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RESUMO

A reproducdo de peixes, assim como em outros vertebrados, é controlada pelo eixo
Hipotalamico-hipofisario-gonadal (HPG). Condi¢des ambientais propicias servem como
“gatilho” cerebral, levando a liberagdo do horménio liberador de gonadotrofinas
(GnRH) que atuam nos ovarios e testiculos estimulando a maturacdo gonadal e a
producdo de estrogenos como: 17p-estradiol (E2), Testosterona (T) e 11-
Ketotestosterona (11-KT). A entrada de componentes toxicos em ambientes aquéaticos é
frequentemente relacionada com a geragdo e despejo de residuos provenientes de
atividades antrépicas. Muitos desses componentes, também conhecidos como Endocrine
Disrupting Chemicals (EDCs), podem atuar no sistema endocrino de animais
comprometendo a sintese hormonal e consequentemente o status reprodutivo de varias
espécies de vertebrados. Com o intuito de comparar os efeitos estrogénicos de EDCs em
peixes de dgua doce neotropicais, foram conduzidos dois tipos de estudos: (1) estudo
conduzido em ambiente natural, onde foram analisados dados sobre a reproducdo de
Prochilodus argenteus, espécie comercialmente importante, proveniente de ambiente
contaminado por metais pesados, e (2) estudo conduzido em condigdes experimentais,
onde adultos de Astyanax bimaculatus foram expostos durante 15 dias a mesma
dosagem (10pg/L) de estrona e Bisfenol-A, além da mistura deles, a fim de analisar
comparativamente a capacidade estrogénica e na interacdo entre as substancias. Nos
dois estudos foram obtidas as variaveis morfométricas de todos os peixes analisados,
tais como: comprimento total; peso corporal, peso do figado, peso gonadal e sexo. Além
disso, foram calculados os indices biologicos e analisadas as variacbes nos niveis
hormonais e de biomarcadores de desregulacdo enddcrina e contaminagdo por metais
(Vitelogenina, Proteinas de zona radiata, Receptores de estrogeno o ¢ [ e
Metalotioneina). Os resultados mostraram que 0s animais expostos aos contaminantes
podem apresentar niveis de estradiol alterados e variagdes na expresséo de vitelogenina,
proteina de zona radiata e metalotioneina, quando comparados aos animais controles.
Além disso, diversas altera¢cdes morfoldgicas em baco, figado e gbnadas foram descritas
para cada tratamento. Os dados do presente estudo mostram de forma pioneira a
desregulacdo enddcrina em Prochilodus argenteus na bacia do rio Sdo Francisco, além
de alertarem sobre o consumo de animais contaminados com compostos estrogénicos e

metais pesados.

Palavras-chave: Xenoestrogenos, desregulacéo enddcrina, gametogénese, biomarcadores



ABSTRACT

Fish reproduction, as in other vertebrates, is controlled by the hypothalamic-pituitary-
gonadal (HPG) axis. Adequate environmental conditions serve as a "trigger", leading to
the release of gonadotrophin releasing hormone (GnRH) acting on the ovaries and testes
and then stimulating gonadal maturation and estrogen production as: 17p-estradiol (E2),
Testosterone (T), and 11-Ketotestosterone (11-KT). The entry of toxic components into
aquatic environments is often related to the generation and disposal of waste from
anthropogenic activities. Many of these components, also known as Endocrine
Disrupting Chemicals (EDCs), can act in the endocrine system of animals
compromising the hormonal synthesis and consequently the reproductive fitness of
several species of vertebrates. In order to compare the estrogenic effects of EDCs on
neotropical freshwater fish, two types of studies were conducted: (1) a study conducted
in a natural environment, where data on the reproduction of commercially important
species Prochilodus argenteus; (2) a study conducted under experimental conditions,
where adults of Astyanax bimaculatus were exposed for 15 days at the same dosage
(10ug/L) of two estrogenic compounds and the mixture of them, in order to
comparatively analyze their estrogenic capacity. In both studies, we obtained the
morphometric variables of all analyzed fish, such as: total length; body weight, liver
weight, gonadal weight, and sex. In addition, the biological indices were calculated and
the variations in the levels of estradiol and biomarkers of endocrine disruption and
contamination by metals (Vitelogenina, Zona radiata proteins, Estrogen receptors o and
B and Metallothionein) were analyzed. The results showed that the animals exposed to
contaminants may present altered estradiol levels and variations in the expression of
vitellogenin, Zona radiata proteins and metallothionein, when compared to control
animals. In addition, several morphological changes in spleen, liver and gonads were
described for each treatment. The data of the present study show the endocrine
disruption in Prochilodus argenteus in the S&o Francisco river basin in a pioneering
way, and alerts on the consumption of animals contaminated with estrogenic

compounds.

Keywords: Xenoestrogens, endocrine disruption, gametogenesis, biomarkers
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1. INTRODUCAO GERAL

Nas ultimas décadas a crescente demanda por recursos energéticos pela
populagdo mundial promoveu um aumento significativo nos efluentes gerados na
produgéo e consumo desses recursos. A falta ou o tratamento indevido desses efluentes
provenientes de processos industriais, atividades rurais e centros urbanos, tém carreado
e mantido nos corpos d’agua diversos componentes nocivos aos organismos vivos direta
ou indiretamente (Figura 1) (Hachfi et al., 2012; Hu et al., 2005; Schwarzenbach et al.,
2006). No Brasil, cerca de 45% dos municipios ndo possuem nenhuma forma de coleta
e tratamento de seus efluentes (IBGE, 2010), os quais séo despejados in natura no meio

ambiente onde serdo direcionados finalmente aos corpos d’agua superficiais ou

subterraneos.
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Figura 1 - Esquema resumido das vias de alguns poluentes desde a sua fonte até a
destinacao final (adaptado de Stuart et al., 2012)

Dentre os principais poluentes registrados em ambientes aquaticos, incluem-se

pesticidas, metais pesados, hidrocarbonetos aromaticos policiclicos (PAHS), bifenila
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policlorada (PCB), produtos de cuidados pessoais (PCPs), produtos farmacéuticos e
industriais (Almeida & Ribeiro, 2014; Overturf et al., 2015). Muitos desses compostos
podem causar efeitos neurotdxicos, genotoxicos e até mesmo mutagénicos, porém uma
caracteristica comum entre eles é que também podem ser classificados como
desreguladores endocrinos ou “Endocrine Disrupting Chemicals” (EDCs). Esses
poluentes possuem a capacidade de causar disturbios hormonais e consequentemente
alteraces em diversos processos fisioldgicos que possuem mecanismos influenciados
por horménios (Hutchinson et al., 2006; Schlumpf et al., 2004). Os EDCs atuam nos
organismos em geral comprometendo a sintese e o metabolismo, mimetizando ou
antagonizando os efeitos de hormdnios endogenos (Figura 2). Além disso, influenciam
também na sintese de receptores hormonais. De uma maneira geral, os EDCs podem
atuar desde o nivel molecular até um nivel sisttémico (Silva et al. 2012a; Yan et al.

2012; Dzieweczynski & Hebert 2013).

A ' V
w\,v N, DA

Figura 2 - Interacdo entre alguns desreguladores enddcrinos (EDC) e ligantes naturais
(NL) com receptores. (A) EDC competindo com o ligante pelo sitio de ativacao; (B)
EDC ligado ao receptor causando efeitos contrarios ou alterando as respostas genéticas;
(C) atuacdo sinergética entre EDC e ligante natural causando aumento da expressao
genética (Rogers et al., 2013).

Os peixes representam a classe de vertebrados com maior diversidade, e o efeito
de poluentes sobre as especies desse grupo pode variar substancialmente, tanto de forma

inter quanto de forma intraespecifica (Gray, 2002; Lewis et al., 2011). Fatores como
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idade, sexo, tamanho corporal e status fisiologico, bem como as variaveis fisico-
quimicas da &gua, podem modular a toxicidade de um mesmo composto. A ictiofauna é
afetada por desreguladores enddcrinos, ndo somente por estarem diretamente imersos
em varios xenobidticos de forma crénica, mas também porque a reprodugdo e a
diferenciacdo sexual podem ser afetadas por esses compostos (Francis, 1992; Kime,
1999; Leet et al., 2011). Diversos estudos conduzidos em laboratério e na natureza
mostram que a exposicdo aos EDCs pode influenciar negativamente no
desenvolvimento, reproducdo e no comportamento de peixes (Fenske et al., 2005;
Scholz and Kiliver, 2009; Weber et al., 2017). Niveis plasmaticos elevados de
vitelogenina, alteracdes no desenvolvimento gonadal, intersexo e redugdo nos indices de
fecundidade e fertilidade, estdo entre os efeitos mais comuns relatados na literatura

(Brian et al., 2007; Luzio et al., 2016; Prado et al., 2011).

A reproducdo de peixes, assim como a de outros vertebrados, é controlada
intrinsicamente pelo eixo Hipotalamico-hipofisario(pituitario)-gonadal (HPG), porém
fatores extrinsecos sdo importantes nesse grupo. Condicdes ambientais propicias (Ex:
temperatura, pH, pluviosidade, turbidez, dentre outros) servem como ‘“gatilhos”
cerebrais, estimulando o hipotalamo a liberar o hormonio liberador de gonadotrofinas
(GnRH) na adenohipdfise (pituitaria) estimulando a producéo e secrecdo dos horménios
luteinizante (LH) e foliculo-estimulante (FSH). Essas gonadotrofinas atuam nos ovarios
e testiculos estimulando a maturacéo gonadal e a producédo de esteroides importantes no
processo reprodutivo, como: 17p-estradiol (E2), Testosterona (T), 11-Ketotestosterona
(11-KT) e esteroides indutores da maturacdo (MIS) (Figuras 3 e 4) (Arantes et al., 2010;
Nagahama & Yamashita, 2008; Okuzawa et al., 2003; Paschoalini et al., 2013;

Themmen & Huhtaniemi, 2000).
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Figura 3 - Esquema simplificado da regulagdo hormonal no eixo Hipotalamico-
Pituitario-Gonadal (HPG) em teledsteos. GnRH = Horménio liberador de
gonadotrofina; LH = Horménio luteinizante; FSH = Hormonio foliculo estimulante; Vtg
= Vitelogenina; Zrp = Proteinas de zona radiata.

Para que os esteroides sexuais atuem nas células da linhagem germinativa de
teledsteos, é necessario a ativacdo dos receptores de esteroides, que podem estar
localizados no nucleo, citoplasma ou na membrana plasmatica. Esses receptores sao
divididos em trés classes: receptores de estrogeno (ERS), receptores de androgeno (ARS)
e receptores de progesterona (PgRs), e 0 mecanismo de acdo dos hormonios sexuais
dependem da ativacdo desses receptores. Essa ativacdo pode ocorrer pela via classica
(genémica) alterando a transcricdo dos genes alvo ou através da ativagdo de receptores
de membrana acoplados a proteina G (ativacdo de mensageiros secundarios - CAMP)
(Beato et al., 1996; Thomas, 2012; Wendler et al., 2012). Os desreguladores enddcrinos
podem atuar em diversas etapas deste eixo de producgdo e sinalizagdo hormonal,
alterando o padrdo reprodutivo de espécies e podendo levar ao colapso de populagdes

inteiras de peixes (Kidd et al., 2007).
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Figura 4 - Esquema resumido dos principais esteroides atuantes na gametogénese de
teledsteos e seus possiveis mecanismos de controle na espermatogénese e ovogénese. SPS-
Substancia de prevencdo a espermatogénese; SSRF- Fator de renovagdo de
espermatogonias tronco; E2- Estradiol; 11-KT- 11-Ketotestosterona; DHP- 17a-2083-
dihidroxi-4-pregnen-3-ona. (Miura e Miura, 2011)

Nas ultimas décadas foram observados diversos avangos no conhecimento sobre
a desregulacdo enddcrina em peixes de agua doce, porém a maioria dos estudos
utilizando espécies modelos como Danio rerio, Pimephales promelas e Oryzias latipes.
Apesar de grande diversidade de peixes encontrada na regido neotropical, a utilizacdo
de espécies nativas desta regido em abordagens toxicoldgicas foi negligenciada durante

muitos anos (Martins and Bianchini, 2011).

