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Um assunto que tem requerido especial atenção por parte da comunidade científica e 
de políticos é o efeito das alterações climáticas, tendo-se registado nas últimas 
décadas eventos climáticos extremos cada vez mais frequentes mundialmente. A 
biomonitorização dos sistemas aquáticos baseada em análise de biomarcadores 
permite avaliar o estado fisiológico dos organismos e utilizar as respostas bioquímicas 
como sinais de alerta precoce de condições de stress ambientais ou químicos. 
Porém, é fundamental desenvolver e aprofundar estas metodologias de modo a 
identificar espécies aquáticas standard e órgãos chave que permitam diagnosticar os 
impactos provocados por fenómenos climáticos em estudos in situ.  
O presente trabalho tem como objectivo principal determinar as respostas in situ de 
biomarcadores analisados no fígado e no cérebro de três espécies de peixes 
marinhos (Dicentrarchus labrax, Platichthys flesus e Solea solea), recolhidos no 
estuário do Mondego (Portugal), em dois anos distintos, e sob a influência de eventos 
climáticos extemos (seca (2012), e inundação (2014)), de modo a determinar os 
níveis basais e identificar o órgão a ser usado como indicador em estudos 
ecotoxicológicos. As análises bioquímicas foram complementadas com índices 
fisiológicos dos organismos capturados, permitindo determinar o estado fisiológico 
dos organismos e implicações no sistema de defesa antioxidante.  
Os eventos climáticos extremos tiveram distintos modos de acção tendo-se registado 
no ano de seca a interrupção na dinâmica dos condutores ambientais, o que afectou 
a condição fisiológica das espécies estudadas. 
A análise bioquímica indica que o cérebro tem um sistema de defesa antioxidante 
baixo em comparação com o fígado, maiores taxas de acumulação de ROS, 
tornando-o particularmente susceptível ao dano oxidativo no ano de seca. O potencial 
antioxidante do cérebro comparado com o do fígado no ano onde se registaram 
inundações revelou maior dificuldade deste órgão na desintoxicação de compostos 
xenobióticos. 
De acordo com a maior sensibilidade oxidativa do cérebro, este órgão mostra ser um 
bom indicador na avaliação dos impactos das alterações climáticas nos ecossistemas 
aquáticos, utilizando o fígado como órgão de referência, menos sensível aos factores 
acima mencionados, no entanto, até ao momento, o órgão preferencial na análise do 
metabolismo oxidativo. 
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The effect of climate change is an issue of major concern to the scientific community 
and politicians, with the register, at the past decades, of extreme climate events 
worldwide. A biomarker based biomonitoring program represents a promising 
approach, due to its usage to assess the health status of organisms with the 
biochemical response may be used as early-warning signal of chemical (e.g. 
pollutants) and environmental stress conditions.  However, it is of high importance to 
develop further approaches, to identify standard key species and organs to diagnose 
and determine damages caused by severe weather events in studies in situ. 
This work aims to investigate biomarker responses, in situ, in the liver and at the brain 
of three marine fish species (Dicentrarchus labrax, Platichthys flesus and Solea 
solea), from the Mondego estuary (Portugal), during two distinct extreme climatic 
events (drought (2012) and flood (2014)) in order to determine their baseline levels 
and to identify the organ to be used as endpoint in ecotoxicological studies. In 
addition, biochemical analyzes were supplemented with physiological indices of the 
sampled organisms, diagnosing their physiological state and implications for the 
antioxidant potential. 
Severe climatic events had distinct modes of action affecting the physiological 
condition of the studied species. 
Biochemical experimental approach shows that the brain has a low antioxidant 
defense system compared to the liver, increased ROS accumulation rates, making it 
particularly susceptible to oxidative damage during the dry event. In the flood event, 
the antioxidant potential of the brain compared to the liver revealed higher difficulty in 
detoxification of xenobiotic compounds. 
According to higher oxidative sensitivity of the brain, this organ shows to be a good 
indicator to assess the influence of climate change in aquatic ecosystems, using the 
liver as a reference organ, less sensitive to the factors above mentioned, although 
until now the organ often used in the analysis of oxidative metabolism. 
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General Introduction 

 

Into the scope 

 

Global climate changes as a result of human activities are raising and becoming 

more frequent with extreme weather events, like droughts and floods, causing drastic 

damages. The recent report of the Intergovernmental Panel on Climate Change (IPCC) 

predicts in the next 100 years, changes in salinity of sea water, temperature rise and 

acidification of water (IPCC, 2013), with the estuarine and coastal systems be the most 

affected. Moreover, a significant loss of habitats, pollution, declining in the quality of 

aquatic systems and increased risk to human health are associated with global changes and 

anthropogenic activities (Robins et al., 2016).  

Environmental drivers directly or indirectly alter the steady state in aquatic 

systems, from stratification, salinity, nutrient / material flows (critical processes for 

ecosystem services) modulating the health of organisms (Hooper et al., 2013), and 

particularly, influencing the biochemical response, behavioral character and distribution of 

aquatic populations (Perry, 2011).   

Worldwide, it is well known that fluctuations in environmental dynamics may 

cause variability in the retention, remobilization and bioavailability of contaminants 

(Sheehan and Power, 1999), from commonly used compounds, such as metals and 

pesticides, to emerging ones such as polybrominated diphenyl ethers and nanomaterials 

(Roberts et al., 2011), influencing the pathogen toxicity in seafood and humans (Robins et 

al., 2016). 

The complexity of these variables added to the presence of extreme weather events 

is a matter of great concern when interpreting the results of ecological studies with the 

ones of ecotoxicology conducted under laboratory at controlled conditions (Hellou et al., 

2012; Hooper et al., 2013). More information about the antioxidant defence system of 

aquatic organisms is needed from different scenarios in order to evaluate the responses of 

the organisms to environmental drivers (Pain et al., 2007), and to the accumulation of toxic 

substances in the system. Depending on the adaptability of the organism to the 

environmental dynamics, tissues may be affected differently by oxidative stress (Hellou et 

al., 2012), and it is necessary to verify induced oxidative damages, especially in 



 

Chapter 1 

4 
 

metabolically active tissues, with crucial functions for survival and the healthy status of the 

individuals (Song et al., 2006). 

Defining "risk of climate impact" like the probability of occurrence and the 

magnitude of the consequence, it is obvious that the level of risk is different for each 

taxonomic group and for each geographical region, requiring an urgent and diversified 

quantification to the management of strategies (Robins et al., 2016). 

 

1.1 Biomarkers 

A definition 

The concept of biomarker was initially applied to a medical context in the early 

1970s, becoming very attractive in environmental assessment studies in the early 1990s 

(Peakall, 1994). The term biomarker is generally used in a broad sense to include almost all 

measurement that reflects an interaction between a biological system and a potential 

hazard, of chemical, physical or biological nature (WHO, 1993).  

A definition of the term can be a change in a biological response (biochemical, 

cellular, physiological or behavioral changes) that can be measured in tissue or body fluid 

samples, still at the level of whole organisms, to provide evidence of exposure and / or 

effects of environmental dynamics or contaminants (Peakall, 1994). The levels of 

"biological responses" may be considered from the molecular level to the community 

structure and even to the function and structure of ecosystems. 

According to the National Research Council (NRC, 1987) and World Health 

Organization (WHO, 1993), biomarkers can be subdivided into three classes: 

 

Biomarkers of exposure: include the identification of an exogenous substance (or 

its metabolite), the product of an interaction between a xenobiotic component and an 

endogenous component (target molecule or cell) or other event within an exposure of an 

organism. This type of biomarkers can be used to confirm and evaluate the exposure to a 

toxicant or other stressor. 

 

Biomarkers of effect: include biochemical, physiological or other measurable 

changes within tissues or body fluids of an organism that can be recognized and associated 

with a health condition or disease, providing insight into the causal factors of the hazard 
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and its ecological consequences, and are associated with the toxicants’ mechanisms of 

action. 

 

Biomarkers of susceptibility: indicate the inherent or acquired ability of an 

organism to respond to the challenge of exposure, including genetic factors and changes in 

receptors that alter an organisms’ susceptibility to such exposure. These biomarkers help to 

elucidate variations in the degree of responses observed between different individuals. 

 

However, the subdivision of biomarkers in the literature is quite diffuse and 

misleading; since all biomarkers are biomarkers of exposure, effect or susceptibility. In 

fact, all biomarkers have an effect face to a kind of exposure (Peakall and Walker, 1994). 

Biomarker responses may be related to biological or biochemical effects after a certain 

exposure, which makes them useful bioindicators (Van der Oost et al., 2003). 

 

1.2 Biomarkers overview 

Organisms are often confronted with fluctuations in the dynamics of abiotic and 

biotic factors, which vary cyclically, and are increasingly influenced by extreme climatic 

events (Hooper et al., 2013), allied with a steadily increasing input of potentially toxic 

compounds, the so-called xenobiotics, that are the main and potential sources for the 

formation of reactive oxygen species (ROS) (Livingstone, 1991). Essential for the defence 

against the enormous and diverse number of stress variables, organisms develop their 

antioxidant defence system that consists of low molecular weight metabolites and an 

impressive variety of enzymes and biotransformation pathways that are involved in the 

detoxification and removal of ROS, which are a non-viable part of aerobic life, reactively 

toxic to the body, resulting in oxidative stress. 

 

Oxidative stress 

Oxidative stress is defined as detrimental effects due to reactive cytotoxic oxygen 

species (ROS), also known as reactive oxygen intermediates (ROIs), oxygen free radicals 

or oxyradicals (Di Giulio et al., 1989). Molecular oxygen (O₂) reduction products include 

the superoxide anion radical (O₂¯ •), hydrogen peroxide (H₂O₂) and the hydroxyl radical (• 

OH) (highly reactive). These are extremely potent oxidants that are able to react with 
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critical cellular macromolecules, possibly leading to enzymatic inactivation, lipid 

peroxidation, DNA damage, protein damage, and ultimately cell death (Winston and Di 

Giulio, 1991). 

ROS production can be increased by sources related to environmental dynamics, 

anthropogenic factors or other pro-oxidant free radical production sources which include 

e.g. quinones, nitroaromatics, nitroamines, polycylic aromatic hydrocarbons (PAHs), 

polychlorinated biphenyls (PCBs), dioxins, metals, air contaminants (NO₂, O₃, SO₂, 

peroxides), UV-radiation, hypoxia and hyperoxia, hyposalinity and hypersalinity 

(Halliwell and Gutteridge, 1999). 

The antioxidant defence system exists in organisms to prevent or reduce the 

formation of ROS (and organic free radicals), including low molecular weight free radical 

scavengers (such as reduced glutathione, cysteine, alpha tocopherol and ascorbic acid) and 

antioxidant enzymes (figure 1.1). The latter includes superoxide dismutase (SOD), catalase 

(CAT), glutathione peroxidase (GPx), glutathione reductase (GR) and glutathione S-

transferase (GST) (Livingstone, 2003). A failure of antioxidant defences to detoxify 

excessive ROS production can lead to significant oxidative damage to key cell molecules, 

possibly leading to enzymatic inactivation, protein damage, DNA damage, lipid 

peroxidation and, ultimately, cell death (Halliwell and Gutteridge, 1999). 

 

Superoxide dismutase (SOD, EC 1.15.1.1) is one of the main enzymes used to fight 

oxidative damage, whose prior function is to protect cytochrome c reducing the superoxide 

radical and decreasing the presence of free radicals. In other words, it is a group of 

metalloenzymes which catalyzes the conversion of reactive superoxide anions (O₂ •) to 

produce hydrogen peroxide (H₂O₂) which alone is an important ROS. Hydrogen peroxide 

is subsequently detoxified by two types of enzymes, catalase (CAT) and glutathione 

peroxidase (GPx) (Stegeman et al., 1992). 

Catalase (CAT, EC 1.11.1.6) is an hematin-containing enzyme, whose main 

function is the removal of hydrogen peroxide (H₂O₂), which is metabolized into molecular 

oxygen (O₂) and water (H₂O). Together with glutathione peroxidase (GPx) are the most 

important enzymes in the removal of H₂O₂ (Stegeman et al., 1992). 
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Glutathione peroxidase (GPX, EC 1.11.1.9) detoxifies hydrogen peroxide (H₂O₂) 

or organic hydroperoxides (produced, for example, by lipid peroxidation), employing GSH 

as a cofactor (which is reduced to its oxidized form GSSG). 

The major peroxidase is a selenium-dependent tetrameric enzyme (Se) which 

catalyzes the metabolism of H₂O₂ to H₂O. The other peroxidase reduces organic 

hydroperoxides to their corresponding alcohols (ROOH to ROH). It is considered an 

important mechanism to protect membranes from damage due to lipid peroxidation. 

Glutathione-S-transferase (GST) enzymes may also employ GSH in reducing a wide range 

of organic hydroperoxides, but cannot reduce H₂O₂. This peroxidase activity by GST is 

referred to as "selenium-independent peroxidase (Se)", although GST is not a true 

peroxidase. However, GST may apparently play a significant peroxidic function, 

particularly in organisms with Se restriction (Stegeman et al., 1992). 

Glutathione S-transferase (GST, EC 2.5.1.18) belongs to a multifunctional family 

of proteins involved in the process of cellular detoxification and correction of the 

deleterious effects on oxidative metabolism. The enzyme catalyzes the conjugation of 

reduced glutathione (GSH) with endogenous or exogenous compounds, in order to make 

them less toxic, more soluble in water and easier to be degraded and excreted. Glutathione 

S-transferase may act as peroxidase, isomerase or even thiol transferase (Huber & 

Almeida, 2008). 

Glutathione reductase (GR, EC 1.6.4.2) although not involved in the antioxidant 

defence in the same way as the enzymes described above, deserves attention because of its 

importance in the maintenance of GSH / GSSG homeostasis under oxidative stress 

conditions (Winston and Di Giulio, 1991). Glutathione reductase is a flavoprotein that 

catalyzes the transformation of oxidized glutathione (GSSG) into reduced form (GSH) 

with a concomitant oxidation of NADPH to NADP +. A change in glutathione reductase 

can directly affect a balance in the GSH / GSSG ratio (mentioned above). 
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Figure | 1.1 Schematic representation of the detoxification of reactive oxygen species by 

antioxidant enzymes (adapted from Chainy et al., 2016). Abbreviations are explained in 

the text. 

 

Reduced glutathione (GSH) 

Reduced glutathione (GSH) is a tripeptide consisting of g-glutamine, cysteine and 

glycine, and in turn is also crucial, having two key roles in the detoxification process: 1) as 

a conjugate of electrophilic intermediates, mainly by means of GST activity; 2) GSH is 

consumed due to the direct removal of oxyradicals as a cofactor for GPx activity, which 

involves a reduced GSH oxidation to its oxidized form GSSG. Thus, a change in the redox 

state is an index of oxidative damage (Van der Oost et al., 2003). Furthermore, if 

intracellular GSH becomes limiting, competition for the available GSH may modulate the 

activity of the GPx and GST enzymes (Halliwell and Gutteridge, 1999). 
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Biochemical indices of oxidative stress 

The effects and biochemical consequences of a chemical or environmental 

disturbance have been directly associated with oxidative stress, resulting in redox state 

rupture, lipid peroxidation, DNA and proteins damage. 

The lipid peroxidation process (LPO) proceeds by a chain reaction and, as in the 

case of the redox cycle, demonstrate the ability of a single radical species to propagate a 

series of deleterious biochemical reactions (Van der Oost et al., 2003). Oxidative damage 

can be caused directly by peroxides or more reactive and toxic degradation products of 

peroxides, such as epoxides, ketones and aldehydes (the most important is 

malondialdehyde (MDA)). LPO can lead to alterations at the cell function and changes in 

the physic-chemical properties of cell membranes, which alter the vital functions of the 

organisms (Rikans and Hornbrook, 1997). 

Oxidative stress can induce structural changes and DNA damage, and subsequent 

expression in mutant gene products and diseases. A general and sensitive approach to 

identify damages involves the detection of DNA strand breaks, which are produced either 

directly by the toxic chemical (or its metabolite) or by the processing of structural damage 

(Stegeman et al., 1992). 

Proteins may be altered / modified by a high number of ROS reactions. Among 

these reactions, carbonylation attracted much attention because of its irreversible and 

irreparable nature. In the carbonylation process of proteins, the carbonyl (CO) groups are 

introduced into the specific amino acid chains in the active center of the protein, triggering 

the initial steps in the degradation of the enzyme (Nystrom, 2005). 

