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ABSTRACT 

The presence of microplastics in the aquatic ecosystem represents a major issue for 

the environment and human health. The capacity of organic pollutants such as 

benzo[α]pyrene (BaP) to adsorb onto microplastic particles raises additional concerns, 

as it creates a new route for toxic compounds to enter the food web. Current 

knowledge on the impact of pristine and/or contaminated microplastics on aquatic 

organisms remains insufficient, and this work aims at providing new insights by 

evaluating their biological effects in zebrafish (Danio rerio). The ZEB316, a stand-

alone housing system built with inert materials, and a comprehensive set of ImageJ 

semi-automatic tools were first developed and optimized to perform state-of-the-art 

toxicological studies and obtain meaningful data from morphometric analysis of bright-

field/fluorescence images. Zebrafish larvae were exposed throughout their 

development to polyethylene microplastics, pristine or spiked with BaP, supplemented 

in the fish diet. While exposure up to 30 days post-fertilization only increased the 

incidence of skeletal deformities, long-term exposure to pristine/contaminated 

microplastics not only jeopardized fish growth, reproduction performance, and skeletal 

health, but it also caused an intergenerational effect. To further study the mechanisms 

underlying BaP osteotoxicity, several bone-related in vivo assays were used to 

evaluate the effects of waterborne exposure to BaP during bone development and 

regeneration. BaP inhibited osteoblast maturation and ECM mineralization and 

stimulated osteoclast activity, thus affecting bone remodeling. Transgenic and 

transcriptomic approaches suggested that besides the activation of xenobiotic and 

metabolic pathways, which may negatively impact extracellular matrix formation and 

organization, BaP activates inflammatory mechanisms that recruit neutrophils, which 

affect both osteoblast and osteoclast activity, possibly through a direct interaction of 

the neutrophils with the bone matrix. This work provides novel data on the effects of 

microplastics exposure during zebrafish development, in particular its osteotoxic 

effects, and gives new insights into the cellular and molecular players involved in BaP 

osteotoxicity. 

Keywords: Microplastics; Benzo[α]pyrene; Zebrafish Danio rerio; Osteotoxicity; Fish 

development; ImageJ. 
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RESUMO 

A presença de microplásticos no ecossistema aquático é, nos dias de hoje, uma 

realidade extremamente preocupante que acarreta sérios riscos para o meio 

ambiente e para a saúde pública. A capacidade dos microplásticos de adsorverem 

poluentes orgânicos, como é o caso do benzo[α]pireno (BaP), levanta preocupações 

adicionais, pois cria uma nova rota de entrada de compostos tóxicos na cadeia 

alimentar. No entanto, o conhecimento atual sobre o impacto dos microplásticos, 

inalterados e/ou contaminados, nos organismos aquáticos é ainda insuficiente e 

requer estudos adicionais. O trabalho desenvolvido no âmbito desta tese pretende 

assim fornecer novos dados sobre os efeitos biológicos dos microplásticos utilizando 

como modelo o peixe-zebra (Danio rerio). Pequenos teleósteos, como é o caso do 

peixe-zebra, oferecem vantagens significativas relativamente aos modelos animais 

clássicos e são atualmente utilizados como organismos de primeira linha para avaliar 

os riscos ambientais associados aos compostos tóxicos presentes nos meios 

aquáticos. 

Estudos toxicológicos requerem o uso de materiais inertes e condições controladas, 

todavia, nenhum dos sistemas atualmente comercializados é adequado para avaliar 

o efeito tóxico dos microplásticos. Estes sistemas contêm componentes feitos de 

polímeros plásticos que podem libertar partículas plásticas micrométricas, lixiviar os 

constituintes químicos ou adsorver os compostos químicos em estudo. O sistema de 

aquários autônomo ZEB316 foi desenvolvido no âmbito deste trabalho com o objetivo 

de suprimir esta necessidade e de facultar uma solução económica e fácil de 

implementar que permita a realização de estudos toxicológicos de última geração. 

Este sistema é construído com materiais inertes e resistentes à corrosão e 

proporciona boas condições de alojamento através de um sistema eficiente de 

recirculação e filtragem da água. A avaliação dos parâmetros da água e do 

desempenho do crescimento dos peixes mostrou que o sistema ZEB316 oferece 

condições de alojamento comparáveis à dos sistemas comercialmente disponíveis.  

A maioria dos resultados obtidos no âmbito desta dissertação provêm da análise de 

imagens de microscopia de campo claro e/ou fluorescência. Embora o uso de 

imagens de microscopia seja comum na maioria dos laboratórios e permita obter uma 
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quantidade considerável de informação, a análise destas imagens é geralmente um 

processo moroso, em parte devido à falta de ferramentas 

automáticas/semiautomáticas dedicadas que permitam a sua análise. Nesse sentido, 

desenvolvemos diversas macros para o software ImageJ, com o objetivo de reduzir o 

erro associado à análise pelo usuário, aumentando assim a reprodutibilidade dos 

dados e a padronização das metodologias experimentais. Uma vez que o foco deste 

trabalho está centrado no estudo da osteotoxicidade, é de salientar o 

desenvolvimento de um conjunto de macros específicas para esse fim e denominadas 

ZFBONE. Este conjunto de ferramentas permite aos usuários avaliar, a partir de 

imagens 2D, parâmetros morfométricos de várias estruturas ósseas (por exemplo, 

opérculo, raios e escamas da barbatana caudal), mas também a extensão e a 

intensidade das colorações específicas do osso. Além disso, outras macros foram 

desenvolvidas para outros fins, por exemplo, para analisar os vários parâmetros 

morfométricos relativos aos embriões de peixe ou para avaliar cortes histológicos. 

Uma vez desenvolvidos os meios e técnicas necessários para a execução dos 

ensaios toxicológicos, e subsequente análise dos resultados, procedeu-se à 

realização das várias experiências que visam compreender efeito biológico dos 

microplásticos e contaminates no peixe-zebra. Assim, larvas de peixe-zebra foram 

produzidas e mantidas no sistema previamente descrito, ZEB316, e expostas 

cronicamente, durante o seu desenvolvimento, a partículas de polietileno de 20-

27 µm, inalteradas (MP) ou contaminadas com benzo[α]pireno (MP-BaP). Estas 

partículas foram adicionadas à dieta dos peixes através de uma suplementação a 1% 

m/m. Apesar de não se ter registado qualquer alteração ao nível dos parâmetros 

morfológicos aos 30 dias pós-fertilização (dpf), a presença de MP e MP-BaP acabou 

por ter um efeito negativo no crescimento dos espécimes aos 90 e 360 dpf. A 

fecundidade relativa, a morfologia do ovo/embrião e a área do vitelo também sofreram 

um impacto negativo em peixes-zebra alimentados com MP-BaP. No que respeita ao 

estado geral do esqueleto, os peixes expostos a dietas experimentais contendo MP e 

MP-BaP sofreram um aumento significativo na incidência de deformações 

esqueléticas aos 30 dpf quando comparados com peixes alimentados com a dieta 

controlo, bem como um desenvolvimento anómalo da barbatana caudal e escamas, 

e uma diminuição da qualidade do osso aos 90 dpf. Um comprometimento da 

formação óssea intergeracional foi também observado na prole de espécimes 

expostos a MP ou MP-BaP, que se refletiu numa redução do osso opercular dos 
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descendentes aos 6 dpf. Além de um claro efeito no desenvolvimento ósseo, a análise 

histológica do intestino revelou ainda um número reduzido de células caliciformes em 

peixes alimentados com dieta MP-BaP, um claro sinal de inflamação intestinal. 

Finalmente, a exposição das larvas a MP-BaP levou a um aumento da expressão de 

genes associados à via de resposta do BaP, ao mesmo tempo que impactou 

negativamente na expressão de genes envolvidos no estresse oxidativo. 

Os resultados obtidos indicaram um maior comprometimento do desenvolvimento 

ósseo no peixe-zebra quando sujeito a uma dieta contendo microplásticos 

contaminados com BaP (MP-BaP), por comparação com a dieta contendo 

microplásticos não contaminados (MP). Outros autores demostraram também que a 

presença de BaP afeta a formação das vértebras e o desenvolvimento generalizado 

do esqueleto, no entanto os mecanismos envolvidos nestes fenómenos permanecem 

pouco estudados. Desta forma, realizámos ensaios adicionais in vivo com o objetivo 

de avaliar os efeitos osteotóxicos do BaP durante o desenvolvimento e regeneração 

óssea em peixe-zebra. A exposição aguda de larvas de peixe-zebra entre os 3 e os 6 

dpf ao BaP levou a uma redução do tamanho do osso opercular e uma diminuição 

quantitativa de células positivas para osteocalcina, indicando um efeito composto na 

maturação dos osteoblastos. Por sua vez, quando se trata de uma exposição crônica 

das larvas de peixe-zebra ao BaP, entre os 3 e os 30 dpf, verificou-se que o 

desenvolvimento do esqueleto axial é afetado, aumentando a incidência e gravidade 

das deformações esqueléticas. Em peixes jovens adultos, observou-se ainda que a 

exposição ao BaP afetou não só a mineralização dos raios da barbatana caudal e 

escamas recém-formados, como prejudicou também o seu padrão morfológico, 

fenómenos que têm por base uma remodelação óssea desequilibrada. Relativamente 

às análises de expressão genética de vários marcadores verificou-se que o BaP 

induziu a ativação das vias xenobióticas e metabólicas e impactou negativamente na 

formação e organização da matriz extracelular. Curiosamente, a exposição ao BaP 

regulou positivamente os marcadores de inflamação nas larvas e aumentou o 

recrutamento de neutrófilos. Uma interação direta entre neutrófilos e a matriz 

extracelular óssea, ou células responsáveis pela formação do osso, foi observada in 

vivo, o que sugere um papel dos neutrófilos nos mecanismos subjacentes à 

osteotoxicidade do BaP.  
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Globalmente, os resultados obtidos no âmbito deste trabalho sugerem que a 

exposição crónica a microplásticos inalterados e/ou contaminados não prejudica 

apenas o crescimento dos peixes, mas também o seu desempenho a nível 

reprodutivo, saúde geral do seu esqueleto, e compromete a descendência por meio 

de efeitos intergeracionais. Além disso, este trabalho fornece novos dados sobre os 

principais mecanismos celulares e moleculares envolvidos na osteotoxicidade do BaP 

e aborda o possível papel dos neutrófilos na redução da resposta óssea inflamatória. 

Palavras-chave: Microplásticos; Benzo[α]pireno; Peixe-zebra Danio rerio; 

Osteotoxicidade; Desenvolvimento do peixe; ImageJ. 
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PREAMBLE 

This dissertation is divided into seven chapters. Chapter 1 (General introduction) 

addresses current knowledge on microplastic pollution, microplastic toxicity, zebrafish 

as animal model, focusing at the end on bone homeostasis and osteotoxicity. Chapter 
2 (ZEB316: a small stand-alone housing system to study microplastics and organic 

pollutants in small teleosts) illustrates the design and development of a stand-alone 

housing system, which was used to expose zebrafish to microplastics through 

supplemented diets. Chapter 3 (ImageJ macro development) describes the 

development of macro-instructions for ImageJ to perform morphometric analysis of 

different bone structures. Chapter 4 (Screening of mineralogenic and osteogenic 

compounds in zebrafish – tools to improve assay throughput and data accuracy) 

reviews the available zebrafish in vivo assays to assess osteotoxic/osteogenic 

activities. Chapter 5 (Effects of pristine or contaminated polyethylene microplastics on 

zebrafish development) explores the effects of microplastic dietary exposure on 

zebrafish throughout development. Chapter 6 (New insights into benzo[⍺]pyrene 

osteotoxicity in zebrafish) focus on gaining insights into waterborne BaP osteotoxicity. 

Chapter 7 (Conclusions and perspectives) summarizes the interpretation of the results 

collected within the scope of this work and discusses future directions that could be 

followed to further assess the impact of microplastics and adsorbed pollutants on fish 

homeostasis. 

Statement: The author conceived, designed, performed the experiments and 

analytical procedures, and wrote or participated in the writing of the manuscripts 

included in this dissertation.  

Ethical statement: People involved in animal handling and experimentation received 

proper training (category B courses accredited by the Federation of Laboratory Animal 

Science Associations). Fish facilities were accredited by the Portuguese National 

Authority for Animal Health (DGAV). Procedures involving animals were performed 

following the EU and Portuguese legislation for animal experimentation and welfare 

(Directives 86/609/CEE and 2010/63/EU; Portaria 1005/92, 466/95 and 1131/97; 

Decreto-Lei 113/2013) and under authorization no. 012769/2021. All efforts were 

made to minimize pain, distress, and discomfort.  
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1.1. THE PLASTIC ERA 

Plastic pollution has greatly increased in the last decades and became a major 

concern for the environment and human health. The extensive use of plastic products 

in every aspect of our daily life, has driven the annual plastic worldwide production 

from 1.7 million tons in 1950 to 368 million tons in 2019(1) (Fig. 1.1A). Plastic products 

are usually preferred over other materials due to their excellent properties such as 

lightweight, flexibility and plasticity, corrosion resistance, electrical and thermal 

insulation and, most importantly, their low-cost production. In the past decades, due 

to the increase of anthropogenic activities and to the fact that society has become 

addicted to single use or disposable plastic, enormous quantity of plastic has been 

produced. It was estimated that from 1950 to 2017, 9.2 billion metric tons of plastic 

have been produced and of that, only around 10% has been recycled or incinerated 

(12%), while the rest is either currently in use (30%) or accumulating in landfills or in 

our environments as litter (48%)(2–5) (Fig. 1.1B). 

 

Figure 1.1. (A) Global plastic production from 1950 to 2019 and (B) fate of produced plastic. Based on 
data from Plastics Europe 2020, Geyer et al. (2017) and Wayman et al. (2021)(1,5,6). 
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1.1.1. Types of plastic polymers 

Plastics are man-made organic polymers derived from the polymerization of 

monomers which are normally extracted from fossil-based resources such as oil or 

gas(7). Plastic physicochemical properties (i.e., strength, melting point, etc.) can be 

customized by changing the type of monomer, which results in a different type of 

plastic. Plastic is not all the same; in fact, a large variety of polymers exists(8), that are 

used depending on their properties, for a myriad of end-use markets such as 

packaging, household and personal goods, building, constructions, automobile and 

electronic industries, and for this reason are identified with different numbers (Fig. 1.2). 

 

Figure 1.2. Common plastic polymers and their manufacturing demand in 2019. Based on data from 
Plastics Europe 2020(1). 

Polyethylene (PE) is made by the polymerization of ethylene monomers and 

although it has the simplest basic structure in comparison to any other plastic polymer, 

it is today the most common plastic in use. Polyethylene has in fact many attractive 
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features such as low price, electrical insulation, chemical resistance, good 

processability, toughness, flexibility, and transparency(9). Although polyethylene is 

available in a variety of grades and formulations to suit different needs (there are 

around 10 different types of polyethylene), high-density polyethylene (HDPE) and low-

density polyethylene (LDPE) are the most common types. While HDPE is strong and 

resistant to moisture/chemical, typically used for cartons, containers and building 

materials (i.e., milk cartons, buckets, pipes, and toys), LDPE is softer, clearer, and 

more flexible, normally used for beverage cartons and other products (i.e., sandwiches 

bags, garbage or grocery bags and beverage cups). Because it has many applications, 

polyethylene accounts for 30% of the total plastics market(1) and, since it is commonly 

used for single use products (plastic bags, films, etc.), it rapidly ends up in the waste 

stream. Polyethylene is ubiquitous and the most abundant plastic type polluting 

aquatic ecosystems(10–13). Finally, compared to other plastics, polyethylene has the 

highest sorption and diffusion capacity for hydrophobic, organic contaminants, due to 

its high permeability, greater free volume, flexibility, and mobility, that allows organic 

compounds, especially PAHs, to diffuse quickly through its molecular structure(9,14–16).  

Besides PE, other plastic polymers are manufactured. Polyethylene 

terephthalate (PET or PETE) is transparent, lightweight, strong, heat resistant, 

typically used in food packaging or other products (i.e., beer bottles, jelly jars, clothing, 

ropes). Polyvinyl chloride (PVC) is resistant to weathering and chemicals, is 

impermeable to germs and does not conduct electricity, which makes this material 

perfect to be used for building, healthcare, and high-tech applications (i.e., floor 

covering, pipes, hoses, medical tubing). Polypropylene (PP) is more heat resistant 

than other polymers, hard but flexible and translucent, thus normally used to produce 

drinking straws, bottle caps, hot food containers, packaging tape and disposable 

diapers. Polystyrene (PS) is low-cost, rigid and insulates very well, thus widely used 

in the food packaging and construction market (i.e., styrofoam, take-out food 

containers, shipping and product packaging, egg cartons, cutlery and building 

insulation). Finally, other types of polymers or a mix of the ones described above are 

classified as OTHER kinds of plastic, and normally are not recyclable products (i.e., 

baby bottles, eyeglasses, medical storage containers). 
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1.1.2. Chemical additives improve plastic properties 

In order to improve the performance, functionality and aging of plastic polymers, 

chemical additives such as stabilizers, antioxidants, flame retardants, antistatic 

agents, lubricants, colorants, reinforcements (e.g., glass fibers) are commonly added 

during the manufacturing process to enhance plastic properties(17). For instance, 

plasticizers such as chlorinated paraffins, butyl benzyl phthalate (BBP) and Bis(2-

ethylhexyl)phthalate (DEHP) are used to improve polymer flexibility, durability and 

stretchability(18); Antioxidants and UV stabilizers such as nonylphenol (NP) and 

bisphenol A (BPA) delay plastic degradation when exposed to light(19); Heat stabilizers 

such as cadmium and lead prevent thermal degradation(20); Slip agents such as fatty 

acid amides reduce the friction surface coefficient(21); Flame retardant such as 

chlorinated paraffins prevent the start or slowdown fire(22); Biocides such as arsenic 

compounds are used as antimicrobials(23). 

1.1.3. Plastic pollution in aquatic ecosystems 

Aquatic environment (lakes, rivers, and oceans) is downstream from nearly 

every terrestrial location, and thus receives most of the plastic waste generated on 

land. Annual input of plastic from land to ocean is estimated between 4.8 and 12.7 

million metric tons and is likely to drastically increase(24). Plastic waste either come 

from land-based sources (human littering, agricultural and industrial facilities, natural 

storms, etc.) or ocean-based sources (illegal waste disposal in open sea, fishing 

activities, lost cargo, shipping, offshore platforms, etc.)(25). Plastic is then spread 

around the world by the action of wind, currents, rivers, and waves. Plastic pollution is 

ubiquitous and massive with more than 5.25 trillion particles, such as microplastics, 

weighing 268,940 tons floating in the world’s oceans(26). Besides ethical and esthetical 

issues, plastic waste can negatively impact terrestrial/aquatic ecosystems, e.g., injure 

mammals, birds, reptiles, and fish by entanglement or cause their death by 

ingestion(27,28). Plastic can also participate in the transport of non-native species(29) or 

smothering of the seabed and corals(30). Over prolonged periods, exposure to different 

abiotic factors (i.e., light, temperature, wind, water, freezing and thawing, frictional 

stress) and/or biotic factors (i.e., biting, chewing, digestive fragmentation and other 

biochemical processes) can affect the structural integrity of plastic polymers that are 
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degraded into smaller fragments (see review by Zhang et al. (2021)(31) and references 

therein). Plastic fragments have been classified by the scientific community into five 

groups, based on their size: megaplastics (>1 m); macroplastics (<1 m), mesoplastics 

(<2.5 cm), microplastics (<5 mm); and nanoplastics (<1 μm). Plastic debris can also 

be classified according to their shape (i.e., spheres, films, fragments, or fibers). 

Because they are persistent, invisible to human eye and a threat to human health and 

the environment, microplastics have become in the last decade an issue of global 

concern(32–36). 

1.2. MICROPLASTICS 

Microplastics (MPs) are massively present in aquatic ecosystems and in the 

food web, representing a major concern for environment and human health. Thus, 

many international environmental and food agencies (e.g., UNEP, EFSA, GESAMP) 

have placed microplastics as one of the top priority research topics(37–39). Small plastic 

debris can be classified as primary or secondary microplastics. Primary microplastics 

are manufactured intentionally at microscopic scale for industrial applications(40), e.g., 

in personal care products (cosmetics, deodorants, facial scrubs, shower gels, 

toothpaste, etc.), in industrial manufacturing (nurdles) and in synthetic textiles (plastic 

fibers). They are released into the aquatic environment through the runoff of 

urban/industrial effluents. Secondary microplastics originate from the breakdown of 

larger plastic particles already present into the environment(7,31). 

Nowadays, microplastic are found almost everywhere on earth. Their presence 

has been reported at the ocean’s surface but also in deep oceans at 10,890 meters(41), 

sediments and atmosphere, drifting in the air or falling with rain over mountains and 

cities. Plastic debris have reached even the most remote places on earth such as in 

Alps and Arctic snow(42), Antarctic ice(43), and even on the top of Mount Everest(44). 

Beside the damage that they may cause to the aquatic life, microplastics also pose a 

threat to human health. In fact, microplastics can be ingested by any animal living on 

earth, then accumulated and transferred into the food chain, reaching humans as final 

consumers. In this regard, microplastics have also been found in goods of our daily 

life such as table salt, drinking water, beer, meat, and fish(45–48).  
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1.2.1. Chemical absorption or additives leaching microplastics 

There are two main routes in which microplastics can be associated with 

chemicals, either during their manufacturing processes or by absorption of chemicals 

present into the environment. Chemicals leaching from microplastic and chemical 

absorption onto microplastics are complicated processes. In fact, the 

absorption/desorption chemical kinetics depends on several dynamic factors such as 

microplastic characteristic (i.e., polymer type, structure, size, shape and surface 

properties), water media parameters (i.e., temperature, pH, salinity) and chemical 

properties (i.e., solubility, stability, and redox state)(15,17) (Fig. 1.3). During plastic 

production, different additives are used to enhance plastic properties which may leach 

into the aquatic media or animal tissues upon ingestion of microplastics.  

Recent studies have examined the chemical additive leaching out of the 

microplastics (see review by Bridson et al. (2021)(49)) upon abiotic/biotic weathering 

factors to determine the rate of release and their bioaccessibility. PE garbage bags 

and PVC electric cables incubated in seawater for one month leached out different 

types of phthalates (i.e., chemicals used as plasticizers)(50). Degradation for 56 days 

of synthetic microfibers made of PET and PA released into the seawater 

benzophenone and bisphenol A among other additives(51). A recent survey on PS 

debris collected on beaches revealed the presence in high concentrations of 

hexabromocyclododecanes (a common flame retardant) in all plastic debris, while 

some also leached out bisphenol A(52). 

On the other hand, anthropogenic chemicals that end up into the aquatic 

ecosystems may absorb and accumulate(53) onto microplastics because of their 

hydrophobic nature, small size and large surface area. Polycyclic aromatic 

hydrocarbons (PAHs)(15,54), poly-chlorinated biphenyls (PCBs)(15,55), 

dichlorodiphenyltrichloroethane (DDTs)(15), metals(56,57) and pharmaceuticals(58) are 

persistent organic pollutants (POPs) that have been detected on plastic particles at 

concentrations higher than in the surrounding environment(59). In this regard, PAHs 

were found to adsorb onto PP, PVC, PET, and LDPE microplastics(60). In particular, 

PAHs, such as benzo[⍺]pyrene, have the ability to adsorb at high rates onto 

polyethylene(16,60,61). 
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Figure 1.3. Factors that govern the adsorption of environmental pollutants or leaching of plastic 
additives. Based on information retrieved from Joo et al. (2021), Hahladakis et al. (2018), Agboola et 
al. (2021)(15,17,62). 

1.2.2. Benzo[⍺]pyrene: a model PAH compound 

Benzo[⍺]pyrene (BaP) is a member of the PAH family produced by incomplete 

combustion of organic matter at temperatures between 300-600 ºC. BaP presence in 

the environment typically results from natural events (i.e., volcanic activity and forest 

fires) and anthropogenic activities, such as smoking, car exhaust, petroleum 

exploration, residential waste burning and manufacturing of carbon, coal tar pitch and 

asphalt(63,64). Because BaP and other PAHs are hydrophobic and chemically stable 

compounds, they are ubiquitous in the environment and have been detected in the 

atmosphere(65,66), aquatic ecosystems(67,68), and sediments(69). Their lipophilic nature 

facilitates PAHs’ accumulation in the fatty tissues of aquatic organisms thus their entry 

in the food web, raising environmental concerns(70,71). Several studies have revealed 

the adverse effects of BaP and other PAHs on developmental, reproductive, hepatic, 

endocrine and immunological processes in exposed vertebrates(72,73). Recent studies 

have shown that once adsorbed onto microplastics, BaP can enter the food web and 

accumulate into tissues upon ingestion of the contaminated microplastics(74–77). 
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1.2.3. Microplastic toxicity in fish 

In aquatic ecosystems, microplastics are accessible to a wide array of 

organisms occupying different habitats, thus they have the capacity to induce adverse 

effects at several biological levels and possibly disrupt the entire ecosystem (Fig. 1.4). 

Aquatic organisms can ingest microplastics directly from the natural environment due 

to their inability to distinguish microplastics from natural prey or indirectly by ingestion 

of a organism already contaminated with microplastics. Microplastic toxicity can be 

physical – by blocking feeding appendages, impairing food transit through the intestine 

or causing false satiation thus resulting in a decrease in food intake(78,79) – or chemical 

– by leaching out additives or adsorbed contaminants that eventually accumulate into 

the animal tissues(80). In this regard, additives such as bisphenol A, phthalates, and 

chlorinated paraffins are highly hazardous, and have already been identified as 

carcinogenic, mutagenic, endocrine disrupting and toxic to reproduction(81).  

Figure 1.4. Potential impacts of exposure to microplastic among different levels of biological 
organization. Adapted from Galloway et al. (2017)(82). 

The adverse effects of microplastic ingestion have been reported in all the 

different levels of the aquatic food web, from primary producers to top predators. For 

example, exposure to microplastic reduced feeding rates, growth, oxygen 

consumption and altered the development of tunicates(83,84). Mussels exposed to 

microplastic showed alterations in oxidative stress enzymes, immune response, 

increased DNA damage and disorders in amino acids metabolism(85–89) as also 

reported for bottom feeders such as crabs(90,91). Zooplankton ingestion of microplastic 

particles resulted in intestinal damage, delayed growth, impaired feeding, and affected 

their behavior, reproduction, and offspring(92,93). 

Fish are central to the ocean food web and to human nutrition, and presence of 

several type of microplastics – mainly PE, PS and PP – have been reported in wild 

fish from several marine and freshwater environments (Table 1.1), including in species 
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marketed for human consumption such as the European sea bass (Dicentrarchus 

labrax)(94,95), gilthead seabream (Sparus aurata)(96), Atlantic horse mackerel 

(Trachurus trachurus)(48,94,97), Atlantic chub mackerel (Scomber colias)(94), common 

pandora (Pagellus erythrinus)(98), blackspot seabream (Pagellus bogaraveo)(98) and 

many other commercial species(48,99). A recent study also showed that many of the 

species used in fishmeal production, contain in average 0.72 microplastics per 

individual, and analysis of commercial samples of fishmeal revealed the presence of 

123.9 ± 16.5 microplastics/kg (mainly PE). In this regard, microplastic-containing 

fishmeals have the capacity to contaminate aquaculture fishes marketed for human 

consumption(97). 
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Table 1.1. Occurrence of microplastics in fish sampled in natural aquatic environments. For each case, fish species and ingested microplastic 
characteristics (size, color, shape, type, and concentration) are indicated. PE: polyethylene; HDPE: high-density polyethylene; LDPE: low-density 
polyethylene PP: polypropylene; PA: polyamide; PET: polyethylene terephthalate; PS: polystyrene; PU: polyurethane. N.A.: not available. Adapted from 
Wang et al. (2020)(100). 

 
Location Species Size (mm) Color Shape Type Concentration Reference 
Marine        

North Pacific 
Central Gyre 

Indian Pacific starfish 
(Astronesthes indopacifica), 
Pacific saury (Cololabis saira), 
lanternfish (Hygophum 
reinhardtii), Chardonnay fish 
(Loweina interrupta), Golden 
lanternfish (Myctophum 
aurolanternatum), Bigfin 
lanternfish (Symbolophorus 
californiensis) 

1–2.79 
White, clear, 
blue, green, 
black, yellow, etc. 

Fragments, 
film, line, 
rope, foam, 
etc. 

N.A. 

35% contained 
microplastics 
(2.1 ± 5.78 
items/fish) 

(101) 

Portuguese coast 26 species of benthic and pelagic 
fish 0.217-4.81 N.A. Fibers, 

fragments 

PP, PE, 
alkyd resin, 
rayon, PS, 
nylon, and 
acrylic 

19.8% 
contained 
microplastics 
(1.40 ± 0.66 
items/fish) 

(48) 

North Atlantic 10 species of mesopelagic fish 0.5–11.7 
Black, blue, gray, 
orange, green, 
red 

Fibers, 
fragments N.A. 1.2 ± 0.54 

items/individual (102) 

North Sea and 
Baltic Sea 

Common dab (Limanda limanda), 
European flounder (Platichthys 
flesus), Atlantic cod (Gadus 
morhua), Atlantic herring (Clupea 
harengus), Atlantic mackerel 
(Scomber scombrus) 

< 5 

White, clear, 
black, blue, 
yellow, green, 
red, brown 

Fragments, 
film, 
spherule, 
fibers 

PE, PA, PP, 
PS, PET, 
PU, rubber 

5.5% 
contained 
microplastics 

(103) 

Tokyo Bay, Japan Japanese anchovy (Engraulis 
japonicas) 0.15–6.83 

White, 
transparent, 
green, yellow, 
black, brown, 
pink 

Fragments, 
bead, 
filament, 
foam 

PE, PP, PS, 
others 

2.3 ± 2.5 
items/individual (104) 
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Location Species Size (mm) Color Shape Type Concentration Reference 

South Africa 
urban harbor  Mullet (Mugil cephalus) 0.2–15 White, clear, red, 

etc. 

Fibers, 
fragments, 
foam, film, 
line 

N.A. 3.8 ± 4.7 
items/individual (105) 

Western 
Mediterranean 
Sea 

Blackmouth catshark (Galeus 
melastomus) < 5 

Transparent, 
blue, black, red, 
white 

Fibers, 
fragments, 
film 

Cellophane, 
PET, PP, 
PA, others. 

0.34 ± 0.07 
items/individual (106) 

Tuticorin coast, 
India 

Indian mackerel (Rastrilliger 
kanagurta), Honeycomb grouper 
(Epinephalus merra), 

0.5–1 
Transparent, 
black, blue, red, 
etc. 

Fiber, 
fragments PE, PP 30% contained 

microplastics (107) 

Musa Estuary and 
Persian Gulf 

Bartail flathead (Platycephalus 
indicus), Greater lizardfish 
(Saurida tumbil), northern whiting 
(Sillago sihama), Tongue sole 
(Cynoglossus abbreviatus) 

< 0.1– > 1 

Black or gray, 
blue, green, red, 
white, 
transparent, etc. 

Fibers, 
fragments N.A. 0.16–1.5 

items/g (108) 

East coast of 
Vancouver Island, 
British Columbia 

Juvenile Chinook salmon 
(Oncorhynchus tshawytscha) 0.1-5 Transparent, blue Fibers N.A. 

59% contained 
microplastics 
(1.2 ± 1.4 
items/fish) 

(109) 

Tyrrhenian Sea, 
Italy 

Common pandora (Pagellus 
erythrinus), blackspot seabream 
(Pagellus bogaraveo) 

<5 Black Fibers Polyamide 
9.1% 
contained 
microplastics 

(98) 

Portuguese 
Northwest coast, 
Northeast Atlantic 
Ocean 

European seabass (Dicentrarchus 
labrax), Atlantic horse mackerel 
(Trachurus trachurus), Atlantic 
chub mackerel (Scomber colias) 

<5 

D. labrax: blue, 
whitish, black, 
red/pink, yellow. 
T. trachurus: blue 
and whitish. S. 
colias: blue, 
whitish, black, 
red/pink 

Fibers, 
fragments, 
pellets 

PE, PS, 
rayon 

D. labrax:1.2 ± 
2.0 
items/individual
, T. trachurus: 
0.7 ± 1.2 items/ 
individual, S. 
colias: 0.054 ± 
0.099 items/g 
of tissue 

(94) 

Mar Menor 
lagoon, Spain 

Gilthead seabream (Sparus 
aurata) 

0.091-5, 
average of 
0.83 ± 0.04 

White, blue, red, 
black, brown, 
yellow 

Fibers, 
fragments, 
film, 
microbeads 

HDPE, 
LDPE, PE, 
PEP, PVC 

20.11 ± 2.94 
items/kg of fish (96) 
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Location Species Size (mm) Color Shape Type Concentration Reference 

Coastal water of 
Tenerife, Canary 
Island, Spain 

European seabass (Dicentrarchus 
labrax) < 5 

Blue, yellow, 
black, 
transparent, 
others 

Fibers, 
fragments, 
film, lines 

Cellulose, 
nylon, PE, 
PP 

65% contained 
microplastics 
(1.43 ± 1.75 
items/fish) 

(95) 

Freshwater        

Brazos River 
Basin, USA 

Bluegill (Lepomis macrochirus), 
Longear (Lepomis megalotis) 0.5–5 

Gray, blue, red, 
black, green, 
others 

Thread, 
foam, line, 
sphere, 
others 

N.A. 45% contained 
microplastics (110) 

River Thames, 
UK 

European flounder (Platichthys 
flesus), European smelt (Osmerus 
eperlanus) 

< 5 Black, clear, blue, 
red 

Fibers, 
fragments 

PE, PET, 
PA, acrylic, 
others 

P. flesus: 75% 
contained 
microplastics; 
O. eperlanus: 
20% contained 
microplastics 

(111) 

Eleven French 
rivers Gudgeon (Gobio gobio) < 5 Colored, 

transparent 
Fibers, 
pellet N.A. 12% contained 

microplastics (112) 

Xiangxi Bay of 
Three Gorges 
Reservoir, China 

13 fish species 0.3–1.8 
White, 
transparent, blue, 
red 

Line, 
fragments, 
sheet 

PE, PA 
25.7% 
contained 
microplastics 

(113) 

Rio de la Plata 
estuary, 
Argentina 

11 fish species 0.6–4.7 
Red, green, 
yellow, white, 
black, blue 

Fibers, 
others N.A. 19.2 

items/individual (114) 

Amazon River 
estuary 46 fish species 0.38–4.16 Clear, yellow, 

orange, blue 

Pellet, 
sheet, 
fragments 

PA, PE 1.2 ± 5.0 
items/individual (115) 
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1.3. ZEBRAFISH AS A VERTEBRATE ANIMAL MODEL  

Although the occurrence and detection of microplastic in fish can be assessed 

in wild populations, studying the effects of microplastic at the biological level requires 

the use of animal models in laboratory conditions. In fact, it is extremely difficult, if not 

impossible, to evaluate the effect of microplastics on fish survival, development, 

reproduction, or offspring through environmental sampling. In this regard, most of the 

recent studies on the effect of microplastics in fish have been performed using 

zebrafish as animal model.  

1.3.1. The advantages of using zebrafish 

Zebrafish (Danio rerio) is a small freshwater fish belonging to the Cyprinidae 

family from the tropical regions of South and Southeast Asia. Due to numerous 

technical advantages (see below), zebrafish is nowadays a well-established model 

organism in multiple research fields, particularly in aquatic toxicology. Zebrafish has 

many compelling advantages such as inexpensive maintenance, small size, high 

fecundity, rapid/external development, and translucent body during embryogenesis. 

For instance, 200-300 eggs can be produced every week by a single spawning, larvae 

can be easily accommodated in 96-well plates, and they are able to absorb chemicals 

directly from the water. Larvae can also live for seven days relying on yolk sac contents 

providing a robust experimental approach, not affected by feeding conditions. Rapid 

development offers the opportunity to perform transgenerational studies. In addition, 

the zebrafish genome has been totally sequenced and annotated and 70% of human 

genes have a zebrafish ortholog(116). In this regard, the ease in genetic 

manipulation/editing tools allows the development of mutant/transgenic lines which 

excellent proxy to get insights into specific molecular mechanisms(117,118). Finally, the 

translucid nature of embryos and larvae coupled with transgenic lines or specific 

staining provide huge advantages in live imaging such as visualization of ingested 

fluorescent microplastic(74,75), bone structures and other specific cells/tissues(119,120). 
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1.3.2. Effects of microplastics on zebrafish 

Most of the recent studies on zebrafish have evaluated the effects of 

microplastic exposure (pristine or contaminated with environmental pollutants) on 

development, neurotoxicity, behavior, immunotoxicity, intestinal damage, microbiome 

changes, and oxidative stress (experimental conditions and biological effects are 

summarized in Table 1.2). The results are somehow contradictory with several studies 

reporting a clear toxicity of the microplastics (normally higher in combination with 

pollutants), while others showed limited or no effect. Variability in biological responses 

may be due to the different type and size of plastic tested, different exposure duration, 

concentration, and route. Due to laboratory limitations (i.e., static conditions, absence 

of recirculating housing systems to study microplastic), most of the studies have 

performed short term trials, reaching a maximum of 21 days of exposure. Although 

short-term exposure brings new insights into the acute effects of microplastic 

ingestion, they do not really mimic what may happen in nature i.e., a long-term 

exposure throughout the complete developmental process. A single study, Cormier et 

al. (2021)(121), evaluated the effects of PE exposure throughout zebrafish development 

from 5 to 120 days post-fertilization (dpf) and PVC from 60 to 120 dpf, pristine or spiked 

with BaP, PFOS or BP3. After 2 months of exposure, a decreased in growth and 

reproduction performance was reported in all tested conditions. While reduction in 

larval growth did not differ between type of plastic and spiked pollutants, PVC affected 

reproductive output more than PE, as microplastic spiked with PFOS and BP3 affected 

more than those spiked with BaP.  
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Table 1.2. Effects of microplastics on different life stages of zebrafish. PE: polyethylene; PS: polystyrene; PVC: polyvinyl chloride. BP3: oxybenzone; 
BaP: benzo[a]pyrene; PFOS: perfluorooctane sulfonate; Cu: copper; BHA: butylated hydroxyanisole; Cd: cadmium; 9-NAnt: 9-nitroanthracene; Phe: 
phenanthrene; h: hours; d: days; m: months; N.A.: not available. Adapted from Bhagat et al. (2020)(122). 
 

