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ABSTRACT

In the past years, with the evolution of anthropogenic activities, environmental pollution
has increased, affecting several different species and decreasing ecosystems biodiversity. Eco-
systems can be altered due to the presence of xenobiotics, such as emergent contaminants.
ECs are not legislated and their complexity and low concentrations in the environment makes
their detection a current challenge.

Within this context, the aim of this study was to assess the effects of two emerging and
non-regulated EDCs, BDE-99 and BPA, alone or in a mixture, on juvenile Sparus aurata, for a
period of 28 days. The nominal contaminant concentrations used in daily fed in this trial were:
[BDE99] = 3 ug g' dry weight; [BPA] = 15 ug g™ dry weight; [BDE99+BPA] = 3 ug g' dry weight
+ 15 ug g dry weight.

Several biomarkers related with antioxidant, immune and endocrine responses were an-
alyzed in fish plasma and spleen. The CAT, SOD and GST activities decreased and LPO damage
increased when fish were exposed to BDE-99, indicating that the antioxidant defense mecha-
nisms were not activated during exposure leading to lipoperoxidation damage.

VTG content and 17B-estradiol concentration decreased in all tested treatments, while
11-ketotestosterone concentration showed an increase in all tested treatments, especially in
BPA.

No effects were detected in the immune responses as a result of the exposure to BDE-
99 and BPA, single and combined.

Even though the biomarkers tested showed a reaction to the presence of the tested con-

taminants, such exposure did not lead to alterations in the animal fitness.

Keywords: Emerging contaminants, BDE-99, BPA, oxidative stress, endocrine disruption, im-

mune responses, Sparus aurata
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RESUMO

Com a evolugdo de atividades antropogénicas, tem-se verificado um aumento na polui-
¢do ambiental, afetando diferentes espécies e reduzindo a biodiversidade dos ecossistemas.
Os ecossistemas podem ser alterados devido a presenca de xenobiodticos, como os contami-
nantes emergentes. Os referidos contaminantes nao sdo legislados e a sua complexidade e
baixas concentracdes no ambiente tornam a sua detecao um desafio.

Neste ambito, o objetivo do presente trabalho consiste na anélise dos efeitos de dois
contaminantes emergentes nao regulados, BDE-99 e BPA, individualmente ou em mistura, nas
respostas antioxidantes, imunoldgicas e enddcrinas da Sparus aurata, durante 28 dias. As con-
centracdes de contaminantes introduzidas na racdo foram as seguintes: [BDE99] = 3 ug g™’
peso seco; [BPA] = 15 ug g™ peso seco; [BDE99+BPA] = 3 ug g' peso seco + 15 ug g' peso
seco.

Neste estudo, a atividade da CAT, SOD e GST diminuiram e a concentracdo da LPO au-
mentou, aquando da exposicao ao BDE-99. Posto isto, os mecanismos de defesa antioxidante
realizados pela CAT, SOD e GST ndo foram ativadas pela exposicao aos referidos contaminan-
tes, resultando em danos de lipoperoxidagdo. O conteudo de vitelogenina e a concentracao
de 17B-estradiol diminuiram em todos os tratamentos testados, enquanto a concentracao de
11-ketotestosterone aumentou em todos os tratamentos em particular no BPA.

A exposicao da S. gurata ao BDE-99, BPA e a sua mistura nao provocou efeitos ao nivel
das respostas imunologicas. Embora os biomarcadores de stress oxidativo e disrupg¢ao endo-
crina analisados tenham apresentado efeitos devido a exposi¢do dos contaminantes testados,

nao se verificaram alteracdes ao nivel do fitness do animal.

Palavas chave: Contaminantes emergentes, BDE-99, BPA, stress oxidativo, disrupcdo endo-

crina, respostas imunoldgicas, Sparus aurata
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INTRODUCTION

In the past years, with the evolution of anthropogenic activities, environmental pollu-
tion has increased, affecting several different species and decreasing ecosystems biodiversity.
Therefore, the preservation of ecosystems biodiversity is one of the biggest challenges for the
future (Bjorklund et al, 2016).

Oceans cover about 71% of the planet surface and account for most of the world's
biodiversity (UNEP, 2016), thus it is imperative to study the effects of the release of contami-
nants into the marine environment, and possible pollution of these ecosystems (Palmer, 2017).
Furthermore, oceans and marine ecosystems provide a wide range of services, including sup-
plying oxygen, capturing carbon dioxide and protection against extreme weather events. Ad-
ditionally, these systems are also a source of food and income, through the fishery and aqua-
culture sectors (UNEP, 2016; Palmer, 2017).

The release of contaminants into the marine environment can occur as a consequence
of atmospheric deposition, agricultural and industrial practices, deforestation, pest control,
spills and discarding of dredging materials (Berg et a/, 2011; Miglioranza et al, 2004).

The presence and distribution of contaminants depends on diverse factors, such as
sources of emission, environmental conditions, hydrogeological characteristics, and the prop-

erties of the contaminants (Llamas et a/, 2020).

1.1 Environmental pollution

Ecosystems can be altered due to the presence of xenobiotics, that can be introduced by

natural or anthropogenic sources. Although xenobiotics are foreign substances in the organism
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or ecosystem, they don't always lead to pollution. The presence of xenobiotics implies the
concept of contamination, in which substances are present in organisms or ecosystems where
they would normally not be detected, or at higher concentration than the natural background.
However, pollution only occurs when contaminants cause adverse biological effects to living
organisms that have been exposed and pose acute or chronic hazards to human health (Chap-
man, 2007; Anderson, 2021). With that in consideration, all pollutants are contaminants, but
not all contaminants are pollutants, because the effects they may cause depend on their chem-
ical form, bioavailability, environmental factors and the reactions of exposed organisms (Chap-
man, 2007).

In the context of marine environment, pollution is defined, by The United Nations Con-
vention on the Law of the Sea, as “the introduction by man, directly or indirectly, of substances
or energy into the marine environment, including estuaries, which results or is likely to result
in such deleterious effects as harm to living resources and marine life, hazards to human health,
hindrance to marine activities, including fishing and other legitimate uses of the sea, impair-
ment of quality for use of the sea water and reduction of amenities” (Islam & Tanaka, 2004).

There are many sources of contamination, such as human activities and resource use,
namely energy use; military industry; agricultural activities; or construction and infrastructural
expansion for industrial, commercial, or urban developments (Anderson et a/, 1994; Islam &
Tanaka, 2004).

As contaminants have the ability to associate with aerosols, they can be transported from
one place to another and, thus, be detected in areas where their use has not been reported
(Alharbi, Khattab & Ali, 2018).

Reports state that coastal areas are affected by pollutants, which consequently affects
coastal and marine fisheries (Islam & Tanaka, 2004). Although most xenobiotics occur at low
concentrations, long-term exposure to low concentrations can lead to severe impacts in marine
environment. Additionally, due to the high lipophilicity of these pollutants, they can have great
potential to lead to biomagnification and so these xenobiotics also affect predators at higher

trophic levels, including human beings, through their diet (Islam & Tanaka, 2004).
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1.2 Policies in the field of environmental pollution

Coastal and marine environment face severe pressure from diverse sources of pollution,
originated from both land and ocean. In order to protect these ecosystems and minimize the
impacts of pollution, the European Union (EU) has adopted several instruments to accomplish
these objectives. An example of this is the implementation of The Marine Strategy Framework
Directive (MSFD) (Directive 2008/56/EC), adopted in 2008, by the European Union (EC, n.d.).

The MSFD was put in place to protect the marine environment, through “the application
of an ecosystem-based approach to the management of human activities, enabling a sustain-
able use of marine goods and services” (Marine Institute, 2022). This approach aims to help the
EU Member States to achieve a good environmental status (GES), following the monitorization
of 11 descriptors (EC, n.d.).

In European legislation (Water Framework Directive, Article 2(29)) a contaminant is de-
fined as "substances (i.e. chemical elements and compounds) or groups of substances that are
toxic, persistent and liable to bio-accumulate and other substances or groups of substances
which give rise to an equivalent level of concern” (EC, n.d.).

Decreasing the effects these contaminants have on marine ecosystems is one of the main
objectives of the MSFD, in particular, in the measures presented in Descriptor 8 of this Directive.
Descriptor 8 aims to regulate the levels of contaminants, such as pesticides, anti-foulants, phar-
maceuticals and heavy metals, in marine habitats, preventing an increase in pollution (EC, n.d.).

Due to the importance of seafood, such as fish, crustaceous, mollusks and seaweed, in
the human diet, it is important to establish safety levels for its consumption. Therefore De-
scriptor 9 of the MSFD exists to make sure that “contaminants in marine fish and other seafood
for human consumption do not exceed levels established by Community legislation or other
relevant standards” (EC, n.d.).

The Environmental Quality Standard Directive (Directive 2008/105/EC) is another Euro-
pean legislation that establishes the maximum concentration of a contaminant without causing
harm. This concentration is defined as the Environmental Quality Standard (EQS) and is deter-
mined with tests in standard organisms in laboratory, in order to assess the lowest toxic effect

observed in the organisms (EC, n.d.).

25



1.3 Emerging contaminants

Pollution by emerging pollutants is an increasing concern due to their wide presence in
the environment and their harmful potential. These types of contaminants can be found in
common products used in everyday life and, with the increase of population and the develop-
ment of industry, their release into the environment will also increase (Rodriguez-Narvaez et
al, 2017; Taheran et al, 2018).