Os Characiformes representam a ordem de peixes mais dominante em toda
regido Neotropical, e espécies dos géneros Prochilodus e Astyanax estdo amplamente
distribuidas nas bacias hidrograficas da América do Sul (Reis et al., 2003).
Representantes desses géneros possuem grande importancia econdmica para a regiao
onde ocorrem, uma vez que Sdo apreciados para O consumo, pesca esportiva e
aquicultura (Baldisserotto and Gomes, 2005; Franco de Camargo and Petrere Jr, 2001).
Algumas espécies de Prochilodus e Astyanax ja foram caracterizadas como

bioindicadoras de ambientes poluidos e apropriadas para estudos ecotoxicoldgicos,
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porém abordagens relacionadas a desreguladores enddcrinos utilizando essas espéecies
ainda sdo raras (Prado et al., 2014, 2011; Schulz and Martins-Junior, 2001; Troncoso et

al., 2012).

Estudos com abordagens morfofisioldgicas sdo reconhecidos como importante
ferramenta em diversas aplicacbes, e tém contribuido para o desenvolvimento das
pesquisas relacionadas a influéncia de EDCs sobre a reproducao de peixes (Hutchinson
et al. 2006; USEPA et al., 2007). Aléem disso, a descri¢cdo dos mecanismos de acdo dos
diferentes compostos xenobioticos em diferentes espécies nativas, bem como a
comparagdo do potencial estrogénico entre as substancias mais comuns encontradas em
efluentes, podem fornecer informacdes importantes as autoridades regulatdrias,
permitindo assim o estabelecimento preciso dos limites legais de cada xenobiotico e
para cada regido especificamente. Portanto, diante da ampla distribuicéo territorial, além
da relevancia econdmica e ambiental das espécies, o presente estudo visa caracterizar a
influéncia de diferentes xenoestrégenos em duas espécies neotropicais, através da

avaliacdo de parametros morfométricos, histopatoldgicos e moleculares.
2. OBJETIVOS
2.1 Objetivo geral

Analisar a desregulacdo enddcrina e avaliar o potencial estrogénico de metais pesados,
estrona (E1) e Bisfenol-A (BPA), por meio de biomarcadores e parametros
morfofisioldgicas em gbdnadas, figado e bago de Prochilodus argenteus e Astyanax

bimaculatus em condig¢Oes naturais e de cultivo.

2.2 Objetivos especificos

2.2.1 Para avaliar o potencial estrogénico de metais pesados:
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e Detectar e quantificar as principais alterac@es histopatoldgicas em gbnadas,
figado e baco;

e Calcular os indices gonodassomatico (IGS), hepatossomatico (IHS) e o fator
de condicéo de Fulton (K) para machos e fémeas;

e Comparar os valores de IGS, IHS e K entre 0s rios;

e Auvaliar as alteracdes na expressao de Vitelogenina (Vtg), proteinas de zona
radiata (Zrp) e Metalotioneina (MTs) em figado de fémeas e machos;

e Dosar a concentracdo de metais pesados (Aluminio, Chumbo, Cobre, Cromo,
Céadmio, Ferro e Zinco) em figado e musculo dos peixes;

e Quantificar a porcentagem de foliculos vitelogénicos e atrésicos em fémeas, e
espermatogonias, espermatocitos, espermatides e espermatozoides em
machos;

e Relacionar alteracGes reprodutivas e condi¢cdes de salude dos peixes com as

concentracdes de metais pesados.

2.2.2 Para avaliar o potencial estrogénico de Estrona (E1) e Bisfenol-A (BPA):

e Detectar e quantificar as principais alteracbes morfofisiol6gicas em gbnadas e
figado nos diferentes tratamentos;

e Calcular e comparar os indices gonadossomatico (IGS), hepatossomatico
(IHS) e o fator de condigéo de Fulton (K);

e Determinar a concentracdo hepatica de 17p-estradiol (E2) nos machos;

e Localizar e quantificar a expressdo de Vitelogenina (\Vtg), Proteinas de zona
radiata (Zrp) e receptores de estrogenos (ERa ¢ ERB) em figado de machos;

e Quantificar a porcentagem de celulas da linhagem espermatogénica e

comparé-las entre os diferentes tratamentos;
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e Relacionar alteracdes reprodutivas e condigdes de salude dos peixes com as

concentracdes dos xenoestrogenos analisados;
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Heavy metals accumulation and endocrine disruption in Prochilodus argenteus
from a polluted neotropical river
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ARTICLE INFO ABSTRACT

Keywaords: Heavy metals are considered major pollutants of aquatic environments due to the difficulty of metabolization
Endocrine disrupters and the bipaccumulative potential in tissues of aquatic organisms, especially fish muscle that is often used as
His“‘mm“l_‘? food worldwide. In addition to causing cell damage, some metals such as aluminium (Al), cadmium (Cd), copper
Ganetogenesis (Cu), and lead (Pb) can act as endocrine disrupting chemicals in fish. The Pamopeba and Abacte Rivers are
::hm::;:;mmn important tributaries of the upper 530 Francisco River basin, but the Paraopeba River receives, along its course,

the discharge of many types of effluents that affect fish species, including widely consumed species such as
Prochilodus argenteus. This study evaluated histological and molecular changes caused by chronic exposure to
heavy metals in P. argentens from the Paraopeba River and compared this to fish from the non-impacted Abaete
River. Sampled fish from both rivers were used in histological analyses and immunochistochemical assays. The
results showed increased incidence of histopathologies and changes in number and morphology of germline cells
in both sexes. In addition, up-regulated expression of oestrogens-induced proteins in the liver of males were
detected in polluted environment. All the alterations were related to the concentration of metals in water and
fish. The high concentration of various metals observed in water and fish from Paraopeba River serves as an alert
to the environmental and public health regulatory authorities.

1. Introduction

Agquatic environments are often exposed to many types of pollutants
through inappropriate release of urban, industrial, or agricultural ef-
fluents. Toxic substances present in these residues may directly affect
aquatic organisms and/or indirectly affect other organisms, such as
humans, through the process of bioaccumulation (Fernandes et al.,
2008; Suboti¢ et al,, 2013). Heavy metals are considered major pollu-
tants of aquatic environments due to the difficulty of metabolization
and the bioaccumulative potential in tissues of aquatic organisms
(Ashraf, 2005; Fatima et al.,, 2015; Yohannes et al., 2013), especially in
fish muscle that is often used as a food resource around the world
(Bosch et al., 2016; Savassi et al., 2016). The accumulation of heavy
metals can influence enzymatic and metabolic activity, causing bio-
chemical and morphological alterations (Brraich and Jangu, 2015).
Chronic exposure to metals increases the production of reactive oxygen
species (ROS) such as hydrogen peroxide (Hz02), superoxide radical
(05-), and hydroxyl radical (OH-), leading to oxidative stress and finally
cell death (Atli and Canli, 2010; Mittler, 2002).

In addition to causing cell damage, metals such as aluminium (Al),
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cadmium (Cd), copper (Cu), and lead (Pb), are classified as metalloes-
trogens due to their ability to interfere in the action of oestrogenic
hormones (Safe, 2003). In general, endocrine disrupting chemicals
(EDCs) are components that can act in the endoecrine system of organ-
isms leading to three types of disturbance: (1) compromising the
synthesis and metabolism of endogenous hormones, (2) mimicking or
antagonising hormonal effects, and (3) influencing the synthesis and
action of their receptors (Chang et al, 2011; Le Guével et al., 2000;
Sloman, 2007; Zheng et al., 2010). The action mechanism of oestrogens
in cells is based on the interaction of oestrogen receptors (ERs) and
natural ligand. When activated, ERs dimerize and bind to specific DNA
sequences called oestrogen response elements (ERE) and start the
transcription of target genes. Molecular interactions between ocestro-
gens, ERs, and DNA have in common the important participation of
zine-fingers motifs in processes such as ER dimerization and binding
with DNA These motifs have cysteine and histidine with high affinity
for metals, and studies have shown that metals are capable of binding at
these motifs and disturbing the binding capacity of some transeription
factors with DNA (e.g. Sp-1, Egr-1, and TFINA) (Razmiafshari et al.,
2001; Reddy and Zawia, 2000; Zawia et al., 1998). Metalloestrogens are
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also capable of blocking or decreasing the binding of endogenous oes-
trogens to their receptors and acting as agonists through interaction at
ligand bind domains in ERs. (Darbre, 2006). Furthermore, Martin et al.
(2003) showed that metals such as chromium, cobalt, copper, lead,
mercury, and nickel can dissociate 17p-oestradiol from an oestrogen
receptor (ERa).

Another molecular influence of heavy metals is in the synthesis of
metallothioneins (MTs) (Chan, 1995; Dong et al., 2015). Metallothio-
neins are low molecular weight proteins (6-8 kDa), rich in cysteine and
important in homeostasis of essential metals for cellular machinery, as
well as in detoxification of non-essential metals (Carpené et al., 2007;
Viarengo et al., 2000). For example, MTs are responsible for main-
taining the zinc balance, an important metal for gametogenesis in fish
(Dong etal,, 2015; Kime, 1999). Due to their high affinity to metal ions,
metallothioneins are widely used as biomarkers for aquatic environ-
ments contaminated by heavy metals (Le et al.,, 2016; Wang and
Rainbow, 2010).

Many biomarkers are used in studies on the influence of EDCs in
fish, and among them, vitellogenin (Vtg) is one of the most common in
studies with xenoestrogens (Jones et al., 2000; Marin and Matozzo,
2004; Matozzo et al., 2008). Vitellogenin is the main protein in yolk
formation of oviparous vertebrates, and is synthesised through the in-
teraction between 17-oestradiol and oestrogen receptors (ERs) in he-
patocytes (Murphy et al., 2005; Nagler et al, 2010; Wallace, 1985).
Like Vtg, zona radiata protein (Zrp) is also influenced by the action of
oestrogens in the liver. In fish, the zona radiata is responsible for the
protection of oocyte contents and assists in blocking of polyspermy after
fertilisation (Arukwe et al., 2002). Normally, expression of Vtg and Zrp
are up-regulated only in adult females during gonadal maturation, but
the high expression of these proteins in males is considered an indicator
of contamination by ocestrogenic substances (Gokseyr, 2006; Gokseyr
and Male, 2006; Truman and van den Hurk, 2012). Tilton et al. (2003),
studying adult medaka, Oryzias latipes, exposed to cadmium (Cd)
showed disturbances to several reproductive aspects such as alterations
in the expression of vitellogenin (Vtg) and oestrogen receptors (ERs) in
the liver and changes to the gonadosomatic index (GSI). In Hetero-
preustes fossilis, lead (Pb) stimulated or inhibited the production of sex
steroids, depending on its concentration in water (Chaube et al., 2010).

