2020) This study 10.1016/j.marpol-

bul.2020.111014 

Carbamazepine Estuarine/Marine Estuary 0.00135 0.00339 Max Zhao et al. (2015) This study 10.1016/j.sci-

totenv.2015.06.055 

Carbamazepine Estuarine/Marine Estuary 0.000890323 0.005 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Carbamazepine Estuarine/Marine Estuary 0.00586 0.00586 Max Ariel et al. (2021) This study 10.3390/ijerph1803

0943 
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Carbamazepine Estuarine/Marine Sea or Ocean 0.000155 0.00071 Max Bueno et al. (2016) This study 10.1007/s11356-

014-3796-5 

Carbamazepine Estuarine/Marine Sea or Ocean 0.000966667 0.0018 Max Roveri et al. (2020) This study 10.1007/s11356-

020-10316-y 

Carbamazepine Estuarine/Marine Sea or Ocean 0.036564 0.1096 Max Ali et al. (2017) This study 10.1016/j.chemo-

sphere.2017.02.095 

Carbamazepine Estuarine/Marine Sea or Ocean 0.02364375 0.119 Single value Wille et al. (2010)  der Beek 

(2016) 

10.1002/etc.3339 

Carbamazepine Estuarine/Marine Sea or Ocean 0.0003 0.0005 Max Čelić et al. (2021) This study 10.1016/j.jhaz-

mat.2020.124102 

Carbamazepine Estuarine/Marine Sea or Ocean 0.03725 0.321 Max Claessens et al. 

(2013) 

This study 10.1016/j.marpol-

bul.2013.03.039 

Carbamazepine Estuarine/Marine Sea or Ocean 
 

0.157 Max Nodler et al. (2014) This study 10.1016/j.marpol-

bul.2014.06.024 

Carbamazepine Estuarine/Marine Sea or Ocean 0.000828813 0.00463 Max Bayen et al. (2016) This study 10.1016/j.marpol-

bul.2016.06.105 

Carbamazepine Estuarine/Marine Sea or Ocean 0.55125 1.41 Max McEneff et al. (2014) This study 10.1016/j.sci-

totenv.2013.12.123 

Carbamazepine Estuarine/Marine Sea or Ocean 0.000582353 0.0014 Max Alygizakis et al. 

(2016) 

This study 10.1016/j.sci-

totenv.2015.09.145 

Carbamazepine Estuarine/Marine Sea or Ocean 0.003582857 0.019 Max Bjorlenius et al. 

(2018) 

This study 10.1016/j.sci-

totenv.2018.03.276 

Citalopram Freshwater Lake 3.052726842 8 Single value Fick et al. (2009) der Beek 

(2016) 

10.1002/etc.3339 

Citalopram Freshwater River/Stream 0.043857143 0.126 Max López et al. (2014) This study 10.1007/s11356-

014-3187-y 

Citalopram Freshwater River/Stream 0.0679 0.0679 Average Fernandes et al. 

(2020) 

This study 10.1016/j.chemo-

sphere.2019.124729 

Citalopram Freshwater River/Stream 0.009666667 0.017 Average Giebułtowicz and 

Nałęcz-Jawecki 

(2014) 

This study 10.1016/j.ecoenv.2

014.02.020 

Citalopram Freshwater River/Stream 0.00161 0.015 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 

Citalopram Freshwater River/Stream 4.737923077 76 Single value Fick et al. (2009) der Beek 

(2016) 

10.1002/etc.3339 

Citalopram Freshwater River/Stream 0.00429 0.00752 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 

Citalopram Freshwater River/Stream 
 

0.0289 Max Paíga et al. (2016) This study 10.1016/j.sci-

totenv.2016.08.089 
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Citalopram Freshwater River/Stream 0.0346 0.0951 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Citalopram Freshwater River/Stream 0.032871429 0.1018 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Citalopram Freshwater River/Stream 0.00346 0.00369 Average Brieudes et al. (2016) This study 10.1016/j.ta-

lanta.2015.06.073 

Citalopram Freshwater River/Stream 0.0612 0.0790 Max Thomas et al. (2014) This study 10.1111/jawr.12164 

Citalopram Estuarine/Marine Estuary 0.026527778 0.0925 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Citalopram Estuarine/Marine Estuary 
 

0.0026 Max Anim et al. (2020) This study 10.1016/j.marpol-

bul.2020.111014 

Citalopram Estuarine/Marine Estuary 0.0031 0.0031 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Citalopram Estuarine/Marine Sea or Ocean 0.0002 0.0002 Max Roveri et al. (2020) This study 10.1007/s11356-

020-10316-y 

Citalopram Estuarine/Marine Sea or Ocean 0.004 0.004 Single value Gros et al. (2012) der Beek 

(2016) 

10.1002/etc.3339 

Citalopram Estuarine/Marine Sea or Ocean 
 

0.027 Max Nodler et al. (2014) This study 10.1016/j.marpol-

bul.2014.06.024 

Citalopram Estuarine/Marine Sea or Ocean 0.003190909 0.008 Max Alygizakis et al. 

(2016) 

This study 10.1016/j.sci-

totenv.2015.09.145 

Citalopram Estuarine/Marine Sea or Ocean 0.002281429 0.00625 Max Huber et al. (2016) This study 10.1016/j.sci-

totenv.2016.03.063 

Citalopram Estuarine/Marine Sea or Ocean 0.026 0.026 Single value Bjorlenius et al. 

(2018) 

This study 10.1016/j.sci-

totenv.2018.03.276 

Clobazam Freshwater River/Stream 0.00582381 0.011 Max Fick et al. (2017) This study 10.1016/j.chemo-

sphere.2017.02.126 

Clozapine Freshwater River/Stream 21.025 78.3 Average Matongo et al. 

(2015)a 

This study 10.1007/s11356-

015-4217-0 

Clozapine Freshwater River/Stream 3.3325 5.59 Average Matongo et al. 

(2015)b 

This study 10.1016/j.chemo-

sphere.2015.03.093 

Clozapine Freshwater River/Stream 0.00284 0.0647 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 

Diazepam Freshwater Lake 0.005625 0.0063 Max Pascual-Aguilar et al. 

(2013) 

This study 10.1016/j.jhaz-

mat.2013.07.052 

Diazepam Freshwater Lake 
 

0 Median Hass et al. (2012) der Beek 

(2016) 

10.1002/etc.3339 

Diazepam Freshwater River/Stream 0.00138 0.0028 Max Fick et al. (2017) This study 10.1016/j.chemo-

sphere.2017.02.126 
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Diazepam Freshwater River/Stream 
 

0.0557 Max Mendoza et al. (2014) This study 10.1016/j.en-

vint.2014.05.009 

Diazepam Freshwater River/Stream 0.00015 0.00022 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 

Diazepam Freshwater River/Stream 0.00031 0.00038 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 

Diazepam Freshwater River/Stream 0.005266818 0.14 unknown Sacher et al. 2002 der Beek 

(2016) 

10.1002/etc.3339 

Diazepam Freshwater River/Stream 0.0055 0.012 Average Andreu et al. (2016) This study 10.1016/j.sci-

totenv.2015.08.007 

Diazepam Freshwater River/Stream 0.0039 0.0061 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Diazepam Freshwater River/Stream 0.00304 0.007 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Diazepam Freshwater River/Stream 0.00023 0.00023 Average Brieudes et al. (2016) This study 10.1016/j.ta-

lanta.2015.06.073 

Diazepam Estuarine/Marine Estuary 0.003936667 0.00522 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Diazepam Estuarine/Marine Estuary 
 

0.004 Max Sadezky et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Diazepam Estuarine/Marine Estuary 0.00219 0.00421 Max Zhao et al. (2015) This study 10.1016/j.sci-

totenv.2015.06.055 

Diazepam Estuarine/Marine Sea or Ocean 
 

0.003 Max Togola & Budzinski 

(2008) 

der Beek 

(2016) 

10.1002/etc.3339 

Fluoxetine Freshwater Lake 
 

0 Max Ortiz (2010) der Beek 

(2016) 

10.1002/etc.3339 

Fluoxetine Freshwater River/Stream 0.0018 0.0019 Max Aminot et al. (2015) This study 10.1007/s00216-

015-9017-3 

Fluoxetine Freshwater River/Stream 0.0718 0.1092 Average Archer et al. (2017) This study 10.1016/j.chemo-

sphere.2017.01.101 

Fluoxetine Freshwater River/Stream 0.017795 0.0289 Average Fernandes et al. 

(2020) 

This study 10.1016/j.chemo-

sphere.2019.124729 

Fluoxetine Freshwater River/Stream 
 

0.062 Max Park and Jeon (2021) This study 10.1016/j.chemo-

sphere.2020.128014 

Fluoxetine Freshwater River/Stream 0.00435 0.0055 Average Giebułtowicz and 

Nałęcz-Jawecki 

(2014) 

This study 10.1016/j.ecoenv.2

014.02.020 

Fluoxetine Freshwater River/Stream 0.002 0.0035 Max Ma et al. (2020) This study 10.1016/j.en-

vint.2020.105657 
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Fluoxetine Freshwater River/Stream 
 

0.01 Max Evans et al. (2017) This study 10.1016/j.en-

vpol.2017.06.070 

Fluoxetine Freshwater River/Stream 0.0789 0.1441 Max Čelić et al. (2021) This study 10.1016/j.jhaz-

mat.2020.124102 

Fluoxetine Freshwater River/Stream 0.027408846 43 Max Ortiz (2010) der Beek 

(2016) 

10.1002/etc.3339 

Fluoxetine Freshwater River/Stream 
 

0.0195 Max Paíga et al. (2016) This study 10.1016/j.sci-

totenv.2016.08.089 

Fluoxetine Freshwater River/Stream 0.00655 0.0096 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Fluoxetine Freshwater River/Stream 0.0176 0.0387 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Fluoxetine Estuarine/Marine Estuary 0.007763333 0.0227 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Fluoxetine Estuarine/Marine Estuary 0.001926667 0.00197 Average Fernandes et al. 

(2020) 

This study 10.1016/j.chemo-

sphere.2019.124729 

Fluoxetine Estuarine/Marine Estuary 
 

0.014 Max Coelho et al. (2019) This study 10.1016/j.jpba.2019

.03.032 

Fluoxetine Estuarine/Marine Estuary 0.00992 0.0162 Max Reis-Santos et al. 

(2018) 

This study 10.1016/j.marpol-

bul.2018.08.036 

Fluoxetine Estuarine/Marine Estuary 
 

0.036 Max Anim et al. (2020) This study 10.1016/j.marpol-

bul.2020.111014 

Fluoxetine Estuarine/Marine Estuary 
 

0.007 Max Sadezky et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Fluoxetine Estuarine/Marine Estuary 0.074966667 0.08846 Max Ariel et al. (2021) This study 10.3390/ijerph1803

0943 

Fluoxetine Estuarine/Marine Sea or Ocean 0.0036 0.0058 Max Čelić et al. (2021) This study 10.1016/j.jhaz-

mat.2020.124102 

Fluoxetine Estuarine/Marine Sea or Ocean 
 

0.09 Max Nodler et al. (2014) This study 10.1016/j.marpol-

bul.2014.06.024 

Fluoxetine Estuarine/Marine Sea or Ocean 
 

0 Single value Nodler et al. (2010) der Beek 

(2016) 

10.1002/etc.3339 

Metamfetamine Freshwater Lake 0.0129875 0.0959 Max Li et al. (2016) This study 10.1016/j.en-

vpol.2016.02.036 

Metamfetamine Freshwater River/Stream 
 

0.00803 Average Cacua-Ortiz et al. 

(2020) 

This study 10.1007/s00128-

020-03028-z 

Metamfetamine Freshwater River/Stream 0.00102 0.01074 Max Yuan et al. (2020) This study 10.1016/j.en-

vpol.2020.115340 
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Metamfetamine Freshwater River/Stream 
 

0.312 Max Im et al. (2020) This study 10.1016/j.sci-

totenv.2020.140486 

Metamfetamine Freshwater River/Stream 
 

0.056 Median Lin et al. (2010) This study 10.1016/j.chemo-

sphere.2010.08.051 

Metamfetamine Freshwater River/Stream 
 

0.405 Max Lin et al. (2010) This study 10.1016/j.chemo-

sphere.2010.08.051 

Metamfetamine Freshwater River/Stream 0.025 0.025 Average Archer et al. (2017) This study 10.1016/j.chemo-

sphere.2017.01.101 

Metamfetamine Freshwater River/Stream 
 

0.0548 Max Mendoza et al. (2014) This study 10.1016/j.en-

vint.2014.05.009 

Metamfetamine Freshwater River/Stream 0.010152381 0.0582 Average Li et al. (2016) This study 10.1016/j.en-

vpol.2016.02.036 

Metamfetamine Freshwater River/Stream 0.010975 0.0995 Max Zhang et al. (2017) This study 10.1016/j.sci-

totenv.2016.11.101 

Metamfetamine Freshwater River/Stream 0.070865 0.2922 Max Xu et al. (2017) This study 10.1016/j.sci-

totenv.2017.05.045 

Metamfetamine Freshwater River/Stream 0.038266667 0.0864 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Metamfetamine Freshwater River/Stream 0.001 0.001 Single value van der Aa et al. 

(2013) 

This study 10.1016/j.wa-

tres.2013.01.013 

Metamfetamine Estuarine/Marine Estuary 0.01184375 0.0412 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Mianserin Freshwater River/Stream 0.0039 0.009 Average Giebułtowicz and 

Nałęcz-Jawecki 

(2014) 

This study 10.1016/j.ecoenv.2

014.02.020 

Mianserin Freshwater River/Stream 0.00129 0.00206 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 

Morphine Freshwater Lake 0.006 0.0117 Max Pascual-Aguilar et al. 

(2013) 

This study 10.1016/j.jhaz-

mat.2013.07.052 

Morphine Freshwater Lake 0.200575 0.6311 Average Masemola et al. 