Emerging contaminants (ECs) are used in personal care products, plasticizers, pharma-
ceuticals, pesticides, flame retardants, among others. Since they are present in a various range
of products, their presence in the environment is also of great importance (Taheran et a/, 2018).

Furthermore, ECs are not legislated and their complexity and low concentrations in the
environment makes their detection a current challenge. However, even though ECs can be
found in low concentrations, their effects may be chronic and may be inheritable (Taheran et
al, 2018; Llamas et al, 2020). These water pollutants can have negative effects on human and
wildlife endocrine systems, thus, often being referred as Endocrine Disrupting Compounds
(EDCs) (Rodriguez-Narvaez et al, 2017).

Directive 2008/105/EC requires the establishment of a watch list of substances that
should be monitored by Member States, including monitoring matrices and analytic methods,
in order to support a prioritization of contaminants of emerging concern (CECs) (Sousa et a/,
2019). The first watch list was published in the Commission Implementing Decision (EU)
2015/495, and it included ten substances or group of substances, an indication of the moni-
toring matrix, possible cost-effective analytical methods and maximum acceptable method de-
tection limits. It was also defined that the watch list is to be updated every two years (Commis-
sion Implementing Decision (EU) 2020/1161 of 4 August 2020).

A group of pollutants that generates great concern for the health of ecosystems are the
persistent organic pollutants (POPs), which are pollutants that have long half-lives in soils, sed-
iments, atmosphere, and biological systems, remaining for decades in soil or sediment and
several days in the air (Jones & De Voogt, 1999).

The fact that POPs can exist in both the gas and particle phases, in diverse mediums,
makes them more susceptible to long range transportation and, as such, they can be found in
environments far from their source of emission (Ashraf, 2017; Alharbi, Khattab & Ali, 2018;
Jones, 2021).

Under certain environmental temperatures, POPs volatilize from soils and water bodies

into the atmosphere, being deposited in different areas (Jones & De Voogt, 1999). Additionally,

26



these pollutants have a low metabolism and are highly hydrophobic and lipophilic, which
means they partition into organic matter, specially into lipids in the organism, leading them to
bioaccumulate and magnify in the trophic chains (Jones & De Voogt, 1999; Fiedler et a/, 2019;
Jones, 2021).

Considering the characteristics of persistent organic pollutants, they pose a severe threat
to the environment, wildlife, marine biota and, ultimately, humans (Ashraf, 2017). Some of the
health hazards from POPs pollution consist of endocrine disruption and damage to the im-
mune system, which can alter their reproductive system and increase the organism'’s suscepti-
bility to diseases (Jones & De Voogt, 1999; Minh et e/, 2000). Additionally, some POPs are also
known to have carcinogenic effects (Jones & De Voogt, 1999).

Some of these pollutants are chlorinated and brominated aromatics, such as polychlo-
rinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated diben-
zofurans (PCDFs), polybrominated diphenyl ethers (PBDEs) and organochlorine pesticides, like
dichlorodiphenyltrichloroethane (DDT) and its metabolites (Jones & De Voogt, 1999). These
pollutants come from the application of pesticides from agricultural practices; industrial chem-
icals, wastes and by-products of industrial processes. POPs can also be emitted by natural

sources such as volcanic activities and wildfires (Alharbi, Khattab & Ali, 2018).

1.3.1 Flame retardants

Flame retardants are a group of chemicals used to revest plastics and textiles, with the
aim to slow the process of combustion. There are more than 175 different types of flame re-
tardants, which can be divided into the following groups: halogenated organic, normally bro-
minated, or chlorinated; phosphorus-containing; nitrogen-containing; and inorganic flame re-
tardants. Among these groups, the organobromine compounds (i.e. brominated flame retard-
ants, BFRs) are the most common, accounting for almost 20% of the total commercialized flame
retardants, due to their low cost and high-performance efficiency (Bimbaum & Staskal, 2004).

There are 3 major groups of BFRs: tetrabromobisphenol A (TBBPA), hexabromocyclodo-
decane (HBCD) and polybrominated diphenyl ethers (Bimbaum & Staskal, 2004; Darnerud,
2008).

Brominated flame retardants are lipophilic, bioaccumulable and, their chemical structure
and the presence of bromine atoms, also makes them persistent contaminants in the environ-
ment (Darnerud, 2008; Raldua et a/, 2008; Yang, Zhao & Chan, 2017). Compounds with more
bromine atoms have lower volatility and water solubility and a stronger adsorption on sedi-

ments, which makes them less mobile in the environment and consequently reduces their
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bioaccumulative capacity. On the other hand, compounds with less bromine atoms have a
higher volatility and water solubility and are more bioaccumulative (Darnerud, 2008).

For humans, the main sources of exposure to brominated flame retardants are through
food consumption and the inhalation or ingestion of dust. Children can also be exposed to
them through breast milk (Tagliaferri et a/, 2010; Yang, Zhao & Chan, 2017).

Some of the toxic effects of brominated flame retardants are neurotoxic and morpho-
logical effects, oxidative stress, and endocrine disrupting activity (Darnerud, 2008; Tagliaferri
et al, 2010).

Polybrominated diphenyl ethers are chemical substances used as flame retardants and
can be found in textiles, carpets, and electrical objects. The most common congeners of PBDEs
found in the environment and in human tissues are 2,2'4,4'-Tetrabromodipheny! ether (BDE-
47) and 2,2'4,4',5-pentabromodipheny! ether (BDE-99) (Albina et al, 2010; Tagliaferri et al,
2010). Decabromodiphenyl ether (BDE-209) is more commonly found in indoor dust and in
atmospheric particles (Yang, Zhao & Chan, 2017).

One of the effects from the exposure to PBDEs is the formation of reactive oxygen species
(ROS). In fact, according to Albina et a/. (2010), the metabolization of the congener BDE-99 that
occurs in the liver produce metabolites that function as unstable reactive intermediates that
can provoke liver injury from protein oxidation, lipid peroxidation, DNA damage and modifi-

cations of the mitochondrial membrane permeability.

1.3.2 Plasticizers

Plasticizers and additives, like bisphenol plasticizers and phthalic acid esters (PAEs), are
EDCs found in textiles, food containers, detergents, hygiene products, insecticides, and paint
(Mukhopadhyay & Chakraborty, 2021). Among bisphenol plasticizers, the most common are
bisphenol A (BPA), bisphenol S (BPS) and bisphenol A diglycidyl ether (BADGE), with BPA being
the most well-known (Liu et a/, 2019).

BPA is a widely used endocrine-disrupting chemical, being recognized as a synthetic es-
trogen. This chemical is used to produce polycarbonate plastics that can be incorporated in
several different products, such as optical products, electrical devices, household appliances,
construction and medical materials, packaging, among other (Vandenberg et a/, 2007; Eladak
et al, 2015).

BPA can also be used as a component of epoxy resins, that case metallic cans used in

food and beverage industry. The leaching of this contaminant from food and beverages cans
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is one of the main sources of contamination (Vandenberg et a/, 2007; Eladak et a/, 2015; Mo-
lina et al, 2018).

The presence of these contaminants can mimic or block endogenous hormones, affect-
ing the reproductive system of the exposed species (Molina et a/, 2018). Although BPA causes
histological alterations, molecular effects can develop earlier, which is why yolk protein vitello-
genin (VTG) is used as a toxicological endpoint to study the effects of BPA exposure in fish

(Molina et a/, 2018).

1.4 Ecotoxicology and its importance to assess environ-

mental quality

With the increase of pollutants in the environment, the uncertainties involving this issue
arise. To address the challenges that come with environmental pollution it is necessary to as-
sess the environmental risks and the different scenarios that can come from contaminant ex-
posure (Dong et al, 2015).

Connell et al. (2009) defined ecotoxicology as “the study of the pathways of exposure,
uptake and effects of chemical agents on organisms, populations, communities and ecosys-
tems”. Ecotoxicological tests can help distinguish contamination from pollution, since contam-
ination implies the increase of contaminants above normal parameters, while, for pollution to
occur, these contaminants need to cause harm to the ecosystem and populations (Chapman,
1995).

Ecotoxicological studies usually focus on laboratory tests using biological models from
high trophic levels (Backhaus & Faust, 2012). These studies are often based on biomarkers,
which are biological parameters that measures the individual challenge to compensate or tol-
erate alterations in the environment, allowing to detect behaviors, physiology, biochemistry,
cell integrity and genomic structure and expression changes (Chapman, 1995; Vasseur &
Cossu-Leguille, 2003).

Biomarkers detect effects that occur at low levels of biological organization, so the indi-
viduals are affected before the community, which allows to measure the state of the ecosystem
towards degradation or restoration (Vasseur & Cossu-Leguille, 2003). Biomarkers can detect
changes that occur due to environmental stress factors that can lead to toxicity in organisms,
causing the extinction of individual, species, and disruption in communities (Vasseur & Cossu-
Leguille, 2003).
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For these studies to be accurate, it is necessary to know the baseline in which the test
organisms are found, as well as the influence of sex, reproductive phase, seasonal and climate
conditions. If these parameters are determined, conclusions can take into consideration envi-
ronmental factors and the possibility of misinterpretation is reduced (Vasseur & Cossu-Leguille,
2003).

