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resumo 
 

 

A presença de produtos farmacêuticos na natureza é uma questão emergente 
para a comunidade científica uma vez que estes compostos podem ter efeitos 
deletérios ou imprevisíveis sobre os organismos vivos. O estudo dos efeitos dos 

resíduos de medicamentos no ambiente evoluiu consideravelmente nos últimos 
anos, revelando que estes resíduos são uma ameaça para o ecossistema 
aquático. Dois exemplos de produtos farmacêuticos amplamente utilizados por 

humanos e presentes no meio ambiente são o paracetamol (acetaminofeno) e a 
ciprofloxacina. O paracetamol é um medicamento com propriedades 
analgésicas, utilizado para o alívio temporário da dor leve a moderada 

associada a gripes comuns, e na redução da febre. A ciprofloxacina é um 
antibiótico da classe química das fluoroquinolonas que apresenta um amplo 
espectro antibacteriano. Este trabalho tem como objetivo utilizar larvas de 

peixe-zebra e caracterizar os efeitos de ambos os medicamentos, não apenas 
nos parâmetros de desenvolvimento e comportamento, mas também usando 
com uma abordagem baseada em biomarcadores, nomeadamente 

quantificando as atividades de catalase (CAT), glutationa-S-transferase (GST), 
colinesterases (ChE's), glutationa peroxidase (GPx) e determinação do nível 
TBARS, bem como uma abordagem epigenética. Neste trabalho, também 

avaliamos por técnicas histoquímicas a metilação global do ADN. No caso do 
paracetamol, as concentrações testadas foram 0.005 mg/L, 0.025 mg/L, 0.125 
mg/L, 0.625 mg/L, e 3.125 mg/L, juntamente com o controlo que apenas 

continha água do sistema. Para a ciprofloxacina, as concentrações testadas 
foram 0.005 µg/L, 0.013 µg/L, 0.031 µg/L, 0.078 µg/L, 0.195 µg/L, e 0.488 µg/L. 
Estas concentrações foram escolhidas pela sua relevância ambiental, uma vez 
que são muito próximas às concentrações destes fármacos no ambiente.  A 

exposição ao paracetamol causou um aumento na percentagem de organismos 
com deformações morfológicas, mas não foram observadas deformações 
morfológicas em organismos expostos à ciprofloxacina. Quanto aos testes 

comportamentais com larvas de peixe-zebra, observaram-se diferenças 
significativas nas larvas expostas ao paracetamol, que demonstraram uma 
maior distância de natação, mas o mesmo efeito não foi observado para as 

larvas expostas à ciprofloxacina. Os dados obtidos para os diferentes 
biomarcadores demonstraram que ambos os fármacos causaram um aumento 
estatisticamente significativo na atividade de ChE. Na actividade da CAT, 

apenas a ciprofloxacina causou diferença significativa, mais propriamente uma 
descida na atividade da CAT. O paracetamol induziu um aumento na atividade 
da GPx total e das GSTs. Os níveis de TBARS aumentaram significativamente 

após exposição ao paracetamol, mas diminuíram significativamente em 
organismos expostos à ciprofloxacina.  

 

  



  



  Os dados relativos à quantificação da metilação global do ADN permitiram 
observar que, em embriões, a maior concentração de paracetamol causou um 

ligeiro aumento na intensidade do sinal do marcador de metilação de ADN (5-
mdC,) quando observado por miscroscopia de confocal. Por outro lado, os 
embriões expostos à ciprofloxacina não aparentavam ter qualquer diferença no 

perfil deste marcador de epigenética comparativamente ao controlo.  
A comparação dos resultados aqui obtidos para os dois fármacos diferentes 
permite observar que as larvas de peixe zebra eram mais sensíveis à exposição 

ao paracetamol, sendo a metodologia mais sensível a determinação do 
biomarcador. Também podemos concluir que o estresse oxidativo ocorreu como 
conseqüência da exposição a ambos os produtos farmacêuticos, sendo mais 

evidente no caso do paracetamol. Também mostramos que o estresse oxidativo 
criado pelos dois produtos farmacêuticos pode ser a causa de todas as outras 
observações. 
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abstract 

 
The scientific community has been concerned for several years about the 

presence of pharmaceuticals in the wild, since these compounds may have 
deleterious or unpredictable effects on living organisms. The scientific 
knowledge on the fate and effect of drug residues in the environment has 

evolved considerably in recent years, revealing that drug residues do indeed 
pose a threat to the aquatic ecosystem. Two examples of widely used 
pharmaceuticals that are present in the environment are paracetamol 

(acetaminophen) and ciprofloxacin, Paracetamol is a drug with analgesic 
properties, used for the temporary relief of mild to moderate pain associated with 
common colds, and in the reduction of fever. Ciprofloxacin is an antibiotic from 

the chemical class of the fluoroquinolones which presents  a broad antibacterial 
spectrum. Firstly we decided the range of concentrations for each drug. In the 
case of paracetamol, the tested concentrations were 0.005 mg/L, 0.025 mg/L, 

0.125 mg/L, 0.625 mg/L, and 3.125 mg/L, plus a control treatment with water 
from the facility system. And for ciprofloxacin, the tested concentrations were 
0.005 µg/L, 0.013 µg/L, 0.031 µg/L, 0.078 µg/L, 0.195 µg/L, and 0.488 µg/L. 

These concentrations were chosen as for their environmental relevance since 
they are close to the real concentrations of these pharmaceuticals found in 
surface waters and effluents. This work aims to characterize the effects of both 

drugs in zebrafish embryos and larvae, not only in developmental and behaviour 
parameters, but also using a biomarker-based approach, namely by quantifying 
the activities of catalase (CAT), glutathione-S-transferase (GST’s), 

cholinesterases (ChE’s), glutathione peroxidase (GPx), and determining the 
TBARS level. Exposure to paracetamol caused an increase in the percentage of 
organisms with morphological deformations, but no morphological deformations 

were observed in organisms exposed to ciprofloxacin.  Concerning larvae 
behavioural tests, significant differences were observed for larvae exposed to 
paracetamol but not for larvae exposed to ciprofloxacin. In the biomarker 

determination, both drugs caused a statistically significant increase in ChE 
activity; in CAT only ciprofloxacin caused a significant difference, a decrease in 
its activity. Paracetamol induced an increase in activity for total GPx and in 

GST’s. The TBARS levels significantly increased in the exposure to 
paracetamol, but they significantly decreased in the exposure to ciprofloxacin. In 
this work, we also prepared an immunohistochemical detection of global 

methylation, which allowed to observe that, in embryos, the highest 
concentration of paracetamol caused a slight increase in the intensity of the 5-
mdC signal, which can be translated into a slight increase in the DNA 

methylation. On the other hand, the embryos exposed to ciprofloxacin did not 
appear to have any difference from control. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The comparison of the here-obtained results for the two different drugs allows 

observing that zebrafish larvae were more sensitive to the exposure to 
paracetamol, being the most sensitive methodology the biomarker determination. 
We can also conclude that oxidative stress occurred as a consequence of the 

exposure to both pharmaceuticals, being more evident in the case of paracetamol. 
We also showed that the oxidative stress created by the two pharmaceuticals may 
be the cause of all the other observations.  
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CHAPTER I | GENERAL INTRODUCTION 

1. Pharmaceuticals in the Environment 

Pharmaceuticals have always been socially important, as they offer numerous 

benefits in the prevention and treatment of many diseases (Koné et al., 2013). 

However, the recognition of their potential benefits has contributed to a significant 

increase in the consumption of pharmaceuticals, particularly in developed countries 

(Jelic et al., 2011). This situation is inherently responsible for their increased 

excretion into the environment; many pharmaceuticals are frequently detected in the 

environment, especially in the aquatic ecosystems (Kumar & Xagoraraki, 2010).  

The scientific community has been concerned since pharmaceuticals are 

chemical compounds that may exert deleterious or unpredictable effects on living 

organisms. Numerous studies about this issue, especially since the 90’s, have 

revealed the extent of this type of contamination (Huerta-Fontela et al., 2011). 

Scientific knowledge on the fate and effects of drug residues on the aquatic 

ecosystem has evolved considerably in recent years, revealing that drug residues 

do indeed pose a threat to the aquatic ecosystem, including toxicity to aquatic 

organisms, accumulation in ecosystems, as well as loss of habitat and biodiversity 

(Kümmerer, 2010). The knowledge about the environmental occurrence of active 

pharmaceutical ingredients (APIs) has increased significantly, especially during the 

last two decades, and this was fundamentally due to the development and 

application of more sensitive and powerful analytical techniques, that allow the 

quantification and identification of drugs in complex mixtures, in  extremely low 

concentrations (in the order of µg/L to ng/L), which are the values normally found in 

the environment (Gros et al., 2012). 

The entry of the pharmaceutical compounds into the sewage systems occurs 

mainly through the excretion of drugs through the urine and faeces of humans. Drug 

excretion may be in the form of an active pharmaceutical ingredient (API, in its 

unmodified form), and in the form of its metabolites. In general, depending on the 

drug, 40 to 90% of the compound may be excreted in its unmodified form (Jones et 

al., 2005). Sewage treatment plants (STPs) are considered as the main source of 

entry of medicines into the environment since they collect the residues of medicines 

that enter the municipal and hospital sewage network (Lin et al., 2010). Sewage 
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treatment plants are generally ineffective (if not inappropriate) to deal with 

recalcitrant substances such as pharmaceutical drugs (Hignite and Azarnoff, 1977). 

In addition, a considerable amount of these compounds reaching the environment 

comes from the release of raw, untreated sewage into the aquatic ecosystem 

(Hignite and Azarnoff, 1977). Even considering the worldwide use of sewage 

treatment processes, which should hypothetically remove the majority of 

anthropogenic compounds, the reality shows that these processes are not effective 

to manage pharmaceutical drugs (Hignite and Azarnoff, 1977). 

