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ABSTRACT 

In the last decades, plastic litter has gained global recognition as an emerging pollution problem 

with putative harmful effects on aquatic biota and human health. Although the size of plastic 

litter in the aquatic environment ranges from small particles to large fragments or macroplastics, 

it is now microplastics (MPs) that receive more attention. MPs, i.e. synthetic particles with 

regular or irregular shape and size between 1 μm and 5 mm, have been recognized as ubiquitous 

in ecosystems worldwide, persistent, and potentially toxic to aquatic organisms. Due to its small 

size, high surface area, and hydrophobicity, MPs can easily adsorb and accumulate other 

waterborne pollutants, such as copper (Cu), which is a heavy metal of great concern. In turn, 

when MPs interact with aquatic biota, the bioavailability of heavy metals adsorbed to their 

surface can be altered, and their toxicity can be modulated. Nevertheless, the research regarding 

the effects of MPs and heavy metals in aquatic biota is still limited. 

In this context, this THESIS aimed to assess the toxicological effects of MPs and Cu, alone or 

combined, in two fish species, the zebrafish (Danio rerio) and the blackspot seabream (Pagellus 

bogaraveo), and provide novel insights regarding the environmental impacts of MPs in 

freshwater and marine biota. Considering the knowledge gap regarding the MPs and Cu effects 

in different fish life stages, especially after longer exposures, several experimental approaches 

were chosen. Zebrafish were exposed to MPs (2 mg/L) and Cu (15 – 125 µg/L, different 

concentrations depending on the type of bioassay used), alone or combined, from 2 hours post-

fertilization (hpf) until 96 hpf (acute exposure) or 14 days post-fertilization (dpf) (subchronic 

exposure), to evaluate, respectively, the non-feeding or the feeding effects of these pollutants 

on fish development. Likewise, chronic 30-day exposure, to MPs (2 mg/L) and Cu (25 µg/L), 

alone or combined, was performed in zebrafish adults to evaluate the long-term effects at later 

ages. Additionally, in the marine species blackspot seabream, acute and subchronic exposure 

(3 and 9 days) to MPs (0.3 mg/L) and Cu (10 – 810 µg/L), alone or combined, was performed 

in newly hatched larvae to cover the late stages of larval development. 

In the acute bioassay, performed on zebrafish embryos, toxic effects such as decreased survival 

and hatching, oxidative stress, modulation of the antioxidant system, inhibition of 

acetylcholinesterase (AChE), and disruption of avoidance and social behaviors, were observed. 

Nevertheless, these effects were mostly noticed in Cu and mixture (Cu+MPs) exposed groups, 

with MPs alone not producing significant effects on zebrafish. These results show that the toxic 

effects of acute exposure to MPs, during the embryonic period, can be limited, possibly due to 
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the presence of the chorion which acts as a protective barrier against pollutants. When exposed 

subchronically, during 14 days, it was observed that MPs alone and Cu+MPs had a higher toxic 

effect on zebrafish larvae, compared to the acute exposure, highlighting that the toxicity of 

plastic particles may arise after longer exposures and could also be related to the ingestion of 

the plastic particles. Briefly, the subchronic exposure data showed that MPs and Cu, alone or 

combined, caused high mortality, oxidative stress, and neurotoxicity in zebrafish larvae. 

Regarding the specific effects related to neurotoxicity, inhibition of AChE and downregulation 

of neuronal proliferation (sox2, pcna), neurogenesis (neuroD, olig2), motor neurons 

development (islet), and DNA methyltransferases-related genes, were observed. In turn, these 

toxic effects may have contributed to the behavioral alterations, such as disruption of locomotor 

competence and avoidance behavior, observed in zebrafish larvae exposed to MPs, Cu and 

Cu+MPs. 

Additionally, the chronic effects of MPs and Cu were evaluated on adult zebrafish, particularly 

on two main target organs – gills and brain. In gills, there was an increase of reactive oxygen 

species (ROS) and, consequently, the induction of oxidative stress, as well an upregulation of 

serotonin and apoptosis-related genes. Regarding the effects on zebrafish brain, the induction 

of oxidative stress was not observed; however, an increase in AChE activity was noticed in all 

exposed groups, as well as alterations in adult neurogenesis, dopaminergic system and 

apoptosis-related genes, and, consequently, changes in the locomotor and social behavior of 

fish. These effects, in turn, highlight the different interactions of MPs and Cu with different 

organs. 

Finally, in the acute and subchronic exposure of blackspot seabream to MPs and Cu, where 

oxidative stress, cellular damage, and modulation of the antioxidant system were observed, the 

results showed again that MPs toxicity in early life stages arises mostly after longer exposures. 

Nevertheless, contrarily to zebrafish where MPs and Cu, alone or combined, induced disruption 

of AChE activity and neuronal proliferation, no such neurotoxic effects were observed in 

blackspot seabream. This indicates that the response of fish to MPs and Cu is also species-

dependent. 

Overall, the results provide evidence that exposure to MPs and Cu, alone or combined, can 

promote developmental toxicity, oxidative stress and cellular damage, alterations in terms of 

metabolic activity, neurotoxicity, and disruption of fish behavior, crucial for their survival in 

the environment. The data presented herein provide deeper insights into MPs and heavy metals 

toxicological interactions in fish, particularly in early life stages. 
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This THESIS emphasizes that further research on the effects of MPs, alone or combined with 

other pollutants, should include longer exposures to properly evaluate the potential risk of 

plastic particles to the organisms' health condition. 

 

Keywords: Fish, microplastics, heavy metals, oxidative stress, behavior, neurotoxicity
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RESUMO 

Nas últimas décadas, os resíduos de plástico têm sido globalmente reconhecidos como um 

poluente emergente, com potenciais efeitos negativos sobre os organismos aquáticos e na saúde 

humana. Embora o tamanho dos plásticos no ambiente aquático varie de pequenas partículas a 

fragmentos de maiores dimensões ou macroplásticos, atualmente, os microplásticos (MPs) que 

têm despertado mais atenção. Os MPs, ou seja, partículas sintéticas com formato regular ou 

irregular e tamanho compreendido entre 1 μm e 5 mm, têm sido reconhecidos como ubíquos 

nos ecossistemas, persistentes e potencialmente tóxicos para os organismos aquáticos. Devido 

ao seu pequeno tamanho, elevada área de superfície e hidrofobicidade, os MPs podem adsorver 

e acumular outros poluentes, como o cobre (Cu), um metal pesado que representa um risco 

significativo para o ambiente aquático. Por sua vez, quando os MPs interagem com os 

organismos aquáticos, a biodisponibilidade e toxicidade dos metais pesados adsorvidos pode 

ser modulada. No entanto, a investigação sobre os efeitos combinados de MPs e metais pesados, 

nos organismos aquáticos ainda é limitada. 

Neste contexto, o trabalho desenvolvido nesta TESE tem como principal objetivo avaliar os 

efeitos toxicológicos de MPs e Cu, isolados ou combinados, em duas espécies de peixes, 

nomeadamente o peixe-zebra (Danio rerio) e o goraz (Pagellus bogaraveo), contribuindo com 

novas evidências sobre os impactos ambientais dos MPs nos organismos aquáticos de água doce 

e marinha. Considerando as limitações atuais de conhecimento sobre os efeitos dos MPs e do 

Cu em diferentes estágios de vida dos peixes, ou após exposições prolongadas, várias 

abordagens experimentais foram selecionadas. Peixes-zebra foram expostos a MPs (2 mg/L) e 

Cu (15 – 125 µg/L, diferentes concentrações de acordo com o bioensaio), isolados ou 

combinados, desde as 2 horas pós-fertilização (hpf) até às 96 hpf (exposição aguda) ou aos 14 

dias pós-fertilização (dpf) (exposição subcrónica), para avaliar, respectivamente, os efeitos 

independentes ou dependentes da ingestão destes poluentes no desenvolvimento embrionário 

dos peixes. Similarmente, uma exposição crónica de 30 dias, a MPs (2 mg/L) e Cu (25 µg/L), 

isoladamente ou combinados, foi realizada em peixes-zebra adultos para avaliar os efeitos de 

uma exposição prolongada em idade adulta. Adicionalmente, foi realizada uma exposição 

aguda e subcrónica (3 e 9 dias), a MPs (0,3 mg/L) e Cu (10 – 810 µg/L), isoladamente ou 

combinados, de larvas recém-eclodidas de goraz, uma espécie marinha, para avaliar o seu efeito 

nos estágios finais do desenvolvimento larvar. 
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A exposição aguda induziu, em embriões de peixe-zebra, alguns efeitos tóxicos, nomeadamente 

a diminuição da sobrevivência e da eclosão, stress oxidativo, modulação do sistema 

antioxidante, inibição da acetilcolinesterase (AChE) e disrupção de comportamentos de aversão 

e sociais. No entanto, estes efeitos foram observados particularmente nos grupos expostos ao 

Cu e às misturas (Cu+MPs), não tendo a exposição isolada a MPs produzido efeitos 

significativos no peixe-zebra. Estes resultados mostram que a ação tóxica da exposição aguda 

aos MPs, durante o período embrionário, pode ser limitada, possivelmente devido à presença 

do córion que atua como uma barreira protetora contra os poluentes. Quando expostos 

subcronicamente, durante 14 dias, observou-se que os MPs e as misturas Cu+MPs tiveram 

maior efeito tóxico nas larvas de peixe-zebra, em comparação com a exposição aguda, 

sugerindo que a toxicidade das partículas de plástico pode surgir após exposições mais longas 

e estar ainda relacionada com a sua ingestão. Em resumo, os resultados da exposição subcrónica 

mostraram que os MPs e Cu, isolados ou combinados, causaram uma elevada mortalidade, 

stress oxidativo e neurotoxicidade nas larvas de peixe-zebra. Em relação aos efeitos associados 

à neurotoxicidade, foi observada uma inibição da atividade da AChE e uma diminuição da 

expressão de genes relacionados com a proliferação neuronal (sox2, pcna), neurogénese 

(neuroD, olig2), desenvolvimento dos neurónios motores (islet) e DNA metiltransferases. Por 

sua vez, estes efeitos tóxicos podem ter contribuído para as alterações comportamentais 

observadas ao nível da competência locomotora e escape a predadores, nas larvas de 

peixe-zebra expostas a MPs, Cu e Cu+MPs. 

Adicionalmente, foram avaliados os efeitos crónicos dos MPs e Cu em peixes-zebra adultos, 

particularmente em dois principais órgãos-alvo – brânquias e cérebro. Nas brânquias, foi 

observado um aumento dos níveis de espécies reativas de oxigénio (ROS), com a consequente 

a indução de stress oxidativo, bem como um aumento da expressão de genes relacionados com 

a síntese de serotonina e apoptose. Em relação aos efeitos no cérebro do peixe-zebra, não foram 

observados sinais de indução de stress oxidativo. Porém, notou-se um aumento da atividade da 

AChE em todos os grupos expostos, alterações na expressão génica relacionada com a 

neurogénese adulta, sistema dopaminérgico e apoptose, bem como alterações no 

comportamento locomotor e social dos peixes. Estes resultados, por sua vez, destacam as 

diferentes interações dos MPs e Cu em diferentes órgãos. 

Por fim, a exposição aguda e subcrónica do goraz a MPs e Cu, provocou stress oxidativo, dano 

celular e modulação do sistema antioxidante. À semelhança do observado em peixe-zebra, uma 

espécie de água doce, os resultados demonstraram também no goraz, uma espécie marinha, que 
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a toxicidade dos MPs em fases embrionárias e larvares surge principalmente após exposições 

mais longas. No entanto, ao contrário do peixe-zebra onde os MPs e Cu, isolados ou 

combinados, desregularam a atividade da AChE e a proliferação neuronal, no goraz não foram 

observados tais efeitos neurotóxicos. Isto, por sua vez, indica que a resposta dos peixes aos MPs 

e Cu é também dependente da espécie. 

De uma forma geral, os resultados evidenciam que a exposição a MPs e Cu, isoladamente ou 

combinados, pode promover toxicidade no desenvolvimento, stress oxidativo e dano celular, 

alterações em termos de atividade metabólica, neurotoxicidade e comportamental. Os dados 

aqui apresentados proporcionam um conhecimento mais aprofundado sobre as interações 

toxicológicas dos MPs e metais pesados em peixes, principalmente em fases iniciais de vida. 

Esta TESE enfatiza que novas pesquisas sobre os efeitos dos MPs, isolados ou combinados com 

outros poluentes, devem incluir exposições mais prolongadas para avaliar adequadamente o 

potencial risco das partículas de plástico na saúde dos organismos. 

 

Palavras-chave: Peixes, microplásticos, metais pesados, stress oxidativo, comportamento, 

neurotoxicidade 
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3 

1. Overview of microplastics toxicity and contextualization of the THESIS 

The worldwide production of plastics has expanded during the last decades, reaching 367 

million tonnes in 2020 (PlasticsEurope, 2021). Consequently, through the years, plastic waste 

has accumulated in the environment due to accidental release and indiscriminate discards, 

affecting aquatic ecosystems and being now considered a global environmental and human 

health problem (Alimba and Faggio, 2019). Concern about the possible risks of plastics has led 

to the development of several regulations and policy initiatives in the European Union, such as 

the insertion of the marine litter among the 11 descriptors of the European Marine Strategy 

Framework Directive (2008/56/EC), or the Single-Use Plastics Directive (EU 2019/904). 

Among plastic debris, small plastic particles known as microplastics (MPs, reviewed in 

Chapter 2), have aroused special attention, being an emerging area of research (GESAMP, 

2016). Despite MPs pose a serious threat to the biota of both marine and freshwater ecosystems, 

and over the last decades the research on this topic has increased dramatically, as shown by the 

high number of publications on PubMed (4655 articles, using “microplastics” as a keyword), 

several knowledge gaps still exist. In this regard, the present THESIS intends to clarify and 

provide novel insights regarding the MPs toxicity. In this chapter, a brief contextualization, the 

main objectives, and the structural organization of the present THESIS are described. 

In a more general way, microplastics (MPs) are defined as small plastic polymer particles with 

a size lower than 5 mm (GESAMP, 2015). Nevertheless, a recent definition suggests MPs as a 

synthetic solid polymeric particle or matrix, with regular or irregular shape and a size ranging 

from 1 μm to 5 mm, of either primary or secondary manufacturing origin, which are insoluble 

in water (Frias and Nash, 2019). The primary MPs are manufactured within the µm size range 

and used in industrial or domestic applications. On the other hand, secondary MPs result from 

the degradation and fragmentation of larger plastic items, in the environment, under UV 

radiation or mechanical abrasion (Horton et al., 2017). MPs can reach the aquatic environment 

via different pathways, such as industrial or domestic drainage systems, wastewater treatment 

plants effluents, coastal tourism, fishing, and aquaculture industry (Avio et al., 2017; Horton et 

al., 2017). Irrespective of their origin, once in the environment, MPs can be transported over 

long distances, accumulating in terrestrial and aquatic ecosystems. Indeed, they have been 

identified in nearly all aquatic habitats around the world, including rivers, lakes, estuaries, 

coastal systems, open waters of seas and oceans, and remote polar regions (Duis and Coors, 

2016). In this regard, MPs' ubiquity, widespread distribution, and persistence in the aquatic 

environment make them easily accessible to a wide array of organisms (Duis and Coors, 2016; 
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Horton et al., 2017), representing a serious threat to the health and sustainability of the 

ecosystems. 

Because of their small dimensions, MPs interact with aquatic biota, being mostly uptaken by 

ingestion (Chapters 4 to 6 and 8), but also passively by gills water filtration (Chapter 7), or 

through trophic transfer (Barboza et al., 2018a; Wright et al., 2013). In turn, it has been shown 

that the interaction of aquatic organisms with MPs can elicit toxicological effects, such as 

mortality and reduced growth rate (Xia et al., 2020), oxidative stress (Barboza et al., 2018b, 

2018c; Qiao et al., 2019), reproductive impairment (Qiang and Cheng, 2021; Yan et al., 2020), 

immuno- and neurotoxicity (Barboza et al., 2018b; Espinosa et al., 2019; Huang et al., 2022), 

metabolic dysregulations (Qiao et al., 2019b), histopathological lesions (Hamed et al., 2021), 

behavioral alterations (Chen et al., 2020; Miranda et al., 2019; Wen et al., 2018b), and 

transgenerational effects (Martins and Guilhermino, 2018; Wang et al., 2019). In addition to 

the adverse impacts of the MPs per se, it has been suggested that these polymers may act as 

vectors of pollutants, a phenomenon called the “Trojan horse“ effect (Naasz et al., 2018). 

Several studies have demonstrated that MPs can sorb and accumulate persistent organic 

pollutants (POPs, Frias et al., 2010), pharmaceuticals (Santana-Viera et al., 2021), and metals 

(Godoy et al., 2019; Turner and Holmes, 2015), increasing the exposure of aquatic biota to 

these pollutants and, ultimately, influencing its biodistribution and/or toxicity. 

Among the pollutants that interact with MPs, heavy metals, such as copper (Cu), are of great 

concern due to their toxic nature and ubiquitous presence in aquatic ecosystems (Grosell, 2011). 

However, less than forty studies regarding the effects of MPs and heavy metals have been 

conducted so far (reviewed in Chapter 2), and of these only nine investigated the MPs and Cu 

interaction in aquatic organisms (Davarpanah and Guilhermino, 2015; Fu et al., 2019; Jinhui et 

al., 2019; Qiao et al., 2019a; Roda et al., 2020; Wan et al., 2021; Weber et al., 2021; Xiao et al., 

2021; Yuan et al., 2020). Moreover, there is still a lack in our understanding of the toxicity 

mechanisms by which MPs and heavy metals affect the aquatic biota. Therefore, in this THESIS, 

the combined toxicological effects of MPs and Cu were assessed in the freshwater fish model 

zebrafish (Danio rerio) (Chapters 3 to 8) and in the marine fish blackspot seabream (Pagellus 

bogaraveo) (Chapter 9) to potentially identify the cellular and molecular mechanisms 

underlying these pollutants toxicity, and to suggest sensitive endpoints that could be used for 

baseline studies and risk assessment of MPs in fish. 

The sensitivity to pollutants can differ between species and depend on the nature of the 

contaminant. In addition, in aquatic toxicology studies, a debate regarding which life stages are 
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more sensitive to pollutants is still ongoing. It has been suggested that fish larvae are generally 

more susceptible to pollutants than embryonic stages, and early life stages are more sensitive 

than adults (Hutchinson et al., 1998). Accordingly, it can be assumed that fish embryos and 

larval stages may be differently affected by MPs, combined or not with heavy metals, compared 

with adults. For instance, fish embryos that do not feed exogenously may not be susceptible to 

the toxicological effects derived from MPs ingestion. Even so, they can be exposed to MPs and 

their leaching products (e.g. heavy metals), which, in turn, can also lead to stress responses. 

The majority of the studies with MPs, with or without associated heavy metals, have been 

performed in adult fish species, while studies with early life stages are still limited (reviewed 

in Chapter 2). Any adverse effects of MPs on fish embryos and larvae might compromise the 

population recruitment and, ultimately, the fish stock sustainability. Therefore, risk assessment 

of plastic particles in fish early life stages is urgently needed. Furthermore, exploring different 

developmental stages may allow a deeper understanding of MPs and heavy metals effects, by 

providing information regarding the most sensitive biological stages; potential early and 

sensitive biomarkers/endpoints of exposure for early life stages and adults; and ultimately a 

better understanding of the toxicity and mode of action of MPs, with or without heavy metals, 

in fish. In this regard, to fulfill these gaps of knowledge and provide clues for early prediction 

of toxicity, in the present THESIS, the combined toxicological effects of MPs and Cu were 

assessed in zebrafish (Chapters 3 to 8) and blackspot seabream (Chapter 9), by considering 

different developmental stages: early life (Chapters 3 to 6, and 9) and adult (Chapters 7 and 

8) stages. 

The duration of exposure is also a crucial factor to consider in MPs environmental risk 

assessment. In general, it has been assumed that pollutants toxicity increases proportionately to 

exposure duration. Nevertheless, most aquatic toxicity data for MPs and associated heavy 

metals are based on short-term studies, ranging from 24 h (Boyle et al., 2020) to some days (e.g. 

72 or 96 h; Barboza et al., 2018b; Cheng et al., 2021; Miranda et al., 2019; Roda et al., 2020; 

Zhang et al., 2020). To our best knowledge, only six studies evaluated the subchronic (Qiao et 

al., 2019a) or chronic (Banaee et al., 2019; Jinhui et al., 2019; Lu et al., 2018; Wen et al., 2018a; 

Yuan et al., 2020) effects of MPs and heavy metals on fish. Hence, the present THESIS went 

further to clarify this knowledge gap by performing, in zebrafish, three main types of bioassays 

with different durations of exposure namely: (i) an acute exposure (96 h, Chapter 3) in embryos 

to evaluate the non-dietary effects of MPs and Cu, alone or combined; (ii) a subchronic 

exposure (14 days, Chapters 4 to 6) covering the embryonic and larval zebrafish development 
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to consider the transition from endogenous to exogenous feeding and evaluate the potential 

longer effects of MPs, and sorbed Cu, ingestion; and (iii) a chronic exposure (30 days, Chapters 

7 and 8) to evaluate the long-term effects of the combinatorial exposure to MPs and Cu in fish 

adults. Additionally, an exposure of 3 and 9 days (Chapter 9) to MPs and Cu, alone or 

combined, was performed in newly hatched larvae of the blackspot seabream, thus covering the 

later larval development stage. 

 

2. Thesis objectives and hypothesis 

The overall goal of the present THESIS was to assess the toxicological effects of MPs and Cu, 

alone or combined, in zebrafish (freshwater) and blackspot seabream (saltwater) species, to gain 

a better understanding of the potential ecological impacts of MPs and heavy metals mixtures in 

fish. To achieve this goal, three questions were defined: 

(1) Does the presence of MPs alone in the water induce toxicological effects on zebrafish 

and blackspot seabream? 

(2) Do MPs influence Cu toxicity? 

(3) Are there windows of development more sensitive to MPs and Cu? 

 

To answer these questions, and contribute to unraveling the cellular and molecular pathways 

that could be involved in the MPs toxicity, the following specific objectives were defined: 

(1) Assess the toxicological effects of MPs, alone or combined with Cu, in zebrafish early 

development after acute (96 h, Chapter 3) or subchronic (14 days, Chapters 4 to 6) 

exposure, using biochemical, genetic, immunohistochemical, and behavioral 

approaches. 

 

(2) Evaluate the long-term toxicological effects of MPs, alone or in mixture with Cu, in 

gills (Chapter 7) and brain (Chapter 8) of adult zebrafish following a chronic (30 days) 

experiment, through the combination of biochemical, genetic, and behavioral 

parameters. 

 

(3) Investigate the toxicological effects of MPs, alone or combined with Cu, in blackspot 

seabream late larval development, after an acute (3 days) and subchronic (9 days) 

exposure (Chapter 9), to compare the biological responses of freshwater and marine 

fish early life stages to the MPs–heavy metals developmental toxicity. 
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The obtained data, presented in the above-mentioned chapters and structured as scientific 

papers, are discussed in Chapter 10. A schematic representation of the THESIS is shown in 

Figure 1. 

 

 

Figure 1. Representation of the THESIS chapters outline. 
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Abstract 

Microplastics (MPs), i.e. plastic particles smaller than 5 mm, are nowadays ubiquitous in the 

aquatic environment and recognized as a serious threat to aquatic organisms and human health, 

as well to the ecosystems services. Given their small dimensions, MPs are ingested by aquatic 

biota, tending to accumulate along the food chain. In turn, different toxic effects, such as 

induction of oxidative stress, neurotoxicity, or reproductive dysfunction have been reported in 

the literature. Nevertheless, the debate and research of whether MPs pose risks to aquatic 

organisms remain. Over the past decade, several studies have shown that MPs are capable of 

absorbing waterborne pollutants, including heavy metals, with this interaction between MPs 

and other pollutants being dependent on various factors (e.g. type and size of MPs, 

hydrophobicity). In turn, it has been suggested that this interaction between these pollutants 

exacerbates their toxicity when MPs are ingested by the aquatic organisms. Considering this, 

this brief chapter provides an overview of the current state of the art on microplastics, as well 

their interaction with heavy metals, on aquatic organisms. Current understanding of the 

potential toxicological effects of MPs and heavy metals combination, as well the knowledge 

gaps, are presented here.  
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1. Introduction 

The discovery of plastics and their wide applicability has stimulated its massive production 

since the mid-20th century, reaching 367 million tonnes in 2020 (PlasticsEurope, 2021). In the 

European Union, plastic production reached 55 million tons, contributing to 15% of global 

plastic production. Moreover, from the 29.5 million tonnes of plastic post-consumer packaging 

waste that were collected for treatment, more than 23% was sent to landfills (PlasticsEurope, 

2021). This very high production of plastic, together with consumption habits and ineffective 

waste management and disposal, causes plastic debris to accumulate in both terrestrial and 

aquatic ecosystems (Alimba and Faggio, 2019; Avio et al., 2017). A recent report estimated 

that, in 2016, between 19 and 23 million metric tonnes (or 11%) of the plastic waste globally 

generated entered the aquatic ecosystems (Borrelle et al., 2020). The main inputs of plastic 

debris in the aquatic environment come from industrial or domestic drainage systems, rainfall-

induced surface runoff, wastewater treatment plants (WWTP) effluents, and aquatic activities 

(e.g. aquaculture installations, loss of nets in fisheries, tourism) (Avio et al., 2017), with river 

systems providing one of the major pathways of plastic litter into oceans (van Emmerik and 

Schwarz, 2020). Indeed, Lebreton et al. (2017) estimated that rivers carry between 1.15 and 

2.41 million tonnes of plastic litter, per year, to coastal and marine environments. To worsen 

this environmental problem, the COVID-19 pandemic created an enormous use of personal 

protective equipment (PPE), which is made of plastic, and in combination with mismanagement 

of waste has resulted in a major input of plastic into the aquatic environment (Prata et al., 2020). 

Recently, Saliu et al. (2021) reported that a single surgical mask may release up to 173.000 

fibers per day in the water. Once in the aquatic environment, plastic debris constitutes a serious 

threat to aquatic biodiversity, with repercussions for food safety, human health, and 

socioeconomy. 

After the first reports by Carpenter and Smith (1972) and Carpenter et al. (1972) about the 

presence and potential ecological consequences of plastic debris in the aquatic environment, 

over the past decade, there has been a growing concern in the scientific community, reflected 

in an increasing number of field and laboratory studies. Following this concern about the 

environmental impacts of plastic litter, important regulations and policy initiatives were 

implemented, such as the insertion of the marine litter among the eleven descriptors of Good 

Environmental Status in the European Marine Strategy Framework Directive (2008/56/EC), or 

the implementation of the Single-Use Plastics Directive (EU 2019/904), to prevent and reduce 

use and release of plastics into the aquatic environment. More recently, the United Nations (UN) 
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adopted the resolution “Our Ocean, Our Future: Call for Action” 

(https://oceanconference.un.org/callforaction), where all Member States have committed to 

implement long-term actions to reduce the use of plastics. 

 

2. Microplastics – a complex environmental problem 

Plastics are a complex mixture of synthetic organic polymers, made from fossil fuels (Alimba 

and Faggio, 2019). They can be divided into various polymer types, such as polyethylene (PE), 

polystyrene (PS), polyvinylchloride (PVC), polypropylene (PP), high- and low-density 

polyethylene (HDPE and LDPE), or polyethylene terephthalate (PET) (Avio et al., 2017). 

Plastics' characteristics, namely, high molecular weight, hydrophobicity and cross-linked 

chemical structure, make them resistant to biodegradation and, therefore, persistent in the 

aquatic environment (Horton et al., 2017). Nevertheless, once in the aquatic environment, 

plastics can undergo biological, physical and chemical (e.g. biofouling, photodegradation, 

hydrolysis) weathering, which results in their fragmentation into smaller particles (Wu et al., 

2019). According to their size, plastic debris has been classified as mega- (>100 mm), macro- 

(>20 mm), meso- (20-5 mm), micro- (<5 mm), and nano- (<0.1 µm) plastics (Horton et al., 

2017), with microplastics being nowadays an environmental issue of global concern and an 

emerging area of research. 

In a more general way, the term microplastics (MPs) is used to describe small plastic polymer 

particles with a size lower than 5 mm (GESAMP, 2016). Nevertheless, a recent definition 

suggests MPs as a synthetic solid polymeric particle or matrix, with regular or irregular shape 

and with size ranging from 1 μm to 5 mm, of either primary or secondary manufacturing origin, 

which are insoluble in water (Frias and Nash, 2019). Regardless of the definition, MPs fall 

within two categories, primary and secondary (Fig. 1). Primary MPs are manufactured in the 

µm size range and used in industrial or domestic applications (e.g. exfoliants in cosmetic 

formulations), reaching the aquatic environment directly through runoff. Whereas, secondary 

MPs result from the fragmentation of larger plastic items under UV radiation or mechanical 

abrasion (Alimba and Faggio, 2019; Horton et al., 2017). In turn, as larger plastic debris is 

fragmented into MPs, the potential adverse effects in aquatic organisms are increased. 
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Figure 1. Schematic overview of the main sources (primary and secondary), transportation, degradation, and 

biological interactions of microplastics in the environment (Source: Wu et al., 2019). 

 

2.1. Occurrence of microplastics in aquatic ecosystems 

Over recent years, it has been reported that MPs comprise a major percentage of marine and 

freshwater litter. In aquatic ecosystems, MPs have been found in different habitats, including 

rivers (Mani et al., 2015; Rodrigues et al., 2018), lakes (Baldwin et al., 2016; Free et al., 2014), 

estuaries (Browne et al., 2010; Rodrigues et al., 2019), coastal ecosystems (Frias et al., 2016, 

2010), open waters and oceans (Cózar et al., 2014), deep-sea sediments (Cunningham et al., 

2020) and even remote polar regions (Kanhai et al., 2018, 2020). The concentrations of MPs in 

water are variable, with estimates ranging from 0.001 to more than 100 000 particles/m3 in 

freshwaters and from 0.014 to 102,000 particles/m3 in marine waters (Horton et al., 2017; Wu 

et al., 2019), and with a broad range of shapes (e.g. spheres, fibers, fragments), polymer types 

(e.g. PE, PP, PS) and colors (e.g. transparent, white). Several surveys in both freshwater and 

marine sediments have reported concentrations of tens to hundreds of particles/kg (Horton et 

al., 2017). A summary of recent studies describing MPs concentrations in freshwater and marine 

samples is shown in Table 1. Moreover, although still little explored, the presence of MPs in 

drinking water has been reported, raising a growing concern about potential impacts on human  
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health (Eerkes-Medrano et al., 2019; Koelmans et al., 2019). For instance, an average of 628 

particles/L in treated water was recently reported (Pivokonsky et al., 2018), and between 0.91 

and 9.24 particles/L in tap water sampled from 14 countries (Kosuth et al., 2018). In this context, 

the pervasive presence of MPs in the aquatic ecosystems reflects both the intensive use of 

plastic products and the consequent rise in their global production, as well as the misuse and 

inability to properly manage plastic waste, which escalated dramatically with the recent 

COVID-19 pandemic (Prata et al., 2020; Silva et al., 2021). 

 

2.2. Uptake of microplastics by aquatic organisms 

Due to their global widespread distribution and persistence across the ecosystems, a broad range 

of aquatic organisms from many trophic levels are exposed to MPs (Bellas et al., 2016; 

Courtene-Jones et al., 2017; Desforges et al., 2015; Iannilli et al., 2019). Because of their small 

dimensions, being in the size range of food, MPs interact with aquatic biota and are mostly 

uptaken by ingestion, but also passively by gills water filtration, and skin (Barboza et al., 2018a; 

Horton et al., 2017; Wright et al., 2013b). Indirect ingestion as a result of the trophic transfer, 

when predators consume contaminated prey, has also been evidenced in some studies (Au et 

al., 2017; da Costa Araújo et al., 2020; Farrell and Nelson, 2013; Setälä et al., 2014). In general, 

the interaction and/or uptake of MPs by aquatic biota is dependent on various factors, including 

the size, shape, color, abundance in water and density of MPs particles, as well as the feeding 

strategy of the organisms (Wright et al., 2013b). 

The ingestion and/or gills uptake has been recognized as the major entry routes of MPs in the 

body (Barboza et al., 2018a) and has been demonstrated in a multitude of aquatic species from 

various geographical locations and habitats (Table 2). However, as long as scientific evidence 

is accumulating, additional concerns are growing regarding the potential for MPs translocation 

to the circulatory system, the brain, the liver, and muscle of organisms, among others (Browne 

et al., 2008; Ding et al., 2018; von Moos et al., 2012; Zeytin et al., 2020). Indeed, Lu et al. 

(2016) found that after 7 days of exposure, 5 µm diameter plastic particles were translocated 

into the liver of zebrafish (Danio rerio), causing inflammation and lipid accumulation. 

Likewise, it was found that once ingested, 0.1 µm polystyrene MPs reach the brain along with 

blood circulation in Nile tilapia (Oreochromis niloticus) (Ding et al., 2018). Despite this field 

of knowledge having only recently started to be investigated, data from these studies highlight 

the potential impacts of MPs on a variety of physiological functions.  
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Considering the numerous studies that report ingestion/uptake, and the potential translocation 

of MPs through the aquatic fauna, including commercial species, raising concerns over food 

safety, it is crucial to investigate the MPs interactions and their toxicological effects in biota to 

better interpret ecological and human health consequences. 

 

2.3. The interactions of microplastics and chemical pollutants 

In the aquatic environment, organisms are frequently exposed to a complex mixture of 

pollutants, rather than to a single pollutant. In this regard, and considering that MPs shares 

common pathways with other pollutants, interactions between MPs and waterborne pollutants 

are likely to occur. Their large surface area, functional groups, and polarities, which confer 

them, for instance, hydrophobic properties, contribute to the adsorption of other pollutants by 

MPs (Bhagat et al., 2020). With this, it has been argued that MPs can act as vectors for 

waterborne pollutants dispersion, a phenomenon called the “Trojan horse “effect, consequently, 

altering their bioavailability and/or toxicity to aquatic organisms (Naasz et al., 2018; Wu et al., 

2019). 

Several studies have demonstrated that MPs can sorb persistent organic pollutants (POPs) (Frias 

et al., 2010), polycyclic aromatic hydrocarbons (PAHs) (Frias et al., 2010; Tan et al., 2019), 

pesticides (Fang et al., 2019; Li et al., 2021), pharmaceuticals (Razanajatovo et al., 2018; 

Santana-Viera et al., 2021), endocrine-disrupting chemicals (Chen et al., 2019) and heavy 

metals (Brennecke et al., 2016; Godoy et al., 2019; Turner and Holmes, 2015). The factors that 

influence the sorption/desorption of pollutants to/from MPs include the presence of additives, 

polymer type, shape, size, color, density, crystallinity, and degree of weathering/aging of MPs 

(Bhagat et al., 2020; Cao et al., 2021; Qiao et al., 2019a; Teuten et al., 2009). It has been 

reported that most of the types of MPs show reversible sorption, with irreversible desorption 

(or desorption hysteresis) occurring mostly on glassy MPs like PVC (Song et al., 2021). 

Moreover, factors like temperature, pH, salinity, and presence of natural organic matter, as well 

the properties of the pollutants, such as their hydrophobicity or the van der Waals forces 

established between the MPs and the pollutants, also influence the adsorption capacity (Fu et 

al., 2021). 

This association between MPs and waterborne pollutants is of particular concern when the 

plastic particles are ingested/uptaken by the aquatic fauna, since the sorbed pollutants can be 

released into the organism through desorption processes (Liu et al., 2020; Siri et al., 2021). 

Bakir et al. (2014) reported that the desorption of pollutants can be up to 30 times higher in the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bio-availability
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gut than in seawater alone, with a substantial increase under conditions simulating warm-

blooded organisms. Besides, when in a mixture, the MPs and associated pollutants can exhibit 

interaction effects, which can change their bioavailability and toxicity to organisms (Bhagat et 

al., 2020). These interactions can result in additive, i.e. the pollutants in the mixture do not 

interact with each other; synergistic, i.e. the mixture toxicity is higher than that of the individual 

pollutants; antagonistic, i.e. the toxicity of the mixture is lower than that of the individual 

pollutants; or potentiating effects, i.e. when a pollutant does not normally have a toxic effect, 

but when added to another pollutant it leads to higher toxicity of the second one (Bhagat et al., 

2020; Rodea-Palomares et al., 2015). Considering this, the evaluation of the interaction between 

plastic particles and waterborne pollutants is crucial and may help to unravel the real 

environmental impact of MPs in aquatic ecosystems. By neglecting these potential mixture 

effects, the adverse effects of MPs may be underestimated. 

 

2.3.1. Microplastics as a vector for heavy metals – the interaction with copper 

Among the pollutants sorbed to MPs, heavy metals constitute a priority in the assessment of 

plastic particles mixtures. Heavy metals are a global environmental problem, with ecological, 

health, and economic implications. They reach the aquatic environment from both natural and 

anthropogenic sources. Bedrock weathering or volcanic activity constitutes natural sources, 

while the anthropogenic sources comprise mainly urban runoff and industrial wastewaters, 

agricultural fertilizers/pesticides, antifouling paints, mining, and aquaculture (Ali et al., 2019; 

Grosell, 2011). In some aquatic ecosystems, metal concentrations exceed water quality criteria, 

due to their transport to sediments, persistence in the environment, and potential for 

bioaccumulation and biomagnification in the food chain (Ali et al., 2019). Consequently, heavy 

metals pose toxicological risks to aquatic biota and, ultimately to human health. Indeed, it has 

been reported that heavy metals can cause, for instance, oxidative stress, neurotoxicity, DNA 

damage, respiratory distress, reproductive impairment, and carcinogenesis (Kennedy, 2011). 

Once released into the aquatic environment, heavy metals can coexist with MPs. In turn, MPs 

can affect, directly or indirectly, the heavy metals' speciation and bioavailability. Several 

studies have confirmed that MPs have a high affinity to heavy metals, such as cadmium, copper, 

lead, zinc, mercury, silver, and aluminum, in the aqueous phase (Ashton et al., 2010; Brennecke 

et al., 2016; Godoy et al., 2019; Holmes et al., 2014; Munier and Bendell, 2018; Turner et al., 

2020; Turner and Holmes, 2015). On the other hand, heavy metals can also be easily desorbed 
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from the MPs (Cao et al., 2021; Wang et al., 2019a; Zhou et al., 2020), highlighting the potential 

ecological risks that MPs ingestion poses to aquatic organisms. 

Among heavy metals, copper (Cu) remains a pollutant of high concern and one of the most 

commonly found in aquatic ecosystems. Cu is an essential element involved in numerous 

biological processes (Grosell, 2011). However, when present at high levels, due to its redox 

properties, Cu can induce the formation of reactive oxygen species (ROS) and become toxic to 

organisms (Grosell, 2011). This heavy metal has been found in concentrations ranging from 

0.04 up to 560 µg/L in surface waters (Couto et al., 2018; Grosell, 2011; Oliveira et al., 2008; 

USEPA, 2007), but also in concentrations ranging from 0.06 to 500.6 µg/g in MPs recovered 

from sediment and/or surface waters (Deng et al., 2020; Dobaradaran et al., 2018; Imhof et al., 

2016; Li et al., 2020a; Munier and Bendell, 2018; Sarkar et al., 2021; Wang et al., 2017). 

Previous studies have shown that Cu causes a wide range of toxic effects in aquatic organisms, 

including impairment of sodium (Na+) homeostasis (Glover et al., 2016; Guerreiro Gomes et 

al., 2019), inhibition of ammonia excretion (Lim et al., 2015), oxidative stress (Craig et al., 

2007; Vieira et al., 2009), apoptosis (Kim et al., 2018; Luzio et al., 2021, 2013; Monteiro et al., 

2009), embryonic toxicity (Cao et al., 2010; Wang et al., 2020a; Witeska et al., 2014), olfactory 

impairment (Baldwin et al., 2011), behavioral alterations (Acosta et al., 2016; Haverroth et al., 

2015; Puglis et al., 2019), reproductive dysfunction (Cao et al., 2019; Pinto et al., 2021) and 

neurotoxicity (Sonnack et al., 2015; Zhang et al., 2015). 

In this regard, considering the toxicity of Cu alone, the evaluation of the potential impacts of 

the mixture of both MPs and Cu is of utmost importance to elucidate how their interaction may 

affect ecosystem health. Nevertheless, there is a critical lack of knowledge about the effects of 

the interaction between MPs and Cu, as well as between MPs and heavy metals in general, on 

aquatic biota. 

 

3. Ecotoxicological impacts of microplastics  

Due to their widespread occurrence in water environments, MPs pose a potential risk to biota 

at all levels of biological organization (Fig. 2), with unpredictable consequences to the 

ecosystem function and equilibrium (Khalid et al., 2021). In turn, to develop effective risk 

assessment measures it is crucial to evaluate the biological impacts and associated toxicity 

mechanisms of MPs in aquatic organisms. 
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3.1. Toxic effects of microplastics, alone or combined with environmental pollutants 

Several studies have shown that MPs, isolated or combined with waterborne pollutants, can 

exert different types of effects on organisms, from physical injuries to damage at the sub-

cellular level. When ingested, MPs can cause physical damage in the gastrointestinal tract, such 

as internal abrasions and blockages (Ahrendt et al., 2020; Pedà et al., 2016). Consequently, 

these physical effects can lead to feeding disruption, and ultimately starvation and increased 

mortality (Cole et al., 2013; Murphy and Quinn, 2018). For instance, the polychaete worm 

Arenicola marina, exposed to sediments spiked with PVC, showed a decrease of energetic 

reserves of up to 50% as a consequence of the reduced feeding activity, longer gut residence 

times of ingested material and inflammation (Wright et al., 2013a). 

 

 

Figure 2. Schematic illustration of the toxicity effects of microplastics, and possible associated pollutants, across 

all biological levels (Source: Khalid et al., 2021). 

 

In addition to the physical damages, a range of ecotoxicological effects at the individual, 

cellular, and molecular levels have been documented in several groups of organisms exposed 

to MPs. A review of some recent studies reporting toxic effects of MPs, isolated or combined 

with other pollutants, in aquatic species, is shown in Table 3. At the cellular and molecular 

levels, it has been reported that MPs, or their combination with other pollutants, can cause 

oxidative stress (Banaee et al., 2019; Barboza et al., 2018c; Fu et al., 2019; Na et al., 2021), 

immunotoxicity (Gu et al., 2020; Xu et al., 2021), metabolic dysregulation (Qiao et al., 2019b), 

cell death (Guimarães et al., 2021; Umamaheswari et al., 2021b), inflammatory responses 

(Solomando et al., 2020), and neurotoxicity (Barboza et al., 2018c; Guo et al., 2021) in 
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microalgae, zooplankton, bivalves and fish. Changes in the expression of genes related to 

different physiological functions have been observed as well. For instance, MPs exposure 

induced changes in the expression of genes related to MAPK signaling pathway (Yu et al., 

2018), and in the antioxidant system (gstp1, cat, sod, gpx), nervous system (ache), growth (ghr, 

igf-1), immunity (ltb4r, tcra), and xenobiotics metabolism (cyp2p8) (Limonta et al., 2021, 2019; 

Romano et al., 2020; Umamaheswari et al., 2021a). In terms of tissue and organ impacts, MPs 

can cause different types of histopathological alterations, including necrotic areas and 

inflammatory cells in the kidney, liver and muscle (Hamed et al., 2021; Hodkovicova et al., 

2021; Lu et al., 2016), or lamellar fusions, lifting of epithelium and hyperplasia in gills (Alnajar 

et al., 2021; Hamed et al., 2021; Hodkovicova et al., 2021; Karbalaei et al., 2021). 

In turn, cellular/tissue alterations lead to multiple adverse effects at the individual level, and, 

ultimately, on ecosystems processes. For instance, exposure to 10 μm polystyrene microplastics 

for 60 days induced a decrease in 17β-estradiol (E2) and testosterone (T) concentrations, in 

marine medaka (Oryzias melastigma), which was followed by gonad maturation delay and 

decreased fecundity in females (Wang et al., 2019b). Decreases in gametogenesis, sperm 

velocity, fertilization success, and offspring development, have also been reported in oysters 

(Gardon et al., 2018; Sussarellu et al., 2016). Adverse effects of MPs on energy reserves and 

aquatic organisms' behavior have also been determined. It was recently shown that zebrafish 

exposed to 5 μm polystyrene MPs, at a wide range of concentrations (0.001–20 mg/L), exhibited 

hyperactivity and increased swimming distance, manifesting a manic and active state (Chen et 

al., 2020). The authors found that the excessive movements of zebrafish caused a decrease of 

glucose and acetaldehyde metabolite contents and increased amino acid amounts, thus altering 

the energy supply of fish. By disrupting crucial physiological functions of organisms, such as 

growth, reproduction and complex behaviors, MPs, with or without associated pollutants, can 

jeopardize the ecosystem services (e.g. productivity, species richness, trophic-level energy 

transfer) and stability (Ma et al., 2020). 

As described, several studies demonstrate that MPs can change, for instance, the oxidative 

balance in the cells, cause neurotoxicity, and/or impair the reproductive ability of aquatic 

organisms. Despite being an active field of investigation, most of the studies in the literature 

have focused on documenting the effects of MPs alone. There is a scarcity of critical assessment 

of the joint toxicity of MPs and other environmental pollutants, particularly heavy metals, on 
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aquatic organisms (Cao et al., 2021). In fact, regarding the effects of MPs and heavy metals, 

the research is limited to a handful of studies (Table 4). When considering Cu, heavy metal of 

high concern, few studies (including data from this THESIS, Santos et al., 2022, 2021a, 2021b, 

2020) have investigated their joint toxicity with MPs, and most of them were performed in 

microalgae and invertebrates (Table 4). The limited number of studies described here suggests 

that the interaction between MPs and Cu is far from clear, and the mechanisms underlying the 

toxicity impacts of these pollutants are still poorly understood. Therefore, there is a growing 

need to expand the knowledge about the MPs and Cu toxicity in aquatic organisms. This could 

provide critical information to elucidate the potential MPs and heavy metals effects on aquatic 

food chains, fisheries productivity, and ultimately, human health. 

 

3.2. Factors that influence microplastics toxicity 

The assessment of MPs toxicity has been recognized as a very complex topic. According to the 

literature, exposure to MPs can have a negative (as described above) or a neutral effect on 

organisms' fitness and health. For example, the ingestion of polyethylene MPs had a limited 

impact on larvae of the European sea bass (Dicentrarchus labrax), possibly due to their high 

potential of egestion (Mazurais et al., 2015). Similarly, no mortality or dose-dependent weight 

loss was observed in Antarctic krill (Euphausia superba) exposed to polyethylene particles, 

with MPs showing limited acute toxicity (Dawson et al., 2018). When considering the toxicity 

of mixtures of MPs with other pollutants, controversial data have also been reported. While 

some studies show that the presence of MPs can increase pollutants toxicity (Karbalaei et al., 

2021; Lu et al., 2018; Xu et al., 2021), others suggest that it can alleviate the chemical's toxicity 

(Chen et al., 2017; Zhang et al., 2021). There are also studies that show neutral effects, with 

MPs not modulating the toxicity of pollutants (Beiras et al., 2019; Schmieg et al., 2020; Weber 

et al., 2021). 

The available data suggest that the discrepancy and variability of responses among studies may 

result from the physical and chemical characteristics of MPs (e.g. type, size, shape, chemical 

composition), the physicochemical characteristics of the adsorbed pollutants, variations in the 

exposure regimes (e.g. duration, concentrations, exposure route), the species-specific 

morphological, physiological and behavioral traits, as well as the life stage evaluated 

(Franzellitti et al., 2019). Overall, small size particles and the presence of adsorbed pollutants 

seem to induce higher toxicity (Bhagat et al., 2020). 
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4. Gaps of knowledge on microplastics toxicity in fish 

Fish comprise a highly diverse taxonomic group, with ecological and economic importance. 

Fish and fishery products play a key role in world society, contributing to economic well-being 

and providing highly nutritive/low-carbon-footprint food to the population (FAO, 2020). 

However, the current levels of MPs pollution, as well as heavy metals pollution, constitute a 

threat to biodiversity, productivity, and health of fish populations, representing a potential 

constraint for food security. In this context, it is crucial to build knowledge on how MPs affect 

fish health and fitness, from individual to community levels. As noted in the sections above, 

the number of studies evaluating the effects of MPs and heavy metals in fish is increasing. 

However, it is still an immature area of research and is subject to several challenges. 

Focusing on life stages, most of the studies have been performed in mature fish (Tables 3 and 

4), existing an overall knowledge gap concerning the effects of MPs, isolated or combined with 

heavy metals, on early development. The few studies conducted in fish early life stages show 

that MPs can accumulate in chorion (Cheng et al., 2021; Duan et al., 2020; Qiang and Cheng, 

2019; Santos et al., 2020; Xia et al., 2022) or be ingested by larvae (Campos et al., 2021; DiBona 

et al., 2021; LeMoine et al., 2018; Santos et al., 2021a, 2021b; Yang et al., 2020), inducing 

toxic effects (Tables 3 and 4). It has been pointed out that environmental impacts at early 

development stages can carry over to later life stages, negatively affecting the fitness and 

survival of fish populations (Eerkes-Medrano et al., 2015; Hutchinson et al., 1998). In this 

context, a valuable research avenue is to assess the potential for MPs and heavy metals to cause 

differential impacts across different life stages, which could help to foresee major disruptions 

in ecological systems. 

Furthermore, when considering the duration of exposure, there is high variability among studies, 

ranging from a few hours to several weeks (Tables 3 and 4). In particular, little is known about 

the biological and ecological effects of prolonged co-exposure to MPs and heavy metals 

(particularly Cu), constituting a serious knowledge gap. The duration of exposure can dictate 

the severity of the pollutant's toxic effects (Jacob et al., 2020). It has been evidenced that acute-

to-chronic experimental data is an important approach in environmental risk assessment as 

pollutants may show different behaviors and modes of action under short- and long-term 

exposures (May et al., 2016). For instance, there is already some scientific evidence suggesting 

that after a longer exposure period, plastic particles demonstrate toxicity at non-toxic 

concentrations in standardized 24 or 48 h acute tests (Kelpsiene et al., 2020). Therefore, the 



State of the art – CHAPTER 2 

 
32 

evaluation of different developmental stages and exposure durations should be an important 

element to consider in MPs risk assessment. 

Finally, the choice of the most suitable species is crucial in MPs toxicity assessment. Fish 

physiology and behavior vary among species as well as among environmental conditions. 

Furthermore, it is still not clear whether MPs toxicity data based on freshwater species can be 

applied to marine fish, and vice-versa (de Sá et al., 2018). Therefore, considering a multispecies 

approach, using model and non-model fish species that live in different habitats, it is crucial to 

broaden our understanding of MPs and heavy metals effects, since the response to such stressors 

can be species-specific (de Sá et al., 2018; Jacob et al., 2020). 

 

Overall, considering the gaps of knowledge in MPs research, unraveling its ecological and 

human health effects requires further studies involving multispecies approaches, based on 

pollutants mixtures and with greater emphasis on early life stages. In turn, such approaches can 

help to develop new ecotoxicological markers to detect effects at lower MPs concentrations 

(Jacob et al., 2020). By providing more in-depth and solid knowledge about the toxicological 

effects posed by MPs, alone or combined with priority pollutants such as heavy metals, better 

strategies and guidelines could be defined to improve the handling of plastics and minimize the 

hazards of MPs pollution on aquatic ecosystems. 
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Abstract 

Data about the toxicological interactions of MPs and heavy metals in biota is limited, 

particularly in fish early life stages. This study aimed to evaluate the toxicological effects of 

MPs and copper (Cu), alone or combined, in zebrafish early life stages. Embryos were exposed 

from 2 until 96-h post-fertilization (hpf) to MPs (2 mg/L), three sub-lethal concentrations of Cu 

(15, 60 and 125 µg/L) and binary mixtures containing Cu and MPs (Cu15+MPs, Cu60+MPs, 

Cu125+MPs). Lethal and sub-lethal parameters, histopathological changes, biochemical 

biomarkers, gene expression and behavior were assessed. Our findings showed that Cu and 

Cu+MPs decreased embryos survival and hatching rate. Increased ROS levels were observed 

in larvae exposed to the two lowest Cu and Cu+MPs groups, suggesting induction of oxidative 

stress. An increased CAT and GPx activities were observed in Cu and Cu+MPs, implying a 

response of the antioxidant defense system to overcome the metal and MPs stress. The sod1 

expression was downregulated in all Cu groups and the two highest Cu+MPs exposed groups. 

AChE was significantly inhibited in Cu and Cu+MPs groups, indicating neurotoxicity. A 

disruption of avoidance and social behaviors was also noticed in the Cu125 and Cu125+MPs 

exposed larvae. Evidence of Cu-toxicity modulation by MPs was observed in some endpoints. 

Overall, the findings of this study highlight that Cu alone or co-exposed with MPs lead to 

oxidative stress, neurotoxicity and ultimately behavioral alterations in early life stages of 

zebrafish, while MPs alone do not produce significant effects on zebrafish larvae. 

 

 

 

Keywords: Plastic particles; heavy metals; embryotoxicity; oxidative stress; behavior.
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1. Introduction 

Microplastics (MPs), defined as small plastic particles with a size lower than 5 mm, have 

emerged as a global environmental problem (Alimba and Faggio, 2019; Auta et al., 2017; 

Pacheco et al., 2018; Wagner et al., 2014). Given their persistence and long-range transport, 

MPs have been detected in marine (Browne et al., 2011), estuarine (Browne et al., 2010), and 

freshwater (Free et al., 2014; Mani et al., 2015) ecosystems and even in polar regions (Kanhai 

et al., 2018). In fact, it has been shown that MPs are readily consumed by a wide variety of 

freshwater and marine fish (Markiv et al., 2019; Wagner et al., 2014). Several studies have 

reported that MPs can elicit ecotoxicological effects in fish, including reduced body weight 

(Zhao et al., 2020), oxidative stress (Barboza et al., 2018a; Choi et al., 2018; Lu et al., 2016; 

Qiao et al., 2019b; Wang et al., 2019), neurotoxicity (Barboza et al., 2018a; Miranda et al., 

2019; Roda et al., 2020), endocrine and reproductive disruption (Wang et al., 2019), 

histopathological lesions (Lu et al., 2016; Qiao et al., 2019b; Wang et al., 2019) and altered 

behavior patterns (Barboza et al., 2018b; Choi et al., 2018). 

Most of the studies were focused on adult fishes, while embryos and larval fish have been less 

studied, particularly freshwater species. Investigations have shown that the impact of pollution 

on early life stages can compromise later life stages, consequently resulting in reduced 

survivorship and reproduction rate of a variety of animal species, including fish, ultimately 

affecting their fitness (Pechenik, 2006). To date, only a few studies reported that exposure of 

early life stages of freshwater and marine fish to MPs impair survival, hatching, swimming 

behavior, gene expression, and energy metabolism (Karami et al., 2017; LeMoine et al., 2018; 

Pannetier et al., 2020, 2019; Qiang and Cheng, 2019; Wan et al., 2019). Taking this into 

consideration, the consequences of MPs exposure and its toxicological effects on fish early life 

stages are not negligible, demanding an urgent risk assessment of these small particles in fish 

early life stages. 

Due to their large surface area and hydrophobic properties, MPs can adsorb waterborne 

contaminants, such as heavy metals (mercury, copper, cadmium, aluminum, silver and lead) 

(Brennecke et al., 2016; Godoy et al., 2019; Rivera-Hernández et al., 2019; Turner and Holmes, 

2015). Laboratory studies have investigated the effects of mixtures of MPs and heavy metals 

on fish (Barboza et al., 2018b; Lu et al., 2018; Miranda et al., 2019; Qiao et al., 2019a; Roda et 

al., 2020), with some of them highlighting that MPs can influence the bioaccumulation of 

metals (Barboza et al., 2018a). Copper (Cu), an essential micronutrient, but toxic to organisms 

at high levels (Sorensen, 1991), is commonly found in aquatic ecosystems at concentrations 
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ranging from 0.04 to 560 µg/L (Oliveira et al., 2008; USEPA, 2007). Moreover, a wide variety 

of adverse effects, including biochemical, physiological and behavioral changes have been 

reported in fish exposed to Cu (Haverroth et al., 2015; Sonnack et al., 2015). Cu is ubiquitous 

in rivers (Couto et al., 2018; Milivojevic et al., 2016), estuaries (Couto et al., 2018) and coastal 

ecosystems (Rossi and Jamet, 2008), where MPs pollution also has a high occurrence (e.g. 

average of 892.777 particles/km2  reported in Rhine River, Europe) (Frias et al., 2016; Lasee et 

al., 2017; Mani et al., 2015), which makes the exposure of fish early life stages to the 

combination of MPs and Cu inevitable. In fact, some studies have reported very high 

concentrations of metals, including Cu (e.g. 188 µg/g), recovered from the plastics debris in 

coastal (Munier et al., 2018; Rochman et al., 2014) and freshwater (Wang et al., 2017) 

ecosystems. 

However, there is a considerable gap of knowledge regarding the interactions between MPs and 

Cu, and their toxicological effects on fish early life stages. The assessment of the associated 

risks of MPs and sorbed contaminants in aquatic biota is crucial to understand the impact of 

plastics in the aquatic ecosystems and for the development of effective mitigation measures. 

Within this conceptual framework, the aim of the present study was to evaluate the potential 

effects of an acute exposure to MPs, alone or co-exposed with Cu, on early developmental 

stages of zebrafish (Danio rerio), a freshwater vertebrate model. Two questions were defined 

in the present study: (1) does the presence of MPs alone in the water induce toxicological effects 

on zebrafish early life stages? and (2) does MPs influence Cu toxicity on zebrafish 

embryogenesis? For this purpose, several lethal and sub-lethal (enzymatic, genetic and 

behavioral) endpoints were evaluated in zebrafish embryos and larvae. A set of enzymatic 

biomarkers including enzymes involved in oxidative damage response (ROS, SOD, CAT, GPx, 

GST, GSH, GSSG and LPO), metabolic activity (LDH), metal detoxification (MT) and 

neurotoxicity (AChE), as well the respective genes involved in the biosynthesis or regulation 

of oxidative stress (sod1, cat, gstp1, gclc and mt2) and neurotoxicity (ache), were chosen to 

cover the oxidative stress response pathway. Behavioral endpoints related to locomotor, 

avoidance and social responses were also assessed to evaluate potential defective brain 

functions and, therefore, neurotoxicity induced by MPs and Cu on larvae. 
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2. Material and Methods 

2.1. Ethics statement on animal experiments 

The experimental procedures were performed in agreement with the European (Directive 

2010/63/EU) and Portuguese (Directive 113/2013) legislations on animal experimentation and 

welfare. 

 

2.2. Chemicals 

Red fluorescent spherical polymer particles (proprietary polymer of undisclosed composition, 

melt point ~290 °C, Lot number: 171025-1038), with sizes of 1-5 µm, were purchased from 

Cospheric LLC (Santa Barbara, CA, USA) and provided as a dry powder. These particles are 

red, having a density of 1.3 g/cm3, an excitation wavelength of 575 nm and emission wavelength 

of 607 nm. Following the information of the manufacturer regarding the density, the number of 

polymer particles per mg of these polymer particles was determined according to the following 

formula: (3πr3)/4, with r corresponding to radius and  to the density of the particle. According 

to this, 1 mg of MPs has approximately 5.44E+07 spheres (estimate made for an average of 3 

μm diameter). These polymer particles were chosen as MPs model due to their size, which is 

close to the range of the chorionic pores of fish embryos, and their fluorescence which allows 

observing their biodistribution in the embryos. Besides, this type and size of MPs was already 

used in previous studies that reported toxicity of these particles, both alone or in mixture with 

other pollutants, in fish species (Batel et al., 2016; Ferreira et al., 2016; Fonte et al., 2016; Luís 

et al., 2015; Oliveira et al., 2013). 

Copper sulfate pentahydrate (CuSO4·5H2O) was purchased from Merck (Darmstadt, Germany). 

Stock solutions of CuSO4·5H2O were prepared in ultrapure water (Milli-Q, Millipore). All other 

chemicals were purchased from science reagents suppliers, at the highest purity available. 

The exposure solutions of Cu, MPs or their mixtures were freshly made with embryo water [28 

± 0.5 °C, 200 mg/L Instant Ocean Salt (Aquarium Systems Inc., France) and 100 mg/L sodium 

bicarbonate; UV sterilized, pH 7.5-8] prepared from filtered-tap water. 

 

2.3. Zebrafish maintenance and embryo collection 

Adult AB wild-type zebrafish (Danio rerio) were purchased from a local pet shop and 

maintained under standard conditions in the fish facilities of the University of Trás-os-Montes 

and Alto Douro (Vila Real). Briefly, zebrafish adults were kept at 28 ± 1 °C under a 14:10 h 
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(light: dark) photoperiod, in a flow-through system with dechlorinated, aerated, charcoal 

filtered and UV sterilized water (pH 7.5 ± 0.5). Adults were fed twice a day with a standard diet 

(Westerfield, 2000), supplemented with Artemia sp. nauplii. 

Zebrafish embryos were obtained from mass crosses of spawning adults (in a proportion of 2 

males for each female) grouped in tanks overnight with a net bottom cover with glass marbles. 

In the following morning, spawning activity was induced by the onset of the light cycle and 

fertilized eggs were collected within 1 h after spawning, rinsed several times with embryo water, 

bleached and rinsed again (Westerfield, 2000). 

