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RESUMO

Micropoluentes emergentes (MEs) sdo qualquer produto quimico que nao faga parte
dos programas de monitorizagdo ambiental e que esteja diretamente associado a
atividades antropogénicas. Um exemplo s&o os ftalatos, produtos sintéticos
amplamente utilizados na industria de plastificantes. Podemos citar o di-butil ftalato
(DBP), um dos mais encontrados no meio ambiente, que pode causar efeitos como
genotoxicidade, apoptose, neurotoxicidade, hepatoxicidade, etc. Estudos recentes em
todo o mundo tém identificado e quantificado DBP no meio ambiente, investigando
seus efeitos em organismos aquaticos. No entanto, no Brasil, mais especificamente
na regiao amazonica, ainda nao existem estudos nesse sentido, deixando uma lacuna
sobre a presenca de MEs no ambiente aquatico e seus efeitos sobre as espécies
nativas. Assim, o objetivo geral desta dissertagao foi identificar e quantificar MEs em
rios urbanos da cidade de Belém, PA, Brasil, e avaliar as respostas de estresse
oxidativo da espécie Hyphessobrycon heterorhabdus (Tetra Bandeira) a exposi¢ao a
maior concentracdo de DBP encontrada na regido. A dissertagéo esta estruturada em
dois capitulos: I) um estudo de campo, no qual foram identificados e quantificados
MEs em rios urbanos de Belém, uma das cidades mais urbanizadas da Amazénia
Oriental e; Il) um estudo experimental, no qual foram avaliadas as alteracdes
bioquimicas em H. heterorhabdus expostos a trés concentracdes de DBP. O estudo
de campo coletou amostras de dois rios urbanos, os canais Tamandaré e Tucunduba.
As amostras de agua foram coletadas em garrafas ambar, identificadas e enviadas ao
laboratério para quantificagdo dos MEs por cromatografia liquida. Os peixes foram
obtidos no Parque Ecolégico do Gunma e aclimatados em laboratério para o
experimento. Os animais foram expostos a trés concentragbes de DBP: (i) controle
acetona (CA); grupo 1 (G1): 10 pg/L; grupo 2 (G2): 100 pg/L e grupo 3 (G3): 1000 pg/L
durante sete dias. Amostras de agua foram coletadas de todos os grupos em
momentos especificos para a quantificacdo de DBP no meio experimental. Os animais
foram dissecados nas porgdes anterior, média e posterior para analises bioquimicas,
como a capacidade antioxidante total (ACAP), atividade da glutationa-S-transferase
(GST) e lipoperoxidagao (LPO). Foram identificados trés grupos de MEs:
organoclorados, hidrocarbonetos aromaticos policiclicos (HPAs) e ftalatos. Entre os
ftalatos, o DBP e o di(2-etilhexil) ftalato (DEHP) foram os MEs com as concentragdes
mais elevadas, com 10.428 ug/L e 7.547 ug/L, respectivamente. No estudo
experimental, a ACAP nao variou entre os grupos nas por¢des anterior e posterior,
enquanto na porgdo média observamos um efeito concentragao-dependente. A GST
nao variou na porgao posterior, mas na porg¢ao anterior, houve um aumento da GST
no grupo G2 e uma diminuicdo no G1 na porgdo média. O LPO mostrou efeitos
concentracdo-dependente e hormético nas porgdes anterior e posterior,
respectivamente. Na por¢do média, a LPO n&o variou entre os grupos. Em geral,
concluimos que organoclorados, HPAs e ftalatos estdo presentes nos rios estudados
e que a exposi¢cao ao DBP resulta em estresse para os organismos testados. Além
disso, nossos resultados sao de grande relevancia para a regiao amazoénica, pois este
€ um estudo pioneiro.

Palavras-chave: Micropoluentes na Amazoénia; DBP; ecotoxicologia; estresse
oxidativo.



ABSTRACT

Emerging micropollutants (EMs) are any chemical products that are not part of
environmental monitoring programs and are directly associated with anthropogenic
activities. One example is phthalates, synthetic products widely used in the plasticizer
industry. We can mention di-butyl phthalate (DBP), one of the most commonly found
in the environment, which can cause effects such as genotoxicity, apoptosis,
neurotoxicity, hepatoxicity, etc. Recent studies around the world have identified and
quantified DBPs in the environment, investigating their impact on aquatic organisms.
However, in Brazil, more specifically in the Amazon region, there are still no studies in
this regard, leaving a gap in the presence of EMs in the aquatic environment and their
effects on native species. Thus, the general objective of this dissertation was to identify
and quantify EMs in urban rivers in the city of Belém, PA, Brazil, and to evaluate the
oxidative stress responses of the species Hyphessobrycon heterorhabdus (Tetra
Bandeira) to exposure to the highest concentration of DBP found in the region. The
dissertation is structured into two chapters: 1) a field study, in which EMs were identified
and quantified in urban rivers in Belém, one of the most urbanized cities in the Eastern
Amazon, and IlI) an experimental study, in which the biochemical changes in H.
heterorhabdus exposed to three concentrations of DBP were evaluated. The field
study collected samples from two urban rivers, the Tamandaré and Tucunduba canals.
Water samples were collected in amber bottles, identified, and sent to the laboratory
for quantification of EMs by liquid chromatography. The fish were obtained from the
Parque Ecolégico do Gunma and acclimatized in the laboratory for the experiment.
The animals were exposed to three concentrations of DBP: (i) acetone control (CA);
group 1 (G1): 10 pg/L; group 2 (G2): 100 ug/L and group 3 (G3): 1000 pg/L for seven
days. Water samples were collected from all groups at specific times for the
quantification of DBP in the experimental medium. The animals were dissected into
anterior, middle, and posterior portions for biochemical analysis, such as total
antioxidant capacity (ACAP), glutathione-S-transferase (GST) activity, and
lipoperoxidation (LPO). Three groups of EMs were identified: organochlorines,
polycyclic aromatic hydrocarbons (PAHSs), and phthalates. Among the phthalates, DBP
and di(2-ethylhexyl) phthalate (DEHP) were the EMs with the highest concentrations,
at 10.428 ug/L and 7.547 ug/L, respectively. In the experimental study, ACAP did not
vary among the groups in the anterior and posterior sections, while in the middle
section, we observed a concentration-dependent effect. GST did not vary in the
posterior section, but in the anterior section, there was an increase in GST in the G2
group and a decrease in G1 in the middle section. The LPO showed a concentration-
dependent and hormetic effects in the anterior and posterior sections, respectively. In
the middle section, the LPO did not vary among the groups. In general, we conclude
that organochlorines, PAHs, and phthalates are present in the rivers studied and that
exposure to DBP results in stress to the organisms tested. Furthermore, our results
are of great relevance to the Amazon region, as this is a pioneering study.

Keywords: Micropollutants in the Amazon; DBP; ecotoxicology; biomarkers.
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1. VISAO INTEGRADORA DO PROBLEMA

Os plasticos s&o uma importante matéria-prima para a industria em geral, porém
desde o seu surgimento no século XX, este produto vem trazendo diversos impactos
negativos para o meio ambiente devido seu descarte inapropriado (Conceigao et al.,
2019). Segundo o World Wide Fund for Nature Inc. (2016), a China € o segundo maior
produtor de plastico do mundo, produzindo cerca de 54,7 milhdes de toneladas de
plastico por ano, ficando atras apenas dos Estados Unidos com uma producéo anual
de cerca de 70,7 milhdes de toneladas. Embora a China seja responsavel por uma
alta producgéo de plastico, o pais recicla aproximadamente 22% de todo o plastico
gerado. Segundo a World Wide Fund for Nature Inc. (2019), o Brasil se encontra em
quarto lugar no ranking dos maiores produtores de plastico, produzindo
aproximadamente 11,3 milhdes de toneladas de plastico por ano e reciclando menos
de 1,3% desse total, onde 2,4 e 7,7 milhdes de toneladas sao descartadas de formas
irregulares e ficam em aterros sanitarios, respectivamente.