Moreover, biomarkers can determine the exposure to a disturbed environment, through
the measure of primary responses, such as adaptive and compensatory responses. When the
stress continues or detoxifying mechanisms are not enough, toxicity occurs, resulting in cell
damage and physiological changes, which can be detected by biomarkers of toxicity. These
biomarkers are a tool that allows to correlate changes in individuals to effects observed at
population level (Vasseur & Cossu-Leguille, 2003). Figure 1.1 represents the processes ex-

plained above:

(a)

PRIMARY
RESPONSE

ﬂﬂﬁﬁm ‘ COMPEMNSATED

LESIONS

* behaviour * induction of detoxifying
* flight systems

BIOMARKERS express an EXPOSURE
to a disturbed environment

{h} Persistent stress
Fallure in detoxification

limited NON
PRIMARY
ADAPTATION COMPENSATED
response,) ™ ﬂ PEHEAT

* deficiency in detoxifying * Cell damage
systems * Physiological
* cholinesterase inhibition changes

Some BIOMARKERS express TOXICITY

Figure 1.1.1. Patterns of response to environmental stress factors, leading to adaptation (a) or toxicity (b) in the

exposed species, and identified by biomarkers (Source: Vasseur & Cossu-Leguille, 2003).

As the exposure to contaminants can interfere with diverse biochemical processes in
organisms and cells, ecotoxicological studies commonly involve well established methodolo-
gies focused on the activity of enzymes involved in crucial biological pathways (e.g. oxidative

stress, metabolism, biotransformation). Depending on the expected effects or target organs,
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establishing the toxicological attributes of a given compound may also involve the determina-
tion of molecules (e.g. proteins, hormones, neurotransmitters) associated with specific re-
sponses (e.g. immunity, endocrine functioning, neurotransmission). Sections 1.4.1, 1.4.2 and
1.4.3 provide an overview and description of some of the most commonly used biomarkers
indicative of marine organisms’ welfare, antioxidant, immune and endocrine responses upon

contaminant exposure.

1.4.1 Oxidative stress biomarkers

Oxidative stress occurs when there is an imbalance between the formation of ROS and
antioxidant defenses, which leads to the accumulation of oxidative products (Carillon et a/,
2013). Thus, oxidative stress can be monitored by the quantification of antioxidant defenses,
such as catalase (CAT) activity, superoxide dismutase (SOD) activity, glutathione S-transferases
(GST) activity and lipid peroxidation (LPO). These antioxidant defenses are mechanisms to pro-
tect cells and tissues from oxidative stress and neutralize the toxicity of ROS (Souid et a/, 2013).

Catalases are enzymes that can dismutase hydrogen peroxidase (H20.), which aids in
ROS detoxification during stress. Considering catalases reduce the levels of H,O5, it is expected
that CAT activity increases when stress occurs, in order to reduce the damage in the cell (Ah-
mad et al, 2010). The enzyme SOD is another mechanism to minimize the damage of stress to
the cells, since it converts two superoxide anions into one molecule of hydrogen peroxide and
one of oxygen (Carillon et a/, 2013). Besides CAT and SOD activity, it is also expected to observe
an increase of LPO and GST activity when an organism is exposed to stress. LPO is a major cell
injury detected in organisms subjected to oxidative stress. When protective mechanism against
oxidative stress damage (e.g. catalase) fail, lipid peroxidation occurs leading to the formation
of reactive aldehydes, LPO final products, such as 4-Hydroxynonenal (HNE), malondialdehyde
(MDA) and acrolein. The production of these reactive aldehydes increases membrane fluidity,
cytosol efflux, loss of membrane protein activities and, in severe cases, membrane disintegra-
tion and cell death (Gasparovic et al, 2013). Glutathione S-transferases are enzymes that func-
tion in Phase Il detoxification reactions by catalyzing the conjugation of reduced glutathione
through cysteine thiol, and so the activity of GST is used as a biomarker of oxidative stress in a

wide range of organisms, including marine invertebrates (Han et a/, 2013).
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14.2 Immune parameters

The immune system plays an important role in the protection of the organisms against
diseases, by identifying and eliminating pathogens and suppressing the emergence of tumors;
and maintains homeostasis during the development of the organism and upon inflammation
or tissue damage (Magnadottir, 2010).

Immune responses can be determined by the increase or decrease of peroxidase and
antiprotease activities. Peroxidases are microbicidal agents involved in the elimination of H,O;
and maintenance of the redox balance of immune system. Therefore, peroxidase activity is
expected to increase when organisms are exposed to xenobiotics, as a defense mechanism
(Guardiola et al, 2014). Similarly, protease inhibitors or antiproteases are also mechanisms of
defense against bacterial and parasite infections in organisms (Guardiola et a/, 2014). Protease
enzymes act in the process of protein synthesis, turnover and function, which enables them to
regulate physiological processes such as digestion, fertilization, growth, differentiation, cell
signaling/ migration, immunological defense, wound healing, apoptosis, and also facilitate dis-
ease propagation. So, antiproteases are crucial to inhibit proteases and, subsequentially, path-

ogens replication (Leung, Abbenante & Fairlie, 2000; Borgia et a/, 2018).

1.4.3 Stress and endocrine responses

Endocrine responses can be detected by the analysis of sexual and stress hormones
and vitellogenin (VTG) content. Sexual hormones are linked to fish reproduction, growth, di-
gestion, gut transport, shifts in body composition, intermediary metabolism, osmoregulation,
and immunity (Cuesta et a/, 2007).

According to Cuesta et a/. (2007), the increase of 17B-estradiol (Ez) and testosterone (T)
in females, and T and 11-ketotestosterone [11-KT] in males during sexual maturation was cor-
related with immunosuppression and increased disease susceptibility, likely due to the de-
creased antibody secreting cells and circulating levels. In sparids, when both E> and T increased,
it was reported an enhancement of gilthead seabream serum complement and agglutinating
activities, in the post-spawning period. While in goldlined seabream, Rhabdosargus sarba, dis-
ease status was correlated with high T plasma but low E; levels (Cuesta et a/, 2007).

Vitellogenin is a large, bulky phospholipoglycoprotein produced as the yolk protein
precursor in the liver of oviparous vertebrates, like fish. Moreover, vitellogenin content is a
sensitive biomarker for assessing fish exposure to estrogens (Nilsen et al, 2004). VTG has a role

in the immune defense of the organism, acting as multivalent pattern recognition receptors
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capable of identifying invading microbes; killing bacteria and virus; and have antioxidant activ-
ity, being able to defend the host from oxidant stress (Sun & Zhang, 2015).

The sexual steroid hormone 17B-estradiol is synthesized in the gonads of female fish
during sexual maturation and the circulating E is subsequently taken up by hepatocytes, where
it binds to estradiol receptors (ER), leading to the transcription of the vitellogenin gene. As
such, plasma VTG levels usually indicate the maturational status of female fish. Furthermore,
high levels of plasma VTG were also detected in male fish in rivers and streams (Nilsen et a/,
2004).

Vitellogenin concentrations in fish plasma can vary between 100 million-fold, a few
ng/mL in unexposed male fish, or 50-150 mg/mL or above found in estrogenized salmonids
(Nilsen et a/, 2004).

Cortisol is used as a biomarker of psychological stress and related diseases, since cor-
tisol is produced in the hypothalamus—pituitary—adrenal axis (HPAA) as an adaptation to stress.
Therefore, an increase in stress is expected to lead to an increase in cortisol levels in the plasma

of the exposed organisms (Hellhammer, Wist & Kudielka, 2009).

1.5 Biological model

Gilthead sea bream (Sparus aurata) is a teleost fish that inhabits the Atlantic European
coast, the Mediterranean Sea and, in less scale, the Black Sea (Madeira, 2016; Arabaci et a/,
2010). Sparus aurata born in the open sea during the months of October and November and
then migrate to coastal areas in the spring, returning to open sea in autumn, where adult fish
breed (FAQO, 2023). Whereas juveniles are found in shallow areas (around 30 m), adults reach
up to 50 min depth (FAQ, 2023).

S. auratais a euryhaline fish, living in both marine and brackish water habits, like coastal
lagoons and estuaries; and a eurythermal species, that lives in environments with temperatures
from 11 °C, in the winter, and 24 °C, in summer (Arends et a/, 1999; Arabaci et a/, 2010). This
species is a protandrous hermaphrodite, that matures as a male at around 2 years of age, while
sexual maturation in females occurs at 2-3 years of age (Arabaci et a/, 2010; Madeira, 2016;
FAO, 2023).

This species is highly commercialized and has high value in both fisheries and aquacul-
ture practices. The countries with most production are Greece, with 49% of production in 2002;
Turkey, with 15%; Spain, detaining 14%; and Italy, with 6% of production (FAO, 2023). Croatia,
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Cyprus, Egypt, France, Malta, Morocco, Portugal, and Tunisia also have a large production of
this species (FAO, 2023).

S. aurata have a good market price, high survival rate and are relatively low in the food
chain, which contributes to their importance in the human diet and commerce. Therefore, their
vulnerability to toxicants will have an impact on human life and, as such, they are considered

an important biological model (Madeira, 2016; FAO, 2023).

34



OBJECTIVES

In the recent years, the production, discharged and subsequent detection of emerging
chemical contaminants in marine ecosystems has substantially increased. Hence, studies on
their potential toxicological effects in wildlife and humans are utmost necessary as the infor-
mation they yield is crucial to refine the current policies and protective actions. Within this
context, the aim of this study was to assess the effects of two emerging and non-regulated
EDCs, BDE-99 and BPA, acting alone or in a mixture context, in juvenile Sparus aurata antioxi-
dant, immune and endocrine responses, during an exposure period of 28 days.