 

2.4. Developmental toxicity experiments 

The experiments were carried out following the OECD 236 guideline on fish embryo toxicity 

test (FET) (OECD, 2013), with minor modifications. Briefly, fertilized eggs were randomly 

distributed into 50 mL glass beakers and incubated under semi-static conditions, at 28 ± 0.5 °C 

with a photoperiod of 14:10 h (light: dark). Zebrafish embryos (100 embryos/group/replicate) 

were exposed from ~2 to 96 h post-fertilization (hpf), to eight treatments: control (embryo 

water), MPs (2 mg/L), three sub-lethal concentrations of Cu (Cu15, 15 µg/L; Cu60, 60 µg/L; 

and Cu125, 125 µg/L) and three binary mixtures containing Cu and MPs (Cu15+MPs, 15 µg 

Cu/L + 2 mg MPs/L; Cu60+MPs, 60 µg Cu/L + 2 mg MPs/L; and Cu125+MPs, 125 µg Cu/L 

+ 2 mg MPs/L). 

Additional experiments, following the same experimental set, with 250 viable zebrafish eggs 

were performed for the metal, biochemical, metallothionein and gene expression sampling. 

These embryos were from the same batch of fertilized eggs used for the toxicological assay and 

were exposed in the same conditions. Five replicates were established for each condition. The 

concentration of MPs (2 mg/L) was selected based on toxicity results of previous studies (Chen 

et al., 2017; LeMoine et al., 2018) and in recent reports that described concentrations of MPs 

from 0.64±0.92 up to 5.51±9.09 mg/L in playa wetlands (Lasee et al., 2017) and a number of 

particles varying from 1 × 10−2 to 108 #/m3 in drinking and freshwaters (reviewed in Koelmans 

et al., 2019). According to the calculated number of particles per g (described above), 2 mg/L 

will correspond to 1.09  105 particles, which is in the range of values described in drinking 

and freshwaters. The concentrations of Cu were selected based on ~10% of 96-h LC50 value 

(0.636 mg Cu/L) determined in the present study, and on described environmentally relevant 

concentrations (Couto et al., 2018; Milivojevic et al., 2016). The details of the LC50 

determination are provided in the Supplementary data (Fig. S1). The exposure solutions were 
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renewed daily to maintain the compounds concentrations. The mixtures solutions were prepared 

24 h before exposure to allow Cu sorption to MPs (Chen et al., 2017). 

Along the experiment, lethal and sub-lethal morphological parameters were determined. 

Mortality was recorded daily and the hatching rate was determined at 48, 56, 72 and 96 hpf. 

For the heartbeat rate evaluation at 48 and 96 hpf, 10 embryos/larvae from each group, per 

replicate, were placed on a Petri dish, under an inverted microscope and the heartbeat was 

counted during 15 s, at least three times, and expressed as beats per minute. Prior heartbeat 

evaluation, fish were acclimated for 5 min in the Petri dish. At 96 hpf, 15 larvae from each 

group/replicate were euthanized by overdose with neutralized tricaine methanesulfonate (MS-

222) and body length, eye diameter and morphological malformations were then screened and 

photographed under an inverted microscope (IX 51, Olympus, Antwerp, Belgium). Images 

were acquired using Cell^A software (Olympus, Antwerp, Belgium), and processed with Adobe 

Photoshop CS6 (Adobe Systems, USA). Measurements of body length and eye diameter were 

made using digital image analysis software (Digimizer version 4.1.1.0, MedCalc Software, 

Belgium). To evaluate the internal distribution of the fluorescent MPs, 10 embryos or larvae 

were randomly selected from each treatment, at 24 and 96 hpf, for observation and evaluation. 

The selected fish were rinsed with ultrapure water (Milli-Q, Millipore), immobilized in 1% 

agarose, placed under a fluorescent inverted microscope (Fluorescein-Isothiocyanate (FITC) 

filter; IX 51, Olympus, Antwerp, Belgium) and images were taken for analysis. The 

developmental stages were identified according to Kimmel et al. (1995). 

 

2.5. Analysis of metals 

At the beginning and at the end of the experiments, water samples from the exposure solutions 

were collected for metal analysis. The samples were acidified (65% HNO3, Merck, Darmstadt, 

Germany) and stored at 4 °C until analysis. For the analysis of Cu uptake by zebrafish, pools 

of 80 larvae were collected from each treatment, rinsed in ultrapure water (Milli-Q, Millipore) 

and stored in acid-washed 1.5 mL centrifuge tubes at -20 °C until analysis. 

Before the analysis of Cu concentrations, tissue digestion of zebrafish larvae was conducted. 

For this, 2 mL of nitric acid (65% p.a., Merck, Darmstadt, Germany) and 1 mL of hydrogen 

peroxide (30% H2O2, Merck, Darmstadt, Germany) were added to each sample, incubated at 

room temperature for 24 h, and then heated until the solution was clear. Then, the samples were 

dried at 155 ℃ and cooled to room temperature. Finally, 5 mL of HNO3 matrix solution was 

added to the digested samples and stirred. The Cu content in the water and in the digested 
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samples was quantified using electrothermal atomic absorption spectrometry (Unicam 939 

Spectrometer, GF90 furnace). All samples were analyzed in duplicate. The Cu concentrations 

in water and larvae samples are shown as the means ± standard deviation (SD). 

 

2.6. Histological analysis 

For the histopathological analysis, 15 larvae per group were randomly sampled at 96 hpf, fixed 

in 4% buffered formaldehyde (Panreac, Barcelona, Spain) for 24 h, dehydrated in ascending 

series of ethanol (70–100%), cleared with xylene and embedded in paraffin wax (Merck, 

Darmstadt, Germany) (Luzio et al., 2015). Blocks were then sectioned in a rotary microtome 

(Leica RM 2135, Nussloch, Germany) into serial 3 µm tick sagittal sections. The tissue sections 

were stained with hematoxylin-eosin (H&E stain), mounted with Entellan® and coverslipped 

to analysis under an inverted microscope (IX 51, Olympus, Antwerp, Belgium). The presence 

of the histopathological changes was registered and the prevalence index of each type of change 

was determined as the percentage of its occurrence on larvae of each treatment, according to 

the following formula. 

 

Prevalence of histological alteration (PP%) = (F/N) × 100, where: 

F(Frequency of larvae) = number of larvae with the alteration. 

N = total number of larvae. 

 

The changes severity was then assessed using a score value ranging from 0 to 4, depending on 

the degree and extent of alteration: 0 – no histopathological changes, 1 – minimal, 2 – mild, 3 

– moderate, and 4 – severe and widely distributed pathological alterations (Beker van 

Woudenberg et al., 2014). 

 

2.7. Oxidative stress, antioxidant and biochemical assays 

For the biochemical analysis, pools of 50 larvae per group/replicate were randomly sampled at 

96 hpf as previously reported by Félix et al. (2016). The larvae were homogenized in cold buffer 

(0.32 mM of sucrose, 20 mM of HEPES, 1 mM of MgCl2, and 0.5 mM of phenylmethylsulfonyl 

fluoride (PMSF), pH 7.4) and centrifuged at 15 000 × g at 4 ºC for 20 min (Sigma model 3K30, 

Osterode, Germany). The supernatant was collected and stored at -80 °C until analysis. The 

enzymatic determinations were performed, at 30 °C, in a PowerWave XS2 microplate scanning 
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spectrophotometer (Bio-Tek Instruments, USA). The samples were analyzed in duplicate. 

Bradford’s method at 595 nm (Bradford, 1976) was used to perform protein determination, with 

bovine serum albumin being used as a standard (0-2 mg/mL). 

Superoxide dismutase (SOD) activity was determined according to the method of Durak et al. 

(1993), by measuring the inhibition of the nitroblue tetrazolium (NBT) reduction, at 560 nm. A 

standard curve of bovine SOD (0-60 U/mL) was used to quantify SOD activity (U/mg protein). 

Catalase (CAT) activity was assayed based on a method by Claiborne (1985), that measures 

H2O2 consumption, at 240 nm. The activity was normalized using bovine catalase as standard 

(0-6 U/mL) and expressed as U/mg protein. Glutathione-S-transferase (GST) activity was 

determined at 340 nm following the conjugation of 1‐chloro‐2,4‐dinitrobenzene (CDNB) with 

reduced glutathione (GSH) (Habig and Jakoby, 1981), and expressed as µmol/min.mg protein. 

Glutathione peroxidase (GPx) activity was assayed following the method described by Paglia 

and Valentine (1967), at 340 nm, and expressed as µmol NADPH/min.mg protein. 

Acetylcholinesterase (AChE) activity was determined through the method of Rodriguez-

Fuentes et al. (2015), which measures the conjugation of thiocoline with 5,5′- dithiobis-(2-

nitrobenzoic acid) (DTNB), at 405 nm. The AChE activity was expressed as µmol TNB/min.mg 

protein. Lactate dehydrogenase (LDH) enzyme was assayed using the method of Domingues et 

al. (2010), at 340 nm, and expressed as µmol NADH/min.mg protein. 

The glutathione levels, namely the reduced (GSH) and oxidized states (GSSG) (Gartaganis et 

al., 2007), were estimated using the fluorochrome ortho-phthalaldehyde (OPA), at 320 nm and 

420 nm for excitation and emission wavelengths, in a Varian Cary Eclipse (Varian, USA) 

spectrofluorometer equipped with a microplate reader. GSH and GSSG concentrations were 

estimated with a GSH or GSSH standard curve (0-1000 μM), respectively, and expressed as 

µmol/mg protein. The oxidative-stress index (OSI), as the ratio between GSH/GSSG, was then 

calculated. 

Reactive oxygen species (ROS) accumulation was determined following the methodology 

described by Deng et al. (2009), in a Varian Cary Eclipse (Varian, USA) spectrofluorometer 

equipped with a microplate reader. Total ROS was quantified using the fluorescent probe 2’,7’-

dihlorofluorescein diacetate (DCFH-DA), at 485 nm and 530 nm for excitation and emission 

wavelengths. The ROS concentration was estimated based on a DCF standard curve (0-6.25 

nM) and expressed as µmol DCF/mg protein. Lipid peroxidation (LPO) was analyzed through 

the thiobarbituric (TBA) acid-based methodology reported by Gartaganis et al. (2007), at an 

excitation wavelength of 535 nm and an emission wavelength of 550 nm in a Varian Cary 



Acute effects of microplastics alone or co-exposed with copper on early life stages of zebrafish – CHAPTER 3 

 
53 

Eclipse (Varian, USA) spectrofluorometer equipped with a microplate reader. The major 

oxidative product of phospholipids, malondialdehyde (MDA), was determined based on a 

standard curve (0-50 µM) of malondialdehyde bis(dimethyl acetal) and expressed as µmol 

MDA/mg protein. 

 

2.8. Metallothionein determination 

Metallothionein (MT) levels were determined following the methodology proposed by 

Viarengo et al. (1997), with some modifications. Briefly, pools of 50 larvae per group/replicate 

were randomly sampled at 96 hpf, homogenized in cold buffer (0.5 M sucrose, 20 mM Tris–

HCl buffer (pH 8.6) with 0.5 mM phenylmethylsulphonyl fluoride (PMSF) and β-

mercaptoethanol 0.01%) and centrifuged at 15 000 × g at 4 ºC for 20 min (Sigma model 3K30, 

Osterode, Germany). The obtained supernatant was collected and protein determination 

(Bradford, 1976) was performed, at 595 nm. Then, a solution of ethanol/chloroform was added 

to the sample supernatant and centrifuged at 6000 × g for 10 min at 4 °C. Three volumes of ice-

cold ethanol/HCl were added to the resulting supernatant and kept at -20 ºC for 1 hour. 

Subsequently, the sample was centrifuged at 6000 × g for 10 min at 4 °C. The obtained pellet 

was resuspended with ethanol/chloroform in homogenization buffer (0.5 M sucrose, 20 mM 

Tris–HCl buffer, pH 8.6) and centrifuged again at 6000 × g for 10 min at 4 °C. The supernatant 

was discarded and the pellet air-dried. The pellet was then resuspended in 4 mM EDTA-HCl 

and 0.25 M NaCl and agitated. Then, 1 mL of Ellman’s solution (2 M NaCl containing 0.43 

mM DTNB (5,5-dithiobis-2-nitrobenzoic acid) in 0.2 M phosphate buffer, pH 8) was added and 

centrifuged at 3000 × g for 5 min, at room temperature. MT was quantified at 412 nm and its 

concentration in samples was estimated with a reduced GSH standard solution (0-250 µM) and 

expressed as µmol GSH/mg protein. 

 

2.9. Gene expression analysis 

For the evaluation of gene expression, pools of 50 larvae per group, from three independent 

replicates, were randomly sampled at 96 hpf and stored in RNA Later (Sigma, Germany). 

Larvae were then homogenized in a TissueLyzer shaker (Qiagen, Hilden, Germany) for 2 min 

and total RNA was isolated using the “Illustra RNAspin Mini kit” (GE Healthcare, Munich, 

Germany), according to the manufacturer's instructions. RNA concentration and purity of each 

sample were determined spectrophotometrically at 260 and 280 nm (Powerwave XS2, BioTek 
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Instruments, USA), and a 1% agarose gel, stained with Green Safe Premium (NZYtTech, 

Lisbon, Portugal), was used to assess RNA integrity and possible DNA contamination. RNA 

samples were stored at -80 °C until further analysis. Total RNA (1 µg) from all the samples was 

reverse transcribed into cDNA using the SensiFAST cDNA Synthesis Kit (Bioline, London, 

UK) and stored at -20 °C. 

The primer sequences for quantitative real-time PCR (qPCR) were selected from the literature 

and are listed in Table S1. The qPCR reactions were performed in triplicate using 1 μL of cDNA 

in a final volume of 20 μL reaction mixture containing 5x HOT FIREPol EvaGreen qPCR Mix 

Plus (Solis Biodyne, Tartu, Estonia) and 200 nM of each specific primer, on a PikoReal 96 

Real-Time PCR System (Thermo Scientific, Massachusetts, USA). The thermal cycling 

conditions consisted of an initial denaturation at 95 °C for 15 min followed by 40 cycles of 

denaturation at 95 °C for 15 s, primer annealing for 20 s (annealing temperatures in Table S1), 

and extension at 72 °C for 20 s. At the end of the amplification phase, a dissociation step (60 °C 

- 95 °C) was carried out to confirm the presence of a single and specific product for each primer. 

Three-fold dilution series prepared from cDNA samples were used to generate the standard 

curves and calculate primer efficiencies. A no-template control was included on each plate. 

Each sample was run in duplicate. 

The normalized relative expression of each gene was performed following the method described 

by Hellemans et al. (2007), and which accounts the primer efficiencies (Pfaffl, 2001) and at 

least two normalizer genes that should be stable with minimal variation following chemical 

treatments. The stability of the reference genes β-actin (actb2), eukaryotic translation 

elongation factor 1 alpha 1 (eef1α1), and tubulin (tuba1b) were analyzed using Bestkeeper 

software (Pfaffl et al., 2004) and NormFinder (Andersen et al., 2004). The two reference genes 

actb2 and tuba1b were ranked as the best combination to normalize the data. For each gene, the 

mean of the cycle quantification value (Cq) of each sample was calculated and then converted 

into Relative Quantity (RQ) using the gene amplification efficiency (RQ=E [ΔCq 

= Cqcalibrator − Cqsample]). The geometric mean of RQ values for the selected reference genes (actb2 

and tuba1b) was calculated and then used as a Normalization Factor (NF). Normalized Relative 

Quantities (NRQ) for each sample were determined by dividing the RQ value of the gene of 

interest by the Normalization Factor (NF). Results are expressed as normalized relative quantity 

(NRQ). The fold change relative to the control group was calculated by dividing the average 

NRQ value of each exposed group by the average NRQ of the control group. 
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2.10. Behavioral analysis 

At 96 hpf, 5 larvae per treatment/replicate were used to assess behavioral parameters. Dead 

larvae or larvae showing malformations were excluded from the assay. Larval behavior 

parameters were monitored and quantified using a video-tracking system (TheRealFishTracker) 

(Buske and Gerlai, 2014), as previously described (Félix et al., 2017), and it was carried out in 

a temperature-controlled room (25 ± 1 °C). Briefly, larvae were randomly placed into 6-well 

agarose-coated plates (1 larva per well), with all experimental groups being analyzed at the 

same time. After 5 min of acclimation, the plates were monitored by a 14.2 megapixels Sony 

Nex-5 digital camera (APS-C CMOS sensor, Sony International) with a zoom lens (Sony 

SEL1855, E 18–55 mm, F3.5–5.6 OSS zoom) and a 15.6″ laptop LCD screen (1366 × 768 pixel 

resolution, an average brightness of 173.6 cd m−2 and a contrast of 208:1 with a black level of 

0.83 cd m−2) and recorded at 30 frames per second and at 1920×1080 pixels resolution. 

The parameters mean speed, total distance moved, mean distance to the center zone of the well 

(i.e., to a 5 mm radius circle drawn in the center of the well), mean absolute turn angle 

(alterations in this parameter indicates a disorganized pattern of swimming) and the percentage 

of time active, were assessed in 10-min sessions, in the light period, to evaluate the exploratory 

behavior. 

For the avoidance response to the presence of a visual stimulus, larvae were tested by alternating 

10 min period of a white background and 10 min period of a red bouncing ball (1.35 cm 

diameter and RGB 255, 0, 0) present at the upper half of the well and traveling from left-right-

left at a speed of 1 cm/s over a straight 2 cm trajectory (Pelkowski et al., 2011). The time spent 

in the bottom area of the well without and with stimulus was then assessed. 

The social behavior was recorded for 10 min, using 5 larvae per treatment, according to 

established protocols (Richendrfer et al., 2012). The analysis was based on the average inter-

individual distance (IID) and the nearest neighbor distance (NND) parameters, which are 

calculated based on the x-y coordinates quantified by the software TheRealFishTracker (Buske 

and Gerlai, 2014). The formulas involved in this quantification are described in Miller and 

Gerlai (2012). 

Finally, the swimming behavior was evaluated in 5 larvae per treatment, by monitoring its 

response to sessions of light-to-dark transitions (10 min light–10 min dark), for 40 min, in a 

940 nm-emitting LED constructed lightbox, as described by Frank et al. (2019). A 2-megapixel 

infrared (IR, 940 nm) camera (GENIUSPY, GS-NQ140CML) with a 3.6 mm lenses was used 

to record these sessions. The total distance moved (cm) was then analyzed. 
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2.11. Statistical analysis 

Statistical analysis was performed using Prism 7.0 (GraphPad Software, Inc., CA, USA). All 

data were tested for ANOVA assumptions (normality with the Kolmogorov-Smirnov test and 

homogeneity of variances with Bartlett’s test). For each parameter, one-way analysis of 

variance (ANOVA) or two-way ANOVA with interactions, followed by the Tukey’s 

multicomparison post-hoc test, were used to discriminate statistically significant differences 

among groups and assess if MPs presence influenced Cu toxicity. Significant differences 

between groups with different prevalence indices were assessed by the Mann–Whitney rank 

sum test. In the specific cases where the parametric ANOVA assumptions failed, data were 

submitted to a non-parametric ANOVA using the Mann-Whitney rank sum test or the Kruskal-

Wallis on Ranks test followed by the post-hoc Dunn’s test. The Student’s t test was used to 

discriminate statistically significant differences among groups in avoidance behavior. For gene 

expression, data (NRQ values) were log2 transformed (Cq’) to reduce heterogeneity of variance, 

before performing the statistical analysis. Significant differences were considered when p<0.05. 

To determine the most important variables that could be the key factors for individual’s 

response to MPs and Cu, a principal component analysis (PCA) was performed with the 

mortality, hatching, metallothionein levels and behavioral, biochemical and molecular 

parameters. Variables were standardized prior to all analyses to preserve the original scale. The 

PCA was carried out using CANOCO 5 (version 5.12) (Biometrics, Wageningen, Netherlands). 

 

3. Results 

3.1. Metal concentration analysis 

The Cu concentrations of test solutions and larvae are shown in Table S2. The analysis of Cu 

show that, at the beginning of the experiments, embryos were exposed to 14.3±0.6 µg/L, 

51.8±0.8 µg/L and 125.4±4.8 µg/L of Cu at the lowest, intermediate and highest concentrations, 

respectively. Considering the Cu+MPs groups, the analysis of Cu showed values similar to the 

ones observed in the single exposures, namely, 17.7±5.0 µg/L, 52.3±5.2 µg/L and 122.9±20.8 

µg/L, respectively. With the test solutions renewal, the levels of Cu slightly increased, with the 

groups presenting, at 96 hours, the following concentrations: 19.8±0.3 µg/L, 52.0±12.1 µg/L 

and 136.4±8.0 µg/L for the single Cu exposures; and 20.3±0.3 µg/L, 52.9±8.0 µg/L and 

127.7±15.1 µg/L of Cu in the mixture groups. Since the variation between the nominal and 
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measured Cu values is not high, the results are presented and discussed relative to the nominal 

concentrations, i.e., 15, 60 and 125 µg/L. 

 

3.2. Toxicological effects of MPs, Cu and their mixtures on early developing zebrafish 

The mortality and hatching rates of the exposed groups are shown in Figures 1 and 2, 

respectively. Exposure to MPs and Cu15 did not affected survival of zebrafish embryos 

(p>0.05). However, in embryos exposed to Cu60 and Cu125 and respective mixtures, a lower 

survival rate was observed through the experiment, comparatively to the control group (p<0.01). 

 

 

Figure 1. Cumulative mortality rate of zebrafish embryos/larvae exposed to microplastics (MPs) and copper (Cu), 

alone or combined. Statistical analysis was performed using two-way ANOVA followed by Tukey's multiple-

comparison test. Data are expressed as mean ± S.D. Different lowercase letters indicate significant differences 

between groups, within each time period (p<0.05). No significant differences between time, within the same group 

were observed. 

 

Concerning the hatching rate, there were significant differences among treatments. Except for 

embryos exposed to MPs, which showed similar hatching rates to the control (p>0.05), in the 

remaining groups, it was observed a dose-dependent decrease of hatching, which became 

evident from 72 hpf on (p<0.01). In the control group, 94% of embryos were hatched at 96 hpf, 

whereas the lowest hatching rates, 30% and 28% respectively (p<0.001), were observed in the 

Cu125 and Cu125+MPs groups. In both, mortality and hatching rates, no significant differences 

were observed between the groups with Cu and the corresponding mixtures (p>0.05).  

Body and eye size, heart and morphological malformations rates are shown in Table 1. 

Significantly lower body length and eye size (p<0.01) were observed in 96 hpf larvae exposed 

to Cu60+MPs, Cu125 and Cu125+MPs, comparatively to the control larvae. The heart rate was 

measured at 48 and 96 hpf. Compared to controls, an increasing trend of the heart rate was 

noticed, at 48 hpf, in most of the exposed groups (p>0.05). 
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Figure 2. Cumulative hatching rate of zebrafish embryos/larvae exposed to microplastics (MPs) and copper (Cu), 

alone or combined. Statistical analysis was performed using two-way ANOVA followed by Tukey's multiple-

comparison test. Data are expressed as mean ± S.D. Different lowercase letters indicate significant differences 

between groups, within each time period. Uppercase letters represent significant differences between time, within 

the same group (p<0.05). 

 

Despite transient, this increase was significant (p<0.05) in zebrafish embryos exposed to 

Cu125+MPs. At 96 hpf, no significant changes were observed in the heart rate. Among the 

morphological malformations induced by the treatments, pericardial edema, yolk sac edema, 

abnormalities of body structure and axial spinal curvatures were the most common. A 

significant increase in malformations rate was observed in the larvae exposed to Cu60 (p=0.03). 

Again, no significant differences between the groups with Cu and the Cu+MPs were observed 

in the above-described parameters. 

 

Table 1. Morphometric measurements, heart rates and morphological malformations of zebrafish embryos/larvae 

exposed to microplastics (MPs) and copper (Cu), alone or combined, for 96 hours. 

Treatment groups 
Body length 

(mm) 

Eye diameter 

(mm) 

Heart rate 

(bpm)  

48 hpf 

Heart rate 

(bpm)  

96 hpf 

Morphological 

malformations rate 

(%) 

 Control 3.38±0.21a 0.35±0.02a 117±8.7a 157±9.3 0.00±0.0a 

2 mg/L MPs 3.27±0.26ac 0.35±0.03ac 125±6.5ab 155±9.7 0.21±0.5ab 

15 µg/L 
Cu 3.22±0.36ac 0.34±0.03ac 123±9.8ab 145±8.8 2.48±0.6ab 

Cu+MPs 3.23±0.29ac 0.33±0.03ab 127±8.5ab 147±8.8 2.11±1.9ab 

60 µg/L 
Cu 3.18±0.18acd 0.32±0.02ab 125±11.5ab 144±12.5 2.73±1.6b 

Cu+MPs 3.07±0.32bc 0.31±0.03bc 130±10.8ab 149±9.4 2.29±1.1ab 

125 µg/L 
Cu 2.91±0.33b 0.30±0.02b 129±12.8ab 158±8.8 1.79±1.3ab 

Cu+MPs 2.96±0.23bd 0.30±0.02b 134±11.0b 159±10.9 2.23±1.8ab 

 

Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparison test. Data are expressed as mean ± S.D. 

from five independent experiments. Different lowercase letters indicate significant differences between groups (p<0.05). 
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The distribution of MPs in zebrafish early life stages was analyzed at 24 and 96 hpf. It was 

found that the MPs on embryos were most abundant in the surface of the chorion (Fig. S2A). 

However, some MPs were observed inside the chorion of zebrafish embryos (high fluorescence 

signal within the yolk sac), indicating that the MPs with the lower diameter can pass through 

the chorionic pores. In larvae, MPs were also observed, particularly in the yolk sac and on the 

head (Fig. S2B), but also in their gastrointestinal tract. 

 

3.3. Histopathological findings 

The histopathological changes observed in larvae exposed to MPs, Cu and their mixtures are 

presented in Figure 3 and Table S3. In the control group (Fig. 3B), the structural subdivisions 

of the larval brain, namely the forebrain, midbrain and hindbrain were well defined, with the 

cells presenting a normal arrangement. The retina of control larvae was also normal, with the 

ganglion cell, inner plexiform, inner nuclear, outer plexiform and photoreceptor cell layers, and 

the pigmented epithelium presenting a normal rearrangement and structure. In the exposed 

zebrafish embryos, the histological analysis revealed some signs of pathological changes, 

namely, disruption of retina layers (Fig. 3C), epithelial detachment (Fig. 3D), edema (Fig. 3E), 

changes in midbrain-hindbrain boundary (MHB) and cell death (Fig. 3F). Epithelial detachment 

was the histopathological change with the higher prevalence in exposed zebrafish embryos (Fig. 

3A), being present in animals from all exposed groups. Considering the histological scoring 

approach, it shows a low incidence of the histopathological changes in brain and retina of 

zebrafish 96 hpf larvae (p>0.05). The exception was observed for the epithelial detachment, 

which was more severe in Cu60+MPs group (Table S3) reaching significant values 

comparatively to control larvae (p=0.0007). 

 

3.4. Effects of MPs, Cu and their mixtures on oxidative stress, biochemical biomarkers and 

metallothioneins levels 

The effects of MPs, Cu and their mixtures on oxidative stress, biochemical markers and MT are 

shown in Table 2. The ROS levels showed a significant increase in the Cu15, Cu60 and 

respective mixtures, comparatively to the control group (p<0.05). Although not significant, a 

slight rise of ROS levels was also observed in larvae exposed to MPs alone (p>0.05). Relatively 

to the oxidative damage, the LPO levels suffered a significant decrease in the Cu125 exposed 



Acute effects of microplastics alone or co-exposed with copper on early life stages of zebrafish – CHAPTER 3 

 
60 

larvae and in the Cu60+MPs and Cu125+MPs groups (p<0.001), comparatively to the control 

group. 

 

 

Figure 3. Prevalence’s of the histopathological changes (A). Within each bar, the percentage of animals from that 

group that evidenced each particular change is numerically expressed. Illustrative images of histological sections 

of 96 hpf zebrafish larvae (B-F) exposed to microplastics and copper, alone or combined. (B) Control larvae. (C) 

Larvae exposed to Cu125 showing alterations in the retina layers organization; (D) Larvae exposed to Cu125+MPs 

with epithelial detachment in the brain (**); (E) Larvae exposed to MPs alone with epithelial detachment (blue 

arrow) and edema (yellow arrow) in the brain; (F) Larvae exposed to Cu125 showing evidences of cell death. FB–

Forebrain; MB–Midbrain; HB–Hindbrain; R–retina; SB–swimming bladder; On C-F, scale bar = 50 µm. 

 

Considering the antioxidant biomarkers SOD, CAT, GPx and GST, the results showed that 

single exposure to MPs did not affect the activity of these enzymes (p>0.05). In turn, SOD 

activity decreased significantly in the Cu125 and Cu125+MPs exposed larvae (p<0.05), while 

GPx activity increased significantly (p<0.01), in these same two groups. Moreover, a dose-

dependent induction of CAT activity was observed in the Cu and mixture groups (p<0.01), 

comparatively to the untreated larvae. GST activity was only affected in the Cu125+MPs 

exposed larvae, presenting significantly higher values (p<0.05), comparatively to control. 

Regarding glutathione, a decrease of GSH levels was observed in Cu125 group, whereas in 

Cu60+MPs group it was observed an increase (p<0.01), in comparison to the control group. 

GSSG levels significantly increased in Cu15+MPs exposed larvae (p<0.01), while in 

Cu60+MPs, Cu125 and Cu125+MPs groups a significant decrease (p<0.001) was observed 

when compared to control group. For both GSH and GSSG, significantly higher values were 

observed in Cu15+MPs and Cu60+MPs groups, in comparison to the respective Cu group 
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(p<0.05), evidencing an antagonistic behavior of MPs in relation to Cu. For the oxidative stress 

index (GSH/GSSG), a significant increase was observed in the larvae exposed to Cu60+MPs 

and Cu125+MPs (p<0.05). 

The neurotoxicity biomarker AChE was significantly inhibited in all Cu and mixture groups 

(p<0.05). Zebrafish embryos exposed to MPs alone tended to have a slight decrease of AChE 

activity, but this effect was not statistically significant relative to the control group (p>0.05). 

In the Cu125 and Cu125+MPs exposed larvae, a significant decrease was also found for the 

LDH activity (p<0.001), an anaerobic metabolism biomarker. For most of the enzymes, no 

significant differences between the groups with Cu and the respective mixtures were observed. 

The MT levels did not differ among the control larvae and the groups exposed to MPs, Cu15, 

Cu15+MPs and Cu125+MPs (p>0.05). However, exposure to the Cu60, Cu125 and Cu60+MPs 

showed significantly lower MT levels, comparatively to the control group (p<0.05). No 

significant differences between the groups with Cu and Cu+MPs were observed (p>0.05). 

 

3.5. Effects of MPs, Cu and their mixture on oxidative and neurotoxicity related genes 

expression 

The transcriptional levels of the selected target genes of zebrafish larvae are shown in Figures 

4 and 5. At 96 hpf, the catalase (cat) gene expression (Fig. 4A) showed no significant 

alterations in the exposed groups (p>0.05). In contrast, superoxide dismutase 1 (Cu/Zn-sod or 

sod1) expression (Fig. 4A) was significantly downregulated in all three Cu exposed groups,  

Cu60+MPs and Cu125+MPs groups (p<0.05), comparatively to the control. Regarding 

glutathione S-transferase pi 1 (gstp1) gene (Fig. 4B), its expression was significantly 

downregulated in the Cu exposed groups (p<0.01), comparatively to the control group. 

However, in Cu+MPs groups, the gstp1 expression was similar to the control (p>0.05). In fact, 

it was observed that the gstp1 expression was significantly higher in Cu15+MPs and Cu60+MPs, 

comparatively to the corresponding Cu groups (p<0.01). 

The expression of glutamate-cysteine ligase, catalytic subunit (gclc) gene (Fig. 4B) increased 

2.5-fold only in Cu60+MPs exposed larvae (p<0.05), with respect to the control group. 

Similarly, the expression of gclc was higher in the Cu60+MPs, in comparison with the group 

exposed to Cu60 (p<0.05). These findings indicate that the presence of MPs may have 

influenced the Cu toxicity, with MPs showing an antagonistic behavior in relation to Cu, in 
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both genes gstp1 and gclc. The expression of acetylcholinesterase (ache) (Fig. 5) increased 

significantly in MPs, Cu15, Cu15+MPs and Cu60+MPs groups (p<0.05). The expression of 

ache was also higher in the Cu60+MPs, comparatively to Cu60 (p<0.05). For the mt2 gene (Fig. 

5), which encodes metallothionein 2, no significant alterations were observed in the exposed 

groups, despite the slight decrease of its expression in all treatments with respect to control 

(p>0.05). 

 

 

Figure 4. Relative gene expression levels of (A) catalase (cat) and superoxide dismutase 1 (sod1), and (B) 

glutathione S-transferase pi 1 (gstp1) and glutamate-cysteine ligase, catalytic subunit (gclc), in 96 hpf zebrafish 

larvae following exposure to microplastics (MPs) and copper (Cu), alone or combined. Data are shown as mean ± 

S.D., normalized to the β-actin (actb2) and tubulin (tuba1b) reference genes. Fold-changes are presented in boxes 

under each graphic, with the dark grey box representing an upregulation and light grey a downregulation, 

comparatively to the control group (white box). Statistical analysis was performed using one-way ANOVA 

followed by Tukey's multiple-comparison test. Different lowercase letters indicate significant differences between 

groups (p<0.05). 
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Figure 5. Relative gene expression levels of acetylcholinesterase (ache) and metallothionein 2 (mt2), in 96 hpf 

zebrafish larvae following exposure to microplastics (MPs) and copper (Cu), alone or combined. Data are shown 

as mean ± S.D., normalized to the β-actin (actb2) and tubulin (tuba1b) reference genes. Fold-changes are presented 

in boxes under each graphic, with the dark grey box representing an upregulation and light grey a downregulation, 

comparatively to the control group (white box). Statistical analysis was performed using one-way ANOVA 

followed by Tukey's multiple-comparison test. Different lowercase letters indicate significant differences between 

groups (p<0.05). 

 

3.6. Effects of MPs, Cu and their mixture on behavior parameters 

The effects of MPs, Cu and their mixture on the behavior of 96 hpf larvae are shown in Figure 

S3 and Figure 6. According to the results, for mean speed (Fig. S3A) and distance to center 

(Fig. S3B) parameters, no significant effects were observed in the exposed larvae (p<0.05). 

However, exposure to Cu125 induced a significant increase in the total distance traveled 

(353.6±55.2 cm), compared to the control group (229.6±45.2 cm) (p<0.05) (Fig. 6A). Although 

not significant, a slight increase in total distance traveled was also observed in the Cu125+MPs 

(319.7±32.8 cm) (p>0.05). Regarding the absolute turn angle (Fig. S3C) and the percentage of 

time active (Fig. S3D), no interference was observed in these parameters in the exposed larvae 

in relation to the control group (p>0.05). No significant differences between the groups with 

Cu and the respective mixtures were observed in the exploratory behavior parameters (p>0.05). 

The avoidance behavior (Fig. 6B) was assessed through the presence of a visual stimulus. For 

most of the groups, in the absence of the aversive stimulus, zebrafish larvae presented neither 
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a preference for the upper nor the bottom area of the well. On the other hand, in the presence 

of the aversive stimulus, under the form of a red bouncing ball, there was a significant increase 

in the time spent in the non-stimulus area for most of the groups. However, in the groups 

exposed to Cu60, Cu125 and Cu125+MPs, no significant differences were observed between 

the time spent in the stimulus and the non-stimulus area (p>0.05), suggesting that these exposed 

larvae did not perceive the aversive stimuli. 

 

 

Figure 6. Exploratory (A), avoidance (B) and social (C-D) behavior of 96 hpf zebrafish larvae following exposure 

to microplastics (MPs) and copper (Cu), alone or combined. (A) Total distance moved by larvae; (B) Percentage 

of time that larvae spent in the upper area of the well without (white bars) or with (black bars) the presentation of 

an aversive stimulus (bouncing ball) in the bottom area of the well; (C) NND, nearest neighbor distance and (D) 

IID, inter-individual distance. Data presented as mean ± S.D. Statistical analysis of exploratory and social behavior 

was performed using one-way ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters 

indicate significant differences between groups (p<0.05). For avoidance behavior, a paired t test was performed 

and the asterisks indicate significant differences between groups before and after the stimulus (*p<0.05 and 

**p<0.01). 

 

The social behavior was assessed by quantifying the nearest neighbor distance (NND) and the 

inter-individual distance (IID) (Fig. 6C and D, respectively). A significant decrease of both 

NND (p<0.05) and IID (p<0.001) was observed in the Cu125+MPs group, indicating a 

disruption on the social cohesion of these exposed larvae. No interference in these parameters 
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was observed in the remaining groups (p>0.05), and no significant differences between the 

groups with Cu and Cu+MPs were observed (p>0.05). 

The locomotor response to light and dark transitions is shown in Figure S4. As expected, 

zebrafish larvae exhibit weak movements in light, but when switched from light to dark larvae 

increase their swimming activity. In the periods of light, no significant differences were 

observed between the exposed larvae and the control (p>0.05). However, the larvae exposed to 

Cu125+MPs presented a significant increase of the distance moved in the dark periods, in 

comparison to the control group (p<0.001), indicating an augmented reaction to the darkness 

stimulus. In the second dark period, the Cu125+MPs group was significantly different from the 

respective Cu group (p<0.001), suggesting a modulation of Cu toxicity by MPs. 

 

3.7. Principal component analysis (PCA) 

PCA was applied to reduce the dimensionality of data and extract the dominant factors. The 

results of the PCA (Fig. 7) showed that the studied variables related to mortality, hatching, 

biochemistry, gene expression, metallothionein’ and behavior of the larvae were sensitive to 

the concentration of Cu. The first principal component explained 28.94%, while the second 

principal component explained 13.76% of the overall variance. Therefore, the first two principal 

components explained 42.7% of the total variance and were considered enough in reducing 

dimension and avoiding multicollinearity. For all the variables, the highest contributions of the 

individual responses to the ordination’s axis were CAT (0.96), LDH (0.92), mortality (0.73) 

and total distance (0.74), and the contributions of the other environmental variables were more 

similar. PC1 links the Cu125 and Cu125+MPs groups with mortality and CAT activity, as well 

with GPx, GST and the behavior variables, speed, total distance and absolute turn angle. The 

genetic expression cat and gstp1 had opposite responses of CAT and GST, respectively. LDH 

activity and GSSG levels were strongly associated with each other, with a negative contribution 

to PC1. PC2 was also defined by the gradient of Cu concentration, with the Cu60+MPs group 

being positively correlated with this axis. Consequently, this group was related to higher 

expression of ache and gclc and the behavioral variables, distance to center and percentage of 

inactivity of larvae, that were negatively associated with the percentage of time active. The gene 

expression of ache had also an opposite response of AChE. 
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Figure 7. Principal component analysis (A) of the mortality, hatching, metallothionein levels and behavioral, 

biochemical and molecular variables analyzed in zebrafish larvae exposed to microplastics (MPs) and copper (Cu), 

alone or combined. The first two axis explained 42.7% of the total variance. (B) The colors represent the different 

treatments, with red corresponding to high concentrations; orange to moderate; yellow to low concentrations and 

grey corresponding to the control. 

 

4. Discussion 

The knowledge about the toxicological effects of MPs particles and their mixture with heavy 

metals on fish early life stages is still limited, particularly on freshwater species.  

In this study, several developmental parameters were evaluated in the exposed zebrafish. The 

MPs used in the present study are in the range of 1–5 μm; therefore, the smallest particles have 

a size within the range of the zebrafish chorionic pores (300 nm to 1 μm, Lin et al., 2013). In 

fact, the evaluation of 24 hpf zebrafish under fluorescence microscopy, suggested that the 

smallest MPs were able to cross the embryos chorion. Moreover, in later stages, at 96 hpf, MPs 

particles were observed in the interior of the head area and the retina of some larvae. Since 

zebrafish were exposed to MPs, alone or in combination with Cu, shortly after fertilization (~2 

hpf), it can be speculated that the diffusion of MPs through the chorion may have led to the 

accumulation of these particles on the embryo yolk sac or skin epithelium and to the possible 

uptake and biodistribution over the embryo organogenesis. Supporting this hypothesis, it was 

recently reported that polystyrene nanoparticles are able to penetrate fish chorion and 

accumulate in the bloodstream, yolk sac, heart region, head and in organs such pancreas and 

liver (Pitt et al., 2018; Veneman et al., 2017). More recently, Qiang and Cheng (2019) reported 

that 1 µm polystyrene MPs only adhered to the chorion of 4 hpf zebrafish embryos. This 

disparity between studies, however, may be attributed to the concentration of MPs used (2 mg/L 
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vs. 0.1 and 1 mg/L), type of MPs, initiation of the experiment (~2 hpf vs. 4 hpf) and time and 

conditions of exposure. Regardless of these findings, there is a lack of information about the 

uptake and biodistribution of MPs by fish embryos, and future studies should be carried out. 

Notwithstanding, minor impacts on the survival of the embryos and larvae exposed to MPs 

alone were found. This exposure had no effects on the mortality and hatching rates or in the 

body length and heart rate overall the experiment. Our data are in agreement with previous 

studies, reporting that exposure to MPs alone did not produce significant effects on lethal and 

sub-lethal morphological parameters on fish embryos and larvae (Chen et al., 2017; LeMoine 

et al., 2018; Pannetier et al., 2020, 2019; Qiang and Cheng, 2019). On the other hand, exposure 

to Cu alone influenced the development of zebrafish embryos and larvae, by increasing the 

mortality on the first 24 hours and mostly by inhibiting the hatching of the embryos. An increase 

in the malformations rate was also observed. It is known that even at low concentrations, Cu 

exerts toxic effects on embryos, by increasing mortality, delaying embryo hatching and causing 

malformations (Dorts et al., 2016; Sonnack et al., 2015). Egg hatching is a crucial period during 

embryogenesis, being a common and sensitive parameter to evaluate embryotoxicity. The 

mechanisms involved in the hatching delay caused by exposure to pollutants are not clear, 

though it has been proposed that the decrease in embryo motility, changes in the levels of 

hatching enzymes or alteration of oxygen uptake by the embryo can contribute to hatching 

inhibition (Dorts et al., 2016; Zhang et al., 2018). Considering this, the observed inhibition may 

have resulted from the effects of Cu on more than one of these mechanisms. In the MPs+Cu 

groups, reduced survival and hatching rates, and changes in body length and heart rate were 

also observed. However, given that differences between the groups with Cu alone and the 

respective mixtures were not significant, then it suggests that MPs did not influence the Cu-

induced toxicity in these lethal and sub-lethal endpoints in zebrafish. 

Fish early life stages are extremely susceptible to oxidative stress (Félix et al., 2016), which 

results from an imbalance between the production of reactive oxygen species (ROS) and 

antioxidant defenses. In the present study, increased ROS levels were observed in larvae 

exposed to Cu15, Cu60 and respective Cu+MPs, suggesting that induction of oxidative stress 

occurred. Concomitantly, alterations in the antioxidant enzymes and glutathione levels were 

further observed. 

The SOD and CAT enzymes are considered the primary line of defense towards the production 

of ROS under environmental stress (Lushchak, 2016). Our results show that SOD activity 

decreased in larvae exposed to Cu125 and Cu125+MPs, with MPs having no influence on Cu 
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action. Being a metalloenzyme, SOD inhibition may have resulted from the direct binding of 

Cu ions to the active site of the enzyme, which results in changes of SOD conformation and 

therefore improper folding or misfolding. In fact, it was proposed that Cu-related toxicity may 

be due to its indiscriminate binding to proteins rather than the generally accepted ROS-

generation hypothesis (Letelier et al., 2005). In agreement with our findings, in goldfish 

(Carassius auratus) higher Cu concentrations (>0.01 mg/L) inhibited this enzyme (Liu et al., 

2006). The levels of sod1 gene expression were also downregulated in Cu and Cu+MPs exposed 

larvae. The basic region leucine-zipper transcription factor Nrf2 (nuclear factor erythroid 2-

related factor 2), which after nuclear translocation binds to the antioxidant response element 

(ARE) within gene promoters, plays a key role in the activation of genes regulating the cellular 

antioxidant response in fish (Ma, 2013). In Jian carp (Cyprinus carpio var. Jian) exposed to Cu, 

for 4 days, there was a decrease in nuclear Nrf2 levels and in ARE binding ability, as well as a 

downregulation of antioxidant related genes. Taking this into consideration, although Nrf2 was 

not evaluated in the present study, the observed downregulation of sod1 gene may also have 

resulted from disruption of Nrf2/ARE signaling. In this study, a dose-dependent enhanced CAT 

activity was also observed in all Cu and Cu+MPs groups, indicating an antioxidant response to 

overcome metal and MPs stress. Moreover, the higher increase of CAT in Cu125 and 

Cu125+MPs suggests an adaptive mechanism to compensate SOD inhibition observed in these 

groups and maintain the cellular redox homeostasis. Still, the expression of cat gene did not 

suffer alterations in response to Cu and Cu+MPs exposure, showing that mRNA levels do not 

always correlate with respective protein levels (Lushchak, 2016). GPx which detoxifies H2O2 

and hydroperoxides to hydroxy molecules with GSH as a cofactor (Lushchak, 2016), also 

showed a significant increase in zebrafish exposed to Cu125 and Cu125+MPs. In agreement 

with our results, induced oxidative stress and SOD, CAT and GPx alterations have been 

reported in fish species exposed to heavy metals or mixtures of MPs and metals (Jiang et al., 

2014; Liu et al., 2006; Lu et al., 2018; Wen et al., 2018). Additionally, our results showed that 

GST activity, a phase II biotransformation enzyme, was induced in the Cu125 and Cu125+MPs 

groups, demonstrating the activation of detoxification mechanisms to overcome metal and MPs 

stress. GST may have played an important role in controlling oxidative stress in these two 

groups, compensating the SOD inhibition. Alterations in the GST enzyme in response to heavy 

metals (Liu et al., 2006) or mixtures of MPs and pollutants (Wang et al., 2019) have also been 

reported. The positive correlation observed between CAT, GPx and GST suggest that these 
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enzymes may have played an important role in the elimination and homeostasis of ROS in 

zebrafish larvae exposed to Cu and Cu+MPs. 

In the present study, GSH, known to play an important role as ROS scavenger or by serving as 

a cofactor for ROS-detoxifying enzymes such as GPx or GST (Lushchak, 2016), progressively 

decreased in Cu groups, becoming significantly different from control in the Cu125 group. 

Likewise, GSSG levels also decreased. This depletion may be attributed either to the use of 

GSH to scavenge the free radicals or ROS generated by metal exposure. Supporting this, a 

positive correlation between GSH and ROS levels was noticed. Conjugation of GSH with metal 

ions catalyzed by GST may have contributed to its decrease since an increase of GST was also 

observed in the Cu125 group. In fact, it has been proposed that GSH is capable of complexing 

and detoxifying heavy metal cations, resulting therefore in a reduced availability of GSH 

(Canesi et al., 1999). Moreover, GPx, which uses GSH as a cofactor, was shown to be increased 

in Cu125 and Cu125+MPs, therefore explaining in part the depletion of GSH in these exposed 

groups. Although not measured in the present work, an inhibitory effect on GR enzyme can 

also contribute to this depletion, by interfering with the supply of NADPH in GSH recycling. 

GSH levels reduction was also reported in fish exposed to heavy metals (Jiang et al., 2014; Lu 

et al., 2018; Wen et al., 2018). These findings also emphasized the antagonistic action of MPs 

in relation to Cu, with Cu125+MPs showing higher levels of GSH than Cu125 alone, and 

therefore, evidencing an alleviation of the effects of Cu and restoring of GSH levels. Oppositely, 

in the lowest mixture groups, GSH levels tended to increase, becoming significantly different 

from the control in the Cu60+MPs group. Besides, these groups differed significantly from the 

corresponding group exposed to Cu alone, suggesting an antagonistic interaction between MPs 

and Cu. Similarly, other studies have reported an antagonistic interaction between MPs and 

pollutants (Chen et al., 2017a; Miranda et al., 2019; Pacheco et al., 2018), with MPs alleviating 

the chemical pollutants toxicity. An upregulation of gclc gene expression, which is involved in 

GSH synthesis, was also observed in these groups, being significantly different from control in 

the Cu60+MPs group and differing from the groups exposed to Cu alone. Again, an antagonistic 

response was observed between MPs and Cu for this parameter. Overexpression of glutamate 

cysteine ligase (GCL) subunits genes, such as gclc, under stressful conditions, have been 

correlated with changes in cellular GSH, therefore increasing cell potential for de novo GSH 

synthesis (Krzywanski et al., 2004). Thus, a stimulated GSH synthesis through an enhanced 

gclc expression contributed to the increase of GSH levels observed in the two lowest Cu+MPs 

exposed larvae. The elevated GSH levels observed may be resultant from the presence of MPs 
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and as an adaptive mechanism to prevent Cu-induced toxicity. Overall, the above findings 

suggest that under low and middle stress, Cu and Cu+MPs induced a cellular response to the 

increased ROS levels, by increasing CAT activity and GSH levels to overcome the oxidative 

stress and prevent oxidative damage. Whereas under severe stress, GSH levels decreased 

probably due to its increased use as cofactor of the antioxidant enzymes and, consequently, the 

reestablishment of the cellular ion and redox homeostasis. Notwithstanding, GSH levels 

findings also emphasized the antagonistic action of MPs in relation to Cu. 

Generally, high levels of ROS and induction of oxidative stress lead to increased lipid 

peroxidation. For most of the exposed groups, LPO levels did not suffer significant alterations, 

indicating that no significant lipid oxidative damage occurred and that the response of the 

antioxidant defense system overcame the metal and MPs stress. Surprisingly, lower LPO levels 

were noticed in the Cu125 and Cu125+MPs groups. This may be related to the increased activity 

of GPx and GST, which are efficient protective enzymes against lipid peroxidation (Lushchak, 

2016). Indeed, a negative correlation between LPO levels and these two enzymes was observed. 

Although a slight increment of ROS levels in zebrafish larvae exposed to MPs alone was 

observed, no significant alterations of the response of both enzymatic and non-enzymatic 

antioxidants were detected, nor lipid oxidative damage. Chen et al (2017) also observed that 

exposure of zebrafish to MPs alone does not elicit significant changes in such enzymes, 

corroborating our results. The effects of MPs alone seem to be a controversial issue since a few 

studies have documented the induction of oxidative stress, an increase of LPO levels, as well 

as modulation of SOD and CAT activity in fish exposed to MPs (Barboza et al., 2018a; Lu et 

al., 2016; Qiao et al., 2019b; Wan et al., 2019). However, no direct comparisons are possible, 

since most of these studies were performed in adult fishes. Besides, differences in species 

sensitivity and exposure conditions, such as type and concentration of MPs, route and time of 

exposure may be responsible for such opposite findings. Overall, the results of the present study 

indicate that Cu and Cu+MPs induced oxidative stress, which was compensated with an 

increase of the antioxidant system enzymes, therefore, protecting zebrafish against lipid 

oxidative damage. Hence, this response may have prevented severe malformations on larvae. 

Metabolic regulation plays a crucial role in stress tolerance. LDH is an anaerobic glycolysis 

enzyme used as a biomarker of cellular energy production and tissue damage (Shi et al., 2019). 

Our findings show that LDH activity decreased in larvae exposed to Cu125 and Cu125+MPs, 

which in turn suggests a possible inhibition of the anaerobic metabolism in the larvae, raising 

potential negative consequences to the energetic balance when dealing with metal and MPs 
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stress. In agreement with our findings, Teodorescu et al. (2012) reported an inhibition of LDH 

activity in goldfish (Carassius auratus gibelio) exposed to 100 and 250 µg/L of Cu, for 72 h. 

These authors proposed that Cu may interfere with Na+/ K+ ATPase, which in turn generates 

acidosis and inhibition of phosphofructokinase, the rate-limiting enzyme of the glycolysis 

pathway. Direct binding of the metal to the active site thiol group of LDH and formation of an 

enzyme-inhibitor complex or changes in the activity of mitochondrial membrane function were 

also proposed as mechanisms responsible for LDH inhibition (Sastry and Gupta, 1980; 

Teodorescu et al., 2012). Modulation of LDH activity has also been observed in other aquatic 

biota exposed to heavy metals (Banaee et al., 2019; Shi et al., 2019) and mixtures of MPs and 

pollutants (Banaee et al., 2019). 

MT are a family of proteins involved in heavy metal detoxification and protection of tissues 

against oxidative damage (Lindeque et al., 2010). In general, it has been shown that MT are 

induced in response to heavy metals (Lindeque et al., 2010; Lushchak, 2016). In the present 

study, contrary to the expected, MT protein levels decreased in the Cu60, Cu125 and respective 

Cu+MPs groups. A possible reason for this decrease may be related to the inhibition of MT 

synthesis. 

Acetylcholinesterase (AChE) is a key enzyme of the nervous system, having an essential role 

in neurotransmission. The results of the present study showed that exposure to Cu alone and 

Cu+MPs induced AChE inhibition. In PCA analysis, a positive correlation between AChE and 

hatching was observed, which suggests that a decrease in embryo motility derived from AChE 

inhibition may have contributed to the lower hatching observed in the exposed embryos. 

Previous studies have reported inhibition of AChE activity in fish exposed to Cu (Haverroth et 

al., 2015; Roda et al., 2020; Tilton et al., 2011). In fish exposed to the MPs alone, no significant 

differences were perceived in this parameter, although a slight decrease of AChE activity was 

noticed. Similarly, a slight decrease of AChE activity was previously reported in zebrafish 

larvae exposed to 1 mg/L of polystyrene MPs (Chen et al., 2017) and in common goby 

(Pomatoschistus microps) juveniles exposed to 0.184 mg/L of MPs (Fonte et al., 2016). 

Moreover, significant inhibition of AChE activity by MPs has been reported previously in fish 

(Banaee et al., 2019; Barboza et al., 2018a; Roda et al., 2020). Reacting to the neurotoxicity 

induction, an adaptive response was observed in zebrafish larvae, rising the ache expression in 

the MPs, Cu15, Cu60 and respective mixtures. Therefore, this answer may have alleviated the 

neurotoxicity induced by some treatments, such as MPs alone. Notwithstanding, the present 

results and the mentioned studies suggest that MPs and heavy metals may lead to adverse effects 
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in the cholinergic neurocircuit, causing neurotoxicity. Supporting the MPs and Cu-induced 

neurotoxicity, in the present study, the histological analysis also revealed changes in the 

morphology of the brain and retina in the MPs and Cu exposed zebrafish larvae, with epithelial 

detachment being the histopathological change with higher prevalence in exposed animals. The 

fish nervous system is involved in a wide range of physiological and regulatory functions that 

are crucial for the survival and performance of organisms. Therefore, brain lesions induced by 

pollutants can compromise the individual and, ultimately the populations’ fitness. Although the 

incidence of histological changes observed in the exposed larvae was low, the analysis evidence 

that the brain and retina may be sensitive organs, not only to Cu, but also to MPs.  

Histopathological changes have also been reported in fish after exposure to heavy metals, such 

as disruption of the boundaries within the brain and decrease of differentiated neurons and glia 

numbers (Al-sawafi et al., 2017; Chow et al., 2008), and to MPs, like epithelial detachment and 

mucous hypersecretion on intestinal mucosa and gills (Limonta et al., 2019; Qiao et al., 2019b). 

Both predator avoidance and social behaviors are crucial to a successful and adapted life 

strategy, being dependent of a healthy and functional nervous system. However, exposure to 

aquatic pollutants can alter these behavioral patterns, compromising the adaptive performance 

and survival of fish populations (Acosta et al., 2016). In the present study, most of the 

exploratory behaviors were not altered significantly. However, exposure to Cu125 and 

Cu125+MPs increased the total distance traveled by larvae. Besides, when subjected to 

alternating light and dark periods, the larvae exposed to Cu125+MPs also presented a 

significant increase in the distance moved. These findings illustrate hyperactivity and 

disturbances in the modulation of locomotion, which, consequently, can have detrimental 

effects on fish performance due to increased energy expenditure. In fact, an opposed tendency 

was revealed by PCA analysis between LDH activity, involved in the metabolic rate, and the 

total distance moved by larvae was observed in PCA analysis, emphasizing that assessing 

behavioral alterations may provide a linkage between physiological processes and interaction 

with the environment (Sandoval-Herrera et al., 2019). Similarly, locomotor activity 

disturbances have been reported in fish exposed to Cu or MPs, alone or combined (Acosta et 

al., 2016; Chen et al., 2017; Haverroth et al., 2015; Qiang and Cheng, 2019). The locomotor 

response involves several neurochemical systems (Sharma, 2019), which when disrupted by 

exposure to xenobiotics can be translated into behavior impairment. Along with the 

histopathological lesions observed in some individuals, on the mechanism underlying the 

behavioral response of larvae after Cu and Cu+MPs exposure, the AChE inhibition observed in 
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the present study seems to be the primary candidate to explain the altered locomotor response. 

In fact, a negative correlation between the total distance traveled by larvae and AChE was 

observed in this study, implying that an inhibition of AChE may have caused an increase in the 

distance traveled. Indeed, inhibition of AChE leads to the accumulation of acetylcholine in 

cholinergic synapses, keeping the acetylcholine-gated sodium channels open for more ions to 

flow into the cell. Ultimately it leads to an action potential and hyperstimulation (Ogungbemi 

et al., 2019). Accordingly, locomotion alterations associated with inhibition of AChE have been 

previously reported in zebrafish (Chen et al., 2017; Haverroth et al., 2015). 

Zebrafish larvae display both sensory and motor systems that allow them to detect and avoid 

threatening environmental stimuli (Colwill and Creton, 2011). In fact, in the presence of an 

aversive stimulus, which in this study was a bouncing ball (mimicking a predator or the shadow 

of a predator), zebrafish react with an adaptive escape reaction (Colwill and Creton, 2011). Our 

findings showed that Cu and Cu+MPs exposure disrupted avoidance behavior of zebrafish 

larvae since they did not perceive the aversive stimuli. Besides, social behavior was also 

impaired in the Cu125+MPs group, implying a disruption of the social cohesion of these 

exposed larvae. Given that social behavior of zebrafish during the early stages is crucial for the 

development of avoidance reactions (Groneberg et al., 2020), its disruption may be linked with 

the negative effects on avoidance behavior of the exposed larvae. The avoidance behavior 

alterations induced by Cu and Cu+MPs may be also related to alterations in the cholinergic 

system, given that a close association between the parameters of avoidance behavior and AChE 

inhibition was observed in PCA analysis. Supporting our results, alterations of avoidance 

behavior have also been linked to AChE inhibitors (Carlson et al., 1998; Sandoval-Herrera et 

al., 2019). Zebrafish rely on sensory, olfactory, and vision systems to avoid predators, thus, 

impairment of these systems may also be involved in avoidance behavior changes. It has been 

demonstrated that Cu exposure disrupts the mechanosensory lateral line system, inducing 

neuromast hair cells death (Olivari et al., 2008; Sonnack et al., 2015), and the olfactory sensor 

cells and olfactory transduction signaling (Lazzari et al., 2017). Visually-guided behaviors and 

visual impairment have also been reported in zebrafish exposed to heavy metals (Chow et al., 

2009; LeFauve and Connaughton, 2017) and MPs, alone or co-exposed with other pollutants 

(Chen et al., 2017). Data of the present study provide an initial contribution about the effects of 

MPs and Cu on locomotor response, avoidance and social behaviors of early life stages of fish. 

Considering our findings, the long-term behavioral alterations in response to heavy metals and 

MPs, and its implications in fish population fitness still need to be clarified. 
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5. Conclusions 

Overall, the present study emphasizes that a 96 hour exposure to MPs had no relevant effects 

on the early life stages of zebrafish. However, it is necessary to consider that the interaction of 

MPs with fish early life stages may depend on the exposure conditions such as time of exposure. 

On other hand, environmentally relevant concentrations of Cu, alone or co-exposed with MPs, 

increase mortality of embryos, inhibited hatching rate and acted through different cellular 

mechanisms, leading to oxidative stress, AChE inhibition and, ultimately, behavioral alterations 

in the early life stages of zebrafish. For some parameters, namely, glutathione levels and gstp1 

and gclc genes, the effects induced by the mixture of Cu and MPs were lower than the effects 

of Cu alone, evidencing an antagonistic response of MPs in relation to Cu. 

Further research on the effects of heavy metals and MPs co-exposure in fish development needs 

to be investigated in more detail, particularly regarding to neurotoxic effects. This work also 

alerts to the need for biomonitoring areas potentially polluted with heavy metals and MPs. 
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Supplementary Data 

96 h LC50 of copper 

Prior to the experiments, a toxicity test was conducted to select the appropriate concentrations of copper, based on 

the median lethal concentration (LC50) and median effective concentration (EC50). For this, ~2 hours post-

fertilization (hpf) embryos were randomly exposed to five copper concentrations (0.12, 0.25, 0.50, 1.0 and 2.0 mg 

Cu/L) for a 96-h period and the mortality and hatching were recorded. The test solutions were renewed daily until 

96 hpf. LC50 and EC50 were determined, respectively, based on cumulative mortality and hatching rate obtained 

from four independent experiments, through Regression Probit analysis with SPSS software (SPSS Inc., Chicago, 

USA). The LC50 for a 96-h copper exposure was found to be 0.636 (0.533-0.768) mg Cu/L. The calculated EC50 

was 0.101 (0.072-0.125) mg Cu/L. The concentration-response curve is presented in Figure 1. This data was then 

used to select the concentrations of copper for the remaining experiments. 

 

 

Figure S1. Dose-response curve of mortality in zebrafish larvae exposed to copper (Cu) from 2 until 96 hours 

post-fertilization (hpf). The values are presented as mean ± SD from four independent replicate exposures. 
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Table S2. Measured concentrations of copper (Cu, mean ± SD) in the exposure medium of all treatments, at the 

beginning (0 h) and at the end of the experiment (96 h), and in the zebrafish larvae (96 hpf). 