O plastico é hoje um dos insumos mais utilizados na industria, principalmente na
industria alimenticia constituindo suas embalagens, devido as suas caracteristicas
particulares como, resisténcia, maleabilidade e baixo custo (Kirwan e Strawbridge,
2003; Thompson et al., 2009), contudo para obter essas caracteristicas, muitos
aditivos prejudiciais para o meio ambiente, conhecidos como micropoluentes
emergentes, sdo inseridos em seu processo de produgdo (Staples et al., 1997;
Schecter et al., 2013; Malveda et al., 2015).

Micropoluentes emergentes podem ser entendidos como qualquer produto
quimico que ainda nao faga parte de programas de monitoramento ambiental (Ternes
et al., 2006; Reemtsma et al., 2008). Estes sdo considerados emergentes por s6
poderem ser detectados e quantificados mais recentemente com o desenvolvimento
de técnicas analiticas mais sensiveis, uma vez que essas substancias sdo detectadas
no ambiente em concentragdes baixissimas (Luo et al., 2014). Esses contaminantes

ja foram detectados em sistemas hidricos em faixas de concentragdo variando
entre ng/L a pg/L (Luo et al., 2014), uma vez que é improvavel que essas substancias
sejam removidas pelas estagbes de tratamento de efluentes tradicionais (ETEs) dada
a sua atual ineficiéncia (Bhatt, Bhandari e Bilal, 2022), o que pode ser descrita como
prejudicial a saude humana e ao ecossistema em geral (Guerra-Rodriguez et al.,
2021).

Erika Monteiro dos Santos Mestrado em Farmacologia e Bioquimica — Pag. 1



Um dos grupos de micropoluentes emergentes mais estudados atualmente sao
os ftalatos, que sao produtos sintéticos amplamente difundidos em diversas
aplicagdes industriais (Staples et al., 1997; Shin et al., 2020; Radke et al., 2019),
constituindo mais de 70% dos plastificantes usados no mundo (Staples et al., 1997;
Schecter et al., 2013; Malveda et al., 2015). Apesar de ser empregado largamente na
industria de plastificantes, os ftalatos sdo muito utilizados na industria como um todo,
sendo assim, s&o encontrados em diversos tipos de produtos como tintas, artigos
infantis, adesivos, perfumes, materiais de construgdo, cosméticos, shampoos,
detergentes, sabonetes, esmaltes, pisos, sprays para cabelo, dispositivos médicos,
entre outros (Latini, 2005; Wormuth et al., 2006; Benjamin et al., 2015; Br¢i¢ KaraConji
et al., 2017).

O dibutil ftalato (DBP) é um dos ftalatos mais frequentes encontrados no meio
ambiente, devido ser utilizado na fabricagao de diversos produtos do dia-a-dia, tais
como tintas em geral, medicamentos, cosméticos, embalagem de alimentos e uma
variedade de produtos de higiene pessoal (Wittassek et al., 2011; Benjamin et al.,
2015), expondo os seres humanos continuamente a este contaminante. A continua
exposicao ao DBP fez com que varios estudiosos se questionassem quanto a sua
toxicidade (Barbaud e Lafforgue, 2021; Heudorf, Mersch-Sundermann e Angerer,
2007), uma vez que este pode entrar no organismo humano por via digestiva,
inalatoria e dérmica (Wittassek et al., 2011).

Em humanos, além de estar diretamente relacionado com a ma qualidade de
espermatozoides produzidos (Pant et al., 2008; Jurewicz et al., 2013), o DBP também
€ apontado, segundo o Centro Nacional de Toxicologia para Avaliagdo de Riscos para
Reproducdo Humana, como causador de potenciais danos no desenvolvimento
humano devido ao DBP estar inserido em diversos produtos de uso humano continuo
(NTP, 2003). Ja em organismos aquaticos como peixes, estudos recentes relatam que
o DBP causa imunotoxicidade (Xu et al., 2015) toxicidade no desenvolvimento (Sun e
Li, 2019), hepatoxicidade (Song et al., 2021), neurotoxicidade (Paquette et al., 2023),
genotoxicidade e estresse oxidativo no cérebro (Jiang et al., 2022) e apoptose (Hou
et al., 2024).

Desse modo, tendo em vista o aumento da poluicdo de ambientes naturais, €
valido ressaltar a importancia do monitoramento ambiental de areas afetadas para que
sejam implementadas agdes corretivas. Porém, essas areas ndo podem ser somente

avaliadas em nivel de analises quimicas, uma vez que estas analises ndo sao capazes
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de indicar se a biota presente no local esta sofrendo efeitos deletérios da poluigao
decorrente dos contaminantes presentes (BarSiené et al., 2006; Cajaraville et al.,
2000). Sendo assim, € necessario verificar e analisar os efeitos que tais
contaminantes possuem sobre os organismos vivos do local por meio dos marcadores
bioldgicos ou como sdao comumente conhecidos: os biomarcadores (Wells et al., 2001;
Fuentes-Rios et al., 2005).

Os biomarcadores correspondem a uma resposta biolégica a algum
xenobidtico, podendo essas respostas se apresentarem como alteragdes a nivel
bioquimico, celular, comportamental, histolégico e fisioldgico (Depledge, 1992; Lam e
Gray, 2003). Estes podem ser divididos em: (i) biomarcadores de exposi¢cao, que sao
capazes de nos informar o nivel de exposicao a uma fonte estressora, como a
capacidade antioxidante total contra radicais peroxil (ACAP) e a glutationa-S-
transferase e; (ii) biomarcadores de efeito, os quais podem nos informar sobre danos
ou efeitos deletérios, como a lipoperoxidacao (LPO) (Sogorb et al., 2014; Amado et
al., 2009; Zamek-Gliszczynski et al., 2006; Javed et al., 2016).

Além dos biomarcadores, os organismos biomonitores também consistem em
uma importante ferramenta para estudos ecotoxicolégicos, uma vez que sao
indicativos biolégicos de uma determinada condigdo ambiental (Le et al., 2016). O
Hyphessobrycon heterorhabdus, comumente conhecido como Tetra Bandeira € um
peixe amazbnico que se distribui por toda coluna d’agua dos corpos hidricos
amazonicos, alimentando-se de pequenos insetos aquaticos e terrestres e de matéria
organica (Moreira et al., 2002; Garcia-Alzate et al., 2008; Lima et al., 2014). No que
diz respeito a abundéancia de peixes do género, a espécie H. heterorhabdus é uma
das mais abundantes em igarapés da regidao (Cruz, 2006). Algumas espécies do
género Hyphessobrycon ja foram utilizados em estudos ambientais recentes visando
analisar a toxicidade de certos contaminantes encontrados no meio ambiente, tendo
ele apresentado boas caracteristicas como organismo experimental, como por
exemplo: boa adaptabilidade as condi¢cdes laboratoriais, facil disponibilidade, facil
manutencdo, boa resisténcia e boa sensibilidade e suscetibilidade a exposicdo a
contaminantes (Sotero-Santos, Rocha and Povinelli, 2007; Scalon et al., 2010;
Carraschi, 2011; Damato and Barbieri, 2012), fazendo do H. heterorhabdus um
excelente organismo biomonitor para testes ecotoxicolégicos.

