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resumo 
 

 

Os contaminantes ambientais e estressores climáticos como a temperatura 
são conhecidos por afetar a sensibilidade de organismos aquáticos e a causar 
o desequilíbrio homeostático. Compostos orgânicos e inorgânicos podem 
interagir, quando em misturas para os organismos aquáticos e como resultado 
modificar as respostas que norteariam o monitoramento para minimizar 
impactos. Esses compostos podem ainda interagir com químicos presentes no 
meio potencializando a susceptibilidade dos organismos a desequilíbrios 
ambientais. Os hidrocarbonetos Policíclicos Aromáticos (PHAs) derivados do 
petróleo e os metais são contaminantes ubíquos que se encontram na lista de 
prioritários, devido as propriedades mutagénicas, carcinogénicas estão 
incluídos no monitoramento ambiental e programas de saúde humana ao redor 
do planeta. Quando libertados na água, Metais e Hidrocarbonetos devido a sua 
elevada hidrofobicidade podem concentrar-se no sedimento ou nos 
organismos residentes. No entanto, os efeitos toxicológicos e as diferenças 
entre os mecanismos dos diferentes HPA´s e metais não são bem conhecidos, 
principalmente em espécies tropicais, pois as respostas à sensibilidade podem 
variar de acordo com a espécie entre outros fatores. Nesta tese pretendeu-se 
estabelecer a avaliação dos efeitos de alterações climáticas e de 
contaminantes ambientais em espécies tropicais e deste modo estabelecer 
uma ponte entre reações químicas e a monitorização de contaminantes 
orgânicos e inorgânicos em espécies tropicais, introduzindo relevância 
ecológica a pesquisa. Na região Amazônica, as fontes de poluição são devido 
a atividades antrópicas onde íons metálicos e petróleo atingem os corpos 
d’agua por causa de refinarias próximas ao rio, atividades de mineração, 
emissão de efluentes das estações de tratamento e há poucos estudos sobre 
essas consequências em ecossistemas amazônicos. Vale ressaltar, que esta 
abriga a maior diversidade de peixes do mundo e tem sido apontada como 
uma das regiões mais vulneráveis as alterações climáticas. O predomínio de 
HPAs individuais como o naftaleno e fenantreno em regiões tropicais, 
tornando-os importantes indicadores constituiu a base para a investigação em 
ensaios laboratoriais utilizando peixe zebra que demonstrou sensibilidade. Do 
mesmo modo para o metal Cobre. A posteriori foram avaliados os efeitos de 
alumínio aliado ao estressor climático temperatura em espécie tropical 
amazônica Colossoma macropomum. Os resultados indicaram os efeitos a 
nível letal e subletal, através de biomarcadores bioquímicos dos diferente 
contaminantes nestas espécies tropicais. O presente estudo mostra os valores 
orientadores do monitoramento ambiental em espécies tropicais, que estes 
valores podem ser eficazes em concentrações realistas e os biomarcadores 
bioquímicos podem refletir efeitos causados, aos HPA e metais em ambas as 
espécies. 
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abstract 

 
Environmental contaminants and climate stressors such as temperature are 
known to affect the sensitivity of aquatic organisms and cause homeostatic 
imbalance. Organic and inorganic compounds can interact when mixed with 
aquatic organisms and as a result modify the responses that would guide 
monitoring to minimize impacts. These compounds may also interact with 
chemicals present in the environment, enhancing the susceptibility of 
organisms to environmental imbalances. Petroleum-derived Polycyclic 
Aromatic Hydrocarbons (PHAs) and metals are ubiquitous contaminants that 
are on the priority list because their mutagenic, carcinogenic properties are 
included in environmental monitoring and human health programs around the 
planet. When released into water, Metals and Hydrocarbons due to their high 
hydrophobicity may be concentrated in the sediment or resident organisms. 
However, the toxicological effects and differences between the mechanisms of 
the different HPA's and Metals are not well known mainly in tropical species, as 
sensitivity responses may vary by species among other factors. This thesis 
aimed to establish the assessment of the effects of climate change and 
environmental contaminants on tropical species and thus to bridge the gap 
between chemical reactions and the monitoring of organic and inorganic 
contaminants on tropical species, introducing ecological relevance to the 
research. In the Amazon region, the sources of pollution are due to 
anthropogenic activities where metal ions and oil reach water bodies because 
of refineries near the river, mining activities, effluent emissions from treatment 
plants and there are few studies on these consequences. in Amazonian 
ecosystems. It is noteworthy that it is home to the largest diversity of fish in the 
world and has been identified as one of the most vulnerable regions to climate 
change. The predominance of individual PAHs such as naphthalene and 
phenanthrene in tropical regions, making them important indicators formed the 
basis for research in laboratory tests using zebrafish that demonstrated 
sensitivity. Similarly for copper metal. Afterwards, the effects of aluminium 
combined with climate stressor temperature in tropical Amazonian species 
Colossoma macropomum were evaluated. The results indicated the lethal and 
sublethal effects through biochemical biomarkers of the different contaminants 
in these tropical species. The present study shows the guiding values of 
environmental monitoring in tropical species, that these values may be effective 
at realistic concentrations and the biochemical biomarkers may reflect effects 
caused to HPA and metals in both species. 
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1. General Introduction  

1.1. Environmental contaminants and climate change  

We are facing one of the most worrying environmental scenarios: decrease of natural 

resources (such as water), increase of contaminants in the environment (due to the continuous 

growth of the world population), as well as climate change (pointed out as one of the most 

concerning problems that is frequently documented). The cumulative contribution of these factors 

driven by economic processes, since the last century, makes it even more challenging in an attempt 

to understand causality effects to the various forms of life in the planet, as its consequences tend to 

become worse(Chaturvedi et al., 2021; de Mattos Bicudo et al., 2016; OECD, 2019) 

Environmental contaminants are substances that present non-degradable characteristics of 

sufficiently high toxic level, through chemical, physical, or biological agents that can be considered 

a threat with harmful effects to the environment and humans (Manisalidis et al., 2020). They can be 

in the air, water and soil and their presence in the environment is a source of contamination that can 

irreversibly impact a chain of living beings without prior assessment. One of the main ones are the 

aquatic environments because the quality of this resource and the associated biodiversity are 

seriously compromised. Some works already warn about the impacts on nature, economic and 

health as a whole, especially in tropical areas where climate and hydrological changes have been 

constantly observed (Oves et al., 2017). 

Climate change represents modifications in climate that persist over comparable periods of 

time due to natural or anthropogenic causes (Society, 2021). These modifications alter the 

composition of the global atmosphere with various consequences, one of which is the increase in 

temperature, which over the last fifty years has been observed on all continents, showing that many 

natural systems are being affected, especially in tropical areas such as Africa, Southeast Asia, 

Oceania and South America (Physical and Basis, 2021). Water plays a fundamental role in these 

countries, especially in Brazil where access to water depends on the climate, especially in the 

Amazon region, which contributes to precipitation and supply in other areas of the country. Recent 

studies suggest that warming affects the hydrology of rivers in the Amazon and that this scenario is 

aggravated by rainfall deficiency (Chaturvedi et al., 2021)water is essential in the climate system, 

precipitation and distribution of this resource on all continents(de Mattos Bicudo et al., 2016). In 

addition, the quality and availability of this resource has become one of the concerns where 

contamination and interaction with climate change are likely to occur. According to the projections 

of climate models based also on scientific studies the Intergovernmental Panel on Climate Change 

AR4 (IPCC) shows that the increase in temperature is being caused by anthropogenic activities and 

that one of the most affected areas with climate change is the Amazon region, the forecast is for a 
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higher frequency of changes in climate extremes with serious consequences for natural ecosystems 

(de Mattos Bicudo et al., 2016; Fahey et al., 2017). 

The Amazon basin, known worldwide for its vast water area, is home to the largest 

ichthyological fauna in the world this biodiversity has significant value and although the biological 

effects are not clearly understood there is evidence that climate change can seriously compromise 

the species and the entire ecosystem mainly because in the Amazon there are periods of flooding 

and ebb that added to the contamination of anthropic origin can lead to impacts at environmental, 

economic and social levels since the riverside populations depend on fish from these rivers for the 

sustenance of their families (Müller, 2020; Oves et al., 2017). 

The problem, in addition to the natural causes, is the aggravation of these causes, which, 

accompanied by contamination through the industrialization process, accelerate the degradation of 

the environment without knowing in the short and long term its effects on biological systems, 

because the persistence and the probability of spreading over a wide area is what makes an 

industrial contaminant an environmental problem. In the Amazon there are sources of 

contamination due to anthropic activities, petrochemical industries in the river basin and the 

presence of high concentrations of metals reaching the water bodies. These industries may be 

responsible for the discharge of waste in rivers through industrial effluents, water treatment plants 

and sewage(de Mattos Bicudo et al., 2016; Oves et al., 2017).  

Currently among the priority substances that are oil components that contaminate the 

environment contributing negatively to local climate change, which will influence the national and 

consequently global level are Polycyclic Aromatic Hydrocarbons (PAHs) in addition to them metal 

ions that due to their high toxicity, non-degradable characteristics and persistence in the 

environment are considered hazardous (Pistocchi et al., 2019). Contamination coupled with 

climatic factors such as temperature can reach aquatic organisms and cause irreversible effects. 

Although some studies have been done to produce new knowledge, these contaminants are still 

being released into the environment (Jacquin et al., 2019) and the effects and/or impacts on tropical 

species and at an economic level are not yet clearly understood (Jacquin et al., 2019). 

1.2. Polycyclic Aromatic Hydrocarbons and metals: Origin and formation 

1.2.1. Polycyclic Aromatic Hydrocarbons 

Polycyclic Aromatic Hydrocarbons (PAH's) are contaminants of organic origin resulting 

from mixtures in the environment, consisting of carbon and hydrogen in the composition and two 

or more aromatic rings in the structure represent one of the main persistent pollutants in the 

environment (Mojiri et al., 2019).They are recognized as toxic substances with characteristics of 

potential genotoxic, mutagenic and carcinogenic effect representing a threat with current sources 
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and distribution in the environment, ecosystems and consequently risk to human health having 

attracted much attention due to their difficult degradation (da Silva Junior et al., 2021). 

Although many studies have been dedicated to the study of PAH´s from petroleum, it is 

believed the most in the environment are from pyrogenic, petrogenic and biological sources. 

(Gennadiev and Tsibart, 2014; Katarzyna et al., 2019). The pyrogenic PAH´s are the result of 

pyrolysis and pyrosynthesis. In the pyrolysis that is the incomplete process during combustion of 

organic matter due to numerous geochemical reactions. When at high temperatures and reduced 

amounts of oxygen the organic compounds with high molar mass have their molecules fractionated. 

However, the oxygen in reduced amount makes the combustion not complete as a result of these 

reactions high amounts of PAH's with two or three aromatic rings and some free radicals are 

generated. The pyrosynthesis occurs as a consequence of the high temperatures, of PAHs and free 

radicals already formed reacting with each other to form compounds with condensed cyclic 

structures originating larger molecules with four to six aromatic rings. By increasing the 

temperature different PHA's can be formed (Abdel-Shafy and Mansour, 2016). On the other hand, 

petrogenic PAH´s are formed during the maturation and use of crude oil and its derivatives. 

(Katarzyna et al., 2019). Biological PAH´s Biological PAH's can be synthesized by selected plants 

and bacteria or can be products of degradation processes (Abdel-Shafy and Mansour, 2016). 

The occurrence of these compounds can result from natural or anthropogenic sources. 

Natural sources can be associated with spontaneous forest fires and volcanic activity, but they are 

minimal when compared to anthropogenic sources. Anthropogenic activities are one of the main 

causes of contamination by PAH’s, resulting mainly from refineries for oil production and 

processing, since they depend on the combustion of oil derivatives. Furthermore, other sources of 

contamination include oil spills, domestic and solid waste, industrial effluent discharges, in 

addition to steel and aluminium production whose emissions are among the largest sources in the 

contribution of PAH's (Abdel-Shafy and Mansour, 2016; Gennadiev and Tsibart, 2014; Katarzyna 

et al., 2019). Due to their physicochemical properties PAH's tend to interact in different proportions 

with air, water and soil (Abdel-Shafy and Mansour, 2016). For this reason, PHA's (Figure 1) are in 

the list of substances considered priority by several environmental agencies in the world provided 

by the European Water Framework Directive (WFD, updated through Directive 2000/60/EC), in 

South America the SAMTAC (South America Technical Advise) and the GWP (Global Water 

Partnership) that initiated the assessments of Water Resources in Brazil, National Environment 

Council-CONAMA (updated through Resolution no. 472, of 27 November 2015), Environmental 

Protection Agency the United States (USEPA) and the World Health Organization (WHO). 

However, the level of toxicity associated with PAH’s will depend on the source and the production 

processes of these compounds. Their physicochemical properties are reflected in different 
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environmental pathways and their toxicological effects (Montuori et al., 2016). Concerning their 

carcinogenicity, the International Agency for Research on Cancer (IARC) classifies them as 

potentially carcinogenic but not carcinogenic to humans (da Silva Junior et al., 2021).  

 

Figure 1 - The chemical structures of 16 priority PAHs (EPA) (from Anyakora et al., 2011) 

 

1.2.2. Metals 

Metals are among the wide range of environmental contaminants associated with 

anthropogenic activities. Therefore, the evaluation of individual effects of metals that are often 

found in mixtures with organic compounds in aquatic systems is necessary. Studies that present an 

estimate of the effects close to the real levels of impact on biological processes are effective tools 

in the face of the current and worrying world scenario: climate change.(Briffa et al., 2020).  

The demand for metals is mainly due to their economic value, they are still used and the 

extraction of many ores is one of the causes of the greatest impact on water bodies (Quintaneiro et 

al., 2015). The use of metals has become indispensable to man, because they help in daily activities 

and support our way of living. From their existence to their usefulness, with the creation of general-

purpose tools, the search for these materials has been increasingly intense over the centuries. 

Despite their advantages, they currently represent a problem throughout the world due to the 

contamination of water bodies as metal ions from natural sources or as result off anthropogenic 

actions interact with aquatic organisms, i.e. the release of metal in large quantities in the 

environment and the their interaction with organic contaminants present in the environment, even 

at low concentrations, will trigger a toxic response (Briffa et al., 2020; Gautam et al., 2016). 

Numerous studies involving the assessment of metal  toxicity illustrate their environmental 

impacts, while environmental monitoring show that the amount of metals has increased in 

groundwater and surface water (aquatic environment) as result of industrial effluents (Nirola et al., 
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2016; Sankhla and Kumar, 2019). Thus, it is important to continue to develop assessment methods 

and measures to reduce contamination, especially in tropical countries. In recent decades this 

contamination has been documented in tropical ecosystems and regions, such as Amazonia, are 

reflected in dramatic changes in the dynamics of biological communities. 

1.2.3. Aquatic environment: PAH’s and metals 

Organic environmental pollutants Polycyclic Aromatic Hydrocarbons - PHA'S and 

inorganic pollutants: metals are present in the aquatic environment. This anthropogenic cycle dates 

back to the beginning of industrialization in the 19th century, with industry, mainly in the 

processing and production of metals and refineries being significant sources in the emission of 

these contaminants. The amount emitted in this cycle has increased considerably (Govind, 2014) 

and therefore most studies have highlighted the transformation, distribution of sources mainly the 

risk assessment in water, sediment and biota (Yan et al., 2016) the substances enter the aquatic 

environment mainly as a result of anthropogenic causes among which stand out the accidents with 

the release of oil and its derivatives, sewage, atmospheric deposition, through fossil fuels and 

industrial effluents(Abdel-Shafy and Mansour, 2016; Duran and Cravo-Laureau, 2016; Mojiri et 

al., 2019), in the case of hydrocarbons present in oil the physical and chemical properties of the 

compounds will guide the degree of toxicity, distribution and effects allied to the amount of 

molecular mass because these compounds present in their structure the ring (benzene). The more 

rings, the higher the molecular mass, namely phenanthrene (3 rings) and the less benzene rings, the 

lower the molecular mass, such as naphthalene (2 rings) (Figure 1). 

 

 
 

Figure 2 - Main processes determining the fate of PAHs in the aquatic environment (from Duran and Cravo-

Laureau, 2016).  
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1.3. Toxicity: PAH´s and Metals 

1.3.1. PAH´s toxicity 

The toxicity of PAHs is related with the persistence of these compounds in the environment 

because PAHs that disperse in water, can concentrate in the sediment and due to their liposolubility 

can be absorbed and be toxic to aquatic biota, subsequently to humans because they react with 

DNA and due to their genotoxic, mutagenic and carcinogenic properties can cause serious effects. 

For the later to happen it is important to consider the following steps: the permanence of the 

compound in the environment, metabolic activation, formation of adducts between PAH's and 

DNA, and mutations of specific genes (Figure 3) (Abdel-Shafy and Mansour, 2016; Honda and 

Suzuki, 2020). Toxicity occurs in several ways, one of the most worrying is carcinogenicity, as the 

permanence of PAH´s in the environment is due to the possibility of these compounds reacting 

directly or after metabolic transformations (activations) with DNA, becoming mutagenic and 

carcinogenic to humans and animals.(Abdel-Shafy and Mansour, 2016).  

 

 
 

Figure 3 - Degradation pathway of the PAHs in enzymatic and photochemical transformation (from Hwang 

et al., 2007) 
 

The degradation and subsequent elimination of these metabolites is also influenced when in 

higher concentrations, high temperatures, oxygen and solar radiation (Haritash and Kaushik, 2009; 

Hwang et al., 2007; Rubio-clemente et al., 2014). The degradation of these compounds in aquatic 

environment has been documented but is not clearly understood.  

In aquatic organisms such as fish, numerous routes may lead to uptake, particularly through 

the skin, food, which are transported through various parts of the body. Metabolization or 

biotransformation leads to compounds that are easier to excrete compared to the original. The liver 

is one of the organs through which this process occurs since it helps in the metabolization of 
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xenobiotics present in the bloodstream, besides the production of others compounds, namely 

proteins (Honda and Suzuki, 2020). According to the mixed function oxidase system, several PAH 

derivatives can be obtained, namely phenols, quinones and epoxides, resulting in the production of 

carcinogenic substances (Abdel-Shafy and Mansour, 2016). During the biotransformation of 

xenobiotics into polar metabolites for excretion, enzymes are used for detoxification. The function 

of detoxifying enzymes is to alter the chemical structures of xenobiotics within an organism. 

Usually by insertion of a polar group, followed by conjugation with a substrate and then excretion 

in oder to avoid cell damage. These detoxifying enzymes are induced or inhibited by environmental 

stressors and show several measures that can be used as diagnostic markers (Raymond et al., 

2014).For many xenobiotics, namely PAHs, the biotransformation process occurs in two phases.  

Phase I has the fuction of hydrolysis, reduction and oxidation and phase II the conjugation with 

large hydrophilic groups, to increase water solubility and facilitate excretion (Figure 4). 

In phase I various enzymes are catalysed by reduction reactions namely carbonyl 

reductases and glutathione reductase, as well as through reductants in non-enzymatic processes. 

Hydrolysis is catalysed by epoxide hydrolases as well as peptidases and by A-stereases. But the 

main reaction is oxidation, catalysed mainly by the cytochrome P-450 monooxygenase (Raymond 

et al., 2014), that is, in this reaction an oxygen atom is inserted into an organic substrate, while 

another oxygen atom is reduced to water. O Cytochrome P-450 is one of the enzymes from phase I 

that is part of the P450 superfamily (CYP) responsible for most phase I reactions, they are 

hemoproteins. The name P-450 stands for (P for pigment) describe the hemoprotein whose iron-

carbon monoxide complex shows maximum absortion close to 450nm, where light absorption is 

maximal when bound to carbonyl (CO). The isoenzymes are associated with NADPH cytochrome 

P-450 reductase which transfers electrons to the set of isoenzymes. These substances and the 

phospholipid membrane form the unit responsible for most of the Phase I oxidations by reaction 

(Jokanovic, 2020; Raymond et al., 2014) 

In phase II, reactions are carried out by several families of enzymes that differ in the 

substrate molecule conjugated to several xenobiotics. These enzymes are also involved in essential 

biological processes, such as growth, development (Raymond et al., 2014). 

 Biochemical changes associated with P-450 induction have been used by several 

researchers as biomarkers in the presence of organic contaminants such as PAHs. In a, subsequent 

reaction, conjugation reactions that are catalysed by Phase II enzymes are activated in an attempt to 

neutralise the xenobiotic. These conjugation reactions are catalysed by Glutathione S-Transferase 

(GST), uridine diphosphoglycuronosyl transferases (UGT) and sulphotransferases (ST) (Rougée et 

al., 2014). 
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Figure 4 - Biotransformation of xenobiotics into polar metabolites for excretion following Phase I (solid 

line), Phase II (solid line), or Phase I and II enzyme reactions (dotted line) (from Rougée et al., 2014) 
 

Furthermore, in many metabolic reactions metabolites, such as quinones, epoxides and 

reactive oxygen species (ROS) are formed as by-products of PAH activation (Figure 4). These 

reactive species can also result from the metabolism of certain xenobiotics that, depending on the 

origin of the compound and the activation system, can be genotoxic and reactive with DNA where 

adducts can be formed, cause lipid peroxidation, changes in proteins and nucleic acids, producing 

cell damage and other changes and thus being mutagenic (Mojiri et al., 2019) Metabolic activation 

of PAH through transcription, with the expression of CYP genes, mechanisms that depends on the 

PAH aryl receptor (AhR) pathway is a known factor found in fish and humans (Moorthy et al., 

2015). Thus, aryl pathway-related biomarkers, such as CYP1A protein content in microsomes, are 

usual biomarkers of PAH exposure. The best known CYPs in PAH decontamination processes 

belong to the CYP1 family, especially subfamilies A,B,C and CYP2E (Moorthy et al., 2015). The 

affinity of PAH for (AhR) depends on physicochemical properties.  

Currently, the mutagenic and carcinogenic effects of PAH’s are believed to occur through 

active epoxides by interactions with monooxygenases with the enzymatic oxidation followed by 

hydrolysis with the formation of diolepoxides has been the most accepted mechanism. The binding 

between diolepoxides, resulting from the metabolic activation of these substances and DNA is 

favoured when vicinal diolepoxides are formed, mainly in non-linear molecules, containing bay 

regions, which is an important region in the molecule to produce CYP1A induction, as it has 

affinity for the aryl binding site (AhR), represents an important pathway through which PAH's are 

activated to carcinogenic fates. There is growing evidence on the risk of carcinogenic effects in fish 

especially in areas contaminated by industrial effluents with sediments highly contaminated by 

PAH's (Moorthy et al., 2015). 
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1.3.2. Metals 

Metals are a toxic xenobiotic that can affect biota, since increased levels of metals in the 

aquatic environment have been reported mainly near urban and industrial areas, as well as by 

mineral extraction, through effluent discharges and atmospheric emissions. They differ from 

organic compounds as they are not biodegradable consequently can result in the accumulation of 

these compounds in living beings, which at high levels can impact the biota (Briffa et al., 2020).  

Metallic ions may complex in particles, contaminate water bodies, and may be incorporated 

directly or indirectly by aquatic organisms and, subsequently, by man because they need water 

resources. Besides their toxicity, which depends on the concentration and exposure time, metallic 

ions are contaminants that may be persistent and capable of bioaccumulating in aquatic organisms 

(Briffa et al., 2020). Bioaccumulation is one of the most worrying consequences regarding impacts 

on biota, because through it the process will be throughout the trophic chain namely by feeding.  

The toxic effect of metals has been demonstrated in several studies (Govind, 2014; Pandey, 

2013; Solomon, 2008). Although many metals participate in the control of metabolic pathways and 

signalling, in the face of an environmental perturbation caused by xenobiotics they can alter 

mechanisms such as homeostasis, transport and binding to tissues and cells. Faced with an 

imbalance of these mechanisms, metals may bind to protein sites not adapted for them or displace 

other metals from natural binding sites. An increasing amount of information not only illustrate 

their toxicity but also their carcinogenicity since they can interact with nuclear DNA and proteins, 

causing oxidative deterioration of macromolecules. Some detailed studies report that some metals 

have the ability to produce radicals, which result in DNA damage, lipid peroxidation and protein 

depletion (Evans, 1987; Jaishankar et al., 2014; Sevcikova et al., 2011). 

The assessment of water quality as well as the use of biomarkers for monitoring purposes 

has been a subject of interest due to the concentration of metals found in water bodies (Figure 5). 

More attention and concern have been given to irreversible effects (Briffa et al., 2020). Studies 

show that the bioaccumulation of metals, can be regulated by the fish, in a range of concentrations, 

but the toxic effects are not evidenced when the homeostatic balance is affected and there are 

increased concentrations in the tissues (Mehana et al., 2020). The toxicity of metals is related to 

water parameters such as temperature, which has a decisive influence on the degree of tissue 

damage or death, as well as biological factors such as species, behaviour, physiology, morphology, 

age, target tissue and the regulatory capacity of the individual (Dalzochio et al., 2016; Mehana et 

al., 2020).  

In fish, the entry pathways for metals are ingestion and absorption, particularly through the gills, as 

the dermis contributes less, can induce structural changes in the gill and affect the respiratory 

capacity and the ionic and osmotic regulation of fish (Buss, 2015). In freshwater fish species in 
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general, low concentrations of metals can influence ionic regulation, while high concentrations can 

alter respiratory, morphological capacity(Buss, 2015). 

 

Figura 5. Trophic transfer of metals from freshwater to humans in the aquatic food chain (from Ali et al., 

2019) 

1.3.3. Adverse effects of PAH’s and metals  

Anthropogenic activities are pointed out in studies for influencing the environment (Luca 

and Wagener, 2016) where many contaminants have shown adverse effects. For example, the 

detection of metals in sediments in the water network with consequent evaluation of vertebrates 

exposed to this contaminant, as well as the evaluation of contamination by PAHs using fish as 

indicators of contamination (Luca and Wagener, 2016; Monteiro, 2012). However, the 

ecotoxicological properties and effects of organic contaminants and Metals vary. For toxic effects 

can include lethality and sublethal effects with changes in development, growth, reproduction, 

pharmacokinetic responses, pathological, biochemical, physiological and behavioural. Some 

studies reveal that the toxic effects of PAH´s where the induction of cytochrome P4501A in salmon 

Oncorhynchus gorbuscha embryos showed reduced survival potential (Carts et al., 2005), 

morphological alterations of internal organs (Incardona et al., 2011), PAH toxicity on fish heart 

development (Incardona et al., 2011), sensitivity to toxic and metabolic effects in japanese medaka 

embryos (Rhodes et al., 2005) as well as metal toxicity of aquatic organisms (Xin et al., 2015). 

Among the PAHs are Naphthalene and phenanthrene (Mojiri et al., 2019) and among the metals 

Copper and Aluminium pointed as toxic substances to aquatic organisms (Briffa et al., 2020) . 

However, there are few studies on the effects on tropical species and freshwater compared to North 

America or Europe, especially in countries like Brazil, which covers areas of international 

importance such as the Amazon, whose dynamics of good biological/environmental functioning is 

fundamental for its various aspects, including the influence on climate change globally   
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In the face of an environmental accident, the lack of information makes it difficult to solve 

the problem, so it is important to assess the sensitivity of tropical species to better manage the 

effects of contaminants close to real conditions, predict changes in the composition and function of 

ecosystems, as well as in organism health, through a known set of environmental parameters and 

contaminant rates 

(Hook et al., 2014) and thus resident species can help in monitoring the environment close to real 

situations in case of contamination.  

1.3.4. Phenanthrene and Naphthalene 

Phenanthrene and naphthalene are hydrocarbons of cyclic (closed chain) benzene rings, a 

compound originating from the family of hydrocarbons, they are obtained by substitution of one or 

more hydrogen atoms for another atom or groups of atoms in the benzene ring. Phenanthrene and 

naphthalene molecules are the fusion of two or three benzene rings which, through two adjacent 

positions, form polycyclic aromatic hydrocarbons of great relevance in the environment (Honda 

and Suzuki, 2020). They are among the main constituents of petroleum formed according to 

temperature, by natural and anthropogenic sources. They can be classified as petrogenic due to 

their origin, where their main characteristic is their low molecular weight, formed through the slow 

process of maturation of organic matter under low temperatures and geochemical conditions. 

Phenanthrene and naphthalene (Figure 2) are of petrogenic origin (Biache et al., 2014). 

Phenanthrene (Table 1) name derived from phenyl and anthracene, with molecular formula 

C14H10, molar mass of 178.22 g/mol is composed of three fused aromatic rings, due to its 

hydrophobic and lipophilic characteristic (Alberto and Veintemilla, 2006) is one of the compounds 

commonly detected in high concentrations in water from places related to the oil industry, being a 

compound that persists in the environment and reserves special attention due to its toxicity (Varjani 

et al., 2017). It is in the group of PAHs that cause more damage to aquatic organisms and therefore 

is on the list of substances considered priority (United States Environmental Protection Agency - 

U.S. EPA (Biache et al., 2014; Campos, 2016; Rubio Armendáriz et al., 2006). 