Nominal exposure 

concentrations 

Measured concentrations  

of Cu in water (µg/L) 

Measured concentration of Cu in  

zebrafish larvae (µg/mg) 

0 h 96 h 96 h 

 Control 2.88±1.99 1.25±0.07 6.71±0.61 

2 mg/L MPs 4.87±0.90 2.99±1.68 4.97±0.76 

15 µg/L 
Cu 14.36±0.62 19.87±0.31 7.97±1.40 

Cu+MPs 17.74±5.03 20.33±0.34 7.11±1.36 

60 µg/L 
Cu 51.81±0.83 52.02±12.12 5.96±0.77 

Cu+MPs 52.35±5.20 52.94±8.01 8.47±3.55 

125 µg/L 
Cu 125.47±4.85 136.44±8.02 6.06±2.62 

Cu+MPs 122.95±20.86 127.73±15.10 11.72±7.11 

 

 

 

 

Figure S2. Biodistribution of microplastics (MPs, 1-5 µm) in zebrafish (Danio rerio) (A) embryo, at 24 hours 

post-fertilization (hpf), where it is possible to identify MPs on the surface of its chorion and inside the embryo; 

(B) larva at 96 hpf with MPs in the eye and head area. 
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Table S3. Scores of the histopathological changes observed in zebrafish larvae (96 hpf) exposed to microplastics 

and copper, alone or combined. 

 
 

Data, from three independent replicates, expressed as median and minimum and maximum values. Statistical analysis was 

performed using Kruskal–Wallis followed by Dunn's test. Different lowercase letters indicate significant differences among 

groups (p<0.05). 

 

 

 

 

Figure S3. Exploratory behavior of 96 hpf zebrafish larvae following exposure to microplastics (MPs) and copper 

(Cu), alone or combined. (A) Mean speed, (B) Distance to the center of the well, (C) Mean absolute turn angle, 

(D) Percentage of time that larvae were active. Data presented as mean ± S.D. Statistical analysis of exploratory 

behavior was performed using two-way ANOVA followed by Tukey's multiple-comparison test. Different 

lowercase letters indicate significant differences between groups (p<0.05). 
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Abstract 

The evaluation of the interaction between microplastics (MPs) and heavy metals is of special 

importance for risk assessment. In this study, zebrafish (Danio rerio) were exposed to MPs (2 

mg/L), two sub-lethal concentrations of copper (Cu, 60 and 125 µg/L) and their mixtures 

(Cu60+MPs, Cu125+MPs), from 2-h post-fertilization (hpf) until 14-days post-fertilization 

(dpf). Lethal and sublethal endpoints were evaluated, along with a set of biochemical and 

genetic biomarkers between 2 and 14 dpf. Exposure to MPs and Cu, single or combined, 

induced high mortality and oxidative stress in zebrafish larvae, with data showing that the 

antioxidant enzymes were inhibited at 6 dpf, increasing thereafter until 14 dpf, due to the 

accumulation of reactive oxygen species. MPs and Cu, single or combined, caused 

neurotoxicity in larvae by inhibiting acetylcholinesterase activity. There was an increased and 

significant effect of Cu+MPs groups on the evaluated biomarkers, concerning the 

corresponding Cu groups, suggesting that MPs may have a synergistic effect in relation to Cu. 

The Integrated Biomarker Response (IBR) evidenced that a higher degree of stress occurred 

during the larval period. Our findings highlight that MPs can act as a vector for heavy metals, 

therefore, influencing their bioavailability and toxicity in the organisms. 

 

 

 

Keywords: Plastic microspheres; Heavy metals; Biomarkers; Synergistic effects; Integrated 

biomarker response. 
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1. Introduction 

Aquatic biota, in the environment, is frequently exposed to a complex mixture of pollutants, 

rather than to a single pollutant. When in a mixture, many environmental contaminants exhibit 

interaction effects, which can change their bioavailability and toxicity to organisms (Rodea-

Palomares et al., 2015). These interactions can result in synergistic, i.e. the mixture toxicity is 

higher than that of the individual pollutants, or antagonistic effects, i.e. the toxicity of the 

mixture is lower than that of the individual components (Rodea-Palomares et al., 2015). Despite 

this, traditional risk assessment has been mostly based on single-exposure studies, leading to 

under- or over-estimation of the potential risk that pollutants may represent to aquatic 

organisms (Heys et al., 2016). Thus, the evaluation of the interaction between different 

contaminants is of special importance for risk assessment. 

As emerging pollutants, microplastics (MPs), which are plastic particles with a size lower than 

5 mm, have received worldwide attention over the last decades due to their persistence, 

widespread distribution in aquatic ecosystems, and toxic potential (Du et al., 2020; Teuten et 

al., 2009). Currently, there is growing information about the ecotoxicological effects of MPs 

on aquatic organisms, particularly in adult phases, with several studies reporting reduction of 

the predatory performance (Miranda et al., 2019; Wen et al., 2018b), acetylcholinesterase 

inhibition (Barboza et al., 2018b; Choi et al., 2018; Qiao et al., 2019b), oxidative stress 

(Barboza et al., 2018b; Luís et al., 2015), behavioral toxicity (Barboza et al., 2018c; Choi et al., 

2018), and transgenerational effects (Martins and Guilhermino, 2018; Wang et al., 2019), in 

fish and zooplankton species. Furthermore, several studies have highlighted the ability of MPs 

to sorb waterborne contaminants, including heavy metals (Godoy et al., 2019; Munier and 

Bendell, 2018; Turner and Holmes, 2015). Consequently, MPs may play a role as vectors in the 

transfer of waterborne contaminants into aquatic organisms via ingestion. Once inside the 

organisms, the contaminants adsorbed on MPs can be desorbed and exert toxic effects (Du et 

al., 2020). Recently, this phenomenon has been named the “Trojan horse” effect (González-

Soto et al., 2019; Naasz et al., 2018). 

Due to their ubiquity in the ecosystems, toxicological risks and bioaccumulation potential, the 

release of heavy metals to the aquatic environment (Ali et al., 2019) and, therefore, their 

simultaneous presence with MPs, has emerged as a serious worldwide environmental problem. 

Among heavy metals, waterborne copper has been found in high concentrations (Cu, 0.04‒560 

µg/L) in the environment (Couto et al., 2018; Oliveira et al., 2008; USEPA, 2007), due to 

natural and anthropogenic (e.g., industry and agriculture) inputs (Grosell, 2011), highlighting 
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the importance of evaluating the toxicological interactions and effects of MPs and Cu mixtures 

on aquatic organisms. Indeed, high concentrations of heavy metals (Munier and Bendell, 2018; 

Purwiyanto et al., 2020), including Cu (e.g. 80.9‒500.6 µg/g in MPs recovered from the 

Beijiang River littoral zone) (Wang et al., 2017), have been found sorbed to plastic debris. 

Few studies are available regarding the combined effects of MPs and Cu on aquatic organisms. 

Biological adverse effects such as growth inhibition (Davarpanah and Guilhermino, 2015; Fu 

et al., 2019), oxidative stress (Fu et al., 2019; Qiao et al., 2019a; Santos et al., 2020), behavioral 

alterations (Santos et al., 2020) and acetylcholinesterase inhibition (Roda et al., 2020; Santos et 

al., 2020) have been reported in laboratory studies with fish and microalgae exposed to mixtures 

of MPs and Cu. Accordingly, MPs not only play a role as vectors but also may influence the 

bioavailability of metals on organisms. Indeed, some authors have found synergistic effects 

between MPs and Cu (Qiao et al., 2019a; Roda et al., 2020). On the other hand, a few studies 

have reported opposite findings, with MPs causing antagonistic effects and therefore an 

alleviation of the toxicological effects of Cu (Fu et al., 2019; Santos et al., 2020), or not 

influencing the Cu induced toxicity (Davarpanah and Guilhermino, 2015). Hence, the combined 

effects of MPs and Cu in organisms are still controversial. 

Within this conceptual framework, the present study aims to evaluate the toxicological effects 

of MPs, Cu and their combination on zebrafish (Danio rerio) early life stages, after a subchronic 

exposure (14 days) that considers the transition from endogenous to exogenous feeding. In this 

study, four questions were delineated: (1) do MPs alone induce toxicological effects on 

zebrafish; (2) do MPs influence Cu toxicity on zebrafish; (3) does the ingestion of MPs by 

larvae influence Cu toxicity and bioavailability; and (4) are zebrafish embryos more sensitive 

to MPs and mixtures of Cu+MPs than larvae? In this vein, to unveil the stress response 

mechanisms underpinning the effects of MPs and Cu, single or in combination, a set of 

biochemical [reactive oxygen species (ROS) levels, lipid peroxidation (LPO), superoxide 

dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione-S-transferase 

(GST) activities, reduced (GSH) and oxidized states (GSSG) of glutathione levels, 

metallothioneins (MT), lactate dehydrogenase (LDH) activity and acetylcholinesterase (AChE) 

activity] and genetic [superoxide dismutase 1 (sod1), catalase (cat), glutamate-cysteine ligase, 

catalytic subunit (gclc), glutathione S-transferase pi 1 (gstp1), metallothionein 2 (mt2) and 

acetylcholinesterase (ache)] biomarkers were assessed at different time points during the 

subchronic exposure of zebrafish early life stages. Lethal and sublethal endpoints, including 

mortality, hatching and growth were also evaluated to estimate the potential embryotoxicity. 
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2. Material and Methods 

2.1. MPs and chemicals 

Spherical red fluorescent microspheres (proprietary polymer of undisclosed composition, 

Cospheric LLC, CA, USA), with a size between 1 and 5 µm and excitation/emission 

wavelengths of 575/607 nm, were used as MPs model for the experiments. Based on their 

density (1.3 g/cm3), it was calculated that 1 mg of MPs has approximately 5.44 E+07 spheres 

(further details described previously in Santos et al., 2020). Copper sulfate pentahydrate 

(CuSO4·5H2O) was purchased from Merck (Germany) and a 1 g Cu/L stock solution was 

prepared in ultrapure water (Milli-Q, Millipore). 

 

2.2. Zebrafish early life stages exposure and experimental design 

Adult wild-type zebrafish (Danio rerio, AB strain), maintained under standard conditions (28 

± 1 °C, light/dark cycle of 14/10 hours, respectively) in the University of Trás-os-Montes and 

Alto Douro fish facilities (Vila Real), were mass crossed in a proportion of 2 males: 1 female 

(Luzio et al., 2015; Santos et al., 2020). The obtained fertilized eggs were collected and rinsed 

with embryo water [UV sterilized filtered-tap water at 28 ± 0.5 °C, 7.7 ± 0.1 mg O2/L, with 200 

mg/L Instant Ocean Salt (Aquarium Systems Inc., France; chemical composition described in 

Atkinson and Bingman, 1997) and 100 mg/L sodium bicarbonate; pH 7.5-8.0] (Westerfield, 

2000). The fertilized eggs (~650 eggs/group) were placed in 5 L aquaria and exposed to control 

(embryo water), two sub-lethal concentrations of Cu (Cu60, 60 µg/L; and Cu125, 125 µg/L), 

microplastics (MPs, 2 mg/L) and the mixtures of MPs and Cu (Cu60+MPs and Cu125+MPs), 

respectively. The experimental solutions for each aquarium were prepared, from the stock 

solution, at a final concentration of 60 or 125 μg Cu /L with embryo water, from the Cu stock 

solution. In the mixture’s groups, the amount of MPs (weighted according to the desired 

concentration and volume of solution) were suspended in each final Cu solution. Three 

replicates were established for each group. The experiment was conducted from the blastula 

stage (2 h post-fertilization) until 14 days post-fertilization (dpf). Zebrafish were maintained at 

28 ± 0.5 °C with a 14:10 h (light: dark) photoperiod and under semi-static conditions. Feeding 

of fish was initiated at 6 dpf with commercial fish food (Tetramin, Germany) and Artemia sp. 

nauplii, as described in Luzio et al. (2015). 

The exposure solutions were exchanged daily and the sidewalls of the aquariums were cleaned 

to maintain water quality and prevent the accumulation of MPs. To allow Cu sorption on MPs, 
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the mixtures solutions were prepared 24 h before exposure (Chen et al., 2017; Santos et al., 

2020). The tested Cu concentrations are considered environmentally relevant and are within the 

range reported for surface waters (Couto et al., 2018; Milivojevic et al., 2016; Oliveira et al., 

2008). The MPs concentration tested (2 mg/L which correspond to 1.09  108 particles/L) was 

chosen considering previous studies in fish embryos (Chen et al., 2017; LeMoine et al., 2018) 

and the levels reported in playa wetlands (up to 5.51±9.09 mg/L; Lasee et al., 2017) and 

drinking and freshwaters (1 × 10−2 to 108 #/m3 particles; Koelmans et al., 2019). 

Besides mortality, during the embryogenesis period, the heartbeat and hatching rates were 

determined, respectively, at 2 and 3 dpf. For the heartbeat rate, 10 embryos/group/replicate 

were acclimated for 5 min in a Petri dish and, then, the heartbeat was counted during 15 s (3 

times), under an inverted microscope (IX 51, Olympus, Belgium). Pools of embryos or larvae 

(20-30 per group/replicate) were collected at 2, 6, 10 and 14 dpf, for biochemical, 

metallothionein and gene expression analysis. To evaluate the internal distribution of the 

fluorescent MPs and their ingestion by larvae, 10 larvae were also randomly collected from 

each group at 6 and 14 dpf, observed under a fluorescent inverted microscope (Fluorescein-

Isothiocyanate (FITC) filter; IX 51, Olympus, Belgium) and photographed using Cell^A 

software (Olympus, Belgium). At 14 dpf, 15 larvae from each group/replicate were also 

sampled to measure body length. Larvae were euthanized with an overdose of buffered tricaine 

methanesulfonate (MS-222) before sampling. 

The zebrafish used in the experiments were exposed, maintained and sacrificed in agreement 

with the European (Directive 2010/63/EU) and Portuguese (Directive 113/2013) legislations on 

animal experimentation and welfare. 

 

2.3. Metal concentrations analysis 

Effective Cu concentrations were quantified on water samples (0, 10 and 14 days of exposure) 

and larvae (10 and 14 dpf) from each experimental group and are presented in Table S2. To not 

influence the effective Cu concentrations/results, the renewal of the experimental solutions on 

each aquarium was performed after the sampling. The water samples were acidified with 65% 

nitric acid (HNO3, Merck, Darmstadt, Germany) and stored at 4 ºC before analysis. For the 

analysis of Cu content in zebrafish larvae, pools of 10 fish were collected from each group and 

digested with 65% nitric acid and hydrogen peroxide (30% H2O2) (Merck, Darmstadt, Germany) 

at room temperature, as described in Santos et al. (2020). Cu content on each sample of water 

and larvae was quantified, in duplicate, using electrothermal atomic absorption spectrometry 
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(Unicam 939 Spectrometer, GF90 furnace). The measured Cu concentrations are presented as 

means ± standard deviation (SD). Our findings showed that nominal and effective Cu 

concentrations on water presented similar values (Table S2). Since low variations were 

observed between the nominal and effective Cu, the nominal concentrations values were used 

in the results description and discussion. 

 

2.4. Biochemical biomarkers determination 

Standardized protocols, described in Félix et al. (2016) and Santos et al. (2020), were used to 

determine enzymatic biomarkers in control and exposed zebrafish early life stages. Samples of 

embryos and larvae from each group were homogenized in an ice-cold buffer (sucrose 0.32 mM, 

HEPES 20 mM, MgCl2 1 mM, and phenylmethylsulfonyl fluoride (PMSF) 0.5 mM, pH 7.4). 

After centrifugation at 15 000 × g for 20 min, at 4 ºC (Sigma model 3K30, Germany), the 

supernatants of the homogenate solution were collected for the biochemical activities 

determinations. 

The biochemical measurements were performed in a PowerWave XS2 microplate scanning 

spectrophotometer (Bio-Tek Instruments, USA), at 30 °C. AChE activity was evaluated at 405 

nm, as described by Rodriguez-Fuentes et al. (2015), and expressed as µmol TNB/min.mg 

protein. The method reported by Domingues et al. (2010) was used to estimate LDH activity, 

at 340 nm. This enzyme activity was expressed as µmol NADH/min.mg protein. GST activity 

was determined according to Habig and Jakoby (1981), at 340 nm, and expressed as 

µmol/min.mg protein. SOD activity was measured at 560 nm, in a final volume of 200 µL, 

according to the method of Durak et al. (1993). SOD activity was quantified using a standard 

curve of bovine SOD (0-60 U/mL) and expressed as U/mg protein. CAT activity was assayed 

according to the method of Claiborne (1985), at 240 nm, quantified using a bovine catalase as 

a standard (0-6 U/mL) and expressed as U/mg protein. The method described by Paglia and 

Valentine (1967) was used to evaluate the GPx activity, at 340 nm, and expressed as µmol 

NADPH/min.mg protein. LPO was analyzed through the method reported by Wallin et al. (1993) 

with malondialdehyde (MDA) and expressed as µmol MDA/mg protein. The absorbance was 

read at 530 nm minus the absorbance at 600 nm. 

The GSH and GSSG levels were evaluated following the methodology of Gartaganis et al. 

(2007), which uses the fluorochrome ortho-phthalaldehyde (OPA), at 320/420 nm 

(excitation/emission wavelengths), and expressed as µmol/mg protein. An oxidative-stress 

index (OSI) was then estimated as the ratio between GSH/GSSG. ROS accumulation was 
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assayed using the method described by Deng et al. (2009) at 485/530 nm (excitation/emission 

wavelength). A 2’,7’-dichlorofluorescein (DCF) standard curve (0-6.25 nM) was used to 

estimate ROS concentration, which was expressed as µmol DCF/mg protein. Both glutathione 

levels and ROS were evaluated in a Varian Cary Eclipse spectrofluorometer equipped with a 

microplate reader (Varian, USA). 

The protein determination was performed at 595 nm according to the method of Bradford 

(1976), with bovine serum albumin being used as a standard (0-2 mg/mL). 

 

2.5. Metallothionein assay  

Samples of embryos and larvae from each group were homogenized in an ice-cold Tris–HCl 

buffer (20 mM, pH 8.6) with sucrose (0.5 M), phenylmethylsulphonyl fluoride (PMSF, 0.5 mM) 

and β-mercaptoethanol (0.01%) and centrifuged at 15 000 × g for 20 min, at 4 ºC (Sigma model 

3K30, Germany). An aliquot of the supernatant was collected for protein determination 

(Bradford, 1976), at 595 nm. Then, the MT levels were measured following acidic 

ethanol/chloroform extraction as described by Viarengo et al. (1997), with some modifications 

(further details described in Santos et al., 2020). MT levels on samples were quantified by 

spectrophotometry (Ellman’s reaction), at 412 nm, in a PowerWave XS2 microplate scanning 

spectrophotometer (Bio-Tek Instruments, USA), using a reduced GSH standard solution (0-250 

µM) and were expressed as µmol GSH/mg protein. 

 

2.6. Gene expression analysis 

The gene expression levels of antioxidant enzymes (sod1, cat, gstp1, gclc), metallothioneins 

(mt2) and acetylcholinesterase (ache) were evaluated by quantitative real-time PCR (qPCR), as 

described in Santos et al. (2020). Samples of embryos and larvae randomly collected from each 

group and time point were stored in RNA Later (Sigma, Germany), at -80 °C, until analysis. 

After homogenization in a TissueLyzer shaker (Qiagen, Hilden, Germany), total RNA was 

isolated using the Illustra RNAspin Mini Kit (GE Healthcare, Munich, Germany) and reverse 

transcribed into cDNA with the SensiFAST cDNA Synthesis Kit (Bioline, London, UK). The 

cDNA was then used for qPCR reactions in a PikoReal 96 Real-Time PCR System (Thermo 

Scientific, Massachusetts, USA). The qPCR mixture consisted in a 20 μL reaction mixture 

containing 1 μL of cDNA, 4 μL of 5x HOT FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne, 

Tartu, Estonia), 0.4 μL of each primer (Table S1) and 14.2 μL of nuclease-free water. Each 
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sample was run in duplicate and a non-template control (nuclease-free water) was included on 

each plate. The thermal cycling conditions followed the procedure described in Santos et al. 

(2020). The primer annealing is presented in Table S1. The relative quantification of mRNA of 

target genes was then evaluated following the method described by Hellemans et al. (2007), 

which accounts the primers efficiencies and two reference genes, namely β-actin (actb2) and 

eukaryotic translation elongation factor 1 alpha 1 (eef1α1). The geometric mean of the selected 

reference genes was calculated and used to normalize the expression of the genes of interest. 

Results are expressed as normalized relative quantity (NRQ). 

 

2.7. Integrated biomarker response 

The stress index termed Integrated Biomarker Response (IBR) was calculated using a 

previously described method (Beliaeff and Burgeot, 2002; Devin et al., 2014), to integrate the 

results from the biochemical and genetic biomarkers. For this, data was standardized through 

the calculation of Y = (X ‒ m)/s, where X is the mean value for the biomarker at a given 

treatment, and m and s are the general mean and the standard deviation, respectively, of all data 

for a given biomarker. Then, a score (S = Y+|Min|, where S ≥ 0 and |Min| is the absolute value 

for the minimum value for all calculated Y) for each biomarker was obtained to calculate the 

IBR as follows: IBR= ∑ Ai
n
i=1  , 

where Ai = Si  x  Si+1  x sin α 

Si and Si+1 represent two consecutive clockwise biomarker scores; Ai is the area that connects 

two scores; k is the number of biomarkers; and α = 2π/k. Star plots and IBR calculations were 

performed using Microsoft Excel software. 

 

2.8. Statistical analysis 

Data were tested for ANOVA assumptions (homogeneity of variances with the Bartlett’s test 

and normality with the Kolmogorov-Smirnov test). One- or two-way analysis of variance 

(ANOVA) followed by Tukey’s multicomparison post-hoc test was performed to discriminate 

statistically significant differences among groups. When the parametric ANOVA assumptions 

failed, a non-parametric ANOVA using the Kruskal-Wallis on Ranks test followed by the post-

hoc Dunn’s test was used. For gene expression analysis, data (NRQ values) were log2 

transformed (Cq’) to reduce heterogeneity of variance. Significant differences were considered 

for p<0.05. The Pearson correlation coefficient was used to measure the correlation between 
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the different biomarkers along the bioassay. The statistical analysis was performed using Prism 

7.0 (GraphPad Software, Inc., USA). 

 

3. Results and Discussion 

3.1. Metal concentration analysis 

Effective Cu concentrations were quantified on larvae (10 and 14 dpf) from each experimental 

group and are shown in Table S2. Considering the larvae, significantly higher levels of Cu were 

found, at 10 dpf, in the groups exposed to Cu and Cu+MPs (p<0.05), compared to control and 

MPs groups. At 14 dpf, only the Cu125+MPs exposed larvae presented significantly higher 

levels of Cu than the control (p=0.008) and the 10 dpf larvae (p=0.046). These results suggest 

that zebrafish larvae may have balanced the accumulated free Cu through the detoxification 

mechanisms in the Cu60 and Cu60+MPs. 

 

3.2. Lethal and sublethal endpoints in exposed embryos and larvae 

Zebrafish mortality (Fig. 1) increased throughout the experiment, with larvae survival being 

affected in the first 10 days of exposure, mostly by the Cu125 and Cu125+MPs (p<0.05). After 

14 days, both MPs and Cu, single or combined, induced a dose-dependent increase in zebrafish 

larvae mortality, in comparison with the control (p<0.05), reaching 49±10.2% in the Cu125 

group and 60±8.5% in the Cu125+MPs group. 

A slight increase of the heart rate (Table 1) was observed at 2 dpf in most of the exposed groups 

(p>0.05), reaching statistical differences from the control in embryos exposed to Cu125+MPs 

(p=0.025). The hatching rate (Table 1), at 3 dpf, decreased in a dose-dependent manner in the 

Cu and Cu+MPs exposed larvae (p<0.01), compared to the control group. 

Our results are consistent with those obtained by previous reports, which have demonstrated 

increased mortalities and hatching inhibition in both marine and freshwater fish exposed to 

comparable concentrations of heavy metals (Capriello et al., 2019; Zhang et al., 2020), MPs 

(Cong et al., 2019; Mazurais et al., 2015; Zhang et al., 2020) and to mixtures of MPs and heavy 

metals (Santos et al., 2020; Zhang et al., 2020). 

 

3.3. Biodistribution of the fluorescent MPs and growth of larvae 

No visible fluorescent MPs were observed in the control group. Larvae from the groups exposed 

to MPs showed fluorescent particles accumulated on their gastrointestinal tract (Fig. S1), at 6 
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and 14 dpf, indicating the ingestion of the MPs by the zebrafish larvae. Similarly, other studies 

have reported the ingestion of MPs by fish larvae (LeMoine et al., 2018; Mazurais et al., 2015; 

Qiang and Cheng, 2019; Zhao et al., 2020). Consequently, the ingestion of plastic particles by 

the organisms can reduce the feeding stimulus and result in reduced energy intake and fitness 

(Derraik, 2002). In the present study, zebrafish larvae showed a significantly lower body length 

at 14 dpf (Table 1) after exposure to Cu, MPs and Cu+MPs (p<0.01), comparatively to the 

control. 

 

 

Figure 1. Cumulative mortality rate of zebrafish exposed to microplastics (MPs) and copper (Cu), single or 

combined, registered at 2, 6, 10 and 14 d post-fertilization (dpf). Data are expressed as mean ± S.D. The statistical 

analysis was performed using two-way ANOVA followed by Tukey's multiple-comparison test. Different 

lowercase letters indicate significant differences between groups within the same time point, while different 

uppercase letters indicate significant differences between time points within the same group (p<0.05). 

 

Table 1. Hatching and heart rates and body length of zebrafish embryos and larvae exposed to microplastics (MPs) 

and copper (Cu), single or combined, from 2 h post-fertilization (hpf) to 14 d post-fertilization (dpf). 

Treatment groups 
Heart rate (bpm) 

2 dpf 

Hatching rate (%) Body length (mm) 

3 dpf 14 dpf 

 Control 117±8.7a 73±7.3a 4.25±0.19a 

2 mg/L MPs 125±6.5ab 67±9.7a 4.06±0.25b 

60 µg/L 
Cu 125±11.5ab 32±21.0b 3.96±0.28bc 

Cu+MPs 129±10.8ab 37±10.7b 3.95±0.25bc 

125 µg/L 
Cu 130±12.8ab 21±8.8b 3.91±0.28c 

Cu+MPs 134±11.0b 16±6.8b 3.76±0.31d 

Data expressed as mean ± S.D. The statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test. 

Different lowercase letters indicate significant differences between groups (p<0.05). 
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The reduced growth of larvae observed in the exposed groups may be the result of lower feeding 

efficiency and thus a false sense of satiation due to the presence of MPs in the gastrointestinal 

tract, and a consequence of a redirected energy to detoxify the pollutants (Yang et al., 2020). 

Previous studies have also reported growth inhibition in larvae exposed to Cu (Witeska et al., 

2014), MPs (Pannetier et al., 2020; Xia et al., 2020) and mixtures of MPs and heavy metals 

(Zhang et al., 2020). 

 

3.4. Effects of MPs, Cu and their mixture on the biochemical oxidative stress biomarkers 

In the present study, a significant rise of ROS levels was observed in Cu60+MPs group 

(p=0.005) at 10 dpf, and in all exposed groups at 14 dpf (p<0.05), comparing to the control 

group (Table S3 and illustrated in Fig. 2). Considering SOD activity (Table S3 and illustrated 

in Fig. 2), it was first inhibited, at 6 dpf, in animals from the Cu125+MPs (p=0.013) group. 

However, at 10 and 14 dpf, it significantly increased in Cu+MPs groups (p<0.001), comparing 

to the control group. In animals exposed to Cu alone, it was also noticed an increase of SOD 

activity, that became statistically significant in the Cu125 group (p=0.001) at 14 dpf. The CAT 

activity (Table S3 and illustrated in Fig. 2) did not change in zebrafish exposed to MPs or Cu 

(p>0.05), in all time points. However, lower levels of CAT activity were observed, at 6 dpf, in 

the Cu125+MPs group (p=0.0005), which subsequently increased (p<0.001) at 10 and 14 dpf. 

In the Cu60+MPs larvae, a transient and significant increase of CAT activity was observed at 

10 dpf (p<0.01), relative to the control group. Regarding GPx (Table S3 and illustrated in Fig. 

2), significantly higher activity levels were observed in the MPs (p=0.038) and Cu125 (p=0.008) 

groups, at 2 dpf, indicating that GPx, instead of CAT, was induced in zebrafish embryos in 

response to the increased oxidative stress caused by MPs and Cu exposure. At 6 dpf, GPx was 

temporarily inhibited in both Cu and Cu+MPs groups (p<0.01), followed by a significant rise 

in Cu+MPs exposed larvae (p<0.0001) at 10 dpf, and in both MPs and Cu125+MPs groups at 

14 dpf (p<0.05), comparatively to the control larvae. These results suggest that Cu, MPs and 

Cu+MPs induced oxidative stress and the subsequent activation of the antioxidant enzyme 

system to prevent oxidative damage, particularly in larvae and after subchronic exposure. 

Reinforcing this, a positive correlation between ROS levels and the activity of the antioxidant 

enzymes was observed at 10 and/or 14 dpf (p<0.05) (Fig. 5C and D). Similarly, increased ROS 

levels have been reported in aquatic biota exposed to Cu (Santos et al., 2020; Zhang et al., 2018) 

and MPs (Jeong et al., 2017). Furthermore, GST (Table S3 and illustrated in Fig. 2) was 

unchanged in Cu exposed groups (p>0.05) at all time points, suggesting that Cu detoxification 
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by larvae may have occurred through other mechanisms. Nevertheless, GST activity was 

initially decreased in the Cu125+MPs, at 6 dpf (p=0.001), followed by a significant increase at 

10 and 14 dpf in MPs and Cu+MPs groups (p<0.01). This increase would indicate a shift 

towards GST mediated antioxidant activity or detoxification mechanisms, after subchronic 

exposure. In agreement with this, the exposure of organisms to pollutants can disrupt the redox 

homeostasis, compelling the antioxidant and detoxification systems to restore the balance 

(Pamplona and Costantini, 2011). 

 

 

Figure 2. Heatmap representing the temporal changes in oxidative stress and antioxidant biomarkers of zebrafish 

embryos and larvae exposed to microplastics (MPs) and copper (Cu), single or combined, from 2 h post-

fertilization (hpf) to 14 d post-fertilization (dpf). 

 

The above results highlight that Cu alone or their mixture with MPs tended to inhibit the 

antioxidant enzymes, SOD, CAT, GPx and GST in zebrafish early life stages, after an acute 

exposure of 6 days, suggesting a diminution in antioxidant action. Similarly, in our previous 

work, acute exposure of zebrafish embryos to Cu and Cu+MPs for 96 h caused SOD inhibition 

(Santos et al., 2020). Other studies have also reported the inhibition of the antioxidant enzymes 

in response to Cu (Liu et al., 2006) or mixtures of MPs and heavy metals in fish (Lu et al., 2018; 

Qiao et al., 2019a). Such inhibition in turn may be related to the possible indiscriminate 

interaction of Cu ions with the active site of these enzymes, resulting in a disruption of their 

catalytic activity (Letelier et al., 2005). Nevertheless, after a subchronic exposure of 14 days, 

to MPs and Cu+MPs, zebrafish larvae showed a high activity of SOD, CAT, GPx, or GST 

suggesting that the excess and accumulation of ROS during the exposure lead to the activation 

of the antioxidant and detoxification systems to prevent oxidative damage and reestablish the 

redox homeostasis. In fact, despite the ROS levels increase, LPO, an oxidative damage marker 

(Lushchak, 2016), remained unchanged in the Cu, MPs and Cu+MPs exposed animals until 10 

dpf (p>0.05). However, at 14 dpf, MPs and Cu125 exposed larvae showed significantly lower 

levels of LPO (p<0.001), while in the Cu125+MPs group higher levels of LPO (p<0.0001) 
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were observed, in comparison to the control (Table S3 and illustrated in Fig. 2). The LPO 

decrease in the MPs and Cu groups indicates that exposure to median and high concentrations 

of Cu and plastic particles did not induce lipid damage, until 14 dpf, confirming the activation 

of the antioxidant defenses to prevent significant lipid oxidative damage. Likewise, previous 

studies reported lower levels of LPO after exposure to Cu (Santos et al., 2020) and MPs (Paul-

Pont et al., 2016). In the higher mixture group, the LPO increase indicates the occurrence of 

oxidative stress and lipid damage, suggesting that the antioxidant defense system was 

overwhelmed by the combined exposure to MPs and Cu, but capable of preventing oxidative 

damage in the larvae exposed to the single pollutants. Similarly, exposure to mixtures of MPs 

and heavy metals also resulted in modulation of the antioxidant system, LPO alterations and 

lipid oxidative damage in fish (Barboza et al., 2018a,b; Eyckmans et al., 2011; Romano et al., 

2020; Vieira et al., 2009; Wen et al., 2018a), bivalves (Oliveira et al., 2018) and microalgae (Fu 

et al., 2019). 

Taking into account the above findings, the observed reduced growth of larvae in Cu, MPs and 

Cu+MPs groups likely resulted not only from the ingestion of MPs, in the case of the groups 

with MPs in the exposure medium, and consequently a limited intake of food and energy, but 

also from the induced oxidative stress. This probably leads larvae to invest the available energy 

in preventing oxidative stress and, therefore, in survival rather than growth. Indeed, there was 

a negative correlation (p<0.05) between ROS levels and antioxidant enzymes activities with 

larvae growth, at 14 dpf (Fig. 5D). 

Furthermore, GSH serves as a cofactor and substrate for GPx and GST enzymes (Lushchak, 

2016) and alterations in GPx and/or GST are in general followed by changes in GSH levels, 

and vice-versa. In the present study, no statistical differences between Cu exposed groups 

(p>0.05) and the control fish were observed in all time points, for GSH and GSSG (Table S3 

and illustrated in Fig. 2). Similarly, unchanged levels of cellular GSH or GSSG have also been 

reported in fish exposed to heavy metals (Elarabany and Bahnasawy, 2019; Jin et al., 2015). In 

MPs exposed zebrafish, both GSH and GSSG remained unchanged until 10 dpf (p>0.05), 

however, at 14 dpf, a significant increase of GSH levels was observed in this group (p=0.002), 

comparatively to the control. When considering the Cu+MPs groups, at 6 dpf a significant 

decrease of GSH and GSSG levels in Cu125+MPs group (p<0.01) was observed, which may 

be related with the inhibition of GPx and GST enzymes at this same time point. Higher levels 

of both GSH and GSSG were observed at 10 dpf in the Cu+MPs groups (p<0.01), while, at 14 

dpf, only GSH showed high levels in Cu+MPs groups (p<0.01). The enhancement of GSH 
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levels in MPs and Cu+MPs demonstrate the activation of the biosynthesis of GSH to protect 

the cells against oxidative stress. In fact, Lima et al. (2006) suggested that an increase of GSH 

content appears to be an antioxidant adaptation to chronic exposure. The synthesis of GSH is 

dependent on the rate‐limiting enzyme, the glutamate-cysteine ligase (GCL), which is a 

heterodimeric protein composed of catalytic (GCLC) and modifier (GCLM) subunits, encoded 

by separate genes (Krzywanski et al., 2004). It has been reported that alterations in glutamate-

cysteine ligase (GCL) subunits genes are associated with increased cell potential for de novo 

GSH synthesis (Krzywanski et al., 2004). Indeed, in our study, the gclc gene, at 10 and 14 dpf, 

showed a significant upregulation in the MPs (p=0.020) and Cu60+MPs (p=0.026) groups, 

respectively, while in Cu groups did not suffer changes (p>0.05) (Table S4 and illustrated in 

Fig. 3). The stimulated GSH synthesis observed in the MPs and Cu+MPs groups at 10 and 14 

dpf may be related with the increased requirement of GSH as a co-factor for GST activity. 

Supporting this, a positive correlation between GSH and GST (p<0.0001) was observed at 10 

and 14 dpf (Fig. 5C and D). In agreement with our results, an increase of the GSH content was 

found in the marine copepod (Paracyclopina nana) (Jeong et al., 2017) and discus fish 

(Symphysodon aequifasciatus) (Wen et al., 2018a) exposed to MPs. In other studies with fish 

exposed to mixtures of MPs and heavy metals (Lu et al., 2018; Roda et al., 2020; Wen et al., 

2018a) opposing results were found, with authors reporting low GSH levels. In turn, these 

variations in GSH content may be related with species developmental stage, type and 

concentration of MPs/heavy metal or other experimental conditions. Taken together, our results 

also suggest that GSH-related antioxidant enzymes and the glutathione system are important 

mechanisms against the oxidative stress induced by MPs, single or combined with Cu. 

 

3.5. Effects of MPs, Cu and their mixture on the antioxidant genes 

The mRNA expression levels of the antioxidant-related genes analyzed in the present study are 

presented in Table S4 and illustrated in Figure 3. The gene expression of sod1 was significantly 

downregulated in all experimental groups between 2 and 14 dpf (p<0.05), comparing to the 

control group. For cat, there was a significant lower expression in larvae from Cu125 group 

(p=0.025), at 6 dpf, and from both Cu groups (p<0.05), at 10 dpf, compared to the control 

group. However, unlike the CAT enzyme, no significant effects of MPs and Cu+MPs exposure 

were found on cat gene expression at most of the analyzed time points (p>0.05), except at 10 

dpf where a significant downregulation of cat was observed in both Cu+MPs (p<0.01). 
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Figure 3. Heatmap representing the expression profile of the antioxidant enzymes (gclc, sod1, cat, gstp1), 

metallothioneins (mt2) and acetylcholinesterase (ache) genes, at 2, 6, 10 and 14 d post-fertilization (dpf) of 

zebrafish embryos and larvae exposed to microplastics (MPs) and copper (Cu), single or combined. 

 

Considering the gstp1 gene, a transient and variable expression was observed along the time 

points, with a significant downregulation of gstp1 expression being observed in Cu125 and 

Cu60+MPs exposed animals at 2 dpf (p<0.0001) and, in all experimental groups, at 10 dpf 

(p<0.05), compared to the control group. At 14 dpf, a significant downregulation of its 

expression (p=0.0020) was only observed in the Cu125+MPs larvae. These results indicate that 

the trend in the expression levels of the antioxidant-related genes, sod1, cat and gstp1 were 

different from the corresponding enzyme activities, a fact corroborated by the negative 

correlation observed between these genes expression and the respective enzyme's activity 

(p<0.01) (Fig. 5). Indeed, it has been reported that gene expression does not always correlate 

with the protein levels (Lushchak, 2016), which can be justified by a delay in transcription or 

by the regulation of both translation and protein degradation. 

The alterations in transcriptional levels can be used as sensitive biomarkers in response to 

environmental stress. It has been reported that an excessive generation and accumulation of 

ROS leads to the activation of oxidative stress-induced signaling pathways (Jeong et al., 2017). 

Corroborating this, the present study suggests that MPs and heavy metals can mediate the 

molecular oxidative stress pathways. In fact, MPs and Cu may have interfered with signaling 

pathways that regulate the activation of the antioxidant enzyme genes, such as the basic region 

leucine-zipper transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2) (Ma, 2013). 

Indeed, it has been reported that fish exposure to heavy metals or MPs induces changes in the 

Nrf2 signaling pathway, followed by changes in the antioxidant enzyme genes (Espinosa et al., 

2019; Jiang et al., 2014; Sarkar et al., 2014; Zeng et al., 2016). 
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3.6. Effects of MPs, Cu and their mixture on metallothioneins (MT) 

MT plays an important role in the homeostasis and detoxification of heavy metals, as well as a 

ROS scavenger (Viarengo et al., 2007). At 14 dpf, higher levels of MT were observed in larvae 

from Cu60 and Cu+MPs groups (p<0.05), in comparison with the control (Table S5 and 

illustrated in Fig. 4), suggesting that MT synthesis may have been induced in larvae to detoxify 

the excessive Cu ions, after subchronic exposure. However, in all time points, the 

transcriptional levels of mt2 were significantly downregulated in MPs, Cu and Cu+MPs groups 

(p<0.01), comparing to the control (Table S4 and illustrated in Fig. 3), reinforcing that gene 

expression do not always correlate with the protein levels (Lushchak, 2016). In the Cu125 group, 

lower levels of MT were observed throughout the time points, which became significantly 

different from the control group at 6 and 10 dpf (p<0.01). However, despite MT levels at 14 

dpf were similar to the values found in the control group (p>0.05) (Table S5 and illustrated in 

Fig. 4), it was observed that MT tended to increase progressively through time, suggesting a 

slower response of MT detoxification pathway in the larvae exposed to the higher concentration 

of Cu. This may be related with the significant downregulation of the mt2 gene expression 

observed in this group from 2 until 14 dpf (p<0.05) (Table S4 and illustrated in Fig. 3) and, 

therefore, a potential reduced synthesis of MT. In fact, it has been stated that metal 

binding/detoxification can depend on the initial MT levels and their synthesis (Kovarova et al., 

2009). 

 

 

Figure 4. Heatmap representing the temporal changes in metallothioneins (MT), metabolic (LDH) and 

neurotoxicity (AChE) biomarkers of zebrafish embryos and larvae exposed to microplastics (MPs) and copper 

(Cu), single or combined, from 2 h post-fertilization (hpf) to 14 d post-fertilization (dpf). 
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Figure 5. Heatmap representation and values of the Pearson correlation coefficients between the enzymatic and 

the genetic biomarkers, evaluated in zebrafish at (A) 2, (B) 6, (C) 10 and (D) 14 d post-fertilization (dpf), after 

exposure to microplastics (MPs) and copper (Cu), single or combined. The orange boxes represent a value with a 

correlation coefficient greater than 0.5 or ˗0.5, and statistically significant (p<0.05). 
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The increased MT levels in response to heavy metals observed in our study are in good 

accordance with previous reports in fish (Hogstrand and Haux, 1990; Zhu et al., 2018). 

Co-exposure to cadmium and MPs, in zebrafish, also resulted in high MT content, due to the 

induced metal toxicity (Lu et al., 2018). 

 

3.7. Effects of MPs, Cu and their mixture on the metabolic enzyme LDH 

LDH is a glycolytic enzyme that has been used to assess alterations in the pathways of cellular 

energy production (Vieira et al., 2009). During the first week of exposure, LDH activity (Table 

S5 and illustrated in Fig. 4) decreased in all experimental groups at 2 dpf (p<0.05), and in 

Cu125+MPs at 6 dpf (p<0.05), comparatively to the control. It has been described that metals 

can interact directly with the LDH enzyme, inhibiting its activity, or can inhibit metabolic 

processes (Elarabany and Bahnasawy, 2019), explaining the initial observed decrease in LDH 

activity. Because during embryogenesis the energy is prioritized for fast growth, the inhibition 

of LDH and consequently a depressed metabolic activity can have potential negative effects on 

larvae fitness and physiological performance. Indeed, at 14 dpf a negative correlation between 

LDH and zebrafish larvae body length (p=0.005) was observed (Fig. 5D). Similarly, LDH 

activity was inhibited in fish early life stages after an acute exposure to heavy metals (Osman 

et al., 2007; Santos et al., 2020) or mixtures of MPs and heavy metals (Santos et al., 2020). 

In contrast, at 10 dpf, LDH activity increased significantly in Cu125+MPs exposed larvae 

(p=0.034) and, at 14 dpf, in both Cu+MPs groups (p<0.05), comparatively to the control group 

(Table S5 and illustrated in Fig. 4). Such elevation indicates a potential leakage of LDH from 

the cell membrane with consequent cellular damage of zebrafish larvae treated with mixtures 

of MPs and Cu. LDH rise can also be a sign of an increase in the use of the anaerobic pathway 

for additional energy production to face the induced oxidative stress. In fact, between 10 and 

14 dpf, some antioxidant and detoxification enzymes were positively correlated with LDH 

activity (p<0.05) (Fig. 5C and D). Similar results were also reported in fish exposed to MPs in 

mixture with heavy metals (Banaee et al., 2019; Barboza et al., 2018b). 

 

3.8. Effects of MPs, Cu and their mixture on neurotoxicity biomarkers 

The enzyme AChE plays an essential role in neurotransmission. During the experiment, Cu and 

Cu+MPs caused a significant inhibition of AChE at most of the time points, in a dose-dependent 

manner (p<0.05), comparatively to the control group (Table S5 and illustrated in Fig. 4). In 
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MPs exposed zebrafish, a significant inhibition of AChE was observed at 14 dpf (p<0.0001) 

(Table S5 and illustrated in Fig. 4). These results indicate that MPs and Cu, single or combined, 

caused neurotoxicity in zebrafish larvae, even after acute exposure, by disrupting the 

cholinergic neurotransmission. It has been suggested that AChE inhibition may be mediated by 

oxidative stress (Aboul Ezz et al., 2015; Wyse et al., 2004), due to damages in the endoplasmic 

reticulum, Golgi apparatus and/or cell membrane that interfere with the synthesis and secretion 

process of this enzyme (Banaee et al., 2019). Indeed, in the present study, a negative correlation 

between AChE, ROS and the antioxidant enzymes was observed at 10 and 14 dpf (p<0.001) 

(Fig. 5C and D), suggesting that heavy metals and MPs have the potential to induce oxidative 

stress in the nervous system and damage the cholinergic neurotransmission system. Consistent 

with our data, previous studies have reported inhibition of AChE activity in fish exposed to Cu 

(Roda et al., 2020; Tilton et al., 2011; Vieira et al., 2009), MPs (Banaee et al., 2019; Barboza 

et al., 2018b; Wen et al., 2018b), and mixtures of MPs with heavy metals (Banaee et al., 2019; 

Miranda et al., 2019; Roda et al., 2020; Santos et al., 2020). 

At the molecular level, ache gene expression suffered some variation during the experiment. 

At 2 and 10 dpf, ache gene expression was significantly upregulated in Cu and Cu125+MPs 

groups (p<0.05), compared to the control group. In the MPs exposed animals, a significant 

upregulation of ache was also noticed at 10 dpf (p=0.001). This initial upregulation of ache 

gene may have happened to counteract the AChE inhibition observed in these groups. However, 

at 14 dpf, no statistical differences were observed in MPs, Cu and Cu+MPs groups compared 

to the control group (p>0.05) (Table S4 and illustrated in Fig. 3), indicating that ache transcript 

levels returned to basal values, and the ability to counteract AChE inhibition was reduced after 

a subchronic exposure. 

AChE inhibition by MPs and their mixture with heavy metals and, consequently, disruption of 

the cholinergic neurotransmission, have been associated with a wide variety of negative effects 

in fish, such as locomotor and predatory performance difficulties (Miranda et al., 2019; Santos 

et al., 2020; Wen et al., 2018b), which can compromise fish survival. Additionally, it has been 

associated with gastrointestinal dysfunctions, because of the AChE inhibition in muscles of the 

digestive system (Miranda et al., 2019). In the present study, AChE was positively correlated 

with larvae length (p<0.0001) and negatively related with the LDH enzyme (p<0.0001) (Fig. 

5). LDH is important in the supply of energy and has been associated with fish locomotor 

performance (Koenig and Solé, 2014). In this framework, the AChE inhibition by MPs and Cu 

may have led to a higher demand of energy to maintain burst-swimming capacities and survival, 
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therefore compromising the larvae growth. The present results also support previous findings 

concerning MPs interference with fish behavior (Santos et al., 2020). 

 

3.9. MPs modulation of Cu toxicity 

When considering all the evaluated endpoints, a greater and significant effect of Cu+MPs was 

observed on SOD, GPx, GST, GSH, GSSG and AChE, at 10 dpf, than the respective Cu group 

(p<0.05) (Tables S3 and S5). In turn, at 6 and 14 dpf, this statistical difference was observed 

predominantly in the Cu125+MPs and the respective Cu125 group (p<0.05) (Tables S3 and 

S5). Therefore, these results suggest that MPs modulate Cu toxicity in zebrafish larvae, with 

MPs and Cu having a possible synergistic effect. In turn, MPs may have increased the 

bioavailability of Cu on zebrafish larvae, since in most of the affected parameters, the mixtures 

revealed to be more toxic than each of the single pollutants.  

In the last years, a substantial amount of evidence has suggested that MPs can modulate heavy 

metals toxicity, with some studies reporting synergism (Banaee et al., 2019; Qiao et al., 2019a; 

Zhang et al., 2020), and others demonstrating antagonism (Miranda et al., 2019; Oliveira et al., 

2018; Santos et al., 2020; Wen et al., 2018a) between MPs and metals. This phenomenon was 

recently associated with the adsorption capacity of heavy metals on MPs (Yuan et al., 2020), 

with metals that possess a stronger/weak adsorption affinity on MPs showing 

antagonistic/synergistic behavior. Recently, Zou et al. (2020) evaluated the sorption of three 

model heavy metals (Cu2+, cadmium Cd2+, and lead Pb2+) on four types of MPs and reported 

that Pb2+ exhibited the stronger affinity with MPs, followed by Cu2+ and then Cd2+. Other 

authors have also reported that Cu establishes weak bonds with MPs (Purwiyanto et al., 2020), 

which therefore could explain the possible synergistic effects observed in the present study. 

Moreover, the type, concentration and size of MPs, as well the exposure time and the 

experimental conditions (e.g. pH, salinity), have also been pointed as reasons that lead to 

synergism or antagonism behavior of MPs and heavy metals (Purwiyanto et al., 2020; Zou et 

al., 2020). Considering the complex interactions between MPs and heavy metals and, 

consequently, their effects on aquatic biota, further research in this field is urgently needed. 

 

3.10. Integrated biomarker response (IBR) approach 

In the present study, the individual biomarker responses to the experimental treatments showed 

complex variation patterns, throughout the subchronic period of exposure. The interpretation 
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of the global response of the biomarkers can be challenging, especially when multiple endpoints 

are considered (Maulvault et al., 2018). In this sense, the IBR index is a useful and robust tool 

that allows the integration of the biomarker responses of organisms exposed to stressors and 

facilitates their interpretation (Maulvault et al., 2018). 

 

 

Figure 6. Integrated biomarker response index (IBR) star plots (A-D) and values (E) for the biochemical and 

genetic biomarkers evaluated in zebrafish at (A) 2, (B) 6, (C) 10 and (D) 14 d post-fertilization (dpf), after exposure 

to microplastics (MPs) and copper (Cu), single or combined. 

 

The star plots combining the IBRs of the different biomarkers are presented in Figure 6A-D. 

The individual biomarker scores can also be consulted in Table S6. Among the analyzed 

biomarkers, SOD, GSH and GST were the most responsive, particularly in the Cu+MPs groups, 

which is related with an increase in oxidative stress in fish larvae. Additionally, the obtained 

values of IBR (Fig. 6E) in the present study allowed to identify the most impacted time points 
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throughout the subchronic exposure. Overall, IBRs evidenced that a higher degree of stress (i.e. 

high IBR index) occurred at the larval period, particularly at 10 and 14 dpf, and in the Cu+MPs 

groups. Interestingly, in MPs exposed larvae were observed higher IBR values than in Cu alone 

exposed groups. In contrast, the lowest IBR values were observed at 2 dpf. 

The above results suggest that MPs and Cu exposure exerted the most marked effects on 

zebrafish larvae comparatively to the embryos, which may be related with the ingestion of the 

Cu-sorbed plastic particles by larvae and consequently a potential higher bioavailability of Cu 

and toxic effects. Our data confirm that the IBR index may be a helpful tool to integrate the 

quantification of the stress responses induced by MPs and Cu in fish larvae. 

 

4. Conclusions 

In conclusion, our findings highlight that MPs can serve as a vector for heavy metals uptake in 

zebrafish and induce a decrease in survival and growth of larvae. Based on a comprehensive 

analysis of multiple parameters and time points, the present study provides evidence that 

subchronic exposure of zebrafish early life stages to MPs and Cu, single or combined, promotes 

neurotoxicity, oxidative stress and lipid damage in larvae, also leading to the activation of the 

antioxidant system and detoxification mechanisms. Alterations in LDH were also evidenced, 

suggesting that MPs and Cu interfere with the metabolic activity of fish early life stages, 

potentially inducing negative effects on larvae fitness and physiological performance. For 

several of the analyzed biomarkers, the Cu+MPs revealed to be more toxic than each of the 

pollutants tested alone, highlighting that MPs effects on bioavailability and toxicity of heavy 

metals cannot be disregarded in environmental assessment risk studies. Although further 

research is still needed, this study contributes to current research providing information on the 

molecular and cellular mechanisms involved in the toxicological effects of MPs, as well their 

interaction with heavy metals in aquatic biota and, in particular, in fish early life stages. 
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Table S2. Effective copper (Cu) concentrations quantified in all aquarium and larvae tissues from all groups. 

 Effective Cu concentrations 

Nominal Cu 

concentrations 

Cu (µg/L) quantified on water Cu (µg/mg) detected on larvae 

0 h 10 days 14 days 10 days 14 days 

 Control 2.8±1.9 2.2±2.0 1.9±2.5 15.7±3.16a 14.1±3.2a 

2 mg/L MPs 4.8±0.9 6.7±1.4 4.3±4.4 17.9±7.78ab 18.5±9.0a 

60 µg/L 
Cu 54.3±4.3 62.1±0.3 51.6±27.8 37.2±7.21bc 33.5±8.0a 

Cu+MPs 52.3±5.2 59.1±5.1 66.9±10.2 42.9±7.61cd 40.4±8.2ab 

125 µg/L 
Cu 126.4±6.1 108.3±10.0 138.8±41.1 46.6±5.90cd 51.7±5.0ab 

Cu+MPs 118.0±27.9 96.5±3.6 132.5±22.8 58.5±12.09d 77.7±27.3b* 

Statistical analysis for Cu levels in larvae tissues was performed using two-way ANOVA followed by Tukey’s multiple-comparison test. Data 

are expressed as mean ± S.D. Different lowercase letters indicate significant differences between groups (p<0.05), at the same timepoint. 

Asterisks indicate significant differences between timepoints, within the same group (* p<0.05). 

 

 

 

 

Figure S1. Images of the biodistribution of the red fluorescent plastic particles (1-5 µm) in the gastrointestinal 

tract of the zebrafish (Danio rerio) larvae at (A) 6 and (B-C) 14 d post-fertilization (dpf). Bar = 500 µm. 
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Table S3. Temporal changes in oxidative stress and antioxidant biomarkers of zebrafish embryos and larvae 

exposed to microplastics (MPs) and copper (Cu), alone or combined, from 2 h post-fertilization (hpf) to 14 d post-

fertilization (dpf). 

 

 

Data expressed as mean ± S.D. The statistical analysis was performed using two-way ANOVA followed by Tukey's multiple-comparison test. 

Different lowercase letters indicate significant differences between groups within the same time point, while different uppercase letters indicate 

significant differences between time points within the same group (p<0.05). 
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Table S4. Temporal changes in transcript levels of antioxidant, detoxification and cholinergic genes of zebrafish 

embryos and larvae exposed to microplastics (MPs) and copper (Cu), alone or combined, from 2 h post-fertilization 

(hpf) to 14 d post-fertilization (dpf). 

Data expressed as mean ± S.D. The statistical analysis was performed using two-way ANOVA followed by Tukey's multiple-comparison test 
or Kruskal–Wallis followed by Dunn's test. Different lowercase letters indicate significant differences between groups within the same time 

point, while different uppercase letters indicate significant differences between time points within the same group (p<0.05). 

 

Genes 
Time of 

sampling 

 2 mg/L 60 µg/L 125 µg/L 

Control MPs Cu Cu+MPs Cu Cu+MPs 

gclc 

2 

dpf 

1.4±0.0A 0.2±0.0A 1.7±0.1A 1.7±0.7A 3.0±1.1A 2.2±0.4AB 

6 2.3±0.1B 2.1±0.6B 3.2±0.9B 3.3±1.3AB 3.0±0.5A 2.3±0.7AB 

10 1.4±0.2Aa 3.3±0.9Bb 1.8±0.2Aab 2.1±0.2Aab 2.7±1.8Bab 1.8±0.9Aab 

14 1.4±0.4ABa 3.5±0.6Bab 3.9±0.7Bab 4.3±0.3Bb 3.3±0.5Aab 3.5±0.5Bab 

sod1 

2 

dpf 

8.1±0.1Aa 0.8±0.1Ab 2.5±0.0c 2.1±0.4c 4.7±1.8Ad 3.1±0.5Acd 

6 6.1±1.2ABa 1.9±0.3Bb 2.6±0.7b 3.0±1.6ab 2.9±0.7ABab 3.3±1.1Aab 

10 4.8±0.2ABa 3.3±1.1Cab 3.7±1.2ab 2.8±1.0ab 2.6±1.0Bab 2.1±0.7Bb 

14 4.4±0.4Ba 2.3±0.7BCb 2.2±0.5b 2.9±0.4ab 2.1±0.4Bb 2.4±0.6ABb 

cat 

2 

dpf 

3.7±0.8A 2.1±0.9A 3.3±0.5 2.2±0.5A 3.8±1.5 3.9±0.4A 

6 8.1±4.1Ba 3.6±0.8ABab 3.4±0.2ab 5.6±2.7Bab 2.2±0.2b 5.9±2.7Aab 

10 8.2±1.6Ba 5.8±0.9Bab 4.2±1.4bc 2.3±0.9Ac 3.1±0.6c 1.8±0.7Bd 

14 2.7±0.5A 1.9±0.3A 2.7±0.1 3.5±1.1AB 2.2±0.9 0.5±0.1C 

gstp1 

2 

dpf 

3.2±1.4Aad 2.1±0.7Aad 1.9±0.7Aa 0.1±0.0Ab 0.6±0.2Ac 4.5±0.7Ad 

6 3.2±0.6Aad 0.9±0.0Bb 1.7±0.2Aa 7.0±1.1Bc 4.4±1.6Bcd 4.4±1.6Acd 

10 2.6±0.7Aa 0.9±0.1Bbd 1.0±0.3Bb 1.5±0.1Cc 1.3±0.3Ccd 1.6±0.2Bc 

14 8.0±2.4Ba 4.5±1.2Cab 3.2±0.8Ab 4.5±2.3Bab 4.2±1.8Bab 1.9±0.3Bb 

mt2 

2 

dpf 

9.9±0.9Aa 1.7±0.6bc 1.8±0.3Abc 1.5±0.2Ab 2.8±0.4Ac 1.5±0.3Ab 

6 8.1±0.6ABa 2.2±0.3bc 1.8±0.2Ab 1.8±0.5Ab 3.6±1.2ABc 2.6±0.0Bbc 

10 5.6±1.4Ba 2.6±0.1ab 2.2±1.0Ab 2.0±0.1Ab 4.8±0.8Ba 2.1±1.8ABb 

14 9.2±3.1ABa 2.6±0.3b 3.8±0.1Bb 4.4±1.3Bb 4.6±1.0ABb 2.9±1.2Bb 

ache 

2 

dpf 

0.6±0.3Aa 0.1±0.0Ab 2.0±0.1c 1.3±0.2Aac 5.2±1.5Ad 2.0±0.3c 

6 1.7±0.3Ba 2.1±0.8Bab 2.1±0.3ab 4.8±2.2Bb 3.1±0.6ABab 3.7±2.1ab 

10 0.7±0.1ABa 3.5±1.0Bb 2.0±0.9b 1.9±1.1ABab 2.7±0.6ABb 2.1±0.3b 

14 0.6±0.1ABab 0.5±0.4Ab 4.2±1.9a 2.6±0.8ABa 1.4±0.0Bb 2.8±1.2b 
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Abstract 

Microplastics (MPs, <5 mm) have been frequently detected in aquatic ecosystems, representing 

both health and ecological concerns. However, data about the combined effects of MPs and 

other contaminants is still limited. This study aimed to evaluate the impact of MPs and the 

heavy metal copper (Cu) on zebrafish (Danio rerio) larvae development and behavior. 

Zebrafish embryos were subchronically exposed to MPs (2 mg/L), two sub-lethal 

concentrations of Cu (60 and 125 µg/L) and binary mixtures of MPs and Cu using the same 

concentrations, from 2-h post-fertilization until 14 days post-fertilization. Lethal and sub-lethal 

responses (mortality, hatching, body length) were evaluated during the embryogenesis period, 

and locomotor, avoidance, anxiety and shoaling behaviors, and acetylcholinesterase (AChE) 

activity were measured at 14 dpf. The results showed that survival of larvae was reduced in 

groups exposed to MPs, Cu and Cu+MPs. Regarding the behavioral patterns, the higher Cu 

concentration and mixtures decreased significantly the mean speed, the total distance traveled 

and the absolute turn angle, demonstrating an adverse effect on the swimming competence of 

zebrafish larvae. Exposure to MPs and Cu, alone or combined, also affected the avoidance 

behavior of zebrafish, with larvae not reacting to the aversive stimulus. There was a significant 

inhibition of AChE activity in larvae exposed to all experimental groups, compared to the 

control group. Moreover, a higher inhibition of AChE was noticed in larvae exposed to MPs 

and both Cu+MPs groups, comparatively to the Cu alone groups. Our findings demonstrate the 

adverse effects of MPs, alone or co-exposed with Cu, on fish early life stages behavior. This 

study highlights that MPs and heavy metals may have significant impacts on fish population 

fitness by disrupting locomotor and avoidance behaviors. 

 

Keywords: plastic particles; heavy metals; Danio rerio; behavior; acetylcholinesterase 
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1. Introduction 

Plastic production has witnessed an enormous increase over the years, reaching almost 62 

million tonnes in Europe and 360 million tonnes worldwide, in 2018 (PlasticsEurope, 2019). 

Due to the growing industrial activity, consumption habits and mismanagement of plastic waste, 

an increasing amount of plastic litter has been released into the aquatic ecosystems (Thevenon 

et al., 2015), which can have both health and ecological implications. In the aquatic 

environment, a proportion of plastic litter is present as microplastics (MPs), which are defined 

as synthetic plastic particles smaller than 5 mm (Thevenon et al., 2015). MPs have been detected 

in a wide range of aquatic habitats, including rivers, lakes, estuaries and oceanic gyres 

(reviewed in Duis and Coors, 2016), with higher levels of MPs being detected mostly nearby 

anthropogenic activities or densely populated areas (Castillo et al., 2016; Lasee et al., 2017; 

Mani et al., 2015). 