The study was conducted on juveniles since fish in this life stage are more prone to ex-

hibit higher sensitivity to environmental stressors.
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MATERIAL AND METHODS

The methods described in subsections 3.1. and 3.2. were developed previously to this
MSc thesis research work, by researchers from the Instituto Portugués do Mar e da Atmosfera
(IPMA I.P.) and REQUIMTE (Rede de Quimica e Tecnologia), in the framework of the project
EDCs-SEAFOOD - Integrated Assessment of Emerging Endocrine Disruptor Contaminants in
Seafood  from  Portuguese  Estuaries  (POCI-01-0145-FEDER-028708, @ PTDC/ASP-
PES/28708/2017).

3.1 Experimental setup for the final trials

Juvenile gilthead seabream, Sparus aurata, with similar morphometry (weight, W:
14.1+1.5 g; total length, TL: 10.3+£0.1 cm; n = 180) reared at IPMA's aquaculture pilot station
(EPPO-IPMA, Olhdo, Portugal) were transported to the aquaculture facilities of Laboratério Ma-
ritimo da Guia (MARE-FCUL, Cascais, Portugal), where the exposure trial took place. Here, fish
were distributed, in a random and equitable way, in 12 rectangular shaped incubating glass
tanks (50 L each, total volume; i.e. 15 fish per tank) within recirculation aquaculture systems
(RAS) with independent functioning.

An acclimation period of 15 days was carried out, during which fish were daily fed with a
non-contaminated feed (i.e. CTR feed; ~2% average body weight), produced by SPAROS Ida.
according to the nutritional requirements of juvenile S. aurata, and with appropriate granu-
lometry taking into consideration fish size (1 mm pellets). Three experimental contaminated
feeds were also prepared by this feed producing company, using the same chemical composi-
tion as in CTR feed but, in these cases, different contaminant solutions (i.e. BDE99, BPA or

BDE99+BPA) were also added to the oils and incorporated in feeds during coating step.
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Contaminant solutions were previously prepared by solubilizing a given amount of contami-
nants in a small volume (5 mL) of organic solvent (ethanol for BPA and methanol for BDE 99).
Even though the low volume of organic solvents was completely evaporated during feed pro-
duction, to rule out any potential adverse effect elicited by the use of ethanol and methanol,
an additional non-contaminated feed (i.e. Control+Solvent feed) was also prepared containing
exactly the same amount of solvents added to the three contaminated feeds.

The nominal contaminant concentrations selected for this trial were: [BDE99] = 3 ug g’
dry weight; [BPA] = 15 ug g™ dry weight; [BDE99+BPA] = 3.00 ug g™ dry weight + 15 ug g™
dry weight, corresponding to ~10x the values usually found in seafood species. The selection
of such concentrations was based on two criteria:

1) Concentrations that can be somewhat linked to realistic environmental levels (Vander-
meersche et al, 2015);

2) Concentrations that are high enough to elicit contaminant bioaccumulation and toxi-
cological responses within the timeframe of the trial.

In Table 3.1 is presented the concentration of contaminants in each type of experimental

feed used in the experiments (or bioassays).

Table 3.1. Contaminants concentration in experimental feeds, in pg/g dry weight.

Composition (ug/g dry
Experimental feed weight)

BDE-99 BPA
Control (CTR) <LOD <LOD
Control + Solvent (CTR + SOL) <LOD <LOD
BDE-99 3.00 £ 0.58 <LOD
BPA <LOD 16.5 + 2.59
BDE-99 + BPA (MIX) 3.04+037 | 1643 +1.28

After acclimation to laboratory conditions, the exposure trial was carried and five treat-
ments (each one composed by three replicate tanks) were considered:
1. Control (CTR) treatment;
2. CTR+Solvent treatment;
3. BDE99 treatment;
4. BPA treatment;
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5. BDE99+BPA treatment.
In each treatment, fish were daily fed with the respective diet (CTR-feed, CTR+Solvent-
feed, BDE99-feed, BPA-feed or BDE99+BPA-feeds; feed amount ~2% of their average body

weight), for a period of 28 days. Throughout the experiment, fish were kept under the following

abiotic conditions:

i. temperature = 19.0 £ 0.5 °G;

i. pH=8.00% 0.10 units;

iii.  salinity = 35 £ 1 %o;

iv.  dissolved oxygen (DO) > 5 mg L-1;

v.  photoperiod = 14 hours light and 10 hours dark.

In each incubation tank, fish faeces and feed leftovers were removed on daily basis, and

a 25% seawater renewal was performed. Ammonia, nitrite and nitrate levels were daily checked
through colorimetric tests (Tropic Marin, USA), and kept below detectable.

In Figure 3.1, it is presented the experimental setup of the tanks in which the experiment

was conducted.
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Figure 3.1. Experimental setup
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3.2 Samples preparation and haematological parame-
ters

By the end of the exposure period, 5 fish were randomly collected from each treatment
in order to assess the ecotoxicological responses. Upon 24h of fasting, fish were euthanized by

immersion in an overdosed MS222 solution (2000 mg L"; Sigma-Aldrich, USA) buffered with
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sodium bicarbonate (1 g of NaHCOs to 1 g of MS222 to 1 L of seawater) for 10 min. Euthanized
fish were measured (total length, TL, and weight, W), and peripheral blood was collected by
puncture of the caudal vein. A small fraction of blood was used to perform smears on preclean
glass microscopy slides, which were allowed to air-dry for 24 h, fixed for in methanol and
stained with the ready to use Hemacolor staining reagent (Hemacolor® Rapid staining of blood
smear, Sigma-Aldrich) according to the instructions provided in this product, in order to sub-
sequently count blood cells (erythrocytes and leukocytes), as well as to detect the presence of
erythrocytes nuclear abnormalities (ENAs) and micronuclei, through optical microscopy. Fol-
lowing staining, the microscope glass slides were mounted with DPX (BDH, Poole, England)
and three slides were prepared per individual. A minimum of 300 cells per slide were examined
under the microscope (1000 x magnification), following the ENAs and micronuclei classifica-
tion according to Carrasco et al. (1990).

The remaining (and larger) fraction of fish blood was centrifuged (10 min, 10,000 g, 4° C)
in order to extract the plasma, which was subsequently frozen and kept at -80 °C until further
analyses. Then, fish spleen was isolated, weighed, individually placed in 1.5 mL Eppendorf
tubes, and homogenized in ice-cold conditions with 1.0 mL of phosphate buffered saline (PBS;
140 mM NaCl, 3mM KCl, 10 mM KH,POs, pH = 7.40 + 0.02; reagents from Sigma-Aldrich, Ger-
many), using an Ultra-Turrax® device (T25 digital, Ika, Germany). Crude homogenates were
centrifuged for 15 minutes at 10.000 g and 4 °C, supernatants were transferred to new micro-
tubes, immediately frozen and kept at -80 °C until further analyses. All biochemical analyses

were performed in duplicate or triplicate and using reagents of pro analysis grade or higher.

3.3 Biochemical biomarkers

Different biochemical biomarkers indicative of oxidative stress, endocrine disruption and
immunological responses were evaluated in fish plasma and spleen samples. All analyses were
performed using reagents of pro analysis grade or higher and a Multiskan Go 1510 microplate
reader (ThermoFisher Scientific, USA). At least two technical replicates were considered for

every sample/analysis.

3.3.1 Total protein content

Bradford assay (Bradford, 1976) was carried out in 96-well microplates (Nunc-Roskilde,
Denmark) as to quantify total protein levels in each sample, and so that the subsequent bi-

omarker results could then be normalized (i.e. given in mg of protein). Briefly, 190 pL of
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Bradford reagent were added to each well, followed by 10 pL of each sample or standard.
Afterwards, absorbance was read at 595 nm in a microplate reader (BioRad, Benchmark, USA).
A calibration curve was generated using bovine serum albumin (BSA; Sigma Aldrich, Germany)
at different dilutions (at least 7 different concentrations, ranging from 0 to 2 mg mL™) as stand-

ard.

3.3.2 Oxidative stress in fish spleen

3.3.2.1 Catalase (CAT)

CAT activity (EC 1.11.1.6) was determined by following the procedure described by Jo-
hansson and Borg (1988) and adapted to 96-well microplates. A calibration curve was built
using formaldehyde standards, prepared from a 4,25 mM formaldehyde (Sigma-Aldrich, USA)
stock solution. The calibration curve contained concentrations ranging from 0 to 75 pM of
formaldehyde.

To each well it was added 100 pL of diluted Assay Buffer - (a solution of 100 mM KH>PO4
with pH = 7.0), - 30 pL of Methanol and 20 pL of standards or sample. This step was performed
in triplicate.

The reaction was initiated by adding 20 pL of hydrogen peroxide to all wells and then
the microplate was incubated for 20 minutes at room temperature. This reaction was then
stopped by adding 30 pL of potassium hydroxide (10 M) and 30 uL of Purpald solution and the
microplate was incubated on a shaker for 10 minutes, at room temperature.

After 10 minutes it was added 10 pL of potassium periodate solution, the microplate
was covered and incubated for 5 minutes on a shaker, at room temperature.

The absorbance was read in a microplate reader Thermo Scientific Multiskan GO at 540
nm.

The formaldehyde concentration of the samples was calculated by using the equation
obtained from the linear regression of the standard curve substituting corrected absorbance
values for each sample.

Then the following equation (1) was used to calculate the CAT activity:

[Formaldehyde] uM
tr

(1) CAT Activity =

Where tr corresponds to reaction time — 20 minutes
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Enzyme activity was calculated considering that one unit of CAT is defined as the
amount that will cause the formation of 1.0 nmol of formaldehyde per minute at 25 °C. The

results were presented as nmol min™ mg protein™.