Emission regulation of toxic substances in Brazil is the responsibility
of the National Council of Environment (Conama, 2005) and state en-
vironmental agencies. However, the criteria used to define the max-
imum values for each pollutant in the aquatic environment are based on
legislation of agencies from temperate climate countries, such as United
States Environmental Protection Agency (EPA) and European En-
vironment Agency (EEA). Consequently, maximum permissible values
of various contaminants may be underestimated or overestimated for
tropical fish species (Martins and Bianchini, 2011). Differences in the
physicochemical parameters of water can modulate the toxicity of some
pollutants, especially heavy metals. Camargo et al. (2009) showed that
the toxicity of aluminium in fish can be altered according to pH var-
iation. Furthermore, the influence of temperature on metal toxicity was
observed by Siscar et al. (2014), who showed that an elevation of 5 °C in
the water temperature was responsible for an increase in concentration
of metals in the kidneys and livers of fish.

The Sao Francisco River basin is one of the most important in Brazil,
draining areas in five states that cover 645,000 km”. The Paraopeba and
Abaete Rivers are important tributaries of the upper S&o Francisco River
and are responsible for the maintenance of fish stocks of several species
(Arantes et al., 2010, 2011; Domingos et al, 2013). Although the
Paraopeba River is considered a priority area for conservation due to its
high richness and diversity of fish (Drummond et al., 2005), this river
receives along its course the discharge of effluents from mining, tan-
neries, power plants, and urban/rural wastewater, affecting commercial
species especially (Arantes et al., 2016; Savassi et al., 2016). In contrast,
recent studies have shown that the Abaete River has a low toxic status,
contributing positively to the reproductive success of fish in the Sao
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Francisco River basin (Arantes et al,, 2010; Procdpio et al., 2014; Sato
et al., 2005).

The Prochilodus fish have detritivorous/iliophagous habits and feed
on residues in the substrate of rivers. In addition to exposure through
the gills, these species are also exposed to heavy metals through their
feeding habits, since sediments may show high concentrations of heavy
metals (Islam et al., 2015). For this reason, these species are considered
suitable bioindicators for the simultaneous evaluation of contamination
in the water column and the sediments (Almeida et al., 2005; Camargo
et al, 2009; Camargo and Martinez, 2006; Santos et al, 2005). Pro-
chilodus argenteus is an endemic, large, and very important commercial
fish in the whole Sao Francisco River basin, and 50% of all captured fish
in this basin are this species (Sato and Godinho, 2003). Due to the
ecological importance of the rivers and the lack of studies related to the
influence of heavy metals in endocrine disruption of Prochilodus ar-
genteus, we evaluated for the first time the molecular changes caused by
chronic exposure to heavy metals in an important commercial fish from
the Paraopeba River and compared it to fish from the non-impacted
Abaete River.

2. Methods

2.1. Sampling

Fish sampling was performed during the reproductive season of P.
argenteus in November and December of 2010 and 2011 in two rivers of
the Sio Francisco River basin, south-eastern Brazil: (1) Abaeté River
(ABR) - reference site, near to its confluence with the 530 Francisco
River (18°30.00"S, 45°12'57.18"W) and (2) Paraopeba River (PBR) -
polluted site, near to its confluence with the Betim River
(19°57'50.2475, 44°16°52.42"W). A total of 34 adult Prochilodus argen-
teus were collected, 9 females and 8 males from the ABR and 10 females
and 7 males from the PBR, totalling 17 specimens from each sampling
site. The fish were caught with gill nets and cast nets and were eu-
thanized using a lethal concentration of Eugenol (200 mg/1). For all
fish, we recorded biometric data, such as total length (TL), body weight
(BW), liver weight (LW), gonad weight (GW), sex, and gonadal ma-
turation stages. All the procedures were executed following the ethical
principles  established by the Brazilian College of Animal
Experimentation (COBEA) and the National Council for Control of
Animal Experimentation (CONCEA). The study was approved by the
Ethics Committee on Animal Use of Pontifical Catholic University of
Minas Gerais, Brazil (CEUA - PUC Minas, Protocol 021/2015).

2.2 Water parumeters

The water quality data of the sampling sites were obtained from MG
Institute of Water management (IGAM, 2011, 2012), which has mon-
itoring points coincident with those of the fish sampling locations in the
present study. The raw data obtained from IGAM are available for
public consultation and were used in the present study as parameters of
water quality for the two rivers (Supplementary material 1).

2.3. Biological indices

To detect differences in the weight of gonads and liver related to
body weight, the gonadosomatic index (GSI = (GW/BW) x 100) and
the hepatosomatic index (HSI = (LW/BW) x 100) were calculated. Only
ripe males and females were selected for caleulating the gonadosomatic
index due to the great change of gonadal weight during maturation. The
Fulton's condition factor (K=100 BW/TL?®) was also calculated to
compare the health status of the males and females between rivers.

2.4. Heavy metals quantification

Fragments of liver and muscle were extracted and stored at —20°C.
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For determination of aluminium (Al), eadmium (Cd), zinc (Zn), lead
(Pb), chromium (Cr), copper (Cu), and iron (Fe) concentrations, frag-
ments of liver and muscle were submitted to acid digestion in StartD
(Milestone) with controlled temperature heating.
Approximately 1.5g in triplicate were weighed and placed in PTFE-
TFM pumps with 20 ml of nitric acid (65% HNO;) and digested for
25 min at a temperature of 220 “C. After digestion, samples and blank
solutions were determined by an AA-680 Shimadzu (Kyoto, Japan)
flame atomic absorption spectrometer (FAAS) in an air-acetylene flame,
according to the user's manual, provided by the manufacturer. Pyrolytic
graphite tubes were used, and signals were measured at a peak height.
To assure the analytical quality of the results and validation of the
method, the certified standard fish protein DORM 2 (fish protein cer-
tified reference material for trace metals, Canada) was analysed along
with the samples and the recovery percentage was 95-105%.

microwave

2.5. Histology, histochemistry and immunohistochemistry

Samples of livers, spleens, and gonads were fixed in Bouin's fluid,
embedded in paraffin, sectioned at 5pm thickness, and stained with
haematoxylin-eosin (HE) and Gomori trichrome (GT) for histology.
Some sections passed through Perl's histochemical reaction (Luna,
1960). This technique enables the identification of melano-macrophage
centres (MMCs) pigment granules, such as melanin (black), hemosi-
derin (blue), and lipofuscin (yellow-brown)(Blazer, 2002).

For the immunohistochemistry reactions for Vitellogenin (Vig)
(polyclonal rabbit anti-salmon VTG, 1:200, Biosense), zona radiata
proteins (Zrp) (polyclonal rabbit anti-salmon ZRP, 1:200, Biosense), and
metallothionein (MT) (polyclonal rabbit anti-cod MT, 1:50, Biosense),
liver sections were washed in water for 60 min followed by antigen
retrieval in citrate buffer (pH 6.0) for 30 min in a water bath at 60 "C.
Next, the secions were incubated with 3% H.0. to inactivate en-
dogenous peroxidase. For permeabilization and to block unspecific
staining, blocking buffer was used (2% bovine serum albumin + 0.05%
Triton ¥-100 + 0.01% Tween 20). Primary antibodies (Vtg, Zrp, and
MT) were applied to the sections overnight in a humidified chamber at
4 °C. For immunoperoxidase, the sections were labelled with 3'3-dia-
minobenzidine (DAB) and counterstained with haematoxylin. For im-
munofluorescence, the sections were incubated with secondary anti-
body ALEXA 488 (goat antirabbit IgG, 1:200, A11034, Life
Technologies, Carlsbad, CA, USA). For the negative control, the treat-
ments with primary antibody were omitted. Fluorescence images were
obtained using a 510 META Laser Scanning Confocal Microscope (Zeiss,
Oberkochen, Germany) and processed with Image J software.

2.6. Quantification of histopathology, volumetric proportion of germ cells,
and follicular diameter

To compare the incidence of liver and spleen histopathology be-
tween the sampled rivers, 13 slides of fish from each river were se-
lected. For each slide, 5 fields were randomly chosen at 10X magnifi-
cation and quantification was performed using a 494-intersite grid
(26 % 19-point grid) in Image J software, which gave a total of 260
fields analysed considering both organs and both sites (65 of the livers
and 65 spleens from each sampling sites). The following parameters
were quantified: parenchyma area, melano-macrophage centres
(MMCs), blood vessels, and fibrosis,

In the same way, 5 slides per river (and 5 fields per slide) of males in
advanced maturation stage from each river were selected to assess the
proportion (%) of germ cells. To assess the follicular diameter in ripe
females, 5 slides per river (and 5 fields per slide) were selected and the
measurement was performed using a light microscope coupled to
Axiovision 4.8 software.

The follicular atresia index (FAI) was determined by the proportion
of atretic vitellogenic follicles (AO) in relation to the total number of
vitellogenic follicles (VO) (FAI=V0/AOx100). The parameters used to
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define a follicular atresia were: the fragmentation of the zona pellucida,
yolk liquefaction, and hypertrophied follicular cells.

2.7. Quantification of immunohistochemistry reactions

Metallothionein, vitellogenin and zona radiata proteins labelled
with peroxidase were quantified using the plugin “IHC toolbox™ for
Image J software (NIH) (Gupta et al, 2007). In summary, the colour-
picker function was used to manually identify the most darkly-brown
{(DAB) stained region of interest (positive reactions). The selected re-
gions were feathered and adjusted in threshold tool to remove back-
ground and isolate only labelled regions. Finally, the images were
transformed into binary images and subsequently analysed in Image J.
The results are expressed as percentage of area marked (positive reac-
tions) in relation to the total field. For each biomarker, 5 slides per river
and 5 fields per slide were randomly chosen at 100X magnification,
giving a total of 50 (25 from ABR and 25 from PBER) fields analysed.

2.8. Staristical analysis

Statistical analyses were performed using GraphPad Prism software
version 5.0 for Windows (GraphPad Software, San Diego, California,
USA, www.graphpad.com). Values are expressed as means * standard
error (SE), and the results were considered significant at a 95% con-
fidence interval (p = 0.05). As the biological data and metals con-
centrations did not show a normal distribution, they were analysed
using the nonparametric Kruskal-Wallis (followed by Dunn's post-test)
and Mann-Whitney (Wilcoxon Rank-sum test) tests.

3. Results
3.1. Biometric data of fish samples

The TL and BW values ranged between 38 and 56cm
(41.5 = 1.5cm in ABR and 47.1 + 3.1cm in PBR) and 800-2600g
(992.2 + 136.0g in ABR and 15358 + 323.76g in PBR), respec-
tively, but no statistical difference between them was observed.
Additionally, analysis of the HSI showed higher values in the Abaete
River, but without significance. GSI comparison between ABR and PBR
revealed a significant difference only among males, where a significant
reduction was observed in testes of P. argenteus from the Paraopeba
River. In addition, the Fulton's condition factor (K) did not show a
significant difference among females, but PBR males exhibited statis-
tically higher values (Supplementary Material 2).

3.2, Heavy metals conceniration in water and tissues

The concentrations of heavy metals measured in the livers and
muscles of the fish sampled in present study agree the water quality
data provided by IGAM. At the reference site, ABR, metals such as Al,
Cd, Pb, Cu, and Zn had concentrations within safe limits, only Cr
showed high concentration in the livers and muscles. However, in the
Paraopeba River all metal concentrations were above the limits in at
least one of the tissues. Average concentrations of Pb, Cr, Cu, and Fe
presented values more than 10-fold greater than safe limits, especially
cadmium that showed an average concentration 27-fold higher.
Aluminium does not have a maximum permitted value for tissues de-
fined by the reference agencies; however, our data show that in PBR
this metal also presented higher concentrations compared to ABR
(Table 1).