Development 
stage 

MP size 
(μm) 

MP 
type 

MP and contaminant 
concentration 

Sites of 
accumulation Administration Days of 

exposure Biological effects Reference 

Embryo 11–13 PE 

10 and 100 mg/L 
spiked with BP3 (20 
µg/L), BaP (2.5 mg/L), 
PFOS (20 mg/L) 

N.A. Water 4 

EROD activity and 
cyp1a expression 
increased upon 
exposure to MPs 
spiked with BP3 or BaP 

(123) 

Embryo 140.6 ± 
80.0 PE 100 mg/L N.A. Water 4 No effects (124) 

Embryo 1–4 PE 10, 100, and 1000 mg/L N.A. Water 7 

Changes in microbiome 
populations and in 
levels of triglyceride, 
total cholesterol, 
nonesterified fatty acid, 
total bile acid, glucose 
and pyruvic acid; 
Down-regulation of 
glucose and lipid 
metabolism-related 
genes 

(125) 

Embryo, 
larvae 1 PS 100 and 1000 μg/L 

Embryo: 
chorion; Larvae: 
mouth, 
stomach, and 
intestinal tract 

Water 5 Decrease in swimming 
performances (126) 

Embryo, 
larvae 1–5 N.A. 2 mg/L spiked with Cu 

(60 or 125 μg/L) 
Gastrointestinal 
tract Water 14 

Neurotoxicity, oxidative 
stress and lipid damage 
in larvae, leading to 
activation of the 
antioxidant system and 
detoxification 
mechanisms 

(127) 
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Development 
stage 

MP size 
(μm) 

MP 
type 

MP and contaminant 
concentration 

Sites of 
accumulation Administration Days of 

exposure Biological effects Reference 

Embryo, 
larvae 

38.26± 
15.64 PE 6.2, 12.5, 25, 50 and 

100 mg/L N.A. Water 6 

Early hatching of 
embryos; Low survival 
rate of larvae; 
Significant 
morphological changes 

(128) 

Embryo, 
larvae 

0.065 and 
20 PS 2 mg/L spiked with 

BHA (1 mg/L) 
Gastrointestinal 
tract Water 7 

Accumulation of BHA; 
Reduced hatching 
rates, increased 
malformation rates, and 
decreased number of 
calcified vertebrae; 
Disturbed metabolism 
of arachidonic acid, 
glycerophospholipid 
and lipids 

(129) 

Larvae 5–50 PS 100 and 1000 mg/L Intestinal tract Water 7 

Altered microbiome; 
Decreased CAT and 
GSH content; Disturbed 
glycolipid and energy 
metabolism 

(130) 

Larvae 10–45 PE 5 and 20 mg/L Intestinal tract Water 14 

No effects on 
development and 
growth; Transient effect 
on gene expression 
within 48 h exposure 

(131) 

Adult, larvae, 
embryo 

1–5, 10–
20 PE 3 mg/L spiked with BaP 

(10 μM) 

Adult: gills; 
Larvae: 
intestinal tract; 
Embryo: chorion 

Water 1 
BaP transfer via 
attachment to epithelia; 
cyp1a up-regulation 

(75) 

Larvae < 17.6 LDPE 5, 50 and 500 mg/L Intestinal tract Water 20 No effects (132) 
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Development 
stage 

MP size 
(μm) 

MP 
type 

MP and contaminant 
concentration 

Sites of 
accumulation Administration Days of 

exposure Biological effects Reference 

Larvae, adult 
PE (11–
13); PVC 
(125–250) 

PE, 
PVC 

PE spiked as in 
Cormier et al. (2019). 
PVC spiked with BP3 
(20 µg/L), BaP (5000 
µg/L), and PFOS (200 
mg/L) in diet 1% w/w 

N.A. Dietary 120 

Decreased growth after 
2 months of exposure; 
Decreased 
reproductive 
performance (PVC > 
PE; MP+PFOS/BP3 > 
MP+BaP); Disrupted 
behavior in larvae by 
PVC+BP3 

(121) 

Adult 0.1, 5, 200 PS 500 μg/L Intestine Water 21 Dysfunctional intestinal 
immune cells (133) 

Adult 0.1, 20 PS 200 μg/L spiked with 
Cu (50 μg/L) 

Gut, liver, and 
gills  Water 3 

Aggravated Cu 
accumulation in liver 
and gut by MPs and 
natural organic matter; 
Increased levels of 
malonaldehyde, 
metallothionein and 
SOD activity 

(134) 

Adult 1–5, 10–
20 PE Artemia (10000 nauplii 

fed MPs) Intestine Dietary 14 

Tropic transfer of MPs 
and BaP from Artemia 
to zebrafish; cyp1a 
upregulation 

(74) 

Adult 5 PS 20 and 100 μg/L N.A. Water 21 

Decreased body 
weight; Decreased 
levels of glucose, 
pyruvic acid, α-
ketoglutaric acid, and 
isocitrate 
dehydrogenase 

(135) 

Adult 5 PS 
20 and 200 μg/L, co-
exposed with Cd (10 
mg/L) 

N.A. Water 21  

Combined exposure 
cause oxidative 
damage and 
inflammation 

(136) 
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Development 
stage 

MP size 
(μm) 

MP 
type 

MP and contaminant 
concentration 

Sites of 
accumulation Administration Days of 

exposure Biological effects Reference 

Adult 125–250 PE 4% pristine MPs; 2% 
contaminated MP N.A. Dietary 21  

Upregulated prdx1, 
gstp1, cyp1a1 in liver; 
Upregulated chrna1, 
ngn1, cyp1a1 in brain 

(137) 

Adult 4-6, 125–
500 PE 

Artemia (10000 nauplii 
fed 1 mg of MPs spiked 
with BaP) or included in 
diet (1% w/w) 

N.A. Dietary 21  
No adverse effects 
detected; No BaP 
accumulation/transfer 

(138) 

Adult 100-150 PE 10 and 40 mg/L spiked 
with 9-NAnt (500 mg/L) N.A. Water 4, 7 

Altered oxidative stress 
enzymatic activity. 
Inhibited markers 
(AChE and LDH 
activity) of neurotoxicity 
and energy metabolism 
disorders; Altered 
intestinal microbiota 
populations; 
Bioaccomulation of 9-
nitroanthracene 

(139) 

Adult 150 PS 3 mg/L spiked with Phe 
(0.2 mg/L) Intestine Water 12, 21 

Bioaccomulated 
phenanthrene (higher 
when spiked); Altered 
SOD, GST and CYP1A 
activities; Altered 
expression of immune 
(tnfα, il-6, il-10) and 
antioxidant (sod1, gstr, 
cyp1a) related genes in 
liver and gills 

(140) 
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1.3.3. Microplastic effects on bone 

Although ingested microplastics can impair many biological endpoints in fish 

(Fig. 1.5), only scarce data are available on whether they may trigger skeletal defects. 

Abnormal bone homeostasis in fish can result from factors such as temperature, ocean 

acidification, water flow, genetic background, nutrition, and exposure to environmental 

pollutants(141–145) and such defects may affect swimming performance and impair 

feeding activity, affecting fish welfare and increasing their mortality.  

 

Figure 1.5. Research biological endpoints on the effects of microplastics in zebrafish. Adapted from 
Bhagat et al. (2020)(122). 

The only study available to date was recently published by Zhao et al. (2020)(129). They 

assessed the effect of two different sizes of PS microparticles (i.e., 0.065 and 20 μm) 

pristine or contaminated with butylated hydroxyanisole (BHA) – a synthetic antioxidant 

widely used to prevent aging of plastics – on skeletal development. MPs spiked with 

BHA increased the rate of morphological deformities upon 7 days of exposure (i.e. 

pericardial edema, yolk sac edema, hyperemia and spinal deformity), while pristine 

particles did not trigger any defects. Exposure to the smaller size of contaminated MPs 

(0.065 μm) for 12 days decreased the number of calcified vertebrae, while MP alone 

did not show any difference. In both trials, the authors showed that the effects of 
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MPs+BHA was always stronger when compared to waterborne exposure to BHA, 

suggesting that MPs may enhance contaminants toxicity. Although pristine MPs may 

not affect skeletal development, plastic additives but also environmental pollutants 

with the capacity to adsorb onto microplastics, are known to be endocrine disruptors, 

induce inflammation and oxidative stress and may affect bone homeostasis(146,147). For 

example, bisphenol A has the ability to impair the development of cartilage and 

craniofacial structures in zebrafish larvae(148), while exposure to 4-nonylphenol from 4 

hpf to 4 dpf impaired vertebral column development in 21 dpf zebrafish juveniles. 

Cadmium, commonly used during plastic production as heat stabilizer is also a 

disruptor of skeletal development in mammals and fish(145).  

There is a lack of experimental data on the effects of pristine and contaminated 

microplastics on fish skeletal development, and future studies should aim at assessing 

the osteotoxic effects upon microplastic ingestion. 

1.3.4. What is osteotoxicity? 

Osteotoxicity (or bone toxicity) is generally defined as any damage to bone 

during its development or maintenance by acute or chronic exposure to exogenous 

compounds, resulting in an impaired skeletal mineralization, remodeling and 

morphogenesis(147). Mechanisms underlying compound osteotoxicity have already 

been described, e.g., altered activity of membrane or nuclear receptors controlling the 

transcription of bone related genes, altered cellular redox status or altered composition 

of the extracellular matrix(147), but much remains to be done to understand how 

osteotoxicants impair cellular processes (i.e., proliferation, differentiation, apoptosis 

and activity) which lead to changes in physical-chemical properties of the bone (e.g., 

fragility, stiffness, porosity, density). 

1.3.5. The importance of the skeleton 

Although teleosts (such as zebrafish) and tetrapods diverged approximately 

420 million years ago, skeletal functions, processes of bone formation and 

mineralization, skeletal tissues (cartilage and bone) and bone cell types resemble in 

many aspects those found in mammals(120). The fish skeleton maintained the same 

mechanical functions found in other vertebrates. It provides structural support for 
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some tissues and organs (i.e., gill tissues and pharyngeal teeth), and protects internal 

organs. It facilitates movements (i.e., locomotion, articulation of the jaw and operculum 

movements during respiration) by providing muscles a rigid structure to generate 

forces(149,150). In fish, skeleton is also central to the maintenance of mineral 

homeostasis by serving as a mineral reservoir of calcium and phosphorus(151,152). It is 

worth to mention that while mammalian skeleton hosts the hematopoietic niche and it 

has endocrine functions, teleost skeleton did not conserve these non-structural 

functions throughout evolution(153,154). 

1.3.6. Bone, the main connective tissue 

Among the different tissues forming the skeleton, bone is a dense and 

specialized connective tissue composed of a mineralized and vascularized collagen 

matrix and hosting four different types of cells: osteoblasts, bone lining cells, 

osteocytes and osteoclasts.(155) The bone matrix is mainly composed by inorganic 

molecules (60%) such as hydroxyapatite (Ca10(PO4)6(OH)2), which gives hardness/ 

rigidity to bone, and organic molecules (40%), which provide a scaffold on which 

hydroxyapatite crystals can arranged. Organic molecules consist mainly of type I 

collagen (90%) and non-collagenous proteins (10%) such as osteocalcin, osteopontin 

and osteonectin. Osteocalcin has the ability to bind to calcium, mediating its 

association with hydroxyapatite(156). Osteopontin is involved in biological activities 

such as proliferation, migration, and adhesion of several bone-related cells (i.e., 

osteoclast)(157). Osteonectin links collagen to hydroxyapatite, serves as a nucleus for 

mineralization and regulates the formation and growth of hydroxyapatite crystals(158). 

1.3.7. Bone forming cells: the osteoblasts 

Bone matrix is produced by the osteoblast (4-6% of the total resident cells), 

which secrete both collagen and other specialized proteins. At the onset of bone 

formation, osteoblast secrete collagen fibers that polymerize and form an immature 

and unmineralized scaffold called osteoid(149). Calcium ions then bind to matrix 

proteins and osteoblasts produce alkaline phosphatase to increase levels of inorganic 

phosphate necessary to the formation of hydroxyapatite, but also to reduce 

extracellular pyrophosphate concentration, an inhibitor of mineral formation(159). In 

cellular bone(154), osteoblasts get buried in the mineralized bone matrix and 
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differentiate into osteocytes (90-95% of the total cell content), which coordinate bone 

response to mechanical loading (i.e., they participate in the mechanosensing system) 

and transduce biological signals through their cytoplasmic extensions(160). Some 

osteoblasts also differentiate into bone lining cells characterized by a flat and 

elongated shape. These cells are quiescent and rest on the bone surface; they prevent 

the direct interaction of osteoclasts with bone matrix at sites where bone resorption 

must not occur(161) and, if necessary, are activated to become mature osteoblast(162). 

Bone is formed through different processes of ossification, the two most 

common being endochondral and intramembranous ossification. In the course of 

endochondral ossification, bone forms through the replacement of a cartilaginous 

anlage by an osteoid and subsequent mineral deposition, while intramembranous 

ossification occurs directly from mesenchymal cell condensations without the 

formation of a cartilage matrix(149). 

Osteoblasts derive from pluripotent mesenchymal stem cells (as adipocytes, 

chondrocytes and fibroblasts) that undergo a maturation process where transcription 

factors such as Runx2 and Sp7 play an important role. Runx2 is a critical determinant 

of osteoblast commitment that drives the differentiation of mesenchymal stem cells to 

pre-osteoblast(163). During osteoblast maturation, Sp7 promotes cell proliferation and 

differentiation by activating the expression of essential downstream genes such as 

collagen 1/col1a1, osteocalcin/bglap, osteonectin/sparc and osteopontin/spp1, which 

are central to matrix mineralization(164) (Fig. 1.6). Because of their critical role during 

osteoblastogenesis, osterix (sp7) and osteocalcin 2 (bglapl/oc2) are commonly used 

as markers of immature and mature osteoblast, respectively, and zebrafish transgenic 

reporter line are readily available(165,166). 

1.3.8. Bone resorbing cells: the osteoclasts 

Bone matrix is resorbed by osteoclasts, which are large motile multinucleated 

cells responsible for the dissolution of the extracellular mineralized matrix and release 

of minerals. Upon specific signals (e.g., from the mechanosensing system), 

osteoclasts are recruited to target sites at the bone surface, where they attach and 

create a sealed compartment. Bone resorption occurs by the acidification of this 

compartment and the release of proteases which breakdown the mineralized 
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matrix(167). To acidify the compartment, osteoclast release protons and passively 

transport chloride into the compartment, which form hydrochloric acid, a potent acid 

responsible for the dissolution of the crystalline hydroxyapatite(168). At the same time, 

lysosomal proteolytic enzymes such as cathepsin K (Ctsk) and matrix 

metalloproteinases (Mmp) degrade the organic components of the extracellular 

mineralized matrix(169,170). During bone resorption, osteoclast secrete also tartrate-

resistant acid phosphatase (TRAP, coded by acp5 gene) into the resorption lacuna, 

where it de-phosphorylates the bone matrix protein osteopontin, thus promoting 

osteoclast detachment and migration(171). When the breakdown of the matrix is 

completed, osteoclasts undergo apoptosis to avoid excessive resorption(172). 

Osteoclast derive from hematopoietic precursors of the myeloid lineage which 

have the ability to differentiate into monocytes or macrophages(173). 

Osteoclastogenesis is mainly controlled by osteoblasts through the production of 

several factors such as the macrophage colony stimulating factor (M-CSF; that 

stimulates the proliferation and fusion of osteoclast precursors), the receptor activator 

of NF-κB ligand (RANKL; that induces cell fusion and differentiation towards mature 

and activated osteoclasts by binding to RANK, a receptor present in osteoclast 

precursor) and osteoprotegerin (OPG) (an antagonist of RANKL), which inhibits 

osteoclast differentiation(173,174) (Fig. 1.6). Markers of differentiated and active 

osteoclasts are Ctsk, Mmp9 and Acp5. 

1.3.9. Bone remodeling 

Bone is a dynamic tissue that is constantly remodeled to: (1) reshape in order 

to adapt to mechanical loading, (2) heal after fractures or (3) participate in calcium 

homeostasis(179). Bone remodeling is a physiological process in which old or damaged 

bone is removed by osteoclasts and replaced by new bone formed by osteoblasts. An 

imbalance between bone resorption and bone formation may occur under certain 

pathological conditions, which leads to abnormal bone structure and the development 

of skeletal disorders that can alter animal welfare(180). Bone remodeling is carried out 

by an anatomical structure (the basic multicellular unit), which requires the 

coordination of the major bone cell types and occurs in four distinct phases. When 

osteocytes detect a micro damage or sense a deformation in bone, they emit signals 

to recruit osteoclast precursors at the specific site. Osteoclast precursors get attached 
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to the bone matrix, differentiate into active osteoclasts (multinucleated giant cells) in 

response to elevated concentrations of the macrophage colony-stimulating factor and 

RANK ligand and initiate the resorption process(175,181). During this phase, pre-

osteoblasts are also recruited from the bone marrow or from nearby capillaries, and 

progressively differentiate and start to produce the osteoid, contributing to bone 

formation and ensuring the equilibrium between bone removal and formation. At a final 

stage, the osteoid becomes mineralized, concluding the bone remodeling cycle(182). 

 

Figure 1.6. Schematic representation of the marker genes involved in osteoblastogenesis (left) and 
osteoclastogenesis (right). Based on data from Boyle et al. (2003), Al-Bari et al. (2020), Kim et al. (2020) 
and Rutkovskiy et al. (2016)(175–178) 
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1.3.10. Zebrafish systems to evaluate osteotoxicity 

Various in vivo tools are available in zebrafish to study the osteotoxic effects of 

pollutants during bone development and regeneration. In this regard, changes in 

operculum growth have been extensively used to study osteotoxic 

compounds(144,145,183,184) during bone development. Incidence, typology, and number 

of deformities are normally used to evaluate the osteotoxic effects during skeletal 

development(144,145). Caudal fin regeneration upon amputation and scale regeneration 

upon removal have been used to study osteotoxic effects on de novo bone 

formation/resorption and patterning(185–187). In these different in vivo systems, 

osteotoxic effects are commonly detected through the morphometric analysis of bone 

structures that have been previously stained with bone specific dyes – which bind to 

mineral components of the extracellular matrix – such as alizarin red S or calcein for 

calcium (cation) and von Kossa for phosphate (anion). Zebrafish systems available to 

evaluate the effects of compounds on bone formation and regeneration will not be 

further detailed here as they are thoroughly reviewed in Chapter 4. 
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1.4. AIM AND OBJECTIVES 

Although there is a large consensus on the need to collect additional data on 

the impact of microplastics on living organisms, the information currently available on 

the biological effects of pristine or contaminated microplastics is scarce or 

controversial. Thus, much remains to be done to uncover the mechanisms underlying 

microplastic toxicity, in particular in aquatic animals, which are first-in-line organisms 

experimenting their adverse effects. Such information is essential to improve the 

current knowledge on issues related to microplastic pollution but also to support the 

establishment of environmental management policies. 

This work aims at gaining insights into the toxic effect of microplastics on bone 

homeostasis using zebrafish as laboratory model. Because polyethylene (PE) is it the 

most abundant plastic polymer polluting aquatic environments, PE microparticles 

ranging 20-27 µm in size were chosen as study material. Similarly, because PAHs are 

ubiquitous pollutants in the aquatic environment and because they have a high affinity 

for PE (i.e., they easily adsorb on PE particles), benzo[a]pyrene (BaP) – a model 

compound of the PAHs family – was chosen to contaminate microparticles and assess 

whether the combination microplastic and environmental pollutant could present an 

additional threat to aquatic life.  

The specific objectives of this thesis were: 

§ Design and build a housing system for zebrafish to perform state-of-the-art 

experiments with microplastics, in particular long-term exposure, while 

maintaining optimal water quality for fish culture and reducing interferences 

from plastic particles and chemicals that could originate and leach out from the 

plastic parts of the commercial housing systems currently available (Chapter 2); 

 

§ Develop morphometric tools to automate and standardize data acquisition from 

images of bone structures that may be affected in fish exposed to pristine and 

contaminated microplastics and gain quality information on their osteotoxicity 

(Chapter 3); 

 

§ Characterize the adverse effects of a long-term exposure of zebrafish to 
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pristine/contaminated MPs on growth, reproductive performance and 

skeleton/bone formation throughout development. Because ingestion probably 

represents the most likely way of fish exposure to microplastics, pristine and 

contaminated microplastics will be supplement to fish diets. Because 

information on MP osteotoxicity is scarce, a particular focus will be given to 

adverse effects on bone growth, mineralization and regeneration but also on 

the incidence of skeletal deformities (Chapter 5); 

 

§ Gain insights into the mechanisms of PAH osteotoxicity through the waterborne 

exposure of zebrafish to benzo[a]pyrene. Because microplastics contaminated 

with BaP triggered a stronger osteotoxic effect, relevant information on bone-

related cellular and molecular mechanisms affected by this organic pollutant 

are of utmost interest (Chapter 6). 

 

Scientific data on microplastic pollution in the aquatic environment and adverse effects 

on aquatic life, but also arguments to validate the zebrafish as a suitable model to 

assess mechanisms of osteotoxicity will be presented in a general introduction 

(Chapter 1). Zebrafish in vivo systems available to assess chemical osteotoxicity and 

tools to collect data in a more automatized and standardized manner will also be 

presented briefly (Chapter 4). Finally, a general conclusion (Chapter 7) will summarize 

the several findings uncovered throughout this work and will present perspectives for 

future works on this subject to gain critical knowledge on adverse effects generated 

by microplastic pollution. 
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Chapter 2  
ZEB316: a small stand-alone 

housing system to study 

microplastics and organic pollutants 

in small teleosts 
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PREAMBLE 

The growing interest of the scientific community for zebrafish as animal model has 

stimulated the development of commercial housing systems with water recirculation 

that provide a stable and optimal environment for the growth and reproduction of 

zebrafish. Housing systems are normally composed by several components (i.e., 

racks, tanks, tubing) connected to an automatized filtration unit which monitors and 

keeps water parameters at the desired conditions. Systems can be designed to meet 

specific requirements of any research lab and generally used for the maintenance of 

zebrafish breeders and transgenic lines. For specific research fields, such as 

toxicology and drug discovery, companies commercialize small stand-alone flow-

through systems, that are designed specifically to evaluate the exposure of zebrafish 

to specific compounds. However, none of these available systems are really designed 

to perform studies aiming at assessing the toxic effect of microplastics. In fact, 

available commercial solutions are made with plastic polymer components (e.g., 

aquariums, valves, tubing, filtration unit) that may interfere with the experiments. 

Plastic components may leach manufacturing additives or even release micrometric 

plastic particles throughout time. Thus, research on microplastics using (zebra)fish 

requires the development of housing systems with no or less plastic parts. 

This chapter describes the design and the building of the ZEB316, a stand-alone 

housing system built with inert materials to perform state-of-the-art toxicological 

studies. The ZEB316 was used to performed experimental exposures to microplastics 

within the scope of this work. 
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2.1. ABSTRACT  

Many anthropogenic chemicals and plastic debris end up in the aquatic 

ecosystem worldwide, representing a major concern for the environment and human 

health. Small teleosts, such as zebrafish (Danio rerio) and Japanese medaka (Oryzias 

latipes), offer significant advantages over classical animal models and are currently 

used as first-line organisms to assess environmental risks associated with many 

aquatic toxicants. Toxicological studies require the use of inert materials and 

controlled conditions. Yet, none of the available commercialized systems is adequate 

to assess the toxic effect of microplastics because they contain components made of 

plastic polymers that may release micrometric plastic particles, leach manufacturing 

compounds, or adsorb chemicals. The ZEB316 stand-alone housing system 

presented here is meant to be a cost-effective and easy-to-built solution to perform 

state-of-the-art toxicological studies. It is built with inert and corrosion-resistant 

materials and provides good housing conditions through an efficient recirculation and 

filtration systems. Assessment of water parameters and fish growth performance 

showed that the ZEB316 provides housing conditions comparable to those available 

from commercial housing systems. 

2.2. INTRODUCTION 

The rapid growth of the world population and manufacturing industry has 

resulted in the production of numerous hazardous compounds including chemicals 

(e.g., metals, persistent organic pollutants, etc.) and microplastics (MPs), which 

eventually end up in the aquatic environment (surface and ground waters) and may 

combine (chemical adsorption on MPs)(7,64,188–191). The consumption of MPs and 

adsorbed chemicals by aquatic organisms can induce lethal and sub-lethal toxicity, 

disrupt endocrine systems, impair growth and affect behavior(61,76,137,192–195). Once 

they enter the aquatic food web, MPs and adsorbed chemicals may reach various 

organisms – including humans – and cause health disorders by impacting key 

biological processes(14–17). The current knowledge associated with the effect of these 

hazardous compounds on human health and animal welfare is not enough to fully 

assess the risk associated with their presence in the aquatic environment. Many 

international environmental agencies (United Nations Environment Programme, 
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UNEP; European Food Safety Authority, EFSA; Food and Agriculture Organization, 

FAO) have placed pollution by chemicals and MPs as one of the top priority research 

topics(18,19). 

Fish are central to the aquatic food web and their contamination by hazardous 

substances have been widely reported, including species marketed for human 

consumption, which may trigger severe health issues(98,199–204). Small teleosts, such 

as the zebrafish (Danio rerio) and Japanese medaka (Oryzias latipes), offer significant 

advantages over classical animal models(205–207) and have become relevant models in 

various fields of science, including environmental toxicology(147,208–210). These species 

are commonly used as first-line organisms to assess risks associated with many 

aquatic toxicants, to gain insights into the mechanisms underlying their effects and to 

serve also as sentinels for the presence of toxicants in the aquatic environment(211–

214). Studies aiming at collecting toxicological data in fish require the use of specific 

materials and controlled conditions. In this regard, contaminated effluents and 

organisms should be contained to avoid environmental hazards and the volume of 

contaminated material should be limited in order to reduce the cost associated to its 

disposal. The usage of plastic material should also be eliminated or greatly reduced 

to avoid chemical adsorption or leaching and the release of micrometric plastic 

particles. Toxicological studies using fish can be performed in static water conditions, 

although this is not optimal for long-term exposures (e.g., trans-generational 

experiments) due to the rapid deterioration of water quality and the large volumes that 

need to be renewed and disposed. Water recirculation and filtration is preferable to 

maintain good water quality but requires the use of a specific housing system, and 

therefore the duplication of several pieces of equipment related to water treatment 

(e.g., ultraviolet and filtration units), water recirculation (e.g., submersible pump) and 

temperature control (e.g., heater). 

While several housing systems dedicated to toxicological studies are already 

commercialized, none of them are really designed to perform studies aiming at 

assessing the toxic effect of MPs and adsorbed chemicals. Indeed, these commercial 

solutions use components made of plastic polymers (e.g., pump, aquariums, valves, 

tubing) that can leach compounds used in the production of those plastic components. 

One example is bisphenol-A, an estrogen disrupter that affects invertebrate and 
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vertebrate development and reproduction (reviewed by Rubin, 2011(215)) and 

previously shown to be released from plastic tanks made of polycarbonate or 

polysulfone(216,217). If reused, plastic components of the housing system could also 

leach out some chemicals that became adsorbed onto their surface in previous 

experiments. Although this has not been yet reported in the literature, plastic polymers 

used in commercial housing systems may also release micrometric plastic particles 

that could interfere with the experiments. In this regard, physical degradation by 

abrasive forces and wetting/drying (e.g., as a result of the water circulation or the 

cleaning of the plastic components), chemical degradation by oxidation and hydrolysis 

(e.g., as a result of the action of cleaning agents or chemicals present in fish water) 

and bio-degradation by microorganisms (e.g., bacteria and algae that are commonly 

found in fish housing systems) can lead to the release of microplastic(218–223). Since 

plastic material may interfere with toxicological experiments, it should be reduced to 

the strict minimum or banished from the composition of fish housing systems when 

the impact of microplastics or chemicals adsorbed on the microplastics are assessed. 

Ideally, all the components should be replaced with inert materials such as glass or 

type 316 stainless steel. Some of the commercial systems are also flow-through and 

will therefore generate a large volume of contaminated water that needs to be 

collected and disposed accordingly, increasing the running costs of each experiment. 

There is also the need for economic solutions for small research facilities that cannot 

afford these costly commercial systems. The ZEB316 stand-alone housing system 

presented here is meant to be a cost-effective and easy-to-built solution to perform 

state-of-the-art toxicological studies. It is built with inert and corrosion-resistant 

material – 316 stainless steel and soda-lime float glass – and provides good housing 

conditions through an efficient water recirculation and filtration. 

2.3. MATERIALS AND METHODS 

2.3.1. Zebrafish maintenance and water parameters monitoring 

Sexually mature zebrafish (AB wild-type strain) were crossed following an in-

house breeding program. Fertilized eggs (N = 300) were placed into a 1-L breeding 

tank containing system water and 0.0002% (w/v) methylene blue to prevent fungal 

growth. System water was produced in glass containers using reverse osmosis treated 



 44 

water supplemented with a salt mixture (Tropic Marin Pro Reef Sea Salt, Tropic Marine 

Center, UK) to reach a conductivity of 700 µS/cm and sodium bicarbonate (Sigma-

Aldrich, Spain) to achieve a pH of 7.5. At 3 days post-fertilization (dpf), hatched larvae 

were transferred into a 3.5-L ZEB316 glass tank (Scalare, Portugal) or a 3.5-L ZebTEC 

plastic tank (Tecniplast, Italy) at a density of 100 larvae/L and maintained under static 

water conditions (90% of the water renewed every 2 days). At 15 dpf, post-larvae were 

distributed into new tanks to achieve a density of 26 post-larvae/L and maintained 

under recirculating water conditions (water flow of 8.4 L/h). At 30 dpf, density was 

adjusted to 5 fish/L. All fish were subjected to a 14–10 h light-dark photoperiod 

throughout the duration of the experimental work. Water parameters were measured 

daily (temperature, conductivity, and pH) or weekly (NH3, NO3, NO2, KH, GH and O2) 

to monitor water quality in both the ZEB316 and ZebTEC housing systems. It is worth 

to note that (1) 20% of the water was renewed once a week in the ZEB316 system, 

while it was done daily in the ZebTEC system, and (2) the UV sterilizer worked under 

a 2:4 on-off period in the ZEB316 system, while it worked continuously in the ZebTEC 

system. From 5 to 8 dpf, larvae were fed thrice daily: two meals of a microdiet 

(ZEBRAFEED, SPAROS Lda., Portugal) and one meal of rotifers (Brachionus 

plicatilis; 230 rotifers/mL)(224,225). After 8 dpf onwards, larvae were fed thrice daily in a 

microdiet-based regime only. 

2.3.2. Metallic components 

Marine grade (type AISI 316L) stainless steel was used for the pipes, drainpipe 

and valves canalizing the water but also for the tubular structure holding the aquaria 

(rack) and filters. Metallic components and structures were designed at the CCMAR-

BIOSKEL laboratory, while construction, welding and assembly of the different 

components was sub-contracted to Carlos B. França (Conceição de Faro, Portugal). 

Cylindrical metallic sieves were designed at the CCMAR-BIOSKEL laboratory, while 

construction and welding were sub-contracted to P. Duarte (Leiria, Portugal).  

2.3.3. Glass components  

Soda-lime float glass was used for the aquaria and sump. Glass components 

were designed at the CCMAR-BIOSKEL laboratory, while construction and assembly 

with aquatic grade silicone was sub-contracted to Scalare (Setúbal, Portugal).  
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2.3.4. Commercial components 

Commercial components that were not designed or constructed are listed in 

Table 2.1. Those containing plastic pieces (and that should be replaced for each new 

trials) are the submersible pump (mostly in plastic) and the submersible heater (plastic 

head). Plastic connectors of the ultraviolet water sterilizer were replaced with custom-

made 316 stainless steel connectors; still water is guided by plastic part inside the 

sterilizer.  

2.3.5. Detection of fluorescent microplastics  

In order to assess the efficacy of the ZEB316 filtration unit in retaining 

microplastic particles, fish were fed with ZEBRAFEED microdiet supplemented with 

1% of 20-27 µm polyethylene fluorescent particles (Cospheric, Santa Barbara, CA). 

Paper filters piled up in the filtration unit were collected after 24 h to assess the 

presence of MPs. Fluorescent images were acquired using a MZ 7.5 fluorescence 

stereomicroscope (Leica, Germany) equipped with a GFP filter (λex = 470–440 nm; 

λem = 525–550 nm) and a black-and-white F-View II camera (Olympus, Germany) with 

the following parameters: exposure time 100 ms, gamma 1.00, image format 1376 × 

1032 pixels, binning 1×1. The number of microplastic particles trapped on the 

successive filter papers was determined from fluorescence images using ImageJ/Fiji 

2.0v software built-in tools.  

2.3.6. Statistical analysis 

Statistical differences were determined through Student t-tests (p < 0.05) using 

Prism version 7.00 (GraphPad Software, Inc. La Jolla, CA). 
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2.4. RESULTS AND DISCUSSION 

2.4.1. General concept 

In order to design and build an aquarium system suitable for toxicological 

studies – e.g., to study the effects of MPs and adsorbed organic pollutants on aquatic 

organisms – the choice of the materials is a key parameter to be considered. In the 

absence of a suitable commercial system, we designed and constructed a small size 

recirculating system for small scale experiments – the ZEB316 system – with glass 

tanks, stainless steel piping and reduced plastic component to drastically decrease 

chemical leaching or adsorption and the generation of MPs that could interfere with 

toxicological experiments. The ZEB316 system is easy to build, to clean and to 

maintain. It is designed for bench-top applications with overall dimensions – when fully 

equipped – of 670-mm wide, 270-mm deep and 850-mm high (see the 3D view of the 

system in Fig. 2.1). Importantly, the ZEB316 system is cost-effective and therefore 

affordable for those laboratories with a limited budget. 

Because of its remarkable resistance to chemicals and corrosion and excellent 

mechanical performance,(226,227) austenitic stainless steel (AISI 316L) was selected to 

build the metallic components of the system, insuring robustness and longevity. These 

components are (1) a tubular welded rack (Fig. 2.2A), which gives support to all the 

structure and components, and (2) a piping system for water delivery and drainage 

(Fig. 2.2B), which includes 6 valves to control the water flow in each tank and avoid 

water splashing (see magnified view in Fig. 2.2B). The piping system is fixed to the 

rack using threads and screws (see asterisks in Fig. 2.2B) and can be easily 

disassembled for cleaning, maintenance or moving. An overflow valve is installed at 

the end of the piping system to regulate the flow of water in excess before it returns to 

the sump and avoid an overload of the pump. The drainpipe fixed on the rear of the 

rack (Fig. 2.2C) collects the outflow of the tanks and canalizes it to the filtration unit. 
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Figure 2.1. Schematic representation of the stainless steel components of the ZEB316 system, in 
particular the tubular rack to hold system equipment (A), the pipe system to distribute clean water 
to the aquaria (B), and the drainpipe to collect polluted/contaminated water (C). All measurements 
are in mm. Tubes of the rack have a 25-mm square section with a thickness of 2 mm, while pipes 
have a 9-mm diameter with a thickness of 1.5 mm. 
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Figure 2.2. 3D overviews of the fully equipped ZEB316 system showing custom made components 
(e.g., stainless steel tubular rack, water pipes and filtration cassettes, glass aquaria and sump) and 
commercial accessories (e.g., ultraviolet water sterilizer, submersible pump and heater). 

The ZEB316 rack is designed to hold the sump (Fig. 2.3A) on the bottom-shelf and 

the fish aquaria (Fig. 2.3B) on the top-shelf. Two different sizes of aquaria (i.e., 3.5 

and 7.5 L) are available to allow variations in the experimental design; shelf can hold 

three 7.5-L aquaria, six 3.5-L aquaria or a combination of both. To maintain the water 

level and canalize the water outflow to the drainpipe, a water collector pipe was placed 

at the back of each aquarium (Fig. 2.3C). It is composed of 2 parts: a straight steel 

pipe holding a cylindrical metallic sieve (mesh sizes 0.25 mm for larvae and 1 mm for 

adult fish) that prevents the fish from escaping aquaria and entering the water 

recirculation system, and a curved pipe that directs the water into the drainpipe. Both 

parts are threaded to facilitate their assembly from either side of the tank and removal 

for cleaning. The filtration system of the ZEB316 is composed of a mechanical, a 

chemical and a biological filter. Mechanical and chemical filters are held in a 
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removable filtration unit (Fig. 2.3D) placed on the top of the sump and receiving the 

drained water. Three separated cassettes made in 316 stainless steel and assembled 

to fit one into the other (Matryoshka-like) hold a washable stainless steel net (250 µm 

mesh) to trap large debris of food and/or fish excrements and homogenize the water 

flow (cassette #1); a disposable 4-layers paper filter to remove particles larger than 12-

14 µm (cassette #2); and a disposable activated charcoal filter to bind and remove 

organic compounds (cassette #3) (see Table 2.1 for commercial components). A 

stainless-steel box placed in-between the 2 chambers of the sump contains the 

biological filter, which is composed of ceramic rings (Table 2.1) that host the nitrifying 

bacteria (Nitrosomonas sp. and Nitrobacter sp.) necessary to the conversion of toxic 

nitrogenous waste products such as ammonia and nitrite into nitrate, and therefore the 

maintenance of a good water quality (Fig. 2.3E). An in-line ultraviolet sterilizer (Table 

2.1), mounted on the left side of the rack (8-W UV lamp) at the inlet of the water 

distribution line, is turned on every 4h for a 2h period to sterilize the water supplied to 

the aquaria (Fig. 2.1). To reduce their usage, plastic components to connect the 

sterilizer to the pipe network were replaced by stainless-steel custom-made pieces. A 

200-W submersible heater and a 8-W submersible pump (Table 2.1), placed in the 

sump after the biological filter, were used to maintain a constant water temperature 

and a constant water flow throughout the entire system (Fig. 1). These two pieces of 

apparatus are the only components of the ZEB316 system that contain plastic parts in 

contact with the fish water. Given their low price, these components can be discarded 

and replaced at the beginning of each new trial to avoid cross-experiment 

contamination with organic pollutant and microplastics. 
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Figure 2.3. Schematic representation of the glass components (front (F) and top (T) views) and filtration 
system of the ZEB316 system, in particular the 30-L glass sump (A), the 7.5-L (top) and 3.5-L (bottom) 
glass aquaria including respective lids (B), the aquarium water outlet including the metallic net used to 
keep fish inside the tank (C), the stainless steel cassettes holding the mechanical and chemical filters 
(D) and the canister for the ceramics hosting the biological filter (E). Glass thickness for the sump is 5 
mm while glass thickness for the aquaria is 4 mm. Stainless steel cassettes and canister have a 
thickness of 1 mm. 

Because of its compact design and reduced pipe network, only 50 L of fish water are 

needed to run the ZEB316 system described in Fig. 2.1, a volume compatible with 

small scale toxicological studies that require an appropriate – and sometime costly – 

water disposable at the end of each trial. The water flow at the entrance of each 

aquarium is regulated by a 316 stainless steel valve and can go up to 120 L/h; it can 

also be interrupted for tank maintenance or when static water conditions are required 

(e.g., during exposure of early stage larvae or during reproduction of breeder exposed 

to MPs and/or organic pollutants). Depending on room temperature and heater 

capacity, the water temperature can be typically set between 20-34 °C, which allows 

the ZEB316 system to host different small teleost species – e.g., zebrafish, medaka, 

cavefish, mosquitofish, swordtail and guppy – that require different water temperature, 

and to operate different experimental set up (e.g., regeneration of zebrafish caudal fin 

is commonly done at 33 °C, while optimal housing is at 28 °C).  
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Finally, the ZEB316 system can be upgraded with components such as probes 

and electronic devices to control water parameters or sump water level, an automatic 

sump refill system in order to compensate for water evaporation or renewal, a module 

for room-independent illumination and a refrigerating system if water at temperature 

below room temperature is needed (e.g., for cavefish). Although they are more 

expensive, stainless steel pumps, titanium / fully-glass heaters and stainless steel UV 

sterilizers are commercially available to build a (almost) plastic-free housing system. 