The physical characteristics of MPs, such as their high surface area, hydrophobic properties and 

surface charges, enable these particles to sorb and accumulate waterborne pollutants, including 

heavy metals (Godoy et al., 2019; Rochman et al., 2014; Turner and Holmes, 2015). Indeed, a 

few studies have documented elevated concentrations of heavy metals in plastic debris 

recovered from the aquatic environment (Prunier et al., 2019; Purwiyanto et al., 2020; Rochman 

et al., 2014; Wang et al., 2017), and laboratory studies demonstrated the high affinity of MPs 

to heavy metals, specifically Cu and Zn (Brennecke et al., 2016). MPs and heavy metals share 

common entry routes into the marine environment (wastewater discharges, rivers or urban 

runoff), which facilitates their interaction (e.g. Teuten et al., 2009). This interaction of plastic 

particles with heavy metals can be problematic since, by desorption processes, MPs can alter 

their bioavailability and toxicity in organisms (Banaee et al., 2019; Barboza et al., 2018a; 

Rainieri et al., 2018). Consequently, the simultaneous presence of MPs and heavy metals in 

ecosystems, near areas with anthropogenic activity (e.g. mining areas), is an alarming issue. 

Aggravating this matter, several studies have reported that MPs are readily ingested by a large 

variety of fish species (Bellas et al., 2016; McGoran et al., 2017; Neves et al., 2015). 

Consequently, once ingested, MPs with or without associated metals can affect organisms both 

physically or chemically (Rochman et al., 2014). In fact, besides the reduction of predatory 

performance and the feeding rate due to false satiation after the ingestion of MPs (de Sá et al., 

2015), other sub-lethal effects such as structural changes in gills and digestive tract (Lu et al., 

2018; Qiao et al., 2019), growth inhibition (Mazurais et al., 2015; Xia et al., 2020), oxidative 

stress (Barboza et al., 2018a; Lu et al., 2018; Qiao et al., 2019; Xia et al., 2020) and 
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inflammatory responses (Mazurais et al., 2015) have been reported in fish species exposed to 

MPs with or without associated chemical pollutants. Recently, a few studies also have reported 

acetylcholinesterase (AChE) inhibition upon exposure to MPs, alone or combined with other 

pollutants (Barboza et al., 2018a; Ding et al., 2018; Miranda et al., 2019; Roda et al., 2020), 

highlighting the urgency to study neurotoxicity induced by MPs and the potential adverse 

effects on fish populations fitness. 

AChE is an enzyme involved in the regulation of nerve impulse transmission by hydrolyzing 

the neurotransmitter acetylcholine, which is related to the locomotor response, being also a 

modulator of cognitive functions such as memory (Hasselmo, 2006). In this regard, the 

integration of AChE activity with behavioral responses provides additional information about 

the mechanisms and the neurotoxic effects induced by exposure to and/or ingestion of MPs, 

individually or in mixture with heavy metals. Besides, it has been stated that changes in 

behavioral patterns not only reveal physiological effects, at the individual level, but may also 

reflect potential effects at the populational level (Ma et al., 2020). Moreover, the early life 

stages of fish are particularly susceptible to alterations of behavior patterns since they tend to 

suffer higher rates of predator-induced mortality (Qiang and Cheng, 2019). In recent years, 

the modulation of behavior patterns in marine and freshwater fish after exposure to MPs was 

confirmed and has raised concern, with most of the studies showing disruption of swimming 

activity (Barboza et al., 2018b; Chen et al., 2017a; de Sá et al., 2015; Le Bihanic et al., 2020; 

Limonta et al., 2019; Miranda et al., 2019; Pannetier et al., 2019; Qiang and Cheng, 2019). 

Nevertheless, limited data is available about the behavioral alterations in early life stages of fish 

upon exposure to MPs. In particular, research about the effects of MPs in combination with 

heavy metals substances is still in its infancy. 

Considering the above, the aim of this study was to evaluate the potential impacts of MPs and 

its mixtures with the heavy metal copper (Cu), on the behavioral response of zebrafish (Danio 

rerio) larvae, and assess if MPs influence or not Cu toxicity. Cu was chosen as model chemical 

due to its widespread presence in aquatic ecosystems, reaching concentrations between 0.04 

and 560 µg/L (Oliveira et al., 2008; USEPA, 2007), resulting from its increased use in industry, 

agriculture, aquaculture or in antifouling paints (Grosell, 2011). Although Cu is an essential 

metal, it can become toxic, causing adverse effects in fish such as oxidative stress and 

neurotoxicity (reviewed in Grosell, 2011). To this end, a subchronic exposure (14 days) was 

selected to include the transition from endogenous to complete exogenous feeding and to 

evaluate the effects of MPs exposure, individually and combined with Cu. In this study, two 
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questions were delineated: (1) do MPs alone induce behavioral effects on zebrafish?; (2) do 

MPs influence Cu effects on zebrafish behavior?. 

 

2. Material and Methods 

2.1. Chemicals 

Red opaque fluorescent polymer microspheres (melt point ~290°C, with proprietary polymer 

of undisclosed composition; Lot number: 171025-1038) were provided as a dry powder and 

purchased from Cospheric LLC (Santa Barbara, CA, USA). The microspheres have a diameter 

of 1-5 µm, a density of 1.3 g/cm3, and excitation and emission wavelengths of 575 and 607 nm, 

respectively. The 1-5 µm polymer microspheres were chosen considering previous studies 

reporting the toxic effects of these particles in different aquatic species (Barboza et al., 2018b; 

Chen et al., 2020; Guilhermino et al., 2018; Miranda et al., 2019). Considering the density of 

these MPs, the number of polymer particles per mg was calculated, with 1 mg of MPs having 

around 5.44E+07 spheres (for an average of 3 μm diameter particles, following the formula 

3πr3)/4, where r corresponds to the radius and  to the density of the particle) (Santos et al., 

2020). 

Copper sulfate pentahydrate (CuSO4·5H2O) was purchased from Merck (Darmstadt, Germany), 

with stock solutions (1 g Cu/L) being prepared in ultrapure water (Milli-Q, Millipore). The 

solutions of MPs, Cu and their mixture for the experiments were freshly made with embryo 

water [28 ± 0.5 °C, 100 mg/L sodium bicarbonate and 200 mg/L Instant Ocean Salt (Aquarium 

Systems Inc., France), pH 7.5-8, UV sterilized] prepared from filtered-tap water. 

 

2.2. Analysis of Cu concentrations 

Water samples from the experiment’s solutions were collected for analysis, at the beginning (0 

h) and end (14 days) of the bioassay, and acidified with 65% HNO3 (Merck, Darmstadt, 

Germany). Pools of 10 zebrafish larvae from each group were also sampled, at 14 days, and 

digested with 65% nitric acid and hydrogen peroxide (30% H2O2) (Merck, Darmstadt, 

Germany). Cu content in water and larvae samples was then determined using electrothermal 

atomic absorption spectrometry (Unicam 939 Spectrometer, GF90 furnace). All samples were 

analyzed in duplicate, and Cu concentrations were presented as means ± standard deviation 

(SD). 
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2.3. Zebrafish maintenance and reproduction 

Adult AB wild-type zebrafish (Danio rerio) were maintained in the fish facilities of the 

University of Trás-os-Montes and Alto Douro (Vila Real). Zebrafish adults were raised at 28 ± 

1 °C under a 14:10 h (light: dark) photoperiod, in a semi-closed system supplied with 

dechlorinated, aerated, charcoal-filtered and UV sterilized tap water. The water quality was 

monitored and kept under the species optimal conditions (pH 7.7 ± 0.2; hardness 3-4 dGH; 6 ± 

1 mg/L of dissolved oxygen; 376 µS/cm of conductivity; 0.08 ± 0.06 mg/L of ammonium and 

0.01 ± 0.01 mg/L of nitrite). Fish were fed twice daily with Artemia sp. nauplii and commercial 

fish food (TetraMin, Germany). 

For the subsequent experiments, fertilized eggs were obtained by inducing spawning activity 

of adult zebrafish (in a ratio of 2 males: 1 female) in the following morning, at the onset of the 

light cycle. The fertilized eggs were then collected, rinsed carefully with embryo water, 

bleached and rinsed again, according to standard protocols (Westerfield, 2000). 

 

2.4. Exposure of zebrafish embryos to MPs and Cu 

The experimental procedures were performed in agreement with European (Directive 

2010/63/EU) and Portuguese (Directive 113/2013) legislations on animal experimentation and 

welfare. All researchers involved in the study have the appropriate competencies needed to 

carry out animal experimentation according to the current guidelines laid down by the European 

Union. 

To cover the entire and critical embryo-larval stages, fertilized eggs (100 

embryos/group/replicate) were randomly distributed in 1 L glass beakers and exposed to MPs 

(2 mg/L), two sub-lethal concentrations of Cu (Cu60, 60 µg/L; and Cu125, 125 µg/L) and two 

binary mixtures containing Cu and MPs (Cu60+MPs, 60 µg Cu/L + 2 mg MPs/L; and 

Cu125+MPs, 125 µg Cu/L + 2 mg MPs/L), for 14 days (from 2-h post-fertilization (hpf) until 

14 dpf). The control group was maintained in embryo water. Five independent replicates were 

established for each group. Mortality was recorded daily, with dead embryos or larvae being 

removed from the exposure groups. Also, during the embryogenesis period, the cumulative 

hatching rate of larvae was evaluated until 72 hpf. At 14 dpf, 15 larvae from each 

group/replicate were euthanized by overdose with neutralized tricaine methanesulfonate (MS-

222) and body length was measured. Moreover, to determine if larvae ingest the plastic particles, 

10 larvae from each group were randomly collected at 14 dpf, euthanized with MS-222, washed 
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with PBS (Phosphate Buffered Saline, pH 7.2), embedded in 3% methylcellulose and 

photographed using Cell^A software (Olympus, Belgium) under a fluorescent inverted 

microscope (Fluorescein-Isothiocyanate (FITC) filter; IX 51, Olympus, Belgium). During the 

experiment, zebrafish embryos/larvae were kept at 28 ± 0.5 °C with a 14:10 h (light: dark) 

photoperiod, under semi-static conditions. At 6 dpf, feeding was initiated with two meals of 

commercial fish food (Tetramin, Germany) supplemented with one meal of brine shrimp 

(Artemia sp.) nauplii per day. From 9 until 14 dpf, feeding was changed to two brine shrimp 

meals and one Tetramin meal per day (Carvalho et al., 2006). 

The exposure solutions were renewed daily to maintain the experimental concentrations. 

Beakers’ walls were cleaned and debris were removed with each solution renewal to prevent 

the accumulation of MPs. The treatments containing the mixture of MPs and Cu were prepared 

by adding the desired amount of MPs into the appropriate volume of Cu, to obtain a final 

concentration of MPs of 2 mg/L and 60 or 125 μg/L of Cu. The solutions were then stirred and 

incubated for 24 hours to allow Cu sorption on MPs (Chen et al., 2017a). The test concentration 

of MPs (2 mg/L) was selected based on literature regarding the toxicity of these particles on 

zebrafish (Chen et al., 2017a; LeMoine et al., 2018) and considering the levels of MPs detected 

in playa wetlands (up to 5.51±9.09 mg/L; Lasee et al., 2017) and in drinking and freshwaters 

(1 × 10−2 to 108 particles/m3; reviewed in Koelmans et al., 2019). The concentrations of Cu were 

selected based on ~10 and 20% of 96 h LC50 value, determined previously (96 h LC50 = 0.636 

mg Cu/L, Santos et al., 2020), being within the range reported in surface waters (Couto et al., 

2018; Milivojevic et al., 2016; Oliveira et al., 2008). 

 

2.5. Behavioral analysis 

At the end of the exposure, behavioral analysis was conducted in 14 dpf larvae. Larvae showing 

malformations were excluded from the tests. A video-tracking system (The Real Fish Tracker) 

(Buske and Gerlai, 2014), carried out at 25 ± 1 °C, was used to monitor and quantify larvae 

behavior, as previously described by Félix et al. (2017). This software tracks real-time precise 

location data (x-y coordinates) for each fish by comparing the frame being sampled with the 

previous frames in the video. The difference in xy-coordinates allows to determine the position 

of each fish (Buske and Gerlai, 2014). The Real Fish Tracker 

(https://www.dgp.toronto.edu/~mccrae/projects/FishTracker/) produces individual .txt format 

output files which were then analyzed with Microsoft Excel to compute the behavioral processes. 
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Larvae from each exposed group were randomly transferred into 6-well agarose-coated plates 

and allowed to acclimate to the well for 5 min. The agarose-coated plates were used for all the 

behavioral assays, to create a swimming area of 2.7 cm diameter (the radius of the arena was 

1.35 cm) where the larvae could freely swim and at the same time be captured by the recording 

camera without having blind spots created by the reflection of the microplate plastic. 

The 6-well plate containing zebrafish larvae was placed above an inverted 15.6″laptop LCD 

screen and the behavioral sessions were recorded at 30 frames per second and at 1920×1080 

pixels resolution, and with the researcher out of view of the zebrafish larvae. The videos of 

larvae movements were captured using a 14.2 megapixels Sony Nex-5 digital camera (APS-C 

CMOS sensor, Sony International) with a zoom lens (Sony SEL1855, E 18–55 mm, F3.5–5.6 

OSS zoom) and a 15.6″ laptop LCD screen. 

 

2.5.1. Exploratory behavior 

For the exploratory analysis, the following parameters were assessed in 6 larvae per treatment 

within five independent replicates (1 larva per well at a time): mean speed, total distance moved, 

mean distance to the center zone (5 mm radius circle) of the well (thigmotaxis), percentage of 

time active and the mean absolute turn angle. The mean absolute turn angle was determined as 

a mean of the differences between turn angles from a previous to the next frame across all the 

frames in the interval, with the values being always positive/absolute. Sessions of 10 min, in 

the light period, were recorded. 

 

2.5.2. Light-dark challenge test 

The swimming behavior was evaluated by monitoring the larvae response to sessions of light-

to-dark transitions (10 min light–10 min dark), for a total of 40 min. The analysis was performed 

in a constructed lightbox similar to the one described by Frank et al. (2019). The video capture 

was made with a 2-megapixel infrared camera (IR, 940 nm) (GENIUSPY, GSNQ140CML) and 

3.6 mm lenses with a maximum resolution of 640  480 pixels (Hartmann et al., 2018). Six 

larvae per treatment within five independent replicates (1 larva per well at a time) were 

evaluated. 
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2.5.3. Avoidance response 

The avoidance response of larvae was evaluated through the presence of a visual stimulus. The 

visual stimulus was created using a ‘custom animation’ in PowerPoint, consisting in two-

dimensional red discs (1.35 cm diameter and RGB 255, 0, 0) that were either stationary or 

bouncing. Then, alternating periods of 10 min of a white background and 10 min of a red 

bouncing ball, present at the upper half of the well and traveling from left-right-left at a speed 

of 1 cm/s over a straight 2 cm trajectory (Pelkowski et al., 2011), was applied. The response of 

the larvae was recorded by measuring the time spent at the lower half of the well without and 

with stimulus. Six larvae per treatment within five independent replicates (1 larva per well at a 

time) were evaluated. 

 

2.5.4. Shoaling behavior 

The shoaling behavior was evaluated in 5 larvae of each group (with 5 larvae per well) from 

five independent replicates, according to Chen et al. (2018). The analysis was based on the 

average inter-individual distance (IID) and the nearest neighbor distance (NND) parameters, in 

10 min sessions. NND and IID were calculated based on the X,Y position obtained from the 

tracking software and defined as the average of the nearest fish to each of the fish in the shoal 

(NND), and the average distance between all fish to each of the remaining fish within the shoal 

(IID). 

 

2.6. Acetylcholinesterase (AChE) activity and protein determination 

At the end of the experiment, fish larvae were anesthetized with an overdose of buffered tricaine 

methanesulfonate (MS-222), and then, for the measurement of acetylcholinesterase (AChE) 

activity, pools of 30 larvae per group/replicate were randomly sampled, homogenized in cold 

buffer (0.32 mM of sucrose, 20 mM of HEPES, 1 mM of MgCl2, and 0.5 mM of 

phenylmethylsulfonyl fluoride (PMSF), pH 7.4) and centrifuged at 15 000 × g at 4 ºC for 20 

min (Sigma model 3K30, Osterode, Germany) (Félix et al., 2016). The supernatant was 

transferred to centrifuge tubes and stored at -80 °C until further analysis. 

The AChE activity determination was conducted using a PowerWave XS2 microplate scanning 

spectrophotometer (Bio-Tek Instruments, USA), at 30 °C. The reactions were run in duplicate 

in a final volume of 200 µL. AChE activity was assayed according to the method of Rodriguez-

Fuentes et al. (2015). This method measures the conjugation of thiocholine with 5,5′- dithiobis-
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(2-nitrobenzoic acid) (DTNB), and absorbance is read at 405 nm. The TNB extinction 

coefficient of 13.6 mM/cm was used to determine AChE activity, which was expressed as µmol 

TNB/min.mg protein. The Bradford method (Bradford, 1976) was used to quantify the protein 

concentration of each sample. The absorbance was read at 595 nm and bovine serum albumin 

was used as a standard (0-2 mg/mL). 

 

2.7. Statistical analysis 

Data were tested for normality and homogeneity of variances with the Kolmogorov-Smirnov 

and Bartlett’s tests, respectively. One- or two-way ANOVA, followed by the Tukey’s 

multicomparison post-hoc test, were used to identify significant differences between groups 

and significant interactions between MPs and Cu. In the specific cases where the parametric 

ANOVA assumptions failed, data were submitted to a non-parametric ANOVA using the 

Kruskal-Wallis ANOVA test with Dunn-Bonferroni post-hoc comparison test.  The non-

parametric results were similar to those obtained with the parametric ANOVA analysis, 

strengthening the confidence in the significance of the differences. The Student’s t test was used 

to statistically discriminate differences between larvae behavior, in the presence or absence of 

an aversive stimulus. The Pearson correlation coefficient (r) was used to measure the correlation 

between AChE activity, the developmental parameters (mortality, hatching and length), the 

exploratory and avoidance behaviour’s data. Only the correlations greater than 0.5 or -0.5, and 

p<0.05, were considered. Statistical analysis was performed using Prism 7.0 (GraphPad 

Software, Inc., CA, USA), and significant differences were considered when p<0.05. 

 

3. Results 

3.1. Analysis of Cu concentrations 

Cu concentrations were measured in the exposure solutions at the beginning (0 h) and end of 

the experiments (14 days) (Table S1), showing that metal concentrations were relatively stable 

over time. The variation between the nominal and measured Cu concentrations was relatively 

low, thus the results are discussed considering the nominal concentrations, i.e., 60 and 125 µg/L, 

on both single Cu and mixtures groups. Data of Cu content in 14 dpf larvae, show higher levels 

of Cu in the Cu125+MPs exposed larvae compared to the control (p=0.008). These results 

suggest MPs may have been a vector for the uptake of Cu by larvae since the internal Cu 

concentrations were higher in the mixture exposures compared to the copper alone. 
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3.2. Effects of MPs, alone or co-exposed with Cu, on lethal and sub-lethal responses 

The mortality of larvae throughout the experiment was significantly affected by MPs, Cu and 

Cu+MPs exposure (Fig. 1). 

 

 

Figure 1. Cumulative mortality rate of 48 hpf, 6 dpf and 14 dpf zebrafish larvae resulting from embryos exposed 

to microplastics (MPs) and copper (Cu), alone or combined. Statistical analysis was performed using two-way 

ANOVA followed by Tukey's multiple-comparison test. Data are expressed as mean ± S.D. Data from five 

independent replicate exposures (n = 5 replicates with 100 fish per group). Different lowercase letters indicate 

significant differences between groups within the same timepoint (p<0.05). Different uppercase letters indicate 

significant differences between timepoints within the same group (p<0.05). 

 

At 48 hpf, no significant effects were observed in zebrafish embryos mortality, however, at 6 

dpf, higher mortality was found in Cu125 (21.6±9.7%) and Cu125+MPs (17.6±5.3%), in 

comparison with the control group (3.6±0.5%) (p<0.05). Later, at 14 dpf, both MPs and Cu, 

alone or in mixture, reduced significantly zebrafish larvae survival. In MPs exposed larvae, the 

mortality rate reached 32.4±3.6%, comparatively to the control group (14.6±4.3%) (p=0.012). 

Regarding larvae exposed to Cu and Cu+MPs, an increase in mortality rate was found, reaching 

49.0±4.3% in larvae exposed to Cu125 (p<0.0001) and 60.0±8.6% in the respective mixture 

Cu125+MPs (p<0.0001), comparatively to the control group. The Cu60 and Cu60+MPs groups 

showed higher mortality rates than control (p<0.01), but similar to the MPs group. Also, 

mortality increased significantly within each group between 6 and 14 dpf (p<0.05), with no 

statistical differences being observed between 48 hpf and 6 dpf (p>0.05). Regarding the 

cumulative hatching rate (Table 1), a significant decrease of hatching was observed in both Cu 



Microplastics and copper induce neurotoxicity and behavioral alterations on zebrafish - CHAPTER 5 

 
135 

and Cu+MPs groups (p<0.01), in relation to the control group. No statistical differences were 

observed between Cu and the corresponding mixture (p>0.05) in mortality or hatching rates. 

The body length (Table 1) of zebrafish larvae at 14 dpf was significantly reduced in all the 

exposed groups (p<0.01), in relation to the control, with the Cu125 and Cu125+MPs being the 

most affected groups. 

 

Table 1. Cumulative hatching rate and larvae length of zebrafish embryos/larvae exposed to microplastics (MPs) 

and copper (Cu), alone or combined, for 14 days. 

Treatment groups 
Hatching rate (%) 

72 hpf 

Body length (mm) 

14 dpf 

 Control 72.7±7.3a 4.3±0.2a 

2 mg/L MPs 66.6±9.7a 4.0±0.3b 

60 µg/L 
Cu 32.9±21.0b 4.0±0.3bc 

Cu+MPs 36.5±10.7b 4.0±0.2bc 

125 µg/L 
Cu 21.5±8.8b 3.9±0.3c 

Cu+MPs 16.5±6.8b 3.7±0.3d 

 

Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparison test. Data are expressed as mean ± S.D. 

from five independent experiments. Different lowercase letters indicate significant differences between groups (p<0.05). 

 

At 14 dpf, larvae from the groups exposed to MPs, with or without Cu, showed fluorescent 

particles accumulated on their gastrointestinal tract (Fig. S1), confirming the ingestion of the 

MPs by the zebrafish larvae, along the experiment. 

 

3.3. Effects of MPs, Cu and their mixture on the swimming activity 

Several exploratory behavior parameters (Fig. 2) were assessed at 14 dpf, to determine possible 

changes on locomotion patterns. Exposure to both, Cu+MPs and Cu125, significantly decreased 

the mean speed (p<0.05, Fig. 2A) and the absolute turn angle (p<0.05, Fig. 2E) of 14 dpf larvae, 

when compared to the control group, with the lowest values observed in the Cu125 (mean speed: 

85.36±30.33 cm/min, p=0.001; abs turn angle: 5.52±2.17°, p=0.029) and Cu125+MPs groups 

(mean speed: 67.33±23.97 cm/min, p=0.001; abs turn angle: 4.07±1.68°, p=0.002). The total 

distance traveled by larvae was also significantly decreased at both Cu125 (97.89±32.75 cm, 

p=0.023) and Cu125+MPs (84.96±34.35 cm, p=0.007), in relation to the control group 

(179.95±43.35 cm) (Fig. 2B). Similar mean distance to the center of the well (Fig. 2C) and 

percentage of time that larvae were active (Fig. 2D) were observed among all experimental 

groups (p>0.05). 
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Although no significant differences between the groups with Cu and the respective Cu+MPs 

were observed (p>0.05), it was noted that both mixture groups presented slightly lower values 

of mean speed, total distance traveled, percentage of time active and absolute turn angle than 

the respective Cu group, suggesting that the MPs enhance the effect of Cu on locomotion. 

 

 

Figure 2. Exploratory behavior of 14 dpf zebrafish larvae exposed to microplastics (MPs) and copper (Cu), alone 

or combined. (A) Mean speed, (B) Total distance moved, (C) Distance to the center of the well, (D) Percentage of 

time larvae were active, and (E) Mean absolute turn angle. Data presented as mean ± S.D. Data from five 

independent replicate exposures (n = 5 replicates with 6 larvae per group). Statistical analysis was performed using 

one-way ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters indicate significant 

differences between groups (p<0.05). 
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3.4. Light-dark challenge behavior of larvae exposed to MPs, Cu and their mixture 

The swimming activity of larvae under light and dark transitions is shown in Figure 3. In all 

experimental groups, zebrafish larvae exhibited a higher swimming activity during the dark 

periods, comparatively to the light periods. No significant differences in the distance moved by 

larvae were found between the control group and the remaining groups (MPs, Cu and Cu+MPs) 

in both light and dark periods (p>0.05), although larvae exposed to Cu60 exhibit a significantly 

higher swimming activity than larvae exposed to Cu125 (p<0.05), in the second dark period. 

 

3.5. Effects of MPs, Cu and their mixture on avoidance behavior 

The effects of MPs, alone or co-exposed with Cu, in the cognitive escaping response of 14 dpf 

larvae were measured using the bouncing ball test and are shown in Figure 4. Larvae of the 

control group displayed a significant avoidance response to the bouncing ball stimulus, 

spending more time in the bottom area when the stimulus was present in the upper area of the 

well (65.09±7.12% vs 47.41±7.97% prior to the visual stimuli, p=0.001). Contrarily, no 

significant avoidance response to the bouncing ball stimulus was observed in larvae exposed to 

MPs, Cu and Cu60+MPs (p>0.05). In fact, larvae exposed to Cu60+MPs and Cu125 spent less 

time in the bottom area when the stimulus was present. Thus, the response to the aversive 

stimulus was affected in the exposed larvae. 

 

 

Figure 3. Mean distance moved by 14 dpf zebrafish larvae in response to alternating 10 minutes light-dark 

stimulation following exposure to microplastics (MPs) and copper (Cu), alone or combined. Data are expressed as 

mean ± S.D. Data from five independent replicate exposures (n = 5 replicates with 6 larvae per group). Statistical 

analysis was performed using two-way ANOVA followed by Tukey's multiple-comparison test. Different 

uppercase letters indicate significant differences between timepoints within the same group (p<0.05). Different 

lowercase letters indicate significant differences between groups (p<0.05). 
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3.6. Effects of MPs, Cu and their mixture on avoidance behavior 

The effects of MPs, alone or co-exposed with Cu, in the cognitive escaping response of 14 dpf 

larvae was measured using the bouncing ball test and are shown on Figure 4. Larvae of the 

control group displayed a significant avoidance response to the bouncing ball stimulus, 

spending more time in the bottom area when the stimulus was present in the upper area of the 

well (65.09±7.12% vs 47.41±7.97% prior to the visual stimuli, p=0.001). Contrarily, no 

significant avoidance response to the bouncing ball stimulus was observed in larvae exposed to 

MPs, Cu and Cu60+MPs (p>0.05). In fact, larvae exposed to Cu60+MPs and Cu125 spent less 

time in the bottom area when the stimulus was present. Thus, the response to the aversive 

stimulus was affected in the exposed larvae. 

 

3.7. Effects of MPs, Cu and their mixture on larvae shoaling behavior  

The nearest neighbor distance (NND) and the inter-individual distance (IID) parameters were 

measured to evaluate shoaling behavior of 14 dpf larvae (Fig. 5). No significant changes were 

observed on any of these parameters, in exposed groups comparatively to the control group 

(p>0.05). Thus, exposure to MPs, alone or co-exposed with Cu, did not interfere with the 

shoaling cohesion of zebrafish larvae. 

 

 

Figure 4. Avoidance behavior of 14 dpf zebrafish larvae exposed to microplastics (MPs) and copper (Cu), alone 

or combined. Each bar represents the percentage of time that larvae spent in the upper area of the well without 

(white bars) or with (black bars) the presentation of an aversive stimulus (bouncing ball) in the bottom area of the 

well. Data presented as mean ± S.D. Data from five independent replicate exposures (n = 5 replicates with 6 larvae 

per group). Statistical analysis was performed using a paired t-test. The asterisks indicate a significant difference 

between groups before and after the stimulus (*p<0.05, ***p<0.001). 
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Figure 5. Shoaling behavior of 14 dpf zebrafish larvae following exposure to microplastics (MPs) and copper (Cu), 

alone or combined. (A) NND, nearest neighbor distance and (B) IID, inter-individual distance. Data presented as 

mean ± S.D. Data from five independent replicate exposures (n = 5 replicates with 5 larvae per group). Statistical 

analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test. When the 

parametric ANOVA assumptions failed, a Kruskal–Wallis one-way ANOVA on Ranks with Dunn-Bonferroni 

post-hoc comparison test was used (for the parameter NND).  No significant differences were observed among 

treatments. 

 

3.8. Effects of MPs, Cu and their mixture on AChE activity 

After 14 days of exposure, a significant decrease was observed in AChE activity (Fig. 6), in all 

experimental groups, when compared to the control group (p<0.0001). Additionally, a higher 

inhibition of AChE was noticed in both Cu+MPs, comparatively to the respective Cu group 

(p<0.0001), suggesting that MPs may have modulated the Cu effects. Moreover, the group 

exposed to MPs alone also showed significantly lower values of AChE activity than the Cu 

groups (p<0.0001). 

 

3.9. Correlation between the evaluated responses 

The correlation between the several responses was evaluated (Table 2). Data showed a 

significant negative correlation between mortality at 14 dpf and AChE activity (r = ‒0.563, p 

= 0.001), while for body length was positively correlated with AChE (r = 0.622, p < 0.0001). 

The results obtained in the behavioral analysis were also correlated with developmental 

parameters and AChE activity. Both speed and total distance were positively correlated with 

AChE activity (r = 0.399, p = 0.029; r = 0.409, p = 0.025, respectively). A positive and 

significant correlation between absolute turn angle and AChE activity was also observed (r = 

0.418, p = 0.024). The avoidance behavior was not significantly correlated with AChE activity 

(p>0.05). The aversive stimuli, which is related with avoidance behavior, was positively 

correlated with speed, total distance and absolute turn angle of larvae (p<0.001). On the other 
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hand, the speed, total distance and absolute turn angle were negatively correlated with larvae 

mortality at 14 dpf (p<0.001), but positively correlated with hatching and body length 

(p<0.001). 

 

 

Figure 6. Levels of acetylcholinesterase (AChE) activity in 14 dpf zebrafish larvae exposed to microplastics (MPs) 

and copper (Cu), alone or combined. Data are expressed as mean ± S.D. Data from five independent replicate 

exposures (n = 5 replicates with pools of 30 larvae per group). Statistical analysis was performed using one-way 

ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters indicate significant differences 

between groups (p<0.05). 

 

Table 2. Values of the Pearson correlation coefficient between the developmental and the behavioral parameters 

evaluated in zebrafish embryos/larvae exposed to microplastics (MPs) and copper (Cu), alone or combined, for 14 

days. 

 AChE Speed Distance 
Abs. Turn 

Angle 

No 

Stimuli 
Stimuli 

Mortality 

14 dpf 
Hatching 

Speed 0.399*        

Distance 0.409* 0.951**       

Abs. Turn Angle 0.418* 0.961** 0.930**      

No Stimuli -0.144 0.142 0.261 0.188     

Stimuli 0.325 0.756** 0.681** 0.828** 0.535**    

Mortality 14 dpf -0.563** -0.743** -0.665** -0.668** -0.198 -0.673**   

Hatching 0.317 0.769** 0.688** 0.735** 0.112 0.716** -0.798**  

Body length 0.622** 0.647** 0.570** 0.606** 0.093 0.635** -0.831** 0.739** 

The orange cells represent a value with a correlation coefficient greater than 0.5 or -0.5.  

The asterisks (*) represent a correlation significant at 0.05 level (* p<0.05; ** p<0.01). 

 

4. Discussion 

In the environment, aquatic biota is exposed not only to MPs, but to a variety of pollutants at 

the same time. However, to date, most studies have considered the isolated toxicity of MPs, 
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which can lead to a under- or over-estimation of the potential risk that MPs may represent to 

aquatic organisms. Toxicity data on fish exposed to mixtures of MPs and heavy metals are 

scarce, particularly during sensitive periods of their life cycle, and long-term exposures are even 

more limited (Banaee et al., 2019; Ding et al., 2018; Limonta et al., 2019; Lu et al., 2018; Wen 

et al., 2018). Therefore, in the present study, the effects of MPs and their association with Cu 

on behavioral responses and AChE activity of zebrafish larvae were evaluated after a 

subchronic exposure of 14 days. 

In the present study, both MPs and Cu, alone or combined, significantly reduced zebrafish 

larvae survival, particularly during the exogenous feeding period (between 6 and 14 dpf), with 

the highest values of mortality being observed in Cu125 and Cu125+MPs. Indeed, unexpectedly, 

the mortality in the Cu125 and Cu125+MPs groups reached ou exceeded, respectively, 50%, 

suggesting that with the extension of exposure time, the LC50 decreases (96 h LC50 = 0.636 mg 

Cu/L, Santos et al., 2020) and Cu toxicity increases. Despite of this, our results are consistent 

with those obtained by previous reports, although direct comparisons are not straightforward 

since different methodologies, MPs, and measurement units were employed. Mazurais et al. 

(2015) reported an increase in mortality (up to 44%) in European sea bass (Dicentrarchus 

labrax) larvae exposed to 1.2 and 12 mg/g of polyethylene microbeads (10-45 µm), from 7 until 

43 days post-hatching (dph). In marine medaka (Oryzias melastigma), 14 days pre-exposure to 

polystyrene (PS) microspheres (10 µm, 1 × 105 particles/L) also affected the survival of larvae 

(Cong et al., 2019). Regarding Cu, previous studies have also reported increased mortalities in 

fish embryos and larvae exposed to this heavy metal (Dave and Xiu, 1991; Johnson et al., 2007; 

Palmer et al., 1998; Puglis et al., 2019; Ozoh, 1979; Sonnack et al., 2015). Besides reducing the 

survival of zebrafish, both Cu and Cu+MPs inhibited embryo hatching. Similarly, previous 

studies have reported the inhibition of hatching in fish embryos exposed to Cu (Santos et al., 

2020; Sonnack et al., 2015) or mixtures of MPs and Cu (Santos et al., 2020). At the end of the 

experiment, a reduced growth was found, not only in the Cu and Cu+MPs groups, but also in 

the MPs exposed larvae. In turn, this reduced growth of larvae may have resulted from the MPs 

ingestion, leading to a lower feeding efficiency and, therefore, to a false sense of satiation. 

Indeed, it has been reported that MPs ingestion can induce a decrease in food and energy intake 

by larvae (Xia et al., 2020). Similarly, previous studies showed growth inhibition in larvae 

exposed to MPs (Pannetier et al., 2020; Xia et al., 2020) or Cu (Witeska et al., 2014). 

Considering that exposure to MPs and Cu may decrease survival and growth of aquatic early-
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life stages, the presence of these pollutants on aquatic ecosystems can affect populations' fitness 

and food webs, although long-term studies are still needed to corroborate this inference. 

Behavior is a highly structured process driven by complex neural networks to ensure fitness 

and survival of organisms (Kane et al., 2005). In this sense, behavioral alterations have proven 

to be sensitive and important endpoints in ecotoxicological studies to detect neurological 

impairments caused by pollutants (Kane et al., 2005; Tierney, 2011). In the present study, the 

swimming activity of larvae, under constant light conditions, was adversely affected by Cu125 

and both Cu+MPs, with the mean speed, the total distance moved by larvae and the absolute 

turn angle being significantly decreased. It has been suggested that the absolute turn angle is a 

sensitive parameter to evaluate motor coordination (Blazina et al., 2013), with changes in this 

parameter being associated with a disorganized locomotor pattern (Bortolotto et al., 2014). In 

this sense, our results indicate that exposure to Cu and Cu+MPs induces hypoactivity and a 

disorganized swimming pattern in zebrafish larvae. These findings are corroborated by prior 

studies, which documented impairment of swimming behavior in fish exposed either to Cu 

(Haverroth et al., 2015; Puglis et al., 2019; Tilton et al., 2011; Vieira et al., 2009; Zhang et al., 

2015) or MPs combined with other pollutants (Barboza et al., 2018b; Chen et al., 2017a; Le 

Bihanic et al., 2020). On the other hand, subchronic exposure to MPs and Cu, alone or combined, 

during early life stages had no significant effect on the locomotor activity of 14 dpf zebrafish 

larvae, under alternating light-dark periods, nor in shoaling behavior. Chen et al. (2017a) 

reported that exposure of zebrafish early life stages to 1 mg/L of MPs did not affect the 

swimming distance during light-dark transition periods, thus corroborating our findings. Also, 

exposure of rainbow trout (Oncorhynchus mykiss) and zebrafish to 30 and 60 μg/L of Cu, 

respectively, had no significant effects on shoaling/social behavior (Acosta et al., 2016; Sloman 

et al., 2002). 

In fish larvae exposed to MPs alone, the swimming patterns were not significantly affected. In 

Japanese medaka (Oryzias latipes) larvae fed for 14 days with MPs (0.01, 0.1 and 1% w/w in 

fish food), the swimming speed was not affected (Pannetier et al., 2020), whereas zebrafish 

embryos exposed to 1 mg/L of MPs from 4 to 120 hpf showed significant inhibition of the 

swimming performance (Qiang and Cheng, 2019). Likewise, adult fish exposed to MPs alone, 

exhibited significant alterations in swimming and exploration activity (Barboza et al., 2018b; 

Limonta et al., 2019; Mak et al., 2019; Yin et al., 2019). These differences among studies may 

be related with exposure conditions and methodologies, and with the concentration and type of 

MPs used. 
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Locomotor activity is a complex behavior which is dependent on the integrity of brain function, 

and nervous system development. In the current study, the dysfunctional swimming activity 

observed is indicative of alterations in the neurological function, and, in part, seems to be 

associated with the significant inhibition of the enzyme AChE, detected in the 14 dpf zebrafish 

larvae exposed to MPs and Cu, both alone or combined. In fact, a positive and significant 

correlation was found between the parameters speed, total distance and absolute turn angle, and 

AChE activity. The enzyme AChE plays an important role in the cholinergic transmission to 

promote locomotor functions or to modulate cognitive functions such as learning and memory 

(Soreq and Seidman, 2001). Inhibition of AChE, and consequently, impairment of cholinergic 

neural transmission, can disrupt muscle contraction, leading to alterations of swimming 

performance and even to paralysis and death of fish (reviewed in Fulton and Key, 2001). This 

was corroborated in the present study by the negative correlation observed between AChE 

activity and larvae mortality. Supporting our results, significant inhibition of AChE activity by 

MPs and Cu have also been previously reported in carp (Cyprinus carpio) (Banaee et al., 2019), 

European seabass (Dicentrarchus labrax) (Barboza et al., 2018a), streaked prochilod 

(Prochilodus lineatus) (Roda et al., 2020) and in zebrafish (Haverroth et al., 2015; Tilton et al., 

2011). Furthermore, a few studies have correlated AChE inhibition and swimming pattern 

alterations in fish exposed to pesticides (Beauvais et al., 2000; Zhang et al., 2016), heavy metals 

(Haverroth et al., 2015; Vieira et al., 2009) and, more recently, nanoplastics (Chen et al., 2017a). 

How metals interact with and inhibit AChE is not completely understood. However, it has been 

proposed that AChE inhibition by metal ions, like Cu, may be related to its binding to the 

aminoacid side-chain causing structural conformation changes and therefore leading to the loss 

of catalytic activity (Sabullah et al., 2014). Regarding MPs, the mode of action of how plastic 

particles interact with AChE and cause neurotoxicity remains unclear. 

Other than AChE inhibition, adverse effects on some neuronal networks or spinal circuits in the 

larvae may also contribute to locomotor activity impairment. For instance, in zebrafish embryos 

exposed to over 3.9 µM (248 µg/L) of Cu, a dysfunctional locomotor behavior was reported, 

along with developmental defects in neurogenesis, myogenesis, myelination of Schwann cells, 

and inhibition of axonogenesis (Zhang et al., 2015). Exposure of fish to Cu has also been linked 

to loss of neuromasts function and reduced number of motor neurons, with direct consequences 

in fish behavior, such as escape response and/or rheotaxis disruption (Johnson et al., 2007; 

Sonnack et al., 2015). Similarly, in zebrafish adults exposed during three days to a mixture of 

bisphenol A (1 μg/L) and polystyrene nanoplastics (1 mg/L) it was observed dysregulation of 
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myeline and tubulin protein/gene expressions, dopamine content and gene expression of the 

mesencephalic astrocyte-derived neurotrophic factor (MANF) (Chen et al., 2017b). Disruption 

of dopaminergic neurocircuit may also explain the hypoactivity observed in exposed larvae. It 

was suggested that dopamine influences the swimming pattern of zebrafish, with ablation of 

the diencephalospinal neurons (a source of dopamine) causing suppression of swimming and 

shortened travel distances (Jay et al., 2015). Alterations in dopamine levels were reported in 

common carp (Cyprinus carpio) exposed to Cu (De Boeck et al., 1995) and in freshwater zebra 

mussel (Dreissena polymorpha) exposed to mixtures of polystyrene microbeads (1 and 10 µm) 

(Magni et al., 2018). 

Predator-induced mortality tends to be high among fish larvae. Thus, the chances of survival 

will depend on an increased ability to escape predators (Voesenek et al., 2018). Swimming 

activity impairment can, in turn, compromise the fish ability to escape from threats. In the 

present study, zebrafish larvae were stimulated with a red bouncing ball as an aversive stimulus. 

In normal conditions, zebrafish show a rapid reflex to escape or avoid the threat (Voesenek et 

al., 2018), as was observed in the control group. In this response, emotional states such as fear 

and anxiety are normally triggered in larvae (Colwill and Creton, 2011). Oppositely, in the 

groups exposed to MPs, Cu and Cu60+MPs, larvae displayed a significantly reduced avoidance 

response, indicating a disruption of anxiety-related behaviors. These results suggest that MPs 

and Cu, alone or combined, can decrease the ability of larvae to perceive and/or escape danger, 

such as predation. Consequently, it may cause impacts in fish populations' fitness. Data 

concerning the effects of MPs on aquatic organisms' avoidance behavior are scarce. Alterations 

in predator avoidance behavior were recently reported in adult zebrafish exposed for 7 days to 

polystyrene nanoplastics (~70 nm), at concentrations ranging from 0.5 to 5 mg/L (Sarasamma 

et al., 2020). Likewise, Acosta et al. (2016) reported an abolishment of adult inhibitory 

avoidance memory in zebrafish exposed to 9 µg/L of Cu, for 96 h. 

The reflex to escape a threat is mediated by Mauthner neurons and involves the detection of the 

threat by the sensory-motor system, the initiation and control of the escape response, the 

muscular system to produce enough force and power and the external morphology to support 

an effective hydrodynamic and maximize acceleration (Voesenek et al., 2018). Thus, the 

integrity of the sensory system, visual input, cognitive function and coordinated locomotor 

movement is crucial to detect threats, initiate the escape response, and, ultimately, avoid the 

threat (Voesenek et al., 2018). In the present study, the deficit in the exposed larvae avoidance 

behavior could be the result of the compromised swimming behavior observed. Indeed, a strong 
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and positive correlation between avoidance behavior and locomotor activity parameters (speed, 

total distance and absolute turn angle) was observed in the exposed larvae. However, other 

adverse effects on neuronal networks may contribute to abnormal avoidance behavior. Given 

that the aversive bouncing ball test relies on intact vision, it may be possible that the MPs and 

Cu have reduced the efficacy of the visual system. There is evidence that exposure to heavy 

metals in fish causes impairment of visual processing by, for instance, reducing the number of 

retinal ganglion cells/axons and cone photoreceptors (Chow et al., 2009), and inducing 

structural damages in optic tectum and cerebellum (Naïja et al., 2018). Similarly, Chen et al. 

(2017a) reported an increase of rhodopsin (zfrho) gene expression, which encodes a 

photoreceptor required for image-forming vision, in zebrafish larvae exposed to 1 mg/L of MPs. 

Nevertheless, the interaction of plastic particles, alone or in mixture with heavy metals, with 

the nervous system and corresponding biological pathways is complex and more research on 

this topic is urgently needed. 

Zebrafish exposed to the mixture of Cu and MPs showed the same responses of fish exposed to 

Cu alone, for most of the parameters. The toxicity of Cu on zebrafish larvae locomotor and 

avoidance behavior was not modulated by the presence of MPs, despite the Cu+MPs groups 

presented lower values than the groups exposed to Cu alone. However, the presence of MPs 

significantly influenced the toxicity of Cu on the AChE activity of the exposed larvae. In fact, 

the groups exposed to MPs and Cu+MPs showed the lowest AChE activities. It is possible that 

the ingestion of MPs with sorbed-Cu may have increased the toxicity and, thus, the inhibition 

of the AChE activity in the exposed larvae. These results suggest that MPs and Cu can interact 

and impact relevant endpoints such as cholinergic neurotransmission, illustrating that the 

evaluation of the mixtures of MPs with other pollutants is crucial to reach a more realistic risk 

assessment of MPs. 

Similarly, in juvenile common carp exposed to cadmium chloride (Cd, 100 and 200 µg/L), MPs 

(250 and 500 µg/L) and mixtures of both, it was reported significantly lower plasma AChE 

activity in the fish exposed to Cd combined with MPs, comparatively to the fish exposed to Cd 

alone (Banaee et al., 2019). More recently, Bellas and Gil (2020) also observed that 

polyethylene MPs increased chlorpyrifos toxicity on survival, feeding and egg viability of 

copepods (Acartia tonsa). Other studies have shown that MPs increase pollutants toxicity in 

fish (Lu et al., 2018; Qiao et al., 2019; Roda et al., 2020; Zhang et al., 2020). On the other hand, 

other experiments have found an antagonistic interaction between MPs and pollutants (Chen et 

al., 2017a; Miranda et al., 2019; Schmieg et al., 2020), with MPs alleviating the toxicity of the 
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chemical pollutants. However, such contradictory data emphasizes that the interaction between 

MPs and other pollutants may depend on the characteristics of each contaminant, the type, size 

and concentration of MPs, the species and the exposure time and/or the feeding behavior of the 

organisms. Indeed, it has been shown that the size of MPs influences the adsorption of metals, 

with the smaller MPs having a higher capacity of adsorption than the larger ones (Qiao et al., 

2019). Moreover, recently several authors reported that this behavior of MPs may also depend 

on their capacity to adsorb the pollutants (Bhagat et al., 2020), with, for example, stronger or 

weak bonds of the metals with the MPs showing, respectively, antagonistic/synergistic behavior 

(Purwiyanto et al., 2020; Zou et al., 2020). Considering this, further research in this field is 

urgently needed. 

 

5. Conclusions 

Overall, our findings demonstrate that MPs, alone or co-exposed with Cu, adversely affect 

zebrafish early life stages. The present study shows that MPs and Cu, alone or combined, 

decreased larvae survival, inhibited hatching and growth of larvae, induced neurotoxicity and 

lead to hypoactivity and disorganized swimming patterns in zebrafish larvae. Moreover, 

avoidance behavior was also affected by MPs and Cu, both alone or combined. Given that 

locomotor and avoidance behaviors are crucial for food hunt and to escape from predators, 

impairment of these behaviors by heavy metals and MPs can, therefore, compromise the fitness 

of fish populations. For some behavioral parameters, the main effects were driven by Cu, 

however, the presence of MPs on the exposure medium modulated Cu-induced neurotoxicity, 

with a higher inhibition of AChE being observed in the MPs and mixtures groups. Thus, this 

study highlights the need for further research on the combined effects of MPs and heavy metals 

on freshwater fish early life stages, with the mechanisms underlying neurotoxicity deserving 

special attention. 
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Ethical statement 

To ensure minimal animal distress during the bioassay, particularly during the exogenous feeding period (6 until 

14 dpf), larvae was observed daily. It was considered the analysis of a few endpoints, namely the morphology, 

equilibrium and swimming activity of larvae, which may indicate distress of fish. Each endpoint has a score 

between 0 (normal) and 3 (severe). The summatory of all endpoints when exceeding 7-8 indicates severe distress 

and the animal should be euthanized. However, during our bioassay, larvae did not show evidences of moderate 

or severe distress. The toxicity of the treatments was evidenced mostly by the mortality. At the end of the bioassay, 

it was observed that these results did not interfered with the final results and therefore were not taken into account 

(data not shown). 

 

Table S1. Copper (Cu, mean ± SD) concentrations measured in the exposure medium and larvae tissue of all 

treatments. 

Nominal exposure 

concentrations 

Cu (µg/L) Cu (µg/mg) 

0 h 14 days 14 days 

Control  2.88±1.99 1.96±2.45 14.07±3.23a 

MPs 2 mg/L 4.87±0.90 4.27±4.35 18.54±9.01a 

Cu 
60 µg/L 

54.26±4.30 51.61±27.73 33.50±7.92a 

Cu+MPs 52.35±5.20 66.85±10.15 40.35±8.20ab 

Cu 
125 µg/L 

126.37±6.12 138.80±41.15 51.71±4.97ab 

Cu+MPs 117.96±27.92 132.50±22.77 77.73±27.34b 

Statistical analysis for Cu levels in larvae tissues was performed using one-way ANOVA followed by Tukey’s multiple-

comparison test. Different lowercase letters indicate significant differences between groups (p<0.05). 

 

 

 

Figure S1. Representative images of the distribution of fluorescent microplastics (MPs, 1-5 µm) in the 

gastrointestinal tract of the exposed zebrafish (Danio rerio) larvae at (A) 6 dpf and (B) 14 dpf. Bar = 500 µm. 
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Abstract 

In this study, zebrafish embryos were exposed to microplastics (MPs, 2 mg/L) and copper (Cu, 

60 and 125 µg/L), alone or combined, for 14 days, and the development of motor neurons was 

assessed through gene expression and immunohistochemistry. DNA methyltransferases 

(DNMTs) genes expression was also evaluated.  

The results showed a downregulation of neuronal proliferation (sox2, pcna), neurogenesis 

(neuroD, olig2), and motor neurons development (islet) related genes, implying potential 

deficits in the neurogenesis of the exposed zebrafish early life stages. Downregulation of the 

maintenance and de novo DNMTs expression was also found, indicating that the DNA 

methylation patterns could be modulated by MPs and Cu. A high relative volume of 

proliferating cell nuclear antigen (PCNA)-positive cells was found in the fish retina from the 

MPs exposed group, suggesting that MPs increased the rate of cellular division. In contrast, a 

significant decrease of PCNA-positive cells, and therefore a lower cell proliferation, was found 

in the retina and brain of zebrafish exposed to Cu and Cu+MPs, which could lead to cognitive 

and behavioral functions impairment. No alterations were found in the relative volume of 

ISL1&2-positive cells. This study contributes to the knowledge of the mechanisms by which 

MPs and Cu cause neurotoxicity, fundamental for a comprehensive and realistic ecological risk 

assessment in aquatic populations. 

 

 

Keywords: Danio rerio; plastic microspheres; heavy metals; stereological analysis; gene 

expression; methylation 
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1. Introduction 

Nowadays, microplastics (MPs) are considered an ecological hazard that needs urgent attention, 

due to their global ubiquity in aquatic ecosystems and their toxicity to biota (Bhagat et al., 2020). 

Aggravating this environmental issue, the large surface area and high polarity properties of MPs 

makes them natural carriers of pollutants, such as heavy metals (Godoy et al., 2019; Turner and 

Holmes, 2015), that are also persistent, bioaccumulative and toxic pollutants of high concern 

(Grosell, 2011). Copper (Cu), is a well-known heavy metal, commonly found in aquatic 

ecosystems that, depending on the dose and exposure time, can be highly toxic to aquatic 

organisms (Grosell, 2011; Jin et al., 2021). In this regard, co-exposure of MPs and Cu is very 

likely to occur in aquatic ecosystems, representing potential toxic effects on biota. For instance, 

the association of Cu with plastic particles has been reported in field studies (coastal ecosystems 

and rivers), with concentrations of Cu and MPs ranging from 0.06 to 500.6 μg/g (Dobaradaran 

et al., 2018; Purwiyanto et al., 2020; Squadrone et al., 2021; Wang et al., 2017) and 178±69 to 

544±107 items/kg (Wang et al., 2017), respectively. In turn, an increasing number of studies 

have reported developmental toxicity, oxidative stress, immune- and genotoxicity, behavioral 

changes, inflammation, reproductive disturbances, and neurotoxicity in both aquatic vertebrates 

and invertebrates co-exposed to MPs and heavy metals, such as Cu (Banaee et al., 2019; 

Barboza et al., 2018a, 2018b, 2018c; Qiao et al., 2019; Santos et al., 2021a; Yan et al., 2020). 

The nervous system is involved in a wide range of physiological functions, crucial for the 

survival and performance of organisms, being highly vulnerable to pollutants (Baatrup, 1991). 

Several studies have recently demonstrated that MPs, with or without heavy metals, can have 

detrimental effects on fish neurological function by, for instance, inhibiting 

acetylcholinesterase activity (Barboza et al., 2018b; Miranda et al., 2019; Santos et al., 2021b) 

or inducing neurotransmitter levels changes (Chen et al., 2021; Huang et al., 2022). Disruptions 

at the nervous system level, particularly during early development, can have profound and 

persistent effects on aquatic populations and ecosystems, by altering behaviors such as 

locomotion, feeding, or predator avoidance (Baatrup, 1991; Shi et al., 2021). In fact, some of 

the neurotoxic effects of MPs and associated heavy metals have been linked to behavioral 

anomalies, such as locomotor competence (Santos et al., 2021b) and predatory performance 

alterations (Miranda et al., 2019). Nevertheless, there are still unanswered questions, such as 

the underlying cellular and molecular mechanisms of MPs and heavy metals toxicity on 

neuronal function, particularly in developing animals. 
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Considering the described neurotoxicity potential of plastics, in this study we hypothesized that 

MPs, alone or co-exposed with Cu, may alter fish motor neuron development, therefore 

unveiling a potential mechanism underlying the locomotor behavior deficits described in 

previous studies (Qiang and Cheng, 2019; Santos et al., 2021b, 2020). In this regard, zebrafish 

embryos were subchronically exposed to MPs and Cu, for 14 days, and the differentiation and 

proliferation of motor neurons were assessed, during early development, through gene 

expression and immunohistochemistry. Specifically, antibodies labeling motor neurons 

(ISL1&2 - ISL LIM homeobox) and proliferating cells (PCNA - proliferating cell nuclear 

antigen) were used to assess the structural integrity of motor neurons in developing zebrafish. 

To further verify our hypothesis, the transcript-level response of a panel of genes involved in 

neurogenesis were determined, namely: sox2 (SRY-Box transcription factor 2), involved in the 

maintenance of neural precursor properties and function; pcna, which is a marker of cell 

proliferation; the proneural basic helix-loop-helix (bHLH) genes neurogenin 1 (ngn1) and 

neuronal differentiation (neuroD), required for the development of post-mitotic neurons from 

the proliferative neural precursor cells; the oligodendrocyte transcription factor 2 (olig2), 

essential for the motor neuron specification; and the three paralogues of ISL LIM homeobox 

(islet1, islet2a, and islet2b) that are also important for motor neuron development. Since 

neurodevelopment is a process that also requires a coordinated regulation through epigenetic 

pathways, such as DNA methylation (Wang et al., 2016), the epigenetic regulation of 

neurogenesis adds another layer of complexity and a potential target of MPs and Cu toxicity. 

Indeed, it was recently reported that the DNA methylome is susceptible to environmental 

pollutants, particularly during early life stages (Song et al., 2020). In this vein, along with the 

described neurogenesis genes, the expression levels of DNA methyltransferases (DNMTs) 

genes (dnmt1, dnmt3 to dnmt8), were evaluated in the present study. Overall, this study intends 

to contribute to the knowledge of the events by which MPs and Cu may cause neurotoxicity, 

crucial for a comprehensive and realistic ecological risk assessment in aquatic populations. 

 

2. Material and Methods 

2.1. Ethics statement on animal experiments 

The experiments with zebrafish were conducted following the European (Directive 2010/63/EU) 

and Portuguese (Directive 113/2013) legislations guidelines for laboratory animals’ 

experimentation and welfare. Fish manipulation was made accordingly with the Guidelines of 

the European Union Council (86/609/EU) and the Portuguese law (Decreto Lei 129/92). The 
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involved researchers have accreditation (FELASA category C, Federation of Laboratory 

Animal Science Associations) to carry out animal experimentation. 

 

2.2. Microplastics particles and copper 

The fluorescent microplastics (proprietary polymer of undisclosed composition) were acquired 

from Cospheric LLC (California, USA). The plastic particles used in the experiments are red 

microspheres with a diameter between 1 and 5 µm, a density of 1.3 g/cm3, and 

excitation/emission wavelengths of 575/607 nm (Suppl. file 1). According to the information 

of the manufacturer, it was estimated that 1 mg of MPs has approximately 5.44E+07 spheres 

(details described in Santos et al., 2020). 

A 1 g Cu/L stock solution was prepared, by mixing copper sulfate pentahydrate (CuSO4·5H2O, 

Merck, Germany) with ultrapure water (Milli-Q, Millipore), and stored at 4 °C. 

 

2.3. Zebrafish early life stages exposure and experimental design 

Adult wild-type zebrafish (Danio rerio, AB strain) maintained according to standard protocols 

(https://zfin.org/) in the fish facilities of the University of Trás-os-Montes and Alto Douro (Vila 

Real) were reared at 28 ± 1 °C under a 14:10 h (light: dark) photoperiod, and mass crossed (2 

males: 1 female) to obtain fertilized eggs. Additional details about the rearing and reproduction 

of zebrafish adults can be found in Supplementary file 1. 

For the subchronic experiment, two Cu concentrations (60 and 125 µg/L) were selected based 

on previous studies in fish, that reported neurotoxicity (Acosta et al., 2016; Jin et al., 2021; 

Santos et al., 2020; Witeska et al., 2014), and in the levels described in surface waters (Couto 

et al., 2018; Milivojevic et al., 2016; Mrozińska and Bąkowska, 2020; Rzymski et al., 2017). 

The concentration of MPs (2 mg/L that corresponds to 1.09  108 particles/L) was selected 

according to the literature data (Chen et al., 2017a; LeMoine et al., 2018; Santos et al., 2020) 

and the levels reported in freshwater ecosystems (Koelmans et al., 2019; Lasee et al., 2017). 

Briefly, for the toxicity experiments, ~650 eggs/group were randomly distributed in 5 L aquaria 

and exposed to six treatments: control (water), MPs (2 mg/L), Cu (60 and 125 µg/L, 

respectively Cu60 and Cu125) and their binary mixtures (Cu60+MPs and Cu125+MPs); from 

2 h post-fertilization (hpf) to 14 days post-fertilization (dpf). Three replicates were set up for 

each group and zebrafish were maintained at 28 ± 0.5 °C with a 14:10 h (light: dark) 

photoperiod, under semi-static conditions. To sustain the treatments concentrations, around 60% 
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of the exposure solutions were exchanged daily. From 6 dpf, zebrafish larvae were fed with 

commercial fish food (Tetramin, Germany) and Artemia sp. nauplii (Luzio et al., 2015). 

Throughout the experiment, pools of embryos or larvae (20-30 per group/replicate) were 

sampled for gene expression at 2, 6 and 14 dpf. Pools of 10 larvae/group were also collected 

for immunohistochemistry analysis, at 6 dpf. On each sampling occasion, larvae were gently 

rinsed with Milli-Q ultra-pure water and euthanized with an overdose of buffered 

tricaine methanesulfonate (MS-222). Fish mortality was assessed daily and at the end of the 

experiment, 10 to 15 larvae/group were sampled, anesthetized, measured, photographed in a 

fluorescent inverted microscope (Fluorescein-Isothiocyanate (FITC) filter; IX 51, Olympus, 

Belgium) and fixed to assess histopathological changes. 

Samples of water from each group were collected at 0, 10 and 14 days, along with pools of 10 

larvae at 14 dpf, to measure the effective Cu concentrations. Additional details concerning the 

Cu analysis on the samples can be found in Santos et al. (2020) and Supplementary file 1. The 

nominal values are used in the following sections. 

 

2.4. Gene expression analysis 

The zebrafish sample pools, stored at -80 °C in RNA Later (Sigma, Germany), were 

homogenized in a TissueLyzer shaker (Qiagen, Germany) before the RNA extraction. Then, 

total RNA was isolated using the Illustra RNAspin Mini kit (GE Healthcare, Germany), and 

reverse transcribed into cDNA with the SensiFAST cDNA Synthesis kit (Bioline, UK). 

Quantitative real-time PCR (qPCR) was subsequently used to evaluate the expression levels of 

neurodevelopment and DNA methylation-related genes in zebrafish embryos and larvae (Suppl. 

file 1, Table S2). The details concerning the qPCR methodology and analysis can be found in 

Santos et al. (2020) and in Supplementary file 1. 

The gene expression was quantified as described by Hellemans et al. (2007), with data being 

expressed as normalized relative quantity (NRQ). 

 

2.5. Histological analysis and immunohistochemistry 

Larvae were fixed overnight, dehydrated, and embedded in paraffin wax, as described in our 

previous studies (Luzio et al., 2015, 2016; Santos et al., 2020). Larvae were sectioned in a rotary 

microtome (Leica RM 2135, Ireland) into thin sagittal sections (3 µm), and collected onto APS-

coated (3-aminopropyltriethoxysilane; Sigma-Aldrich, Germany) slides. 
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For the histological evaluation, the sections were stained with hematoxylin-eosin, mounted, and 

coverslipped. A prevalence index of each histopathological lesion was determined and the 

histopathological changes in the brain and retina of zebrafish larvae were assessed as described 

in Santos et al. 2020 and Beker van Woudenberg et al., 2014. 

For the detection of the ISLET and PCNA proteins, markers of developing motor neurons and 

cell proliferation, respectively, the antibodies anti-ISL1/2 and anti-PCNA were used (Suppl. 

file 1, Table S3). The immunohistochemistry staining was performed in a humid chamber, with 

the UltraVision Detection System Anti-Polyvalent kit (Thermo Scientific, USA), as described 

in more detail by Luzio et al. (2016). At least four sections per larva, in different areas of the 

brain and retina, were evaluated for each antibody. The details of the immunohistochemistry 

methodology are provided in Supplementary file 1. 