3.3. Histological assessment
3.3.1. Liver and spleen histology

Histologically, the liver sections from fish sampled in ABR exhibited
a normal appearance, with the hepatocytes presenting a uniform
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cytoplasm, vesicular, and spherical nucleus. Hepatocytes of P. argenteus
in ABR were arranged in cords between conspicuous sinusoidal capil-
laries (Fig. 1-A). Livers from PBR showed circulatory changes, such as
dilatation and congestion of sinusoids and a massive presence of
melano-macrophage centres of different sizes that were associated with
blood vessels (Fig. 1-B). Liver samples from the two rivers stained by
PERL's reaction showed melano-macrophagic centres with the same
lipofuscin and hemosiderin granule-content (Figs. 1-C and 1-D).

Spleen analysis showed the same pattern as observed in the livers.
Samples from ABR had a normal splenic appearance with a well-defined
red and white pulp, few small MMCs, and inconspicuous sinusoidal and
ellipsoidal capillaries (Fig. 1-E). In PBR, the spleen sections showed a
higher number of MMCs, sinusoidal dilatation, and fibrosis (Fig. 1-F).
Unlike the livers, the content and format of the MMCs in spleen samples
varied between rivers. In ABR, the melano-macrophagic centres pre-
sented rounded forms and contained lipofuscin and hemosiderin;
however, in PBR, the MMCs presented polymorphic shapes containing
lipofuscin and melanin granules (Figs. 1-G and 1-H).
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FAD/WHO FAQ,/Waorld Health Organisation (2002)

Candadian Coucil Of Ministers Of The Environment (2011)
Decreto 55871 (1965)

US Environmental Protection Agency USEPA [2017)

IGAM (2011, 2012)
Present study
Present study
IGAM (2011, 2012}
Present study
Present study
Conama (2005)

References

In a quantitative analysis, some differences were observed in the
morphological and histopathological parameters between ABR and
PBR. Among the quantified parameters, it was observed that the livers
from PBR exhibited a significant increase only in the number of melano-
macrophagic centres (MMCs). In the spleen, significant variations were
observed in all parameters compared between rivers, with the occur-
rence of fibrosis, number of blood vessels, and melano-macrophagic
centres showing significant elevation. In addition, a reduction of 6% in
parenchyma area was also observed in spleens from PBR
(Supplementary Material 3).
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3.3.2. Reproductive parameters

Testes from ABR showed a normal organisation of spermatocysts on
the wall of seminiferous tubules and spermatozoa in the lumen (Fig. 2-
A). In PBR, disorganised and degenerating spermatocysts as well as
macrophagic aggregates were detected (Figs. 2-B to 2-E). Females from
ABR also presented normal ovary morphology in the reproductive
season, which is characterised by the predominance of vitellogenic
oocytes containing acidophilic yolk granules, thick zona radiata, and
squamous follicular cells (Fig. 2-F), and additionally, the presence of
post-ovulatory follicles, indicating the release of vitellogenic oocytes
was observed in females (Fig. 2-I). In the Paraopeba River, a higher
incidence of atretic follicles was detected at different stages of devel-
opment. Atresia is characterised by the fragmentation of the zona ra-
diata, yolk liquefaction, and follicular cell hypertrophy (Fig. 2-G). In
PBR, we also observed follicles with a disturbance in the yolk deposi-
tion and overripe oocytes (Figs. 2-H and 2-J).

1.19

1.83 = 0.65

1.88 = 0.83

0.04 = 0.01
*

4.01
293 = 0.86

NI
0.05
0.001
0.011

Cr
0.1

Cu

ND

28.74 = 20.8
8.16 = 1.58
NI

440,14 = 119.24
B4.75 = 729
0.009

0.002

30

30

Pb

ND

0.29 = 017
0.26 = 019
0,002 = 0.001
3.25 = L26
1.24 = 0.49
0.01

0.001

0.002

0.3

0.2

3.3.3. Quantification of reproductive parameters

The quantified reproductive parameters in males and females of P.
argenteus showed remarkable differences between the rivers. Ripe fe-
males from PBR presented smaller follicular diameters and higher fol-
licular atresia index when compared to females from ABR (P < 0.05).
The mean FAI observed in PBR females was 27.5%, approxdmately 15-
fold higher than that observed at the reference site-ABR, where the
mean FAIl was 1.8%. Regarding males, changes in the number of
germline cells in the testes were observed in fish from PBR. The volu-
metric proportion of spermatogonia and spermatocytes increased, while
spermatids and spermatozoa decreased significantly (Table 2).
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3.4. Molecular alterations

Changes in expression of metallothionein, vitellogenin, and zona
radiata proteins were detected and quantified by immunohistochemical
assays. Metallothionein, a biomarker of environments contaminated
with heavy metals, showed a higher expression in liver samples from
PBR when compared to ABR. Positive reactions for MT were frequently
seen associated with hepatocytes presenting vacuolization and/or

Paraopeba river - PER
‘Water limits (mg/ml)
Tissue limits (mg/Hg)
ND = Not detected

Abaete river - ABR
Water
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Metals concentration in ABR and PBR water; liver and muscle of P. argenteus, and the permissible limits from the different water and food safety guidelines. Results presented as mean = standard error (SE) and different
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letters show statistical difference between sites (P < 0.05).
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Table 1
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steatosis. The mean area with positive reactions/per field in ABR was
0.55 * 0.08% while in PBR, it was 1.90 + 0.22% (p < 0.05) (Figs. 3
and 5).

Regarding the biomarkers for oestrogenic contamination, no ex-
pression of vitellogenin and zona radiata proteins were detected in ABR
males, only in females. However, P. argenteus from the Paraopeba River
presented marked variations in the expression of these biomarkers. PBR
females showed higher means of Vtgand Zrp than in ABR, although they
did not have statistical differences. In males from PBR, hepatic ex-
pression of Vtg and Zrp was similar to the expression detected in females
and significantly higher than ABR males. Immunofluorescent localisa-
tion showed similar results to those observed for peroxidase, confirming
the increased expression of these biomarkers in PBR males (Figs. 4 and
5).

4. Discussion

The release of urban, industrial, and rural effluents into aquatic
environments is an inherent challenge to human activity worldwide. In
Brazil, most sewage produced in municipalities and from agricultural
activities are often released in natura into aquatic environments, which
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Fig. 1. Histopathology assessment of the livers and spleens
of P. lineatus from the Abaeté (ABR) and Paraopeba (PBR)
Rivers. (A) Liver from ABR showing a central blood vessel
(BV) and cords of hepatocytes (HE, 10 x); (B) Liver
showing systemic dilated sinusoids and high incidence of
melano-macrophage centres (black arrows) (HE, 10 x); (C
and D) Livers from ABR and PBR stained with PERLS
histochemical technique. In both, the compaosition of the
MMCs was lipofuscin (brown) and hemosiderin (blue/
green) (40 x); (E) Spleen from ABR presenting few MMCs
(black arrows); (F) Spleen from PBR with high incidence of
MMCs (black arrows), dilated sinusoids, and fibrotic pro-
cess (F)(HE, 4 x); (G) Spleen from ABR stained with
PERLS histochemical technique showing lipofuscin and
hemosiderin content (4 x; insert=100 x); (H) PERLS
histochemical technique in the spleen of a fish from PBR
showing lipofuscin and melanin (insert: white arrows) (5 x;
insert= 100 x).

represents a threat to wildlife and humans (Brasil. Instituto Brasileiro
de Geografia e Estatistica - IBGE, 2010; Yanda and Madulu, 2005). The
Paraopeba River, an important river in south-eastern Brazil, has a his-
tory of heavy metals contamination from tannery, pesticide, urban, and
mining wastewaters (Veado et al, 2006). High concentrations of heavy
metals in commercial fish from the Paraopeba River have been reported
recently by Savassi etal. (2016) and Arantes et al. (2016), in which they
showed histological alterations in several organs. In the same way, the
results found in the present study indicate that the high levels of heavy
metals observed in water and fish from PBR could affect the gonadal
development of P. argenteus. According to IGAM and (, 2011, 2012),
during the reproductive season of P. argenteus, the concentration of
heavy metals in the water of the reference site, the Abaete River (ABR),
remained within safe limits. These low metal concentrations were also
observed in other studies performed in the same river, such as Procépio
et al. (2014). In contrast, the Paraopeba River presented metal con-
centrations (Al, Pb, Cr, Fe, and Zn) in the water above the limits es-
tablished by Brazilian laws (Conama, 2005) and by other regulatory
agencies, such as the US Environmental Protection Agency (USEPA,
2017) and Canadian Council of Ministers of Environment (Candadian
Coucil Of Ministers Of The Environment, 2011). This difference in the
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toxic status was also noted in quantification of heavy metals in liver and
fish muscle, where most of the metals measured were above the safe
limits for fish from PBR. It is important to note that metals like Cd and
Cu were not detected in the water samples, but in the liver and muscle
these metals were far above the safe limits. This fact shows that mea-
suring the concentrations of some pollutants only in water (i.e. heavy

Table 2
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Fig. 2. Histology analysis of gonads of P. ar-
genteus from the Abaete and Paraopeba Rivers.
(A and B) Testes from ABR and PBR, respec-
tively, in same stage of matration presenting
variations in number of: spermatogonia (white
arrows), spermatocytes (SC), spermatids (SD),
and spermatozoa (SZ) in tubules (HE, 20 x );
(C and D) Testes from PBR presenting tubules
in the process of degeneration (inside black lines
and star)(HE, 20X and 100 x); (E)
Disorganisation in seminiferous tubules in fish
from PBR (HE, 40 x); (F) Ripe ovary from ABR
with predominance of vitellogenic follicles
(VO) (HE, 5 x); (G) Ripe ovary of a female
from PBR with high incidence of atretic folli-
cles (AQ) at different stages (HE, 5 x ). Insert:
Vitellogenic follicle bordering atretic follicle.
Note the fragmentation of zona radiata and
follicular cell hypertrophy in AO (HE, 100 x );
(H) Overripe oocyte in PBR (*) (HE, 20 x ); (I)
Post-ovulatory follicle detected in females from
ABR (HE, 40 x) (J) Disturbance in the yolk
deposition detected in PBR (HE, 5 x ).

metals) may reflect erroneous environmental diagnoses by public
agents.

The biometric data of P. argenteus sampled in both rivers presented
similar values, without statistical differences between body weight,
total length, GSI of females, and hepatosomatic index. In addition, the
values of physicochemical parameters of the water also did not

Reproductive p of P.arg from the Abaeté (ABR) and Paraopeba (PBR) Rivers. Data is presented as mean and standard error (SE) and different letters

mean statistical difference between sites (P < 0.05).