Stainless steel filters of micrometric mesh can also replace paper filters in the 

mechanical filtration unit. They are more resistant and would last longer but they are 

also more expensive and will not contribute to a decrease in the use of plastic parts in 

the ZEB316 housing system. 

 
Table 2.1. Commercial components installed in the ZEB316 system 

Material Model or reference Supplier 

Ultraviolet water sterilizer (8 W) V2Therm 200 Tropical Marine Center (Herts, UK) 

Submersible pump (8 W) V2PowerPump 800 Tropical Marine Center 

Heater (200 W) V2ecton  Tropical Marine Center 

Ceramic bead rings BLURINGS Ferplast (Vicenza, Italy) 

O-rings 25.5X3 & 16X4 Vedrol (Faro, Portugal) 

Paper filter (filtration unit) grade 603/N; 12-14 µm Ahlstrom-Munksjö (Helsinki, Finland) 

Activated charcoal (filtration unit) HJS-21 SUNSUN (Ma’aozhen, China) 

Metallic net (filtration unit) 250 µm mesh MLGINOX (Faro, Portugal) 

Metallic valves M/F AISI316 ¼” Metalofarense (Faro, Portugal) 
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2.4.2. Set up and maintenance of the ZEB316 system 

Before the first usage or after the cleaning of the ZEB316 system, the biological 

filter needs to be inoculated with the nitrifying bacteria (e.g., Nitrosomonas sp. and 

Nitrobacter sp.). For this, the system was running for two weeks with 10 mL of 1 M 

ammonium nitrate (Sigma-Aldrich) added to the water for promoting bacterial growth, 

then 5 adult zebrafish were placed into each aquarium and fed daily with ZEBRAFEED 

microdiet. Fish density was slowly increased (up to 15 adults per 7.5-L tanks) until 

maturation of the biological filter was achieved (1-2 month). During this period, 

temperature was set at 28 °C and water flow at 8.4 L/h. The procedure for the regular 

maintenance of the ZEB316 system is outlined in Table 2.2. It is important to mention 

that glass and stainless steel components of the ZEB316 system need to be 

washed/decontaminated properly between experiments and plastic parts replaced. In 

this regard, the silicone used to assemble glass aquarium and the ceramic rings used 

to host the biological filter should also be replaced as it could adsorb chemicals or bind 

microplastics. 

 
Table 2.2. Maintenance of the ZEB316 system 

Procedure Frequency 

Check / adjust sump water level Every week / as needed  

Clean metallic net (mechanical filter) Every day 

Replace paper filter (mechanical filter) Every day 

Replace activated charcoal (chemical filter) Every 6 months 

Clean aquaria Every week / as needed 

Clean aquaria outflow nets Every week / as needed 

Sump water renewal (20%) Every week 

Check water parameters Every day/week* 

* See Table 2.3 for assays and frequency 

2.4.3. Proof of concept 

In order to assess its suitability to provide fish with optimal growth conditions, 

the ZEB316 system was compared for 1 month to the ZebTEC commercial housing 

system. Water parameters were measured daily (temperature, conductivity, and pH) 

or weekly (NH3, NO3, NO2, KH, GH and O2), and growth was assessed at 30 days 

post-fertilization by measuring standard and total length, abdominal width, and dry 
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weight. Fulton´s K factor (g/mm3 × 105) was used to compare fish condition. Water 

parameters of the ZEB316 system remained constant throughout the proof-of-concept 

experiment and fell within the range of the “optimal” water parameters recommended 

for zebrafish housing condition(228–232). The comparison with the ZebTEC system 

revealed no significant variation of the parameters, validating the design of the 

ZEB316 system and proving the efficacy of biological filter (Table 2.3). The survival of 

the fish hosted in the ZEB316 system was close to 74%, a value similar to the survival 

rates described in the literature(233,234) and not statistically different from the value 

measured in the ZebTEC system (Table 2.4). Similarly, growth performance in the two 

housing systems was identical and in agreement with a normal zebrafish development 

as previously reported(233,234) (Table 2.4). 

 
Table 2.3. Water parameters measured daily (n=30) or weekly (n=6) in the ZEB316 and ZebTEC 
systems. Values are presented as the mean ± SD. 

 
Water parameters ZEB316 ZebTEC 

Da
ily

 Temperature (°C) 27.54 ± 0.34 28.27 ± 0.21 

Conductivity (mS) 729.10 ± 79.85 711.90 ± 38.46 

pH 7.64 ± 0.10 7.66 ± 0.11 

W
ee

kl
y  

Carbonate hardness (KH) (mg/L) 43.33 ± 5.16 50.00 ± 8.94 

Total hardness (GH) (mg/L) 83.33 ± 8.17 90.00 ± 10.95 

Dissolved oxygen (%) 99.67 ± 5.00 102.50 ± 1.76 

Dissolved oxygen (mg/L) 8.00 ± 0.50 8.28 ± 0.23 

Nitrite (NO2) (mg/L) < 0.1 < 0.1 

Nitrate (NO3) (mg/L) 8.33 ± 2.58 12.50 ± 6.89 

Ammonia (NH3) (mg/L) < 0.1   < 0.1 

 
Table 2.4 Survival rate and growth performance of fish maintained for 1 month in the ZEB316 and 
ZebTEC systems. Values are presented as mean ± SD (n=3). 

Parameters ZEB316 ZebTEC 

Survival rate (%) 74.00 ± 3.04 76.83 ± 7.91 

Standard length (mm) 5.87 ± 0.73 6.05 ± 0.90 

Total length (mm) 6.59 ± 0.84 6.75 ± 1.05 

Abdominal width (mm) 0.98 ± 0.20 0.99 ± 0.24 

Dry weight (mg) 0.33 ± 0.05 0.39 ± 0.02 

Fulton´s K factor 0.11 ± 0.01 0.12 ± 0.02 
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Finally, fish were exposed to ZEBRAFEED microdiet supplemented with 20-27 

µm fluorescent microplastics and the retention by the mechanical filter of the MP 

particles excreted after ingestion or leaching out of the food pellets was determined to 

evaluate the potential of the ZEB316 system for toxicological studies involving 

microplastics. Paper filters (12-14 µm pore size) piled up in the filtration unit were 

collected after 24 h and imaged under fluorescence light. Images analysis revealed 

that the mechanical filter efficiently retained the microplastic particles (>95% of the 

total particles fed in the system) and that the first paper filter retained most of the 

particles trapped by the mechanical filter (98.8%), while the filters placed below 

retained the remaining particles (Fig. 2.4). Additional testing confirmed that 3-4 paper 

filters piled up in the filtration unit are enough to retain most of the particles but also 

indicated that paper filters should be renewed every 24 h. Indeed, depending on the 

feeding protocol and the fish density, paper filters used for periods superior to 24 h 

may suffer some alterations that could altered their integrity and therefore their efficacy 

in filtrating MP particles. Using more than 5 paper filters significantly decreased the 

water flow in the filtration unit and resulted in some cases in an overflow of water. As 

these values highly depend on the filter pore size and on the particle size, they should 

be re-tested for different experimental setups. 

 
Figure 2.4. Number of microplastic particles retained by consecutive paper filters after 24 h of filtration 
in the ZEB316 system (A). Representative microscopic field used to determine the number of 
fluorescent microplastic particles on each paper filter (B). In A, positions of the paper filter in the filtration 
unit are indicated from top to bottom. Percentages indicated on top of each column refer to total number 
of MP particles detected on the filters. Values are presented as mean ± SD. Scale bar in B is 1.5 mm. 
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2.5. CONCLUSIONS 

The ZEB316 system is not only a cost-effective, easy-to-build and easy-to-

maintain alternative to commercial housing systems – estimated construction and 

running costs are 900 € and 100 €/year, respectively – it is also an effective solution 

to perform state-of-the-art toxicological experiments aiming at studying the 

environmental pollution by microplastics and their effect on aquatic organisms. Since 

it provides optimal water parameters and promotes adequate fish growth, the ZEB316 

system can also be used as an affordable solution to host model teleosts in small 

laboratories.  
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Chapter 3  
Development of ImageJ macros 
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PREAMBLE 

Among the technical advantages of the zebrafish over classical animal models, 

transparency is a dominant feature. Today, it is common practice to couple zebrafish 

with advance microscopy to answer scientific questions related to development, organ 

function, toxicology, and other fields of research. The availability of specific dyes and 

transgenic lines allows scientists to observe in detail the number, morphology and 

activity of specific cells, tissues, or organs. While imaging is now a common technique 

in most research laboratories and can generate a large amount of data, image analysis 

is often a bottleneck due to the lack of dedicated automatic/semi-automatic tools to 

speed up the process of data acquisition. Among the image analysis software currently 

available, FIJI (and ImageJ) have recently gained momentum in the scientific 

community. FIJI is an open source and freely available software that runs in most 

computer environment (Windows, macOS and Linux). FIJI works with any file format 

and provides tools and plugins that ease image analysis in specific workflows. It also 

provides the possibility to automatize image analysis through macros that allows the 

development of customized workflows for specific user requirements. 

In the scope of this dissertation, several macros were developed to acquire meaningful 

data in different type of experimental procedures. This chapter illustrates ZFBONE 

toolset (Chapter 3.1), a set of macros dedicated to morphometric analysis of several 

bone structures and additional macros created for other purposes (Chapter 3.2). 
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Chapter 3.1  
ZFBONE: an ImageJ toolset for  

semi-automatic analysis of zebrafish 

bone structures 
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3.1.1. ABSTRACT 

The last decade has seen an increased interest in the discovery of compounds 

with bone anabolic activity to treat skeletal disorders such as osteoporosis and 

increase the well-being of patients. Due to the many technical advantages over 

classical rodent systems, zebrafish (Danio rerio) has been increasingly used in 

screening pipelines, in particular those aiming at identifying osteoactive compounds 

with pharmacological potential. Because compound osteoactivity is mostly determined 

in zebrafish through the morphometric analysis of bone structures, image analysis, 

rather than screening assay implementation, molecule availability and image 

acquisition, represents a bottleneck to the screening throughput. The absence of 

auto/semi-automatic tools for image analysis of fish bone structures is also a limitation 

to a broader usage of zebrafish screening pipelines. We present here ZFBONE (for 

ZEbrafish BONE), an open-source, freely available, user-friendly, rapid, and reliable 

toolset, aiming at accelerating image analysis by automating the morphometric 

assessment of zebrafish bone structures, but also at increasing data accuracy by 

reducing operator bias. Tools included in ZFBONE allow users to assess, from 2D 

images, morphometric parameters of several bone structures (e.g., operculum, caudal 

fin rays and scales) but also the extent and the intensity of bone-specific colorations. 

ZFBONE has been developed using the open-source ImageJ software, to make it 

available to the whole zebrafish research community, but also to have it easily 

modifiable according to user demands. ZFBONE can also be used toward the 

standardization of zebrafish screening protocols in academia and industry. 

3.1.2. INTRODUCTION 

Osteoporosis, a skeletal disorder characterized by reduced bone mineral 

density, affects millions of people worldwide and represents a major socio-economic 

burden that increases every year(235–238). Although several drugs are already marketed 

to prevent or limit disease progression, they still have limited efficacy or undesirable 

side effects(239,240). Thus, the discovery of bone anabolic compounds that could 

become the next generation of therapeutics for osteoporosis has gained momentum 

in the last decade, and large-scale screening of molecule libraries and natural extracts 

has been progressively implemented(241–245). In this regard, zebrafish (Danio rerio) has 
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been increasingly used for compound screening as it brings technical advantages over 

classical animal models such as rodents, allowing quick, inexpensive, large-scale and 

high-throughput screening assays(120,246,247). Zebrafish opercular bone(184), scales(187) 

and caudal fin rays(185) have been successfully used to assess the effects of pro/anti-

osteogenic molecules during zebrafish bone development and 

regeneration(144,145,147,183,242,245,248). Compound osteoactivity is mostly determined in 

these systems through the morphometric analysis of bone structures, and image 

analysis, rather than screening assay implementation, molecule availability and image 

acquisition, represents a bottleneck to screening throughput. Although several tools 

have been already developed to assess bone quality (e.g., trabecular/cortical mineral 

density, bone morphology and volume and osteocytes lacunae), they are not suitable 

for large-scale screening and for zebrafish, since they were originally developed for 

mammalian (essentially human and mouse) models and are fed with radiographic 

images that require long acquisition times (i.e. micro-computed tomography and X-

ray)(249–253). 

Therefore, there is a need to develop zebrafish-specific tools to accelerate 

image analysis by not only automating the morphometric assessment of bone 

structures but also increasing data accuracy by reducing operator input. These tools 

should also be easy to modify, user-friendly and freely available to the zebrafish 

research community. They should be robust and reliable in an attempt to standardize 

the morphometric analysis of bone structures from images in academia and industry. 

Here we present ZFBONE, an open-source toolset gathering different macros that can 

be used to assess the effects of osteogenic/osteotoxic compounds from 2D images of 

several zebrafish bone structures, namely the developing operculum and regenerating 

caudal fin rays and scales. This toolset was developed in ImageJ software and is 

therefore freely distributed, easy to integrate into an analysis workflow(254) and can be 

modified according to user demands and suggestions. 

3.1.3. ZFBONE TOOLSET DESCRIPTION 

3.1.3.1. Principles and approach 

The idea behind the development of ZFBONE was to provide the zebrafish 

community with a set of semi-automatic tools to analyze the effects of bioactive 
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compounds on several bone structures (e.g., operculum, caudal fin ray and scale). 

These tools should be easily implementable in any laboratory and therefore should (1) 

accept standard image formats (i.e. TIFF/BMP), (2) work with simple operations 

through a user-friendly interface, (3) be developed using an open-source and freely 

available platform (i.e. ImageJ/FIJI), (4) deliver final data in a simple format that can 

be processed by widely distributed spreadsheet software (e.g., Excel, Prism and R), 

(5) report the analysis results through a simple graphical output for a posteriori 

confirmation of the data, and (6) be modifiable to fit any specific requirements. Most 

importantly, ZFBONE was developed to provide novice operators (such as students 

or young scientists) a set of simple but robust tools to get in a timely manner 

meaningful and accurate data. 

3.1.3.2. ZFBONE toolset 

ZFBONE toolbar can be easily installed in the Java-based image processing 

software ImageJ (https://imagej.net) or FIJI (http://fiji.sc) by saving the file 

"ZFBONE.ijm", provided as Supplementary Material or available online on the 

software versioning platform GitHub (https://github.com/MarcoTarasco/ZFBONE), in 

the software application folder (e.g., Applications\Fiji\macros\toolsets\ZFBONE.ijm). 

Once installed, ZFBONE toolbar is activated by clicking on the "More tools" menu 

(">>") and will appear on the main toolbar as showed in Fig. 3.1. Abbreviations of all 

the measurements and/or identifiers used by the different macros are described in 

Table 3.1. 

 

 
Figure 3.1. ZFBONE toolbar gathering the buttons to launch the different bone related macros (i.e., 
operculum assay, scale assay, caudal fin assay and ray bone intensity). The about button links to 
credits, while the help button links to the online manual on GitHub. 
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Table 3.1. Description of measurements and identifiers available in ZFBONE toolset. 

Abbreviation Measurements and identifiers Description 
Operculum macro 
Hd area Head area Area of the head determined by outer limits defined by the user 

Op area Ch1 Operculum area in channel 1 
Area of the operculum in channel 1 determined by outer limits 
defined by the user 

Op/Hd Ch1 Ratio operculum area ch1/head area Corrected operculum area in channel 1 

Signal area Ch1 Area of signal in channel 1 
Area of the signal in channel 1 given by the sum of all pixel 

(selected accordingly to MIN and Max Thr) in Op area Ch1 

Signal area Ch2 Area of signal in channel 2 
Area of the signal in channel 2 given by the sum of all pixel 

(selected accordingly to MIN and Max Thr) in Op area Ch1 

Signal intensity Ch1 Pixel intensity in channel 1  
Total pixel values in channel 1 (RawIntden) given by the sum of 

all pixel in Op area Ch1 

Signal intensity Ch2 Pixel intensity in channel 2  
Total pixel values in channel 2 (RawIntden) given by the sum of 

all pixel in Op area Ch1 

MIN Thr Ch1 / Ch2 Minimum threshold value used in channel 1 / 2 
Threshold minimum pixel value used to select signal in channel 

1 / 2 

MAX Thr Ch1 / Ch2 Maximum threshold value used in channel 1 / 2 
Threshold maximum pixel value used to select signal in channel 

1 / 2 

Scale macro 
Scale area Scale area Area of the scale determined by outer limits defined by the user 

Scale circ Scale circularity 

Circularity of the scale calculated automatically following the 

formula 4π × [area/(perimeter^2)]. Circularity of 1.0 indicates a 

perfect circle 

Scale AR Scale aspect ratio 
Aspect ratio of the scale calculated automatically by fitting an 

ellipse on the scale area and extracting the major and minor axis 
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Abbreviation Measurements and identifiers Description 

TRAP area Area of TRAP signal 

Area of TRAP signal determined by the threshold in Scale area 

and given by the sum of all pixel (selected accordingly to MIN 

and MAX Thr) 
TRAP/scale area Ratio TRAP area/Scale area Corrected TRAP signal  

DEMIN area Demineralized area 

Area of demineralized signal determined by the threshold in 

Scale area and given by the sum of all pixel (selected 

accordingly to MIN and MAX Thr) 

DEMIN/scale area Ratio Demineralized area/Scale area Corrected demineralized signal  

MIN Thr Minimum threshold value  
Threshold minimum pixel value used to select signal (TRAP or 

DEMIN)  

MAX Thr Maximum threshold value  
Threshold maximum pixel value used to select signal (TRAP or 
DEMIN)  

Caudal fin macro 
STU Stump width Width of the stump determined by the user selection 

REG Regenerated area 
Area of the regenerated tissue determined by outer limits 

defined by the user 

RMA de novo mineralized area 

Area of the mineralized bone determined by the threshold in 

REG and given by the sum of all pixel (selected accordingly to 

MIN and Max Thr) 

RAY Ray width 
Width of the ray determined by the user selection of the first 

intersegment joint before STU 

RAYs Ray width average Average of all Ray width 

RMA/RAYs Ratio de novo mineralized area/ray width average Corrected de novo mineralized area 

REG/STU Ratio Regenerated area/Stump width Corrected regenerated area 
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Abbreviation Measurements and identifiers Description 

(RMA/RAYs)/(REG/STU) Ratio corrected de novo mineralized area/Regenerated area 
Corrected de novo mineralized area within corrected 

regenerated area 

MIN Thr Minimum threshold value  Threshold minimum pixel value used to select RMA signal 
MAX Thr Maximum threshold value  Threshold maximum pixel value used to select RMA signal  

S Segment Identify segment number in each ray region 

IJ Intersegment joint Landmarks identifying intersegment joints  

BIF Bifurcation point Landmarks identifying bifurcation points 

IJL Intersegment joint in the left branch of the bifurcated ray 
Landmarks identifying intersegment joints in the left branch of 

the bifurcated ray  

IJR Intersegment joint in the right branch of the bifurcated ray 
Landmarks identifying intersegment joints in the right branch of 

the bifurcated ray  

Ray_1-IJ-SW (IJL, IJR) Segment width in ray #1 

Width of the individual segments in each ray calculated at the 

middle point between 2 landmarks and by measuring pixel 

distances in the distance map 

Ray_1-IJ-SL (IJL, IJR) Segment length in ray #1 
Length of the individual segments in each ray calculated by 

measuring pixel distance between 2 landmarks 

STU-BIF Distance from the stump to the bifurcation point 
Distance from the stump to the bifurcation point calculated by 

summing all SL in each ray 

BIF-IR Distance from the bifurcation point to the inter-ray tip 
Distance from the bifurcation point to the inter-ray tip calculated 
by averaging IJL-SL and IJR-SL 

STU-IR Distance from the stump to the inter-ray tip 
Distance from the stump to the inter-ray tip calculated by 

summing STU-BIF and BIF-IR 

Tot S-IJ (IJL, IJR) Total number of segments Total number of segments in each ray region 

Avg SW-IJ (IJL, IJR) Average of the segment width  Average of the segments width in each ray region 

Avg SL-IJ (IJL, IJR) Average of the segment length Average of the segments length in each ray region 
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Abbreviation Measurements and identifiers Description 

TRAP area Area of trap signal within the regenerated area 

Area of TRAP signal determined by threshold in Regenerated 

area and given by the sum of all pixel (selected accordingly to 

MIN and MAX Thr) 
TRAP area/(REG/STU) Ratio TRAP area/corrected regenerated area Corrected TRAP signal 

MIN Thr Minimum threshold value  Threshold minimum pixel value used to select TRAP signal 

MAX Thr Maximum threshold value  Threshold maximum pixel value used to select TRAP signal  

Ray intensity 
Y_Ray1 Pixel intensity value along ray #1 Pixel intensity values measured along the ray 

Y_Ray1_shifted Shifted pixel intensity value along ray #1 
Pixel of highest intensity is identified in each ray and used as a 

reference point to align all the rays. Missing values are set to 0 

Y_Ray1_shifted_normalized Normalized pixel intensity value along ray #1 
Pixel of highest intensity is set to 1 and other pixel values are 

corrected proportionally 



3.1.3.3. Image requirements 

For an optimal analysis, ZFBONE requires images saved in TIFF or BMP 

formats. Although natively supported by ImageJ, lossy compressed file formats such 

as JPEG should be avoided since compression alters both intensities and object 

shapes and may results in data corruption. Depending on the assay, the macros can 

operate with different color channels. While operculum and caudal fin MIN and MORP 

macros work with fluorescence images, caudal fin TRAP and scale macros require 

bright-field color images as staining signal is assessed using color thresholds. It is 

recommended that the images of an individual experiment or that need to be 

processed together (e.g., batch mode processing) are placed in the same folder. The 

folder can contain files that are not image files, since the macro will only process files 

ending with .tiff, .bmp and .jpg. The ray bone intensity macro requires radiographic 

black and white images for the analysis and tabulation separated values files (.xls or 

.csv extension) containing intensity data for the data pooling. 

3.1.3.4. Operculum assay 

The operculum macro allows the user to assess the effect of selected 

compounds on the growth of the opercular bone by measuring the mineralized area of 

the operculum stained with mineral-specific dyes, e.g., alizarin red S (AR-S) or calcein. 

Operculum area is normalized with the head area to correct for inter-specimen 

variability, as described in Tarasco et al. (2017)(184). The operculum macro can also 

be used to get insights into the cellular mechanism of selected compounds, assessing 

their effects on bone cells by measuring fluorescence signal area and/or intensity 

within the operculum area in zebrafish reporter lines, e.g., Tg(runx2:GFP)(165), 

Tg(col10a1:EGFP)(255), Tg(Ola.sp7:mCherry)(166) and Tg(Ola.oc:EGFP)(165), where 

runx2, col10, sp7 and oc are markers of osteoblast differentiation. To make use of the 

2 channels available, the user can combine mineral staining with a cell reporter 

marker, e.g., AR-S fluorescence signal in channel 1 (Ch1) and osteocalcin:GFP 

fluorescence signal in channel 2 (Ch2).  

The initial menu of the operculum macro is intended to collect information from 

the user to define the degree of automatization and the complexity of the analysis. 
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Briefly, the user first indicates whether a single image (manually opened into 

ImageJ/FIJI) or several images (placed in the same folder) will be analyzed. Then the 

user indicates his intention to either adjust the image brightness/contrast to better 

visualize bone structures, or not. Contrast value is set by default to 2 but can be 

modified by the user according to image quality. This function adjusts 

brightness/contrast by setting the min and max pixels intensity to (mean - contrast 

value × std) and (mean + contrast value × std), respectively. Briefly, image intensity 

distribution follows a gaussian distribution, and this function excludes pixels that are 

too dark/bright depending on the contrast value chosen. In batch mode, the contrast 

will be automatically and identically adjusted in all images. Our recommendation for 

inexperienced users is to first determine, in a representative image and using the 

single mode, whether contrast needs to be adjusted and, if yes, which value gives the 

best contrast. Next request is to select the number of channels to be analyzed (1 or 2) 

and whether to apply, or not, a threshold. If channels are from 2 different images, they 

need to be merged in a composite image, as a single image has to be fed to the macro. 

Threshold to be used by the macro can be set by the user (not interactive mode) in 

the user menu (set threshold Ch1/Ch2) or determined automatically (IsoData dark 

method (256) for Ch1/ Triangle dark method for Ch2 (257)) by the macro and later 

confirmed or adjusted by the user (interactive mode). Finally, the user indicates 

whether the head area should be measured and whether the result table should 

display measurements such as area and/or intensity. A diagram of the operculum 

macro workflow and case studies are presented in Fig. 3.2.  

Analysis of operculum growth in AR-S or calcein-stained larvae (Fig. 3.2B) is 

probably the simplest case. It requires a single channel image and the selection of the 

head and operculum outer limits by the user. Output table will contain the raw 

measurements, the ratio operculum/head area, and the staining intensity. Analysis is 

more complex when AR-S signal is combined with a fluorescent reporter signal, e.g., 

from the Tg(Ola.oc:EGFP) transgenic line (Fig. 3.2C). In this case, the user will select 

a two-channel procedure and apply a threshold in Ch2. In the output table, the 

information for Ch1 is the same as the one described above, while the information for 

Ch2 includes the signal area and intensity and the threshold applied. For two reporter 

signals, e.g., from the Tg(Ola.sp7:mCherry; Ola.oc:EGFP) double transgenic line (Fig. 

3.2D), the user will still select a two-channel procedure but has the possibility to apply 
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a threshold in Ch1 and/or Ch2. Information retrieved in output table includes the signal 

area and intensity and the threshold in both channels. In this latter example, measuring 

the head area is not needed since signal will be assessed inside the operculum area. 

There is therefore an option to skip this measurement. It is worth to mention that while 

in 1 hour an experienced user will analyze manually and get data for 59 images 

(operculum AR-S case with one channel), any user using the macro will be able to 

process 250 images (Supplementary Fig. 3.1A). 

 



 73 

Figure 3.2. Workflow of the macro used to assess the operculum mineralized area in wild-type larvae 
stained with bone-specific dye (i.e., alizarin red S (AR-S) or calcein) or the operculum bone cell content 
in transgenic larvae expressing fluorescent proteins. (A) Upon selection of the macro options (initial 
menu) several parameters will be calculated from the region of interest (ROIs; head and operculum 
area) defined by the user. Operculum images can be analyzed individually or in batch. The user can 
adjust the image brightness/contrast selecting “yes” in adjust-contrast. The contrast value parameter is 
set by default at 2 but may be adjusted depending on the image acquisition. This function adjusts 
brightness/contrast by setting the min and max pixels intensity to (mean-n*std) and (mean+n*std), 
respectively. In the user menu, the user can choose to analyze 1-channel or 2-channel images. The 
threshold used for signal detection can be set to interactive (the macro will apply an automatic threshold 
and stop for the user to confirm or adjust) or to not interactive (the user defines the threshold pixel min 
value in set threshold Ch1/Ch2 depending on the number of channels to be analyzed; the macro will 
not stop for manual adjustments). The user can then select if wants to measure the head area for later 
normalization or not. Finally, the user can set which kind of measurements will be shown in the result 
table (i.e., area and/or intensity). The macro will calculate all the parameters (shown in the macro 
schematic in values from ROIs), then it will create a new folder in the image directory, where it will be 
saved: a result table, and image showing the selections and the ROI manager content. All selection 
tools are selected automatically during the analysis. Dark grey boxes indicate functions that are 
automatically computed by the macro, while white boxes indicate functions that require the user input 
(e.g., manual selection of bone structures) and light grey boxes indicate functions that can be manual 
or automatic depending on the user choices in the initial menu. (B) Example of macro output set to 
analyze wild-type larvae stained with bone specific staining (AR-S or calcein, in this example was used 
AR-S). In this case, contrast was adjusted to better visualize bone structures. Only the area of the head 
and the area of the operculum were assessed. Pixel intensity was also assessed in the operculum area. 
(C) Example of macro output set to analyze transgenic larvae labeling oc (osteocalcin; committed 
osteoblast) positive cells combined with bone specific staining (i.e., AR-S). In this case, no contrast was 
adjusted. Ch1 is AR-S signal while Ch2 is oc+ signal. (D) Example of macro output set to analyze 
double transgenic larvae labeling sp7 (osterix; pre-osteoblast) and oc (osteocalcin; committed 
osteoblast) positive cells. No contrast was applied, and area of the head was not measured since in 
this specific case the user is interested only in the 2 different reporter line signal within the operculum. 
AR-S, Alizarin Red S; Hd area, head area; Op area Ch1, operculum area in Ch1; Op/Hd Ch1, ration 
between operculum area in Ch1 and head area; Op signal Ch1, operculum signal area in Ch1; Op 
signal Ch2, operculum signal area in Ch2; Signal intensity Ch1, operculum pixel intensity in Ch1; Signal 
intensity Ch2, operculum pixel intensity in Ch2; MIN Thr Ch1/Ch2, min threshold value; MAX Thr 
Ch1/Ch2, max threshold value. 

3.1.3.5. Scale assay 

The scale macro allows the user to assess the effect of selected compounds 

on matrix mineralization in scales stained with von Kossa or on osteoclast activity in 

scales stained for tartrate-resistant acid phosphatase (TRAP), as described by De 

Vrieze et al. (2014)(187). Both ontogenetic and regenerating scales can be used, and 

best results are achieved with images of well-individualized scales. In addition to 

mineralization rate and TRAP activity, the scale macro will also determine 

morphological parameters such as area, circularity, and aspect ratio to evaluate 

compound effects on bone remodeling and homeostasis.  

The initial menu of the scale macro is intended to collect information from the user to 

define the type of analysis to be performed. Briefly, the user first indicates whether a 

single image (opened by the user in ImageJ/FIJI) or several images (placed in the 
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same folder) will be analyzed, then the type of staining that was performed on the 

scales (von Kossa or TRAP). The threshold that the macro will use to determine signal 

area can be set by the user (not interactive mode) in the user menu (set threshold) or 

determined automatically (MaxEntropy dark method (258)) and later confirmed or 

adjusted by the user (interactive mode). A diagram of scale macro action flow and 

case studies are presented in Fig. 3.3.  

Once the options are set in the user menu, the macro will ask the user to 

manually outline the outer limits of each scale and add selected region to the ROI 

manager. Multiple scale analysis requires the user to press down the key ‘T’ after each 

selection. According to the staining indicated in the user menu, the macro will apply 

directly a color threshold using the YUV color space (TRAP staining; Fig. 3.3B) or 

transform the original image(s) in 8-bit image(s), enhance the contrast and then apply 

a threshold (von Kossa; Fig. 3.3C). The macro will then determine all the regions with 

staining within each scale using the built-in ImageJ function analyze particles. This 

function will outline each individual stained area within the scale area. Since 

clear/white areas in von Kossa stained scales will be associated with demineralization, 

the macro will exclude the clear/white areas in contact with the scale border as they 

are most probably false demineralized areas resulting from the threshold application 

(the efficient removal of these false demineralized areas largely depends on image 

quality). On the contrary, the strong red-violet color observed in TRAP stained scales 

is less prone to generate false stained areas (if threshold min value is correctly 

adjusted). Output table will contain the raw measurements, the ratio TRAP/scale area 

(or DEMIN/scale) and the threshold minimum and maximum value used for detecting 

the staining. It is worth to mention that while in 1 hour, an experienced user will analyze 

manually and get data for 40 images (one scale per image stained with TRAP), any 

user using the macro will be able to process 200 images (Supplementary Fig. 3.1B). 
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Figure 3.3. Workflow of the macro used to assess mineral content in ontogenetic/regenerated scales 
stained with von Kossa or osteoclast function in scales stained for tartrate-resistant acid phosphates 
(TRAP) activity. (A) Scale images can be analyzed individually or in batch. The user can select all 
scales present in the image (as shown in panel B) or only analyze a single scale (as shown in panel C). 
The threshold used for signal detection (TRAP or von Kossa) can be set to interactive (the macro will 
apply an automatic threshold and stop for the user to confirm or adjust) or to not interactive (the user 
defines the threshold pixel min value in set threshold; the macro will not stop for manual adjustments). 
The macro will calculate all the parameters (shown in the macro schematic in values from ROIs), then 
it will create a new folder in the image directory, where it will be saved: a result table, and image showing 
the selections and the ROI manager content. All tools are selected automatically during the analysis. 
Dark grey boxes indicate functions that are automatically computed by the macro, white boxes indicate 
functions that require the user input (e.g., manual selection of bone structures) and light grey boxes 
indicate functions that can be manual or automatic depending on the user choices in the initial menu. 
(B) Example of macro output for TRAP analysis. In this case the user wanted to select all scales present 
in the image and all different measurements are reported in the result table per scale. Scale circ, scale 
circularity; Scale AR, scale aspect ratio; TRAP area, area of TRAP detected; DEMIN area, 
demineralized area detected; TRAP/Scale area, ratio TRAP signa within scale area; DEMIN/Scale area, 
ratio demineralized area within scale area; MIN Thr, min threshold value; MAX Thr, max threshold 
value. 
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3.1.3.6. Caudal fin assay 

The caudal fin macro allows the user to assess tissue regeneration and de novo 

bone formation (MIN), but also the morphometry of the rays (MORP) in 

ontogenetic/regenerated caudal fins stained with bone specific markers (AR-S, 

calcein) and osteoclast activity in TRAP stained caudal fins. The initial menu of the 

caudal fin macro is intended to collect information from the user to define the type of 

analysis to be performed. First the user indicates the type of analysis to be performed, 

i.e., MIN, MORP, MIN & MORP or TRAP signal. The threshold that the macro will use 

to determine signal area can be set by the user (not interactive mode) in the user menu 

(set threshold for TRAP) or determined automatically (Li dark method(259) for MIN; 

MaxEntropy dark method(258) for TRAP) by the macro and later confirmed or adjusted 

by the user (interactive mode). A diagram of caudal fin workflow and case studies are 

presented in Fig. 3.4.  

For MIN analysis, the macro will ask the user to open two individual images of 

the caudal fin, first the bright-field image and then the respective fluorescence image. 

While the bright-field image is used to get measurements of the stump width (STU), 

regenerated fin area (REG) and ray width (RAY), the fluorescence image is used to 

determine the mineralized area (RMA) labelled by bone specific fluorochromes such 

as AR-S and calcein. More information about the caudal fin system can be retrieved 

from Cardeira et al. (2016)(185). The macro will ask the user to select the several 

regions of interest, i.e., STU, REG, RAY and RMA, for the morphometric analysis of 

the caudal fin. Raw and normalized measurements are presented in the result table. 

For MORP analysis, the macro will ask the user to open a fluorescence image 

and then to define the number of rays to be analyzed and identify them using 

landmarks. The user will also set landmarks at each intersegment joint (IJ), at the 

bifurcation point (BIF), and at each intersegment joint in the left branch (IJL) and in the 

right branch (IJR) of the bifurcated ray (see scheme in Fig. 3.4C). It is important to 

mention that landmarks cannot be deleted once set due to macro language limitation, 

and that duplication of landmarks may trigger errors. Once all landmarks are set in 

each of the rays previously defined, the macro automatically measures the segment 

length (SL) and calculates the middle point of each segment to estimate the segment 

width (SW). For this, the macro will create the Euclidian distance map from the 
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mask(260), where each pixel is replaced with a gray value equal to its distance to the 

nearest background pixel, that will be used to determine outer limits of the segment. 

The macro will generate two output tables, one containing all the raw measurements 

(i.e., number, width and length of each individual segment) and another presenting not 

only the average width and length of the segments within each ray region but also the 

distance between the stump and the bifurcation point (STU-BIF), the distance between 

the bifurcation point and the inter-ray tip (BIF-IR), where the IR is the average length 

of IJL and IJR, and the total distance between the stump and the inter-ray tip (STU-

IR). Although MIN and MORP can be performed individually, the user can select MIN 

& MORP to chain the analyses and get both types of results from the same 

fluorescence image. 

For TRAP signal assessment, the macro will ask the user to open a bright-field 

image and select STU and REG. The macro will apply a color threshold (automatically 

defined or input by the user in the user menu) and measure the TRAP signal within 

REG. Output table will contain the raw measurements, the ratio TRAP/REG and the 

threshold minimum and maximum value used for detecting TRAP staining. It is worth 

to mention that while in 1 hour, an experienced user will analyze manually and get 

data for 15 images (MIN macro), 20 images (analyzing one single ray per image, 

MORP macro) and 50 images (TRAP macro), any user using the macro will be able 

to process 50, 171, 200 images, respectively (Supplementary Fig. 3.1C-D-E). 
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Figure 3.4. Workflow of the macro used to assess mineral content (MIN), ray morphometry (MORP) or 
TRAP activity in regenerated caudal fin stained with bone specific staining (AR-S or calcein) or TRAP. 
(A) After selection of the analysis to be performed, the user can set the threshold to interactive (the 
macro will apply an automatic threshold and stop for the user to confirm or adjust) or to not interactive 
(the user defines the threshold pixel min value in set threshold; the macro will not stop for manual 
adjustments). In the case the user selects in the menu options MIN & MORP the macro will merge both 
analyses. All tools are selected automatically during the analysis. Dark grey boxes indicate functions 
that are automatically computed by the macro, white boxes indicate functions that require the user input 
(e.g., manual selection of bone structures) and light grey boxes indicate functions that can be manually 
or automatic depending on the user choices in the initial menu. (B) Macro MIN analysis output. (C) 
Macro MORP analysis output. (D) Macro TRAP signal analysis output. (E) Representative result table 
for each macro, i.e., MIN, MORP raw data, MORP summary, TRAP signal. BF, bright-field image; F, 
fluorescence image; STU, stump width; REG, regenerated area; RMA, mineralized area; RAY, ray 
width; RAYs, average width of all rays; IJ, intersegment joint; BIF, bifurcation point; IJR, intersegment 
joint in the right branch of the bifurcated ray; IJL, intersegment joint in the left branch of the bifurcated 
ray; SL, segment length; SW, segment width; S, segment; Ray_1-IJ-SW (IJL, IJR), Segment width in 
ray #1; Ray_1-IJ-SL (IJL, IJR), Segment length in ray #1 ; STU-BIF, Distance from the stump to the 
bifurcation point; BIF-IR, Distance from the bifurcation point to the inter-ray tip; STU-IR, Distance from 
the stump to the inter-ray tip; Tot S-IJ (IJL, IJR), Total number of segments; Avg SW-IJ (IJL, IJR), 
Average of the segments width; Avg SL-IJ (IJL, IJR), Average of the segments length. 