(2020) 

This study 10.1016/j.jpba.2019

.112944 

Morphine Freshwater Lake 
 

0 Average Berset et al. (2010) der Beek 

(2016) 

10.1002/etc.3339 

Morphine Freshwater River/Stream 0.0003 0.0003 Single value Krizman-Matasic et 

al. (2018) 

This study 10.1016/j.chroma.2

017.12.025 

Morphine Freshwater River/Stream 
 

0.148 Max Mendoza et al. (2014) This study 10.1016/j.en-

vint.2014.05.009 

Morphine Freshwater River/Stream 0.00103 0.00183 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 
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Morphine Freshwater River/Stream 0.0062 0.0062 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Morphine Freshwater River/Stream 0.0094 0.0358 Average Baker & Kasprzyk-

Hordern (2011) 

der Beek 

(2016) 

10.1002/etc.3339 

Morphine Freshwater River/Stream 0.007 0.007 Single value van der Aa et al. 

(2013) 

This study 10.1016/j.wa-

tres.2013.01.013 

Morphine Freshwater River/Stream 
 

0.003 Average Andrés-Costa et al. 

(2016) 

This study 10.1016/j.chroma.2

016.07.062 

Morphine Freshwater River/Stream 
 

0.108 Max Lin et al. (2010) This study 10.1016/j.chemo-

sphere.2010.08.051 

Morphine Estuarine/Marine Estuary 0.033414 0.136 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Oxazepam Freshwater Lake 
 

0.03 Median Hass et al. (2012) der Beek 

(2016) 

10.1002/etc.3339 

Oxazepam Freshwater River/Stream 0.096 0.206 Max Aminot et al. (2015) This study 10.1007/s00216-

015-9017-3 

Oxazepam Freshwater River/Stream 
 

0.0678 Max Wang et al. (2017) This study 10.1007/s11356-

017-8922-8 

Oxazepam Freshwater River/Stream 0.011789167 0.061 Max Fick et al. (2017) This study 10.1016/j.chemo-

sphere.2017.02.126 

Oxazepam Freshwater River/Stream 0.00265 0.00713 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 

Oxazepam Freshwater River/Stream 0.0261 0.051 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 

Oxazepam Freshwater River/Stream 0.0285 0.0345 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Oxazepam Freshwater River/Stream 0.120308108 0.813 Single value Togola et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Oxazepam Freshwater River/Stream 0.045276667 0.0489 Average Brieudes et al. (2016) This study 10.1016/j.ta-

lanta.2015.06.073 

Oxazepam Freshwater River/Stream 0.029 0.068 Max van der Aa et al. 

(2013) 

This study 10.1016/j.wa-

tres.2013.01.013 

Oxazepam Freshwater River/Stream 0.06914 0.307 Max Camilleri et al. 

(2014) 

This study 10.1080/03067319.

2014.983494 

Oxazepam Estuarine/Marine Estuary 0.036885 0.059 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Oxazepam Estuarine/Marine Estuary 0.0205 0.03 Average Aminot et al. (2016) This study 10.1016/j.mar-

chem.2016.05.010 
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Oxazepam Estuarine/Marine Estuary 
 

2.183 Max Sadezky et al. (2008) der Beek 

(2016) 

10.1002/etc.3339 

Oxazepam Estuarine/Marine Sea or Ocean 0.051 0.051 Single value Bjorlenius et al. 

(2018) 

This study 10.1016/j.sci-

totenv.2018.03.276 

Oxazepam Estuarine/Marine Sea or Ocean 0.00935 0.0127 Max Magnér et al. (2010) der Beek 

(2016) 

10.1002/etc.3339 

Paroxetine Freshwater River/Stream 0.037 0.037 Max López et al. (2014) This study 10.1007/s11356-

014-3187-y 

Paroxetine Freshwater River/Stream 
 

0.0256 Max Paíga et al. (2016) This study 10.1016/j.sci-

totenv.2016.08.089 

Paroxetine Freshwater River/Stream 0.009766667 0.0162 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Paroxetine Freshwater River/Stream 0.050085556 0.225 Max Lopez-Serna et al. 

(2011) 

der Beek 

(2016) 

10.1002/etc.3339 

Paroxetine Estuarine/Marine Sea or Ocean 0.001 0.0014 Single value Vasskog et al. 2008 der Beek 

(2016) 

10.1002/etc.3339 

Sertraline Freshwater River/Stream 0.0054 0.0054 Average Fernandes et al. 

(2020) 

This study 10.1016/j.chemo-

sphere.2019.124729 

Sertraline Freshwater River/Stream 0 0 Average Giebułtowicz and 

Nałęcz-Jawecki 

(2014) 

This study 10.1016/j.ecoenv.2

014.02.020 

Sertraline Freshwater River/Stream 0.011366667 0.0242 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Sertraline Freshwater River/Stream 0.016925 0.0304 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Sertraline Freshwater River/Stream 0.0115 0.017 Average Metcalfe et al. (2010) der Beek 

(2016) 

10.1002/etc.3339 

Sertraline Freshwater River/Stream 0.07775 0.164 Max Thomas et al. (2014) This study 10.1111/jawr.12164 

Sertraline Estuarine/Marine Estuary 0.0087375 0.0153 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Sertraline Estuarine/Marine Estuary 0.202 0.304 Max Reis-Santos et al. 

(2018) 

This study 10.1016/j.marpol-

bul.2018.08.036 

Sertraline Estuarine/Marine Estuary 
 

0 Min Klosterhaus et al. 

(2013) 

der Beek 

(2016) 

10.1002/etc.3339 

Sertraline Estuarine/Marine Sea or Ocean 
 

0 Single value Nodler et al. (2010) der Beek 

(2016) 

10.1002/etc.3339 

Temazepam Freshwater River/Stream 
 

0.0132 Max Wang et al. (2017) This study 10.1007/s11356-

017-8922-8 
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Temazepam Freshwater River/Stream 0.016223256 0.039 Max Fick et al. (2017) This study 10.1016/j.chemo-

sphere.2017.02.126 

Temazepam Freshwater River/Stream 0.00037 0.0006 Max Kondor et al. (2020) This study 10.1016/j.en-

vpol.2020.114893 

Temazepam Freshwater River/Stream 0.031 0.0609 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Temazepam Freshwater River/Stream 0.0278 0.0778 Max Baker & Kasprzyk-

Hordern (2013) 

der Beek 

(2016) 

10.1002/etc.3339 

Temazepam Freshwater River/Stream 0.012 0.032 Max van der Aa et al. 

(2013) 

This study 10.1016/j.wa-

tres.2013.01.013 

Temazepam Estuarine/Marine Estuary 0.02015 0.0236 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Temazepam Estuarine/Marine Estuary 
 

0.0378 Max Anim et al. (2020) This study 10.1016/j.marpol-

bul.2020.111014 

Venlafaxine Freshwater Lake 0.002697143 0.0158 Single value Li et al. (2010) der Beek 

(2016) 

10.1002/etc.3339 

Venlafaxine Freshwater River/Stream 0.288 0.415 Max López et al. (2014) This study 10.1007/s11356-

014-3187-y 

Venlafaxine Freshwater River/Stream 0.438 0.641 Average Fernandes et al. 

(2020) 

This study 10.1016/j.chemo-

sphere.2019.124729 

Venlafaxine Freshwater River/Stream 0.05525 0.25 Average Giebułtowicz and 

Nałęcz-Jawecki 

(2014) 

This study 10.1016/j.ecoenv.2

014.02.020 

Venlafaxine Freshwater River/Stream 0.0229 0.0276 Max Ma et al. (2020) This study 10.1016/j.en-

vint.2020.105657 

Venlafaxine Freshwater River/Stream 0.014 0.0266 Max Brieudes et al. (2017) This study 10.1016/j.jchromb.

2016.07.016 

Venlafaxine Freshwater River/Stream 
 

0.159 Max Paíga et al. (2016) This study 10.1016/j.sci-

totenv.2016.08.089 

Venlafaxine Freshwater River/Stream 0.110033333 0.243 Average Skees et al. (2018) This study 10.1016/j.sci-

totenv.2018.03.060 

Venlafaxine Freshwater River/Stream 0.16135 0.3487 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Venlafaxine Freshwater River/Stream 0.016623333 0.01726 Average Brieudes et al. (2016) This study 10.1016/j.ta-

lanta.2015.06.073 

Venlafaxine Freshwater River/Stream 0.117 0.295 Average Arlos et al. (2015)  This study 10.1016/j.wa-

tres.2014.11.008 

Venlafaxine Freshwater River/Stream 0.095797163 0.901 Average Metcalfe et al. (2010) der Beek 

(2016) 

10.1002/etc.3339 
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Venlafaxine Freshwater River/Stream 
 

0.006 Max Park and Jeon (2021) This study 10.1016/j.chemo-

sphere.2020.128014 

Venlafaxine Freshwater River/Stream 
 

0.02 Max Park et al. (2018) This study 10.1016/j.sci-

totenv.2018.05.081 

Venlafaxine Freshwater River/Stream 0.065 0.065 Average Archer et al. (2017) This study 10.1016/j.chemo-

sphere.2017.01.101 

Venlafaxine Freshwater River/Stream 0.053375 0.244 Max Boix et al. (2015) This study 10.1016/j.ta-

lanta.2014.08.005 

Venlafaxine Freshwater River/Stream 0.3578 0.805 Max Fonseca et al. (2020) This study 10.1016/j.en-

vint.2020.106004 

Venlafaxine Estuarine/Marine Estuary 0.058578571 0.291 Max Fernandez-Rubio et 

al. (2019) 

This study 10.1016/j.chemo-

sphere.2019.02.041 

Venlafaxine Estuarine/Marine Estuary 
 

0.015 Max Coelho et al. (2019) This study 10.1016/j.jpba.2019

.03.032 

Venlafaxine Estuarine/Marine Estuary 0.00231 0.0136 Max Reis-Santos et al. 

(2018) 

This study 10.1016/j.marpol-

bul.2018.08.036 

Venlafaxine Estuarine/Marine Estuary 
 

0.0862 Max Anim et al. (2020) This study 10.1016/j.marpol-

bul.2020.111014 

Venlafaxine Estuarine/Marine Estuary 0.01035 0.0147 Average Čelić et al. (2019) This study 10.1016/j.sci-

totenv.2018.10.290 

Venlafaxine Estuarine/Marine Estuary 0.01974 0.0258 Max Ariel et al. (2021) This study 10.3390/ijerph1803

0943 

Venlafaxine Estuarine/Marine Sea or Ocean 0.003835 0.00792 Max Huber et al. (2016) This study 10.1016/j.sci-

totenv.2016.03.063 

Venlafaxine Estuarine/Marine Sea or Ocean 0.041 0.048 Max Bjorlenius et al. 

(2018) 

This study 10.1016/j.sci-

totenv.2018.03.276 

Venlafaxine Estuarine/Marine Sea or Ocean 0.052 0.052 Single value Gros et al. (2012) der Beek 

(2016) 

10.1002/etc.3339 
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Table A 1.4. Data included in the principal components analysis (PCA). 

ATC class Pharmaceutical BCF Exposure time pH Temperature Salinity 

N05C Temazepam Q2 168.00 4.50 8.90 0.00 

N05B Oxazepam Q1 120.00 6.87 7.00 0.00 

N06A Sertraline Q3 168.00 6.90 20.00 0.00 

N06A Sertraline Q4 168.00 6.90 20.00 0.00 

N06A Sertraline Q4 168.00 6.90 20.00 0.00 

N06A Sertraline Q4 168.00 6.90 20.00 0.00 

N06A Fluoxetine Q1 72.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 72.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 72.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 72.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 72.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 120.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 120.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 120.00 7.00 28.00 0.00 

N06A Fluoxetine Q1 120.00 7.00 28.00 0.00 

N06A Fluoxetine Q2 120.00 7.00 28.00 0.00 

N06B Methylphenidate Q1 1.00 7.00 10.03 0.00 

N06B Methylphenidate Q1 1.00 7.00 17.07 0.00 

N06B Methylphenidate Q1 4.00 7.00 10.03 0.00 

N06B Methylphenidate Q1 4.00 7.00 17.07 0.00 

N06B Methylphenidate Q1 8.00 7.00 10.03 0.00 

N06B Methylphenidate Q1 8.00 7.00 17.07 0.00 

N06B Methylphenidate Q1 24.00 7.00 10.03 0.00 

N06B Methylphenidate Q1 24.00 7.00 17.07 0.00 

N06B Methylphenidate Q1 72.00 7.00 10.03 0.00 

N06B Methylphenidate Q1 72.00 7.00 17.07 0.00 

N06B Methylphenidate Q1 120.00 7.00 10.03 0.00 

N06B Methylphenidate Q1 168.00 7.00 10.03 0.00 

N06A Fluoxetine Q4 96.00 7.10 27.00 0.00 

N06A Mianserin Q4 96.00 7.10 27.00 0.00 

N06A Paroxetine Q4 96.00 7.10 27.00 0.00 

N06A Sertraline Q4 96.00 7.10 27.00 0.00 

N06A Fluoxetine Q1 24.00 7.11 20.00 0.00 

N06A Fluoxetine Q2 24.00 7.11 20.00 0.00 

N06A Fluoxetine Q3 24.00 7.11 20.00 0.00 

N06A Fluoxetine Q3 96.00 7.11 20.00 0.00 

N06A Fluoxetine Q3 96.00 7.11 20.00 0.00 

N06A Fluoxetine Q4 96.00 7.11 20.00 0.00 

N06A Fluoxetine Q3 168.00 7.11 20.00 0.00 

N06A Fluoxetine Q3 168.00 7.11 20.00 0.00 
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N06A Fluoxetine Q4 168.00 7.11 20.00 0.00 