Deste modo, esse estudo teve por objetivo identificar e quantificar

micropoluentes organicos emergentes em rios urbanos da cidade de Belém e também
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investigar quais efeitos o DBP (o poluente de maior concentracdo encontrado) em
uma espécie de peixe amazonica, o H. heterorhabdus, através de biomarcadores de
estresse oxidativo. Sendo assim, esta dissertagado € composta por dois capitulos: (i) o
primeiro capitulo que objetivou identificar e quantificar cinco grupos de
micropoluentes, sendo eles os organoclorados, os hidrocarbonetos policiclicos
aromaticos (HPAs), as bifenilas policloradas (PCBs), horménios esterdides e os
ftalatos em rios urbanos da regido Metropolitana de Belém do Para, verificando
também como a influéncia de maré impactava em suas distribuicdes, o qual foi
submetido a Journal of Hazardous Materials; (ii) ja o segundo capitulo se tratou de
uma extensdo do capitulo 1, onde foram realizados ensaios em laboratério de
exposicao cronica a diferentes concentragcdes de DBP, semelhantes as encontradas
nos rios urbanos, em H. heterorhabdus, de modo a avaliar os efeitos deste
micropoluente através de biomarcadores de estresse oxidativo, o qual também sera

submetido a Journal of Hazardous Materials.
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2. ARTIGO 1: A INFLUENCIA DE MARE NA DISTRIBUIGAO DE
MICROPOLUENTES ORGANICOS EMERGENTES EM RIOS URBANOS NA
REGIAO AMAZONICA

The tidal influence on the distribution of emerging organic

micropollutants in urban rivers in the Amazon region
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Abstract:

Emerging micropollutants refer to chemical substances found in extremely low
concentrations in the environment. These have earned the label "emerging" due to the
recent advancement of susceptible analytical techniques, capable of detecting
substances even at very low concentrations (from ng/L to ug/L). Some micropollutants

are priorities due to their continuous input in the environment, such as organochlorines,
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polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHSs),
hormones, phthalates and others. We identified and quantified different groups of
micropollutants in urban rivers in the city of Belém, PA, the most urbanized cities in the
Eastern Amazon. Water samples were collected in the rainy season along two urban
rivers of Belém, the Tamandaré and Tucunduba channels. Tamandaré channel proved
to be more contaminated due to a lower tidal influence, making it more susceptible to
the accumulation of these contaminants. Our analyses demonstrated the presence of
organochlorines, PAHs and phthalates in the rivers studied. These findings underscore
the necessity for ongoing monitoring of Amazonian water bodies. The importance of
this approach is due to its harmful effects, such as neurotoxicity, apoptosis,
genotoxicity, damage to the reproductive system, neoplasms, endocrine disruption and
developmental toxicity. These impacts extend to both aquatic organisms and human
health.
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Highlights:
e Organochlorines, PAHs, and phthalates stood out as the most prevalent as
micropollutants in Amazonian urban rivers.
e An inversely proportional relationship exists between tidal influence and the
concentration of pollutants detected in water samples across these urban rivers.
e The imperative to monitor emerging organic micropollutants in Amazonian

urban rivers arises from their potential to induce harmful effects.

1. Introduction

Emerging micropollutants encompass chemicals not yet integrated into
environmental monitoring programs (Ternes and Joss, 2007; Reemtsma et al., 2008).
These substances are intricately tied to human activities, including domestic, industrial,
agricultural, and hospital-related sources (Komolafe et al., 2021). Examples of
emerging pollutants include pharmacologically active wastes, plasticizers, personal
care products, steroid hormones, and other toxic chemicals (Ternes and Joss, 2007;
Reemtsma et al., 2008; Santos et al, 2022), that have already been detected in water
systems in concentration ranges ranging from ng/L to pyg/L (Luo et al., 2014), being
harmful to human health and the ecosystem in general even at low concentrations (Lou
et al., 2014; Guerra-Rodriguez et al., 2021).

The organochlorines, for example, constitute a collection of compounds
characterized by having at least one chlorine atom directly bonded to a carbon chain.
They possess low molecular mass, rendering them insoluble in water while exhibiting
solubility in organic compounds (Hermes, 2004). These substances are highly resistant
in the environment, and may persist for many years in the ecosystem (Andréa, 1998).
This group of chemicals are considered toxic and easily absorbed by cutaneous,
respiratory, and digestive routes (Cavalcanti et al., 2016).

Another example of emerging pollutants found in the environment are polycyclic
aromatic hydrocarbons (PAHSs), which are of special environmental relevance because
they are harmful both to the health of the environment in general and to human health
(Boonyatumanond et al, 2006; Chen et al., 2007; IARC, 2010), as they exhibit
mutagenic, carcinogenic, teratogenic characteristics to living organisms, including
microorganisms, animals and humans even at minimal concentrations (Simpson et al.,
2005; Rengarajan et al., 2015; Bolden et al., 2017). In general, these compounds have
ecotoxic effects on aquatic life (Abdel-Shafy & Mansour, 2016).
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Phthalates are a group of contaminants of great environmental concern, as they
are present in food, air, water and soil. Their occurrences lead to significant human
exposure to these kinds of contaminants (Ge et al., 2007; U.S. National Library of
Medicine, 2009). Some studies over the years have linked exposure to phthalates to
several human health consequences, such as: damage to the reproductive system, as
well as malformations or even infertility (European Chemicals Agency, 2017),
urogenital neoplasms in men and women, breast and endometrial neoplasms (Singh
and Li, 2012), among others. In animals such as fish, phthalates can cause hormonal
dysregulation, oxidative stress, metabolic disorders, developmental toxicity, apoptosis,
and even genotoxicity (Zhang et al., 2021).

Congeners of polychlorinated biphenyls (PCBs) and steroid hormones are also
emerging micropollutants commonly found in the environment (Gioia et al., 2014;
Ojoghoro et al., 2021). PCBs are an important class of persistent, bioaccumulative
pollutants with potential environmental and human health damage (Meeker and
Hauser, 2010). Steroid hormones, on the other hand, are substances considered
endocrine disruptors, because they directly affect the endocrine system, since these
substances can mimic the body's natural hormone, altering the ideal functioning of the
endocrine system of an organism, thus causing several effects on human health and
other organisms (Lintelmann et al., 2003; Zhang et al., 2011).

Several studies on the identification and quantification of micropollutants in urban
areas have been carried out around the world and in Brazil (Wong et al., 2015; Xie et
al., 2019; Rodrigues et al., 2020; Gemusse et al., 2021; Song et al., 2022; Bertrand et
al., 2023), but no study has yet been carried out in Belém, the largest city in the eastern
Amazon (IBGE, 2010), thus, this study highlights its importance given its pioneering
role in the Amazon region.

The Amazon Rainforest occupies almost 40% of Brazil's total area, with around
6.9 million km? of river basin, housing the largest river drainage system on the planet
and the largest continuous area of tropical rainforest (Macedo and Castello, 2015). It
is the largest biological reservoir in the world, containing diverse species of plants,
vertebrates and invertebrates, many of which have not yet been identified (Macedo
and Castello, 2015).