3.3.2.2 Superoxide dismutase (SOD)

SOD activity was carried out as described by Sun et a/. (1988), using nitroblue tetrazo-
lium (NBT) and xanthine oxidase (XOD) (both from Sigma-Aldrich, Germany).

This assay was performed in a 96-well microplate and to each well it was added 200 pL
of potassium phosphate buffer, 10 uL of EDTA, 10 uL of xanthine, 10 puL of NBT, 10 uL of sample
and 10 uL of XOD, in this order. This step was done in duplicate.

The negative control followed the same steps except for adding the sample.

The absorbance was read at 550 nm, every 5 minutes for 20 minutes and results were

presented as the percentage (%) of enzyme inhibition, using the following equation (2):

Abs per minute (negative control)—Abs per minute (sample)

(2) % inhibition = x 100

Abs per minute (negative control)

3.3.23 Lipid peroxidation (LPO)

The LPO assay was performed according to the procedure originally developed by
Uchiyama and Mihara (1978) and adapted to a microplate by Martins et a/. (2015).

The calibration curve was prepared by doing successive dilutions in Eppendorf tubes,
obtaining a range of concentrations from 0 to 1 uM of malondialdehyde (MDA).

In new Eppendorf tubes it was added 300 pL of sulfosalicylic acid solution (5% m/v)
(SSA) and 100 pL of sample or standards. This solution was then mixed by vortex.

The Eppendorf tubes with sample were kept at 2-8°C for 10 minutes to allow depro-
teination. Following this step, the samples were put in a centrifuge at 10 000 g for 10 minutes.

To 100 pL of the deproteinated supernatant or the standards mixture it was added 100
uL of thiobarbituric acid solution (1% m/v) (TBA) and that mix was incubated in a boiling water
bath for 15 minutes. After that period, the Eppendorf tubes were put on ice to stop the reaction.
To a 96-well-microplate it was added 70 pL of each sample or standard. This process was done
in duplicate. The absorbance of the pink pigment was read at 535 nm, in a microplate reader
(Thermo Scientific Multiskan GO).

3.3.24 Glutathione S-transferase (GST)

GST assay was performed according to a procedure adapted from GST Assay Kit from

Sigma-Aldrich to a 96-well microplate.
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In order to perform the assay, 180 pL of substrate solution was added to 20 uL of sample
in each microplate well. This process was done in triplicate. The substrate solution was prepared
by adding 16,6 mL of Dulbecco’s Phosphate Buffered Saline, 200 pL of 200 mM L-Glutathione
reduced and 200 pL 100 mM CDNB.

The absorbance was read at 340 nm in a microplate reader (Synergy HTX, Biotek, USA),
every minute for 6 minutes to determine the total enzyme activity. The change in absorbance

per minute was determined and used to calculate the GST activity, using the following equation

3):

_1) __ Abs 340 per minutexV (ml)xdil
EmmXVsample(Mml)

(3) GST activity (umol ml™ min

Where:

dil = the dilution factor of the original sample

emm (MM cm™) — extinction coefficient for CDNB conjugate at 340 nm for test in Sigma 96-well
plate = 5.3 mM™" (path length -0.552 cm)

V — the reaction volume in 96-well microplate = 0.2 mL

Vsample — the volume of the enzyme sample tested = 20 pL

The reaction rate was determined considering the molar CDNB extinction coefficient of
5.3 mM™, and results were expressed in relation to the total protein concentration of the sam-

ple and presented in umol min™' mg protein™.

3.3.3 Plasma parameters

3.3.3.1 Plasma parameters

3.3.3.1.1  Vitellogenin (VTG)

Vitellogenin content was determined in fish plasma following a direct ELISA assay based
on the protocol of Denslow et a/ (1999), adapted to 96-wells microplates and described in
detail by Diniz et al. (2010). The primary and secondary antibodies used in this assay were carp
VTG monoclonal antibody (Biosense, Norway; diluted to 1.0 ug mL ™" in a 1% BSA solution) and
anti-mouse 1gG, fab specific, alkaline phosphatase conjugate (Sigma-Aldrich, Germany; also

diluted to 1.0 ug mL™" in 1% BSA), respectively.
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A calibration curve was performed using serial dilutions of carp VTG standard (Biosense,
Norway), for a concentration range of 10 to 1000 ng mL™" of protein. Absorbance was read at

405 nm and results were expressed in ug mg™' protein.

3.3.3.1.2 17B-estradiol (E2) and 11-ketotestosterone (11-KT)

Plasma concentrations of E; and 11-KT were measured using EIA kits (Estradiol EIA kit
and 11-KT EIA kit, Cayman Chemicals, USA), in accordance with the kit protocols provided by
Cayman Chemicals (2002, 2003).

Cayman'’s Estradiol ELISA Kit is a competitive assay based on the competition between
native estradiol and estradiol acetylcholinesterase (AChE) conjugate - Estradiol AChE Tracer -
for a limited amount of Estradiol Antiserum. The Estradiol AChE Tracer binds to the Estradiol
Antiserum. The concentration of Estradiol AChE Tracer is constant, while the concentration of
native estradiol varies and, the concentration of the Estradiol AChE Tracer that is bid to the
Estradiol Antiserum will be inversely proportional to the concentration of native estradiol. The
complex formed from the Estradiol AChE Tracer and the Estradiol Antiserum binds to mouse
monoclonal anti-rabbit IgG that was previously attached to the well. The wells are washed to
remove any unbound reagents and Ellman’s Reagent, with the substrate to AChE, is added to
the microplate.

This reaction produces a yellow pigment, and the absorbance was read at 414 nm. The
intensity of the yellow color is directly proportional to the concentration of Estradiol AChE
Tracer bound to the well, which is inversely proportional to the amount of native estradiol
present in the well during the incubation.

Similarly, to the Estradiol assay, the Cayman'’s Testosterone ELISA Kit is based on the
competition between testosterone and Testosterone-acetylcholinesterase (AChE) conjugate,
the Testosterone Tracer, for a limited amount of Testosterone Antiserum. Following the same
principle, the testosterone tracer concentration is constant in the wells, while testosterone con-
centration varies. So, the concentration of testosterone tracer that binds to the Testosterone
Antiserum is inversely proportional to the concentration of testosterone in the well. The wells
had previously attached mouse monoclonal anti-rabbit I1gG, to which the testosterone tracer -
Testosterone Antiserum complex binds to in the wells. Then the microplate is washed to re-
move any unbound reagents and the Ellman’s Reagent, which contains the substrate to AChE,
is added to the well.

This reaction also produces a yellow pigment, however in the case of this assay, the

absorbance was read at 412 nm.
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To calculate the steroid concentration in the plasma, in both assays, it was prepared a
calibration curve, using Estradiol ELISA standard or Testosterone standard, depending on the
assay, and serial dilutions to a range between 0,61 and 1000 pg/mL according to information
furnished by Cayman Chemical (2002, 2003).

3.33.2 Immunological parameters

3.3.3.2.1 Peroxidase activity

The peroxidase activity in the plasma was determined by oxidation of 3,3"5,5'-Tetra-
methylbenzidine (TMB), according to Quade & Roth (1997).

In this assay, a first dilution was done by diluting 5 pL of plasma with Hanks's buffer
(HBSS) without Ca*® or Mg*? to a final volume of 50 uL in a flat-bottomed 96-well plate. Sec-
ondly, 5 pL were diluted in HBSS, to a final volume of 150 pL. As substrate, it was added to the
microplate 50 pL of 20 mM of 3,3,5,5,-tetramethyl benzidine hydrochloride (TMB) (Sigma) and
50 uL of 5 mM hydrogen peroxide (H205).

After a period of 2 minutes, the reaction was stopped by adding 50 uL of 2 M sulphuric
acid (H2S0s), and optical density (OD) was read at 450 nm.

The negative control followed the same steps, but without the addition of the plasma
samples, and their OD values were subtracted from each sample value.

The peroxidase concentration was calculated using the following equation:

. . b —ab ; total vol
(4)  Peroxidase activity (450 nm OD) = (abSsampie=absnegative controt)Xtotal volume x 10

sample volume

The peroxidase activity, units/ml serum, is determined defining as one unit the peroxi-
dase that produces an absorbance change of 1 OD.

All samples were analysed in duplicate, except for the blanks that were done in tripli-
cate.

3.3.3.2.2 Antiprotease activity

Antiprotease activity was determined by the capacity of the samples to inhibit trypsin
activity.

To prepare the plasma sample, in a 1.5 mL eppendorf tube it was added 20 pL of plasma
and 20 pL of trypsin; for the positive control, it was added 20 pL of phosphate buffer (NaH2PO.),
at pH = 7 and 20 pL of trypsin, in a 1.5 mL eppendorf tube; and for the negative control, it was
only added 40 pL of phosphate buffer to the 1.5 mL eppendorf tube.
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After the trypsin was added, the mixtures were left at room temperature for 10 minutes.
Then it was added 100 uL of phosphate buffer and 125 pL of azocasein to each tube, that
followed vortex and then let stand at room temperature for 60 minutes.

After the incubation period, it was added to each eppendorf tube 250 L of trichloroa-
cetic acid (TCA), in a fume cupboard. The eppendorf tubes went through vortex and let stand
at room temperature for 30 minutes. Then the mixtures were centrifuged at 10,000g for 5
minutes.