 

2.6. Stereological analysis 

A stereological method was used to quantify the immune staining in zebrafish larvae brain and 

retina, as described previously (Luzio et al., 2016). The stereological analysis was performed 

based on a point counting approach (Freere and Weibel, 1967). The details of the stereological 

analysis methodology are provided in Supplementary file 1. 

 

2.7. Statistical analysis 

Prism 9.0 (GraphPad Software, Inc., USA) was used to perform the statistical analysis. The 

normality and the homogeneity of variances were checked with the Kolmogorov-Smirnov and 

Brown-Forsythe’s tests, respectively. For normal data, a one-way analysis of variance 

(ANOVA) followed by Tukey’s multicomparison post-hoc test was employed to determine the 

significant differences among groups. To evaluate if the presence of MPs modulates Cu toxicity, 

a two-way ANOVA followed by the Tukey’s multicomparison post-hoc test was performed. 

For data that did not fulfill normal distribution criteria, the non-parametric Kruskal-Wallis on 

Ranks test was performed followed by the multicomparison post-hoc Dunn’s test. The statistical 

acceptance level was p<0.05. 
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3. Results and Discussion 

3.1. Mortality, growth and biodistribution of plastic particles in zebrafish early life stages 

The results showed a generalized reduction of zebrafish early life stages survival (Suppl. file 2, 

Fig. S1), with mortality being significantly increased in all groups at 14 dpf (p<0.01), compared 

to the control. Likewise, previous studies have reported a decreased survival in fish early life 

stages exposed to MPs and heavy metals (Cu or cadmium), alone or combined (Mazurais et al., 

2015; Santos et al., 2020; Sonnack et al., 2015; Zhang et al., 2020). 

Additionally, a decrease in body length was observed in the exposed larvae (p<0.01; MPs, 

4.01±0.17 mm; Cu60, 3.94±0.29 mm; Cu60+MPs, 3.94±0.20 mm; Cu125, 3.89±0.29 mm; 

Cu125+MPs, 3.70±0.33 mm), compared with the control (4.28±0.17 mm). As expected, MPs 

ingestion by larvae was also observed, with the fluorescent plastic particles being found in their 

gastrointestinal tract, and in the eyes and gills (Suppl. file 2, Fig. S2A-B). In agreement with 

our findings, the ingestion of MPs by fish has been well-documented in the literature (Campos 

et al., 2021; Karami et al., 2017; Mazurais et al., 2015; Santos et al., 2021a), with some authors 

reporting that plastic particles can compromise larval feeding activity, and lead to reduced 

growth (Xia et al., 2020). Moreover, higher mortality of young fish has been associated with 

the ingestion of MPs (Mazurais et al., 2015). 

These results strengthen previous observations regarding the toxic effects of MPs and Cu, alone 

or combined, in fish embryos and larvae, and highlight the potential negative consequences that 

long-term exposure to plastics can have on fish population recruitment. 

 

3.2. Effects of MPs and Cu on the neurogenesis-related genes 

In this study, the expression of three primary neurogenesis-related genes (ngn1, neuroD and 

olig2) was evaluated only at 2 dpf, followed by an analysis of genes involved in motor neurons 

development and DNA methyltransferases at three different time points, covering the 

embryonic (2 dpf) and late larval stages (6 and 14 dpf). These periods involve the transition 

from self-feeding, via the yolk sac, to external feeding and, therefore, to a more complex 

neuronal activity and behavior, as well as to a greater sensitivity to the potential neurotoxicity 

caused by the ingestion of MPs by larvae. 

PCNA plays an important role in DNA replication and excision repair mechanisms, being 

constitutively expressed in actively growing cells (Kelman, 1997). In turn, sox2 is an important 

transcription factor involved in the maintenance of the pluripotency of neuronal stem cells 

(Schmidt et al., 2013). The two proliferation/neural stem cell markers, i.e., pcna and sox2 
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(Suppl. file 2, Fig. S3A-B, and illustrated in Fig. 1), were suppressed in the MPs exposed group 

(p<0.01), at 2 dpf, compared to the remaining groups. At 6 dpf, pcna transcript was affected by 

MPs (p<0.0001) and both Cu groups (p<0.05), whereas sox2 expression decreased in these 

same groups (p<0.01) and also in Cu60+MPs (p=0.04). At 14 dpf, the expression of these genes 

seemed to be less affected, with pcna and sox2 transcripts being downregulated in the Cu60 

group (p<0.01). In addition, sox2 expression was decreased in Cu+MPs groups (p<0.05). 

 

 

Figure 1. Heatmap representing the expression profile of the proliferation/neural stem cells (pcna and sox2), and 

motor neurons development (islet1, islet2a, and islet2b) genes in zebrafish early life stages at 2-, 6- and 14-days 

post-fertilization (dpf), after exposure to microplastics (MPs) and copper (Cu), alone or combined, from 2 h post-

fertilization (hpf) to 14 dpf. Data from three independent replicates. 

 

In the nervous system, sox2 regulates repressors of neuronal differentiation in the neural stem 

progenitor cells (Graham et al., 2003; Schmidt et al., 2013). Indeed, it has been reported that 

the inhibition of sox2 promotes neural stem progenitor cell cycle exit and the onset of neuronal 

differentiation (Graham et al., 2003). Considering the decrease of sox2 and pcna, with the 

decline of pcna being characteristic of cells that become quiescent, our results point out an 

impairment of stem progenitor cells proliferation in MPs and Cu exposed zebrafish early life 

stages, with neuronal differentiation being probably favored. Moreover, this data suggests a 

diminishing of the neural stem progenitor cells population in the exposed zebrafish, which could 

lead to the loss of the neuroregenerative capacity in the fish adult's brain. 

In the present study, at 2 dpf, the proneural bHLH gene ngn1 did not suffer significant 

alterations, whereas neuroD expression was downregulated in MPs (p=0.013), Cu60 

(p<0.0001), and Cu60+MPs (p=0.0002) groups (Fig. 2A-B), indicating a disturbance in the 
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neurodevelopment of zebrafish embryos. Surprisingly, neuroD was affected by the treatments, 

while its upstream activator ngn1 remained unchanged. Loss-of-function studies have shown 

that the absence/reduction of neuroD results in neuronal loss, decrease of dendritic growth and 

amacrine cells, increase in Müller glial cell production, and failure of cell cycle exit in the retina 

photoreceptor progenitors (Gaudillière et al., 2004; Miyata et al., 1999; Morrow et al., 1999; 

Ochocinska and Hitchcock, 2009). Olig2, another bHLH transcription factor, is involved in 

motor neuron and oligodendrocytes specification (Park et al., 2002). Functional studies have 

reported that by reducing olig2, there is no formation of motor neurons nor spinal cord 

oligodendrocytes (Park et al., 2002). In the present study, there was a significant decrease in 

olig2 gene expression in Cu60 and Cu60+MPs (p=0.0005) groups, in comparison with the 

control (Fig. 2C). These results suggest that neuronal commitment may have been favored by 

MPs and Cu, whereas neuronal differentiation and survival were impaired. Overall, the 

downregulation of the neuroD and olig2 genes in MPs, Cu and Cu+MPs groups imply potential 

negative effects in neurons' terminal differentiation and motor neurons specification in 

zebrafish. 

The islet genes are required for motor neurons determination, survival, and subtype 

specification (e.g. rostral, middle and caudal primary motor neurons, known as RoP, MiP and 

CaP) (Korzh et al., 1993). In this study, all three islet genes (Suppl. file 2, Fig. S4A-C, and 

illustrated in Fig. 1) were downregulated in MPs (p<0.05), Cu60 (p<0.01), and Cu60+MPs 

(p<0.01) groups, at 2 dpf. Similarly, at 6 dpf, the three islet genes were significantly decreased 

in MPs (p<0.0001) and Cu (p<0.05) groups, in comparison with the control group. Additionally, 

the islet2b was also downregulated in the Cu60+MPs (p<0.05) group. A significant decrease 

of islet1 expression was observed at 14 dpf only in MPs (p=0.025) and Cu125+MPs (p=0.0005) 

groups, and a decrease of islet2a was observed in Cu125+MPs (p=0.0003), in comparison with 

the results obtained at 2 and 6 dpf, and the control group. For islet2b, the expression in the MPs 

group returned to levels close to the control (p>0.05), but it was downregulated in Cu and 

Cu+MPs groups (p<0.01). Several studies have reported that a knockdown/reduction of islet 

function causes abnormal motor axonal outgrowth, spinal motor or cholinergic neurons loss, 

and V2a interneurons generation increase in detriment of motor neurons formation (Elshatory 

and Gan, 2008; Pfaff et al., 1996; Segawa et al., 2001; Song et al., 2009). In this regard, the 

observed early downregulation of islet genes in the exposed zebrafish embryos and larvae point 

toward motor neuron dysfunctions, which could be translated into locomotor behavior 

impairment. 
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Figure 2. Relative gene expression levels of (A) neurogenin 1 (ngn1), (B) neuronal differentiation 1 (neuroD), 

and (C) oligodendrocyte lineage transcription factor 2 (olig2), in 2 days post-fertilization (dpf) zebrafish exposed 

to microplastics (MPs) and copper (Cu), alone or combined. Data are shown as mean ± S.D., normalized to the β-

actin (actb) and eukaryotic translation elongation factor 1 (eef1a1l1) reference genes. Statistical analysis was 

performed using one-way ANOVA followed by Tukey's multiple-comparison test, or by Kruskal–Wallis followed 

by Dunn's test, to evaluate differences among the individual groups. Different lowercase letters indicate significant 

differences between groups (p<0.05). 

 

Overall, the above data suggest that MPs and Cu, as well as their combination, can induce 

neurotoxicity in zebrafish's early life stages, by disrupting genes/pathways critical for neural 

self-renewal, proliferation, differentiation and maturation. Although data on the effects of MPs 

and associated pollutants on neurogenesis are still scarce, the neurotoxicity potential of MPs 

has been previously reported, with some studies showing effects such as acetylcholinesterase 

inhibition (Barboza et al., 2018b; Miranda et al., 2019; Santos et al., 2021b, 2020), 

neurotransmission impairment (Chen et al., 2021; Sarasamma et al., 2020), and behavioral 

alterations (Barboza et al., 2018c; Santos et al., 2021b; Shi et al., 2021). Supporting our results, 

a few studies have more recently demonstrated the alteration of the expression of genes that are 

involved in neurodevelopment, such as ngn1, acetylcholinesterase, cholinergic receptor 

nicotinic α2, mesencephalic astrocyte-derived neurotrophic factor, α1-tubulin, myelin basic 

protein, in aquatic biota exposed to nano- or microplastics (Chen et al., 2017b; Rainieri et al., 

2018; Santos et al., 2021a). Likewise, using next-generation RNA sequencing, LeMoine et al. 

(2018) reported downregulation of genes related to the central and peripheral nervous system, 

such as transcripts associated with neural development, synapse function, or nerve impulse 

transmission, in zebrafish embryos exposed to red-fluorescently labeled MPs (10-45 µm, 5 and 

20 mg/L) from 5 to 19 dpf. 

 

3.3. Stereological analysis and the effects of MPs and Cu on the development of motor 

neurons 

To determine whether the observed changes in gene transcripts are also noticed at the protein 

level, an immunohistochemistry evaluation was performed in the exposed zebrafish larvae. The 
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immunopositive cells were identified by their brown staining in zebrafish larvae tissues (Fig. 3 

and 4), and their relative volumes were quantified by stereological analysis (Fig. 5).  

In the present study, a high relative volume of PCNA-positive cells was observed in the retina 

of zebrafish from the MPs group (p=0.0005), in comparison with the control group (Fig. 5A). 

This suggests that MPs increased the rate of cellular division in the zebrafish larvae retina. 

Considering the PCNA role in DNA repair mechanisms (Kelman, 1997), and the fact that plastic 

particles were observed in the zebrafish retina during the experiment, the increase of cell 

proliferation may be related to a transient enhancement of DNA repair mechanisms in retina 

cells, in response to MPs exposure. Indeed, it has been reported that following MPs exposure, 

fish show a strong inflammatory response in target tissues (Chen et al., 2020; Limonta et al., 

2019; Lu et al., 2016). Given that, in zebrafish, it has been described that inflammation can 

enhance retina regeneration/cell proliferation (Iribarne, 2021), the observed higher relative 

volume of PCNA-positive cells may be, therefore, related to an inflammatory response induced 

by MPs in the retina. 

On the contrary, a significant decrease of PCNA-positive cells (p<0.01) was found in Cu and 

Cu60+MPs groups (Fig. 3E and 5A), and therefore a lower cell proliferation in larvae retina. In 

the brain, a significantly lower relative volume of PCNA-positive cells (p<0.05) was only found 

in both Cu+MPs groups, in comparison to the control group (Fig. 5B). Contrarily to what was 

observed in the retina, the MPs and Cu alone groups did not show significant changes in brain 

PCNA immunolabelling (Fig. 3F). Cell proliferation and neurogenesis are two processes 

susceptible to environmental pollution, with negative consequences to the organism's fitness. 

The PCNA-positive cells and, consequently, the cell proliferation decrease in zebrafish retina 

and brain after early-life exposure to Cu and Cu+MPs, is concordant with the observed 

downregulation of the pcna gene expression. Besides the downregulation of pcna transcript, 

the molecular mechanisms involved in cell proliferation suppression by pollutants still need 

some clarification. However, it has been suggested that oxidative stress, protein 

phosphorylation changes, inhibition of the G1 to S transition during mitosis, and intracellular 

calcium ion (Ca2+) homeostasis dysregulation may be involved (Abbott and Nigussie, 2021). 

Nevertheless, alterations in cell proliferation during the early developmental period can result 

in decreased numbers of neurons and, consequently, impairment of cognitive and behavioral 

functions. Indeed, interesting data are presented here that could be associated with the 

behavioral deficits previously reported in the literature. 
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Figure 3. Representative images of the immunolocalization of PCNA in zebrafish, at 6 days post-fertilization (dpf). 

Fish larvae from control (A-C) and Cu60 (D-F) groups were chosen to illustrate the immunopositive cells in the 

retina and brain. The images show the lower incidence of cell proliferation in the exposed larvae, compared to the 

control group. A – larvae from the control group showing PCNA-immunopositive cells; B - magnification of retina 

observed in A; C - magnification of brain in A; D - larvae from the Cu60 group showing lower PCNA-

immunopositive cells; E - magnification of retina observed in D; F - magnification of brain in D. 

 

The neuronal proliferation along with gene expression changes may, at least partially, explain 

the behavioral alterations, such as locomotor activity suppression, reported in aquatic biota 

exposed to MPs, alone or in association with other pollutants (Qiang and Cheng, 2019; Santos 

et al., 2021b, 2020). Dysregulation of cell proliferation on the retina may also contribute to 

explaining the avoidance behavior alterations reported in aquatic biota exposed to MPs, with or 

without associated pollutants (Santos et al., 2021b; Seuront, 2018), since this type of response 

depends on the visual input. 

Although in the present study we have detected changes in islet genes expression, no alterations 

were found in the relative volume of ISL1&2-positive cells (p>0.05) in both retina and brain, 

in comparison with the control group (Fig. 4 and 5C-D). This discrepancy suggests that the 

correlation between gene transcripts and protein may be influenced by protein abundance in the 

cells. Several reasons for this discordance between mRNA and protein results have been pointed 

out, such as delay in transcription, post-transcriptional and post-translational modifications, or 

protein half-lives (Greenbaum et al., 2003). Besides, genes could be expressed at insufficient 

levels for translation, thus, influencing the results. Although our data suggest that MPs and Cu 

may not have affected, morphologically, the development of motor neurons in developing 

zebrafish, when considering the results of islet gene expression, the potential dysregulation of 
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motor neurons development by MPs and Cu and its possible association with the behavioral 

and swimming deficits previously noted in the literature cannot be ruled out (Qiang and Cheng, 

2019; Santos et al., 2021b). 

 

 

Figure 4. Illustrative images of the immunolocalization of ISL1/2 in the retina of zebrafish from the control group 

(A-B) and brain in larvae from Cu125+MPs group (C-D), at 6 days post-fertilization (dpf). 

 

3.4. Histopathological analysis of zebrafish retina and brain 

After 14 days of exposure, the potential presence of histopathological changes in the retina and 

brain of zebrafish larvae exposed to MPs and Cu were evaluated and are presented in 

Supplementary file 2 - Figure S5. In the control group, the retina and brain showed a normal 

arrangement of cells and structural features (Suppl. file 2, Fig. S5A). Contrarily, some 

histopathological changes, namely, disruption of retinal layers, and epithelial detachment and 

edema, in the brain, were observed in MPs and Cu exposed larvae. Among these, edema was 

the histopathological change with the higher prevalence (Suppl. file 2, Fig. S5C), being 

observed in larvae from all exposed groups. When considering the histological scoring 

approach, a low severity of histopathological changes was found in the retina and brain of 14 

dpf zebrafish larvae (p>0.05), in comparison with the control group (Suppl. file 2, Table S1). 

Likewise, edemas were also observed in the spinal cord and notochord of tilapia (Oreochromis 

niloticus) early juveniles exposed to MPs (1, 10, or 100 mg/L) for 15 days (Hamed et al., 2021). 
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Pathological changes, such as edema and cell death, were also observed at 96 hpf in zebrafish 

larvae exposed to MPs and Cu (Santos et al., 2020). 

 

 

Figure 5. Relative volumes (%) of PCNA (A and B) and ISL1&2 (C and D) immunopositive cells identified in 6 

days post-fertilization (dpf) zebrafish larvae retina (A, C) and brain (B, D), after exposure to microplastics (MPs) 

and copper (Cu), alone or combined, from 2 h post-fertilization (hpf) to 14 dpf. Data from three independent 

replicates, with values being presented as mean ± standard deviation (SD). Statistical analysis was performed using 

a one-way ANOVA followed by Tukey's multiple-comparison test. Different lower case letters represent 

significant differences between groups (p<0.05). The absence of superscripts indicates no significant differences. 

To assess if the presence or absence of MPs modulates Cu toxicity, a two-way ANOVA was performed. The 

asterisks represent a significant difference between the group without plastic (Cu) and the respective group with 

plastic (mixture: Cu+MPs) (* p<0.05; ** p<0.01; *** p<0.001). The summary of the two-way ANOVA analysis 

regarding the interaction between MPs and Cu is represented at the top of each figure. 

 

Interestingly, the disruption of retinal layers was only observed in Cu+MPs groups. In turn, this 

histopathological change may be related to the observed presence of plastic particles, and 

consequent desorption of Cu by the MPs, in the larvae eyes, highlighting the potential of MPs 

and Cu mixtures to cause alterations in the visual system of fishes. Indeed, alterations of visual-

related genes [rhodopsin (zfrho) and blue opsin (zfblue)] were recently demonstrated in 

zebrafish larvae exposed to polystyrene MPs, 17α-ethynylestradiol (EE2) and their mixtures 

(Chen et al., 2017a). Nevertheless, there is limited knowledge about the histological effects of 
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MPs in fish, especially in the brain. Our histological data suggest that MPs, alone or combined 

with Cu, have the potential to induce alterations in the tissues of the early life stages of fish. 

 

3.5. Effects of MPs and Cu on the DNA methyltransferases gene expression 

DNA methylation is a crucial process for gene regulation in neurodevelopment and is 

maintained by DNA methyltransferases (Wang et al., 2016). The data regarding the expression 

of dnmts genes is presented in Supplementary file 2 – Table S2 and illustrated in Figure 6. In 

the present study, the dnmt1 gene expression was downregulated at 2 dpf in MPs (p=0.003), 

Cu125 and respective mixture (p<0.01) groups, while at 6 dpf was downregulated in MPs 

(p<0.0001) and both Cu (p<0.0001) exposed groups. In turn, at 14 dpf, it was decreased in Cu 

(p<0.01) and Cu125+MPs (p<0.0001), in comparison with the control. The expression of the 

dnmt3 gene was decreased in MPs, Cu60 and Cu60+MPs (p<0.05) groups, at 2 dpf; in MPs and 

Cu (p<0.01), at 6 dpf; and in Cu125+MPs (p=0.029), at 14 dpf. The dnmt4 gene was decreased 

significantly at 6 dpf in all exposed groups (p<0.0001), while dnmt5 followed a similar pattern, 

at both 6 and 14 dpf (p<0.01), in comparison with the control group. The expression of dnmt6 

was decreased in the MPs group at all time points (p<0.05), however, for the remaining 

treatments, variations were observed during the experiment, being downregulated in Cu60 and 

Cu60+MPs (p<0.01) at 2 dpf; in both Cu (p<0.05) at 6 dpf; and in Cu125 (p=0.001) and 

Cu+MPs (p<0.01) groups at 14 dpf. In comparison with the control, the dnmt7 gene was 

decreased at 6 dpf in all exposed groups (p<0.05), and in MPs, Cu60 and Cu+MPs groups, at 

14 dpf (p<0.05). Contrarily to the described above to the other dnmts, the dnmt8 gene 

expression was upregulated in all exposed groups (p<0.05) at 2 dpf, except for Cu60+MPs 

(p>0.05). At Cu125+MPs and Cu60 (p<0.05) groups, at 6 and 14 dpf, respectively, it was also 

upregulated. However, in MPs (p=0.0028) and Cu125 (p=0.0079) groups, at 6 dpf, and in 

Cu125+MPs (p=0.0207), at 14 dpf, the dnmt8 gene expression was downregulated. 

Our data indicate that the expression of all the evaluated dnmts in zebrafish embryos and larvae 

was modulated by the treatments, suggesting that both maintenance and de novo establishment 

of methylation patterns could be impaired by MPs and Cu. To our knowledge, this is the first 

study to report the effects of MPs, and their association with Cu, in epigenetic mechanisms of 

fish early life stages. Despite this, which limits the direct comparison of our results, a decreased 

expression of methyltransferase MET-2, which methylates the histone H3K9, was recently 

reported in the nematode Caenorhabditis elegans exposed to polystyrene nanoparticles (1-100 

µg/L) (Wang et al., 2021a). Another study carried out in zebrafish embryos showed 
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downregulation of the dnmt1 and dnmt3aa gene expression after exposure to polystyrene 

nanoplastic beads (100 nm) and butyl methoxydibenzoylmethane (Liu et al., 2021). 

Considering the effects of Cu alone, previous studies have also demonstrated interference with 

the epigenetic mechanisms in fish (Dorts et al., 2016; Jin et al., 2021), therefore supporting our 

results. 

 

 

Figure 6. Heatmap representing the expression profile of the DNA methyltransferases genes (dnmt1, dnmt3, dnmt4, 

dnmt5, dnmt6, dnmt7 and dnmt8), in zebrafish early life stages at 2-, 6- and 14-days post-fertilization (dpf), after 

exposure to microplastics (MPs) and copper (Cu), alone or combined, from 2 h post-fertilization (hpf) to 14 dpf. 

Data from three independent replicates. 

 

Although the methylation patterns of the neurogenesis-related genes were not evaluated in this 

study, when considering the decrease of dnmts expression, it’s expected a decrease of DNA 

methyltransferases activity and, thus, a DNA hypomethylation status. Surprisingly, the 

evaluated neurogenesis-related genes showed a suppressed expression, which suggests that 

other molecular pathways may also be involved in its downregulation, rather than changes in 

DNA methyltransferases. Once again, it reinforces the idea that a correlation between gene 

transcripts and protein does not always occur. Nevertheless, the results of the present study 

suggest that the modulation of dnmts might be one of the mechanisms that contribute to the 

toxicity induced by MPs and Cu. In turn, further studies are needed to confirm this relationship 

between epigenetic changes and toxicity, during embryogenesis and following MPs exposure. 

 

3.6. Modulation of Cu toxicity by the MPs 

The combination of different pollutants can often result in synergistic, antagonistic, or additive 

effects in the organisms (Rodea-Palomares et al., 2015). For most of the evaluated genes, there 

were significant interactions between MPs and Cu (Table 1), with, for example, the three islet 

genes showing, at 6 dpf, higher levels of expression in the Cu125+MPs, and close to the control 
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group, than the respective Cu alone (Figure S4), suggesting a possible antagonistic effect of 

MPs.  

 

Table 1. Output of the two-way ANOVA test performed to evaluate the interaction between the microplastics 

(MPs) and copper (Cu) on the evaluated neurodevelopment and DNA methyltransferases genes in zebrafish early-

life stages exposed subchronically (14 days) to microplastics (MPs) and copper (Cu), alone or combined. 

Genes Timepoint 
Interaction  

MPs x Cu 

ngn1 

2 dpf 

F(2,17) = 33.371 p < 0.001* 

neuroD F(2,17) = 6.399 p = 0.013* 

olig2 F(2,17) = 4.866 p = 0.028* 

pcna 

2 dpf F(2,17) = 16.124 p < 0.001* 

6 dpf F(2,17) = 47.919 p <0.001* 

14 dpf F(2,17) = 6.037 p = 0.015* 

sox2 

2 dpf F(2,17) = 14.726 p < 0.001* 

6 dpf F(2,17) = 71.986 p <0.001* 

14 dpf F(2,17) = 0.682 p = 0.524 

islet1 

2 dpf F(2,17) = 5.120 p = 0.025* 

6 dpf F(2,17) = 72.192 p < 0.001* 

14 dpf F(2,17) = 0.824 p = 0.462 

islet2a 

2 dpf F(2,17) = 6.798 p = 0.011* 

6 dpf F(2,17) = 55.459 p < 0.001* 

14 dpf F(2,17) = 4.041 p = 0.046* 

islet2b 

2 dpf F(2,17) = 13.433 p < 0.001* 

6 dpf F(2,17) = 126.676 p < 0.001* 

14 dpf F(2,17) = 1.238 p = 0.324 

dnmt1 

2 dpf F(2,17) = 9.333 p = 0.004* 

6 dpf F(2,17) = 150.879 p < 0.001* 

14 dpf F(2,17) = 13.958 p = 0.001* 

dnmt3 

2 dpf F(2,17) = 4.595 p = 0.033* 

6 dpf F(2,17) = 70.842 p < 0.001* 

14 dpf F(2,17) = 2.889 p = 0.095 

dnmt4 

2 dpf F(2,17) = 31.708 p < 0.001* 

6 dpf F(2,17) = 193.796 p < 0.001* 

14 dpf F(2,17) = 2.726 p = 0.106 

dnmt5 

2 dpf F(2,17) = 18.487 p < 0.001* 

6 dpf F(2,17) = 238.165 p < 0.001* 

14 dpf F(2,17) = 109.545 p < 0.001* 

dnmt6 

2 dpf F(2,17) = 7.695 p = 0.007* 

6 dpf F(2,17) = 64.041 p < 0.001* 

14 dpf F(2,17) = 12.961 p = 0.001* 

dnmt7 

2 dpf F(2,17) = 35.133 p < 0.001* 

6 dpf F(2,17) = 3.844 p = 0.051 

14 dpf F(2,17) = 2.762 p = 0.103 

dnmt8 

2 dpf F(2,17) = 3.452 p = 0.065 

6 dpf F(2,17) = 42.377 p < 0.001* 

14 dpf F(2,17) = 7.045 p = 0.009* 

The asterisk (*) represents values statistically significant (p<0.05). F value (F statistic). 
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Oppositely, when considering the stereological data, it was found that the combination of the 

two pollutants (Cu60+MPs) induced a decrease, and therefore possible higher toxicity, in the 

relative volume of ISLET-positive cells in the zebrafish retina, in comparison with the 

respective Cu group alone (Figure 5C). In turn, it indicates a possible synergistic effect of MPs, 

modulating the Cu toxicity. Overall, our results show that MPs can modulate Cu toxicity, and 

with the increase or alleviation of the metal toxicity being possibly dependent, for example, on 

the concentration, or, as suggested by Dolar et al. (2021), the sensitivity and specificity of the 

evaluated parameter.  

Our findings show that MPs can modulate Cu toxicity, which agrees with previous studies that 

reported synergistic (Banaee et al., 2019; Lee et al., 2021; Qiao et al., 2019; Wang et al., 2021b; 

Wen et al., 2018; Zhang et al., 2022), additive (Lee et al., 2021), or antagonistic effects (Wang 

et al., 2021b; Wen et al., 2018; Zhang et al., 2020) or no interaction at all (Schmieg et al., 2020) 

in fish and invertebrates exposed to mixtures of MPs and heavy metals. These divergences 

between the studies and, inclusively, in the same experiment, have been linked to numerous 

factors such as the sorption/desorption characteristics of the chemicals onto MPs (pi-pi 

interactions, van der Waals forces), the size and concentration of MPs, or the experimental 

conditions (Xiang et al., 2022; Zou et al., 2020). In this regard, the evaluation of MPs in mixture 

with heavy metals is urgently needed to achieve a more realistic and robust risk assessment of 

MPs' effects in both freshwater and marine ecosystems.  

 

4. Conclusions 

Taken together, our results show that subchronic exposure to MPs, alone or combined with Cu, 

can have toxic impacts on zebrafish neuronal proliferation, differentiation, and specification, 

by disrupting genes and, consequently, cellular pathways, involved in neurogenesis. Although 

this study did not determine the behavioral consequences of MPs and Cu exposure, the changes 

in genes related to motor neuron development that were observed in the exposed zebrafish, 

indicate a potential mechanism underlying the deficits in locomotor behavior described in the 

literature. Our study also unveiled a significant downregulation in the expression of DNA 

methyltransferases, suggesting that epigenetic changes during a critical phase of development 

may contribute to the disruption of essential processes, such as neural development, and which 

could later have repercussions on the animals’ fitness. Overall, this study provides novel 

insights regarding the molecular mechanisms underlying MPs and Cu neurotoxicity in fish early 

life stages, with the changes in neurogenesis related-genes expression representing potential 
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useful biomarkers for the assessment of MPs and Cu neurotoxicity. Nevertheless, more 

comprehensive studies are still needed to further increase our knowledge about the toxic effects 

of MPs and associated heavy metals at the molecular and cellular levels. 
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Material and Methods 

2.2. Microplastics particles and copper 

The microplastics (MPs) used in the present study are fluorescent spherical polymer particles (proprietary polymer 

of undisclosed composition, melt point ~290 °C), which have a size of 1-5 µm, a density of 1.3 g/cm3, an excitation 

wavelength of 575 nm and emission wavelength of 607 nm and have red colour. These particles were purchased 

from Cospheric (Lot number: 171025-1038, California, USA) and provided as a dry powder. The fluorescent 

particles were hydrophilic, thus it was not necessary the addition of surfactants. In the experiments MPs particles 

were scattered in the embryos medium. The mixtures solutions were stirred and incubated for 24 hours to allow 

copper (Cu) adsorption on MPs. 

 

2.3. Zebrafish early life stages exposure and experimental design 

Adult wild-type zebrafish (Danio rerio, AB strain) were maintained in the fish facilities of the University of Trás-

os-Montes and Alto Douro (Vila Real) and raised at 28 ± 1 °C under a 14:10 h (light: dark) photoperiod. The fish 

were maintained in a semi-closed flow-through system supplied with dechlorinated, aerated, charcoal-filtered and 

UV sterilized water. The physicochemical parameters of water were monitored and kept under the species optimal 

conditions (pH 7.7 ± 0.2; dissolved oxygen 6 ± 1 mg/L; hardness 3-4 dGH; conductivity 376 µS/cm; 0.08 ± 0.06 

mg/L of ammonium and 0.01 ± 0.01 mg/L of nitrite). Adults were fed twice a day with commercial fish food 

(TetraMin, Germany), supplemented with Artemia sp. nauplii. 

For the experiments, fertilized zebrafish eggs were obtained from mass crosses of spawning adults (proportion of 

2 males: 1 female) grouped in tanks overnight with a net bottom cover with glass marbles, at the onset of the light 

cycle. The fertilized eggs were collected within 1 h after spawning, rinsed several times with embryo water [UV 
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sterilized filtered-tap water at 28 ± 0.5 °C, with 200 mg/L of sea salt and 100 mg/L sodium bicarbonate; pH 7.5-

8.0], bleached and rinsed again, according to standard protocols (Westerfield, 2000). 

Water samples from the exposure solutions were collected at 0, 10 and 14 days, acidified with nitric acid (65% 

HNO3, Merck, Germany) and stored at 4 °C. 

For the analysis of Cu uptake by zebrafish, pools of 10 larvae/group were sampled, rinsed Milli-Q ultra-pure water 

and stored in acid-washed 1.5 mL centrifuge tubes at -20 °C. Before the quantification of Cu, larvae were digested 

in 2 mL of 65% HNO3 (Merck, Germany) mixed with 1 mL of hydrogen peroxide (30% H2O2, Merck, Germany), 

and incubated at room temperature for 24 h. The solutions were then heated until became clear, dried at 155 ℃ 

and cooled to room temperature. Lastly, 5 mL of 65% HNO3 matrix solution was added to the digested samples 

and stirred. The effective Cu concentrations in the water and the digested samples were finally quantified using 

electrothermal atomic absorption spectrometry (Unicam 939 Spectrometer, GF90 furnace). All samples were 

analyzed in duplicate. Data are presented in Table S1, as means ± standard deviation (SD). 

 

Table S1. Effective copper (Cu) concentrations quantified in water and larvae tissues from the exposed groups. 

 Effective Cu concentrations 

Nominal Cu 

concentrations 

Cu (µg/L) quantified on 

water 

Cu (µg/mg) detected on 

larvae 

0 h 10 days 14 days 14 days 

 Control 2.9±2.0 2.2±2.1 2.0±2.5 14.1±3.2 

2 mg/L MPs 4.9±0.9 6.7±1.4 4.3±4.4 18.5±9.0 

60 µg/L 
Cu 54.3±4.3 62.1±0.3 51.6±27.7 33.5±7.9 

Cu+MPs 52.4±5.2 59.1±5.2 66.9±10.2 40.4±8.2 

125 µg/L 
Cu 126.4±6.1 108.3±10.0 138.8±41.2 51.7±5.0 

Cu+MPs 118.0±27.9 96.5±3.6 132.5±22.8 77.7±27.3 

 

 

2.4. Gene expression analysis 

The zebrafish samples pools, stored at -80 °C in RNA Later (Sigma, Germany), were homogenized in a 

TissueLyzer shaker (Qiagen, Germany) before the RNA extraction. Then, total RNA was isolated with the Illustra 

RNAspin Mini kit (GE Healthcare, Germany), following the manufacturer’s instructions. The extracted RNA (1 

µg/µL) was reverse transcribed into cDNA with the SensiFAST cDNA Synthesis kit (Bioline, UK). Quantitative 

real-time PCR was subsequently performed in a PikoReal 96 Real-Time PCR System (Thermo Scientific, USA) 

using the synthesized cDNA, 5x HOT FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne, Estonia), gene-specific 

primer pairs, and nuclease-free water. Samples were run in duplicate. The thermal cycling conditions are described 

in Santos et al. (2020). The primer sequences of the neurodevelopment and DNA methylation-related genes 

evaluated in zebrafish embryos and larvae are given in Table S2. 

The relative quantification of gene expression was evaluated and normalized as described by Hellemans et al. 

(2007), using two reference genes (β-actin (actb2) and eukaryotic translation elongation factor 1 alpha 1 (eef1α1)). 

Data are expressed as normalized relative quantity (NRQ). 
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2.6. Histological analysis and immunohistochemistry 

The tissue sections were initially deparaffinized, rehydrated, and incubated in 0.3% H2O2 (Merck, Germany) to 

block the endogenous peroxidases. Then were rinsed with PBS buffer with Tween (Phosphate Buffered Saline + 

0.05% Tween-20-phosphate-buffered saline, pH 7.4), before being incubated with the Ultra V Block reagent to 

block non-specific antibody staining. Thereafter, the sections were incubated overnight, at 4 °C, with the primary 

antibodies anti-ISL1/2 (1:200, 39.4D5, Developmental Studies Hybridoma Bank [DSHB], Iowa City, USA) and 

anti-PCNA (NA03, 1:500, Calbiochem, Merck) diluted in bovine serum albumin (1% BSA). Subsequently, the 

sections were washed in PBS/Tween buffer, incubated with Biotinylated Goat Anti-Polyvalent reagent, washed 

again with PBS/Tween buffer, and incubated with Streptavidin Peroxidase complex. The sections were then 

immersed in 0.05% of 3,3-diaminobenzidine (DAB) with 0.03% H2O2 and washed in tap water. Finally, the slides 

were counterstained with hematoxylin, dehydrated, cleared, and coverslipped. 

 

2.7. Stereological analysis 

To determine the VV (%) of the cells marked with each antibody within a well-defined reference space (referred 

in section 2.6): 

 

VV (structure, reference) = [P(structure) × 100] ÷ [k × P(reference)], where:  

 

P(structure) is the number of points within each immune-labeled cell, P(reference) is the total number of points 

lying in the reference space (brain or retina), and k is the ratio between the number of points on the structure of 

interest and on the reference space. 

The stereological evaluation was made using an inverted microscope (IX 51, Olympus, Belgium), and one grid 

that was superimposed on the live image of the computer monitor connected to the microscope. The used grid had 

two sets of points (1: 12), i.e., a total of 16 points targeting the reference space and 192 points targeting the 

immunohistochemistry staining of each antibody. The points count was made in systematically sampled fields 

with the 40x Olympus UIS-2 objective lens (IX 51, Olympus, Belgium). 

 

Table S3. Antibodies used in the immunohistochemical evaluation of zebrafish (Danio rerio) larvae exposed to 

microplastics and copper, alone or in combination.  

Protein Antibody Host Species Reactivity Company 

ISLET1/2 
Islet-1 & Islet-2  

homeobox (39.4D5)* 

Mouse/ 

monoclonal 

Altricial fish larva, 

Chicken, Ferret, Fish, 

Frog, Human, Mouse, Rat, 

Zebrafisha 

Developmental Studies 

Hybridoma Bank, DSHB 

PCNA 

Anti-Proliferating Cell  

Nuclear Antigen (Ab-1)  

Mouse mAb (PC10) (NA03) 

Mouse/ 

monoclonal 

Human, Mouse, Rat, 

Yeast, Zebrafisha CALBIOCHEM, Merck 

* This antibody also detects the protein Islet-2. 

a Datasheet. 
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Supplementary File 2 

 

Figure S1. Mortality rate, at 2-, 6-, 10- and 14-days post-fertilization (dpf), of zebrafish exposed to microplastics 

(MPs) and copper (Cu), alone or combined. Data, from three independent replicates, are expressed as mean ± S.D. 

The statistical analysis was performed using two-way ANOVA followed by Tukey's multiple-comparison test. 

Different lowercase letters indicate significant differences between groups within the same time point, while 

different uppercase letters indicate significant differences between time points within the same group (p<0.05). 

 

 

 

Figure S2. Biodistribution of the red fluorescent microplastics (MPs, 1-5 µm) observed along the gastrointestinal 

tract (A) and in the eye (B) of the exposed zebrafish larvae, at 14 days post-fertilization (dpf). 

 

200 µm 100 µm 

(A) (B) 
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Figure S3. Relative gene expression levels of (A) proliferating cell nuclear antigen (pcna) and (B) SRY (sex 

determining region Y)-box 2 (sox2), in 2-, 6- and 14-days post-fertilization (dpf) zebrafish exposed to microplastics 

(MPs) and copper (Cu), alone or combined. Data are shown as mean ± S.D., normalized to the β-actin (actb) and 

eukaryotic translation elongation factor 1 (eef1a1l1) reference genes. Data from three independent replicates. 

Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test. 

Different lowercase letters indicate significant differences between groups (p<0.05), on each timepoint. 
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Figure S4. Relative gene expression levels of (A) ISL LIM homeobox 1a (islet1), (B) ISL LIM homeobox 2a 

(islet2a) and (C) ISL LIM homeobox 2b (islet2b), in 2-, 6- and 14-days post-fertilization (dpf) zebrafish exposed 

to microplastics (MPs) and copper (Cu), alone or combined. Data are shown as mean ± S.D., normalized to the β-

actin (actb) and eukaryotic translation elongation factor 1 (eef1a1l1) reference genes. Statistical analysis was 

performed using one-way ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters 

indicate significant differences between groups (p<0.05), on each timepoint. 
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Figure S5. (A and B) Illustrative images of histological sections of 14 dpf zebrafish larvae. (A) Larvae from the 

control group showing a normal histological structure of brain; (B) Larvae exposed to Cu60 showing edema 

(marked with *) in the brain. (C) Prevalence’s of the histopathological changes observed in 14 days post-

fertilization (dpf) zebrafish larvae, exposed to microplastics (MPs) and copper (Cu), alone or combined, from 2 h 

post-fertilization (hpf) to 14 dpf. Within each bar, the percentage of fish from the respective group that evidenced 

each particular change is numerically expressed. 

 

 

Table S1. Scores of the histopathological changes observed in 14 days post-fertilization (dpf) zebrafish larvae 

exposed to microplastics and copper, alone or combined. 

Treatments Epithelial detachment Edema Cell death Disrupted retina 

 Control 0 (0) 0 (0) 0 (0) 0 (0) 

2 mg/L MPs 0 (0) 0 (0-4) 0 (0) 0 (0) 

60 µg/L 
Cu 0 (0-3) 1 (0-3) 0 (0) 0 (0) 

Cu+MPs 0 (0) 0 (0-3) 0 (0) 0 (0-2) 

125 µg/L 
Cu 0 (0) 0 (0-3) 0 (0) 0 (0) 

Cu+MPs 0 (0) 0 (0-3) 0 (0) 0 (0-2) 

Data, from three independent replicates, expressed as median, minimum, and maximum values. Statistical analysis was 

performed using Kruskal–Wallis followed by Dunn's test. No significant differences among groups were observed (p<0.05). 
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Table S2. Relative gene expression levels (NRQ) of DNA methyltransferases (dnmts), in 2-, 6- and 14-days 

post-fertilization (dpf) zebrafish exposed to microplastics (MPs) and copper (Cu), alone or combined. 

 

Data, from three independent replicates, are shown as mean ± S.D., normalized to the β-actin (actb) and eukaryotic 

translation elongation factor 1 (eef1a1l1) reference genes. Statistical analysis was performed using one-way ANOVA 

followed by Tukey's multiple-comparison test. Different lowercase letters indicate significant differences between groups 

(p<0.05), on each timepoint. 
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Abstract 

Fish gills are in direct contact with the surrounding pollutants, and thus, potentially more 

vulnerable to microplastics (MPs) and heavy metals. The present study aimed to evaluate the 

long-term effects of MPs and copper (Cu) in the gills of adult zebrafish (Danio rerio). To this 

end, zebrafish were exposed to MPs (2 mg/L), Cu (Cu25, 25 µg/L) and their mixture 

(Cu25+MPs) for 30 days, and then oxidative stress, detoxification, antioxidant, metabolic and 

neurotoxicity enzymes/genes, as well serotonergic system and apoptosis genes, were evaluated 

in gills. In the mixture group, ROS levels were increased, while CAT and GPx activities were 

inhibited, indicating the induction of oxidative stress in zebrafish gills. This was followed by 

an increase of LPO levels and potential oxidative damage in zebrafish gills. The tryptophan 

hydroxylase 1a (tph1a) and caspase-3 (casp3) genes was significantly upregulated in 

Cu25+MPs group, indicating a potential dysregulation of serotonin synthesis and apoptosis 

pathways, respectively. Overall, the present study contributes to improving the knowledge 

about the response of aquatic organisms to MPs and the potential ecological risk that these 

particles represent to the ecosystems. 

 

 

 

Keywords: Plastic microspheres; heavy metals; oxidative stress; gene expression; intrinsic 

apoptosis-pathway; serotonergic system. 
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1. Introduction 

The indiscriminate consumption and mismanagement have led to plastic pollution of the aquatic 

and terrestrial ecosystems, representing nowadays one of the most critical threats for 

environmental and human health (Duis and Coors, 2016). MPs, i.e. particles with a size < 5 

mm, are now ubiquitous in most aquatic habitats, being easily available for ingestion and/or 

uptake by a wide range of organisms (Ma et al., 2020). In turn, MPs pose a great risk to aquatic 

organisms, with a variety of ecological consequences, since their ingestion/uptake by aquatic 

biota can reduce survival and growth rate (Santos et al., 2021a; Xia et al., 2020), or induce 

oxidative stress, reproductive impairment, immuno- and neurotoxicity and produce behavioral 

alterations (Barboza et al., 2018b; Chen et al., 2020; Espinosa et al., 2019; Im et al., 2022; Lu 

et al., 2018; Qiang and Cheng, 2021; Qiao et al., 2019a; Santos et al., 2021a,b, 2020; Yan et al., 

2020).  

More recently, the study of MPs toxicological profile has taken another dimension, given their 

ability to interact with and adsorb organic and inorganic contaminants (Ashton et al., 2010; 

Frias et al., 2010; Razanajatovo et al., 2018; Turner and Holmes, 2015), which, in turn, can lead 

to changes in bioavailability and toxicity of such chemicals in aquatic biota. Among the 

described pollutants with which MPs interact, heavy metals have raised a great concern due to 

their toxic and persistent nature. Indeed, toxic effects at the molecular, biochemical and 

behavioral levels have been reported in aquatic species exposed to mixtures of MPs and heavy 

metals (Banaee et al., 2019; Barboza et al., 2018c, 2018b, 2018a; Jinhui et al., 2019; Lu et al., 

2018; Luís et al., 2015; Oliveira et al., 2018; Qiao et al., 2019b; Santos et al., 2021b, 2020; Wen 

et al., 2018; Yan et al., 2020). These studies have described several interactive processes, such 

as synergistic (Banaee et al., 2019; Luís et al., 2015; Qiao et al., 2019b; Yan et al., 2020), 

antagonistic (Oliveira et al., 2018; Santos et al., 2020; Wen et al., 2018), or additive (Yan et al., 

2020) effects. As a result, it is critical to evaluate the potential interactions that could arise from 

the coexistence of MPs and heavy metals in the environment. Copper (Cu) is one of the most 

common heavy metals found in aquatic ecosystems, originating mostly from mining, industry, 

agricultural pesticides, boat paints and aquaculture (Grosell, 2011). In the aquatic environment, 

Cu has been found in concentrations up to 560 μg/L in surface waters impacted by 

anthropogenic activities (Bellingeri et al., 2018; Grosell, 2011; Oliveira et al., 2008; USEPA, 

2007), or ranging between 0.06 to 500.6 μg/g in MPs recovered from sediment and water in 

coastal areas (Ashton et al., 2010; Dobaradaran et al., 2018; Munier and Bendell, 2018; 

Purwiyanto et al., 2020; Wang et al., 2017). In freshwater ecosystems, for example, it was 
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recently found in the Chao Phraya River of Thailand, MPs concentrations ranging from 17.9 ± 

1.1 to 120.7 ± 8.1 mg/m3, and high levels of Cu sorbed in the recovered MPs (13.02 ± 18.26 

µg/g) (Ta and Babel 2020). Nevertheless, although the coexistence of heavy metals and MPs 

has been reported in nature (Patterson et al., 2020), studies regarding the combination of these 

two pollutants are still scarce. Considering that MPs are unneglectable carriers of Cu, which 

could lead to unexpected detrimental effects on aquatic organisms, the assessment of the 

combined effects of MPs and Cu is extremely important. The pollutant's interactions are 

complex and the evaluation of the cellular/molecular pathways involved in the ecotoxicological 

impacts of MPs and heavy metals like Cu is, therefore, crucial to understand the scale and risk 

of MPs in the ecosystems. 

Remarkably, oral ingestion has been regarded as the main route of exposure of aquatic 

organisms to MPs (Duis and Coors, 2016). However, uptake through the gills has also been 

pointed as another route of exposure to MPs, and other contaminants in general, such as heavy 

metals (Duis and Coors, 2016). Gills play a critical role in gaseous and ionic exchanges, acid-

base balance, osmoregulation, and nitrogenous waste products excretion (Evans, 1987). Given 

its direct contact with the surrounding water, large surface area, and small diffusion distance, 

gills are the major site for the uptake of waterborne pollutants (Evans, 1987; Luzio et al., 2021). 

Consequently, the impairment of gill functions by pollutants can have detrimental 

consequences for aquatic organisms. In fact, toxic effects such as histopathological lesions, 

oxidative stress, Na+/K+-ATPase alterations, and apoptosis have been reported in the gills of 

different organisms exposed to MPs (Barboza et al., 2018a; Huang et al., 2020; Limonta et al., 

2019; Lu et al., 2018; O’Donovan et al., 2018; Watts et al., 2016) or Cu (Luzio et al., 2013, 

2021; Monteiro et al., 2009, 2008; Rosa and Martinez, 2021). However, despite the toxicity of 

MPs or Cu alone is well established, the combined biological effects of MPs and Cu in gills are 

not completely understood. 

In this conceptual framework, the present study aimed to evaluate the long-term (30 days) 

exposure effects of MPs and Cu, alone or combined, on biochemical and genetic biomarkers 

using zebrafish (Danio rerio) as a model organism. To this end, oxidative stress, detoxification, 

antioxidant and metabolic enzymes/genes, as well serotonergic and cholinergic systems and 

apoptosis genes were evaluated to unveil the stress response mechanisms underlying the effects 

of MPs and Cu on fish gills. The results of the present study will contribute to improving the 

knowledge about the response of aquatic organisms to MPs and the potential ecological risk 

that these particles represent to the ecosystems. 
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2. Materials and Methods 

2.1. MPs and Cu 

Virgin fluorescent microspheres (proprietary polymer of undisclosed composition) were 

purchased from the Cospheric LLC (CA, USA) and used as MPs model. These microspheres 

have a size of 1-5 µm, a density of 1.3 g/cm3, excitation/emission wavelengths of 575/607 nm 

and red color. As described in Santos et al. (2020), it was estimated that 1 mg of MPs has 

approximately 5.44E+07 spheres. 

Copper sulfate pentahydrate (CuSO4·5H2O) was acquired from Merck (Darmstadt, Germany). 

A stock solution of 1 g Cu/L was prepared in ultrapure water (Milli-Q, Millipore) and used for 

the preparation of the experimental solutions. 

 

2.2. Zebrafish maintenance 

Healthy adult wild-type zebrafish (Danio rerio, AB strain) approximately 8 months old and 

cultured in the aquatic animal facility of the University of Trás-os-Montes and Alto Douro (Vila 

Real) were used for the experiments. The fish were maintained in a semi-closed system supplied 

with dechlorinated, aerated, charcoal-filtered and UV sterilized tap water, at 28 ± 1 ºC under a 

14:10 h (light: dark) photoperiod. The physicochemical water parameters were maintained 

under the species optimal conditions: pH 7.6 ± 0.2, hardness 3–4 dGH, 6 ± 1 mg/L of dissolved 

oxygen, 376 μS/cm of conductivity, 0.08 ± 0.06 mg/L of ammonium and 0.01 ± 0.01 mg/L of 

nitrite. Fish were fed twice a day with commercial fish food (TetraMin, Germany) and Artemia 

sp. nauplii. 

The zebrafish were maintained, exposed and sacrificed following the European Directive 

2010/63/EU and its transposition to Portuguese (Directive 113/2013) legislation for laboratory 

animals experimentation and welfare, and the fish manipulations accordingly with the 

Guidelines of the European Union Council (86/609/EU) and the Portuguese law (Decrete law 

129/92). The authors involved in animal manipulation and experimental assays are accredited 

with FELASA category C (Federation of Laboratory Animal Science Associations) to conduct 

animal experimentation, with licenses approved by the National Competent Authority for 

animal research (Direção-Geral de Alimentação e Veterinária, Lisbon, Portugal). 
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2.3. Experimental setup 

Adult zebrafish were randomly assigned to each 30 L glass-aquaria and allowed to acclimatize 

for 24 h before the addition of the treatment solutions. The fish were divided into four treatment 

groups, in triplicate (16 fish per aquaria, in a total of 48 fish per group): a control group 

maintained in MPs-free dechlorinated water; MPs (2 mg/L); Cu (Cu25, 25 µg/L); and the 

mixture of MPs and Cu (Cu25+MPs, 25 µg Cu/L + 2 mg MPs/L); and exposed for 30 days. The 

tested Cu concentration is environmentally relevant, being in the range reported in surface 

waters (0.04–560 µg Cu/L) (Couto et al., 2018; Milivojevic et al., 2016; Perlatti et al., 2021). 

The selected MPs concentration, which corresponds to 1.09  108 particles/L, was chosen 

following the precautionary principle and thus simulating a high pollution scenario. 

During the experimental period, the glass aquaria were continuously aerated to guarantee the 

oxygen saturation and the dispersion of the MPs in the water and thus prevent the aggregation 

of the plastic particles. Around 40% of all the exposure solutions were exchanged every 48 h. 

On each renovation, the bottom and sidewalls of the aquariums were cleaned to maintain water 

quality and prevent the accumulation of MPs. Feeding, photoperiod, physicochemical 

parameters and the temperature of the water during the experiments were maintained as 

described in the previous section. 

At the end of the experiment, fish were starved 24 h before sampling. Then, after the 30-day 

exposure, fish were anesthetized with an overdose of buffered tricaine methanesulfonate (MS-

222), sacrificed and rinsed with distilled water to remove the plastic particles from the skin. 

Body weight and length were measured and then gills from each fish were excised for the 

biomarkers analysis. 

 

2.4. Metal concentrations analysis 

At 0, 14 and 30 days of exposure, 50 mL of water samples were collected from each aquaria 

and acidified with 65% nitric acid (HNO3, Merck, Darmstadt, Germany). The nominal and 

effective Cu concentrations (mean ± standard deviation (SD)) presented similar values and a 

low variation along the bioassay (Table S1), thus the nominal concentrations values were used 

in the following sections. 

 

 

 



Oxidative stress, apoptosis and serotonergic system changes in zebrafish gills - CHAPTER 7 

 
194 

2.5. Biochemical biomarkers determination 

For the biochemical analysis, the gills of 15 fish per group (5 from each replicate) were sampled 

and stored at ˗80 ºC until processing. Each sample was then homogenized in an ice-cold buffer 

(0.32 mM of sucrose, 20 mM of HEPES, 1 mM of MgCl2, and 0.5 mM of phenylmethylsulfonyl 

fluoride (PMSF), pH 7.4) and centrifuged (15 000 × g, 20 min, 4 ºC, Sigma 3K30) to obtain the 

homogenate supernatant. As described previously in more detail by Félix et al. (2016), 

standardized protocols were used to determine the activity/levels of several biomarkers 

involved in the antioxidant defenses, oxidative stress and damage, metabolism and 

neurotoxicity, namely superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase 

(GPx), glutathione reductase (GR), glutathione-S-transferase (GST), reduced (GSH) and 

oxidized states (GSSG) of glutathione levels, reactive oxygen species (ROS), lipid peroxidation 

(LPO), lactate dehydrogenase (LDH) and acetylcholinesterase (AChE). A brief approach 

regarding the protocols used to evaluate each enzymatic biomarker is described in the 

Supplementary file. 

For each sample, the concentration of protein was determined through the method of Bradford 

(1976), at 595 nm. All the enzymatic measurements were performed at 30 °C in a PowerWave 

XS2 microplate scanning spectrophotometer (Bio-Tek Instruments, USA) or in a Varian Cary 

Eclipse (Varian, USA) spectrofluorometer. 

 

2.6. Metallothionein assay 

For the metallothionein (MT) evaluation, the gills of 15 fish per group (5 from each replicate) 

were sampled and homogenized in an ice-cold 20 mM Tris–HCl buffer (pH 8.6) with 0.5 M 

sucrose, 0.5 mM phenylmethylsulphonyl fluoride (PMSF) and 0.01% β-mercaptoethanol. 

Samples were then centrifuged (15 000 × g, 20 min, 4 ºC, in a Sigma 3K30) and the supernatant 

was used for protein (595 nm, Bradford, 1976) and MT (412 nm, Viarengo et al., 1997) 

determinations on a PowerWave XS2 microplate scanning spectrophotometer (Bio-Tek 

Instruments, USA). MT were quantified using a reduced GSH standard solution (0-250 µM) 

and expressed as µmol GSH/mg protein. 

 

2.7. Gene expression analysis 

For the molecular biomarkers evaluation, the gills of 18 fish per group (6 from each replicate) 

were sampled and stored in RNA Later (Sigma, Germany), at -80 °C, until analysis. The gills 
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were homogenized in a TissueLyzer shaker (Qiagen, Germany), at 30 Hz, for 2 min, and the 

total RNA was isolated with the Illustra RNAspin Mini Kit (GE Healthcare, Germany) and 

reverse transcribed into cDNA using the SensiFAST cDNA Synthesis Kit (Bioline, UK). 

Afterward, the relative expression levels of 15 target genes involved in oxidative stress, 

detoxification, serotonergic and cholinergic systems and apoptosis (Table S2), was evaluated 

by quantitative real-time PCR (qPCR) in a PikoReal 96 Real-Time PCR System (Thermo 

Scientific, USA), as described previously (Santos et al., 2020). The primer pairs listed in Table 

S2 were used. The relative expression of each gene was calculated according to the method of 

Hellemans et al. (2007), by considering the primers efficiencies and the geometric mean of two 

reference genes, namely β-actin (actb2) and ribosomal protein L13a (rpl13a). 

 

2.8. Statistical analysis and Integrated Biomarker Response (IBR) 

The statistical analysis was performed using Prism 9.0 (GraphPad Software, Inc., USA). The 

homogeneity of variances and normality were checked with the Bartlett’s and Kolmogorov-

Smirnov tests, respectively. Afterward, a one-way analysis of variance (ANOVA) followed by 

Tukey’s multicomparison post-hoc test was performed for normal data. To evaluate possible 

interactions between the pollutants, i.e. if the presence/absence of MPs modulates Cu toxicity, 

a two-way ANOVA followed by the Tukey’s multicomparison post-hoc test was also 

performed. For the data that did not fulfill a normal distribution, the non-parametric Kruskal-

Wallis on Ranks test followed by the post-hoc Dunn’s multi-comparison test was used. The 

results of gene expression (NRQ values) were log2 transformed (Cq’) to reduce the 

heterogeneity of variance. A p<0.05 was considered statistically significant.  

To integrate all biomarkers, the stress index IBR (Integrated Biomarker Response) was 

calculated according to the method described by Beliaeff and Burgeot (2002) and modified by 

Devin et al. (2014). Briefly, data were normalized and then the obtained scores were displayed 

in a star plot. The summing-up of all the star plot triangular areas was then calculated to obtain 

an IBR value for each group (described in more detail in Santos et al., 2021). Star plots and 

IBR calculations were performed using Microsoft Excel software. 

 

3. Results and Discussion 

There is a growing concern regarding the potential of MPs to adsorb heavy metals from the 

surrounding environment constituting an additional pathway of metals to aquatic biota and, 
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consequently, disrupting the ecosystem equilibrium. In the current study, it is shown that MPs 

and Cu, in particular their mixture, induce oxidative stress and alterations in serotonergic and 

apoptosis-related genes in zebrafish gills, after long-term exposure conditions. 

 

3.1. Growth of zebrafish 

No mortalities were observed in the exposed groups throughout the experiment (data not 

shown). In comparison with the control group, the zebrafish exposed to MPs and Cu, alone or 

combined, did not exhibit significant differences in body length and weight (Table 1), indicating 

that fish growth was not influenced by the MPs and Cu exposure.  

Likewise, body growth was not affected in gilthead seabream (Sparus aurata) exposed for 90 

days to a diet enriched with virgin and seawater-exposed low-density polyethylene MPs (Capó 

et al., 2021). In medaka (Oryzias latipes, Yan et al., 2020) and discus fish (Symphysodon 

aequifasciatus, Wen et al., 2018) exposed to MPs and heavy metals for 30 days, both body 

weight and length were not affected, nor the survival rate. In this sense, it is shown that MPs 

do not always influence the growth performance of fish. Indeed, these results have been 

associated with a rapid and efficient egestion of MPs, with or without sorbed contaminants, 

which in turn does not influence fish growth. 

 

Table 1. Zebrafish (Danio rerio) biometric parameters after exposure for 30 days to microplastics (MPs) and 

copper (Cu), alone or combined. 

Treatment groups 
Bodyweight 

(g) 

Total length 

(cm) 

Condition factor 

(%) 

 Control 0.53±0.17 3.59±0.30 1.12±0.25 

2 mg/L MPs 0.49±0.14 3.52±0.30 1.13±0.31 

25 µg/L 
Cu 0.47±0.14 3.47±0.29 1.09±0.19 

Cu+MPs 0.47±0.14 3.49±0.33 1.08±0.15 

Data expressed as mean ± S.D. The statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-

comparison test for total length, and a Kruskal-Wallis one-way ANOVA on Ranks with Dunn’s post-hoc comparison test for 

body weight. The absence of superscripts indicates no significant difference between groups. 

 

3.2. Effects of MPs and Cu on the antioxidant defense system and detoxification processes 

The evaluation of enzymatic and molecular biomarkers related to the fish antioxidant defenses 

and pollutants detoxification processes has been recognized as crucial in ecological studies to 

obtain early-warning signals of environmental risks (van der Oost et al., 2003). Both SOD and 

CAT are antioxidant enzymes considered the primary defense against the reactive oxygen 
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species (ROS), with SOD catalyzing the transformation of the superoxide anions into hydrogen 

peroxide (H2O2), which in turn is detoxified to molecular oxygen and water by CAT and GPx 

enzymes (Lushchak, 2016). In the present study, ROS levels increased significantly in the 

Cu25+MPs exposed group (p=0.02, Fig. 1A), suggesting the induction of oxidative stress in 

zebrafish gills by the mixture of MPs and Cu. Though, no alterations in SOD activity were 

observed in the exposed groups (p>0.05, Fig. 1B). CAT activity (Fig. 1C), on the other hand, 

was significantly inhibited in the Cu25+MPs group, presenting lower values than the 

corresponding Cu25 group (p<0.0001) and the control (p=0.0036). Similarly, GPx showed 

significant lower values of activity in Cu25 (p=0.0006) and Cu25+MPs (p=0.01), in 

comparison with the control group (Fig. 1D). The present results suggest an imbalance between 

the generation and removal of ROS, and consequently of the antioxidant system in zebrafish 

gills. Usually, it is expected that the increase of ROS levels leads to an increase in the 

antioxidant defenses, however, considering the lack of effects on SOD activity in response to 

the induced oxidative stress, the inhibition of CAT and GPx may be related to an excessive 

influx of superoxide radicals. Moreover, the direct and indiscriminate binding of the Cu ions to 

the active site of the enzymes, which leads to structural alterations (Letelier et al., 2005), may 

also contribute to the depletion of CAT and/or GPx activity. Despite the limited data concerning 

the effects of the combination of MPs and metals in fish gills, other studies have recently 

reported the induction of oxidative stress in the gills of fish (Barboza et al., 2018a) and 

invertebrates (Nobre et al., 2020; Vasanthi et al., 2021) exposed to MPs, alone or combined 

with other pollutants. 