Oxygen radical-generating factors can influence the redox status (GSH / GSSG) of 

cells by imposing a drain on the equivalents of intracellular reduction, potentially affecting 

a variety of metabolic processes (mentioned above) (Stegeman et al., 1992). 

 

1.3 State of Art 

Environmental risk assessment 

It has been recognized as impractical or impossible to collect and analyze data for 

all interactions between environmental variables affected by GCC and toxic products, 

which constitute potential threats to aquatic ecosystems. To assess the overall quality of the 

aquatic environment, biomonitoring based on biomarkers tools seems to be an increasingly 
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promising approach (Hooper et al., 2013). Biomarkers may be used to assess the health 

status of organisms and to obtain early warning signals of environmental risks (Van der 

Oost et al., 2005). Analyzing multiple biomarkers responses, important information may be 

obtained on the exposure of organisms to fluctuations in environmental parameters, and 

toxic substances at levels exceeding normal capacity of repair, inducing strong responses 

within molecular and cellular targets (Hellou et al., 2012). In addition, biomarkers may 

help to understand the effective action of the variable, its metabolites, and provide 

information on interaction mechanism between chemical compounds and GCC-related 

factors.  

One of the most compelling reasons for applying biomarkers tools is because they 

may provide information about the biological effects in a cellular level caused by the toxic 

stressors (e.g. specific toxic compounds such as PCBs, PAHs) or environmental drivers 

(e.g. temperature, salinity, dissolved oxygen) rather than a simple quantification of their 

fluctuation levels in the environment (Stegeman et al., 1992). 

In addition to the biochemical biomarkers, morphometric indices are used to 

evaluate the organisms state, and all of them (e.g. k - condition factor; HIS - hepatosimatic 

index, etc.) are considered potential effect indicators, providing valuable information on 

energy reserves, metabolic activity and the ability of the organism in repair its antioxidant 

defence system against disturbance (Van der Oost et al., 2003). 

It seems essential to develop approaches involving GCC-related factors, in addition 

to the traditional chemical assessments at the environment, that will help to assess where, 

when, and how these interactions may influence the antioxidant responses of the organisms 

and the higher levels of organization (Hooper et al., 2013). Of similar importance is the 

recognition of environmental drivers and exposure to contaminants may negatively impact 

the body's physical capacity and subsequently organism’s survival. 

For environmental managers and stakeholders, such approaches, involving GGC-

factors and contaminant load, will certainly facilitate a re-focusing and prioritization of 

regulatory efforts, species protection plans, research agendas and the improvement of 

biomonitoring plans and conservation. 
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Baseline studies 

The  historical  development  of  the  biomarker  approach  has  a  strong  link  with 

medicine  and  vertebrate  biology  (NRC,  1987),  thus  most  of  the  field  studies  and 

applications in the aquatic environment have been focused on fish. The effects of episodes 

of global climatic events (drought and flood) on the physiological and biochemical 

responses of fish species are practically unknown. Although they were characterized in 

biota (Perry et al., 2011) with significant ecological impacts (e.g. Noyes et al., 2009; Grillo 

et al., 2011), there is only a scarce  number of works that studied the effects of variables 

directly related to these global environmental changes. These variables, such as 

temperature, salinity and dissolved oxygen, have been described as influencing the 

enzymatic activity of aquatic organisms, by increasing ROS production (Van der Oost et 

al., 2003; Martinez-Alvarez et al., 2005), but continue to be referred to as "confounding 

factors" in the most environmental biomonitoring studies (Van der Oost et al., 2003). Two 

decades ago it had already been assumed that differences in the enzymatic responses of 

fish species could be explained by the environmental influence of dissolved oxygen 

fluctuations (Witas et al., 1984). Nowadays, oxygen dissolved concentrations has already 

been described as a modulator factor to antioxidant potential (e.g. Cooper et al., 2002, e.g. 

Lushchak et al., 2001), recognizing that an adaptation involves strong metabolic 

adjustments affecting the redox state, causing changes in antioxidant enzymes (Dippner et 

al., 1997). 

Changes in the water temperature and salinity gradient have also been commonly 

associated with modulating the potential of the antioxidant defences of aquatic organisms, 

but at the most studies, it has been assigned as a secondary causal role. The same 

assumptions are found in a large part of environmental biomonitoring studies that find 

correlations between these drivers and antioxidant potential (e.g. Roche and Bogé, 1996; 

Yamashita et al., 2003, Kopecka & Pempkowiak, 2008, Pereira et al., 2010), only 

reinforcing the presence of metals and other contaminants as the basis for the strong 

changes in enzymatic antioxidant defences. It is important to note that many studies that 

involve these abiotic factors report an increase in the acute toxicity of pesticides and other 

toxic substances, usually causing an increased lethality at the organism level (e.g. Sandahl 

et al., 2004). On the other hand, some studies have reported the absence of effects of these 

abiotic variables on biomarker responses (e.g. Lavado et al., 2011), which is not a novelty, 



 

Chapter 1 

12 
 

since natural drivers are deliberately eliminated from most field studies, and particularly 

nonexistent in laboratory experiences. Moreover, it is well illustrated in the literature that 

the contaminant load and bioavailability in the ecosystems may increase face to 

environmental dynamic disturbances, emerging the mechanism gap inherent to the 

complexity of these interactions (e.g. Oliveira et al., 2009; Hooper et al., 2013). 

Despite the powerful use of biomarkers as environmental diagnostic tools 

(Lushchak et al., 2011) and the recognition of organ-dependent response, the vast majority 

of studies focus on the antioxidant potential of liver, kidneys or even muscle, although all 

tissues are influenced by oxidative stress (Hellou et al., 2012). Research on the antioxidant 

potential in the brain is tenuous and very limited, but relatively recent studies have 

described as an highly sensitive organ to oxidative stress in both fish and human beings 

(Huang et al., 2008; Ferraro et al., 2009). However, knowledge about oxidative stress in 

the fish brain has been mostly obtained at in vitro experiments involving the injection of 

toxic substances (e.g. Berntssen et al., 2003; Narra et al., 2017). Therefore, it seems 

general recognized the enormous potential that this organ possesses for the environmental 

biomonitoring and even for the investigation of neurodegenerative diseases (Dringen et al., 

2000), due to the extremely active metabolic character and fundamental importance in the 

survival functions (Song et al., 2006). 

 

1.4 Study site 

The study within this thesis were conducted in the Mondego Estuary (Portugal). 

 

Mondego estuary 

Mondego estuary is located in a temperate region of the west coast of Portugal. Its 

characteristics are common to other European estuaries (Dolbeth et al., 2008), with 

relatively small area and two arms (north and south) with different hydrological 

characteristics. The north arm is deeper, very hydrodynamic and with shorter residence 

times constituting the main navigation channel, while the south arm is shallower having 

longer residence time. Most of the freshwater discharges are carried out in the north arm, 

since it is directly connected to the Mondego River, while in the south arm the circulation 

of water is dependent on the tides and freshwater intake comes from the Rio Pranto. Water 

and the adjacent estuarine area are exploited by agricultural, industrial and domestic 
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activities in the urban area, including the city of Coimbra, which has contributed to a high 

input of nutrients, leading to a process of eutrophication over the last two decades (Dolbeth 

et al., 2013). The system has been recovering from this particular scenario, showing today 

a significant improvement in water quality and its own faunistic composition (Veríssimo et 

al., 2012; Dolbeth et al., 2013). 

At extreme climatic events, the environmental dynamics are altered, causing 

alterations in the estuarine gradient and impoverishing the water quality with consequences 

for the ecosystem and aquatic communities (Gonçalves et al., 2012; Dolbeth et al., 2013).  

It is worth noting that estuaries, such as this one, are ecologically important 

systems that provide diverse habitats for the aquatic biota, and key resources for the local 

population, however, their physical size and the associated factors mentioned above make 

them particularly susceptible to human and environmental pressures. 

Nevertheless, most of the studies carried out in the Mondego estuary are conducted 

at an ecological perspective (e.g. Gonçalves et al., 2012, Dolbeth et al., 2013; Martinho et 

al., 2015), making desirable and necessary cover other research areas, assessing the 

susceptibility of the ecosystem to all scenarios of climate change and contaminant load. 

 

1.5 Study species 

The studies within this thesis were conducted using three important marine 

commercial fish species:  Dicentrarchus labrax, Platichthys flesus and Solea solea. 

 

Dicentrarchus labrax (Linnaeus, 1758) (Moronidae), commonly known as 

European seabass, is among the most sensitive fish species used in aquatic risk assessment 

and is considered a key species at toxicological evaluation (Mieiro et al., 2011). It is a 

well-adapted species in warm weather and has been used in many field and laboratory 

trials, revealing a good species in biomonitoring studies to determine physiological and 

biochemical markers (Kopecka & Pempkowiak, 2008, Kleinkauf et al., 2004, Oliva et al., 

2012). This species occur in large densities along the Portuguese coast and in inland 

estuarine waters (e.g. Vasconcelos et al., 2009, Gamito et al., 2003, Cabral et al., 2007), 

being well distributed in European waters, including the eastern Atlantic Ocean (from 

Norway to Senegal), the Mediterranean Sea, and the Black Sea. In addition, they are 
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economically valuable species and commonly exploited in extensive production (Cabral et 

al., 2007). 

Platichthys flesus (Linnaeus, 1758) (Pleuronectidae), commonly known as 

European flounder, is widely distributed in the Eastern Atlantic, from the White Sea to 

Mediterranean and Black Sea, being one of the most ecological important fish species in 

European estuaries (Vinagre et al., 2005). They are considered good indicators of the 

contaminant load because their living near the sediments where this element is 

concentrated (Vinagre et al., 2005). This species has been used as a sentinel for 

environmental risk assessment studies (Vidal et al., 2002). 

Solea solea (Linnaeus, 1758) (Soleidae) also called common sole, have been 

widely used in biomonitoring assessment works because of their susceptibility and 

propensity to develop toxic lesions (Trisciani et al., 2011). Common sole is a widespread 

and highly prized Mediterranean fish, which lives in close association with sediment and 

organic contaminants. Their food preferences make them particularly vulnerable to the 

environmental dynamics and load contaminants accumulated in the sediment (Ferreira et 

al., 2004). 

The flatfish species, P. flesus and S. solea, use habitats near the coast, where 

degradation and environmental dynamics are probably higher (Polak-Juszczak, 2012), and 

have a more sessile lifestyle and distinct feeding behavior compared to the pelagic species 

(D. labrax). It has been suggested that these fish species reveal metabolic differences, as 

well as different adaptations and responses to stress condition exposures, as a result of the 

above mentioned particularities, which may contribute to explain differences at the 

antioxidant potential (Solé et al., 2009), against all possible scenarios of climate events. 

 

1.6 Thesis aims and structure 

The main aim of this work is to determine and evaluate in situ biomarkers' 

responses in the liver and in brain of three selected marine fish species (Dicentrarchus 

labrax; Platichthys flesus and Solea solea) under the influence of distinct extreme weather 

events (drought (2012) and flood (2014)) in order to identify the organ to be used as 

endpoint in ecological studies and better respond to environmental drivers. To address this 

goal the thesis is structured in four chapters.  In this first chapter, the basic principles and 

concepts supporting this work are drawn. In chapters two and three the work is detailed in 
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the form of manuscripts that will be later on submitted to relevant SCI journals. Finally, 

the major achievements of the thesis are drawn in the Discussion and Concluding Remarks 

chapter (chapter 4). 

At Chapter 2 (entitled: Biomarkers response of three commercial fish species from 

a southern estuarine system to drought and flood events), aims to determine the 

physiological and biochemical responses of the three marine fish species (D. labrax, P. 

flesus and S. solea) collected at the Mondego estuary during distinct climatic events 

(drought, 2012, and flood, 2014). To achieve this goal, a set of enzymes' activity 

(Glutathione reductase; Glutathione S-transferase and Glutathione peroxidase) and lipid 

peroxidation of the liver were analyzed and complemented with data measured in situ and 

also information from literature about environmental drivers and physiological state of the 

organisms. 

Chapter 3 (entitled: Brain as a target organ of climate events: environmental 

induced biochemical changes in three marine fish species) addresses to determine 

biomarker responses of the brain of the three marine fish species under distinct climatic 

events (drought, 2012, and flood, 2014), that coincided with the sampling collection in 

the Mondego estuary, a high dynamic environmental system. 
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Abstract 

 

As a consequence of Global Climate Change (GCC), flood and drought events are 

increasing in frequency throughout the world. Nevertheless, knowledge of the effects on 

fish species related to oxidative stress is still scarce. The present study aims to examine 

biochemical and physiological responses of three commercial fish species over two 

contrasting environmental dynamics: an extremely dry (2012) and flood (2014) years, in a 

shallow temperate southern European estuary, the Mondego Estuary (Portugal). The 

temporal and seasonal structure of the physiological and biochemical biomarkers was 

evaluated by a principal component analysis (PCA), which allowed to distinguish two 

distinct annual antioxidant responses and loss of seasonality along each year. The drought 

event was responsible for the worst physiological state of the organisms, as well as for the 

increase of Glutathione reductase (GR) and Glutathione S-transferase (GST) levels, 

strongly associated with fluctuations of salinity, dissolved oxygen and possibly, low food 

availability. On the other hand, during the flood event was not registered damages in the 

physiological condition of the organisms. Although in this flood year, high levels of 

Glutathione peroxidase (GPx) were verified in all studied species, possibly due to the 

increase of toxic substances related with higher water-runoff from the tributary discharges 

of the Mondego estuary. However, the impact of GCC-related factors during the period of 

extreme drought seems to indicate a more evident induction of antioxidant responses for 

flatfish species, while in the extreme flooding event all species increased their 

detoxification levels, more evident at the sea bass. It seems that GCC-related factors 

stimulate the antioxidant responses in fish, especially in the extreme drought event, being 

able to capture reactive oxygen species (ROS) avoiding high peroxidative damage along 

the distinct severe weather events. Still, the Mondego estuary has a good ecological status, 

and surely, higher impact of these variables may occur when in interaction with severely 

contaminated ecosystems. More research has to be conducted around oxidative stress in 

aquatic organisms, involving environmental dynamics, in order to predict and quantify the 

effect that this may cause on the antioxidant defence system of the aquatic organisms.  

 

Keywords: Biomarkers; Bioindicators; Enzymatic activity; Liver; Interannual variability; 

Global-Climate-Change; Marine fish species 
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Introduction 

 

Estuaries are adjacent coastal areas highly productive and are among the most 

important ecological and socio-economic environments, providing natural valuable 

resources to human beings, mainly to local populations. These systems are transitional 

areas with a great dynamic environmental conditions that directly or indirectly affect the 

health status of organisms (Hooper et al. 2013). These variables include temperature, 

precipitation, runoff, salinity and oxygen, exposing the organisms to a wide physiological 

stress conditions. Global climate changes are becoming more frequent and severe, 

contributing for the decline of water quality in aquatic systems at a regional-scale (IPCC, 

2007). Intergovernmental Panel on Climate Change (IPCC) report predicts the occurrence, 

at the next 100 years, of changes in salinity seawater, raise in temperature and water 

acidification (IPCC 2013) with estuarine and coastal environments being the major 

affected areas. Environmental changes directly affect the biota, particularly influencing on 

the biochemical response of fish species, behavioral character and the distribution of 

populations (Harley et al. 2006; Perry, 2011). The use of biomarkers tools is nowadays 

important in environmental monitoring programs, and may be used as early warning 

signals of environmental stress conditions (Cajaraville et al. 2000; Lam and Gray, 2003; 

Tsangaris et al. 2010; Fonseca et al. 2011; Gonçalves et al. 2017). These tools may provide 

an indication of the physiological and oxidative status of organisms and aquatic 

populations, and may contribute to identify temporal, seasonal and spatial trends, thus 

allowing a multi-scale assessment of ecosystem quality, which is useful in 

ecophysiological and ecotoxicological studies (Peakall, 1992; Heath, 1995). Biochemical 

markers, more than just signaling the presence of chemicals or other stressors, may give 

specific insights into processes and mechanisms that are impaired or modified by the 

contribution of a large set of factors (Nunes et al. 2015). A comprehensive battery of 

different biomarkers is appropriate to quantify overall biological effects under the 

challenge of multiple stressors. However, so far less is known about the direct and indirect 

effects of GCC-related variables in fish species and in the aquatic systems, including the 

potential for interactions with toxic chemicals (Noyes et al. 2009; Holmstrup et al. 2010). 