Abaete river (ABR)

Paraopeba river (PBR)

Mean * SE Range Mean + SE Range
Females
Follicular atresia Index (%) 1.8 = 1.2* 0.0-10.5 275 + 85" 0.0-73.0
Follicle diameter (ym) 980.3 + 14.4* 780.7-1132 8488 + 10.59" 688.5-979.3
Males
Spermatogania (%) 1.82 + 0.22* 0.6-4.5 3.93 + 0.64" 2.3-10.5
Spermatocytes (%) 1705 + 1.14* 6.3-30.4 2288 + 2.04" 13.4-31.0
Spermatids (%) 6.11 + 0.71* 0.9-11.6 273 = 0.49" 0.0-6.0
Spermatazoa (36) 3290 + 1.83* 23.0-47.7 1996 + 4.24" 0.0-36.9
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Fig. 3. Immunohistochemistry for metallothionein in livers of P. argenteus. (A) Few peroxidase positive reactions in a sample from ABR (100 x); (B and C) im-
munofluorescence localisation of MT in a liver from ABR (B= dark field; C=merged layers - bright field/dark field) (63 x ); (D)= Immunoperoxidase localisation of
MT in a liver from PBR with high incidence of positive reaction associated with hepatocytes in the process of steatosis (100 x); (E and F) immunofluorescence
localisation of MT in a sample from PBR (E = dark field; F=merged layers - bright field/dark field) (63 x).

significantly vary the between rivers (IGAM, 2011, 2012). The stan-
dardisation of abiotic and morphological parameters in comparative
toxicological studies results in more reliable data, since the capacity to
metabolise toxins, and the occurrence of histopathologies in fish may be
modulated by water temperature, pH, season, age, and body size (Al
Yousuf et al., 2000; Brown and George, 1985; Canli and Adi, 2003;
Nakata et al., 1995; Polat et al., 2015; Sassi et al., 2010). Among the
biological indices, only a significant reduction in GSI and an increase in
Fulton's condition factor (K) in PBR males were observed. According to
Hachfi et al. (2012), GSI is a simple way to evaluate testicular dys-
function, and decreased GSI is typically related to exposure to oestro-
genic or anti-androgenic substances. The condition factor considers the
weight-length relationship and in normal conditions, fishes present an
increase in the K value during gonadal maturation and after re-
production this value decreases (Froese, 2006; Carvalho et al,, 2009).
Indeed, any substance that can alter the reproductive process, such as
EDCs, can lead to biometric changes and consequently change the value
of K, and our initial hypothesis was that fish would present lower values
in a polluted environment, i.e. PBR; however, K values obtained for
males in PBR were statistically higher than the reference site, ABR, a
result also observed by other authors studying xenoestrogens such as
Wolf and Wolfe (2005); Knapen et al. (2009); Weber et al. (2017). In
the same way, Adams et al. (1996), working on redbreast sunfish (Le-
pomis auritus), found an increase of condition factor in contaminated
sites and a decrease of the visceral-somatic index, relating these effects
to an increase in tissue fat storage. Despite the studies cited above, the
influence of oestrogenic compounds on the K value is still controversial
and future studies may elucidate this issue.

Environmental assessment through histopathological analyses is an
important tool in the detection of physiological changes and determi-
nation of the health status of fish exposed to pollutants in a chronic or

acute way (Ayas et al., 2007; Camargo and Martinez, 2007; Costa et al.,
2011). Considering the microscopic analyses, the comparison between
the Paraopeba and Abaete Rivers showed that in the polluted en-
vironment there was a significant increase of macrophagic aggregates
in the liver and spleen, reinforcing the reports of several authors about
the effective use of MMCs as a biomarker of impacted environments
(Agius and Roberts, 2003; Fishelson, 2006; Fournie et al., 2001;
2012). In teleosts, MMCs are generally found in he-
matopoietic tissues, mainly in the stromal region of the spleen and peri-
portal hepatic region (Macchi et al., 1992), similar to that found in the
present study.

Despite the importance of evaluating cellular alterations in polluted
environments, alone it may be insufficient to diagnose the type of
contaminant present in the environment. In this sense, an association
with biochemical and molecular methods is necessary; however, this
type of approach in neotropical fish is still scarce (Arantes et al., 2016;
Martins and Bianchini, 2011; Rabitto et al., 2005). The results of his-
topathological analyses and the concentrations of heavy metals in water
and tissues agreed with the results of the immunohistochemical assays.
The significant increase in the expression of hepatic metallothioneins,
about 3-fold higher in PBR than ABR, confirms a greater exposure of P.
argenteus to metals in this river. It is known that MT exchange ability
depends upon the metal species present, and the majority of MTs exist
in zinc form. However, some metals such as Cd, Pb and Cu can displace
Zn** from MT molecule, thus stimulating the production of more me-
tallothioneins (Coyle et al, 2002). Coincidentally, the hepatic con-
centration of these three metals were very high in PBR samples, which
explains the increase in the production of MTs in the liver. This fact has
also been demonstrated in other studies, confirming the efficacy of this
biomarker in detection of metallic pollutants in aquatic vertebrates
(Banni et al., 2005; Lange et al., 2002; Le et al., 2016).

Troncoso et al.,
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Fig. 4. Inmunoperoxidase and immunofluorescence localisation of Vtg and Zrp in livers of P. argenteus from the Abaeté River (ABR) and Paraopeba River (PBR).
White arrows = positive reactions to vitellogenin and zona radiata proteins in samples.

In the Paraopeba River, some morphophysiological changes were
also observed for the gonadal maturation process. The expression of
vitellogenin and zona radiata proteins in the liver in males presented
similar values to those found in females from both rivers. Increased
expression of these proteins in males is considered strong evidence of
oestrogenic activity in fish, since the production of them is dependent
on the influence of oestrone (E1) and 17f-oestradiol (E2) in hepato-
cytes (Adeogun et al., 2016; Nadzialek et al., 2011; Prado et al., 2014;
Silva et al, 2012; Weber et al., 2017). Moreover, chronic exposure to

xenoestrogens seemed to alter the volumetric proportion of germline
cells in testes from PBR. According to Schulz et al. (2010) spermato-
gonial proliferation is regulated by 17B-oestradiol, but the abnormal
elevation in number of spermatogonia may be related to the constant
exposure to metals that display the ability to mimic E2 action, such as
Cd, Pb, Cu, and Al (Correia et al., 2010; Georgescu et al, 2011). Despite
the higher number of spermatogonia and spermatocytes, the significant
reduction in spermatids and spermatozoa may be related to dis-
turbances in the production and signalling of androgens and progestins
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Fig. 5. Quantification of immunoperoxidase positive reactions to metallothionein, vitellogenin, and zona radiata protein in livers of P. argenteus from ABR and PBR.

(*) = Statistcal difference (p < 0.05).
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caused by heavy metals, especially DHP (17a,20p-dihydroxy- 4-
pregnen-3-one) and 11-ketotestosterone (Noaksson et al., 2005). In fact,
heavy metals can bind to androgen and progestin receptors altering
their action (Chaube et al., 2010; Georgescu et al., 2011), and the de-
crease in spermiogenesis (spermatids and spermatozoa) observed in the
Paraopeba River also suggests that heavy metals affect the final steps of
spermatogenesis. Chaube et al. (2010) showed that lead, a metal found
in high concentrations in PER, deregulates the expression of various sex
hormones, including progestins. This reduction in reproductive “fit-
ness” of males in environments chronically contaminated with oestro-
genic compounds has also been observed in other studies with fresh-
water fish (Huang et al., 2015; Kinnberg and Toft, 2003; Silva et al.,
2012; Weber et al,, 2017). Pollution in PBR also negatively influenced
the gonadal development of P. argenteus females. Ovarian alterations
such as over-ripened oocytes, decreased follicular diameter, increased
atretic follicles, and absence of post ovulatory follicles may also be
related to the accumulation of metals. For example, interference in
hormones such as DHP in females causes a "delay” in ovulation, leading
to reproductive changes such as over-ripening and atresia of vitello-
genic follicles (Flett et al, 1996; OECD, 2009; Scholz et al,, 2008), as
observed in the present study and by other authors in similar studies
(Prado et al.,, 2011; Van Der Ven et al., 2007; Weber et al, 2017).
Despite the signs of endocrine disruption presented here, further studies
measuring the plasma steroid concentrations can elucidate the real in-
fluence of xenoestrogens, Le. heavy metals, on the gametogenesis of P.
argenteus from the Paraopeba River.

Experimental studies usually evaluate isolated substances and pro-
vide different results from studies conducted under natural conditions,
where fish are often exposed to a pool of pollutants (heavy metals)
which may present {anti) oestrogenic and / or (anti) androgenic effects
(Petrovic et al., 2004; Thomas et al, 2002). The interaction of these
metals can oceur in a synergistic or antagonistic way, causing an in-
crease or decrease of the general toxicological response (Daka and
Hawkins, 2006). According to Yin et al. (2017), oestrogenic and anti-
androgenic compounds administered together had more severe dereg-
ulatory effects on zebrafish reproduction than when given alone. Si-
milarly, Driessnack et al. (2016) also observed that when Cu and Cd are
present in the mixture, they cause more severe effects on chronically
exposed fish. Regardless of some recent studies, little is known about
the chronic effects of metal mixtures on neotropical fish in nature.

Investigating the effects and the risks of exposure of aquatic or-
ganisms and humans to EDCs is a challenge in ecotoxicology. Other
water bodies around the world also suffer from the constant discharge
of various toxic substances through the lack or ineffective treatment of
wastewaters, a situation that can lead to the collapse of entire popu-
lations of fish (Kidd et al., 2007). In vertebrates, sexual differentiation,
development, and gonadal maturation are regulated by a complex
hormonal axis between brain-pituitary-liver-gonads. Inter ference at any
stage of this axis may reflect in a cascade effect, and recent studies show
that some metals can act at many stages of this process in fish
(Driessnack et al, 2016; Scholz and Kliiver, 2009; Yamaguchi et al.,
2007).

In teleosts, the effects of EDCs can be long and transferred to the
offspring, affecting up to more than one generation (Fnz2) (Brown
et al., 2005; Nash et al., 2004; Patyna et al., 1999). In addition, con-
sumption of contaminated fish may indirectly affect other organisms,
including humans. A study published by Aravindakshan et al. (2004)
showed that rats fed with fish exposed to xenoestrogens transferred
these contaminants to their offspring through lactation. In fact, the
bioaccumulation and biomagnification capacity of heavy metals are
characteristics that make this type of contaminant even more dan-
gerous. These pollutants are frequently incorporated into the food chain
via water, micro-organisms, plants, and fish, finally being consumed by
humans through drinking water and/or eating fish (Sfakianalds et al.,
2015). In the present study, the high concentration of various metals
observed in PBR water and fish serves as an alert to the environmental
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and public health regulatory authorities. Moreover, our data suggests a
close environmental monitoring of the Paraopeba River is needed due
to its ecological relevance for fish fauna (Drummond et al., 2005) and
the high consumption of P. argenteus in this river and whole Sao
Francisco River basin (Sato and Godinho, 2003).

5. Conclusion

The data presented in this study indicates that the high concentra-
tion of heavy metals observed in the water and fish from the Paraopeba
River negatively affects the reproductive process of Prochilodus argen-
teus when compared to fish from the reference site, the Abaete River. An
increased incidence of histopathologies, changes in number and mor-
phology of germline cells, and the up-regulated expression of vitello-
genin and zona radiata proteins in males, suggest that heavy metals in
addition to causing tissue damage can act cestrogenically in female and
male fish from PBR. The daily discharge of several pollutants into the
Paraopeba River makes it difficult to diagnose all the substances that
may be influencing the endocrine disruption of P. argenteus, but the
data shown in the present study indicate that the high concentrations of
heavy metals certainly contributed to the alterations observed.
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RESUMO

Nas Ultimas décadas, estrona-E1 e estradiol- E2, juntamente com outros
compostos estrogénicos inorganicos (Ex: metais pesados) ou sintéticos (Ex: Bisfenol-
A), séo frequentemente reportados em concentracdes relevantes nos ambientes
aquaticos em todo o mundo, representando um grande risco a vida aquéatica. A maioria
dos estudos com xenoestrogenos realizados em laboratdrio, tenta entender os efeitos de
um Unico contaminante, porém, em ambientes naturais, os efeitos desses
xenoestrogenos podem ser bastante diferentes devido as interagdes com outros
compostos. Diante deste cenario, 0 presente estudo visa comparar a acdo de dois
compostos estrogénicos (estrona - E1 e Bisfenol-A — BPA), atuando de forma isolada e
conjunta, na biologia reprodutiva de uma espécie modelo neotropical, ap6s exposi¢do
subaguda. Exemplares adultos de Astyanax bimaculatus foram dispostos em 8 aquarios
de 20L, em duplicata, totalizando um numero de 10 individuos por aquario. Apoés
exposicdo a 10ug/L de estrona, Bisfenol-A e a mistura deles, durante 15 dias, 0s
resultados mostraram que a estrona possui um potencial estrogénico e desregulador
endocrino superior ao Bisfenol-A, uma vez que foram detectados maiores niveis de
estradiol e vitelogenina no figado. Alem disso, E1 alterou significativamente o nimero

de diferentes células espermatogénicas, enquanto BPA apresentou queda apenas em

espermatides. Por outro lado, BPA apresentou mais toxicidade pois foi observado um
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maior nimero de histopatologias e de células em apoptose. A anélise da mistura dos
dois compostos estrogénicos mostrou que estrona e bisfenol-A ndo possuem efeitos
aditivos ou sinergéticos. Em suma, os resultados do presente estudo mostram que
substancias analisadas isoladamente podem apresentar um comportamento diferente de

quando administradas com outras substancias.