N06A Fluoxetine Q2 24.00 7.12 20.00 0.00 

N06A Fluoxetine Q2 24.00 7.12 20.00 0.00 

N06A Fluoxetine Q3 24.00 7.12 20.00 0.00 

N06A Fluoxetine Q3 96.00 7.12 20.00 0.00 

N06A Fluoxetine Q3 96.00 7.12 20.00 0.00 

N06A Fluoxetine Q4 96.00 7.12 20.00 0.00 

N06A Fluoxetine Q3 168.00 7.12 20.00 0.00 

N06A Fluoxetine Q3 168.00 7.12 20.00 0.00 

N06A Fluoxetine Q4 168.00 7.12 20.00 0.00 

N06A Fluoxetine Q2 24.00 7.19 20.00 0.00 

N06A Fluoxetine Q2 24.00 7.19 20.00 0.00 

N06A Fluoxetine Q4 24.00 7.19 20.00 0.00 

N06A Fluoxetine Q3 96.00 7.19 20.00 0.00 

N06A Fluoxetine Q3 96.00 7.19 20.00 0.00 

N06A Fluoxetine Q4 96.00 7.19 20.00 0.00 

N06A Fluoxetine Q3 168.00 7.19 20.00 0.00 

N06A Fluoxetine Q3 168.00 7.19 20.00 0.00 

N06A Fluoxetine Q4 168.00 7.19 20.00 0.00 

N06A Fluoxetine Q4 48.00 7.20 26.00 0.00 

QN01A Isoeugenol Q2 1.00 7.29 17.10 0.00 

N06A Fluoxetine Q4 168.00 7.40 25.00 0.00 

N06A Fluoxetine Q3 672.00 7.40 24.37 0.00 

N06A Fluoxetine Q3 672.00 7.40 24.37 0.00 

N06A Fluoxetine Q3 672.00 7.40 24.37 0.00 

N06A Fluoxetine Q4 672.00 7.40 24.37 0.00 

N06A Fluoxetine Q4 672.00 7.40 24.37 0.00 

N06A Fluoxetine Q4 672.00 7.40 24.37 0.00 

N05B Diazepam Q2 168.00 7.46 18.82 0.00 

N05B Diazepam Q2 168.00 7.46 18.82 0.00 

N05B Diazepam Q2 168.00 7.46 18.82 0.00 

N05B Diazepam Q2 168.00 7.46 18.82 0.00 

N05B Diazepam Q2 168.00 7.46 18.82 0.00 

N05B Oxazepam Q1 672.00 7.50 25.00 0.00 

N05B Oxazepam Q1 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 

N05B Oxazepam Q2 672.00 7.50 25.00 0.00 
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N05B Oxazepam Q3 672.00 7.50 25.00 0.00 

N05B Oxazepam Q3 672.00 7.50 25.00 0.00 

N06A Citalopram Q1 24.00 7.50 12.00 0.00 

N06A Sertraline Q3 96.00 7.50 22.00 0.00 

N06A Sertraline Q3 96.00 7.50 22.00 0.00 

N06A Sertraline Q3 96.00 7.50 22.00 0.00 

N06A Sertraline Q3 96.00 7.50 22.00 0.00 

N06A Sertraline Q3 96.00 7.50 22.00 0.00 

N06A Sertraline Q4 96.00 7.50 22.00 0.00 

N06A Sertraline Q4 96.00 7.50 22.00 0.00 

N06A Sertraline Q4 96.00 7.50 22.00 0.00 

N06A Sertraline Q4 96.00 7.50 22.00 0.00 

N06A Sertraline Q4 96.00 7.50 22.00 0.00 

N06A Sertraline Q4 96.00 7.50 22.00 0.00 

N06A Sertraline Q4 96.00 7.50 22.00 0.00 

N06A Sertraline Q3 168.00 7.50 22.00 0.00 

N06A Sertraline Q3 168.00 7.50 22.00 0.00 

N06A Sertraline Q3 168.00 7.50 22.00 0.00 

N06A Sertraline Q3 168.00 7.50 22.00 0.00 

N06A Sertraline Q3 168.00 7.50 22.00 0.00 

N06A Sertraline Q4 168.00 7.50 22.00 0.00 

N06A Sertraline Q4 168.00 7.50 22.00 0.00 

N06A Sertraline Q4 168.00 7.50 22.00 0.00 

N06A Sertraline Q4 168.00 7.50 22.00 0.00 

N06A Sertraline Q4 168.00 7.50 22.00 0.00 

N06A Sertraline Q4 168.00 7.50 22.00 0.00 

N06A Sertraline Q4 168.00 7.50 22.00 0.00 

N06A Fluoxetine Q2 672.00 7.50 25.00 0.00 

N06A Fluoxetine Q2 672.00 7.50 25.00 0.00 

N06A Fluoxetine Q2 672.00 7.50 25.00 0.00 

N06A Fluoxetine Q2 672.00 7.50 25.00 0.00 

N05A Clozapine Q4 672.00 7.70 20.00 0.00 

N05A Clozapine Q4 672.00 7.70 20.00 0.00 

N05A Clozapine Q4 672.00 7.70 20.00 0.00 

N05A Clozapine Q4 672.00 7.70 20.00 0.00 

N05A Clozapine Q4 672.00 7.70 20.00 0.00 

N06A Fluoxetine Q3 24.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 24.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 24.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 34.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 34.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 34.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 34.00 7.75 26.00 0.00 
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N06A Fluoxetine Q4 34.00 7.75 26.00 0.00 

N06A Fluoxetine Q4 34.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 48.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 48.00 7.75 26.00 0.00 

N06A Fluoxetine Q4 48.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 72.00 7.75 26.00 0.00 

N06A Fluoxetine Q3 72.00 7.75 26.00 0.00 

N06A Fluoxetine Q4 72.00 7.75 26.00 0.00 

N02A  Tramadol Q1 552.00 7.80 25.00 0.00 

N02A  Tramadol Q1 552.00 7.80 25.00 0.00 

N02A  Tramadol Q1 552.00 7.80 25.00 0.00 

N02A  Tramadol Q1 552.00 7.80 25.00 0.00 

N02A  Tramadol Q1 552.00 7.80 25.00 0.00 

N05C Temazepam Q1 720.00 7.96 23.65 0.00 

N05C Temazepam Q2 720.00 7.96 23.65 0.00 

N05C Temazepam Q3 720.00 7.96 23.65 0.00 

N05C Temazepam Q4 720.00 7.96 23.65 0.00 

N05B Oxazepam Q1 120.00 8.00 21.00 0.00 

N05B Oxazepam Q2 120.00 8.00 21.00 0.00 

N05B Oxazepam Q1 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q2 144.00 8.00 20.50 1.00 

N05B Oxazepam Q3 144.00 8.00 20.50 1.00 

N05B Oxazepam Q3 144.00 8.00 20.50 1.00 

N05B Oxazepam Q3 144.00 8.00 20.50 1.00 

N05B Oxazepam Q3 144.00 8.00 20.50 1.00 

N05B Bromazepam Q1 168.00 8.00 11.00 0.00 

N05B Bromazepam Q1 168.00 8.00 11.00 0.00 

N05B Clobazam Q1 168.00 8.00 11.00 0.00 

N05B Oxazepam Q1 168.00 8.00 11.00 0.00 

N05B Oxazepam Q1 168.00 8.00 18.00 0.00 

N05B Oxazepam Q2 168.00 8.00 10.00 0.00 

N05B Oxazepam Q2 168.00 8.00 10.00 0.00 

N05B Clobazam Q2 168.00 8.00 11.00 0.00 
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N05B Oxazepam Q2 168.00 8.00 11.00 0.00 

N05B Oxazepam Q2 168.00 8.00 18.00 0.00 

N05B Oxazepam Q2 168.00 8.00 18.00 0.00 

N05B Oxazepam Q2 168.00 8.00 18.00 0.00 

N05C Temazepam Q2 168.00 8.00 11.00 0.00 

N05C Temazepam Q2 168.00 8.00 11.00 0.00 

N06A Venlafaxine Q3 672.00 8.00 19.00 35.00 

N06A Venlafaxine Q4 672.00 8.00 19.00 35.00 

N06A Venlafaxine Q4 672.00 8.00 19.00 35.00 

N06A Venlafaxine Q4 672.00 8.00 19.00 35.00 

N06A Venlafaxine Q2 672.00 8.05 19.00 35.10 

N06A Venlafaxine Q3 672.00 8.05 19.00 35.10 

N06A Venlafaxine Q4 672.00 8.05 19.00 35.10 

N06A Fluoxetine Q4 360.00 8.10 17.30 24.80 

N06A Fluoxetine Q4 360.00 8.10 17.30 24.80 

N05C Temazepam Q1 720.00 8.13 20.97 0.00 

N05C Temazepam Q1 720.00 8.13 20.97 0.00 

N05C Temazepam Q2 720.00 8.13 20.97 0.00 

N05C Temazepam Q2 720.00 8.13 20.97 0.00 

N05C Temazepam Q2 720.00 8.13 20.97 0.00 

N05C Temazepam Q3 720.00 8.13 20.97 0.00 

N05C Temazepam Q4 720.00 8.13 20.97 0.00 

N03A Carbamazepine Q1 168.00 8.17 12.50 0.00 

N03A Carbamazepine Q1 168.00 8.17 12.50 0.00 

N03A Carbamazepine Q1 168.00 8.17 12.50 0.00 

N03A Carbamazepine Q1 168.00 8.17 12.50 0.00 

N03A Carbamazepine Q1 168.00 8.17 12.50 0.00 

N03A Carbamazepine Q1 168.00 8.17 12.50 0.00 

N03A Carbamazepine Q1 168.00 8.17 12.50 0.00 

N03A Carbamazepine Q1 336.00 8.17 12.50 0.00 

N06A Fluoxetine Q1 168.00 8.17 12.50 0.00 

N06A Fluoxetine Q3 168.00 8.17 12.50 0.00 

N06A Fluoxetine Q3 168.00 8.17 12.50 0.00 

N06A Fluoxetine Q4 168.00 8.17 12.50 0.00 

N06A Fluoxetine Q4 168.00 8.17 12.50 0.00 

N06A Fluoxetine Q4 168.00 8.17 12.50 0.00 

N06A Fluoxetine Q4 336.00 8.17 12.50 0.00 

N05C Temazepam Q1 720.00 8.20 22.37 0.00 

N05C Temazepam Q2 720.00 8.20 22.37 0.00 

N05C Temazepam Q3 720.00 8.20 22.37 0.00 

N05C Temazepam Q4 720.00 8.20 22.37 0.00 

N05B Oxazepam Q1 144.00 8.20 13.43 0.00 

N05B Oxazepam Q1 144.00 8.20 13.43 0.00 
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N06A Bupropion Q1 504.00 8.40 22.90 0.00 

N06A Bupropion Q1 504.00 8.40 22.90 0.00 

N06A Fluoxetine Q2 504.00 8.40 22.90 0.00 

N06A Sertraline Q2 504.00 8.40 22.90 0.00 

N06A Fluoxetine Q3 504.00 8.40 22.90 0.00 

N06A Sertraline Q3 504.00 8.40 22.90 0.00 
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Table A 1.5. Minimum Response Concentration (MRC) values reported for neuroactive pharmaceuticals in freshwater and brackish/marine species, concerning lethality, growth and condition, 

behavioural and reproductive endpoints.  

Pharmaceutical Species Endpoint (Category) 
Environment 

(study) 

Minimum Re-

sponse Concen-

tration (MRC, 

μg/L) 

Lower 

Value 

(Y/N) 

Reference DOI 

Paroxetine Danio rerio Reproduction (fecundity 

and hatching) 

Freshwater 10 Y Nowakowska et al. 

(2020) 

10.1016/j.cbpc.2019.1

08670 

Morphine Danio rerio Lethality (LC50) Freshwater 9915.1 Y Ali et al. (2012) 10.1016/j.bbr.2011.11

.020 

Bromazepam Perca fluviatilis Behaviour (predatory 

avoidance and feeding) 

Freshwater 8.1 Y Cerveny et al. 

(2020) 

10.1016/j.sci-

totenv.2019.134780 

Clobazam Perca fluviatilis Behaviour (predatory 

avoidance and feeding) 

Freshwater 6.9 Y Cerveny et al. 

(2020) 

10.1016/j.sci-

totenv.2019.134780 

Temazepam Perca fluviatilis Behaviour (predatory 

avoidance and feeding) 

Freshwater 9.1 Y Cerveny et al. 

(2020) 

10.1016/j.sci-

totenv.2019.134780 

Metamfetamine Oryzias latipes Reproduction (fecundity 

and hatching) 

Freshwater 0.597 Y Liao et al. (2015) 10.1016/j.aqua-

tox.2015.05.010 

Oxazepam Perca fluviatilis Behaviour (predatory 

avoidance and feeding) 

Freshwater 1.8 Y Brodin et al. 

(2013) 

10.1126/sci-

ence.1226850 

Clozapine Pimephales promelas Growth and Condition Freshwater 30.8 Y Overturf et al. 

(2012) 

10.1007/s00244-011-

9723-6 

Carbamazepine Danio rerio Growth and Condition Freshwater 1 Y Qiang et al. (2016) 10.1007/s10646-016-

1694-y 

Citalopram  Gasterosteus aculeatus Behaviour (predatory 

avoidance and feeding) 

Freshwater 0.085 Y Kellner et al. 

(2015) 

10.1016/j.aqua-

tox.2014.11.003 

Amitriptyline Danio rerio Growth and Condition Freshwater 0.1 Y Yang et al. (2014) 10.1016/j.aqua-

tox.2013.12.029 

Venlafaxine Oncorhynchus mykiss Behaviour (predatory 

avoidance and feeding) 

Freshwater 1.02 Y Melnyk-Lamont et 

al. (2014) 

10.1021/es504331n 

Fluoxetine Gambusia holbrooki Behaviour (predatory 

avoidance and feeding) 

Freshwater 0.008 Y Martin et al. 

(2017) 

10.1016/j.en-

vpol.2016.10.010 

Propofol Carassius auratus Lethality (LC50) Freshwater 6353 Y GholipourKanani 

and Ahadizadeh 

(2013) 

10.1186/2193-1801-2-

76 

Bupropion Pimephales promelas Growth and Condition Freshwater 2 Y Painter et al. 

(2009) 

10.1897/08-556.1 
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Sertraline Squalius cephalus Growth and Condition / 

Behaviour (predatory 

avoidance and feeding) 

Freshwater 0.23 Y Hubená et al. 