 Risk assessment has historically been based on toxic chemicals related with key 

demographic processes such as survival, growth and reproduction of the organism in the 
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aquatic system. Data supporting the evaluation of environmental risk based in aspects of 

the biological effects of toxic substances, such as altered gene or protein expression, 

metabolite profiles, histopathological and biochemical responses of organisms in parallel 

with toxic quantifications from water/sediment fraction have received little attention.  

Multiple agents (including extreme weather events and intense metabolic activity) 

cause oxidative stress, through the formation and release of reactive oxygen species (ROS), 

which can in turn react with intracellular critical macromolecules, leading to enzymatic 

inactivation, DNA damage and cellular death (Van der Oost et al. 2003). Antioxidant 

enzymes are important in terms of controlling the effects of ROS (Lionetto et al., 2003). 

Some studies have demonstrated the usefulness and responsiveness of a battery of 

biomarkers, Glutathione S-transferase (GST), Glutathione reductase (GR) and Glutathione 

peroxidase (GPx), but also LPO as damage indication, in wild fish populations (Sanchez et 

al., 2008; Oliva et al., 2012). Other indicators are also useful to assess the physiological 

state of living organisms and may complement biomarker data. In fact, these indicators are 

useful biomarkers, since them reflect measurable modifications in the organisms' 

physiology. Condition indexes (ratios between the weight of the whole fish or specific 

organs and total body length: K, Kgut, Kliver) reflect the energy balance of marine 

organisms, particularly fish, as well as their investment against adverse environmental 

conditions (Yang et al., 1992; Nunes et al., 2011). Hepatosomatic index (HSI) is frequently 

determined in fish, and correspond to the relative weight of the liver in comparison with 

total body weight (Fang et al., 2009) providing information on fish nutritional status, 

because the liver is an important energy storage repository (Solé et al., 2008); additionally, 

changes in HSI may reflect challenges from extrinsic factors (Fang et al., 2009; Yang et 

al., 1992). 

Dicentrarchus labrax and the flatfish species Platichthys flesus and Solea solea are 

the studied species of this research study due to their great economic and commercial 

interest, and also because they are the most abundant and representative species of the 

Atlantic and Mediterranean coast and still as top predator species entering and occurring in 

Northern European estuaries, including at the Mondego estuary. These species are well 

adapted in warm climatic weather and commonly exploited in extensive production, and 

have been used in many field and laboratory assays, revealing to be sensitive species to 

environmental change, contamination and risk assessment in biomonitoring studies with 
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physiological and biochemical markers (Kopecka & Pempkowiak, 2008; Kleinkauf et al., 

2004; Oliva et al., 2011). Additionally, benthic fish, such as common sole and flounder, 

into direct contact with sediments, feed on benthic invertebrates and may reveal 

incremented bioaccumulation/biomagnification. Also, flatfish species have practically a 

sedentary life and very territorial biology, contrasting with the sea bass; still in general this 

species only realizes one migration per year to the coastal zone, in the spawning period that 

occurs at Mondego estuary (Martinho et al., 2007). At drought episodes or flood events, 

the stress of the organisms increase; extreme weather events are often at the past decades 

worldwide, with flood and / or drought events have already been reported with ecological 

impacts to aquatic communities (Gonçalves et al., 2012; Grilo et al., 2011). Therefore, it is 

crucial to determine and assess biochemical and physiological responses of aquatic 

organisms under environmental conditions, mainly among years of extreme weather 

events, like those here studied (2012 and 2014),  in order to: 1) assess the impacts of 

environmental drivers in selected biochemical and physiological markers, before 

implementing them as biomonitoring tools; 2) contribute to develop approaches and tools 

to better enable the  evaluation of  potential interactions between toxic substances and 

environmental variability. It is crucial to develop predictive approaches to allow the 

assessment of where, when and how these interactions (environmental drivers and 

chemical compounds) might influence the organism and higher levels of organization in 

situ, in order to better understand the relationship between biotic and abiotic factors. To 

support these approaches, further ecological studies should be performed. 

By all this, the main objectives of this work are to: 1) determine physiological and 

biochemical responses of the three marine fish species, collected at the Mondego estuary, 

to distinct climate extreme events (2012-drought; 2014-flood); 2) compare the 

physiological and biochemical responses and life strategies of the three commercial fish 

species under extreme climatic conditions; 3) infer about the potential use of the here-

selected battery of biomarkers to evaluate the species-specific response to environmental 

drivers, contributing to fill the gap in biomonitoring and assessment the quality of estuarine 

and coastal waters. 
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Material and methods 

Study site 

The Mondego estuary (figure 2.1) is a small European estuary (8.6 km²) located in 

the western coast of Portugal (40º08'N, 8º50'W). The estuary comprises two arms, the 

north and the south, separated at 7 km from shore that join again near mouth. The north 

arm is deeper (5 to 10 m depth at high tide, tidal range 2 to 3 m), has lower residence times 

(< 1 day) and constitutes the main navigation channel, while the south arm is shallower (2 

to 4 m deep, at high tide and 1 to 3 m tidal range), has higher residence times (2-8 days) 

and is almost silted up in the upper areas. The mouth of the estuary depth ranges from 8 to 

13 m, and this area is influenced by both river flow and neritic waters. Most of the 

freshwater discharge is throughout the northern arm since it is directly connected with the 

Mondego River. Previous studies demonstrated that singular environmental factors provide 

a large variety of aquatic habitats for species, mainly due to salinity gradient (Gonçalves et 

al., 2012).  

 

Figure 2.1 | Location of the sampling zones in the Mondego estuary: Zone 1 (Z1 – include 

mouth of the estuary and downstream areas of the north and south arm); Zone 2 (Z2 – 

include medium and upstream areas of the north arm).  

This system has been recovering from particularly eutrophication scenario since 

early 1990's, showing significant improvements in water quality and own faunal 

composition (e.g. Dolbeth et al., 2013). In 2006, re-opened the separation between the two 
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arms, and so increased the flow and reduced the water residence time (e.g. Verissimo et al., 

2012).  Previous studies in the Mondego estuary indicated that levels of metals (Coelho et 

al., 2006), PCBs (Baptista et al., 2013), dioxins like PCDD/Fs (Nunes et al., 2011) in the 

sediments are particularly low.   

In terms of anthropogenic stress, the Mondego estuary is a moderate-to-low 

impacted estuary, particularly due to low chemical loads and industrialization in the 

catchment area, when compared to other nearby estuaries (Vasconcelos et al., 2007; 

Martinho et al., 2015). In the same instance, Martinho et al., (2015) observed a decreasing 

trend in the total anthropogenic pressure between 2005 and 2012, reflecting mainly a 

decline in agriculture occupied area, number of industries and population density in the 

watershed over the last decade, pointing a constant increase in ecological quality of the 

estuarine ecosystem, assessed by fish component. 

 

Biological and hydrological data 

Sampling was performed in spring and autumn seasons, in two distinct years of 

severe weather events (2012 - May and December; 2014 - June and October), during high 

tides, at two zones distributed throughout both arms, along the salinity gradient of the 

Mondego estuary (figure 2.1). The selected sampling zones covered the majority of the 

estuarine area, representing several habitats and salinity ranges, providing a good overview 

of the whole distribution of the fish species selected for this study. The zone 1 (Z1) covers 

the mouth and the final stage of the north and south arms, while the zone 2 (Z2) includes 

the medium and upstream northern areas of the estuary, that are connected with the 

Mondego River. Sampling took place using a 2 m beam trawl with one tickler chain and a 

stretched mesh size of 5 mm in the cod end. Thirty replicate hauls were made per year, 

taking into account the zones and seasons (haul duration 10/15 min). Tow location and 

distance were determined with a GPS. Organisms were identified and sorted at the fishing 

spot, maintained in cold bags during their transport to the laboratory, where they were 

measured (total length, 1 mm accuracy), weighed (0.01 g precision), and the liver was 

removed, weighted and stored in -80°C for later biochemical analysis. In parallel to each 

sampling event, several hydrological parameters were measured in situ: water temperature 

(ºC), salinity (mg l¯¹), dissolved oxygen concentration (mg l
-1

), and pH using a multi-

parameter probe.  
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Monthly precipitation values were measured at the Soure 13 F/01G station and 

acquired from INAG-Instituto da Água (www.snirh.inag.pt). Long-term monthly average 

precipitation was calculated from data collected at the Soure 13F/01G station from 1971 

through 2000. Freshwater discharge from the Mondego River was also obtained from one 

INAG station near the mouth of River, for the studied period. 

 

Physiological and Enzymatic analysis 

To evaluate the impact degree on the fish condition in 2012 and 2014, was used 

morphometric and physiological data analyzed for all individuals of each species. 

Morphometric measures were based on the analysis of length-weight data of the fish 

collected. Condition factors were calculated for overall individuals (K) using the formula: 

 

K=100 (W / L³) 

 

for specific organ (K liver) using the formula: 

 

K liver = 100 (Lw / L³) 

 

and hepatosomatic index (HSI) were calculated using the formula:  

 

HSI = 100 (Lw / W) (Van der Oost et al., 2003) 

 

with W representing the total weight (g); L  the total length (cm) and Lw the liver weight 

(g). 

The stated formula, with the constant = 3, assumes an isometric growth in fish 

(Lloret et al., 2002). Overall fish analyzed had similar sizes, avoiding problems that could 

exist when comparing individuals with different structures (Lloret et al., 2002). 

 

For enzymatic analyses, liver fragments, from each individual fish sampled, were 

analyzed individually. They were homogenized in 10 mM Tris–HCl buffer (pH 7.4) to give 

a 10% homogenate by using homogenizer immersed in an ice/water bath. The remaining 

homogenate was centrifuged at 16,000 g for 10 min at 4 °C (Eppendorf 5804R, Eppendorf 
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AG; Hamburg, Germany). The supernatant fluid was used for determination of enzymatic 

activity. 

 

Glutathione reductase (GR) 

Glutathione reductase (EC 1.8.1.7) activity was assayed by the method of Carlberg 

and Mannervick (1985). Briefly, the assay mixture consisted of 0.1 ml phosphate buffer 

(200 mM with EDTA 2mM, pH 7.0), 0.03 ml of NADPH (1mM, with Tris-HCl 10 mM) 

pH 7.0, 0.03 ml of GSSG (10 mM, in deionized water). The enzyme activity was quantified 

by measuring the disappearance of NADPH at 340 nm during 3 min. The enzyme activity 

was calculated as nmol NADPH oxidized min¯¹ mg¯¹ protein using a molar extinction 

coefficient of 6.22 mM¯¹ cm¯¹. 

 

Glutathione S-transferase (GST) 

Glutathione S-transferase (EC 2.5.1.18) activity was assayed at 340 nm by 

measuring the increase in absorbance using 1-chloro-2, 4-dinitrobenzene (CDNB) as the 

substrate according to Habig et al., (1974). The assay was carried out with a 0.2 ml mixture 

of phosphate buffer (0.1 M, pH 6.5), CDNB (60 mM) and GSH (10 mM). GST activity 

was calculated as nmol CDNB conjugate formed min¯¹ mg¯¹ protein using a molar 

extinction coefficient of 9.6 mM¯¹ cm¯¹. 

 

Glutathione Peroxidase (GPx) 

Glutathione Peroxidase (EC 1.11.1.9) activity was determined according to the 

method described by Flohé & Günzler (1984). The assay mixture consisted of 0.09 ml 

phosphate buffer (100 mM, pH 7.0), 0.03 ml Na₂EDTA (10 mM), 0.03 ml sodium azide 

(10 mM), 0.03 ml GR (2.4 IU/ml), 0.03 ml GSH (10 mM), 0.03 ml NADPH (1.5 mM), 

0.03 ml Cumene (7 mM). Oxidation of NADPH was recorded at 340 nm, and GPx activity 

was calculated in terms of nmol NADPH oxidized min¯¹ mg¯¹ protein using a molar 

extinction coefficient of 6.2 mM¯¹ cm¯¹. 
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Lipid Peroxidation (LPO) 

LPO was determined in the previously prepared homogenate as adapted by Correia 

et al., (2003). Briefly, to 150 µl of homogenate, 10 µl of 1–1 butylated hydroxytoluene (4% 

in methanol) was added and mixed well to prevent oxidation. The absorbance of each 

sample was measured at 535 nm. The rate of LPO was expressed in nmol of thiobarbituric 

acid reactive substances (TBARS) formed mg¯¹ of fresh tissue using a molar extinction 

coefficient of 1.56 x 10⁶ M¯¹ cm¯¹. 

 

Protein  

Protein content was determined according to Bradford (1976) using bovine serum 

albumin as standard. Absorbance was recorded at 595 nm.  

 
 

Statistical Analysis 

Two data sets were built: one with biochemical biomarkers data and the other with 

physiological data (condition factors and indices). The overall profiles of both datasets 

were analyzed separately, with Principal Component Analysis (PCA), which reduced the 

multidimensional data matrices to interpret bi-dimensional plots that explain the highest 

proportion of variation in the data (following Ter Braak, 1995). Two-way analysis of 

variance (ANOVA) was performed on the PCA sample scores to assess seasonal and 

temporal differences in the datasets. This allowed an overall appraisal of the sources of 

variation in the physiological and biochemical patterns of the studied species. Spearman 

rank correlation factor (r) was used to test significant relations between environmental 

factors, antioxidant defences and LPO. A significance level of 0.05 was considered in all 

test procedures. Multivariate analysis PCA and correlation analysis were conducted using 

PRIMER-6 Software (Clarke and Gorley, 2006). ANOVAs and graphs were carried out in 

Minitab 17 (Minitab Inc, State College PA, USA). 

 

Results 

Climate – Precipitation 

The year 2012 was characterized by a severe and extreme drought event, which was 

maintained throughout the year with higher intensity in late winter and early spring; the 



 

Chapter 2 
 

33 
 

total annual precipitation was 246.1 mm lower than the normal value of 1971-2000 (Do 

ambiente, 2013). Specifically for the region of the Mondego estuary, highlighting anomaly 

precipitation values on the following months: January (-96.9 mm); February (-97.9 mm); 

March (-40.4 mm) and April (-33 mm) (figure 2.2 A), which recorded precipitation values 

much lower than the climatological regime for the centre of Portugal in 1971-2000 

(http://snirh.apaambiente.pt). According to the Do ambiente (2013), the year 2012 was the 

8
th 

driest year of the last 82 years, with the months of late winter and early spring being the 

driest since 1931.  

An extreme flood event characterized the year of 2014, also considered as a very 

rainy year, with an annual average of precipitation significantly higher than the normal 

registered at 1971-2000, with a deviation of +216.1 mm, standing out like the rainiest year 

of the last 25 years (Do ambiente, 2015), with February being the wettest month of the last 

35 years. For the Mondego estuary basin highlighted positive anomaly precipitation values 

at the following months: January (+ 44.3 mm); February (+ 105 mm); October (+ 98.2 

mm) and November (+ 109.4 mm) (figure 2.2 A), which recorded precipitation values 

much higher than the climatological normal for central Portugal in 1971-2000 

(http://snirh.apaambiente.pt).  

According to the Portuguese Weather Institute 

(http://web.meteo.pt/pt/clima/clima.jsp) in the last decade drastic differences have been 

recorded when compared to the general climate patterns for the period of 1971-2000 

(Gonçalves et al., 2012).  
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Figure 2.2 | (A) Monthly precipitation anomalies (mm) in the Mondego estuary during the 

study period (2012 and 2014) according to monthly average of 1971-2000, represented as 

null value; and (B) monthly variability of estuarine runoff (dam³) during the same study 

period.   

 

Variations of freshwater discharges into the Mondego estuary were significantly 

higher in 2014 than in 2012, clearly influenced by precipitation regimes (figure 2.2 A - 2.2 

B) showing highly significant positive correlationship between these parameters (r = 0.77, 
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p < 0.001). The highest salinity and the lowest dissolved oxygen values were detected in 

2012 in whole Mondego estuary (Table 2.1), being related to severe drought event. In the 

year of 2014, higher water temperature values were recorded and the standard salinity 

gradient appeared (see Gonçalves et al., 2012). 

Concerning air temperature, average values for 2012 were close to the normal 

climatic pattern of (1971-2000), and 2014 presented a positive anomaly of + 0.54 ºC (data 

not shown; Do ambiente 2013, 2015). 

 

Table 2.1 | Physico-chemical parameters (water termperature, salinity, pH and dissolved 

oxygen) measured in 2012 and 2014 at Zone 1 and Zone 2 of the Mondego estuary. Means 

± standard errors, in brackets.   