Drugs have a set of specific characteristics that justifies their ecological 

importance. These compounds are specifically aimed to resist metabolic 

degradation, and, although being polar molecules, are lipophilic enough to be 

absorbed by target organisms (Brandão et al., 2013). By being resistant to 

degradation, drugs are persistent and are not completely removed by conventional 

treatment processes at STPs. The chemical complexity of these compounds 

explains a large variation in their overall rate of removal; from compound to 

compound, some present a higher resistance to degradation than others (Boxall, 

2004; Grassi et al., 2012). There is a variety of factors that can significantly affect 

the removal of API, such as the physicochemical properties of the pharmaceutical 

compound such as photosensitivity, biodegradability, lipophilicity, volatility and 

water solubility (Boxall, 2004), the climatic conditions and the operational conditions 

of the treatment process, such as the retention time of solids, and also the hydraulic 

retention time (Gracia-lor et al., 2013). 

Two examples of pharmaceuticals that are present in the environment are 

paracetamol (acetaminophen) and ciprofloxacin. Paracetamol and ciprofloxacin are 

medicines widely used by the Portuguese population and are included in the ranking 

of the 100 most sold active substances in Portugal. According to data from Infarmed 

- National Authority for Medicines and Health Products, I.P. in 2014, paracetamol 

accounted for about three million packs sold, while more than half a million packs of 

ciprofloxacin were sold (Infarmed I.P., 2014). Paracetamol was first marketed in 

1955 in in the United States of America under the commercial designation of 

Tylenol®, and it is now one of the most sold drugs, worldwide (Botting, 2000). The 



5 
 

annual prescriptions of Ciprofloxacin add up to 33,000 kg leading to a widespread 

distribution of this compound in surface waters (Richard et al., 2014). 

 

2. Paracetamol 

 

 

 

 

 

 

 

 

 

Paracetamol (N-(4-hidroxifenil) ethanamide) (Figure 1), is a drug with analgesic 

properties, used for the temporary relief of mild to moderate pain associated with 

common colds, and in the reduction of fever (Christen et al., 2010). 

The occurrence of paracetamol in wastewater has been reported by several 

scientific studies, developed in distinct countries, such as South Korea with 

concentrations ranging from 9.5 ng/L in effluents to 33 ng/L in surface waters (Kim 

et al., 2007; Park et al., 2007; Sim et al., 2011); in Spain the maximum levels 

increased from 84 µg/L in summer to 201 µg/L in winter (Gracia-lor et al., 2013) and 

in the United Kingdom a concentration of <50 ng/L was reported in both surface 

water and effluents (Santos et al., 2010). Paracetamol was also detected in river 

waters in Portugal in levels up to 0.25 µg/L. In addition, its major metabolite 

(paracetamol - glucuronide) and its main transformation product (p - aminophenol) 

were reported in waters of seven rivers, located in the north of the Portugal (Santos 

et al., 2013).  

Although paracetamol has been used in human therapeutics for the last few 

decades, its mechanism of action has not yet been fully elucidated. Although several 

theories have been described to explain the effects of this drug, these appear to be 

due to the contribution of various mechanisms of action (Anderson, 2008; Bertolini  

Figure 1 - Chemical structure of 

acetaminophen (Adapted from Han et al., 
2006) 
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et al., 2006; Graham et al., 2013). The most accepted hypothesis is the inhibition of 

the synthesis of prostaglandins by paracetamol by central inhibition of 

cyclooxygenase, namely COX-2. The antipyretic effect of paracetamol is mediated 

by the inhibition of Prostaglandin E2 (PGE2) synthesis in the thermoregulatory 

centre of the hypothalamus (Anderson, 2008; Bertolini et al., 2006; Graham et al., 

2013). Swierkosz et al. (2002) found evidence that paracetamol may inhibit COX-1, 

COX-2 isoforms and also a COX-1 variant, called COX-3. COX-3 was recently 

discovered and is located at the brain level. This is thought to be the most sensitive 

isoform to this drug and thus plays an important role in the effect of paracetamol 

(Swierkosz et al., 2002). 

At therapeutic doses, paracetamol is metabolized essentially in the liver, via 

conjugation with glucuronic acid and sulfonate ions; in addition, part of its 

metabolism can also occur at the level of the intestine and kidneys (Bertolini et al., 

2006). These phase II conjugation reactions are catalysed by UDP-

glucuronosyltransferases (UGTs) and sulfotransferases (SULT) respectively, 

leading to the formation of inactive metabolites, which are subsequently eliminated 

by urine; these are the main routes of detoxification of paracetamol (Larson, 2007; 

Sutter, 2009). A small fraction of the drug is excreted unchanged in the urine, while 

the remaining fraction is metabolized by the cytochrome P450 (CYP) enzyme 

system, mainly by the CYP2E1 isoform and, to a lesser extent, by CYP3A4 and 

CYP1A2, with the formation of N-acetyl-p-aminobenzoquinoneimine (NAPQI). 

NAPQI is a highly unstable and reactive metabolite with high affinity for thiol groups 

(Bertolini et al., 2006; Hodgman & Garrard, 2012; Sutter, 2009). NAPQI is rapidly 

neutralized, irreversibly combining with intracellular nucleophiles, particularly with 

glutathione in its reduced form (GSH), with subsequent formation of cysteine and 

mercapturic acid conjugates, these compounds being devoid of toxicity and 

excreted in the urine (Heard & Green, 2012; Larson, 2007; Schug et al., 2003; 

Sutter, 2009). 
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3. Ciprofloxacin 

 

 

 

 

 

 

 

 

Ciprofloxacin (Figure 2) is a broad spectrum antibiotic used for the treatment of 

bacterial infections, belonging to the chemical class of fluoroquinolones (Chin et al., 

1984; Zeiler et al., 1985; Zeiler, 1986). It differs from the rest of quinolones 

derivatives by having a cyclopropyl residue in position 1 of the molecule replacing 

the ethyl group (Zeiler et al., 1986). Its action stops bacterial multiplication, by 

disrupting the DNA replication and repairing processes. The mode of action of this 

drug involves the inhibition of prokaryotic DNA gyrase (Hussy et al., 1986; Gootz et 

al., 1990).  

However, their influence on vertebrate DNA enzymes (including topoisomerases) 

is several orders of magnitude weaker (Hussy et al., 1986; Wolfson & Hooper, 

1985). In a clinical context, fluoroquinolones are generally well tolerated in patients. 

Reactions of the gastrointestinal tract and the central nervous system (CNS) are the 

most often observed adverse effects during therapy with these drugs. The 

pathogenesis of the neurotoxic effects of ciprofloxacin is still unknown (Kappel, 

2002). In addition, their GABA antagonistic effects are considered to be involved in 

the induction of convulsions (Akahane et al., 1989; Akahane et al., 1993; Schmuck 

et al., 1998). However, the mechanism underlying these effects has not been fully 

elucidated. On the other hand, induction of free radical formation is considered 

another explanation for the adverse effect mechanisms of fluoroquinolones (Hayem 

et al., 1994; Wagai and Tawara, 1992). Studies related to the cytotoxic effects of 

ciprofloxacin showed that this drug inhibits the growth of various cultured 

Figure 2 - Chemical structure of ciprofloxacin 
(Adapted from Halling-Sorensen, 2000) 
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mammalian cells including cancer cell lines, dose-dependently, more often ≥50 

mg/L concentration (Gürbay et al., 2006). Also, ciprofloxacin and other 

fluoroquinolones have been found to cause oxidative damages to cells through the 

production of peroxides and free radicals, resulting in disorders like lipid 

peroxidation and neural dysfunction in animals (Qin & Liu, 2013). 

Ciprofloxacin is mainly excreted in its unchanged form by renal and extra-renal 

routes, with only slight doses of metabolites being excreted in urine and faeces 

(Bergan et al., 1988; Sörgel et al. 1991).  

Hereafter, succeeding excretion, ciprofloxacin may enter the aquatic environment 

through STP effluents. Golet et al. (2002) found environmental concentrations 

around 15 ng/L in rivers from northern Switzerland. In Portugal (Coimbra) 

wastewaters from four different hospitals presented concentrations of ciprofloxacin 

ranging from 127 to 10962.5 ng/L; in influents of wastewater treatment plants, 

ciprofloxacin was present at concentrations of 667.1 ng/L and in effluents, levels of 

this substance reached 309.2 ng/L (Seifrtová et al., 2008). 

 

4. Test species: Zebrafish, Danio rerio 

The zebrafish (Danio rerio, Hamilton-Buchanan 1822), previously Brachydanio 

rerio, is a small tropical freshwater fish native to the rivers of India and South Asia 

(Scholz et al., 2008). Zebrafish belongs to the Cyprinidae family and is originally 

from north-eastern India, Bangladesh and Nepal. Furthermore, zebrafish has also 

been reported in rivers throughout India, Pakistan, Myanmar, Sri Lanka and river 

basins draining into the Arabian Sea (Spence et al., 2008). Individuals of this 

species inhabit rivers, canals, ditches and lakes (Spence et al., 2008).  

Adult individuals of this species measure between 3 and 5 cm (adult) and thrive 

in both soft and hard water. At the optimal temperature, the zebrafish grows quickly 

and reaches maturity within three months (Nagel, 2002). Its body is fusiform and 

laterally flattened and males and females are of similar colouration, although males 

tend to have larger anal fins with more yellow colouration. Zebrafish males are easily 

distinguished from females, under spawning conditions, since their body shape is 

more slender and females develop swollen bellies. They are also characterized by 
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5-7 dark blue longitudinal lines from the operculum into the caudal fin and have a 

striped anal fin (Spence et al., 2008). 

Zebrafish have external fertilization, wherein every spawn, each female can 

produce hundreds of eggs that are fertilized by sperm released by males in water 

(Scholz et al., 2008; Spence et al., 2008). Soon after fertilization, the cytoplasm of 

the egg accumulates on the animal pole where it surrounds the nucleus of the zygote 

and only this portion of egg cytoplasm undergoes cleavage (Nagel, 2002). The eggs 

are demersal, transparent and have a rapid development, being the entire body 

formed at 24 hours post fertilization (hpf); hatching occurs between 48 and 72 hours 

post fertilization (Kimmel et al., 1995; Scholz et al., 2008; Spence et al., 2008). 