(2019) 

10.7717/peerj.9356 

Mianserin Danio rerio Growth and Condition Freshwater 1.495 Y Yang et al. (2018) 10.1016/j.ecoenv.201

7.12.024 

Diazepam Gambusia holbrooki Lethality (LC50) Brackish/Marine 12700 Y Nunes et al. (2005) 10.1016/j.ecoenv.200

4.08.010 

Citalopram  Gasterosteus aculeatus Behaviour (predatory 

avoidance and feeding) 

Brackish/Marine 0.15 N Höglund et al. 

(2020) 

10.1016/j.sci-

totenv.2020.140257 

Fluoxetine Argyrosomus regius Growth and Condition Brackish/Marine 2.52 N Duarte et al. 

(2020) 

10.1016/j.sci-

totenv.2020.136564 

Venlafaxine Diplodus sargus Behaviour (predatory 

avoidance and feeding) 

Brackish/Marine 100 N Rodrigues et al. 

(2019) 

10.1007/s10646-019-

02057-7 
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2. APPENDIX 2 

Supplementary material of Chapter 3 

 
Table A 2.1. Summary of MS/MS settings used, analytes and internal standards (*) screened. 

Analyte Polarity 
Precursor 

(m/z) 
Product (m/z) 

Collision En-

ergy (V) 

RF Lens 

(V) 
Type 

Alprazolam + 309.0 281.0 25 103 Q 

 + 309.0 205.1 39 103 q 

Amitriptyline + 278.1 233.2 15 99 Q 

 + 278.1 117.2 23 99 q 

* Amitriptyline-d6  + 284.1 191.1 27 99 - 

Bromazepam + 316.0 182.1 31 78 Q 

 + 316.0 209.0 26 78 q 

Buprenorphine + 468.2 468.2 25 126 Q 

 + 468.2 55.4 54 126 q 

Bupropion + 240.0 184.1 12 77 Q 

 + 240.0 131.2 25 77 q 

Caffeine + 195.0 138.2 20 80 Q 

 + 195.0 110.3 22 80 q 

Carbamazepine + 237.0 194.2 19 118 Q 

 + 237.0 193.2 35 118 q 

* Carbamazepine-d10 + 247.0 204.0 22 95 - 

Chlorpromazine + 319.0 86.3 19 76 Q 

 + 319.0 214.0 35 76 q 

Citalopram + 325.1 109.2 27 104 Q 

 + 325.1 262.1 18 104 q 

Clobazam + 301.0 259.1 19 66 Q 

 + 301.0 224.0 33 66 q 

Clonazepam + 315.9 270.0 25 104 Q 

 + 315.9 214.0 37 104 q 

Clozapine + 327.1 270.0 22 83 Q 

 + 327.1 192.0 44 83 q 

Codeine + 300.1 215.1 23 102 Q 

 + 300.1 165.2 41 102 q 

* Codeine-d6 + 306.1 218.2 26 109 - 

Duloxetine + 298.1 44.3 12 74 Q 

 + 298.1 123.5 50 74 q 

* Flecainide-d4 + 418.9 402.2 23 108 - 

Fluoxetine + 310.1 44.3 13 84 Q 
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Flupentixol + 435.1 305.1 28 116 Q 

 + 435.1 265.0 34 116 q 

Haloperidol + 376.0 165.1 22 88 Q 

 + 376.0 123.1 36 88 q 

Hydroxyzine + 375.1 201.1 18 97 Q 

 + 375.1 166.1 35 97 q 

Levomepromazine + 329.0 100.3 20 91 Q 

 + 329.0 242.1 23 91 q 

Lorazepam + 323.0 277.0 22 87 Q 

 + 323.0 304.9 14 87 q 

Maprotiline + 278.1 250.2 17 99 Q 

 + 278.1 219.2 24 99 q 

Memantine + 180.1 163.2 16 77 Q 

 + 180.1 107.2 24 77 q 

Mianserin + 265.0 208.1 20 98 Q 

 + 265.0 118.2 30 98 q 

Mirtazapine + 266.1 195.1 25 98 Q 

 + 266.1 194.1 40 98 q 

Oxazepam + 287.0 241.1 22 90 Q 

 + 287.0 269.1 15 90 q 

* Oxazepam-d5 + 292.1 246.1 23 66 - 

Paroxetine + 330.0 192.1 20 105 Q 

 + 330.0 70.4 30 105 q 

Risperidone + 411.1 191.1 27 94 Q 

 + 411.1 110.2 44 94 q 

* Risperidone-d4  + 415.1 195.1 27 100 - 

Sertraline + 306.0 159.0 27 100 Q 

 + 306.0 275.0 12 100 q 

Topiramate - 338.1 78.0 28 103 Q 

 - 338.1 96.0 21 103 q 

Tramadol + 264.1 58.4 16 82 Q 

 + 264.1 246.2 10 82 q 

* Tramadol-13C-d3 + 268.2 58.1 18 46 - 

Trihexyphenidyl + 302.2 98.3 20 102 Q 

 + 302.2 70.3 39 102 q 

* Trimethoprim-13C3 + 294.1 233.2 22 101 - 

Venlafaxine + 278.1 260.2 10 99 Q 

 + 278.1 215.2 15 99 q 

Zolpidem + 308.1 235.2 32 103 Q 

 + 308.1 263.1 24 103 q 
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Table A 2.2. Detailed information concerning analytes, surrogate internal standards (IS) used for quantification and limits of 

quantification (LOQ) for fish tissues and water samples in ng/g and ng/L, respectively. 

Analyte IS 
LOQ fish 

(ng/g) 

LOQ water 

(ng/L) 

Alprazolam Tramadol-13C-d3 10 1 

Amitriptyline Oxazepam-d5 5 0.5 

Bromazepam Oxazepam-d5 10 10 

Buprenorphine Flecainide-d4 10 10 

Bupropion Risperidone-d4 0.1 0.01 

Caffeine Oxazepam-d5 5 5 

Carbamazepine Carbamazepine-d10 1 0.1 

Chlorpromazine Oxazepam-d5 5 1 

Citalopram Flecainide-d4 5 0.5 

Clobazam Oxazepam-d5 1 1 

Clonazepam Trimethoprim-13C3 5 0.5 

Clozapine Amitriptyline-d6 1 0.1 

Codeine Codeine-d6 0.5 0.1 

Duloxetine Oxazepam-d5 1 0.1 

Fluoxetine Oxazepam-d5 5 0.5 

Flupentixol Oxazepam-d5 5 0.5 

Haloperidol Flecainide-d4 0.1 0.01 

Hydroxyzine Oxazepam-d5 0.5 0.1 

Levomepromazine Carbamazepine-d10 50 5 

Lorazepam Oxazepam-d5 5 5 

Maprotiline Oxazepam-d5 5 0.5 

Memantine Oxazepam-d5 0.5 0.1 

Mianserin Flecainide-d4 1 0.1 

Mirtazapine Tramadol-13C-d3 10 1 

Oxazepam Oxazepam-d5 5 0.5 

Paroxetine Oxazepam-d5 10 1 

Risperidone Risperidone-d4 0.1 0.01 

Sertraline Oxazepam-d5 10 1 

Topiramate Amitriptyline-d6 1 0.1 

Tramadol Tramadol-13C-d3 50 5 

Trihexyphenidyl Flecainide-d4 0.1 0.01 

Venlafaxine Tramadol-13C-d3 0.5 0.1 

Zolpidem Tramadol-13C-d3 0.5 0.1 
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Table A 2.3. 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 (∑) and detection frequency (DF, %) per therapeutic group and for all analytes 

(∑ Total) are also shown. < LOQ indicates values below the Limit of Quantification (DF = 0). Therapeutic groups: OP - Opioids, AE – Antiepileptics, AP – Antipsychotics, ANX - Anxiolytics, 

AD - Antidepressants, PS – Psychostimulants and O – Other. 

  Douro 

  D. labrax P. flesus 

Therapeutic 

Group 
Analyte Brain 

DF 

(%) 

N=5 

Liver 

DF 

(%) 

N=5 

Muscle 

DF 

(%) 

N=5 

Brain 

DF 

(%) 

N=5 

Liver 

DF 

(%) 

N=5 

Muscle 

DF 

(%) 

N=5 

OP Buprenorphine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Codeine 0.8 (0.7 - 1) 40 1.2 (0.9 - 1.5) 40 1 20 1 (0.8 - 1.7) 80 1.1 (0.6 - 1.6) 40 0.7 20 

 Tramadol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ OP  0.8 (0.7 - 1) 40 1.2 (0.9 - 1.5) 40 1 20 1 (0.8 - 1.7) 80 1.1 (0.6 - 1.6) 40 0.7 20 

AE Carbamazepine < LOQ  < LOQ  < LOQ  1.4 20 < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Topiramate 11 (8.2 - 46) 100 8 (4.8 - 18) 100 2.6 (1.7 – 8.1) 80 7.3 (3.6 - 14) 100 9.3 (5.3 – 17) 100 1.8 (1.6 - 2) 40 

Σ AE  11 (8.2 - 46) 100 8 (4.8 - 18) 100 2.6 (1.7 – 8.1) 80 8.8 (3.6 - 14) 100 9.3 (5.3 - 17) 100 1.8 (1.6 - 2) 40 

AP Chlorpromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  < LOQ  < LOQ  < LOQ  0.2 (0.15 - 0.23) 60 < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Risperidone < LOQ  0.12 (0.11 - 0.12) 40 < LOQ  0.2 (0.2 - 0.3) 40 0.1 (0.1 - 0.2) 40 0.2 (0.1 - 0.2) 40 

Σ AP  < LOQ  0.12 (0.11 - 0.12) 40 < LOQ  0.2 (0.2 - 0.3) 40 0.2 (0.1 - 0.4) 80 0.2 (0.1 - 0.2) 40 

ANX Alprazolam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Hydroxyzine < LOQ  < LOQ  < LOQ  < LOQ  1.4 20 < LOQ  

 Lorazepam < LOQ  < LOQ  < LOQ  < LOQ  5.3 20 < LOQ  
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 Oxazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ ANX  < LOQ  < LOQ  < LOQ  < LOQ  6.7 20 < LOQ  

AD Amitriptyline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bupropion < LOQ  < LOQ  < LOQ  < LOQ  0.2 (0.1 - 0.4) 60 < LOQ  

 Citalopram < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Duloxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mirtazapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Venlafaxine 0.7 20 < LOQ  2.1 20 1.1 20 2 (1.8 - 2.3) 40 0.5 20 

Σ AD  0.7 20 < LOQ  2.1 20 1.1 20 1.9 (0.2 - 2.6) 60 0.5 20 

PS Caffeine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  5.3 20 

Σ PS  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  5.3 20 

O Memantine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Trihexyphenidyl < LOQ  < LOQ  < LOQ  0.1 20 < LOQ  < LOQ  

 Zolpidem < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ O  < LOQ  < LOQ  < LOQ  0.1 20 < LOQ  < LOQ  

Σ Total  11 (8.2 - 46) 100 9.6 (4.8 - 18) 100 3.1 (1 - 8.1) 100 11 (3.6 - 17) 100 11 (5.7 - 27) 100 1.6 (0.1 - 6.1) 100 
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  Mira 

  D. labrax D. sargus 

Therapeutic 

Group 
Analyte Brain 

DF 

(%) 

N=2 

Liver 

DF 

(%) 

N=2 

Muscle 

DF 

(%) 

N=2 

Brain 

DF 

(%) 

N=2 

Liver 

DF 

(%) 

N=2 

Muscle 

DF 

(%) 

N=2 

OP Buprenorphine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Codeine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Tramadol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ OP  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

AE Carbamazepine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Topiramate 19 (15 - 22) 100 13 (11 - 14) 100 3.3 (3 - 3.6) 100 < LOQ  < LOQ  < LOQ  

Σ AE  19 (15 - 22) 100 13 (11 - 14) 100 3.3 (3 - 3.6) 100 < LOQ  < LOQ  < LOQ  

AP Chlorpromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  0.2 (0.1 - 0.2) 100 < LOQ  < LOQ  < LOQ  < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Risperidone 0.2 (0.2 - 0.3) 100 0.29 (0.27 - 0.3) 100 0.1 (0.1 - 0.2) 100 0.2 (0.1 - 0.3) 100 0.18 (0.16 - 0.2) 100 0.1 (0.1 - 0.2) 100 

Σ AP  0.2 (0.2 - 0.3) 100 0.5 (0.4 - 0.5) 100 0.1 (0.1 - 0.2) 100 0.2 (0.1 - 0.3) 100 0.18 (0.16 - 0.2) 100 0.1 (0.1 - 0.2) 100 

ANX Alprazolam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Hydroxyzine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Lorazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Oxazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ ANX  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

AD Amitriptyline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  
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 Bupropion < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Citalopram < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Duloxetine < LOQ  1.7 50 < LOQ  < LOQ  < LOQ  < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mirtazapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Venlafaxine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ AD  < LOQ  1.7 50 < LOQ  < LOQ  < LOQ  < LOQ  

PS Caffeine 7.5 50 < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ PS  7.5 50 < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

O Memantine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Trihexyphenidyl < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Zolpidem < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ O  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ Total  22 (22 - 23) 100 14 (13 - 15) 100 3.4 (3.1 - 3.7) 100 0.2 (0.1 - 0.3) 100 0.18 (0.16 - 0.2) 100 0.1 (0.1 - 0.2) 100 
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  Mira 

  H. didactylus S. aurata 

Therapeutic 

Group 
Analyte Brain 

DF 

(%) 

N=3 

Liver 

DF 

(%) 

N=3 

Muscle 

DF 

(%) 

N=3 

Brain 

DF 

(%) 

N=4 

Liver 

DF 

(%) 

N=4 

Muscle 

DF 

(%) 

N=4 

OP Buprenorphine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Codeine 1.3 (1.2 - 1.4) 67 1.2 33 < LOQ  < LOQ  0.8 25 1.1 25 

 Tramadol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ OP  1.3 (1.2 - 1.4) 67 1.2 33 < LOQ  < LOQ  0.8 25 1.1 25 