 

 

 

Physiological and Biomarker profiles 

A total of 112 animals were analyzed throughout two distinct years, distributed by 

seasons: spring 2012 (n = 30); autumn 2012 (n = 30); spring 2014 (n = 23); autumn 2014 

(n = 29). Fish species were sampled in the same amount in two collecting zones that 

covered the entire Mondego estuary, with the exception for S. solea that were not collected 

at zone 2 because its life cycle and distribution within the estuary is restricted to zone 1 

(see Martinho et al., 2007). To assure some standardization in fish age and body size, 

captured fish species were selected in order to maintain an uniform body length (D. labrax: 

12.62 cm ± 2.11 cm; P. flesus: 14.40 cm ± 2.27 cm, mean length ± SD), although slightly 

larger S. solea were captured (17.57 cm ± 3.53 cm), punctually in autumn seasons.  
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The initial exploration of the global data sets, using PCA, revealed that variation in 

physiological state was mainly temporal, related with distinct severe weather events (see 

variance and F-Test of ANOVA applied to PCA scores, Table 2.2) with only a minor 

contribution of interaction year x season and a non-significant influence of season variable 

(see effect of season and year x season interaction, Table 2.2). The same assumptions were 

valid for the biomarker profile (Table 2.2). Indeed, the PCA biplots showed an organized 

and grouped distribution of fish scores (due to temporal variation), but a certain degree of 

overlap among seasons, both in terms of biomarker profile (figure 2.3 A) and of the fish 

physiological state (figure 2.3 B), which refers to a loss of seasonality in the overall 

responses. Only the first two PCA components were analyzed, as together they explained 

the largest fraction (99.9 % for fish physiological state and 75.6 % for the biomarker 

profile) from the total variation of the data. The same patterns were verified in the 

biochemical analysis and in condition / physiological indices (r = 0.30, p < 0.001). 

 

Table 2.2 | Summary of two-way ANOVA on the fish scores (principal components 1 and 

2), showing the degrees of freedom (d.f), variance MS, F-test and corresponding P-value.  
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Figure 2.3 | PCA biplots of fish scores (D. labrax – D; P. flesus – P; S. solea – S) from 

two distinct sampling periods (2012-2014) along two seasons (autumn – A; spring – SP), 

illustrating their variation according to biomarker profile (A) and physiological state (B). 

Triangles represent autumn and circles spring samples. Grey symbols represent 2012, and 

black symbols represent 2014 samples.  

 

Fish condition and Physiological state 

Condition factor (K) of individuals of the three commercial fish species, 

monotonically, increased from 2012 (drought event) to 2014 (flood event), which was 

accompanied by an increase of the relative weight of liver (K liver and HSI) (figure 2.4). 

All physiological indices showed an inverse association between the two distinct years, 

HIS (r = -0.45, p < 0.001); K (r = - 0.21, p < 0.001); and K liver (r = - 0.38, p < 0.001). 

These results showed strong temporal pattern, and only minor differences for seasonality. 

This strong temporal pattern confirms the above analysis (ANOVA on PCA scores), which 

showed a large temporal component and only minor contribution among seasons and 

species' variability. 
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Figure 2.4 | Seasonal and temporal variation of physiological indices (K, K liver and HIS) 

of the studied species (Dicentrarchus labrax, top panel; Platychthis flesus, middle panel; 

and Solea solea, bottom panel). Error bars represent 95 % confidence intervals (n = 12, for 

D. labrax and P. flesus; and n = 6 for S. solea, per season).   

 

Biomarker profiles 

Temporal effects on enzymatic defence system of the fish species sampled in the 

Mondego estuary along the two distinct severe weather events are represented in figure 

2.5. GR and GST activities at drought year (2012) were significant higher when compared 

to the flood year (2014) to all studied species (figure 2.5 A, B, C), however flatfish species 

showed a more strong response than the sea bass. Moreover, when compared to the values 

of 2012, a decrease of 63%, 96% and 94% in GR activity was noticed in 2014, for D. 

labrax, P. flesus and S. solea, respectively. The reduction observed for GST in 2014, was 

25% (D. labrax), 76% (P. flesus) and 95% (S. solea). The GPx activity observed in D. 

labrax collected in 2014 was significantly higher when compared to the responsiveness of 

flatfish species; although all sampling species showed an increase in GPx activity during 
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flood compared to the drought event, 190% (D. labrax), 39% (P. flesus) and 36% (S. 

solea).  

Damaging effects of distinct severe weather periods are shown in figure 2.5 D. A 

significant decreased was observed at flooding conditions to P. flesus (73%) and D. labrax 

(13%); inversely, a significant increase was observed to S. solea (110%).  

The assessed biomarkers revealed positive relationship between GST and GR 

activities (r = 0.75, p < 0.001); and a negative significant correlation between GR – GPx (r 

= -0.27, p < 0.001) and between GST – GPx (r = -0.49, p < 0.001) (figure 2.6 A). Also 

correlation analysis revealed a strong association of salinity fluctuations with Glutathione 

reductase (r = 0.86, p < 0.001) and Glutathione-S transferase (r = 0.66, p < 0.001) (figure 

2.6 B). On the other hand, a negative strong correlative association was also valid between 

dissolved oxygen pattern and GR and GST activities (r = -0.78, p < 0.001; r = -0.62, p < 

0.001), respectively (figure 2.6 B). The highest enzymatic values of GR and GST 

coincided with the increase in salinity and a decrease in dissolved oxygen patterns 

observed in the drought year; this fact leads to indicate salinity and dissolved oxygen as 

enzymatic stimuli to the biomarkers' responses at the studied species, with a more effective 

character for flatfish species.  
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Figure 2.5 | Represents enzymatic protective responses of GR, GST, GPx in liver of (A) 

Dicentrarchus labrax, (B) Platichthys flesus, (C) Solea solea, and (D) LPO responses of 

the three fish species, along two distinct studied periods (autumn, spring - 2012 and 

autumn, spring 2014). 
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Figure 2.6 | Significant Spearman rank correlations between the studied antioxidant 

responses (A) and correlations between abiotic factors (salinity and dissolved oxygen) and 

the studied antioxidant responses in liver (B). (GPx—glutathione peroxidase, GR—

glutathione reductase, GST—glutathione S-transferase). r-Spearman rank, P < 0.05. 

 

Discussion  

This study highlights two distinct physiological responses of fish species sampled 

at the Mondego estuary in years of extreme climatic events: a severe drought (2012) and 

flooding events (2014). In the drought year, the lowest levels of the physiological condition 

were verified, whereas at the flood year the highest levels were recorded in the three fish 

species sampled in the Mondego estuary. High values of physiological condition indices 

were also found by Kopecka & Pempkowiak, (2008) in Baltic Proper fish, and could be 

indicative of better health and better physiological conditions. In their studies, Eastwood 

and Couture (2002) and Pottinger et al., (2002) indicated good food availability, absence of 

parasites, and lower local contamination as factors for higher indexes of physiological 

condition. In a study conducted on the northwest coast of the Mediterranean by Lloret et 
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al., (2002), temporal differences in physiological condition indices were also revealed in 

an extended batch of fish species belonging to environmental factors that probably shaped 

organisms responses to stress (Shulman and Love, 1999). Since in the literature there is 

always an enormous difficulty to assign reasons for the low levels of physiological indices, 

at the present study it seems to have a strong linkage of the extreme drought event 

observed in 2012 with the low levels of physiological condition of the studied fish species. 

These low condition values may be directly or indirectly associated with lower food 

availability, lower feed rates, greater interspecific competition, and probably significant 

fluctuations in salinity and dissolved oxygen levels verified during the extreme drought 

episode. In drought events, a decrease in the production of fish species was stated in the 

Mondego estuarine area (Dolbeth et al., 2008); especially evident for D. labrax and P. 

flesus, indicating salinity and temperature fluctuations, as well as low freshwater 

discharges, as possible reasons for this underproduction. During severe drought episodes, 

Attrill and Power (2000) also pointed out that underproduction in key benthic species in 

the estuaries, such as Carcinus maenas and Crangon crangon, may induce variations 

throughout the estuarine community, especially in the fish community. Baptista et al., 

(2010) also verified that in drought events, in this estuary, new marine adventic species are 

found in the estuarine areas, possibly contributing to a competition effect and decreasing 

food and habitat sources. In an in vitro study, Sloman et al., (2000) observed that drought 

events may affect the physiological condition of the fish species, changing the hierarchy of 

behavior and dominance, reflecting a decrease in nutritional reserves. Other studies 

analyzing several fish size classes, detected the lowest physiological status in juveniles, 

associated with a faster depletion of energy reserves, making them much more susceptible 

to a variety of environmental stressors (Lloret et al., 2002). In addition, a given index may 

be more relevant than other for a given species, due to the different allocation of energy 

reserves, depending also on the response to external factors. This is valid worldwide (Van 

der Oost et al., 2003), but since the age and size of the organisms are similar, the variation 

factor between species would depend on its response to extreme environmental factors, 

drought or flood, which only causes variations in the three species as a population and not 

between species individually. This leads to assume that the causal factor "climate change" 

may overlap in terms of effect to any other factor of intrinsic variability in the status of 

physiological condition. Mostly for heavily impacted environments, the authors reported 
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seasonal variations in the indices of physiological condition, highlighting specific chemical 

pollutants such as OCPs, PCBs and PAHs in certain seasons of the year, or even at certain 

events in the life cycle of fish species, as reproductive events, to justify these variations 

(e.g. Nunes et al., 2011; Kleinauf et al., 2004). In lesser extent, absence of seasonal 

fluctuations have been reported (e.g. Sanchez et al., 2008), and curiously in a slightly 

impacted ecosystem with low contamination levels. The same patterns were verified by 

Roussel et al., (2007), also showing the lack of seasonality in the physiological responses 

of the fish caught in an outdoor lotic mesocosm. In our work, we also observed the absence 

of seasonal patterns in the physiological status of the organisms; this may be due to the fact 

that Mondego estuary suffers moderately low impact (e.g. Martinho et al., 2015), 

presenting a good ecological level. Adding to the fact that severe climatic events in these 

two years of study have overlapped to any seasonal pattern in physiological responses.  

Most of the research on oxidative stress in aquatic organisms focuses on 

toxicological aspects, such as the effects of different xenobiotics on antioxidant enzymatic 

activities and consequently in the intensity of lipid peroxidation (Cao et al., 2010; Colin et 

al., 2015). However, reviewing available studies, a clear trend does not occur, since in 

most cases, the biochemical response is reportedly species-dependent, organ-dependent or 

chemical-dependent, adding to this the study time itself that is usually limited (Martínez-

Álvarez et al., 2005). The use of biomarkers to detect pollutant exposure effects is not a 

new idea (Peakall, 1992; Heath, 1995), but the recognition of natural variability (seasonal, 

temporal, and climate change-related) is the first step and a need to establish baseline 

values for biomonitoring programs. Natural variability is deliberately eliminated from most 

research studies, mainly in those that involve the assessment of the aquatic ecosystems 

based in wild species and environmental dynamics. Worldwide stated, natural variability is 

a desired phenomenon, which should be considered, and whose effects should be 

accounted (Nunes et al., 2011). Given the fact that it is one of the major limitations of the 

usage of biomarkers, it is truth that the parameters of intrinsic (e.g. age, nutritional status, 

reproductive state) and extrinsic (temperature, salinity, dissolved oxygen, etc.) natural 

variability may influence the cellular production of ROS and consequently affect the 

antioxidant defences of the fish (Whyte et al., 2000; Van der Oost et al., 2003; Martinez-

Alvarez et al., 2005). As noted above, environmental factors seems to have an impact on 

the physiological levels on the fish studied species; also appearing to represent a 
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considerable part of the variation in antioxidant levels face to different climatic events. 

Here GR, GST and GPx were sufficiently inconsistent throughout the sampling periods 

(drought and flood events), supposing different factors modulate the enzymatic levels of 

the studied species as a whole. Opposite results were verified by Fonseca et al., (2011), 

stating low temporal variability in the biochemical activities of D. labrax and S. 

senegalensis, which were indicative of constancy of the basal levels of antioxidant 

responses, resulted from the persistence of stress conditions caused by chemical nature. For 

the present study, a hypothesis related to environmental pressures associated with climate 

change within a low impacted estuary with relatively small area such as the Mondego 

estuary (1/4 of the area of most European estuaries) (Dolbeth et al., 2008) may be 

suggested for these differences, in detriment of contamination. As we have seen 

previously, in the extreme drought year (2012), there was a high salinity gradient as well as 

low concentrations of dissolved oxygen, increased competition, and decreased energy 

reserves, reflecting in the "weak" state of health of the organisms. Looking at the 

enzymatic responses of all fish species analyzed, the same trends seem to exist. In 2012, 

levels of Glutathione reductase and Glutathione-S transferase increased linearly, without 

any seasonal patterns; although the Glutathione peroxidase activity seems to decrease 

during the drought event. During their annual life cycle, fish species experience nutritional 

challenges that may influence oxidative status as found by Mourente et al., (2000, 2002) 

and Martínez-Álvarez et al., (2005). Still, compared to studies in mammals, changes in 

antioxidant defences under food restriction or partial starvation have not been extensively 

studied in fish. Buchelli & Fent, (1995) and Kopecka & Pempkowiak, (2008) found that 

low nutrient reserves associated with fluctuations in environmental parameters have an 

impact on antioxidant defences (e.g. significant reductions in detoxifying activity (EROD, 

GPx)), which is clearly in agreement with the low values of GPx stated to the studied  year 

of extreme drought. Pascual et al., (2003) also indicated the increase of GR and GST in 

gilthead seabream (Sparus aurata) as a consequence of the feed restriction, with levels 

returning to normal when the fish is readapted to normal control conditions. The same 

happened in the present work, with an increase of these enzymes in 2012 (drought event), 

and a return to basal values in 2014 (flood event), supposedly a year in which the 

organisms had greater nutritional reserves. Martínez-Álvarez et al., (2005) also found a 

significant increase in GR in parallel with the food restriction, however, GPx decreased in 



 

Chapter 2 
 

45 
 

fish under dietary restrictions. In contrast, Morales et al., (2004) found that fish deprived of 

food for 5 weeks showed an increase in levels of GPx and lipid peroxidation in the liver, 

while GR activity is depressed. Extreme fluctuations in GCC-related factors (e.g. salinity, 

dissolved oxygen, hypoxia-anoxia phenomena) are a global and often problem, which have 

been reported in more than 400 aquatic systems, from the Baltic Sea, to Mexico, 

Chesapeake bay, and others systems (see Noyes et al., 2009), and have been characterized 

as stimulating the metabolism and antioxidant defences of the aquatic organisms (IPCC, 

2007; Diaz and Rosenberg, 2008; Rabalais et al., 2010). These variables namely, 

temperature, salinity and dissolved oxygen, have been described to influence enzyme 

activity, and are referred as "confusion factors" by toxicologists (Gorley and Kennedy, 

2009; Van der Oost et al., 2003). Knowles and Cayan, (2002, 2004) from prediction 

studies, assumed that a reduction of approximately 20% in precipitation history may cause 

salinity increases around 9 psu (~ 9 mg / L) in some regions, (e.g. San Francisco Estuary), 

which may be especially susceptible to GCC. Hooper et al., (2013) make the panorama 

even darker, stating that these areas are at an even higher risk due to the potential 

interactions between GCC-related factors and toxic contaminants, due to the fact that these 

areas are increasingly impacted by anthropogenic activities. In a perspective of climate 

change scenario, in 2012, for the Mondego basin, precipitation and runoff levels were 

extremely low, consequently salinity levels increased and levels of dissolved oxygen 

decreased considerably, appearing to be related to the increase in enzymatic levels of 

Glutathione reductase and Glutathione-S transferase. Higher activity of GR at drought 

event (2012) reflects the higher recycling of glutathione (GSH replacement to avoid its 

depletion), suggesting that the GSSG / GSH ratio was increased because of the pro-oxidant 

factors indicated, such as salinity, dissolved oxygen and low nutritional levels. The 

usefulness of measurements of GST activity as a biomarker of exposure to xenobiotics is 

not new, being previously verified in several (laboratory and field) studies, where authors 

highlighted differences in GST activity related to the variation of spatial contamination 

(Porte et al., 2000), and influenced by urban and industrial waste water; but, to study the 

response to environmental changes, direct use of GST is scarce. Napierska and Podolska 

(2005) observed a significant increase in GST levels at all sampling stations at the Golf of 

Gdansk, when compared to the reference site, attributing this to the contamination, but also 

to the salinity effect, because they found a significant correlation between increased 
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salinity values and GST levels. This variation in GST activity was well explained by 

salinity increases, because the levels of contamination in some areas were stable or less 

pronounced. As pointed out by Pereira et al., (2010), other stressors more than metals and 

contaminants are probably the basis of the strong responses of Glutathione reductase and 