Thus, it is of great environmental relevance to know which micropollutants are
present in the rivers of an important biome, such as Amazonia, thus inferring the level

of hazard that they present to human health and what kind of damage they can cause
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to the environment. Thus, the objective of this study is to identify and quantify different
groups of emerging micropollutants in urban rivers in the city of Belém, PA.
2. Material and methods

2.1 Sampling sites

The city of Belém (1°27'21"S 48°30'14"W), located in the northern region of
Brazil, covers a total area of 1,059.458 km? and is a densely populated municipality,
with a population density of 1,315.26 inhabitants/km? (IBGE, 2010). Belém is
considered the eleventh most populous city in Brazil, and is also the second largest
city in the Legal Amazon and the largest city in the Eastern Amazon, with an
approximate population of almost 1.5 million inhabitants (IBGE, 2010).

To verify the environmental concentrations of emerging organic micropollutants
in the Amazon region, eighteen water samples were collected in amber glass flasks
along two urban channels of Belém (Figure 1), the Tamandaré (1°27'24"S 48°29'45"W)
and Tucunduba (1°28'34"S 48°27'14"W) channels. both of which are natural water
bodies derived from rivers in the Amazon region (Targa et al., 2012; Macola et al.,
2017). The samples were collected in the rainy season (ebb tide), which is the period
when there is an increase in the leaching process and, consequently, the increase of
pollutants in the waters (Wijngaard et al., 2017). These samples were collected in
triplicate at three different points in each of the channels (nine samples for each
sampling site) to verify a concentration gradient, considering that there is a strong

anthropic influence along the two studied channels.
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Fig. 1. Tamandaré and Tucunduba channels, Belém, PA, showing the sample collection points. (A) The
points in yellow show the three sampling sites in the Tamandaré canal; (B) The points in orange show

the three sampling sites in the Tucunduba canal.

The Tamandaré channel consists of a natural water arm that comes from the
Guajara Bay, while the Tucunduba channel is a natural water arm that comes from the
Guama River and both channels are located in the urban area of Belém with a high
level of anthropic influence (Franca et al., 2013; Silva et al., 2020). The Tucunduba
channel is the second largest basin in Belém, having greater tidal influence than the
Tamandaré channel (Franga et al., 2013; Bletter et al., 2018). Point 1, in both channels,
is the most internally sampled area (inside the urban zone) and the most anthropized,
while point 3 is the most external point and the closest to the river mouth (Figure 1).

2.2 Chemicals and standards

The chemicals sodium sulphate, ammonium formiate, dichloromethane, and
acetonitrile, which were used for extraction procedures and chromatographic analysis,
were purchased from Sigma Aldrich (St. Louis, USA).

The analytical standards of the organochlorines were acquired from
AccuStandard, Inc. (New Haven, Connecticut, USA): Heptachlor Epoxide, Metribuzin,

Pendimethalin, trans-Permethrin.
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The analytical standards of polycyclic aromatic hydrocarbons (PAHs) were
acquired from Sigma Aldrich (St. Louis, USA): Fluorene, Phenanthrene, Anthracene,
Pyrene, Benz(a)anthracene, Chrysene, Dibenz(a,h)anthracene, Naphthalene, 2-
methylnaphthalene, Acenaphthylene, Acenaphthene, Fluoranthene,
Benzo(b)fluoranthene,  Benzo(k)fluoranthene, @ Benzo(a)pyrene, Indeno(1,2,3-
cd)pyrene, Benzo(g,h,i)pyrene.

The analytical standards of polychlorinated biphenyls (PCBs) were acquired
from Sigma Aldrich (St. Louis, USA): 2,2,5-trichlorobiphenyl, 2,4,5-trichlorobiphenyl,
2,2,5,5-tetrachlorobiphenyl, 2,2,3,5-tetrachlorobiphenyl, 2,3,4,4-tetrachlorobiphenyl,
2,2,4,5,5-pentachlorobiphenyl, 2,2,3,4,5-pentachlorobiphenyl, 2,3,3,4,6-
pentachlorobiphenyl, 2,2,3,5,5,6-hexachlorobiphenyl, 2,2,4,4,5,5-hexachlorobiphenyl,
2,2,3,4,4,5-hexachlorobiphenyl, 2,2,3,4,5,5-hexachlorobiphenyl, 2,2,3,4,5,5,6-
heptachlorobiphenyl, 2,2,3,4,4,5,6-heptachlorobiphenyl, 2,2,3,4,4,5,5-
heptachlorobiphenyl, 2,2,3,3,4,4,5-heptachlorobiphenyl, 2,2,3,3,4,4,5,5,6-
nonachlorobiphenyl.

The analytical standards of Phthalates were acquired from Sigma Aldrich (St.
Louis, USA): Dimethyl phthalate, Diethyl phthalate, Di-n-butyl phthalate, Di(2-
ethylhexyl)phthalate.

The analytical standards of Hormones were acquired from Sigma Aldrich (St.
Louis, USA): hydrocortisone, prednisone, progesterone, 17-ethynylestradiol, estriol,
estrone 3 Meo, estrone, estradiol, hexestrol.

2.3 Analytical procedures

2.3.1 Sample treatment

The samples were prepared using the liquid-liquid extraction method, where 50
mL of sample, without pre-concentration, was extracted with dichloromethane and
concentrated to 0.5 mL. Three extractions were performed with 15 mL of
dichloromethane each, stirring for 2 minutes, letting stand for 10 minutes, and filtered
with sodium sulphate into a concentrator tube, where it was concentrated with nitrogen
to a volume of 0.5 mL. The vial with the concentrated sample was measured by the
validated gas chromatographic methods (GC-MS) and liquid chromatographic
methods (LC-MS/MS) for the following classes of compounds: (i) organochlorines; (ii)
polycyclic aromatic hydrocarbons (PAHSs); (iii) polychlorinated biphenyl species

(PCBs), (iv) phthalates and (v) hormones.
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2.3.2 Chromatographic conditions of analysis

The determination of semi-volatile organic compounds (SVOCs) from the
organochlorine, PAH, PCB, phthalate compound classes was performed on a GC-MS
systems (Agilent, model GC-7890B/MS-5977A) with an autosampler (model G6501B).
The components were separated on a HP-5MS fused silica capillary column with a
length of 20 m and an internal diameter of 0.18 mm, as well as a film thickness of 0.18
pm, consisting of 5% phenyl, 95% dimethylsiloxane stationary phase. The conditions
for the chromatographic system were: injector temperature at 280°C; injection volume
at 2 uL; splitless injection mode pulsed at 50 psi up to 0.5 min; 50 mL/min purge in 0.5
min; septum purge switched to 3 mL/min flow mode; oven with initial temperature of
40°C (temperature maintained at 2.5 min), with heating rate of 25°C/min to 125°C,
where from this temperature, the heating rate becomes 16°C/min to 300°C (this
temperature is maintained for 4.162 minutes); helium carrier gas with constant flow of
0.7 mL/min; total run time of 21 minutes. The mass spectrometer conditions were:
transferline temperature of 300°C; ionization source temperature of 300°C and 150°C
for the quadrupole; electron impact ionization source (70 eV) in SIM mode.