 

5. Zebrafish: a model organism 

Danio rerio appears as an alternative vertebrate model in (eco)toxicology, and 

other areas of biological and life sciences. The central benefits of using zebrafish as 

a toxicological model over other vertebrate species are with regards to their size, 

simple husbandry, and early morphology (Hill et al., 2005). Its small size significantly 

reduces housing space and husbandry cost, making it easily obtainable and 

inexpensive. Also, zebrafish is readily maintainable and, under appropriate 

conditions, will provide a large number of eggs, in which the transparent chorion 

enables the easy observation of development. Zebrafish have a very short 

reproductive cycle and reach maturity at the age of about 3 months (Hill et al., 2005). 

The use of embryos of D. rerio for laboratory testing presents an additional 

advantage. According to present European Union legislation for the protection of 

animals, the use of embryonic stages of vertebrates is not regulated and for that 

reason, experiments with embryos are considered as an alternative to animal 

experiments (Scholz et al., 2008). The fish embryo toxicity test (FET) presents clear 

advantages over other tests, including the need for small amounts of test 

substances, shorter time periods of exposure, and the need for only a breeding 

stock (OECD, 2013). Sublethal parameters can be easily achieved with this testing 

outline which may translate into understanding scenarios for chronic responses, 

teratogenicity, and other effects (Lammer et al., 2009). The embryotoxicity test has 
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the potential to be a substitute for the fish test in routine waste water control and, 

more importantly, a model for testing chemicals in toxicology (Hill et al., 2005). 

 

6. Behavioral effects in zebrafish 

The behaviour of organisms is also a toxic response that reflects the effects on 

organisms of all trophic levels and can represent the physiological processes as a 

function of environmental stimuli. Thus, behavioural toxicity biomarkers are ideal for 

assessing the effects of aquatic contaminants on fish populations (Scott and 

Sloman, 2004). Behaviour is a measureable response that is controlled by the 

central and peripheral nervous system because of the manifestation of genetic, 

chemical, and physiological processes that are essential for life. In zebrafish, 

behaviour is important so that they can adapt to different changes in the 

environment, and adapt to internal and external stimuli to survive, from the early 

stages of life (Sloman and McNeil, 2012). 

Behaviour is not an arbitrary process, but rather the result of physiological 

activities that are designed to ensure survival on an individual basis. The 

behavioural parameter is considered as an ideal tool for the evaluation of effects on 

exposure to environmental stressors. Within the parameters of behaviour, there are 

endogenous and exogenous factors that link biochemical and physiological 

processes, thus providing knowledge of the individual and community-level effects 

of environmental contamination and, more importantly, changes in behaviour 

represent an integration, as a response of the whole body. These altered responses, 

in turn, may be associated with reduced attitudes and survival leading to adverse 

consequences at the population level (Vogl et al., 1999; Brewer et al., 2001). 

 

7. Enzymatic biomarkers in zebrafish 

The toxic response to most xenobiotics in usually modulated by the activation of 

metabolic defence mechanisms. This leads to the metabolism of substances, which 

in most organisms occurs primarily through the activations of phase I enzymatic 

complexes (microsomal system), followed by modulation of phase II and phase III 

metabolising systems (Holth et al., 2008). The overall purpose of these systems is 
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to increase the hydrophilicity of endogenous or exogenous substances through 

hydrolysis, reduction, oxidation (phase I) and/or conjugation (phase II), and finally 

by increasing the efficiency of transport and excretion (phase III). The regulation and 

activity of specific phase I or II metabolising system components have commonly 

been used as biomarkers to quantify effects of a large number of substances, 

namely pharmaceuticals, in aquatic species (Holth et al., 2008).This occurs since 

most enzymes involved in fish metabolic pathways may be induced or inhibited upon 

exposure to environmental pharmaceuticals (Holth et al., 2008). 

Many enzymatic biomarkers have been used in studies with Danio rerio. From 

the literature, the main biomarkers assessed in this species include the enzymes 

cholinesterases (ChEs), oxidative stress enzymes (such as catalase CAT, 

glutathione peroxidase GPx) and phase II metabolic enzymes (glutathione-S-

transferases, GSTs) as well as lipid peroxidation levels. 

Cholinesterases are a group of enzymes that belong to the family of esterases 

which hydrolyze carboxylic esters and have been divided into acetylcholinesterase 

(AChE) and pseudocholinesterases (subdivided into butyrylcholinesterase and 

propionylcholinesterase) (Klaassen & Watkins, 2015). AChE has a key role in the 

maintenance of normal nerve function and is inhibited by neurotoxic compounds like 

organophosphate insecticides (Roex et al., 2002; Kuster, 2005). 

The production of reactive oxygen species (ROS) can induce oxidative damage 

and may be a mechanism of toxicity for aquatic organisms living in environments 

receiving waterborne contaminants. Environmental contaminants such as 

herbicides, heavy metals and insecticides are known to modulate antioxidant 

defensive systems and to cause oxidative damage in aquatic organisms by ROS 

production, which can be measured by quantifying the activity of the oxidative stress 

enzymes as biomarkers (Wiegand et al., 2001; Hu et al., 2009). In addition, 

pharmaceutical drugs can also induce oxidative damage, and that is why we chose 

to also evaluate different enzymatic biomarkers in this study. 
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8. Epigenetics 

Epigenetics is one of the most promising and interesting areas of genetics, it is 

the science that studies the interaction between gene regulation and its adjacent 

environment, which may still persist in the future generations, without including 

changes in the DNA sequence level. Epigenetic memory refers to the transmission 

of a gene expression state through multiple cell generations and could be 

propagated by various epigenetic mechanisms, such as DNA methylation, histone 

modifications and replacement of histone variants.  Overall, epigenetics is related 

to altering the whole genome regulatory activity without having changes in the DNA 

sequence (Probst et al., 2009). 

Epigenetic changes are known to be highly dynamic and are affected by external 

stimuli, such as exposure to compounds. The effects of these stimuli on epigenetic 

gene regulation are described as environmental epigenetics (Jirtle and Skinner 

2007). Epigenetics can be incited by three mechanisms: DNA methylation, histone 

modification and small RNAs. In this work, we have studied epigenetic signals 

present in zebrafish embryos and larvae exposed to two pharmaceuticals, focusing 

mainly on the epigenetic regulation related to DNA methylation (Ng & Gurdon, 2008; 

Probst et al., 2009; Roloff & Nuber, 2005). 

DNA methylation is a covalent modification of a methyl group on the 5 position of 

cytosine (5-mC) and it is an epigenetic mark involved in gene regulation and 

genome maintenance. DNA methylation is primarily located at a cytosine-guanine 

dinucleotide (CpG), in vertebrates (Lister et al. 2009). While silencing of genes is an 

important feature of promoter methylation, recent studies indicate that DNA 

methylation is more dynamic and plays a more complex role in gene regulation 

(Jones, 2012). 

Some environmental factors have been linked to unusual changes in epigenetic 

pathways both in experimental and epidemiological studies. In addition, epigenetic 

mechanisms may mediate specific mechanisms of toxicity and responses to certain 

chemicals. Whereas mechanisms of action of some of these agents are understood, 

for others the mode of action remains to be completely elucidated (Marsit et al., 

2005). That is why epigenetics has been one of the aims of ecotoxicology research 

in recent years, resulting in studies on the implications of epigenetics for 
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ecotoxicology and the impact of environmental stressors on the epigenome 

(Kamstra et al., 2015). 

 

8.1. DNA Methylation in zebrafish 

Research in DNA methylation has focused predominantly on mice and human, 

especially in the fields of medicine and environmental epigenetics (Skinner, 2013). 

The downsides in using rodent models for epigenetic research such as economic 

and ethical concerns, lead to DNA methylation studies in other species, including 

zebrafish (Williams et al., 2014). Despite the evolutionary distance to mammals, 

zebrafish share 70% of their genes with human and have been proven to be a 

suitable model organism in many studies, including epigenetics. As previously said, 

this species is an extremely useful experimental model due to its characteristics, 

such as the transparent nature of the early embryo, its well-characterized 

developmental stages, its rapid development, and the ease of culture (Strähle et al., 

2012). 

The DNA methyltransferases (DNMTs) methylate cytosines at the C5 position 

with S-adenosyl methionine (SAM) as a methyl donor (Hermann et al., 2004). The 

DNMT family consists of different types which can be roughly divided into 

maintenance and de novo methyltransferases. In mammals, five different isoforms 

of DNMTs are known (Hermann et al. 2004). Zebrafish have eight different dnmt 

genes, of which six are similar to the mammalian DNMT3 members. All zebrafish 

DNMTs are maternally transferred to the zygote, and mRNA levels decline during 

the first hours of development (Kamstra et al., 2015). 

The strength of the zebrafish is that genetic tools are available to understand the 

mechanisms supporting DNA methylation changes. Functional studies can be 

performed to further explain the role of proteins involved in methylation pathways 

and their interaction with toxicants, which can provide additional information 

improving the applicability of zebrafish as an appropriate model for understanding 

the role of epigenetics in toxicology (Kamstra et al., 2015). 
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9. Objectives of this study 

The aim of this work was to evaluate the effects of paracetamol and ciprofloxacin 

on zebrafish embryos and larvae. To achieve the main objective, we exposed 

zebrafish embryos to a range of concentrations from each pharmaceutical in order 

to evaluate specific parameters related to the toxic response: developmental and 

behavioural effects, alterations in biochemical markers, and epigenetic 

modifications (DNA methylation). 

 

10. Thesis Structure 

This thesis is structured in the following chapters: 

o Chapter I: General Introduction 

o Chapter II: Materials and Methods 

o Chapter III: Results 

o Chapter IV: Discussion 

o Chapter V: Conclusion 
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CHAPTER II | MATERIALS AND METHODS 

1. Test organisms 

All organisms used in this procedure were provided by the Zebrafish (Danio rerio) 

facility established at the Biology Department of the University of Aveiro (Portugal). 