3.1.3.7. Ray bone intensity 

The ray bone intensity macro allows the user to assess the effect of selected 

compounds on the density of regenerated caudal fin rays. The macro was developed 

to evaluate maximum intensity projections derived from stacked images previously 

acquired through micro-computed tomography (microCT). The initial menu of the 

macro is intended to collect information from the user to define the type of analysis to 

be performed, i.e., image analysis or data pooling. For image analysis, the macro will 

ask the user to open an image and select the rays to be analyzed (after each selection 

the user needs to type T to add the ray in the ROI manager). It is important to mention 

that, when selecting the ray, the user must include part of the callus (a thickened part 

of the regenerated bone that forms at the amputation plane, thus a region of higher 

intensity), which will serve as a reference point to align ray intensities. Once all the 

rays of interest are selected, the macro will automatically determine the pixel intensity 

along each ray, then align intensity data using the pixel of highest intensity (i.e., callus), 

set to 1, as reference in each ray. A graph presenting normalized pixel intensity and a 

table containing raw, shifted, and normalized measurements are automatically created 

and saved in the folder “analyzed”. For the data pooling, the macro will ask the user 

to select the folder containing the data tables created from image analysis and will 

automatically align ray intensity values using the pixel of highest intensity, set to 1, 

allowing the user to compare ray bone density of different fins in the same intensity 

plot (for example, control versus treated fins as shown in Fig. 3.5B). It is worth to 
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mention that while in 1 hour an experienced user will analyze manually and get data 

for 17 images (comparing the intensity of only 2 rays per image) any user using the 

macro will be able to process 333 images (Supplementary Fig. 3.1F). 

 
Figure 3.5. Workflow of the macro used to assess caudal fin ray intensity from imaged previously 
acquired through micro-computed tomography (microCT). (A) The Ray analysis allows the user to 
collect pixel intensity data from each ray (upon manual selection), while Data pooling option open the 
results previously collected (with Ray analysis) and allow the user to compare different caudal fins in 
the same intensity plot (for example control vs treated fins). All tools are selected automatically during 
the analysis. The user only needs to manually select the rays of interest and the macro will compute all 
the analysis. Dark grey boxes indicate functions that are automatically computed by the macro, white 
boxes indicate functions that require the user input (e.g., manual selection of bone structures) and light 
grey boxes indicate functions that can be manually or automatic depending on the user choices in the 
initial menu. (B) Representative example of ray’s intensities calculated from 6 rays in 2 different fins. It 
is important to notice that all the points of max intensity of each ray are aligned and allow the comparison 
between different samples. After data collections with Ray analysis, the 2 different fins were aligned 
using the function Data pooling (C) Macro output from Ray analysis macro. The macro automatically 
saves a single image showing on top the selection made and on the bottom the intensity profile of each 
single ray. (D) Result table example from Ray analysis. X represent the pixel position along the rays, 
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Y_ Ray “x” represent the intensity of the pixel in each different ray, Y_Ray”x”_shifted represent the pixel 
values shifted to the point of max intensity (raw highlighted in the table). Values = 0 are added in order 
to align the intensities. Y_Ray”x”_shifted_normalized represent the pixel value normalized to 1. 

3.1.3.8. Data saving 

At the end of the analysis, each macro will automatically create a folder named 

“analyzed” in the image directory and save a table containing the data (.xls), an image 

highlighting the ROIs (.jpg) and the ROI manager content (.zip). Post-analysis access 

to the content of the ROI manager allow the user to confirm ROI selection or perform 

additional measurements. In batch mode, the macro will check in the folder “analyzed” 

which images were already processed and open only the images that are still to be 

analyzed. Data tables are named according to the macro and contain the date of the 

analysis (see examples in each macro figure) while ROI-presenting images are named 

after the original image name followed by “_analyzed”. These images allow the user 

to record parameters of a morphometric analysis for a posteriori check or re-analysis. 

3.1.4. CONCLUSIONS 

ZFBONE was developed to provide the zebrafish community a set of simple 

and robust tools to acquire, in a timely manner, meaningful and accurate data. Macros 

have been developed aiming at reducing user bias to increase data reproducibility 

toward the standardization of the screening methodology for osteoactive compounds. 

This toolset is easily implementable in any laboratory, presents a user-friendly 

interface and was developed using an open-source and freely available software, that 

allows the users to adapt it to any particular case. Although ZFBONE has been 

developed and validated using images from zebrafish, it can be used with images from 

other small teleost models, such as medaka. This toolset is user-friendly and, most 

importantly, freely available on GitHub repository. ZFBONE is only a starting point for 

the development of more sophisticated tools, thus we encourage users to adapt the 

code for their specific requirements or send us feedbacks to improve the toolset. 

 
  



 82 

  



 83 

 

Chapter 3.2  
Additional ImageJ macros 

developed within the  

scope of this work 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Macros developed in the scope of Chapter 5  
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3.2.1. EGG COUNTER MACRO 

The Egg counter macro allows the user to determine the total number of 

zebrafish eggs and whether they are alive or dead. Egg area and shape descriptors 

(circularity, aspect ratio, roundness, and solidity) are subsequently measured in 

selected eggs. To allow the macro to work properly, egg(s) should be imaged using a 

microscope with transmitted light. The initial menu of the egg counter macro is 

intended to collect information from the user to define the type of analysis to be 

performed (i.e., mode All eggs or mode Dead-Alive) and the threshold that will be used 

to determine signal area (Huang method for alive eggs/All eggs and Minimum method 

for dead eggs). This threshold can be applied automatically (not interactive mode) or 

later confirmed / adjusted by the user (interactive mode). A diagram of egg counter 

action flow and case studies are illustrated in Fig. 3.6 and a brief description of the 2 

modes is presented below.  

For the Dead-Alive analysis, the macro first asks the user to indicate the folder 

containing the images to be analyzed, then images are sequentially opened and 

analyzed. For each image, the macro first enhances the contrast (pixel saturation set 

to 0.3%) and creates a copy. Duplicated images are renamed as All eggs and Dead 

eggs. The macro opens the Dead eggs image and identifies the dead eggs using the 

threshold function (Fig. 3.6B). At 24 hpf, dead eggs are opaque and appear black in 

images taken with transmitted light (while they appear white in images taken with 

reflected light), making them easy to identify. The macro will add all the selected 

regions (i.e., dead eggs) to the Roi Manager using the built-in ImageJ function analyze 

particles. Then the macro opens the All eggs images and identifies the remaining eggs 

(supposedly alive) present in the image using the threshold function. In the binary 

image created by the threshold, holes are filled, and watershed is applied. Watershed 

function separates eggs that may be in contact with each other. The macro will add all 

the selected regions to the Roi Manager (i.e., all eggs) using the built-in ImageJ 

function analyze particles (Fig. 3.6C). Macro creates a new 8-bit image (based on 

original images info) and draws and fills in black colour all the eggs (selected by 

threshold in image All eggs) then each Roi from the Dead eggs image is selected, and 

its content is erased to the current background color (i.e., white). The intensity of each 

ROI (all the eggs in the image) from the All egg image is measured. If maximum grey 



 86 

value (Max) is different from 0, egg is considered dead while if Max is equal to 0 egg 

is considered alive. In fact, while alive eggs are drawn completely black thus the 

maximum intensity is equal to zero, dead eggs have a white internal region (i.e., the 

selected area in Dead eggs image) thus maximum intensity is different from zero (Fig. 

3.6D). At the end of the analysis, the macro automatically creates a folder named 

“analyzed” in the image directory where it saves (1) a table containing the data (.xls), 

(2) an image highlighting the ROIs (.jpg) and (3) the ROI manager content (.zip). Post-

analysis access to the content of the ROI manager allows the user to confirm ROI 

selection or perform additional measurements. ROI-presenting images will be created 

and named after the original image name followed by “_analyzed”. These images allow 

the user to record parameters of a morphometric analysis for a posteriori check or re-

analysis (Fig. 3.6E). 

For the All eggs analysis, image processing is similar to the one described 

above with the only difference that dead eggs will not be identified and therefore be 

counted together with alive eggs. This analysis is useful when users only want to count 

the number of eggs and get their measurements, independently of them being alive or 

dead. 
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Figure 3.6. Workflow of the macro used to assess egg number (alive/dead/total) and shape parameters. 
(A) The user selects one of the two analysis modes: All eggs or Dead-Alive. While All eggs identify the 
total number of eggs and retrieves shape parameters (tested at 0 hours post-fertilization - hpf), Dead-
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Alive identify the total number of dead and alive eggs (tested at 24 hpf). The threshold used for signal 
detection can be set to interactive (the macro applies an automatic threshold and stops for the user to 
confirm or adjust) or not interactive (the macro will not stop for manual adjustments). The macro will 
create a new image where selected ROIs will be drawn and based on their intensity used to identify 
dead or alive eggs. The macro calculates shape parameters (shown in the macro schematic in values 
from ROIs), then it creates a new folder in the image directory, where it saves (1) a result table, (2) an 
image showing the selected regions and (3) the ROI manager content. All ImageJ built-in tools are 
selected automatically during the analysis. Dark grey boxes indicate functions that are automatically 
computed by the macro, white boxes indicate functions that require the user input and light grey boxes 
indicate functions that can be manual or automatic depending on the user choices in the initial menu. 
(B) Example of threshold used to determine dead eggs. In this case the user can select dead eggs that 
appear black. (C) Example of threshold used to determine all the eggs. In this case the user can select 
all the eggs present in the image by adjusting the threshold value. (D) Image binary mask created by 
the macro to individualize alive and dead eggs according to their maximum intensity. (E) Example of 
macro output. Top image shows images automatically saved after analysis, where eggs have been 
selected and characterized (alive eggs are in green, dead eggs are in red). Bottom image illustrates 
macro result table. 

3.2.2. GOBLET CELL MACRO 

The Goblet cell macro allows the user to count the number of goblet cells 

present in intestinal villus. Although developed specifically for the purpose of counting 

goblet cells, this macro can be adapted and used for other histological analysis (i.e., 

count cells in a selected area). A diagram of Goblet cell action flow and case studies 

are presented in Fig. 3.7A. Briefly, the user first indicates whether a single image 

(opened by the user in ImageJ/FIJI) or several images (placed in the same folder) will 

be analyzed, then defines the maxima parameter, which identifies the goblet cells to 

be considered for the analysis by selecting ROIs based on their intensity compared to 

their surroundings (by default, maxima parameter is set to 15). For each image, the 

macro first enhances the image contrast (set pixel saturation to 0.3%), applies a 

gaussian blur filter (sigma=2) and runs the built-in ImageJ function Find Maxima. All 

the cells present in the image are selected, but the macro only counts the cells (based 

on their coordinates) that are present within the area of interest (i.e., a villus), which is 

manually selected by the user. At the end of the analysis, the macro automatically 

creates a folder named “analyzed” in the image directory and saves a table containing 

the data (.xls), an image highlighting the ROIs (.jpg) and the ROI manager content 

(.zip). Output table contains the area and the number of cells within each villus. Post-

analysis access to the content of the ROI manager allows the user to confirm ROI 

selection or perform additional measurements. ROI-presenting images will be created 

and named after the original image name followed by “_analyzed”. These images allow 

the user to record parameters of a morphometric analysis for a posteriori check or re-

analysis (Fig. 3.7B). 
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Figure 3.7. (A) Workflow of the macro used to count the number of goblet cells in selected villi. Intestine 
images can be analyzed individually or in batch. The user first defines the limits of the villus/villi to be 
analyzed using the freehand tool and add them to the ROI manager. The macro applies a gaussian blur 
filter and detect goblet cells using the Find Maxima tool. Depending on the quality of the images to be 
analyzed, the sensitivity of this tool has to be adjusted in the user menu (set by default to 15). The 
macro calculates the area of each villus and the number of cells in each villus, then creates a new folder 
in the image directory, where it saves: a result table, and image showing the selections and the ROI 
manager content. All tools are selected automatically during the analysis. Dark grey boxes indicate 
functions that are automatically computed by the macro, white boxes indicate functions that require the 
user input (e.g., manual selection of villi) and light grey boxes indicate functions that can be manual or 
automatic depending on the user choices in the initial menu. (B) Example of an output image and a 
result table. In this case, the user selected five villi in the intestine image (regions delineated with a blue 
line) and goblet cells identified within the selected areas are marked in red. Goblet cells present in the 
image but not in selected areas are marked in yellow. 
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Chapter 4  
Screening of mineralogenic and 

osteogenic compounds in zebrafish: 

tools to improve assay throughput 

and data accuracy 
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Rosa JT, Tarasco M, Gavaia PJ, Cancela ML, Laizé V (2022). Screening of 
mineralogenic and osteogenic compounds in zebrafish: tools to improve assay 
throughput and data accuracy. To be submitted in Pharmaceuticals. 
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PREAMBLE 

This chapter presents the several in vivo zebrafish assays currently available to 

evaluate the effect of osteogenic and osteotoxic compounds (in the scope of this 

dissertation) during bone development or regeneration. 

Note: this chapter originated from a collaborative work and is presented here to give 

an overview on the zebrafish assays that have been used in the dissertation. I was 

involved in the writing of the paragraphs presenting the zebrafish operculum, caudal 

fin, and scale assays, and in the design of the illustrations.  
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4.1. ABSTRACT 

Bone disorders affect millions of people worldwide and treatments currently 

available often produce undesirable secondary effects or have limited efficacy. It is 

therefore of utmost interest for patients’ health to develop more efficient drugs with 

reduced off-target activity. In the long process of drug development, screening and 

preclinical validation, traditionally done using rodents, have recently gained 

momentum with the emergence of zebrafish as a suitable model organism to study 

pathological processes related to human bone disorders but also as a source of high-

throughput screening assays to identify bone anabolic compounds. In this review, we 

provide a comprehensive overview of the literature related to zebrafish bone related 

assays and evaluate their performance toward their integration in screening pipelines 

for the discovery of mineralogenic/osteogenic compounds. A survey on the tools 

available to standardize fish housing and feeding, synchronize embryos production, 

and automatize specimen sorting and image acquisition/analysis toward faster and 

more accurate screening outputs are also presented. 

4.2. INTRODUCTION 

Human disorders characterized by a progressive loss of bone mineral density 

(e.g., osteopenia and osteoporosis) or a gradual deterioration of bone architecture and 

deformation of bone shape (e.g., Paget’s disease of bone) affect a large part of the 

population worldwide and result in reduced well-being for diseased persons but also 

in a large financial burden on the society(261–263). Several drugs are available to treat 

these bone disorders – through an action of bone resorption or formation – and 

minimize their impact but most of them have issues related to efficacy and/or 

secondary effects(261–263). There is therefore the need to develop more efficient drugs 

with reduced off-target activity. 

In the long process of drug development, screening and preclinical validation 

are commonly done using rodents (mostly mouse) as they are evolutionary close to 

human and many genetic/molecular tools are available. However, because of several 

bottlenecks related to rodents being an expensive and time-consuming animal model 

but also to the relative low throughput of the in vivo systems(264,265), alternative systems 

were sought to reduce the number of compounds to be tested in rodents. In vitro 



 96 

assays using mammalian osteoblast, osteoclast and bone marrow-derived 

mesenchymal stem cell cultures have been established for high-throughput screening 

assays toward the discovery of osteogenic compounds(266–270), but they lack the 

cellular complexity of the in vivo models. The quest for systems that could bridge the 

gap between simple high-throughput cell-based assays and complex low-throughput 

whole-animal assays identified small aquatic vertebrates as promising tools for the 

screening of compounds, in particular those that may have an effect on bone 

metabolism. Because it brings many advantages over the mammalian models – e.g., 

a short life cycle, a large progeny and translucent larvae – but also because it shares 

with mammals a remarkable homology of the mechanisms regulating bone 

development and homeostasis, the zebrafish, a small teleost endogenous to the 

streams of the Southern Asia, has rapidly gained momentum as a vertebrate model 

organism to study pathological processes related to human bone disorders(120) but 

also to screen for bone anabolic compounds(120,271–274). Because of its small size and 

a cost-effective husbandry, the zebrafish has also the capacity to down-scale whole-

organism screening platforms and reduce associated costs, thus increase the 

throughput of the screening pipeline, and accelerate the identification of compounds 

with therapeutic applications. CRISPR/Cas9 gene editing technology has also been 

successfully applied to zebrafish(275,276), opening the door to the development of gene-

specific mutant lines exhibiting phenotypes/traits of bone disorders (e.g., osteoporosis, 

osteopenia, osteoarthritis) that will allow more efficient and better targeted drug 

screening effort. However, despite clear advantages, translational validation and the 

availability of robust zebrafish models, the skepticism of the pharmaceutical industry 

has hindered a larger use of zebrafish in screening pipelines for drug discovery. 

First approaches to screen for osteoactive compounds were largely empirical 

but several in vitro (e.g., mineralogenic cell lines), ex vivo (e.g., scale cultures) and in 

vivo (e.g., embryonic, and larval bone structures) systems have been developed since 

and recently optimized (see description below). The assessment of the 

mineralogenic/osteogenic potential of selected compounds is based, for most of them, 

on the morphometric analysis of bone structures stained with bone-specific dyes (e.g., 

alizarin red S and calcein) or marked with reporter proteins (e.g., GFP and mCherry) 

expressed by transgenic zebrafish lines (see description below). The modus operandi 

– including turnaround time, system throughput, operating skills, and requirements in 
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compounds – and the cellular complexity greatly varies among the different systems 

available but a major bottleneck common to all systems is probably the extensive time 

required to image the bone structures and assess their morphometry (e.g., size and 

shape) and density (e.g., pixel intensity) based on image analysis. Key processes 

have been optimized and automated, procedures in animal production have been 

standardized and sophisticated tools have been developed to increase the throughput 

and the accuracy of the zebrafish screening systems. This review presents the 

different zebrafish systems that can be used to screen for mineralogenic/osteogenic 

compounds and highlights the tools that are available to increase the throughput of 

these functional screenings for faster and more accurate preclinical studies. 

4.3. ZEBRAFISH IN VITRO AND IN VIVO SCREENING SYSTEMS 

4.3.1. In vitro cell systems capable of biomineralization 

Many cell lines of fish origin are available (657 in the Cellosaurus version 38 of 

May 2021(277)) to study intracellular signaling pathways, gene transcription regulation 

and metabolic functions with application in biomedical, aquaculture and environmental 

studies. However, only 11 of these fish cell lines are suitable to assess compound 

mineralogenic potential, i.e., the capacity to enhance (pro-mineralogenic) or reduce 

(anti-mineralogenic) extracellular matrix (ECM) mineralization(278). ZFB1 (Cellosaurus 

accession no. CVCL_6E12) is the only zebrafish cell line capable of in vitro 

mineralization(279). While it has been used in studies investigating the expression of 

several bone-related genes throughout in vitro mineralization(279,280), it has not been 

used yet in screenings for osteogenic compounds. On the contrary, gilthead seabream 

VSa13 cell line(281) (Cellosaurus accession no. CVCL_S952) was successfully used in 

small-scale screening of extracts from marine green algae(245), halophytes(282), or 

environmental pollutants(144,283). Typically, compounds are dissolved in the culture 

medium and exposed to the mineralizing cells in multiwell plates (Figure 1A). Culture 

medium supplemented with both the compounds and the mineralogenic cocktail – 

ascorbic acid, calcium chloride and β-glycerophosphate(284) – is renewed twice a week 

for 14 days, then extent of in vitro mineralization is assessed through alizarin red S 

staining and quantified by spectrophotometry(285). Beside the low quantity of 

compounds needed and the cost-effective method to induce ECM mineralization, fish 
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mineralogenic cell lines are also advantageous as an in vitro cell system for drug 

screening because of their robustness and high mineralogenic capacity. A rather long 

exposure is currently the major bottlenecks in the use of cell lines to screen for 

mineralogenic compounds. But there is room for optimization: a stable cell clone 

expressing a fluorescent protein under the control of a mineralization-specific gene 

promoter(286) for genes up-regulated during ECM mineralization) could be used as a 

proxy for cell mineralogenic capacity and a reporter for compound mineralogenic 

activity. Such system would reduce the exposure time and remove the staining step, 

thus enhance screening throughput. 

4.3.2. Bone formation in larval systems 

The use of zebrafish embryos and larvae for compound screening and drug 

discovery brings several advantages in relation to throughput and ethics. Zebrafish 

embryo and larvae are small in size (approximately 0.7 mm for a fertilized egg and 

4.2 mm for a larva at 6 days post-fertilization (dpf); Zfin) and can be easily handle 

using a wide bore transfer pipette or a robotic handling system (see section 4.4). They 

can be arrayed in multiwell plates (commonly 96-well plates) in a small volume of water 

thus small amounts of compounds are needed for screening assays. Because 

zebrafish larvae can feed on their yolk for several days, external feeding is not required 

until 6 dpf, which is also the maximum time to host zebrafish larvae in 96-well plates. 

For all these reasons, the use of zebrafish embryos and larvae for high-throughput 

screening should be limited to a developmental window that ranges from fertilized 

eggs to 6-dpf larvae. Assays using zebrafish larvae older than 120 hours post-

fertilization (5 dpf) may need to get approval from an ethical committee(287), a limitation 

that may reduce the developmental window for the screening of some compounds. 

Anyhow, the exposure of zebrafish embryo/larvae to compounds is likely to be short 

thus enhancing screening throughput and reducing the quantity of compounds 

needed. In the context of this review, several dermal bone structures are being formed 

at 3 dpf and sufficiently mineralized at 6 dpf to be used in the screening for osteogenic 

compounds, e.g., parasphenoid, branchiostegal rays and operculum. Using older 

larvae, e.g., to assess bone structures that are formed and/or mineralized later (for 

example vertebral centra) will require feeding, transfer to larger wells, use of more 

compounds and thus will decrease the throughput of the screening pipeline. 
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4.3.2.1. Opercular bone growth 

A flat morphology and a superficial localization on the side of the head 

combined with an early and rapid ossification in larval zebrafish(184) are key features 

that accelerated the use of zebrafish operculum to study osteoactive(241,243,245) and 

osteotoxic compounds(144,183,184,288), and spot it as a promising system for large-scale 

compound screenings. Briefly, 3-dpf larvae are exposed to compounds of interest for 

3 days in multiwell plates, then bone structures are stained with alizarin red S or 

calcein and imaged for morphometric analysis of the operculum area (Fig. 4.1A). To 

correct for inter-specimen size variability, the area of larval head is used to normalize 

the area of the operculum. Increase or decrease in corrected operculum area indicates 

compounds with pro- or anti-osteogenic (or osteotoxic) properties, respectively(184). 

The operculum assay is fast (4 days from exposure to data acquisition) and requires 

a low quantity of molecules (exposure is short and done in a reduced volume of fish 

water), but also few resources that are commonly found in most research institutes or 

easily implemented (mainly a thermostated chamber, a fluorescence 

stereomicroscope, and an image analysis software). It is also adaptable to different 

experimental conditions (specimen number, well plates, number of conditions and 

treatment volume) and is performed with early-stage larvae that can be produced in 

large quantities. ImageJ macros have been developed to speed up the rather laborious 

morphometric analysis(289) and tools are available to automatize larvae and liquid 

handling but also operculum imaging (see section 4.4). Note that the larval operculum 

is a simple bone structure containing mostly osteoblasts at this stage. This could be 

seen as an advantage to discover bone anabolic compounds, but the absence of 

osteoclasts is a clear drawback if screening aims at anti-resorptive molecules. 

4.3.2.2. Craniofacial skeleton 

Zebrafish craniofacial bones are ossified following mechanisms that have been 

conserved throughout vertebrate evolution and are therefore commonly used as 

models for mammalian cranium development(290). Fleming et al. (2005) investigated 

the osteogenic potential of several molecules by assessing the mineralization of 

several craniofacial bones in zebrafish larvae(271). At 3 dpf, larvae were exposed for 6 

days in multiwell plates to osteoactive compounds, then stained with AR-S and area 
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and staining intensity of ventral bone structures was evaluated through morphometric 

analysis (Fig. 4.1A). The overall procedure is similar to that used in the operculum 

assay although exposure is a bit longer, thus requiring more compounds, and 

mineralization data is not normalized for inter-specimen variability, thus necessitating 

a higher number of specimens to reach significance. The morphometric analysis of 

multiple bone structures may provide more robust data but will also increase the time 

of data analysis, which is an issue for large scale screenings. As for the operculum 

assay, laborious steps such as image acquisition and analysis but also specimen 

handling can be automated to provide a higher throughput for drug discovery pipelines. 

4.3.2.3. Vertebrae mineralization 

Zebrafish vertebral centrum is formed throughout intramembranous ossification 

that can be detected as early as 7 dpf, when part of the notochord sheath began to 

mineralize(291). Quantification of vertebrae mineralization – the number of mineralized 

vertebral centra or the extent of centrum mineralization – can be used as a tool to 

evaluate the mineralogenic or osteogenic activity of selected compounds/molecule 

libraries, as reported by Chen and colleagues for dorsomorphin, pentamidine, 

fenvalerate and alendronate, among others(272). Zebrafish larvae are typically exposed 

to selected compounds/libraries for 4-9 days then stained with AR-S or calcein at 7-

10 dpf and imaged for analysis (Fig. 4.1A). As for the other larval systems, advantages 

of this system are the low amount of material needed and the fast read out, while 

image analysis remains the major bottleneck. Automation of specimen handling and 

image acquisition/analysis is possible to reduce procedure time and increase 

screening throughput. 

4.3.2.4. Ex vivo culture of elasmoid scales 

Zebrafish elasmoid scales are small bone-like units of easy access that can be 

easily and rapidly plucked out of zebrafish skin. They are available in rather large 

quantities – around 200 elasmoid scales in a single adult zebrafish(292,293) – and can 

be cultured ex vivo for several days(186,294). Thus they have been successfully used to 

study and discover osteogenic drug(187,295). Scales are usually removed from the flank 

of the adult zebrafish in the region from behind the head to the anterior margin of the 

anal fin (296). If the fish has to survive, a limited number of scales should be plucked 
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out. Although this has not been tested thoroughly, approximately 50 scales can be 

plucked out without a significant increase of the mortality(296,297). Upon removal, scales 

have the ability to regenerate and can be used to assess the potential of test 

compounds to affect de novo bone formation (see next section). Simple staining 

procedures – e.g., TRAP (tartrate resistant acid phosphatase) staining to assess 

osteoclast bone resorbing activity and ALP (alkaline phosphatase) staining to assess 

osteoblast bone forming activity, but also von Kossa’s staining to assess scale 

mineralization and patterning – have boosted the interest of this system for high-

throughput screening. The availability of transgenic lines for bone marker genes, e.g., 

Tg(sp7:mCherry) or Tg(Ola.Sp7:Luciferase), where a reporter signal easily 

quantifiable is used as a proxy for bone formation, has accelerated the screening 

procedure by shortening ex vivo culture, limiting scale handling and simplifying image 

acquisition(295). The small size of adult zebrafish scales, less than 1 mm, is also a clear 

advantage for screening pipelines as they can be individualized in 384-well plates, 

therefore decreasing the quantity of compounds needed and enhancing throughput. 

While most steps of the screening pipeline using ex vivo cultures of elasmoid scales 

– including scale sorting in multiwell plates – can be automatized to further enhance 

throughput, the plucking of the scales has still to be done manually as it requires 

precision and care to avoid scale damages or animal injuries. It is also worth to 

mention that not all scales have the same size or the same morphology(296), thus the 

need to normalize data (e.g., fluorescence signal or bone-specific staining) to correct 

for inter-scale variability. 

4.3.3. Bone structures capable of repair and regeneration 

The ability of the zebrafish to fully restore damaged/amputated bone structures 

– e.g., fin rays, skull, jaw and scales – has been used to study molecular and cellular 

mechanisms underlying de novo bone formation(185,298–303). Upon surgical amputation 

of the caudal fin, plucking of scales, craniectomy or injuries to fin rays or the lower jaw, 

a regenerative program initiates and missing or damaged tissues, including bone and 

bone-like structures, are rapidly and faithfully restored, or repaired. 
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4.3.3.1. Regenerating caudal fin 

Zebrafish caudal fin is a simple structure composed of bony rays spaced with 

vascularized and innervated connective tissue and covered with a pigmented 

epidermis(304). Upon amputation of the fin (i.e., finectomy), tissues are restored through 

epimorphic regeneration in less than two weeks(305). The simple structure and the 

remarkable regenerative properties of zebrafish caudal fin have stimulated its use in 

screening assays aiming at identifying compounds, or extracts, with bone anabolic or 

mineralogenic effects(144,145,185,243) (Fig. 4.1B). Cardeira et al. (2016)(185) and Tarasco 

et al. (2020)(289) have recently optimized the experimental procedure toward a 

reduction of the assay duration: tissue restoration is accelerated by placing 

finectomized zebrafish at 33ºC (instead of 28ºC), regenerative and osteogenic 

potential of selected compounds are assessed at 5 days post-amputation (dpa), and 

morphometric analysis of the regenerated fin has been semi-automatized using an 

ImageJ macro. Advantages of the caudal fin regeneration assay are related to its 

capacity to provide data at multiple levels i.e., bone regeneration by determining the 

extent de novo bone formation, bone mineralization by quantifying bone mineral 

density, and bone patterning by assessing ray bifurcation. The late developmental 

stage required for this assay is clearly a limitation to screening throughput as the 

production and the housing of large quantities of young adults of 3-4 months is more 

laborious and more costly. Commercial solutions to automatically handle adult 

zebrafish and acquire high resolution images of the regenerated fin (see section 4.4.) 

combined with ImageJ macros recently developed(289) are adequate tools to enhance 

screening pipeline efficiency. Other limitations of the regenerating caudal fin system 

that can affect screening throughput are related to the finectomy – a surgery 

necessitating fish manipulation and anesthesia, and performed under a 

stereomicroscope thus a rather laborious procedure – and the high amount of 

compounds needed for waterborne exposure (each adult zebrafish is kept in 250 mL 

of fish water). While finectomy can hardly be automatized, a lower quantity of 

compounds could be used if fish are exposed through intraperitoneal injection, a 

process that is not yet automatized and should be therefore limited to compounds 

available in very low quantity or insoluble in water. For all these reasons, it is probably 

safe to say that the regenerating caudal fin system should be limited to secondary 

screening, where the osteogenic potential of promising compounds identified in 
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primary high-throughput screenings are further confirmed and characterized for 

underlying mechanisms. 

4.3.3.2. Regenerating elasmoid scales 

When they are lost or removed experimentally, zebrafish elasmoid scales can 

fully regenerate within 2-3 weeks following a process comparable to intramembranous 

ossification(303). As for the regenerating caudal fin rays, regenerating scales can be 

used to assess or study compound regenerative and osteogenic potential. In this 

experimental setup, fish has to survive scale removal and regeneration process should 

also not be affected by an excessive loss of scales. Thus, a limited number of scales 

should be plucked out in a single adult zebrafish (see section 4.3.2.4). Normally 20-

30 scales are extracted from the fish flank, afterwards fish are exposed to compounds 

for 5 days until regenerated scale are collected and analyzed (Fig. 4.1B). 

Morphometric analysis of regenerated scales can give as information on scale area, 

morphology, osteoclast activity and mineral deposition that can bring highlights on the 

bone remodeling process. As for the regeneration of the caudal fin, increasing water 

temperature to 33ºC will accelerate the regeneration of the elasmoid scales, which 

can then be used at 5 days post-plucking (dpp) to screen for molecules with 

osteogenic potential.
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Figure 4.1. Overview on the zebrafish assays available for the screening of osteoactive extracts or compounds. (A) Zebrafish models of bone development. 
(B) Zebrafish models of bone repair and regeneration. R, number of experimental units; E, exposure duration; S, set-up; L, low; M, medium; H, high; dpf, days 
post-fertilization; IP, intraperitoneal injection; * Cell line developed from a mixture of calcified tissues from juvenile zebrafish and composed of osteoprogenitor 
cells. 
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4.3.4. Mutant and transgenic lines for phenotypic screening of bone 

anabolic compounds 

Skeletal genetic disorders represent a large heterogeneous group of rare 

hereditary diseases that appear during development, growth, or adulthood(306) and are 

characterized by a variety of skeletal phenotypes, clinical symptoms and molecular 

mechanisms. Patients’ whole genome sequencing (WGS) and genome wide 

association studies (GWAS) have improved our understanding of the genetic basis of 

skeletal diseases and unveiled important data on genotype to phenotype 

correlation(307–311). Nevertheless, the characterization of gene contribution to specific 

skeletal traits and diseases requires functional testing and appropriate screening 

systems. In vitro cell systems, despite useful to study cell signalling pathways, 

evaluated the role of specific knockouts and knock-ins on cell survival, proliferation, 

and mineralization, and to perform high throughput screening assays, are rather 

limited to mimic the complex nature of genetic skeletal disorders, thus in vivo systems 

would often come across as being more suitable. Rodents are traditionally well-

established model animals to study the physiology and pathology of the mammalian 

skeleton, however the process of generating in vivo systems (e.g., mutant and 

transgenic lines) to access disease-related gene function is costly and time-

consuming. Also, the low throughput of these in vivo systems often hampers the 

execution of large screening assays, a crucial step in the timely development of 

therapeutics. In contrast, zebrafish is an emerging – though well-established – model 

animal that brings technical and economic benefits to large scale screening and is 

often seen as a species that could bridge the gap between basic high-throughput in 

vitro cell screening assays and complex low-throughput in vivo mammalian systems; 

thus, it holds a great deal of promise for the screening and the identification of bone 

anabolic compounds for developing next-generation drugs. Although zebrafish and 

humans are separated by more than 400 myr of evolution, they are very similar on 

what concerns bone homeostasis and skeletogenesis. In this regard, molecular 

mechanisms and cell types associated to skeleton development and mineralization 

have been remarkably conserved throughout evolution(120,312–315) and 80% of human 

disease-related proteins have well-conserved orthologs in the zebrafish genome(316). 

This, together with the amenability of zebrafish genome to genetic manipulation, 
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prompted the development of genetic and transgenic variants to study human skeletal 

genetic disorders in basic and pre-clinical research. Gene editing techniques used to 

generate zebrafish skeletal disease models have evolved rapidly. At first, random 

point mutations induced by chemicals mutagens (e.g., 1-ethyl-1-nitrosourea (ENU)(317) 

were used to generate mutant lines with bone phenotypes that resemble human 

disorders. Morpholinos – oligonucleotide analogs with the ability to bind genes and 

transiently knock-down their function – were used in zebrafish embryos to develop 

morphants targeting genes central to zebrafish early skeletal development(318). 

However, due to the transient nature of morphants phenotype, the study of bone 

mineralization and remodelling is limited as it happens later during development. The 

development of zebrafish mutant lines recently gained momentum with major 

advances in genome sequencing(316) and genome editing tools, e.g., TALEN(319) and 

CRISPR)/Cas9 systems(275,320). These breakthroughs enabled the tailoring of gene-

specific mutations (e.g., point mutations or deletion of specific gene regions) and the 

replication of the mutations found in GWAS and patients’ genomes. Zebrafish is also 

a unique model to study the function of genes whose mutations in rodent orthologs 

are lethal. Indeed, teleost-specific whole genome duplication(321) resulted in the 

presence of two gene copies in zebrafish genome. In many cases, the two copies were 

maintained so that a viable loss of function can be obtained and studied due to a 

partitioning gene function(322). 

Several reviews addressing the use of zebrafish mutant lines to study skeletal 

disorders have been recently published(120,246,312–314,323–325), whose content will not be 

repeated here. According to the most recent review, more than 80 different zebrafish 

mutant lines are available to study 78 human skeletal disorders (reviewed in Marí-

Beffa et al. (2021)(324)), out of the 461 classified by the Nosology Committee of the 

International Skeletal Dysplasia Society(306). Also, approximately 50 transgenic 

reporter lines have been developed and used to investigate zebrafish skeleton(246,314). 

Many of these mutant and transgenic lines are accessible through repositories such 

as the Zebrafish International Resource Center (ZIRC) and the European Zebrafish 

Resource Center (EZRC), while important data – e.g., genes, alleles, transgenic lines, 

gene expression profiles, phenotypes and orthology - are available at the Zebrafish 

Information Network (ZFIN). Moreover, the external development and translucent 

body at embryonic and larval stages, or in alternative the use of casper(326) or 
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crystal(327) mutants which possess ghost-like phenotype inclusively at juvenile or adult 

stages, associated with the many fluorescent markers (e.g., GFP, CFP and mCherry) 

or fluorescent stains for mineralized bone (e.g., alizarin red S, calcein) available, allow 

real time live imaging that can be used to follow the progression of skeletal 

developmental pathologies in the different mutant lines. This type of approach 

combined with the facility to obtain embryos in quantity for large screening assays, 

holds great opportunities to screen for molecules capable of rescuing pathologic 

phenotypes, study their mechanisms of action and possible toxic and side effects in 

the different organs. It is worth to mention that many drugs that are active in humans 

are known to trigger similar effects in zebrafish, which is also true for known 

osteogenic compounds such as calcitriol, parathyroid hormone (PTH), 

bisphosphonates and several natural compounds (reviewed in Rosa et al. (2021)(274)). 

In fact, and as a proof of the conservation of important metabolic pathways between 

zebrafish and humans, bone metabolic disorders as it can be osteoporosis, can also 

be mimic in wild type zebrafish with resource to chemical induction by e.g., excess of 

glucocorticoids, iron or high fact diet(274), as it happens in mammals. Overall, zebrafish 

offers a variety of genetic and transgenic lines, systems, and tools amenable to high-

throughput screening assays that can be used to rapidly and successfully evaluate 

drugs against skeletal phenotypes, thus contributing to greatly improve our knowledge 

on disease mechanisms and to discover new bone-disease therapeutics. 
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4.4. TOOLS TO IMPROVE SCREENING THROUGHPUT AND 

REPLICABILITY 

Technological innovation applied to the standardization and mass production 

of the animals, to the robotic handling of animals, plates, and liquids, to the automation 

of data acquisition and processing can improve screening throughput and data 

accuracy thus accelerating the use of zebrafish systems for bone anabolic drug 

discovery (Fig. 4.2). The miniaturization and improvement of various pieces of 

apparatus have also boosted screening capacity by reducing operational times and 

the need for biological material. But technological innovation has a cost: it is expensive 

to set up and to run and therefore requires a massive investment that many research 

laboratories in academia or small companies cannot afford. A larger implementation 

of high-throughput zebrafish screening pipelines will only be possible if costs 

associated to the technologies that accelerate screening speed markedly decrease in 

the near future. 

 

Figure 4.2. Zebrafish pre-discovery pipeline (A) and technological innovation applied to the 
standardization and automation to improve zebrafish screening throughput and data accuracy.   
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4.4.1. Inbred zebrafish lines 

Wild-type zebrafish lines found in pet shops worldwide exhibit a relatively high 

degree of genetic diversity that triggers some variability in their phenotype, thus some 

variability in their response to compound exposure(328). In this regard, several inbred 

laboratory lines have been developed (e.g., AB and TU lines; see ZFIN for a 

comprehensive list of wild-type laboratory lines) to reduce genetic diversity and 

response variability; these strains should be preferentially used in drug discovery 

pipelines as they will increase data accuracy and therefore reduce the need for higher 

number of replicate experiments. 