GST is a phase II biotransformation enzyme involved in cellular metabolism and xenobiotic 

detoxification, by conjugating GSH with the xenobiotics to generate less toxic and more 

hydrophilic molecules (Li, 2011). It is also considered the first line of defense against ROS-

induced damage. We found a significant enhancement of GST activity in Cu25+MPs compared 

to the control group (p=0.01, Fig. 1E), therefore indicating a potential role of this enzyme as a 

defensive mechanism against MPs and Cu toxicity in zebrafish gills, when other antioxidant 

defenses failed, such the CAT and GPx which were inhibited. Likewise, it has been reported a 

rapid response of GST in gills of European seabass (Dicentrarchus labrax, Barboza et al., 2018a) 

and the invasive bivalve Corbicula fluminea (Guilhermino et al., 2018) exposed to mixtures of 

fluorescent MPs (0.2 and 0.7 mg/L) and mercury or florfenicol, respectively.  

GST is closely linked to GSH, an endogenous antioxidant molecule. GSH is crucial in the 

detoxification and regulation of oxidative stress by acting directly as a scavenger of ROS or 
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indirectly as a cofactor for several enzymes, such as GST or GPx, in the conjugation reactions 

for the detoxification process (Li, 2011). When used as a cofactor, it is expected that changes 

in, for example, GST or GPx activities are followed by changes (normally a depletion) in GSH. 

Interestingly, a significant increase of GSH was observed in the Cu25 group (p=0.009, Fig. 

2A), in comparison with the control zebrafish, with the Cu25+MPs group not showing 

alterations (p>0.05) as observed in the other enzymes. On the other hand, no significant changes 

in GSSG were observed in the exposed groups (Fig. 2B). Similarly, GR, an enzyme that 

catalyzes the conversion of GSSG back to GSH, thus maintaining the GSH/GSSG equilibrium, 

did not exhibit significant changes in the exposed groups (p>0.05, Fig. 2C). Considering the 

above results, the increase of GSH in the Cu25 group may be related to a compensatory action 

by zebrafish gills to overcome the metal-induced oxidative stress showed by the decreased GPx 

activity, by directly using GSH to scavenge free radicals, instead of as a cofactor of GST. 

Moreover, it has been reported that GSH is an intracellular Cu chelator, being important in the 

detoxification of this metal (Hanna and Mason, 1992; Jiang et al., 2002), which could explain 

its increase in the Cu25 exposed group. On the other hand, GST seems to be the primary 

protective response of the gill cells against the induced oxidative stress in response to the metal 

and MPs mixture. 

Along with GSH, the cysteine-rich proteins MTs also play an important role in processes of 

cellular protection against harmful agents, by scavenging ROS and regulating the homeostasis 

of intracellular metals, as well in anti-inflammatory processes (Wang et al., 2014). In the present 

study, a significant increase in the MT levels was observed in the MPs (p=0.0008) and Cu25 

(p<0.0001) groups in comparison with the control zebrafish (Fig. 3A). Moreover, a significant 

difference was noticed between the Cu25 and the Cu25+MPs exposed zebrafish (p=0.02), with 

the mixture group showing lower MT values than the Cu group and similar to the control group. 

Because a significant excess of ROS was observed only in the Cu25+MPs group, the above 

results indicate that along with GSH, the MTs were a crucial and primary protective response 

in zebrafish gills against Cu alone, and also against MPs effects. 

This GSH/MT system may have been sufficient to counter against the oxidative stress induced 

by Cu or MPs alone, but not by the mixture of both (Cu25+MPs). Likewise, in early juveniles 

of the discus fish exposed to polystyrene-MPs (50 or 500 µg/L), cadmium (50 µg/L) and their 

combination, higher contents of MTs were observed in MPs and cadmium alone treatments, as 

well as increased GSH levels in MPs groups (Wen et al., 2018). 
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Figure 1. Levels of (A) Reactive oxygen species (ROS), (B) superoxide dismutase (SOD), (C) catalase (CAT), 

(D) glutathione peroxidase (GPx), (E) glutathione-S-transferase (GST) and (F) lipid peroxidation (LPO) in 

zebrafish exposed for 30 days to microplastics (MPs - 2 mg/L) and copper (Cu - 25 µg/L), alone or combined. 

Data expressed as mean ± S.D. Statistical analysis was performed using one-way ANOVA followed by Tukey's 

multiple-comparison test or Kruskal–Wallis followed by Dunn's test. Different lowercase letters indicate 

significant differences between groups (p<0.05). 

 

Despite the negative impacts of MPs and Cu on the antioxidant enzymatic activity, when 

considering the corresponding molecular biomarkers, namely the superoxide dismutase 1 

(sod1), catalase (cat), glutamate-cysteine ligase, catalytic subunit (gclc), glutathione S-

transferase pi 1 (gstp1) and metallothionein 2 (mt2) genes, it was observed that their 

transcription levels remained unchanged in the exposed groups (p>0.05), when compared with 

the control group (Table 2), which indicates that MPs and Cu exposure did not affect the 



Oxidative stress, apoptosis and serotonergic system changes in zebrafish gills - CHAPTER 7 

 
200 

expression of these genes in zebrafish gills. In the same way, several studies have reported 

conflicting results between the transcript levels and the corresponding enzymes’ activities in 

aquatic organisms exposed to MPs and/or heavy metals (Espinosa et al., 2019; Revel et al., 

2019; Santos et al., 2021a; Wu et al., 2019; Yu et al., 2018), suggesting that changes in gene 

expression do not necessarily involve alterations in the activities of the corresponding enzymes.  

 

 

Figure 2. Levels of (A) reduced (GSH) and (B) oxidized (GSSG) states of glutathione, and (C) glutathione 

reductase (GR) in zebrafish exposed for 30 days to microplastics (MPs - 2 mg/L) and copper (Cu - 25 µg/L), alone 

or combined. Data expressed as mean ± S.D. Statistical analysis was performed using one-way ANOVA followed 

by Tukey's multiple-comparison test. Different lowercase letters indicate significant differences between groups 

(p<0.05). 
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Figure 3. (A) Metallothioneins (MT) levels and enzyme activities of (B) lactate dehydrogenase (LDH) and (C) 

acetylcholinesterase (AChE) in zebrafish exposed for 30 days to microplastics (MPs - 2 mg/L) and copper (Cu - 

25 µg/L), alone or combined. Data expressed as mean ± S.D. Statistical analysis was performed using one-way 

ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters indicate significant differences 

between groups (p<0.05). 

 

In turn, this lack of correlation between gene expression and protein activities may be related 

to the regulatory mechanisms involved in the transcription and translation of genes, or with the 

post-transcriptional modifications of mRNA and proteins (Lushchak, 2016). 

Notwithstanding, the current results suggest that the ROS production in the group exposed to 

the mixture of Cu and MPs surpassed the gill cell’s ability to eliminate them, resulting from an 

imbalance of the antioxidant system, and leading to ineffective oxidative homeostasis. In fact, 
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a significant increase in LPO levels was observed in the Cu25+MPs group (p=0.02, Fig. 1F), 

compared to the control group, indicating the induction of oxidative damage in zebrafish gills. 

Similarly, an increase of LPO levels in gill tissues was reported in European seabass juveniles 

exposed to mixtures of fluorescent MPs (0.26 and 0.69 mg/L), and mercury (10 and 16 µg/L), 

for 96 h (Barboza et al., 2018a). LPO changes represent lipid alterations in the cell membranes 

and reflect direct damage to the cell, thus being a biomarker of oxidative damage (Kehrer, 1993). 

The observed increase of LPO in gills of Cu25+MPs exposed zebrafish indicates damage in 

these organ cells. Although a histological evaluation of the exposed zebrafish gills was not 

performed in this study, nor of the presence of MPs entrapped in gills, the present results, i.e. 

the oxidative damage of cells, suggest the potential of Cu+MPs mixtures to cause 

histopathological changes in the gill and thus compromise its physiological function. 

Supporting our findings, Lu et al. (2018) reported histopathological changes and the induction 

of oxidative stress in zebrafish gills co-exposed to 20 or 200 µg/L of polystyrene MPs and 10 

µg/L of cadmium, for 3 weeks. Similarly, severe necrosis, lamellar fusion, shortening of 

secondary lamella and infiltration of inflammatory cells were described in the gills of rainbow 

trout (Onchorhynchus mykiss) exposed for 96 h to polystyrene MPs and chlorpyrifos mixtures 

(Karbalaei et al., 2021). In this regard, the results obtained here, as well as the literature data, 

suggest that the gills of aquatic organisms are sensitive to MPs pollution, thus underlining the 

environmental relevance of the plastic pollution problem. 

LDH, a glycolytic tetrameric enzyme that regulates the anaerobic metabolism, has also been 

used as a biomarker of cell damage and hypoxia (Vieira et al., 2009). In this study, a decrease 

of LDH activity (Fig. 3B) was found in the groups exposed to MPs (p=0.008) and Cu25+MPs 

(p=0.001), suggesting a potential depression of the anaerobic glycolysis and a switch to aerobic 

respiration in zebrafish gills. Considering the potential of MPs to be stuck in gills or induce 

histopathological changes, as mentioned earlier, the LDH decrease observed in the two groups 

exposed to MPs may be related to a potential increase of the respiration rate by the exposed fish 

to compensate for the gill damage/alterations. Recently, a study reported a significant increase 

of respiration rate, followed by an inhibition of LDH, in a marine mussel (Mytilus coruscus) 

exposed for 21 days to a mixture of polystyrene MPs (2.5 µg/L) and polybrominated diphenyl 

ether (BDE-47, 0.1 and 10 µg/L) (Gu et al., 2020). Similarly, the present results suggest that 

MPs and their mixture with the heavy metal Cu can interfere with the gills' metabolic energy 

supply of the exposed fish. 
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3.3. Effects of MPs and Cu on the cholinergic, serotonergic and apoptosis pathways 

Acetylcholine is one of the main mediators of excitatory neurotransmission, being degraded by 

the AChE enzyme in the synaptic space to terminate the excitatory effect on the postsynaptic 

membrane. In fish gills, it has been described that acetylcholine is important in oxygen sensing 

and respiration regulation (Zachar et al., 2017). In this study, the AChE activity (Fig. 3C), as 

well as the gene expression of acetylcholinesterase (ache) transcript (Table 2), were not 

impaired in zebrafish gills, since no significant effects were observed between the groups.  

 

Table 2. Relative transcript levels of oxidative stress, detoxification, serotonergic and cholinergic systems- and 

apoptosis-related genes in zebrafish exposed for 30 days to microplastics (MPs) and copper (Cu), alone or 

combined. 

Genes Cont 
2 mg/L 25 µg/L 

MPs Cu Cu+MPs 

Oxidative stress- and 

detoxification-related 

genes 

sod1 0.281±0.123 0.291±0.161 0.240±0.102 0.372±0.189 

cat 0.054±0.028 0.075±0.054 0.057±0.026 0.107±0.085 

gclc 0.386±0.185 0.350±0.267 0.273±0.145 0.379±0.198 

gstp1 0.263±0.143 0.266±0.178 0.223±0.096 0.391±0.194 

mt2 0.177±0.107 0.160±0.099 0.157±0.101 0.235±0.148 

Serotonergic system-

related genes 

tph1a 0.148±0.103a 0.503±0.348b 0.153±0.085a 0.335±0.238b 

tph1b 0.173±0.144 0.224±0.178 0.153±0.126 0.296±0.199 

tph2 0.208±0.096 0.274±0.228 0.261±0.181 0.267±0.133 

slc6a4a 0.244±0.121 0.264±0.176 0.202±0.109 0.255±0.116 

slc6a4b 0.152±0.226 0.058±0.024 0.147±0.141 0.178±0.195 

Cholinergic system-

related genes 
ache 0.103±0.061ab 0.174±0.116ab 0.088±0.052a 0.213±0.141b 

Apoptosis-related 

genes 

casp3 0.115±0.067a 0.195±0.150ab 0.150±0.110ab 0.240±0.144b 

casp8 0.339±0.105 0.350±0.226 0.288±0.138 0.445±0.222 

casp9 0.266±0.133 0.250±0.172 0.167±0.086 0.251±0.110 

aif 0.342±0.197 0.373±0.251 0.262±0.114 0.353±0.143 

Data are shown as mean ± S.D., normalized to the β-actin (actb2) and 60S ribosomal protein L13a (rpl13a) reference genes. 

The statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison test or Kruskal–

Wallis followed by Dunn's test. Different lowercase letters indicate significant differences between groups (p<0.05). 

 

Divergent results in the literature have been found when considering the neurotoxic potential 

of MPs. Previous studies have found a significant AChE activity inhibition (Barboza et al., 

2018b; Miranda et al., 2019; Santos et al., 2021a; Umamaheswari et al., 2021), induction 

(Barboza et al., 2020; Guimarães et al., 2021; Parra et al., 2021), or no significant effect 
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(O’Donovan et al., 2018) in fish and mussels exposed to MPs alone or in combination with 

metallic/organic pollutants. Such divergence between the studies has been associated with the 

type, size and concentration of the MPs or its co-exposure with other pollutants, the species and 

the developmental stage, as well as to the experimental conditions (Guimarães et al., 2021). 

In fish, serotonin (5-HT), a neurotransmitter in the serotonergic neuroendocrine system, plays 

a key role in many processes related to energy metabolism and immunity, but also in oxygen 

chemoreception and the regulation of ventilation through the constriction of the branchial 

vasculature, being found in the neuroepithelial cells of the gills (NECs) (Pan et al., 2021). A 

hallmark gene of 5-HT synthesis and, therefore, serotonergic activity, is tryptophan 

hydroxylase (tph), which encodes the rate-limiting enzyme in this process. In zebrafish, three 

paralogs of the tph gene were identified, namely the tryptophan hydroxylase 1a (tph1a), the 

tryptophan hydroxylase 1b (tph1b) and the tryptophan hydroxylase 2 (tph2) (Pan et al., 2021). 

In our study, the transcripts tph1b and tph2 were not affected by the treatments in zebrafish gills 

(p>0.05), in comparison with the control group (Table 2). However, the tph1a gene was 

significantly upregulated in both MPs (p<0.01) and Cu25+MPs (p<0.05), compared to the 

remaining groups (Table 2), suggesting an increment of 5-HT synthesis and availability. In 

addition to the tph genes, another important modulator of 5-HT signaling is the serotonin 

transporter (SERT), which controls the circulating levels of 5-HT through its uptake (Horzmann 

and Freeman, 2016). In zebrafish, two genes slc6a4a and slc6a4b, which were evaluated in this 

study, encode SERT (Horzmann and Freeman, 2016). Our results showed that both genes were 

not affected by MPs and Cu, alone or combined, in zebrafish gills (p>0.05), compared to the 

control (Table 2). The above results suggest that, although not interfering with the 5-HT 

transport and uptake, MPs alone or in combination with Cu can affect its synthesis and therefore 

the serotonergic pathway in zebrafish gills. Data regarding the effects of MPs in the 

serotonergic neurotransmission of fish gills are still scarce. However, in recent years, evidence 

has emerged that MPs can interfere and modulate neurotransmitters levels and/or the transcript 

levels of genes involved in neurotransmission pathways (Chen et al., 2021; Huang et al., 2022; 

Sarasamma et al., 2020). In this regard, future efforts are needed to reveal the possible 

molecular mechanisms underlying the MPs effects on the serotonergic system. 

Apoptosis is a multi-step process that can be regulated by either caspase-dependent or by 

caspase-independent cascade pathways (Borner and Monney, 1999; Elmore, 2007). Upon a 

stimulus, the caspase-dependent pathways can trigger the intrinsic pathway, which involves cell 

death signals from the mitochondria, or the extrinsic pathway that is activated through the tumor 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/neurotransmitters
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necrosis factor (TNF) family receptors (Elmore, 2007), with both converging on the caspases 

cascade activation. In this study, three caspase genes were evaluated, namely the caspase-8 

(casp8) that is part of the extrinsic pathway, caspase-9 (casp9) that belongs to the intrinsic 

pathway, and caspase-3 that occurs downstream of casp8 and casp9 in this network, which 

activation leads to apoptosis (Elmore, 2007). The gene apoptosis-inducing factor (aif), which 

is part of the caspase-independent pathway (Borner and Monney, 1999), was also evaluated. In 

our study, only the casp3 gene was significantly affected, being its expression upregulated 

around 108% in the Cu25+MPs group (p=0.01), compared to the control group (Table 2). 

Considering casp8, its expression was not affected by the treatments (p>0.05), however a 

tendency to a higher expression, around 31% in relation to the control group, was observed in 

the Cu25+MPs group (p>0.05, Table 2). For casp9 and aif no significant alterations were 

observed among groups (Table 2). Taking these results into consideration, MPs alone or 

combined with Cu can trigger the apoptosis pathway which, in this case, occurred through the 

intrinsic pathway. Similarly, an increase of the casp3 and p53 transcriptional levels was shown 

in zebrafish exposed to 10 μg/L and 100 μg/L of polystyrene MPs for 35 days (Umamaheswari 

et al., 2021), corroborating our findings. Other recent reports have also suggested apoptotic 

effects of MPs, alone or combined with other pollutants, in fish (Choi et al., 2018) and rats (An 

et al., 2021; Hou et al., 2021; Li et al., 2021). 

Significant knowledge gaps in our understanding of how MPs induce apoptosis remain, 

however, some molecular mechanisms have been proposed recently. ROS plays an important 

role in cell signaling and regulation of apoptosis pathways, with low levels of ROS regulating 

cell survival, while excess levels trigger cell apoptosis (Redza-Dutordoir and Averill-Bates, 

2016). Since the intrinsic apoptosis signaling pathway is associated with mitochondrial-initiated 

events (Elmore, 2007), we hypothesize that the Cu25+MPs induced oxidative stress and 

damage, observed through the excessive levels of ROS and LPO and decreased antioxidant 

defenses, may have stimulated the activation of apoptosis, by upregulating the genes casp8 and 

casp3. Another potential mechanism involved in the induction of apoptosis by Cu25+MPs 

exposure may be related to the observed serotonergic pathway alterations. Indeed, Cerulo et al. 

(2014) reported that low levels of 5-HT can activate cellular proliferative signals whereas high 

levels of 5-HT can cause pro-apoptotic responses mediated by caspase-3. The observed increase 

of tph1a gene expression, and therefore the potential rise in serotonin levels, could have 

contributed to the stimulation of an apoptotic response in zebrafish gills. 
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3.4. MPs modulation of Cu toxicity 

MPs can act as vectors for heavy metals, changing their bioavailability and potential toxicity 

for aquatic organisms (Teuten et al., 2009; Turner and Holmes, 2015). Our findings show 

significant interactions between MPs and Cu in zebrafish gill, for some parameters, namely, 

GPx, GSH, MT, and gstp1 (Tables S3 and S4). For example, it was observed that GSH (Figure 

2A) and MT (Figure 3A) showed lower levels in Cu25+MPs (p<0.05), compared to the 

individual Cu group, thus suggesting a possible antagonistic effect of the combination in these 

parameters. These results indicate that the presence of MPs may have modulated the toxicity of 

Cu, therefore highlighting the potential of MPs to change the bioavailability of heavy metals in 

the aquatic environment. In the literature, the interaction of MPs with heavy metals and their 

effects on aquatic organisms is still scarce, as well as controversial. A few studies have reported 

that MPs can increase (synergism) the heavy metals toxicity in fish (Banaee et al., 2019; Lu et 

al., 2018; Qiao et al., 2019a; Santos et al., 2021a), by facilitating their availability to the 

organisms after ingestion, the so-called “Trojan horse” effect (González-Soto et al., 2019; 

Naasz et al., 2018). Whereas other authors have demonstrated alleviation of the toxicity of 

heavy metals when combined with MPs (Miranda et al., 2019; Santos et al., 2020; Wen et al., 

2018). These divergencies have been associated with the heavy metals adsorption capacity on 

MPs, i.e. if the metal establishes a stronger or a weak bond with the plastic particles (Yuan et 

al., 2020; Zou et al., 2020). However, they might also be due to the type and size of MPs, the 

experimental conditions (e.g. pollutants concentrations, exposure time and salinity) or the 

species. Nevertheless, it is important to consider that the effects and interactions between MPs 

and heavy metals in realistic scenarios could be more complex, given the cocktail of pollutants 

and the various sizes and types of MPs that exist in the aquatic environment. Therefore, 

although the present study contributes to current research by providing information on the 

toxicological effects of MPs and Cu mixtures, further investigations are urgently needed to 

evaluate these interactions under more realistic scenarios. 

 

3.5. Integrated biomarker response (IBR) 

The IBR was used to integrate the battery of biomarkers evaluated in this study and therefore 

to quantitatively assess the overall biological response of zebrafish to MPs and Cu, alone or 

combined. The individual biomarker scores for each group, the star plots combining the IBRs 

of the different biomarkers and the IBR value are presented in Figure 4.  
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Figure 4. (A) Individual scores, (B) star plot and (C) values of the integrated biomarker response index (IBR) for 

the biochemical and molecular biomarkers evaluated in zebrafish exposed for 30 days to microplastics (MPs - 2 

mg/L) and copper (Cu - 25 µg/L), alone or combined. 

 

The Cu25+MPs showed the highest IBR value (1.402, Fig. 5C) and, therefore, higher stress, 

with the biomarkers ROS, sod1, mt2, ache and casp3 being the most discriminant factors in this 

group. The MPs group also showed a higher IBR (0.848, Fig. 5C), when compared with the 

Cu25 treatment (0.424, Fig. 5C), with the MTs, tph1a, ache and aif being the most responsive 

biomarkers. Considering these results, the study highlights that long-term exposure to a mixture 

of MPs with a sublethal concentration of Cu, induces higher stress in zebrafish gills than the 

exposure to these pollutants alone. Likewise, Cheng et al. (2020) found enhanced oxidative 

stress, and consequently higher IBR values, in the earthworm (Eisenia fetida) exposed to a 

combination of low-density polyethylene and atrazine, in comparison with the treatments alone. 

Yu et al. (2020) also reported a more significant effect of the mixture of polyethylene particles 

and tetrabromobisphenol A on the overall redox status of zebrafish exposed for 14 days. Overall, 

this study indicates that the integration of a battery of biochemical and genetic biomarkers gives 

more sensitivity and may provide an effective tool for the assessment of the molecular and 

cellular toxicity mechanisms of MPs and associated pollutants on aquatic organisms. 
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4. Conclusions 

Taken together, our results show that a one-month exposure to MPs, alone or combined with 

Cu, can have negative impacts on zebrafish gills, by inhibiting the antioxidant defenses and 

inducing oxidative stress and damage. In turn, the observed elevated ROS levels may have 

stimulated an apoptotic response in fish gills, through the intrinsic pathway, by upregulating 

the transcript levels of casp3. Besides, MPs combined with Cu caused dysregulation of the 

serotonergic pathway, by increasing the tph1a transcript levels in zebrafish gills. In most of the 

evaluated biomarkers, the combination of MPs with Cu was revealed to be more toxic than the 

individual pollutants, evidencing that the interaction of plastics with heavy metals can cause 

more harm to the aquatic organisms. The present study contributes with new insights into the 

molecular and cellular mechanisms involved in MPs and Cu long-term toxicity in fish gills. 

However, more comprehensive studies are still needed to increase our knowledge about the 

combined effects of MPs and sorbed pollutants and the potential consequences to aquatic 

ecosystems. 
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Table S1. Copper (Cu) concentrations measured in the exposure medium of all groups, after 30 days of exposure. 

Nominal exposure 

concentrations 

Cu (µg/L) 

0 days 14 days 30 days 

 Control 2.1±0.5 2.1±0.5 2.1±0.5 

2 mg/L MPs 2.5±0.3 2.5±0.3 2.5±0.3 

25 µg/L 
Cu 26.8±7.3 29.7±10.9 19.6±2.2 

Cu+MPs 21.8±1.7 25.8±0.4 34.5±10.5 
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Table S3. Output of the two-way ANOVA test performed to evaluate the interaction between the microplastics 

(MPs) and copper (Cu) on the biochemical biomarkers assessed in zebrafish exposed for 30 days to microplastics 

(MPs) and copper (Cu), alone or combined. 

 
 

The asterisk (*) represents values statistically significant (p<0.05).  

Df – degrees of freedom  

F value (F statistic). 

 

 

Table S4. Output of the two-way ANOVA test performed to evaluate the interaction between the microplastics 

(MPs) and copper (Cu) on the genetic biomarkers assessed in zebrafish exposed for 30 days to microplastics (MPs) 

and copper (Cu), alone or combined. 

 
 

The asterisk (*) represents values statistically significant (p<0.05).  

Df – degrees of freedom  

F value (F statistic). 
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Abstract 

The knowledge regarding the neurological and behavioral toxic effects associated with 

microplastics (MPs) and heavy metals exposure is still scarce. The present study aimed to 

evaluate the potential chronic (30 days) toxic effects of MPs (2 mg/L) and copper (Cu, 25 µg/L), 

alone or combined, in the zebrafish (Danio rerio) brain antioxidant system, cell 

proliferation/death, cholinergic-, serotonergic- and dopaminergic pathways and, consequently, 

in locomotor, anxiety, and social behaviors. 

Our findings showed that MPs and Cu exposure modulated the antioxidant system of zebrafish 

brain, with superoxide dismutase (SOD) and glutathione reductase (GR) having higher activity 

in the Cu25+MPs group, but glutathione peroxidase (GPx) being inhibited in MPs, Cu25 and 

Cu25+MPs. Moreover, an increase in acetylcholinesterase (AChE) activity was observed in all 

exposed groups. When considering neurogenesis genes, downregulation of proliferating cell 

nuclear antigen (pcna) was noticed in zebrafish exposed to the mixture treatment, while for 

dopaminergic system-related genes (th and slc6a3) an upregulation was observed in MPs, Cu25 

and Cu25+MPs groups. An increase in apoptosis-related genes expression (casp8, casp9 and 

casp3) was observed in the MPs exposed group. Changes in zebrafish behavior, particularly in 

mean speed, total distance moved, inactivity in the aquaria, and social/shoaling behavior was 

also observed in the MPs and Cu exposed groups. Overall, our results highlight the multiplicity 

of toxic effects of MPs, alone or combined with Cu, in zebrafish brain, namely apoptosis and 

alterations in adult neurogenesis, neurocircuits and, consequently, behavior. 
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1. Introduction 

The discovery of plastics and their wide applicability has progressively stimulated plastics mass 

production, with global production reaching 367 million tonnes in 2020 (PlasticsEurope, 2021). 

In turn, the high production of plastic together with ineffective waste management and disposal 

has caused increased pollution in ecosystems (Avio et al., 2017). In the aquatic environment, 

the degradation of macroplastics into smaller particles, designated microplastics (MPs, i.e. 

plastic polymer particles with a size lower than 5 mm), has become an environmental issue of 

global concern and a threat to aquatic organisms and human health (Avio et al., 2017). Their 

small size, high abundance, and widespread distribution in the aquatic environment, make MPs 

easily accessible for ingestion/uptake by zooplankton, bivalves or fish, increasing their potential 

to induce toxicological effects on aquatic organisms (Avio et al., 2017). Besides the direct 

impacts of MPs, there is an additional concern associated with the capacity of plastic particles 

to adsorb waterborne pollutants, such as heavy metals (Godoy et al., 2019), which could lead 

to alterations in their bioavailability and/or toxicity to aquatic organisms (Avio et al., 2017). A 

common heavy metal found in aquatic ecosystems is copper (Cu), which has been reported in 

concentrations ranging from 0.04 up to 560 µg/L in surface waters (Couto et al., 2018; Perlatti 

et al., 2021), and from 0.06 to 500.6 µg/g in MPs recovered from sediments and/or surface 

waters (Dobaradaran et al., 2018; Sarkar et al., 2021). 

It has been shown that isolated MPs or Cu cause a wide range of toxic effects in aquatic 

organisms, such as histopathological lesions (Umamaheswari et al., 2021), oxidative stress 

(Barboza et al., 2018a; Santos et al., 2020, 2021a), cell death (Luzio et al., 2013; 

Umamaheswari et al., 2021), gut microbiota dysbiosis (Montero et al., 2022), reproductive 

dysfunction (Qiang and Cheng, 2021), and inflammation (Montero et al., 2022). Moreover, one 

of the commonly documented effects of MPs and Cu, or other heavy metals, is neurotoxicity 

with most of the studies reporting acetylcholinesterase inhibition (Barboza et al., 2018a; 

Miranda et al., 2019; Roda et al., 2020; Santos et al., 2021a). In turn, when the neurological 

function of the organisms is affected, behavioral phenotypes are normally associated 

(Fitzgerald et al., 2021), with some studies reporting impairment of olfactory-driven behavioral 

responses (Shi et al., 2021), swimming activity (Barboza et al., 2018b; Chen et al., 2020; Santos 

et al., 2021b), and predatory performance (Miranda et al., 2019) in aquatic species exposed to 

MPs, with or without heavy metals. Behavioral responses have been considered sensitive and 

ecologically relevant endpoints in ecotoxicity since they integrate the internal physiological 

state of organisms with their response to external stimuli at the same time (Tierney, 2011). Even 
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sub-lethal changes in the neurological function and behavior of aquatic organisms may affect 

their performance and fitness, ultimately, leading to negative impacts on aquatic populations 

and ecosystem dynamics (Fitzgerald et al., 2021). It has been stated that behavior alterations 

may result from toxic effects in neuronal signaling networks (e.g. neurocircuits) and/or in 

mechanisms related to neurodevelopmental processes (e.g. neuronal proliferation) (Tierney, 

2011). Nonetheless, research has focused mainly on the effects of isolated pollutants, with the 

neurological and behavioral toxic effects associated with MPs and Cu exposure remaining 

largely unclear. In turn, it is urgently needed to expand the knowledge about MPs and Cu 

neurotoxicity in aquatic organisms. 

Considering the above, the present study aimed to evaluate the potential chronic toxic effects 

of MPs and Cu, alone or combined, in the fish brain and, consequently, in locomotor, anxiety, 

and social behaviors. For this, the well-established model organism zebrafish (Danio rerio) was 

used. Zebrafish is widely used in aquatic toxicity testing, including neurotoxicity screening 

since it presents several advantages such as small size, easy and low-cost husbandry, 

characterized genome, well-conserved morphology and molecular mechanisms of the nervous 

system with other vertebrates, and a vast set of simple and complex behaviors (Fitzgerald et al., 

2021). In the present study, to achieve the established objective, the stress response and 

metabolic enzymes, along with the expression of genes involved in the 

antioxidant/detoxification response, apoptosis, neuronal proliferation, and in the cholinergic-, 

serotonergic- and dopaminergic pathways, were evaluated in the zebrafish brain, after exposure 

for 30 days to MPs and Cu. Moreover, specific behavioral assays were performed to assess the 

swimming activity, social interaction, and anxiety-like behaviors of the exposed zebrafish. This 

study contributes to a better understanding of MPs and Cu neurotoxicity in zebrafish and warns 

of the potential ecological risk that mixtures of plastic particles with heavy metals may represent 

to the aquatic ecosystem. 

 

2. Materials and Methods 

2.1. Ethical statement 

All the experiment protocols with zebrafish were performed following the European Directive 

2010/63/EU and in compliance with the Portuguese (Directive 113/2013) legislation for 

laboratory animals experimentation and welfare, and with the Guidelines of the European 

Union Council (86/609/EU) and the Portuguese law (Decrete law 129/92). The authors involved 

in fish manipulation and experimentation are accredited with FELASA category C (Federation 
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of Laboratory Animal Science Associations) and with licenses approved by the National 

Competent Authority for animal research (Direção-Geral de Alimentação e Veterinária, Lisbon, 

Portugal). 

 

2.2. MPs and Cu 

Virgin MPs (proprietary polymer) of 1-5 µm in diameter were obtained as dry powders from 

Cospheric LLC (CA, USA). The polymer particles were red fluorescent-labeled (excitation and 

emission wavelengths of 575/607 nm, respectively), spherical, melting point of ~290 °C,  and 

with a density of 1.3 g/cm3. The fluorescent particles were hydrophilic, thus it was not necessary 

the addition of surfactants. Considering the manufacturer specifications, it was estimated a 

concentration of 5.44E+07 spheres per mg of MPs (more details in Santos et al., 2020). In the 

experimental procedures, 2 mg/L of MPs dry powder was used, with the particles being 

dispersed in the water column. This concentration of MPs (2 mg/L ~ 1.09  108 particles/L) 

was selected to simulate a high pollution scenario, as reported, for example, in playa wetlands 

(levels up to 5.51 mg/L, Lasee et al., 2017). 

A stock solution of copper sulfate pentahydrate (CuSO4·5H2O, CAS 7758-99-8, Merck, 

Darmstadt, Germany), at 1 g Cu/L, was prepared in ultrapure water and used for the preparation 

of the experimental solutions at a final concentration of 25 µg/L (0.1 µM). The selected Cu 

concentration (25 µg/L) was chosen considering the 96 h-LC50 for zebrafish (94 μg/L) (Luzio 

et al., 2013), being one-quarter of the reported LC50, and considering the range of Cu 

concentrations (0.2–30 µg/L) observed in unpolluted and polluted freshwater ecosystems 

(Couto et al., 2018; Perlatti et al., 2021). 

 

2.3. Experimental design 

Adult wild-type zebrafish (Danio rerio, AB strain, ~8 months) maintained in the fish facility of 

the University of Trás-os-Montes and Alto Douro (Vila Real, Portugal) were randomly 

distributed to 30 L glass-aquaria and allowed to acclimatize for 24 h. Four treatment groups, in 

triplicate (16 fish per aquaria, in a total of 48 fish per group), were then established as follows: 

control (dechlorinated water); MPs (2 mg/L); Cu (0.1 µM = 25 µg/L, Cu25); and mixture (25 

µg Cu/L + 2 mg MPs/L, Cu25+MPs). Fish were chronically exposed for 30 days and kept under 

a 14:10 h (light: dark) photoperiod, in a semi-closed system supplied with dechlorinated, 

aerated, charcoal-filtered, and UV sterilized tap water, at 28 ± 1 ºC. Water chemistry parameters 
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were maintained under the species optimal conditions. Fish were fed twice a day with 

commercial fish food (TetraMin, Germany) and Artemia sp. nauplii. 

Water/exposure solutions were partly (40%) exchanged manually every 48 h and the aquaria 

were cleaned to maintain water quality and prevent plastic particles accumulation. In addition, 

glass aquaria were continuously aerated to guarantee the oxygen saturation (6.6±0.4 mg O2/L)  

and the dispersion of the MPs in the water. 

During the experiment, the mortality of fish was assessed daily. Before sampling, fish were 

starved for 24 h. Then, after the 30-day exposure, fish behavior was assessed, followed by their 

euthanization with an overdose of buffered tricaine methanesulfonate (MS-222). The weight 

and length of each fish were measured. Whole-brain was excised, under a stereomicroscope, 

for the biomarkers evaluation. 

 

2.4. Biochemical biomarkers measurements 

For the biochemical biomarkers evaluation, the brain of 15 fish per group (5 from each replicate) 

were sampled and homogenized in an ice-cold buffer (pH 7.4, sucrose 0.32 mM, HEPES 20 

mM, MgCl2 1 mM, and phenylmethylsulphonyl fluoride 0.5 mM). Samples were centrifuged 

(15000 × g, 20 min, 4 ºC, Sigma 3K30) and the homogenate supernatant was collected. 

Standardized protocols, described previously by Félix et al. (2016) and Santos et al. (2020), 

were used to determine the activity and/or levels of the following biomarkers: reactive oxygen 

species (ROS), lipid peroxidation (LPO), superoxide dismutase (SOD), catalase (CAT), 

glutathione peroxidase (GPx), glutathione-S-transferase (GST), glutathione reductase (GR), 

reduced (GSH) and oxidized states (GSSG) of glutathione levels, lactate dehydrogenase (LDH), 

acetylcholinesterase (AChE) and metallothioneins (MT). The details concerning the protocols 

used to evaluate each enzymatic biomarker can be found in Supplementary file 1. 

The concentration of protein on each sample was determined through the method of Bradford 

(1976), at 595 nm. All the measurements were performed at 30 °C in a PowerWave XS2 

microplate scanning spectrophotometer (Bio-Tek Instruments, USA) or a Varian Cary Eclipse 

(Varian, USA) spectrofluorometer. 

 

2.5. Gene expression analysis 

For gene expression evaluation, the brain of 18 fish per group (6 from each replicate) were 

sampled and stored in RNA Later (Sigma, Germany), at -80 °C, until analysis. Samples were 



Apoptosis, alterations in neurocircuits, and behavioral changes in zebrafish brain - CHAPTER 8 

 
225 

homogenized, for 2 min, in a TissueLyzer shaker (Qiagen, Germany), at 30 Hz, and the total 

RNA was isolated with the Illustra RNAspin Mini Kit (GE Healthcare, Germany) and reverse 

transcribed into cDNA using the SensiFAST cDNA Synthesis Kit (Bioline, UK). 

Subsequently, the relative expression levels of 19 target genes involved in antioxidant activity 

(sod1, cat, gclc, gstp1), detoxification (mt2), apoptosis (casp3, casp8, casp9, aif), neurogenesis 

(pcna, sox2), cholinergic (ache), serotonergic (tph1a, tph1b, tph2, slc6a4a, slc6a4b) and 

dopaminergic (th, slc6a3) systems (Table S1), was determined by quantitative real-time PCR 

(qPCR), as described in Santos et al. (2020) and in Supplementary file 1. On each plate, a no 

template control was included. Each sample was run in duplicate, and real-time PCR reactions 

were carried out in triplicate. Only comparative threshold cycle quantification (Cq) values 

leading to a Cq mean with a standard deviation below 0.2 were considered. 

The relative expression of each gene was calculated according to the method of Hellemans et 

al. (2007) and the results are expressed as normalized relative quantity (NRQ). For the statistical 

analysis, gene expression data were log2 transformed (Cq’) to reduce the heterogeneity of 

variance. 

 

2.6. Behavioral analysis 

At the end of the experiment, 5 fish per group and replicate (n=3) were randomly selected to 

assess behavioral parameters. The fish behavior was monitored using a video-tracking system 

(TheRealFishTracker) (Buske and Gerlai, 2014), and it was carried out in a temperature-

controlled room (25±1 °C). During recordings, disturbances (e.g. noise and movement) were 

reduced. Behavior was recorded from above with a 14.2 megapixels Sony Nex-5 digital camera 

(APS-C CMOS sensor, Sony International) with a zoom lens (Sony SEL1855, E 18–55 mm, 

F3.5–5.6 OSS zoom), at a resolution of 1920×1080 pixels (30 frames per second). A schematic 

diagram of the behavioral tests is shown in Figure S1 (Suppl. file 1). 

Animals were placed individually in glass aquaria (n=3, with 5 fish per group and replicate) 

and an open field test was carried out, for 5 min, to evaluate the exploratory/locomotor behavior, 

as described by Stewart et al. (2012). The following endpoints were measured: mean speed, 

total distance moved, mean absolute turn angle, percentage of time active/inactive, and mean 

distance to the center zone. 

The light-dark test, which is used to evaluate anxiety behavior, was performed as described by 

Gebauer et al. (2011). Animals (n=3, with 5 fish per group and replicate) were placed 

individually in a glass aquarium (10 × 20 × 4 cm) divided into two equally sized partitions (one-
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half of the tank was coated with a white non-reflective paper and the other area with dark non-

reflective paper). Fish were placed in the aquaria and the time spent on each compartment was 

recorded for 5 min. 

To study the social behavior, 5 fish per group and replicate (n=3) were placed in the test 

aquarium and, after 5 min of acclimation, their behavior was recorded for 5 min. The nearest 

neighbor distance (NND) and the average inter-individual distance (IID) parameters were then 

evaluated based on the X, Y position obtained from the tracking software. 

 

2.7. Metal concentrations analysis 

To confirm the actual Cu concentrations, 50 mL of each experimental solution was collected at 

the start and after 14 and 30 days of exposure. Each sample was acidified with 65% nitric acid 

(HNO3, Merck, Darmstadt, Germany), and stored at 4 °C until analysis. For the evaluation of 

Cu bioaccumulation in zebrafish, after the 30 days of exposure,brain samples were collected, 

weighed, and transferred to glass tubes. Samples digestion was then performed with HNO3 

(65%, Merck, Germany) mixed with hydrogen peroxide (30% H2O2, Merck, Germany), at room 

temperature, overnight. The solutions were heated until became clear, dried at 155 ℃ and 

cooled to room temperature. Finally, 65% HNO3 matrix solution was added to the digested 

samples and stirred. Both water and digested samples were quantified, in duplicate, by 

electrothermal atomic absorption spectrometry (Unicam 939 Spectrometer, GF90 furnace). The 

results are expressed as mean ± standard deviation (SD) and are presented in Table S2 (Suppl. 

file 1). 

 

2.8. Integrated Biomarker Response (IBR) and statistical analysis 

The stress index IBR was used to integrate all biomarkers, and calculated according to the 

method described by Beliaeff and Burgeot (2002) and later adapted by Devin et al. (2014). Data 

were normalized and the obtained scores were displayed in a star plot. To obtain an IBR value, 

all the star plot triangular areas were summed up (details in Santos et al. 2021a). 

Through a redundancy analysis (RDA), a constrained ordination was applied to extract and 

summarize the variation in the response variables that can be explained by the explanatory 

variables. Variables related to enzymatic activities were standardized before all analyses to 

preserve the original scale. The significance of the variables (biochemistry, gene expression, 

and behavior) was tested (individually and all together) with 999 Monte Carlo permutations. 
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The RDA was performed using CANOCO 5 (version 5.12) (Biometrics, Wageningen, 

Netherlands). 

Prism 9.0 software (GraphPad Software, Inc., USA) was used to perform the rest of the 

statistical analysis. The experimental data were checked for assumptions of homogeneity of 

variance and normality with the Brown-Forsythe and Kolmogorov-Smirnov tests, respectively. 

A one-way analysis of variance (ANOVA) followed by Tukey’s multicomparison post-hoc test 

was performed to evaluate differences between groups. A two-way ANOVA followed by 

Tukey’s multicomparison post-hoc test was also performed to assess if the presence/absence of 

MPs modulates Cu toxicity. When data did not fulfill a normal distribution, the non-parametric 

Kruskal-Wallis on Ranks test followed by the post-hoc Dunn’s multi-comparison test was 

conducted. Statistical differences were considered significant when p<0.05. 

 

3. Results and Discussion 

3.1. Biometric parameters of zebrafish 

During the experiment, no mortality or signs of disease were observed in the fish. No significant 

differences were observed in body length and weight between exposed and control fish (Supp. 

file 2 – Fig. S1), suggesting that MPs and Cu exposure did not influence zebrafish growth. 

Corroborating our results, previous studies have shown that growth performance was not 

affected in fish exposed to low-density polyethylene MPs (Alomar et al., 2021) or combined 

with heavy metals (Cu, Cd, Pb and Zn) (Wen et al., 2018). Nevertheless, other authors reported 

a decrease in body length and weight in zebrafish and medaka (Oryzias melastigma), after being 

exposed to MPs-enriched diets (Cormier et al., 2021). These divergences have been associated 

with the feeding behavior of the species, the MPs exposure route and concentration, as well as 

the egestion rate (Alomar et al., 2021), thus explaining the different responses of zebrafish to 

MPs in relation to the results reported in the literature. 

 

3.2. Effects of MPs and Cu on the antioxidant defense system and detoxification processes 

of zebrafish brain 

Organisms have several biological mechanisms to prevent and eliminate excess ROS levels and, 

therefore, minimize their negative effects on cells. Among these mechanisms, the antioxidant 

system, which comprises several enzymes such as SOD, CAT, and GPx, tightly regulates  ROS 

levels to maintain cell homeostasis. The data regarding the biochemical biomarkers evaluated 
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are presented in Table 1. In the present study, ROS and LPO levels were not significantly 

affected by MPs and Cu exposure, in comparison with the control group, despite the tendency 

of the Cu25+MPs group to present higher levels of both oxidative stress/damage biomarkers 

(p>0.05). Though, it was observed that the antioxidant system was modulated by MPs and Cu. 

The enzyme SOD showed higher activity in Cu25 (p=0.0026) and Cu25+MPs (p<0.0001), 

while GPx was inhibited in MPs (p=0.0004), Cu25 (p=0.0088), and Cu25+MPs (p<0.0001) 

groups. CAT activity and GST, a phase II biotransformation enzyme, on the other hand, did not 

show significant changes in comparison to the control. Likewise, the transcription of the 

antioxidant gene sod1 was upregulated in the MPs group (p=0.0138), while cat and gstp1 gene 

expression did not show significant changes in the exposed groups, in comparison with the 

control group (Suppl. file 2 - Table S1, and illustrated in Fig. 1). 

Since ROS production is transitory, but the antioxidant system was modulated by MPs and Cu 

exposure, it is possible that during the 30-day experiment the treatments may have induced the 

generation of ROS, which subsequently activated the antioxidant defenses of zebrafish. A rise 

in SOD activity indicates that an excess of the free radical superoxide (O2
-) in the cells needed 

to be counteracted to prevent oxidative damage. This is also supported by the non-significant 

induction of the CAT activity in Cu25 and Cu25+MPs. In turn, the GPx inhibition by MPs and 

Cu suggests that the hydrogen peroxide (H2O2) produced by the SOD detoxification reaction 

may have surpassed the scavenging capacity of GPx. It has been stated that GPx is more 

effective at low H2O2 concentrations, whereas CAT is the predominant H2O2 scavenger at high 

concentrations (Rocha et al., 2020). Drąg-Kozak et al. (2019) suggested that inhibition of GPx 

activity can result directly from the damage of its functional groups and consequently its 

catalytic activity by the heavy metals, or indirectly from a compromised supply of NADPH. In 

fact, a significant increase in GR activity was observed in the MPs (p=0.0184) and Cu25+MPs 

(p=0.0030) groups, in comparison with the control group, thus explaining a possible 

compromised supply of NADPH for GPx. GR activity may, in turn, be increased to 

counterbalance the significant increase of GSSG levels on Cu25+MPs exposed fish (p=0.0330), 

since GSSG is toxic to the cells, and to regenerate the GSH. Nevertheless, the gclc gene, that is 

involved in GSH synthesis, was not significantly affected in the exposed zebrafish brain (Suppl. 

file 2 - Table S1, and illustrated in Fig. 1). The present findings are consistent with previous 

studies that reported the induction of oxidative stress and/or modulation of the antioxidant 

system in the brain or other organs of fish exposed to MPs, alone or combined with heavy 

metals (Barboza et al., 2018a; Wang et al., 2021; Wen et al., 2018). 
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MT are cysteine-rich proteins of low molecular weight involved in the regulation of 

intracellular metals and the detoxification of heavy metals (Santos et al., 2021a). In the exposed 

zebrafish brain, no alterations in MT levels (Table 1) nor the mt2 gene expression (Suppl. file 

2 - Table S1, and illustrated in Fig. 1) were observed in any of the groups (p>0.05), compared 

to the control. These results indicate that MPs and Cu, under these experimental conditions, 

were not able to induce MT synthesis in the zebrafish brain. This reflects that MT may not be 

determinant in MPs and Cu detoxification. Qiao et al. (2019) also found that MT levels were 

not affected in zebrafish exposed to MPs or Cu alone, however, in the mixture’s groups, MT 

levels were increased in the liver and gut. Wen et al (2018) also reported higher levels of MT 

in whole-bodies of discus fish (Symphysodon aequifasciatus) early juveniles exposed to 

polystyrene-MPs and cadmium. In turn, these differences between studies may be related to 

different responses of fish organs and species, as well as to MPs and heavy metals 

concentrations. 

 

 

Figure 1. Heatmap of the expression profile of the antioxidant enzymes (sod1, cat, gclc), detoxification (gstp1, 

mt2), neuronal cell proliferation (pcna, sox2), cholinergic (ache), serotonergic (tph1a, tph1b, tph2, slc6a4a, 

slc6a4b), dopaminergic (th2, slc6a3), and apoptosis (casp3, casp8, casp9, aif) genes in zebrafish exposed to 

microplastics (MPs, 2 mg/L) and copper (Cu, 25 µg/L), alone or combined, for 30 days. Data from three 

independent replicates (n=3, with 6 fish per group and replicate). 

 

LDH is an anaerobic enzyme that catalyzes the conversion of lactate and pyruvate (Banaee et 

al., 2019), and is increased under oxidative stress conditions due to cell integrity disruption. In 

this study, LDH did not show significant changes in the brain of the exposed fish. This suggests 

that MPs and Cu, alone or combined, did not interfere with the anaerobic metabolic energy 

supply in the zebrafish brain. 

Considering our results, zebrafish brain showed different antioxidant responses to counteract 

the toxic effects of MPs and Cu, alone or combined, thus avoiding oxidative damage. 

Nevertheless, apart from this, the inhibition of GPx, considered one of the major antioxidant 
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enzymes in the nervous system (Franco and Cidlowski, 2009), renders neuronal cells 

susceptible to other alterations, such as apoptosis. 

 

3.3. Effects of MPs and Cu in zebrafish neurogenesis 

Proliferating cell nuclear antigen (pcna) is a cyclin essential for cell cycle control, DNA 

replication, and excision repair mechanisms (Schmidt et al., 2013). PCNA is expressed 

throughout the cell cycle of actively growing cells, with the highest expression being observed 

in the S phase, being, therefore, commonly used as a marker of cellular proliferation (Schmidt 

et al., 2013). Sex-determining region Y (SRY)-related HMG box 2 (sox2) encodes a transcription 

factor that plays a crucial role in the maintenance of neural stem/progenitor cell pluripotency, 

being used as a neural stem cell marker (Schmidt et al., 2013). In the present study, for the two 

proliferation/neural stem cell markers, i.e., pcna and sox2 (Suppl. file 2 - Table S1, and 

illustrated in Fig. 1), no significant effects were observed in sox2 gene expression (p>0.05); 

however, downregulation of pcna gene was observed in Cu25+MPs exposed zebrafish 

(p=0.0017), in comparison to the control group. Changes in pcna expression reflect an 

alteration in neuronal proliferation activity. Thus, the present results suggest that MPs 

combined with Cu can impair the cellular proliferation process in the zebrafish brain. In teleost 

species, such as zebrafish, the adult brain has small niches, called “proliferation zones”, that 

are responsible to generate new neurons from neural stem cells (Schmidt et al., 2013). 

Contrarily to mammals, teleost fish have a high neurogenic activity throughout life (Schmidt et 

al., 2013), allowing them to respond to environmental changes. Taking this into consideration, 

interference of MPs and Cu with adult neuronal proliferation can therefore affect brain plasticity 

and specific neurocircuits, with possible negative consequences in fish cognitive function and 

behavior. 

 

3.4. Effects of MPs and Cu on the cholinergic, serotonergic, and dopaminergic systems 

AChE catalyzes the hydrolysis of the neurotransmitter acetylcholine in the cholinergic neurons 

postsynaptic membrane and has been used as a marker of neurotoxicity (Roda et al., 2020). 

Most of the studies have reported inhibition of AChE activity in fish (Barboza et al., 2018a; 

Roda et al., 2020) exposed to MPs alone, or combined with other pollutants. Surprisingly, in 

the present study, AChE activity increased significantly in MPs (p=0.049), Cu25 (p=0.0009), 

and Cu25+MPs (p<0.0001) groups, in comparison with the control group (Table 1). However, 
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the ache transcript did not show significant changes in the exposed groups, in comparison with 

the control group (Suppl. file 2 - Table S1, and illustrated in Fig. 1). Similarly, an increase of 

AChE activity was observed in zebrafish juveniles exposed to polystyrene MPs (4×104 and 

4×106 particles/m3), for five days (Guimarães et al., 2021). Additionally, increased AChE 

activity was shown in discus fish (Huang et al., 2022) exposed to MPs. In this study, the AChE 

increase in the zebrafish brain may be related to the observed apoptosis induction and/or the 

tendency to higher ROS and LPO levels, and consequent cell damage. Some authors have 

shown that elevated AChE activity is associated to oxidative stress (Melo et al. 2003). Actually, 

it has been suggested that such processes can lead to the rupture of the presynaptic vesicle 

membranes containing acetylcholine, resulting in this neurotransmitter release and an over-

stimulation of the post-synaptic receptors (Guimarães et al., 2021). The opposing results 

between studies, including ours, could be explained by differences in the experimental context 

(e.g. route and time of exposure), species, and type/concentrations of the MPs (Guimarães et 

al., 2021). Nevertheless, regardless of the signaling pathway involved, our findings reinforce 

the neurotoxicity potential of MPs and Cu in aquatic organisms. 

The monoamine serotonin (5-hydroxytryptamine, 5-HT) and the catecholamine dopamine are 

two important neurotransmitters that regulate neural activity and mediate a broad range of 

behaviors, including locomotor, aggressiveness, cognition, and anxiety-like behaviors 

(Herculano and Maximino, 2014). 5-HT is synthesized from tryptophan by tryptophan 

hydroxylase (TPH) enzyme, with zebrafish having three paralogs genes of the TPH, namely the 

tryptophan hydroxylase 1a (tph1a), the tryptophan hydroxylase 1b (tph1b), and the tryptophan 

hydroxylase 2 (tph2) (Herculano and Maximino, 2014). In turn, after 5-HT is being released 

into the synaptic cleft, the 5-HT transporter (SERT), encoded by the two solute carrier family 

6 a, member 4a and 4b (slc6a4a and slc6a4b), removes it and terminates synaptic activity 

(Herculano and Maximino, 2014). In the present study, the evaluated transcripts of the 

serotonergic pathway were not affected by MPs and Cu in zebrafish brain (p>0.05), in 

comparison with the control group (Suppl. file 2 - Table S1, and illustrated in Fig. 1). 

Considering the dopaminergic pathway, the gene expression of the rate-limiting enzyme 

tyrosine hydroxylase (th), involved in dopamine synthesis, and the dopamine transporter 

(slc6a3/dat), which terminates the dopamine action in the synaptic cleft (Holzschuh et al., 2001), 

was evaluated. In our study, th gene expression was upregulated in the zebrafish brain exposed 

to MPs (p=0.0084), while the slc6a3 transcript was upregulated in the MPs (p=0.0078), Cu25 
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(p=0.0403), and Cu25+MPs (p=0.0113) groups, comparatively to the control group (Suppl. file 

2 - Table S1, and illustrated in Fig. 1). 

The above results indicate that, at least in the present experimental conditions, MPs and Cu do 

not interfere with the 5-HT synthesis, transport, and uptake, of the serotonergic system in the 

zebrafish brain. However, MPs and Cu, alone or combined, modulated the dopamine synthesis 

and transport in the exposed zebrafish brain, highlighting the neurotoxic potential of plastic 

particles and that different signaling pathways, other than AChE, may be involved in MPs 

action. Supporting these findings, previous studies have found that MPs, alone or combined 

with other pollutants, can modulate neurotransmitters levels and/or transcripts in several species, 

including fish (Huang et al., 2022; Shi et al., 2021) and bivalves (Shi et al., 2020). 

 

3.5. Effects of MPs and Cu in the apoptotic pathways of zebrafish brain 

Apoptosis, also referred as programmed cell death, is a complex process tightly regulated by 

specific death-signaling pathways, and that occurs to maintain cell populations' homeostasis or 

as a defense mechanism against cellular stress or pathological stimuli (AnvariFar et al., 2018). 

Apoptosis can be triggered by two main pathways - the mitochondrial or intrinsic pathway, 

which involves cell death signals from the mitochondria (e.g. cytochrome c); and the death 

receptor or extrinsic pathway, which is activated by transmembrane receptor-mediated 

interactions (AnvariFar et al., 2018). In turn, these pathways involve the activation of a cascade 

of cysteinyl aspartic acid-specific proteases called caspases (AnvariFar et al., 2018). The 

present study evaluated the expression of the initiating caspases, namely, caspase-8 (casp8) and 

caspase-9 (casp9), that are part of the extrinsic and intrinsic pathways, respectively, and the 

executioner caspase-3 (casp3). Additionally, the apoptosis-inducing factor (aif) gene, a specific 

mitochondrial factor that is part of the apoptotic caspase-independent pathway (Luzio et al., 

2013), was evaluated. The data regarding the apoptosis genes expression is presented in 

Supplementary file 2 - Table S1, and illustrated in Figure 1. An increase of casp8, casp9 and 

casp3 gene expression was observed in the brain of MPs exposed zebrafish (p<0.05), compared 

to the control group. Despite the lack of statistical significance, in Cu25 and Cu25+MPs groups, 

a trend to higher expression levels of caspases (p>0.05) was also observed. For aif gene, no 

significant effects were observed in the brain of the exposed groups. In turn, these results 

suggest that MPs induced apoptosis in the zebrafish brain, through both intrinsic and extrinsic 

pathways. Data regarding the effects of MPs on apoptosis pathways in the fish brain are still 

lacking. However, it was recently reported that mixed neuronal cells isolated from mouse 
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embryonic cortex underwent apoptosis, by showing an increased expression of the apoptotic 

marker cleaved caspase-3, upon exposure to polystyrene nanoplastics (100 nm) (Jung et al., 

2020). Likewise, upregulation of apoptosis-related genes after exposure to MPs was previously 

shown in the gills (Umamaheswari et al., 2021) and male gonad (Qiang and Cheng, 2021) of 

zebrafish and sheepshead minnow (Cyprinodon variegatus) larvae (Choi et al., 2018). An 

increase of the caspase-3 activity was also observed in the blood clam (Tegillarca granosa) 

upon exposure to polystyrene MPs and sertraline, for 14 days (Shi et al., 2020). 

Is not clear how MPs alone induced apoptosis in the zebrafish brain. It has been reported that 

GPx, an antioxidant enzyme, has antiapoptotic properties, by preventing cytochrome c release 

from the mitochondria and by the activation of caspase-3 (Franco and Cidlowski, 2009). 

Therefore, a possible explanation for the activation of the apoptotic pathway in the zebrafish 

brain may be associated with the GPx activity depletion also observed in the MPs exposed 

group. Another possible mechanism by which MPs induced apoptosis could be related to the 

alterations observed in the dopaminergic pathway, particularly the potential increase of 

dopamine synthesis and transport to the cells, as a consequence of the upregulation of the th2 

and slc6a3 genes. In support of this, accumulating evidence has shown that dopamine itself can 

be neurotoxic and that high levels of dopamine, which when oxidized generates ROS, free 

radicals, and quinones, can trigger caspases activation and subsequent apoptosis, via the p38 

kinase phosphorylation/activation and/or the c-Jun N-terminal kinase (JNK) pathway (Junn and 

Mouradian, 2001; Luo et al., 1998). Overall, our findings suggest that oxidative stress, GPx, 

and dopamine may play a role in MPs-induced apoptosis in the fish brain, and, consequently, 

neurotoxicity. 

 

3.6. Effects of MPs and Cu in zebrafish behavior 

The evaluation of fish behavior has been considered an important and sensitive endpoint in 

ecotoxicological studies since behavior output provides an early warning sign of the pollutants 

toxicity and integrates multiple levels of biological effects (Fitzgerald et al., 2021). In this study, 

exposure to MPs or Cu25 decreased the mean speed (p<0.01, 584.1±33.5 and 584.6±2.2 

cm/min, respectively), while exposure to Cu25+MPs (812.3±30.1 cm/min) increased the mean 

speed of zebrafish (p=0.0028), in comparison to the control group (695.9±27.1 cm/min) (Fig. 

2A). The total distance moved by fish was also decreased in the MPs exposed group (p=0.0395, 

2863.4±1.8 cm), comparatively to the control fish (3445.8±234.4 cm) (Fig. 2B). The absolute 

turn angle was increased in the Cu25+MPs group (p=0.0061, 31.0±2.1°), in comparison with 



Apoptosis, alterations in neurocircuits, and behavioral changes in zebrafish brain - CHAPTER 8 

 
235 

the control group (24.9±1.1°) (Fig. 2C). The time that fish remained inactive in the aquaria was 

increased in MPs (p<0.0001, 10.4±0.3%) and Cu25+MPs (p=0.0002, 9.8±1.9%), in relation to 

the control group (3.0±0.3%) (Fig. 2D). Regarding the time that animals spent in the central 

zone of the aquaria, it was observed a decrease in the Cu25 group (p=0.0055, 15.2±0.03%), but 

an increase in the Cu25+MPs exposed fish (p<0.0001, 66.0±7.2 cm), when compared to the 

control group (31.1±0.9%) (Fig. 2E). 

Overall, the results show that MPs and Cu25 alone caused hypoactivity in zebrafish, while the 

exposure to the mixture Cu25+MPs resulted in a state of hyperactivity. A state of hypoactivity 

or hyperactivity implicates negative consequences for fish performance, making them, for 

example, more susceptible to predation or affecting their hunting behavior. The increased 

AChE activity observed in the exposed fish may have contributed to the swimming pattern 

changes. It has been stated that, in some cases, the persistent stimulation of the cholinergic 

system could result in excitotoxicity and consequent neuronal apoptosis (Tierney, 2011), which 

in our case may explain the observed hypoactivity behavior and the induction of apoptosis in 

MPs and Cu groups. Additionally, the observed locomotor hypoactivity could be related to 

muscle morphological changes. Although in this study we did not determine such changes, 

previous studies have shown an impairment of the integrity and function of muscle fibers (e.g. 

thickness reduction of muscularis layer) in fish exposed to MPs (Chen et al., 2020) or heavy 

metals (Avallone et al., 2015), with a consequent alteration of swimming activity. Besides, 

interference with glucose and lipid metabolism, which can affect energy homeostasis and 

consequently the support of vital processes such as the locomotor behavior and the development 

of brain, is another hypothesis for the observed effects of MPs and Cu in this study. Chen et al. 