The organisms were maintained in carbon-filtered dechlorinated water at 27 ± 1º C 

under a photoperiod cycle of 16:8h light/dark. Conductivity was maintained at 800 ± 

50 μs, pH at 7.5 ± 0.5 and dissolved oxygen at 95% saturation. 

The assay was based on OECD guideline on Fish Embryo Toxicity Test (OECD, 

2013). Zebrafish eggs were collected within 30 min after natural mating, rinsed in 

water and checked under a stereomicroscope (Stereoscopic Zoom Microscope-

SMZ 1500, Nikon). Unfertilized eggs, with irregularities during cleavage or injured, 

were discarded. All tests were initiated as soon as possible after fertilization of the 

eggs, and not later than 3 h post-fertilization. 

 

2. Fish Embryotoxicity 

In the case of paracetamol, the tested concentrations were 0.005 mg/L, 0.025 

mg/L, 0.125 mg/L, 0.625 mg/L, and 3.125 mg/L, plus a control treatment with water 

from the facility system. The test solutions were established by dilution of a 

concentrated paracetamol solution (1 g/L) prepared in system water. For 

ciprofloxacin, the tested concentrations were 0.005 µg/L, 0.013 µg/L, 0.031 µg/L, 

0.078 µg/L, 0.195 µg/L, and 0.488 µg/L, the solutions were prepared by dilution of 

a ciprofloxacin solution of 1 mg/L.  

These concentrations were chosen as for their environmental relevance since 

they are close to the real concentrations of these pharmaceuticals found in surface 

waters and effluents. The occurrence of paracetamol in wastewater has been 

reported, such as in South Korea with concentrations ranging from 9.5 ng/L in 

effluents to 33 ng/L in surface waters (Kim et al., 2007; Park et al., 2007; Sim et al., 

2011), in Spain the maximum levels increased from 84 µg/L in summer to 201 µg/L 

in winter (Gracia-lor et al., 2013) and in the United Kingdom with a concentration of 

<50 ng/L in both surface water and effluents (Santos et al., 2010). Paracetamol was 

also detected in river waters in Portugal in levels up to 0.25 µg/L (Santos et al., 
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2013). Ciprofloxacin is also detected in the environment, Golet et al. (2002) found 

environmental concentrations in river waters from northern Switzerland around 15 

ng/L. In Portugal (Coimbra) concentrations of ciprofloxacin ranged between 127 and 

10962.5 ng/L in wastewaters from four different hospitals, reaching wastewater 

treatment plants at concentrations of 667.1 ng/L (influent) and leaving it at 309.2 

ng/L (effluent) (Seifrtová et al., 2008). 

The assays were based on the Organisation for Economic Co-operation and 

Development (OECD) draft guideline on fish embryo toxicity (FET) test (OECD, 

2013). For the exposure experiments, 20 fertilised eggs per treatment (two 

replicates with ten eggs each) were selected and distributed onto 24-well 

microplates. Individual eggs were placed in each well with 2 mL of test solution. The 

exposures to the respective test solutions were performed through a semi-static test 

design during 96 h, with replacement of the whole water volume after 48 h to 

minimize the effects of possible degradation of the chemicals. All tests were 

conducted in an environmental chamber using a photoperiod of 16:8 h light/dark at 

a temperature of 27±2 °C. Water parameters (temperature, dissolved oxygen and 

pH) were monitored at the beginning and end of the tests. These restrictions were 

imposed because the tests were performed in microplates so it was impossible to 

measure the parameters during exposures. 

Embryos and larvae were monitored daily using a stereomicroscope for 

morphological anomalies. In the embryo phase, the following parameters were 

evaluated: egg coagulation, eye and body pigmentation, somite formation, 

heartbeat, detachment of the tail bud from the yolk sac and hatching. After hatching, 

larval heartbeat, oedemas, tail malformations, mortality and abnormalities in 

swimming behaviour (equilibrium) were observed and reported. 

For the statistical analyses, a one-way analysis of variance (ANOVA) was used 

to test differences. If data did not meet the requirements of the Kolmogorov-Smirnov 

normality test, a Kruskal–Wallis test was used, and if significant results were found, 

the Dunnett or Dunn’s test was used to detect significant differences between the 

tested concentrations and the control. A significance level of 0.05 was used to infer 

statistically significant results. 
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3. Behavioural Tests 

This test was deployed in the same conditions as the above described test. 

Zebrafish larvae were used to assess the effects of both pharmaceuticals on 

locomotory activity. At 144 hpf 10 larvae per treatment (in duplicate) were 

transferred from the exposure dishes to 24 well plates (one per well). Dead larvae 

or larvae exhibiting physical abnormalities were not included in the locomotor 

analyses. Dead larvae or larvae exhibiting physical abnormalities were not included 

in the locomotor analyses. The movement was tracked using the Zebrabox 

(Viewpoint, Lyon, France) tracking system using a 25 frame per second infrared 

camera over a period of 20 minutes. The temperature was maintained stably at 26 

± 1◦C. 

The movement was stimulated by alternating light and dark periods every 5 

minutes since zebrafish larvae show less locomotion activity during light periods and 

more during dark. Data outputs were obtained at each minute and several 

parameters were calculated. The total distance was the statistically analysed 

parameter and it consists of the total swimming distance of the larvae during each 

measurement period. The here adopted methodology was based on an already 

existing protocol from the literature (Andrade et al., 2016).  

For the statistical analyses, a one-way analysis of variance (ANOVA) was used 

to test differences in the locomotor behaviour between the treatments in each 

interval(light or dark). If data did not meet the requirements of the Kolmogorov-

Smirnov normality test, a Kruskal–Wallis test was used. If significant results were 

found, the Dunnett or Dunn’s test was used to detect significant differences between 

the tested concentrations and the control. A significance level of 0.05 was used to 

infer statistically significant results. 

 

4. Enzymatic determinations 

For the exposure experiments, 5 clusters of twenty larvae per treatment for each 

tested chemical were selected and distributed onto 35 mm Petri dishes. Each pool 

was placed with 10 mL of test solution. This test was deployed in the same 

conditions as the above described test. At 96 h of exposure, the samples were snap-
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frozen in microtubes containing 1 ml of phosphate buffer 50 mM, pH 7.0, with Triton 

X-100 for oxidative stress biomarkers and lipid peroxidation and stored at −80◦C. 

Also, another set of samples were snap-frozen in microtubes containing 1 ml of 

phosphate buffer 0.1 M, pH 7.2, for the cholinesterase’s assay and stored at −80◦. 

Homogenized tissues were centrifuged at 15,000 × g for 10 min at 4◦C. 

Enzymatic activity was determined for catalase (CAT), glutathione-S-

transferases (GSTs), and cholinesterases (ChEs), glutathione peroxidase (GPx), 

and thiobarbituric acid reactive substances (TBARS) in homogenates of zebrafish 

larvae (pools of twenty individuals per replicate) prepared following the exposures 

both to paracetamol and ciprofloxacin.  

Catalase activity was determined following the procedure based on the 

degradation rate of the substrate H2O2 monitored at 240 nm. Results were 

expressed by considering that one unit of activity was equal to the number of moles 

of H2O2 degraded per minute, per milligram of protein (Aebi, 1984). 

GSTs catalyse the conjugation of the substrate 1-chloro-2,4-dinitrobenzene 

(CDNB) with glutathione forming a thioether that can be followed by the increment 

of absorbance at 340 nm. Therefore, GST’s activity was determined by 

spectrophotometry, and the results were expressed as nanomoles of thioether 

produced per minute per milligram of protein (Habig et al., 1974). 

Cholinesterases catalyse the hydrolysis of acetylcholine in acetic acid and 

choline (Garcia et al., 2000). However, the Ellman method (Ellman et al., 1961) uses 

the isomer acetylthiocholine as a substrate for ChEs, forming thiocholine. This 

product forms a complex with (5,5-dithio-bis-[2-nitrobenzoic acid]) (DTNB) to 

originate a compound of yellow colour, whose formation can be determined at 412 

nm. The results were expressed as nmol of the complex formed per minute per 

milligram of protein. 

Glutathione peroxidase (GPx) activity was determined by spectrophotometry, 

according to the protocol by Flohé and Günzler (1984). The glutathione peroxidase 

enzyme takes part in the oxidation of reduced glutathione (GSH) and hydrogen 

peroxide (H2O2) to oxidized glutathione (GSSG) and H2O. GPx mediated oxidation 

of nicotinamide adenine dinucleotide phosphate (NADPH) can be monitored at 340 

nm. The determination of GPx activity was performed with two substrates: hydrogen 
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peroxide that allows the quantification of selenium-dependent GPx, and cumene 

hydroperoxide that permits the determination of total GPx. Enzymatic activity was 

expressed as mmol of NADPH oxidized per minute and per milligram of protein. 

The degree of lipid peroxidation (LPO) was measured by the quantification of 

thiobarbituric acid reactive substances (TBARS) (Buege and Aust, 1978). 

Malondialdehyde (MDA)-like compounds, formed by degradation of initial products 

from lipid membranes by an attack of reactive oxygen species, react with 2-

thiobarbituric acid (TBA). TBARS concentrations were expressed as MDA 

equivalents, and it can be determined at 535 nm. 

The Bradford method (1976) was used for the quantification of total soluble 

protein in the samples, using γ-globulin as standard, in order to express the 

enzymatic activity as a function of the protein content of the samples. In this reaction, 

the Bradford reagent binds to the soluble total protein, yielding a coloured and stable 

complex in order to be quantified at 595 nm. 

The results of enzymatic analyses were statistically assessed using a one-way 

analysis of variance (one-way ANOVA) followed by the Dunnett's test to thereby 

determine the occurrence of significant differences between the responses 

observed in treated groups compared to the control treatment. A significance level 

of 0.05 was used to infer statistically significant results. 