Glutathione-S transferase; salinity has been described as a modulating factor of the 

metabolic and physiological processes of fish species, since it influences the metabolic 

expenses through a more forced and rigorous regulation (Fonseca et al., 2011; Sampaio 

and Bianchini, 2002; Yamashita et al., 2003). As well as the dissolved oxygen 

concentration is a parameter described as being able to model the antioxidant activity 

(Cooper et al., 2002; Lushchak et al., 2001), because adaptation to fluctuations of oxygen 

involves strong metabolic adjustments affecting the ROS and antioxidant defences (see, 

Pörtner, 2002; Dippner et al., 1997; O'Brian et al., 2000). Previous studies have linked 

these abiotic factors to biomarker responses at different scales, but often in the 

background, when compared to contaminant variables. Roche and Bogé (1996) observed 

strong SOD activity in the sea bass associated with high salinity levels; similar relation was 

verified by Kopecka and Pempkowiak (2008) attributing higher levels of CAT and GST 

activity in the plaice to increased temperature and salinity gradient. Sanchez et al., (2008), 

in a low-impacted aquatic system, Vallon du Vivier, in the northern of France, associated 

changes in oxygen concentration with enzymatic activities (e.g. 8.7 mg / L to 11.8 mg / L), 

with a slight decrease measured in the driest periods, which could explain part of the 

variations in GST and GR activities. Two decades earlier, Witas et al., (1984) assumed that 

differences in enzymatic responses in fish species could be explained by the environmental 

influence from dissolved oxygen fluctuations. On the other hand, in some studies, few or 

no effects of these abiotic variables on the response of biomarkers have been described, or 

only highlighted as interaction factors with the contamination. For instance, Lavado et al., 

(2011), at an in vitro study with Coho Salmon (Oncorhynchus kisutch) acclimated to 

different salinity concentrations and subsequently exposed to OPs, stated that increases in 

salinity stimulates the oxidative responses of organisms exposed to this type of 

contaminants; Sandahl et al., (2004) in their study also advocates an increase in acute 

toxicity to pesticides as a result of salinity increase, usually ending with increased lethality 

at the organism level. In contrast to the postulated in this study, Fonseca et al., (2011) 

pointed out the lack of correlation between EROD and GST with environmental variables 
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(e.g. temperature, salinity and dissolved oxygen), suggesting a strong specificity of these 

biomarkers with chemical exposure (such as PAHs) rather than the strong natural 

variability caused by environmental dynamics. Similarly, Kopecka and Pempkowiak, 

(2008) also reported that correlations between the biomarker activities (EROD, GST and 

CAT) with abiotic factors, although exist and are significant, were less important than the 

effects of pollution at the induction of liver enzymatic responses.  

In the flood event (2014), only Glutathione peroxidase seemed to suffer an increase 

in relation to the year of extreme drought, for the three fish species analyzed, with a more 

significant increase in the GPx activity of the sea bass verified when compared to flatfish 

species. It is known the existence of agricultural area, as well as aquacultures and other 

industries surrounded the Mondego estuary basin (Ferreira et al., 2004. Still local studies 

report the absence of levels above the legal limits for a wide range of chemical substances 

(Nunes et al., 2011; Baptista et al., 2013; Vasconcelos et al., 2011), in addition to a 

reduction of anthropogenic factors, which have contributed in recent years to a good 

hydrological and ecological status of the Mondego estuary (see Martinho et al., 2015). A 

plausible explanation for these higher levels of glutathione peroxidase is the enzymatic 

induction caused by the "punctual" increase of contaminant substances in the estuary for 

this year of severe flooding, where there was higher levels of precipitation reported in 

Portugal, namely for the central region, resulting in strong discharges of fresh water to the 

basin of the Mondego estuary; probably introducing much higher amounts of nutrients and 

chemical compounds into the aquatic ecosystem, compared to years of normal 

environmental dynamics. Climate change is projected to increase discharges of nutrients 

and contaminants in regions where extreme precipitation events are increasing (IPCC, 

2007). Similar results were found by Oliveira et al., (2009) and Pereira et al., (2010), with 

Liza aurata, finding high levels of glutathione peroxidase stimulated by contaminant 

compounds that appeared in larger quantities in the basin associated to the increase of 

tributary discharges in periods of the highest fresh water flow. Glutathione peroxidase is 

known to protect the cell by reducing H₂O₂ to H₂O. The induction of this biomarker has 

been described globally in liver, gills and in the muscle of these studied species, exposed to 

contaminants under field experimental conditions (e.g. Kopecka et al., 2006; Maria et al., 

2009; Oliva et al., 2012). An inverse relationship between GST and GPx has been 

documented in fish and mammals, and may be one adjustment that makes more efficient 
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mechanism for the removal of H₂O₂ (e.g. Godin and Garnett, 1992; Janssens et al., 2000). 

Reactions of free radicals in biological membranes may increase the hydroperoxidation of 

lipids that decompose the double bonds of unsaturated fatty acids, causing peroxidation of 

cell membranes (Van der Oost et al., 2003). This complex process is known as lipid 

peroxidation (LPO). The LPO variation levels were not consistent for all species studied; 

flounder and sea bass suffered an increase in damage about 13% and 73% in the drought 

episode, respectively; while the common sole suffered an increase in oxidative damage in 

the flooding event in relation to the drought year of 110%.  It is difficult to compare these 

LPO results with existing data in the literature because most of the studies are conducted in 

severely contaminated aquatic environments where the influence of climate change events 

is vaguely accounted. Another limitation is that for the Mondego estuary there are no 

studies indicating the baseline levels of biochemical responses to fish species. In view of 

these difficulties, we may only point out that sea bass and plaice appear to increase in LPO 

in the dry year (2012), probably associated with high salinities and dissolved oxygen 

fluctuations. On the other hand, according to our results it also seems reasonable to 

indicate that the common sole suffers a greater lipid peroxidation at the flood event; 

likewise, the high values of LPO for sea bass seem to be maintained. Phenomena 

associated with increased input of contaminants during this period of higher fresh water 

flow may be at the basis of these responses. Looking for some studies involving these 

species of fish in lipid peroxidation analysis (e.g. Maria et al, 2009; Oliva et al., 2011), it is 

safe to say that the LPO levels observed here are relatively low, which is in agreement with 

ecological studies carried out in the Mondego estuary, which classify it as good ecological 

status (Martinho et al., 2015). Extreme drought and flood events associated with increasing 

climate change phenomena, cannot continue to be ignored in studies of biomonitoring in 

aquatic ecosystems. In the same line, fluctuations in GCC-related factors, such as salinity, 

dissolved oxygen, temperature, and the runoff associated with the introduction of 

contaminants, cannot remain invisible to the eyes of toxicologists and ecologists. Further 

research should be conducted considering oxidative stress in aquatic organisms, involving 

the natural environmental dynamic, in order to predict the amount of effect that this may 

cause on the antioxidant responses of the aquatic organisms (Landis et al., 2013). Face to 

global climate change and an increase at anthropogenic activities, it is essential to 

understand the mechanisms of interaction between GCC related factors and toxic 
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compounds to obtain more accurate assumptions about the truth effects of these major 

stressors on aquatic ecosystems. 

 

Conclusions  

Diet, salinity and dissolved oxygen fluctuations seem to be the most plausible 

factors responsible for the induction of the enzymatic levels verified in a severe drought 

event like the one observed in 2012, for the three studied marine fish species. In extreme 

flood events like the one registered at 2014, an increase of contaminants in the estuarine 

basin, associated to the higher freshwater flow derived from the tributary discharges and 

runoff, seems to be responsible for the increase of glutathione peroxidase levels in fish 

species. However, the impact of GCC-related factors, during the period of extreme drought 

seems to indicate a more evident induction of the antioxidant responses for the flatfish 

species, while in extreme flood event all species increased their detoxification levels, with 

a more evident induction for sea bass. According to these assumptions, and looking at the 

lipid damage in the analyzed species, it seems that GCC-related factors stimulate the 

antioxidant defence system in fish, being able to capture ROS avoiding high peroxidative 

damage along the distinct severe weather events. Still, in severely contaminated aquatic 

systems higher impact of these variables may occur.  
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Abstract 

 

Extreme weather events are increasing in frequency throughout the world, face to 

Global Climate Change. Despite this, knowledge of the effects on fish species related to 

oxidative stress is still scarce. The present study aims to examine physiological and 

biochemical response of three commercial fish species (Dicentrarchus labrax; Platichthys 

flesus and Solea solea), over contrasting environmental dynamics: an extremely dry (2012) 

and flood (2014) years, in a shallow temperate southern European estuary, the Mondego 

Estuary (Portugal).  

Physiological and biochemical biomarkers were evaluated by a principal 

component analysis (PCA), which allowed to conclude that severe climatic events affected 

the set of fish analyzed species, disturbing ecosystem sources, services and environmental 

drivers, revealing two distinct annual brain antioxidant responses.  The drought affect the 

physiological state of the organisms, as well as increased brain antioxidant potential, 

strongly associated with fluctuations in environmental drivers (salinity and dissolved 

oxygen), however, ROS have not been effectively neutralized by antioxidant defence 

system causing lipid peroxidation. 

During flood episode was stated a general depletion of the antioxidant potential in 

the analyzed fish species, affected by interactions with chemical compounds, increased by 

a combination of high precipitation and associated runoff probably increasing nutrient and 

contaminant load at the Mondego estuary. Nevertheless, lipid peroxidation remained low, 

related to the action of non-enzymatic antioxidants, since that the studied fish species had 

optimal physiological status and high nutritive reserves. According the present work our 

considered that brain enzymatic depletion may be organ-specific, considering the greater 

vulnerability of brain proteins to degradation compared to lipids, although the occurrence 

of oxidative damage in DNA and proteins cannot be ruled out. The role of enzymatic 

mobilization on fish brains is not extensively yet known, but our results suggested that 

brain seems to be metabolically very sensitive to salinity and dissolved oxygen 

fluctuations, maybe more than other organs, leading to activation of antioxidant processes, 

serving as an indicator of the response to oxidative stress face to fluctuations in 

environmental drivers related to severe climatic events.  
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This is the first approach that is made to evaluate the physiological and biochemical 

responses in the brain of aquatic organisms’ to extreme climatic events, being the first 

steps to establish reference values to determine the effects of extreme climate events. 

 

Keywords: Brain; Antioxidant responses; Temporal variability; Flood; Drought; 

Dicentrarchus labrax; Platichthys flesus; Solea solea; Mondego estuary 
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Introduction  

 

In a world experiencing global climate change, the frequency of extreme weather 

events, such as droughts and periods of flood, appears to be increasing, clearly 

contributing to the decline in the quality of aquatic systems (IPCC, 2007).  

Abiotic factors (e.g. temperature, salinity, O₂, runoff, level of organic matter, etc.) 

and biotic factors (feeding, reproduction, age, parasitism, etc.) fluctuate throughout the 

year influenced more and more by extreme climatic events (Hooper et al., 2013). 

Environmental factors modulate the biology of aquatic organisms, and may cause 

variability in the bioavailability and synergism effect of contaminants (Sheehan and 

Power, 1999).  

Reactive oxygen species (ROS) are a non-viable part of aerobic life, resulting in 

oxidative stress if ROS generation prevails over antioxidant capacity (Lushchak et al., 

2011). Reactive oxygen species cause damage to cellular proteins, lipids and nucleic 

acids, often leading to injury of organs (Lushchak et al., 2011). In order to protect against 

oxidative stress, organisms develop their antioxidant defence system consisting of low 

molecular weight metabolites (tocopherol, ascorbic acid, glutathione) and higher 

molecular weight proteins including antioxidant enzymes such as glutathione peroxidase 

(GPx), glutathione S-transferase (GST) and glutathione reductase (GR), which are used 

globally as early warning signals of environmental stress conditions (Hellou et al., 2012). 

Lipid peroxidation (LPO) has been described as the major contributor to the loss of 

cellular function under oxidative stress, and has been usually indicated by TBARS 

measurements in fish (Van der Oost et al, 2003). Temporal variations of antioxidant 

defences may affect the protection level of organisms and make it difficult to distinguish 

between the effects of pollutants and the effects of other environmental factors (Pain et 

al., 2007). Consequently, it is greatly important to determine the normal range of 

biomarkers variability in order to propose useful diagnostic tools (Lushchak et al., 2011). 

Recently, some studies have shown that the brain is a highly sensitive organ to determine 

oxidative stress in both fish and humans (e.g. Huang et al., 2008; Ferraro et al., 2009), 

associated with the decline of its richness in PUFA-n3 fatty acid  (Dringen, 2000). 

Although, this organ is not conventionally analyzed, it is believed that the brain contains 

only low to moderate enzyme activity, compared to the liver or kidney (Hellou et al., 
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2012). The effect on the brain has been explained by the fact that 20% of the total oxygen 

consumption is in the brain, representing only 2% of the body mass in vertebrates 

(Dringen et al., 2000), and because it is one of the most active and sensitive metabolic 

organs to be altered by a wide variety of factors (Soengas & Aldegunde, 2002). 

Therefore, more research is necessary to verify induced oxidative damages, especially in 

neural tissues due to the importance of their crucial functions for the organisms' survival 

(Song et al., 2006). The scarce knowledge about the threat of oxidative stress in the fish 

brain is the main reason to the limited number of published studies (e.g. Berntssen et al., 

2003; Mieiro et al., 2010), with most of them are laboratory experiments, involving the 

injection of toxic substances (Hellou et al., 2012). In this context, more information about 

the antioxidant system in the fish brain is needed from different scenarios, in order to 

evaluate the susceptibility to induce neurotoxicity, considering the crucial role of 

environmental factors (Pain et al., 2007), in addition to the accumulation of toxic 

substances, and it is essential to include the temporal factor as an influence on the 

variation of responses to oxidative stress (Hooper et al., 2013). Measurements of 

biomarkers responsiveness in fish have a good potential to integrate environmental 

monitoring programs (Van der Oost et al., 2003). The complexity of these variables 

added to extreme weather events should be taken into account when interpreting the 

results on the field and laboratory experiments (Hellou et al., 2012; Hooper et al., 2013). 

Dicentrarchus labrax and 2 flatfish species, Platichthys flesus and Solea solea, were 

chosen for this study, because of their high economic and commercial interest, being the 

most abundant and representative species of the Atlantic and Mediterranean coasts, 

occupying a high trophic position and occurring in the most European estuaries, including 

the Mondego estuary. These species have been commonly used in many field and 

laboratory studies, proving to be viable and sensitive to environmental anomalies 

(Kopecka & Pempkowiak, 2008; Kleinkauf et al., 2004; Oliva et al., 2011). Extreme 

climatic events have been verified in the last decades worldwide, with Portugal not being 

an exception (Gonçalves et al., 2017). In drought or flood episodes, the stress of 

organisms increases in the Mondego estuary and extreme climatic events have already 

been reported with ecological impacts to aquatic communities (e.g. Gonçalves et al., 

2012; Grilo et al., 2011).  
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Since it is crucial to determine and evaluate the physiological and biochemical 

responses of organisms under the influence of extreme climatic events, the main 

objectives of this work are to: 1) determine the physiological and biochemical responses 

in brain samples from the three fish species collected at the Mondego estuary; 2) extract 

the causal influences in variability on selected biochemical and physiological markers; 3) 

compare the responsiveness of the three commercial fish species and infer about the 

potential use of the brain and the selected battery of biomarkers to assess the specific 

response to climate events, contributing to the elimination of gaps in biomonitoring 

studies in estuarine and coastal systems. 

Globally recognized as impractical, if not impossible to collect and analyze data 

for all interactions between environmental variables affected by Global Climate Change 

(GCC) and toxic products, it is clear the need to develop predictive approaches that allow 

to assess the influence of these interactions on the antioxidant responses of aquatic 

organisms and the higher organization levels. In this way, potential environmental risk 

assessments will certainly be more accurate. 