Palavras-chave: Espermatogénese, misturas, xenoestrogenos, reproducdo de peixes,

desregulacdo endocrina

INTRODUCAO

Recentemente, diversos estudos mostram que muitos compostos possuem a
capacidade de desregular a funcdo, os niveis e a distribuicdo de hormoénios enddgenos,
sendo classificadas como desreguladores endocrinos (EDCs)(Archer et al., 2017; Hachfi
et al., 2012; Pojana et al., 2007). Essas substancias podem ocorrer naturalmente (Ex.:
fitoestrogenos) ou podem entrar no meio ambiente por meio de atividades antrdpicas.
Efluentes urbanos, rurais e industriais ndo tratados, despejam regularmente em corpos
d’agua diversos EDCs que podem atuar em diferentes classes de organismos vivos,
principalmente em peixes, uma vez que estdo diretamente em contato com esses
poluentes no meio aquéatico. Dentre essa gama de toxinas, aquelas que possuem a
capacidade de interagir com os receptores de estrogenos (ERS) e/ou mimetizar a acéo de
estrégenos naturais, sdo conhecidas como xenoestrogenos (Falconer et al., 2006;

Metcalfe et al., 2001; Ying et al., 2002).

Dentre os principais estrégenos atuantes nos peixes, estdo a estrona (E1),
originada da aromatizacdo de androstenediona, e o estradiol (E2) originado da
aromatizacdo da testosterona (T), ambos processos através da atuacdo da enzima

aromatase (CYP19) (Van, 2013). Esses estrogenos sdo fundamentais no processo
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reprodutivo de peixes, uma vez que estdo envolvidos na regulagdo da ovogénese,
vitelogénese, regulagdo de gonadotrofinas, desenvolvimento testicular, dentre outros
(Hachfi et al., 2012; Heldring et al., 2007; Nelson and Habibi, 2013). No entanto,
quando estdo em excesso no organismo, ativam um “feedback” negativo no intuito de
controlar a secregdo hormonal, suprimindo a liberacdo de GnRH, e consequentemente
das gonadotrofinas LH e FSH, diminuindo a producdo de estrogenos nas ceélulas

somaticas das gbnadas.

Nas Ultimas décadas, esses dois hormonios naturais (E1 e E2), juntamente com
outros compostos estrogénicos inorganicos (Ex: metais pesados) ou sintéticos (Ex:
Bisfenol-A), tém sido frequentemente reportados em concentracBes relevantes nos
ambientes aquaticos em todo o mundo, representando um grande risco a vida aquética
(Kidd et al., 2007; Pojana et al., 2007; Weber et al., 2017). Estrona e estradiol sdo
derivados principalmente da excreta de humanos e da pecuéria. Por exemplo, a
utilizacdo de esterco de gados na agricultura € um dos fatores que pode contribuir
consideravelmente para o aumento da concentracdo de estrona em ambientes aquaticos,
uma vez que a concentracdo deste horménio pode ser de 700 a 17000 mg/dia (Johnson

et al., 2006).

Bisfenol-A (BPA) é um classico componente sintético mimetizador de
estrégenos naturais, proveniente da industria do plastico, e detectado em ecossistemas
aquaticos do mundo todo (Crain et al., 2007; Elango et al., 2006; Klecka et al., 2009).
BPA pode ligar-se a receptores de estrogenos nucleares alpha e beta, além de receptores
associados a membrana GPR30, produzindo efeitos semelhantes a hormdnios naturais
(Thomas and Dong, 2006). Estudos mostram que alguns organismos aquaticos expostos
a este composto, apresentaram alteracbes em parametros reprodutivos, inclusive na

proporcdo sexual entre machos e fémeas, resultando em feminizacdo da populacdo
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devido a acéo estrogénica de BPA (Huang et al., 2012; Virk et al., 2014; Zhang et al.,
2018). Além dos efeitos estrogénicos em peixes de agua doce, BPA também pode
impedir a acdo de neurotransmissores e diminuir batimentos cardiacos, bem como
promover a peroxidacgdo lipidica e danos oxidativos no figado e rins (Faheem et al.,
2017; Li et al., 2015). Alteracbes metabolicas relacionadas ao BPA também ja foram
relatadas em outros vertebrados, inclusive humanos, tais como: aterosclerose, doengas
cardiacas, obesidade, diabetes e cancer (Ranciére et al., 2015; Seachrist et al., 2016;

Stojanoska et al., 2017).

Nas ultimas décadas foram observados diversos avancos no conhecimento sobre
a desregulacdo enddcrina em peixes de dgua doce, porém a maioria dos estudos utiliza
espécies modelos tradicionais, como: Danio rerio, Pimephales promelas e Oryzias
latipes. Apesar de grande diversidade de peixes encontrada na regido neotropical, a
utilizacdo de espécies nativas desta regido em abordagens toxicologicas foi
negligenciada durante muitos anos (Martins and Bianchini, 2011). Astyanax
bimaculatus é uma espécie forrageira amplamente distribuida nas bacias hidrograficas
da América do Sul (Lima et al., 2003). Devido ao seu pequeno porte e facil manipulagédo
em laboratorio, esta espécie é apropriada para abordagens ecotoxicoldgicas e pode ser
utilizada como modelo para outros peixes neotropicais de maior porte (Felizardo et al.,

2012; Prado et al., 2014; Weber et al., 2017).

Ultimamente, estudos relacionados a xenoestrégenos realizados em laboratério,
visam entender os efeitos de um Unico contaminante em diferentes espécies de peixes.
No entanto, em ambientes naturais s@o detectados diversas classes de desreguladores
enddcrinos, e os efeitos desses EDCs podem ser diferentes de quando analisados
isoladamente devido as intera¢cdes com outros compostos (Almeida and Ribeiro, 2014).

De fato, o conhecimento sobre os efeitos toxicos de misturas nem sempre facilita a
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interpretacdo dos resultados, uma vez que a interacdo entre diferentes poluentes pode
apresentar efeitos sinergéticos, aditivos ou antagbnicos. Considerando que este tipo de
abordagem em peixes neotropicais ainda é raro, o presente estudo visa comparar a agao
de dois compostos estrogénicos, atuando de forma isolada e conjunta, sobre a biologia

reprodutiva de Astyanax bimaculatus, apos exposi¢do subaguda.

MATERIAIS E METODOS
Condig0es de cultivo

O presente estudo foi aprovado pelo Comité de Etica no Uso de Animais da
Universidade Federal de Minas Gerais (CEUA-UFMG n223/2017), e todos o0s
procedimentos, condi¢cdes de cultivo e eutanasia seguiram 0s principios éticos e legais
estabelecidos pelo Colégio Nacional de Controle da Experimentacdo Animal

(CONCEA).

Para a realizacdo do estudo comparativo entre os compostos estrogénicos (ECs),
machos adultos de Astyanax bimaculatus (n=80) foram adquiridos de fornecedor local e
foram dispostos em 8 aquarios de 20L. Os peixes foram aclimatados por
aproximadamente 30 dias prévios a realizacdo do experimento e foram dispostos dez
individuos por aquario, resultando em uma densidade de estocagem de 0.2g de peixe/L.
Os tratamentos foram executados em duplicata, tais como: controle (10ug/L de
metanol); Estrona-E1 (10upg/L); Bisfenol-A (10pg/L); mistura (10ug/L E1 + 10ug/L
BPA). Os aquérios foram montados com sistema de oxigenacdo e de filtragem
mecanica, quimica e bioldgica. O sistema de filtragem ficou operante apenas durante o
periodo de pré-exposicdo dos peixes para evitar degradacdo acelerada dos compostos

qguimicos administrados. Durante todo o experimento a temperatura da agua foi mantida
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entre 26-28°C e o fotoperiodo controlado (12h luz: 12h escuro), além disso foram
monitorados periodicamente os niveis de oxigénio dissolvido, aménia toxica e pH,
através de sonda multipardmetros Horiba U-50. Os peixes foram alimentados duas
vezes ao dia ad libitum com racdo comercial. O periodo de exposicdo foi de 15 dias e a
renovacdo de agua ocorreu a cada 2 dias de forma que fossem administradas novas
doses de ECs a cada troca. Apds o periodo de exposicdo todos os animais foram
anestesiados com Eugenol (85 mg/L) e eutanasiados com seccdo transversal da coluna

vertebral.
Dados biométricos e indices biolégicos

Em todos os espécimes foram obtidos comprimento total (TL), peso corporal
(BW), peso gonadal (GW) e peso do figado (LW). A partir dos dados biométricos, 0s
seguintes indices bioldgicos foram calculados: indice gonadossomaético (GSI=GW/BW
x 100), indice hepatossomatico (HSI=LW/BW x 100) e fator de condicdo de Fulton

(K=BW/TL3 x 100).
Histologia e Imunohistoquimica

Foram coletados fragmentos de génadas e figado, os quais foram fixados em
solucdo de Bouin por 12 h, incluidos em parafina, seccionados com 4-6 um de

espessura e corados com hematoxilina e eosina (HE).

Nos ensaios imunohistoquimicos para vitelogenina - Vtg e receptores de
estrogeno (ERa e ERp) (Tabela 1), seccbes de figado e gbnadas passaram por lavagem
em agua corrente durante 60 min. A recuperacdo antigénica ocorreu em tampéo citrato
(pH 6,0), durante 30 minutos em banho maria a 60°C. Em seguida, as sec¢Oes foram
incubadas em H,0, a 3% para evitar a peroxidase enddgena e em tampao de blogueio

(albumina de soro bovino a 2% + Triton X-100 a 0,05% + Tween 20 a 0,01%) para a
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permeabilizacdo e bloqueio da coloracdo inespecifica. O anticorpo primario foi aplicado
as seccdes “overnight” em camara imida a 4°C e incubadas durante 30 minutos com
anticorpo secundario. As marcacGes foram visualizadas por 3'3-diaminobenzidina
(DAB) contrastada com hematoxilina. Para o controle negativo de todos os

biomarcadores, o0 tratamento com o anticorpo primario foi omitido.

Tabela 1 - Anticorpos primarios e suas respectivas diluicdes utilizados no presente
estudo

Anticorpos primarios Origem Diluicéo
rabbit anti-zebrafish Vtg Biosense 1:200
rabbit anti-human ERa Santa Cruz Biotech 1:50
rabbit anti-human ERp Santa Cruz Biotech 1:50

Proporcao volumétrica de células espermatogénicas

A propor¢do (%) das células germinativas foi determinada usando cinco
exemplares aleatérios de cada tratamento. De cada exemplar, cinco imagens com
aumento de 400X foram obtidas, as quais foram sobrepostas por uma grade de 26 x 19
pontos (494 pontos de interseccdo) utilizando o software Image J, totalizando 25
imagens e 12.350 pontos analisados por tratamento. Foi quantificada em cada exemplar
a proporcdo de: espermatogbnias A indiferenciadas (Aund), espermatogonias A
diferenciadas (Adiff), espermatogdnias B (B), espermatécitos primarios (C1),
espermatocitos secundarios (C2), espermatides (T), espermatozoides (Z), células de

Leydig e células de Sertoli.