Phenanthrene still has no proven carcinogenic effect, due to its hydrophobicity it tends to 

bind to particles and if ingested by aquatic organisms can be absorbed in the intestine (Costa et al., 

2008a) but some studies have reported that the compound present in water can cause effects on 

resident species namely bivalves, causing cell death at low concentrations, oxidative stress and 

reduced immunity (Dailianis et al., 2014; Giannapas et al., 2012; Lüchmann et al., 2015) even fish 

can metabolize and have effects that may be irreversible, toxicity has been reported in some studies 

exposed to contaminants at early stages namely cardiac toxicity with zebrafish eggs exposed to 

Benzo(a)pyrene, exposure to petroleum mixtures in Pacific Salmon O. gorbuscha, more 

specifically to phenanthrene to juvenile Poecilia vivipara (Barron et al., 2003; Carts et al., 2005; 
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Incardona et al., 2011), being necessary more updated information for areas and tropical fish 

species since this compound can contaminate the trophic chain and in the diet bioaccumulate in the 

organism with consequences to man.  

The naphthalene (Table 1) also known commercially as naphthalene of formula C10H8, 

molecular weight 128.17 g/mol of low solubility in water is composed of two fused benzene rings 

whose little amount of rings determines its rapid volatilization easily at room temperature, emits an 

odor of tar, depending on the temperature decomposes thermally and the gases that are produced in 

the evaporation are toxic (Miranda, 2008). It is one of the abundant PAHs and despite having few 

aromatic rings where toxicity is established, it has been referenced as a relevant toxic compound to 

biota and is also placed on the priority list of persistent contaminants (Obiakor and Okonkwo, 

2012).  

As for its usefulness naphthalene is used as an intermediate for naphthol, synthetic resins 

and, it is also used in the preparation of salicylic acid. It is also used as an insect repellent and air 

freshener, as well as antiseptics for veterinary use among other products (Herbst et al., 2014). 

Studies have shown the toxicity manifestations of naphthalene in laboratory animals. 

Besides proving that it goes through the enzymatic metabolism of cytochrome P450, triggering 

oxidative stress. Oxidative stress can produce effects in tissues and specific damage in cells 

consequently the occurrence of DNA damage (Moorthy et al., 2015). However, the carcinogenic 

effect of this compound is not yet proven. 

The effects assessment is relevant because although phenanthrene and naphthalene have 

few benzene rings in their structure compared to other hydrocarbons such as benzo(a)pyrene, they 

can be potentially toxic to fish. This information will be useful and serve as a basis for the 

advancement of ecotoxicological parameter studies in tropical species. 

 

Table 1 - Physical and Chemical properties of PAH´s (adapted from NCBI-Pubchem) 

 

Compound  Chemical 

Structure 

Molecular 

Formula 

IARC 

Classfication 

Molecular 

Weight 

(g.mol-1) 

Water 

Solubility 

(mg.L-1 ) 

 

Phenanthrene 

 

 

 

Naphthalene  

 

 

 

C14H10 

  

C10H8 

   

 

3 

2B 

      

    178 

 

    1.1 

     128                 31.7        
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1.3.5. Metals: Copper and Aluminium 

Metals are classified as chemical elements that have as their main characteristic the 

possibility of losing electrons and originating cations. They can be found in the soil, in water and 

obtained from ores. They are important and essential due to their properties as they are excellent 

conductors of electricity, malleable and ductile. As for their utility, they are useful in various 

sectors of life, especially in industrial use in mining, the manufacture of electronic products and 

paints, fertilizers, water pipes and lamps. Due to the applications and facilitation to man, we can 

often find them in our lives, for example: copper and aluminium are metals always present in 

various places of human activity, however, such use has been cause for concern because despite the 

contribution, may on the other hand affect organisms from bacteria to man and even at low 

concentrations can impact the biota being considered a problem of environmental relevance. 

Furthermore, the manifestation of these impacts has been documented where those responsible are 

the same as those who obtain the metals, that is, anthropogenic causes with inadequate disposal of 

metal and insertion of these inorganic compounds that transferred to soil and water contribute to 

contamination (Ali et al., 2019). Metallic ions have been found in association with other 

compounds of organic origin namely petroleum products this increases the concern about effects to 

species where contamination occurs namely in fish (Evans, 1987; Samiey et al., 2014). The 

warning and recall of toxic effects has been documented for a long time but as time goes by the 

risks and the potentiation of toxicity including other factors for example temperature, increase the 

toxic effects of metals which vary according to concentration and can reach and affect organs 

during distribution and cell membranes (Briffa et al., 2020). However, these effects can be caused 

by other compounds or interaction between them making it difficult to distinguish the specific 

toxicity causer (Briffa et al., 2020). Copper and aluminium are among the metals of economic, 

social and environmental importance.  

Copper, which is reddish in colour and found in solid form at room temperature, is a 

chemical element classified as a metal with the symbol Cu and a molar mass of 63.5 g/mol. It is 

one of the most important metals in the metallurgical, military, chemical, food, civil construction, 

railway, and shipbuilding industries due to its properties for conducting heat and energy, in 

addition to its applicability in general with utensils. Furthermore, it exerts an important biological 

role (Leygraf et al., 2019; Shah, 2017) being essential for organisms to perform several 

physiological functions involved in the process of growth and development, and cofactor of 

numerous enzymatic systems (Pietrini et al., 2019). Despite its industrial and biological 

importance, copper has been extensively studied due to the problems caused in the environment. 

The main sources are human activity through waste, generated and released into the environment 

through domestic sewage (Baptista Neto et al., 2013) and industrial processes including extraction, 
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smelting and disposal of industrial products or from mining (Cheng et al., 2015) is one of the 

elements of anti-fouling paints used in vessels promoting the consequent contamination of water 

and potential toxicity in species present namely plants (Mohamed et al., 2016) and fish (Boock, 

2005; Mohamed et al., 2016; Rantin et al., 2013; Thangam et al., 2014) that through absorption 

may become contaminated. It is a metal customarily found in freshwater due to soil erosion and 

sewage plants (Pietrini et al., 2019) hat associated with the environment, can be incorporated by 

organisms and contaminate the entire trophic chain through food route. Studies have reported on 

the toxicity of copper as it can interfere with the metabolic pathway at the cellular level and trigger 

different responses (Fitzgerald et al., 2017; Taylor et al., 2016; Thangam et al., 2014) copper 

toxicity varies according to other factors such as water chemistry, temperature, the concentration 

and species, depends on age, developmental stage and physiological factors (dos Santos Carvalho 

and Fernandes, 2019) and thus can induce damage and cause irreversible effects up to mortality of 

organisms. Contamination can occur in the soluble cationic Cu2+ form of the metal copper in water, 

and although there are studies on the effect of copper on freshwater fish (Bidone et al., 2001; 

Evans, 1987; Thangam et al., 2014), with different responses due to species, information on 

biological effects is still limited in early stages in tropical fish species.  

Aluminium, symbol Al in the periodic Table, molar mass 26.9 is a metal of great 

importance worldwide and the third most abundant chemical element in the earth's crust that can be 

exploited. Aluminium is extracted from bauxite ore by the electrolytic method (Kvande, 2015). The 

oxide layer it forms when in contact with air gives aluminium a matt grey colour. The usefulness of 

a metal varies according to its properties. In the case of aluminium, it is corrosion resistant, has a 

low melting point, is ductile and light, and is used for construction and electrical equipment. These 

characteristics make this metal one of the most important on an industrial scale with high 

production and numerous applications (Kvande, 2015). Aluminium is used in aircraft structures, 

automobiles, beverage packaging, kitchen utensils, among countless other applications. On the 

other hand, through natural actions, waste from industrial processes of aluminium production, the 

very action by man's intervention by gas emissions, liquid effluents and inadequate disposal of 

products containing aluminium helps this metal to be reinserted into the environment in a way that 

results in ecological impacts (Alabi and Adeoluwa, 2020), in this sense aluminium can be found in 

soil, air and water, is also used in water purification by treatment plants and despite not being 

considered a toxic element is essential to the organism, in relevant quantities or associated with 

factors such as low pH, temperature (Alabi and Adeoluwa, 2020) where the toxicity is expressed 

can cause effects and impact the biota with consequences for human life. Each day the exposure to 

this metal is being gradually documented with increasing concentrations, because of this it is 

considered a micro-contaminant(Alabi and Adeoluwa, 2020). Aluminium toxicity increases with 
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the decrease in pH (Kida et al., 2016) and the amount of organic matter  as well as the association 

of toxic aluminium ions from the decrease in soil pH and acid rain in addition to the acidification of 

the atmosphere, has caused effects on biota. When at low pH 5.5 the ionic forms Al3+, also called 

monomeric aluminium, appears, it remains the most toxic form (Jaishankar et al., 2014). It is 

possible to verify this fact by the toxicity in plants, being considered a growth inhibitor when the 

ion is available in the soil, the same can happen in aquatic environment including for fish with 

damage to the gills and subsequent death among fish(Jaishankar et al., 2014). 

1.4. Ecotoxicological assessment of environmental contaminants 

Ecotoxicological assessments are scientific studies of paramount importance to verify the 

relationships between living beings and the environment. In 1977, Truhaut proposed the term 

Ecotoxicology and concept that as a science and as part of toxicology is employed to relate toxic 

effects of chemical substances almost always of anthropogenic origin and physical agents on living 

organisms, mainly in populations of defined ecosystem, not excluding the transfer of these agents 

and their interaction with the environment in water, soil or air (Truhaut, 1977). It is worth noting 

that the appearance of a chemical substance or occurrence of a toxic effect may be at a point distant 

from the site of initial introduction of the toxicant into the environment. Aquatic Ecotoxicology as 

a branch of this science that studies the toxic or adverse effects of chemical compounds and other 

anthropogenic materials on aquatic organisms has received notorious attention both for its 

development as a science and for the speed at which the aquatic environment has been exposed and 

degrade (Trush, 2008). Although rivers hold the smallest amount of water on the planet, being 

considered fresh and drinkable, they have an important function because in the aqueous 

environment substances can be found in solution or suspension and the movement of these 

contaminants in water through the interface between the different environmental compartments of 

contaminants is defined by physical processes associated with chemical properties, i.e., regardless 

of the form in which the substance is can be transported by water and travel long distances. In 

addition, human intervention with the development and construction of dams, water diverted to 

meet the demand for supply in cities all contribute to changes of physical nature in rivers (Sharma 

and Bhattacharya, 2017). There is no doubt that the impacts on aquatic environments, in short, are 

caused by the dumping or accidents of toxic agents in water as well as by the numerous quantities 

of sources. It is important to remember that the chemical availability of the substance is influenced 

by determining factors such as: nature of the substance, bond strength, temperature, pH and the 

amount of oxygen. Oxygen helps in the speed of chemical and biochemical transformations and the 

nature of the substance(Sharma and Bhattacharya, 2017).   
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In order to obtain information about environmental contaminants, monitoring should be 

done to assist in the maintenance and preservation of water resources. Through monitoring it is 

possible to predict what occurs in the environment and its consequences at the biological level. In 

order for this to happen, it is necessary to evaluate the compounds in aquatic environments, not 

only in degraded areas but also in places where the source of contamination has already been 

controlled and even if the water quality is good, the toxicants may be in the sediment and become 

available (Mehana et al., 2020) 

The presence of contaminants in water can be detected in two ways: by chemical analysis 

and/or by the effects caused on organisms. These analyses allow the detection of metals, organic 

compounds and dissolved salts among others (Herschy, 2012). To assist can also be used variables 

such as temperature, colour, pH, among others during the evaluation. These effects can be observed 

and obtained through the organisms by means of ecotoxicological studies, they include the toxicity 

tests which are indispensable tools in evaluating the effects caused by toxic substances in the 

environment with it is possible to compare indicator species, as well as vulnerable species allowing 

minimally control of contamination for organisms and public health as a whole, assist professionals 

in the area as well as those responsible for the laws in the maintenance of the ecosystem (Herschy, 

2012). 

1.4.1. Toxicity tests, toxicants and organisms 

 

Aquatic toxicity tests have assisted in evaluations, is defined as the study of the effect of 

toxicants in aquatic organisms and were created to better evaluate the potential toxicological effects 

and chemicals in aquatic organisms whose main function of the test is to identify contaminants and 

harmful effects to these organisms through the concentration of the chemical and the duration of 

exposure. The data obtained in these tests can be used for risk assessments associated with 

situations where the toxicant, the organism and the exposure conditions are made under 

standardized methods so that they are reproducible and allow comparison with other chemicals 

tested in this way it is possible to obtain indications about the disturbances and changes possible to 

occur in the ecosystem (Figure 6). 
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Figura 6. Pathways of physical and chemical disturbances and the pathways of possible effects on organisms 

to the ecosystem (from Weinstein and Birk, 1989). 

 

This flow chart documents that ecosystems can be altered by disturbances in the individual 

due to loss of biomass, not less important but serious, by physiological changes their respective 

effects with metabolic damage or loss of some important function for this organism. Even if the 

physiological alteration starts in the individual, it will only cause damage in the ecosystem through 

its interaction with the physicochemical environment (Fiscus and Neher, 2002; Svensson et al., 

2010). 

The adverse response in a biological system caused by toxic agents, expressed by the relative 

toxicity of the chemical capable of producing a harmful effect on organisms, is a function of the 

concentration of the chemical and the exposure time. The concentration and time to produce an 

effect varies with the chemical, the species tested and the severity of the effect. This contact 

reaction between the body and the chemical is called exposure. In the toxicity assessment of the 

most significant factors reported on the type of exposure, duration, frequency of exposure and 

concentration of the chemical (Buss, 2015; Jaishankar et al., 2014).The organisms can be exposed 
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to chemicals present in water, sediment and food and these effects can be assessment in laboratory 

and natural environments. 

Effects can be observed through acute (short time) test e.g. hours or days and chronic (long time) in 

general in aquatic organisms. The chemical is quickly absorbed by the body and the effects are 

severe. 

The most common of the effects observed in aquatic organisms is lethality or mortality and for 

invertebrates’ immobility. Acute exposures can also produce similar delayed effects as chronic 

exposures (Beasley et al., 2015; Kennedy et al., 2009). 

The assessment of the toxicity of a chemical to aquatic organisms is through an acute toxicity test 

that encompasses the LC50 and EC50. The LC50 is for estimating the mean lethal concentration 

that will produce 50% mortality in organisms in a given test population within 24 to 96h. When 

behavioural and physiological effects are measured the name given is EC50. The mean effective 

concentration – EC50 is the concentration of the chemical estimated to produce specific effects, 

including immobility, abnormal development or deformity, balance and abnormal behaviour in the 

same duration of the test (Vestel et al., 2016). Acute stress is characterized by severe effects up to 

death of the organism as a result of a sudden vital process that has been compromised. In the 

environment what can happen is that concentrations are associated with accidents involving the 

release of some toxic compound, untreated wastewater. 

Chronic effects, which can be lethal and sublethal, are effects resulting from exposures for 

long periods or repeated exposures that produce harmful effects. In the aquatic environment there is 

dilution and dispersion of the chemical where the acute concentration tends to decrease to sublethal 

levels and organisms are more exposed to sublethal than lethal concentrations.(Rutkoski et al., 

2018) 

 Through these chronic toxicity tests, organisms are exposed to low concentrations of the 

chemical, it is possible to assess harmful effects such as: compromised biological functions, 

reproduction, egg development and growth in the sublethal conditions. In this sense, organisms in 

early stages of life, immature or juvenile, seem to be more susceptible to toxics than adult 

organisms.(Elzen and Elzen, 1999; Vestel et al., 2016) 

These effects in sublethal conditions are determined from the concentration that produces a 

deleterious effect known as maximum acceptable concentration of the toxicant - MATC it is 

delimited in a range between the highest concentration of unobserved effect, i.e., that does not 

cause deleterious effect (NOEC, unobserved effect concentration) by the lowest concentration 

tested that produces a statistically significant effect (LOEC, lowest observed effect concentration) 

through them in chronic toxicity tests it is possible to determine the effects mentioned above 

(Beasley et al., 2015).   
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The importance of the threshold concentration of a chemical in toxicity has been discussed. 

Chemicals cause an adverse effect only if the organism is exposed to a sufficiently high 

concentration. At a low concentration, minimal or no effect may result from the exposure (Aneli et 

al., 2014). Some toxic effects are reversible, and others are irreversible and the fact that a chemical 

has no adverse effects in acute toxicity testing does not mean that it is not toxic to the species at 

low concentrations. 

Sublethal effects can be studied in the laboratory, these effects have been divided into three 

specific classes such as physiological and biochemical, behavioural and histological changes. 

Physiological and biochemical tests include enzyme inhibition, haematological and respiration 

studies are useful for assessing the hazards of chemicals in the environment besides providing 

important information on the mode of action (Fitzgerald et al., 2017; Lima et al., 2007; Mazon et 

al., 2002; Thangam et al., 2014). These techniques were created because not all compounds act in 

the same way through them it is possible to evaluate effects. One of the techniques that allow to 

evaluate sublethal effects at the molecular level, cellular level and at the level of individuals are 

biomarkers. 

1.4.2. Biomarkers and their application for the evaluation of toxic agents in 

ecotoxicology 

Biomarkers are a widely used tool to evaluate the impacts of contamination on aquatic 

biota. In tropical regions the various sources of contamination in aquatic environments leads us to 

the need to better understand these effects. Biomarkers present themselves as a functional tool to 

evaluate various compounds before populations through them it is possible to verify biochemical, 

cellular, molecular changes in cells or even tissues of aquatic organisms and highlight the effects 

caused (Lomartire et al., 2021). Furthermore, the use of this tool presents other advantages in 

ecotoxicological assessments such as, for example, previously assessing the existence of 

biologically relevant toxic contaminants, assessing the degree of contamination in species, 

assessing the species that are prone to contamination and verifying the degree of severity of the 

effects caused by contaminants (Martinez-Haro et al., 2015). This is the interest and current 

practice of including this biomarkers tool in the evaluation of environmental contaminants.  

Biomarkers represent changes in biological responses that translate chemical effects in the 

environment. They are classified according to the type of change detected in organisms, e.g. we can 

mention the biomarkers of effect (a biological parameter indicates the relationship of the substance 

with the biological receptors whose biological response may trigger physiological changes or 

histological level) and biomarkers of result (effects on the reproductive capacity or growth of the 

organism) (Lomartire et al., 2021; Martinez-Haro et al., 2015). Some of these biomarkers are 

specific involving enzymes that indicate responses whose adaptation involves stressors such as 
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those of oxidative stress (Lomartire et al., 2021), exposure biomarker used to evaluate a specific 

chemical compound, establishes a link between external exposure and internal quantification of the 

organism to a contaminant as an example of exposure biomarker the Cytochrome P450 or 

(CYP1A) monoxygenase whose high activity is verified after exposure to PAH's (Kim et al., 2013), 

so it is possible to assess the risk of contamination beyond the low cost that is an advantage over 

chemical analysis, susceptibility biomarker indicated as processes that cause varied responses over 

time and exposure (Lionetto et al., 2021). Recently there are numerous biomarkers to provide data 

regarding the first indications of environmental imbalance that can be used for evaluation of future 

risks facing ecosystems (Chivittz, 2014), no less important and widely used today are the molecular 

and cellular biomarkers involving various contaminants such as metals and organic compounds 

(Lionetto et al., 2021) that have the ability to detect various contaminants and in general are used as 

indicators in aquatic environment (Martinez-Haro et al., 2015) such as those that are rapidly 

metabolized as oil and derivatives namely PAH's and organophosphates as well as metal ions and 

pesticides (Hook et al., 2014; Lomartire et al., 2021). The use of these biomarkers is important for 

field studies, as it is possible to make assessments with several contaminants that are generally 

found in complex mixtures (Hook et al., 2014). 

It is worth mentioning that there are other groups of biomarkers among them 

biotransformation enzymes that induce or inhibit the activity when exposed to contaminants, and 

enzymes that help as a parameter of oxidative stress are also another important group of 

biomarkers. Oxidative stress is caused by an imbalance between existing antioxidant defence 

systems in the body and the production of reactive oxygen species (ROS) (Lomartire et al., 2021). 

The excess production of ROS can cause oxidative damage and as a consequence inactivates 

enzymes, degrades proteins, causes DNA damage and lipid peroxidation. It is possible that some 

organisms are able to adapt to the high production of ROS and this happens due to the regulation of 

the antioxidant defences. However, a failure of this system causes oxidative damage to the 

organism (Hook et al., 2014; Lionetto et al., 2021). In this defense mechanism are included some 

enzymes such as catalase (CAT), glutathione S-transferase (GST), superoxide dismutase (SOD), 

glutathione peroxidase (GPx) and glutathione reductase (GRed), which are frequently used in 

ecotoxicological studies (Jaishankar et al., 2014). 

The use of this parameter has been described in many works with different organisms or 

substances for example the use of metals and PAH as a cause of induction of oxidative stress with 

consequent increase of DNA damage in European eel fish Anguilla anguilla (Gravato et al., 2006; 

Sevcikova et al., 2011), liver biomarker responses including oxidative stress biomarkers in three-

spined stickleback (Gasterosteus aculeatus L.) exposed to low metal concentrations with the 

possible interference in metabolic pathway and induction of different cellular responses (Sanchez et 
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al., 2005) as well as biochemical biomarker responses to numerous xenobiotics involving organic 

compounds (Holth et al., 2014; Kim et al., 2013; Vieira et al., 2008; Wessel et al., 2007), pesticides 

(Osterberg et al., 2012; Zhi et al., 2015), estrogens and androgens (Fontenele et al., 2010). 

Therefore, the persistence of metals and hydrocarbons in aquatic environment can induce 

ROS production and cause oxidative damage in organisms.  

Another parameter used as a neurotoxic biomarker of great interest are the cholinesterases 

enzymes: acetylcholinesterases (AChE) specific for acetylcholine and pseudocholinesterases 

(PChE), presented as non-specific esterases through them it is possible to verify impairment in 

neurotoxic functions (Guilhermino et al., 1996) and has already been reported the inhibition of the 

enzyme with exposure to organophosphates and carbamates (Slaninová et al., 2009; Zanette, 2009). 

1.4.2.1 Acetylcholinesterase  

Acetylcholinesterase (AChE) has been used as a contamination indicator for monitoring 

terrestrial and aquatic systems. Its main function is the transmission of nerve impulses during the 

synapse by hydrolysis with the removal of the neurotransmitter acetylcholine (Ach) (Jebali et al., 

2013). Through it it is possible to verify the impairment in neurotoxic functions (Legradi et al., 

2018), the inhibition of AChE enzyme has been referenced in vertebrates because AChE breaks 

down acetylcholine. ACh acts as an excitatory neurotransmitter in the nervous system, when it 

receives an impulse; it is released to the synaptic cleft where it is attracted by receptors. When the 

ACh is in contact with the receptors, the nerve impulse is regenerated, and transmission continues. 

From the first transmission of nervous impulse, it is important that the process of contact between 

ACh and receptors be impeded to avoid excessive nervous transmission, because too much ACh is 

harmful and can cause problems in the functioning of the organism, with rapid contraction of 

voluntary muscles and consequent paralysis and death. From this stage where Ache acts, this 

enzyme has an active site where there are major amino acid residues, which are directly involved in 

the ACh hydrolysis process (Jebali et al., 2013; Leuzinger, 1969; Pohanka, 2014). In the active site  

there is also a region, which serves to interact with the cationic part of ACh and which guides these 

substrates to the necessary position to undergo the hydrolysis process (Colovic et al., 2013). That 

is, AChE catalyzes the hydrolysis of acetylcholine (ACh) to acetate ion and choline, both harmless 

to the organism. This active site may be involved in the action of some enzyme inhibitors or in 

inhibition by excess substrate (Arya et al., 2021; Jebali et al., 2013; Pohanka, 2014)The 

inactivation of the enzyme, induced by its inhibitors, leads to the accumulation of acetylcholine, 

hyperstimulation of receptors and interruption of neurotransmission, thus, in case of intoxication by 

AChE inhibitors, there will be impairment of neurotoxic functions with signs and symptoms in the 

central nervous system. AChE recruits ACh and strongly modifies its molecular structure 

converting it into choline (Ch) which is reabsorbed to be converted into Ach, allowing reuse in the 
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transmission of these nerve impulses due to the catalytic efficiency of AChE the ACh molecules 

are modified by a process of hydrolysis (Legradi et al., 2018; Pohanka, 2014) as shown in (Figure 

7) hydrolysis process. 

 

 

Figure 7 - Hydrolysis process of ACh by AChE (from Arya et al., 2021). 
 

1.4.2.2 Glutatione S-Transferase  

Among the biochemical biomarkers that arise from exposure to toxic agents and tend to be 

more sensitive are the phase I and II biotransformation enzymes. Glutatione S-Transferase (GST) is 

one of the key enzymes that acts during the phase II cellular detoxification phase (Nissar et al., 

2017). The cellular detoxification process occurs with the capture of xenobiotics by membrane 

transport proteins, following on from three other steps. The first with enzymatic bioactivation of 

compounds in oxidation reactions; the second includes enzyme(s) that through metabolites 

produced in step 1 are conjugated with endogenous compounds that occur naturally in cells namely 

a peptide, sugar, or sulphate. The result of these reactions in general gives rise to water soluble 

products and finally step 3 referring to the efflux of the compounds or metabolites by membrane 

transporters (Glisic et al., 2015). Phase II enzymes seem to be influenced when exposed to 

xenobiotics, so there is great interest in using them as biomarkers; however, when compared to the 

phase I system involving the cytochrome P450 system, information about phase II enzymes of fish 

is still limited (Aguilar et al., 2020; Kammann and Brinkmann, 2014). Even though GSTs are not 

as sensitive compared to phase I enzymes, they are considered parameters that indicate the 

exposure of fish to environmental contaminants (Dey et al., 2016). Representing an important 

family of primarily cytosolic enzymes, GST catalyses the conjugation of numerous compounds to 
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the glutathione tripeptide. Among other functions soluble GSTs increase the availability of 

lipophilic toxic agents to phase I enzymes to act as a carrier protein. GSTs also reduce the 

likelihood of toxic compounds binding to other cellular macromolecules, such as DNA (Glisic et 

al., 2015; Martinez, 2006) however the best known cellular function is that of minimizing toxicity 

of exogenous compounds (xenobiotics), the execution of this function is through catalysis by 

conjugation with reduced glutathione (GSH) with the substrate which is the phase I compound or 

metabolite (Allocati, 2018), which translates into increased solubility of these compounds in water, 

an important prerequisite for elimination. In addition to endogenous substrates, GSTs catalyse the 

conjugation of compounds such as pharmaceuticals, metals, pesticides, herbicides, organic 

pollutants (POPs) and polycyclic aromatic hydrocarbons (Allocati, 2018).  

In general the studies that determine the activity of total GSTs, are by means of artificial 

substrate CDNB (1-chloro 2,4 dinitrobenzene), which together with reduced glutathione is 

conjugated by three isoforms of GST that have already been described for fish (Tierbach et al., 

2020). 

The liver is the major source of GST in fish, which corresponds to a large proportion of the 

soluble liver proteins (Carvalho et al., 2012). Increased GST activity has been demonstrated after 

exposure fish to soluble fraction of diesel oil and increased GST activity in fish exposed to 

sediment from polluted sites has been reported in some studies (Carvalho et al., 2012; Rudneva et 

al., 2016). This enzyme has a very relevant toxicological role due to conjugation processes since it 

appears as protection for nucleophilic groups in macromolecules, namely nucleic acids and 

proteins. 

1.4.2.3 Catalase 

 

Catalase (CAT) is one of the main enzymes of the antioxidant defence system, and is 

present in vertebrate tissues, being abundant in fish tissues, with high activity in erythrocytes and 

liver; on the other hand, it has low activity in the brain. Catalase may be a good indicator of 

oxidative stress, because the activity of this enzyme occurs when it is induced by reactive oxygen 

species (Physiology, 2017). Catalase is an enzyme that contains iron and vitamin E, which are very 

important for the activity of the enzyme, they help in the removal of hydrogen peroxide that is 

metabolised to oxygen and water molecules according to the reaction below:  

 

 

Figure 8 - Catalase reaction with the removal of metabolised hydrogen peroxide to oxygen 

and water molecules. 
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Catalase has a double function: it can be a catalyst in the dismutation of H2O2 molecules, 

and it can perform the peroxidation when it behaves as an electron acceptor. This enzyme reduces 

H2O2, unlike some peroxidases that reduce a variety of lipid peroxides, such as hydroperoxide. 

Some studies refer that catalase is more effective in controlling oxidative stress when H2O2 

concentrations are high, on the other hand, minimal increases in H2O2 seem to be better controlled 

by glutathione peroxidase (GPx) (Nandi et al., 2019).  

The occurrence of catalase activity is related to the proliferation of peroxisomes, being the 

main cause for the elevation of catalase activity in tissues, because it is believed that reactive 

oxygen species do not induce by themselves higher activities of the enzyme. There is catalase in 

both mitochondria and cytoplasm due to the fact that they are present in the peroxisomes of most 

cells and are involved in fatty acid metabolism, changes in activity can lead to difficulties in 

interpretation mainly in the liver (Schrader and Fahimi, 2006) so activity can also be measured in 

erythrocytes which can be a marker for exposure in fish (Jesus and Carvalho, 2008). The most 

usual laboratory assays to determine catalase activity is based on the rate of disappearance of H2O2 

at 240 nm (Jesus and Carvalho, 2008; Sahoo and Prtnaik, 2013). In general, catalase activity cannot 

be considered as a good biomarker since both induction and inhibition can be observed after 

exposure to environmental pollutants (Boulajfene et al., 2021).  