 

Materials and methods  

Study site 

The Mondego estuary, in a warm temperate region on the Atlantic coast of 

Portugal (40º08'N, 8º50'W), is a small estuary of 8.6 km², comprising two arms, north 

and south, separated by an island, and at from 7 km from shore that join again near the 

mouth. The north arm is deeper (5-10 m during high tide, tidal range 2-3 m), highly 

hydrodynamic, is a main navigation channel and hosts the Figueira da Foz harbour. The 

south arm is shallower (2-4 m during high tide, tidal range 1-3 m) and is characterized by 

large areas of exposed intertidal flats during low tide, with higher residence times and is 

almost silted over in the upstream areas. The mouth of the estuary depth ranges from 8 to 

13 m, and this area is influenced by both river flow and neritic waters. Most of the river 

freshwater flow enter via the north arm and a small freshwater input is carried via the 

southern arm through the Pranto River, a small tributary system regulated by a sluice 

according to water needs in the surrounding rice fields. Previous studies demonstrated 

that singular environmental factors provide a large variety of aquatic habitats for species, 
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mainly due to salinity gradients (Gonçalves et al., 2012). The main environmental 

pressures in the Mondego estuary are: dredging and shipping in the north arm, raw 

sewage disposal and high nutrient input from agricultural and fish farms in upstream 

areas of the estuary. Combined with a high water residence time, this has led to an 

eutrophication process over the past two decades (Dolbeth et al., 2013). The system has 

been recovering from this particular eutrophication scenario since early 1990's, showing 

nowadays, a significant improvement in water quality and own faunal composition (e.g. 

Dolbeth et al., 2013). In 2006, re-opened the separation between the two arms, with an 

increase of the flow and a reduction of the water residence time (e.g. Verissimo et al., 

2012). Previous studies in the Mondego estuary indicated low to moderate levels of 

metals (Coelho et al., 2006), PCBs (Baptista et al., 2013) and dioxin like PCDD/Fs 

(Nunes et al., 2011) in the water-sediment fraction.  

However, the areas farthest downstream sites remain relatively unchanged, 

exhibiting Zostera noltii meadows, but looking at anthropogenic stress, the Mondego 

estuary is a moderate-to-low impacted estuary, particularly due to low chemical loads and 

industrialization in the catchment area, when compared to other nearby estuaries 

(Vasconcelos et al., 2007). In the same instance, Martinho et al., (2015) observed a 

decreasing trend in total anthropogenic pressure between 2005 and 2012, reflecting 

mainly a decline in agriculture occupied area, number of industries and population 

density in the watershed over the last decade, pointing a constant increase in ecological 

quality of the estuarine ecosystem, assessed by fish component.  

 

Biological and hydrological data 

Sampling in spring and autumn seasons was performed, between two distinct 

severe weather events (drought - May and December 2012; flood - June and October 

2014), during high tides, at two zones distributed throughout both arms, along the salinity 

gradient of the Mondego estuary (figure 3.1). The selected sampling zones covered the 

majority of the estuarine area, representing several habitats and salinity ranges, providing 

a good overview of the whole fish studied species from the Mondego estuary. The zone 1 

(Z1) covers the mouth and the final stage of the north and south arms, while the zone 2 

(Z2) includes the medium and upstream northern areas of the estuary. Sampling took 
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place using a 2 m beam trawl with one tickler chain and a stretched mesh size of 5 mm in 

the cod end. Thirty replicate hauls were made per year, taking into account the zones and 

seasons (haul duration 10/15 min). Tow location and distance were determined with a 

GPS. Organisms were identified and sorted at the fishing spot, maintained in cold bags 

during their transport to the laboratory. In the lab organisms were measured (total length, 

1 mm accuracy), weighed (0.01 g precision), and the brain were removed, weighted and 

stored in -80°C for later biochemical analysis. In parallel to each sampling event, several 

hydrological parameters were measured in situ: water temperature (ºC), salinity (mg l¯¹), 

dissolved oxygen concentration (mg l
-1

), and pH using a multi-parameter probe.  

The monthly precipitation values were measured at the Soure 13 F/01G station 

and acquired from INAG - Instituto da Água (www.snirh.inag.pt). Long-term monthly 

average precipitation was calculated from data collected at the Soure 13F/01G station 

from 1971 to 2000. Freshwater discharge from the Mondego River was also obtained 

from the INAG station near the mouth of River, for the study period. 

 

 

Figure 3.1 | Location of the sampling zones in the Mondego estuary: Zone 1 (Z1 – 

include mouth of the estuary and downstream areas of the north and south arm); Zone 2 

(Z2 – include medium and upstream areas of the north arm).  
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Gross morphometric indices 

To analyze the first impact of climatic events on the fish physiological condition, 

gross morphometric indices based on length-weight data of all fish species sampled were 

measured: 

Condition factor (K) using the formula: 

 

K=100 (W / L³) 

 

Liver condition (K liver) using the formula: 

 

K liver = 100 (Lw / L³) 

 

Hepatosomatic index (HSI) was calculated using the formula:  

 

HSI = 100 (Lw / W) (Van der Oost et al., 2003) 

 

where W represents the total weight (g); L  the total length (cm) and Lw the liver weight 

(g). 

 

Biomarker measurements 

Homogenate 

Brain mass from each individual fish were homogenized individually in 10 mM 

Tris–HCl buffer (pH 7.4) to give a 10% homogenate by using homogenizer immersed in 

an ice/water bath. The homogenate was centrifuged at 16,000 g for 10 min at 4 °C 

(Eppendorf 5804R, Eppendorf AG; Hamburg, Germany) and supernatant fluid used for 

determination of protein and enzymes activity. 

 

Protein  

The protein concentration used for a number of biomarkers measurements (GR, 

GST, GPx and LPO), was determined using Bradford, (1976) method with bovine serum 
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albumin (BSA, Sigma) as a standard. All protein measurements were carried out using a 

microplate reader (Genios, TECAN) recorded at 595 nm. 

 

Glutathione reductase (GR) 

Glutathione reductase (EC 1.8.1.7) activity was assayed by the method of 

Carlsberg and Mannervick, (1985). The assay mixture consisted of 0.1 ml phosphate 

buffer (200 mM with EDTA 2mM, pH 7.0), 0.03 ml of NADPH (1mM, with Tris-HCl 10 

mM) pH 7.0, 0.03 ml of GSSG (10 mM, in deionized water). The enzyme activity was 

quantified by measuring the disappearance of NADPH at 340 nm during 3 min. The 

enzyme activity was calculated as nmol NADPH oxidized min¯¹ mg¯¹ protein using a 

molar extinction coefficient of 6.22 mM¯¹ cm¯¹. 

 

Glutathione S-transferase (GST) 

Glutathione S-transferase (EC 2.5.1.18) activity was assayed at 340 nm by 

measuring the increase in absorbance using 1-chloro-2, 4-dinitrobenzene (CDNB) as the 

substrate according to Habig et al., (1974). The assay was carried out with a 0.2 ml 

mixture of phosphate buffer (0.1 M, pH 6.5), CDNB (60 mM) and GSH (10 mM). GST 

activity was calculated as nmol CDNB conjugate formed min¯¹ mg¯¹ protein using a 

molar extinction coefficient of 9.6 mM¯¹ cm¯¹. 

 

Glutathione Peroxidase (GPx) 

Glutathione Peroxidase (EC 1.11.1.9) activity was determined according to the 

method described by Flohé, & Günzler (1984). The assay mixture consisted of 0.09 ml 

phosphate buffer (100 mM, pH 7.0), 0.03 ml Na₂EDTA (10 mM), 0.03 ml sodium azide 

(10 mM), 0.03 ml GR (2.4 IU/ml), 0.03 ml GSH (10 mM), 0.03 ml NADPH (1.5 mM), 

0.03 ml Cumene (7 mM). Oxidation of NADPH was recorded at 340 nm, and GPx 

activity was calculated in terms of nmol NADPH oxidized min¯¹ mg¯¹ protein using a 

molar extinction coefficient of 6.2 mM¯¹ cm¯¹. 
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Lipid Peroxidation (LPO) 

LPO was determined in the previously prepared homogenate as adapted by 

Correia et al., (2003). Briefly, to 150 µl of homogenate, 10 µl of 1–1 butylated 

hydroxytoluene (4% in methanol) was added and mixed well to prevent oxidation. The 

absorbance of each sample was measured at 535 nm. The rate of LPO was expressed in 

nmol of thiobarbituric acid reactive substances (TBARS) formed mg¯¹ of fresh tissue 

using a molar extinction coefficient of 1.56 x 10⁶ M¯¹ cm¯¹. 

 

Statistical treatment of data 

Distinct data sets were built (biomarker and physiological profile) and separately 

analyzed with Principal Component Analysis (PCA), which reduced the 

multidimensional data matrices to interpretable bi-dimensional plots that explain the 

highest proportion of variation in the data (following Ter Braak, 1995). Two-way 

analysis of variance (ANOVA) was performed on the PCA sample scores to assess 

seasonal and temporal differences in the datasets, allowing an overall appraisal of the 

sources of variation in the physiological and biochemical patterns of the studied fish 

species. Similar approaches have been described in the literature for other physiological 

and biochemical data matrices (Loureiro et al., 2012; Nunes et al., 2015). Spearman rank 

correlation factor (r) was used to test significant relations between environmental drivers, 

antioxidant defenses and LPO. A significance level of 0.05 was considered in all test 

procedures. Multivariate analysis PCA and correlation analysis were conducted using 

PRIMER-6 Software (Clarke and Gorley, 2006). ANOVAs and graphs were carried out 

in Minitab 17 (Minitab Inc, State College PA, USA).  

 

Results 

Environmental characterization 

A consistent drought event characterized the year 2012, revealing an annual total 

precipitation of 246.1 mm below the normal climatic value of 1971-2000 (Do ambiente, 

2013). The highest negative precipitation anomalies were verified in January (-96.9 mm), 

February (-97.9 mm), March (-40.4 mm) and April (-33 mm) (figure 3.2), in relation to 

the climatological pattern to central region of Portugal between 1971-2000 
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(http://snirh.apaambiente.pt). According to Do ambiente (2013), 2012 was the 8
th

 driest 

year since 1931. An extreme flood event arised in 2014, verifying a higher annual total 

precipitation than the normal climatic of 1971-2000, with a deviation of +216.1 mm; also 

attributed the rainiest year of the last 25 years, the month of February was the wettest 

month of the last 35 years. The positive anomalies of January (+ 44.3 mm); February (+ 

105 mm); October (+ 98.2 mm) and November (+ 109.4 mm) (figure 3.2) were recorded 

for the Mondego estuary basin, and the higher than the normal climatic of 1971-2000 for 

central Portugal (http://snirh.apaambiente.pt). According to the Portuguese Weather 

Institute (http://web.meteo.pt/pt/clima/clima.jsp) in the last decade drastic differences 

have been recorded, compared to the general climate patterns for the period of 1971-2000 

(Gonçalves et al., 2012). 

  

 

Figure 3.2 | Monthly precipitation anomalies (mm) in the Mondego estuary during the 

study period (2012-2014) according to monthly average of 1971-2000.  
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Figure 3.3 | Monthly runoff (dam³) during the study period (2012-2014), in the Mondego 

estuary basin.   

 

 

Table 3.1 | Physico-chemical parameters, water termperature, salinity, pH and dissolved 

oxygen measured in 2012 and 2014 at zone 1 and zone 2 from the Mondego estuary. 

Means ± standard errors.   

zone 1 zone 2 zone 1 zone 2 zone 1 zone 2 zone 1 zone 2

Temp (°C) 13.93 11.65 19.53 16.75 18.70 18.25 18.03 20.00

[0.22] [0.67] [1.33] [0.32] [0.26] [0.32] [1.90] [0.21]

Sal (mg l¯¹) 34.46 22.70 29.40 4.68 22.01 0.155 24.8 3.92

[1.78] [7.65] [2.63] [0.011] [0.69] [0.025] [3.25] [2.77]

pH 7.89 7.13 7.93 7.67 7.24 8.06 7.72 8.07

[0.075] [0.10] [0.71] [0.018] [0.15] [0.21] [0.10] [0.33]

O₂ 6.73 7.08 6.96 7.10 10.16 10.71 7.83 8.07

[0.083] [0.05] [0.15] [0.035] [0.082] [0.11] [0.08] [0.035]

2014

Autmun Autumn Spring

2012

SpringParameters
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Freshwater runoff were significantly higher in flood (2014) than in drought 

(2012) episode (figure 3.3), clearly influenced by precipitation regimes showing highly 

significant positive correlation between these parameters (r = 0.77, p < 0.001).  

In general, the two distinct severe weather events reflected different hydrological 

parameters in the Mondego estuary, with the exception of pH, which ranged from 7 to 8 

in two sampling periods. Salinity levels was significantly higher in the drought year of 

2012 in whole estuarine area (Table 3.1), especially noted in autumn Z1 (34.46 mg¯¹ L) 

and Z2 (22.70 mg¯¹ L), compared with the same season-zones in the flood sampling 

period (22.01 mg¯¹ L) and (0.16 mg¯¹ L), respectively. At the flood event salinity values 

recorded an approach from the standard salinity gradient typical from this estuarine 

system (see Gonçalves et al., 2012). Dissolved oxygen showed an inverse tendency, with 

the lowest values recorded in the Autumn – Z1 (6.73 mg¯¹ L); Z2 (7.08 mg¯¹ L) and 

Spring – Z1 (6.96 mg ¯¹ L); Z2 – (7.10 mg¯¹ L) of the drought sampling period, compared 

to the highest values in Autumn – Z1 (10.16 mg¯¹ L); Z2 (10.71 mg¯¹ L) and Spring – Z1 

(7.83 mg¯¹ L) and Z2 (8.07 mg¯¹ L) levels registered in the flood event. Water 

temperature floated without apparently a high degree of severity with the maximum value 

registered in the spring of flood sampling period (20.00 ºC) and the minimum value 

recorded in autumn of drought year event (11.65 ºC) (Table 3.1). Concerning air 

temperatures, average values for drought event were close to the normal climatic pattern 

of (1971-2000), and in flood event presented a positive anomaly of + 0.54 ºC (data not 

shown) Do ambiente (2013, 2015). 

 

Physiological State 

Covering two sampled areas representative of the entire estuarine area, 112 

individuals were analyzed and distributed by spring 2012 (n = 30); autumn 2012 (n = 30); 

spring 2014 (n = 23); autumn 2014 (n = 29) in the same quantity, with the exception of 

the common sole (S. solea) that was not collected in zone 2, because their distribution 

within the Mondego estuary is restricted to downstream areas (zone 1) (e.g. Martinho et 

al., 2007). Parasitism activity was not found in the fish species (data not shown) selected 

to ensure standardization of age and size as possible (D. labrax: 12.62 cm ± 2.11 cm; P. 

flesus 14.40 cm ± 2.27 cm, mean length ± SD), although slightly larger at the common 

sole (S. solea: 17.53 cm ± 3.53 cm) were caught.  
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All fish species showed lower condition factor (K), liver condition (K liver) and 

hepatosomatic index (HIS) in drought (2012) compared to flood (2014) (figure 3.4), 

which means an increase of the relative weight of liver, incremented nutritive reserves, 

and better condition state at the flood event.  

The physiological data set analysis using PCA revealed temporal variability in the 

physiological state of the organisms mainly related to extreme weather events (figure 3.4) 

(see variance and F-test of ANOVA applied to PCA scores, Table 3.2), a minor 

contribution of the year x season interaction and a non-significant contribution was stated 

for the season variable (see effect season and year x season interaction, Table 3.2). Two 

first PCA components were analyzed; PC1 and PC2 explaining 76% and 23.9%, 

respectively, and both explained the largest fraction (99.9%) of variability for the fish 

physiological state. 

 

Table 3.2 | Summary of two-way ANOVA from physiological data set on the fish scores 

(principal components 1 and 2), showing the degrees of freedom (d.f), variance MS, F-

test and corresponding P-value. 

Year 1 119.76 98.70 <0.001

Season 1 0.58 0.48 n.s

Year x Season 1 0.31 0.25 n.s

Residuals 108 1.21

Year 1 3.93 5.98 0.016

Season 1 0.88 1.34 n.s

Year x Season 1 3.38 5.14 0.025

Residuals 108 0.66

F P

PC2

PC1

Physiological state
Source of 

variation
df MS
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Figure 3.4 | PCA biplot of fish scores (D. labrax – D; P. flesus – P; S. solea – S) from two 

distinct sampling periods (2012-2014) along two seasons (autumn – A; spring – SP), 

illustrating their variation according to physiological state (B). Triangles represent autumn 

and circles spring samples. Grey symbols represent 2012, and black symbols represent 

2014 samples.  