Ensaios de imunoabsorcéo enziméatica — ELISA

As amostras (n=5/tratamento) congeladas de figado foram homogeneizadas em
tampéo de extracdo (50 mM Tris-HCI pH 8,0 com 0,002% de aprotinina e 1 mM de

fenilmetilsulfonilo) numa proporgéo de 1: 2 do peso do tecido: volume de tampado,
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utilizando um homogeneizador Potter S (Braun, Melsungen, Alemanha).
Subsequentemente, os extratos foram sonicados utilizando um processador GEX 600
EC e depois centrifugados a 15.000 g durante 60 minutos a 4 ° C. Apos a centrifugacéo,
0s sobrenadantes foram armazenados em aliquotas a -80 ° C até a analise. Para
determinar as concentracbes do horménio sexual Estradiol (E2) das aliquotas, foi
utilizado um Kkit-ELISA especifico, seguindo o protocolo proposto pelo fabricante

(Cayman Chemical)

Reacdo de TUNEL in situ

Os fragmentos de testiculos foram fixados em solucdo de Bouin, incluidos em
parafina, seccionados com 5 um de espessura e submetidos ao ensaio de TUNEL in situ
utilizando o kit de deteccdo de apoptose in situ Millipore (S7101 ApopTag Plus
peroxidase) seguindo o protocolo do fabricante. As secg¢fes foram lavadas em tampéao
TRIS pH 7,6 (TBS) e tratadas com 20 ug / ml de proteinase K em tampé&o Tris-HCI 0,01
M a pH 8 durante 20 min. Para inativar a peroxidase enddgena, utilizou-se H,0, a 3%
em soro fisioldégico tamponado com TRIS (TBS) durante 30 min. As sec¢des foram
incubadas com desoxinucleotidil transferase terminal (TdT) e desoxinucleotideos
biotinilados durante 3 h a 37 ° C e, subsequentemente, com estreptavidina conjugada
com peroxidase durante 45 min & temperatura ambiente. A reacdo foi revelada com
diaminobenzidina (DAB, Sigma Aldrich, St. Louis, MO, EUA) em TBS por 2 min e as

seccOes foram contra coradas com hematoxilina.

Quantificacao da expressao de VTG e receptores de estrogenos

As marcagOes peroxidase-positivas para vitelogenina e receptores de estrogenos
a e B, foram quantificadas utilizando plugin "IHC toolbox" para o software Image J
(NIH) (adaptado de Gupta et al., 2007). A selecdo de cor foi utilizada para identificar

manualmente a regido de interesse com cor mais escura (DAB), isto €, rea¢fes positivas.
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As regides selecionadas foram isoladas e transformadas em imagens binérias, as quais
foram posteriormente analisadas no software Image J. Os resultados foram expressos
em porcentagem de area marcada (reagdes positivas) em relacdo ao campo total. Para
cada biomarcador, 5 laminas de cada tratamento foram selecionadas. De cada lamina, 5
campos foram escolhidos aleatoriamente na ampliagdo de 100X e quantificadas as

marcagoes positivas, totalizando 25 campos quantificados por tratamento.

Andlises estatisticas

Os dados foram apresentados como meédias + erro padrdo (SE), e para comparar
os dados entre os tratamentos, foi utilizado a analise de variancia ndo-paramétrica de
Kruskal-Wallis com pos-teste de Dunn. As andlises foram realizadas pelo software

Graphpad Prism 7.0 e todos os testes foram considerados significativos quando P<0.05.

RESULTADOS
Dados biométricos e indices bioldgicos

A analise dos dados biométricos dos 80 exemplares de A. bimaculatus utilizados
no presente estudo mostra que o peso corporal e 0 comprimento total ndo variaram
significativamente entre os tratamentos. Com relagdo aos indices bioldgicos, o indice
hepatossomatico (HSI) apresentou maiores valores no tratamento com estrona (E1)
(p<0.05). Contrariamente, o indice gonadossomatico (GSI) diminuiu significativamente
nos trés tratamentos: Estrona (E1), Bisfenol-A (BPA) e mistura (E1+BPA),
apresentando 0s menores valores nos exemplares expostos a E1 (p<0.05). Os
parametros fisico-quimicos da agua ndo apresentaram variacfes entre os tratamentos

mantendo-se estaveis durante todo o experimento (Tabela 2).
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Tabela 2 — indices bioldgicos e pardmetros fisico-quimicos registrados durante o
experimento nos machos adultos de A. bimaculatus

Control El BPA E1+BPA
Biometric data
Body Weight (g) 334+£033 419+024 417+037 3.71+0.43
Total Length (cm) 6.08 +0.18 6.41+0.14 6.46+0.16 6.21+0.13
Hepatosomatic index 1.30+£0.14 239+0.34* 116+0.09 1.75+0.22
Gonadosomatic Index 221+£001 041+£007* 112+0.13* 0.60+0.08*
Condition factor 1.48 +0.05 1.49+003 152+0.04 1.50=+0.07
Physical-chemical parameters
Temperature (°C) 265+035 265+035 265%+035 265%+0.35
Dissolved Oxygen (ppm) 5.0+0.44 5.0+0.44 5.0+0.44 5.0+ 0.44
pH 7.62 £0.24 7.62+024 762+£024 7.62+0.24
Toxic ammoniun (ppm) 0.08+0.04 0.08+£0.04 0.08+£0.04 0.08+0.04

* = Diferenca estatistica com rela¢do ao controle (p<0.05).

Analises histoldgicas

As amostras de figado do grupo controle, apresentaram uma aparéncia normal do tecido,

com hepatdcitos arranjados em corddes, citoplasma homogéneo e levemente basoéfilo, além de

capilares sinusoides pouco evidentes. Nas amostras dos grupos expostos aos compostos

estrogénicos, as alteracdes observadas foram semelhantes, tais como: aumento da basofilia do

citoplasma, dilatacdo e congestdo dos capilares sinusoides. Além disso, no tratamento com

bisfenol-A foram observados hepatocitos apresentando vacuolizacgdes (Figura 1).
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Figura 1 — Anadlise histoldgica de testiculo fl'gdo de A. bimaculatus epostos diferentes ompost
estrogénicos: Controle, Estrona, Bisfenol-A e a mistura deles, respectivamente. *= Dilatacdo e congestdo dos
sinusoides; Seta Branca= vacuolizacdo dos hepatocitos

Nas amostras de testiculo, o grupo controle apresentou uma aparéncia normal
com todas as amostras em maturacdo avancada, contendo poucos cistos de células da
linhagem germinativa na parede dos tubulos seminiferos e lumen cheios de
espermatozoides. No entanto, nos tratamentos com os CEs foi observado que os tabulos
seminiferos apresentaram um desenvolvimento assincrénico, com alguns tubulos
seminiferos apresentando matura¢ao “inicial” e outros matura¢ao “avancada” (Figura
1). Adicionalmente, foram detectadas outras histopatologias especificas para cada
tratamento. Nos grupos E1 e BPA foram observadas as mesmas alteragdes histoldgicas
nas gbnadas, tais como: infiltracdo de adipocitos no tecido gonadal e presenga de fluido
proteinaceo intersticial. O tratamento com a mistura além do desenvolvimento
assincrénico, foi 0 Unico que apresentou a mineralizacdo de espermatozoides (Figura 2).
Vale ressaltar que em nenhum dos tratamentos a incidéncia de histopatologias no
testiculo atingiu mais de 30% da populacdo total de peixes de cada tratamento (Tabela

3).
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Figura 2 — Sec¢des de testiculo mostrando exemplos de histopatologias
detectadas nos tratamentos do presente estudo. (A) Controle: aparéncia
normal dos tabulos seminiferos em maturacdo avancada, contendo poucos
cistos de células germinativas e repletos de espermatozoides embebidos em
secrecdo acidofila;, (B) Seccdo apresentando proliferacdo de
espermatogonias, presenca de fluido proteinaceo intersticial e infiltracdo de
adipdcitos; (C) Fluido proteinaceo intersticial observado entre os tabulos
seminiferos; (D) Mineralizacdo de espermatozoides nos tbulos seminiferos.
AS= Secrecdo acidofila; ST= Tubulos seminiferos; Z= espermatozoides;
Al= Infiltracdo de adipocitos; Seta= Fluido proteinaceo intersticial; Cabeca
de seta= espermatogdnias; VO= Ovdcito vitelogénico; PNO= Ovacito
perinucleolar; Circulos= Pontos de mineralizacdo de espermatozoides.
Barras de escala A e C= 50 um; B e D= 100um.

Tabela 3 — Incidéncia de histopatologias gonadais associadas aos diferentes tratamentos
com compostos estrogénicos (ECs) em machos de A. bimaculatus.

Condicdo/ ECs Estrona (E1) Bisfenol-A (BPA) (E1 + BPA)
Fluido proteinaceo intersticial * *

Infiltracdo de adipdcitos * *

Desenvolvimento assincronico * * *
Mineralizacédo de espermatozoides *

*=0 - 30%; **= 30 - 60%; ***=60 - 100%
Proporc¢ao volumétrica de células da linhagem espermatogénica

A contagem de cada tipo celular da linhagem espermatogénica revelou algumas

alteracbes na proporcdo volumétrica entre os diferentes tratamentos, quando
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comparados ao controle. Foi observado uma elevagdo significativa no numero de
espermatogonias do tipo Aund e Adiff nos tratamentos E1 e mistura (E1+BPA), e do
tipo B houve diminuicdo em E1. Com relacdo aos espermatocitos, houve uma
diminuicdo nos espermatocitos primarios nos tratamento com E1 e mistura. O nimero
de espermatides diminuiu significativamente nos trés tratamentos com compostos
estrogénicos, porém a quantificacdo de espermatozoides mostrou uma diminuicdo
apenas nos tratamentos com estrona e na mistura dos compostos. As células somaticas

(Sertoli e Leydig) ndo variaram estatisticamente entre os tratamentos (p<0.05) (Figura

3).
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Figura 3 — Diferencas entre os tratamentos na propor¢cdo das celulas da linhagem
espermatogénica: Espermatogbnia A indiferenciada (Aund); Espermatogbnia A
diferenciada (Adiff); Espermatogénia B (B); Espermatocitos primario (C1) e secundario
(C2); Espermatide (T); Espermatozoides (Z); células de Sertoli e Leydig. *= diferenca
significativa com relacdo ao controle.
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Apoptose

Nas amostras de testiculos provenientes do tratamento controle foram
observadas raras células da linhagem espermatogénica em apoptose (TUNEL-positivas).
Nos tratamentos com 0s compostos estrogénicos e a mistura deles foi observado um
aumento de apoptose em espermatogonias, espermatides e células de Sertoli. Em E1 e
na mistura, houve aumento apenas em espermatides, ja 0s peixes expostos a BPA
apresentaram elevacdo significativa na apoptose de espermatogdnias e espermatides
(p<0.05). Nas células de Sertoli, apesar de ndo apresentar diferenca estatistica entre os
tratamentos e o controle, foi observado uma tendéncia a elevacdo da taxa de apoptose

nos tratamentos com BPA e na Mistura (Figura 4).