1.4.2.4 Lactate Dehydrogenase 

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme found in the extracellular environment 

when cellular damage is present (Choudhurya et al., 2017). This enzyme catalyses the reversible 

reduction of pyruvate to lactate, with the aid of the coenzyme support of the NAD+/NADH+ H+ 

system, resulting in the oxidized form of the coenzyme nicotinamide adenine dinucleotide 

(NAD+), being essential for the reaction of glyceraldehyde-phosphate dehydrogenase and thus 

allowing the continuation and completion of glycolysis in anaerobiosis or aerobic mode according 

to the metabolic needs of the tissue (Maroneze et al., 2014) according to the following reaction: 

 

 

Figure 9 - Catalysed reaction by lactate dehydrogenase 
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LDH is an important glycolytic enzyme present in cells of almost all body tissues, thus, 

changes in the enzyme activity may indicate toxicity. The LDH in mammals and some teleost fish, 

are major stress related enzyme system (Choudhurya et al., 2017). In fish in general it can be found 

in the liver, brain and eye (Kumari et al., 2011; Maroneze et al., 2014) in addition to identifying 

activity in fish embryos. 

LDH is an enzyme of the intracellular environment and due to this its serum levels are low. 

However, when tissue injury occurs there is an increase in LDH in extracellular medium and blood 

(Choudhurya et al., 2017). LDH serves to indicate the state of physiological, metabolic, structural 

conditions or stress conditions arising from chemical agents, because the measurement of enzyme 

activity is a useful indicator of the state of the organism because the changes may be related to the 

mechanism of action of the toxicant and provide indications of the damage caused (Maroneze et al., 

2014) in this way it has been used in studies because of changes in its activity in aquatic organisms 

exposed in toxicity test among them the acute and chronic ones (Borges et al., 2007; Oliveira et al., 

2009; Vieira et al., 2009). 

For the evaluations it is important that the appropriate choice of species is made to indicate 

the quality of the study environment. In this way the use of biomarkers from assays to verify the 

effects through enzymes has an important function. Therefore for each study it is crucial to select 

biomarkers according to their function, contaminant and effect produced in the target tissue, thus 

the results will be presented more clearly so that one can differentiate the effects of contaminants in 

relation to normal changes that occur in organisms besides representing good indicators of 

pollution even at low concentrations and a reproducible method (Sahoo and Prtnaik, 2013). 

1.4.3. Fish as indicators of contamination with model species in ecotoxicology 

In aquatic environment when environmental disturbance occurs, organisms are affected 

through the processes of absorption, distribution, biotransformation and excretion of cell protection 

mechanisms that when exposed to xenobiotics undergo a process of biotransformation and in 

aquatic systems the toxicity is expressed from the detoxification of the cell where its metabolites 

that are known by a process called bioactivation can trigger toxic effects (Jacques et al., 2007). 

Therefore, it is important to monitor the aquatic environment to check the state of a given 

environment and for this purpose pollution indicators are used. Fish are excellent indicators of 

pollution, are functional organisms in terms of efficiency in results to indicate the degree of 

pollution, but the efficiency of this biomarker will depend on the characteristics of size, sex and age 

so the use of various biomarkers is necessary to better predict the possible effects of xenobiotics in 

the organism. In addition to aquatic organisms when exposed, the risk to humans who are at the top 

of the food chain and consume fish. The accumulation of unwanted substance in the organism can 

result in diseases and cause damage to the health of populations and therefore the use of aquatic 
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organisms in the evaluation of water quality and the environment as a whole, because based on 

biological monitoring with fish it is possible to obtain rapid responses, with low concentrations of 

toxicants due to their representation in ecotoxicological studies they can be used as bioindicators 

and generally in early stages (embryonic and larval) fish show greater sensitivity to environmental 

contaminants (Chivittz, 2014; Costa et al., 2008b). However, there are still many gaps in 

knowledge about PAH and metal toxicity in vertebrates including fish, it is necessary to choose 

representative species such as Danio rerio and Colossoma macropomum which are sentinel species 

considered ideal for evaluation of environmental contamination. 

1.4.4. Tropical species: D. rerio and C. macropomum as model species 

The species D. rerio and C. macropomum are native to tropical areas. D. rerio  (Hamilton 

Buchanan, 1922 cited in old literature as Brachydanio rerio) popularly known as zebra fish or 

“paulistinha” is a small fish of the Cyprinidae family, order Cypriniforme is a tropical freshwater 

fish, native to South Asia more specifically in the tributaries and branches of the Ganges River 

(Nagel, 1986; Eaton et al.; 1974). This species grows to an average size of 3 to 5 centimetres and 

reaches sexual maturity in a period of three months and represents an advantage in toxicity tests 

due to its reproductive facility. It is easily obtained, inexpensive and grows rapidly if kept at 26ºC 

and under appropriate conditions, thus being able to generate a large quantity of transparent eggs 

(Spence et al., 2006) that allow monitoring the development and evaluation in case of toxicological 

studies. 

These embryos are known all over the world to better understand not only the biology of 

this fish, but of vertebrates where humans can be included. The embryonic development has been 

extensively studied (Ara, 2012; Detrich et al., 2010; Lammer et al., 2009) serving as a basis for 

interpretation of the effects caused by the impact to environmental pollutants (Hallare et al., 2004). 

When exposed to chemicals, this species serves as an excellent model for early-stage studies and 

can provide evidence of effects caused by environmental contaminants in tropical species due to its 

embryological sensitivity. For many years the control and use of the D. rerio has been documented 

and very frequently among Europeans (Chizinski et al., 2008; Detrich et al., 2010; Lammer et al., 

2009) even being a fish of tropical origin, laboratories around the world create ideal conditions for 

maintaining the species similar to natural conditions in tropical environments and thus it is possible 

to promote reproduction and toxicological tests. 

As for reproduction, embryos are easily obtained by separating females for each male in a 

2:1 ratio. Egg laying occurs after mating when the couple swim parallel to each other from one side 

of the aquarium to the other. The eggs are released in the water by the female and are fertilized by 

the male's semen. The eggs are retained in the lower part of the aquarium because they are denser 

than the water, and because they are non-adherent there is no damage to the chorion walls and thus 
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are inaccessible to adults. A female lays an average of 50 to 200 eggs per day (Schreiber et al., 

2009; Spence et al., 2008).  

The identification between males and females is by observation, the female body is more 

robust and may present regions with golden coloration, the males have the body more laterally thin 

and fusiform, have an incomplete lateral line, ventral fins and present five to seven dark blue 

stripes that are located behind the operculum of the caudal fin. The presence of the stripes around 

the body that gave rise to the name zebra fish (Spence et al., 2008). 

Importantly, the use of D. rerio to assess the effects of organic and inorganic contaminants 

will also be the basis of this study. 

 

 

Figure 10 - Pair of D. rerio with male noticeably thinner than female (Source: 

http://peixeseaquarios.com.br/peixe-paulistinha/ ) 

 

C. macropomum popularly known as pacu vermelho or tambaqui, whose name is derived 

from the indigenous Tupi dialect word tãba'ki, meaning oyster residue (tãba - shell, ki- heaped), is a 

freshwater fish native in the Amazon, Orinoco and its tributaries rivers, it is found in Brazil a 

tropical country at the mouth of the Xingu River, Northern region up to Middle Ucaiali River in 

Peru (Carvalho, 2007; Sant and Ghazzi, 2015).  

The tambaqui with scientific name C. macropomum was described by George Cuvier in 

1818, belongs to the class Osteichthyes, subclass Actinopterygii, order Characiformes, family 

Characidade and subfamily Serrasalminae (Carvalho, 2007; Morais and O’Sullivan, 2017). The 

tambaqui has the rhomboid body, i.e. has the shape of diamond, high, flat, with wide and thin 

muscle on the dorsal part, adipose fin short and with rays at the end, has scales, its lateral line is 

formed by 67 to 76 scales has no pre-dorsal thorn (Junk et al., 2007; Lima, 2003; Morais and 

O’Sullivan, 2017) being considered the second largest fish of scales in the waters of South 
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America, long gill tracks that allows filter small organisms in the water and largely has a small 

mouth, prognathous and strong, fleshy and thick lips, the teeth are molariform, that is, similar to 

mammals, rounded and with sharp irregular end which allows them to grind their food easily 

(Santos, 2006; Umbuzeiro et al., 2008), feed on fruits and seeds that fall into the rivers during the 

flood period, they also feed on zooplankton.  

The coloration of the body of the tambaqui when in early stages (fry) are light grey with 

darker spots scattered on the upper part of the body (Sipaúba-Tavares and Braga, 2007), when adult 

the colour is brown in the upper half and black on the bottom, this may vary because it will depend 

on the colour of the water, being darker in individuals of black water and lighter in individuals of 

muddy water (Morais and O’Sullivan, 2017; MORAIS, 2016; Santos, 2006). Females are larger 

and heavier than male tambaqui both in the wild (Figure 10) and in farmed tambaqui after reaching 

the reproductive stage (De Mello et al., 2015), can reach a standard length of one meter and weigh 

up to thirty kilos is a species of economic importance, resistant to handling and low concentrations 

of oxygen (Santos, 2006; Val, 2016) with high fertility rate and production in almost all months of 

the year. It is very commercialized due to the taste of the meat is very appreciated, in addition, the 

breeding of this species in the North, Northeast, Midwest and Southeast regions has been gradually 

expanded and the North region is the region where the breeding emerges as the main crop species 

(Morais and O’Sullivan, 2017). 

 

 

Figure 11 - Tambaqui (C. macropomum) fry (from www.mfrural.com.br). 
 

The economic, social and biological importance of this species for the Amazon region is 

well known. The high demand for tambaqui and the decline of natural populations have driven 

commercial breeding, on the other hand the increase in environmental degradation by 

anthropogenic sources in the natural environment and climate change that contributes to the decline 
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of this species in rivers. In this way the number of works have increased with the aim of preserving 

natural stocks. 

The Tambaqui presents itself as a good indicator for toxicological studies (OLIVEIRA, 

2010; Prado-Lima and Val, 2016; Tavares-Dias et al., 1999) and facing contamination in the 

Amazon region associated with climatic stressors and the concentrations of metals in the river basin 

it is important to previously evaluate its susceptibility (OLIVEIRA, 2010). 

 

1.5. Objective and Thesis Structure  

 

The objective of this thesis is to evaluate the effects of environmental contaminants on 

tropical zone fish species organized in main areas - Contamination, Ecotoxicology and Climate 

Change. Due to the problems faced in tropical areas such as the Amazon region caused by 

anthropogenic activities, contaminants entering the ecosystem and climate change affecting the 

planet and all its life forms. It is necessary to establish bridges of knowledge between the studied 

mechanisms, the environmental preservation and conservation of species, emphasizing in this way 

the ecological relevance in the research with the use of Petroleum Hydrocarbons and Metals with 

current information to better understand which the effects caused, the mechanisms of action and the 

susceptibility of tropical species before the contamination, especially to know the impacts of the 

presence of these compounds in aquatic environment for resident species as well as their 

mitigation. One of the chapters presented in the thesis was developed in a tropical area in Brazil, 

specifically in the State of Amazonas.  

This thesis is composed by 4 chapters. Chapter 1 presents the general introduction and 

contextualization on chemical pollution, ecotoxicology, climate change and tropical species. 

Chapters 2 to 4 were elaborated in the format of manuscripts that will be submitted for scientific 

publication in periodicals. In this way, the evaluation of the effects of contaminants and the 

response at individual and sub-individual level of tropical fish exposed to Hydrocarbons, Metals 

and temperature are presented, as well as the acute (lethality) and chronic exposure (developmental 

and physiological end points) with the use of enzymatic Biomarkers to better understand the effects 

of these contaminants that in realistic concentrations in nature can cause adverse effects on 

organisms and compromise survival. These chapters were written according to the different phases 

of research that were carried out in Portugal and Brazil, as described below.  

 

Chapter 1 - General Introduction - This chapter is an approach on environmental 

contaminants, climate change, PHA's and Metal (route of exposure, toxicity and effects), 
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importance and application of fish as biological indicators and Biomarkers in Ecotoxicology tests. 

It also contextualizes the possible environmental impacts for species in tropical areas such as the 

Amazon. 

 

Chapter 2 - Evaluation of the effects of organic compounds phenanthrene and 

naphthalene on embryos of the tropical species D. rerio - In this chapter, the toxicity of the 

petroleum hydrocarbons phenanthrene and naphthalene were investigated in the tropical species da 

D. rerio and the effects on the development and enzymatic activity were studied through 

experiments in the laboratory to determine the acute and chronic toxicity and to evaluate the 

responses at lethal and sub-lethal levels. The study shows that exposure causes oxidative stress, 

developmental effects and altered enzyme activity in both substances and suggests that at the 

physiological level it may have serious consequences for fish populations in the natural 

environment and jeopardise future survival. 

 

Chapter 3 - Evaluation of the Effects of Copper Uptake by Zebra Fish (Danio rerio) 

at Early Life Stages - Sensitivity in D. rerio embryos was evaluated using acute toxicity assays. 

And for a sub-lethal effect approach in fish different biomarkers were used as tools in the study. 

The results suggest that copper is toxic to aquatic organisms with LC50 - 48h D. rerio value was 

0.155 mg L-1, and effects like cardiac oedema, pigmentation and developmental delay, enzyme 

markers (AChE, GST, LDH were not responsive in zebrafish embryos.  

 

Chapter 4 - Lethal and sublethal effects of aluminium and temperature in Amazonian 

species: C. macropomum (tambaqui). This chapter aimed to determine the LC50-96h (1.7 mg/L), 

the effects with the use of toxicity tests and the use of enzymatic biomarkers. The results suggest 

that aluminium allied to temperature is toxic to the species and caused changes in the levels of GST 

and CAT enzymes in the liver and gills of Colossoma macropomum. This study contributes to 

highlight the importance of regulating and reducing the unrestrained use of aluminium in its 

various domestic and industrial sectors and shows that changes in climate and consequent water 

temperature can cause unbalance in the ecosystem and, in the case of this species, can cause 

damage to the economy in terms of feeding the Amazonian population locally, as well as for import 

and export. Chapter 4 is part of the research carried out during the PhD period through a 

cooperation agreement with the National Institute for Amazonian Research-INPA, Brazil. 
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In order to better understand the structure of the thesis, a flowchart with all the stages 

developed in Portugal and Brazil, which contributed to achieving the objectives of this study, is 

presented in Figure 12. 
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Figure 12 - General organization of the thesis with emphasis on the main technique used and main analytical-

evaluative objective. 
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Evaluation of the effects of organic compounds Phenanthrene 

and Naphthalene in embryos of the Tropical species: D. rerio  

 

 

 

Abstract 

 

In the Amazon there are great sources of pollution due to anthropogenic activities associated with 

the presence of oil refineries in the hydrographic basin and with high concentrations of metals that 

reach water bodies. The Fourth Scientific Report of the IPCC AR4 presents evidence that climate 

change can significantly affect the planet, specifically in developing countries in tropical regions such 

as the Amazon, which holds the largest diversity of fish in the world and its distribution through the 

myriad of habitats in the region is defined by complex organism-environment interactions. 

Phenanthrene and Naphthalene are PAH's that can contaminate the environment. They are known 

to cause toxic effects on aquatic organisms, although the risks for tropical fish are not well known. 

The aim of this study is to assess the acute toxicity of early stage phenanthrene and naphthalene in 

zebrafish and to quantify biochemical biomarkers (ChE, GST and LDH) as indicators of exposure to 

these PAH’s. The exhibitions were conducted according to the FET OECD protocol. The activity of 

biomarkers (GST, AChE and LDH), after exposure to a range of concentrations of phenanthrene, 

was measured in the early stages after exposure to concentrations of phenanthrene and 

naphthalene corresponding to sublethal concentrations. The results show sensitivity of the 

organisms (48 and 96h-LC50 7.28 and 5.07 mg/L) respectively for phenanthrene and (48h - LC50 - 

72.49 mg/L) for Naphthalene. The effects observed in the development were cardiac oedema, body 

and eye pigmentation, curvature of the spine and in sublethal concentrations in the activity of the 

enzymes AChE, GST and LDH. The parameters evaluated in this study will contribute to the 

understanding of the mechanisms of action and it is necessary to monitor realistic concentrations in 

the phenanthrene and naphthalene environment. 

 

Keywords: Toxicity test, zebrafish, acute toxicity, PAH's; biomarkers;  
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1.  Introduction  

 

Polycyclic Aromatic Hydrocarbons are compounds derived from petroleum, which 

can be colourless, white or yellow are environmental contaminants toxic to aquatic 

organisms. Contamination sources are often associated with anthropic action, mainly 

through industries that, through the manufacture of toxic components, emission or even 

by the release of effluents into the environment, PAH's are found or mixed with other 

compounds (Abdel-Shafy and Mansour, 2016; Armstrong et al., 2004).The formation of 

PAH´s occurs due to incomplete combustion, namely forest fires or smoke emissions 

through several routes. These emissions contribute to climate change, which according to 

the Fourth Scientific Report IPCC AR4 (IPCC, 2007) mainly in developing countries and 

large tropical areas, the forecasts presented are evidence that changes in climate, one of 

them the temperature increase until 2050 (Barker, 2007; Duarte et al., 2013) can affect 

and have serious consequences for the planet. In the last decades there has been an 

increase in the levels of PAH's in an aquatic environment  (Incardona et al., 2004; Lima et 

al., 2005; Van Metre et al., 2000). There are sources of contamination in the Amazon due 

to anthropic activities, namely river pollution associated with climatic stressors, especially 

with temperature (Miles et al., 2004; Teresa and Piedade, 2016), which can occur, we can 

mention the release of domestic effluents. and industrial through sewage in an aquatic 

environment, where the presence of metals, oil and its derivatives due to refineries close 

to rivers jeopardizes the quality of water and biota, can be harmful and with irreversible 

effects on the environment. 

The wetlands of the Amazon river basin are increasingly exposed to contamination 

by PAH´s in fresh water (Teresa and Piedade, 2016), in particular in its the tributaries 

(Camilo and Souza, 2010) where seasonality is constantly determined by periods of 

flooding and ebbing of rivers (Fearnside, 2006). In addition, new evidence points out that 

hydrocarbons from accidental oil spills in the river basin may persist in sediments and 

impact the associated biota, not to mention the unknown risks to the resident population 

close to these areas (Pinheiro, 2007). Studies are needed to assess locally possible risks 

of environmental contamination in fresh water and impacts associated with climate 

change, as important efforts are underway for the protection and conservation of various 

endangered species, including economically important tropical fish, and that, depending 

on the specie, might be food source for riverside dwellers. Furthermore, the Amazon river 

basin is a region that depends on climate variations at local, national and global levels 
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whose effects are still poorly understood (Moraes and Jordão, 2002). Among the main 

components of PAHs considered toxic to aquatic species, due to their genotoxicity, 

mutagenicity and carcinogenicity (Tim-Tim et al., 2009) are Phenanthrene and 

Naphthalene considered as priority contaminating substances around the world (Who, 

1983).They are known to cause toxic effects on aquatic organisms and the risks to tropical 

fish are not well known.It is important to note that the presence of individual PHAs, such 

as phenanthrene and naphthalene are compounds that are distinguished from tropical and 

temperate regions, making these important indicators of contamination in tropical regions 

(Krauss et al., 2005). For a current assessment technique, which considers individual 

risks and can underestimate the risks of PAH in human health, fish were chosen as a test 

organism. Embryos of the tropical species Danio rerio, also known as zebrafish, and 

considered a model organism in ecotoxicology it has been used  as an animal alternative 

method to assess the effects of  of contaminants (Embry et al., 2010; Hellfeld et al., 2020; 

Nagel, 2002). There are several techniques in an attempt to better understand the effects 

caused by a range of compounds, from PAH's to metals, which target specific, but 

interconnected points. One of them is biomarkers, an important tool for assessing the 

toxic effects of contaminants in the aquatic environment. Through it, it is possible to verify 

effects at the individual, cellular and molecular level, to predict health risks with exposure 

concentrations, as an important variable in the dose-response relationship in protein 

signalling. Where, concentrations are based on the occurrence of lethality, subletality or 

environmentally observed concentrations (Advance, 2009; Huang et al., 2017; Wang et 

al., 2010).  

To better monitor the aquatic biota, predict the risks and contain accidental contamination 

in tropical regions, especially in rivers in the Amazon that present with particular physical 

and chemical characteristics and due to this heterogeneity, they can help the PAH's 

toxicity, being the effects of contamination in the rivers of the amazon by individual PAH in 

poorly understood fish preventive actions are necessary with detailed studies because the 

association of these compounds in water bodies with climate changes can have several 

effects. Thus, the objective of this study was to evaluate the acute toxicity and lethal and 

sublethal effects of Polycyclic Aromatic Hydrocarbons that are compounds of organic 

origin, in the early stages of zebrafish through quantification by biochemical biomarkers 

(ChE, GST, LDH) as indicators exposure to contamination by oil products. For this 

purpose, the reference substances are Phenanthrene and Naphthalene, considered toxic 

compounds for organisms (ATSDR, 2005; Costa, 2014) are lipophilic and volatile 

compounds according to the amount of benzene rings and can be potentially considered 
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carcinogenic to humans (IARC , group 3) source: (NCBI-Pubchem). Acetylcholinestersase 

(ChE) was chosen for this study because of its central role as a neurotransmission 

mechanism in cholinergic synapses and rapid acetylcholine hydrolysis in the central and 

peripheral nervous systems (Guilhermino et al., 1996) whose effects of inhibition it has 

been reported to be caused by pesticides and metals, as neurotoxic compounds can 

cause dysfunctions in aquatic organisms, from changes in behavior to death (Oliveira, 

2014; Silva, 2008). In addition to this, Glutathione-S-transferase (GST) which presents 

itself as an important enzyme in the processes of biotransformation and detoxification 

(Silva, 2008) and its effects on contaminants with induction (Silva, 2008) while others 

have reported evidence of inhibition (Kopecka-Pilarczyk and Correia, 2011; Silva, 2008), 

and lactate dehydrogenase (LDH) responsible for catalysing the conversion of pyruvate to 

lactate (Salimon et al., 2009) (an important enzyme in biological systems that has been 

used as an indicator of effects induced by chemical stress (Frasco and Guilhermino, 

2002). This study can contribute with information about the potential effects of these 

PHA´S and through these enzymes responsible for neurotransmission, oxidative stress, 

detoxification and anaerobic metabolism respectively, it is possible to obtain evidence in 

embryos to determine biological processes for the survival of tropical species. 

 

2. Materials and Method 

 

2.1. Chemicals used and preparation of the test solution 

 

The high-purity reference substances were Phenanthrene: 98% (C14H10; CAS 

Number: 85-01-8) and Naphthalene: 99% (C10H8; CAS Number: 91-20-3), were 

purchased from Sigma Aldrich and used in toxicity tests. The stock solution was prepared 

by dissolving Phenanthrene in 99% Dimethylsulfoxide (DMSO) in the exposure solution 

and Naphthalene in acetone and the tested solutions were prepared immediately before 

the tests and obtained by successive dilutions of the stock solution in water before the 

test. A dimethylsufoxide and acetone solvent control was always included in the 

treatments. This control contained (3.750 ml L-1 of DMSO) and (0.453 ml L-1 of acetone) 

which is the highest concentration of solvent in the treatments. The stock solution was 

maintained in the same experimental conditions as each test and sampled daily to check 

the stability of the compound during the test period. 
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2.2. Test organism (D. rerio)  

 

The embryos of D. rerio were obtained in the zebrafish installation that is located in 

the Department of Biology at the University of Aveiro (Portugal), which provided all the 

necessary organisms for the development of this study. In this installation, adult 

organisms are kept in carbon filtered water, supplemented with “Instant Sea Synthetic Sea 

Salt” salt (Spectrum Brands, USA), at a temperature of 27ºC ± 1ºC under a 16: 8 H light 

photoperiod cycle in the dark (conductivity 550 ± 50 µS, pH 7.5 ± 0.5 and dissolved 

oxygen> 95% saturation). This water from the zebrafish installation system was used as 

dilution water in the preparation of test solutions in all tests performed with the embryos. 

In order to obtain the embryos with good quality, all fish maintenance conditions were 

taken care of, including feeding. Adult fish were fed twice a day with a commercially 

available artificial diet (granular ZM 400, ZM systems, Hampshire, UK) and shrimp. The 

above-mentioned conditions of temperature and photoperiod were used in all tests. 

 

2.3. Acute toxicity assay in D. rerio embryos 

 

The exhibition was conducted according to the proposal of the Organization for 

Economic Cooperation and Development (OECD) according to the protocol for Embryo 

Toxicity Tests (FET) (OECD, 2013). D. rerio eggs were collected in a period of 30 minutes 

after mating, washed in water and checked under a stereoscope (stereoscopic Zoom 

Microscope-SMZ 1500, Nikon Corporation). Eggs that were not fertilized or had any 

irregularity during cleavage were discarded. Healthy eggs were selected and distributed 

individually in 24-well microplates, each well with 2 mL of test solution each repetition was 

made up of 10 eggs. At least two independent tests were carried out to ensure repetition 

during the test. To determine the toxicity of Phenanthrene and Naphthalene in D. rerio 

embryos in the early stages of life the following treatments were used: 0 (control), 0 + 

(solvent control 3,750 ml L-1 of DMSO), 1.5, 2.2, 3.2, 5.0 and 7.5 mg/L of Phenanthrene 

and 0 (control), 0 + (solvent control 0.453 ml L-1 of acetone), 14.5, 25.0, 45.0, 80.0, and 

145.0 mg/L of Naphthalene. Embryos and larvae were observed daily with the aid of a 

stereoscope, a magnification of 70 x for embryos and 40 x for hatched embryos was used. 

The test lasted 96 hours. 

According to the guidelines of the FET toxicity test in the embryonic phase, the 

parameters evaluated were: the number of coagulated eggs, the formation of somites, the 

detachment of the yolk sac tail and the appearance of the heartbeat were evaluated as 
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apical points of the toxicity. In addition to these parameters, delay in body and eye 

pigmentation, yolk sac absorption, oedema, spine deformation, larval behaviour and 

embryo mortality after incubation. For the determination of biomarkers, a similar 

experimental design was performed to collect the larvae for later analysis. At the end of 

the 96-hour test, groups of eight larvae were collected in microtubes and these samples 

were kept frozen (-80 ºC) until enzymatic analysis. 

 

2.4. Determination of Biomarkers  

 

To determine the analysis of biomarkers in a sublethal range, an assay similar to 

that described above was performed for the collection of embryos exposed to 

Phenanthrene (0, 0 + DMSO, 3.3, 3.5, 3.8 mg/L) and Naphthalene (0 , 0 + acetone, 42.0, 

48.0, 55.0 mg/L) with sublethal concentrations. After 96 h of exposure 10 groups of eight 

embryos per treatment were stored in microtubes, frozen instantly and kept at -80º C for 

later determination of biomarkers. The tests were performed to analyse cholinesterase 

(ChE), Glutathione-S-transferase (GST) and lactate dehydrogenase (LDH) in D. rerio 

embryos. The procedure for enzymatic analysis was initiated with the thawing of samples 

that were homogenized using a (Tissue homogenizer rotary at 14,000 rpm) the samples 

were kept on ice during homogenization. 

For ChE analysis, groups of 8 larvae per concentration were homogenized in 

phosphate buffer (0.1 M; pH 7.2). The post-mitochondrial supernatant (PMS) was 

obtained after centrifugation of the homogenate (6000 rpm, 4º C and 3 minutes) which 

was removed and used as an extract for the determination of ChE. The total activity of 

ChE was monitored at 414 nm according to the method of Ellman et al. (Ellman et al., 

1961), adapted to the microplate by Guilhermino et al. (Guilhermino et al., 1996). 

According to this method, with the presence and activity of the ChE enzyme, degradation 

of acetylcholine to thiocoline occurs. Activities were measured using a Thermo Scientific 

Multiskan spectrophotometer, absorbance readings were taken at 414 nm at 10 and 15 

minutes after adding the reaction solution to the samples using 96-well microplates. The 

results were expressed as nmols of the complex formed per minute, per milligram of 

protein. 

For the determination of GST, groups of 8 larvae were homogenized in phosphate 

buffer (0.1M, pH 6.5). After centrifugation (9000 rpm, 30 minutes, 4 ° C) the supernatant 

was recovered and used to determine GST activity. To measure GST activity, the method 

described by Habig et al. (Habig et al., 1974) adapted to the microplate by Frasco and 
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Guilhermino (Frasco and Guilhermino, 2002) was followed. The principle of the method is 

centered on the conjugation of 2,4-dinitrobenzene CDNB (substrate) with glutathione 

(GSH) leading to the formation of a thioether. This formation was monitored in a Thermo 

Scientific Multiskan spectrophotometer at 340 nm with records of the increase in 

absorbance as a function of the total time of 5 minutes elapsed every 20 seconds. The 

activity was determined in quadriplicate and expressed in nmol of thioether evidenced 

every minute by milligram of protein. 

LDH was determined with groups of eight larvae that were homogenized in Tris / 

NaCl buffer (0.1M, pH 7.2) always kept on ice. The samples were centrifuged (6,000 rpm, 

3 minutes, 4 ° C) with the removal of the supernatant that was used to determine LDH 

activity. LDH activity was measured according to the method of Vassault et al., (Vassault, 

1983) with adaptations introduced by Diamantino et al. (Diamantino et al., 2001) and the 

decrease in blood pressure was monitored (every 20 s). absorbance due to NADH 

oxidation.  

The quantification of protein concentration was done according to the method of 

Bradford (Bradford, 1976). This method is based on the absorbance measured at 595 nm, 

using standard globulin in order to quantify the protein. All enzymatic activities were 

determined in quadruplicate and expressed in nanomoles of hydrolyzed substrate per 

minute per milligram of protein. 