AE Carbamazepine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Topiramate < LOQ  1.6 33 < LOQ  5.1 (3 - 10) 75 4.8 (1.9 - 9.7) 75 1.6 25 

Σ AE  < LOQ  1.6 33 < LOQ  5.1 (3 - 10) 75 4.8 (1.9 - 9.7) 75 1.6 25 

AP Chlorpromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  < LOQ  < LOQ  < LOQ  0.14 25 < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Risperidone 0.2 (0.1 - 0.2) 100 0.12 (0.11 - 0.13) 67 0.2 (0.1 - 0.3) 67 0.2 (0.1 - 0.2) 100 0.2 (0.1 - 0.6) 100 0.2 (0.1 - 0.2) 100 

Σ AP  0.2 (0.1 - 0.2) 100 0.12 (0.11 - 0.13) 67 0.2 (0.1 - 0.3) 67 0.2 (0.1 - 0.2) 100 0.3 (0.1 - 0.6) 100 0.2 (0.1 - 0.2) 100 

ANX Alprazolam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Hydroxyzine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Lorazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Oxazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ ANX  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

AD Amitriptyline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  
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 Bupropion < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Citalopram < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Duloxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mirtazapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Venlafaxine < LOQ  < LOQ  1 33 < LOQ  < LOQ  < LOQ  

Σ AD  < LOQ  < LOQ  1 33 < LOQ  < LOQ  < LOQ  

PS Caffeine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ PS  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

O Memantine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Trihexyphenidyl < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Zolpidem < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ O  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ Total  1.4 (0.1 - 1.6) 100 1.5 (0.1 - 2.9) 67 0.7 (0.3 - 1.1) 67 4.2 (0.1 - 10) 100 4 (0.2 - 10) 100 0.7 (0.2 - 1.7) 100 

 



APPENDIX 2 

243 

  Sado  

  D. bellottii D. labrax 

Therapeutic 

Group 
Analyte Brain 

DF 

(%) 

N=5 

Liver 

DF 

(%) 

N=6 

Muscle 

DF 

(%) 

N=6 

Brain 

DF 

(%) 

N=1 

Liver 

DF 

(%) 

N=1 

Muscle 

DF 

(%) 

N=1 

OP Buprenorphine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Codeine 0.6 20 0.9 17 0.7 17 < LOQ  0.8 100 < LOQ  

 Tramadol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ OP  0.6 20 0.9 17 0.7 17 < LOQ  0.8 100 < LOQ  

AE Carbamazepine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Topiramate < LOQ  < LOQ  < LOQ  2.6 100 3.7 100 < LOQ  

Σ AE  < LOQ  < LOQ  < LOQ  2.6 100 3.7 100 < LOQ  

AP Chlorpromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Risperidone 0.2 (0.1 - 0.2) 100 0.2 (0.1 - 0.3) 67 0.2 (0.1 - 0.2) 83 0.2 100 0.2 100 0.2 100 

Σ AP  0.2 (0.1 - 0.2) 100 0.2 (0.1 - 0.3) 67 0.2 (0.1 - 0.2) 83 0.2 100 0.2 100 0.2 100 

ANX Alprazolam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Hydroxyzine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Lorazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Oxazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ ANX  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

AD Amitriptyline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  
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 Bupropion < LOQ  < LOQ  0.1 17 < LOQ  < LOQ  < LOQ  

 Citalopram < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Duloxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mirtazapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Venlafaxine 0.7 (0.5 - 0.8) 40 1 17 0.6 (0.5 - 0.6) 33 0.6 100 < LOQ  < LOQ  

Σ AD  0.7 (0.5 - 0.8) 40 1 17 0.5 (0.1 - 0.6) 50 0.6 100 < LOQ  < LOQ  

PS Caffeine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ PS  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

O Memantine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Trihexyphenidyl < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Zolpidem < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ O  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ Total 
 

 0.2 (0.1 - 1.3) 100 0.3 (0.2 - 1) 83 0.2 (0.1 - 1.5) 83 3.3 100 4.6 100 0.2 100 
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  Sado 

  H. didactylus S. aurata 

Therapeutic Group Analyte Brain 
DF (%)  

N = 5 
Liver 

DF (%)  

N = 6 
Muscle 

DF (%)  

N = 6 
Brain 

DF (%)  

N = 1 
Liver 

DF (%)  

N = 1 
Muscle 

DF (%)  

N = 1 

OP Buprenorphine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Codeine 0.5 20 1.3 17 < LOQ  0.8 100 < LOQ  < LOQ  

 Tramadol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ OP  0.5 20 1.3 17 < LOQ  0.8 100 < LOQ  < LOQ  

AE Carbamazepine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Topiramate 1.5 (1.3 - 12) 60 6.4 17 < LOQ  < LOQ  < LOQ  < LOQ  

Σ AE  1.5 (1.3 - 12) 60 6.4 17 < LOQ  < LOQ  < LOQ  < LOQ  

AP Chlorpromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  0.1 17 < LOQ  < LOQ  < LOQ  < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Risperidone 0.2 (0.2 - 0.3) 60 0.1 (0.1 - 0.2) 83 0.11 (0.11 - 0.14) 50 0.1 100 0.2 100 0.1 100 

Σ AP  0.2 (0.2 - 0.3) 60 0.1 (0.1 - 0.3) 83 0.11 (0.11 - 0.14) 50 0.1 100 0.2 100 0.1 100 

ANX Alprazolam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Hydroxyzine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Lorazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Oxazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ ANX  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

AD Amitriptyline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bupropion < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  
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 Citalopram < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Duloxetine 1.6 20 < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mirtazapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Venlafaxine 1 20 2.7 (1.1 - 4.3) 33 1.8 (1.1 - 2.5) 33 < LOQ  < LOQ  < LOQ  

Σ AD  2.7 20 2.7 (1.1 - 4.3) 33 1.8 (1.1 - 2.5) 33 < LOQ  < LOQ  < LOQ  

PS Caffeine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ PS  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

O Memantine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Trihexyphenidyl < LOQ  0.1 17 < LOQ  < LOQ  < LOQ  < LOQ  

 Zolpidem < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ O  < LOQ  0.1 17 < LOQ  < LOQ  < LOQ  < LOQ  

Σ Total  2.2 (0.2 - 13) 100 2.9 (0.1 - 6.6) 83 0.1 (0.1 - 2.5) 83 0.9 100 0.2 100 0.1 100 
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  Sado Tejo 

  S. solea D. labrax 

Therapeutic 

Group 
Analyte Brain 

DF 

(%) 

N=2 

Liver 

DF 

(%) 

N=2 

Muscle 

DF 

(%) 

N=2 

Brain 

DF 

(%) 

N=6 

Liver 

DF 

(%) 

N=7 

Muscle 

DF 

(%) 

N=7 

OP Buprenorphine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Codeine < LOQ  < LOQ  < LOQ  0.6 (0.6 - 0.7) 33 0.7 14 1 14 

 Tramadol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ OP  < LOQ  < LOQ  < LOQ  0.6 (0.6 - 0.7) 33 0.7 14 1 14 

AE Carbamazepine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Topiramate 13 (3.5 - 22) 100 7.1 (4.6 - 9.6) 100 < LOQ  15 (8.7 - 207) 100 16 (3.8 - 67) 86 2.3 (1.5 - 12) 100 

Σ AE  13 (3.5 - 22) 100 7.1 (4.6 - 9.6) 100 < LOQ  15 (8.7 - 207) 100 16 (3.8 - 67) 86 2.3 (1.5 - 12) 100 

AP Chlorpromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  0.2 50 < LOQ  < LOQ  < LOQ  < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Risperidone 0.29 (0.26 - 0.31) 100 0.2 (0.2 - 0.3) 100 0.2 (0.2 - 0.3) 100 0.2 (0.1 - 0.3) 83 0.1 (0.1 - 0.2) 57 0.1 (0.1 - 0.4) 100 

Σ AP  0.29 (0.26 - 0.31) 100 0.3 (0.2 - 0.5) 100 0.2 (0.2 - 0.3) 100 0.2 (0.1 - 0.3) 83 0.1 (0.1 - 0.2) 57 0.1 (0.1 - 0.4) 100 

ANX Alprazolam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Hydroxyzine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Lorazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Oxazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ ANX  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

AD Amitriptyline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  
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 Bupropion < LOQ  0.1 50 < LOQ  < LOQ  < LOQ  < LOQ  

 Citalopram < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Duloxetine < LOQ  < LOQ  < LOQ  < LOQ  3 14 < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mirtazapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Venlafaxine < LOQ  < LOQ  < LOQ  0.6 (0.5 - 1.5) 50 1.5 (1.3 - 1.7) 29 0.8 14 

Σ AD  < LOQ  0.1 50 < LOQ  0.6 (0.5 - 1.5) 50 3 (1.7 - 4.3) 29 0.8 14 

PS Caffeine 9.7 50 12 50 < LOQ  5.5 17 < LOQ  < LOQ  

Σ PS  9.7 50 12 50 < LOQ  5.5 17 < LOQ  < LOQ  

O Memantine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Trihexyphenidyl < LOQ  0.1 50 < LOQ  < LOQ  < LOQ  < LOQ  

 Zolpidem < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ O  < LOQ  0.1 50 < LOQ  < LOQ  < LOQ  < LOQ  

Σ Total  18 (13 – 23) 100 13 (9.8 - 17) 100 0.2 (0.2 - 0.3) 100 19 (9.5 - 207) 100 13 (3.8 - 69) 100 2.5 (1.6 - 13) 100 
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  Tejo 

  H. didactylus S. solea 

Therapeutic 

Group 
Analyte Brain 

DF 

(%) 

N=5 

Liver 

DF 

(%) 

N=5 

Muscle 

DF 

(%) 

N=5 

Brain 

DF 

(%) 

N=4 

Liver 

DF 

(%) 

N=3/6

* 

Muscle 

DF 

(%) 

N=6 

OP Buprenorphine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Codeine 0.9 20 < LOQ  < LOQ  < LOQ  0.9 33 0.7 (0.7 - 0.7) 33 

 Tramadol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ OP  0.9 20 < LOQ  < LOQ  < LOQ  0.9 33 0.7 (0.7 - 0.7) 33 

AE Carbamazepine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clonazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Topiramate 5.5 (2.3 - 12) 100 1.7 (1.1 - 5) 60 1.3 (1.2 - 1.5) 80 30 (12 - 167) 100 14 (6 - 86) 83* 3.5 (1.5 - 20) 100 

Σ AE  5.5 (2.3 - 12) 100 1.7 (1.1 – 5) 60 1.3 (1.2 - 1.5) 80 30 (12 - 167) 100 14 (6 - 86) 83 3.5 (1.5 – 20) 100 

AP Chlorpromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Clozapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ * < LOQ  

 Flupentixol < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Haloperidol < LOQ  0.3 (0.1 - 0.5) 80 < LOQ  < LOQ  < LOQ  < LOQ  

 Levomepromazine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Risperidone 0.12 (0.1 - 0.12) 60 0.2 (0.1 - 0.3) 60 
0.16 (0.15 - 

0.17) 
40 0.2 (0.2 - 0.3) 75 

0.2 (0.2 - 

0.2) 
67 0.1 (0.1 - 0.2) 50 

Σ AP  0.12 (0.1 - 0.12) 60 0.4 (0.3 - 0.5) 100 
0.16 (0.15 - 

0.17) 
40 0.2 (0.2 - 0.3) 75 

0.2 (0.2 - 

0.2) 
67 0.1 (0.1 - 0.2) 50 

ANX Alprazolam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bromazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ * < LOQ  

 Clobazam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ * < LOQ  

 Hydroxyzine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Lorazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ * < LOQ  

 Oxazepam < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ ANX  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  
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AD Amitriptyline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Bupropion < LOQ  < LOQ  < LOQ  < LOQ  0.3 33 < LOQ  

 Citalopram < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Duloxetine < LOQ  < LOQ  < LOQ  < LOQ  1.7 33 < LOQ  

 Fluoxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Maprotiline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Mianserin < LOQ  2 20 1.1 20 < LOQ  < LOQ  < LOQ  

 Mirtazapine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Paroxetine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Sertraline < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Venlafaxine 3.3 (1.4 - 6.5) 80 2.3 (0.6 - 4.1) 40 1.7 (1.2 - 2.1) 40 8 (3.3 - 13) 50 2.5 33 
0.68 (0.66 - 

0.7) 
33 

Σ AD  3.3 (1.4 - 6.5) 80 3.4 (0.6 - 6.1) 40 2.2 (2.1 - 2.3) 40 8 (3.3 - 13) 50 
2.2 (1.7 - 

2.8) 
67 

0.68 (0.66 - 

0.7) 
33 

PS Caffeine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ PS  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

O Memantine < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

 Trihexyphenidyl 0.1 20 < LOQ  0.2 20 < LOQ  < LOQ  < LOQ  

 Zolpidem < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  < LOQ  

Σ O  0.1 20 < LOQ  0.2 20 < LOQ  < LOQ  < LOQ  

Σ Total  8.5 (3.7 - 16) 100 2.1 (0.3 - 6.6) 100 1.5 (1.4 - 3.5) 100 30 (25 - 171) 100 12 (3 - 86) 100 4.2 (1.6 - 21) 100 
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Figure A 2.1. Principal component analysis (PCA) of the summed concentrations of neuroactive pharmaceuticals per thera-

peutic group, detected in water samples collected from the four estuarine systems, Douro (☐, N=3), Tejo (∇, N=9), Sado (Δ, 

N=7) and Mira (♢, N=6). Therapeutic groups are the following: PS - Psychostimulants, OP - Opioids, AD - Antidepressants, 

ANX - Anxiolytics, AE - Antiepileptics, AP - Antipsychotics and O - Other. 