4.4.2. Standardized housing and feeding 

Animals for screening purposes must be produced under conditions that ensure 

optimal growth and welfare to provide homogeneous and replicable data. The 

standards of an “optimal growth and welfare” may vary considerably between wild-

type and mutant lines – it largely depends on the severity of the mutant phenotype – 

and the term “most favourable growth and welfare” is probably more appropriate. To 

provide optimal/most favourable conditions, housing, husbandry and feeding of the 

zebrafish has to be adapted to all life stages and standardized. The European 

community directive 2010/63/EU on the protection of animals used for scientific 

purposes establishes general guidelines for water quality, chemical and physical 

parameters applicable to all fish species; however it does not specify zebrafish. 

Aleström and colleagues(287) recently refined the specific recommendations for 

housing and husbandry of zebrafish and provided a comprehensive guidance on the 

best practices for rearing and maintaining zebrafish under optimal growth and welfare 

conditions. The authors emphasized that standardization of husbandry procedures is 

essential for improving experimental replicability and provided acceptable ranges for 

different parameters. In brief, all housing systems should have a filtration system 

(including mechanical, chemical, and biological filters) and a UV sterilizer to maintain 

water quality, and light and temperature control. Water temperature should be within 

a 24-29ºC range (ideally 28.5 ± 0.5ºC) and a fixed light|dark cycle of 14|10-hours is 

commonly used. The water used to fill the fish tanks should be dechlorinated (ideally 

reverse osmosis filtered water is used) and slightly alkaline (pH of 6.5-8 is achieved 
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by supplementing water with a salt mixture). Conductivity should range between 150 

to 1700 µS and hardness between 3-8. Nitrogenous compounds must be monitored 

regularly and kept bellow toxic ranges. Fish density is also a critical parameter to 

achieve optimal growth and welfare conditions. Although stocking densities of 4-10 

adults/L and 25 juveniles/L are commonly used(231,287), lower densities are 

recommended to keep oxygen levels close to saturation, maximize growth rate and 

reduce stress thus increasing welfare(329). High fish density also increased the 

proportion of males in the breeding stock(330) and decreased the production of 

eggs(331). It is therefore important to maintain optimal housing condition for the 

zebrafish that will be used in screening experiments but also for the breeders that will 

be used to produce high quality eggs. Several commercial systems 

The nutrition of model animals has been recognized as an important variable 

in research outcomes and the use of 'standard reference diets' has been proposed to 

improve the replicability of scientific data(332). Among the several zebrafish facilities 

dedicated to research worldwide, variations in feeding protocols that could affect 

growth, health and behavior have been identified; the use of live preys with different 

nutritional value and the introduction of dry food at different developmental stages are 

striking examples(225,232,275,329,333–338). Efforts have been made recently to uniformize 

zebrafish feeding procedures but also to use standard diets with controlled nutritional 

composition(234). In this regard, two microdiets have been recently launched under the 

name ZEBRAFEED (Sparos Lda) and GEMMA Micro (Skretting); they were 

formulated to meet the nutritional requirement for all life stages of zebrafish therefore 

removing the need for live preys (Table 4.1). While both diets provided optimal growth 

conditions, ZEBRAFEED promoted higher embryo and larval survival and also 

enhanced reproductive performance(337). The large-scale usage of a microdiet 

following an established feeding protocol will certainly contribute towards the 

standardisation of zebrafish husbandry and the replicability of research data but will 

also maximize the production and quality of zebrafish embryo/larvae for drug or 

mutagenesis screenings(337). In the context of this review, the implementation of a 

standard reference diet optimized for nutrients essential to the correct development of 

fish skeletal structures – e.g., fatty acids, phospholipids, vitamins and minerals – will 

decrease the incidence of skeletal deformities(234,339), providing better conditions for 

the screening of osteogenic compounds. 
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4.4.3. Mass production of synchronized embryos 

To generate statistically meaningful results, zebrafish high-throughput 

screening requires the daily production of thousands of synchronized embryos (i.e., at 

the same developmental stage). To decrease the intensive manual labour that would 

result from the manipulation of dozens of tanks and hundreds of breeders and increase 

embryo synchronization, large-scale egg production systems have been 

developed(345). Commercial breeding systems such as the Mass Embryo Production 

System (MEPS; Aquatic Habitats) and iSpawn (Tecniplast) can achieve remarkable 

spawning rates of up to 800-1000 embryos/minute (Table 4.1). More affordable and 

with a good spawning capacity (e.g., 10,000 embryos per breeding session using 100-

200 pairs of fish), custom-made mass embryo production systems are also 

available(341). To maintain an optimal mass production of embryo – both qualitatively 

and quantitatively – breeders that may suffer some stress incurred by frequent group 

mattings should be replaced regularly, e.g., using a rotation of 1000 breeders per 

week. 

4.4.4. Target specimen sorting 

Targets for drug screening in zebrafish can be cells, tissues, or whole animals 

(embryo and larvae). While cells – adherent or in suspension – can be easily arrayed 

in multiwell plates using liquid-handling robots, tissues and whole animals have been 

typically sorted out under a stereomicroscope using wide-bore transfer pipettes, in a 

rather laborious process. Automation of this process can be carried out using a 

fluorescence-gated sorting system – e.g., the COPAS FP-1000/2000 of Union 

Biometrica (Table 4.1) – that has the capacity to array tissues, embryos and larvae in 

96- and 384-well plates but also select them based on viability (dead embryo are 

discarded), morphology (e.g., size and length) and/or fluorescent signal, and sort a 

desired number of specimens into individual wells of a microtiter plate. Custom-made 

systems have also been developed to automatically sort embryos into microplates, 

e.g., the ZebraFactor of the Swiss Center for Electronics and Microtechnology (340), 

but also to automatically remove the chorion (a barrier that may prevent or limit embryo 

exposure to compounds) before sorting, when drug screening is performed in early 

stages of embryo development (346). However, none of these custom-made systems 
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have the ability to sort based on fluorescence or provide morphological information. In 

the context of this review, larvae from bone-specific transgenic lines expressing a 

fluorescent reporter protein (see section on transgenic lines) or from wild-type lines 

stained with bone-specific fluorochromes (e.g., alizarin red S or calcein) can be easily 

sort out using a fluorescence-gated sorting system as long as the fluorescence signal 

is strong enough to be detected. Typically, 4-dpf larvae have cranial bone structures 

sufficiently mineralized to be detected or have already an active expression of bone-

related genes. Scales are bone structures that can be easily harvested from the flank 

of juvenile/adult zebrafish; they have been already used to screen for osteogenic 

activities, although at low throughput (187,292,303). The automation of scale sorting based 

on fluorescent signal (e.g., using Tg(sp7:mCherry) line) could be easily achieved using 

such system, increasing the throughputness of this system. 

4.4.5. Compound delivery 

Higher screening throughput and higher data accuracy can be achieved using 

liquid-handling robotics to rapidly dilute and/or dispense precise amounts of the 

compounds from stock library plates and array targets such as zebrafish embryo and 

larvae. Robotic solutions are commercialized by different companies (e.g., 

PerkinElmer, Brand, Hudson Robotics, Labcyte, Gilson) and can be adapted to the 

several zebrafish systems used to screen for osteogenic compounds. To further 

increase throughput screening, plate-handling robotic arms can also be used (e.g., 

PerkinElmer, Hudson Robotics), although their implementation requires a massive 

investment which probably limit their usage to big Pharma and Biotech companies. If 

compounds have to be delivered through microinjection, robotic injection systems 

have been developed: perivitelline injection for embryos (347,348) and intrayolk injection 

for larvae (349). 

4.4.6. Image acquisition 

To improve the throughput and quality of screening pipelines, image acquisition 

has to be automated and use rapid and high-resolution camera. In the case of 

zebrafish screening, camera should also have the capacity to image large objects such 

as larvae. While examination of wild-type and mutant/diseased animals for 

developmental, morphological and functional changes upon compound exposure can 
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be done, the use of transgenic reporter fish expressing fluorescent proteins can greatly 

increase the automation of image acquisition. In the regard, fluorescent microscopes 

with automated stages or microplate readers coupled to high resolution camera will 

speed-up the examination and imaging of zebrafish embryos or larvae in microtiter 

plates. 

4.4.7. Image analysis 

Automated screening systems generate large quantities of images that need to 

be analysed using specialized algorithms to provide accurate data in a timely manner. 

Commercial solutions and open-source software are available for automated image 

analysis, providing macros to count, measure, characterize morphometry and classify 

objects. Most of them can also be used for image acquisition – providing tools to 

control microscope and capture images – and all of them can be easily applied to 

screening pipelines using zebrafish (Table 4.1; see also the review by Mikut et al. 

(2010)(350)). 
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Table 4.1. Tools to improve the throughput and accuracy of in vivo screenings in zebrafish. 

Tool St
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URL / Reference 
           ZEBRAFEED  X         www.sparos.pt 

GemmaMicro  X         www.skretting.com 

MEPS - Mass 
embryo production 
systems  

 X        www.mbki.com 

iSPAWN   X        www.tecniplast.it 
COPAS FP-
1000/2000    X       www.unionbio.com 

ZebraFactor    X       (340) 
ARQiv - Automated 
reporter 
quantification 
system in vivo 

  X X  X X   (341) 

ScreenCube     X     (342) 
VAST - Vertebrate 
automated 
screening 
technology  

     X  X X www.unionbio.com 

HCS LCI        X X X www.leica-
microsystems.com 

Imaging Machine        X X X www.acquifer.de 
ImageXpress        X X X www.moleculardevices.com 
IN Cell Investigator 
Zebrafish Analysis       X X X www.gehealthcare.com 

COPAS Vision       X X X X www.unionbio.com 
Micro computed 
tomography         X X www.bruker.com 

ZebrafishMiner         X (343) 
ZFIQ zebrafish 
image quantitator          X (344) 

ImageJ         X imagej.nih.gov 
Image-Pro          X www.mediacy.com 
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4.4. CONCLUSIONS 

Several assays that have been recently developed in zebrafish to study 

mechanisms of bone development, repair and regeneration, have the capacity to 

integrate high-throughput drug discovery pipelines if coupled with technological 

innovation applied to the standardization and automation of the screening process. 

However, to the best of our knowledge, a high-throughput screening pipeline using 

zebrafish for bone anabolic drug discovery has not been yet implemented. It may be 

related to the scepticism of the pharma/biotech industry about the validity of the 

zebrafish to model human diseases, in particular bone disorders. Technological 

features that can further increase replicability and throughput of zebrafish screening 

pipelines are developing rapidly and should bring an increased interest to this simple 

and cost-effective vertebrate model in relation its capacity to achieve robust data 

comparable to those collected in rodents. On a different field of research, zebrafish is 

gaining momentum as a model for acute/chronic toxicity studies of environmental 

pollutants (biocides, metals, microplastics, etc.) but also drugs (safety assessment 

before marketing). Zebrafish assays and technological innovations described here can 

also be used to screen compounds for osteotoxicity. 
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Chapter 5  
Effects of pristine or contaminated 

polyethylene microplastics on 

zebrafish development 
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PREAMBLE 

The majority of zebrafish studies have evaluated the effects of microplastic exposure 

(pristine or contaminated with organic pollutants) on development, neurotoxicity, 

behavior, oxidative stress, intestinal damage and microbiome changes. In this regard, 

while several studies have reporter microplastic toxicity (normally higher in 

combination with pollutants), others showed limited or no impact. Variability in the 

biological response may be due to the different type and size of plastic tested, different 

exposure duration, concentration, and route. Due to laboratory limitations (i.e., static 

conditions, absence of recirculating housing systems to study microplastic), most of 

the studies have performed relatively short-term exposure trials (i.e., maximum up to 

21 days), mostly throughout waterborne exposure, and limited developmental stages. 

Thus, the impact of microplastic on zebrafish remain to be better assessed especially 

upon long exposure times during the full developmental process and its impact in 

future generations. 

In this chapter, we assessed the biological effects of a long-term exposure to 

polyethylene (PE) microparticles – pristine or contaminated with benzo[α]pyrene 

(BaP), a model compounds for PAHs – on zebrafish growth, reproduction, and bone 

development. In this regard, zebrafish at different developmental stages (from larvae 

throughout adulthood) were fed experimental diets enriched in PE microplastics and 

expression of selected marker genes, intergenerational effects were evaluated. 
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5.1. ABSTRACT 

The presence of microplastics in the aquatic ecosystem represents a major 

issue for the environment and human health. The capacity of organic pollutants to 

adsorb onto microplastic particles raises additional concerns, as it creates a new route 

for toxic compounds to enter the food web. Current knowledge on the impact of pristine 

and/or contaminated microplastics on aquatic organisms remains insufficient, and we 

provide here new insights by evaluating their biological effects in zebrafish (Danio 

rerio). Zebrafish larvae were raised in ZEB316 stand-alone housing systems and 

chronically exposed throughout their development to polyethylene particles of 20-

27 µm, pristine (MP) or spiked with benzo[α]pyrene (MP-BaP), supplemented at 1% 

w/w in the fish diet. While they had no effect at 30 days post-fertilization (dpf), MP and 

MP-BaP affected growth parameters at 90 and 360 dpf. Relative fecundity, egg 

morphology, and yolk area were also impaired in zebrafish fed MP-BaP. Zebrafish 

exposed to experimental diets exhibited an increased incidence of skeletal deformities 

at 30 dpf as well as an impaired development of caudal fin/scales, and a decreased 

bone quality at 90 dpf. An intergenerational bone formation impairment was also 

observed in the offspring of parents exposed to MP or MP-BaP through a reduction of 

the opercular bone in 6 dpf larvae. Beside a clear effect on bone development, 

histological analysis of the gut revealed a reduced number of goblet cells in zebrafish 

fed MP-BaP diet, a sign of intestinal inflammation. Finally, exposure of larvae to MP-

BaP up-regulated the expression of genes associated with the BaP response pathway, 

while negatively impacting the expression of genes involved in oxidative stress. 

Altogether, these data suggest that long-term exposure to pristine/contaminated 

microplastics not only jeopardizes fish growth, reproduction performance, and skeletal 

health, but also causes intergenerational effects. 

5.2. INTRODUCTION 

Plastic pollution has greatly increased over the last decades and represents a 

major issue for both the environment and human health. Pollution with plastic debris 

is ubiquitous and massive with more than 5.25 trillion particles weighing 268,940 tons 

floating in the world’s oceans(26). Aquatic ecosystems are particularly impacted by 

plastic pollution and high densities of plastic particles, in particular microplastics 
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(<5 mm), which are observed throughout the globe thus raising concerns on the 

welfare of aquatic organisms(79,194). Released into the aquatic environment through the 

runoff of urban/industrial effluents (e.g., nurdles, scrubbers) or the breakdown of larger 

debris (physical, biological, chemical degradation), microplastics are found in many 

rivers and oceans worldwide. The presence of microplastics has been reported not 

only on ocean’s surface but also in deep oceans at 10,890 meters(41), and in 

sediments. Plastic debris have reached even the most remote places on earth such 

as the Arctic snow(42) and Antarctic ice(43). Microplastics are heterogeneous in 

composition (they are manufactured with different polymers, e.g., polyethylene, 

polystyrene, polyvinylchloride and polyurethane), have different densities (they float, 

are neutrally-buoyant or sink to the river/ocean floor), and often incorporate additives 

(fillers, plasticizers, colorants, and stabilizers)(7). The ingestion of microplastics by 

aquatic organisms may have a physical impact by disturbing feeding habits, blocking 

the feeding appendages and the passage of food through the intestine, causing false 

satiation or damaging the gastrointestinal track, which results in a decrease in food 

intake(78,79). On the other hand, microplastics can chemically affect internal organs 

through the leaching of manufacturing additives (e.g., polybrominated diphenyl ethers, 

nonylphenol and triclosan), or the release of contaminants (e.g., heavy metals, 

endocrine-disrupting chemicals, persistent organic pollutants and halogenated 

organic contaminants) that are easily adsorbed onto microplastic surface before 

ingestion(80,351). 

In this regard, ubiquitous contaminants such as benzo[α]pyrene (BaP) and 

other polycyclic aromatic hydrocarbons (PAHs) – known to be carcinogenic and to 

disrupt developmental, reproductive, hepatic, endocrine and immunological 

processes(72,73), but also to be harmful to skeletal development and bone 

homeostasis(144,352) – have the ability to adsorb onto the surface of different types of 

microplastic polymers, especially onto polyethylene(16,60,61). Upon ingestion of the 

contaminated microplastics, PAHs can leach out, diffuse throughout animal body and 

accumulate into a range of tissues(74–77), raising additional concerns about the adverse 

effects produced by microplastics.  

Beside the damage that they may cause to the aquatic life, microplastics (and 

adsorbed chemicals) pose a threat to human health as they are becoming omnipresent 
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in the food web and in our daily life (e.g., table salt, drinking water, honey, beer, 

etc.)(27,45,47,194). Thus, many international environmental and food agencies (United 

Nations Environment Programme (UNEP), European Food Safety Authority (EFSA) 

and Group of Experts on the Scientific Aspects of Marine Environmental Protection 

(GESAMP)) have placed microplastics as one of the top priority research topics(37–39). 

Scientific data evidencing the negative impact of microplastics on the physiology of 

aquatic organisms is rapidly increasing, however cellular and molecular mechanisms 

underlying microplastic toxicity are still poorly understood and more data are needed 

to further support environment management issues. Adverse effects such as growth 

inhibition(353–355), behavioral disorders(353,356), reproductive dysfunctions(357,358), 

feeding disorders(359,360) and mortality(353,354) have been described for different trophic 

levels(194). However, data on specific biological processes (i.e., development, 

reproduction, transgenerational studies) and in key species such as fish, are still 

missing or are controversial to fully assess the environmental and biological risks 

associated with microplastics and adsorbed pollutants.  

Among aquatic organisms that may be exposed to microplastics, fish are 

central to the ocean food web and to human nutrition, and the presence of 

microplastics potentially contaminated has been widely reported in fish, including in 

species marketed for human consumption(48,97), opening a new route for toxicity in 

humans. To better evaluate adverse effects of microplastics in fish and, by extension, 

in vertebrates, zebrafish has been widely used to gain insights into the biological 

effects of microplastic ingestion(122). It is a well-established ecotoxicological model 

organism to assess risks associated with toxicity, reproduction and 

osteotoxicity(120,147), but also to study the cellular and molecular mechanisms 

underlying toxicant effects.  

The majority of the studies performed in zebrafish evaluated the effects of microplastic 

exposure (pristine or in combination with environmental pollutants) on 

development(124,128,129,131), neurotoxicity(361,362), behavior(363,364), oxidative 

stress(127,130,136,140), intestinal damage(133,365) and microbiome changes(130,139) (see also 

the review by Bhagat et al. (2020)(122) and references therein). In this regard, while 

several studies have reported microplastic toxicity (normally higher in combination with 

contaminants), others showed limited or no impact. Variability in biological response 
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may be due to the different type and size of microplastic tested, different exposure 

duration, concentration, and route. Due to laboratory limitations (i.e., static conditions, 

absence of recirculating housing systems to study microplastic), most of the data 

originated from short-term exposure trials (i.e., up to 21 days), mostly through 

waterborne exposure, and during specific developmental stages. Thus, the impact of 

microplastics on zebrafish remain to be better assessed especially upon long-term 

exposure throughout the full developmental process and on future generations. 

In this work, the biological effects of a long-term exposure to polyethylene (PE) 

microparticles were assessed. Zebrafish were fed from larvae to adulthood with 

experimental diets supplemented with microplastics pristine or contaminated with 

BaP, and zebrafish growth, reproduction, bone development, expression of selected 

marker genes and intergenerational effects were evaluated. 

5.3. MATERIALS AND METHODS 

5.3.1. Chemicals and materials 

All chemicals were bought to Sigma-Aldrich (St. Louis, MI, USA) unless 

otherwise stated. Plastic material was avoided as much as possible to limit any cross-

contamination during experimental procedures and replaced by soda-lime glass or 

stainless steel material. Fluorescent polyethylene microspheres (20-27 μm; 

1.005 g/cc) were purchased from Cospheric (Santa Barbara, CA, USA). Microspheres 

manufacturing composition: polyethylene (CAS number 9002-88-4; >70% w/w) and 

proprietary additive (trade secret; <30 % w/w). 

5.3.2. Experimental diets 

Experimental diets were manufactured by Sparos Lda. (Olhão, Portugal) and 

used to feed zebrafish throughout the experimental procedures. The commercial 

microdiet ZEBRAFEED (Sparos) was used as control diet (Ctrl) and as the basis of 

the diets supplemented with pristine microplastics (MP) or with microplastics spiked 

with benzo[α]pyrene (MP-BaP). Four different grain sizes – i.e., <125 μm, 125-180 μm, 

180-355 μm and 355-700 μm – were prepared for each diet to meet the mouth size of 

the different developmental stages. Briefly, microplastics (1% w/w) were incorporated 

and mixed in ZEBRAFEED microdiet (grain size <100 μm), hydrated with 50% of 
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distilled water, then mixed again until complete homogenization and dried at 60ºC 

overnight. MP-BaP diet was similarly prepared but with microspheres spiked for 30 h 

with benzo[α]pyrene (10 μM dissolved in dimethyl sulfoxide, DMSO), washed with 

distilled water and vacuum dried before being incorporated into the diet (method 

adapted from previous studies(76,123,138)). The successful incorporation of microplastics 

into the experimental diets was confirmed in 5 aliquots of each diet size. Diet aliquots 

of approximately 5 mg were solubilized in 50 mL of distilled water and vacuum filtered 

through a 11 μm paper filter (Grade 1; Whatman, Maidstone, UK). Fluorescence 

images of each paper filter Ctrl, MP, and MP-BaP (at different grain size) were 

acquired using a MZ10F fluorescence stereomicroscope (Leica, Wetzlar, Germany) 

equipped with GFP filters ET470/40x (EX) and ET525/50m (EM), and a DFC7000T 

color camera (Leica). The number of microplastic particles present in each aliquot was 

assessed using the built-in function Find maxima in ImageJ 1.52v.(366) 

5.3.3. Zebrafish maintenance 

Sexually mature zebrafish (AB wild-type strain; ZFIN ID: ZDB- GENO-960809-

7) were housed in a ZebTEC housing system (Tecniplast, Buguggiate, Italy) under 

optimal water quality (i.e., temperature 28 ± 0.1ºC, pH 7.5 ± 0.1, conductivity 700 ± 

50 μS, ammonia and nitrites lower than 0.1 mg/L, nitrates at 5 mg/L) and crossed 

following an in-house breeding program. Breeders were fed twice a day with rotifers 

(Brachionus plicatilis type L; 230 rotifers/mL) enriched with 2 mL of Phytobloom Green 

Formula (Necton S.A., Olhão, Portugal) and ZEBRAFEED microdiet ad libitum. 

Fertilized eggs (N = 300) were placed into a 1-L breeding tank containing system water 

and 0.0002% (w/v) methylene blue to prevent fungal growth. At 3 days post-fertilization 

(dpf), hatched larvae were transferred into 3.5-L glass tanks at a density of 

100 larvae/L and maintained under static water conditions (90% of the water renewed 

every 2 days) at 28ºC. At 15 dpf, post-larvae were distributed into new tanks to achieve 

a density of 26 post-larvae/L and maintained in a ZEB316 custom-made recirculating 

housing system(367) with a water flow of 8.4 L/h. At 30 dpf, density was adjusted to 

5 juveniles/L. All fish were subjected to a 14-h light/10-h dark photoperiod throughout 

the duration of the experimental work.  
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5.3.4. Dietary exposure of zebrafish to microplastics 

A total of 600 larvae (200 per replicate in glass tanks) were exposed to 

experimental diets Ctrl, MP, or MP-BaP – dispensed in similar quantity using stainless 

steel micro-spoons – throughout development. Larvae from 5 to 8 dpf were fed 3 times 

a day, twice with enriched rotifers (see above) and once with the experimental diet 

(size <125 μm, 20% body weight). Larvae from 8 to 30 dpf were fed 3 times a day 

exclusively with the experimental diet (size 125-180 μm from 8 to 15 dpf and size 180-

355 μm from 15 to 30 dpf, 20% body weight). Juveniles and adult fish were fed 2 times 

a day with experimental diet (size 355-700 μm, 3-5% body weight).  

5.3.5. Assessment of growth parameters 

Dry weight was determined in 30 dpf juveniles (pools of 6 fish) and 6 dpf larvae 

(offspring; pools of 30 larvae). Fish pools were placed in 1.5-mL tubes, lyophilized and 

weight using a precision scale (0.00001 g). Wet weight was determined in 90 and 120 

dpf adults (individually) using a precision scale. Total length, standard length, head 

area and body depth (i.e., the vertical distance from the dorsal margin of the body to 

the ventral margin of the body measured at the base of the pectoral fin) were assessed 

in 6 dpf offspring by image analysis of brightfield images using ImageJ. 

5.3.6. Assessment of reproduction capacity 

Sexually mature zebrafish (>3 months old) fed the different experimental diets 

were placed 12 h prior to the experiment in breeding tanks (Tecniplast), with males 

and females separated by a tank divider following a 1:1 sex-ratio. For each breeding 

experiment, 2 couples were randomly selected from each replicate tank (3 tanks per 

experimental diet), resulting in 18 independent breeding events. A total of 4 breeding 

experiments were performed with a resting period of 2 weeks in-between each 

breading event. Breeding was initiated by removing the divider separating males and 

females and breeding success was scored as follows: score = 1 when a couple 

successfully laid eggs and score = 0 when no eggs were laid, or eggs aborted. Eggs 

from successful breeding events were kept in glass Petri dishes supplemented with 

fish water at a density of 50 eggs/40 mL. Methylene blue (0.0002% w/v) was added to 

prevent fungal growth. For each breeding event, all laid eggs were imaged at 0 and 
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24 hpf (hours post-fertilization) using a Leica MZ10F stereomicroscope equipped with 

a DFC7000T color camera. Egg number, viability, area, and circularity were assessed 

through image analysis using a macro developed in ImageJ (See Chapter 3.2, Fig. 

3.6). Yolk area was measured at 0 hpf using ImageJ built-in tools. Relative fecundity 

was calculated as the total number of eggs normalized to female body weight. 

Hatching rate was calculated as the number of larvae hatched at 3 dpf normalized to 

the total number of fertilized eggs. Hatched larvae were kept in fish water up to 6 dpf 

to assess intergenerational effects. 

Sperm quality was assessed in 6 males per condition. Fish were anesthetized 

with 0.6 mM tricaine methanesulfonate, rinsed with phosphate buffered saline (PBS) 

and sperm was collected using a 25 μL glass capillary tube (Blaubrand, Wertheim, 

Germany) attached to a mouthpiece while performing an abdominal massage. Sperm 

(1 to 3 μL per fish) was immediately diluted in 10 μL of 0.2 μm filter-sterilized Hank’s 

balanced salt solution (HBSS) and maintained at 4ºC until further used but no longer 

than 1 h. Sperm concentration and motility were evaluated using a computer-assisted 

sperm analysis (CASA) system (Proiser, Valencia, Spain) coupled to a E-200 

microscope (Nikon, Tokyo, Japan) equipped with a x10 negative phase contrast 

objective. Images were captured with a A312f/fc camera (Basler AG, Ahrensburg, 

Germany) and processed with CASA software. For sperm concentration, samples 

were diluted 1:20 in HBSS and the number of spermatozoa was determined from 3 

field images. For sperm motility analysis, 0.5 μL of sperm was placed on a Makler 

chamber (Microptics S.L., Barcelona, Spain) and immediately activated with 5 μL of 

sterilized system water at 28°C. Each sample was measured twice. Sperm motility 

was characterized from 0 to 60 s post-activation through the acquisition of several 

parameters i.e., total motility (%), progressive motility (%), curvilinear velocity (μm/s), 

straight line velocity (μm/s) and linearity (%). To assess sperm viability, 2 μL of sperm 

were diluted in 200 μL of HBSS in flow cytometry tubes and labelled with 1 μL of 

propidium iodide (PI; final concentration 5 ng/mL). Labelled sperm was analyzed using 

a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ) equipped with a 

488-nm laser for excitation and a 690/50 nm bandpass filter (FL3) for fluorescence 

emission. Settings for zebrafish spermatozoa acquisition and analysis were previously 

established.(368) A total of 10,000 events were counted for each sample. 



 128 

5.3.7. Assessment of osteotoxicity 

5.3.7.1. Axial skeleton development 

At 30 dpf, a total of 120 juveniles (40 per replicate tank) were randomly 

collected for each experimental diet (i.e., Ctrl, MP, and MP-BaP) and euthanized with 

a lethal dose of anesthetic. Juveniles were fixed for 1 h in 4% paraformaldehyde (PFA; 

prepared in PBS) at room temperature, washed with 1X PBS, preserved in increasing 

ethanol series (up to 75%) and stored at -20ºC until further used. Fish were rehydrated 

in increasing 1X PBS series, stained for 2 h in 0.05% alizarin red S (AR-S) prepared 

in 1% potassium hydroxide (KOH), washed for 12 h with 1% KOH and preserved in 

increasing glycerol series (up to 75%) until image acquisition. The incidence, typology 

(such as shape variation, anomalous supernumerary elements, fusions or 

platyspondyly) and charge of deformities in the axial skeleton were determined 

through stereomicroscopy observation. The terminology used is according to Bird and 

Mabee.(369) Representative images were acquired using a LSM 700 confocal 

microscope (Zeiss, Oberkochen, Germany) equipped with a 10x/0.30 M27 objective. 

Images were acquired at 1024×1024 pixels using 4% laser power at 555 nm, 

acquisition speed=7.75 µs, mCherry channel (λex: 587 nm, λem 610 nm) and a GaAsP 

detector set to gain=650V and digital gain=0.3. Z slices were recorded at 4 µm per 

section and adjusted to cover the full depth of the region of interest. 

5.3.7.2. Caudal fin development 

At 90 dpf, a total of 24 adult fish (8 per replicate tank) were randomly collected 

for each experimental diet (i.e., Ctrl, MP, and MP-BaP). Fish were sacrificed with a 

lethal dose of anesthetic and their caudal fin amputated, fixed for 1 h in 4% PFA, 

washed 3 times with 1X PBS, preserved in increasing ethanol series (up to 75 %) and 

stored at -20ºC until further use. Caudal fins were rehydrated in increasing 1X PBS 

series, stained for 30 min in 0.1% AR-S prepared in 1% KOH, washed 3 times with 

1% KOH and preserved in increasing glycerol series (up to 75%). Caudal fins were 

imaged using a Leica MZ10F stereomicroscope equipped with a DFC7000T color 

camera. Total number of rays and number of fused, bended, or developmentally 

impaired rays were determined in bright-field images. 
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5.3.7.3. Scale development 

At 90 dpf, a total of 3 adult fish (1 per replicate tank) were randomly collected 

from each experimental diet (i.e., Ctrl, MP, and MP-BaP), sacrificed with a lethal dose 

of anesthetic and 30-40 ontogenetic scales were plunked from the left flank of each 

specimen with stainless steel forceps. Scales were fixed for 30 min in 4% PFA at 4ºC, 

washed 3 times with 1X PBS, preserved in increasing ethanol series (up to 75%) and 

stored at -20ºC until further used. Mineral deposition was assessed in von Kossa-

stained scales. Briefly, scales were rehydrated in increasing 1X PBS series, washed 

with 1X PBS, immersed in 5% (w/v) silver nitrate, and exposed to U.V. light for 1 h. 

Scales were then rinsed with distilled water for 5 min and immersed for 5 min in 2.5% 

(w/v) sodium thiosulfate. Finally, scales were rinsed thoroughly with distilled water and 

preserved in increasing glycerol series (up to 75%) until image acquisition. Bright-field 

images of stained scales were acquired using a Leica MZ10F stereomicroscope 

equipped with a DFC7000T color camera. Scales area, circularity and mineral 

deposition were assessed through image analysis using ZFBONE ImageJ toolset.(289) 

5.3.7.4. Calcium and phosphate content 

30-dpf juveniles (n=3 per diet; pools of 6 fish), 90-dpf adults (n=3 per diet), 6-

dpf offspring (n=30 per replicate tanks, n=90 per diet) were randomly sampled and 

sacrificed with a lethal dose of anesthetic. Fish were dried for 24 h at 60°C, placed in 

quartz digestion vials and their weight was determined. Samples were digested with 

6 ml of 65% nitric acid (HNO3; Fisher Scientific, Pittsburgh, PA, USA) using a Discover 

SP-D 80 microwave digestion system (CEM, NC, USA). Digested samples were 

diluted appropriately with ultrapure Milli-Q water (pH 7.4; Merck Millipore, Burlington, 

MA, USA). Mineral content was determined using a Microwave Plasma-Atomic 

Emission Spectrometer (MP-AES 4200, Agilent Technologies, Santa Clara, CA, USA). 

A six-point calibration curve was carried out for each element in 5% HNO3 

(Phosphorus standard, Agilent 213.318; Calcium standard Agilent 393.366). Samples 

were analyzed in duplicate, and the concentration calculated using the external 

standard calibration method. Blank samples, containing only the decomposition 

reagents, were included to control contamination, and results were subtracted from 

the sample values. 
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5.3.7.5. Offspring operculum development 

Offspring born from multiple breeding events (10 larvae per successful breeding 

event; see reproduction section) were sacrificed at 6 dpf with a lethal dose of 

anesthetic. Larvae were stained for 15 min at room temperature with 0.01% AR-S 

prepared in Milli-Q water and washed twice with Milli-Q water for 5 min (protocol 

adapted from Bensimon-Brito et al. (2016)(370)). Stained larvae were placed in a lateral 

plane on top of a 2% agarose gel and imaged using a Leica MZ10F fluorescence 

stereomicroscope equipped with a with mCherry filters ET560/40x (EX) and 

ET630/75m (EM), and a DFC7000T color camera. Morphometric analysis of the 

operculum was performed as described by Tarasco et al. (2020) using ZFBONE 

ImageJ toolset.(289) Total length and body depth were measured using ImageJ built-in 

tools. 

5.3.8. Histology 

Adult zebrafish (n=5) were demineralized for 10 days in 10% ethylenediamine-

tetraacetic acid (EDTA) and 1% PFA (pH 7.0) at 4ºC with the demineralizing solution 

changed every 2 days. Sample were washed in 1X PBS, incubated in 10% sucrose 

(in 1X PBS) for 1 h then in 30% sucrose (in 1X PBS) for 12 h at 4ºC. Specimens were 

then embedded for 1 h in 7.5% gelatin (gelatin from porcine skin, gel strength 300, 

Type A) prepared in 15% sucrose (in 1X PBS). Samples were placed at 4ºC in a 

histological box until gelatin solidified, then frozen in isopentane cooled in liquid 

nitrogen. Using a Leica microtome (CM3050S), fish were longitudinally sectioned at 

10 μm under constant temperature (-24ºC). Histological sections were then 

maintained at -20ºC until further used. For intestinal goblet cell staining, sections were 

thawed for 15 min at room temperature, washed twice in 1X PBS preheated at 37ºC 

for 10 min. Slides were post-fixed in 4% PFA for 10 min, washed in 1X PBS, incubated 

in 3% acetic acid for 3 min and finally stained for 30 min with 1% alcian blue (prepared 

in 3% acetic acid, pH 2.5). Slides were then washed in distilled water and mounted 

with mowiol mounting medium. The number of goblet cells was assessed in each villus 

using a macro developed in ImageJ (See Chapter 3.2, Fig. 3.7). 
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5.3.9. RNA extraction and gene expression analysis by qPCR 

For each experimental diet (i.e., Ctrl, MP, and MP-BaP), total RNA was 

prepared from the whole body of 30-dpf juveniles (n=3, pools of 10 specimen), from 

tissues (liver, gut, and vertebral column) of 3 months adults (n=3, pools of 5 organs) 

and from 6 dpf offspring larvae (n=3, pools of 30 larvae) in triplicates. Total RNA was 

extracted using NZYol (NZYTech, Lisbon, Portugal), following manufacturer 

instructions. RNA quantity was measured using a NanoDrop One spectrophotometer 

(Thermo Scientific, Waltham, MA, USA) and integrity was confirmed by running 0.5 μg 

of total RNA on a 1.5% agarose gel. Total RNA (1 μg) was reverse-transcribed for 1 h 

at 37°C using M-MLV reverse transcriptase (Invitrogen), oligo-d(T) primer and 

RiboLock RNase inhibitor (Thermo Scientific) according to manufacturer instructions. 

All quantitative real-time PCR (qPCR) reactions were performed using SensiFAST 

SYBR Hi-ROX kit (Meridian Bioscience, Cincinnati, OH, USA) according to 

manufacturer instructions, 10 μM of gene-specific primers (Supplementary Table 5.1) 

and 1:10 dilution of reverse-transcribed RNA, in a CFX Connect Real-Time PCR 

detection system (Bio-Rad, Hercules, CA, USA). PCR amplification was as follows: an 

initial denaturation step of 2 min at 95°C and 40 cycles of amplification (10 s at 95°C 

and 20 s at 65°C). Efficiency of amplification was above 95 % for all primer sets. Levels 

of gene expression were calculated using the ΔΔCt comparative method(371) and 

normalized using the average of housekeeping genes eef1a1l1 and rps18, previously 

validated in zebrafish larvae(372). 

5.3.10. Statistical analysis 

Data were analyzed using Prism version 8.2.1 (GraphPad Software, Inc. La 

Jolla, CA, USA). One-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparison test, or an unpaired Student’s t-test were used for data sets 

presenting a normal distribution. Kruskal-Wallis test followed by Dunn's multiple 

comparison test were used for data sets that did not follow a normal distribution. In all 

cases, differences were considered significant for p < 0.05.  
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5.4. RESULTS 

5.4.1. Both pristine and contaminated microplastics impair zebrafish 

growth 

Mortality, weight, and total length were determined in zebrafish fed the 

experimental diets from 8 to 30, 90 or 360 dpf. Fish fed MP and MP-BaP diets exhibited 

a similar survival rate to that of control fish for the three time-windows considered (p > 

0.05; data not shown). While at 30 dpf dry weight and total length were not different 

among diets, wet weight and total length were affected at 90 and 360 dpf (Fig. 5.1). At 

90 dpf, fish fed with MP and MP-BaP showed a reduction in their weight (19.1 ± 5.4% 

and 28.7 ± 6.1%, respectively) and length (7.1 ± 2.0% and 9.3 ± 2.3%, respectively) 

over the control group. At 360 dpf, fish fed with MP and MP-BaP showed a reduction 

in their weight (38.5 ± 8.5% and 44.4 ± 8.8%, respectively) and length (15.1 ± 2.9% 

and 8.7 ± 3.1%, respectively) over the control group. No differences were found 

between MP and MP-BaP treatments (p > 0.05). The analysis of growth parameters 

in relation to fish gender showed that while weight and length were affected in males, 

only females fed with MP-BaP showed a reduction in their weight at 90 dpf. Growth 

parameters were affected at 360 dpf in both males and females fed with MP and MP-

BaP diets (Supplementary Fig. 5.1). Altered growth parameters clearly demonstrate 

the developmental effect of an exposure to pristine and contaminated microplastics in 

zebrafish. 
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Figure 5.1. Weight (A-C) and total length (D-F) at 30 (A, D), 90 (B, E) and 360 (C, F) days post-
fertilization (dpf) of zebrafish fed from 8 dpf onwards with Ctrl (ZEBRAFEED), MP (ZEBRAFEED 
supplemented with pristine microplastics) or MP-BaP (ZEBRAFEED supplemented with microplastics 
spiked with BaP) diets. Asterisks indicate values statistically different between diets according to one-
way ANOVA followed by Tukey’s multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparison test (* p<0.05; ** p<0.01; *** p<0.001; **** p< 0.0001). Values are presented as 
the median ± min and max value. At 30 dpf, n=9 for dry weight and n=54 for total length; at 60 dpf, n≥66 
for both wet weight and total length; at 360 dpf, n≥13 for both wet weight and total length. 
 