 

2.5. Statistical analysis 

 

The lethal concentration of 50% of the population after 96 hours of exposure 

(LC50-96h and LC20-96h) was calculated with the ToxCalc spreadsheet of Microsoft 

Excel software (available at http://pydio.bio.ua.pt/public/toxcalcmix) using the 

methodology presented by Barata et al. (Barata et al., 2006) and used to establish the 

range of concentrations to be tested.. The one-way ANOVA test was used to analyse data 

on enzymatic activity with the SigmaPlot (version 11.0) LC50-96h for the initial stages of D. 

rerio. For all analyses, the level of significance adopted was 0,05. 
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2.5.1. Results 

 

2.5.2. Effects of acute exposure  

 

The results show that in D. rerio embryos the values presented for LC50 are 

indicative of different sensitivities (effects) for Phenanthrene and Naphthalene in different 

concentrations in the confidence interval of (95% CI) being toxic to organisms. The test 

values in the D. rerio embryos for LC50 48h were (7.28 and 72.49 mg/L-¹) and 96h (5.07 

and 73.82 mg/L -¹) for phenanthrene and naphthalene, respectively, in the range 95% 

confidence. The LC50 values are shown in Table 1. 

 

2.5.3. Embryos of D. rerio 

 

The embryos showed normal development in the control according to the zebrafish 

phases described by Kimmel et al. (Kimmel et al., 1995). No mortality was observed in the 

control group during the 96-hour trial (Figure 1). Embryos exposed to phenanthrene 

showed developmental effects at all concentrations. The observed effects were cardiac 

oedema, defect in the absorption of the yolk sac, malformation of the tail, curvature of the 

spine. In addition, exposure to Phenanthrene caused hatching delay in some embryos at 

the highest tested concentrations (3.2 to 7.5 mg/L) compared to control, formation and 

survival was compromised and lethal to some embryos. There was no premature hatching 

in the organisms that survived. 

With 24 hours of exposure to phenanthrene, embryos showed effects such as 

cardiac oedema and body pigmentation with increased concentrations, namely in the 

concentration (7.5 mg/L) (Figure 1e). At 48 hours, an increase in oedema and amniotic 

fluid and tail deformation was observed with the incidence of severe oedema in the 

concentration (5.0 mg/L) (Figure 1f). Some started hatching but with cardiac or tail 

deformations. With 24 hours of exposure to phenanthrene, embryos showed effects such 

as cardiac oedema and body pigmentation with increased concentrations, namely in the 

concentration (7.5 mg/L) (Figure 1e). At 48 hours, an increase in oedema and amniotic 

fluid and tail deformation was observed with the incidence of severe oedema in the 

concentration (5.0 mg/L) (Figure 1f). Some started hatching but with cardiac or tail 

deformations. In the 72 hours, the control embryos had all hatched and, in effect, the 

embryos of phenanthrene treatments hatched with defects and in the highest 

concentrations they had delayed hatching and deformities exposed to (3.2 mg/L) (Figure 
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1g). At the end of 96 hours, embryos exposed to the highest concentration (7.5 mg/L) died 

and those exposed in the concentrations below still presented severe oedema with 

deformations throughout the embryo, in the curvature of the spine and abnormal 

absorption of the yolk sac (Figure 1h). 

As for Naphthalene in 24 hours, the effects were the onset of oedema, 

pigmentation, detachment of the tail with increased concentration and mortality at the 

highest concentration 145 mg/L (Figure 2e). After 48 hours the effects were on body 

pigmentation and incidence of oedema and mortality 80 mg/L (Figure 2f). Within 72 hours, 

all control embryos hatched, live embryos hatched but it was possible to notice a delay in 

hatching at concentrations 80 and 145 mg/L and hatched embryos showed severe 

oedema 45 mg/L (Figure 2g). After 96 hours at a concentration of 25 mg/L oedema was 

found to compromise the development of the embryo (Figure 2 h). The sublethal 

concentration values of the development parameters were calculated for both substances 

from the result of the LC50 values. 

The result of protein analysis using biomarkers shows that in both substance 

values there is no great variation between protein values from 0.60 mg/L to 0.69 mg/L 

between different treatments is not a statistically difference significant for phenanthrene 

but on the other hand there is a significant difference for naphthalene (p <0.001). AChE 

for phenanthrene shows a reduction of the enzyme in increasing concentrations of activity, 

clearly evidenced than in the control treatment (*) the same does not occur with 

naphthalene when compared to the control. GST activity was significant for naphthalene 

and was not for phenanthrene due to random sample variability. As for LDH, the activity 

was significant for phenanthrene in all concentrations, the same did not occur for 

naphthalene, which does not exclude the possibility of difference, but there was no 

difference due to variability. At the end of each test, the control organisms of both 

substances showed a normal state validating the tests. The higher concentration may not 

produce death, but it can have a profound effect on the organism's future survival. 

 

Table 1 - LC50 values of Phenanthrene and Naphthalene in the species D. rerio for different 

concentrations tested in acute toxicity. 

LC50 (mg/L) 24h 48h 72h 96h   

Phenanthrene   
 

21.11±15,29  
 

7.28±31.48 
 

6.02±16.22 
 

5.07±13.40 
 

 
 

 
 

Naphthalene 
 

77.94±0.00  
 

72.49±0.00 
 

72.49±0.00 
 

73.82±0.00 
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Figure 1 - Abnormalities observed in the embryonic and larval development of zebrafish exposed to 

phenanthrene. a), b), c) and d) show control organisms with normal development after 24, 48, 72 

and 96 hours respectively. e) shows, within 24 hours, the embryo exposed to 7.5 mg/L with oedema 

and little pigmentation; f) shows, within 48 hours, an embryo exposed to 5.0 mg/L with cardiac 

oedema, eye and body pigmentation, developmental delay and deformation of the yolk sac; g) at 72h 

shows larva exposed to 3.2 mg/L with oedema, curvature of the spine, absorption of the bag; h) 

shows the 96 hours of larvae exposed 2.2 mg/L cardiac oedema, delayed absorption of the yolk sac. 

 

 

 

Figure 2 - Embryonic and larval development of zebrafish exposed to naphthalene. a), b), c) and d) 

show control organisms with normal development after 24, 48, 72 and 96 hours respectively. e) 

shows, within 24 hours, the embryo exposed to 145 mg/L with oedema and pigmentation; f) shows 

within 48 hours an embryo exposed to 80 mg/L with cardiac oedema, body pigmentation, 

developmental delay, or absorption of the yolk sac; g) at 72h shows a larva exposed to 45 mg/L with 

cardiac oedema, slight curvature of the spine, lack of absorption of the sac, delay in development; h) 

shows the 96 hours of larvae exposed to 25 mg/L cardiac oedema, delay in bag absorption to delay. 

a) b) c) d) 

h) g) f) e) 

a) b) c) d) 

e) f) g) h) 
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Figure 3 - Enzymatic activity in D. rerio embryos exposed to varying concentrations of 

Phenanthrene. Values are presented as mean ± standard error. (*) indicates a significant difference 

in relation to the control. 
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Figure 4 - Enzymatic activity in D. rerio embryos exposed to varying concentrations of Naphthalene. 

Values are presented as mean ± standard error. (*) indicates a significant difference in relation to the 

control. 

 

3. Discussion 

 

The evaluation of the effects of the components derived from oil are important to 

assist in decision making in case of release of chemical compounds in the environment 

and to understand the impacts of anthropogenic action on fish, can allow to make reliable 

predictions in the short and long term on the state of health of fish and their habitat 

(Incardona et al., 2015; Meyer et al., 2009). PAHs can persist in the environment for years 

and are found in the air, water and soil (Alberto and Veintemilla, 2006). Phenanthrene and 

Naphthalene polycyclic aromatic hydrocarbons are petroleum products and are on the list 

of priority substances attached to the European Water Framework Directive (WFD) and 

also cited by the US Environmental Protection Agency. (USEPA, 2003) these can vary 

widely in behaviour and ecotoxicity has been found in the aquatic environment and an 
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assessment can contribute to predict toxicity in the environment  (Martins, 2014). Despite 

producing different pathways and toxicological effects, with respect to carcinogenic effects 

only, the International Cancer Research Agency (IARC), through studies, has shown 

negative results in relation to carcinogenicity (Nollet and Toldrá, 2012). Few studies, have 

results attributed to the effects of PHA's in the embryo-larval stage during the fish 

development stages, especially precise mechanisms associated with malformations and 

sublethal effects that are not well known (Incardona et al., 2004). 

Controlled exposure to chemical compounds in toxicity tests using embryos has 

been used as a viable alternative to try to explain the mechanisms of toxicity and their 

toxic effects in the short and long term (Vergauwen et al., 2015) as well as the use of 

embryos has been reported in exposure to oil and its constituents (Butler et al., 2013) 

some suggest that the oil needs to have direct contact with the eggs to be toxic, with 

adherence of the same to the chorion and may interfere with gas exchange (Khan, 2007). 

On the other hand, research shows that eggs do not need to be physically in contact with 

oil to exhibit toxic effects (Barron et al., 2004; Khan, 2007).  

In this study we evaluated the lethal and sublethal effects of phenanthrene and 

naphthalene in D. rerio embryos. Phenanthrene and naphthalene show different values of 

96h-LC50 sensitivities and are toxic to embryos. The results are indicative of toxicity in 

these embryos which are presented together with values from other studies for the best 

comparison  (Table 2), sublethal effects are in line with previous studies on PAHs in this 

and other species (Barron et al., 2004; Butler et al., 2013; Gündel et al., 2012; Incardona 

et al., 2004; Slaninová et al., 2009; Vergauwen et al., 2015).  

 

Table 2 - Toxicity values for different species exposed to Phenanthrene and Naphthalene 

Compound Specie  Value (mg/L) Endpoint  Time(h) Reference 

Phenanthrene 

    

 

 

African  catfish  

(Clarias gariepinus) 1.41 LC50 96 
(Sogbanmu et al., 

2018) 

 

African  catfish  

(C. gariepinus) 
0.015 and 

0.15 
Acute 
toxicity  96 

(Karami et al., 
2016) 

 
Tambaqui (C. 
macropomum) 0.94 LC50 96 

(Chávez-veintemilla 
and Val, 2019) 

 
Rainbow Trout 

(Oncorhynchus mykiss) 3.2 LC50 96 (Edsall, 1991) 

 

Sheepshead Minnow 
(Cyprinodon variegatus) 478 LC50 96 

 (Klerks and 
Ferreira, 2010) 

 

Bluegill Sunfish (Lepomis 0.234 LC50 96 (CEQG, 2011) 
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Compound Specie  Value (mg/L) Endpoint  Time(h) Reference 

macrochirus) 

 

Bluegill Sunfish (L. 
macrochirus) 

0.049 
EC50 96 (CEQG, 2011) 

 

Frehwater Hydroid (Hydra 
sp.) 

0.096 
EC50 96 (CEQG, 2011) 

 

Amphipod  (Gammarus 
pseudolimnaeus) 

0.126 
EC50 96 (CEQG, 2011) 

 

Water Flea (Daphnia 
magna) 466000 EC50 48 (Edsall, 1991) 

 

Water Flea (D. magna) 0.117 EC50 48 (CEQG, 2011) 

 

Water Flea (D. pulex) 0.1 LC50 48 (CEQG, 2011) 

 

Water Flea (D. pulex) 
1.14 EC50 48 

(Trucco and Stacey, 
1983) 

 

Water Flea (D. magna) 0.350 EC50 48 (Edsall, 1991) 

 

Zebrafish embryo (D. rerio) 5.07 mg/L LC50 96 Present Study  

 

Zebrafish embryo (D. rerio)  7.28 mg/L LC50 48 Present Study 

 Naphthalene       

 

African  catfish  

(C. gariepinus)  7.21  LC50 96 
(Sogbanmu et al., 

2018) 

 
Florida pompano, 

(Trachinotus carolinus) 2830 LC50 96 (Alves et al., 2006) 

 

Rainbow Trout (O. mykiss) 4.5  LC50 96 (Edsall, 1991) 

 

Rainbow Trout (O. mykiss) 2 LC50 96 

(US Environmental 
Protection Agency, 

2006) 

 Rainbow trout (O. mykiss) 1.6 LC50 96 
(DeGraeve et al., 

1982) 

 

 Fathead minnow 

(Phimephales promelas) 6.1 LC50 96 
(Pollino and 
Holdway, 2002) 

 

 Fathead minnow (P. 
promelas)  3.46  LC50 96 

(Millemann et al., 
1984) 

 
Bluegill Sunfish (Lepomis 

macrochirus) 3.2 LC50 96 

(US Environmental 
Protection Agency, 

2006) 

 

Fathead minnow (P. 
promelas) 6.8 LC50 96 

(Holcombe et al., 
1984) 

 

Fathead minnow (P. 
promelas) 7.9 mg/L LC50 96 

(DeGraeve et al., 
1982) 

  Water Flea (D. magna) 4.66 mg/L EC50 48 (Edsall, 1991) 
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The results show that D. rerio embryos have LC50 values indicative of different 

sensitivities for phenanthrene and naphthalene (Table 1). The LC50 value for D. rerio 

embryos (LC50-48h =7.28mg/L, LC50-96h = 5.07mg/L). These are indicative values of 

toxicity and for the determination of the LC50 the test organisms were evaluated 

according to the presentation of stress, effects, and mortality in the concentrations during 

the development until 96 hours. The evaluation of phenanthrene in an acute static toxicity 

test for the determination of the LC50 was made in rainbow trout larvae (O. mykiss) that 

was used as a test fish with a value of (LC50-96hs = 3.2 mg/L) for comparison of acute 

toxicity tests with Daphnia whose immobilization was measured after 48 hours (EC48hs = 

0.350 mg/L), and values were compared and differed, where it was concluded that chronic 

toxicity tests for these values are more effective in trout in agreement with the values of 

daphnia  (Edsall, 1991). This work made it possible to determine the LC50 and toxicity of 

phenanthrene and it was found that the reported value for trout is close to the result 

reported in the present study with static acute toxicity test in zebrafish embryos reinforced 

by previous studies (Table 2) with values and similar times in different organisms. This 

value suggests that zebrafish embryos are sensitive to phenanthrene. Other studies have 

reported values measured with phenanthrene concentrations 0.015 and 0.15 mg/L and 

with values of (mean 0.0062 ± SD 2.4) and (mean 0.076 ± SD 4.2)   mg/L respectively, in 

Juveniles of African Catfish (Clarias gariepinus) (Karami et al., 2016). Acute toxicity value 

were reported African Catfish (C. gariepinus with 1.41 mg/l (Table 2) to sublethal 

concentrations of phenanthrene. In zebrafish, only one study refers to the evaluation with 

a passive dosage format using silicone sealing rings on 24-well polystyrene plates. The 

embryos were exposed to a series of phenanthrene concentrations up to 120 h after 

fertilization (hpf) and the LC50 for 120 hpf was 310 µg/L (Vergauwen et al., 2015) whose 

concentrations were defined from previous studies with values of 234 and 375 ug/L for 

juveniles Lepomis macrochirus and Salmo gairdneri respectively according to Call (1986, 

apud Vergauwen et al., 2015, p.13) and "LC50 of 536ug/L” according to Petersen (1997, 

apud Vergauwen et al., 2015, p. 13) and TLM (target lipid model for toxicity assessment of 

residual oil constituents) predicted 96 h LC50 for O. mykiss of 50 ug/L and 117 ug/L in D. 

magna (Di Toro et al., 2000). Toxicity has also been reported in juveniles of C. 

macropomum (LC50-96h-0.94mg/L) (Chávez-veintemilla and Val, 2019) showed greater 

sensitivity than the embryos of D. rerio in the present study (Table 2).  

As for naphthalene also used as a reference substance for this study, the LC50 value for 

D. rerio embryos (LC50 - 48h-72.49 mg/L, LC50-96h- 73.82 mg/L) for naphthalene in the 

95% confidence range whose test values with D. rerio are shown in (Table 2). Other 
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investigations showed the toxicity of naphthalene with 27193.2 ug/L in saturated PDMS 

silicone elastomer was used in zebrafish with passive dose approaches (Seiler et al., 

2014). The  toxicity was reported for C. gariepinus exposed to sublethal concentrations  

with a value of 0.72 mg/l (Sogbanmu et al., 2018) in fish species rainbowfish the lowest to 

naphthalene the highest 96-h median lethal concentration for larvae were 0.51mg/L 

(Pollino and Holdway, 2002). In native fish Rhamdia quelen and Astyanax sp., under 

semi-static contamination by immersion, in three different concentrations: 0.005 mg/L and 

two concentrations mentioned in the literature, used in other fish species: 0.06 mg/L (AAS 

et al., 2000). The toxicity was showed to two fish species, Astyanax lacustris and 

Geophagus brasiliensis exposed 0.005, 0.03 and 3 mg/L (Disner et al., 2017). 

Naphthalene toxicity has been demonstrated with values (0.005 mg/l; 0.06 mg/l e 3 mg/l). 

Acute toxicity has also been demonstrated in O. mykiss (1,6 mg/L) and P. promelas (7.9 

mg/L) (DeGraeve et al., 1982). The toxicity data found for naphthalene are heterogeneous 

and the fish population remains vulnerable, and more research is needed. The evaluation 

of the effects of phenanthrene and naphthalene in the Fish Embryo Toxicity Test-FET 

(OECD, 2013) was based on (hatching, pericardial oedema, curvature of the spine) during 

embryonic development. These observations correspond to studies that present 

abnormalities in the embryos of teleosts exposed to petroleum derivatives, such as 

cardiac dysfunction, pericardial oedema, yolk sac, reduction in spine size and curvature 

(Incardona et al., 2004). Likewise zebrafish eleutheroembryos had similar effects with 

oedema in the pericardium and curvature of the spine (Butler et al., 2013; Incardona et al., 

2004; Khan, 2007; Piasecka et al., 2011; Vergauwen et al., 2015). 

Similar investigations with embryos and zebrafish larvae exposed to  

Phenanthrene, showed dorsal curvature of the trunk and tail and a significant reduction in 

growth, mainly in the head, were observed, while 4 days post  fertilization (dpf) larvae 

treated with naphthalene during embryogenesis had grossly normal anatomical features 

(Incardona et al., 2004;Barron et al., 2004). In this study, in addition to determining the 

LC50, changes in the development of embryos with cardiac oedema, curvature of the spine 

and lack of body pigmentation occurred in concentrations during the 96h-LC50 for D. rerio. 

Hatching in eggs observed in this study has also been described previously as a 

result of exposure to oil (Butler et al., 2013; Cherr et al., 2017; Hawkins et al., 2002; 

Schreiner, 2003). 

Effects on the conduction of cardiac function have been reported in other works 

with phenanthrene induction, while naphthalene induced mild bradycardia in the (39 to 78 

µl) but was not dose dependent without significant effects. However, different PAHs have 
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different and specific effects on fish and in early stages of life, whereas low molecular 

weight compounds, namely naphthalene, dissipate more quickly than higher molecular 

weight compounds such as phenanthrene (Incardona et al., 2004). In this study, cardiac 

oedema in embryos was evident since 24 hours and they were undergoing changes and 

malformations until 96 hours in all concentrations, this effect was evident in phenanthrene. 

As for naphthalene, which was also determined at LC50, the effects were oedema and 

pigmentation, delayed development, delayed absorption of the yolk sac were observed. 

For both compounds the effects are in accordance with the few results in the literature. 

Sublethal effects have been reported in early stages for chronic toxicity data in 

PAH for phenanthrene as pericardial oedema, the most sensitive of which was observed 

in the two highest concentrations after 24 h. Sublethal effects were frequently seen prior 

to treatment-related mortality both in time and in dose response. However, in some cases, 

it was observed that the sublethal effects, mainly pericardium and yolk sac oedema, 

decreased over time, which suggests reversibility. After 120 h, mortality at the highest 

exposure concentration of 423μg/L was significantly different from the control (p = 0.05). 

At the end of the acute phase of the experiment (120 h), the EC10 and EC50 values with 

their 95% confidence intervals were 189 μg / Lg/L (49-274) and 386 μg / Lg/L (300-536), 

respectively, based on in spinal curvature that was the remaining sublethal effect after 120 

h. Although the draft OECD guideline was followed by the acute exposure period (OECD, 

2006) (Butler et al., 2013). As for naphthalene, information on the toxic response reported 

is associated with high dispersion capacity, being one of the most relevant products in 

environmental impact research, was shown in the early stages of the fish's life (Psetta 

maxima) marine, embryos were exposed to metals and PAH as naphthalene whose 

exposure caused significant sublethal effects such as changes in the yolk sac, oedema 

and skeletal abnormalities at 142 (55-228) ug/L, where embryos were considered more 

tolerant than larvae (Mhadhbi et al., 2010). Other studies have shown exposure in juvenile 

pink salmon (O. gorbuscha) when exposed for 40 days to sublethal concentrations of 

naphthalene (<0.80 mg/L). The concentrations were derived from the percentage of 96h-

LC50 of 10% naphthalene that as a result did not affect the wet weight or the length of the 

exposed fish. However, at higher concentrations, growth decreased with increasing toxic 

concentration (Witzel and Maccrimmon, 1983). And also through tests for behavioural 

evaluations the effects of naphthalene in Salminus brasiliensis freshwater fish (Carvalho 

et al., 2008).   

The LC50 is essential in toxicity testing as it can provide information on 

compounds in short periods of time, has been used in assessments of water quality in the 
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environment and possible impacts (Farias et al., 2012). The toxicity of some PAH’s mainly 

with the increase in benzene rings and the consequent molecular weight are known to 

affect aquatic organisms (Cherr et al., 2017). And in this study, phenanthrene and 

naphthalene as reference substances were toxic to embryos and with consequent effects 

including mortality, cardiac oedema, and deformities. This occurs after fertilization, the 

chorion, which is a non-cellular protein protection barrier and exhibits variation in the 

pores, namely the zebra fish has a thickness ranging from 1.5 to 3.5 is permeable, it 

hardens and protects the embryo during development (Buzollo et al., 2011; Poleo et al., 

2001). After fertilization and cleavage processes and the beginning of the blastula in many 

species of fish, the embryo depends on the maternal RNA and the protein stored during 

oogenesis and during this transition the cell cycle lengthens and the embryo begins 

transcription on a large scale through of the embryonic genome (Langley et al., 2014) 

despite embryonic defences the sensitivity in the development of fish embryos has 

already been shown to be the most sensitive of aquatic organisms when exposed to 

PAH's (Incardona et al., 2015). Embryos are notoriously rich in lipids in eggs, which 

absorb lipophilic compounds such as PAH´s, one of the major components of crude 

petroleum oil correlated with toxicity in early fish stages. The ability to induce toxic effects 

has already been verified in the PAH composition with 2 rings (e.g. Naphthalene) and 3 

rings (e.g. phenanthrene) as toxicity enhancers and defects in the formation of embryos of 

species exposed to petrogenic mixtures including cardiac dysfunction and oedema, 

curvature spine and reduction in size (Cherr et al., 2017; Khan, 2007).  

Phenanthrene and Naphthalene used in the present study in assays with embryos 

of D. rerio exposed for 96 hours were important for the determination of acute toxicity with 

developmental defects. Effects on a variety of fish species include early mortality, 

oedema, haemorrhage, disruption of cardiac function and deformities, in addition, PAH 

toxicity in fish embryos occurs due to their sensitivity to these compounds, high 

bioaccumulation and limited biotransformation and even during development periods 

when exposed (Alberto and Veintemilla, 2006; Barron et al., 2004; Butler et al., 2013; 

Incardona et al., 2004; Khan, 2007).   

The enzymatic biomarkers evaluated after a 96h test with sublethal concentrations 

that were defined, were used as end points to assess the impacts on D. rerio embryos 

exposed to phenanthrene and naphthalene. The result of protein analysis using 

biomarkers shows that in both substance values there is no great variation between 

protein values from 0.60 mg/L to 0.69 mg/L between different treatments is not a 

statistically difference significant. 
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Organic compounds have been considered xenobiotics responsible for inhibiting 

enzymes. Recent studies indicate that acetylcholinesterase (AChE) as a biomarker of 

neurotoxic parameter, through the hydrolysis of acetylcholine in thiocholine with an 

important function in cholinergic synapses is sensitive to contaminants and can give 

evidence of contamination in the environment even at low levels (Jebali et al., 2013; van 

der Oost et al., 2003). In the present study with D. rerio embryos, AChE for phenanthrene 

shows a reduction of the enzyme in increasing concentrations of activity relative to the 

control treatment (*). As one of the most important neurotransmitters in the central and 

peripheral region of the nervous system, AChE has been proposed as a neurotoxicity 

biomarker (Manzo et al., 1995) and it has been increasingly accepted in freshwater and 

marine environmental studies. Polyaromatic hydrocarbons are potential inhibitors of the 

cholinesterase enzyme, however the mechanisms of inhibition are not well known (Jebali 

et al., 2013). The function of this enzyme in the nervous system is to break down 

acetylcholine. When it is altered by xenobiotics, it is prevented from performing such a 

decomposition function and acetylcholine accumulates. Accumulation of acetylcholine 

increases nerve impulse transmissions and leads to nerve exhaustion with consequent 

failure of the nervous system. When this occurs, the muscles do not receive the electrical 

impulses they need to move. Muscles are the most critical muscle group and respiratory 

arrest is often the cause of death. In this work, the enzyme activity was inhibited with the 

increase of the concentrations of phenanthrene. It can be suggested that AChE is an 

important and useful biomarker in the evaluation for the purpose of embryo exposure to 

phenanthrene. And that phenanthrene may be indicative of disruption of cholinergic 

transmission due to inhibition of Ache in D. rerio embryos and may indicate environmental 

contamination due to sensitivity. This response was also observed in Olive flounder 

(Paralichthys olivaceus) where the activity of the enzyme in plasma exposed to 

phenanthrene seems to have been affected in relation to the control since the group 

exposed to phenanthrene showed significantly lower AChE activity after exposure for four 

weeks. , activity decreased with increasing concentrations of phenanthrene (Jee and 

Kang, 2004) with a result similar to the present study. In groups of P. microps fish 

exposed to different hydrocarbons for 96 hours, there was inhibition of the enzyme 

acetylcholinesterase (AChE) with neurotoxic potential (Vieira et al., 2008). The same does 

not happen with naphthalene if compared to the control, no significant effects were 

observed on AChE activity in embryos exposed to naphthalene: mean ± SEM in the 

control group: 158.806 ± 3.8 nmol / min / mg of protein; corresponding values in the 

highest concentration of naphthalene tested: 158.059 ± 4.9 nmol / min / mg of protein. 
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Indicates that cholinergic neurotransmission was not affected by naphthalene exposure to 

48 mg/L and is in agreement with previous investigations of AChE in Sparus aurata 

(Kopecka-Pilarczyk and Correia, 2011). Despite being an important biomarker in the 

evaluation of organic compounds, reports on the activity of AChE with naphthalene 

described for aquatic species include changes in catecholaminergic systems and narcosis 

(Barata et al. 2005;Gesto et al. 2006). Some authors even showed results of PAH´s with 

few aromatic rings, namely naphthalene and indicate that they have little effect on the 

activity of the enzyme or subtle AChE inhibition. (Kang and Fang, 1997) Others have yet 

to see any effect of PHAs on AChE (M. Awoyemi et al., 2014). As described for P. 

serratus, where no significant effects were observed confirming the absence of 

anticholinesterase effects of naphthalene in AChE activity (Luís and Guilhermino, 2012).  

Glutathione S-transferase (GSTs) (Slaninová et al., 2009) is one of the main 

biotransformation enzymes whose function is associated with phase II cell detoxification 

(Simonato, 2006) through catalysis through the conjugation of reduced glutathione (GSH) 

with the substrate that is the phase I metabolite whose product is the increase in the 

solubility of these compounds in water, which are important for elimination. This enzyme 

has a tendency to be one of the most sensitive when exposed to organic xenobiotics 

whose activity has been reported in studies involving environmental contaminants 

(Sherratt and Hayes, 2001) and it has been relevant to use this as a parameter indicating 

the exposure of fish in a contaminated environment (Goksøyr et al. 1992; Mittleman, 

2000). However, when compared to the phase I system that involves the cytochrome 

P450 system, little information has been reported on phase II enzymes in fish that are still 

limited (R. Van der Oost, Beyer, & Vermeulen, 2003; C. Martinez, 2006). In this study, 

GST for embryos exposed to phenanthrene showed no significant difference. Similar 

investigations demonstrated the absence of a significant difference between the control 

and treated groups 4 days after intraperitoneal injection for European Eel species 

(Anguilla anguilla) and rainbow trout (O. mykiss) exposed to Pha´s (Fenet et al., 1998). 

On the other hand, the increase in activity was evidenced after exposure of the embryos 

to Naphthalene in the concentrations with significant differences in the concentrations of 

32 and 48 mg/L in comparison with the control, such effect can be seen by the increase of 

the enzyme activity in the embryos D. rerio (Figure 3). The increase in GST activity has 

already been demonstrated after the exposure of the neotropical fish Prochilodus lineatus 

to soluble fraction of diesel oil and the increase in GST activity in fish exposed to sediment 

from polluted sites has been reported in some studies (Martinez, 2006; Mattos, 2010; 

Simonato et al., 2008). It can be suggested that GST acts as an important marker in the 
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detoxification process of the organism in the evaluation of effects whose toxicological 

importance is relevant due to the conjugation processes since it appears as protection for 

nucleophilic groups in macromolecules, namely nucleic acids and proteins. The cell 

detoxification process occurs with the capture of xenobiotics by membrane transport 

proteins, following three other steps. The first with the enzymatic bioactivation of 

compounds in oxidation reactions; the second includes enzyme (s) which, through 

metabolites produced in step 1, are conjugated to endogenous compounds that occur 

naturally in cells, namely a peptide, sugar or sulphate. As a result they produce water-

soluble products (C. B. dos R. Martinez, 2006;RAND et al. 1995) and finally step 3 

regarding the efflux of compounds or metabolites by membrane transporters (Glisic et al., 

2015). It happens that in addition to their essential functions, a critical role of GST's is the 

defence against oxidative damage and peroxidative products of DNA and lipids. It is 

important to note that the susceptibility of different species of fish to chemical 

carcinogenesis can be regulated by the activity of GST (Varanasi et al., 1987). L. 