On a 96 well non-absorbent microtray, it was added 100 pl of sodium hydroxide (NaOH) — to
stop the reaction - to each well and 100 uL of the supernatant in triplicates in the sample wells
and in quadruplicate in the positive and negative control wells.

The absorbance was read at 450 nm and the anti-trypsin activity was determined by the fol-

lowing equation:

(abs—abs (negative control)x100

(5) Anti — trypsin activity =

abs (posive control)

To express the anti-trypsin activity in reverse, in other words, the percentage (%) of inhi-

bition the value calculated by (5) was subtracted from 100.

3.3.3.3 Cortisol

Plasma concentration of cortisol was determined using Cayman'’s Cortisol ELISA Kit. This
assay is based on the competition between free cortisol and a cortisol-acetylcholinesterase
(AChE) conjugate, the Cortisol-AChE Tracer, for a limited number of cortisol monoclonal anti-
body binding sites. The concentration of free cortisol varies, while the concentration of cortisol-
AChE is maintained constant in the wells. So, the concentration of Cortisol-AChE that binds to
the cortisol monoclonal antibody is inversely proportional to the concentration of free cortisol
in the well. The cortisol-AChE that binds to the antibody is fixed to the wells by binding to the
polyclonal goat anti-mouse IgG that has been previously attached to the well. To make sure
that any unbound reagents are removed, the microplate is washed and the Ellman’s Reagent,
that contains the substrate to AChE, is added to the wells.

This reaction produces a yellow pigment, and the absorbance was read at 412 nm. The
intensity of the yellow color is directly proportional to the concentration of Cortisol-AChE
Tracer bound to the well, which is inversely proportional to the amount of free cortisol present

in the well during the incubation.
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To calculate the cortisol concentration in the plasma, it was prepared a calibration
curve, using Cortisol ELISA standard and serial dilutions to a range between (0 - 2,500 pg mL

") according to information furnished by Cayman Chemical (2002, 2003).

3.3.4 Animal fitness indexes

The Fulton’s K index was directly calculated from the biometric data to determine fish

condition, according to the formula:

- W@
(6) K =100 ;52

where W is the fish weight and TL is the total length (Ricker, 1975). The relationship between

fish total weight and the respective spleen weight was calculated using the following equation:

Spleen weight (g)

) x 100

(7) Spleen: body weight ratio =

3.3.5 Statistical analysis

As standard procedure, data were first tested for normality and homoscedasticity
through Kolmogorov-Smirnov and Levene tests, respectively. To evaluate the presence of sig-
nificant differences between treatments in fish morphometric data (W and TL), animal fitness
indexes (K and Spleen:body weight ratio), hematological parameters (percentage of erythro-
cytes, leukocytes, ENAs, micronuclei in relation to total blood cells or total erythrocyte counts),
and biochemical biomarkers in fish spleen (CAT, SOD, GST and LPO) and plasma (cortisol, Ex,
11-KT, VTG concentration, peroxidase and antiprotease activities), the one-way ANOVA analy-
sis was performed. The post-hoc Tukey HSD test was subsequently conducted to identify sig-
nificant differences. Whenever the normality and homoscedasticity assumptions of the ANOVA
were not verified, even after data transformation (Log or Square-root), the non-parametric
Kruskal-Wallis test with multiple comparisons were carried out instead. Finally, potential cor-
relations between biochemical biomarker levels and animal fitness indexes were performed by
means of Pearson’s correlation analysis. Statistical analyses were performed at a significance

level of 0.05, using STATISTICATM software (Version 7.0, StatSoft Inc., USA).
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4

RESULTS

The control and control + solvent showed no significant differences in all the parameters
and biomarkers analyzed (p > 0.05 in annexes A.1). The results observed were expected, since
the solvent was completely evaporated and was not expected to have any interference in the
bioassays. Considering that, the treatments with BDE-99 and/or BPA will be compared to the

control + solvent group for all results obtained.

4.1 Haematological parameters

Juvenile S. aurata haematological parameters upon 28 days of exposure to BDE-99

and/or BPA are shown in Figure 4.1, as well as in annexes A.2.

49



Haematological parameters
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Figure 4.1. Percentage (mean + SD; n=5) of erythrocytes, leukocytes, and erythrocytes nuclear abnormalities in S.
aurata upon 28 days of exposure trial. Different letters denote significant differences between treatments within

the same haematological parameter (p < 0.05).

The results show that the percentage of haematological parameters varied significantly
between control+sol and the contaminant treatments (p < 0.05). Erythrocytes reached 93% of
the total haematological parameters measured, and BDE-99, BPA, and BDE-99 + BPA treat-
ments had a significant increase (p < 0.001) of > 4.2% in relation to CTR+SOL. The leucocytes
represented 7% in control+sol, and for the BDE-99, BPA, and BDE-99 + BPA treatments these
values decreased significantly (p < 0.001) down to 4.5% relatively to controls. For both param-
eters no significant differences (p > 0.05) were observed between treatments.

Erythrocytes nuclear abnormalities (ENA) represented 3.3% In the control+sol, and for
the BDE-99, BPA, and BDE-99 + BPA treatments these values had a significant increase (p <
0.001) of 2.3%, 2.7% and 4.0%, respectively, when compared to controls. The contaminated

treatments showed no significant differences among each other.
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4.2 Biochemical biomarkers

4.2.1 Oxidative stress in fish spleen

42.1.1 Catalase activity

The CAT activity determined in fish spleen are shown in Figure 4.2.

Catalase activity
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CTR+SOL BDE99 BDE99+BPA
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N
o

Figure 4.2. CAT activity (mean + SD) in the spleen of S. aurata exposed to BDE-99, BPA and their mixture for 28

days. Different letters denote significant differences between treatments (p < 0.05).

CAT activity varied between 6.0 £+ 0.5 (BPA) and 9.7 + 1.0 nmol/min/mg total protein
(Control). A significant decrease (p < 0.05) was observed for BDE-99, BPA, and BDE-99 + BPA
treatments relatively to control+sol group. Yet, no significant differences (p > 0.05) were ob-

served among treatments with the test contaminants.

4.2.1.2 Superoxide dismutase activity

The results obtained for SOD dismutase activity are shown in Figure 4.3.
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Figure 4.3. SOD activity inhibition (mean + SD) in the spleen of S. aurata exposed to BDE-99, BPA and their mix-

ture for 28 days. Different letters denote significant differences between treatments (p < 0.05).

The SOD activity varied between 71.7 £ 5.3 % (BDE-99) and 52.1 + 5.7 % (BDE-99 + BPA).
A significant increase (p < 0.05) was observed for BDE-99 treatment relatively to control +
solvent (10.5%). Yet, BPA and BDE-99 + BPA treatments showed no significant differences (p >

0.05) when in comparison to the control + solvent group.

42.1.3 Lipid peroxidation levels (LPO)

LPO determined in fish spleen is presented in Figure 4.4.

Lipid peroxidation concentration
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Figure 4.4. LPO concentration (mean + SD) in the spleen of S. aurata exposed to BDE-99, BPA and their mixture for
28 days. Different letters denote significant differences between treatments (p < 0.05).

LPO (measured as the concentration of MDA) varied between 1.5 + 0.1 nM in fish ex-

posed to the control + solvent treatment and 3.8 + 1.7 nM in fish exposed to BDE-99.
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A significant increase of LPO was observed in spleen of fish exposed to BDE-99 when
compared to the control + solvent group (p < 0.05). No significant differences were observed
between control + solvent group, BPA and the mixture of BDE99 and BPA. Also, no significant

differences were observed for LPO results among test treatments.

4.2.14 Glutathione S-transferase activity

The GST activity measured in fish spleen are presented in Figure 4.5.
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Figure 4.5. GST activity (mean + SD) in the spleen of S. aurata exposed to BDE-99, BPA and their mixture for 28
days. Different letters represent significant differences between treatments (p < 0.05).

GST activity varied between 0.043 + 0.003 umol/min.mg protein in the control group,
and 0.011 £ 0.003 pmol/min.mg protein, in the BDE-99 + BPA treatment.

GST activity showed a significant decrease in fish spleen exposed to BPA and BDE-99 +
BPA treatment (p < 0.001 in both cases) relatively to control + solvent group. No significant

differences were observed between BPA and BDE-99 + BPA treatments and control and BDE99.

4.2.2 Plasma parameters

4.22.1 Endocrine disruption parameters

In Figure 4.6 are presented the vitellogenin content determined in fish plasma.
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Figure 4.6. Vitellogenin content (mean + SD) in S. aurata plasma, upon 28 days of exposure to BDE-99, BPA and

their mixture. Different letters mean there are significant differences between treatments (p < 0.05).

Vitellogenin content varies between 213.8 + 12.4 pg/mL, in the control group, and 57.6
+ 3.4 pg/mL, in the BDE treatment.

Fish exposed to the tested chemicals yielded a decrease in vitellogenin content in fish
plasma, being the highest significant decrease observed for BDE99 exposure relatively to con-
trol and BPA and BDE-99 + BPA treatments.

Hormone parameters, like 17B-estradiol and 11-ketotestosterone concentrations de-

termined in fish plasma are presented in figures 4.7 and 4.8.
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Figure 4.7. 17B-estradiol concentration (mean + SD) S. aurata plasma exposed to BDE-99, BPA and their mixture
for 28 days. Different letters represent significant differences between treatments (p < 0.05).
17B-estradiol concentration varied between 76.1 + 14.8 ng/mL, in the BPA treatment and
626.8 £ 7.6 ng/mL, in control + solvent group.
BDE-99, BPA, and BDE-99 + BPA treatments showed a significant decrease (p < 0.001),

of approximately 20%, relatively to control + solvent treatment. No significant differences were
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observed between treatments with the exception of BPA treatment which showed the lowest

level of 17B-estradiol.