5.4.2. Contaminated microplastics affect female reproductive capacity  

Fish fed the experimental diets until sexual maturity were evaluated for their 

reproductive performances i.e., breeding success, egg shape parameters (egg area, 

yolk area and circularity), relative fecundity and egg hatching rate in females, and 

sperm viability and motility parameters in males. While egg viability, area (at 2 and 

24 hpf) and hatching rate were not altered by any of the experimental diets 

(Supplementary Fig. 5.4A-B-D), other parameters were affected in fish fed MP-BaP. 

In this regard, the success of breeding events was slightly reduced by 26.3 ± 16.1% 

(although not statistically different) (Fig. 5.2A) and the relative fecundity of the females 

fed MP-BaP was reduced by 53.0 ± 18.4% towards the control diet (Fig. 5.2B). Egg 

circularity at 2 hpf (Fig. 5.2C) and 24 hpf (Supplementary Fig. 5.2C) and yolk area at 

2 hpf (Fig. 5.2D) were also affected when parents were fed MP-BaP, showing a 

reduction of 3.8 ± 1.4%, 2.1 ± 0.9% and 8.0 ± 2.2%, respectively, compared to the 

control group. Neither sperm viability nor motility parameters (total motility, 
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progressive motility, curvilinear velocity, straight line velocity and linearity) were 

affected by the experimental diets (Supplementary Fig. 5.3). No differences were 

found between zebrafish fed MP and MP-BaP. These data show that long-term 

exposure to contaminated microplastics may impair egg quality. 

 

Figure 5.2. Reproductive performance of sexually mature 3-4 months zebrafish fed from 8 dpf onward 
with Ctrl (ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or MP-BaP 
(ZEBRAFEED supplemented with microplastics spiked with BaP). (A) Average number of successful 
breeding events. A value of 0 or 1 was given to breeding events for which couples did not lay eggs (or 
eggs aborted) or for which couples successfully laid eggs, respectively (n=4). (B) Relative fecundity 
calculated as the total number of eggs/female body weight (n≥14). (C) Egg circularity and (D) yolk area 
assessed at 2 hours post fertilization (hpf) through the morphometric analysis of bright-field images. 
Yolk area was normalized using egg area (n≥8; pools of 20 eggs each). (E) Representative images of 
eggs at 2 hpf collected from breeding events. Arrowheads indicate egg yolk. Asterisks indicate values 
statistically different between diets according to one-way ANOVA followed by Tukey’s multiple 
comparison test (* p<0.05; ** p< 0.01). Values are presented as the median ± min and max value. 
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5.4.3. Microplastic exposure leads to osteotoxicity  

5.4.3.1. Microplastic affects the development of zebrafish axial skeleton 

AR-S stained zebrafish juveniles fed the experimental diets for 22 days (i.e., 

from 8 to 30 dpf) were examined to assess the effects of microplastic exposure during 

development of the axial skeleton. Fish fed MP and MP-BaP presented an increased 

incidence of deformed fish (75.0 ± 2.5% and 88.3 ± 2.3%, respectively) compared to 

control fish (53.0 ± 0.7% of deformed fish), and fish fed MP-BaP were significantly 

more deformed (13.3 ± 1.6%) than fish fed MP (Fig. 5.3A). The number of skeletal 

deformities per fish also increased in fish fed MP and MP-BaP, with a majority of fish 

presenting more than two deformed skeletal structures, while control fish had more 

cases with only one deformed structure (Fig. 5.3B). Several types of deformities were 

observed – e.g., partial/total fusion of the vertebrae or neural/hemal arches and 

malformations of the operculum, urostyle, parhypural and hypurals – and while most 

of the axial skeleton regions presented a similar distribution of the deformities among 

treatments, the caudal fin complex was the region more differentially affected by MP 

and MP-BaP diets, with an increased number of deformities of 300.0 ± 50.0% over the 

control diet (Fig. 5.3C). These data show that chronic exposure to pristine microplastic 

affects zebrafish skeletal development and incidence of skeletal deformities increases 

when microplastics are contaminated with BaP. 
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Figure 5.3. Deformities in the axial skeleton of 30 dpf zebrafish fed from 8 dpf onwards with Ctrl 
(ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or MP-BaP (ZEBRAFEED 
supplemented with microplastics spiked with BaP). (A) Percentage of normal and deformed fish. (B) 
Percentage of deformities per deformed larvae. (C) Distribution of the deformities along the axial 
skeleton. Deformed structures of each individual were summed and divided by the number of fish. (D) 
Representative fluorescence images of AR-S stained skeletal structures in fish fed experimental diets. 
In A and B, asterisks indicate values statistically different between diets according to two-way ANOVA, 
followed by Šídák's multiple comparisons test, (* p<0.05; ** p< 0.01, **** p< 0.0001). In C, asterisks 
indicate values statistically different between diets according to one-way ANOVA, followed by Tukey’s 
multiple comparisons test, (** p< 0.01), n=120. 
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5.4.3.2. Caudal fin structure is impaired in adult zebrafish fed with 

microplastics 

Because the caudal fin complex was severely deformed in 30 dpf juveniles 

exposed to both pristine and contaminated microplastics, the structure of the caudal 

fin was further assessed in 90 dpf adults fed the experimental diets through the 

determination of the number of rays and the number of fused, bended, or 

developmentally impaired rays. Microscopic examination of AR-S stained fish 

revealed an increased incidence of caudal fins showing a reduced number of rays in 

zebrafish fed MP-BaP (29.2 ± 5.9% and 16.7 ± 5.9% over Ctrl and MP, respectively; 

Fig. 5.4A). The number of fused rays – but not the number of bended or 

developmentally impaired rays (a slight effect was seen though) – also increased in 

the caudal fin of fish fed MP and MP-BaP (20.8 ± 5.9% over Ctrl; Fig. 5.4B-D). These 

data indicate that pristine or contaminated microplastics also trigger skeletal defects 

in the caudal fin of adult fish chronically exposed since larval stage.  

5.4.3.3. Microplastic exposure affects ontogenetic scales 

Since scales are central to fish mineral homeostasis, morphological parameters 

such as total area, circularity, and extent of demineralized area were assessed in 

ontogenetic scales, plunked from 90 dpf adult zebrafish fed the experimental diets. 

Scale area was reduced by 17.8 ± 1.9% and 12.9 ± 2.0% over Ctrl in fish fed with MP 

and MP-BaP, respectively, and this decrease was significantly more pronounced in 

fish exposed to MP (Fig. 5.5A). On the contrary, scale circularity was slightly increased 

in fish fed MP-BaP (0.7 ± 0.2% over Ctrl and by 0.7 ± 0.2% over MP; Fig. 5.5B). Finally, 

the demineralized area was increased by 639.2 ± 31.2% over Ctrl and by 618.4 ± 

29.9% over MP in fish fed MP-BaP (Fig. 5.5C). These data suggest that exposure to 

microplastics reduces scale growth, and that the presence of BaP induces a strong 

demineralization of the scales. 
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Figure 5.4. Deformities in the caudal fin of 90 dpf zebrafish fed from 8 dpf onwards with Ctrl 
(ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or MP-BaP (ZEBRAFEED 
supplemented with microplastics spiked with BaP). (A) Percentage of caudal fin with a normal number 
of rays (equal to 18) or not (number of rays different from 18). (B) Percentage of caudal fin with 
individualized rays or presenting fused rays. (C) Percentage of caudal fin with rays normally shaped or 
presenting bended rays. (D) Percentage of caudal fin with normally developed rays or presenting rays 
with an impaired development. (E) Representative bright-field images of AR-S stained caudal fin from 
fish fed experimental diets. Asterisks indicate values statistically different between diets according to 
two-way ANOVA, followed by Šídák's multiple comparisons test, (* p<0.05; ** p< 0.01), n=24. 
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Figure 5.5. Morphology and mineral content of ontogenetic scales from 90 dpf zebrafish fed from 8 dpf 
onwards with Ctrl (ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or MP-
BaP (ZEBRAFEED supplemented with microplastics spiked with BaP). (A) Scale area and (B) 
circularity were assessed through the morphometric analysis of ontogenetic scales in bright-field 
images. (C) Mineral content was evaluated through von Kossa staining. (D) Representative images of 
von Kossa stained scales collected from fish fed experimental diets. Asterisks indicate values 
statistically different between diets according to Kruskal-Wallis test followed by Dunn’s multiple 
comparison test (** p<0.01; *** p<0.001; *** p<0.0001). Values are presented as the median ± min and 
max value. n ≥ 112. 
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5.4.3.4. Exposure to contaminated microplastics decreases calcium to 

phosphorus ratio 

To further investigate the reduction in bone mineralization observed in 

ontogenetic scales, calcium and phosphorus contents were assessed in the whole 

body of 30 dpf juveniles and 90 dpf adults fed the experimental diets, and calcium to 

phosphorus ratio – a proxy for bone quality – was determined. While calcium and 

phosphorus contents were not significantly altered in fish exposed to pristine or 

contaminated microplastics at any of the developmental stages evaluated (results not 

shown), Ca/P ratio was reduced by 8.3 ± 3.1% over Ctrl in fish exposed to MP-BaP 

until 90 dpf. There was however no difference in the Ca/P ratio calculated for fish fed 

MP and MP-BaP (Fig. 5.6B). These data show that a long-term exposure (i.e., up to 

90 dpf) to BaP-contaminated microplastics affects body Ca/P ratio, and suggests that 

bone of fish chronically exposed may suffer from a reduced mineral density and thus 

may be of lower quality, which could trigger skeletal deformities. 

 

Figure 5.6. Calcium to phosphorus ratio (Ca/P) in 30 dpf juveniles (A) and 90 dpf adults (B) fed from 8 
dpf onwards with Ctrl (ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or 
MP-BaP (ZEBRAFEED supplemented with microplastics spiked with BaP). At 30 dpf, n=9, pools of 6 
fish; at 90 dpf, n=9 dpf. Asterisks indicate values statistically different between diets according to one-
way ANOVA followed by Tukey’s multiple comparison test (* p<0.05). Values are presented as the 
median ± min and max value. 

5.4.3.5. Parental exposure to microplastics affects offspring bone growth 

To assess the intergenerational effect of microplastics exposure, in particular 

on fish development and bone growth, operculum area, head area and body standard 

length and depth were determined through morphometric analysis of 6 dpf offspring 

larvae born from parents fed the experimental diets. While standard length and head 
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area were not affected in offspring of parents exposed to pristine or contaminated 

microplastics, body depth (trunk height) was reduced in offspring of parents fed MP-

BaP by 4.4 ± 1.7% (Fig 5.7B), suggesting that larvae fitness may be affected. The 

corrected operculum area was also reduced by 12.1 ± 3.8% and 23.4 ± 3.9% over Ctrl 

in larvae born from parents fed MP and MP-BaP, respectively, suggesting that 

microplastics osteotoxicity is inherited by future generations. Reduction was more 

pronounced in offspring of parents fed MP-BaP, indicating that BaP osteotoxicity can 

also be transmitted by exposed parents to unexposed offspring, but also that 

microplastics and BaP have additive osteotoxic effects. 

 

Figure 5.7. Growth parameters of 6 dpf offspring larvae born from parents fed from 8 dpf onwards with 
Ctrl (ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or MP-BaP 
(ZEBRAFEED supplemented with microplastics spiked with BaP). Standard length (A) and body depth 
(B) were assessed through the morphometric analysis of bright-field images. Head area (C) and 
operculum growth (D) were assessed through the morphometric analysis of fluorescence images. (E) 
Representative images of AR-S stained operculum of 6 dpf offspring larvae. Asterisks indicate values 
statistically different between diets according to one-way ANOVA followed by Tukey’s multiple 
comparison test (* p<0.05; ** p<0.01; **** p<0.0001). Values are presented as the median ± min and 
max value, n≥14, 10 larvae from each breeding event. 

5.4.4. Exposure to contaminated microplastics decreases intestinal 

goblet cell number 

Following recent studies in zebrafish(364) and European seabass(373) showing 

alterations in the population of intestinal goblet cells upon exposure to microplastics, 

the intestine of 90 dpf adult zebrafish fed the experimental diets was examined for the 

number of goblet cells per villus (Fig. 5.8). While the number of goblet cells was not 
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significantly different in fish fed MP versus Ctrl (p >0.05), it was reduced by 32.1 ± 

10.7% in fish fed MP-BaP versus Ctrl, suggesting that contaminated microplastics 

alter intestinal homeostasis and trigger inflammation.  

 

Figure 5.8. Number of goblet cells in 90 dpf zebrafish fed from 8 dpf onwards with Ctrl (ZEBRAFEED), 
MP (ZEBRAFEED supplemented with pristine microplastics) or MP-BaP (ZEBRAFEED supplemented 
with microplastics spiked with BaP). (A) Number of goblet cells/villus expressed in % over Ctrl. (B) 
Representative images of intestine cryosections stained with alcian blue to mark goblet cells 
(arrowheads). Asterisks indicate values statistically different between diets according to one-way 
ANOVA followed by Tukey’s multiple comparison test (* p<0.05). Values are presented as the median 
± min and max value, n=5. 

5.4.5. Gene expression 

To gain insights into the molecular mechanisms underlying the effects of 

pristine and contaminated microplastics on zebrafish, the expression of several 

marker genes was assessed by qPCR in 30 dpf juveniles and 6 dpf offspring larvae, 

and in tissues (i.e., gut, liver, and vertebral column) of 90 dpf adults (Fig. 5.9 and 

Supplementary Fig. 5.4). At a first glance, gene expression was highly variable among 

different tissues and treatments. A closer look at the expression data revealed that the 

pregnane X receptor gene (nr1i2; xenobiotic receptor) was upregulated in the vertebral 

column and in the liver (3.38 fold-change over control) of adult zebrafish fed MP-BaP 

and in offspring born from parents fed MP-BaP, suggesting the activation of xenobiotic 

signaling in response to BaP. Interestingly, the expression of cytochrome P450 1A 

gene (cyp1a; phase I metabolizing enzyme) was upregulated in offspring born from 

parents fed MP and MP-BaP, while it was downregulated in gut, liver and vertebral 

column of adult zebrafish fed the experimental diets, indicating a different regulation 

depending on the tissue involved. Expression of genes involved in oxidative stress 

(cat, gpx1a, sod1 and sod2) were downregulated in tissues of adult fish fed MP and 

MP-BaP, suggesting an impaired antioxidant response. In contrast, the expression of 

osteoblast differentiation marker genes (sp7 and oc2) and genes involved in ECM 
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mineralization (spp1, col1a1 and col10a1) were upregulated in 30 dpf zebrafish fed 

MP-BaP, indicating a feedback response to MP osteotoxicity. Additionally, the 

expression of cellular stress marker genes (hsp70 and hsp90) was downregulated in 

most of the treatments, indicating an alteration in cellular homeostasis. 

 

Figure 5.9. Heatmap representation of gene expression levels in 30 dpf juveniles (1 month) and tissues 
(gut, liver, and vertebral column) of 90 dpf adult zebrafish fed from 8 dpf onwards with Ctrl 
(ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or BaP (ZEBRAFEED 
supplemented with microplastics spiked with BaP), and in 6 dpf offspring larvae born from parents fed 
experimental diets. The averaged expression of eef1a1l1 and rps18 housekeeping genes was used to 
normalize gene expression levels. Values in bold are statistically different from Ctrl values according to 
Student's t-test (p<0.05). Values are presented as fold-change over the control, n=3. 
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5.5. DISCUSSION 

Microplastic pollution is one of the biggest threats to the aquatic environment, 

and effects on aquatic organisms have been subject to increased scrutiny over the 

past decade. The present work is an additional contribution to the already long list of 

the adverse effects of microplastics in fish and provides new insights on parameters 

that have been overlooked such as long-term exposure, nutritional route for 

microplastics exposure, contamination of the microplastics with adsorbed organic 

pollutants and a focus on osteotoxic effects. 

Exposure to experimental diets supplemented with pristine and contaminated 

microplastics affected zebrafish growth at 90 and 360 dpf. Effects of microplastics on 

growth parameters such as body length and weight have already been assessed using 

aquatic model species (e.g., zebrafish and medaka) or farmed species (e.g., gilthead 

seabream and European seabass)(127,131,138,374–380), but most of these studies reported 

a limited impairment, if any. Among the studies that support the effect observed here, 

a reduction of body length or weight was observed in zebrafish larvae exposed 

(waterborne) to 1-5 µm microplastics (polymer not specified, pristine or spiked with 

copper) from 2 hpf to 14 dpf or to 5-µm polystyrene microparticles (pristine or spiked 

with F-53B) from 6 to 13 dpf, respectively(127,375,376). Similarly, body length was reduced 

in Japanese medaka (Oryzias latipes) larvae fed from 3 days after hatching for 30 days 

with a diet supplemented with a mix of commercial microplastics (PP, PS, HDPE and 

LDPE) or microplastics sampled in natural environments(377). The duration of the 

exposure seems to be a critical aspect of impaired fish growth by microplastics as 

most of the published data available to date was collected from relatively short-term 

exposures (maximum 21 days or 30 days of exposure for zebrafish or medaka, 

respectively). In this manner, the present study confirmed that a short exposure from 

8 to 30 dpf does not affect zebrafish growth, while longer exposures (i.e., up to 90 and 

360 dpf) triggered a reduction in body weight and total length. Using exposure 

parameters similar to those used in the present study (i.e., nutritional exposure through 

a diet supplemented with 1% w/w of 11–13 µm polyethylene particles), Cormier et al. 

(2021) reported that the growth of the zebrafish and marine medaka (Oryzias 

melastigma) was not impaired in fish fed the experimental diets for 60 days(121). 

Although this needs to be clarified, we propose that nutritional exposure to 
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microplastics (1% w/w) only impact fish growth if exposure time is equal or longer than 

3 months. It is worth noting that the deleterious growth effect of pristine microplastics 

did not increase upon contamination with organic pollutants (e.g., BaP, BP3 or 

PFOS)(121). We propose that the growth effect of microplastics may be related to their 

ingestion and an impression of false satiation, reducing feeding activity and impairing 

energy balance(79,121,139,381,382). 

Exposure to pristine microplastics did not impair female reproduction capacity, 

but relative fecundity and egg quality were both affected when microplastics were 

contaminated with BaP. Importantly, sperm quality was not affected by pristine or 

contaminated microplastics. Reproduction success plays an important role in the 

survival of living organisms and understanding the effects of microplastic on fish 

reproductive capacity can provide important information on what may happen in future 

generations. Studies on the effects of ingested microplastics are still scarce, and most 

of the data available in the literature have only assessed the effect of polystyrene 

waterborne exposure using the Japanese medaka. In this regard, waterborne 

exposure of sexually mature medaka to 2-μm polystyrene particles for 21 days had no 

impact on the number of eggs and embryo survival(383), but dietary exposure of 

medaka during maturation (from 28 dpf juveniles to spawning adults) to bigger 

polystyrene particles (10 μm) for 10 weeks showed a decrease in egg number.(382) A 

delayed maturation of the gonads and decreased fecundity were also reported in 

3 month old marine medaka exposed to 10 μm polystyrene particles for 60 days, while 

hatching rate and offspring body length were also affected.(384) 

In the present work, relative fecundity (number of spawned eggs) and egg 

quality was affected in fish fed MP-BaP but not MP, suggesting that BaP may play a 

critical role in disrupting female reproductive performance. In this regard, waterborne 

exposure to BaP decreased the number of spawned eggs, the fertilization rate and the 

hatching success in both zebrafish and medaka (385–387). In agreement with the present 

data, Cormier et al. (2021) reported a decrease in the number of eggs produced by 

zebrafish and medaka females fed diets supplemented with 1% w/w of pristine and 

contaminated microplastics (e.g., BaP, BP3 or PFOS).(121) In that study, PVC (125–

250 µm) appeared more toxic than PE (11–13 µm), and microplastics spiked with 

PFOS and BP3 showed a stronger impairment than microplastics spiked with BaP. In 
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the present work, the reproductive capacity of sexually mature 3-4-months fish 

exposed to pristine microplastics was not impacted (although a tendency was 

observed for most of the parameters evaluated). The microplastic particles used by 

Cormier et al. (2021) were smaller than those used in this study (11-13 vs 20-27 μm) 

and could have a stronger impact on fish reproductive capacity since a higher number 

might have been ingested and accumulated. Our data also indicated that the yolk area 

was reduced in eggs laid by females fed MP-BaP. Those eggs also presented a slight 

decrease in their circularity, probably a consequence of the reduced yolk area. The 

(zebra)fish yolk contains a finite supply of nutrients, such as proteins and lipids, which 

are critical to the survival and development of the embryo and larvae, thus yolk fitness 

has important implications for next generations. When yolk reserves are disrupted, it 

is more likely that offspring development will be impaired, resulting in reduced hatching 

rate and morphological deformities which may lead to their death(388). 

In the present study, the only growth parameter affected in the offspring born 

after parental exposure was the body depth, which was reduced in larvae from parents 

fed MP-BaP (i.e., larvae were slimmer), while standard length and head area were not 

affected. Reduced body depth could be related to the reduced yolk area observed in 

eggs from females fed MP-BaP and consequently a shortage in the nutrients to meet 

the metabolic requirements needed for a healthy development. Interestingly, growth 

of the opercular bone was also impaired in offspring born from parents fed 

pristine/contaminated microplastics, indicating that microplastic and BaP osteotoxicity 

can be inherited by future generations. Although BaP levels were not determined in 

the eggs, impaired operculum growth in offspring larvae born from parents fed MP-

BaP is similar to the effect recently observed in larvae exposed to BaP waterborne(389), 

indicating the probable presence of BaP in egg yolk. In this regard, it has been shown 

that eggs are able to accumulate lipophilic xenobiotics into their yolk by maternal or 

waterborne exposure(388). Epigenetic mechanisms may also be involved into 

intergenerational BaP osteotoxicity as recently proposed by Mo et al. (2021)(390) 

Operculum growth was also reduced in offspring born from parents fed MP, suggesting 

that additives used in the preparation of the microplastics could also impact bone 

development or that microplastics may have intergenerational bone effects through 

mechanisms that remain to be determined.  
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The present study also provides clear evidence that pristine and contaminated 

microplastics have the potential to affect the development of zebrafish axial skeleton 

resulting in an increased incidence of skeletal deformities, in particular in the caudal 

fin region. Although the adverse effects of microplastics have been reported in many 

biological processes, only scarce data are available on a possible osteotoxic effect, 

i.e., impaired bone formation that may lead to skeletal defects and altered mineral 

density. Assessing osteotoxic effects is critical as bone defects may impair fish 

swimming performance and thus their feeding activity and their capacity to escape 

predation. In this regard, Zhao et al. (2020) reported that the exposure of 4 hpf 

zebrafish embryos for 7 days to polystyrene microplastics spiked with butylated 

hydroxyanisole (BHA), a synthetic antioxidant widely used to prevent aging of plastics, 

increased the rate of morphological deformities (i.e., pericardial edema, yolk sac 

edema, hyperemia and spinal deformity), while pristine microplastics (MPs) did not 

show any defects(129). A longer exposure (12 days) to smaller contaminated particles 

(0.065 μm) caused a decrease in the number of calcified vertebrae, while pristine MPs 

had again no effect. Zhao et al. (2020) proposed that the osteotoxic effect observed 

upon the exposure of fish to contaminated microplastics may be related to thyroid-

stimulating hormone (TSH) which was increased upon microplastic exposure. 

Although TSH levels were not determined here, BaP was shown to increase TSH also 

in Abu mullet(391) and we propose that microplastics contaminated with BaP may exert 

their osteotoxic effect through a mechanism that may involve TSH. In this regard, it 

has been shown that TSH is a negative regulator of skeletal remodeling in mice, which 

can inhibit osteoblast differentiation(392). Impaired osteoblast maturation could also be 

at the origin of the osteotoxic effects – i.e., impaired development of the axial skeleton 

and caudal fin, impaired scale mineralization, and reduced bone quality – observed in 

fish fed microplastics contaminated with BaP. In this regard, waterborne exposure of 

zebrafish to BaP impaired osteoblast maturation and affected bone remodeling 

through the activation of the xenobiotic and metabolism pathways and an increase in 

inflammatory response(352). Although the presence of BaP in bony tissues or in the 

surrounding tissues was not evaluated, we propose that, upon their ingestion, 

contaminated microplastics may release BaP in the stomach and/or intestinal tissues; 

once unbound to the microplastic particles, BaP diffuses throughout the fish body as 

already showed for zebrafish and bivalves(74–77) and may affect organism physiology, 

such as bone homeostasis. 
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Although to a lower extent, pristine microplastics also increased the incidence 

of deformities in the axial skeleton and the caudal fin and triggered a reduction in scale 

mineralization. While we cannot exclude that PE manufacturing additives may have 

leached, those findings suggest that other mechanisms – not associated with organic 

pollutants – are involved into the osteotoxic effects observed. In this regard, abnormal 

bone homeostasis can result from many different factors such as temperature, water 

acidification, water flow, genetic background, nutrition, and exposure to environmental 

pollutants(141–145), thus an impact upon microplastic ingestion cannot be excluded. In 

this study, the exposure to contaminated microplastics caused a depletion of goblet 

cells at 90 dpf, suggesting that intestinal homeostasis may be impaired by BaP. 

Although less pronounced, exposure to pristine microplastics also affected goblet cell 

numbers. A similar effect was observed in European seabass larvae fed a diet 

supplemented with 0.1 or 0.5% w/w of PE (40-150 μm) for 21 days(373) and in adult 

zebrafish fed pristine HDPE+PS microplastics (25-90 μm) for 20 days, which 

additionally showed alterations of the intestinal mucosa, such as epithelial detachment 

and mucous hypersecretion.(364) Goblet cells maintain the intestinal mucosal barrier 

through the secretion of mucin which protects the intestine from pathogens and 

chemical injury(393,394). Depletion of goblet cells was shown to increase inflammation 

and cause disruption of the intestinal homeostasis, which is essential for digestion and 

nutrient absorption(395,396). Although nutrient absorption was not measured, 

impairment of the intestinal barrier may jeopardize zebrafish growth. 

Finally, the expression of several marker genes was assessed to gain insights 

into the molecular mechanisms underlying the effects of pristine and contaminated 

microplastics on zebrafish. Although gene expression levels were variable among the 

different tissues and treatments, genes involved in antioxidant response were 

generally downregulated in zebrafish exposed to the experimental diets up to 90 dpf. 

Oxidative stress occurs when there is an imbalance between the production of reactive 

oxygen species (ROS) and the activity of antioxidant defenses. In this sense, when 

the activity of antioxidant enzymes such as catalase (CAT), superoxide dismutase 

(SOD), glutathione-S-transferase (GST) and glutathione peroxidase (GPx) is inhibited, 

ROS accumulation may cause physiological impairments(397,398). In agreement with 

the data presented here, a downregulation of cat, sod1, gpx1a was reported in 

brain/liver(399) and gills(400) of adult zebrafish waterborne exposed to polystyrene (PS) 
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microparticles (0.10-0.12 μm) for 35 days and in liver of marine medaka exposed to 

PS microparticles (10 μm) for 60 days(384). Enzymatic inhibition of CAT and SOD 

activity was also reported in the liver of adult zebrafish exposed to PE microparticles 

(146.20 ± 8.86 μm) for 10 days(401) and European seabass larvae fed PE (40-150 μm) 

for 3 weeks(373). We propose that long-term exposure to microplastics impairs the 

activity of antioxidant enzymes and leads to increase oxidative stress, which has been 

associated also with an impairment of bone cells function and quality(402,403). 

Interestingly, expression of cellular stress marker genes (hsp70 and hsp90) was 

down-regulated in zebrafish fed MP and MP-BaP, both in individual tissues and whole 

specimen. In agreement with the present data, expression of hsp70 was down-

regulated in European seabass fed PE-MPs for 21 days(373) and in Daphnia magna 

exposed to a mix of MPs for 48 h(404). In fish, the expression of heat shock-proteins is 

normally increased to restore the cell status upon exposure to stressful conditions (i.e., 

heat, salinity, and environmental pollutants)(405). Therefore, we cannot exclude that a 

decrease in the expression of proteins involved in cell repair may have impaired fish 

physiology upon exposure to MPs, leading to an increase in oxidative damage.  

Genes related to xenobiotic metabolism were also differentially regulated in 

zebrafish exposed to experimental diets. In particular, nr1i2, a nuclear receptor known 

to be activated by BaP and other PAHs(144,389) and responsible for the activation of 

detoxifying mechanism, was up-regulated in liver and vertebral column of adult 

zebrafish fed MP-BaP, another indication of the possibility that BaP may have leached 

from MP and accumulate in surrounding tissues. In the offspring, we observed a 

general increase in expression of genes related to xenobiotic metabolism, such as 

nuclear receptors and a stronger up-regulation of cyp1a, suggesting that xenobiotic 

metabolism may be activated and may cause intergenerational effects. Surprisingly, 

cyp1a, which is expected to be activated upon exposure to environmental pollutants, 

was down-regulated in gut, liver and vertebral column of zebrafish exposed to pristine 

and contaminated MPs up to 90 dpf. On the contrary, several studies have reported 

increased activity or transcription of cyp1a in zebrafish exposed to pristine or 

contaminated MPs(75,123,137,140) from 1 to 21 days, depending on the study. In 

agreement with our data, Xia et al. (2020) showed that Cyprinus carpio larvae exposed 

to PVC microplastics (100–200 μm) for up to 60 days had cyp1a expression 

upregulated after 30 days of exposure but downregulated at the end of the 
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experiment(406). We propose that effects of short-term exposures to MPs may be 

counteracted by xenobiotic metabolism enzymes, while longer exposures may be 

more effective due to the impairment of cellular detoxifying mechanisms. To the best 

of our knowledge, this is the first time that an effects of pristine/contaminated MPs is 

reported on bone related gene expression, i.e., a general upregulation in zebrafish 

larvae fed MP and MP-BaP and a downregulation of col10a1a, oc2 and spp1 in adult 

vertebral column. However, this is not the first time that genes involved in bone 

metabolism are differentially regulated in zebrafish exposed to PAHs. Indeed, bone 

marker genes were upregulated in zebrafish larvae exposed (waterborne) to 3-

methylcholanthrene (i.e., fgf20a, vdrb, bmp2a and alpl)(144) and to BaP (i.e., vdrb and 

alpl)(389). Furthermore, waterborne exposure to BaP also increased proliferation of 

immature osteoblast as reported by the increased number in sp7 positive cells. As 

already seen for marker genes involved in xenobiotic response pathway (see above), 

it seems that short-term and long-term exposure to MPs elicit opposite effects on the 

expression of bone related genes. This may indicate that the transcriptional machinery 

will initially answer the osteotoxic signal through a compensatory/feedback 

mechanism, which will be override by the toxic signal in the long run. It is also possible 

that long-term microplastic osteotoxicity initiates indirect mechanisms such as 

oxidative damage and activation of xenobiotic metabolism. Further studies should aim 

at gaining additional knowledge on the mechanisms underlying short and long-term 

osteotoxicity of microplastics leading to an impairment of bone homeostasis. 

5.6. CONCLUSIONS 

This study demonstrated that long-term dietary exposure to 

pristine/contaminated polyethylene microplastics has the potential not only to 

jeopardize fish growth and reproductive performance, but also to produce an 

intergenerational effect. The data presented here also provided the first evidence of 

adverse effects on fish axial skeleton and bone compartment upon the ingestion of 

microplastics, with osteotoxic outcomes aggravated by the presence of organic 

contaminants adsorbed on the surface of the microplastics. Gene expression analysis 

evidenced an involvement of the xenobiotic pathway and antioxidant response in the 

mechanisms underlying the harmful effects triggered by pristine and/or contaminated 

microplastics. Future studies should aim at providing additional evidence on the 



 151 

adverse effects following a long-term exposure of fish to microplastics, and at testing 

a wider range of plastic polymers and contaminants with the capacity to absorb onto 

microplastics.  
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Chapter 6  
New insights into benzo[⍺]pyrene 

osteotoxicity in zebrafish 
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PREAMBLE 

Following the results presented in Chapter 5, evidencing an impairment of bone 

development in zebrafish exposed to microplastic spiked with benzo[⍺]pyrene, we 

decided to gain insights into the mechanism of BaP osteotoxicity by exposing zebrafish 

to waterborne BaP in static conditions using a wide range of concentrations. 

To better understand the osteotoxic effects of BaP in developing and regenerating 

zebrafish bone structures, we evaluated bone cell activity using transgenic reporter 

lines, and quantified xenobiotic signaling and bone marker gene expression. Following 

recent in vitro data providing evidence of interaction between neutrophils and bone 

forming/resorbing cells, their involvement in the mechanisms of BaP osteotoxicity was 

also addressed. 
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6.1. ABSTRACT 

Persistent and ubiquitous organic pollutants, such as the polycyclic aromatic 

hydrocarbon benzo[⍺]pyrene (BaP), represent a major threat to aquatic organisms and 

human health. Beside some well-documented adverse effects on the development 

and reproduction of aquatic organisms, BaP was recently shown to affect fish bone 

formation and skeletal development through mechanisms that remain poorly 

understood. In this work, zebrafish bone-related in vivo assays were used to evaluate 

the osteotoxic effects of BaP during bone development and regeneration. Acute 

exposure of zebrafish larvae to BaP from 3 to 6 days post-fertilization (dpf) induced a 

dose-dependent reduction of the opercular bone size and a depletion of osteocalcin-

positive cells, indicating an effect on osteoblast maturation. Chronic exposure of 

zebrafish larvae to BaP from 3 to 30 dpf affected the development of the axial skeleton 

and increased the incidence and severity of skeletal deformities. In young adults, BaP 

affected the mineralization of newly formed fin rays and scales, and impaired fin ray 

patterning and scale shape, through mechanisms that involve an imbalanced bone 

remodeling. Gene expression analyses indicated that BaP induced the activation of 

xenobiotic and metabolic pathways, while negatively impacting extracellular matrix 

formation and organization. Interestingly, BaP exposure positively regulated 

inflammation markers in larvae and increased the recruitment of neutrophils. A direct 

interaction between neutrophils and bone extracellular matrix or bone forming cells 

was observed in vivo, suggesting a role for neutrophils in the mechanisms underlying 

BaP osteotoxicity. Our work provides novel data on the cellular and molecular players 

involved in BaP osteotoxicity and brings new insights into a possible role for 

neutrophils in inflammatory bone reduction. 

6.2. INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants 

(POPs) produced by incomplete combustion of organic compounds. Their presence 

in the environment typically results from natural events, such as volcanic activity and 

forest fires, and anthropogenic activity, such as car exhaust, petroleum exploration, 

residential waste burning and manufacturing of carbon, coal tar pitch and asphalt(63,64). 

Because they are hydrophobic and chemically stable compounds(407), PAHs are 
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persistent in the environment and are detected in the atmosphere, water-bodies and 

sediments. The lipophilic nature of PAHs facilitates their accumulation in fatty tissues 

of aquatic organisms thus their entry in the food web, raising concerns for human 

health(70,71). In this regard, people living in urban areas, smokers, grill and coke oven 

workers are daily exposed to PAHs and several studies have revealed the presence 

of PAH compounds in urine, blood and breast milk(408–411). 

Benzo[⍺]pyrene (BaP) – a model compound of the PAH family – has been 

widely used to assess the toxic effects of this class of POPs on terrestrial and aquatic 

organisms. In fish, exposure to BaP can occur through dermal exposure, respiration, 

or consumption of contaminated prey or sediments. BaP is carcinogenic and has been 

included in the priority list of substances that, due to their persistence, bioaccumulation 

and toxicity, need to be monitored and environmentally risk assessed both in Europe 

and in the United States (lists are available from the European Environmental Agency 

at www.eea.europa.eu and from Environmental Protection Agency at www.epa.gov). 

In the aquatic environment, BaP concentrations range from 6.3×10-7 to                   

4.5×10-5 μM(412–414) and in some extreme cases can reach 1.9×10-2 μM(415). Several 

studies have revealed the adverse effects of BaP and other PAHs on developmental, 

reproductive, hepatic, endocrine and immunological processes in exposed vertebrates 

(reviewed by Collier et al. in 2013 and Williams et al. in 2015)(72,73). Beside these well-

documented toxic effects, BaP and other PAHs have also been shown to affect bone 

homeostasis (e.g., in the zebrafish Danio rerio, European seabass Dicentrarchus 

labrax and mouse Mus musculus)(144,416–418) by decreasing bone formation or 

increasing bone resorption. Bone is a dynamic tissue undergoing constant remodeling, 

a process coordinated by the concerted action of osteoblasts (bone formation) and 

osteoclasts (bone resorption) and critical to calcium and phosphate homeostasis, 

micro-fracture repair, and adaptation of the skeleton to mechanical loading(149). 

Imbalanced remodeling may result in a bone with altered microarchitecture and 

structure (i.e., a weaker bone) and may lead to a skeleton with deformities. In humans, 

epidemiological studies indicate that exposure to PAHs through smoking or cooking 

activities can lead to bone diseases such as osteoporosis, which results in bones with 

reduced mineral density and prone to fractures(419–421). 
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In fish, such defects may affect swimming performance, impair feeding activity 

and consequently reducing welfare, or further increasing mortality or susceptibility to 

predation(143,422). Therefore, the osteotoxic effects of PAHs have been assessed in 

various teleost fishes. For example, experimental oil spills containing PAHs were 

found to alter the expression of transcripts encoding proteins involved in bone 

resorption (up-regulation) and bone formation (down-regulation) in the Atlantic cod 

Gadus morhua(423) and to decrease vertebrae mineralization in the European 

seabass(416). In the rainbow trout Oncorhynchus mykiss and the pink salmon 

Oncorhynchus gorbuscha, PAHs mixtures have been shown to increase craniofacial 

and spinal deformities(424,425), and 3-methylcholanthrene (another well-studied PAH 

compound) has been shown to increase skeletal malformations as well as decrease 

bone mineralization and regeneration in the zebrafish(144). In the false kelpfish 

Sebastiscus marmoratus, BaP has been shown to alter the expression of bone marker 

genes related to Shh signaling, thus leading to skeletal deformities such as spinal 

curvature and jaw defects(426). BaP has also been shown to trigger transgenerational 

effects (F1-F3 generations) on bone of the Japanese medaka Oryzias latipes, in 

particular an increase in vertebrae compression, as well as a reduction of bone 

integrity and thickness, bone formation and osteoblast numbers(422,427). 