Therefore, small changes in phase II activity can be harmful to an organism.  

Lactate dehydrogenase (LDH) energy metabolism enzyme (Maroneze et al., 2014) 

it has been used as a biomarker indicative of the potential effects of the mechanisms on 

the production of cellular energy induced by chemical stress. It is responsible for 

catalysing the conversion of lactate to reduction of pyruvate with concomitant conversion 

from NADH to NAD + when in anaerobic conditions (Elumalai et al., 2007).It is a useful 

biomarker to indicate the health  of the aquatic organism, exposed in toxicity tests, 

including acute and chronic, through   of changes in their activity (Ronda et al., 2019). 

investigations have been reported on fish as a biomarker of the impact caused by the 

presence of pesticides in the water (Maroneze et al., 2014)  

In the present study, the LDH activity evaluated in a sublethal test with embryos 

exposed to phenanthrene was clearly altered (Figure 3) in relation to the control. In 

general, stress-inducing substances affect the energy metabolism of animals. These 

changes in metabolism due to stress affect oxidative enzymes including Lactate 

dehydrogenase (LDH) and animals respond by activating a wide variety of physiological 

and behavioural responses. This response is regulated by the hypothalamic axis of the 

pituitary gland that give rise to events and trigger the release of glucocorticoids. Plasma 

cortisol as an important indicator of stress conditions in fish emits immediate responses 

that are known as primary responses where the change is perceived by the central 

nervous system (CNS) and cortisol and catecholamines are released into the bloodstream 

and secondary responses, where a sequence of stress hormones is released and as a 
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consequence alters blood and tissue chemistry and increases blood glucose. The activity 

of the LDH enzyme is because cortisol activates glycolysis and modulates cardiovascular 

functions. This whole process increases the content of glycolysis for energy production 

which may be sufficient in a short period of time. (Bagchi et al., 1995; De Coen et al., 

2001). LDH is known to be present in all tissues and in case of damage it is released from 

the cells into the blood. Therefore, the normal functioning of the cell membrane is efficient 

in retaining intracellular enzymes by an active process that includes cellular energy 

metabolism. Phenanthrene had an influence on the activity of the enzyme at all 

concentrations. This result can be seen by changes in the activity of the enzyme. These 

changes indicate disturbances in the metabolic pathways and the cellular ability to deal 

with oxidative processes during the metabolic process (Michaelidis et al., 2007). Verified 

by the reduction of pyruvate and the simultaneous oxidation of NADH by the lactate 

dehydrogenase activity present in the samples. Oxidation was followed 

spectrophotometrically by decreasing the absorbance at a wavelength of 340 mn whose 

results were expressed in nmol/min/mg of protein (Figure 3). Inhibition of LDH activity has 

been reported in the muscle and liver of fish and crustacean species in sublethal 

conditions, compared to the control, which suggested a moderate increase in anaerobic 

metabolism in the muscle tissue of fish exposed to the treated effluent, probably to 

compensate for disturbances in aerobic capacities. However, they found that anaerobic 

capacities also became significant and inhibited after 48 hours of exposure (Castro et al., 

2004; Diamantino et al., 2001; Ozmen et al., 2006; Silva, 2008). There was a decrease in 

LDH activity and it can help in the assessment and diagnosis of stress caused by 

contaminants. It has been suggested that phenanthrene can potentially affect embryo 

development and metabolism. 

There was a decrease in LDH activity and it can help in the assessment and 

diagnosis of stress caused by contaminants. It has been suggested that phenanthrene 

can potentially affect embryo development and metabolism. (Tintos et al., 2006). Lactate 

dehydrogenase (LDH) activity has been reported for aquatic organisms with the potential 

to be altered due to the presence of pollutants in the water, where they determined LDH 

activities in the gills and liver of A. bimaculatus (yellow tailed lambari) as a result were not 

statistically different in the Atyanax sp. collected at the three sites. This inhibition of LDH 

activity, as well as the poor quality of the water at that point, were indicative of the 

occurrence of pollutants in that water. They concluded that  Atyanax sp. branchial LDH 

has potential for use as a biochemical marker of environmental impact (Maroneze et al., 

2014). 
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In terms of risk assessment, an assessment begins initially with the effects of the 

oil's hydrocarbons (Zhao et al., 2021). If studies can identify and indicate the toxicity of 

crude oil, then organizing damage assessment by component may be better to 

understand the relative risk of different oils and it is necessary to identify which 

components are toxic and where the toxicity is expressed. Each oil is unique in its 

chemical composition, with many toxic components and can present high toxicity in a low 

proportion. The concern with these compounds is due to the potential efficacy that may 

have low toxicity to the environment, however even in low concentrations it can be toxic to 

animals and humans. Investigations about these compounds mainly because of 

accidental oil spills, have been increasing in developing countries. There is little work with 

freshwater species (Alberto & Veintemilla, 2006; Adham, Ibrahim, Hamed & Saleh, 2002). 

Understanding the effects of PHAs on tropical sand fish is especially important, as an 

early assessment of the sub-lethal effect can be essential to make decisions about 

decontamination of the site before drastic consequences, such as extinction of native 

species, occur in the ecosystem in question and this study contributes ecologically 

because it may help in the future to protect freshwater species since the consequences of 

the effects of exposure to PHA's from the few works that exist are not clearly understood. 

 

4. Conclusion  

 

The present study showed that PHA's: Phenanthrene and Naphthalene are toxic to 

D. rerio embryos. In addition, during the acute toxicity test it can be said that both 

Phenatrene and Naphthalene can cause sub-lethal effects such as the abnormalities 

observed during exposure. Regarding biochemical biomarkers, it was observed that the 

concentrations that caused mortality for the species studied retrospectively were important 

to define the EC50 and verify that the biomarkers, although in sublethal concentrations, 

produced effects on the development of these organisms that can compromise the 

survival and health of the aquatic environment. The effects of these PAHs may be the key 

to understanding how they work in the organism, considering their continuous entry into 

the aquatic environment due to anthropic activities or accidents with oil in fresh water (e.g. 

Amazon) and that these compounds can be mutagenic, carcinogenic and potentially toxic 

to humans adverse effects on aquatic biota can be expected. Future studies with a 

relevant ecological approach can assess the toxicity of Phenanthrene and Naphthalene in 

embryos in chronic trials, in embryos with other constituents of oil in this and other 

freshwater species during development can be suggested and in complex mixtures as 
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they are found together with other chemicals in the environment. No less important it is 

necessary to develop biomonitoring programs for areas contaminated with these toxics or 

where accidents are likely to occur. 
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Effects of copper uptake by zebrafish (Danio rerio) in early stages of 

life  

 

 

Abstract   

 

Climate change studies have highlighted the importance of including environmental factors as 

potential additional stressors for aquatic life. Climatic changes in hydrological extremes have been 

observed in the last 50 years, while projections of climatic models raise special concern for large 

areas of tropical regions, mainly in developing countries. The Amazon Basin holds the largest 

diversity of fish in the world and its distribution through the myriad of habitats in the Amazon region is 

defined by the complex organism-environment interactions. There are great sources of pollution in 

the Amazon due to anthropogenic activities, associated with high concentrations of metals that reach 

water bodies. Contamination by metal ions is an important source of concern worldwide. Copper is 

essential for fish, but it can be toxic in high concentrations, therefore, due to its abundance in the 

earth, it is a metal that can contaminate the environment. It is known to cause toxic effects on 

aquatic organisms although the risks to tropical fish are not well known. The aim of this study is to 

evaluate the acute toxicity of Copper ions in the early stages of zebrafish and to quantify biochemical 

biomarkers (GST, LDH and CHE) as indicators of exposure to these metals. The exposures were 

conducted following the OECD protocol for the Fish Embryonic Toxicity Test (FET). To determine the 

toxicity of the metal in the early stages of zebrafish, the following treatments were used: 0 (control), 

0.038, 0.06, 0.095, 0.15, 0.24 and 0.38 mg/L of copper in Water (prepared as copper nitrate 

solutions). The activities of biomarkers (GST, AChE and LDH) were measured in the early stages of 

life after exposure to copper concentrations corresponding to EC1, EC2, EC5 and EC10. The lethal 

concentration for 50% of the population after 96 hours of exposure (LC50-96h) was calculated with 

the help of the ToxCalcMix spreadsheet. The one-way ANOVA test was used to analyse data on 

enzymatic activity with SigmaPlot 11.0. LC50-96h for the early stages of zebrafish. It can be 

concluded that the acute toxicity data obtained from zebrafish indicated sensitivity to these 

organisms. The parameters evaluated in this study will contribute to the understanding of the 

mechanisms of action and toxicity of copper in Danio rerio. 

 

Key-words: Copper, zebrafish embryos, acute toxicity, biomarkers 
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1. Introduction 

 

The increasing degradation of freshwater systems has been documented 

worldwide due to the numerous sources of contamination by natural and industrial 

chemicals (Yousafzai et al., 2017). These processes forced by population growth, 

increasing exploitation of natural resources and the consequent demand for services in 

the industrial sector are today one of the most worrying environmental problems. 

(Mohamed et al., 2016; Schwarzenbach et al., 2006). Organic and inorganic compounds 

can be responsible for the mortality of numerous aquatic animals, associated with other 

sewage components that cause oxygen depletion and decrease water quality, variations 

in pH values as a consequence of the susceptibility of aquatic organisms (Mohamed et al., 

2016). Inorganic components, such as metals, are considered to be one of the main 

pollutants of aquatic systems because they reach these systems through anthropogenic 

activities or atmospheric deposition. These metals contaminate aquatic systems and are 

accumulated or biomagnified through water, sediment or food chain, as a result of 

ecological imbalance and impact on the environment and on various aquatic organisms  

(Santos et al., 2014) . 

In tropical regions such as the Amazon, the release of effluents due to 

anthropogenic activities, mainly by industries, mining activities, domestic sewage, use of 

fertilizers and pesticides severely destroys the aquatic environment, one of the 

components that has aggravated the degreasing are metals. Metals are harmful elements 

when in high concentrations in water bodies, they can cause serious impacts on 

physiology, metabolism and morphology until death on exposed organisms. On the other 

hand, they are elements that nourish the organism in low concentrations (Gabbianelli et 

al., 2003) among them, copper can be mentioned. Although it is an essential element for 

the organism, its release into the bodies of water, even in small quantities, can be 

dangerous for the biota. Because they can be absorbed by aquatic organisms like plants 

and aquatic animals  (Yousafzai et al., 2017). Copper is one of the metals that arouses 

interest, being one of the most referenced and always present in the list of priority 

substances (ATSDR, 2015) due to toxicity and effects on fish  (Gabbianelli et al., 2003; 

Yousafzai et al., 2017, 2012) and possible in humans  (Dorsey et al., 2004). The toxicity of 

this element in an aqueous medium is associated with the free form of the metal in the 

aquatic environment and the time of exposure on organisms (Mohamed et al., 2016; 

Yousafzai et al., 2017). Even in low concentrations it can accumulate in tissues through 
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water or food (Woody and Neal, 2012) this accumulation can culminate in physiological 

changes and cause effects. It is worth noting that the toxicity of a compound will depend 

on the concentration and environmental characteristics of the organisms (Rocha et al., 

2015). Thus, the exposure of the aquatic environment and organisms that inhabit it makes 

it vulnerable due to the amount and variety of chemical compounds that are released in it 

(Khan et al., 2014). However, despite the approach being modified with studies of 

exposure and combined effects. As a rule, the research carried out is essentially based on 

observation about the effects of isolated compounds that are of paramount importance to 

contain contamination and the intensity of these effects may vary according to the species 

(Rodrigues et al., 1991). Contamination sources are often documented and with them the 

destabilization of aquatic systems due to increased concentrations of contaminants 

including copper  (Yousafzai et al., 2012). In tropical regions like the Amazon, 

contamination of rivers is associated with domestic effluents and xenobiotics from oil 

industries and through sewers where the final destination is the rivers that house the 

largest freshwater ichthyofauna on the planet  (Anjos et al., 2015) they work as a deposit 

of contaminants that in low concentrations the water colour does not change and the 

effects become invisible due to the solubility of some compounds which makes this issue 

even more serious. Copper is an example of a water-soluble metal whose transparency of 

the solution prevents it from being noticed mainly in rivers in tropical areas such as the 

Amazon and compromises the quality of the water and the health of the organisms that 

inhabit it, which can be harmful and cause irreversible effects. Parallel to this, another 

aggravating factor is the changes in the climate that can potentiate the action of 

xenobiotics. It is worth mentioning that in the amazon there are periods of flood and ebb of 

rivers and this seasonality  can have drastic effects especially on resident species 

(Fearnside, 2006). Furthermore, the permanence of these compounds in sediments and in 

the water carries unknown risks over time (Carmo et al., 2011). It is important to evaluate 

the effects on pollution indicator species and the risks associated with contamination in 

fresh water. An impact on these rivers compromises not only the economy but the 

organisms and the populations that the fish feed in.  

One of the tropical freshwater fish considered in aquatic toxicology as a good 

bioindicator of contamination is the zebra fish (Danio rerio), it has been one of the sentinel 

species to contamination because through the embryos of this species it is possible 

evidence the effects caused by the contaminants. D. rerio is often used in toxicological 

assessments, because of its easy reproduction, low maintenance cost and genomic 

similarity to the human species  so it is considered a model species (Howe et al., 2013). 
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When in contact with xenobiotics it gradually results in changes in the body functions, 

these changes are easily identifiable due to the effects caused, in addition to the 

transparency of the eggs that facilitate visualization. In this way it is possible to carry out 

toxicity tests to determine the concentration range at lethal and sublethal level of 

contaminants (Lammer et al., 2009). It is important to understand how these contaminants 

act in these organisms. One of the tools used are biomarkers that accurately show 

specific effects of contaminants in the different concentrations of xenobiotics in organisms 

when the water is contaminated. Biomarkers in fish are widely used in toxicology due to 

the fact that their evaluated results are able to prove the ability to detect effects on 

organisms even at very low sublethal concentrations and therefore effective methods to 

assess the degree of early exposure and contamination are necessary and so important, 

as they offer the possibility of verifying changes induced in these populations (Jebali et al., 

2013; Sanchez and Porcher, 2009). There are several enzymatic biomarkers, among the 

biomarkers to assess the effect in populations used are acetylcholinesterase (AChE), 

glutathione S-transferase (GST) and lactate dehydrogenase (LDH). Cholinesterase (ChE), 

which is among the enzymes indicative of neuronal effects, is one of the most used 

enzymes as a biomarker to indicate environmental pollution, due to its important function 

when it hydrolyses the neurotransmitter acetylcholine in systemic nervous systems in the 

body  (Jebali et al., 2013). Acetylcholinesterase (AChE) also known as specific or true 

cholinesterase has an important function in the nervous system. Recent research has 

demonstrated the role of metals in these pathways with the inhibition of 

acetylcholinesterase (AChE) activity in aquatic organisms to demonstrate the efficiency of 

this biomarker in responses capable of detecting contamination by metals (Barata et al., 

2004; Fearnside, 2006; Jebali et al., 2013; Silman and Sussman, 2005). GST is an 

enzyme indicative of oxidative stress widely used, it is associated with the conjugation and 

excretion of toxic compounds of phase II in cell detoxification, by the activation of 

conjugation reactions with endogenous substrates in this case, glutathione. It turns out 

that the result is an increase in the solubility of xenobiotics in water and their excretion 

rates, decreasing the likelihood that these xenobiotics will bind to cellular macromolecules 

like DNA  (Eroglu et al., 2015; Sherratt and Hayes, 2002; Simonato, 2006). The toxicity of 

many xenobiotics can be measured by inducing GSTs (Oost et al., 2003). It presents itself 

as an enzyme with several cellular functions, through the activities of peroxidase and 

isomerase, as well as in the biosynthesis of physiologically important biomolecules, which 

makes them integral to the cell signalling pathways (Glisic et al., 2015). It has also been 

widely used as a biomarker in investigations with invertebrates and vertebrates  (A.C. and 
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M.L., 2013; Farzad et al., 2015). LDH is an important enzyme of energy metabolism, 

considered an indicator of cellular anaerobic capacity and responsible for the reoxidation 

of NADH during the anaerobic oxidation of glucose. So it’s very important in muscle 

physiology (Almeida et al., 2001) mainly in conditions with chemical stressors, when at 

high energy levels it can be recruited in a short period of time, it has been used as a fish 

biomarker due to the impact caused by the presence of metals and pesticides in the water 

(Dawson et al., 2013; Teodorescu et al., 2012). The metallic element Copper has its 

effects constantly been studied, however, effects and conditions of sensitivity depends on 

the species and life stage  have been reported in the literature (Philippe et al., 2017; 

Scannell, 2009) supposedly related to species differences, exposures and other 

conditions. 

Differences in copper sensitivity between species, mechanisms of toxicity and 

general physiological effects have long been documented (Philippe et al., 2017) but these 

investigations were limited to species from temperate locations and waters similar in 

physical and chemical compositions. Therefore, it is important to investigate more about 

these effects on tropical fish as it will expand the knowledge of the effects on fish, which is 

important as a basis for discussions on concentration limits, on the substance, can assist 

in the formulation of new limits and contribute to improving legislation as the information in 

extreme conditions is still limited. The stages of fish life that are most sensitive to the 

stress caused by chemical contamination are the initial periods of development. The 

effects on this moment in the life cycle influence the development, growth, shape and 

function of individuals, possibly affecting the population and giving studies of this type 

significant ecological relevance (Witeska et al., 2014). 

The aim of this study is to determine the lethal concentration and sublethal effects 

of copper ions for the early stages of development of the zebrafish tropical fish and to 

quantify biochemical biomarkers as exposure indicators to assess the sensitivity of this 

organism and predict possible risks in realistic scenarios of environmental exposure. 

 

2.  Materials and Method 

 

2.1. Chemical and standard solution 

 

High purity copper nitrate trihydrate (CAS number: 100031-43-3) obtained from 

Sigma-Aldrich for use in the tests. The test solutions were made from a concentrated 

copper nitrate solution previously prepared in ultrapure water, by successive dilutions of 
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the stock solution in water. A control (water) was included in the treatments. The stock 

solution was kept in the same experimental conditions as the test to check the stability of 

the compound during the test period. 

 

2.2. Origin and maintenance of biological species 

 

The zebra fish used were obtained from the Biology Department of the University 

of Aveiro (Portugal) and provided for the present study. The adult organisms were kept in 

carbon filtered water, supplemented with “Instant Sea Synthetic Salt” salt (Spectrum 

Brands, USA), the water was kept at (27.0 ± 1ºC), photoperiod 16h: 8 light / dark cycle, 

conductivity (550 ± 50 μS / cm), pH (7.5 ± 0.5) and dissolved oxygen> 95% saturation. 

This water was used as dilution water in the preparation of test solutions in all tests 

performed with the embryos. Adult fish were fed twice daily with an available artificial diet 

(ZM 400 Granular, ZM systems, Hampshire, UK) and shrimp. 

 

2.3. Fish Embryo Toxicity Test (FET)  

 

The zebrafish embryos were collected after natural mating under laboratory 

conditions. Before testing, the eggs were washed with water and checked under a 

stereoscope (Zoom Stereo Microscope - SMZ 1500, Nikon Corporation, Japan); eggs that 

showed lesions or irregular cleavage were discarded. 

The tests were based on the OECD Fish Embryo Toxicity Test (FET) guidelines 

(OECD, 2013). Two preliminary tests were carried out to ensure repeatability. After mating 

the eggs were collected, washed in water and examined under a (stereoscopic Zoom 

Microscope-SMZ 1500, Nikon Corporation). Eggs that showed irregularities during 

cleavage or that were not fertilized were discarded. The tests were performed on 24-well 

plates. The 24-well plates were previously saturated with the solution, except for the 

control wells. The test started with the fertilized eggs and were exposed to control medium 

and concentrations of 0.038, 0.060, 0.095, 0.150, 0.2400 and 0.380 mg L-1 to assess the 

toxicity of the copper nitrate and determine the LC50 in the acute toxicity test  (OECD, 

2013), each repetition consisted of 10 eggs individually placed in the wells of 24-well 

microplates (2 ml of exposure solution) at 26 ± 1 °C and a photoperiod of 16h of light: 8 h 

of dark under low light intensity and duration of 96 hours. The test conditions were similar 

to the culture conditions. During the trial, embryo mortality was recorded every 24 hours. 

The embryos were observed daily with a stereomicroscope for the incubated embryos, a 
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magnification of 70 x for embryos and 40 x for hatched embryos was used. The evaluation 

followed the main indices defined by the FET such as: the clotting of fertilized eggs, the 

lack of somite formation, the detachment of the yolk sac tail and the absence of heartbeat 

as main points. In addition to these parameters, the delay in body and eye pigmentation, 

yolk sac absorption, oedema, spinal deformation, larval behaviour and embryo mortality 

after incubation. These concentrations were established through two preliminary tests and 

later served as a basis for establishing the sensitivity range and defining the 

concentrations of the acute test and subsequently the concentrations to be used in the 

sublethal test, to ensure repetition during the test. The chemical compound was used in 

the form of Copper Nitrate. 

 

2.4. Sublethal toxicity test 

 

The sublethal toxicity test was done with an experimental design similar to the 

previous one and the concentrations were defined from the effective concentration (EC50) 

from the acute toxicity test, the responses of the acute test served as a basis to establish 

the sensitivity range and define the sublethal concentrations 0.005, 0.008, 0.017, 0.029 

mg L-1 corresponding to EC1, EC2, EC5 and EC10 to be used. The LC50 calculation for 50% 

of the population after 96 hours of exposure (LC50-96h) was calculated with the ToxCalc 

spreadsheet of Microsoft Excel software (available at 

http://pydio.bio.ua.pt/public/toxcalcmix) using the methodology presented by Barata et al. 

(Barata et al., 2006) and used to establish the range of concentrations to be tested. 

The bioassay was static for 96 hours. All test conditions were similar to fish 

maintenance conditions. The embryos were evaluated daily and at the end of the 

experiment, groups of 8 larvae per treatment were collected and stored in microtubes, 

frozen in liquid nitrogen and kept at - 80ºC until the enzymatic analysis. 

 

2.5. Determination of biomarkers 

 

The previously described tests were performed to measure the biomarkers of D. 

rerio embryos. Among the biomarkers are Cholinesterase (ChE), Glutathione-S-

transferase (GST), catalase (CAT) and lactate dehydrogenase (LDH). The samples were 

thawed on ice and homogenized in a sonicator (KIKA Labortechnik U2005 Control TM / 

Ystral GmbH D-7801). Enzymatic measurements were made spectrophotometrically 

(Thermo Scientific Multiskan® Spectrum) using 96-well plates. To determine ChE activity, 
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the samples were homogenized with K-phosphate buffer (0.1 M; pH 7.2) and centrifuged 

for (6000 rpm, 3 minutes, 4ºC) in order to isolate the post-mitochondrial supernatant 

(PMS) and activity was measured at 414 nm with a reading taken at 10 and 15 minutes. 

The results were expressed as nmol formed per minute per milligram of protein. 

Cholinesterase (ChE) activity was determined according to the method of Ellman (Ellman 

et al., 1961) adapted to microplate by Guilhermino et al. (Guilhermino et al., 1996). GST 

was determined according to the method described by Habig (Habig et al., 1974) adapted 

to microplate by Frasco and Guilhermino (Frasco and Guilhermino, 2002). Groups of eight 

larvae were homogenized in phosphate buffer (0.1M, pH 6.5). After centrifugation (9000 

rpm, 30 minutes, 4 ºC) the supernatant was recovered and used to determine the activity 

of the enzyme. The activity was measured at 340 nm with the recording of the increase in 

absorbance as a function of the total time of 5 minutes, elapsed every 20 seconds. 

Method happens because GST conjugates 1-chloro-2,4-dinitrobenzene CDNB (substrate) 

with glutathione (GSH) forming a thioether. LDH activity was measured according to the 

method of Vassault et al. (1983) with adaptations introduced by Diamantino et al. 

(Diamantino et al., 2001). In this method, LDH reduces the substrate and oxidizes NADH 

giving rise to lactate and NAD +. The activity of the enzyme can be monitored at 339 nm. 

Groups of 8 larvae were homogenized in Tris / NaCl buffer (0.1M, pH 7.2) always on ice. 

After this procedure, the samples were centrifuged at 6,000 rpm for 3 minutes in a 

refrigerated centrifuge (4º C) to remove the supernatant that was used to measure LDH. 

The quantification of the protein concentration of all samples was done according to the 

method of Bradford (Bradford, 1976). This method is based on the absorbance measured 

at 595 nm, using standard globulin in order to quantify the protein.  

 

2.6. Statistical analysis  

 

The lethal concentration (LC) where the initial 50% base of mortality data in 

treatments was calculated with ToxiCalc. The unidirectional ANOVA test was used to 

analyse enzyme activity data with SigmaPlot (version 11.0) LC50-96h for the early stages 

of the zebrafish. The level of significance adopted in all analyses was 0.05. 
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3. Results  

 

3.1 Acute test 

 

The result of the acute test shows the 48h-LC50 for D. rerio was 0.155 mg L-1 of 

Copper but the effects with copper occurred in the first 24h (Table 1). Some additional 

effects occurred during the transition from egg to larval stage by 96h-LC50. No mortality 

and abnormalities were found in the control group validating the test (Figure 1). Some 

abnormalities were observed during exposure to different copper concentrations. The 

embryos showed cardiac oedema, pigmentation, delayed hatching, and malformation 

(Figure 1). 

 

3.2 Sublethal essay 

 

After exposure in the early stages at sublethal concentrations (below-LC20) of 

copper, the levels of protein, acetylcholinesterase (AChE) and Glutathione-S-transferase 

(GST) and Lactate dehydrogenase (LDH) were evaluated in the larvae but no significant 

differences were found in relation to control. (Figure 2) After exposure in the early stages 

at sublethal concentrations (below-LC20) of copper, the levels of protein, 

acetylcholinesterase (AChE) and Glutathione-S-transferase (GST) and Lactate 

dehydrogenase (LDH) were evaluated in the larvae but no significant differences were 

found in relation to control. (Figure 2) 

 

Table 1 - LC50 values of Copper Nitrate in the species D. rerio for different concentrations 

tested in acute toxicity. 

LC50 (mg -1) 24h 48h 72h 96h 

Copper 
 

0.158  
 

0.155 
 

0.154 
 

0.148 
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Figure 1 - Abnormalities observed in the embryonic and larval development of zebrafish exposed to 

Copper. a), b), c) and d) show control organisms with normal development after 24, 48, 72 and 96 

hours respectively. e) shows, within 24 hours, the embryo exposed to 0.060 mg / L-1 with oedema 

and little pigmentation; f) shows within 48 hours an embryo exposed to 0.015 mg / L-1 with cardiac 

f) b) 

c) 

d) 

g) 

h) 

a) e) 
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oedema, eye and body pigmentation, developmental delay and deformation of the yolk sac; g) 

shows, at 72 hours, larvae exposed to 0.2400 mg / L-1, delay in development and hatching, 

absorption of the sac and dispersed amniotic fluid inside; h) shows the 96h of larvae exposed 0.380 

mg / L-1 cardiac oedema, delay in the absorption of the yolk sac, hatching..  
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Figure 2 - Activity of biomarkers exposed to Copper nitrate in sublethal concentrations in the species 

tested (Mean ± standard error) for D. rerio in early stages of life 

 

4. Discussion  

 

Investigations about climate change and contamination of the aquatic environment 

have been the subject of concern today  (Blank, 2015). Due to human activities, industrial 

development has brought serious problems to the aquatic environment in the form of 

metallic waste, which is the last receiver of wastewater from industrial and urban areas 

where metal pollution such as copper is likely to occur  (Antônia Gomes Neta Pinto et al., 

0             0.005         0.008        0.017         0.029 0             0.005         0.008        0.017         0.029 

0            0.005         0.008       0.017       0.029 0            0.005         0.008         0.017       0.029 
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2009; Woody and Neal, 2012). Some metals (e.g., Cu, Zn e Mn, Cr, Ni, Co, Fe) have 

biological importance and are essential for the organism, however, the toxicity on the 

organism will depend on the sensitivity of the species, concentration, and the way it 

occurs in water (National, 2015; Yousafzai et al., 2017).  

However, it can be toxic when the internal amount of copper in the body exceeds 

the capacity for physiological elimination (Thangam et al., 2014a). When at levels above 

what is necessary, it can influence growth and reproduction, the accumulation can cause 

irreversible damage and the effects have already been reported in some species even at 

low concentrations, these reports of contamination by metals, especially copper, are long-

standing, however, the sensitivity in the early stages of development metal poisoning is 

not well known, not to mention the effects of the behaviour of fish that are the subject of 

intense research  (Woody and Neal, 2012; Yousafzai et al., 2017, 2012).  