11-ketotestosterone concentration
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Figure 4.8. 11-ketotestosterone concentration (mean + SD) in S. aurata plasma, upon 28 days of exposure to BDE-
99, BPA and their mixture. Different letters mean there are significant differences between treatments (p < 0.05).

The concentration of 11-ketotestosterone ranged between 33.8 + 6.5 ng/mL, which can
be observed in the control + solvent group and 308.7 + 32.8 ng/mL, in BPA treatment.

The highest values were obtained for fish plasma exposed to BPA and BDE-99 + BPA
treatments, with values of 308.7 + 32.8 ng/mL and 283.7 + 32.3 ng/mL, respectively. Signifi-
cantly lower values were obtained for BDE-99 group (98.5 + 10.7 ng/mL).

4222 Immunological parameters

4.2.2.2.1 Peroxidase activity
Figure 4.9 shows the graphic representation of peroxidase activity determined in the

plasma of fish exposed to BDE-99, BPA, and their mixture.
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Peroxidase activity
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Figure 4.9. Peroxidase activity (mean + SD) in S. aurata plasma, upon 28 days of exposure to BDE-99 and/or BPA.
Different letters mean there are significant differences between treatments (p < 0.05).

Peroxidase activity varies between 112.0 + 25.8 450 nm OD (control) and 28.4 + 6.8 nm
OD (BPA treatment).
BDE-99, BPA and BDE-99 + BPA showed a significant decrease (p < 0.001) of almost
30% when compared to the control + solvent group. Yet, no significant differences were ob-
served among contaminated treatments.
42222 Antiprotease activity

The results from antiprotease activity are shown in Figure 4.10.
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Figure 4.10. Antiprotease activity (mean + SD) in S. gurata plasma exposed to BDE-99 and/or BPA, for 28 days. Dif-
ferent letters mean there are significant differences between treatments (p < 0.05).

Antiprotease activity varies between 84.5 + 1.0 %, in the BPA treatment, and 81.0 £ 1.5
%, in the BDE-99 + BPA treatment.
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No significant differences were observed between contaminated treatments and the

control + solvent group. However, BDE-99 + BPA treatment showed a significant decrease (p

= 0.03) of 3.5% when compared to the BPA treatment.

4223 Cortisol

Figure 4.11 shows the cortisol concentration determined in the plasma of S. aurata ex-

posed to BDE-99 and BPA concentrations, singly and combined.
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Figure 4.11. Cortisol concentration (mean = SD; n=5) in S. aurata plasma exposed to BDE-99 and/or BPA, for 28

days. Different letters mean there are significant differences between treatments (p < 0.05).

Cortisol concentration determined in the plasma ranged between 38.5 + 0.2 ng/mL (BDE-
99 + BPA treatment) and 26.3 + 0.5 ng/mL (control + solvent group).

BPA and BDE-99 + BPA treatments showed a significant increase (p < 0.001) when com-
pared with the control + solvent group. Yet, BDE-99 showed no significant differences when in
comparison to the control + solvent group. Additionally, no significant differences were ob-

served among contaminated treatments.

4.2.3 Animal fitness indexes

The results from the Fulton’s K index and the relationship between fish total weight and

the respective spleen weight are shown in Table 4.1.

Table 4.1. Fulton’s K index and the relationship between fish total weight and the respective spleen weight.

Average Total length Spleen weight [ STDEV Spleen Spleen: body
Date Treatment ) STDEV W STDEV TL ) K (g/cm) . .
Weight (g) (cm) (8) weight weight ratio
CTR 20,2 2,6 11,2 0,4 0,020 0,005 1,443 a 0,099 a
ctResoL [ 218 [ 12 [ 116 [ o1 [ o003 [ 0008 1,401 a 0,145 a
T28 [BDE 99 [ 232 [ s1 [ 116 [ o8 [ o002 [ 0004 1,495 a 0,123 a
BPA " 231 [ 44 [ 1,7 [ o8 [ 003 [ 0009 1,436 a 0,169 a
MIX " 215 [ 19 [ 1134 [ o4 [ 0033 [ o012 1,437 a 0,156 a
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For both parameters analyzed (Fulton’s K index and the spleen:body weight ratio), no
significant differences were observed among all treatments.

Fulton’s K index values varies between 1.495 g/cm, in the BDE-99 treatment, and 1.401
g/cm, in the control + solvent group. As for the spleen:body weight ratio, it varies between
0.156, in the BPA treatment, and 0.099, in the control group.
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DISCUSSION

The present research aimed at assessing the effects of BDE-99 and BPA, two endocrine
disrupting chemicals, single and combined, in juvenile Sparus aurata during 28 days. For this
purpose, different biomarkers of oxidative stress, endocrine disruption, and immunological re-
sponses were analyzed in fish plasma and spleen. Also, haematological parameters such as
erythrocytes, leukocytes and ENAs were also performed in fish blood.

The haematological parameters showed that the presence of BDE-99 and BPA, single
and combined, increased the erythrocytes and ENAs in blood cells, relatively to control animals.
These results pointed the ability of these two chemicals to affect blood cells of fish at clasto-
genic levels, as other pollutants known, like Polycyclic Aromatic hydrocarbons (PAH), showing
their potential to cause irreversible DNA damage (Martins et a/, 2016).

The increase of erythrocytes may indicate a response to oxidative stress, since blood
antioxidant capacity is mainly in erythrocytes, as these cells neutralize ROS and protect them-
selves and the rest of tissues from oxidative damage (Alonso et a/, 2010). On contrary, the
leukocytes decreased in fish exposed to the referred EDCs.

From a broader perspective, it was possible to observe that animals exposed to BDE-
99 showed significant differences with control animals, in almost all biomarkers analyzed. This
finding is aligned with the theoretical review that BDE-99 should be more toxic, considering
that this pollutant has bromine atoms bonded to aromatic rings, which makes them more per-
sistent in the environment and in organisms (Darnerud, 2008). Lu, Qi & Chen (2013) reported
evidence of BDE-99 showing more adverse biological effects than its congener BDE-47, while
testing the in vivo effects of BDE-47 and BDE-99 on the following biomarkers: acetylcholines-
terase (AChE), ethoxyresorufin-O-deethylase (EROD), GST, SOD and CAT, in goldfish Carassius
auratus.

To evaluate oxidative stress the following biomarkers were analyzed, in fish spleen: CAT,
SOD, LPO and GST. Oxidative biomarkers were analyzed in fish spleen as this organ is mainly
composed of blood held in sinuses that are involved in immune reactivity and blood cell for-

mation (Raibeemol & Chitra, 2018).
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It was expected to observe a significant increase in these biomarkers, in treatments
exposed to BDE-99, BPA, and their mixture. CAT, SOD and GST activities are expected to in-
crease when an organism is exposed to xenobiotics, since these enzymes play an important
role on animals' antioxidant defense mechanisms (Ahmad et a/, 2010; Carillon et a/, 2013; Han
et al, 2013). Conversely, when an organism is exposed to severe and/or long-lasting stress
condition, the antioxidant mechanisms become depleted or inhibited, failing to prevent
lipoperoxidation damage (Gasparovic et al, 2013).

In this study, CAT, SOD and GST showed a decrease of their activity upon exposure to
BPA and BDE-99 and such inhibition resulted in increased LPO concentration in the BDE-99
treatment. Such trend clearly evidences that fish were severely affected by the exposure to
these contaminants, resulting in oxidative stress and, ultimately, cell damage. In accordance
with the present results, Akram et al. (2021) reported a decrease in different antioxidant en-
zymes, like CAT, SOD, glutathione peroxidase and glutathione reductase and an increase in
LPO, in organisms exposed to bisphenol A. Other studies reported that BDE-99 induced GST
and SOD activities in goldfish, however, CAT activity presented a dose-dependent decrease
(Lu, Qi, & Chen, 2013; 2013; Xie, Lu, & Qi, 2014). To be noted that the referred studies were
conducted on the liver and so the results obtained in this study may indicate that the spleen
does not have antioxidant mechanisms as active as the liver. Zhao et a/. (2018) presents evi-
dence that LPO levels in the spleen of zebrafish increase with the increase of ROS production,
which goes in line with the results of this study. This allows to conclude that excessive ROS
production and the limited antioxidant response by fish induce LPO damage.

Regarding endocrine disruption parameters, the following biomarkers, were selected and
tested in fish plasma: VTG, E, and 11-KT. According to theoretical literature, E> concentration is
expected to increase in organisms exposed to estrogenic chemicals that act as estrogen ago-
nists and mimic the effects of endogenous E; (Crain et a/, 2012). Recent reports have associated
BPA with an estrogenic action (Cuesta et a/, 2007). Contrary to what was expected, the present
results showed that E; concentration decreased in all tested treatments, especially in BPA treat-
ment. These findings indicate that BPA did not lead to a feminizer effect, but rather seemed to
have accelerated specimens' sexual differentiation towards masculinity. These results might be
justified by the fact that it was selected a juvenile biological model, from a protandrous her-
maphrodite species, that first matures as a male at around 2 years of age, and sexual matura-
tion in females only occurs at 2-3 years of age (Arabaci et a/, 2010; Madeira, 2016; FAO, 2023).
This means that the individuals tested could be male and the presence of pollutants only ex-

pedites male maturation.
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Although, in general, males don’t produce VTG, male hepatocytes do produce to some
extent and release VTG into the plasma when exposed to estrogens (Crain et a/, 2012). Thus,
VTG content in fish plasma is a biomarker for exposure to estrogenic compounds (Crain et a/,
2012). So, in the present study, it was expected that the exposure to BPA induced an increase
in VTG content. Villeneuve et al. (2012) reported that VTG concentration increased in fathead
minnows' plasma, exposed to BPA.