 

Oxidative stress profile 

Antioxidant responses 

The analysis of the biochemical data set using PCA revealed a temporal 

significant variance for the three fish species, possibly modulated by the extreme climatic 

events recorded (figure 3.5) (see variance and F test of ANOVA applied to the scores 

PCA, Table 3.3). On the other hand, a minor contribution of variability found in the data 

set of biomarkers profiles was attributed to the seasonality, and a smaller but still 

significant contribution was attributed to the interaction variable year x season (see effect 

of season and of the interaction variable year x season, Table 3.3). It is important to 
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recognize that, contrary to the verified in the data set of the physiological state, the season 

variable seems to have a certain degree of importance in the variability of the antioxidant 

responses of the organisms, mainly in the samples of drought event (figure 3.5). First two 

PCA components were analyzed, and together they explained 71.2% of the variability of 

the biomarker profile, with 48.0% and 23.2% for PC1 and PC2, respectively. The same 

patterns were slightly found between the analysis of biochemical data and the 

physiological status of the organisms (r = 0.12, p <0.001). 

Significant decrease in the antioxidant enzyme activities GR, GST and GPx were 

observed in the brain of the three fish species studied and collected in the flood year 

(2014), compared to drought episodes (2012) (figure 3.6 A, B, C). However, no significant 

changes were observed in the enzymatic activities when the three species were compared, 

highlighting the strong impact of the verified temporal variable, associated with effect of 

climate event phenomena. Thus, samples of brain fish species captured at flood event 

displayed decreases in antioxidant responses, similar in percentage terms; GR activity 

decreased around 57.17%, 92.15% and 54.85%, GPx activity 32.43%, 43.58% and 

86.56%, for D. labrax, P. flesus and S. solea, respectively. Concerning to GST activity, 

decreased 78.33% and 55.40% in the brain of D. labrax and P. flesus, respectively; 

although, there has been an increase of 47.47% in the activity of this enzyme for S. solea. 

According to the Spearman rank correlations (figure 3.7, only significant 

correlations are presented), GR was positively correlated with GST and GPx (figure 3.7 

A). In addition, also strong correlations between environmental drivers (salinity and 

dissolved oxygen) with the activity of antioxidant enzymes were stated (figure 3.7 B); GR, 

GST and GPx activities were positively correlated with salinity fluctuations, and inversely 

correlated with dissolved oxygen fluctuations. It should be noted that the higher 

antioxidant enzyme activities coincided with the high salinity periods and lower levels of 

dissolved oxygen, which occurred at drought events; this fact leads to indicate the strong 

salinities and dissolved oxygen deficiency as enzymatic stimuli in all studied species.  

 

 

 



 

Chapter 3 
 

77 
 

Table 3.3 | Summary of two-way ANOVA from biochemical data set on the fish scores 

(principal components 1 and 2), showing the degrees of freedom (d.f), variance MS, F-test 

and corresponding P-value. 

Year 1 55.28 55.28 <0.001

Season 1 47.38 47.38 <0.001

Year x Season 1 4.37 4.40 0.038

Residuals 108 0.99

Year 1 22.96 43.58 <0.001

Season 1 4.45 8.44 0.004

Year x Season 1 18.16 34.43 <0.001

Residuals 108 0.53

P

PC1

PC2

Biochemical profile
Source of 

variation
df MS F

 

 

 

 

Figure 3.5 | PCA biplot of fish scores (D. labrax – D; P. flesus – P; S. solea – S) from two 

distinct sampling periods (2012-2014) along two seasons (autumn – A; spring – SP), 
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illustrating their variation according to biochemical profile (B). Triangles represent autumn 

and circles spring samples. Grey symbols represent 2012, and black symbols represent 

2014 samples.  

 

Peroxidative damage 

Lipid peroxidation levels in the brain of all studied species showed significant 

differences among the distinct severe climatic events observed in the years 2012 and 2014 

(figure 3.6 D). Peroxidative damage was substantially higher at the drought event than at 

the flooding year, with decreases in LPO of 82.43%, 27.52% and 86.15% for D. labrax, P. 

flesus and S. solea, respectively, at the flood episodes. Positive significant Spearman rank 

correlations were found between LPO and GST, as well as among LPO and GPx (figure 

3.7 A). Moreover, LPO were also negatively correlated with oxygen dissolved fluctuations 

(figure 3.7 B). 
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Figure 3.6 | Representation of the enzymes' activity GR, GST, GPx in the brain of (A) 

Dicentrarchus labrax, (B) Platichthys flesus, (C) Solea solea, and (D) lipid peroxidation of 

all studied species, along the two distinct study periods (autumn, spring - 2012 and 

autumn, spring - 2014). 
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Figure 3.7 | Significant Spearman rank correlations between the studied antioxidant 

responses (A) and correlations between abiotic factors (salinity and dissolved oxygen) and 
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the studied antioxidant responses in the brain (B). (GPx—glutathione peroxidase, GR—

glutathione reductase, GST—glutathione S-transferase and LPO—Lipid peroxidation). r-

Spearman rank, P < 0.05. 

 

Discussion  

Physiology and antioxidant potential 

Physiological status has been proposed as a key factor for the metabolism, 

antioxidant potential, and logically for the ecological success of organisms along their life 

cycle (Carney and Almroth et al., 2010). Organisms accumulate fat in most organs 

(intestines, muscles and liver), being lipids and proteins the main organic chemical 

constituents (Tocher et al., 2003). Body and organ size can be altered, being suggested by 

Whyte et al., (2000) that gross morphometric indices are a very assertive reflection from 

condition state of organisms face to fluctuations in environmental drivers and contaminant 

load, serving as biomarkers of initial screening for exposure or to provide information on 

energy reserves. Current results revealed worse physiological state of the fish species 

sampled at the drought event compared to the good physiological level observed at the 

flooding sampled year, clearly showing two different physiological effects related to the 

distinct climate phenomena occurred in the Mondego estuary.  

This study is a first approach to evaluate the physiological state of aquatic 

organisms under extreme climatic events, even more with a long sampled period composed 

of two distinct years. In the literature is only widely recognized that the higher levels in 

these morphometric indices are indicative of good physiological condition and better 

health (e.g. Lloret et al., 2002; Kopecka & Pempkowiak, 2008), existing some 

shortcomings regarding the difficulty in assigning reasons for worse physiological state of 

aquatic organisms, since this may be affected by a great amount of associated factors 

(Hooper et al., 2013). Poor physiological condition observed in fish sampled at drought 

events seems to be associated with lower food availability, greater interspecific 

competition and fluctuations in environmental drivers (salinity and dissolved oxygen). 

Previously, some studies at the Mondego estuary have recognized that at drought events 

there are a decrease in the fish production (especially evident for D. labrax and P. flesus), 

in the order of 15-45% (Dolbeth et al., 2008) mainly affected by fluctuations in 
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environmental drivers. Similarly, Attrill and Power, (2000) observed to Thames estuary, 

UK, that, changes in key benthic species, such as Carcinus maenas and Crangon crangon, 

modifying the fish community trophic chain during extreme droughts. In the same line, 

Baptista et al., (2010) also reported that in drought years, competition seems to increase in 

the Mondego estuarine area, related to environmental dynamics (e.g. high salinities) 

contributing to the appearance of new adventitious fish species, consequently decreasing 

food sources.  

Similar assumptions present in our study were described by Eastwood and Couture, 

(2002) and Pottinger et al., (2002), indicating food availability, salinity and oxygen 

fluctuations, parasitism and signals of contamination as modulator-factors to physiological 

state of aquatic organisms. Lloret et al., (2002) also pointed out that the worst state in 

juveniles fish are associated with the exhaustion of energy reserves, making them much 

more susceptible to environmental drivers (Lloret et al., 2002).  

Although, it has been universally valid that an index can be more relevant than 

another for a given species, due to the adaptive response to a stress factor, different 

allocation of energy reserves, and age. At the present study, size and age of the individuals 

are similar, lead to consider the variation-factor "severe climatic event" strictly associated 

to environmental cues mentioned above. 

The absence of seasonal patterns in the physiological status from analyzed species 

in our study is surprisingly interesting because the majority of works report seasonal 

variations in field researches, involving gross morphometric indices, highlighting specific 

chemical pollutants (e.g. OCPs, PCBs and PAHs) in specific seasons, or reproductive 

events, such as spawning period, to justify these variations (e.g. Nunes et al., 2011). 

According to our results, it seems that prolonged severe climatic events affect the fish 

community of the estuary, as a whole, probably disturbing ecosystem sources, services and 

environmental drivers (Robins et al., 2016), modeling behavior character, feed rates and 

possibly metabolism rates, being overlapped to any seasonal variability, mentioned by the 

majority of other authors in studies involving a normal climate pattern.  

Although, the most of the research studies on oxidative stress focuses on the 

toxicological aspects to antioxidant potencial and consequent peroxidative damage in 

aquatic organisms (Di Giulio et al., 1989), an effective clear trend does not occur in 

environmental biomonitoring studies, because majority effects are reportedly chemical- or 
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organ-dependent evaluated, and limited in exposure time (Martínez-Alvárez et al., 2005). 

Around this limitation on use biomarkers, and based in the results obtained, it  seems to be 

true that at drought event, environmental drivers by itself, and in interaction with intrinsic 

parameters, such as physiological state, influence the ROS production and consequently 

the antioxidant defences in the brain of all fish studied species.  

Recently, some studies have identified the brain as a target organ in stressful 

conditions due to its high sensitivity to oxidative stress (Li et al., 2010; Mieiro et al., 

2010), being well recognized that fish adapt to a variety of strategies to cooperate with 

fluctuations in environmental drivers (Hamilton et al., 2017), seem to play an important 

role in the induction of brain antioxidant defence system in the studied fish species. The 

antioxidant potential is the sum of many enzymes' activity, and at the drought, all analysed 

biomarkers, such as glutathione reductase, glutathione S-transferase and glutathione 

peroxidase were consistently high for all studied species.  

Our hypothesis assumes that in view of the adaptation of organisms to abnormal 

and extreme external conditions, an exposure induces the adaptive response that helps 

organisms to survive and recover. Hypothesis confirmed, in the cases of golfish (Liza 

aurata), common carp (Cyprinus carpio) and medaka (Oryzias latipes), exposure to lower 

levels of dissolved oxygen increases SOD, CAT and GST activities (Lushchak et al., 2001; 

Lushchak et al., 2011; Oehlers et al., 2007, respectively) and the activity of GPx in the 

freshwater bivalve Corbicula fluminea (Vidal et al., 2002). Lushchak et al., (2011) stated 

that when organisms exposed to oxygen deficiencies, increase the antioxidant potential to 

prevent the development of oxidative stress, with the antioxidant levels being restored 

when the oxygen level is restored (called the oxygen paradox). Many fish species use this 

anticipatory strategy, increasing the antioxidant capacity during oxygen fluctuations to be 

prepared for the effects from oxidative stress (e.g. Hermes-Lima & Zentero-Savin., 2002; 

Lushchak et al., 2001). 

The inductive mechanism of the brain antioxidant potential due to this 

environmental driver are not yet clearly established, however, it has been suggested that 

lower levels lead to the reduction of carriers of electron transport chains due to lower 

availability of oxygen; having more electrons to escape from the currents and to join with 

oxygen molecules, increasing ROS generation, consequently increasing antioxidant 
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potential as an action to prevent and combat oxidative stress damage (Lushchak et al., 

2011).  

Also salinity fluctuations have been associated with increased ROS generation, but 

are not yet fully understood in fish, although the main osmoregulatory organ functions, 

such as gills, kidneys have been intensively investigated (Liu et al., 2007). Less attention 

has been given to osmoregulation in brain of fish species (Sangiao-Alvarellos et al., 2003), 

and although the role of enzymatic mobilization is not extensively yet known, our results 

seems to suggest that salinity stress in the cerebral metabolism leads to activation of 

antioxidant processes. Similar assumptions were recorded by Lavado et al., (2011) to Coho 

Salmon (Oncorhynchus kisutch), and by Liu et al., (2007) to the shrimp Litopenaeus 

vannamei, in vitro, stating that salinity changes increase SOD, CAT and GPx activities. 

Similarly, Choi et al., (2008) also exposed the flounder Paralichthys olivaceus to periodic 

salinity fluctuations, evaluating GPx and GST in brain as biomarkers of the antioxidant 

status, concluding that both enzymes play an important role in detoxification of ROS and 

therefore could serve as indicators of the response to oxidative stress face to salinity 

fluctuations.  

It seems difficult to isolate the role of each environmental cue to oxidative stress on 

brain of fish species, being required more field research rather than in vitro studies. It is 

important that future studies should address the susceptibility of antioxidant defences of 

the brain to ROS production, generated by environmental drivers, reducing the degree of 

confusion when results are evaluated in environmental risk assessments.  

It is known the existence of vast km² of agriculture areas that surround the 

Mondego estuary, as well as aquacultures and other industries associated with the 

Mondego estuary basin (Ferreira dos Santos and Freitas, 2012). Although several local 

studies report low - to moderate levels of a wide range of chemical substances (e.g. metals 

(Coelho et al., 2006), PCBs (Baptista et al., 2013), PCDD / Fs and dioxins (Nunes et al., 

2011)), contrary were postulated by Cruzeiro et al., (2016), quantifying 53 pesticides 

divided into 3 different categories (Fungicides - e.g. difenoconazole, PCB and HCB; 

Herbicides - e.g. alachlor; Insecticides – e.g. lindane, malathion, endosulfan, deltamethrin), 

that several of them exceed  the maximum values established by the European directives 

(98/83 / EC and 2013/39 / EU), some of which are capable to cause mortality in aquatic 

organisms such as in invertebrates and fish. In addition, at times of higher runoff the 
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presence of certain of these compounds and mixtures was superior, as stated by Silva & 

Cerejeira, (2015) in a study on the Portuguese watersheds, highlighting the risk of toxicity 

in fish community of the Mondego estuary. Silva & Cerejeira, (2015) also pointed out that 

a quantitative evaluation of underestimated local toxicity is sometimes performed, because 

cumulative risk assessments are not performed, and may have been the case in previous 

studies at the Mondego estuary. So, given the contaminant uncertainty inherent in the 

Mondego estuarine area, a plausible explanation for the reduced enzymes' levels verified at 

flood event seems to be an inhibition / depletion caused by an increase of toxic substances 

at the estuary, where very high levels of precipitation were observed particularly in the 

central region of Portugal, resulting in higher runoff in the Mondego estuary. It is 

worldwide known that climate change is projected to increase discharges of nutrients and 

contaminants in regions where extreme precipitation events occurs (IPCC, 2007), 

increasing the probability of toxic interactions between biota and chemical compounds 

compared to normal environmental dynamics.  

According to the present results, depletion of enzymatic activity was previously 

found in the brain of several fish species, such as atlantic salmon (Bernstssen et al., 2003), 

grey mullet (Mieiro et al., 2010), catfish (Hai et al., 1997b), european eels and rainbow 

trout (Peña llopis et al., 2003), among others, after exposure to contaminants (e.g. 

endosulfan, dichlorvos, fenthion, vilogen, diocarbamates, dithiocarbamates, 

hexachlorobenzene), some of them above legal limits in the Mondego estuary as 

previously mentioned, and with high synergetic potential. The highest sensitivity of the 

brain has been demonstrated after exposure to pesticides, noting reductions in the 

enzymatic activity of the studied enzymes, or even their inhibition (Song et al., 2006). The 

hypothesis that the brain may accumulate higher concentrations of contaminants compared 

to liver and muscle in some species, may contribute significantly to the increased risk of 

neurotoxicity associated with its high polyunsaturated fatty acids (PUFA) content, and 

making this organ more sensitive to oxidative damage (Ballesteros et al., 2009). 

Furthermore, this inhibitory responsive pattern has been shown to be organ-specific since 

both activities of these studied enzymes increase under influence of the same compounds 

in the liver and at the kidneys (e.g. Mieiro et al., 2010).  

The positive correlation found among GR, GST and GPx reduced activities, 

represents a greater vulnerability of the studied fish brain to any kind of neurotoxic 
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challenge at flood event, considering its well-known interdependence, being the depletion 

of glutathione-dependent enzymes a signal of inability to counterbalance the ROS 

production.  