Copper is easily dissolved in water and absorbed by fish and other organisms. 

This contaminant can bioconcentrate to be toxic in very low concentrations and fish are 

more sensitive to these changes in the environment than mammals, they are considered 

the most effective biomonitors in aquatic systems to estimate the level of metal pollution 

(Ebrahimi and Taherianfard, 2011; Woody and Neal, 2012). Through toxicity tests that are 

essential because they can provide information on compounds and serve to evaluate the 

effects on aquatic organisms in short periods of time the toxicity of different compounds 

has been documented (Costa et al., 2008). Acute copper toxicity was reported for the 

tilapia (Oreochromis niloticus) and catfish (Clarias gariepinus) species using the 96-LC50 

toxicity index and the response to the determined lethality. Fish species present different 

mortality responses, to the varied copper concentrations studied (50, 60, 70, 80, 100 and 

120 mg / l) showed that copper was significantly more toxic to O. niloticus than catfish. 

The LC50 values for O. niloticus and C. gariepinus revealed to be 58.837 and 70.135 mg / 

L, respectively  (Ezeonyejiaku et al., 2011). It is worth mentioning that the information is 

still unknown in many species and about how tropical fish respond to the climate change 

scenario (Woody and Neal, 2012). That is why it is important to determine acute toxicity 

as the concentration and effects may vary according to the species, age and 

concentration used. In addition, it is important to carry out tests under controlled 

conditions and select suitable test species to obtain reliable, reproducible, defensible and 

ecologically significant results, namely the embryos of Danio rerio. 

In this work, embryos of the species D. rerio were used and the 96h-LC50 of 

Copper Nitrate was determined, where it was revealed at 48h-LC50 = 0.155 mg L-1) and 

the effects were more evident in the 24 hours. However, some effects were demonstrated 
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during exposure until the end of 96 hours and were important in determining EC50 and 

sublethal concentrations. Copper can be embryotoxic (Figure 1) shows the differences 

during development in different organisms. The effects of copper exposure were reported 

in rainbow trout (Onchorchyncus mykiss) according to the Cu and Zn developmental stage 

(0.25, 0.125 and 0.06 mg/L) isolated and in 96h mixtures. Embryos were more sensitive to 

the effect of metals alone and in the mixtures there was a higher percentage of mortality. 

Other studies with trout have revealed that copper is the most toxic metal for rainbow trout 

at all stages of development (based on LC50-96h) (Kazlauskienė and Vosylienė, 2008; 

Vosylienė et al., 2003). This difference in sensitivities may be due to the chorion that 

protects fish in the embryonic phase (Kazlauskienė and Vosylienė, 2008) 

The effects of metals such as Copper and Cadmium were also evaluated in 

embryos and larvae ide Leuciscus idus where the fish were exposed to Cu and Cd (100 

µg / L) in early stages of development. Survival was verified, as well as hatching time, size 

and quality of newborn larvae were assessed at the end of the embryonic period. The 

results showed that embryo exposure to Cd and Cu significantly reduced embryonic 

survival and increased the frequency of malformations and death in newly hatched larvae 

and late hatching and during the larval period it reduced larval survival, growth and 

developmental delay. Exposures to metals during the embryonic period had an adverse 

impact on the performance of the larvae. However, exposure of embryos to copper 

reduced the toxic impact of the metal on larvae under continuous exposure to copper 

compared to unexposed fish. The results show that even a short-term exposure during the 

initial development of ide has negatively affected this species. Embryos were more 

sensitive to copper poisoning than larvae, while in the case of Cd, the sensitivity of both 

stages was similar (Witeska et al., 2014). Other studies have revealed the toxicity of 

copper with inhibition in the growth of tilapia populations (Chen et al., 2012) and in acute 

toxicity, they showed that fish had effects on haematological parameters with an increase 

in both haematocrit and haemoglobin, probably due to changes in blood parameters 

(Cyriac et al., 1989; Thangam et al., 2014a). 

The most evident effects in the present study were cardiac oedema, pigmentation, 

malformation of the tail, delay in hatching, and survival was assessed. The result shows 

that the exposure of D. rerio embryos decreased survival, increased malformations 

causing effects during development and the most evident delay in hatching with 

consequent growth and shows that even in low concentrations and in only 96 hours it 

affects development initial embryo of this species Between 48h and 96h, hatching time, 

cardiac oedema, delayed hatching, yolk sac absorption and spinal flexion were the most 
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evident effects in this period. Control group embryos showed normal development 

throughout the trial in the same manner as described by Kimmel (1995).  On the first day, 

effects on eye and body pigmentation and tail detachment and oedema were observed 

(Figure 1e). On the second day, the frequency of embryos with poor body and eye 

pigmentation, delay in the absorption of the yolk sac, tail and pericardial oedema was 

notorious, with consequent delay in development (Figures 1 e, f). On day 3, all live 

embryos showed delay in hatching. The incidence of oedema and the late absorption of 

the yolk sac were verified in the embryos (Figures 1g). On day 4, it was possible to 

observe a high incidence of oedema and abnormal absorption of the yolk sac, delay in the 

development of the embryos that were alive (Figures 1h). The result of this work is similar 

to the results mentioned in other works. The toxic action of metals can be revealed in the 

early stages of fish development and various adverse effects or metabolic processes can 

be affected in the development of embryos specifically and result in developmental delay, 

morphological and functional deformities, or the death of the most sensitive individuals 

who are general effects expected in organisms exposed to metals. The EC was defined 

from the calculation of the Lc50 for the evaluation of the activity of the biomarkers (AChE, 

GST and LDH) in sublethal concentrations whose defined sensitivity range was: 0.005, 

0.008, 0.017, 0.029 mg L-1 corresponding to the EC1, EC2, EC5 and EC10 to be used. 

In this study, the exposure of biomarkers (AChE, GST and LDH), when exposed to 

the copper metal was evaluated in D. rerio embryos because the metals are capable of 

disturbing the biological organization at all cellular levels, among them the physiological 

and biochemical mechanisms in fish and other organisms and biomarkers are used to 

signal possible signs of contamination, can be evaluated on samples and more accurately 

reflect the effects of the contaminant on aquatic organisms (Sanchez and Porcher, 2009). 

Fish as an important component of the ecosystem and source of food were evaluated 

using biochemical biomarkers (National, 2015) as indicators of copper contamination. 

In this work the activity of the biomarkers (AChE, GST and LDH) were measured 

and calculated in the embryos after exposure to the different concentrations of copper. 

Biomarkers were used as a response tool for end points to toxic stress (Frasco and 

Guilhermino, 2002; Mohamed et al., 2016) through the different concentrations of copper. 

After 96 hours it was found that the analysed enzymes AChE, GST and LDH were not 

significantly altered with copper at the concentrations used. 

Acetylcholinesterase, a key enzyme in the nervous system, has been used as an 

environmental biomarker due to its activity when exposed to metals. However, the results 

were against the effects reported in the literature (Jebali et al., 2013; Oost et al., 2003), as 
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well as GST with functions in the detoxification process  (Sherratt and Hayes, 2001)  and 

LDH, which is a useful regulatory enzyme to indicate the metabolic state of the organism, 

whose alteration may be directly or indirectly linked to the mechanism of action of the 

compound used, it may indicate whether the organism had any damage caused to the 

organ used, showing presence of pollutants in the water (Gupta et al., 1991). There was no 

altered enzyme activity, but equally measuring enzyme activity is important, one of the 

advantages is that the activity depends on the dose on exposure to the contaminant 

(Frasco and Guilhermino, 2002; Mohamed et al., 2016) and the response may vary 

according to species and in the present study in D. rerio embryos the activity of these 

enzymes were not responsive to embryo exposure to copper, the lack of response in AChE 

activity was reported during zebrafish adult exposure in mixtures with the chlorpyrifos 

pesticide and neurotoxic Copper chloride (CuCl, 0.1 μM, 0.25 μM, 0.6 μM, or 6.3, 16, 40 

ppb), for 24 hours where the effect on behaviour and the reduction of the enzyme in the 

muscle was associated with chlorpyrifos and copper was associated with the effects on loss 

of behaviour during swimming. Increasing concentrations of Cu were inversely correlated 

with AChE activity where 16 and 40 ppb Cu did not have significant effects (Tilton et al., 

2012) on the other hand, the effects of acute exposure to copper (Cu) using juvenile 

freshwater neotropical fish Prochilodus lineatus through the analysis of several biomarkers 

exposed to environmentally relevant concentrations of Cu (5, 9 and 20 g / L-1) for 96 h 

showed inhibition of the muscle AChE enzyme indicating that exposure to copper at low 

concentrations or close to the environmentally effective levels induced significant 

biochemical damage in P. lineatus and are effective in evaluating and monitoring sites 

impacted by copper in fresh water (Simonato et al., 2016). Other studies have also 

demonstrated the effects of copper on GST activity in Nile Tilapia O. niloticus (Carvalho, 

2009) and LDH activity in Carassius auratus gibelio (L. Pysces) (Teodorescu et al., 2012) 

respectively. This means that biomarkers are important in assessing the effects of copper 

on embryos and further studies should be done to detect potential risks to the environment. 

It means that these parameters evaluated in this study can contribute to understand the 

mechanisms of action and toxicity of Copper in embryos of D. rerio since in low 

concentrations they can accumulate and biomagnify and cannot be eliminated from the 

organism by metabolic activities. Studies show that metals cause severe damage and are a 

threat to the health and habitat of fish, posing respectable risks to human health through 

metal-contaminated fish (Oancea et al., 2005).  

This work proves that the effects were not summarized only by the enzymes that 

could be perceived by the malformation, cardiac oedema Cardiac effects and in the 
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curvature of the spine. The effect of metals such as Copper and Cadmium (100 ug / L) 

was also evaluated in embryos and larvae of L. idus during development periods, as a 

result the embryos showed a significant reduction in embryonic survival, increased 

frequency of body malformations, death in newborn larvae and delayed hatching as 

effects of exposure (Witeska et al., 2014) indicates that even short-term exposures during 

initial development can adversely affect the species. In addition, low levels of 

contamination may not promote enzyme induction, but the effects on embryos go beyond 

enzyme analysis as they can affect fertility by promoting a decrease in the fish population 

in the long term. (National, 2015). Reproductive effects have been observed at low levels 

of Cu and include spawning block, reduced egg production per female, abnormalities in 

newborn fry, reduced young survival and other effects (Jezierska et al., 2009; National, 

2015).  

For humans, the amount required for the proper functioning of the metabolism is (5 

to 20 ug / g) but the exposure or excessive intake of copper can lead to liver cirrhosis. The 

accumulation of liver copper triggers cholestatic diseases and they play an important role in 

the pathogenesis and can occasionally lead to neurological toxic effects and in comparison 

fish are 10 to 100 times more sensitive to the toxic effects of copper than mammals 

(Thangam et al., 2014b)  

To assess the significant biological outcome of any contaminant, it is necessary to 

study the potential damage to the essential functions of the organism, as a result of its 

toxicity before death occurs. (Frasco and Guilhermino, 2002). This work showed that the 

copper toxicity was not restricted to its direct action but also to the sublethal effects during 

the 96h exposure of this compound, which brought other potential consequences to the 

organisms, with losses in the normal essential functions that seem to have occurred. It can 

be suggested tests with other enzymatic markers that are necessary to evaluate the 

sublethal effects of Copper Nitrate in other metabolic pathways, also a longer exposure 

time respecting the limits allowed by legislation to better understand the effects of metal 

contamination in freshwater fish. considering the potential impact on high biodiversity 

regions. 

Industrial activities continue to occur in urban areas and concentrations in the 

aquatic environment are being modified. The important thing is to deepen research and 

expand dissemination are essential points for us to understand the role of governments, of 

the scientific community itself, to seek better solutions. 
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5. Conclusion 

 

 Most of the lethal effects of copper occurred during the first 24 hours of exposure 

and during the transition from egg to larvae 

 

 No significant sublethal effects were found in the activities of AChE and GST and 

LDH after exposure to copper, although a depression in GST activity can be 

observed, but associated with high variability in treatments 

 

 Further studies with other enzymatic markers are needed to assess the sublethal 

effects of copper on other metabolic pathways. 
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Evaluation of the effects of Aluminium in Tropical species: Colossoma 

macropomum (Tambaqui) 

 

Abstract  

 

Contamination by metals and temperature variations occur simultaneously or sequentially in an 

aquatic environment, it has been one of the biggest problems today and little is known about the 

effects on tropical species. The Amazon region is considered one of the areas in a tropical country 

that will suffer the most from the impacts of climate change and due to its extensive areas of rivers, 

seasonality and associated biodiversity the impacts can be drastic and irreversible. Among other 

peculiarities in some places the rivers have low pHs, this acidity of the waters can help in the toxicity 

of inorganic compounds. Aluminium is an inorganic compound that is part of the physiological and 

biochemical processes of living beings, even though it is not considered an essential element of life, 

but in high concentrations in the body, it becomes toxic. In the Amazon, the main source of 

aluminium contamination comes from human activities, namely mining, the extraction of oil whose 

components may be mixed in water, domestic sewage, effluents and industrial waste. One of the 

applications is in the form of aluminium sulphate used in chemical coagulation in treatment plants for 

water purification, the result is the formation of residual aluminium in the final treated water and 

when it enters the rivers it can increase concentrations and associated with physical- chemicals by 

which their speciation is controlled, even in a small amount in its toxic form AL³ + as effluent and 

associated with temperature can be toxic. The objective of the present study is to evaluate the 

responses of acute toxicity (LC50) and sublethal effects of aluminium and temperature in fish. 

Tambaqui (C. macropomum) was exposed to aluminium at a temperature of 32ºC in different 

concentrations (0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.20, 3.90, 7.0) to determine 96h-LC50. For sublethal 

exposure, the concentration of (0 control and 0.85 mg/L) was exposed and biomarkers were 

quantified (GST and CAT) as indicators of exposure to contamination. The result with Spearman 

Karber showed the tambaqui's sensitivity to aluminium and temperature 32ºC 96h-LC50 value of 1.7 

mg/L. In the sublethal test they did not show mortality during the whole experiment, however the 

effect of the compound was noticeable by the significant results of the Haematology where they were 

evident in the Haematocrit, HB, VCM and CHCM, in relation to the control and in the Biomarkers in 

GST both in the liver and in the gills through the activity of enzymes in the same way in the activity of 

Catalase in the liver. It is possible to conclude that aluminium associated with temperature causes 

an effect on the C. macropomum, compromising physiological processes, resulting in excessive 
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damage to the health of the organism due to the induction of oxidative stress and formation of free 

radicals. It is important to note that the metal's toxicity depends on the absorbed dose and duration 

of exposure, therefore more research is needed to understand the different mechanisms of action of 

Aluminium. This study contributes to highlight the importance of regulation and reduction of the 

unrestrained use of aluminium in its various domestic and industrial sectors which, when entering 

rivers influenced by physical and chemical factors e.g. temperature can cause effects on organisms, 

jeopardizing the entire balance of the ecosystem and in the case of C. macropomum, it can cause 

damage to the local economy in terms of feeding the Amazonian population at the local level, as well 

as for import and export. 

 

Keywords: Toxicity test, Aluminium, Colossoma macropomum, LC50, biomarkers; 
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1. Introduction   

 

Contamination of the aquatic ecosystem by metals is a problem that has been reported 

incessantly over the past few decades. Currently attempts to identify ways to control and 

maintain the natural ecosystem in balance (Choudhury et al., 2021) became a challenge. 

Acidification of the water surface has serious consequences for fish populations and the 

effects can be exacerbated in the presence of inorganic contaminants (Taghizadeh et al., 

2013). Aluminium (Al) is an inorganic metal, being the third most abundant element on the 

planet, not being considered an essential metal for life (Roesky and Kumar, 2005) 

however, it enters the environment through natural actions by weathering rocks in the 

earth's crust (Roesky and Kumar, 2005). Another way of entering the environment is 

through the action of man through industrial activities, liquid effluents and inadequate 

disposal of products containing aluminium (Fearnside, 2016). Aluminium, among other 

applications, is widely used for purifying drinking water (Krupińska, 2020). In 

underdeveloped countries such as Brazil, when the demand for water collected to supply 

the population is not sufficient, more water must be collected and must be treated to meet 

the quality standards required by law. This treatment is generally carried out by Water 

Treatment Plants by means of chemical coagulation. Among other factors, the insertion of 

aluminium-derived coagulants in the coagulation stage can increase the aluminium 

concentrations in the treated water at the end, called residual aluminium (Krupińska, 

2020). The aluminium concentration in  water can vary depending on several 

physicochemical factors. Values of aluminium dissolved in water with neutral pH generally 

range from 0.001 to 0.05mg/l and increase to 0.5-1mg/l in waters that are more acidic or 

rich in organic matter. One of the factors that determine the shape of aluminium in water is 

the pH, the solubility of aluminium varies with pH conditions.  (Krupińska, 2020; 

Organisation, 1998). Aluminium is found in a natural aquatic environment forming 

compounds such as silicates and complexed with anions, namely chlorides, fluorides, 

phosphates and negatively charged groups such as humic matter and clay. However, the 

speciation of this aluminium is controlled by the chemical properties that interfere with its 

solubility, the solubility is of the order of 31.3 g/L at 0ºC (Kandimalla et al., 2016; 
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Krupińska, 2020; Organisation, 1998). Aluminium sulphate is one of the most used 

coagulants for water treatment, due to the fact that it is cheap, easy to transport and is 

found in several regions of Brazil, on the other hand, it is considered one of the 

coagulants that produces more Al3 + effluent to water treatment plants, residual 

aluminium (Kandimalla et al., 2016; Krupińska, 2020). Residual aluminium concentrations 

can have undesirable effects on human health if they go into the distribuition system. The 

increase in concentration is influenced by several factors, including temperature, pH and 

the presence of fluorides, sulfate, silicate, phosphate and organic matter but are 

dependent on water quality parameters and operational factors in the water treatment 

plant (Kandimalla et al., 2016; Krupińska, 2020; Organisation, 1998).That aluminium 

species in aqueous medium depend on the pH of the medium, where the most 

predominant monomeric and toxic form in acidic pH is (Al3+) (Jaishankar et al., 2014). This 

way, it has been verified the increase of the concentrations of this element in aquatic 

environment, it is proposed as one of the most toxic metals, mainly n acid pH these 

effects in fish have been demonstrated (Authman, 2015; Exley et al., 1991a) and fish 

seem to be more sensitive to aluminium than in invertebrates (Authman, 2015; Kuklina et 

al., 2014).  

The Amazon region located in the North of Brazil is one of the areas that, among 

several features, has extensive areas of freshwater river with very low pHs (Alho et al., 

2015)and the release of metals such as aluminium in an uncontrolled manner by means of 

human activities or environmental accidents at the river's edge can increase the 

environmentally accepted concentrations. In addition, small quantities combined with 

external factors and climatic stressors such as temperature, which has currently been 

identified as one of the main factors in climate change, namely in developing countries 

and large tropical areas such as the Amazon (Ipcc, 2007) can be harmful to organisms 

and further aggravate the equilibrium state of the ecosystem so as to have serious 

consequences at the local and global level (Sappal et al., 2015).  

There are some studies that mention aluminium toxicity on fish (Alho et al., 2015; 

Kandimalla et al., 2016; Poléo et al., 2017) but they are still limited mainly to fish from 

tropical areas like the Amazon. The Amazon basin is home to the largest fish biodiversity 

in the world and fish in this environment are susceptible to increased aluminium toxicity 

due to human activities. In places like Rio Negro, the largest black water river in the 

Amazon, which has high acidity between pH 4.0 and 7.0 (Costa et al., 2016) and average 

temperature of 30ºC (Marengo et al., 2011) the accidental release of aluminium, 

combined with climate changes, namely temperature can have drastic effects. 
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Thus, studies that check the susceptibility of tropical fish to these scenarios are 

necessary. C. macropomum is a tropical fish native to the Amazonian rivers and is 

popularly known as tambaqui and was chosen as a test organism due to its social, 

economic, environmental, and scientific importance. It has been commonly used in 

toxicological tests (Lima et al., 2020). Since aluminium is an important toxic agent in 

acidified waters, it is important in this study to determine aluminium toxicity to better 

respond to the possible effects caused in tropical fish. The use of fish as indicators of 

pollution and fish biomarkers has been constituted as an effective tool to verify these 

effects and to predict risks to environmental and human health exposed to different 

concentrations of the aquatic environment. 

In order to better understand the risks and try to control contamination by human 

activities with effluents in the form of Al2 (SO4)3 sulphate as residual and more specifically 

in the presence of the Al3+ ion in tropical regions, especially in the Amazonian rivers, 

which tends to help the aluminium toxicity due to the peculiarity they present and the 

temperature whose effects in tropical species are poorly understood, the objective of this 

study is to evaluate the aluminium toxicity combined with the temperature stressor in C. 

macropomum in early stages and quantify biomarkers (CAT,GST) as indicators of 

exposure to contamination. 

 

2. Materials e Methods 

 

2.1. Chemical 

 

Aluminium Sulphate Octadecahydrate. Chemical formula: Al₂ (SO₄) ₃ · 18H₂O 98% purity 

(Cas Number: 784-31-8) obtained through Sigma Aldrich 

 

2.2. Obtaining and acclimatizing the C. macropomum  

 

The specimens of C. macropomum (Cuvier, 1816) were acquired in collaboration 

with the Amazonas Rural Production Secretariat (SEPROR) at the CRTPA Aquaculture 

Production Training Center on the farm in the city of Balbina (Balbina, Presidente 

Figueiredo, AM*1º55’54,4 "S; 59º24’39.1’’ W), transported by truck to the city of Manaus 

for about 2 hours to the facilities of the Laboratory of Ecophysiology and Molecular 

Evolution – LEEM, located on campus I of the National Amazon Research Institute – INPA 

em Manaus - Amazon – Brasil. At the LEEM, before the experiments, the fish were 
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acclimated for 4 weeks in laboratory conditions, in 500 L tanks, kept under continuous 

water circulation, permanent aeration system, filtration and 12: 12 pm natural / light 

photoperiod at an average ambient temperature of 26 ± 1ºC with a minimum period of 15 

days to adapt to local conditions. The animals were fed with commercial feed containing 

36% of crude protein (Nutripiscis) daily until they were allocated in the aquariums for the 

test. Feeding was suspended 24 hours before and throughout the experiment. 

 

 

2.3. Monitoring of water quality  

 

The physicochemical characteristics of the water were monitored every 24 hours in 

a tank with water to be used in the maintenance of fish and throughout the experiment. 

Dissolved oxygen (O2 - mg / L), temperature (ºC) and electrical conductivity (µ.S / cm) 

were determined with the multi-parameter YSI model 85-10 FT and the hydrogen potential 

(pH) with the pH meter YSI model 60 -10FT. The aluminium ions present in the water 

were determined with the aid of an atomic absorption spectrophotometer (AAnalyst 800, 

Perkin Elmer).  

 

2.4. Determination of the amount of aluminium in the water   

 

To determine the amount of aluminium in the water allowed by the legislation, the 

maximum permitted amount of 200 ug/L for groundwater and prevention for public supply 

was checked in the literature (Valente-Campos et al., 2014; Water Quality Association, 

2013) then it was verified the amount of aluminium present in the laboratory water that 

would be used in the tests through samples determined with the aid of an atomic 

absorption spectrophotometer (AAnalyst 800, Perkin Elmer), whose amount was (<0.02 

mg / L of AL), afterwards several preliminary tests were carried out with aluminium and 

water in the glass aquariums to verify the speciation and complexation in the internal walls 

of the aquarium, a fact that could help in the reduction of the aluminium ions and decrease 

availability and consequent concentration during the test. In this way it was possible to 

realize that there was a possibility of determining the toxicity of the chemical element. 
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2.5. Determination of the Sulphate 

 

The amount of sulphate present in the tested concentrations was measured by the 

Gravimetric determination method. Sulphate anion (SO4ˉ²) is one of the most abundant 

ions in nature, arising in groundwater through the dissolution of soils and rocks. In public 

water supply, sulphate must be controlled as it can cause laxative effects, with the 

potability standard set at 400 mg/L. The determination of the amount of sulphate present 

in the aluminium sulphate molecule was made to verify that the sulphate concentration 

was within the permitted standards and without interfering in the biology, health of the 

organism with nominal concentrations, so that there is no subsequent interference in the 

test with concentrations It was important to check how much sulphate and aluminium 

there was. In this method, the sulphate was precipitated in the presence of hydrogen 

chloride (HCL) to barium sulphate (BaSO4) by the addition of barium chloride (BaCl2) to 

the solution. The precipitate was kept carefully close to the boiling temperature, and after 

a period of digestion subsequently filtered, in this case in a paper filter and glass funnel, 

parallel to this process, porcelain crucibles were previously tared, conducted at high 

temperatures (800ºC), being cooled in a desiccator, and weighed again (Crucible + 

BASO4). Due to weight difference, the mass of sulphate present in the sample was 

obtained. It is thus verified how much sulphate and aluminium would be available for 

nominal concentrations, thus excluding the possibility of contamination by the amount of 

sulphate. All analyses were done in duplicate. Leem's well water did not show sulphate. 

 

2.6. Determination of aluminium toxicity 

 

To determine aluminium toxicity, preliminary tests were performed with C. 

macropomum. The determination of the 96h-LC50 aluminium and temperature 32ºC, was 

made after being removed from the maintenance tank after acclimatization. Before 

switching to glass aquariums, feeding was suspended. The fish were randomly transferred 

and randomly distributed to local 40 L aquariums where they were acclimatized again with 

constant aeration in a closed system under experimental conditions for 1 week before the 

test. Feeding was suspended 24 hours before the start of the test and lasted until the end 

of the 96-hour experiment. For the water heating, Atinan HT - 100 thermostats were used, 

fixed inside the aquariums. Fishes with medium weight (4g) and distributed according to 

an entirely randomized design, in nine tanks, with 10 fishes per tank and three repetitions 

per treatment were exposed to increasing concentrations of aluminium (0, 1.2, 1.4, 1.6, 
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1.8, 2.0, 2.20, 3.90, 7.0) associated to a temperature of 32ºC. The experiments were 

performed obeying the weight/volume proportion in average 1g of fish for each litre of 

water, with exchange of 20% of the aquarium water, test solution reinstalled in the 

experimental tanks and monitoring of the water parameters (pH, oxygen, temperature, 

conductivity) every 24 hours. Fish with average weight (4g) and distributed according to a 

completely randomized design, in nine tanks, with 10 fish per aquarium and three 

replicates per treatment were exposed to increasing concentrations of aluminium (0, 1.2, 

1.4, 1.6, 1.8, 2.0 , 2.20, 3.90, 7.0) associated with a temperature of 32ºC. The 

experiments were carried out obeying the weight / volume ratio on average 1g of fish for 

each litre of water, with the exchange of 20% of the aquarium water, test solution renewed 

in the experimental aquariums and the monitoring of water parameters (pH, oxygen, 

temperature, conductivity) every 24 hours. The water conditions of the aquariums were: 

temperature (32ºC), dissolved oxygen, ion concentration read on the Perkin-Elmer model 

3100 atomic absorption spectrophotometer (AAS). All aquariums had constant aeration 

and temperature (32ºC). The residual water during the solution exchange and at the end 

of the experiment was stored in a container containing calcium, whose purpose was to 

precipitate the metal for later disposal of the water used in the test. 

The dead animals were removed during the reading of the experiment every 24 

hours. To calculate the 96h-LC50, the program (LC50 Programs JSpearman test) (Hamilton 

et al., 1977) was used according to the Trimmed-Spearman Karber method, whose 

objective is to relate the mortality values with the effluent concentrations poisoning. 

 

2.7. Sublethal test  

 

The sublethal test was performed after determining the LC50 value (1.7 mg/L of 

aluminium). The evaluation of aluminium toxicity and temperature 32º in sublethal 

condition was made using the concentrations: 0 control and 0.85 mg/L of aluminium 

corresponding to 50% of the LC50 of aluminium at 32ºC for 96 hours for C. macropomum. 

A test similar to the one described above was carried out, where the fish were randomly 

distributed in two aquariums, with 10 fish per aquarium and three replicates per treatment, 

the feeding was suspended 24 hours before the beginning of the test and lasted until the 

end of the 96-hour experiment with constant aeration. To heat the water, thermostats 

model Atinan HT - 100 were used inside the aquariums. The fish were exposed to 

concentration (0 control, 32ºC) maintained without the presence of the contaminant and 

(0.85 mg/L, 32ºC) maintained with contaminant. The daily water renewal of each 
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aquarium was 8L, reinsertion of the effluent to maintain the tested concentrations and the 

monitoring of water parameters (pH, oxygen, temperature, conductivity) measured every 

24 hours. The pH values, temperature and dissolved oxygen levels of the experimental 

aquariums were continuously evaluated. After the water exchange, the residues were kept 

in a container containing calcium, to precipitate the metal and later dispose of the water 

used in the test. There was no mortality during the 96-hour trial. At the end of the 

experiment, 9 fish were collected per concentration. The fish were removed individually 

from the aquariums to assess their health status by determining haematological 

parameters. Then, the fish were weighed, measured, and euthanized by section of the 

spine. After euthanasia, the liver and gills were removed, and tissue samples (liver and 

gills) were collected. The samples were immediately frozen in liquid nitrogen and stored at 

-80ºC until enzymatic analysis. The enzymes analyzed were Glutathione S-Transferase 

(GST) and Catalase (CAT) in C. macropomum in early stages. This study was possible 

after approval by CEUA / INPA under protocol number 026/2015. 