However, in the present study, VTG content showed a significant decrease when fish were
exposed to BDE-99 and to the mixture containing BDE-99 and BPA, even though BDE-99
showed a more evident decrease. Again, this is consistent with the potential acceleration of
fish masculinization process. In the future, confirming this hypothesis would require a compre-
hensive histological analysis of fish gonads.

Another justification for the results obtained could be the concentration of the contam-
inants tested, which might have been too low to elicit more evident effects. This research
demonstrated negative feedback in response to E> concentration, since it was observed a de-
crease in the steroid concentration as a consequence of an increase of estrogenic levels (Ville-
neuve et al, 2012).

On the other hand, 11-KT showed an increase in all tested treatments, especially, in BPA,
once again corroborating the hypothesis that the sample was mainly constituted by males and
that the presence of BPA expedited male maturation. In the case of 11-KT it was not evident a
negative control, since exposure to BPA caused an Increase in this steroid concentration (Ville-
neuve et al, 2012).

Immune responses were tested by analyzing peroxidase activity and antiprotease ac-
tivity. It was expected to observe an increase in both biomarkers, since peroxidases are defense
mechanisms of the immune systems when organisms are exposed to xenobiotics, acting in the
elimination of H,O, and maintenance of the redox balance of the immune system (Guardiola
et al, 2014). Protease inhibitors or antiproteases are also mechanisms of defense against bac-
terial and parasite infections in organisms, inhibiting pathogens replication (Guardiola et al,
2014).

In this study, however, peroxidase activity showed a decrease in all treatments tested
pointing out to a potential inhibition of fish immune responses upon exposure to BDE99 and
BPA. In contrast, antiprotease activity showed no differences to being subjected to the con-
taminants tested. Hence, the controversial results obtained do not allow to draw conclusions
with respect to the action of these two compounds in terms of fish immunity. The lack of liter-

ature on this matter does not enable comparisons of the present data. Still, the absence of a
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clear effect in these physiological endpoints could be related with the temporal exposition or
the tested concentration, which might have not been sufficient to develop effects. Data incon-
sistency may also be linked with lack of statistical power of the results, which in turn is strongly
related with the number of Individuals tested in each treatment. In this study, the number of
samples per treatment was 5 fish (n =5). This number could be insufficient to produce more
robust and statistically accurate results. However, for ethical reasons, it was chosen not to use
a higher number of samples.

The last biomarker tested was cortisol, a biomarker of psychological stress and related
diseases (Hellhammer, Wist & Kudielka, 2009). Therefore, it was expected an increase in cor-
tisol concentration, as a result of the increased stress in the exposed organisms. The results of
the study confirm this theoretical hypothesis since cortisol levels showed an increase in the
plasma of organisms exposed to BPA and the mixture of BDE-99 and BPA.

Even though the biomarkers tested showed a reaction to the presence of the tested con-
taminants, such exposure did not lead to alterations in the animal fitness. Both Fulton’s K index
and the relationship between the fish total weight and the respective spleen weight did not
show differences between the various treatments. This leads to conclude that, although there
were alterations at a cellular and molecular levels, those changes did not translate in the indi-
vidual level.

In a broader perspective, the BDE-99 contaminant induced more reaction than other
tested contaminants, whether it was an increase or inhibition.

This research brings an innovative view regarding the ecotoxicity of two emerging con-
taminants for which data is still extremely limited. There are some referenced papers on flame
retardants and plasticizers, such as BDE-99 and their congeners and BPA, respectively Lu, Qi &
Chen (2013) and Villeneuve et al. (2012). However, in the case of PBDEs, these studies mainly

approach the effects on the liver of fish species other than Sparus aurata.
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CONCLUSIONS

From this research it is possible to conclude that the exposure to BDE-99, BPA and their
mixture contributes to increase erythrocytes and erythrocytes nuclear abnormalities count in
S. aurata plasma. Additionally, it was possible to conclude that these contaminants induced
LPO in fish spleen after 28h of exposure, mainly due to the inefficacy of antioxidant mecha-
nisms or reduced enzyme response by the fish spleen.

The studied contaminants also influenced the endocrine systems, however not the ex-
pected effect. Endocrine-disrupting biomarkers, in particular vitellogenin content and E,
showed a decrease when exposure to these compounds occurred.

In this research no conclusive effects were detected in the immune responses as a result
of the exposure to BDE-99 and BPA, single and combined.

In conclusion, it was possible to determine that BDE-99 had more influence in most of
the biomarkers analyzed. Therefore, BDE-99 seems to be more reactive than BPA and showed
a higher toxicity in this study.

In the present study, and others on the same topic, it is proven that BDE-99 and BPA
have effects in fish oxidative stress and endocrine-disruption responses. Additionally, consid-
ering BDE-99 and BPA are ECs and their effects are only recently being studied, the present
work recommended further research about the toxicity of these chemicals in fish. We suggest,
a short-term exposure to understand the acute responses by the fish, and thus elucidate more

about the mode of action of these emerging aquatic pollutants.
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A

ANNEXES

A.1 P-value between the control and control + solvent of pa-

rameters and biomarkers analyzed.

Parameter or Biomarker | p-value
Erythrocytes 0.16
Leukocytes 0.16
ENAS 0.5
CAT 04
SOD 0.357677
LPO 0.26
GST 0.9
Vitellogenin 0.796
17B-estradiol 0.49
11-ketotestosterone 0.99
Peroxidase activity 1
Antiprotease activity 0.98858
Cortisol 1
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A.2 Haematological parameters.

Average Average Average
Total number | Total numberof | Total number of Total number | Identification Total :l;mber Number | Number 9% erythrocytes | % leukocytes | % ENAS
of cells cells y y of y of y of ENAS | of ENAS o U ° U
thrombocytes
E 325 325 31 0 = 0 14 14 96% 0% 4%
1 325 311 - 0 14
2 392 366 2 lymph 0 24
3925 2 yenotyes 2 93% 1% %
2 393 367 2 lymphocytes 0 24
3 359 340 s lymphocytes 0 14
CTR 3585 5 13 95% 1% 4%
3 358 341 5 lymphocytes 0 12
4 4 4 lymphe
342 342 336 4 ymphocytes 0 2 2 98% 19% 19%
4 342 336 4 lymphocytes 0 2
10 lymph
5 349 350 320 10 ymphocytes 0 19 195 92% 3% 6%
5 351 321 10 lymphocytes 0 20
1 1 2 lymphe 74
395 3935 319 2 ymphocytes 0 70 82% 19% 18%
1 392 324 2 lymphocytes 0 66
2 174 173 143 0 = 0 31 315 82% 0% 18%
2 172 140 - 0 32
3 212 191 lymph 0 10
CTR#sOL 211 1 2 ympocyes 105 90% 5% 5%
3 210 188 11 lymphocytes 0 11
4 523 377 5 lymphocytes 0 141
520 5 139,5 72% 1% 27%
4 517 374 5 lymphocytes 0 138
2 lymph
5 282 282 271 2 ymphocytes 0 9 9 96% 1% 3%
5 282 271 2 lymphocytes 0 9
1 445 430 7 lymphocytes 0 8
441 7 8 97% 2% 2%
1 437 422 7 lymphocytes 0 8
2 1 1! 5 lymphe 11
33 330 315 5 ymphocytes 0 10 95% 2% 3%
2 329 315 5 lymphocytes 0 9
2 lymph
BDESY 3 309 3085 300 2 ymphocytes 0 7 7 97% 1% 2%
3 308 299 2 lymphocytes 0 7
4 369 353 5 lymphocyte 0 11
367 5 YIS 105 96% 1% 3%
4 365 350 5 lymphocytes 0 10
5 359 351 5 lymphocytes 0 3
357 5 3 98% 1% 1%
5 355 347 5 lymphocytes 0 3

BPA

314

97%

1 391 373 13 lymphe 0 5
3885 125 ymehocses 5 95% 3% 1%
1 386 369 12 lymphocytes 0 5
2 237 234 Tiympn 0 2
237 1 L 2 98,7% 04% 0,8%
2 237 234 Liymphoeyte 0 2
2 8 lymph
3 36 015 349 . Jmphonyies 0 5 S s6a% 2% L%
3 361 348 & lymphocytes 0 5
21 h
2 365 23 348 z ymphocytes 0 15 14 o56% 0% 3%
4 361 346 2 lymphocyies 0 13
B 317 308 - 0 5
5 0

E 267 2685 260 0 - 0 ? 7 97% 0% 3%
1 270 263 - 0 7
2 343 331 - 0 12
3425 0 115 97% 0% 3%
2 342 331 - 0 11
3 340 327 9 lymphocytes 0 4
339 9 4 96% 3% 1%
3 338 325 3 lymphocytes 0 4
4 4 2 lymph
33 3345 326 5 ymphacytes 0 6 R 98% % %
4 335 327 2 lymphocytes 0 6
5 309 308 300 0 . 0 o 85 97% 0% 3%
5 307 299 - 0 B
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