 

 

 
Figure A 2.2. Principal component analysis (PCA) of the summed concentrations of neuroactive pharmaceuticals per thera-

peutic group, detected in fish from all 7 species (D. bellottii, D. labrax, D. sargus, H. didactylus, P. flesus, S. aurata, S. solea) 

collected from the four estuarine systems, Douro, Tejo, Sado and Mira. Therapeutic groups are the following: PS - Psychost-

imulants, OP - Opioids, AD - Antidepressants, ANX - Anxiolytics, AE - Antiepileptics, AP - Antipsychotics and O - Other. 
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3. APPENDIX 3 

Supplementary material of Chapter 5 

 

Analytical procedures and methodologies for detection and quantification of pharma-

ceutical contaminants in water and fish muscle tissues via UHPLC-TOF-MS 
 

Water sample extraction, purification and concentration was adapted from Pereira et al. 

(2015) and Sousa et al. (2011). Five hundred mL of each water sample were filtered through 

glass microfiber filter (1.2µm), cellulose nitrate filter (0.45µm) and Sartolon Polyamid filter 

(0.2µm). Samples were then purified with OASIS HLB cartridges (no need for pre-condition-

ing) and cartridges washed with 5 mL of methanol:water (10:90) and allowed to dry for 15 

minutes at low vacuum pressure. Elution was performed with 6 mL of methanol and the extract 

dried under N2 flow in a bath at 40ºC. The dry residue was dissolved with 500 μL of metha-

nol:water (3:97), filtered through a PVDF Mini-uniprep TM filter (0.45 µm), and transferred to 

vials ready for subsequent injection and quantification by Ultra-high performance liquid chro-

matography and time-of-flight mass spectrometry (UHPLC-TOF-MS).  

Tissue sample extraction, purification and concentration was performed as an extension 

of the method from Freitas et al. (2014). Shortly, sample tissues (2g) were weighted and ex-

tracted with 5mL of acetonitrile and 1mL of 0.1M EDTA. After homogenization and centrifu-

gation, the supernatant was evaporated to nearly dryness (until 0.5 mL) under a gentle stream 

of nitrogen at 40°C. Five hundred μL of 0.1% formic acid were added to the residue, filtered 

through a PVDF mini-uniprep™ and injected into the UHPLC-TOF-MS for detection and 

quantification.  

Chromatographic separation and mass spectrometry detection were performed with an 

UHPLC Nexera X2 Shimadzu coupled with a Triple TOFTM 5600+ from AB Sciex (UHPLC-

TOF-MS). Methodology was based on Chau et al., 2017; Freitas et al., 2014; Leston et al., 

2016; Santos et al 2016. The electrospray ion source was used in positive (ESI+) mode with 

full-scan data acquisition from 100 to 920 Da. Identification and quantification of target com-

pounds were performed with the PeakViewTM and MultiQuantTM software. Identification was 

based on the exact mass with an error below 10 ppm and variation of retention time to a maxi-

mum of 2.5 % and the isotope ratio difference lower than 10%. The TOF-MS detector was 

calibrated between each 10 injections to guarantee the accurate mass resolution. The UHPLC 

system consisted of a vacuum degasser, an autosampler and a binary pump equipped with an 
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analytical reverse-phase column Zorbax Eclipse Plus C18 - 2.1X50mm, 1.8 micron (Agilent). 

The flow rate was 0.5 mL min-1 with the following mobile phases: [A] formic acid 0.1% (v/v) 

in water and [B] methanol. The gradient program used was: 0-5 min from 97% to 40% [A]; 5-

9 min from 40% to 0% [A]; 9-10 min from 0% back to 97% [A]; 11-12 min 97% [A]. The 

column was maintained at 40°C, and the autosampler at 10°C with an injection volume of 10 

µL. For extraction and purification all reagents and solvents were of analytical grade and for 

the mobile phase they were of high-performance liquid chromatography grade. Methanol, ace-

tonitrile and formic acid were supplied by Merck (Darmstadt, Germany), whereas all standards 

were supplied by Sigma-Aldrich (Madrid, Spain). Stock solutions (1 mg mL-1) of each standard 

were prepared in methanol, except for beta-lactams that were prepared in water, and subse-

quently diluted to obtain convenient concentrations for the quantification of target compounds 

in the extracts. All standard solutions were stored away from light at -20ºC. The optimized 

methods were validated as a quantitative method by evaluating the following parameters: spec-

ificity, selectivity, precision, linearity, limit of detection (LOD) and limit of quantification 

(LOQ). Limits of detection and quantification (LOQ), % of repeatability, reproducibility and 

recovery are summarised in Table A1. 

 

Table A 3.1. Summary of limits of detection (LOD), quantification (LOQ), repeatability, reproducibility and recovery (%) of 

pharmaceutical analysis in fish muscle tissues and water samples. 

 

References 

 Chau, H.T.C., Kadokami, K., Ifuku, T., Yoshida, Y., 2017. Development of a comprehensive 

screening method for more than 300 organic chemicals in water samples using a combi-

nation of solid-phase extraction and liquid chromatography-time-of-flight-mass spec-

trometry. Environmental Science and Pollution Research 24, 26396. 

 Matrix 
LOD 

(μg/kg) 

LOQ 

(μg/kg) 

Repeatability 

(%) 

Reproducibility 

(%) 

Recovery 

(%) 

Fluoxetine Muscle 0.86 2.86 7.7 11.5 89.7 

 Water 0.01 0.03 5.2 7.8 109.3  

Diclofenac Muscle 1.08 5.77 13.14 23.27 121.52 

 Water 0.02 0.05 5.9 8.8 106.0  

Propranolol Muscle 1.51 5.05 6.1 9.1 91.8 

 Water 0.06 0.21 4.5 6.5 100.9  
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Detailed protocols for biomarkers quantification 

 

For biomarkers quantification different fish tissues were dissected, namely liver, brain, 

muscle, and heart. Tissue samples were homogenized in cold 100 mM monobasic potassium 

phosphate/dibasic potassium phosphate (K2HPO4/KH2PO4) buffer (pH 7.4) containing 0.15 M 

KCl (potassium chloride), 0.1 mM PMSF (phenylmethylsulfonyl fluoride), 1 mM DTT (dithi-

othreitol) and 1 mM EDTA (ethylenediaminetetraacetic acid) to avoid protein degradation. Tis-

sues were homogenized with tissue:buffer ratios between 1:5 and 1:10 (w/v). 

Liver homogenates were aliquoted for DNA damage (DNAd), lipid peroxidation (LPO) 

quantification. Butylated hydroxytoluene (BHT) at 4% in methanol was added (1:15 v/v sam-

ple) to the LPO aliquots to prevent further lipid peroxidation The remaining liver homogenate 

was centrifuged at 12000 g for 20 min at 4°C, and aliquoted for superoxide dismutase (SOD), 

catalase (CAT), ethoxyresorufin-O-deethylase (EROD) and glutathione S-transferase (GST) 

determination. 
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Muscle homogenates were first aliquoted for the determination of LPO, DNAd, total 

carbohydrates (CBH), proteins (PT) and lipids (LP) content. The remaining homogenate was 

further centrifuged at 1000 g for 10 min at 4ºC for the determination of electron transport sys-

tem (ETS) activity, and at 3000 g for 5 min at 4ºC for lactate dehydrogenase (LDH) and iso-

citrate dehydrogenase (IDH) enzymes activities. 

Heart homogenates were used for ETS, LDH and IDH activity measurements. Heart 

homogenates were centrifuged at 1000 g for 10 min at 4ºC for ETS determination and further 

at 3000 g for 5 min at 4ºC for LDH and IDH activity measurements.  

Brain homogenates were used for the measurement of acetylcholinesterase (AChE) ac-

tivity, after centrifugation at 11000 g for 3 min at 4°C. 

All biomarker responses were determined using a Sinergy HT Microplate Reader (Bio-

Tek Instruments, Vermont, USA) and each reading was done in triplicate, using buffer as blank 

reaction.  

Protein content was quantified following Bradford’s method: Bradford solution is added 

to each replicate of sample and incubated for a 15 min period (at room temperature and light 

protected) after which absorbance is measured at 595 nm. Bovine serum albumin solution (1 

mg mL-1) was used as protein standard.  

Superoxide dismutase (SOD) activity was measured according to Mccord and Fri-

dovich, 1969), with slight modifications. Briefly, 140 µL of 50 mM phosphate buffer (pH 7.8) 

containing 0.1 mM EDTA, 1.5 mM hypoxanthine and 0.15 mM cytochrome c, as well as 60 µL 

of 130 mU mL−1 xanthine oxidase were added to the sample (10 µL). The reduction of cyto-

chrome c by the xanthine oxidase/hypoxanthine system was measured at a wavelength of 550 

nm. One unit of SOD is the amount of enzyme that inhibits the reduction of cytochrome c by 

50%. SOD activity was expressed as U mg−1 of total protein concentration.  

Catalase (CAT) activity in liver tissues was determined according to Aebi (1974), fol-

lowing substrate consumption, as a decrease in absorbance at 240 nm. Briefly, 130 µL of 50 

mM phosphate buffer were added to 20 µL of sample, and the reaction was started with the 

addition of 150 µL of substrate (30 mM H2O2 in 50 mM phosphate buffer, pH 7). CAT activity 

was then calculated as the difference in absorbance per unit of time (ε = −0.04 mM−1 cm−1) and 

expressed as µmol per minute per mg of total protein concentration. 

Ethoxyresorufin-O-deethylase (EROD) activity was determined following Burke and 

Mayer (1974) method, with few adaptations by Fernandes et al. (2002). The reaction was initi-

ated with the addition of 10 µL of NADPH (8.33 mg mL−1) to 190 µL of 7-ethoxyresorufin 

solution (0.1 mg mL−1 in 100 mM phosphate buffer, pH 7.4) and 100 µL of sample, at 30 °C 
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for 20 min. Fluorescence from 7-hydroxyresorufin was measured at 537/583 nm excita-

tion/emission wavelengths, and resorufin sodium salt was used as standard. Activity was cal-

culated as the amount of resorufin (ρmol) generated per mg of total protein per minute of reac-

tion time.  

Glutathione S-transferase (GST) activity was determined following Habig et al. (1974). 

Briefly, the conjugation of glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB) by 

GST was measured through changes in absorbance at 340 nm (ε = 9.6 mM−1 cm−1), for 3 min. 

The assay started with the addition of 250 µL of a final reaction mixture containing 100 mM 

phosphate buffer (pH 6.5), 20 mM CDNB and 20 mM reduced glutathione, to 50 µL of sample. 

GST activity was expressed as nmol CDNB conjugate formed per mg of total protein per minute 

of reaction. 

Lipid peroxidation (LPO) was determined according to Ohkawa et al. (1979). The reac-

tion of thiobarbituric acid reactive substances (TBARS) with 2-thiobarbituric acid (TBA) oc-

curred after incubation of 500 µL of TCA 12%, 450 µL of 60 mM Tris-HCl (pH 7.4) containing 

0.1 mM EDTA and 500 µL of TBA 0.73% with 50 µL of sample for 60 min, at 97 °C. Samples 

were cooled on ice and centrifuged at 13400g for 3 min, and absorbance was measured at 535 

nm (ε = 1.56 × 105 M−1 cm−1). LPO was expressed as nmol of TBARS formed per mg of wet 

weight.  

DNA damage (DNAd) was determined following the DNA alkaline precipitation assay 

by Olive (1988). Samples (50 µL) were first mixed with 250 µL of a 2% SDS solution contain-

ing 10 mM EDTA, 10 mM Trisbase (pH 12.4) and 50 mM NaOH. Then, 0.12 M KCl solution 

(250 µL) was added and the mixture was incubated at 60 °C for 10 min. After cooling down on 

ice for 15 min, it was centrifuged at 8000g for 5 min, at 4 °C. Following the addition of 200 µL 

of Hoechst dye (1 μg mL−1 in 0.1 M K-phosphate buffer, pH 7.4) to 50 µL of the mixture, DNA 

concentration in the supernatant was determined at 360 nm/460 nm of excitation/emission 

wavelengths. Fluorescence values were compared to a DNA standard curve and DNAd was 

expressed as μg DNA per mg of wet weight. 

Acetylcholinesterase (AChE) was determined according to Ellman et al. (1961), adapted 

to microplate (Guilhermino et al., 1996). Briefly, 250 µL of a reaction mixture containing 100 

mM phosphate buffer (pH 7.2), 75 mM acetylthiocholine and 10 mM DTNB (5,5’-dithio-bis(2-

nitrobenzoic acid)) were added to 50 µL of sample. The reaction of thiocholine with DTNB to 

produce the yellow anion TNB, was followed at 412 nm (ε = 13.6 mM-1cm-1), every 20 secs for 

10 min, and the enzymatic activity was expressed in nmol of substrate hydrolyzed per minute 

per mg of total protein. 
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LDH activity determination was assessed using the methods described by Vassault, 

(1983) and Diamantino et al., (2001), by measuring the efficiency of this enzyme to convert 

pyruvate to lactate in the presence of NADH, which results in NADH oxidation and consequent 

decrease in absorbance. To perform the reaction, 200 µL of NADH (0.27 mM) were added to 

samples (50 µL), followed by 50 µL of sodium pyruvate (7.08 mM). The absorbance resulting 

from the reaction kinetics was read at 340 nm, every 10 seconds, for 5 min. Results were ex-

pressed as nmol min−1 mg protein−1, using a molar extinction coefficient of 6.22 ×103 M.cm−1.  

The activity of IDH was determined by following the increase in NADPH along with 

the decarboxylation of isocitrate by IDH, following Ellis and Goldberg, (1971) method, adapted 

by Lima et al., (2007). In this reaction, 50 µL of sample were added to 200 µL of reaction buffer 

containing 2 mM Mangan(II)-chlorid-tetrahyhot (15mL), 50 mM Tris(hydroxymethyl)-amino-

methan (40mL at pH 7.8) and 7 mM DL-isocitric acid (15 mL), to which 50 µL of NADP+ 

solution (0.5 mM) were added right away. The change in absorbance was measured at 340 nm 

for 3 min and results expressed as nmol min−1 mg−1 of protein, using a molar extinction coef-

ficient of 6.22 × 103 M.cm−1.  Aerobic and anaerobic pathways were also assessed through 

LDH/IDH ratio. 