 

2.8. Analysis of haematological indicators  

 

To assess the health status of C. macropomum, blood samples from 9 fish of each 

concentration tested were extracted by puncturing the caudal vessel using syringes (3mL) 

using heparin Homofol ® 5,000 IU / Ml as an anticoagulant. After obtaining the samples, 

they were kept in 2mL microtubes and stored on ice. Afterwards, the samples were 

centrifuged at 7200 rpm for 10 min in an MPW centrifuge, model 350 - Brazil to obtain the 

plasma and then were stored in a freezer at -80ºC. From the whole blood, haematocrit 

(Ht), red blood cell count (RBC) to haemoglobin (Hb) were determined, and, in addition to 

these, the corpuscular constants were measured: mean corpuscular volume (CMV), mean 

corpuscular haemoglobin (HCM) and mean corpuscular haemoglobin concentration 

(CHCM) which were determined from the values corresponding to the number of red cells 

(erythrocytes). 

 

2.8.1. Haematocrit (Ht) 

 

To determine the Haematocrit (Ht), blood samples were transferred to micro 

haematocrit tubes and centrifuged at 10,538 RCF - Relative Centrifugal Force for 10 

minutes in a centrifuge for centrifuge microhaematocrit Fanem Modelo 211 - Brasil, 

Excelsa Flex 3400 - Brasil. The reading was performed observing the percentage (%) of 
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erythrocyte sedimentation made with the aid of a standardized scale according to the 

method described by Goldenfab et al. (1971). 

 

2.8.2. Red blood cells (RBC) 

 

The total number of erythrocytes was determined in each blood sample that was 

diluted 10µL of blood in 2 ml of formaldehyde citrate in the proportion of 1:200 (volume of 

blood: volume of diluent). After homogenization, the counting of the circulating red cells 

(RBC) was determined by counting in a Neubauer chamber with the aid of a Motic 

Professional optical microscope, in a 40X objective. The results are presented in number 

of erythrocytes / mm³ of blood.  

 

2.8.3. Haemoglobin concentration (Hb) 

 

Haemoglobin (Hb) was determined according to the cyanomethaemoglobin 

method (Kampen and Zijlstra, 1964). In test tubes, 2.0 ml of Drabkin's Solution that was 

previously prepared were added and 10 µl of blood was added to this solution with 2 

replicates for each sample. After this procedure, these samples were mixed on a shaker 

and were left to stand for 10 min. Then they were read on a spectrophotometer at a 

wavelength of 540 nm (Spectronic Genesis-2 - US) and a blank with Drabkin's solution 

only. The calculation for the Hb concentration was made according to the formula below 

and the results are expressed in g.dL: 

 

g % Hb = ABS (540 nm) x 0,146 x 201 

                           Where: 

540 nm = ABS absorbance 

0,146 = correction factor 

201= Sample dilution 

 

2.8.4. Determination of Corpuscular Constants 

 

The determination of the corpuscular constants, to mention: average corpuscular 

volume (MCV), average corpuscular haemoglobin (HCM) and concentration of average 

corpuscular haemoglobin (CHCM), were determined according to the following formulas 

established by Brown (Brown, 1976):  
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2.9. Evaluation of antioxidant enzymes 

 

2.9.1. Homogenization and enzymatic determination 

 

On the day of the enzymatic analysis, the samples were previously thawed on ice, 

and were used for the measurement of enzymatic markers Glutathione S-tranferase 

(GST) and Catalase (CAT). The liver and gills samples were homogenized with 

homogenization buffer (20Mm tris-base, 1Mm EDTA, 1mM dithiothreitol, 0.5M sucrose, 

0.15 KCL and 0.1mM PMSF) in a 1: 4 ratio (buffer tissue), using a sonicator (IKA- T10 

Basic Ultra - Turrax Made - USA). Then the samples were centrifuged for (30 minutes, 

9072 rcf, 4ºC) in order to isolate the post-mitochondrial supernatant (PMS) that were 

removed, separated for GST and Catalase. The enzymatic determinations were made 

with the aid of a spectrophotometer (Thermo Scientific Multiskan® Spectrum - US) using 

96-well microplates. The analysis was performed according to the protocol for each 

enzyme as described below: 

 

Glutathione-S-Transferase 

 

The activity of this enzyme in the liver and gills was determined according to the 

method of Keen et al. (1976), which uses 1-chloro-2,4-dinitrobenzene (CDNB) as a 

substrate. The kinetic activity of GST was calculated from the absorbance, verified in a 

spectrophotometer (Thermo Scientific Multiskan® Spectrum - US) at a wavelength of 340 

nm and the enzyme activity estimated using the molar extinction coefficient (ɛ = 9.6 mMˉ¹ 

cm ˉ¹) of the CDNB. The units monitored at 340nm with the record of changes in 

absorbance and expressed in µmol.min ˉ¹.mg protein ˉ¹. 

 

Catalase  

 

VCM (µm³) = Ht x 10/RBC 

HCM (pg) = [Hb] x 10/ RBC 

CHCM (%) = [Hb]/Ht x100 
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The activity of catalase was determined by the method described by Beutler 

(1975), which is estimated by continuously evaluating the decrease in the concentration of 

hydrogen peroxide (H2O2) in the absorbance of 240 nm in a spectrophotometer. CAT 

results were expressed in µmol. minˉ¹.mg proteinˉ¹. 

 

Protein 

  

The protein of each sample was measured according to the method of Bradford 

(Bradford, 1976) with the use of bovine albumin (BSA) as standard and the reading by 

spectrophotometry performed at a length of 595 nm.  

 

2.10. Statistical analysis 

 

For statistical analysis, data are presented as the mean and ± SEM (standard error 

of the mean). To calculate the LC50, the program (LC50 Programs JS Pear Test) was 

applied based on the Trimmed Spearman-Karber method (Hamilton et al., 1977). The 

analysis of the haematological and enzymatic parameters from the fish exposed in the 

sublethal test were performed using the Sigma Stat 3.5 program (Systat Software Inc., 

USA). Data were evaluated for normality and homogeneity of variance (ANOVA). The 

comparisons between treatments were based on the t test, except when the data showed 

significant deviations from normality and the Mann-Whitney test was used instead. A level 

of significance of 0.05 was used for all statistical tests. 

 

3. Results 

 

3.2. Water parameters 

 

The water parameters (temperature, oxygen, Ph, conductivity) were monitored 

throughout the experimental period and remained within the experimental conditions 

provided for in both acute and sublethal exposure (Tables 1 and 2). 

 

3.3. Acute exposure (LC50)  

 

The proposed assay to determine LC50 shows that C. macropomum shows LC50 

values of 1.7 mg/L of aluminium for 96 hours indicative through the spearman Karber 
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program in different concentrations in the 95% confidence interval. Totality was recorded 

during the experiment every 24 hours and the individuals who were exposed to these 

conditions, presented expansion of the lower lip, erratic swimming and or close to the 

water column. These conditions were not observed for individuals who survived and in 

control until 96 hours of exposure. 

 

3.4. Water parameters  

 

The water quality parameters during the test for the determination of the LC50 can 

be seen in Table 1. The values of pH, temperature remained constant and dissolved 

oxygen remained within the acceptable limits for fish survival, despite variations in the pH 

values, there were no significant changes in these parameters, thus avoiding mortality due 

to severe changes in these parameters. It can be seen that the pH values are in 

accordance with the values indicated by Wood et al. (Wood et al., 1998), as well as the 

temperature values 32ºC without great oscillations as tolerable for tambaqui. 

 

Tabela 1 - Water quality parameters used during the determination of 96h-LC50 in C. macropomum 

fingerlings for different concentrations tested.  

    Temperature          pH     

[mg/L] 24 48 72 96 Average±SD 24 48 72 96 Average ± SD  

0 32.0 32.0 32.0 32.0 32.0 ± 0.0 6.10 6.10 6.10 6.87 6.49 ± 0.54 

1.2 32.0 32.0 32.6 32.4 32.2 ± 0.3 6.04 6.00 5.45 5.40 5.72 ± 0.45 

1.4 32.1 32.7 32.6 32.4 32.3 ± 0.2 6.00 5.95 5.50 4.99 5.50 ± 0.71 

1.6 32.8 32.1 32.6 32.2 32.5 ± 0.4 5.87 4.66 4.62 4.67 5.27 ± 0.84 

1.8 31.5 32.2 32.1 32.1 31.8 ± 0.4 4.53 4.47 4.47 4.56 4.55 ± 0.02 

2.0 32.5 32.1 31.4 31.9 32.2 ± 0.4 4.39 4.46 4.43 4.42 4.41 ± 0.02 

2.2 32.4 31.5 31.6 32.3 32.4 ± 0.1  4.35 4.34 4.39 4.40 4.38 ± 0.04 

3.9 31.7 32.5 32.5 32 31.9 ± 0.2 4.34 4.30 4.32 4.39 4.37 ± 0.04 

7.0 31.7 31.5 31.7 31.8 31.8 ± 0.1 4.35 4.22 4.26 4.29 4.32 ± 0.04 

    Oxygen            µS     

[mg/L] 24 48 72 96 Average±SD  24 48 72 96 Average ± SD 

0.0 5.10 5.35 6.76 5.80 5.45 ± 0.5   11.6   11.6   11.6   11.6   11.6 ±   0.0 

1.2 5.60 5.00 6.76 5.40 5.50 ± 0.1   31.8   22.0   37.6   40.0   35.9 ±   5.8 

1.4 5.44 6.43 6.90 5.65 5.55 ± 0.1   20.4   27.3   27.0   27.7   24.1 ±   5.2 

1.6 6.15 5.96 7.10 5.80 5.98 ± 0.2   42.1   59.5   50.1   56.5   49.3 ± 10.2 

1.8 6.50 6.05 7.10 6.12 6.31 ± 0.3   45.1   69.0   56.6   60.5   52.8 ± 10.9 

2.0 6.07 5.88 6.94 6.40 6.24 ± 0.2   44.7   58.0   60.0   70.0   57.4 ± 17.8  

2.2 7.03 6.85 7.00 6.42 6.73 ± 0.4 145.7   99.0   74.8 108.0 126.9 ± 26.7  

3.9 7.14 6.82 7.01 5.80 6.47 ± 0.9 184.9 100.0 163.4 169.6 177.3 ± 10.8 

7.0 7.26 6.83 7.00 5.68 6.47 ± 1.1 190.0 101.0 162.3 188.0 189.0 ±   1.4 
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3.5. Sublethal test 

 
3.5.1. Water parameters Sublethal test 

 

After determining the 96h-LC50 for aluminium and control at a temperature of 32ºC, 

the tambaqui specimens were subjected to treatments to evaluate the effects of 

aluminium at 32ºC on haematological and biochemical parameters. After these, blood and 

tissues were collected and throughout the sublethal exposure, with no mortality in the 

different treatments, the values of the water quality parameters were noted for each of the 

treatments that did not show variations, keeping the tolerable values for this species 

(Table 2). The pH showed values that changed a unit from 5 to 4 at hour 0 during the 

insertion of the compound and remained constant until the end of 96 hours. There were 

no major changes in the values of the other parameters evaluated, remaining within the 

tolerance range for the species. 

 

Table 2 - Water parameters sublethal test in C. macropomum fry exposed to aluminium and 
temperature of 32º C. 

[mg/L] Temperature    pH   

 
24 48 72 96 Average±Std 24 48 72 96 Average±Std 

0.00 32.0 32.0 32.0 32.0 32.0 ± 0.0 5.32 5.50 5.7 5.0 5.2 ± 0.2 

0.85 32.0 32.0 32.2 32.4 32.2 ± 0.3 4.53 4.51 4.3 4,2 4.4 ± 0.3 

[mg/L]   Oxygen    
 

    µs   
  24 48 72 96 Average±Std 24 48 72 96 Average±Std 

0.00 6.0 6.0 6.5 6.2 6.1 ± 0.1 24.8 20.9 25.2 28.0 26.4 ± 2.3 

0.85 6.0 5.6 5.7 5.8 5.9 ± 0.1 25.0 27.3 27.0 27.7 26.4 ± 1.9 
 

 

3.5.2. Sublethal assay  

 

During the sublethal test the organisms exposed to aluminium and temperature in the 

different treatments did not present mortality, however the effect of the compound was 

noticeable through the result of the data of the haematological parameters presented in 

Table 3, which were statistically significant from the control for Ht (16.45 ± 1.05), HB (9.31 

± 0.46),VCM (97.51±42.61) and CHCM (59.56±5.46) through the Mann-Whitney test.     
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Table 3 - Haematological parameters Levels of haematocrit (Ht), haemoglobin (Hb), number of 
erythrocytes (RBC), mean corpuscular volume (VCM), mean corpuscular haemoglobin (HCM) and 
mean corpuscular haemoglobin concentration (CHCM) of M. colossoma fry exposed to aluminium 
and 32º temperature in sublethal assays¹. 
 

Tratamento 
32°C 

Ht 
(%) 

Hb 
(g/dL) 

RBC 
(10⁶/mm³) 

VCM 
(µm³) 

HCM 
(pg) 

CHCM 
(%) 

Control 
 

20.45 ± 0.92 
 

7.24 ± 0.28 
 

1.59 ± 0.27 
 

131.76 ± 23.14 
 

46.60 ±9.35 
 

35.42 ± 1.21 
 

Aluminium 
 

16.45 ±1.05* 
 

9.31 ± 0.46* 
 

1.86 ± 0.52 
 

97.51 ±42.61* 
 

53.60 ±14.48 
 

59.56 ± 5.46* 
 

¹ Values are presented as mean ± Standard error of the mean (n = 9). ² Significant differences 
between treatments are indicated by (*) for control and the treated (P <0.05). 
 

3.5.3. Evaluation of antioxidant enzymes 

 

The result of the evaluation of the liver and gills of C. macropomum using 

antioxidant enzymes (GST and Catalase) was through their activities with the level of 

significance (p <0.05) presented in the graphs below: 

Fish exposed to aluminium during 96h showed a significant increase in GST activity in 

both the liver and gills when compared to the respective controls. It can be seen from the 

graph that Catalase's activity with changes during the period of exposure to aluminium 

was not significant. The evaluation of these enzymes Glutathione-S-Transferase (GST) 

and Catalase (CAT) (Figure 1) were to infer about the possible toxic effects on the liver 

and gills of tambaqui specimens caused by exposure to aluminium at 32ºC and through it 

can be seen the significant differences between the control and aluminium treatments in 

sublethal condition 

 

Figure 1 - Glutathione-S-transferase (GST) activity in liver of C. macropomum after 96 hours of 
exposure to aluminium at 32ºC (control and 0.85mg/L aluminium). The columns represent the 
means, the vertical SEM lines and the significant difference (p <0.05) represented by (*) between 
treatments. 
 

 

 

 

 

* 
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Figure 2 - Glutathione-S-transferase (GST) activity in the gills of C. macropomum after 96 hours of 
exposure to aluminium at 32ºC (control and 0.85mg/L aluminium). The columns represent the 
averages, the vertical SEM lines and the significant difference (p <0.05) represented by (*) 
between treatments. 
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Figure 3 - Catalase activity (CAT) in liver of C. macropomum after 96 hours of exposure to 
aluminium at 32ºC (control and 0.85mg / L aluminium). The columns represent the means, the 
vertical SEM lines and the significant difference (p <0.05) represented by (*) between treatments. 
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4. Discussion 

 

Ecosystems are naturally influenced by the climate. Global climate change is a 

reality and one of the main challenges of this century (Brierley and Kingsford, 2009; 

Montoya and Raffaelli, 2010). The increase in temperature, vulnerability and scarcity of 

resources has been demonstrated in the literature, as well as the influence of human 

action on aquatic ecosystems to promote contamination on a large scale by diverse 

sources and forced by development (Barros and Albernaz, 2014; Wabnitz et al., 2018). 

Increased contamination by chemical compounds is a major environmental problem 

(Naidu et al., 2021; Posthuma et al., 2020) that until now has been treated in isolation as 

well as the important stressor temperature (Van Landeghem et al., 2010). In Brazil the 

most used coagulant is aluminium sulphate. In general, there are few studies, mainly on 

the Amazon ichthyofauna whose prevalence of industries in the region occurs in the urban 

area, namely the use of aluminium salts that are added to the water used in water 

treatment plants (ETAs), in the form of aluminium sulphate during the flocculation 

processes for the clarification of waters from the Rio Negro, which is destined for human 

consumption (Cruz et al., 2020; Izabela Krupinska, 2020). The insertion based on 

aluminium, in the form of aluminium sulphate or aluminium polychloride and others that 

are also used as coagulants in the treatment of drinking water has been the cause of the 

increase in the concentration of aluminium in the water (Kimura et al., 2013; Yang et al., 

2010). In the Amazon region, one of the areas that will be most affected by climate 

changes, the combined effects of aluminium contamination and temperature fluctuations 

in tropical species are little known simultaneously occurring in the aquatic environment, 

being a problem for species residing in this region. The Amazon region is known for 

harbouring rich biodiversity and can be affected under these environmental pressures with 

impacts that can be irreversible (Fearnside, 2016). 

Aluminium toxicity has been studied and evaluated in some species, especially the 

effects on salmonids, mainly Atlantic salmon (Buckler et al., 1995) and rainbow trout (Allin, 

2000) as well as, Caspian Kutum (Zahedi et al., 2014) Astyanax fasciatus, Oreochromis 

niloticus (Correira, 2008), zebrafish (Brachydanio rerio) (Anandhan et al., 2013) 

(Carassius carassius). Altough, previous works highlight the sensitivity of organisms in 

relation to water and pH, however little is known about the toxicity of aluminium as toxic 

agent (Poléo et al., 2017), namely for tropical fish as those from the Amazon river basin.  
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In the Amazon river basin, the Rio Negro is made up of dark, naturally acidic tea-

coloured water (Henrique et al., 2007), houses the model species of this study, C. 

macropomum popularly known as tambaqui. This species withstands acidic pH values 

according to the natural occurrence of Rio Negro water, which has this peculiar 

characteristic due to humic acids and organic matter dissolved in rivers from the forest 

and the temperature, which is a hot environment and is tolerable to this species. The 

average temperature of the Negro River is 30ºC (Beluco and de Souza, 2014) about 1ºC 

higher than the Amazon River and in this study 32ºC was used. 

The effects of the release of aluminium combined with the water temperature even 

at a concentration below that allowed by legislation in this work with tambaqui show us 

Amazonian species tolerates acidic environments naturally and combined with 

temperature an important climatic stressor, it was possible to perceive the survival 

capacity of the referred Amazonian species. The LC50 was initially determined to assess 

susceptibility. It is extremely important to determine the LC50 for tropical fish in the face of 

this climate change scenario, in this particular metal and in the tambaqui economically 

relevant species in the region. There is still much to be studied about the effects of 

aluminium in the aquatic environment in tropical species combined with the increase in 

temperature in the Amazon. Immediately, current data produced in this study indicate that 

the tambaqui proved to be sensitive to the concentrations of aluminium sulphate 

administered in the test combined with the increase in temperature, presented a value of 

96h-LC50 1.7 mg/L. This metal occurs in the waters of the Amazon in low concentrations 

but influenced by anthropogenic pressures and with increasing temperature, changing pH 

levels, decreasing oxygen, the biological effects can be amplified due to climate change 

(Dietrich and Schlatter, 1989; Naidu et al., 2021; Sappal et al., 2015; Vanlandeghem et 

al., 2010) therefore, the use of 2ºC higher than the average temperature of the Rio Negro 

and within the conditions of survival of the species that for species of tropical zones the 

temperature varies between 25º and 35ºC (Beluco and de Souza, 2014).  

The susceptibility of fish to this metal has been reported for Rainbow trout alevins 

with a value of LC50-144-h 1.05 mg/L  in acidic conditions (Baker and Schofield, 1982; 

Hickie, 1993; Jeklin, 2016). This studies concluded that the inorganic form of aluminium 

was toxic to fish in agreement with the results of this study, as in acidic conditions 

aluminium sulphate is toxic even at low concentrations. The toxicity of aluminium to C. 

macropomum increased with the increase in temperature. Although aluminium has no 

defined biological function, it can be extremely toxic to fish when solubilized at (pH <6) or 
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in alkaline conditions (pH> 8) and is thus relevant to explain the mortality of fish 

associated with fresh water acidification (Exley et al., 1991b). 

The solubility of aluminium increases at low temperatures and in the presence of 

binding complexes in both organic and inorganic forms (Keith et al., 2008; Lydersen, 

1990; Wilson, 2011). Temperature helps in the solubility of the compound, which in turn 

will change the pH levels, contributing to the increase in acidity in the water. Fish in water 

with low pH and with increasing aluminium concentration will accumulate aluminium on 

the surface of the gills (Rosseland et al., 1990). This LC50 value initially demonstrates the 

susceptibility of the species under these conditions. It is important to note that the 

mechanism of acute toxicity in fish is due to the fact that changes in inorganic aluminium 

are effectively instantaneous and the toxicity can be explained due to the speed of 

chemical reactions with rapid changes in aluminium speciation occurring during the time 

of inhalation of water on the respiratory surface of the gills (Playle and Wood, 1990).  

In the literature, the interaction between aqueous aluminium and the gill surface 

has been widely referred to as the main mechanism of acute aluminium toxicity in fish. 

Toxic effects are also perceived through ionoregulatory, osmoregulatory, and respiratory 

dysfunctions (Playle and Wood, 1990) plasma acidosis and reduced osmolarity, hypoxia  

(Poléo et al., 2017; Zahedi et al., 2014) and the 96-h LC50 and aluminium values may vary 

in different species. There are species and voltage differences in sensitivity to low pH and 

aluminium. These species differences are also reflected in the rate of Al accumulation in 

the gills, as well as in the concentration of ions in the entire body, e.g. fish with the 

smallest body have the highest concentration of Al on the surface of the gills (Rosseland 

et al., 1990). Ionoregulatory dysfunctions are caused by positively charged aluminium and 

the branchial surface negatively charged due to the interaction between both. Once 

bonded to the gills' surface, aluminium will reduce the active absorption of ions by 

decreasing the activity of the enzyme Na + / K + ATPase, and thus causing damage to the 

chloride cells, or probably by interference in the ion channels. (Waring and Brown, 1995). 

Generally, these disturbances in ionic regulation are mainly associated with plasma loss 

(Na +, Cl-), which is the initial cause of mortality (Playle and Wood, 1989; Rosseland et 

al., 1990; USEPA, 2017; Waring and Brown, 1995). However, even though it is 

considered a target organ for aluminium toxicity in the aquatic environment, the internal 

accumulation in the organs is slow and without internal toxic effects on fish, still 

documented (Wood, Chris; et al., 2012).   

The effect is through the leakage of electrolytes through the gills with the 

impairment of functions such as osmoregulation, the decrease in pH is associated with 
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blood acidosis because of high blood pressure and CO2 (Allin, 2000; Henrique et al., 

2007; McDonald and Wood, 1981). This acidic effect in the blood reduces blood oxygen 

levels and, together with an increase in circulating catecholamine, can cause an increase 

in gill ventilation rates (Henrique et al., 2007) resulting in respiratory stress in the same 

way as observed in this study with tambaqui that can cause irreversible toxic effects up to 

lethal conditions. 

The first study on aluminium toxicity was designed and carried out by Thomas in 

1915 (USEPA, 1988) and the toxicity was revealed for aquatic life in fresh water using 

aluminium sulphate, the concentrations calculated where mortality occurred in 1.5 and 5 

days was 2200 and 1,100 ug/l respectively, but gaps remained about the compound being 

anhydrous or not and more details are needed in this report (EPA, 1980). Other studies 

carried out with fish have demonstrated aluminium-like sensitivities with trout tests with an 

96h-LC50 value of 3600 g, rainbow trout LC50-72 h of 520 and common carp with 48h-LC50 

of 4000 g/l (EPA, 1980; Freeman and Everhart, 1971). In a study on the acute effect of 

aluminium sulphate for Caspian Kutum Fish (Rutilus kutum) the 96h-LC50 value was 28.89 

mg/l (Zahedi et al., 2014).  

The acute toxicity of aluminium sulphate demonstrated by Holtze (1983) The acute toxicity 

of aluminium sulphate demonstrated by Rainbow trout (Oncorhynchus mykiss) with values 

of 4.644 and 6.627 ug/L obtained in acidic pH (5.5) (Holtze, 1983). The values obtained 

from LC50 revealed the sensitivity of species exposed to aluminium. In the case of the 

present study, aluminium toxicity was also demonstrated in Tambaqui in tropical 

conditions when comparing the sensitivity of the previously studied species. Other studies 

with tropical fish and aluminium toxicity in different conditions have been demonstrated 

(Dietrich and Schlatter, 1989; K. AL Taee et al., 2020; Kousar et al., 2016; Poléo et al., 

2017; Zahedi et al., 2014).The acute toxicity was determined by Kousar for Labeo rohita, 

Cirrhina mrigala, Catla catla and Ctenopharyngodon idella of 90-, 120-and 150-day age 

groups was determined under the wet laboratory under static bioassay with at constant 

water temperature (30°C). All fish species showed significantly variable sensitivity to 

different concentrations of aluminium. Among fish species C. idella found aluminium 

toxicity where the 96h-LC50 value was 56.91±22.17 and 85.66±23.33 mg/L, respectively 

while L. rohita were significantly least sensitive with the mean 96-hr LC50 and lethal 

concentrations of 75.50±21.09 and 118.71±23.00 mg/L, respectively. Compared to 

Kousar's work, the value determined for Tambaqui was lower and under the conditions 

tested at 32ºC, tambaqui is sensitive to aluminium. Zahedi reported the median acute 

toxicity (LC50) and accumulation of the sub-lethal concentration (10% 96h LC50). Among 



 

 

129 

metals the aluminium (Al) in kutum (R. kutum) fingerlings. For the 96h-LC50, the fish were 

exposed to concentrations of 18, 22, 26, 30, 34 and 38 mg/l of aluminium for 4 days. For 

sublethal exposure, they were exposed to mediums with concentrations of 12.3, 5.4 and 

2.9 aluminium. Metal concentrations were determined by atomic absorption 

spectrophotometry in the gill tissues. Probit analysis showed the 96h-LC50 value 28.89 

mg/l for aluminium (Zahedi et al., 2014). In this study, the result clearly shows that 

aluminium combined with the stressor temperature is toxic for Tambaqui and makes this 

an alert both to the contamination of rivers and to the risk of increased temperature.   

In the present work, the water temperature is the factor that differs from the tests 

carried out in tropical climate conditions because the use of this factor is an important 

theme in the current climate change scenario. It is also worth mentioning the variability 

due to species (behaviour, physiology) and environmental conditions, such as oxygen, 

temperature, pH, hardness, salinity and other metal ions, as well as the age of fish, which 

can modify the toxicity of metals to fish (Garcia-Rodríguez and De La Cruz-Aguero, 2011). 

In this study, the temperature of 32ºC may have influenced to increase the solubility and 

consequent toxicity of the compound, after the insertion of the chemical this can also be 

verified through the decreasing values of the pH that decreased in a level with the 

increase of the aluminium concentration. (Table 2). Although some stressors cause only 

small impacts alone, when combined with another stressor the effects can be exacerbated 

and their impact over time can lead to dramatic biological and ecosystem changes 

(Brierley and Kingsford, 2009; Montoya and Raffaelli, 2010; Settele et al., 2014; Silva and 

Paula, 2009). The increase in water temperature makes this an issue of concern in the 

aquatic community in the face of the current global scenario because the criteria for 

assessing aquatic life are based on survival, growth and reproduction of the rate assessed 

and the measures of effect are provided by data obtained through of acute and chronic 

toxicity tests and it is these endpoints of toxicity that are used in the distribution of the 

sensitivity of the aquatic community. 

Tambaqui are known to be a species that tolerates acidic pH conditions as this 

occurs naturally in their habitats (Henrique et al., 2007). In the Amazon region, acidic 

water conditions are more frequent (Wood et al., 1998) however, under conditions of acid 

stress as occurred in this study from the addition of the compound in water combined with 

temperature, it was possible to perceive its sensitivity. In addition, it was also possible to 

observe the production of mucus, which can be understood as a condition arising from 

stress. In these conditions the organisms were also impacted by the decrease in pH 

observed during the test, which is important for the normal growth and physiology of fish 
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(Wood et al., 1998). Haematological parameters can be modified in these conditions in 

fresh water. Because exposure to acid stress conditions, both in natural and artificial 

environments results in homeostatic adjustments (Henrique et al., 2007) and can affect 

growth. 

Water parameters such as temperature to maintain the range for this study (32ºC), 

pH and dissolved oxygen were monitored, as these factors can influence the 

bioavailability of the chemical in water. Thus, in order to admit that the data obtained were 

the result of controlled aluminium and temperature, it was necessary to maintain good 

conditions for the experimental groups for the factors mentioned above, to ensure that the 

effects were the result of aluminium. 

Although tropical fish have a well-defined range of thermal tolerance limits, these 

values are not fixed (Arana, 1997) fish may adapt to temperatures close to those 

considered lethal, in addition to living at high temperatures, decreasing oxygen solubility, 

increasing metabolic demand, maintaining energy balance, with consequent changes in 

physiological parameters (Baldisserotto and Val, 2002; West et al., 1999; Wilson and 

Patrick, 2002).  