 

5. Immunohistochemical detection of DNA methylation 

In the exposures for the detection of DNA methylation by confocal microscopy, 

for the assay with paracetamol around 120 eggs were separated from the rest of the 

batch. The adopted concentrations were the as the previous exposures, and also in 

the exposure to ciprofloxacin, the tested concentrations were the ones previously 

used, around 140 eggs were needed. The exposure lasted for 96 hours and, at 24 

hours, ten eggs (replicates) per concentration were collected from the exposure 

chamber. At the end of the test (96h), ten larvae per concentration were collected. 

This protocol was based on Correia et al. (2013). After exposure, the eggs and 

larvae for each tested pharmaceutical were left in 4% paraformaldehyde overnight. 

The next day, samples were washed with phosphate-buffered saline (PBS) for 10 
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minutes for three times and then left in 0.1% paraformaldehyde. All steps occurred 

at 4º C temperature. 

 

Dehydration-Hydration 

Each sample was dehydrated and then rehydrated through ascending and 

descending series of ethanol, with 25% ethanol, 50% ethanol, 75% ethanol, and 

100% ethanol, and then washed with PBS for 5 minutes. 

 

Reaction with antibodies (immunofluorescence of 5mdC) 

After being washed with PBS, samples went through a process of 

permeabilization with 0.1% Tween 20 (or 0.5% Triton) in PBS for 30 minutes, and 

then were washed twice with PBS, before going through denaturation of DNA with 

HCl 2N. All possible unspecific bonds were then blocked with 20% BSA in PBS.  

From this point, all steps were completed in obscurity. After removing the 

BSA, the primary antibody (anti-5mdC mouse, Eurogentec, Belgium; diluted 1:5 in 

1% BSA in PBS) was incorporated for 1 hour. After this step, two washes with 0.1% 

Tween 20 were performed. The secondary antibody (488-mouse; Invitrogen, USA) 

diluted 1:5 in 1% BSA in PBS, was added for 1 hour. The counterstaining was done 

with DAPI for 15 minutes (49,6-diamidino-2-phenylindole; Fluka, USA). To finish this 

procedure, samples were washed with distilled water and 3 replicates of each 

treatment were mounted on slides with Mowiol, including the technical control 

(negative control). Fluorescence was visualized using a confocal microscope (Leica 

TCS-SP2-AOBS; Leica Microsystems, Germany). 
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CHAPTER III | RESULTS 

1. Fish embryotoxicity 

Danio rerio embryos from control groups showed normal embryonic and larval 

development, similar to the one described by Kimmel et al. (1995). No delay was 

observed on hatching, regardless of the treatment; embryos started to hatch at 48 

hours and 100 % of the embryos had hatched after 72 hours in all treatments of both 

paracetamol (Table 1) and ciprofloxacin (Table 2). Low rates of mortality were 

observed for both pharmaceuticals.  

 

Table 1 - General overview of paracetamol effects on zebrafish embryos during the 96 hours 
of exposure. Numbers in percentage (%), paracetamol concentration in mg/L. hpf – hours post 
fertilization (d.e. – dead embryo; n.e. – normal embryo; l. – larvae; d.l. – dead larvae). 

 

24 hpf 48 hpf 72 hpf 96 hpf 

d. e. n. e. d. e. n. e. l. d. l. d. e. n. e. l. d. l. d. e. n. e. l. d. l. 

Control 0 100 5 95 0 0 5 0 95 0 5 0 95 0 

0.005 0 100 0 95 5 0 0 0 100 0 0 0 100 0 

0.025 0 100 0 70 30 0 0 0 100 0 0 0 100 0 

0.125 0 100 0 100 0 0 0 0 100 0 0 0 100 0 

0.625 0 100 0 95 5 0 0 0 100 0 0 0 100 0 

3.125 0 100 5 90 5 0 5 0 95 0 5 0 95 0 

 

 
 
Table 2 - General overview of ciprofloxacin effects on zebrafish embryos during the 96 hours 

of exposure. Numbers in percentage (%), ciprofloxacin concentration in µg/L. hpf – hours post 
fertilization (d.e. – dead embryo; n.e. – normal embryo; l. – larvae; d.l. – dead larvae). 

 

 

24 hpf 48 hpf 72 hpf 96 hpf 

d. e. n. e. d. e. n. e. l. d. l. d.e. n. e. l. d. l. d. e. n. e. l. d. l. 

Control 0 100 0 100 0 0 0 0 100 0 0 0 100 0 

0.005 0 100 0 95 5 0 0 0 100 0 0 0 100 0 

0.013 0 100 0 95 5 0 0 0 100 0 0 0 100 0 

0.031 0 100 5 95 0 0 5 0 95 0 5 0 95 0 

0.078 0 100 0 95 5 0 0 0 100 0 0 0 100 0 

0.195 0 100 0 95 5 0 0 0 100 0 0 0 100 0 

0.488 0 100 0 100 0 0 0 0 100 0 0 0 100 0 
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Exposure to paracetamol caused an increase in the percentage of organisms with 

morphological deformations. No effects were observed after the first 24 hours, but 

at 48 hours of exposure to paracetamol, the embryos and larvae suffered lack of 

pigmentation (48h: Kruskal-Wallis H=15.80, p=0.007; 72h: Kruskal-Wallis H=31.78; 

p=0.000); abnormal bending of the spine (72h: Kruskal-Wallis H=36.81, p=0.000; 

96h: Kruskal-Wallis H=42.41, p=0.000) and alteration of the larvae equilibrium (72h: 

Kruskal-Wallis H=11.68, p=0.04) compared to the control (Figures 3, 4, 5, 6, 7 and 

8). No morphological deformations were observed in organisms exposed to 

ciprofloxacin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

Figure 4 - Observed morphological malformations on zebrafish 
embryo after exposure to paracetamol: a. Two-day-old control larvae 

of D. rerio with normal body structure; b. Two-day-old larvae with lack of 
pigmentation (0.625 mg/L). 

Figure 3 - Effects (average ± standard error) of paracetamol on 
zebrafish embryo development after 48 hours of exposure.  An 
asterisk (*) indicates a result different from the control (p < 0.05).  Minor 

malformations refers to a delay in somite formation and lack of 
pigmentation in the eyes. 
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Figure 6 - Observed morphological malformations on zebrafish embryo after 

exposure to paracetamol: a. Three-day-old control larvae of D. rerio with normal body 
structure; b/c/d Three-day-old larvae with abnormal spine, lack of equilibrium and lack of 
pigmentation (0.625 mg/L, 0.005 mg/L, and 3.125 mg/L respectively). 

a b 

c d 

Figure 5 - Effects (average ± standard error) of paracetamol on 

zebrafish embryo development after 72 hours of exposure.  An 
asterisk (*) indicates a result different from the control (p < 0.05). 
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a b 

Figure 8 - Observed morphological malformations on zebrafish embryo after exposure 

to paracetamol: a. Four-day-old control larvae of D. rerio with normal body structure; b. Four-
day-old larvae with abnormal spine (3.125 mg/L). 

Figure 7 - Effects (average ± standard error) of paracetamol on 

zebrafish embryo development after 96 hours of exposure.  An 

asterisk (*) indicates a result different from the control (p < 0.05). 
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2. Behavioural tests 

 

Paracetamol 

Paracetamol induced changes in the locomotor activity of zebrafish larvae at 144 

hpf. Figure 9 shows the results for total distance moved (mm) in the dark and in the 

light periods, generally larvae exposed to paracetamol swam longer distances. 

During the first light period, a statistical difference was found on two of the 

treatments (0.125 mg/L and 0.625 mg/L) when compared to control (F(5, 24) = 4.332; 

p = 0.006). During the second light period a significant (F (5,24) = 17.132; p = 0.000) 

increase in the distance moved was observed for three of the treatments (0.025 

mg/L, 0.125 mg/L and 0.625 mg/L). During the first dark period, a statistical 

difference was found on all treatments when compared to control (F (5, 24) = 59.53; p 

= 0.000). During the second dark period a significant (F(5,24) = 37.007; p = 0.000) 

increase in the distance moved was observed, again, for all treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - Total swimming time of 144 hours post fertilization zebrafish 

larvae after exposure to paracetamol. The exposure consisted of two light  
cycles alternated with two dark cycles of 5 minutes each (N = 20). The red plot  
indicates a result different from the control (p<0.05).  
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Ciprofloxacin 

Ciprofloxacin induced changes in the locomotor activity of zebrafish larvae at 144 

hpf. Figure 10 shows the results for total distance moved (mm) in the dark and in 

the light periods. During the first light period, a statistical difference was found on 

two of the treatments (an increase for 0.013 µg/L and a decrease for 0.031 µg/L) 

when compared to control (F(6, 28) = 18.441; p = 0.000). During the second light 

period a significant (F(6, 28) = 4.598; p = 0.002) decrease in the distance moved was 

observed for two of the treatments (0.005 µg/L and 0.031 µg/L). During the first dark 

period, a statistical significant decrease was found in four of the treatments (0.005 

µg/L, 0.013 µg/L, 0.078 µg/L and 0.488 µg/L) when compared to control (F(6, 28) = 

12.944; p = 0.000). During the second dark period a significant (F(6, 28) = 12.718; p 

= 0.000) increase in the distance moved was observed for four of the treatments 

(0.013 µg/L, 0.031 µg/L, 0.078 µg/L and 0.488 µg/L). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 - Total swimming time of 144 hours post fertilization zebrafish 
larvae after exposure to ciprofloxacin. The exposure consisted of two light  

cycles alternated with two dark cycles of 5 minutes each (N = 20). 
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3. Enzymatic determinations 

 

Paracetamol 

Exposure to paracetamol caused a statistically significant increase in AChE 

activity in the organisms exposed to the two highest concentrations (Figure 11) (F(5, 

20)=5.116; p=0.004).  

Figure 12 depicts the results obtained for catalase activity for organisms 

exposed to paracetamol. It is possible to observe an increase in catalase activity, 

although with no significant effects, for all tested concentrations (F(5, 18)=1.88; 

p=0.148). 

Our results showed that total glutathione peroxidase (GPx) activity was 

significantly increased after paracetamol exposure (F(5, 18)=3.303; p=0.027). On the 

contrary, selenium-dependent glutathione peroxidase levels were not significantly 

increased after paracetamol exposure (F(5, 19)=0.78; p=0.576), (Figure 13). 