Multigenerational deformities (F1-F2 generations) were also observed in BaP exposed 

zebrafish larvae, in particular in the caudal and pectoral fins and craniofacial 

structures(428). Torvanger et al.(186) recently reported a reduction in osteoblast and 

osteoclast activity in ex vivo scales of zebrafish and goldfish Carassius auratus after 

exposure to BaP. 

Due to numerous technical advantages, similarities in bone biology with 

mammalian systems, availability of genetic tools, live imaging, and its capacity to 

regenerate skeletal structures, zebrafish is deemed a suitable organism for 

ecotoxicological studies and to investigate bone processes during development and 

regeneration(120,147). In this work, we aimed at better understanding the osteotoxic 

effects of BaP by assessing bone formation, mineralization and patterning in 

developing and regenerating zebrafish bone structures(147,184,185,187), evaluating bone 

cell activity using transgenic reporter lines, and quantifying xenobiotic signaling and 

bone marker gene expression. Following recent in vitro data providing evidence of 
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interaction between neutrophils and bone forming/resorbing cells(429–432), their 

involvement in the mechanisms of BaP osteotoxicity will also be addressed. 

6.3. MATERIALS AND METHODS 

6.3.1. Chemical solutions 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MI, USA) unless 

otherwise stated. A stock solution of benzo[⍺]pyrene (BaP) was prepared at 31.6 mM 

in dimethyl sulfoxide (DMSO, 100%) and stored at -20ºC in a glass flask. It was freshly 

diluted to selected concentrations prior to each experiment. 

6.3.2. Zebrafish maintenance 

Zebrafish – AB wild-type strain, and transgenic lines Tg(Ola.Sp7:mCherry-

Eco.NfsB)pd46 (166), Tg(Ola.osteocalcin:EGFP)hu4008 (165) and TgBAC(mpx:GFP)i114 (433), 

referred to as Tg(sp7:mCherry), Tg(osteocalcin:GFP) and Tg(mpx:GFP) – were 

maintained in a ZebTEC (Tecniplast, Buguggiate, Italy) recirculating system with 

controlled water parameters (i.e., temperature 28 ± 0.1°C, pH 7.5 ± 0.1, conductivity 

700 ± 50 μS, ammonia and nitrites lower than 0.1 mg/L, nitrates at 5 mg/L) under a 

14-10 h light-dark photoperiod. System water was prepared by adding, using an 

automatic dosing system, salt (35 g/L; Instant Ocean, Blacksburg, VA, USA) and 

sodium bicarbonate (30 g/L; Fisher Scientific, MA, USA) to reverse osmosis treated 

water in order to achieve the desired pH and conductivity set in the ZebTEC system. 

System water was automatically replaced (10%) every day. Fish were fed twice a day 

with Artemia nauplii (strain AF480 from INVE Aquaculture, Dendermonde, Belgium) 

and ZEBRAFEED microdiet (Sparos Lda, Olhão, Portugal) ad libitum. 

6.3.3. Experimental design 

Parameters (e.g., developmental stages, duration of BaP exposure, frequency 

of treatment renewals, endpoints for each assay) associated with zebrafish 

experimentation are summarized in Fig. 6.1. 
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Figure 6.1. Experimental design of the zebrafish assays used to assess the effects of BaP exposure 
on bone throughout development and regeneration. (A) Time course of the in vivo assays performed 
using larval (left panel) and adult stages (right panel), including information on the onset of BaP 
exposure and the schedule for treatment renewals and endpoint collection. dpf, days post-fertilization; 
dpa, days post-amputation; dpp, days post-plucking. (B) Biological parameters evaluated at each 
endpoint for each assay. 

6.3.4. Operculum growth assay 

 Sexually mature zebrafish aged between 6 and 18 months were crossed (1:2 

male:female sex ratio) and fertilized eggs (approximately 200 eggs per breeding 

event) were transferred into a 1-L nursing tank (Tecniplast) and cultured under static 

water conditions. Methylene blue (0.0002% w/v) was added to prevent fungal growth. 

At 3 days post-fertilization (dpf), larvae were randomly transferred into borosilicate 

glass flasks (15 larvae in 10 mL of fish water) and exposed to BaP at concentrations 

ranging from 0.01 to 31.6 µM, calcitriol (1α,25-dihydroxyvitamin D3) at 10 pg/mL, or 

DMSO and ethanol (vehicle for BaP and calcitriol, respectively) at 0.1%. About 70% 

of the fish water was renewed daily until the end of the treatment. At 6 dpf, larvae were 

euthanized with a lethal dose of anesthetic (tricaine; MS222), stained for 15 min at 

room temperature with 0.01% alizarin red S (AR-S; pH 7.4) prepared in Milli-Q water 

(Merck Millipore, Darmstadt, Germany), and washed twice with Milli-Q water for 5 min 

(method adapted from Bensimon-Brito et al.(370)). Stained larvae were placed in a 

lateral plane on top of a 2% agarose gel, imaged and analyzed. To evaluate the effects 

of BaP on the expression of immature and mature osteoblast markers, larvae of the 

transgenic zebrafish lines Tg(sp7:mCherry) and Tg(osteocalcin:GFP) were exposed 

to 1 μM BaP and 0.1% DMSO from 3 to 6 dpf. The fluorescence area was measured 

and corrected by the area of the operculum stained with either 0.2% calcein or 0.01% 

AR-S in combination with Tg(sp7:mCherry) and Tg(osteocalcin:GFP) transgenes, 

respectively. Images were acquired using a MZ10F fluorescence stereomicroscope 
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(Leica, Wetzlar, Germany) equipped with either mCherry (ex: ET560/40x; 

em: ET630/75m) or GFP (ex: ET470/40x; em: ET525/50m) filters and a DFC7000T 

color camera (Leica). Images were acquired using the following parameters: exposure 

time 600 ms, gamma 1.00, image format 1920×1440 pixels and binning 1×1. 

Experimental settings and morphometric analysis were performed as described by 

Tarasco et al.(184) using ZFBONE ImageJ toolset(289).  

6.3.5. Axial skeleton development assay 

 For this assay, fish were exposed to BaP from 3 dpf (onset of bone 

development) until 30 dpf (when all the bony structures of the axial skeleton are fully 

developed). 3-dpf zebrafish larvae were randomly placed into 1.5-L EPA-certified 

soda-lime glass jars (Thermo Fisher Scientific, Waltham, MA, USA) at a density of 100 

larvae per jar and exposed for 27 days to BaP at concentrations ranging from 0.01 to 

10 µM, or DMSO at 0.1%. About 80% of the fish water was renewed every second 

day until the end of the treatment. At 30 dpf, larvae were euthanized with a lethal dose 

of anesthetic (see above) and stained with 0.05% AR-S prepared in 1% potassium 

hydroxide, cleared using 1% potassium hydroxide and preserved in increasing series 

of glycerol up to 75%, as described by Walker and Kimmel(434). The incidence, typology 

(such as shape variation, anomalous supernumerary elements, fusions or 

platyspondyly) and charge of deformities in the axial skeleton were determined 

through stereomicroscopy observation and structures classified according to Bird and 

Mabee(369). Representative images were acquired using a LSM 800 confocal 

microscope (Zeiss, Oberkochen, Germany) equipped with a 10x/0.45 M27 objective. 

Images were acquired at 1024×1024 pixels using 15% laser power at 561 nm, 

acquisition speed=8.26 µs, mCherry channel (λex: 587, λem 610) and a GaAsP 

detector set to gain=650V and digital gain=0.3. Z slices were recorded at 4 µm per 

section and adjusted to cover the full depth of region of interest. 

6.3.6. Caudal fin regeneration assay 

 Young adult zebrafish (3-months old) were anesthetized with 0.6 mM tricaine 

(MS222) and placed on the stage of a stereomicroscope. Caudal fin was carefully 

deployed, flattened, and amputated 1–2 segments anterior to the bifurcation of the 

most peripheral branching lepidotrichia using a sterile scalpel in a single downward 
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movement. Fish were allowed to recover and then placed randomly into a 1.5-L EPA-

certified soda-lime glass jar (8 fish per jar) containing water from the rearing system 

and maintained at 33 ± 0.1°C. Fish regenerating their caudal fin were exposed for 

5 days to BaP at concentrations ranging from 0.01 to 10 µM, or DMSO at 0.1%. About 

80% of the fish water was renewed every second day until the end of the experiment. 

At 5 days post-amputation (dpa), fish were stained for 20 min with 0.01% AR-S (pH 

7.4, prepared in system water) and euthanized with a lethal dose of anesthetic (see 

above). Images were acquired using a Leica MZ10F fluorescence stereomicroscope 

equipped with a mCherry filter (ex: ET560/40x; em: ET630/75m) and a Leica 

DFC7000T color camera, and the following parameters: exposure time 600 ms, 

gamma 1.00, image format 1920×1440 pixels and binning 1×1. Caudal fin 

regeneration, de novo bone formation and patterning were assessed through the 

morphometric analysis of regenerated areas as described by Cardeira et al.(185) and 

using ZFBONE ImageJ toolset(289). The percentage of fin bifurcation is defined as the 

ratio between the distance from the stump to the bifurcation point and the distance 

from the stump to the ray tip. For each fin, 8 rays were measured (4 rays for each fin 

lobe) and averaged. The mineral density of newly formed bone was assessed in 

regenerating fin (5 fins per condition) exposed to 1 μM BaP or 0.1% DMSO, and 

scanned with a SkyScan 1272 high-resolution 3D X-ray microscope based on micro 

computed tomography (micro-CT) technology (Bruker, Kontich, Belgium) using a 60-

kV voltage, a 166-μA current and a 0.25-mm thick aluminium filter. For each sample, 

800 projections with an isotropic voxel size of 3 μm were acquired over a rotation 

range of 360° with a rotation step of 0.45°. The cross-sectional images (4904×4904 

pixels) were reconstructed from the X-ray projections using the NRecon software 

v1.6.10.2 (Bruker). During reconstruction, the following parameters were used: 

compensate for misalignment (82), smoothing (2) and beam hardening (50%). Images 

were imported in FIJI software for background subtraction (Rolling ball radius: 25 pixel) 

and stack merging through average projection. The pixel intensity of 8 lepidotrichia per 

fin was assessed using ZFBONE ImageJ toolset(289). 

6.3.7. Scale regeneration assay 

 Young adult zebrafish (3-months old) were anesthetized with 0.6 mM tricaine 

and placed on the stage of a stereomicroscope. Ontogenetic scales (around 20-30 per 
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fish) were carefully plucked from the left flank of the body using thin stainless-steel 

forceps. Fish were allowed to recover and then randomly placed into a 1.5-L EPA-

certified soda-lime glass jar (8 fish per cup) containing water from the rearing system 

and maintained at 33 ± 0.1°C. Fish were exposed for 5 days to BaP at concentrations 

ranging from 0.01 to 10 µM, or DMSO at 0.1%. About 80% of the fish water was 

renewed every second day until the end of the experiment. At 5 days post-plucking 

(dpp), fish were euthanized with a lethal dose of anesthetic (see above) and 

regenerating scales were collected (same procedure as above), washed in phosphate-

buffered saline (PBS) and fixed for 30 min at 4°C in 4% formaldehyde (prepared in 

PBS, pH 7.4). Scales were dehydrated through ice-cold increasing series of ethanol 

up to 100% and preserved at -20°C. Osteoclast enzymatic activity was assessed 

through tartrate-resistant acid phosphatase (TRAP) staining. Scales were rehydrated, 

washed with PBS and incubated at room temperature in a 0.1 M sodium acetate buffer 

(pH 5.1) containing 50 mM of L(+)-tartaric acid. Scales were then incubated in the dark 

until TRAP signal was revealed (approximately 1 h) using naphthol AS-TR phosphate 

as substrate and hexazotized pararosaniline, as described by Witten(435). Scales were 

rinsed twice in water and then preserved through an increasing series of glycerol 

(Biochem Chemopharma, Cosne sur loire, France) up to 75% until image acquisition. 

Mineral deposition was assessed in von Kossa stained scales. Briefly, scales were 

rehydrated, washed with PBS, and incubated for 1 h in 5% silver nitrate, under UV 

light. Scales were then rinsed with distilled water for 5 min and immersed for 5 min in 

2.5% sodium thiosulfate. Finally, scales were rinsed thoroughly with distilled water and 

preserved in increasing series of glycerol up to 75% until image acquisition. Bright-

field images of TRAP and von Kossa stained scales were acquired using a SteREO 

Lumar.V12 stereomicroscope and the following parameters: 16-bit RGB image, 

exposure time 100 ms, gamma 1.00, image format 1384×1040 pixel and binning 1×1. 

Scales area, circularity, osteoclast activity and mineral deposition were assessed 

throughout morphometric analysis using ZFBONE ImageJ toolset(289). 

6.3.8. RNA preparation and gene expression analysis 

Total RNA was isolated from 6-dpf zebrafish larvae exposed to 1 μM BaP or 

0.1% DMSO (4 biological replicates per condition, prepared from pools of 30 larvae) 

using NZYol (NZYTech, Lisbon, Portugal) and treated with RQ1 RNase-Free DNase 
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(Promega, WI, USA) to avoid contamination by genomic DNA. RNA integrity and 

quantity were confirmed using an Experion Automated Electrophoresis system (Bio-

Rad, Hercules, CA, USA) and only RNA with a RIN > 9.8 was further used. RNA-seq 

– a single readout of the pooled replicates – was first used to gain insights into the 

molecular mechanisms involved in BaP osteotoxicity; qPCR analysis of the 4 

biological replicates was later used to confirm the differential expression of candidate 

genes. 

6.3.9. Gene expression analysis by RNA-seq 

RNA and library preparation integrity were verified with LabChip Gx Touch 24 

(Perkin Elmer). 200 ng of total RNA was used as input for VAHTS Stranded mRNA-

seq Library preparation following manufacture’s protocol (Vazyme). Sequencing was 

performed on NextSeq500 instrument (Illumina) using v2 chemistry, resulting in 

average of 27M reads per library with 1x75bp single end setup. The resulting raw 

reads were assessed for quality, adapter content and duplication rates with 

FastQC(436). Trimmomatic version 0.38 was employed to trim reads after a quality drop 

below a mean of Q20 in a window of 5 nucleotides(437). Only reads between 30 and 

150 nucleotides were cleared for further analyses. Trimmed and filtered reads were 

aligned versus the Ensembl zebrafish genome version DanRer11 (GRCz11.92) using 

STAR 2.6.1d with the parameter “--outFilterMismatchNoverLmax 0.1” to increase the 

maximum ratio of mismatches to mapped length to 10%(438). The number of reads 

aligning to genes was counted with featureCounts 1.6.3 tool from the Subread 

package(439). Only reads mapping at least partially inside exons were admitted and 

aggregated per gene. Reads overlapping multiple genes or aligning to multiple regions 

were excluded. Gene ontology analyses were performed using PANTHER (Protein 

Analysis THrough Evolutionary Relationships) and pathway enrichment was 

determined using REACTOME classification system. Ensembl zebrafish gene IDs of 

differentially expressed genes exhibiting a fold change greater than 2 and lower than 

0.5 in RNA-seq dataset were used as input data. Over-representation was tested using 

Bonferroni correction for multiple testing. In this regard, the number of differentially 

expressed genes (in this study) is compared to the zebrafish reference list (all genes 

in the database) and P-value is calculated using the binomial test to determine whether 

the over- or under- representation is significant or not. RNA-seq data have been 
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deposited in NCBI Gene Expression Omnibus under the GEO Series accession 

number GSE174529 (https://www.ncbi.nlm.nih.gov/geo/). 

6.3.10. Gene expression analysis by qPCR 

Total RNA (1 μg) was reverse-transcribed for 1 h at 37°C using M-MLV reverse 

transcriptase (Invitrogen, Carlsbad, CA, USA), oligo-d(T) primer and RiboLock RNase 

inhibitor (Thermo Fisher Scientific). All quantitative real-time PCR (qPCR) reactions 

were performed using SensiFAST SYBR Hi-ROX kit (Meridian Bioscience, Cincinnati, 

OH, USA), 10 μM of gene-specific primers (Supplementary Table 1) and 1:10 dilution 

of reverse-transcribed RNA, in a CFX Connect Real-Time PCR detection system (Bio-

Rad). PCR amplification was as follows: an initial denaturation step of 2 min at 95°C 

and 40 cycles of amplification (10 s at 95°C and 20 s at 65°C). Efficiency of 

amplification was above 95% for all primer sets. Levels of gene expression were 

calculated using the ΔΔCt comparative method(371) and normalized using the average 

of two housekeeping genes (i.e., eef1α1l1 and rps18) previously validated in zebrafish 

larvae(372). 

6.3.11. Neutrophil quantification 

 Adults of the TgBAC(mpx:GFP)i114 line (where neutrophils are labeled with 

green fluorescence) were crossed and fertilized eggs (approximately 200 eggs) were 

transferred into a 1-L nursing tank (Tecniplast) with static water conditions. Methylene 

blue (0.0002% w/v) was added to prevent fungal growth. At 3 dpf, larvae were 

randomly transferred into borosilicate glass flasks (30 larvae in 25 mL of fish water) 

and exposed to 1 µM BaP or 0.1% DMSO. About 70% of the fish water was renewed 

daily until the end of the treatment. At 6 dpf, larvae were euthanized with a lethal dose 

of anesthetic (see above), then stained for 15 min at room temperature with 0.01% 

AR-S and washed twice with fish water for 5 min. Stained larvae were embedded in 

1% low melting agarose for imaging. Representative images were acquired using an 

Axio Observer.Z1.7 spinning disk confocal microscope (Zeiss, Oberkochen, Germany) 

equipped with a 40x/1.1 W Korr UV VIS IR water immersion objective. Images were 

acquired at 804×804 pixels using 8% laser power at 488 nm excitation with 50 ms 

exposure time for EGFP channel and 30% laser power at 587 nm excitation with 100 
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ms exposure time for mCherry channel. Z slices were recorded at 1 µM per section 

and adjusted to cover the depth of the operculum. 

6.3.12. Statistical analysis 

Data were analyzed using Prism version 8.2.1 (GraphPad Software, Inc. La 

Jolla, CA, USA). One-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparison test or an unpaired t-test with Welch’s correction were used for 

data sets presenting a normal distribution. Kruskal-Wallis test followed by Dunn's 

multiple comparison test was used for data sets that did not follow a normal 

distribution. A chi-squared test, 1 degree of freedom, was used to analyze data sets 

related to skeletal deformity. In all cases, differences were considered significant for p 

< 0.05. Blind analyses were performed whenever possible to reduce the bias 

associated to experimenters. 

6.4. RESULTS  

6.4.1. Benzo[⍺]pyrene impairs operculum growth by affecting osteoblast 

maturation 

To understand the effect of BaP on bone formation, zebrafish larvae were 

exposed for 3 days to BaP (from 0.01 to 31.6 µM) and operculum area, head area and 

standard body length were determined through morphometric analysis. Head area 

was used to normalize the area of the operculum while standard body length was 

assessed to evaluate larvae developmental impairment. We observed that only BaP 

concentrations higher than 0.1 µM inhibited operculum growth (Fig. 6.2A). When the 

corrected operculum area of BaP-treated larvae was compared with the control value 

(0.1% DMSO), reductions of 13.8 ± 2.7% and 45.5 ± 3.2% were observed at the lowest 

effective concentration (0.1 µM) and at the highest non-lethal concentration (31.6 µM), 

respectively, following a dose-dependent response. In all experiments, the corrected 

operculum area of calcitriol-treated larvae (positive control) increased by 54.5 ± 4.7%, 

confirming the fitness of the embryo batch and the responsiveness of the assay. Head 

area and body standard length were slightly reduced at the two highest concentrations 

(Supplementary Fig. 6.1), indicating that BaP affected larval development in a more 

general manner at concentrations higher than 10 µM. To gain insights into the 
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mechanisms underlying BaP effects on bone cells and their maturation, the expression 

of marker transgenes for immature and mature osteoblasts (i.e., Tg(sp7:mCherry) and 

Tg(osteocalcin:GFP), respectively) was monitored in the operculum of larvae exposed 

to 1 μM BaP for 3 days. The intra-operculum fluorescent signal area increased by 

8.80 ± 2.27% (Fig. 6.2B) for Tg(sp7:mCherry) and decreased by 64.89 ± 7.61% (Fig. 

6.2C) for Tg(osteocalcin:GFP), when compared to control, suggesting that BaP 

impairs osteoblast maturation, i.e., by blocking the transition of immature osteoblasts 

(sp7-positive cells) to a mature state (osteocalcin-positive cells). It is worth to mention 

that the operculum area determined by calcein/AR-S staining was also reduced in 

BaP-treated versus control transgenic larvae (Supplementary Fig. 6.2) indicating that 

results with reporter lines relate to the morphological phenotype observed in wild-type 

line. 

 
Figure 6.2. (A) Operculum growth in zebrafish larvae exposed to increasing concentrations of BaP from 
3 to 6 dpf. Regions of interest (operculum and head area) were determined through the morphometric 
analysis of AR-S stained bone structures imaged by fluorescence microscopy. Representative images 
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of AR-S stained operculum are presented on the top of the graph (background was removed using 
image processing software to highlight operculum structure). Dimethyl sulfoxide (DMSO) and ethanol 
(EtOH) were used as vehicle for BaP and calcitriol, respectively. Scale bar is 50 μm. P-value calculated 
using one-way ANOVA followed by Dunnett's multiple comparison test for BaP/DMSO and Student's t-
test for calcitriol/EtOH. Values are presented as median and quartiles (n ≥ 25). (B, C) Expression of 
osteoblast marker genes in the operculum of zebrafish larvae exposed to 1 μM BaP or 0.1% DMSO 
from 3 to 6 dpf. (B) osterix (sp7), a marker of immature osteoblasts, appears in red in the 
Tg(Ola.Sp7:mCherry-Eco.NfsB)pd46 line; operculum is counter-stained with calcein. (C) osteocalcin 
(oc2), a marker of mature osteoblasts, appears in green in the Tg(Ola.osteocalcin:EGFP)hu4008 line; 
operculum is counter-stained with AR-S. Representative images of the operculum are presented on the 
right side of the respective graph. Scale bar is 50 μm. P-value calculated using Student's t-test. Values 
are presented as median and quartiles (n ≥ 21). 

6.4.2. Benzo[⍺]pyrene affects zebrafish axial skeleton development 

To assess the effect of BaP on skeletogenesis, the axial skeleton of zebrafish 

juveniles exposed for 27 days to BaP (from 0.01 to 10 µM) was evaluated for the 

incidence of deformed fish, the number of deformities per fish and their distribution 

along the axial skeleton. At the two highest concentration (i.e., 3.16 and 10 µM) all the 

fish died after 5 days of exposure and no data was retrieved. Fish exposed to the other 

concentrations presented an increasing incidence of deformities, starting from 70% at 

0.01 µM BaP and reaching 100% at 1 µM BaP (Fig. 6.3A). An increasing number of 

skeletal malformations correlated to increasing concentrations of BaP. We observed 

a minimum of 4 deformed axial skeletal structures per fish upon exposure to 1 µM BaP 

(Fig. 6.3B). BaP affected several structures of the axial skeleton and several types of 

deformities were reported, e.g., partial/total fusion of the vertebrae or neural/hemal 

arches and malformations of the operculum, urostyle, parhypural and hypurals (Fig. 

6.3D). The caudal vertebrae, caudal fin vertebrae and caudal fin complex were the 

most affected regions. Only the highest concentrations of BaP (0.316 and 1 µM) 

affected skeletal structures in the head region (Fig. 6.3C). This data confirms the 

osteotoxic effect of BaP during skeletal development upon chronic exposure. 
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Figure 6.3. Deformities in the axial skeleton of 30 dpf juvenile zebrafish exposed to increasing 
concentration of BaP throughout their development. (A) Percentage of normal and deformed zebrafish. 
(B) Percentage of deformities per deformed larvae. (C) Distribution of the deformities along the axial 
skeleton. Deformed structures of each individual were summed and divided by the number of fish. (D) 
Representative fluorescence images of AR-S stained skeletal structures exposed to 0.1% DMSO or 1 
μM BaP. Arrowheads point to: a, partially fused vertebrae; b, fused vertebrae; c, deformed vertebrae; 
d, fused hemal arches; e, ectopic mineralization; f, platyspondyly. Scale bar is 100 μm. P-value 
calculated using chi-squared test, 1 degree of freedom. n≥65, except for BaP 1 μM (n=18). 
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6.4.3. Benzo[⍺]pyrene impairs bone mineral density and patterning 

To evaluate the effect of BaP on de novo bone formation, adult zebrafish were 

finectomized and exposed for 5 days to BaP (from 0.01 to 10 µM). Caudal fin 

regeneration, de novo bone formation and ray patterning were assessed through 

morphometric analysis. Fish exposed to 1, 3.16 and 10 µM BaP showed a reduction 

in regenerated caudal fin tissues of 19.10 ± 5.7%, 21.10 ± 6.0% and 30.50 ± 6.4% 

over control, respectively (Fig. 6.4A). Lower concentrations also triggered a decrease 

in fin regeneration although to an extent not statistically significant. While none of the 

concentrations tested altered the extent of de novo bone formation (Fig. 6.4B), we 

observed that the patterning of newly formed rays was strongly affected at these 

concentrations. Rays bifurcated earlier (24.2 ± 5.0%) in BaP-treated versus control 

fish, modifying the shape of the fin through the proximalization of ray branching (Fig. 

6.4C, D). Bone mineral density was then evaluated by micro-computed tomography 

(µCT) in adult zebrafish regenerating their caudal fins upon exposure to 1 µM BaP for 

5 days. Pixel intensity was assessed in µCT images of regenerating rays (Fig. 6.4F). 

Pixel intensity was lower in BaP-treated versus control fish, from the amputation plane 

along all the ray length (Fig. 6.4E) and the assessment of the total area under the 

intensity curve showed a reduction of 29.81 ± 4.90% (Fig. 6.4G), indicating an 

impairment of de novo bone mineralization.  
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Figure 6.4. Regeneration of the caudal fin in adult zebrafish exposed to increasing concentrations of 
BaP for 5 days after finectomy. (A) Caudal fin tissue regeneration, (B) de novo bone formation and (C) 
ray bifurcation was assessed through morphometric analysis of the fin structures in bright-field and 
fluorescence images. Fin bifurcation corresponds to the ratio between the distance from the stump to 
the bifurcation point / distance from stump to ray tip (D) Representative images of the regenerating 
caudal fin rays exposed to 0.1% DMSO or 1 μM BaP. Magnification of the boxed area is presented in 
the right panel. Arrowheads point to ray bifurcation point. Scale bar is 1 mm in left panels and 0.1 mm 
in right panels. P-value calculated using one-way ANOVA followed by Dunnett's multiple comparison 
test. Values are presented as median and quartiles (n≥9). (E-G) Density of regenerating caudal fin rays 
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from adult zebrafish exposed to BaP for 5 days after finectomy assessed through ray pixel intensity 
micro–computed tomography (µCT) images. (E) Averaged normalized pixel intensity along regenerated 
rays from 40 (amputation plane) to 460 pixels. (F) Representative µCT images of the regenerating 
caudal fin rays exposed to 0.1% DMSO or 1 μM BaP. Scale bar is 1 mm. (G) Area under curve (40-460 
pixels). P-value calculated using Student's t-test. Values are presented as median and quartiles (n=5). 

6.4.4. Benzo[⍺]pyrene inhibits scale mineralization and increase 

osteoclast activity during regeneration 

To validate BaP inhibition of bone mineralization during regeneration, we 

assessed scale area, circularity, TRAP signal and demineralized area in adult 

zebrafish regenerating scales upon exposure to BaP (from 0.01 to 10 µM) for 5 days. 

All parameters were affected by BaP at all tested concentrations (Fig. 6.5E). We 

observed that scale area was reduced by 36.84 ± 3.03% and 54.41 ± 4.24% at the 

lowest (0.01 µM) and highest (10 µM) concentrations, respectively (Fig. 6.5A) 

indicating a reduction in mineralization. Scale circularity was reduced by 2.68 ± 0.47% 

and of 6.52 ± 0.59% at the lowest and highest concentrations, respectively, further 

confirming their affected morphology (Fig. 6.5B). TRAP signal was increased by 

920.10 ± 330.90% and 2884.00 ± 406.30% at the lowest and highest concentrations, 

respectively (Fig. 6.5C). Finally, demineralized area was increased by 86.28 ± 25.61% 

and 226.90 ± 43.74% at the lowest and highest concentrations, respectively (Fig. 

6.5D). Together, our data show that BaP decreases bone formation while increasing 

osteoclast activity during scale regeneration. 
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Figure 6.5. Morphology, mineral content, and osteoclast activity of regenerating scales from adult 
zebrafish exposed to increasing concentration of BaP for 5 days after plucking. (A) Scale area and (B) 
circularity were assessed through morphometric analysis of regenerating scales in bright-field images. 
(C) Osteoclast activity was assessed through TRAP (Tartrate-Resistant Acid Phosphatase) staining 
while (D) mineral content was evaluated through von Kossa staining. (E) Representative images of von 
Kossa (left panels) and TRAP (right panels) stained scales collected from adults exposed to either 0.1% 
DMSO or 1 μM BaP. Arrowheads point to demineralized areas or regions of TRAP signal. Scale bar is 
0.5 mm. P-value calculated using Kruskal-Wallis test followed by Dunn's multiple comparisons test for 
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TRAP activity and one-way ANOVA followed by Dunnett's multiple comparison test for scale area, scale 
circularity and demineralized area. Values are presented as median and quartiles (n≥20; n=9 at BaP 
10 μM in Demineralized area). 

6.4.5. Analysis of gene expression in BaP-treated larvae 

To understand the molecular mechanisms behind BaP osteotoxic effects, 3-dpf 

larvae were exposed for 3 days to 1 μM BaP and their transcriptome was first 

determined by RNA-seq and compared to that of larvae exposed to 0.1% DMSO. Note 

that RNA-seq analysis was based on a single readout (pooled replicates) for each 

condition, to get insights into gene networks involved. A selection of differentially 

expressed genes was further analyzed by qPCR using the 4 biological replicates. 

Analysis of differentially expressed genes revealed that pathways related to xenobiotic 

response (e.g., glutathione conjugation, phase II conjugation of compounds, phase I 

functionalization of compounds, metabolism, and biological oxidations) and to 

extracellular matrix degradation, formation and organization (e.g., collagen chain 

trimerization, collagen synthesis, formation and degradation, ECM degradation and 

formation, activation of metalloproteinases) were enriched in BaP-treated larvae. 

Interestingly, pathways related to neutrophil metabolism (e.g., neutrophil 

degranulation) were also enriched in BaP-treated larvae (Supplementary Fig. 6.3). 

The most enriched biological processes were related to xenobiotic response such as 

cellular detoxification and response to toxic substances, metabolic processes, and 

ECM organization (Supplementary Fig. 6.4).  

To confirm RNA-seq data, the expression of several marker genes was assessed by 

qPCR (Fig. 6.6). We observed that expression of xenobiotic nuclear receptors and 

transcription factors (ahr2, nr1i2 and nr1i2 X2) was up-regulated in BaP-treated larvae 

by 1.44, 1.91 and 1.53 respectively. Similarly, Phase I and II metabolizing enzymes 

(cyp1a and gstp1) were also up regulated by 46.90 and 7.56 folds, respectively. In 

contrast, while the expression of osteoblast differentiation marker genes (runx2b, sp7, 

and bmp2b) was not affected upon BaP exposure, expression of those involved in 

ECM mineralization (oc2, also known as bglapl, and spp1) was down regulated by 

1.40 and 1.56 fold, respectively. Osteoblast signaling receptor (vdrb) was up regulated 

by 1.14 fold. Additionally, the expression of collagenous ECM components (col1a1a, 

col2a1a and col10a1a) was also down regulated by 1.92, 1.82 and 2.33 fold while alpl 

expression was up regulated by 1.19 fold. Expression of genes involved in 
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osteoclastogenesis (acp5a, acp5b, ctsk and fosab) was up regulated in BaP-treated 

larvae by 2.20, 2.00, 1.70 and 1.82 fold, respectively, similarly to genes involved in 

osteoclast activity/ECM degradation (mmp9 and mmp13) which were strongly up 

regulated by 7.53 and 10.67 fold, respectively. Inflammation and neutrophils marker 

genes (il-6, il-1β, mpx and lyz) were also upregulated by 1.50, 4.50, 3.00 and 2.80 

fold, respectively. In a general manner, the expression levels of selected marker genes 

determined by qPCR confirmed pathway enrichment revealed by transcriptomic 

analysis. 

 
Figure 6.6. Gene expression levels in zebrafish larvae exposed to 1 μM BaP from 3 to 6 dpf. The 
averaged expression of eef1a1l1 and rps18 housekeeping genes was used to normalize gene 
expression levels. P-value calculated using Student's t-test. Values are presented as median and 
quartiles expressed in Log2 over the control (0.1% DMSO) (n=4). 

6.4.6. Neutrophil recruitment and their interaction with bone increases 

upon BaP exposure 

Our data showed an increase in expression of inflammation and neutrophil 

marker genes upon BaP exposure, and following recent in vitro studies(429–432) 

suggesting that neutrophils can interact with bone cells, we assessed the number of 

neutrophils and their interaction with the developing operculum in Tg(mpx:GFP) larvae 

exposed for 3 days to 1 µM BaP. The number of mpx:GFP positive neutrophils was 

significantly increased in BaP-treated larvae (Supplementary Fig. 6.5). This phenotype 

was particularly strong in the region of the trunk above the hematopoietic tissue, where 

neutrophil population was 2.5 times larger in BaP-treated fish than in controls (Fig. 

6.7A, B). Confocal microscopy showed that the number of neutrophils observed at the 

surface of the opercular bone doubled in larvae exposed to BaP (Fig. 6.7C, D). A 
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closer look at these images revealed that BaP-treated larvae presented fewer cases 

of operculum without neutrophils (17.78 ± 9.33%) and more cases of operculum with 

a single neutrophil (7.26 ± 5.16%). Similarly, while control fish opercular bones had a 

maximum of two neutrophils on their surface simultaneously, 10.52 ± 3.17% of larvae 

exposed to BaP had more than three neutrophils on the operculum surface (Fig. 6.7E). 

This observation suggests that neutrophils can interact with bone structures and may 

play a role in BaP osteotoxic effect. 
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Figure 6.7. Number of neutrophils in TgBAC(mpx:EGFP)i114 zebrafish larvae exposed to BaP from 3 to 
6 dpf. (A) Number of neutrophils in the region of interest (ROI) expressed in % over control. (B) 
Representative images of transgenic larvae exposed to 0.1% DMSO or 1 μM BaP, where 
TgBAC(mpx:EGFP)i114 positive cells are in green. ROI is outlined with a white dashed line, while larvae 
is outlined with a grey line. Scale bar is 500 μm. P-value calculated using Student's t-test. Values are 
presented as median and quartiles (n=18). (C) Number of adherent neutrophils on the opercular bone 
stained with AR-S. P-value calculated using Mann Whitney test. Values are presented as median and 
quartiles (n=109). (D) Representative images of adherent neutrophils on the operculum of larvae 
exposed to 0.1% DMSO or 1 μM BaP, where TgBAC(mpx:EGFP)i114 positive cells are in green and 
operculum is in red. On the right side of the representative images, orthogonal projections of the planes 
(XY, YZ and XZ) marked with the yellow lines. Scale bar is 50 μm. (E) Percentage of adherent 
neutrophils at 6 dpf per opercular bone. Colors indicate the number of TgBAC(mpx:EGFP)i114 positive 
cells per operculum. 

6.5. DISCUSSION 

In this study, several zebrafish in vivo systems were used cooperatively to 

assess benzo[a]pyrene osteotoxicity during bone development and regeneration. A 

short exposure (3 days) to BaP impaired the growth of the opercular bone and 

decreased osteoblast differentiation during larval development. A long exposure (27 

days) to BaP affected the development of the axial skeleton, increasing incidence, 

charge, and severity of skeletal deformities. During regeneration, BaP affected the 

mineralization of newly formed fin rays and scales, while it impaired fin ray patterning 

and scale shape. Expression data indicated that BaP activated xenobiotic and 

metabolic pathways, while negatively affecting extracellular matrix formation and 

organization. A role of the neutrophils in the mechanisms underlying BaP effect on 

bone formation and regeneration through their interaction with bone extracellular 

matrix or bone forming cells, the osteoblasts, was also evidenced. This is not the first 

time that PAHs are associated with adverse effects on bone formation and 

regeneration. An impaired growth of the operculum was recently evidenced in larvae 

exposed to 3-methylcholanthrene (3-MC)(144), another member of the PAH family, and 

effective concentrations for 3-MC are in the same range of those determined here for 

BaP, although a bit higher (from 3.7 to 117 µM). This comparable effect could be 

related to their close molecular structure, which differs only in 1 carbon and 4 hydrogen 

atoms. It is also worth mentioning that larvae exposed to concentrations higher than 

10 μM displayed a decrease in total length and head area, thus BaP may also trigger 

a more general growth retardation at higher concentrations, besides a specific effect 

on bone. The BaP action on bone mineral density evidenced here in newly formed fin 

rays and scales was also described in the Japanese medaka (Oryzias latipes). It was 
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shown that parental administration of BaP was able to inhibit centra mineralization in 

offspring larvae (F1-F3 generations), suggesting that BaP osteotoxicity can affect a 

large range of bone structures and also be inherited by next generations(427,440). Delay 

in caudal vertebrae ossification was also reported during rat development following 

parental dietary exposure to BaP.(441) In vitro data collected from mammalian cell 

systems also evidenced that BaP can reduce mineral deposition in human periodontal 

ligament (HPDLC) and mesenchymal stem cells (C3H10T1/2, MEF, HCT116 and 

hBM-MSCs)(442–444), confirming not only the anti-mineralogenic effect of BaP, but also 

that mechanisms of action may be conserved throughout vertebrate evolution, from 

fish to human. The strong reduction of the fluorescence signal associated with 

osteocalcin expression, a marker of mature osteoblasts(445), indicated that BaP 

osteotoxicity in the operculum may be related to an impairment of osteoblast 

differentiation. A reduction in osteocalcin expression was also confirmed by qPCR in 

BaP-treated zebrafish larvae (this study) and mesenchymal stem cell cultures(443). 