Cellular energy allocation (CEA) is an integrative methodology to assess responses to 

exposure in stressful scenarios by quantifying organismal energetic tradeoffs (available energy 

and energy consumption) based on the measurements of lipid, carbohydrate and protein content, 

and ETS activity. A decline in CEA indicates a reduction in available energy and/or higher 

energy expenditure and was calculated as in Verslycke et al., (2004a, 2004b): CEA = Ea/Ec, 

where Ea (available energy) = carbohydrate + lipid + protein (mJ.mg ww-1), and Ec (energy 

consumption) = ETS activity (mJ h-1 mg ww-1). Following De Coen and Janssen, (2003, 1997), 

total content of carbohydrates, lipids and proteins were measured and transformed into ener-

getic equivalents using enthalpy combustion (39.5 kJ g-1 lipid, 24 kJ g-1 protein, 17.5 kJ g-1 

glycogen, respectively). From the 300 µL aliquoted for total protein and carbohydrate measure-

ments, proteins were precipitated with the addition of 100 µL of 15% trichloroacetic acid (TCA) 

following incubation at -20ºC for 10 min. After a centrifugation at 1000 g for 10 min, the re-

sulting supernatant was used for the total carbohydrate content measurement. The remaining 

pellet was resuspended in 500 µL NaOH (1 M), incubated at 60ºC for 30 min and then neutral-

ized with HCl (1.67 M). Total protein content was then quantified by the Bradford (1976) 

method measuring absorbance at 600nm and using bovine serum albumin as standard, as de-

scribed above. Total carbohydrate content was determined by adding 50 µL of 5% phenol and 

200 µL of concentrated H2SO4 to 50 µL of the supernatant fraction obtained before. After 30 
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min incubation at 20ºC, absorbance was measured at 492 nm and carbohydrates quantified us-

ing glucose as standard De Coen and Janssen, (1997). Lipids were extracted from a different 

homogenate aliquot (300 µL), by adding 250 µL chloroform, 250 µL methanol and 125 µL 

Milli-Q water (in a 2:2:1 proportion), adapted from Bligh and Dyer (1959). After centrifugation, 

100 µL of organic phase were separated for lipid quantification following a reaction with 500 

µL of H2SO4 at 200ºC for 20 min. After cooling, 1.5 mL of ultrapure water were added. The 

resulting absorbance was measured at 375 nm, and total lipid content quantified using tripalmi-

tin as standard. Results were expressed as mJ mg wet weight−1.  

ETS activity in the mitochondria is a measurement of the cellular energy consumption 

(oxygen consumption rate) and can be determined following the method of De Coen and 

Janssen (1997), by adding 150 µL of  a solution containing 0.13 M Tris, 0.3 % (v/v) Triton X-

100, 1.68 mM NADH and 0.25 mM NADPH, followed by the addition of 100 µL of a 8.03 mM 

INT (p-iodo-nitro-tetrazolium) solution to the samples (50 µL). Change in absorbance was fol-

lowed at 490 nm over a 3 min period. The oxygen consumption was then calculated using a 

stochiometrical relationship: 2 μmol of formazan formed = 1 μmol of oxygen consumed. The 

oxygen consumption rate was then converted into the energetic equivalent of 480 kJ.mol O2
−1 

for average carbohydrate, lipid, and protein consumption combinations (Gnaiger, 1983). 
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Figures and statistical analysis results 

 

Figure A 3.1. Biomarker responses of A. regius juveniles after exposure to low (light grey) and high (dark grey) concentrations 

of diclofenac (DCF), propranolol (PROP) and fluoxetine (FLX). Boxplots with median, 25th and 75th percentile (upper and 

lower whiskers represent 1.5 times the interquartile range (IQR) of maximum and minimum values, respectively) of responses 

measured in the heart: a) electron transport system (ETS) activity, b) lactate dehydrogenase (LDH) activity, c) isocitrate dehy-

drogenase (IDH) activity and d) LDH/IDH ratio. N=22-24 juveniles per treatment, except for FLX high (N=15) and respective 

control (N=10).
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Figure A 3.2. Biomarker responses of A. regius juveniles after exposure to low (light grey) and high (dark grey) concentrations 

of diclofenac (DCF), propranolol (PROP) and fluoxetine (FLX). Boxplots with median, 25th and 75th percentile (upper and 

lower whiskers represent 1.5 times the interquartile range (IQR) of maximum and minimum values, respectively) of responses 

measured in the muscle: a) total carbohydrates (CBH), b) total lipid content (LP), c) total protein content (PT), d) energy 

available (EA), e) lactate dehydrogenase (LDH) activity and f) isocitrate dehydrogenase (IDH) activity. Asterisks indicate 

significant differences between treatments and respective controls. N=22-24 juveniles per treatment, except for FLX high 

(N=15) and respective control (N=10). 
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Table A 3.2. Summary of PERMANOVA and Mann-Whitney-Wilcoxon test results, testing for differences in Argyrosomus regius responses between treatments, after exposure to diclofenac 

(DCF), propranolol (PROP) and fluoxetine (FLX). 

   Diclofenac (DCF) 

 

Propranolol (PROP) 

 

Fluoxetine (FLX) 

Response Tissue  Source df SS MS Pseudo-F P(perm) df SS MS Pseudo-F P(perm) Treatment W p-value 

Lt  Treatment  2 9.6E-02 4.8E-02 0.09 0.9170 2 2.3E-01 1.1E-01 0.21 0.8150 Low   333 0.1309 

 Res. 66 3.4E+01 5.2E-01                   55 2.9E+01 5.3E-01                  High   119.5 0.0144 

Wt  Treatment  2 1.8E+00 9.1E-01 0.44 0.6650 2 1.7E+00 8.4E-01 0.35 0.6970 Low   322 0.2058 

 Res. 66 1.4E+02 2.0E+00                  66 1.6E+02 2.4E+00                  High   132 0.0017 

K  Treatment  2 1.6E-02 7.9E-03 1.49 0.2210 2 2.2E-02 1.1E-02 1.32 0.2580 Low   230.5 0.4680 

 Res. 66 3.5E-01 5.3E-03                  66 5.6E-01 8.4E-03                  High   103 0.1289 

PT Muscle  Treatment  2 3.4E+03 1.7E+03 0.25 0.7910 2 9.7E+03 4.9E+03 1.04 0.3650 Low   240 0.9722 

 Res. 64 4.4E+05 6.9E+03                  63 3.0E+05 4.7E+03                  

   

LP Muscle  Treatment  2 4.4E+02 2.2E+02 0.19 0.8200 2 8.3E+03 4.1E+03 2.39 0.1020 Low   125 0.3687 

 Res. 57 6.5E+04 1.1E+03                  60 1.0E+05 1.7E+03                  

   

CBH Muscle  Treatment  2 1.6E+01 8.0E+00 0.96 0.3920 2 3.3E+01 1.7E+01 2.62 0.0800 Low   183 0.1199 

 Res. 65 5.4E+02 8.3E+00                  61 3.9E+02 6.4E+00                  

   

EA  Muscle  Treatment  2 1.6E+03 8.2E+02 0.12 0.8840 2 5.1E+03 2.6E+03 0.48 0.6230 Low   137 0.8249 

 Res. 56 3.9E+05 7.0E+03                  55 2.9E+05 5.3E+03                  

   

IDH Muscle  Treatment  2 3.4E+03 1.7E+03 3.21 0.0520 2 1.4E+04 7.0E+03 14.68 0.0010 Low   294 0.5201 

 Res. 66 3.5E+04 5.2E+02                  66 3.2E+04 4.8E+02                  
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Heart  Treatment  2 1.5E+03 7.5E+02 1.48 0.2300 2 1.7E+03 8.6E+02 0.95 0.4070 Low   205 0.8613 

 Res. 60 3.0E+04 5.1E+02                  55 5.0E+04 9.0E+02                  High   41 0.5516 

LDH Muscle  Treatment  2 7.0E+04 3.5E+04 0.72 0.5030 2 2.9E+04 1.5E+04 0.39 0.6550 Low   296 0.4922 

 Res. 64 3.1E+06 4.8E+04                  65 2.4E+06 3.8E+04                  

   

Heart  Treatment  2 6.4E-03 3.2E-03 0.07 0.9410 2 2.9E+06 1.4E+06 2.26 0.1070 Low   206 0.9687 

 Res. 57 2.7E+00 4.8E-02                   48 3.0E+07 6.3E+05                  High   59 0.9748 

ETS Muscle  Treatment  2 8.1E+02 4.0E+02 3.88 0.0250 2 6.4E+02 3.2E+02 3.06 0.0610 Low   211 0.4779 

 Res. 62 6.5E+03 1.0E+02                  64 6.7E+03 1.1E+02                  

   

Heart  Treatment  2 1.9E-02 9.3E-03 0.38 0.6730 2 3.5E+04 1.7E+04 2.52 0.0880 Low   177 0.4143 

 Res. 59 1.4E+00 2.4E-02                  55 3.8E+05 6.9E+03                  High   59 0.2775 

LDH/IDH ratio Muscle  

Treatment 2 8.4E+01 4.2E+01 3.17 0.0530 2 1.2E+00 6.0E-01 19.41 0.0010 Low 211 0.9691 

 

Res. 55 7.3E+02 1.3E+01 
  

60 1.8E+00 3.1E-02 
     

Heart  Treatment  2 5.3E-01 2.6E-01 0.01 0.9870 2 3.9E+01 2.0E+01 0.52 0.5850 Low   157 0.8188 

 Res. 53 1.4E+03 2.7E+01                   42 1.6E+03 3.8E+01                  

   

CEA  Muscle  Treatment  2 1.4E+02 7.1E+01 5.11 0.0050 2 8.3E+01 4.2E+01 2.08 0.1240 Low   152 0.3699 

 Res. 50 7.0E+02 1.4E+01                  52 1.0E+03 2.0E+01                  

   

SOD Liver  Treatment  2 4.9E-02 2.5E-02 2.80 0.0720 2 1.9E+01 9.7E+00 0.28 0.7690 Low   257 0.5393 

 Res. 66 5.8E-01 8.8E-03                  61 2.1E+03 3.4E+01                  High   13 0.0499 

CAT Liver  Treatment  2 8.0E+02 4.0E+02 3.00 0.0580 2 1.1E+00 5.4E-01 0.004 0.9980 Low   206.5 0.2963 

 Res. 66 8.8E+03 1.3E+02                  66 8.7E+03 1.3E+02                   High   14 0.0650 
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GST Liver  Treatment  2 5.2E-03 2.6E-03 0.17 0.8450 2 2.3E+03 1.2E+03 2.78 0.0890 Low   242 0.8134 

 Res. 66 1.0E+00 1.6E-02                  66 2.8E+04 4.2E+02                  High   59 0.0274 

EROD Liver  Treatment  2 4.6E-04 2.3E-04 0.00 0.9990 2 5.5E+02 2.7E+02 1.29 0.2860 Low   211 0.8228 

 Res. 61 6.4E+00 1.1E-01                   65 1.4E+04 2.1E+02                  High   60 0.0207 

LPO Muscle  Treatment  2 4.2E-02 2.1E-02 2.29 0.1100 2 1.3E-03 6.6E-04 1.38 0.2650 Low   251.5 0.6090 

 Res. 62 5.8E-01 9.3E-03                  61 2.9E-02 4.8E-04                  

   

Liver  Treatment  2 3.2E-04 1.6E-04 0.29 0.7710 2 2.0E-03 1.0E-03 1.82 0.1670 Low   357 0.0063 

 Res. 64 3.6E-02 5.6E-04                  63 3.5E-02 5.5E-04                  High   6 0.0047 

DNAd Muscle  Treatment  2 1.2E-02 6.2E-03 0.20 0.8020 2 1.6E-01 7.8E-02 3.41 0.0460 Low   273.5 0.1866 

 Res. 65 2.0E+00 3.1E-02                  64 1.5E+00 2.3E-02                  

   

Liver  Treatment  2 8.7E-02 4.3E-02 0.48 0.6380 2 4.4E-01 2.2E-01 2.62 0.0820 Low   276 0.5963 

 Res. 64 5.8E+00 9.1E-02                  63 5.3E+00 8.4E-02                  High   12 0.0418 

AChE Brain  Treatment  2 1.5E+03 7.7E+02 0.60 0.5490 2 1.4E+03 7.0E+02 0.72 0.4930 Low   285 0.4782 

 Res. 65 8.3E+04 1.3E+03                  63 6.1E+04 9.6E+02                  High   51 0.5910 
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Table A 3.3. Summary of Welch’s t-test results, testing for differences in Argyrosomus regius growth (G) and bioconcentration between treatments, after exposure to diclofenac (DCF), propranolol 

(PROP) and fluoxetine (FLX). 

   
 

Diclofenac (DCF)  Propranolol (PROP)  Fluoxetine (FLX) 

  

Treatment  t df p-value  t df p-value  t df p-value 

G  Low    1.954 3.6 0.130  -0.4 4.0 0.731  0.6 4.0 0.596 

High    -0.071 3.9 0.947  1.2 3.8 0.300  6.2 3.4 0.006 

Bioconcentration Low    N/A  -15.3 5.0 2.15E-05  -77.2 7.0 1.61E-11 

High    N/A  -23.5 6.0 3.86E-07  -18.1 2.0 0.003 
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Table A 3.4. Spearman correlation results (correlation coefficients r and p-values as asterisks; * p < 0.05, ** p < 0.01, *** p < 0.001), testing for correlations among Argyrosomus regius responses 

after exposure to fluoxetine (FLX). 