The metabolism of GSH was affected by paracetamol exposure, and the 

results obtained for GST activity showed an evident increase in its levels, especially 

for the organisms exposed to the highest concentration (F(5, 20)=5.33; p=0.003) 

(Figure 14).  

After acetaminophen exposure, a significant increase in lipid peroxidation 

levels occurred (evidenced by higher TBARS levels), along with the increase of 

acetaminophen concentrations (F(5, 17)=6.60; p=0.001) (Figure 15). 

 

 

 

Figure 11 - Paracetamol effect on AChE activity in Danio rerio. The 
results are the average of 5 replicates with the respective standard 
error. * - Significant differences from control, p <0.05. 
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Figure 12 - Paracetamol effect on catalase activity in Danio rerio. 

The results are the average of 5 replicates with the respective standard 
error. 

Figure 13 - Paracetamol effect on Total GPx and Se-dependent 
GPx in Danio rerio. The results are the average of 5 replicates with the 
respective standard error. * - Significant differences from control, p 

<0.05. 

Figure 14 - Paracetamol effect on GST’s activity in Danio rerio. The 
results are the average of 5 replicates with the respective standard 
error. * - Significant differences from control, p <0.05. 
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Figure 15 - Paracetamol effect on TBARS in Danio rerio. The results 

are the average of 5 replicates with the respective standard error. * - 
Significant differences from control, p <0.05.  
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Ciprofloxacin 

 

Exposure to ciprofloxacin resulted in a statistically significant increase in AChE 

activity (F(6, 23)=5.116; p=0.000) (Figure 16), but only for the highest tested 

concentration. 

For larvae exposed to ciprofloxacin (Figure 17), a statistically significant decrease 

in catalase activity was observed (F(6, 26)=5.13; p=0.001). 

Although there was observed a slight increase in some of the ciprofloxacin 

concentrations, no significant modifications were reported neither for total 

glutathione peroxidase activity (F(6, 21)=0.864; p=0.537) nor for selenium-dependent 

glutathione peroxidase activity  (F(6, 20)=0.252; p=0.953) (Figure 18).  

For organisms exposed to ciprofloxacin, no significant alterations were registered 

in the GST activity (F(6, 19)=0.422; p=0.855) (Figure 19).  

In the case of TBARS levels, ciprofloxacin exposure was causative of a significant 

decrease in lipid peroxidation levels (F(6, 25)=9.98; p=0.000) (Figure 20). 

Figure 16 - Ciprofloxacin effect on ChE activity in D. rerio. The 
results are the average of 5 replicates with the respective standard 

error. * - Significant differences from control, p <0.05. 
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Figure 17 - Ciprofloxacin effect on catalase activity in D. rerio. The 

results are the average of 5 replicates with the respective standard 
error. * - Significant differences from control, p <0.05. 

Figure 18 - Ciprofloxacin effect on Total GPx and Se-dependent 
GPx in Danio rerio. The results are the average of 5 replicates with the 
respective standard error. 

Figure 19 - Ciprofloxacin effect on GST’s activity in Danio rerio. 

The results are the average of 5 replicates with the respective standard 
error. 
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Figure 20 - Ciprofloxacin effect on TBARS in Danio rerio. The 

results are the average of 5 replicates with the respective standard 
error. * - Significant differences from control, p <0.05. 
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4. Immunohistochemical detection of DNA methylation 

 

The results of this study showed differences in the global 5-mdC profile of 

embryos treated with paracetamol when compared to control organisms (Figure 21b 

compared to 21c). This DNA methylation marker increase was particularly 

significant in the area of the head and near the eyes of the embryos. However, 

embryos treated with ciprofloxacin (Figure 22b compared to 22c), showed no 

evidence of methylation alterations. 

 

 

 

 

a b c 

Figure 21 - Immunodetection of 5-mdC in zebrafish embryos exposed to paracetamol using a 
confocal microscope. 5-mdC labeling: DAPI (blue signals) superposition and 5-mdC (green signals) 
of (a) negative control, (b) control, (c) 3.125 mg/L concentration (Eye/head – white arrows; methylation 

signal – green arrow).  

Figure 22 - Immunodetection of 5-mdC in zebrafish embryos exposed to ciprofloxacin using a 

confocal microscope. 5-mdC labeling: DAPI (blue signals) superposition and 5-mdC (green signals) 
of (a) negative control, (b) control, (c) 0.488 µg/L concentration (Eye/head – white arrows; methylation 
signal – green arrows).  
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CHAPTER IV | DISCUSSION 

1. Fish embryotoxicity 

The main objective of the present work was to assess the toxic effects of both 

paracetamol and ciprofloxacin on Danio rerio embryos and larvae. Results from the 

embryotoxicity tests showed that the embryos from control groups evidenced normal 

embryonic and larval development, similar to the one described by Kimmel et al. 

(1995). On the contrary, the here-obtained results showed no effects, regardless of 

the treatment, on hatching. Differences in the effects of a given chemical between 

early life stages and adult stages may be attributed, among other factors, to the 

interference of the chorion, which is an embryonic structure that may act as a barrier 

especially to lipophilic compounds (Braunbeck et al., 2005). In our case, this 

protective effect may have preserved embryos from being affected by the toxicity of 

both substances during their hatching period. 

Although no morphological deformations were observed in organisms exposed 

to ciprofloxacin, these toxicological outcomes are likely to occur after exposure to 

fluoroquinolones. The study by Carlsson et al. (2009) involved exposing embryos of 

zebrafish to diluted effluents containing high levels of fluoroquinolones and other 

pharmaceuticals. The measured concentrations of 11 of the drugs present in the 

effluents (including 6 fluoroquinolones – lomefloxacin, norfloxacin, enoxacin, 

ofloxacin, enrofloxacin and ciprofloxacin) exceeded 100 μg/L, and ciprofloxacin 

alone varied from 28 to 31 mg/L (Carlsson et al. 2009). According to this study, 

diluted effluent water (1–16% dilutions) had no effect on the body length of hatched 

zebrafish embryos or in hatching time. However, it was possible to observe a 

significant decrease in the number of movements (at 8 and 16% dilution) with 

reduced or no body pigmentation and a reduced heart rate (at 16% dilution). 

Because the effluent water also contained other pharmaceuticals at high 

concentrations, these results cannot be associated only with the action of 

fluoroquinolones (Plhalova et al., 2014). Considering the differences from our results 

to those described in the literature, it is possible to hypothesize that major 

differences in terms of development alterations elicited by fluoroquinolones may 

derive from the distinct levels that were tested. Despite acting on the larval/ 

embryonic development processes of fish, fluoroquinolones may only attain this goal 



42 
 

when present in high levels, well above the ecologically relevant amounts to which 

fish were exposed in our bioassays.   

The exposure to paracetamol caused an increase in the percentage of organisms 

with morphological deformations. In fact, it was possible to observe that embryos 

and larvae exposed to this drug suffered, namely, from lack of pigmentation, 

abnormal bending of the spine and alteration of the larvae equilibrium. David and 

Pancharatna (2009) studied the toxic effects of paracetamol on this same animal 

model, and also reported lack of pigmentation; however, this sub-lethal effect was 

only elicited in zebrafish embryos exposed to higher doses of paracetamol, with a 

significant dose-dependent decrease in the distribution of pigment in melanophores 

at the head and in the yolk sac region. They also observed deformity in the tail, a 

teratogenic effect induced by drug exposure. Results from these studies suggest 

that malformation may be a general response of fish embryos exposed to toxicants , 

namely to paracetamol. 

Concerning the lack of pigmentation as a form of toxic response, the larval 

zebrafish melanophore pattern consists of four longitudinal stripes of melanophores: 

the dorsal stripe (dorsal to the neural tube), the lateral stripe (in the horizontal 

myoseptum), the ventral stripe (dorsal to the gut), and the yolk sac stripe (ventral to 

the yolk). This pattern is essentially complete by 5 dpf (Kimmel et al., 1995). The 

here-obtained results evidenced that paracetamol could modulate the pigmentation 

response in exposed D. rerio larvae. Intracellular cyclic AMP (cAMP) levels appear 

to be the major regulator of mammalian melanogenesis (Suzuki et al., 1997). A 

similar mechanism seems to be responsible for the pigmentation of other species, 

such as the amphibian Xenopus laevis and, more important, in other teleosts 

including D. rerio (Logan et al., 2006). cAMP has been reported to enhance 

prostaglandins production (Steiner et al., 2002), and as we referred before, the most 

accepted hypothesis for the mode of action of paracetamol is the inhibition of 

prostaglandins biosynthesis, which could be a potential factor contributing for the 

lack of pigmentation observed in paracetamol-exposed fish. 

However, there are other intracellular signalling pathways that could modulate 

colour change, in other species, such as in the Atlantic cod (Gadus morhua), in 

which reduced Ca2+ levels inhibit melatonin and noradrenaline mediated 
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aggregation (Aspengren et al., 2003). However, in angelfish (Pterophyllum scalare) 

melanophores, modulation of intracellular Ca2+ does not appear sufficient or 

necessary to induce or inhibit pigment translocation (Sammak et al., 1992). 

 

 

2. Behavioural tests 

Regarding larvae behavioural tests, the total swimming distance was calculated 

for both pharmaceuticals, and significant differences were observed for larvae 

exposed to both pharmaceuticals. As referred previously, the study conducted by 

Carlsson et al. (2009) exposed D. rerio larvae to diluted effluent water containing 

high levels of fluoroquinolones (and other pharmaceuticals). It was possible to 

observe a significant decrease in the number of movements (at 8 and 16% dilution)  

in exposed fish, showing that a complex mixture of drugs (in which fluoroquinolones 

were also present) could affect fish behaviour. However, such results by Carlsson 

et al. (2009) may not be directly comparable to our data, since the range of 

concentrations that were used in both bioassays are extremely different, and in our 

case, lower levels did not induce deleterious effects on D. rerio behaviour. On the 

other hand, the complexity of the mixture to which fish were exposed in the 

mentioned study can also be responsible for significant behaviour alterations, acting 

as a confounding factor for the interpretation of results. 