Osteocalcin is a bone matrix protein mainly produced by osteoblasts, which is involved 

in bone matrix formation and mineralization(156,446). Impaired osteoblast differentiation 

associated with a reduced number of mature osteoblasts and a reduced production of 

osteocalcin could be the basis for the reduced bone growth and mineralization 

observed upon BaP exposure. Interestingly, the fluorescence signal associated with 

osterix expression, a marker of immature osteoblasts(164), was not reduced upon 

larvae exposure to BaP – it was even slightly increased – while qPCR data showed 

no effect of BaP exposure on osterix expression (this study). The apparent absence 

of effect on immature osteoblast would indicate that BaP specifically targets late 

osteoblast maturation. On the contrary, BaP parental exposure reduced col10 and sp7 

fluorescence signals in vertebrae of 26-dpf medaka from F1-F3 generations(440) and 

sp7 expression in 17 days post-hatching (dph) medaka larvae from F2 and F3 

generations(422). These differences may be related to the different animal model (i.e., 

zebrafish vs medaka), type of exposure (i.e., direct vs parental), bone structure 

assessed (i.e., operculum vs vertebrae) and the different endpoint (i.e., 6 dpf vs 17/26 

dpf). It is important to mention that, while sp7 expression was reduced in medaka F2 

and F3 generations, it was not affected in medaka F1 generation, emphasizing the 

complexity of BaP effect on this marker gene. In this regard, the same two studies 

show that other markers of osteoblast proliferation, runx2 and bmp2, were up-

regulated upon BaP exposure(422,427).  
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Based on our experimental results, we propose that BaP osteotoxic effect on 

the operculum growth is the result of an inhibition of the final step of osteoblast 

maturation, which leads to a decrease in operculum growth and mineralization. The 

slight increase of immature osteoblasts in zebrafish larval operculum may be a 

feedback response to BaP osteotoxic effect or an accumulation of immature cells that 

failed to differentiate. Few studies have reported the occurrence of skeletal anomalies 

upon BaP exposure. While no skeletal effects were observed in rat fetus after parental 

dietary exposure(441), BaP triggered spinal curvatures and jaw defects in the false 

kelpfish Sebastiscus marmoratus after 7 days of waterborne exposure(426) and 

multigenerational bone deformities in medaka F1-F3 generations(422,427) and zebrafish 

F1-F2 generations(428) after parental dietary exposure. Our data collected in zebrafish 

juveniles exposed for 27 days to waterborne BaP further supports the skeletotoxic 

effect of BaP and revealed that 100% of the fish were deformed at the highest non-

lethal concentration (1 μM). Most of the BaP concentrations found in the environment 

fall within the range of 6.3×10-7 to 4.5×10-5 μM(412–414) and are below the lowest 

effective concentration determined in this study, although much higher concentrations 

(i.e., 1.9×10-2 μM) have been reported(415)). Still, an exposure to sub-effective 

concentrations for periods longer that those reported here, a situation that may 

regularly occur in the environment, could lead to skeletal anomalies at concentrations 

lower than 0.01 μM. 

It is important to mention that the incidence of deformities observed in the 

control group (50%) is within the normal range (45–65%) for wild-type zebrafish(234,447). 

BaP exposure affected different skeletal structures, but no particular pattern was 

identified, except for the occurrence of anomalies in the head structures (e.g., 

opercular bones) in the higher concentrations tested. The most common anomalies 

were fusions of vertebrae and arches, deformed vertebrae and arches, cases of 

platyspondyly or ectopic mineralization. Our data also revealed that the regions of the 

axial skeleton mostly affected by BaP were the caudal vertebrae, caudal fin vertebrae 

and the caudal fin complex. These regions were also found to be more prone to 

deformities in other studies in zebrafish(234,448) and also in other fish species(143), for 

reasons that remain to be better understood, but could be related to their central role 

in locomotion, their close position to the swimming bladder and other developmental 

factors.(449–451) It is worth mentioning that several of the fish exposed to the highest 
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concentrations of BaP also presented a deformed operculum. Therefore, BaP-

exposed fish may develop deformities that could affect locomotion and fitness, thus 

reducing their ability to feed or avoid predation in the nature. Although this should be 

further investigated, an increase on the incidence of skeletal deformities upon BaP 

exposure may result from an unbalanced resorption and formation during bone 

remodeling process or alteration in extracellular matrix components and 

organization(144,452–454).  

Scale regeneration in zebrafish is achieved through a succession of 

differentiation, proliferation, and parallel routes of shape change or cell death of the 

osteoblast.(455) Our data showed smaller regenerated scales in fish exposed to BaP, 

which is consistent with a reduced bone formation by osteoblasts. It is also in 

agreement with published data showing that an exposure of ex vivo cultured zebrafish 

scales to 5 and 50 µM BaP (concentrations higher than those tested in this study) 

inhibited Sp7 activity, evidencing an effect on osteoblast differentiation that may be 

related to a reduced bone formation(186). Similarly, exposure of ex vivo cultured 

goldfish scales to seawater polluted with a mixture of PAHs (including BaP at 

concentrations ranging from 26 to 49 ng/L) showed that osteoblast activity and marker 

genes were strongly affected(456). Our data showing intense TRAP activity and regions 

of strong demineralization also indicated that BaP may stimulate osteoclast activity 

thus the resorption of the mineralized matrix. Data from literature is scarce and limited 

to ex vivo cultures of goldfish scales. While TRAP activity was unaltered in scales 

exposed to a mixture of PAHs(456), Mmp9 activity was decreased in scales exposed to 

BaP, suggesting reduced bone resorption(186). Discrepancy on the effect of BaP on 

osteoclast activity and bone resorption may be related to the species (i.e., zebrafish 

vs goldfish), exposure time (5 vs 2 days), and biological material (i.e., regenerating vs 

ex vivo scales) used in the different studies. Based on available data, we propose that 

BaP exerts its osteotoxic effect through a dual action on bone cells: an impaired 

osteoblast differentiation resulting in a reduced scale regeneration and an increased 

osteoclast activity resulting in an increased scale demineralization. The combined 

effect would result in an abnormal bone formation and remodeling leading to smaller 

and misshaped scales. 
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BaP was also found to affect caudal fin regeneration and de novo bone 

formation. As for scale, the size of the regenerated fin and the mineralization and 

shape of the newly formed bone were impaired, indicating that similar mechanisms 

may be involved. Other toxicants have been previously shown to affect zebrafish 

caudal fin regeneration. TCDD inhibited caudal fin tissue regeneration in larvae at 5 

dpf(457) (exposed for 3 days after amputation at 2 dpf) and in adult up to 21 dpa(458), 

while 3-MC not only affected tissue regeneration in adults regenerating their caudal 

fin but also impaired calcification(144). However, previous studies did not evaluate the 

effects of PAHs on regeneration of caudal fin rays, patterning, and total mineralization 

area. Although the mineralized bone area of the caudal fin was not affected upon BaP 

exposure at all concentrations tested, analysis of μCT images revealed that the 

mineral density of the rays was affected from the amputation plane throughout the ray. 

This could be related to impaired osteoblast differentiation and/or deposition of matrix 

mineral. Shaping of the caudal fin rays was also affected at all concentrations tested, 

resulting in a proximalization of the point of the first bifurcation. Although the 

mechanisms of ray bifurcation during development or regeneration are not fully 

understood, recent studies have shown that ray branching may be controlled by either 

Shh/Smo (Sonic hedgehog/Smoothened) signaling(459), levels of thyroid hormone(460) 

and even water temperature(461). Interestingly, hyperthyroid fish display a 

proximalization of the bifurcation points. In this regard, BaP is a known endocrine 

disruptor and several studies have shown that an exposure to BaP increases levels of 

thyroid hormone in rat hepatocytes(462) and of thyroid stimulating hormone (TSH) in 

Abu mullet(391). Although this should be further tested, BaP effect on ray bifurcation 

could be related to its action on thyroid hormone homeostasis. It will be also interesting 

to evaluate, in future studies, which genes are involved in ray patterning plasticity that 

may be affected by external stressors such as temperature or contaminants (BaP in 

the case of this study). The lesser extent of fin regeneration in fish exposed to BaP 

may result from an inhibition of the pathways involved in fin regenerative outgrowth 

(as also suggested for TCDD(458)), a hypothesis that we did not explore in this work. 

Although not quantified, an hyperpigmentation was observed in regenerated fin 

exposed to BaP, indicating that BaP may stimulate melanocytes differentiation or 

proliferation, possibly through the activation of the AHR receptor as reported for 

TCDD(458) and ambient particulate matter, which is known to absorb many PAHs and 

metals(463). 
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To gain insights into the mechanisms of BaP osteotoxicity, transcriptomic data 

was collected from larvae exposed to DMSO or BaP for 3 days. Pathway enrichment 

of differentially expressed genes confirmed the role of xenobiotic related pathways 

such as phase I functionalization of compounds, phase II conjugation of compounds, 

glutathione conjugation, metabolism and biological oxidation, in particular the marker 

genes ahr2, nr1i2, cyp1a and gstp1, all up-regulated upon BaP exposure. A similar 

trend was reported in several in vitro and in vivo systems upon exposure to BaP but 

also to other PAHs. AHR and NR1I2 are xenobiotic-dependent transcription factors 

involved in the regulation of phase I and phase II metabolizing enzymes, which 

detoxify harmful compounds in order to protect the organisms. An up-regulation of 

these genes was also observed in zebrafish exposed to 3-MC, although to a lower 

extent, probably due to the different concentrations tested(144). Besides mediating 

xenobiotic toxic effects, AHR has been shown to regulate several physiological and 

pathological processes (e.g., hematopoiesis, inflammation, immune response, 

detoxification and cancer) and of interest to this study, bone metabolism(464,465). AHR 

is in fact expressed in osteoblast and osteoclast cells and it also plays a role in ECM 

homeostasis(466–468). In this work, ahr2 expression was assessed globally and it is 

therefore not possible to associate its upregulation to any specific process. Pathways 

related to extracellular matrix degradation, formation, and organization (e.g., collagen 

chain trimerization, collagen synthesis, formation and degradation, ECM degradation 

and formation, activation of metalloproteinases) were also enriched in BaP-treated 

larvae. In this regard, the altered expression of bone marker genes (i.e., oc2, col1a1a, 

col2a1a, col10a1a and spp1) coding for extracellular matrix proteins involved in bone 

formation and mineralization is consistent with impaired osteoblast differentiation and 

reduced bone formation observed in BaP-treated larvae. As observed in zebrafish 

exposed to 3-MC(144), BaP exposure induced, albeit only slightly, the expression of 

vdrb and alpl. In mammals and fish, vitamin D receptor (VDR) and alkaline 

phosphatase (ALP) are central to osteoblast function, activity and bone formation(469–

471), and their increased expression in BaP-treated larvae may not fit the osteotoxic 

effect observed here. An increase of vdrb could however be related to its role in 

xenobiotic response since, in fact, VDR transactivation can be a target for several 

xenobiotics (such as 7-methylbenzo[⍺]pyrene)(472) and induce the transcription of 

metabolizing enzymes(473,474). In this regard, induction of CYP1A expression by VDR 

activation was only reported in human monocyte/macrophage-derived cells to respond 
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to BaP-mediated toxicity(475,476). Increased expression of alpl is probably related to liver 

damage as reported in fish exposed to other PAH(477). The molecular mechanisms 

underlying the activation of osteoclast differentiation by BaP have never been reported 

in fish. In mouse in vitro system, BaP stimulated osteoclastogenesis through the 

activation of AhR and the involvement of a RANKL/AhR/c-Fos signaling axis(478,479). 

Our expression data is consistent with this mechanism, with genes involved in 

osteoclast differentiation (fosab, ctsk) and activity (acp5a/b and mmp9/13) up 

regulated in BaP-treated larvae. Thus, the role of AHR/c-Fos signaling pathway in the 

stimulation of osteoclast activity by BaP may have been conserved throughout 

vertebrate evolution. 

Finally, transcriptomic analysis showed a 2-fold enrichment in genes related to 

neutrophil degranulation. At the beginning of an acute inflammation that may result 

from a bacterial infection, cancers and exposure to environmental pollutants, 

neutrophils migrate to site of inflammation, where they release factors such as 

chemokine/cytokines to help other cell respond with a proper immune response, or 

undergo degranulation(480–482). During degranulation, proteins such as 

myeloperoxidase, elastase, gelatinase, and collagenase present in the granules are 

released into the extracellular environment. Excessive neutrophil degranulation has 

been described in many inflammatory disorders, such as lung injury(483), severe 

asthma(484) and rheumatoid arthritis(485). Several in vitro/in vivo studies in mammalian 

and fish systems have shown that exposure to BaP can trigger an inflammatory 

response(486–489), a situation confirmed here with the increased expression of well-

established inflammatory markers such as il-6 and il-1β in BaP-treated larvae. Our 

data also indicate that the number of neutrophils increased upon BaP exposure in the 

whole-larvae and in the fish trunk. Again, expression data further supported BaP effect 

on neutrophils, as neutrophil marker genes such as mpx, lyz and mmp9 were up 

regulated in BaP-treated larvae. Further studies should determine whether neutrophil 

activation results from BaP-induced inflammation or AHR activation in fish. Several 

studies in mammalian models have shown that AHR signaling stimulates neutrophils 

recruitment(490,491) and, recently, that Ahr is functional in teleost (e.g., rainbow trout) 

immune cells(492). An interaction between neutrophils and the opercular bone was 

observed in our study. Interestingly, the number of interacting neutrophils increased 

in fish exposed to BaP. This is to the best of our knowledge, the first evidence (in fish 
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and in any in vivo model) that neutrophils may interact directly with bone structures. 

Whether they interact with osteoblasts or ECM remains to be established in our 

system, but in vitro studies can already give us some hints. Allaeys et al. (2011)(429) 

showed that exposure of human osteoblast (grown from trabecular bone explants) to 

monosodium urate (crystal deposited in chronic gut disease) promoted neutrophils 

adherence to osteoblast. It has also been suggested that neutrophils induced 

osteoblast retraction leaving the ECM more vulnerable to active osteoclast, a process 

that leads to an imbalanced bone formation/resorption. A more recent study by Bastian 

et al. (2018)(430) showed that neutrophils inhibited the synthesis of ECM mineralization 

by human bone marrow stromal cells (BMSCs). These authors also showed that co-

culture of BMSCs with neutrophils induced a decrease in cell density and both ALP 

activity and ECM mineralization were significantly reduced. A stimulation of osteoclast 

differentiation by neutrophils was also reported in mice, both in vivo and in vitro. In this 

regard, Kim et al. (2020)(431) showed in a mouse periodontitis and air pouch model, 

that the presence of neutrophils could induce RANKL expression in periodontal tissue 

and stimulate osteoclast formation. Sugisaki et al. (2020)(432) showed that human 

neutrophils enhanced osteoclast differentiation in co-cultures of mouse bone marrow 

cells and osteoblasts. We propose that neutrophils play a major role in BaP 

osteotoxicity through a mechanism that probably involves an initial inflammatory event 

induced by BaP, a recruitment of neutrophils following inflammation and an increased 

interaction of neutrophils with bone structures, resulting in less bone formed or more 

bone lost. A simple scheme of the molecular mechanisms of BaP osteotoxicity in 

zebrafish is presented in Fig. 6.8, where the activation of AHR and PXR signaling 

pathways regulates not only the expression of xenobiotic metabolizing enzymes but 

also genes involved in the differentiation and function of bone forming and resorbing 

cells and neutrophils. 
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Figure 6.8. Schematic overview of the possible mechanisms underlying the BaP osteotoxicity in 
zebrafish larvae. Vertical arrows after gene names indicate increased (upward pointing green arrow) 
and decreased (downward pointing red arrow) gene expression. Asterisks indicate enriched pathways 
supported by RNA-seq. 
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6.6. CONCLUSIONS 

This study demonstrated the strong osteotoxic effects of BaP throughout 

zebrafish development and regeneration. By inhibiting osteoblast maturation and ECM 

mineralization and stimulating osteoclast activity, BaP impacted both bone formation 

and resorption, thus bone remodeling. Consequences of BaP on bone remodeling 

were seen both after a long exposure (27 days) in developing larvae, i.e., an increased 

incidence and severity of skeletal deformities in the axial skeleton, and after a short 

exposure (5 days) in regenerating adults, leading to misshaped and demineralized 

newly formed fin rays and scales. Transgenic and transcriptomic approaches helped 

us to gain insights into cellular and molecular mechanisms underlying BaP 

osteotoxicity. We believe that, besides the activation of xenobiotic and metabolic 

pathways through Ahr2 and/or Pxr, which may negatively impact extracellular matrix 

formation and organization, BaP activates inflammatory mechanisms that recruit 

neutrophils, which affect both osteoblast and osteoclast activity, possibly through a 

direct interaction of the neutrophils with the bone matrix. Future studies should aim at 

further exploring the crosstalk mechanisms between immune system and bone, in 

particular characterizing the role of neutrophils in bone homeostasis. In a more global 

context, it would be of utmost interest to investigate whether pollutants of the PAH 

family, especially those with 2 or 3 rings (e.g., naphthalene and anthracene) or those 

with a more complex structure, have a similar effect on fish bone.  
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Chapter 7  
Conclusions and perspectives 
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There is compiling evidence that the increasing presence of microplastics in the 

aquatic ecosystem represents a major issue for aquatic organisms, the environment 

and eventually for human health. Beside the necessity to drastically reduce plastic 

pollution, there is also the need to assess the biological effects of this pollution and 

get new knowledge as scientific data are required to support environmental 

regulations and policies. Ongoing research effort should also address the raising 

concern related to the capacity of the organic pollutants cohabiting with the 

microplastics in the aquatic environment to adsorb onto plastic particles, creating a 

new route for toxic compounds to enter the food web. To contribute to the acquisition 

of knowledge on the adverse effects of (micro)plastics in fish, we assessed 

developmental and biological effects of a long-term exposure to PE microparticles – 

pristine or contaminated with BaP – on zebrafish development. A stand-alone housing 

system useful to the scientific community to perform state-of-the-art toxicological 

studies in small teleosts and ImageJ macros useful to the automatization and 

standardization of image analysis and the production of accurate data on the 

morphology of developing or regenerating bone structures were developed. Using 

these tools, data relevant to microplastic and benzo[a]pyrene osteotoxicity were 

generated and evidence of intergenerational effect were collected. 

7.1. ZEB316, a stand-alone housing system to perform state-of-the-art 

studies on microplastics and organic pollutants 

The first challenge encountered at the beginning of this work was to maintain 

in optimal water conditions the zebrafish larvae, juveniles, and adults during a long-

term exposure to microplastics. Indeed, most of the studies that evaluated 

microplastics effect on fish have used static water conditions, which are generally 

associated with poor water quality due to the accumulation of molecules produced by 

fish metabolism (e.g., ammonium, nitrites and nitrates), conditions not compatible with 

a long-term exposure. To avoid the deterioration of water quality, large volumes of 

water have to be regularly renewed or water has to be cleaned using mechanical and 

biological filters in a water recirculation system. Unsatisfied with the commercial 

solutions available to us – these housing systems are made with plastic materials that 

may interfere with the experiments – we designed and developed the ZEB316, a 

stand-alone housing system built with inert materials to perform state-of-the-art 
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toxicological studies. ZEB316 system was showed to provide optimal water 

parameters and promote adequate fish growth, while efficiently retaining microplastic 

particles introduced into the system through the food diet, thus preventing particle 

accumulation which may interfere with experimental conditions. We could 

demonstrate that ZEB316 system is a cost-effective, easy-to-build and easy-to-

maintain alternative to commercial housing systems, and is also an effective solution 

to perform state-of-the-art toxicological experiments aiming at studying the 

environmental pollution by microplastics and their effect on aquatic organisms. Design 

and building parameters were made freely available to the scientific community and 

the supplier of commercial housing systems for zebrafish has already contacted us to 

enquire about the possibility to produce it at an industrial scale. There is still room for 

some improvements and the future version of the ZEB316 system should try to get rid 

of the few plastic parts that are still used in the current version, e.g., by favoring plastic-

free equipment (water pump, heater, and UV sterilizer) and by developing silicone-

free glass tanks. Electronic components could also be implemented to automatically 

monitor or adjust water parameters and sump water level. 

7.2. ZFBONE, a toolset of ImageJ macros to perform semi-automatic 

morphometric analysis 

The second challenge encountered during this work was to analyze the 

numerous bright-field/fluorescence microscopy images acquired throughout the 

different experimental assays and at the origin, of most of the data presented in this 

dissertation. While imaging is now a common technique in most research laboratories, 

generating a large amount of data, image analysis is often a bottleneck due to the lack 

of dedicated automatic/semi-automatic tools to speed up the process of data 

acquisition. In the absence of tools to process our images and analyze zebrafish bone 

structure morphometrics, we designed and developed macros using the freely 

available ImageJ platforms. Our aim was also to reduce user bias to increase data 

reproducibility, toward the standardization of experimental methodologies. Macros are 

assembled in ZFBONE toolset freely available to the scientific community through 

GitHub. They allow users to assess, from 2D images, morphometric parameters of 

several bone structures (e.g., operculum, caudal fin rays and scales) but also the 

extent and the intensity of bone-specific colorations. Other macros – not included in 
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ZFBONE toolset – were developed to acquire, for example, morphometric parameters 

from fish eggs, or to identify and count goblet cells in histological sections. Macros 

developed within the scope of this work, provide the zebrafish community a set of 

simple and robust tools to acquire, in a timely manner, meaningful and accurate data. 

Macros of ZFBONE toolset have been successfully implemented in several research 

laboratories across Europe and some labs have contacted us to develop macros 

dedicated to the morphometric analysis of non-calcified fish tissues (e.g., heart) or fish 

staining (e.g., marking dyes). In the future ZFBONE toolset should be enriched with 

new functionalities, e.g., a macro to analysis skeletal deformities or a macro that uses 

landmarks to assess whole skeleton morphometrics and not only the morphology of 

individual structures. ZFBONE, could also be re-developed in a more advance 

programming language (e.g., Java) to overcome the limitations of the ImageJ scripting 

language and provide more versatile tools, e.g., a more friendly and sophisticated 

graphical user interface and a better handling of wrong or unexpected user inputs. 

7.3. Polyethylene microplastics have an impact on zebrafish 

development 

Data on the effect of microplastic ingestion in fish are controversial, with some 

studies reporting adverse effects on fish development, behavior, oxidative stress and 

intestinal damage (normally higher in combination with pollutants), while others 

showed limited or no impact. A comprehensive analysis of literature data revealed 

several bottlenecks related to fish housing conditions (i.e., experiments using static 

water conditions with poor water quality or experiments using housing systems with 

plastic components), duration of the exposure (i.e., mostly short-term exposure trials 

of variable duration), type of exposure (i.e., mostly waterborne exposure with 

heterogenous levels of ingestion), and developmental stages (mostly larval stages, 

rarely throughout a complete developmental window). We decided to perform an 

experiment using zebrafish, housed in a water recirculating system specifically 

designed for microplastic toxicological studies, fed diets supplemented with PE 

microplastics over a long period of time covering larvae, juvenile and adult stages. To 

address a possible synergistic toxicity between microplastics and organic pollutants, 

biological effects of microplastics contaminated with BaP were also assessed. We 

demonstrated that long-term dietary exposure to pristine/contaminated polyethylene 
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microplastics has the potential not only to jeopardize fish growth and reproductive 

performance, but also to produce intergenerational effects. We also provided the first 

evidence of adverse effects of microplastics on fish axial skeleton and bone 

compartment, with osteotoxic outcomes aggravated by the presence of organic 

contaminants adsorbed on the surface of the microplastics. Gene expression analysis 

evidenced a role for the xenobiotic pathway and antioxidant response in the 

mechanisms underlying the harmful effects triggered by pristine and/or contaminated 

microplastics. Future studies should aim at confirming the adverse effects of 

pristine/contaminated microplastics on bone homeostasis but also at assessing a 

possible effect on bone remodeling and shaping using in vivo systems currently being 

optimized. A deeper knowledge of the mechanisms underlying microplastic 

osteotoxicity should also be sought, for example through the global analysis of gene 

expression by RNA-Seq instead of a candidate gene approach. The use of transgenic 

reporter lines for bone marker genes instead of a wild-type line could also bring more 

meaningful data on the molecular players of microplastic toxicity. Finally, future studies 

should also aim at testing a wider range of plastic polymers and contaminants with the 

capacity to absorb onto microplastics. 

7.4. New insights into BaP osteotoxicity 

To follow up the results collected from the dietary exposure of zebrafish to 

microplastics showing an increased osteotoxicity upon MP contamination by BaP and 

to gain insights into the mechanisms underlying BaP effect on bone, we simplified the 

experimental procedures and exposed zebrafish directly to BaP without using 

microplastics and fish feed as vehicles. Waterborne exposure to BaP was performed 

in static water conditions (short-term exposure) and a wide range of concentrations 

was used to determine lethal and effective concentrations. We evaluated 

mineralization status, bone cell activity using transgenic reporter lines, 

transcriptomics, and bone marker gene expression, and could confirm the strong 

osteotoxic effect of BaP throughout zebrafish development but also on bone 

regeneration. At a cellular level, we demonstrated that BaP affects bone homeostasis 

by inhibiting osteoblast maturation and ECM mineralization and stimulating osteoclast 

activity, but also by activating inflammatory mechanisms that recruit neutrophils. We 

also provided for the first time evidence of a direct interaction of the neutrophils with 
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the bone matrix. At a molecular level, we demonstrated the activation of xenobiotic 

and metabolic pathways through Ahr2 and/or Pxr, and confirmed BaP effect on the 

expression of inflammation markers and neutrophil degranulation genes. Future 

studies should aim at further exploring the crosstalk mechanisms between 

immune/inflammation system and bone, in particular characterizing the role of 

neutrophils in bone homeostasis. It would be of utmost interest to investigate whether 

neutrophil ablation would rescue the bone phenotype observed in this work and which 

biochemical signal is involved in their interaction with bone structures.  

  



 196 

  



 197 

Appendix  



 198 

Supplementary data – Chapter 3.1 

 

Supplementary Figure 3.1. Predicted time benefit of automatic (using ZFBONE toolset) vs. manual 
(using built-in ImageJ tools) analysis. Time spent to analyze: (A) fluorescence images of a developing 
operculum stained with AR-S; (B) bright-field images of a regenerating scale stained with TRAP; (C) 
bright-field images of a regenerating caudal fin stained with AR-S; (D) fluorescence images of a 
regenerating caudal fin stained with AR-S, where a single ray was analyzed for each image; (E) bright-
field images of a regenerating caudal fin stained with TRAP; (F) radiographic images of a caudal fin, 
where the intensity of a single ray was measured for each image.  
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Supplementary data – Chapter 5 
Supplementary table 5.1. Gene-specific primers used to analyze gene expression by qPCR. 

Genes   Sequence (5′-3′) GenBank accession no. 

ahr2 Fw: CCAACAACCATCAATCAGTCAGAAC NM_131264 Rev: TGCCAGCCAGGCGGTCCTGC 

nr1i2 Fw: TAGGCAACGGCAGCATTCGC NM_001098617 Rev: CATCACGAGCAGACACGGCG 

cyp1a Fw: CTGCGAACATTTTCAACGGTG NM_131879 Rev: CCATCGGCTTTCATAACAGAGTG 

gstp1 Fw: GTGCTGTTTCAGTCCAACGCC NM_131734 Rev: CGTCGTTCATCACGTCAATGAGGG 

cat Fw: TATCAGGGATACGCTTCTGTTTCCG NM_130912 Rev: ACTGAACAGGAAAGACACCTGGTG 

gpx1a Fw: GAGGCACAACAGTCAGGGATT NM_001007281 Rev: CTTCATTCTTGCAGTTCTCCTGGT 

sod1 Fw: TCCTTCTCATGAATCACCATGGTCC NM_131294 Rev: GCCAACCGATAGTGTGAGACACG 

sod2 Fw: AGGCTCTGGCCAAGGGTGATG NM_199976 Rev: TCCAACAGCTCACCCTGTGGTTC 

hsp70 Fw: GCACAAGAAGGACATCAGTCAGA NM_131397 Rev: GGATGCCCTCGTACAGAGAGT 

hsp90 Fw: GGTACCAAAGTCATTCTCCACCTT NM_131328 Rev: CCTCAAGATCCACCTCTTTTTCTC 

sp7 Fw: GCTAAGTCCAGGGCAGGCTCAG NM_212863 Rev: CAATGGCGTGAAATCAGGAGTGTAAC 

oc2  Fw: CCAACTCCGCATCAGACTCCGCATCA NM_001291889  Rev: AGCAACACTCCGCTTCAGCAGCACAT 

spp1 Fw: CACAGACAGCGCAGATGACACT NM_001002308 Rev: CCCCGGCCTGTGTTGATAATG 

col1a1a Fw: GCTTCATTGCCCAGCCACAGGA  NM_199214 Rev: GCAGGGTTCTTCTTGGTGCCGTCT  

col10a1a Fw: ATACCCAGTTCTTGTCAAAAGTCCA  NM_001083827 Rev: GATCATAATGCTGCTCTGCGTT  

mmp9 Fw: CTGAACCCACTGCTCCTCAACC NM_213123 Rev: CCGTCCTTGAAGAAGTGAAGCTCC 

eef1a1l1 Fw: TTGAGAAGAAAATCGGTGGTGCTG NM_131263 Rev: GGAACGGTGTGATTGAGGGAAATTC 

rps18 Fw: AACACGAACATTGATGGAAGACG NM_173234 Rev: ATTAGCAAGGACCTGGCTGTATTT 
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Supplementary Figure 5.1. Weight (A, B) and total length (C, D) at 90 dpf (A, C) and 360 dpf (B, D) 
of males and females zebrafish fed from 8 dpf onwards with Ctrl (ZEBRAFEED), MP (ZEBRAFEED 
supplemented with pristine microplastics) or MP-BaP (ZEBRAFEED supplemented with microplastics 
spiked with BaP). Asterisks indicate values statistically different between diets according to two-way 
ANOVA followed by Tukey’s multiple comparison test (* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). 
Values are presented as the median ± min and max value. At 90 dpf, n≥55 for males and n≥9 for 
females; at 360 dpf, n≥11 for males and n≥9 for females.  
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Supplementary Figure 5.2. reproductive performance of sexually mature 3-4-months zebrafish fed 
from 8 dpf onward with Ctrl (ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine 
microplastics) or MP-BaP (ZEBRAFEED supplemented with microplastics spiked with BaP). (A, B, C) 
Egg area at 2 and 24 hpf and egg circularity at 24 hpf assessed through the morphometric analysis of 
bright-field images (n≥8; pools of 20 eggs each). (D) Egg hatchability (i.e., number of hatched 
eggs/number of fertilized eggs) at 3 dpf expressed in % over Ctrl (n≥8). Asterisks indicate values 
statistically different between diets according to one-way ANOVA followed by Tukey’s multiple 
comparison test (* p<0.05) Values are presented as the median ± min and max value.  
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Supplementary Figure 5.3. Sperm quality of sexually mature 3-4 months males fed from 8 dpf onward 
with Ctrl (ZEBRAFEED), MP (ZEBRAFEED supplemented with pristine microplastics) or MP-BaP 
(ZEBRAFEED supplemented with microplastics spiked with BaP). Sperm viability (A), progressive 
motility (B), total motility (C), curvilinear velocity (D), straight line velocity (E) and linearity (F). While 
sperm viability was assessed throughout cell sorting, all the other sperm parameters were assessed 
throughout CASA system. Sperm was monitored from 0 to 60 s, n≥6. 
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Supplementary Figure 5.4. Gene expression levels in 30 dpf juveniles and tissues (gut, liver, and 
vertebral column) of 90 dpf adult zebrafish fed from 8 dpf onwards with Ctrl (ZEBRAFEED), MP 
(ZEBRAFEED supplemented with pristine microplastics) or MP-BaP (ZEBRAFEED supplemented with 
microplastics spiked with BaP), and in 6-dpf offspring larvae born from parents fed experimental diets. 
The averaged expression of eef1a1l1 and rps18 housekeeping genes was used to normalize gene 
expression levels. Asterisks indicate values statistically different between diets according to Student's 
t-test (* p<0.05; ** p<0.01; *** p<0.001). Values are presented as mean expressed in Log2 over the 
control, n=3. 
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Supplementary data – Chapter 6 
Supplementary table 6.1. Gene-specific primers used to analyze gene expression by qPCR. 

Genes   Sequence (5′-3′) GenBank accession no. 

ahr2 Fw: CCAACAACCATCAATCAGTCAGAAC NM_131264 
Rev: TGCCAGCCAGGCGGTCCTGC 

cyp1a Fw: CTGCGAACATTTTCAACGGTG NM_131879 
Rev: CCATCGGCTTTCATAACAGAGTG 

gstp1 Fw: GTGCTGTTTCAGTCCAACGCC NM_131734 
Rev: CGTCGTTCATCACGTCAATGAGGG 

nr1i2 Fw: TAGGCAACGGCAGCATTCGC NM_001098617 
Rev: CATCACGAGCAGACACGGCG 

nr1i2 X2 Fw: TGCCCTGAAGAACACACTGC XM_021478724 
Rev: TCAACGGCGGAATGCTGAAA 

mmp9 Fw: CTGAACCCACTGCTCCTCAACC NM_213123 
Rev: CCGTCCTTGAAGAAGTGAAGCTCC 

mmp13a Fw: TGTCAGTGGCAGAGGTGGATGACTC NM_001290479 
Rev: CGCCACCAGGAACAGATTGTAATATTGAG 

tnf! Fw: AACAAGATGGAAGTGTGCTGAGAC NM_212859.2 
 Rev: TGGTCATCTCTCCAGTCTAAGGTC 

il6 Fw: TGAAGACACTCAGAGACGAGCAGTT NM_001261449 
Rev: AGGTTTGAGGAGAGGAGTGCTGAT 

il1" Fw: ATGGCGAACGTCATCCAAGAGCG NM_212844 
 Rev: CATGCTGAAGCGCACTTTCAAGTCG 

mpx Fw: GATGAACAACACTGAACTAGCCC NM_001351837 
Rev: CAAACCACAACCTATCGCCA 

lyz Fw: AGTGGCCTGTTCAGACTTGCTTAAC NM_139180 
Rev: AGAATCCCAGGTTTCCCATGATTTC 

acp5a Fw: ATAGAGACCGCTACAGCCCGCA  NM_214773 
Rev: TGCCAGCAATGACGTACCAAGG 

acp5b Fw: GTGGTTGGTCACTATCCCATCTG NM_001002452 
Rev: GAACGAACTCCCATCATCCTCTCT 

ctsk Fw: GGATTCCCTCTGCTGGTGCTG NM_001017778 
Rev: GCATGTTCTTCTCCCAAATCGTCC 

fosab Fw: CAATCACGACCTCTTCCAGCAGCC NM_205569 
Rev: AACCGAGCGAGCCGTTTCCA 

bmp2b Fw: GAGGAACTTAGGAGACGACGGGAACGC NM_131360 
Rev: TCTCGGGAATGAGTCCAACGGCAC 

runx2b Fw: TCAGGAATGCCTCAGGGGTTATG NM_212862 
Rev: CTTGCGGTGGGTTTGTGAATACT 

oc1 / bglap Fw: TTTATAGGCGGCGATGATTCC NM_001083857 
Rev: GAAGCGAACATGAAGAGTCTGACAGTCC 

oc2 / bglapl Fw: CCAACTCCGCATCAGACTCCGCATCA NM_001291889  
Rev: AGCAACACTCCGCTTCAGCAGCACAT 

sp7 Fw: GCTAAGTCCAGGGCAGGCTCAG NM_212863 
Rev: CAATGGCGTGAAATCAGGAGTGTAAC 

alpl Fw: TTCCTCTGCGGTGTCAAAGCCAA XM_005169273 
Rev: AAGCAGCACTCGGGGTGGCAT 

vdra Fw: GAATCCACAGTAAACGGTGATGCC NM_130919 
Rev: TCATACTGCGCCTGAAGAAACCC 
Fw: TCAAGTGCCAGATGAGTTCGACC 
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Genes   Sequence (5′-3′) GenBank accession no. 
vdrb Rev: TGAAGAAGCCTTTGCAGCCCT NM_001159985  

spp1 Fw: CACAGACAGCGCAGATGACACT NM_001002308 
Rev: CCCCGGCCTGTGTTGATAATG 

col1a1a Fw: GCTTCATTGCCCAGCCACAGGA  NM_199214 
Rev: GCAGGGTTCTTCTTGGTGCCGTCT  

col2a1a Fw: CAGGAAGAGTTTGGCGGCTGT NM_131292 
Rev: GACACGGCACGGTTCTGGTT 

col10a1a Fw: ATACCCAGTTCTTGTCAAAAGTCCA  NM_001083827 
Rev: GATCATAATGCTGCTCTGCGTT  

eef1a1l1 Fw: TTGAGAAGAAAATCGGTGGTGCTG NM_131263 
Rev: GGAACGGTGTGATTGAGGGAAATTC 

rps18 Fw: AACACGAACATTGATGGAAGACG NM_173234 
Rev: ATTAGCAAGGACCTGGCTGTATTT 
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Supplementary Figure 6.3. Head area (A) and standard length (B) of zebrafish larvae exposed to 

increasing concentrations of BaP from 3 to 6 dpf. Data was determined through morphometric analysis 

of fluorescence images of AR-S stained larvae (head area) and bright-field images (standard length). 
DMSO and ethanol were used as vehicle for BaP and calcitriol, respectively. P-value calculated using 

one-way ANOVA followed by Dunnett's multiple comparison test for BaP/DMSO and Student's t-test for 

calcitriol/ethanol. Values are presented as median and quartiles (n ≥ 25).  
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Supplementary Figure 6.2. Operculum growth in zebrafish transgenic larvae exposed to 1 µM BaP or 

0.1% DMSO from 3 to 6 dpf. (A) Area of the operculum in Tg(Ola.Sp7:mCherry-Eco.NfsB)pd46 larvae 

determined through morphometric analysis of calcein stained larvae and corrected by the area of the 

head. (B) Area of the operculum in Tg(Ola.osteocalcin:EGFP)hu4008 determined through morphometric 

analysis of AR-S stained larvae and corrected by the area of the head. Asterisks indicate values 

significantly different from control values (Student's t-test; ***p < 0.001; ****p < 0.0001). Values are 

presented as mean ± SD (n ≥ 18).  
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Supplementary Figure 6.3. Pathway enriched in zebrafish larvae exposed to 1 μM BaP from 3 to 6 
dpf. Gene ontology analyses were performed using PANTHER (Protein Analysis THrough Evolutionary 

Relationships) and pathway enrichment was determined using REACTOME classification system. 

Ensembl zebrafish gene IDs of differentially expressed genes exhibiting a fold change greater than 2 

and lower than 0.5 in RNA-seq dataset were used as input data. Over-representation was tested using 

Bonferroni correction for multiple testing, p-value appears in grey.   
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Supplementary Figure 6.4. Over-represented biological processes in zebrafish larvae exposed to 1 

μM BaP from 3 to 6 dpf. Gene ontology analyses were performed using PANTHER (Protein Analysis 

THrough Evolutionary Relationships) and biological processes were determined using Gene Ontology 

(GO) classification system. Ensembl zebrafish gene IDs of differentially expressed genes exhibiting a 

fold change greater than 2 and lower than 0.5 in RNA-seq dataset were used as input data. Over-

representation was tested using Bonferroni correction for multiple testing, p-value appears in grey.   
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Supplementary Figure 6.5. Number of neutrophils in TgBAC(mpx:EGFP)i114 zebrafish whole-larvae 

exposed to BaP from 3 to 6 dpf. P-value calculated using Student's t-test. Values are presented as 

median and quartiles (n=18).  
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