(2020), for example, showed that polystyrene MPs (5 μm) exposure. at a wide range of 

concentrations (0.001-20 mg/L) affected zebrafish energy-supplying substances, such as the 

glycolytic pathway. Considering the Cu25+MPs group, the interaction of both pollutants seems 

to exert neurotoxicity, and a consequent change in swimming behavior, differently than the 

pollutants alone. Possibly, the induction of a hyperactivity state in Cu25+MPs exposed 

zebrafish may be related, not only with the increase in AChE activity and the consequent 

transient state of adaptation of fish to such excitatory stimulation, but also with dopamine 

synthesis/transport (th and slc6a3) increase. In fact, previous research established that the 

dopaminergic system contributes to the control of locomotor behavior, and with an increase in 

dopamine being associated with a stimulating effect in swimming activity (Puttonen et al., 

2013). 
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Figure 2. Locomotor (A-E), anxiety-like (F), and social (G-H) behavior of zebrafish exposed for 30 days to 

microplastics (MPs, 2 mg/L) and copper (Cu, 25 µg/L), alone or combined. (A) Mean speed, (B) total distance 

moved by fish, (C) absolute turn angle, (D) percentage of time that fish were inactive, (E) percentage of time that 

fish remained in the center zone, (F) percentage of time that fish remained in the dark zone, (G) NND, nearest 

neighbor distance and (H) IID, inter-individual distance. Data from three independent replicates (n=3, with 5 fish 

per group and replicate) and presented as mean ± S.D. Statistical analysis was performed using one-way ANOVA 

followed by Tukey's multiple-comparison test. Different lowercase letters indicate significant differences between 

groups (p<0.05). 
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Supporting our results, it was reported that exposure to MPs, as a single pollutant or combined 

with other contaminants, interferes with the swimming activity of fish (Barboza et al., 2018b; 

Chen et al., 2020; Choi et al., 2018; Qiang and Cheng, 2019; Santos et al., 2021b). 

The anxiety-like behavior is elicited by dangerous stimuli, being important for antipredator 

defense, foraging, and resources finding (Fitzgerald et al., 2021). The swimming activity 

response of zebrafish to white and dark areas was not affected (p>0.05, Fig. 2F), suggesting 

that anxiety behavior was not modulated by MPs and Cu, alone or combined, at least in the 

present experimental conditions. 

Fish social behavior which includes, for example, shoaling, is essential for their survival, 

foraging, and reproduction (Geng and Peterson, 2019). This behavior, more precisely, the 

tightness of a shoal, is usually evaluated by quantifying the NND and IID parameters (Geng 

and Peterson, 2019). In this study, a decrease of these parameters was observed in the MPs 

(p<0.001), Cu25 (p<0.001), and Cu25+MPs (p=0.0034) exposed fish, in comparison with the 

control group (Fig. 2G-H), implying a modulation of social/shoaling behavior by MPs and Cu 

in zebrafish. Social behavior is dependent upon a wide array of molecular and cellular 

mechanisms, including the dopaminergic system (Oliveira, 2013; Saif et al., 2013). In zebrafish 

it has been shown that after social stimuli (e.g. conspecific images) there is an increase of 

dopamine levels in the brain (Saif et al., 2013). Nevertheless, in the present study, the 

upregulation of th and slc6a3 genes implies a possible increase of dopamine levels, while the 

social behavior decreased, which suggests that the disruption of this behavior in the exposed 

zebrafish may have occurred through other cellular/molecular mechanisms. A possible 

explanation may be related to alterations in visual and/or olfactory senses since both are 

essential in social recognition (Oliveira, 2013). In fact, visual impairment induced by MPs 

and/or heavy metals exposure has been reported in previous studies (Chen et al., 2017; LeFauve 

and Connaughton, 2017). Additionally, the impairment of the locomotor activity observed in 

the exposed zebrafish may have contributed to the alteration of social behavior. 

 

3.7. Interactive effects of MPs on Cu toxicity 

When combined, MPs and heavy metals can exhibit interaction effects, leading to alterations in 

the toxicokinetics of metals in fish (Yuan et al., 2020). In our study, significant interactions 

were found between MPs and Cu, indicating that the presence of plastic particles may have 

influenced the Cu induced-toxicity in biochemical (LPO, GPx, MT) and genetic (mt2, pcna, 

slc6a4a, th2, slc6a3) parameters of the brain, and in the behavior (speed, distance moved, abs. 



Apoptosis, alterations in neurocircuits, and behavioral changes in zebrafish brain - CHAPTER 8 

 
238 

turn angle, time in the center zone, NND and IID) of the zebrafish (Table 1 and Suppl. file 2 - 

Tables S1 and S2). Among the biochemical parameters, it was noticed that LPO and MT 

showed significantly higher levels in Cu25+MPs (p<0.01), compared to the individual MPs 

and Cu groups, thus suggesting a possible synergistic effect of the combination. Similarly, for 

the parameters mean speed and time spent in the center zone, a potential synergistic effect of 

the combination was found, with fish exposed to Cu25+MPs showing higher values (p<0.0001) 

in comparison with fish exposed to MPs or Cu alone. On the other hand, in molecular 

biomarkers, a lower expression for pcna gene was observed in the Cu25+MPs group 

(p<0.0001), in relation to MPs and Cu alone groups, suggesting a possible antagonistic effect. 

Corroborating our results, previous reports have shown the modulation of heavy metals by MPs 

in different aquatic species, with some authors reporting synergistic effects and, therefore, an 

increase of the metal toxicity in the MPs presence (Banaee et al., 2019; Qiao et al., 2019; Santos 

et al., 2021a) and other authors reporting antagonistic effects, in which MPs alleviate the heavy 

metals toxicity (Miranda et al., 2019; Santos et al., 2020; Wen et al., 2018). As in our study, 

different interactions between MPs and heavy metals have also been observed for different 

endpoints in the same study (Wang et al., 2021). In turn, the discrepancy and variability between 

studies regarding the interactions between MPs and heavy metals have been associated with the 

physicochemical features of MPs (e.g. type of plastic), the chemical bond strength between the 

heavy metal and MPs, the experimental conditions (e.g. concentrations, exposure route) and/or 

the species (Yuan et al., 2020). Overall, our data suggest that MPs can modulate the toxicity of 

Cu in zebrafish, emphasizing the importance to evaluate the interaction between plastic 

particles and waterborne pollutants, and which may help to unravel the real ecological impact 

of MPs in aquatic ecosystems. 

 

3.8. Integrated biomarker response (IBR) and RDA analysis 

The IBR index is considered an effective tool to evaluate in an integrated manner the most 

sensitive endpoints/biomarkers of organisms in response to pollutants (Santos et al., 2021a). 

The IBR index and the corresponding star plots obtained in the present study are shown in 

Figure 3. 

The IBR index applied to biochemical and genetic biomarkers results showed that the 

treatments with plastic particles presented the highest index values (2.033 and 2.097 for MPs 

and Cu25+MPs, respectively), thus reflecting higher stress (Fig. 3A). In the MPs exposed fish, 

the most discriminant factors were the genes sod1, cat, mt2 and th2, while in the Cu25+MPs 
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group they were the biomarkers SOD, LPO, LDH, slc6a3, casp9 and aif (Fig. 3B). Overall, 

these results suggest that the treatments with plastic particles were more toxic than Cu alone in 

the zebrafish brain, highlighting the individual neurotoxicity of MPs reported in the literature 

(Banaee et al., 2019; Barboza et al., 2018a). Moreover, these findings suggest that MPs effects 

may have overlapped Cu toxicity. 

 

 

Figure 3. Integrated biomarker response index (IBR) values (A) and star plot (B) of the biochemical and molecular 

biomarkers evaluated in zebrafish exposed to microplastics (MPs, 2 mg/L) and copper (Cu, 25 µg/L), alone or 

combined, for 30 days. Data from three independent replicates. 

 

The RDA results showed which variables related to zebrafish brain enzymatic activities, gene 

expression, and behavior contributed more to the explained variance in response to MPs, Cu25, 

and Cu25+MPs (Fig. 4). The first two axes explained 91.75%, 92.56%, and 88.57%, of the 

overall variation of the biochemical, gene expression and behavioral responses, respectively 

(Fig. 4 and Table 2). The enzymatic variables accounted for 23.1% of the variance explained, 

in response to MPs and Cu, alone or combined. The most correlated variables with axis 1 were 
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GPx (negatively), SOD, GR, and AChE (positively), with these last three enzymes being 

positively correlated with the Cu25+MPs, but negatively correlated with MPs. 

 

Table 2. Summary of the all redundancy analysis (RDA) results in zebrafish (Danio rerio) exposed for 30 days to 

microplastics (MPs) and copper (Cu), alone or combined. 

 Biochemistry Gene expression Behavior All variables 

 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 

Total variation 768.00000 722.00000 96.00000 1178.000 

Explanatory 

variables 
23.07% 23.44% 82.88% 23.68% 

Explained fitted 

variation  

(cumulative) 

69.24% 91.75% 67.42% 92.56% 47.65% 88.57% 52.88% 85.63% 

Permutation Test   

On First Axis F=3.8, p=0.001 F=2.1, p=0.001 F=1.7, p=0.001 F=1.6, p=0.001 

On All Axes F=6.0, p=0.001 F=3.5, p=0.001 F=12.9, p=0.001 F=3.5, p=0.001 

 

The gene expression variables accounted for 23.4% of the variance explained, with the genes 

related to the oxidative stress (sod and gstp1), neurogenesis (pcna), cholinergic (ache) and 

serotonergic (tph2 and slc6a4a) systems being positively correlated with axis 1 and with the 

presence of MPs. On the other hand, the cat, gclc, slc6a4b, casp3, casp8 and casp9 were 

negatively correlated with Cu. The variables related to behavioral responses accounted for 82.9% 

of the variance. The time that animals spent in the central zone, the mean speed, and the absolute 

turn angle parameters were positively correlated with the Cu25+MPs, but negatively correlated 

with Cu. 

When considering all the variables (Fig. 5), the total variation explained was 1178.000, with 

the explanatory variables accounting for around 23.7% (Table 2). Supporting the data presented 

in the above sections, the enzymatic activities of AChE, SOD, and CAT, and the behavior 

variables mean speed, time in the center, and the absolute turn angle were positively correlated 

with the Cu25+MPs group. Positively correlated with the MPs group were the GR enzyme and 

the genes mostly related to apoptosis, cholinergic, serotonergic, and dopaminergic systems. 

Contrarily, the enzymatic activities of GPx, GST, and LDH, the variables related with social 

behavior, and the total distance traveled by fish were negatively correlated with the MPs 

presence in the medium. 
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Figure 4. Redundancy analysis (RDA) showing the total variance explained, for the first two axes, for each of the 

studied variables in the different groups [Control (C), microplastics (MPs), copper (Cu25), and the mixture of both 

(Cu25+MPs (Mix))]: A) Biochemistry (23.1%), B) gene expression (23.4%), and C) behavior (82.9%) parameters. 

The arrows show the gradient presented in the different plots and axis. The table shows the variables most 

correlated with the first axis (>0.4000), in blue positively, and in red negatively. Data from three independent 

replicates. 

 

Overall, based on redundancy analysis, our results suggest that the disruption of AChE activity 

may have contributed to the alterations in the zebrafish locomotor behavior, while the 

disturbance of the social behavior may be related to changes in the dopaminergic system and 

the induction of apoptosis. Moreover, the negative correlation between the enzyme GPx and 

the apoptosis-related genes suggests that the observed inhibition of this enzyme, which is 

known to have antiapoptotic properties, may have contributed to the induction of apoptosis in 

the brain of zebrafish exposed to MPs. Nonetheless, more studies are still needed to further 
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increase our knowledge about the role of MPs, and associated heavy metals, in the induction of 

apoptosis, and alterations in the neurocircuits and behavior in fish. 

 

 

Figure 5. Redundancy analysis (RDA) results show the total variance explained by all the studied variables in the 

zebrafish brain exposed for 30 days to the different groups [Control (C), microplastics (MPs), copper (Cu25), and 

the mixture of both (Cu25+MPs (Mix))]. Dark blue – biochemistry, light blue – gene expression, and orange – 

behavior parameters. The arrows show the gradient presented in the different plots and axis. Data from three 

independent replicates. 

 

4. Conclusions 

The results of this study demonstrated that the zebrafish brain is affected by MPs, alone or 

combined with Cu, at both molecular, cellular, and physiological levels. Overall, it was 

observed a modulation of the antioxidant system, which could counteract the induced oxidative 

stress and prevent oxidative damage. Furthermore, it was observed the induction of apoptosis 

in the zebrafish brain, accompanied by a decrease in neuronal proliferation, an AChE activity 

increase, and alterations in the dopaminergic system. In turn, these toxicological changes 

resulted in behavioral alterations, namely the disruption of the swimming activity and social 

behavior. The present study highlights the neurotoxic effect of MPs and provides new findings 

regarding the potential molecular and/or cellular mechanisms involved. Nevertheless, 

considering the negative ecological implications of the neurotoxic effects of MPs, alone or 
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combined with heavy metals, future studies should pay more attention to the plastic particles’ 

effects in fish brain. 
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Supplementary Data 

 

Supplementary file 1: 

Material and Methods  

2.4. Biochemical biomarkers measurements 

ROS was determined using the methodology described by Deng et al. (2009). In this method, total ROS was 

quantified by using the fluorescent probe 2’,7’-dichlorofluorescein diacetate (DCFH-DA), at 485 nm and 530 nm 

for excitation and emission wavelengths. The ROS concentration was estimated based on a DCF standard curve 

(0-6.25 nM) and expressed as µmol DCF/mg protein. The LPO levels were measured using the method described 

by Wallin et al. (1993), in which malondialdehyde (MDA) is quantified at 530/600 nm, and expressed as µmol 

MDA/mg protein. 

SOD (Durak et al., 1993) and CAT (Claiborne, 1985) were determined, respectively, through the inhibition of the 

nitroblue tetrazolium (NBT) reduction, at 560 nm, and the decomposition of hydrogen peroxide, at 240 nm, with 

both being expressed as U/mg protein. A standard curve was used to quantify SOD (0-60 U/mL) and CAT (0-6 

U/mL) activity. The GPx (Paglia and Valentine, 1967) and GR (Massarsky et al., 2017) activities were measured, 

at 340 nm, through the oxidation and reduction of NADPH, respectively, and expressed as µmol NADPH/min.mg 

protein. The GST activity was determined at 340 nm through the conjugation of 1‐chloro‐2,4‐dinitrobenzene 

(CDNB) with reduced glutathione (GSH) (Habig and Jakoby, 1981), and expressed as µmol/min.mg protein, using 

the extinction coefficient for CDNB of 9.60 mM/cm. The glutathione levels, GSH and GSSG (Gartaganis et al., 

2007), were estimated with the fluorochrome ortho-phthalaldehyde (OPA), at 320/420 nm (excitation/emission 

wavelengths), and expressed as µmol/mg protein. The LDH activity was assayed using the method of Domingues 

et al. (2010), which measures the oxidation of NADH at 340 nm, and is expressed as µmol NADH/min.mg protein. 

The AChE activity was measured using the method of Rodriguez-Fuentes et al. (2015). With this method, the 

conjugation of thiocoline with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) is measured, at 405 nm, and AChE 

activity is expressed as µmol TNB/min.mg protein. 

MT levels were determined following the methodology proposed by Viarengo et al. (1997), with some 

modifications (Santos et al., 2020). Briefly, a solution of ethanol/chloroform was added to the sample supernatant 

and centrifuged at 6 000×g for 10 min at 4°C. Three volumes of ice-cold ethanol/HCl were then added to the 

supernatant and centrifuged. The obtained metallothionein-containing pellet was resuspended with 

ethanol/chloroform in homogenization buffer (0.5 M sucrose, 20 mM Tris–HCl buffer, pH 8.6) and centrifuged. 

The pellet was air-dried and resuspended in 4 mM EDTA-HCl, 0.25 M NaCl, and Ellman’s solution (2 M NaCl 

containing 0.43 mM DTNB in 0.2 M phosphate buffer, pH 8). The resuspended pellet was centrifuged at 3000 x 

g for 5 min, at room temperature, and quantified at 412 nm. MT was estimated using a reduced GSH standard 

solution (0-250 µM) and expressed as µmol GSH/mg protein. 
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2.5. Gene expression analysis 

The quantitative real-time PCR (qPCR) reactions were performed, in triplicate, on a PikoReal 96 Real-Time PCR 

System (Thermo Scientific, USA), using 1 μL of cDNA as a template in a final volume of 20 μL reaction mixture 

containing 5x HOT FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne, Tartu, Estonia) and 200 nM of each primer 

(Santos et al., 2020). The thermal cycling conditions consisted of an initial denaturation at 95 °C for 15 min 

followed by 40 cycles of denaturation at 95 °C for 15 s, primer annealing for 20 s, extension at 72 °C for 20 s, and 

a dissociation step (60 °C - 95 °C) at the end of the amplification phase. Three-fold dilution series prepared from 

cDNA samples were used to generate the standard curves and calculate primer efficiencies. On each plate, a no 

template control was included. Each sample was run in duplicate, and real-time PCR reactions were carried out in 

triplicate. Only comparative threshold cycle (Cq) values leading to a Cq mean with a standard deviation below 0.2 

were considered. 

The relative expression of each gene was calculated according to the method of Hellemans et al. (2007), by 

considering the primers efficiencies and the geometric mean of two reference genes, namely β-actin (actb2) and 

ribosomal protein L13a (rpl13a). For each gene, the mean of the cycle quantification value (Cq) of each sample 

was calculated and then converted into Relative Quantity (RQ) using the gene amplification efficiency (RQ = E 

[ΔCq=Cqcalibrator - Cqsample]). The geometric mean of RQ values for the selected reference genes (actb2 and rpl13a) 

was calculated and then used as a Normalization Factor (NF). Normalized Relative Quantities (NRQ) for each 

sample were determined by dividing the RQ value of the gene of interest by the Normalization Factor (NF). Results 

are expressed as normalized relative quantity (NRQ). The fold change relative to the control group was calculated 

by dividing the average NRQ value of each exposed group by the average NRQ of the control group. 
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Figure S1. Schematic diagram of the behavioral experimental set-up performed in the zebrafish exposed 

for 30 days to microplastics (MPs, 2 mg/L) and copper (Cu, 25 µg/L), alone or combined. In the open field 

test, zebrafish were transferred to the aquaria and the exploratory/locomotor behavior was assessed for 5 

minutes. In the light/dark preference test, zebrafish were allowed to freely explore the aquaria and the time 

spent on each compartment (white and dark compartments) was recorded for 5 min.  

 

Table S2. Copper (Cu) concentrations measured in the exposure medium of all groups, after 30 days of 

exposure. 

Nominal exposure 

concentrations 

Cu (µg/L) 

0 days 14 days 30 days 

 Control 8.2±0.5 9.2±1.1 8.2±0.2 

2 mg/L MPs 11.8±6.5 7.8±0.2 10.7±3.9 

25 µg/L 
Cu 26.8±7.3 29.7±10.9 19.6±2.2 

Cu+MPs 21.8±1.7 25.8±0.4 34.5±10.5 
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Supplementary file 2: 

 

 

Figure S1. Zebrafish (Danio rerio) length (A) and body weight (B) after exposure for 30 days to 

microplastics (MPs) and copper (Cu), alone or combined. Data from three independent replicates. 
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Table S1. Relative transcript levels of oxidative stress, detoxification, neurogenesis, cholinergic, serotonergic and 

dopaminergic systems- and apoptosis-related genes in zebrafish exposed for 30 days to microplastics (MPs) and 

copper (Cu), alone or combined. 

 

 

Data from three independent replicates and shown as mean ± S.D., normalized to the β-actin (actb2) and 60S ribosomal protein 

L13a (rpl13a) reference genes. The statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-

comparison test. Different lowercase letters indicate significant differences between groups (p<0.05). The two-way ANOVA, 

followed by Tukey's post-test was used to assess the interaction between the microplastics and copper. 
 

 

Table S2. Output of the interaction between the microplastics (MPs) and copper (Cu) on the behavior endpoints 

assessed in zebrafish (Danio rerio) exposed for 30 days to microplastics (MPs) and copper (Cu), alone or combined. 

Interaction Speed Distance %Inactive %Center Abs Turn Angle %Dark NND IID 

MPs x Cu 

df 1, 12 1, 12 1, 12 1, 12 1, 12 1, 12 1, 12 1, 12 

F 124.6 8.435 0.019 91.74 10.82 1.542 44.92 53.61 

p <0.0001* 0.0198* 0.8936 <0.0001* 0.0110* 0.2495 0.0002* <0.0001* 

 

The two-way ANOVA, followed by Tukey's post-test was used to assess the interaction between the microplastics and copper. 

The asterisk (*) represents values statistically significant (p<0.05).  
Df – degrees of freedom  

F value (F statistic). 
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Abstract 

Plastics pose serious risks for fish productivity and a potential constraint for food security. 

Newly hatched blackspot seabream larvae were exposed to microplastics (MPs), copper (Cu, 

10-810 µg/L) and their mixtures (Cu+MPs), during 3 and 9 days. Biochemical biomarkers and 

the expression of antioxidant and neurotoxicity-related genes were evaluated. 

In the 3-day exposure, catalase and glutathione-S-transferase activities decreased in MPs, Cu 

and Cu+MPs groups, followed by an increase of lipid peroxidation in the Cu270 and 

Cu270+MPs exposed larvae. In the 9-day exposure, ROS levels increased in MPs and Cu30 

groups, but no significant oxidative damage was observed, suggesting that the antioxidant 

system overcome the induced oxidative stress. However, the acetylcholinesterase transcript was 

downregulated in MPs, Cu and Cu10+MPs groups, indicating that MPs effects in cholinergic 

neurotransmission may arise after longer exposures. Overall, MPs and Cu can reduce survival, 

induce oxidative stress, lipid peroxidation, neurotoxicity, and impact negatively fish larvae 

fitness. 

 

 

 

Keywords: Microplastics; Heavy metals; fish developmental toxicity; gene expression; 

oxidative stress.  
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1. Introduction 

Over the recent years, it has been reported that plastics comprise a major percentage of marine 

litter (Pham et al., 2014), being nowadays an environmental issue of global concern. In the 

marine ecosystems, microplastics (MPs, polymers below 5 mm in diameter) have been found 

in pelagic (Doyle et al., 2011) and benthic zones (Bour et al., 2018), oceanic gyres (Cózar et al., 

2014) and even in remote regions such the Arctic Ocean (Peeken et al., 2018). Due to their 

global widespread distribution and persistence across the marine ecosystems, a broad range of 

aquatic organisms are exposed and ingest MPs, including fish (Bellas et al., 2016; Maaghloud 

et al., 2020), zooplanktonic (Desforges et al., 2015), and benthic invertebrates (Courtene-Jones 

et al., 2017; Iannilli et al., 2019). 

Moreover, it has been recognized that plastic particles can act as vectors for other environmental 

contaminants, due to their small size, hydrophobicity, and high surface area (Auta et al., 2017), 

thus aggravating the environmental problem posed by the MPs themselves. Both field and 

laboratory studies have demonstrated that MPs can adsorb both persistent organic pollutants 

(Frias et al., 2010) and heavy metals (e.g. copper, cadmium, lead) (Brennecke et al., 2016; 

Munier and Bendell, 2018). Consequently, the co-exposure of MPs and other pollutants can 

affect the bioavailability and toxicity of those pollutants in aquatic biota (Auta et al., 2017). 

The potential ecological impacts of MPs contamination, alone or combined with other 

pollutants, have raised a growing concern in the scientific community. In fact, there are several 

studies on marine fish species reporting physical injuries (Pedà et al., 2016) and toxicological 

effects, such as oxidative damage (Espinosa et al., 2019; Solomando et al., 2020), altered 

growth rate (Xia et al., 2020), reproductive and behavioral alterations (Miranda et al., 2019; 

Qiang and Cheng, 2019; Yin et al., 2019; Wang et al., 2019), inflammation (Solomando et al., 

2020), metabolome disorders (Zhao et al., 2021), and neurotoxicity (Miranda et al., 2019). 

In addition, the presence of MPs, with or without associated pollutants, in the marine 

ecosystems has been shown to impact commercial fisheries and aquaculture industries, posing 

serious risks for fish productivity and a potential constraint for food security (Barboza et al., 

2018a, 2020; Cox et al., 2019). In this context, it is crucial to clarify the risks inherent to MPs 

and associated pollutants, to understand how species development may be affected and how the 

fitness of aquatic organisms is compromised.  

Surprisingly, the majority of the studies with MPs have been performed in marine adult fish 

species, while studies with early life stages are still limited. Recently, a few studies have 

reported that exposure of fish early life stages to MPs, with or without associated pollutants, 
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may cause developmental alterations, such as decreased survival and hatching, growth 

inhibition, alterations of the immune response, oxidative stress, acetylcholinesterase inhibition, 

and locomotor alterations (Chen et al., 2017; Le Bihanic et al., 2020; Qiang and Cheng, 2019; 

Santos et al., 2020; Yang et al., 2020; Zhang et al., 2020). Therefore, considering that early life 

stages are more vulnerable to pollution than adults (Hutchinson et al., 1998), the potential 

toxicological effects of MPs on these life stages might compromise the population recruitment 

and, hence, the fish stock sustainability. Moreover, since coastal areas, which represent 

nurseries for many marine species (Beck et al., 2001), are closer to areas with anthropogenic 

activity and, consequently, are hotspots for MPs pollution (e.g. 390 particles kg-1 of dry 

sediment in Belgian coastal waters) (Baini et al., 2018; Browne et al., 2011; Claessens et al., 

2011; Gove et al., 2019), it is urgent to evaluate the risks posed by MPs exposure. 

Blackspot seabream (Pagellus bogaraveo) (Brünnich, 1768) is an economically and 

ecologically important species for fisheries and aquaculture, particularly in the Mediterranean 

countries and in Azores (Portugal). It is a benthopelagic fish of the family Sparidae, distributed 

along the Eastern Atlantic Ocean and Western Mediterranean Sea (Chilari et al., 2006). Due to 

its life strategies, namely its protogynous hermaphroditism and the segregation of juveniles and 

adults, the blackspot seabream is considered a vulnerable species (Mytilineou et al., 2013). 

Besides, since young individuals are normally found near the coast (Mytilineou et al., 2013), 

this species is more vulnerable to encounter and possibly ingest MPs during its development. 

Aggravating this issue, the sorption capacity of MPs in coastal areas impacted by heavy metals 

derived from industrial and urban activities represents an additional risk for fish early life stages. 

Among heavy metals, copper (Cu) remains a common contaminant of high concern, due to its 

high toxicity and bioaccumulation potential (Grosell, 2011). Indeed, high concentrations of 

heavy metals have been observed in plastic debris recovered from estuaries and the coastline 

(Dobaradaran et al., 2018; Purwiyanto et al., 2020; Selvam et al., 2021), with the reported Cu 

concentrations ranging from 3.6 to 188 µg/g (Dobaradaran et al., 2018; Munier and Bendell, 

2018). Although the individual toxicity of MPs or Cu has been evaluated in several studies, the 

potential adverse effects of the combination between MPs and Cu on marine fish early life 

stages are still uncertain.  

Considering the above, the present study aims to evaluate how MPs alone and associated with 

Cu, affect the later larval development of the blackspot seabream. In turn, two hypotheses were 

defined in this study, namely: (1) the presence of MPs alone in the water induces toxicological 

effects in blackspot seabream larvae and (2) Cu toxicity is modulated by MPs in blackspot 
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seabream larvae. For this, in the present study, newly hatched blackspot seabream larvae were 

exposed during 3 and 9 days to MPs, Cu and their combination, and the changes in survival, 

growth, oxidative damage, antioxidant activity, and expression of antioxidant and 

neurotoxicity-related genes were evaluated. 

 

2. Material and Methods 

2.1. Ethical issues 

The experiments with blackspot seabream were conducted following the European (Directive 

2010/63/EU) and Spanish (Directive 53/2013) legislations guidelines for laboratory animals’ 

experimentation and welfare. The experiment was carried out in the Instituto Español de 

Oceanografía de Vigo (IEO-CSIC), Spain, with the authorization reference - 

ES360570189801/19/FUN/FIS02/PAG01 of Xunta de Galicia. 

 

2.2. MPs and copper 

Fluorescent microspheres (proprietary polymer of undisclosed composition) from Cospheric 

LLC (Santa Barbara, CA, USA), of red color, spherical shape, and with a size range of 1‒5 µm, 

were used as MPs model. These particles were purchased from the supplier as a dry powder. 

They exhibit dispersibility and are hydrophilic, thus, the addition of surfactants was not needed. 

In the experiments, the MPs particles were dispersed in the seawater, by adding the desired 

amount of MPs directly, and no stock solution was prepared. The fluorescence of these particles 

allowed us to observe their biodistribution in the larvae. Accordingly to the manufacturer, the 

fluorophore is embedded into the polymer matrix to ensure that it will not leach out and will 

not diminish performance over time. The MPs have a density of 1.3 g/cm3 and an 

excitation/emission wavelength of 575/607 nm. According to the manufacturer’s specifications, 

and based on its density, it was estimated that 1 mg of these microspheres has approximately 

5.44E+07 particles (further details are described in Santos et al., 2020). 

Copper sulfate pentahydrate (CuSO4·5H2O, CAS 7758-99-8) was acquired from Merck 

(Darmstadt, Germany). A stock solution of CuSO4·5H2O at 1 g Cu/L was prepared in ultrapure 

water (Milli-Q, Millipore) and used to prepare the final solutions for the experiments. 
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2.3. Blackspot seabream rearing and embryo collection 

Blackspot seabream adult broodstock (n = 25; total length of 40.4 ± 2.2 cm; and weight of 

1216.8 ± 260.8 g) were kept in a rectangular 30 m3 concrete tank with open circuit flow seawater 

(2 m3/h) and exposed to natural temperature and light periods at the Instituto Español de 

Oceanografía (IEO-CSIC) facilities in Vigo, Spain. The oxygen (> 6 mg/L) and temperature 

(16 ± 1 ºC) were recorded daily to maintain the optimal range conditions for the species. The 

fish were fed ad libitum three times a week with the commercial feed Mar-9 Vitalis Repro 

(Skretting, Nutreco Company, Netherlands), with the following composition: 52% crude 

protein, 18% crude oils and fats, crude ash 10.3%, crude fibre 0.6%, phosphorous 1.7%, calcium 

1.9% and sodium 0.8%. 

After the adults’ spawning, the fertilized eggs were collected in a 500-micron mesh through a 

shallow overflow in the tank, transferred to 150 L tronco-conical incubators with soft central 

aeration and open circuit (100 L/h), and incubated for 3 days at 16 ± 1 ºC until the larvae hatch. 

During this period, the non-viable eggs accumulated at the bottom of the tank were removed 

and a sample of floating eggs was taken and observed with a stereoscopic magnifying glass to 

verify the correct embryonic development. 

 

2.4. Experimental toxicity tests 

2.4.1. Toxicity tests on larvae 

For the toxicity tests, 120 newly hatched blackspot seabream larvae were randomly transferred 

into 500 mL glass beakers and incubated under semi-static conditions with continuous slight 

aeration, at a temperature of 16 ± 0.5 °C and a photoperiod of 12 /12 h light: darkness. Larvae 

were initially exposed from 3 days post-fertilization (dpf) until 6 dpf, to a control treatment 

(filtered natural seawater), microplastics (MPs, 0.3 mg/L), five nominal concentrations of Cu 

(Cu10, 10 µg/L; Cu30, 30 µg/L; Cu90, 90 µg/L; Cu270, 270 µg/L; and Cu810, 810 µg/L) and 

five binary mixtures of MPs and Cu (Cu10+MPs; Cu30+MPs; Cu90+MPs; Cu270+MPs; and 

Cu810+MPs). Three replicates were established for each group. The MPs concentration used 

in the experiments (0.3 mg/L, which corresponds to 1.63  104 particles/L (calculated based on 

MPs density of 1.3 g/cm3, and the following formula 3πr3/4). It was also selected considering 

previous studies performed in fish species (Barboza et al., 2018b; Chen et al., 2017). This 

concentration can also be considered environmentally relevant, with a few studies reporting 

levels between 0.64±0.92 mg/L and 5.51±9.09 mg/L in playa wetlands (Lasee et al., 2017) and 
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1 × 10−2 to 108 #/m3 particles in drinking and freshwaters (Koelmans et al., 2019). The Cu 

concentrations were chosen considering previous toxicological studies performed in marine fish 

(Cao et al., 2010; Kim et al., 2018; Oliva et al., 2007). In turn, they can be considered 

ecologically relevant, since Cu concentrations in the range of 0.04–560 µg/L and 1.04–621.5 

µg/L have been reported in freshwater (Couto et al., 2018; Milivojevic et al., 2016; Mrozińska 

and Bąkowska, 2020; Perlatti et al., 2021) and coastal areas (Ali et al., 2011; Yunus et al., 2015; 

Wan et al., 2008), respectively. 

During the experiment, mortality was screened and recorded daily, with dead larvae being 

removed from the treatments. The 48-h and 72 h-LC50 of Cu were calculated based on the 

cumulative mortality recorded. To evaluate sublethal effects of MPs and Cu, alone or combined, 

pools of 10 larvae per group/replicate were collected and euthanized with an overdose of 

phenoxyethanol (0.1 mL/L), at 6 dpf for gene expression and biochemical parameters analysis. 

Afterward, considering the survival, the remaining larvae of the control, MPs and the two 

lowest/sublethal concentrations of Cu (Cu10 and Cu30) and Cu+MPs (Cu10+MPs and 

Cu30+MPs) groups, were continuously exposed, for a total of 9 days (until 12 dpf) to evaluate 

the longer-term effects of sublethal concentrations of Cu and MPs on blackspot seabream larval 

development. At 12 dpf, pools of 8 and 10 larvae per group/replicate were randomly sampled 

and euthanized with an overdose of phenoxyethanol (0.1 mL/L) for gene expression and 

biochemical analysis, respectively. Body length was also measured at the end of the experiment 

(n=10 larvae per group/replicate). To evaluate the ingestion of MPs by larvae and, consequently, 

their internal distribution, 5 larvae were randomly sampled from each group at 12 dpf, 

euthanized with an overdose of phenoxyethanol (0.1 mL/L), observed and photographed under 

a fluorescent inverted microscope (Fluorescein-Isothiocyanate (FITC) filter; IX 51, Olympus, 

Belgium) using the Cell^A software (Olympus, Belgium). 

Feeding of fish was initiated at 8 dpf with two meals per day of live rotifer (Brachionus 

plicatilis). Partial water exchanges were performed daily, with the remaining food and detritus 

being removed to maintain water quality and prevent the MPs accumulation. 

 

2.5. RNA isolation and first-strand cDNA synthesis 

From each group, larvae were collected and preserved in RNA Later (Sigma, Germany), at -

80 °C, until processing. After homogenization, RNA was isolated using the Illustra RNAspin 

Mini Kit (GE Healthcare, Germany), according to the manufacturer's protocols. The purity and 

concentration of the total RNA were then checked by measuring the absorbance at 260 and 280 
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nm (A260/280) in a NanoDrop spectrophotometer (Thermo Scientific, USA). RNA integrity 

and potential DNA contamination were also verified in a 1% agarose gel, stained with ethidium 

bromide. After RNA quantification and quality determination, the first-strand cDNA was 

reverse transcribed from 300 ng of total RNA using the NZY First-Strand cDNA Synthesis Kit 

(NZYTech, Portugal) and stored at -20 °C. 

 

2.6. Primers design, sequencing, and sequences analysis 

As no transcriptomic resources are available for blackspot seabream, except for mitochondrial 

DNA, the primers for the beta-actin (actb), catalase (cat), glutathione S-transferase (gst), 

proliferating cell nuclear antigen (pcna) and acetylcholinesterase (ache) genes were designed 

based on conserved regions of closely related fish, such as Sparus aurata, Pagrus major or 

Dicentrarchus labrax (further details specified in Suppl. file 1). For each target gene, the 

sequences of different related fish were retrieved from GenBank and aligned with Multalin 

(http://multalin.toulouse.inra.fr/multalin/multalin.html). Then, the most conserved region 

(consensus sequences – Suppl. file 2) was used as a target to design gene-specific primers with 

the online primer design tool, Primer3 (http://primer3.ut.ee/). To ensure specificity for the 

intended target gene, the selected primers were analyzed with Primer-BLAST. 

Amplicons with the expected size were then validated. These were further purified with FastAP 

Thermosensitive Alkaline Phosphatase (1 U/µL, Thermo Fisher Scientific, Massachusetts, USA) 

and send for sequencing (Centro de Apoio Científico-Tecnolóxico á Investigación, C.A.C.T.I., 

Vigo University, Spain). The obtained nucleotide partial sequences were then aligned and 

analyzed with BLAST (Basic Logical Alignment Search Tool, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi) program, to confirm their identity and homology with 

other teleost fish species (Suppl. file 3). For actb, the amplified sequence of 230 bp showed 99% 

of similarity with actb gene of, for example, Sander lucioperca, Chrysophrys auratus and 

Pagrus major, all belonging to the Perciformes order. The amplified cat sequence, with 134 bp, 

showed 95, 94 and 92% of similarity, respectively, with the cat gene of the species Sparus 

aurata, Dicentrarchus labrax and Lutjanus peru. Regarding the gst sequence (93 bp), 97, 96 

and 91% of similarity was shown with Pagrus major, Sparus aurata and Channa striata gst 

gene, respectively. The ache sequence, with 71 bp, was found to be 96% identical to 

Acanthopagrus latus, a closely related species. Lastly, the amplified sequence of pcna (59 bp) 

showed 100 and 98% of similarity with Acanthopagrus schlegelii, Sparus aurata and 

Dicentrarchus labrax. The alignments showed a high degree of similarity between the obtained 
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blackspot seabream partial cDNA sequences and those from other teleost fishes of the 

Perciformes order, and even from the Sparidae family. The validated partial mRNA sequences 

for each target gene were then deposited in NCBI GenBank database, under the accession 

numbers (actb-MZ464020; cat-MZ464021; gst- MZ464022; pcna-MZ464023; and ache-

MZ464024). 

 

2.7. Gene expression analysis 

The expression levels of the validated antioxidant enzymes (cat and gst) and neuronal (pcna 

and ache) genes were evaluated by quantitative real-time PCR (qPCR). The qPCR reactions 

were performed using 2 µL of diluted cDNA (1: 5) in a final volume of 10 µL reaction mixture 

containing 5 µL of SYBR Green qPCR Master Mix with ROX (NZYTech, Lisbon, Portugal) 

and 200 nM of each primer, on a StepOne™ Real-Time PCR System (Applied Biosystems™, 

USA). The thermal cycling conditions consisted of an initial denaturation at 95 °C for 2 min 

followed by 40 cycles of denaturation at 95 °C for 5 s and primer annealing for 30 s. To verify 

the PCR product specificity, at the end of the amplification phase a melting curve was generated 

(from the annealing temperature of each primer to 95 °C with 0.3 °C increments). In each plate, 

it was included a no template (NT) control and duplicates of each sample. The efficiency of the 

selected primer pairs was estimated through the slope of a standard curve with five-fold serial 

dilution cDNA. The primers sequences, respective annealing temperature, and efficiencies are 

presented in Table S1 (Suppl. file 4). The relative abundance of mRNA of target genes was 

then evaluated following the method described by Pfaffl (2001), which takes into account the 

primer efficiencies, normalized to the reference actb gene. 

 

2.8. Biochemical biomarkers and metallothioneins determination 

Standardized protocols, described in detail by Félix et al. (2016) and Santos et al. (2020), were 

followed to determine the biochemical biomarkers in control and exposed blackspot seabream 

early life stages. Pools of 10 larvae per group/replicate were collected, frozen in liquid nitrogen 

and stored at -80 °C until further analysis. Several biomarkers involved in oxidative stress, 

antioxidant defenses, metabolism, neurotoxicity and detoxification, namely reactive oxygen 

species (ROS), lipid peroxidation (LPO), superoxide dismutase (SOD), catalase (CAT), 

glutathione-S-transferase (GST), reduced (GSH) and oxidized states (GSSG) of glutathione 

levels, lactate dehydrogenase (LDH), acetylcholinesterase (AChE) and metallothioneins (MT), 
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were selected to evaluate blackspot seabream response after exposure to MPs and Cu, alone or 

combined. 

For the biochemical analysis, each sample was homogenized in an ice-cold buffer (pH 7.4, 0.32 

mM of sucrose, 1 mM of MgCl2, 20 mM of HEPES, and 0.5 mM of 

phenylmethylsulfonylfluoride (PMSF)), centrifuged at 4 ºC for 20 min (15000 × g, Sigma 

model 3K30, Germany) and the supernatant was collected for the subsequent analysis. Briefly, 

ROS levels were evaluated following Deng et al. (2009) method, at 485/530 nm 

(excitation/emission wavelength), and expressed as µmol DCF/mg protein. LPO levels were 

quantified as described in Wallin et al. (1993), at 530/600 nm, and expressed as µmol MDA/mg 

protein. SOD and CAT activities were determined following the methods of Durak et al. (1993) 

and Claiborne (1985), at 560 nm and 240 nm, respectively. Both enzymes were expressed as 

U/mg protein. GST and LDH were determined following the methods of Habig and Jakoby 

(1981) and Domingues et al. (2010), respectively, at 340 nm. GST activity was expressed as 

µmol CDNB/min.mg protein and LDH activity as µmol NADH/min.mg protein. Both 

glutathione levels were measured according to the method of Gartaganis et al. (2007) at 320/420 

nm (excitation/emission wavelengths) and expressed as µmol GSH or GSSG/mg protein. AChE 

activity was evaluated, at 405 nm, as described by Rodriguez-Fuentes et al. (2015) and 

expressed as µmol TNB/min.mg protein. 

For metallothionein levels quantification, the collected samples were homogenized in an ice-

cold Tris–HCl buffer (20 mM, pH 8.6) with 0.5 M sucrose, 0.01% β-mercaptoethanol and 0.5 

mM PMSF, centrifuged for 20 min at 4 ºC (15000 × g, Sigma model 3K30, Germany), and the 

supernatant was collected. Then, MT levels were quantified following the Viarengo et al. (1997) 

method, with adaptations (Santos et al., 2020), at 412 nm and expressed as µmol GSH/mg 

protein. 

In all samples, the protein content was determined at 595 nm following the method of Bradford 

(1976). The biochemical biomarkers, metallothioneins, and protein content analyses were 

performed in a PowerWave XS2 microplate scanning spectrophotometer (Bio-Tek Instruments, 

USA), at 30 °C, while the glutathione’s and ROS were determined in a Varian Cary Eclipse 

(Varian, USA) spectrofluorometer equipped with a microplate reader. 

 

2.9. Copper content analysis 

From each group, 50 mL of water samples were collected at 3 and 9 days of exposure to quantify 

Cu concentrations. Briefly, 500 µL of 65% nitric acid (HNO3, Merck, Germany) was added to 
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each sample, which were then stored at 4 ºC until analysis. Subsequently, the Cu content was 

quantified by loading a blank, Cu standard solutions (five different dilutions of standards) and 

each sample in an Electrothermal Atomic Absorption Spectrometer (Unicam 939 Spectrometer, 

GF90 furnace). All absorbance readings were done in duplicate. The results showed that 

nominal and effective Cu concentrations in the water had similar values (Table S2 – Suppl. file 

4), thus the nominal concentrations values were used in the description and discussion of the 

results. 

 

2.10. Integrated biomarker response 

The Integrated Biomarker Response (IBR) stress index was calculated using the methods 

described by Beliaeff and Burgeot (2002) and Devin et al. (2014), to integrate the results 

obtained in the bioassays. Briefly, data were standardized and a score for each biomarker was 

calculated to generate the IBR = ∑ Ai
n
i=1  , where Ai = Si  x  Si+1  x sinα , where Si and Si+1 

represent two consecutive clockwise biomarker scores; Ai is the area that connects two scores; 

and α = 2π/k (k is the number of biomarkers). The star plots and IBR calculations were 

performed with the Microsoft Excel software. 

 

2.11. Statistical analysis 

The statistical analysis was performed using Prism 9.0 (GraphPad Software, Inc., CA, USA). 

The 48-h and 72-h LC50 of Cu were determined based on cumulative mortality through a 

Regression Probit analysis. The obtained data in the experiments were tested for parametric 

assumptions (homogeneity of variances with the Brown-Forsythe’s test and normality with the 

Shapiro-Wilk test). Then, for normally distributed data, significant differences among groups 

were tested with one- or two-way analysis of variance (ANOVA) followed by Tukey’s multi-

comparison post-hoc test. When homogeneity of variances and normality failed, a non-

parametric ANOVA using the Kruskal-Wallis on Ranks test, followed by the Dunn’s multi-

comparison post-hoc test, was performed. Additionally, to reduce the heterogeneity of variance, 

data (NRQ values) of gene expression analysis were log2 transformed (Cq’). Significant 

differences were considered for p<0.05. 

A principal component analysis (PCA) was also performed with the data from the biochemical 

and molecular biomarkers to establish the most important variables involved in the response of 

blackspot seabream larvae to MPs and Cu exposure. Initially, an unconstrained ordination was 
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applied to the studied variables to reduce the dimensionality and extract the dominant factors. 

The principal components are linear combinations of the original variables, and the loadings 

represent their correlation coefficients. Afterward, a constrained ordination - redundancy 

analysis (RDA) was used, to extract and summarize the variation in the response variables that 

can be explained by the explanatory variables. A partial RDA was applied to understand the 

variation in gene expression and enzyme activities of the larvae, which was explained by the 

three variables, namely the: (1) exposure time, (2) Cu concentration, and (3) type of substance 

(plastic versus heavy metal). The significance of the studied variables was tested with 999 

Monte Carlo permutations. Variables related to enzymatic activities were standardized before 

all analyses, to preserve the original scale. The PCA and RDA were carried out using CANOCO 

5 (version 5.12, Biometrics, Wageningen, Netherlands). 

 

3. Results and Discussion 

3.1. Lethal Toxicity of Cu in blackspot seabream 

The LC50 values of Cu for blackspot seabream larvae are given in Figure 1. The obtained 48 h 

and 72 h LC50 and corresponding 95% confidence values were 1682 (46 – 605) µg Cu/L and 

86 (46 – 158) µg Cu/L, respectively. These results showed a concentration- and time-dependent 

decrease in survival and, thus, an increase in Cu sensitivity. 

 

 

Figure 1. Concentration-response curve of 48 h and 72 h mortality in blackspot seabream (Pagellus bogaraveo) 

larvae exposed to copper (Cu, 10, 30, 90, 270 and 810 µg/L) from 3 until 6 days post-fertilization (dpf). The values 

are presented as mean ± SD from three independent replicate exposures. 

 

The obtained LC50 values fall within the reported values in other marine species. In gilthead 

seabream (Sparus aurata) larvae exposed to Cu 48-, 72-, and 96-h LC50 values of 261, 83 and 
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64 µg Cu/L, respectively, were reported (Oliva et al., 2007). Nevertheless, it has been shown 

that Cu toxicity is species-dependent. For example, 48-, 72-, and 96-h LC50 values of 1280, 

1170 and 1030 µg Cu/L were obtained for silver seabream (Sparus surba) (Wong et al., 1999), 

while values of 520, 190 and 130 µg Cu/L were reported for red seabream (Pagrus major) (Cao 

et al., 2010). These values were higher than those reported in the present study for blackspot 

seabream larvae, suggesting a higher sensitivity of this species to Cu. Additionally, it has been 

suggested that Cu toxicity can be affected by water salinity. In fact, Shuhaimi-Othman et al. 

(2010) reported 72-h LC50 values of 18.9 and 61.3 µg Cu/L in two freshwater species, Rasbora 

sumatrana and Poecilia reticulata, respectively, thus showing a higher sensitivity of these 

species to Cu than the described marine species. However, zebrafish (Danio rerio) seem to be 

more tolerant to Cu, since higher 72- and 96-h LC50 values, viz. 125 and 636 µg Cu/L, 

respectively, were reported (Santos et al., 2020; Sonnack et al., 2015). Overall, tolerance to Cu, 

like other pollutants, has been reported to be substantially affected not only by species 

physiology, which exerts the greatest influence on Cu toxicity, but also by other factors, 

including the chemical characteristics of the water (e.g. salinity, hardness). 

 

3.2. Effects of MPs and Cu, alone or combined, after 3 days of exposure 

In the first 3 days of exposure, blackspot seabream larval mortality increased with time, with 

only significant values being observed after 48 h (F(11, 24)=9.75, p<0.0001) and 72 h (F(11, 

24)=49.57, p<0.0001) of exposure (Table 1). For example, after 48 h, the 5 dpf larvae showed 

high mortalities (around 30%, p<0.05) in the two higher concentrations of Cu and respective 

mixtures, compared to the control group (3%). 

It has been reported that heavy metals exposure during early development strongly affects the 

survival, growth or behavior of fish, which can potentially have an impact on the population 

fitness (Jezierska et al., 2009; Weis, 2014). Since elevated mortality was observed in the Cu810 

and Cu810+MPs groups, these treatments were not used for the biochemical and genetic 

analysis. Likewise, other studies have described a lower survival of fish embryos and larvae, 

when exposed to high concentrations of Cu (Santos et al., 2021, 2020; Sonnack et al., 2015; 

Wang et al., 2020) or mixtures of MPs with heavy metals (Santos et al., 2021, 2020; Zhang et 

al., 2020). The survival of larvae was not affected (p>0.05) by the MPs treatment or by the two 

sublethal concentrations of Cu and Cu+MPs. These results are consistent with previous studies, 

which reported no effects of MPs alone (Jakubowska et al., 2020; Le Bihanic et al., 2020; Zhang 
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et al., 2021; Zitouni et al., 2021) or relatively low concentrations of Cu (Cao et al., 2010) on 

fish early life stages. 

 

Table 1. Cumulative mortality of blackspot seabream (Pagellus bogaraveo) larvae, between 4- and 6-days post-

fertilization (dpf), after 24, 48 and 72 h of exposure to microplastics (MPs) and copper (Cu), alone or combined. 

 

 

Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple-comparison test. Data are expressed 

as mean ± S.D. from three independent experiments. Different lowercase letters indicate significant differences between groups, 

while different uppercase letters indicate significant differences between timepoints within the same group (p<0.05). 

 

The direct or indirect induction of oxidative stress, alterations in the antioxidant and 

detoxification mechanisms and/or signs of oxidative damage in fish, have been recognized as 

some of the main effects of pollution exposure (Lushchak, 2016). In this regard, to evaluate if 

an acute exposure to MPs and Cu, alone or combined, induces oxidative stress in blackspot 

seabream larvae, the levels of several biomarkers related to oxidative stress and the antioxidant 

defense system were evaluated and are shown in Table 2. In the present study, ROS levels were 

not affected by the treatments, although a tendency to higher levels of ROS than in the control 

group was observed in the Cu270+MPs group (p>0.05). In fact, a significant increase in SOD 

activity was observed in the Cu270+MPs group (p<0.0001), relative to the control group, 

indicating a cellular response against ROS and oxidative damage. Nevertheless, the induction 

of oxidative damage in larvae was not prevented, since a significant increase of LPO levels was 

observed in both Cu270 (p=0.018) and Cu270+MPs (p<0.0001) groups, comparatively to the 

Treatment groups 
Cumulative mortality (%) 

4 dpf 5 dpf 6 dpf 

 Control 0.3±0.5 3.1±1.3a 8.9±1.7a 

0.3 mg/L MPs 10.3±15.6A 18.9±15.0ABabd 29.7±20.6Ba 

10 µg/L 
Cu 1.0±0.8 5.6±1.9ae 12.5±4.4a 

Cu+MPs 2.2±3.8 8.3±5.8ab 15.8±11.3a 

30 µg/L 
Cu 0.6±0.5 3.6±1.7a 6.9±2.1a 

Cu+MPs 0.8±0.0 5.3±2.9ae 8.9±3.5a 

90 µg/L 
Cu 1.1±0.5A 22.5±8.7Babd 57.2±2.4Cb 

Cu+MPs 1.9±2.7A 21.4±4.6Babd 69.7±12.2Cbc 

270 µg/L 
Cu 0.8±0.0A 31.4±5.0Bbc 71.4±8.8Cbc 

Cu+MPs 13.9±23.3A 48.9±19.2Bc 88.3±10.2Cc 

810 µg/L 
Cu 5.6±2.7A 34.2±1.7Bcd 93.3±0.8Cc 

Cu+MPs 0.6±0.5A 28.6±4.8Bbce 93.9±3.4Cc 
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control group. Indeed, it has been reported that even low rises in ROS concentrations, due to 

metal exposure, can cause severe damage in fish (Srikanth et al., 2013). Additionally, the CAT 

and GST activities decreased significantly in all exposed groups (p<0.001), compared to the 

control group, suggesting an imbalance of the antioxidant system and consequently an 

inefficient oxidative stress reduction. In turn, this may have contributed to the induction of 

oxidative damage and, consequently to the higher mortality observed in these exposed groups. 

This complex variation on the enzyme’s response to MPs and Cu, alone or combined, may 

indicate the involvement of different cellular mechanisms and/or signaling pathways, as stated 

by Avio et al. (2015). Indeed, it has been shown that MPs and/or heavy metals (Cu, mercury or 

cadmium) can disrupt the redox signaling, induce oxidative stress, and/or damage cellular 

components in early life stages (Campos et al., 2021; Santos et al., 2021, 2020) and adult fish 

(Barboza et al., 2018b; Capó et al., 2021; Lu et al., 2018; Qiao et al., 2019; Rios-Fuster et al., 

2021; Wen et al., 2018; Xu et al., 2021), as well as in bivalves (Oliveira et al., 2018; Parra et 

al., 2021). In studies carried out with gilthead seabream (Sparus aurata) exposed to low-density 

polyethylene MPs, an increase in the activity of the antioxidant enzymes has been reported 

(Capó et al., 2021; Rios-Fuster et al., 2021). While other authors working with meagre larvae 

Argyrosomus regius (Campos et al., 2021) and zebrafish (Lu et al., 2018) have described the 

inhibition of antioxidant enzymes, after exposure to polyethylene or polystyrene MPs, 

respectively. This discrepancy of responses and the mechanisms which affect the antioxidant 

enzymes of MPs and heavy metals exposed fish, are complex and remain unclear. For instance, 

the interaction of the heavy metals with the active site of the antioxidant enzymes (Letelier et 

al., 2005), or the induction of pro-inflammatory responses, which leads to oxidative stress, by 

the plastic particles (Hu and Palić, 2020), have been proposed as potential mechanisms that lead 

to an imbalance of the antioxidant system. Moreover, it has been reported that the response of 

the antioxidant enzymes to pollutants is dependent on the species and developmental stage, with 

some fish exhibiting a high enzymatic activity, while others show decreased levels or no 

responses (Cao et al., 2010). Nevertheless, further research is still needed for better mechanistic 

understanding. 

GSH is a tripeptide that acts as an antioxidant and can regulate the scavenging of ROS and their 

reaction products in combination with other enzymes, such as GST (Srikanth et al., 2013). In 

the present study, no statistical differences were detected for GSSG between the experimental 

groups, despite a tendency to lower levels of GSSG have been observed in all groups, in 

comparison with the control larvae. In turn, a significant increase of GSH levels was observed 



Toxicity of microplastics and copper in blackspot seabream larvae - CHAPTER 9 

 
271 

 
 

T
a

b
le

 2
. 
C

h
an

g
es

 i
n

 o
x

id
at

iv
e 

st
re

ss
 i
n

d
ic

es
, 
g

lu
ta

th
io

n
e 

le
v

el
s,

 a
n

ti
o

x
id

an
t,

 l
ac

ta
te

 d
eh

y
d

ro
g

en
as

e 
an

d
 a

ce
ty

lc
h

o
li

n
es

te
ra

se
 e

n
zy

m
es

 a
ct

iv
it

ie
s 

in
 6

 d
ay

s 
p

o
st

-f
er

ti
li

za
ti

o
n
 

(d
p

f)
 b

la
ck

sp
o

t 
se

ab
re

am
 (

P
a
g

el
lu

s 
b

o
g

a
ra

ve
o

) 
la

rv
ae

 e
x

p
o
se

d
 t

o
 m

ic
ro

p
la

st
ic

s 
(M

P
s)

 a
n

d
 c

o
p

p
er

 (
C

u
),

 a
lo

n
e 

o
r 

co
m

b
in

ed
. 

D
at

a 
fr

o
m

 t
h

re
e 

in
d
ep

en
d

en
t 

re
p

li
ca

te
s 

an
d
 e

x
p

re
ss

ed
 a

s 
m

ea
n
 ±

 S
.D

. 
S

ta
ti

st
ic

al
 a

n
al

y
si

s 
w

as
 p

er
fo

rm
ed

 u
si

n
g

 o
n
e
-w

ay
 A

N
O

V
A

 f
o
ll

o
w

ed
 b

y
 T

u
k
ey

's
 m

u
lt

ip
le

-c
o

m
p
ar

is
o

n
 t

es
t.

 W
h

en
 t

h
e 

p
ar

am
et

ri
c 

A
N

O
V

A
 

as
su

m
p

ti
o

n
s 

fa
il

ed
, 

a 
K

ru
sk

al
–

W
al

li
s 

o
n
e-

w
ay

 A
N

O
V

A
 o

n
 R

an
k

s 
w

it
h

 D
u

n
n

’s
 p

o
st

-h
o

c 
m

u
lt

ip
le

 c
o

m
p

ar
is

o
n

s 
te

st
 w

as
 u

se
d
. 

D
if

fe
re

n
t 

lo
w

er
ca

se
 l

et
te

rs
 i

n
d
ic

at
e 

si
g

n
if

ic
an

t 
d

if
fe

re
n

ce
s 

b
et

w
ee

n
 g

ro
u

p
s 

(p
<

0
.0

5
).
 

 



Toxicity of microplastics and copper in blackspot seabream larvae - CHAPTER 9 

 
272 

in the Cu270+MPs group (p=0.0038), compared to the control group. The induction of GSH 

can be attributed to the increased ROS observed in this group, suggesting, therefore, the 

activation of the GSH biosynthesis as a compensatory response to overcome the oxidative stress 

induced by the MPs and Cu. Likewise, modulation of the GSH pool in fish exposed to mixtures 

of MPs and Cu (Roda et al., 2020; Santos et al., 2021, 2020) or cadmium (Wen et al., 2018) 

was previously reported.  

LDH is an enzyme involved in glycolysis, that regulates the anaerobic metabolism (Vieira et 

al., 2009). This enzyme activity is considered a sensitive biomarker that allows evaluating 

alterations in the pathways of cellular energy production, but also damages in cells and tissues, 

being thus useful to assess the health status of the aquatic organisms (Vieira et al., 2009). In 

this study, no significant differences were observed in LDH activity (Table 2) among the 

exposed groups (p>0.05). AChE is a crucial enzyme for the proper functioning of the nervous 

system, being involved mostly in the control of motor neuron function (Hu and Palić, 2020). In 

this study, the activity of the AChE, a neurotoxicity biomarker, did not show significant 

alterations in any of the exposed groups, in comparison with the control group. The effects of 

MPs and Cu on AChE activity have led to divergent results in the literature. For instance, 

Campos et al. (2021) reported that polyethylene MPs (125 µm) inhibited AChE activity in 

meagre larvae (Argyrosomus regius), after only 7 h of exposure. In zebrafish early life stages, 

exposure to Cu or mixtures of MPs (1-5 µm) with Cu, during 96 h (Santos et al., 2020) or 14 

days (Santos et al., 2021), also suppressed AChE activity. However, other authors have reported 

an increase (Barboza et al., 2020; O’Donovan et al., 2018; Parra et al., 2021) or no response - 

as in our study - in AChE activity (Magni et al., 2018; Schmieg et al., 2020) of bivalves and 

fish exposed to MPs and/or mixtures of MPs with other pollutants. In turn, these variations 

among studies may be related to the type, size and concentration of the MPs, or their co-

exposure with pollutants, as well with the species and experimental conditions. 

When considering the expression levels of the biochemical biomarkers, the gene expression 

profiles of cat (F(9, 47)=2.27, p=0.0332) and gst (F(9, 47)=5.24, p<0.0001) did not support the 

results observed for these enzymes activities, since these two genes were not affected by the 

treatments (p>0.05), when compared with the control group (Fig. 2A and 2B, respectively). 

This may be related to a delay between the inhibition of the enzymes and the expression of 

these genes. Indeed, it has been pointed out that this may occur due to the many regulatory steps 

that exist between transcription and translation, as well as the numerous processes affecting the 

final protein concentrations in a tissue (Trestrail et al., 2020) so that the enzyme activity does 
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not reflect the mRNA levels in time (Xu et al., 2021). The ache expression (F(9, 47)=6.69, 

p<0.0001, Fig. 2C) was also not affected by the treatments (p>0.05), compared to the control 

group, as well as the corresponding AChE enzyme activity. Additionally, the gene expression 

of pcna (F(9, 47)=4.20, p=0.0005), also important for neuronal function (Fig. 2D), did not show 

significant alterations in the exposed larvae either, comparatively to the control group. 

Although genetic biomarkers can contribute to understanding the organism’s response to 

pollutants at the lowest level of biological organization, data should be interpreted carefully 

since transcription results do not always correlate with protein levels (Trestrail et al., 2020). 