2.3.3 Method for the quantification of hormones by liquid chromatography
(LC-MS/MS)

For the analytical method for identification and quantification of hormones by
LC-MS/MS, ammonium formiate and acetonitrile solvent were purchased from Sigma
Aldrich (St. Louis, USA). Reverse phase liquid chromatography analysis for hormone
determination was performed using a LC-MS/MS system (Agilent, model GC-
7890B/MS-5977A), solvent pump (model G1311B 1260 QuatPump), sampler (model
G1329B 1260 ALS), column oven (model G1316A 1260 TCC), and a mass
spectrometer (model G6430A). In the analysis of the compounds, the elution gradient
was using 80% Ammonium Formate 0.1% in ultrapure water and 20% Acetonitrile,
being: 0 min 20% B and 80 A %, 5 min 90 % Acetonitrile and 10 % Ammonium Formate
until 12 minutes, rebalancing the column with 80% Ammonium Formate 0.1% in
ultrapure water 20% B until the end of the run in 17.2 minutes. The column used was
a reversed phase column (Poroshell SB C18 model) of size 300x100 mm, particle size
of 2.7 ym (Agilent), injection volume of 50 pL, flow rate of 0.700 mL/min and the column
temperature used was 45°C.

The measurements were performed using an ESI source with gas temperature

of 350°C, gas flow of 8 L/min, nebulization of 36 psi and capillary voltage of 4.000V.
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The identification mode in the mass spectrometer was performed using multiple
reaction monitoring (MRM) with 300 positive electromultiplier delta and 300 negative
electromultiplier delta.

The accuracy of the measurements were evaluated by determining the
concentration of each analyte in the following certified samples: DRH-006S for PAHS;
M-8060 for phthalates; M-8082A for PCBs; M-8081-SC, M-508.1-X2, and AE-00023
for organochlorines (all from AccuStandard Inc., New Haven, USA). The accuracies
were determined as in range 91-108% for PAHs, 92-107% for phthalates, 96-107% for
PCBs, and 80-111% for organochlorines.

2.4 Statistical analysis

We conducted data analyses by examining concentrations of emerging organic
micropollutants (ECs) that exceeded the quantification limit. This allowed us to
establish profiles for different ECs along the channels, including their respective
contributions expressed as percentages (%). We explored potential relationships
among the occurrence of ECs by conducting correlations analyses using Spearman's
rank test (significance level of 0.05), visualized as a chord diagram. Following data
normalization, exploratory data analysis, Principal Component Analysis (PCA) and a
clustered heatmap, was executed. The PCA Bi-Plot was constructed for aggregating
ECs data from different points as descriptors, aiding in constructing classification trees
that highlight major contributing variables for grouping. The primary axis of PCA
captures the highest variation within the dataset, while subsequent axes are introduced
with the condition of orthogonality to previously derived ones. All statistical analyses
were performed using the R statistical software interface R-Studio (R version 3.6.3)
using “FMSB”, “ggplot2”, “chordiagram” and “heatmaply” packages.

3. Results and discussion

Anthropogenic activities contribute to the release of harmful compounds into the
aquatic environment. Studies identifying and characterizing these substances are
extremely pertinent to mitigating and remedying their damage to human health and the
ecosystem. In this context, we investigated the occurrence of emerging organic
micropollutants in two urban rivers situated in Belém, the most populous city in eastern
Amazonia, Brazil, and revealed their potential risk to the environment and the
population. The groups of contaminants investigated in this study were: (i)
organochlorines; (ii) polycyclic aromatic hydrocarbons (PAHSs); (iii) polychlorinated

biphenyl species (PCBs), (iv) phthalates and (v) hormones.
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3.1 Presence of organochlorines, polycyclic aromatic hydrocarbons (PAHSs);

polychlorinated biphenyl species (PCBs), phthalates and hormones in the river

waters

Our analysis revealed the presence of three of the five groups of micropollutants

investigated: organochlorines, PAHs and phthalates. The micropollutants detected are

shown below (Table 1).

Table 1. Comparison of the concentrations of micropollutants found in the two canals studied.

Tucunduba Channel

Tamandaré Channel

. Group of Micropollutants (n=9) - (n=9) -
micropollutants Lower range Highest Lower range Highest
(Hg/L) range (ug/L) (Hg/L) range (ug/L)

Phthalates DBP 5370 7.720 7.217 10.428
Phthalates DEHP 3.896 7.547 3.644 6.850
Phthalates DEP 1.850 3.805 2.765 4.703
Phthalates DMP 0.466 0.790 0.632 0.810
PAHs Anthracene ND ND 0.038 0.319
Organochlorines  Pendimethalin 0.151 0.198 0.183 0.277
PAHs Pyrene ND ND 0.051 0.259
Organochlorines  Metribuzin ND ND 0.177 0.252
PAHs Phenanthrene 0.005 0.041 0.030 0.217
PAHs Dibenz(a,h)anthracene ND ND 0.121 0.207
PAHs Chrysene ND ND 0.015 0.041
Organochlorines  frans-permethrin 0.013 0.041 0.015 0.032
PAHs Fluorene 0.004 0.011 ND ND
PAHs Benz(a)anthracene 0.007 0.007 0.008 0.008
Organochlorines  Heptachlor epoxide ND ND 0.001 0.003

ND: Not Detected

The environmental concentrations of the organochlorines found can be

understood by two characteristics:

liposolubility and slow metabolism. These

properties favor the persistence of these compounds in the environment, which
accumulate in the food chain and in fat tissue (Jayaraj et al., 2016). Numerous studies
conducted over the years have showcased the detrimental impacts of organochlorines
on the well-being of diverse organisms. (Singh et al., 2016). Damage such as gill

hypertrophy, pyknotic core, hydropic degeneration in the liver, and damage to the

Erika Monteiro dos Santos Mestrado em Farmacologia e Bioquimica — Pag. 14



reproductive system in males have already been demonstrated in fish (Da Cuna et al.,
2011). In rats, damage such as dopaminergic neurotoxicity, dysfunction of
mitochondrial activity (Sharma et al., 2010), apoptosis, biochemical changes,
genotoxicity (Pelletier et al., 2009) and a high production of reactive oxygen species
(Yu and Yang, 2007). In humans, besides organochlorines being associated with
different types of cancer (Enan and Matsumura, 1998; Diel et al., 2002; Ndebele et al.,
2010; Wong et al., 2015), they are also capable of causing damage to the male
reproductive system from changes in sperm count in spermatogonia to morphological
changes in spermatozoa (Cable and Doherty, 1999).

Among the 27 analyzed organochlorines, only 4 of them were identified in at
least one of the sampling points. The identified organochlorines include heptachlor
epoxide, metribuzin, pendimethalin, and frans-permethrin. Among the detected
organochlorines, pendimethalin showed the highest concentration (0.277 + 0.037
Mg/L), while the lowest concentration was found for heptachlor epoxide (0.001 £ 0.0001
Mg/L). These compounds are toxic and their presence in water, even at low
concentrations, can be a significant source of pollution. Furthermore, pendimethalin
has been found to be a moderately to extremely toxic compound for fish and aquatic
organisms (lkpesu et al., 2017; Qiao et al., 2021). Heptachlor Epoxide was quantified
only in the samples from the Tamandaré channel in all sampling points. This substance
was the organochlorine that presented the lowest concentrations, ranging from 0.001
to 0.003 ug/L. Metribuzin was also found only in the Tamandaré channel, but was
quantified only in one of the sampling points in its three replicates, presenting a
concentration ranging from 0.177 to 0.252 pg/L (0.226 + 0.043 pg/L).