 

Peroxidative damage and its association with antioxidant 

defences 

Lipid peroxidation damage has been suggested as an additional mechanism by 

which oxidative stress exerts initial cellular and neurotoxic effects on mammals and fish 

(e.g. Berntssen et al., 2003). In this study at extreme drought event the brain of D. labrax, 

P. flesus and S. solea, presented increased enzymatic levels (GR, GST, and GPx); 

theoretically, showing good ROS uptake and elimination of final products. The brain has a 

relatively low antioxidant defence system (Mates, 2000), with our results suggesting that, 

although GST and GPx have played a major role in detoxification, elevated GR activities 

was provided.  A worse physiological state and environmental drivers probably initiated a 

rapid and prolonged increase of ROS that was not effectively neutralized by the 

antioxidant defence system, failing to protect the brain against the lipid peroxidation, and 

ROS cleaning (Li et al., 2010; Lushchak et al., 2011). An additional explanation for the 

high values of antioxidant enzymes may have been a punctual synthesis "de novo", which 

was not sufficiently consistent to make a net increase in antioxidant defences (Lushchak et 

al., 2005). It is known that fluctuations in environmental drivers (salinity and dissolved 

oxygen) may cause oxidative damage through the induction of imbalance between ROS 

production and elimination (Lushchak et al., 2011), with the influence of contaminant load 

in the LPO levels cannot be discarded, since contaminant levels were not measured. 

Literature is also limited what concerns the influence of environmental drivers in the rate 

of contaminants incorporation into fish brain (Mieiro et al., 2010).  

The general disaggregation in redox system was observed in the brain of D. labrax, P. 

flesus and S. solea, sampled in the Mondego estuary at the flood event, where higher 

precipitation and runoff may be associated with higher nutrient and contaminant load. The 

absence of a subsequently elevated LPO increase is intriguing. Lipid peroxidation 

measurements revealed that brains of fish species were able to cope with the pro-oxidant 

potential, despite the diminished portion in the enzymatic activities measured. These 

results are in agreement with some studies (see Ballesteros et al., 2009; Mieiro et al., 2010; 
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Li et al., 2010), where there was little induction of LPO in the fish brain after exhaustion of 

the enzymatic antioxidants. A plausible explanation for this resistance seems to be related 

to the action of non-enzymatic antioxidants, such as cysteine, tocopherol and ascorbic acid, 

whose protective antioxidant role has already been demonstrated in rat brain (Patra et al., 

2001). Since in the flooding year, the organisms had optimal physiological status and high 

energy reserves, the significant presence of these non-enzymatic antioxidants seems plenty 

probable. Alternatively, an explanation regarding the selective inhibition of specific 

antioxidants, related to GSH (such as GR, GST and GPx), was supported by 

Keyvanshokooh et al., (2009) in their study, but the lack of data on contamination of the 

study site causes limitations and uncertainties regarding this theory. Overall, our present 

results are in accordance with Ahmad et al., (2006), who state that the increase in LPO 

cannot be predicted solely on the basis of a depletion of antioxidant enzymes. Although 

lipid peroxidation appears to have been avoided in brain cells, for the three fish species 

studied, in this year of severe flooding the occurrence of oxidative damage in other crucial 

molecules such as DNA and proteins cannot be ruled out. In fact, the inhibitions / 

enzymatic depletion observed can be considered as a greater vulnerability of brain proteins 

to toxicity in comparison with lipids, which can be explained by the avidity for the 

biomarkers containing SH (sulfhydryl) groups. 

 

Conclusions 

At present study, severe climatic events affected the antioxidant defence system of a set of 

marine fish studied species, probably disturbing ecosystem sources, services and 

environmental drivers. Physiological indices are valuable tools, to complement the 

biochemical markers, providing a good reflection of the condition status of the organisms 

and serving to an initial screening of the occurrence of climate change events.  

According to enzymatic activities of GR, GST and GPx, analyzed at the drought event, 

seems that environmental drivers play a key role in the induction of brain antioxidant 

defence system of seabass and flatfish species. A limited physiological condition in 

association with an adaptation of the organisms face to fluctuations in environmental 

drivers created a fast and prolonged increase of reactive oxygen species, counteracted by 

the evidenced elevation in the antioxidant potential; however, ROS has not been 



 

Chapter 3 
 

88 
 

effectively neutralized by antioxidant system, failing in protection mechanisms and cause 

lipid damage. Although the role of enzymatic mobilization on fish brains is not extensively 

yet known, our results suggested that the brain seems to be metabolically very sensitive to 

salinity and dissolved oxygen fluctuations, may be more sensitive than the liver, kidney 

and gills, leading to activation of antioxidant processes, serving as indicators of the 

response to oxidative stress face to fluctuations in environmental drivers related to severe 

climatic events. It seems difficult to isolate the role of each environmental factor to 

oxidative stress at the brain of fish species, being important that future field studies address 

the susceptibility of brain antioxidant defences to environmental drivers beyond the 

influence of toxicants, to reduce the degree of confusion in environmental risk assessment. 

During the flood event, high precipitation and associated runoff may increase nutrient and 

contaminant load at the Mondego estuary. This combination increase toxic interactions 

between biota and chemical compounds, seeming to cause a general depletion of the 

antioxidant potential in the studied fish species. Nevertheless, lipid peroxidation remained 

low, related to the action of non-enzymatic antioxidants, since that the organisms had 

optimal physiological status and high nutritive reserves, although the occurrence of 

oxidative damage in DNA and proteins cannot be ruled out. This study highlights the brain 

may be considered a good indicator and the enzymatic activity in this organ a good tool to 

detect the occurrence of climate events, due to the greater vulnerability of the brain 

proteins to degradation compared to lipids, which may be explained by the avidity for 

sulfhydryl (SH) groups presented in the analyzed enzymes, compared to other organs, in 

the literature, such as liver or kidney. 

The present study is a first approach to evaluate, in situ, the physiological and biochemical 

responses in the brain of aquatic species, more specifically in marine fish species, to 

extreme climatic events. Further studies should be performed to reinforce reference values 

to determine the effects of climate change events, assuming the key role of environmental 

drivers itself, and in interaction with chemical load. 
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General Discussion and Concluding Remarks 

 

Biomarkers can be used to assess organisms’ health status and obtain early warning 

signals of environmental risks. These molecular tools are an integrating way to analyze the 

environmental dynamics and concentration of toxic substances into the aquatic 

environment, with effects for target species, allowing to approach a dynamic image to all 

exposure scenarios (Van der Oost et al., 2005). However, the use of biomarkers to 

diagnose ecological impairment in estuaries and other aquatic systems is still limited to 

only a few contamination scenarios, without involving precarious and evident effects of 

global climate change. So, there is an urgent need to develop new approaches using 

biomarkers in various organs with crucial metabolism functions in key species within 

aquatic ecosystems, allowing the identification of endpoints, and baseline levels to assess 

the effects of global climate change in aquatic systems. Biomarkers' responses in D. 

labrax, P. flesus and S. solea may provide valuable information on the effects of different 

extreme climatic events (drought and flood) at the local fish community, serving as 

baseline levels for future toxicological studies, and linkage to many ecological studies that 

have been developed around the influence of severe climatic events in the Mondego 

estuary (e.g. Gonçalves et al., 2012; Dolbeth et al., 2008, 2013; Martinho et al., 2007; 

2015).  

The antioxidant potential of aquatic organisms responds to multiple stressors, both 

chemical and environmental, thus affecting and modulating many biochemical responses 

of aquatic organisms. These responses include: 1) changes in oxidative stress enzymes (e.g. 

GPx, GST and GR), associated with the presence of reactive oxygen species (ROS); 2) 

consequences of oxidative stress, such as lipid peroxidation, DNA damage and disturbed 

redox status; and 3) changes in the metabolic state of the animal (Van der Oost et al., 2003, 

Livingstone 2003, Halliwell and Gutteridge, 1999). Thus, biomonitoring programs based 

on the use of biomarkers may consider a wide range of stress factors and biochemical 

responses, applied and evaluated in bioindicator organs. In the present work, the studied 

enzymes and the lipid proxidation levels responded differently in the distinct analyzed 

organs (liver and brain). Thus, our results confirm the need to analyze biomarkers in 

various organs to fully and rigorously evaluate the different sources of exposure to biota 

and warning signals into the aquatic ecosystems. It is universally acknowledged that 
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physiological status has a modular role in the behavioral, metabolic and adaptive 

mechanisms of stress conditions (Sheehan and Power, 1999; Soengas & Aldegunde, 2002; 

Lloret et al., 2002). The obtained results from the physiological evaluation of D. labrax, P. 

flesus and S. solea,  during the drought, meet the assumptions stated in other ecological 

studies developed at this study site during this event (e.g. Dolbeth et al., 2008; Baptista et 

al., 2010) and in other European estuaries (e.g. Thames estuary by Attril and Power, 2000) 

indicating poor energy reserves, weak health status, associated with reduced availability of 

food resources, higher competition and fluctuation in the pattern dynamics of 

environmental drivers (salinity and dissolved oxygen). On the other hand, the results of the 

physiological evaluation at flood event were in agreement with the standards of good 

health, widely verified in the literature (e.g. Lloret et al., 2002; Kopecka & Pempkowiak, 

2008), emphasizing high values in the analyzed morphometric indices. Summing up, the 

drought event has disrupted the dynamics of environmental drivers, affecting ecosystem 

resources, services and consequently, the physiological condition of the studied species. 

The strong dynamics of environmental drivers played a key role in the induction of the 

liver and brain antioxidant system of the three fish species analyzed in the drought event. 

In liver high GR activity reflects the strong recycling of glutathione, suggesting that the 

GSSG / GSH ratio increased, catalyzing an elevation of GST to combat the above 

mentioned pro-oxidant factors, involving strong metabolic adjustments and consequently 

counterbalancing ROS production. Biochemical results in the liver are similar to those 

reported by Napierska and Podolska (2005), Pereira et al., (2010), and Kopecka and 

Pempkowiak, (2008), indicating significant inductions when exposed to salinity 

fluctuations; and similarly to those reported by Witas et al., (1984); Sanchez et al., (2008) 

and Lushchak et al., (2011), indicating a significant induction when exposed to dissolved 

oxygen fluctuations. At the brain, the environmental drivers in association with a limited 

physiological condition in the drought year, created a fast and prolonged increase of 

reactive oxygen species, theoretically counterbalanced by the evidenced elevation of the 

antioxidant potential at the battery of enzymes' activity determined in the studied species. 

This adaptative mechanism is confirmed and reported in many previous studies and 

diversified fish species that use this anticipatory strategy in the brain to combat the 

dynamics of dissolved oxygen, for example in the case of golfish (Lushchak et al., 2001; 

2011), medaka (Oehlers et al., 2007), and salinity, for example, in the case of Coho salmon 
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(Lavado et al., 2011) and flounder (Choi et al., 2008). Lipid peroxidation in the liver was 

not consistent, with sea bass and plaice showing higher damage compared to sole; even so, 

the antioxidant system of the organisms was able to effectively capture the ROS, avoiding 

strong lipid damage compared to previous studies involving these fish species (e.g. Maria 

et al., 2009; Oliva et al., 2012). Contrary to liver findings, the brains' antioxidant defence 

system failed to protect against lipid damage and ROS cleaning caused by dynamic 

environmental drivers, and similar to that reported by Li et al., (2010) and Lushchak et al., 

(2011). Therefore, the brain showed to be an indicator of oxidative stress response quite 

assertive in the year of drought, influenced by fluctuations in environmental drivers related 

to the climactic phenomenon. Although the brain of the fish species increases its 

antioxidant potential punctually, it did not obtain a liquid increase of its antioxidant 

defences, turning out to be an organ more susceptible than the liver to the oxidative 

damage in drought events. 

In view of the contaminating uncertainties in the Mondego estuary, since local 

studies involved in the quantification and qualification of toxic substances support 

different scenarios of contamination (e.g. Coelho et al., 2006; Nunes et al., 2011; Silva & 

Cerejeira, 2015; Cruzeiro et al., 2016), and chemical analyses were not carried out for this 

research work, it may be only considered as "absolute truth" the use of the estuarine and 

adjacent areas for anthropogenic activities and urban expansion (Ferreira dos Santos and 

Freitas, 2012), which may contribute to the contaminant load, variable under the effect of 

the annual climatic cycle, in the Mondego estuary (Sanchez et al., 2008; Silva & Cerejeira 

et al., 2015). According to the assumptions made by the Intergovernmental Panel on 

Climate Change (IPCC, 2007), it was assumed that in the flood event (2014) there was a 

high input of nutrients and contaminants related to positive rainfall and runoff anomalies in 

the Mondego estuarine basin. This fact played a crucial role in the induction of GPx 

(detoxification enzyme associated with the presence of toxic substances) in the liver and in 

the inhibition / depletion of total brain antioxidant potential of the three fish species here 

studied. GPx induction has been similarly described in the liver of D. labrax, P. flesus and 

S. solea (e.g. Kopecka et al., 2008; Maria et al., 2009; Oliva et al., 2012) due to the 

increase of emerging chemical substances during periods of higher surface runoff (Pereira 

et al., 2010). In this case, GPx had a crucial function in protect liver cells by reducing H₂O₂ 

to H₂O, avoiding lipid damage in this organ, being universally recognized the essential 
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detoxification process and oxidative protection carried out by this enzyme in liver (Van der 

Oost et al., 2003). Depletion of the enzymatic battery verified in the brain has been 

similarly observed in "in vitro" studies for a wide range of fish species, such as Atlantic 

salmon (Bernstssen et al., 2003), grey mullet (Mieiro et al., 2010), catfish (Hai et al., 

1997b), european eels and rainbow trout (Peña llopis et al., 2003), exposed to 

contaminants, even in moderate doses. However, lipid peroxidation in the brain of D. 

labrax, P. flesus and S. solea was reduced. Similarly results were stated in other studies 

(e.g. Ballesteros et al., 2009; Mieiro et al., 2011; Li et al., 2010), mainly related with the 

preventive action of non-enzymatic antioxidants since the analyzed organisms showed 

optimal levels of physiological health. 

It is recognized that brain has a relatively low antioxidant defence system compared 

to the liver (Mates, 2000), and in this study, given its excessive and accumulated rate of 

ROS, high oxidative metabolism rate and greater abundance of polyunsaturated fatty acids 

in the cell membrane, brain was particularly susceptible to oxidative damage at drought 

events. Moreover, as stated in several studies (e.g. Song et al., 2006; Ballesteros et al., 

2009; Mieiro et al., 2011), our results showed that enzymatic antioxidant activities at flood 

event were the lowest on brain than in the liver, revealing the greater difficulty of this 

organ in detoxifying chemical xenobiotic compounds. 

According to the higher oxidative sensitivity of the brain when exposed to the 

relevant environmental drivers in the ecosystem dynamics in the drought year, and when 

exposed to higher contaminant loads in the flood event, it is suggested that this organ may 

be effectively used as an bioindicator-organ to assess the influence of extreme climatic 

events on aquatic ecosystems, using the liver as an reference organ, less sensitive to the 

above mentioned factors. 

Antioxidant defence system includes a wide range of enzymatic antioxidants and 

non-enzymatic antioxidants serving as important biological defence against environmental 

oxidative stress (Van der Oost et al., 2003; Patra et al., 2001). So, brain antioxidant 

enzymes were inhibited and non-enzymatic antioxidants were the last resort in the strategy 

to combat stress conditions at the flood event, which demonstrated the potential impact of 

interactions between flood and contaminant load on the antioxidant defence system of this 

organ and for fish species. Thus, environmental risk assessment should take into account 

non-enzymatic antioxidants in addition to traditionally analyzed enzymatic antioxidants 
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and lipid peroxidation measurements, in order to obtain more accurate assumptions, giving 

a more rigorous ecotoxicological risk alert. Also, to monitoring environmental pollution, 

must be accounted their interaction with flooding phenomena, since they can punctually 

increase the chemical load on the ecosystem, hiding the true environmental contaminant 

pattern.  

The present work also highlights that distinct severe climatic events (drought and 

flood) may cause impacts on the balance of the antioxidant defence system in the liver and 

brain of aquatic species, with significant oxidative stress implications in aquatic 

ecosystems. 

Physiological indices are valuable tools to complement biochemical markers, 

providing a good reflection of the condition status of organisms and serving as an initial 

screening for exposure to climate change events, and so should be implemented in research 

ecological programs of water quality management and the health status of aquatic 

ecosystems. 

More research has to be done around oxidative stress in aquatic organisms, 

involving the osmoregulatory and metabolic character associated to antioxidant enzymatic 

mobilization in the liver and brain, to fill the gaps found in the literature, although our 

results suggests that the brain is more susceptible to environmental factors facing severe 

weather events. 

Globally, in an environment increasingly influenced by climate changes and 

anthropogenic activities, severe climatic phenomena cannot be ignored, being essential to 

understand the fundamental targets and mechanisms of toxicity inherent to dynamics of 

environmental drivers and their interactions with toxic compounds, to predict future effects 

of global climate change scenarios, in order to enhance the reorganization and 

prioritization of regulatory efforts in environmental protection plans, research agents and 

conservation planning (Hooper et al., 2013). 
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