Spermatogonia ) Sper:natlds ! Sertoli

o 15 . wl] I " 1 » 10
K] — = _— 2

8 8  —— 8os
3 Se 8 01
1.0 w [}

Z 3 Z 06
= F4 P

s $ 2 0.4
g8 3 3

[} 2

2 g g 0.2
ES =X B

o o
BPA  E1+BPA Control E1 BPA  E1+BPA Control E1 BPA E1+BPA

Figura 4 — Reag¢bes TUNEL-positivas indicando espermatogonias, espermaétides e
células de Sertoli em apoptose nas amostras de testiculo de A. bimaculatus nos
diferentes tratamentos. (A) Espermatogdnias tunel-positivas; (B) apoptose em
espermatides e espermatogénias; (C) apoptose em célula de Sertoli e espermatides. Seta
preta= espermatogdnias em apoptose; cabeca de seta= célula de Sertoli em apoptose;
*= diferencas significativas entre os tratamentos (P<0.05).

Niveis de Estradiol e expressdo de biomarcadores de desregulacéo endocrina

A analise da expressao hepatica de estradiol apresentou variacGes significativas

entres 0s tratamentos com compostos estrogénicos. Foram observadas elevacdes
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significativas nos tratamentos E1 e E1+BPA, quando comparados ao controle (P<0.05).

No tratamento apenas utilizando Bisfenol-A n&o foi observada elevacao significativa na

concentracdo de E2 no figado. Da mesma forma, a expressdo de vitelogenina e

receptores de estrogeno a e 3, variaram significativamente apenas nos tratamentos com

estrona e na mistura (Figuras 5 e 6).
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DISCUSSAO

Nas Ultimas décadas, estudos realizados em ambiente natural e laboratdrio
mostraram os efeitos de diversas substancias estrogénicas sobre a reproducgéo de peixes,
porém a maioria deles analisando individualmente cada uma. Apesar desse tipo de
abordagem ter importancia toxicoldgica relevante, o cenario observado em diversos
ecossistemas aquaticos no mundo é de uma complexa mistura onde sdo encontrados
diversos tipos de poluentes (Brian et al., 2007; Silva et al., 2012). Ainda que raros em
peixes neotropicais, 0 estudo de misturas é importante para 0 melhor entendimento dos
mecanismos de ac¢do dos poluentes. No presente estudo, foram observadas diferencas
marcantes nas respostas de A. bimaculatus apds exposi¢do subaguda a estrona, Bisfenol-
A e a mistura deles. Diversos estudos ja mostraram que Bisfenol-A e estrona

apresentam efeitos estrogénicos em diferentes espécies de peixes de agua doce (Ankley

i

res
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et al., 2017; Faheem et al., 2017; Guan et al., 2019; Lei et al., 2013; Zhang et al., 2018),
porém nosso estudo é dos poucos a comparar a capacidade estrogénica dessas duas

substancias e a influéncia delas no processo reprodutivo de peixes de &gua doce.

O figado de peixes é o principal 6érgdo envolvido no processo de detoxificacéo, e
a andlise histologica deste tecido pode fornecer indicios importantes sobre o status de
salde do organismo (Faheem et al., 2016; Moon et al., 2012). Em A. bimaculatus, foi
detectado um aumento significativo do volume hepatico apenas no tratamento com E1.
Alguns autores relacionam essa condicao a alta capacidade de estrégenos naturais, como
estrona-E1 e estradiol-E2, em induzir a producdo de vitelogenina nos hepatdcitos,
aumentando assim o volume do 6rgao (Joon Kang et al., 2002; Sun et al., 2009). Essa
condicdo também foi observada no presente estudo e discutida posteriormente.
Microscopicamente foram detectadas histopatologias semelhantes nos figados de todos
os tratamentos com os ECs, como dilatacdo e congestdo dos sinusoides, e 0 aumento da
basofilia nos hepatécitos. Essas alteracdes histoldgicas também podem estar
relacionadas com o aumento da sintese hepatica de proteinas para metabolizacdo de
poluentes ou até mesmo no aumento da sintese de vitelogenina e proteinas de zona
radiata induzidas pela acdo estrogénica (Van Der Ven et al., 2003; Wolf and Wheeler,

2018).

Dentre os indices bioldgicos, o GSI é um importante indicador reprodutivo e
alteracbes neste indice é frequentemente relacionada & desregulacdo endocrina em
peixes (Bahamonde et al., 2015; Ibor et al., 2016; Paschoalini et al., 2019; A. Weber et
al., 2017). Em todos os tratamentos do presente estudo foi observada uma reducéo
significativa do volume gonadal — indice gonadossomatico. Adicionalmente a isso, a
andlise histoldgica dos testiculos mostrou que em todas as exposi¢des foram detectadas

histopatologias reportadas em peixes expostos a compostos estrogénicos, como:
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presenca de fluido proteinéceo intersticial (Silva et al., 2012; Wolf and Wheeler, 2018),
infiltracdo de adipocitos (Luzio et al., 2016), desenvolvimento assincrénico dos cistos
de células espermatogénicas (OECD, 2009; Van Der Ven et al., 2007) e mineralizacao
de espermatozoides (Luzio et al., 2016; OECD, 2009). Mesmo sendo um composto
menor capacidade estrogénica que a estrona, (Elango et al., 2006; Kuiper et al., 1998),
no tratamento com BPA foram detectadas as mesmas histopatologias gonadais

observadas em E1.

Além das alteracBGes histoldgicas, diversos estudos recentes mostraram que
machos expostos a compostos estrogénicos apresentaram alteracbes na dinamica da
gametogénese, como por exemplo o aumento significativo na proporcdo de
espermatogonias, células testiculares sabidamente dependentes de estrogenos para auto
renovacdo e diferenciacdo (lbor et al., 2016; Paschoalini et al., 2019; Silva et al., 2012;
Weber et al., 2017). Resultados semelhantes também foram observados no presente
estudo, principalmente nos tratamento com E1 e na mistura, onde foram detectadas
variacdes significativas com relacdo ao controle, como: o aumento no numero de
espermatogonias do tipo A, e reducdo significativa dos espermatdcitos, espermatides e
espermatozoides. Por outro lado, no tratamento somente com BPA foi observado
somente a reducdo no nimero de espermatides em relacdo ao controle. Essa alteracdo na
espermatogénese pode estar relacionada com o aumento na atividade de aromatase
(CYP19A), enzima responsavel pela conversdo de testosterona em estradiol,
aumentando assim a proliferacdo de espermatogonias. Além disso, 0 aumento na
concentracdo de estrdgenos no organismo pode promover a diminuicdo na producgéo de
androgenos, afetando também a dindmica das células germinativas dependentes de
androgenos nas fases finais da espermatogénese, i.e espermatides e espermatozoides (de
Almeida et al., 2018; Martins-Santos et al., 2017; Schulz et al., 2010; Weber et al.,

2019).
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A elevacdo nos niveis de vitelogenina em machos, é um biomarcador
amplamente utilizado na deteccdo de desregulacdo enddcrina causada por compostos
estrogénicos em peixes (Jobling et al., 1998; Jones et al., 2000; Prado et al., 2011;
Weber et al., 2017). Em nosso estudo foi observado uma tendéncia de aumento na
expressdo de VTG em todos os tratamentos, porém o aumento foi significativo apenas
no tratamento com estrona e na mistura. Além disso, 0 mesmo padréo de expressao foi

observado para os receptores de estrogenos a e f3.

A dosagem de estradiol-E2 no figado dos machos confirmou que a estrona-E1 de
forma isolada possui uma maior capacidade de estimulacdo estrogénica que BPA e a
mistura. Em um estudo sobre os efeitos da combinacdo de E1 e E2 em Carassius
auratus, Yan et al., (2013) observou que quando misturados, 0s estrogenos possuiam
seus efeitos potencializados, aumentando ainda mais os niveis de VTG. No entanto,
contrariamente a isso, nossos dados mostram que no tratamento com a mistura houve
uma queda na expressdao de E2, VTG, ERa e ERB, comparando com E1 de forma
isolada. Na toxicologia ambiental, sdo considerados efeitos sinergéticos quando o efeito
da mistura € maior que a soma dos efeitos das substancias de forma isolada (Sisinno and
Oliveira-filho, 2013). Essa diminuicdo da acdo estrogénica quando os E1 e BPA estdo
em mistura, pode estar relacionada a atuacdo anti-estrogénica de BPA em receptores de
estrogeno o observada por Hisahiko Hiroi et al. (1999). Neste sentido, os resultados do
presente estudo indicam que E1 e BPA misturados em concentragdes iguais, ndo

apresentam efeitos sinergéticos sobre a biologia reprodutiva de A. bimaculatus.

Em uma andlise integrada e comparativa dos resultados, nossos dados
confirmam que a estrona possui um potencial estrogénico superior ao Bisfenol-A,
quando administrados na mesma concentragdo em A. bimaculatus. BPA é

conhecidamente um mimetizador de estrdgenos, porém sua afinidade por receptores de
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estrogeno B ¢é cerca de 1000 vezes menor que os estrogenos endogenos (Elango et al.,
2006; Kuiper et al., 1998). Diferentemente do tratamento com a estrona e na mistura,
em BPA ndo foi diagnosticada a desregulacdo enddcrina nos machos de A. bimaculatus.
Apesar de ter diminuido significativamente o GSI, Bisfenol-A ndo alterou os outros
“endpoints” reprodutivos analisados. N0ssos dados sugerem que a diminuigdo do GSI
causada por BPA, provavelmente esta relacionada com o aumento da taxa de apoptose
nas gbnadas, diminuindo assim o numero de células e consequentemente o volume do
6rgdo. Além disso, a andlise da apoptose nos testiculos e das histopatologias hepaticas e
gonadais no presente estudo, sugerem que BPA possui maior citotoxicidade que a
Estrona. De fato, Janz and Van Der Kraak (1997) e Wood and Van Der Kraak (2002)
mostram que hormdnios naturais e fatores de crescimento podem atuar como fatores
anti-apoptoticos nas génadas de peixes, fato que pode explicar a baixa taxa de apoptose

no tratamento com estrona e na mistura, quando comparados a BPA de forma isolada.

Em suma, os resultados do presente estudo mostram que substancias analisadas
isoladamente podem apresentar comportamento diferente de quando administradas com
outras substancias. Este tipo de abordagem experimental, ainda que raras, sdo
importantes para ampliar o conhecimento sobre a desregulacdo endocrina em peixes
neotropicais e o0 entendimento sobre o comportamento de misturas de poluentes,

situacdo frequentemente observada em ecossistemas aquaticos no mundo.
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5. CONCLUSOES GERAIS
- O presente estudo mostrou que a exposicdo a metais pesados, estrona e bisfenol-A
afetam negativamente o processo reprodutivo de Prochilodus argenteus e Astyanax

bimaculatus.

- A alta concentracdo de metais observada no rio Paraopeba, confirmada pela elevacao
na expressdo de Metalotioneinas, certamente contribui para a desregulacdo do processo

reprodutivo de machos e fémeas em Prochilodus argenteus.

- A presenca de histopatologias e a modulacdo dos biomarcadores de desregulacédo
enddcrina de forma semelhante nos dois estudos, confirmam a capacidade estrogénica

de todos os compostos analisados.

- Apesar de sabidamente estrogénico, a exposi¢ao sub-aguda a 10ug/L de Bisfenol-A
ndo foi capaz de alterar significativamente a expressdo de Vtg e estradiol nos machos

expostos.

- Além das alteracGes moleculares, 0s peixes expostos a xenoestrogenos apresentaram
modificagdes em parédmetros ecologicos importantes, como: alteracbes na morfologia
ovocitaria, elevacdo na taxa de atresia folicular e mudangas na proporcdo de células

espermatogénicas.

- E1 e BPA, quando misturados, ndo atuaram de forma sinergética na expressao de
biomarcadores de desregulacdo enddcrina e nos niveis de estradiol (E2) em machos de

A. bimaculatus
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