Considering the pollutant pendimethalin, it was found in almost all sampling
points in the Tamandaré channel, presenting a concentration ranging from 0.183 to
0.277 pg/L (0.227 £ 0.031 ug/L). This substance was also found in its three replicates
from a single sampling point in the Tucunduba channel, unlike heptachlor epoxide and
metribuzin, which were not found in any concentration at this site. In the Tucunduba
channel, pendimethalin showed concentrations ranging from 0.151 to 0.198 ug/L
(0.174 £ 0.024 ug/L). In addition, trans-permethrin, like pendimethalin, was detected
at both sampling sites. However, trans-permethrin was found at all sampling points in
the Tamandaré channel and almost at all points in the Tucunduba channel. In the
Tamandaré channel, the highest concentration found of frans-permethrin was 0.032

Mg/L, while the lowest concentration found at this site was 0.013 pg/L (0.023 + 0.024
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Mg/L). In the Tucunduba channel, the lowest and highest concentrations found,
respectively, were 0.013 and 0.041 ug/L (0.024 + 0.011 ug/L).

Studies have shown that pendimethalin can bioaccumulate in different fish
tissues, such as Oncorhynchus mykiss, in bile and muscle due to its high
bioconcentration factor. Pendimethalin can bioaccumulate in specific tissues and can
disrupt different physiological parameters (Danion et al., 2012; 2014). Chronic
exposure to metribuzin has had deleterious effects on fish development, being
associated with increased mortality in embryos and larvae in Cyprinus carpio
(St&panova et al., 2012).

Comparatively, the Tamandaré channel proved to be more contaminated than
the Tucunduba channel with respect to organochlorines. This may be the result of the
greater tidal influence in the Tucunduba channel, making it less susceptible to the
accumulation of these contaminants (Al-Zawaidah et al., 2021). However, no
discrepant difference was observed along the sampling points for each channel. The
environmental importance of the detected organochlorines concentrations can be
explained by taking into account the octanol-water partition coefficient (log Kow),
because this ratio provides information about the bioaccumulation of these
contaminants in the environment (Howard and Muir, 2010, 2011). Log Kow values
higher than 3 indicate that the compound in question is considered very hydrophobic,
which contributes to its bioaccumulation in the environment (Cumming and Rucker,
2017; Moldoveanu and David, 2021). Thus, heptachlor epoxide, pendimethalin, and
trans-permethrin have higher bioaccumulation potential than metribuzin (log Kow =
1.7), since their log Kow range from 5.1 to 6.5.

3.2 Presence of PAHSs in the river waters

The introduction of PAHSs into the environment occurs by different routes, but
the main ones are oil and natural gas production, chemical industries, gas stations,
among others (Hussain et al., 2018). These substances are considered potentially
toxic to the ecosystem, since they are able to bioaccumulate and cause various
damages to aquatic life, for example (Sverdrup et al., 2002; Hylland, 2006). Several
studies over the years have already demonstrated harmful effects of PAHs to fish and
shellfish, such as metabolic dysfunction, reduced immunity, tumor development, and
problems in the reproductive system (Almeda et al., 2013; Abdel-Shafy and Mansour,
2016).
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The properties of PAHs, such as stability, bioaccumulation capacity, and long-
range transport, allow them to disperse to different parts of the environment, such as
soil, air, water, and biological tissues (Habibullah-Al-Mamun et al., 2019). Due to their
potential to bioaccumulate in the environment, PAHs are able to travel through the
entire food chain and can even harm human health due to the consumption of
contaminated foods such as fish and seafood (Maletic¢ et al., 2019; Ameur et al., 2023).
All 7 contaminants detected in our samples are part of the list of 16 HPAs considered
as priority HPAs due to their high environmental importance according to the US
Environmental Protection Agency (USEPA, 2003). According to the International
Agency for Research on Cancer, species such as chrysene, benz(a)anthracene,
dibenz(a,h)anthracene found in our samples are potentially carcinogenic to humans
(IARC, 1983, 2001).

The PAHs found at both sampling sites were phenanthrene and
benz(a)anthracene, but phenanthrene was the only one found in all the replicates. In
addition, benzo(a)anthracene was detected only at one sampling point at both sites.
For the Tamandaré channel, phenanthrene concentrations ranged from 0.030 to 0.217
Mg/l (0.094 £ 0.069 pg/L). For the Tucunduba channel, concentrations ranged from
0.005 to 0.041 ug/L (0.014 £ 0.011 pg/L). For benz(a)anthracene, the concentrations
quantified at both sites were very low, being 0.007 pg/L (0.005+£0.004 pg/L) for the
Tamandaré channel and 0.008 pg/L for the Tucunduba channel (0.008 + 0.0001 pg/L).
In addition, anthracene, pyrene, chrysene and dibenzo(a,h)anthracene were detected
only in the Tamandaré channel in at least one of the sampling points. Anthracene was
detected at only one sampling point in its three replicates, with concentrations ranging
from 0.038 t0 0.319 pug/L (0.135 + 0.159 ug/L). Pyrene was detected at the same point
as anthracene in the same three replicates, with concentrations ranging from 0.051 to
0.250 pg/L (0.124 £ 0.117 pg/L). Dibenz(a)anthracene was detected in the three
sampling points of the Tamandaré channel, presenting concentrations ranging from
0.121 to 0.207 ug/L (0.160 + 0.025 pg/L). Chrysene was detected in two of the three
sampling points in the Tamandaré channel, with the lowest and highest concentrations
being 0.015 and 0.041 pg/L (0.020 + 0.014 pg/L), respectively. The lowest
concentration of PAH found was for to fluorene (0.004 pg/L) while the highest
concentration found for this substance was 0.011 ug/L (0.008 + 0.004 ug/L).

The study carried out by Khursigara et al. (2022) showed that acute exposure

to pyrene caused a significant reduction in column length, standard length, total length
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and brain size in the estuarine fish Sciaenops ocellatus. The concentration of 2.2 ug/L
caused total mortality of S. ocellatus larvae, so the concentration used in this study
was 0.36 ug/L, while the highest concentration found in our analysis was 0.259 ug/L,
i.e. the concentration of pyrene in urban Amazonian rivers is seven times higher than
that already reported in the literature, causing harmful effects in fish.

In D. rerio larvae, exposure to phenanthrene resulted in morphological changes,
such as spinal curvature, pericardial edema and body shortening (Xu et al., 2022). In
adult D. rerio, exposure to phenanthrene causes changes in both oxidative stress and
the immune system (Xu et al., 2021). The joint exposure of phenanthrene with
microplastics causes an increase in oxidized damage in zebrafish, thus stimulating
immune function and altering the composition of the intestinal microbiota, which can
lead to damage to the animal's health (Xu et al., 2021).

In Cyprinus carpio, studies demonstrated that anthracene is capable of
increasing the activity of aminotransferase enzymes in the liver after exposure to 7.5
mg/L anthracene (Lateef et al., 2021), while the same species showed DNA damage
after exposure to 25 pg/L and 47 pg/L Dibenzo(a,h)anthracene (Kim and Kim, 2016).
Even in plants, PAH exposure tests have shown negative results on plant physiology.
A medicinal plant, Amaranthus cruentus, showed PAH accumulation associated with
a reduced production of secondary metabolites (pigments and bioactive compounds)
and an imbalance in redox status after being exposed to a mixture of PAHs (a solution
that contains substances such as anthracene, dibenzo(a,h)anthracene, pyrene, and
phenanthrene) (Tandey et al., 2021). These analyses demonstrate the isolated and
combined action of PAHs on several biological systems, proving the harmful effects of
these substances in the biota and their potential risk to human populations.