Aluminium is toxic to freshwater fish, which confirms results of previous studies, in 

addition to being the main toxic responsible for killing fish in acidified waters. Acid water at 

pH 5.0 has not been the cause of toxicity for tested fish species but acidic water of the 

same pH containing aluminium has been found to be toxic to fish (Poleo et al., 1997). This 

could also be seen with tambaqui due to the fact that it is resistant to acidic environments, 

namely life in the Rio Negro (Henrique et al., 2007) also resistant to hypoxia environments 

(West et al., 1999), due to Amazonian seasonality with variations between periods of flood 

and ebb.  

Exposure to aluminium and low pH can be a limiting factor for many fish species, 

even chronic low level exposure can contribute to increased resistance (Wilson, 2011) 

and the toxicity can be influenced by the temperature, changing the pH and oxygen levels 

and causing effects according to the sensitivity of the species. 

As a result of the sublethal test of this study (50% of the 96h-LC50 value) the 

specimens exposed to aluminium in the same test conditions as the previous one, it was 

possible to verify in a  C. macropomum e that in the sublethal test they did not present 

mortality during the whole experiment and it was possible understand the effects of the 

compound by the significant results in haematology where they were evident for 

Haematocrit, HB, VCM and CHCM in relation to the control and in Biomarkers in GST 
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both in the liver and in the gills through the activity of enzymes in the same way in the 

activity of Catalase. 

Haematology as a tool acts as a prognostic indicator of pathological conditions in 

fish, through which it is possible to check the health status of animals under stress 

conditions (Adeyemo et al., 2009). The aluminium test was done in sublethal conditions, 

the effects demonstrate the potential of the compound to pass through the gills. As 

mentioned, they are characterized as a target site for the uptake of Al in fish and this 

connection to the gills causes swelling and fusion of the lamellae and increases the 

diffusion distance for gas exchange. (Reid and McDonald, 1988). In addition, this damage 

leads to loss of membrane permeability, reduced ion uptake, loss of plasma ions and 

changes in blood parameters (Gensemer and Playle, 1999).  

Oxygen and carbon dioxide are transported by blood cells bound to haemoglobin; 

the haemoglobin concentration, the haematocrit may indicate the oxygen carrying 

capacity of the fish, so as to be indicative of the oxygen concentration available in the 

organism's home habitat (Silva et al., 2012). Thus, water is one of the main factors, 

responsible for variations in the individual haematological parameters of the organisms, as 

any disturbance in the aquatic environment, namely an extra stress caused by aluminium 

intoxication to alter the quality of the water will certainly be reflected in the salt parameters 

of fish tested. In this study there was a change in the value of haematocrit in relation to 

the control with a decrease in it. 

The decrease in the haematocrit values are indicative of anaemia and changes in 

the health status of the fish. There may also be changes in haemoglobin as it causes 

intoxications that affect the gills, thus the free concentration for oxygen transport 

decreases with the toxicity of the compound and also may decrease the oxygen uptake 

capacity due to inflammation in the lamellae (Silva et al., 2012). Another cause of the 

decrease in haematocrit may be due to stress with increased erythropoietic activity of the 

spleen and kidney. Changes in haematocrit due to stress cause haemoconcentration or 

haemodilution. a can be due to the release of erythrocytes through the spleen and in 

haemodilution there is a reduction in haematocrit values as occurred in this study, which 

are indicative of haemodilution. 

As a result of the HB, there was a difference in relation to the control. This increase can 

be related to the ability of haemoglobin to adapt to the metabolic needs of organisms and 

environmental changes. This effect may be compensatory in response to oxygen-carrying 

capacity. According to the literature, fish have high genotypic plasticity, that is, there may 

be changes in their genetic material, with their expression varying according to 
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environmental changes (Bonilla-rodriguez, 2014; Cuenca Cambronero et al., 2018). In 

teleost like C. macropomum, fishes subjected to these variations present a great tolerance 

to pH changes, O2 quantities in the water and resistance to changes in physicochemical 

parameters occurring in water during daily and seasonal fluctuations (Bonilla-rodriguez, 

2014; Marcon and Wilhelm Filho, 1999). The amount of haemoglobin can respond to 

chemical stimuli that modulate its function according to the tissue´s need for oxygen 

(Bonilla-rodriguez, 2014).The present data demonstrate a significant increase in the Hb 

exposed to 0.85 mg/L of aluminium (Table 3). This result shows that there may be 

adaptation of the organism under stress conditions and has specific influences on 

haematological parameters in freshwater fish tissues, namely Sciaenops ocellatus, C. 

fasciatus (Javed and Usmani, 2015; Mishra and Srivastava, 1980; Quyet, 2021). Several 

factors can change haemoglobin values , such as the organism´s age, species, 

environment, diet, presence or absence of damage to erythrocytes and handling of the 

blood during analysis (Rosidah et al., 2018).  

The blood indices VCM, HCM and CHCM were calculated from the primary values of Hb, 

Ht and RBC. VCM is related to blood flow and cardiac dynamics, a decrease in Average 

Corpuscular Volume - VCM is indicative of the stress caused in the organisms that lead to 

the action of glucocorticoids, whose cortisol level in the blood rises and thus causes 

physio metabolic changes, observed through changes in erythrocytes and decrease in 

VCM  (Silva et al., 2012). A decrease in MCV may show the extent of cell size shrinkage 

due to aluminium poisoning. The MCV gives an indication of the status or size of the red 

blood cells and exhibit abnormal or normal cell division during erythropoiesis. Decreasing 

by MCV indicates that the RBC has shrunk, so we suggest that the increase in the RBC 

value, but reduced erythrocyte size indicates a high percentage of immature circulating 

red blood cells after short-term exposure to aluminium. These different improved 

erythrocyte parameters an increased release of microcytic cells in general fish circulation 

(Alwan et al., 2009). 

In this study, it can be said that there was a reduction in MVC with a concomitant increase 

in CHCM, which leads us to indicate a haematological picture of microcytic anaemia from 

iron deficiency. Through the mean Corpuscular Haemoglobin - HCM a slight difference in 

values was revealed in relation to the control but they were not significant, these data can 

be indicative of how the respiratory function is (Silva et al., 2012).  

The Average Corpuscular Haemoglobin Concentration - CHCM with significant 

results in this study indicates the concentration of haemoglobin per red cell, being 

normally reduced in anaemias, it was possible to verify the increase in CHCM values in 
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the aluminium concentration when compared to the control group. Our study revealed that 

the use of aluminium induced the erythrocyte shrinkage (increase in CHCM). This CHCM 

index was used to check the amount of erythrocyte swelling when the CHCM value 

decreases and the shrinkage when the CHCM value increases (Milligan and Wood, 1982). 

Similar haematological changes were found in redbelly tilapia (Coptodon zillii) exposed to 

aluminium with a significant increase in CHCM and erythrocyte shrinkage parallel to this, a 

significant increase in HCM and decrease in VCM that showed the enlargement of 

shrinking cell size because of aluminium intoxication, suggesting evidence of a high 

percentage of immature erythrocytes in the fish circulation after a short-term aluminium 

test. The MCV is an important index indicating the state or size of red blood cells and 

reveals whether cell division was normal or abnormal during erythropoiesis. CHCM and 

haemoglobin concentration may vary between and within species. These changes may be 

caused by external factors such as temperature, oxygen dissolved in water, stress, 

seasonal cycle or even by endogenous factors such as sex, gonad maturation stage, 

health status. nutritional and disease (Ranzani-Paiva et al., 1999). Haematological indices 

are of paramount importance for assessing fish under metallic stress because the uptake 

of the metal can affect the development of the organism, however changes in blood 

parameters depend on the concentrations of the metal and the duration of exposure, as 

well as the sensitivity to various environmental and chemical factors (Vutukuru, 2005). 

Therefore, physiological tests are essential to check aluminium toxicity in this 

tropical species C. macropomum. In addition to Haematology, another important 

technique to detect physiological changes in fish exposed to pollutants is biomarkers. 

Biomarkers are used in environmental monitoring, along with bioindicators (Abdalla, 2016) 

and currently biomarkers have been shown to be effective in quantifying both exposure 

and effects on compounds in the environment. There are countless changes as a result of 

the interaction of the compound with living organisms, however the determination of these 

changes is only possible if there is a correlation between the intensity of exposure and / or 

the biological effect of the agent, it is important to highlight the advantage in using this 

technique due to the low cost of analysis, relative specificity, sensitivity and susceptibility 

(Abdalla, 2016; Martinez, 2006). 

In the present work the results were presented using this tool to evaluate the effect 

through the anti-toxicity enzymes GST and Catalase in the liver and in the gill of C. 

macropomum exposed to aluminium. 

The organisms have mechanisms for the elimination of chemical agents, including: 

natural excretion or biotransformation, which occurs with the formation of hydrophilic 
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compounds, which are more easily excreted than the original compound (Oost et al., 

2003). 

Although the liver is considered the main organ for biotransformation of 

xenobiotics, it is important to highlight other detoxifying organs such as the kidneys, 

intestines and gills. The gills play an important role in the processes of disturbance of ionic 

and osmotic homeostasis and can be affected and respond directly to any changes in 

water parameters, as well as by a variety of contaminants in the environment, whereas 

most of the stressors primarily affect the structure branchial system with morphological 

and physiological changes (Evans, 2005; Fontaínhas-Fernandes et al., 2008).  

In this work, analyses on liver and gills were selected, based on criteria such as 

the absorption of xenobiotics in the gills and metabolic detoxification process in the liver. 

The samples of C. macropomum exposed to a concentration of 0.85 mg / L of aluminium 

showed a significant difference in 96 hours of exposure when compared to the control 

group in the activity of the GST enzyme, according to the graph presented, the aluminium 

caused an effect on the liver and gills of exposed organisms with induction in enzyme 

activity related to oxidative stress. 

Initially, baseline activity levels of enzymes and proteins were verified, which can 

be explained by these variations and differences in functions in these organisms. The 

results revealed a response by antioxidant enzymes in each organ of animals exposed to 

aluminium (Velma and Tchounwou, 2010). The gills showed greater sensitivity in relation 

to the liver in the GST, where the induction of the enzyme was noticeable in relation to the 

control, being an effective biomarker of oxidative damage. This is because this organ is 

the first in contact with metal in water, and it also makes sense in acute exposures (Atli et 

al., 2006) also relevant in revealing water contamination in environmental assessment. 

The liver also with an evidenced response showed little sensitivity but significant 

(Velma and Tchounwou, 2010). In this way it is possible that the gills act as a protector for 

other organs (Ardeshir et al., 2017; Galindo et al., 2010; Slaninova et al., 2014). 

Fish exposed to xenobiotics in polluted places may suffer changes in antioxidant 

enzymes, due to the excess of reactive oxygen species. Enzymes are expressed due to 

stress induced by pollutants (Zhang et al., 2005). Antioxidant enzymes are important 

because when exposed to pollutants their effects are evidenced biochemically or in the 

metabolic process and changes are noted in the activities of CAT, GST, GPx, SOD 

(Walker, C.H., 2006). 

Catalase is an enzyme used as a marker involved in the defence against oxidative 

damage (Atli et al., 2006). Its main function is the removal of hydrogen peroxide (H2O2), 
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which is metabolized to molecular oxygen (O2) and water (Franco, 2012). In this way the 

activity can be induced due to the production of reactive oxygen species, since this 

enzyme tends to inhibit the formation of oxyradicals. Catalase occurs in peroxisomes and 

their proliferation is the cause for increased activity in tissues. Catalase is found in all 

vertebrate tissues, with high activity in erythrocytes and liver (Biology et al., 2004) in this 

study showed no significant variation or activity in the liver when the animals were 

exposed this difference may be due to sampling variability. In general, both inhibition and 

induction of Catalase can occur after exposure to pollutants (Oost et al., 2003).  

In summary, aluminium in an acid medium is capable of causing an effect on fish, 

inducing oxidative stress in tambaqui mainly by altering the haematological parameter and 

increasing the activity of antioxidant enzymes in the gills and liver. 

It is important to note that although aluminium is an essential micronutrient for fish 

it can be toxic if present in excess (Zahedi et al., 2014), as it can be related to systemic 

cellular damage, since it can accumulate in different organs. In humans it is associated 

with kidney disease and the incidence of neurological diseases, such as Parkinson's 

disease and Alzheimer's (Fyiad, 2007).  

 

5. Conclusion 

 

Based on the objectives of the work and the results obtained through the present 

study it was possible to conclude that: 

- Aluminium is toxic to C. macropomum and its toxicity depends on the absorbed 

concentration and duration of exposure resulting in sublethal and lethal effects; 

- During sublethal exposure, changes in haematological parameters as well as as 

changes enzyme of phase II (GST biotransformation in the liver and gills of C. 

macropomum) were observed that might be a defence reaction against aluminium toxicity 

or may be due to disturbances of metabolic activity of fish exposed to sublethal 

concentrations; 

- Finally, this study suggests that the effects of aluminium on test organisms can 

cause numerous imbalances and result in excessive damage to the body due to the 

induction of oxidative stress. Thus, these types of studies are relevant to determine the 

potential risk in tropical species with regard to physiology, morphology and reproduction in 

the face of the current scenario and scientific challenge of climate change. 
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1. General Discussion 

The widespread use of oil and metals to maintain industrial activity is a serious 

environmental problem worldwide that for decades has attracted public attention and motivated 

research (Freije, 2015; Journal et al., 2015). Although important for the development of a country, 

they have also become one of the main pollutants of underground water resources, soil and rivers, 

causing the death of fish due to accidental spills during exploration, transport or disposal (Journal 

et al., 2015; Pichtel, 2016). When these substances enter aquatic habitats even in small 

concentrations they can have a direct (toxic) effect on aquatic organisms exposed throughout their 

life cycle (Carvalho et al., 2014; Napierska et al., 2018) and indirect effects on human health 

(through drinking water) and food. These effects vary according to the duration of the exposure, as 

well as, with the species (Napierska et al., 2018).  

The current study shows that the evaluation of the effects of environmental contaminants 

derived from Petroleum (PAH´s) and Metals affect as species of tropical fish: D. rerio and C. 

macropomum. Resulting from the problems faced in tropical areas such as the Amazon region, 

caused by anthropogenic activities, the entry of contaminants into the ecosystem and in the face of 

climate change, it can compromise the forms of life that inhabit this ecosystem. 

The evaluation of the effects of components derived from petroleum and metals on fish in 

early stages is important to determine their susceptibility to exposure to this type of contamination 

and can assist in decisive moments in case of release of chemical compounds in the environment, 

the risks involved and its associated effects, still allows making reliable predictions in the short and 

long term about the health status of fish and their habitat (Incardona et al., 2004). To obtain a 

better understanding, ecotoxicological tests were carried out, in addition to the impairment in the 

development of the life cycle of these species, lethal and sublethal effects were observed during 

exposure to these contaminants. Exposure to PAHs and Metals induced changes in the expression 

of proteins that can help to understand the mechanisms involved in their toxic action. This 

discussion highlights the main results whose evaluation outcomes are discussed in the present 

session. 

1.1 Effects of contaminants at the individual level 

An overview of the results reveals that the environmentally relevant concentrations of the 

contaminants tested affected development in the early stages of the organisms' life cycle. For 

ecotoxicological tests, the concentrations chosen were based on reports in the literature using 

quality criteria for water in the environment (Carvalho et al., 2014; Napierska et al., 2018). 
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Contaminant concentrations were tested over a wide range for each chemical compound (Chapter 

2.3 and 4). The highest concentrations were used to allow the evaluation of the dose-response 

effect, the mode of action and possible adverse effects of the contaminants in these species. In the 

orders of lowest concentrations of magnitude to evaluate developmental and physiological 

endpoints and molecular endpoints as enzymatic biomarkers. According to the presentation of 

stress, effects and mortality in concentrations during development until 96h and through these 

concentrations in response to lethality, it was possible to determine the LC50. The LC50 is 

fundamental for obtaining information on compounds in short periods of time in toxicity tests, and 

has been used in assessing the quality of water in the environment and possible impacts (Lacerda 

et al., 2014). 

In this study, the lethal and sublethal effects of phenanthrene, naphthalene and copper 

were evaluated in embryos of D. rerio (chapter 2.3) and with aluminium the effects were evaluated 

in C. macropomum (chapter 4). Phenanthrene and naphthalene have different sensitivity values 

96h-LC50. The results are indicative of toxicity in these embryos (Chapter 2). As for Copper, the 

result in the acute test revealed effects in the first 24h and some additional effects occurred during 

the transition from egg to larval stage 96h-LC50 (Chapter 3), there was a decrease in survival, an 

increase in malformations and delay in hatching, causing effects during the development and life 

cycle demonstrating that in low concentrations and few hours (48h and 96h) they affect the initial 

development of D. rerio embryos. The toxic action of metals can be revealed in the early stages of 

fish development and various adverse effects or metabolic processes can be affected in the 

development of embryos specifically and result in developmental delay, morphological and 

functional deformities, or the death of the most sensitive individuals who are general effects 

expected in organisms exposed to metals (Authman, 2015). 

The evaluation of aluminium toxicity at 32º C on C. macropomum showed that this species 

is sensitive to this contaminant. Although C. macropomum is a resistant species, this study shows 

that aluminium associated with temperature causes effects, compromising physiological processes, 

resulting in excessive damage to the health of the organism due to the induction of oxidative stress 

and the formation of free radicals. It is important to note that the metal's toxicity depends on the 

absorbed dose and duration of exposure, therefore more research is needed to understand the 

different mechanisms of action of Aluminium. No mortality and abnormalities were found in the 

control group in tests performed with all contaminants validating the tests. 

According to the guidelines of the FET toxicity test in the embryonic phase, the parameters 

evaluated were: The number of coagulated eggs, the formation of somites, the detachment of the 

tail, the yolk sac and the appearance of the heartbeat were evaluated as apical points of the test of 

toxicity. In addition to these parameters, oedema, spinal deformation, larval behaviour and mortality 

of embryos after incubation (Systems & Guidelines, 2019) 



 

 

148 

The toxicity of some PAHs, mainly with the increase in benzene rings and consequent 

molecular weight, are known to affect aquatic organisms (Cherr et al., 2017). In this evaluation, 

phenanthrene, naphthalene and copper were toxic to embryos and with effects including mortality, 

cardiac oedema, deformities and delay in hatching. These effects are in line with previous studies, 

the observations corresponded to abnormalities in teleost embryos exposed to oil derivatives such 

as: cardiac dysfunction, pericardial oedema, yolk sac, reduction in spine size and curvature 

(Incardona et al., 2004). The ability to induce toxic effects has already been found to enhance the 

toxicity of defects in the formation of embryos of species exposed to petrogenic mixtures (Cherr et 

al., 2017; Khan, 2007). There is little information on the effects of PAHs in the embryo – larval 

stage during the fish development stages, mainly mechanisms associated with malformations and 

sublethal effects that are not well known (Incardona et al., 2004). In this study, these effects during 

development, proved to be a sensitive endpoint during the toxicity assessment and may be an 

early indication of impaired reproduction of Danio rerio. In addition, it was possible to measure at 

this stage of life, that is, to obtain the anticipated responses on the risks during the life cycle of this 

species, a valuable end point in the evaluation for the chronic effects of these compounds. 

Regarding aluminium, survival was evaluated, and the effect of the compound was evident from the 

results in haematological and biochemical analysis. 

1.2 Evaluation in sublethal test 

During sublethal tests, the organisms did not show mortality during the whole experiment 

(chapter 2,3,4). The concentrations of each contaminant for the sublethal tests were defined from 

the calculation of the LC50 and the effect of the compounds was noticeable during the 96h test and 

the end points by the result of the analysis of Biomarkers and Haematology (Chapter 4). 

During the sublethal test, embryos exposed to phenanthrene and naphthalene generally 

presented similar effects, including cardiac oedema and deformities. Effects on a variety of fish 

species include early mortality, oedema, haemorrhage, disruption of cardiac function and 

deformities, in addition, PAH toxicity in fish embryos occurs due to their sensitivity to these 

compounds, high bioaccumulation and limited biotransformation and also during development 

periods when exposed (Incardona et al., 2004; Khan, 2007; Sogbanmu et al., 2018). 

In the sublethal test with copper, the embryos showed oedema, little pigmentation, after 

48h delay in the development and deformation of the yolk sac. At 72h the exposed larvae had 

delayed development and hatching, absorption of the sac and amniotic fluid dispersed inside and 

at 96h, cardiac oedema, delay in the absorption of the yolk sac and hatching were the most evident 

effects in this period in D. rerio embryos. In relation to aluminium, the effect of the compound in the 

initial stages of C. macropomum was noticeable by the significant results in the haematological 

analysis and in the biomarkers measured in relation to the control. 
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1.3 Biochemical Analysis 

After the sublethal tests described in the different chapters of this thesis, the organisms 

were submitted to enzymatic analysis. The activity of the biomarkers was calculated and measured 

in the embryos after exposure to the different contaminants in their sublethal concentrations. 

Biomarkers were used as a response tool for end points to toxic stress (Authman, 2015; Vieira et 

al., 2008). AChE, GST and LDH activities were assessed after exposure to Phenanthrene, 

Naphthalene and Copper. And for aluminium, GST Catalase activity was measured, and 

haematological analysis was performed. 

Acetylcholinesterase (AChE) as a neurotoxic parameter biomarker is sensitive to 

contaminants and can give evidence of contamination in the environment even at low levels 

(Simondon et al., 2013). In the present study with embryos of D. rerio, AChE for phenanthrene 

shows a reduction of the enzyme in increasing concentrations of activity, clearly evidenced than in 

the control treatment. It can be suggested that AChE is a useful biomarker in the evaluation for the 

purpose of embryo exposure to phenanthrene. Phenanthrene may be indicative of disruption of 

cholinergic transmission due to inhibition of AChE in D. rerio embryos and may indicate 

environmental contamination due to sensitivity. The same did not happen with naphthalene when 

compared to the control, no significant effects on AChE activity were observed in embryos exposed 

to naphthalene. The absence of effects has already been reported to P. serratus where no 

significant effects were observed confirming the absence of anticholinesterase effects of 

naphthalene (Luís & Guilhermino, 2012). 

Glutathione-S-transferases (GSTs) (Slaninová et al., 2009) are one of the main 

biotransformation enzymes whose function is associated with the phase II cell detoxification phase 

(Survey & Centre, 2017). In this study, GST of embryos exposed to phenanthrene showed no 

significant difference. Similar investigations demonstrated the absence of significant difference 

between the control and treated groups 4 days after intraperitoneal injection for the species of 

European Eel (Anguilla anguilla) and rainbow trout (Onchorynchus mykiss) exposed to PHA´s 

(Aguilar et al., 2020; Fenet et al., 1998). On the other hand, the increase in activity was evidenced 

after exposure of the embryos to Naphthalene in the concentrations with significant differences in 

the concentrations of in comparison with the control, such effect can be seen by the increase of the 

enzyme activity in the embryos by Danio rerio. The increase in GST activity has already been 

demonstrated after the exposure of the neotropical fish Prochilodus lineatus to soluble fraction of 

diesel oil and the increase in GST activity in fish exposed to sediment from polluted sites has been 

reported in some studies (Aguilar et al., 2020; Simonato, 2006). It can be suggested that GST acts 

as an important marker in the body's detoxification process in the assessment of toxicological 

effects. 

The Lactate Dehydrogenase (LDH) enzyme of energy metabolism (Maroneze et al., 2014) 

has been used as a biomarker indicative of the potential effects of the mechanisms in the 
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production of cellular energy induced by chemical stress. In the present study, the LDH activity 

evaluated in a sublethal test with embryos exposed to phenanthrene was clearly altered in relation 

to the control. In general, stress-inducing substances affect the energy metabolism of animals. 

These changes in metabolism due to stress affect oxidative enzymes including Lactate 

Dehydrogenase (LDH) and animals respond by activating a wide variety of physiological and 

behavioural responses. 

Phenanthrene had an influence on the activity of the enzyme at all concentrations. This 

result can be seen by changes in the activity of the enzyme. These changes indicate disturbances 

in the metabolic pathways and in the cellular ability to deal with oxidative processes during the 

metabolic process (Michaelidis et al., 2007). Changes in activity were not observed in naphthalene. 

Other investigations have also reported non-significant effects on the liver and rainbow trout 

gonads in sublethal conditions in the vitellogenesis stages after treatment with naphthalene for 3 

hours (Tintos et al., 2006). After 96 hours it was found that the analysed enzymes AChE, GST and 

LDH were not significantly altered with copper at the concentrations used. 

1.4 Evaluation of activity (GST and Catalase) and Haematological 
analysis in C. macropomum  

Fish exposed to aluminium during 96h showed a significant increase in GST activity in both 

the liver and gills when compared to the respective controls. There was no change in Catalase's 

activity during the period of exposure to aluminium. The evaluation of these enzymes Glutathione-

S-Transferase (GST) and Catalase (CAT) were to infer about the possible toxic effects on the liver 

and gills of tambaqui specimens caused by exposure to aluminium at a temperature of 32ºC. 

As a result of the sublethal test of this study (50% of the 96-h LC50 value) the specimens 

exposed to aluminium in the same test conditions as the previous one, it was possible to verify in 

C. macropomum the effects of the compound by the significant results in the Haematological 

analysis where they were evident for Haematocrit, RBC, VCM and CHCM in relation to the control. 

Haematology as a tool acts as a prognostic indicator of pathological conditions in fish, through 

which it is possible to check the health status of animals under stress conditions (Adeyemo et al., 

2009; Parrino et al., 2018). 

The increase in temperature caused by climate change in real conditions in the 

environment can compromise the survival of this species and several of its physiological outcomes. 

The use of temperature as an associated stressor has contributed to show that obtaining data on 

tropical species with the assessment of individual contaminants can help to understand their mode 

of action. In general, these compounds are found in mixtures, and it is important to know how they 

act in different organisms, the toxicity and their concentration limits to induce effects that 

compromise the life of the species. The analysis of the enzymatic activity as one of the most used 

tools in ecotoxicological tests, allows to understand the general physiological state of the 



 

 

151 

organisms and to understand how the organism reacts with a stress and what mechanisms they 

may be using (for example, detoxification).  

Component damage assessment may be better to understand the relative risk of different 

mixtures and it is necessary to identify which components are toxic and where the toxicity is 

expressed. Because each mixture is unique in its chemical composition, with many toxic 

components and can present high toxicity in a low proportion. The concern with these compounds 

is due to the potential efficacy that they can have even at low concentrations in the environment 

and be toxic to animals and humans. Understanding the effects of PAHs on fish in tropical areas is 

especially important, as an early assessment of the sublethal effect can be essential to make 

decisions about decontamination of the site before drastic consequences, such as extinction of 

native species, occur in the ecosystem in question and this study contributes ecologically because 

it may help in the future to protect freshwater species exposed to these contaminants and their 

effects and consequences are not yet clearly understood in the existing literature. 

2. General Conclusion 

Assessing the effects of xenobiotics on tropical species and how they translate into 

ecosystems is of paramount importance in assessing environmental risk. Although assessing the 

lethal and sublethal effects of contaminants at the organism level provides information that can be 

easily used to predict possible risks at the population level, there is always a need to develop early 

warning tools for the rapid detection of adverse effects. The use of biochemical biomarkers in this 

work showed important results during ecotoxicological assessment. The responses observed at the 

biochemical level suggest that the biomarkers addressed in this study are important for interpreting 

higher-level responses and discovering the mechanisms behind the toxicity of the contaminants. 

They are not specific biomarkers for the exposure of these contaminants and therefore, must be 

interpreted in an integrative way. 

The assessment of the effects of environmental contaminants and climate change on 

tropical fish species showed that all contaminants tested had organism effects. The effects of 

PAH´s and studied metals may be the key to understand how they act in the organism, considering 

their continuous entry into the aquatic environment due to anthropic activities or accidents with oil 

in fresh water (eg Amazon) and that these compounds can be mutagenic, carcinogenic and 

potentially toxic to humans whose adverse effects on aquatic biota can be expected. Aluminium in 

an acidic environment and with the aid of temperature can cause an effect on fish to lethal levels, 

inducing oxidative stress in tambaqui mainly by changing the haematological parameter that can be 

interpreted as a defence reaction against aluminium toxicity. Likewise, the disturbances that 

occurred in the metabolic activities of fish exposed in sublethal concentrations with the increase in 

the activity of antioxidant enzymes in the gills and liver. 
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In general, the effects observed at an individual level (eg developmental delay, deformities 

of various orders, cardiac oedema), the direct consequence of which is expected to be the 

reproduction of D. rerio and C. macropomum populations leading to population decline, clearly 

highlights the possible impact on freshwater ecosystems. 

 Through the use of biomarkers, some effects observed at the biochemical level were 

consistent with AChE (e.g. indicative of cholinergic transmission disruption in LDH inhibition (for 

example, with effect on energy metabolism) after exposure to phenanthrene. Stress affects the 

energy metabolism of animals, and the response is the activation of the most diverse physiological 

responses. 

In conclusion, this study highlights the relevance of ecotoxicological approaches for a 

better understanding of the mechanisms of action of contaminants in tropical species and their 

potential results in aquatic ecosystems. There is still a long way to go, but with the rapid growth of 

information and techniques these tools will soon be able to be applied in natural environments and 

be used to quickly track environmental and chemical stress and / or discover mechanisms of action 

of xenobiotics not yet determined. Thus, studies that investigate such effects are relevant to 

determine the potential risk in tropical species with respect to physiology, morphology, and 

reproduction in the face of the current scenario and scientific challenge of climate change. 

Future studies can evaluate the toxicity of contaminants in fish in chronic tests, in this and 

other freshwater species during development and in complex mixtures as they are found together 

with other chemicals in the environment. No less important, it is necessary to develop 

biomonitoring programs for areas contaminated with these toxics or where accidents are likely to 

occur. 
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