Zebrafish embryos have been widely used to elucidate the behavioural 

alterations induced by various chemicals such as neurotoxins and pesticides (David 

& Pancharatna, 2009). In the study by David and Pancharatna (2009) high doses of 

paracetamol affected behavioural responses of newly hatched larvae of this 

species, not only to touch but also to sound and light stimuli; a similar effect was 

noted in the swimming behaviour of the drug-exposed larvae presenting tail 

deformities. According to their study, zebrafish larvae from exposed groups 

exhibited quick swimming behaviour and showed a positive response to light, sound 

and tactile stimuli. In addition, this study reported that larvae exposed to higher 

doses of paracetamol concentrations showed altered swimming behaviour and lack 

of response to external stimuli. 
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A somewhat similar set of responses was obtained in our study since the 

locomotor response of zebrafish embryos was also altered. Organisms exposed to 

paracetamol suffered an increment of their total swimming distance, but only at the 

concentration of 0.125 mg/L. Alteration of locomotor behaviour is very often 

connected to neurological impairment mediated by ChE inhibition, although in our 

study this doesn’t seem to be the case since there is an increment in ChE activity. 

Developmental malformations could also be responsible for locomotor impairment, 

which were reported in our study. On the other hand, behaviour alterations in fish 

may be the result of the integration of effects in several physiological systems such 

as the neurological, sensorial, hormonal, and metabolic (Scott & Sloman, 2004; 

Tierney, 2011); therefore multiple factors may be implied in the behaviour disruption 

detected for paracetamol. It is also likely that disruption of hormonal status may have 

behavioural consequences (Scott & Sloman, 2004). Endocrine disruption can be 

due to toxicants agonizing or antagonizing endogenous hormones, or disrupting the 

synthesis or metabolism of endogenous hormones and their receptors 

(Sonnenschein & Soto, 1998). Some chemical pollutants act as agonists or 

antagonists to naturally-produced hormones in fish (Scott and Sloman, 2004). Many 

metal and organic compounds have been shown to disrupt the hypothalamic-

pituitary-interrenal (HPI) axis that controls the cortisol response to stress, which may 

consequently alter normal fish behaviour (Scott and Sloman, 2004).  
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3. Enzymatic determinations 

 

Paracetamol 

Exposure to paracetamol caused a statistically significant increase in ChE 

activity. Our results are not in line with previously published data, namely those 

reported by Solé et al. (2010) who described a significant cholinesterasic inhibition 

in gills of the seawater mussel species Mytilus galloprovincialis after acetaminophen 

acute exposure. Increased cholinesterase activities are closely related to 

lipoproteins metabolism: lipoproteins may form a relatively unstable complex with 

ChE, resulting in the enzyme being carried in a hydrolytically inactive state (Kutty, 

1980). The complex ChE-lipoprotein is a physical union, rather than a chemical 

bond, as it can be easily dissociated by physical means (Lawrence and Melnick, 

1961). Therefore, sonicating the samples may disrupt the physical bond between 

the ChE-lipoprotein complex (Dubbs, 1966), leading to an increase in ChE activity.  

The results obtained for catalase activity for organisms exposed to paracetamol 

showed that there are no significant effects associated with this exposure, for all 

tested concentrations. Catalase is an enzyme that provides the conversion of H2O2 

into water and oxygen (Wang et al. 2009). The results from this study are not in 

agreement with previously reported data, in which an exposure to acetaminophen 

incited an increase in CAT activity (Brandão et al., 2011). The occurrence of an 

overproduction of hydrogen peroxide stimulates an increased CAT activity, 

corresponding to an antioxidant response by which exposed organisms are able to 

face the challenging oxidative conditions created by paracetamol metabolism. Other 

results, such as those reported by Parolini et al. (2010) when assessing the effects 

of acute exposure of zebra mussel (Dreissena polymorpha) to acetaminophen, 

reported a significant increase in CAT activity. Similarly, Kavitha et al. (2011) 

working with the fish Mozambique tilapia Oreochromis mossambicus, described a 

noteworthy increase of CAT activity after paracetamol acute exposure, in all tested 

tissues. This suggests that the catalytic degradation of hydrogen peroxide, a 

common feature of oxidative stress, was not supplemented by a rise in this 

enzyme’s activity, and the formation of hydrogen peroxide was not favoured by 

exposure to paracetamol (Brandão et al., 2011). 
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Our results also showed that total glutathione peroxidase (GPx) activity was 

significantly increased after paracetamol exposure. On the contrary, selenium-

dependent glutathione peroxidase levels were not significantly increased after 

paracetamol exposure. GPx enzymes belong to the glutathione (GSH) family, 

whose function is the removal of free radical species (such as hydrogen peroxide 

and superoxide radicals) and also the maintenance of membrane protein thiols 

(Kavitha et al., 2011). Glutathione peroxidase metabolizes H2O2 and also reduces 

fatty acid peroxides. This enzyme, which can act on a variety of organic peroxides, 

catalyses the oxidation of reduced glutathione to glutathione disulphide (Chance et 

al., 1979; Di Giulio & Hinton, 2008). The occurrence of oxidative stress in D. rerio 

can be reinforced by considering the results obtained for glutathione peroxidase 

(GPx) activity. The increase of GPx activity may be related to the increase of 

hydrogen peroxide levels and aims to maintain the balance between the increase of 

reactive oxygen species and the ability to detoxify ROS or repair the resulting 

damage (Limón-Pacheco and Gonsebatt, 2009). The increase of GPx activity, and 

of its H2O2 scavenging capacity, can explain the lack of effects in terms of CAT 

activity. 

The metabolism of GSH was affected by paracetamol exposure, and the results 

obtained for GSTs activity showed an evident increase in its levels, especially for 

the organisms exposed to the highest concentration. Glutathione-S-transferases are 

a group of phase II detoxifying isoenzymes that provide cellular protection against 

the toxic effects of a variety of environmental and endogenous substances (Di Giulio 

& Hinton, 2008).The metabolism of paracetamol can result in the production of 

NAPQI, which is responsible for the paracetamol adverse effects (Davern et al., 

2006). Moreover, NAPQI can be metabolized by conjugation with intracellular 

glutathione for detoxification (Xu et al., 2008), with the intervention of GSTs, 

producing a less reactive and more soluble compound, which is excreted. The 

excretion of NAPQI from tissues by the action of GSTs reduces ROS level and 

prevents the occurrence of oxidative stress and cellular damage. It is possible to 

ascertain that GSTs play a central role in paracetamol toxicity (Kavitha et al., 2011). 

Indeed, our results show the involvement of these isoenzymes in the biological 

response of Danio rerio to this compound. 
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After paracetamol exposure, a significant increase in lipid peroxidation levels 

occurred (evidenced by higher TBARS levels). Antioxidant defences act to prevent 

the formation of Reactive Oxygen Species (ROS) and contribute to preventing lipid 

peroxidation, and DNA damage (Livingstone, 2003). However, oxidative stress can 

still occur, with the establishment of cellular damage, including lipoperoxidation. This 

results in the production of compounds such as malondialdehyde (MDA). The most 

probable explanation for the results obtained in our study is that the increase of 

TBARS levels results from peroxidative damage. The increase of lipoperoxidation 

levels after paracetamol exposure was also reported by Shivashri et al. (2013) in 

tissues of the catfish Pangasius sutchi, validating the here-observed pattern of 

oxidative damage. Solé et al. (2010) also described a TBARS increase in gills and 

digestive gland of clam Mytilus galloprovincialis, after acute exposure to 

paracetamol. Ramos et al. (2014) also reported an increased level of TBARS after 

exposure to paracetamol of Oncorhynchus mykiss gills and liver. The increased 

levels of TBARS reported for Danio rerio larvae showed that the overall efficacy of 

the antioxidant mechanisms was compromised, and was not capable to cope with 

the oxidative damage. 

 

 

Ciprofloxacin 

Our study demonstrated that exposure to ciprofloxacin resulted in a statistically 

significant increase in ChE activity. The increased ChE activity has been associated 

to neurodegeneration, and it is connected with the presence of high concentrations 

of reactive oxygen and nitrogen species (ROS/RNS) (Nunes, 2011), although the 

results of our study did not present enough evidence of the pro-oxidative effects of 

ciprofloxacin. 

However, this drug caused a statistically significant decrease in catalase activity. 

An enhanced level of oxidative stress caused by fluoroquinolones was often 

accompanied by changes in catalase (CAT) activity, which was the case of our 

study. Bartoskova et al. (2014) reported a significant increase in CAT activity in fish 

exposed to another fluoroquinolone, namely norfloxacin. Likewise, Wang et al. 

(2009) reported changes in CAT activities in the gills and brain of fish after 
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enrofloxacin treatment. Other data suggest that age-related neurodegenerative 

processes could be caused by the decrease in catalase activity, leading to the 

accumulation of hydrogen peroxide in some areas of the brain of mice. However, it 

seems that besides hydrogen peroxide, other free radicals could play a role in the 

pathophysiology of neurodegeneration. (Nisticò et al., 1992). This decrease in the 

catalase activity and the increase in ChE activity may both be related to 

neurodegeneration, which is connected with the presence of high concentrations of 

reactive oxygen and nitrogen species (ROS/RNS). 

For organisms exposed to ciprofloxacin, no significant modifications were 

reported neither for total glutathione peroxidase activity nor for selenium-dependent 

glutathione peroxidase activity, although there was a slight increase in total GPx 

activity. Bartoskova et al. (2014), reported in adult zebrafish a significant increase 

in GPx activity with similar concentrations of ciprofloxacin. Although not statistically 

relevant, our results suggest that ciprofloxacin can cause enhancement of ROS 

production, which stimulates increased activity of antioxidant enzymes, in this case, 

GPx. Free radical formation during the metabolism of ciprofloxacin was investigated 

in a study by Gürbay et al. (2001). Results obtained in this study showed that 

ciprofloxacin induces free radical production in hepatic microsomes during its 

metabolism. Fluoroquinolone-induced oxidative damage was again demonstrated 

in studies that assessed effects of ciprofloxacin and other fluoroquinolones on the 

musculoskeletal system of different species of mammals (Zivna et al., 2016). 