As observed for organochlorines, the Tamandaré channel was found to be more
contaminated than the Tucunduba channel with PAHs. Again, this may be a result of
the tidal influence being stronger in the Tucunduba channel. (Al-Zawaidah et al., 2021)
and also there was no discrepant difference in the concentrations of contaminants in
relation to the sampling points in each channel. The environmental importance of
detected concentrations of PAHs can also be explained by the Log Kow, which ranged
from 4.18 to 6.75, indicating that all the detected PAHs have a high hydrophobic level.
Thus, it contributes to the ability of these contaminants to bioaccumulate, as found for
the organochlorines.

3.3 Presence of phthalates in the river waters
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Phthalates, unlike some substances belonging to organochlorines and PAHSs,
were detected at both sampling sites and in all replicates at each point, and their lowest
concentration (0.466 ug/L) was almost twice as high as the highest concentration found
in the other analyzed groups. Taking into account the high consumption of phthalates
by industrial processes, this substance is considered ubiquitous in the environment,
being found in air, soil, water and food (Naveen et al, 2022). Thus, the China
Environmental Monitoring Center and the United States Environmental Protection
Agency have listed phthalates as a group of priority pollutants of great environmental
relevance (Das et al., 2021), and among the pollutants on this list are DMP, DEP, DBP,
and DEHP, all of which were detected in our environmental samples.

The most abundant and commonly detected phthalates are DBP and DEHP
(Schecter et al.,, 2013; Net et al., 2015), corroborating our results, where these
presented the highest concentrations found in the environmental samples analyzed.
Several harmful effects caused by DBP and DEHP have already been documented in
animal tests, both known to cause toxicity in the reproductive system and development
in animals for example (Kavlock et al., 2002; Mariana et al., 2016). Other damages
caused by these substances are related to changes in the cardiovascular system
(Gillum et al., 2009; Lee et al., 2016; Sun and Li, 2019), changes in liver function
(Rowdhwal and Chen, 2018; Radha and Basha, 2020), among others.

Recent studies have demonstrated adverse effects of DBP and DEHP in
zebrafish (Danio rerio), such as: alteration of gill calcium homeostasis (Rodrigues et
al., 2020), oxidative stress, genotoxicity and lipid peroxidation in liver cells (Song et al,
2022), genotoxicity and oxidative stress in adult zebrafish brain (Jiang et al., 2022),
oxidative stress, apoptosis and toxicity during early development in zebrafish larvae
(Huang et al., 2022). According to some studies, the micropollutants detected in our
analyses come from human activities (Liu et al., 2021). Therefore, it is believed that
the origin of the three groups of micropollutants found comes from activities such as
domestic and industrial discharges, dumping of untreated sewage waste, among
others, activities which are largely present in the study sites due to the high degree of
urbanization.

All the phthalates analyzed (DMP, DEP, DBP and DEHP) were quantified in all
sampling points, differing only in their concentration. The lowest concentration found
was for DMP (0.466 pg/L) and the highest concentration found was DBP (10.428 ug/L).
The contaminant that presented the highest concentrations was DBP, ranging from
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5.370 to 10.428 pg/L (7.149 £ 1.259 pg/L). The second was DEHP, ranging from 3.646
to 7,547 pg/L (4.837 + 1.180 pg/L). The third was DEP, with concentrations ranging
from 1.850 to 4.703 pg/L (3.013 £ 0.864 pg/L). DMP had the lowest concentrations
found, ranging from 0.466 to 0.810 pg/L (0.683 £ 0.098 pg/L).

For phthalates, there was not a great difference with regard to the level of
contamination of both studied channels, since the analyzed phthalates were detected
at all sampling points in both channels. As seen for organochlorines and PCBs, for
phthalates there was no discrepant difference in the concentrations found at the
different sampling points for both channels. Regarding the log Kow of the phthalates,
two of the detected phthalates have values below to 3, while the other two above 3,
suggesting that DMP and DEP have a lower bioaccumulation potential compared to
DBP and DEHP, which have a log Kow of 4.50 and 7.50 respectively. Lastly, the high
concentrations of some phthalates found in 50mL of sample from each point can be
explained by their physicochemical characteristics, since they have low solubility in
water and good stability to light and heat (Gomez-Hens and Aguiar-Caballos, 2003).

3.1.3 Absence of PCBs and hormones in the river waters

PCBs are synthetic substances formed from the gradual chlorination of biphenyl
in the presence of a catalyst, in other words, PCBs are chemically chlorinated
hydrocarbons (Erickson and Kaley, 2011). These compounds are considered
substances of environmental relevance and have been listed as persistent organic
pollutants (POPs) by the Stockholm Convention (Zhu et al., 2022), due to presenting
themselves as a threat to ecosystems and humans, as they have optimal stability in
the environment and are able to bioaccumulate along the food chain (Merhaby et al.,
2019).

Even though PCBs are not detected in our samples, many studies report various
harmful health effects of PCBs in humans, mammals, and fish, and can cause adverse
harm such as neurotoxicity, hepatoxicity, reproductive toxicity, among others (Pessah
et al., 2019; Xie et al., 2019; Berghuis and Roze, 2019). These are also classified by
the International Agency for Research on Cancer and the United States Environmental
Protection Agency as compounds that are potentially carcinogenic to humans (IARC,
1990; EPA, 2015), and taking this into consideration, PCBs have their use totally
banned by several countries, yet the population still remains exposed to these
substances due to their great ability to bioaccumulate in the environment (Meeker and

Hauser, 2010), so it was theoretically expected to find no trace concentrations of PCBs.
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It's possible that PCBs are present in very low concentrations and could be detected if
the samples were pre-concentrated before analysis.

Among the hormones analyzed, none of the substances were detected in any
of the sampling points. The hormones analyzed were: Hydrocortisone, Prednisone,
Progesterone, 17-Ethynylestradiol, Estriol, Estrone 3 Meo, Estrone, Estradiol,
Hexestrol. The non-detection of hormones in Amazonian urban rivers can be explained
by the sample volume used sample volume used during the analysis and the
concentration range commonly found for hormones, these being found in the
environment in the range of ng/L (Almazrouei et al., 2023), that is, the volume of 50
mL used during the analyses may not have been enough to detect hormones, since
these can be in extremely small concentrations in the environment, however, analyses
with a larger sample volume may indicate the presence of hormones in Amazonian
urban rivers.

Regarding hormones, these are considered endocrine disruptors and, even
though they are not detected in our samples, they are one of the most studied emerging
micropollutants today due to their environmental and human health importance (Bila
and Dezotti, 2007). Endocrine disruptors are of great importance because they are
able to impair the functioning of the endocrine system, since these substances are able
to prevent the action of the natural hormone produced in the body, resulting in several
consequences for the body's endocrine system, since this deregulation can affect from
the synthesis to the excretion of a hormone produced by the body (Lintelmann et al.,
2003).

3.2 Distribution of emerging organic micropollutants in urban rivers

The contribution of each pesticide class to the total pesticide levels in the
investigated samples is showed in figure 2. As can be seen, the profile of the
contaminants in this study area in the Amazon region is overall characterized by PAHs
and phtalates, and in general very similar in all points. Furthermore, during a detailed
analysis of each compound and its contribution across various locations, a discernible
pattern of contribution based on compound type and location emerged as can be seen
in figure 3. In this figure, it is evident that the Tamandaré channel exhibits the presence
of nearly all compounds, each making significant contributions, with the exception of
fluorene. This stands in strong contrast to the situation observed in Tucunduba

channel.
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3.3 Multivariate analysis

The multivariate analysis facilitates the exploration of multidimensional data by
encompassing multiple variables. It enables a more precise and comprehensive
exploration of intricate chemical phenomena and data patterns compared to the
limitations of univariate or bivariate approaches. Moreover, the insights garnered
through the application of multivariate analysis techniques would have remained
inaccessible had solely univariate or bivariate methods been employed. Therefore, the
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insights and deductions drawn from this study gain augmented validation through the
incorporation of multivariate models in the analysis.