 

 

 

 

 

 Lt (cm) Wt (g) K 
LDH 

muscle 

IDH 

muscle 

LDH/IDH 

ratio mus-

cle 

ETS 

muscle 

CBH 

muscle 

LP 

muscle 

PT mus-

cle 

EA 

muscle 

CEA 

muscle 

LPO 

muscle 

DNAd 

muscle 

LDH 

heart 

IDH 

heart 

LDH/IDH 

ratio heart 

ETS 

heart 

SOD 

liver 

CAT 

liver 

GST 

liver 

EROD 

liver 

LPO 

liver 

DNAd 

liver 

AChE 

brain 

Lt (cm) 1                         

Wt (g) 0.93 *** 1                        

K -0,11 0,23 1                       

LDH muscle  -0,06 0,01 0,16 1                      

IDH muscle 0,08 0,11 0,03 0,2 1                     

LDH/IDH ratio muscle -0,13 -0,08 0,11 0.66 *** -0.38 * 1                    

ETS muscle -0.4 ** -0.34 * 0,18 -0,23 -0,05 -0,22 1                   

CBH muscle 0,03 0,07 -0,08 0,12 0,29 -0,03 -0,15 1                  

LP muscle -0,07 -0,14 0,01 -0,07 0 0,11 0,24 0,02 1                 

PT muscle -0,06 -0,14 -0,15 -0,02 -0,07 -0,05 -0,02 -0,15 -0,11 1                

EA muscle 0,2 0,1 -0,14 -0,12 -0,07 -0,03 -0,11 0,02 0.45 ** 0.75 *** 1               

CEA muscle 0,22 0,12 -0,3 0,18 0 0,25 -0.89 *** 0,23 -0,15 0.36 * 0.44 * 1              

LPO muscle -0.45 ** -0.42 ** 0,15 0,04 -0,23 0,22 0,07 -0,27 0,32 0,2 0 -0,12 1             

DNAd muscle 0,16 0,07 -0,04 0,26 0,1 -0,06 -0,09 -0,13 -0,26 0,02 -0,19 0,04 -0,03 1            

LDH heart -0,06 -0,09 -0,01 0,22 -0,21 0,2 -0,02 0,14 -0,04 0,14 0,07 0,28 0,12 0,15 1           

IDH heart 0,2 0,24 0,19 -0,1 0,25 -0,13 0,05 0,05 -0,04 0,15 0,17 0,13 0,11 -0,05 0.45 *** 1          

LDH/IDH ratio heart -0,11 -0,12 0,01 0,24 -0.42 * 0,32 0,08 -0,04 0,03 -0,09 -0,09 0,03 0,03 0,12 0.37 ** -0.56 *** 1         

ETS heart -0.32 * -0.32 * -0,01 0,11 0,15 0,32 -0,15 0,03 0,14 0,01 0,1 0,2 0,26 -0,15 -0,06 -0,13 0,03 1        

SOD liver 0,03 -0,04 -0,13 0,07 0 -0,07 -0.34 * 0,02 -0,06 -0,23 -0,25 0,28 0,04 0,17 0,27 0,11 -0,01 -0,21 1       

CAT liver 0,04 0,03 -0,08 0,06 0,17 -0,09 -0,26 0,12 0,19 0,03 0,14 0,13 0,04 0,05 0,03 -0,15 -0,03 -0,23 0,22 1      

GST liver 0,12 0,16 0,2 0,02 0,27 -0,24 -0,04 -0,15 0 0,21 0,15 0,12 -0,24 0,12 0.3 * 0.29 * -0,08 -0,15 -0,02 0,11 1     

EROD liver 0.57 *** 0.61 *** 0,07 -0,01 -0,01 0,01 -0,16 0,18 -0,08 0,02 0,09 0,13 -0,31 -0,06 0,08 0.3 * -0,18 -0,23 -0,18 -0,25 0,2 1    

LPO liver -0,03 -0,06 -0,05 0.42 ** 0,21 0,25 -0,27 -0,01 -0,12 -0,16 -0,25 0,21 0,02 0.45 ** -0,17 -0.32 * 0,21 0 0.3 * 0,03 -0.36 ** -0,14 1   

DNAd liver -0.41 *** -0.46 *** -0,14 -0,12 0,01 0 0.55 *** -0,29 0,12 -0,15 -0,29 -0.63 *** 0,23 -0,03 -0.31 * -0.27 * 0,09 0.34 * -0,22 -0,09 -0.4 ** -0.56 *** 0,24 1  

AChE brain -0,14 -0,11 -0,01 -0,1 0.45 ** -0,28 0,11 0,17 0,02 0,04 -0,03 -0,08 0,14 -0,24 -0,05 0.08 -0,17 0,13 -0,03 0,04 -0,07 -0,25 -0,05 0,01 1 
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Table A 3.5. Spearman correlation results (correlation coefficients r and p-values as asterisks; * p < 0.05, ** p < 0.01, *** p < 0.001), testing for correlations among Argyrosomus regius responses 

after exposure to diclofenac (DCF). 

 

 

 

 

 

 Lt (cm) Wt (g) K 
LDH 

muscle 

IDH 

muscle 

LDH/IDH 

ratio mus-

cle 

ETS 

muscle 

CBH 

muscle 

LP 

muscle 

PT mus-

cle 

EA 

muscle 

CEA 

muscle 

LPO 

muscle 

DNAd 

muscle 

LDH 

heart 

IDH 

heart 

LDH/IDH 

ratio heart 

ETS 

heart 

SOD 

liver 

CAT 

liver 

GST 

liver 

EROD 

liver 

LPO 

liver 

DNAd 

liver 

AChE 

brain 

Lt (cm) 1                         

Wt (g) 0.94 *** 1                        

K -0.33 ** -0,06 1                       

LDH muscle -0,06 -0,06 -0,07 1                      

IDH muscle 0,04 0,01 -0,09 0.36 ** 1                     

LDH/IDH ratio muscle 0,04 0,07 -0,06 0.49 *** -0.35 ** 1                    

ETS muscle -0,13 -0,06 0,19 -0,08 -0,15 0,11 1                   

CBH muscle 0,07 0,02 -0,18 0,02 -0,05 -0,01 -0,04 1                  

LP muscle 0,16 0,18 -0,02 0,06 0,19 -0,05 0,01 -0,04 1                 

PT muscle -0,07 -0,13 -0,14 -0,1 -0,19 0,21 -0.03 0.36 ** -0,08 1                

EA muscle -0,03 -0,08 -0,16 0,02 -0,07 0,21 -0,02 0.41 ** 0.28 * 0.87 *** 1               

CEA muscle -0,07 -0,18 -0,26 0,03 0,1 -0,08 -0.87 *** 0,19 -0,14 0.29 * 0.32 * 1              

LPO muscle -0,06 -0,08 -0,03 -0,09 -0,15 0,08 0,1 0,05 0,06 0,19 0,15 -0,02 1             

DNAd muscle -0,16 -0,17 -0,01 0.34 ** -0,04 0,24 -0,18 0,02 -0,24 0,06 0,01 0,15 -0,02 1            

LDH heart -0,17 -0,2 -0,01 0,04 -0,01 -0,1 -0,2 0,09 -0,07 -0,05 -0,12 0.34 * 0,23 -0,08 1           

IDH heart -0,06 -0,11 -0,15 -0,12 0,22 -0,09 -0,05 -0,23 -0,05 -0,17 -0,21 0,11 -0,09 -0,2 0.31 * 1          

LDH/IDH ratio heart -0,06 -0,06 0,15 0 -0,11 -0,12 -0,1 0,12 -0,03 0,06 0,04 0,25 0.28 * 0,04 0.82 *** -0,21 1         

ETS heart -0,06 -0,13 -0,05 -0,1 0,03 -0,04 -0,26 -0,03 0,15 -0,03 0,08 0,25 -0,13 -0,03 0.48 *** 0.34 ** 0,2 1        

SOD liver 0,01 0,03 0 -0,1 0,2 -0.28 * 0,01 0,09 0,05 0,04 0,02 0,08 -0,05 -0,11 0,15 0 0,23 -0,03 1       

CAT liver 0,19 0.25 * -0,01 0,11 0.31 ** -0,14 -0,06 -0,14 0,14 -0,19 -0,16 -0,06 -0,14 -0,2 0,03 0,17 -0,13 -0,11 0.31 ** 1      

GST liver 0.29 * 0.31 ** -0,07 -0,06 0,15 -0,09 0,12 -0,04 0,08 0,07 0,06 -0,2 0,07 -0.34 ** -0,06 -0,04 -0,06 0 0,12 0.3 * 1     

EROD liver 0.32 ** 0.39 ** 0,01 -0,03 -0,12 0,13 -0,08 0,2 -0,21 0,15 0,04 -0,07 0,11 0,02 -0,15 -0,25 -0,01 -0,18 0 0,02 0.27 * 1    

LPO liver -0,08 -0,08 0 0,09 -0,06 0,12 -0.32 * -0,18 -0,1 -0,03 -0,08 0.27 * 0,22 0.38 ** 0,07 0,06 0,14 -0,01 0,02 -0,13 -0.47 *** 0 1   

DNAd liver -0.32 ** -0.3 * 0,01 0,16 0,12 0,14 0,16 -0,22 0,01 -0,19 -0,13 -0,01 0,17 0,04 -0,01 0,2 -0,1 0,05 -0,24 -0,14 -0.28 * -0.38 ** 0,11 1  

AChE brain -0.1 -0,12 -0,06 0,11 0,23 -0,01 0,08 -0,07 0,07 0,11 0,07 0,03 0,2 -0,01 0,17 0,08 0,23 -0,14 -0,07 -0,13 -0,04 -0.27 * 0 0,15 1 
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Table A 3.6. Spearman correlation results (correlation coefficients r and p-values as asterisks; * p < 0.05, ** p < 0.01, *** p < 0.001), testing for correlations among Argyrosomus regius responses 

after exposure to propranolol (PROP).  

 

 

 

 Lt (cm) Wt (g) K 
LDH 

muscle 

IDH 

muscle 

LDH/IDH 

ratio mus-

cle 

ETS mus-

cle 

CBH 

muscle 

LP mus-

cle 

PT mus-

cle 

EA mus-

cle 

CEA 

muscle 

LPO 

muscle 

DNAd 

muscle 

LDH 

heart 

IDH 

heart 

LDH/IDH 

ratio heart 

ETS 

heart 

SOD 

liver 

CAT 

liver 
GST liver 

EROD 

liver 

LPO 

liver 

DNAd 

liver 

AChE 

brain 

Lt (cm) 1                         

Wt (g) 0.92 *** 1                        

K -0.37 ** -0,03 1                       

LDH muscle -0,02 -0,1 -0,09 1                      

IDH muscle -0,06 -0,14 -0,2 0.33 ** 1                     

LDH/IDH ratio mus-

cle 
0,14 0,19 0,14 0.41 *** -0.6 *** 1                    

ETS muscle -0,21 -0,1 0,21 -0,2 -0.27 * 0,11 1                   

CBH muscle 0,07 -0,01 -0,21 0,04 0,02 0,19 -0,15 1                  

LP muscle 0 -0,01 -0,04 -0,03 0,06 -0,14 0,11 0,02 1                 

PT muscle -0,13 -0,11 0,07 0 0,08 0,01 -0,18 0,06 -0,15 1                

EA muscle -0,12 -0,06 0,16 -0,03 0,1 -0,03 -0,15 0,19 0.35 ** 0.78 *** 1               

CEA muscle -0,01 -0,09 -0,1 0,11 0.3 * -0,17 -0.91 *** 0.3 * -0,09 0.46 *** 0.48 *** 1              

LPO muscle -0,09 -0,12 0,07 -0,19 -0,2 0,05 0,06 0,06 0,24 0,11 0,07 -0,04 1             

DNAd muscle 0,08 0,02 -0,12 0,27 -0,13 0,23 0,04 -0,02 -0,12 0,01 -0,15 -0,15 -0,13 1            

LDH heart -0.3 * -0.37 ** -0,1 0.24 * 0,16 -0,11 -0,09 -0,01 -0,05 0,1 0,06 0,2 -0,08 -0,02 1           

IDH heart -0,15 -0.16 0,09 -0,11 0,07 -0,04 0,23 0,04 0,07 -0,06 0,03 -0,08 0,05 -0,11 0,02 1          

LDH/IDH ratio heart -0,29 -0.34 * 0,03 0,27 0,08 -0,06 -0,15 -0,17 -0,09 0,15 0,13 0,27 0,07 0,19 0.87 *** -0,21 1         

ETS heart -0,09 -0,15 -0,09 -0,02 0,07 -0,02 -0,04 -0,11 0.3 * -0,13 0 0,1 0,02 -0,12 0.37 ** 0,19 0.35 * 1        

SOD liver -0,08 -0,13 -0,17 -0,06 0 -0,14 -0,16 0 0,15 0,02 0,13 0.32 * 0,14 -0,07 -0,08 0,04 0,08 0,24 1       

CAT liver 0,01 0,01 -0,06 -0,03 -0,02 -0,03 0,07 0,1 0,11 -0,04 0,08 -0,13 0,02 0,11 -0,01 -0,03 0,03 -0,08 0,12 1      

GST liver 0,1 0,11 0,03 -0,1 0,03 -0,04 0,06 -0,07 0,06 -0,14 -0,13 -0,13 -0,07 0,02 0,13 0,11 -0,01 0,1 0 0,23 1     

EROD liver 0,18 0,23 0,08 -0,15 0,03 -0,03 -0,12 0,1 0,05 -0,15 -0,12 0,09 0,02 -0,03 -0,1 0 -0,1 0,03 -0,17 -0,05 0.25 * 1    

LPO liver -0,14 -0,1 0,07 0,14 -0,05 0,12 -0,14 -0.28 * -0.39 ** 0,07 -0,14 0,01 -0,1 0,18 -0,03 -0,04 0,16 -0,05 0,04 -0,14 -0.47 *** -0,05 1   

DNAd liver -0.46 *** -0.51 *** -0,04 0,14 0.27 * -0,16 0,01 -0,09 -0,09 0,1 0,06 0,04 -0,19 -0,13 0,19 0,12 0,11 0,04 -0,19 -0,21 -0,22 -0.3 * 0,13 1  

AChE brain -0,05 -0,1 -0,09 -0,08 0,12 -0,17 -0,12 0,07 -0,02 -0,04 -0,09 0,02 0,15 -0,25 0 -0,07 0,06 -0,14 -0,01 0,23 -0,03 -0,16 0,04 -0,03 1 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