No significant alterations were registered concerning GSTs activity of organisms 

exposed to ciprofloxacin. On the contrary, Plhalova et al. 2014 found an increased 

GSTs activity in adult zebrafish for lower concentrations of ciprofloxacin. Similarly, 

Bartoskova et al. (2014) found an increase in GSTs activity of zebrafish only at the 

lowest concentration of norfloxacin (0.1µg/L). This could indicate that low 

concentrations of fluoroquinolones may lead to the activation of the phase II 

conjugation pathway (namely GSTs), although that was not the case in our study. 

However, this is not a rule. Zivna et al. (2016) found a significantly decreased GSTs 

activity for common carp (Cyprinus carpio) exposed to ciprofloxacin. It can be 

suggested that distinct species can metabolize ciprofloxacin differently, with 

important differences in terms of the toxicological consequences (Boobis et al., 
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1985). Additionally, differences in phase II enzymes can also be accounted for the 

already referred multiple toxic responses among species, as evidenced by Bessems 

and Vermeulen (2001). The lack of effects could eventually suggest that this 

particular compound may not require the enhancement of the conjugation pathway 

with glutathione via GSTs to be successfully metabolized (Brandão et al., 2013). 

However, ciprofloxacin exposure was causative of a significant decrease in lipid 

peroxidation levels. The determination of TBARS is the most commonly used 

method to monitor lipid peroxidation (Hsiao et al., 2010). The concentration of 

TBARS was significantly lower in the three highest concentrations of ciprofloxacin 

compared with the control group. Previous reports of significantly lower TBARS 

levels for some other drugs and organisms have been published, such as kidney, 

spleen, and heart of rainbow trout (Oncorhynchus mykiss) after the administration 

of medicated feed containing oxytetracycline (Yonar et al., 2011). Zivna et al. (2015) 

found a lower TBARS content, in this case in common carp (Cyprinus carpio) 

exposed to ciprofloxacin. The lower TBARS content in these set of results could be 

explained by the ability of fluoroquinolones to produce reactive nitrogen species, 

especially nitric oxide (Hsiao et al. 2010). Nitric oxide reacts with superoxide radical 

to form peroxynitrite (Zivna et al., 2015), which can bind to an atom of molybdenum 

from xanthine oxidase. This binding inhibits the activity of xanthine oxidase, which 

generates superoxide. Inhibition of xanthine oxidase and decreased concentrations 

of superoxide lead to a reduction in lipid peroxidation (Lee et al., 2000). Increased 

activity of some antioxidant enzymes, which were also found in the present study, 

may also contribute to lower TBARS content. 
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4. Immunohistochemical detection of DNA methylation 

Epigenetics has been the aim of ecotoxicology research in recent years, resulting 

in studies on the implications of epigenetics for ecotoxicology and the impact of 

environmental stressors on the epigenome (Kamstra et al., 2015). More precisely 

DNA methylation, which offers an interesting mechanism that may explain for much 

of the epigenetic control of gene regulation that occurs during normal 

embryogenesis (Bestor and Verdine, 1994). DNA methylation affects the ability of 

transcriptional regulatory proteins to bind to DNA (Ben-Hattar et al., 1989). The 

increases in DNA methylation are associated with many cases of gene silencing, 

and reductions in DNA methylation are often associated with gene activation (Cedar, 

1988; Michalowsky and Jones, 1989). 

In this study, the results showed differences in the global methylation (5-mdC) of 

the embryos treated with paracetamol when compared to control organisms. 

Although it must be stressed that this set of data is merely indicative. But, while 

observing these results, we can say that the methylation increased in the area of 

the head and near the eyes of the embryos. Experiments performed by Flower and 

Vane (1972) confirm a previous report that the brain tissue in mice is more sensitive 

to paracetamol than spleen tissue. They also reported that to have effects on 

enzymes in the brain tissue, the paracetamol concentration needed was about 10 

times less than the concentrations needed in other tissues. All these reports confirm 

the fact that paracetamol has different effects depending on the type of tissue 

(Botting, 2000; Flower and Vane, 1972). Also, it was reported that paracetamol 

induced alteration in the epigenome, by DNA methylation. The results were based 

on the genes displaying significant and the largest differences in DNA methylation 

and several of the top-ranked genes had previously been linked to neural 

development and neurotransmission, which may correspond to the case of our study 

given the location of the methylation increase (Ystrom et al., 2017). 

For the embryos that were treated with ciprofloxacin there no apparent changes 

in global methylation. Ciprofloxacin mode of action is by inhibition of the bacterial 

DNA gyrase or the topoisomerase IV enzyme, thereby inhibiting DNA replication 

and transcription (Rusquet et al., 1984).  Eukaryotic cells do not contain DNA gyrase 

or topoisomerase IV, so it has been assumed that ciprofloxacin and other 
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fluoroquinolones have no effect on these, but they have been shown to inhibit 

eukaryotic DNA polymerase alpha and beta, and terminal deoxynucleotidyl 

transferase (Rusquet et al., 1984), and cause other genotoxic effects (Forsgren et 

al., 1987). There were also found extensive changes in gene expression in articular 

cartilage of rats receiving the fluoroquinolone ofloxacin, suggesting a potential 

epigenetic mechanism for the arthropathy caused by these agents (Goto et al., 

2008). It has also been reported that ciprofloxacin induces internal DNA damage by 

preventing its repair and increasing its susceptibility to damage (Lewis & Aitken, 

2005). 

Based on the results of our study, these two pharmaceuticals, paracetamol and 

ciprofloxacin, are known to catalyze and increase the production of reactive oxygen 

species, resulting in oxidative stress. This oxidative stress can modify the action of 

DNA methyltransferases and as such lead to hypomethylation and/or 

hypermethylation (Baccarelli and Bollati, 2009). So, oxidative stress can contribute 

to tumour development not only through genetic but also through epigenetic 

mechanisms. Formation of the hydroxyl radical can cause a wide range of DNA 

lesions including base modifications, deletions, strand breakage, and chromosomal 

rearrangements (Franco et al., 2008). 

Recently, there have been a number of studies investigating changes in gene 

expression levels of major antioxidant enzymes in an attempt to relate diminished 

enzymatic levels with the physiology underlying human carcinogenesis, such as 

decreased expression of the enzyme manganese superoxide dismutase (MnSOD). 

This situation was associated with the decreased proliferation of human pancreatic 

carcinoma and breast cancer cells, and its inhibition was emphasised by silencing 

induced by DNA methylation (Hitchler et al., 2006; Hurt et al., 2007). 

 

 

We can conclude that oxidative stress occurred as a consequence of the 

exposure to both pharmaceuticals, being more evident in the case of paracetamol. 

We also showed that the oxidative stress elicited by both pharmaceuticals may be 

a causal factor underlying the remaining observed alterations.  
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Paracetamol acts by inhibiting prostaglandins biosynthesis, which could be a 

potential factor contributing to the lack of pigmentation observed in paracetamol-

exposed embryos. In addition, behaviour alterations in larvae may be the result of 

the integration of effects in several physiological systems such as the neurological, 

sensorial, hormonal, and metabolic (Scott and Sloman, 2004; Tierney, 2011); 

therefore multiple factors may be implied in the behaviour disruption detected for 

paracetamol, although it is possible that it was a result of oxidative stress. From the 

present results, the exposure to paracetamol incited an increase in the methylation 

of embryos; on the other hand, it is known that oxidative stress can modify the action 

of DNA methyltransferases and as such lead to hypermethylation, which was what 

occurred in our study, allowing to hypothesize a relationship between epigenetic 

alterations and oxidative stress. 

In the case of fish exposed to ciprofloxacin, the effects were not so evident since 

there were no morphological effects observed, and no behaviour modifications were 

registered in exposed embryos. In addition, no evident epigenetic effects (such as 

hypomethylation and hypermethylation) were also recorded. 
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CHAPTER V | CONCLUSION 

 

This study provided information about the embryo toxicity of two pharmaceuticals, 

paracetamol and ciprofloxacin, which are of undisputable ecological relevance. 

Results from this work reinforced the idea that zebrafish early-life stages and adults 

can successfully serve as model organisms in ecotoxicology (Lammer et al., 2009; 

Nagel, 2002; Scholz and Mayer, 2008), in particular, to address the toxicity of highly 

specific compounds such as pharmaceutical drugs. Eggs are easy to obtain and 

maintain, and, due to their transparency, effects on embryonic development are 

monitored with notable precision. Enzymatic activity determined in larvae may be a 

useful tool for ecotoxicity assessment in laboratory assays. The development of new 

methodologies to identify more specific modes of action of pollutants are due to 

tackle the increasing requirement of a more accurate environmental risk evaluation 

tools. 

The comparison of the here-obtained results for the two different drugs allows 

observing that zebrafish larvae were more sensitive to the exposure to paracetamol, 

being the most sensitive methodology the biomarker determination. In addition, we 

can conclude that oxidative stress occurred as a consequence of the exposure to 

both pharmaceuticals, being more evident in the case of paracetamol. We also 

showed that the oxidative stress created by the two pharmaceuticals may be the 

cause of all the other observations. Such as embryo malformations, behavioural 

changes, and an increase of the global methylation, as in the case of paracetamol.  

 

This set of results, obtained for low dosages of ecological relevance, allows 

suggesting that the presence of these pharmaceuticals may be deleterious to non-

target aquatic species, and may affect the environment. 

 

In summary, the data presented in the present study contributed for a better 

understanding of the effects of the chosen pharmaceuticals, which are commonly 
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used drugs and frequently present in the aquatic ecosystems, on zebrafish larvae. 

The here developed tools seem highly responsive and may have numerous 

applications for ecotoxicological assessment of xenobiotics in the aquatic 

ecosystem.  
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