Similarly, other authors have reported inconsistencies between gene transcription and enzyme 

activity in fish species exposed to Cu (Craig et al., 2007; Santos et al., 2020), polyvinylchloride, 

polyethylene or polystyrene MPs (Espinosa et al., 2019; Yu et al., 2018), or mixtures of 

polystyrene with the organophosphate flame retardant triphenyl phosphate (TPhP) (Zhang et 

al., 2021b). 

 

 

Figure 2. Relative transcriptional levels of (A) catalase (cat), (B) glutathione S-transferase (gst), (C) 

acetylcholinesterase (ache), and (D) proliferating cell nuclear antigen (pcna), in 6 days post-fertilization (dpf) 

blackspot seabream larvae exposed to microplastics (MPs) and copper (Cu), alone or combined, from 3 until 6 dpf. 

Data shown as mean ± S.D., normalized to the β-actin (actb) reference gene. Statistical analysis was performed 

using one-way ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters indicate 

significant differences between groups (p<0.05). 
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3.3. Toxicity effects of MPs and Cu, alone or combined, after 9 days of exposure 

During the 9 days of exposure, blackspot seabream larvae ingested the plastic particles, along 

with the food. In the control and Cu exposed larvae, no visible fluorescent MPs were detected. 

Whereas, after the longer exposure, an accumulation of plastic particles was observed in the 

gastrointestinal tract of the larvae exposed to MPs and Cu+MPs groups (Suppl. file 4 – Fig. S1). 

The ingestion of plastic particles has been previously demonstrated in larvae of several fish 

species exposed to MPs or mixtures of MPs with other pollutants (Karami et al., 2017; Santos 

et al., 2021; Yang et al., 2020; Zitouni et al., 2021). Nevertheless, in the present study, no effects 

of MPs, alone or combined with Cu, were observed in the body length (F(5, 171)=0.75, 

p=0.5823) of blackspot seabream larvae (p>0.05) (Suppl. file 4 – Fig. S2). Likewise, a similar 

body length to the control group was observed in larvae exposed to Cu treatments (p>0.05) 

(Suppl. file 4 – Fig. S2). In agreement with our results, the growth of sea trout (Salmo trutta) 

(Jakubowska et al., 2020) and zebrafish larvae (Santos et al., 2020) was not affected when 

exposed to Cu and/or MPs. Mazurais et al. (2015) suggested that the lack of MPs effects in 

terms of body condition (e.g. growth) may be related to the morphology of the particles. As in 

their study, the MPs used in the present study are spherical, which facilitates their egestion from 

the body, as well fewer injuries and inflammatory reactions in the gut. In this regard, although 

no alterations were detected on the growth of blackspot seabream larvae, the ingestion of plastic 

particles may have potential long-term negative impacts on normal food absorption and 

digestion. Aggravating this, the ingestion of MPs may significantly increase the desorption of 

sorbed chemicals with detrimental implications in terms of bioaccumulation and 

biomagnification for aquatic organisms (Teuten et al., 2009). Thus, further research with plastic 

particles of different shapes and roughness, as well as with adsorbed chemicals, may reveal and 

potentially better simulate the effects of MPs in the natural environment.  

Levels of biochemical biomarkers in 12 dpf larvae are shown in Table 3. An increase of the 

ROS levels in the MPs and Cu30 exposed larvae was observed (p<0.05), compared to the 

control group. Similarly, a tendency to higher levels of ROS was observed in the mixture 

Cu30+MPs, in comparison with the control group (p>0.05), highlighting the ability of MPs 

alone or combined with heavy metals to induce the production of ROS. Regarding the 

antioxidant enzymes, no effects were noticed in SOD activity (p>0.05), while as in the 3 days 

exposure group, a significant decrease of CAT activity was observed in all exposed groups 

(p<0.0001), in relation to the control group. This decrease in CAT activity may be related to its  
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inactivation by an overproduction of ROS or due to the direct binding of Cu ions to the enzyme 

active site. Moreover, the cat gene expression (F(5, 25)=16.56, p<0.0001, Fig. 3A) decreased 

significantly in MPs, Cu10+MPs and Cu30 exposed larvae (p<0.01), compared to the control 

group. In Cu10 and Cu30+MPs exposed larvae, cat gene also presented a non-significant lower 

expression than the control group. In turn, this may also have contributed to the decrease 

observed in CAT activity. On the other hand, the GST activity increased significantly in the 

MPs, Cu30 and Cu30+MPs groups (p<0.05), whereas the expression of the gst gene (F(5, 

25)=1.92, p=0.1266, Fig. 3B) did not show significant differences among the MPs, Cu and 

Cu+MPs groups, and the control group. When comparing with the 3 days exposure responses, 

the results show that 9-days of exposure to MPs and sub-lethal concentrations of Cu increased 

intracellular ROS in blackspot seabream larvae, and consequently triggered the activation of 

GST, a phase II biotransformation enzyme, suggesting a possible shift towards a detoxification 

mechanism. GST can use GSH as a conjugating molecule in the detoxification process. In turn, 

the GST activity seems to be followed by the cellular GSH depletion (Srikanth et al., 2013), 

which was observed in the present study, since the GSH levels decreased significantly in both 

Cu and Cu+MPs groups (p<0.05), in comparison with the control group. However, the GSSG 

levels only decreased significantly in Cu10+MPs (p=0.0095), compared to the control group. 

Moreover, a significant increase of MT levels, which are stress-inducible thiol-rich proteins 

essential in metals detoxification, was observed in the Cu30+MPs larvae, in comparison with 

the control group (p=0.0129) and with the respective Cu30 group (p=0.0325). Accordingly, 

this suggests that both the 3-day and 9-day exposure to MPs and Cu, alone or combined, may 

differently affect blackspot seabream larvae, which would respond to the induced oxidative 

stress through different cellular mechanisms and signaling pathways. In fact, after  9 days of 

exposure, the GST and the glutathione system acted as the main protective system against 

oxidative stress, when other antioxidant defenses, such as CAT and SOD, were not efficient. 

Similarly, an increase of the intracellular ROS and consequent oxidative stress and 

antioxidant/detoxification response in zebrafish (Santos et al., 2021; Xu et al., 2021), discus 

fish (Symphysodon aequifasciatus) (Wen et al., 2018) and gilthead seabream (Sparus aurata) 

(Solomando et al., 2020), was demonstrated after subchronic or long-term exposure to heavy 

metals, MPs and/or mixtures of MPs with other pollutants. 

Despite the increased ROS levels, no oxidative damage was observed in blackspot seabream 

larvae after 9 days of exposure, since LPO did not suffer a significant increase, thus suggesting 

a suitable neutralization of the intracellular ROS by the antioxidant system, contrarily to the 3 
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days of exposure. In fact, in the Cu30 and Cu30+MPs groups, the LPO levels decreased 

significantly (p<0.05), compared to the control larvae. LPO decrease has been associated with 

a decrease of the larvae lipid reserves, due to an enhanced metabolic activity required for the 

detoxification processes (Campos et al., 2021). Other authors have suggested that exposure to 

stressful factors may alter the composition and proportion of fatty acids in fish and, therefore, 

contribute to a lesser vulnerability of the cell membrane to damage and lower LPO levels (Faria 

et al., 2018).  

 

 

Figure 3. Relative transcriptional expression levels of (A) catalase (cat), (B) glutathione S-transferase (gst), (C) 

acetylcholinesterase (ache), and (D) proliferating cell nuclear antigen (pcna), in 12 days post-fertilization (dpf) 

blackspot seabream larvae exposed to microplastics (MPs) and copper (Cu), alone or combined, from 3 until 12 

dpf. Data shown as mean ± S.D., normalized to the β-actin (actb) reference gene. Statistical analysis was performed 

using one-way ANOVA followed by Tukey's multiple-comparison test. Different lowercase letters indicate 

significant differences between groups (p<0.05). 

 

Similarly, decreased LPO levels were reported in zebrafish larvae exposed to Cu alone (15-125 

µg/L) or combined with MPs (2 mg/L), for 96 h (Santos et al., 2020), and in marine mussels 

(Mytilus sp.) exposed to 32 µg/L of polystyrene MPs combined with fluoranthene (30 µg/L) 

(Paul-Pont et al., 2016). In addition to this decrease of LPO, our results showed a decrease in 

LDH activity in both Cu+MPs groups (p<0.01), in comparison with the control group. 
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Additionally, the Cu30+MPs larvae showed significantly lower levels of LDH activity than the 

respective Cu30 group (p=0.0111). Besides, this decrease in LDH indicates that there was no 

leakage of this enzyme from the cell membrane and therefore there was no cellular damage. 

Such decline also suggests possible changes in the processes of glycolysis and 

glycogenogenesis (Elarabany and Bahnasawy, 2019). Likewise, an inhibition/decrease of LDH 

activity was reported in common goby (Pomatoschistus microps) exposed, for 96 h, to Cu and 

mercury (Vieira et al., 2009), and in zebrafish exposed, for 96 h, to Cu alone or in mixture with 

fluorescent MPs (Santos et al., 2020). 

As in the 6 dpf larvae, AChE activity did not show alterations in the 12 dpf larvae, after 9 days 

of exposure to MPs and Cu, alone or combined (p>0.05). However, its transcript, the ache gene 

(F(5, 25)=14.55, p<0.0001), did show a significant decrease in its expression in the MPs, 

Cu10+MPs and both Cu groups (p<0.05) (Fig. 3C), pointing out that longer exposure to MPs 

and Cu may interfere with the cholinergic signaling pathway. Additionally, although not 

statistically significant, a tendency to lower levels of pcna gene expression was observed in 

MPs, Cu10 and Cu30+MPs exposed larvae, in comparison with the control group (p>0.05), 

thus demonstrating the neurotoxic potential of MPs (Prüst et al., 2020). As discussed in the 

above section, contradictory results have been reported about the neurotoxicity of MPs, in 

different aquatic species (reviewed in Prüst et al., 2020). Inhibition of AChE activity has been 

the most reported effect in fish and bivalves exposed to MPs alone (Barboza et al., 2018b; 

Limonta et al., 2021; Roda et al., 2020; Tlili et al., 2020), or combined with mercury (Barboza 

et al., 2018b), or with Cu (Roda et al., 2020). Whereas other studies have found an increase of 

AChE activity in fish exposed to polystyrene plastics (Estrela et al., 2021; Guimarães et al., 

2021; Huang et al., 2022). Nevertheless, regardless of these differences or the involved 

mechanisms, most of the studies, including this work, highlight the potential neurotoxic effect 

of plastic particles in aquatic species. In turn, deleterious effects at the neurological level, such 

as in the cholinergic neurotransmission, can impact motor and cognitive functions and, 

consequently, lead to behavioral changes crucial for fish survival, feeding, predation and/or 

reproduction. In this regard, the different response between the ache transcript and the AChE 

protein observed in the present study may be related to a delayed downregulation of protein 

synthesis during stress, which in turn may be associated with increased intracellular ROS. In 

fact, it has been demonstrated that ROS can induce damage or modifications on the intracellular 

regulatory systems which control gene expression and translation and affect multiple translation 

steps (Ghosh and Shcherbik, 2020). 
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The present findings highlight that some toxic effects of MPs or mixtures of MPs with heavy 

metals in marine fish early life stages will be more pronounced after longer exposures, rather 

than after acute exposure (Cong et al., 2019). 

 

3.4. MPs modulation of Cu toxicity 

In the blackspot seabream, significant interactions were found between MPs and Cu (Table S3, 

Suppl. file 4), particularly for the biochemical biomarkers. Indeed, in some biomarkers, such as 

SOD and GSH, significant differences between the Cu+MPs and the respective Cu treatment 

were observed at 6 dpf (Table 2), indicating that the presence of MPs may have influenced the 

toxicity of Cu. In turn, this modulation seems to be concentration-dependent. For instance, 

significantly higher levels of SOD were observed in Cu10+MPs than in Cu10, suggesting a 

possible synergistic effect of MPs, while in the Cu270+MPs was noticed a significantly lower 

activity of SOD in comparison with Cu270, and therefore a possible antagonistic effect of 

plastics. After 9 days of exposure, for the GSSG, MT, cat and ache parameters it was found a 

possible synergism at the high concentration of Cu+MPs, and an antagonism effect at the lower 

concentration of Cu+MPs. Similarly, multiple studies with fish have reported the modulation 

of chemicals toxicity by MPs, with these showing synergistic (Banaee et al., 2019; Lu et al., 

2018; Qiao et al., 2019; Wen et al., 2018; Xu et al., 2021) or antagonistic effects (Santos et al., 

2020; Wen et al., 2018; Zhang et al., 2020) or no interaction at all (Schmieg et al., 2020). This 

variability between studies has been linked with the type of the associated chemical and the 

adsorption capacity of MPs, the size and concentration of MPs, the experimental conditions or 

the exposure time, the species, and the developmental phase of the organism. In turn, these 

findings highlight that the assessment of MPs in mixture with other pollutants is urgently 

needed to reach more realistic risk assessment data. 

 

3.5. Integrated biomarker response (IBR) and multivariate analysis 

The IBR index allows to integrate and visualize more clearly the specific biomarkers responses 

of the organisms exposed to stressful conditions (Beliaeff and Burgeot, 2002). The obtained 

IBR values and the corresponding star plots in the present study are shown in Figure S3 (Suppl. 

file 4). The individual biomarker scores for each group are also presented in Tables S4 and S5 

(Suppl. file 4), for the 3- and 9-day exposure bioassays, respectively. 
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The results showed that in the 3-day exposure bioassay the biomarkers ROS, GSH, GSSG and 

LPO were the most responsive, particularly in the Cu270+MPs group since they presented the 

highest scores (Fig. S3A, Table S4). Whereas, at the sublethal concentrations of Cu (Cu10 and 

Cu30) and respective mixtures, AChE and ache seem to be the more responsive biomarkers 

(Fig. S3A, Table S4), suggesting a shift in the responses from sublethal to lethal exposure. In 

turn, the IBR index presented higher values in MPs, Cu10+MPs, Cu30 and Cu270+MPs groups, 

indicating that the larvae of these groups were in higher stress (Fig. S3A). On the other hand, 

the MT, GST, GSH, GSSG, LPO and LDH were the most responsive biomarkers after 9 days 

of exposure of blackspot seabream larvae to MPs and Cu, alone and combined (Fig. S3B, Table 

S5). When considering the IBR index, the highest IBR values were observed on both Cu groups 

and in the Cu30+MPs group (Fig. S3B), evidencing higher stress on the larvae exposed to these 

treatments. From the perspective of molecular and biochemical reactions, a higher response of 

the antioxidant system enzymes and LPO was noticed in both 3- and 9-day exposure. 

Considering the same subset of biomarkers, the above results highlight that 9 days of exposure 

to sublethal concentrations of Cu, particularly Cu10, induces higher stress on larvae, since a 

higher IBR index was observed in these groups, compared to the observed in the 3-day exposure 

(6 dpf). 

PCA was applied to reduce the dimensionality of data and extract the dominant factors. The 

results show which studied variables, related to gene expression and enzymatic activity, 

explained the response of the larvae to the concentrations of MPs and Cu, alone or in 

combination (Fig. 4). The first principal component (PC1) explained 51.61%, while the second 

principal component (PC2) explained 12.87% of the overall variation (1175.052). Therefore, 

the first two principal components explained 64.5% of the total variance, avoiding 

multicollinearity. PC1 was negatively related to the increase of MPs and Cu concentrations. In 

this axis, the ache is related to the lowest concentrations of Cu+MPs (10, 30 and 90 µg/L). PC2 

was also defined by the gradient of Cu concentration and exposure time, with 9-day exposure 

being positively correlated with this axis, contrarily to the shorter exposure. 

A partial redundancy analysis (pRDA) on three groups of variables, testing simple effects, was 

processed (Group 1 - exposure time with three variables; Group 2 - Cu concentration with five 

variables; Group 3 - the type of substance with four variables). The results from this partially 

constrained ordination estimated the fraction of variance in the gene expression and enzymatic 

activities of the larvae, explained by each subset of variables (Fig. 5). 
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Figure 4. Principal component analysis of the studied variables (biochemical and molecular biomarkers) in 

blackspot seabream exposed to MPs and Cu, alone or combined. The first two axis explain 64.5% of the total 

variance. The arrows show the gradient concentration presented in all plots and axis. 

 

Monte Carlo permutations were highly significant for all axes (p<0.001; 67.83% of the total 

variance for the first 2 axes - axis 1 = 53.64% and axis 2 = 14.19%). The results reflected a 

higher contribution of exposure time (22.6% of the explained variation), compared to the type 

of substance (21.4%) and the Cu concentration (16.7%). The shared variation between the three 

groups of variables was 21.2% (Fig. 5D). The pRDA biplot related to exposure time (Fig. 5A), 

shows that axis 1 separates the 3-day from the 9-day exposure. As shown in Figure 5B, whether 

in a mixture or not, the lowest concentrations of Cu (10 and 30 µg/L), are positively correlated 

to pcna, ache and AChE, while, Cu270 is associated with higher SOD, GSH, LPO and LDH 

values. The Cu90 treatment is negatively correlated to CAT activities and GSSG content. 

Moreover, the Cu+MPs groups are positively associated with ROS and ache (Fig. 5C). 

Contrarily, each substance alone, independently from the Cu concentration, is negatively 

correlated with ROS and ache, and positively with LPO and AChE (Fig. 5C). 
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Overall, the PCA and pRDA analysis highlight that the exposure time, more than the 

concentration, contributes and influences the effects of MPs and Cu, alone or combined, in 

blackspot seabream larvae. Thus, more studies evaluating the long-term effects of MPs are 

important. 

 

 

Figure 5. Biplot of partial redundancy analysis (RDA) investigating the effect of three groups of the studied 

variables: Group 1 - exposure time (A), Group 2 - Cu concentration (B), and Group 3 - type of substance (C), in 

the molecular and biochemical biomarkers evaluated in blackspot seabream larva. In (D) is shown the % of 

variance explained by each group of variables and respective interception. Arrow length is proportional to the 

strength of correlation between each variable and the RDA axes. RDA axes 1 and 2 explain 53.64% and 14.19% 

of the observed variation, respectively. The red arrows show the gradients in the respective biplot. NS – not 

significative. 
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4. Conclusions 

Overall, the present study highlights that 3 days of exposure to high concentrations of Cu and 

Cu+MPs results in oxidative stress and lower larval survival, which could negatively impact 

fish fitness and populations dynamics. Additionally, with longer exposure times, significant 

responses were observed in larvae exposed to MPs alone, indicating that, for instance, the 

neurotoxicity of plastic particles may arise after longer exposures. Our findings provide 

evidence that exposure to MPs and Cu, alone or combined, can promote a reduction of larvae 

survival, oxidative stress and lipid peroxidation, as well alterations in the LDH activity and 

cholinergic neurotransmission, which, in turn, can result in negative impacts on the fitness of 

fish larvae. Besides, the present study also reinforces the evidence reported in the literature that 

the effects of plastic particles in aquatic organisms are partially dependent of the experimental 

conditions, the shape, type, size and concentrations of MPs, the associated additives or adsorbed 

chemicals, or the evaluated species.  

In conclusion, the present study emphasizes that further research on the effects of MPs, alone 

or combined with other pollutants, should include longer exposures to properly evaluate the 

potential risk of plastic particles to the organisms' health condition.  
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Supplementary Data 

Supplementary File 1 

ACTIN TRANSCRIPT 

>AY491380.1 Acanthopagrus schlegelii beta actin mRNA, complete cds 

>AY227658.1 Zoarces viviparus beta actin (ACT-B) mRNA, partial cds 

>AB288085.1 Sillago japonica mRNA for actin, complete cds 

>GU731674.1 Scomber japonicus beta actin (Act) mRNA, partial cds 

>NM_001123525.1 Salmo salar beta actin (LOC100136352), mRNA 

>AY227657.1 Pachycara brachycephalum beta actin (ACT-B) mRNA, partial cds 

>EU443733.1 Larimichthys crocea beta actin mRNA, partial cds 

>NM_181601.5 Danio rerio actin, beta 2 (actb2), mRNA 

>JN226152.1 Sebastes inermis beta-actin mRNA, complete cds 

>JN226153.1 Sebastes schlegelii beta-actin mRNA, complete cds 

>KU200949.2 Epinephelus lanceolatus beta-actin mRNA, complete cds 

>EU664997.1 Perca fluviatilis beta-actin mRNA, complete cds 

>AY332493.2 Perca flavescens beta-actin mRNA, complete cds 

>AY510710.2 Epinephelus coioides beta actin mRNA, complete cds 

>KC594078.1 Chaenocephalus aceratus beta-actin mRNA, complete cds 

>GQ229125.1 Pagothenia borchgrevinki beta-actin mRNA, partial cds 

>GQ229126.1 Notothenia angustata beta-actin mRNA, partial cds 

>AJ493428.1 Dicentrarchus labrax partial mRNA for beta actin (act gene) 

 

CATALASE TRANSCRIPT 

>JQ308823.1 Sparus aurata catalase (CAT) mRNA, complete cds  

>KJ578923.1 Siniperca chuatsi catalase mRNA, complete cds 

>KT229627.1 Seriola quinqueradiata catalase (CAT) mRNA, partial cds 

>KT229635.1 Seriola lalandi catalase (CAT) mRNA, partial cds 

>KM401562.1 Sebastes schlegelii catalase (cat) mRNA, complete cds  

>KF915301.1 Pagothenia borchgrevinki catalase mRNA, partial cds 

>EU658928.1 Mycteroperca rosacea catalase mRNA, partial cds 

>FJ860003.1 Dicentrarchus labrax catalase mRNA, partial cds  

>AY743715.2 Chelon labrosus catalase mRNA, partial cds  

>DQ270487.1 Gadus morhua catalase mRNA, partial cds  

>NM_001140302.1 Salmo salar Catalase (cata), mRNA  

>AY734528.1 Oplegnathus fasciatus catalase mRNA, complete cds 

>MG253621.1 Scophthalmus maximus CAT mRNA, complete cds 

 

GLUTATHIONE S-TRANSFERASE TRANSCRIPT 

>AY362762.1_Sparus_aurata_glutathione_S-transferase_mRNA_partial_cds 

>FJ438499.1_Epinephelus_coioides_glutathione_S-transferase_mRNA_partial_cds 

 

ACETYLCHOLINESTERASE TRANSCRIPT 

>XM_027282469.1 PREDICTED: Larimichthys crocea acetylcholinesterase (Cartwright blood group) (ache), 

mRNA 

>XM_023423911.1 PREDICTED: Seriola lalandi dorsalis acetylcholinesterase (Cartwright blood group) (ache), 

mRNA 

>XM_022747882.1 PREDICTED: Seriola dumerili acetylcholinesterase (Cartwright blood group) (ache), mRNA 

>XM_018693873.1 PREDICTED: Lates calcarifer acetylcholinesterase (Cartwright blood group) (ache), mRNA  

>XM_004574319.2 PREDICTED: Maylandia zebra acetylcholinesterase (Cartwright blood group) (ache), mRNA 
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>XM_005752987.1 PREDICTED: Pundamilia nyererei acetylcholinesterase (Yt blood group) (ache), mRNA  

>XM_010771022.1 PREDICTED: Notothenia coriiceps acetylcholinesterase (Yt blood group) (ache), mRNA  

>NM_131846.2 Danio rerio acetylcholinesterase (ache), mRNA  

>AB361595.1 Cyprinus carpio ache mRNA for acetylcholinesterase, complete cds 

 

PROLIFERATING CELL NUCLEAR ANTIGEN TRANSCRIPT 

>XM_003975062.2_PREDICTED:_Takifugu_rubripes_proliferating_cell_nuclear_antigen_(pcna)_mRNA 

>KF857335.1_Sparus_aurata_proliferating_cell_nuclear_antigen_(PCNA)_mRNA_complete_cds 

>XM_023414470.1_PREDICTED:_Seriola_lalandi_dorsalis_proliferating_cell_nuclear_antigen_(pcna)_mRNA 

>GQ305974.1_Sebastiscus_marmoratus_proliferating_cell_nuclear_antigen_(pcna)_mRNA_partial_cds 

>XM_024275883.1_PREDICTED:_Oryzias_melastigma_proliferating_cell_nuclear_antigen_(pcna)_mRNA 

>XM_004072187.4_PREDICTED:_Oryzias_latipes_proliferating_cell_nuclear_antigen_(pcna)_mRNA 

>JN641878.1_Nothobranchius_furzeri_proliferating_cell_nuclear_antigen_(PCNA)_mRNA_complete_cds 

>XM_010734227.3_PREDICTED:_Larimichthys_crocea_proliferating_cell_nuclear_antigen_(pcna)_mRNA 

>XM_012870090.2_PREDICTED:_Fundulus_heteroclitus_proliferating_cell_nuclear_antigen_(pcna)_mRNA 

>HM637102.1_Epinephelus_coioides_proliferating_cell_nuclear_antigen_(PCNA)_mRNA_partial_cds 

>JQ755266.1_Dicentrarchus_labrax_proliferating_cell_nuclear_antigen_(PCNA)_mRNA_complete_cds 

>XM_003451046.4_PREDICTED:_Oreochromis_niloticus_proliferating_cell_nuclear_antigen_(pcna)_mRNA 

 

Supplementary File 2 

Consensus sequences resulting from the fish species multiple alignments, which were used as a base for primers 

design. The primers used for each target gene are highlighted (grey). 

 

Beta Actin (actb) 

TATCCTGACCCTGAAGTACCCCAT.GAGCACGGTATTGTGACCAACTGGGATGACATGGAGAAGATCTGGCA

TCACACCTTCTACAACGAGCTGAGAGTTGCCCCTGAGGAGCACCC.GTCCTGCTCACAGAGGCCCCCCTGAACC

CCAAAGCCAACAGGGAGAAGATGACCCAGATCATGTTCGAGACCTTCAACACCCCCGCCATGTACGTTGCCAT

CCAGGCTGTGCTGTCCCTGTATGCCTCTGGTCGTACCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACC

CACACAGTGCCCATCTA 

 

Catalase (cat) 

CACATGAAAGACCCTGACATGGTGTGGGACTTCTGGAGCCTGAGGCCTGAGAGTCTGCATCAGGTGTCTTTC

CTGTTCAGCGATCGAGGTTTGCCTGATGGCTACCGTCACATGAACGGCTACGGCTCTCACACCTTCAAACTGGT

CAATGCCGATGG.GAGCGTGTCTACTGCAAGTTCCACTACAAGAC.GATCAAGGAATAAAGAA..TG.CAGTGG

AGGAGGC.GACCG.CTGGC.GCCACCAACCCAGATTATGC.AT.GGAGA. 

 

Glutathione S-transferase (gst) 

AGGAGAAGAACCTGAAGGGCTACAACCAAAAACTGCTTTCTTTTGAGAAAATGGAGCACAAGTCCGAGGAAG

TCATGAAGATGAACCCCAGGGGACAGCTTCCTGCCTTCAAACATGGAGACAAGGTCCTGAATGAGTCCTACGC

TGCCTGCCTGTACCTGGAGAACCAGTTCAAGTCCCAGGGAAACAAGCTGATCCCTGACTGCCCCGCTGAACTG

GCAATGATGTACCAGCGCATGTTTGAGGGTCTCACACTCAACCAGAAAATGGCGGACGTCATCTACTACAAC

TGGAAGGTCCCAGAGGGAGAGAGACACGACTCTGCTGTGAAGAGAAACAGAGAGAGTCTGACTGCTGAGATC

AAGCTGTGGGAGGGTTACCTGCAGAAGACTTC.GGCGGTTTCCTGGCAGGAAAGACCTTTTCACTGGCTGATG

TGTGTGTTTATCCAAGCATCTGTTATGTCTTCCAT 

 

Acetylcholinesterase (ache) 

TCTTCTTCTCTGGATGTGTATGATGG.CGTTACCTGGCTCACAGTGAGACGGTCATTGTGGTTTC.ATGAACTAC

CG.ATCGG.GC.TTTGGCTTCCTCGCTCTGCATGGCTCCTC.GAGGCTCCTGGCAACGTGGGTCTGCTGGACCAG

AGGATGGC.CTGCAGTGGGTACAAGACAACATCCATTTCTTTGGTGGAAACCC 

 

Proliferating cell nuclear antigen (pcna) 

AGGATCTGATCACAGAAGCCTGCTGGGACGTCAGCTCGTCCGGCATCTCCCTGCAGAGCATGGACTCCTCTCA

CGTCTCCCTGGTGCAGCTCACCCTGCGGCACGACGGCTTCGACTCGTACCGCTGCGACAGAAACCTCGCCATG

GGAGTCAACCTCAGCAGTATGTCAAAAATCCTGAAGTGTGC.GGAAATGAAGACATCATCACCCTCAGAGCAG

AAGACAACGCAGACACACTCGCCCTTGTGTTTGAGAC.CTCAACCAGGAGAAAGT.TCAGATTATGAGATGAAG

CTGATGGACCTGGATGTGGAGCAGCT.GGTATTCCAGAGCAGGAGTACAGCTGTGTGGTGAAGATGCCCTCTG

GGGAGTTTGCCCGTATCTGCCGTGACCTGTCCCAGATCGG.GACGCCGTCATGATCTCCTGCGCCAAGGACGG

AGTCAAGTTCTCCGCCTCAGGAGAGCTGGGCAC.GG.AAC 
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Supplementary File 3 

Obtained nucleotide partial sequences aligned and analyzed with BLAST, to confirm their identity and homology 

with other teleost fish species. 

 

ACTIN TRANSCRIPT 

>Sander lucioperca beta-actin mRNA, partial cds  

Sequence ID: MF472627.1 Length: 1047 

Range 1: 224 to 449 

Score:412 bits(223), Expect:5e-111, Identities:225/226(99%), Gaps:0/226(0%), Strand: Plus/Plus 

 
Query 5 ACACCTTCTACAACGAGCTGAGAGTTGCCCCTGAGGAGCACCCAGTCCTGCTCACAGAGG 

||||||||||||||||||||||||||||||||||||||||||| |||||||||||||||| 
64 

Sbjct 224 ACACCTTCTACAACGAGCTGAGAGTTGCCCCTGAGGAGCACCCCGTCCTGCTCACAGAGG 283 

Query 65 CCCCCCTGAACCCCAAAGCCAACAGGGAGAAGATGACCCAGATCATGTTCGAGACCTTCA 124 

 
Sbjct 

 
284 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CCCCCCTGAACCCCAAAGCCAACAGGGAGAAGATGACCCAGATCATGTTCGAGACCTTCA 

 
343 

Query 125 ACACCCCCGCCATGTACGTTGCCATCCAGGCTGTGCTGTCCCTGTATGCCTCTGGTCGTA 184 

 
Sbjct 

 
344 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
ACACCCCCGCCATGTACGTTGCCATCCAGGCTGTGCTGTCCCTGTATGCCTCTGGTCGTA 

 
403 

Query 
 
Sbjct 

185 
 
404 

CCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACCCACACAGT 230 
|||||||||||||||||||||||||||||||||||||||||||||| 
CCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACCCACACAGT 449 

 

>Chrysophrys auratus beta-actin mRNA, complete cds 

Sequence ID: AY039657.1 Length: 1128 

Range 1: 189 to 497 

Score:558 bits(302), Expect:1e-154, Identities:307/309(99%), Gaps:2/309(0%), Strand: Plus/Plus 

 
Query 16 TATCCTGACCCTGAAGTACCCCAT-GAGCACGGTATTGTGACCAACTGGGATGACATGGA 

|||||||||||||||||||||||| ||||||||||||||||||||||||||||||||||| 
74 

Sbjct 189 TATCCTGACCCTGAAGTACCCCATCGAGCACGGTATTGTGACCAACTGGGATGACATGGA 248 

Query 75 GAAGATCTGGCATCACACCTTCTACAACGAGCTGAGAGTTGCCCCTGAGGAGCACCC-GT 133 

 
Sbjct 

 
249 

||||||||||||||||||||||||||||||||||||||||||||||||||||||||| || 
GAAGATCTGGCATCACACCTTCTACAACGAGCTGAGAGTTGCCCCTGAGGAGCACCCTGT 

 
308 

Query 134 CCTGCTCACAGAGGCCCCCCTGAACCCCAAAGCCAACAGGGAGAAGATGACCCAGATCAT 193 

 
Sbjct 

 
309 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CCTGCTCACAGAGGCCCCCCTGAACCCCAAAGCCAACAGGGAGAAGATGACCCAGATCAT 

 
368 

Query 194 GTTCGAGACCTTCAACACCCCCGCCATGTACGTTGCCATCCAGGCTGTGCTGTCCCTGTA 253 

 
Sbjct 

 
369 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
GTTCGAGACCTTCAACACCCCCGCCATGTACGTTGCCATCCAGGCTGTGCTGTCCCTGTA 

 
428 

Query 254 TGCCTCTGGTCGTACCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACCCACACAGT 313 

 
Sbjct 

 
429 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
TGCCTCTGGTCGTACCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACCCACACAGT 

 
488 

Query 314 GCCCATCTA  
 

 322 

 
Sbjct 

 
489 

||||||||| 
GCCCATCTA 

  
 497 
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>Pagrus major beta-actin mRNA, complete cds  

Sequence ID: JN226150.1 Length: 1296 

Range 1: 268 to 493 

Score:412 bits(223), Expect:5e-111, Identities:225/226(99%), Gaps:0/226(0%), Strand: Plus/Plus 

 
Query 5 ACACCTTCTACAACGAGCTGAGAGTTGCCCCTGAGGAGCACCCAGTCCTGCTCACAGAGG 

||||||||||||||||||||||||||||||||||||||||||| |||||||||||||||| 
64 

Sbjct 268 ACACCTTCTACAACGAGCTGAGAGTTGCCCCTGAGGAGCACCCTGTCCTGCTCACAGAGG 327 

Query 65 CCCCCCTGAACCCCAAAGCCAACAGGGAGAAGATGACCCAGATCATGTTCGAGACCTTCA 124 

 
Sbjct 

 
328 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
CCCCCCTGAACCCCAAAGCCAACAGGGAGAAGATGACCCAGATCATGTTCGAGACCTTCA 

 
387 

Query 125 ACACCCCCGCCATGTACGTTGCCATCCAGGCTGTGCTGTCCCTGTATGCCTCTGGTCGTA 184 

 
Sbjct 

 
388 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
ACACCCCCGCCATGTACGTTGCCATCCAGGCTGTGCTGTCCCTGTATGCCTCTGGTCGTA 

 
447 

Query 
 
Sbjct 

185 
 
448 

CCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACCCACACAGT 230 
|||||||||||||||||||||||||||||||||||||||||||||| 
CCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACCCACACAGT 493 

 

CATALASE TRANSCRIPT 

>Sparus aurata catalase (CAT) mRNA, complete cds 

Sequence ID: JQ308823.1 Length: 3067 

Range 1: 652 to 784 

Score:207 bits(112), Expect:1e-49, Identities:126/133(95%), Gaps:0/133(0%), Strand: Plus/Plus 

 
Query 2 GAAAGTCTGCATCAGGTGTCTTTCTTGTTCAGTGATCGAGGTTTGCCTGATGGCTTCCGT 

|| ||||||||||||||||||||||||||||||||||||||||||||||||||||| ||| 
61 

Sbjct 652 GAGAGTCTGCATCAGGTGTCTTTCTTGTTCAGTGATCGAGGTTTGCCTGATGGCTTTCGT 711 

Query 62 CAAATGAACGGCTACGGCTCTCACACCTTCAAACTGGTCAATGCCAGTGGTGAGCGTGTC 121 

 
Sbjct 

 
712 

|| ||||| ||||||||||| ||||||||||||||||||||||||| |||||||||| || 
CACATGAATGGCTACGGCTCCCACACCTTCAAACTGGTCAATGCCAATGGTGAGCGTTTC 

 
771 

Query 
 
Sbjct 

122 
 
772 

TACTGCAAGTTCC 134 
||||||||||||| 
TACTGCAAGTTCC 784 

 

>Dicentrarchus labrax catalase mRNA, partial cds  

Sequence ID: FJ860003.1 Length: 175 

Range 1: 39 to 167 

Score:195 bits(105), Expect:9e-46, Identities:121/129(94%), Gaps:0/129(0%), Strand: Plus/Plus 

 
Query 6 GTCTGCATCAGGTGTCTTTCTTGTTCAGTGATCGAGGTTTGCCTGATGGCTTCCGTCAAA 

|||||||||||||||||||||||||||| |||||||||||||||||||||| ||| || | 
65 

Sbjct 39 GTCTGCATCAGGTGTCTTTCTTGTTCAGCGATCGAGGTTTGCCTGATGGCTACCGCCACA 98 

Query 66 TGAACGGCTACGGCTCTCACACCTTCAAACTGGTCAATGCCAGTGGTGAGCGTGTCTACT 125 

 
Sbjct 

 
99 

|||||||||||||||| |||||||||||||||||||||||| |||||||||| |||||| 
TGAACGGCTACGGCTCCCACACCTTCAAACTGGTCAATGCCGATGGTGAGCGTTTCTACT 

 
158 

Query 
 
Sbjct 

126 
 
159 

GCAAGTTCC 134 
||||||||| 
GCAAGTTCC 167 

 

>Lutjanus peru catalase (CAT) mRNA, complete cds  

Sequence ID: KX171657.1 Length: 2853 

Range 1: 679 to 811 

Score:191 bits(103), Expect:1e-44, Identities:123/133(92%), Gaps:0/133(0%), Strand: Plus/Plus 
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Query 2 GAAAGTCTGCATCAGGTGTCTTTCTTGTTCAGTGATCGAGGTTTGCCTGATGGCTTCCGT 
|| ||||| |||||||| |||||||||||||| |||||||||||||| |||||| |||| 

61 

Sbjct 679 GAGAGTCTCCATCAGGTTTCTTTCTTGTTCAGCGATCGAGGTTTGCCCGATGGCCACCGT 738 

Query 62 CAAATGAACGGCTACGGCTCTCACACCTTCAAACTGGTCAATGCCAGTGGTGAGCGTGTC 121 

 
Sbjct 

 
739 

|| |||||||||||||||||||| ||||||||||||||||||||||||||||||||| || 
CACATGAACGGCTACGGCTCTCATACCTTCAAACTGGTCAATGCCAGTGGTGAGCGTTTC 

 
798 

Query 
 
Sbjct 

122 
 
799 

TACTGCAAGTTCC 134 
||||||||||||| 
TACTGCAAGTTCC 811 

 

 

GLUTATHIONE S-TRANSFERASE TRANSCRIPT 

>Pagrus major glutathione-S-transferase mRNA, partial cds  

Sequence ID: AY190699.1 Length: 601 

Range 1: 427 to 519 

Score:154 bits(83), Expect:9e-34, Identities:90/93(97%), Gaps:1/93(1%), Strand: Plus/Plus 

 
Query 2 GTCCCAGA-GGAGAGAGACACGACTCTGCTGTGAAGAGGAACAGGGAGAGTCTGACTGCT 

|||||||| ||||||||||||||||||||||||||||| ||||| ||||||||||||||| 
60 

Sbjct 427 GTCCCAGAGGGAGAGAGACACGACTCTGCTGTGAAGAGAAACAGAGAGAGTCTGACTGCT 486 

Query Sbjct  
61 

 
487 

 
GAGCTCAAGCTGTGGGAGGGTTACCTGCAGAAG 
||||||||||||||||||||||||||||||||| 
GAGCTCAAGCTGTGGGAGGGTTACCTGCAGAAG 

 
93 

 
519 

>Sparus aurata glutathione S-transferase mRNA, partial cds  

Sequence ID: AY362762.1 Length: 636 

Range 1: 324 to 417 

Score:150 bits(81), Expect:1e-32, Identities:90/94(96%), Gaps:1/94(1%), Strand: Plus/Plus 

 
Query 1 AGTCCCAGA-GGAGAGAGACACGACTCTGCTGTGAAGAGGAACAGGGAGAGTCTGACTGC 

||||||||| ||||||||||||||||||||||||||||||||||| |||||||||||||| 
59 

Sbjct 324 AGTCCCAGAGGGAGAGAGACACGACTCTGCTGTGAAGAGGAACAGAGAGAGTCTGACTGC 383 

Query Sbjct  
60 

 
384 

 
TGAGCTCAAGCTGTGGGAGGGTTACCTGCAGAAG 
|||| ||||| ||||||||||||||||||||||| 
TGAGATCAAGATGTGGGAGGGTTACCTGCAGAAG 

 
93 

 
417 

>Channa striata glutathione S-transferase mRNA, complete cds  

Sequence ID: JN104637.1 Length: 867 

Range 1: 410 to 502 

Score:126 bits(68), Expect:2e-25, Identities:85/93(91%), Gaps:1/93(1%), Strand: Plus/Plus 

 
Query 2 GTCCCAGA-GGAGAGAGACACGACTCTGCTGTGAAGAGGAACAGGGAGAGTCTGACTGCT 

|| ||||| |||||| |||||||||||||||||||||||||||| || | |||| ||||| 
60 

Sbjct 410 GTGCCAGAGGGAGAGCGACACGACTCTGCTGTGAAGAGGAACAGAGAAACTCTGGCTGCT 469 

Query 
 
Sbjct 

61 
 
470 

GAGCTCAAGCTGTGGGAGGGTTACCTGCAGAAG 93 
|||||||||||||||||||| |||||||||||| 
GAGCTCAAGCTGTGGGAGGGATACCTGCAGAAG 502 

 

 

 

ACETYLCHOLINESTERASE TRANSCRIPT 

>PREDICTED: Acanthopagrus latus acetylcholinesterase (ache), transcript variant X3, mRNA 

Sequence ID: XM_037112943.1 Length: 6536  

Range 1: 917 to 988 

Score:115 bits(62), Expect:3e-22, Identities:69/72(96%), Gaps:1/72(1%), Strand: Plus/Plus 
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Query 2 CGGATGGGTG-CTTCGGCTTCCTCGCTTTGCATGGTTCCTCTGAGGCGCCAGGCAACGTG 60 
||||| |||| |||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct 917 CGGATCGGTGCCTTCGGCTTCCTCGCTTTGCATGGTTCCTCTGAGGCGCCAGGCAACGTC 976 

Query 61 GGTCTGCTGGAC 72 

 
Sbjct 

 
977 

|||||||||||| 
GGTCTGCTGGAC 988 

 
PROLIFERATING CELL NUCLEAR ANTIGEN TRANSCRIPT 

>Acanthopagrus schlegelii proliferating cell nuclear antigen mRNA, partial cds  

Sequence ID: EU574929.1 Length: 342 

Range 1: 226 to 279 

Score:100 bits(54), Expect:5e-18, Identities:54/54(100%), Gaps:0/54(0%), Strand: Plus/Plus 

 
Query 6 GATCGGTGACGCTGTCATGATCTCCTGCGCCAAGGACGGAGTCAAGTTCTCCGC 59 

||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct 226   GATCGGTGACGCTGTCATGATCTCCTGCGCCAAGGACGGAGTCAAGTTCTCCGC 279 

 
>Sparus aurata proliferating cell nuclear antigen (PCNA) mRNA, complete cds  

Sequence ID: KF857335.1 Length: 1484 

Range 1: 704 to 757 

Score:95.3 bits(51), Expect:3e-16, Identities:53/54(98%), Gaps:0/54(0%), Strand: Plus/Plus 

 
Query 6 GATCGGTGACGCTGTCATGATCTCCTGCGCCAAGGACGGAGTCAAGTTCTCCGC 59 

|||||||||||| |||||||||||||||||||||||||||||||||||||||||  
Sbjct 704   GATCGGTGACGCCGTCATGATCTCCTGCGCCAAGGACGGAGTCAAGTTCTCCGC 757 

 
>Dicentrarchus labrax proliferating cell nuclear antigen (PCNA) mRNA, complete cds 

Sequence ID: JQ755266.1 Length: 1487  

Range 1: 669 to 722 

Score:95.3 bits(51), Expect:3e-16, Identities:53/54(98%), Gaps:0/54(0%), Strand: Plus/Plus 

 
Query 6 GATCGGTGACGCTGTCATGATCTCCTGCGCCAAGGACGGAGTCAAGTTCTCCGC 59 

|||||||||||| |||||||||||||||||||||||||||||||||||||||||  
Sbjct 669   GATCGGTGACGCCGTCATGATCTCCTGCGCCAAGGACGGAGTCAAGTTCTCCGC 722 

 

 

Supplementary File 4 

Table S1. Sequences, temperature of annealing and efficiency of primers used for the quantitative real-time PCR 

(qPCR), in blackspot seabream (Pagellus bogaraveo). 

Gene Primer sequence (5’ to 3’) 

Amplicon  

size  

(bp) 

Annealing  

temperature 

PCR  

Efficiency  

(%) 

catalase cat 
F CCTGACATGGTGTGGGACTT 

168 59 ˚C 95.53 
R GGAACTTGCAGTAGACACGC 

glutathione S- 

-transferase 
gstp 

F CAACCAGAAAATGGCGGACG 
133 60 ˚C 104.29 

R CTTCTGCAGGTAACCCTCCC 

acetylcholinesterase ache 
F ACAGTGAGACGGTCATTGTGG 

102 62 ˚C 101.96 
R GTCCAGCAGACCCACGTT 

proliferating cell  

nuclear antigen 
pcna 

F CTGGGGAGTTTGCCCGTATC 
90 60 ˚C 95.88 

R GCGGAGAACTTGACTCCGTC 

actin, beta actb 
F CCCCATGAGCACGGTATTGT 

280 60 ˚C 89.68 
R ACTGTGTGGGTCACACCATC 
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Table S2. Copper (Cu) concentrations measured in the exposure medium of all groups, after 3 and 9 days of 

exposure. 

Nominal exposure 

concentrations 

Cu (µg/L) 

3 days 9 days 

 Control 3.23±1.79 2.96±1.77 

0.3 mg/L MPs 3.35±1.39 2.86±2.15 

10 µg/L 
Cu 10.04±1.13 14.49±1.02 

Cu+MPs 10.63±3.81 10.13±2.99 

30 µg/L 
Cu 27.31±4.43 27.33±13.45 

Cu+MPs 28.21±6.20 34.65±14.07 

90 µg/L 
Cu 76.60±28.95  

Cu+MPs 56.57±10.72  

270 µg/L 
Cu 221.63±45.38  

Cu+MPs 283.01±44.81  

810 µg/L 
Cu 827.84±16.02  

Cu+MPs 832.45±20.65  

 

 

 

Figure S1. Representation of the biodistribution of the red fluorescent microplastics (MPs, 1-5 µm) in the exposed 

blackspot seabream (Pagellus bogaraveo) larvae at 12 days post-fertilization. (A) larvae exposed to 0.3 mg MPs/L; 

(B) larvae exposed to Cu30+MPs. Bar = 500 µm. 

 

(A

) 

(B

) 
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Figure S2. Body length of 12 days post-fertilization (dpf) blackspot seabream (Pagellus bogaraveo) larvae exposed to 

microplastics (MPs) and copper (Cu), alone or combined, from 3 until 12 dpf. Data from three independent replicates and 

expressed as mean ± S.D. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparison 

test. 

 

 

Figure S3. Integrated biomarker response index (IBR) star plots and values for the biochemical and genetic 

biomarkers evaluated in blackspot seabream at (A) 6 dpf and (B) 12 dpf, after 3 and 9 days of exposure to 

microplastics (MPs) and copper (Cu), alone or combined.
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Table S3. Data of the two-way ANOVA performed to evaluate the interaction between the microplastics (MPs) 

and copper (Cu) on the biochemical and molecular biomarkers assessed in blackspot seabream (Pagellus 

bogaraveo) larvae exposed from 3 until 12 dpf.  

 

The asterisk (*) represents values statistically significant (p<0.05).  

Df – degrees of freedom  

F value (F statistic). 

 

 

Table S4. Score of the biochemical and genetic biomarkers response used in the integrated biomarker response 

(IBR) index, for the blackspot seabream (Pagellus bogaraveo) exposed to microplastics (MPs) and copper (Cu), 

alone or combined, from 3 to 6 days post-fertilization (dpf). 

 

Abbreviations: ROS = reactive oxygen species; SOD = superoxide dismutase; CAT = catalase; GST = glutathione S-transferase; 

GSH = reduced glutathione; GSSG = oxidized glutathione; LPO = lipid peroxidation; LDH = lactate dehydrogenase; AChE = 

acetylcholinesterase; cat = catalase; gst = glutathione S-transferase; ache = acetylcholinesterase; pcna = proliferating cell 

nuclear antigen 
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Table S5. Score of the biochemical and genetic biomarkers response used in the integrated biomarker response 

(IBR) index, for the blackspot seabream (Pagellus bogaraveo) exposed to microplastics (MPs) and copper (Cu), 

alone or combined, from 3 until 12 days post-fertilization (dpf). 

 

Abbreviations: MT = metallothioneins; ROS = reactive oxygen species; SOD = superoxide dismutase; CAT = catalase; GST 

= glutathione S-transferase; GSH = reduced glutathione; GSSG = oxidized glutathione; LPO = lipid peroxidation; LDH = 

lactate dehydrogenase; AChE = acetylcholinesterase; cat = catalase; gst = glutathione S-transferase; ache = 

acetylcholinesterase; pcna = proliferating cell nuclear antigen. 
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This chapter provides an overview of the main results of this THESIS, discussed in more detail 

in the previous chapters. The future perspectives regarding the environmental implications of 

MPs and heavy metals contamination are also discussed. 

 

As outlined in this THESIS, the research concerning the effects of MPs, and associated heavy 

metals, such as Cu, in aquatic biota is growing, however, several knowledge gaps still exist. 

Questions about the modulation of Cu toxicity by MPs; how MPs affect Cu effects; which 

developmental windows/stages are more sensitive to MPs and Cu; and which cellular 

mechanisms are involved in MPs and Cu toxicity; were addressed in the present THESIS 

contributing to fulfill these gaps of knowledge. 

Overall, this THESIS supports the reported toxicity potential of plastic particles (Campos et al., 

2021; Chisada et al., 2021; Guimarães et al., 2021; Hodkovicova et al., 2021; Hu et al., 2022; 

Limonta et al., 2019; Qiang and Cheng, 2019; Shi et al., 2021; Stienbarger et al., 2021; Tongo 

and Erhunmwunse, 2022) and associated heavy metals (Banaee et al., 2019; Barboza et al., 

2018a, 2018b; Chen et al., 2022; Hoseini et al., 2022; Lu et al., 2018; Miranda et al., 2019; Qiao 

et al., 2019; Roda et al., 2020) to aquatic organisms, with the present results demonstrating that, 

in general, MPs and Cu, alone or combined, decrease survival of early life stages, induce 

oxidative stress, cell damage, neurotoxicity and, consequently, disrupt the locomotor, 

avoidance and social behaviors in fish. Nevertheless, these effects were dependent on several 

factors, including the life stage (embryos, larvae, or adults), the uptake route (ingestion and 

absorption or through the gills), the exposure duration (acute, subchronic, or chronic), and 

species (freshwater or marine species). 

In the acute bioassay, where zebrafish embryos were exposed from 2 hpf until 96 hpf to MPs 

and Cu (CHAPTER 3), toxic effects were observed such as decreased survival, hatching and 

body growth, oxidative stress, modulation of the antioxidant system, acetylcholinesterase 

(AChE) inhibition, altered expression of antioxidant-related genes (e.g. sod, gstp1), and 

disruption of avoidance and social behaviors. In this bioassay, toxic effects were mostly noticed 

in Cu and mixture (Cu+MPs) exposed groups, with MPs alone not producing significant effects 

on zebrafish embryos and larvae. Similarly, in the subchronic bioassay, in which zebrafish were 

exposed from 2 hpf until 14 dpf (CHAPTERS 4, 5 and 6), MPs and Cu, alone or combined, 

caused high mortality, oxidative stress, antioxidant system alterations, changes in DNA 

methyltransferases, neurotoxicity, and disrupted locomotor competence and avoidance 

behavior in larvae. However, the effects of MPs alone were more pronounced after subchronic 



Final considerations and future directions – CHAPTER 10 

 
304 

exposure, in comparison to the acute exposure, confirming that MPs alone induce toxic effects 

in the early life stages of fish. Also, Cu+MPs mixtures had a higher toxic effect, and Cu toxicity, 

assessed using selected biochemical and molecular biomarkers, was modulated by MPs.  

Aquatic early life stages have been reported to be particularly sensitive to chemical pollution 

(Hutchinson et al., 1998); however, current data regarding MPs are still controversial. When 

comparing the two zebrafish bioassays, the results of this THESIS highlight that during 

embryonic exposure, the observed toxic effects were predominantly caused by Cu. The limited 

effects of MPs alone during the embryonic period can be associated with the presence of the 

chorion. The chorion is a biological structure that surrounds the embryo until hatching, having 

several pores that allow the passage of oxygen and salt ions (Rawson et al., 2000). Besides, it 

acts as a protective barrier against pollutants (Duan et al., 2020), thus preventing the penetration 

of MPs of relatively large size in the chorion. Despite this, the hazard posed to fish embryos by 

plastic particles, particularly small MPs and nanoplastics, cannot be discarded. It has been 

described that plastic particles tend to adhere to the chorionic surface, leading to a hypoxic 

microenvironment and causing physiological, cellular and/or molecular alterations (Chen et al., 

2020; Cheng et al., 2021; Duan et al., 2020; Le Bihanic et al., 2020). On the other hand, 

subchronic exposure, encompassing the larval stages, showed that MPs, alone or combined with 

Cu, caused more pronounced and toxic alterations in zebrafish, possibly due to the ingestion of 

MPs by larvae. As reported in this THESIS, fish larvae can passively or intentionally ingest 

plastic particles, since, due to their small size, MPs can resemble planktonic organisms or 

particulate food items. After ingestion, MPs accumulate in the gastrointestinal tract, which can 

contribute to increased toxicity due to the potential transfer of contaminants (additives or 

adsorbed) from MPs to the organisms (Rainieri et al., 2018). In addition, the “exposure duration” 

factor also contributed to the higher toxicity of MPs, alone or combined with Cu, observed in 

zebrafish larvae exposed during 14 days, suggesting that MPs effects in fish’s early life stages 

could also be time-dependent. Reinforcing this, in the bioassay where blackspot seabream 

larvae were exposed for 3 (acute) and 9 days (subchronic) (CHAPTER 9) to MPs and Cu, alone 

or combined, it was also observed that the exposure time, more than the concentration, 

contributes to and influences the effects of these pollutants. Likewise, it has been stated by other 

authors that prolonged exposures can significantly influence and increase MPs toxicity, with or 

without associated pollutants, in aquatic organisms (Capó et al., 2021; Cormier et al., 2021; 

Naidoo and Glassom, 2019; Xu et al., 2021; Xue et al., 2021). Since the sustainability of aquatic 

populations depends on the health and survival of early life stages, longer exposure times 



Final considerations and future directions – CHAPTER 10 

 
305 

increase the likelihood of larvae ingesting the plastic particles, representing a significant threat 

to the individual and population fitness of both freshwater and marine fish. Considering the 

above and the results of this THESIS, studies that employ longer exposures of fish’s early life 

stages to plastic particles are likely more ecologically relevant than acute exposures, and may 

allow the detection of potential sublethal effects of MPs. 

In this conceptual framework, the chronic (30 days) effects of MPs and Cu, alone or combined, 

were evaluated in adult zebrafish, and the biological parameters were analyzed particularly in 

two main target organs: gills and brain. In zebrafish gills (CHAPTER 7), an increase of ROS 

and, consequently, the induction of oxidative stress, an imbalance of the antioxidant system, as 

well as an upregulation of serotonin synthesis and apoptosis-related genes, were observed. 

Regarding the effects on the zebrafish brain (CHAPTER 8), the induction of oxidative damage 

was not observed; however, an increase in AChE activity was noticed in all exposed groups, as 

well as alterations in adult neurogenesis, dopaminergic system, and apoptosis-related genes, 

and, consequently, changes in the behavior of fish. In both organs, the toxic effects were mostly 

observed in Cu+MPs groups, but also in MPs alone, highlighting again that mixtures of plastic 

particles with heavy metals could be more toxic than the contaminants alone, and that plastics 

toxicity arises after longer exposures. Moreover, this chronic bioassay highlights the different 

interactions of MPs and Cu with different organs, which is dependent on the specific biological 

function and sensitivity of each target organ. For instance, contrarily to the brain, zebrafish gills 

showed evidence of oxidative stress and damage at the end of the exposure. This could be 

related to the fact that fish gills present a large surface area of direct contact with the 

surrounding aquatic environment, including pollutants (Evans, 1987), and thus, are potentially 

more susceptible to the induction of oxidative stress by MPs and Cu. In this regard, the 

comparison of the effects of MPs, and associated pollutants, on different organs/tissues of fish 

seems to be crucial to improve the knowledge of the diverse molecular, biochemical, and 

physiological mechanisms involved in plastic toxicity. 

This THESIS also indicates that the response of fish to MPs and Cu is species-dependent for 

some endpoints. For instance, the activity of the AChE did not show significant alterations after 

3 and 9 days of exposure to MPs and Cu, alone or combined, in blackspot seabream, contrarily 

to the observed in zebrafish bioassays, when exposed for either 96 h or 14 d. Indeed, it has been 

reported that different species differ in their susceptibility to MPs and heavy metals (Barboza 

et al., 2018a; Hoseini et al., 2022; Roda et al., 2020; Thi et al., 2021; Weber et al., 2021; Yan 

et al., 2020; Zhang et al., 2022). Although this could be related to the concentration of the 
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pollutants or physiological differences between the species, such as metabolic rate, differential 

rates of absorption/uptake distribution or detoxification or genetic factors (Spurgeon et al., 

2020), environmental factors, such as salinity, can also contribute to the difference in toxicity 

of MPs and associated pollutants between freshwater and marine species. Indeed, the adsorption 

capacity of MPs for heavy metals determines their combined toxicity (Liu et al., 2022). For 

instance, it has been reported that the adsorption of Cu in MPs decreases as salinity increases, 

which can be related to the competition of Na+ for adsorption sites and the decrease of 

electrostatic interactions (Liu et al., 2022). In this regard, the present results highlight that 

species comparisons are crucial and relevant to evaluate the environmental risk of MPs and 

heavy metals. 

In addition, the findings of this THESIS denote the toxic effect that MPs and Cu, alone or 

combined, exert in fish neurological function. The subchronic bioassay results (CHAPTERS 

4, 5 and 6) revealed inhibition of AChE, and consequent interference with the cholinergic 

neurotransmission, downregulation of neuronal proliferation (sox2, pcna), neurogenesis 

(neuroD, olig2), motor neurons development (islet), and DNA methyltransferases-related genes 

(dnmts), as well as behavioral alterations (dysfunctional swimming activity and avoidance 

response). Likewise, in the brain of zebrafish exposed chronically (CHAPTER 8) to MPs and 

Cu, an increase in AChE activity, downregulation of neuronal proliferation (pcna), upregulation 

of dopaminergic system (th and slc6a3) and apoptosis-related genes (casp8, casp9 and casp3), 

were observed, leading to disruption of swimming activity and social behavior of fish. 

Considering the ubiquity of MPs in the aquatic environment, the described data are of concern 

since plastic particles and associated heavy metals have the potential to affect the motor, 

sensory or cognitive activities of fish and, therefore, compromise individual and population 

fitness. Although widely discussed in the literature, the mechanisms involved in MPs-heavy 

metal neurotoxicity remain elusive. Taking into account the main results of this THESIS, it can 

be suggested that the excessive generation of ROS, followed by the induction of oxidative stress 

and/or the activation of apoptosis pathways, may potentially precede molecular and major 

signaling pathway changes, which in turn could lead to disruption of critical neurocircuits (e.g. 

cholinergic neurotransmission) and consequent changes in fish behavior. Indeed, it has been 

stated that oxidative stress induction seems to be the critical mechanism for the subsequent 

toxic effects induced by MPs, including effects on neurological function (Hu and Palić, 2020; 

Jeong et al., 2017; Umamaheswari et al., 2021). Therefore, further exploration of the interaction 

of MPs-heavy metals and the nervous system in aquatic organisms is urgent.  
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When considering the potential interaction between MPs and Cu, the overall outcome of this 

THESIS was that MPs modulated Cu toxicity. As referred above, in all bioassays the toxic 

effects were observed mostly in the mixture groups (Cu+MPs), with this combination between 

the pollutants mainly indicating a potential synergistic effect on the measured parameters. Even 

though, an antagonistic effect of the combination of MPs and Cu was observed in some 

parameters (e.g. in CHAPTER 3). For this reason, and considering the complex interactions 

between MPs and heavy metals, the evaluation of the individual effects of MPs, but also of their 

interaction with other pollutants, implies a more realistic approach. 

In general, the data of this THESIS have enhanced our knowledge regarding the effects of MPs 

and Cu in fish early life and adult stages, particularly at the neurological and behavioral levels. 

In fact, it has been shown that MPs and Cu, alone or combined, can have a negative impact at 

different biological levels, from the molecular to the physiological (e.g. behavior) level in fish. 

Supporting the reported in the literature, this THESIS also emphasizes that MPs toxicity is 

influenced by several factors, namely the presence or absence of other pollutants (e.g. heavy 

metals), the route and duration of exposure, the type, size and concentration of MPs, as well the 

life stage of the organism, the organ/tissue analyzed and the species. Hence, it is critical that 

these factors are considered in the interpretation of data in the risk assessment of plastic 

particles, to better determine the potential ecological effects. 

There are still challenges that need to be addressed to a better understanding of the toxicological 

and ecological risks of MPs and heavy metals in the aquatic environment. MPs constitute an 

increasing environmental hazard and are a complex mixture of polymers and chemicals, thus, 

future studies should investigate the toxic effects of MPs across a range of different polymer 

types, sizes, and additive chemicals. Moreover, considering the degradation of plastics present 

in the environment, aquatic organisms will be exposed to ever-increasing concentrations of 

plastic particles in the future. Thus, the risk assessment of MPs should include, not only 

concentrations close to environmental levels, but also concentrations that could reflect future 

worst-case scenarios. Finally, since the toxic effects of MPs are also species-dependent, 

transference of knowledge regarding the combined effects of MPs and heavy metals to other 

commercially and ecologically important species will be valuable. 
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