Figure 4 illustrates a clustered heatmap designed to depict the prevalence of
contaminants traced in water across distinct sampling points in this study. Here, a
notable disparity in the presence of contaminants at various points becomes evident,

as evidenced by a color range.
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Fig. 4. Heatmap of the different classes of contaminants data from the selected points in a Brazilian
urban stream (Tamandaré and Tucunduba channel). Rows are clustered using correlation distance and
average linkage. The Profile of the variables is displayed considering the abundance represented

through the color range (red to green).

The Biplot - PCA (Figure 5) was constructed to discern the relative significance
of variables (contaminants) through group demarcations and their contributions within
varying clusters. Our investigation highlights the prominent influence of the area factor.
The data highlights that in the Tucunduba area, the compounds Benz(a)anthracene
and Fluorene exhibited higher prevalence. Conversely, in the Tamandaré area,
Dibenz(a,h)anthracene and Heptachlor epoxide emerged as the most prominent

compounds.

Erika Monteiro dos Santos Mestrado em Farmacologia e Bioquimica — Pag. 23



PCA - Biplot

6-

|

|

1

1

1

1

1

1

|

1 e
' Contribution
1

| ] 10.0
1

|

1

1

1

1

1

1

1

. B 15
o A Dibenz(a,h)anthracene [ 50
Q %
35 »—2% Heptachlor Epoxide 25
o o = | |
= Di(2-ethylhexyl)phthalate o
& 0— - - - - - - -Ri(2zethylhexylphthalate Nee==r—— %~ _ _ _BPhepanihgene._ - _ - _ _
£ @ : Y e
a ° © i - ® .Tamandaré
1
! ) (OTucunduba
1
o
o e |
1
1
-3- 1
1
1
1
1
1
|
1
|
1
|
3 0 3 6
Dim1 (58.5%)

Fig. 5. PCA - Biplot of 15 contaminants collected different points in two different channels (Tamandaré
and Tucunduba) in a Brazilian Urban stream from Amazon. The PCA was plot using the first and second
principal components showing the correlation of each variable (arrows) and the respective contributions
(Color range). The length of the arrows approximates the variance of the variables, whereas the angles

between them approximate their correlations.

The chord diagram (Figure 6) displays the inter-relationships between data in a
matrix that contains only significant correlations (over 0.5). Besides, it is possible to
observe the strength of a variable over correlated variables. In this diagram, the size
of each chord for every compound signifies its degree of correlation with the points-
specifically, a larger chord indicates a stronger association or higher presence. Hence,
from this depiction, it becomes immediately apparent that the compounds most
prevalently represented are Di-(2-ethylhexyl) phthalate, Di-n-butyl phthalate, and
Diethyl phthalate.
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Fig. 6. The Chord diagram is designed with the contaminants data collected from different points in two
channels (Tamandaré and Tucunduba) located in a Brazilian urban stream. The size of the arc is
proportional to the importance of the flow and the nodes were plot considering only the significantly

spearman correlations, (p < 0.05).

4. Conclusions

Considering the propensity for micropollutants like organochlorines, PAHs, and
phthalates to undergo bioaccumulation, their existence within Amazonian urban rivers
becomes a matter of heightened concern, since they are capable of bioaccumulating
along the food chain and can easily reach humans through food, causing them various
health problems.

Our data unveil greater contamination within the Tamandaré channel compared
to the Tucunduba channel. This discrepancy can be attributed to the Tucunduba
channel's heightened tidal influence, rendering it less susceptible to the buildup of
these contaminants. Furthermore, no noteworthy disparities were observed among
the various sampling points along both channels, as these points exhibited remarkably
similar concentrations.

In our analyses, micropollutants with significant environmental impact were
detected, such as DBP and DEHP, which were found in the highest concentrations and

are among the most abundant and dangerous phthalates due to their chemical
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properties that contribute to their bioaccumulation. In the environment, it can cause
serious damage to the human reproductive system and that of other organisms. The
other micropollutants found, such as organochlorines and PAHs, even if in lower
concentrations, also show up as worrying data since they also cause harmful effects
to human and environmental health, considering that water is an essential resource for
the survival of various organisms.

Thus, studies focused on monitoring this kind of pollutants are of great
environmental relevance because, even at low concentrations, emerging contaminants
can cause adverse health effects ranging from endocrine disruption to potential
carcinogenic effects both for humans and for the aquatic biota of the Amazon region.
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3. ARTIGO 2: EFEITOS DE CONCENTRAGOES AMBIENTALMENTE REALISTAS
DE DIBUTIL FTALATO NA REGIAO AMAZONICA EM Hyphessobrycon

heterorhabdus (Teleostei: Characidae)
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Abstract:

Previously our group have shown that urban amazonian rivers in Belém, Para, Brazil
displayed high levels of emerging pollutants, including Dibutyl phthalate (DBP). In this
sense, this study evaluated the biochemical changes in Hyphessobrycon
heterorhabdus exposed to three different concentrations of DBP. The experimental
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groups were: solvent control (acetone), G1: 10 pg/L (urban river Amazon
environmental concentration), G2: 100 pg/L, and G3: 1000 ug/L. The anterior, middle,
and posterior sections of H. heterorhabdus were established for the analysis of
biomarkers such as total antioxidant capacity (ACAP), glutathione S-transferase
(GST), and lipoperoxidation (LPO). ACAP did not vary among the groups in the anterior
and posterior sections, showing a concentration-dependent effect in the middle
section. GST increased in G2 in the anterior section, preventing cell damage, and there
was also a decrease in GST in G1 in the middle section, no variations in the posterior
section. For LPO, we observed a concentration-dependent and hormetic effects in the
anterior and posterior sections, respectively, but no variations in the middle section. In
conclusion, our results showed concentration-dependent and hormetic effects of
biomarkers when exposed to different concentrations of DBP, suggesting that the
progressive increase of DBP in the environment is related to progressive cell damage
and essential interference in the antioxidant system. We also highlight H.
heterorhabdus as a potential biomonitor organism for the Amazon region since it has

shown promising responses to exposure to contaminants.

Graphical abstract:
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Highlights:
e DBP causes a concentration-dependent effect on ACAP and LPO in the middle
and anterior sections, respectively;
e The environmental concentration of DBP for the Amazon region causes a
decrease in GST in the middle section;
e Low DBP concentrations result in a hormetic effect on LPO in the posterior
section.

1. Introduction

Phthalates are synthetic products that are widespread in various industrial
applications, mainly in plastic-based consumer products (Staples et al., 1997; Shin et
al., 2020; Radke et al., 2019) which are widely used in industry as a whole, and are
also found in other products such as paints, toys, perfumes, building materials,
cosmetics, detergents, soaps, medical devices, among other products (Latini, 2005;
Wormuth et al., 2006; Benjamin et al., 2015; Karaconiji et al., 2017). Phthalates have
an unstable characteristic because they are not covalently attached to the plastic
matrix (Bosnir, 2003), facilitating their disaggregation from polymers (Kashyap and
Agarwal, 2018; Zhang et al., 2021), and are carried into the environment through
evaporation, leaching, and abrasion of plastic materials (Benjamin et al., 2015; Zhang
et al., 2021).

Studies in various regions have already detected phthalates in the environment,
such as in China (Wang et al.,, 2023), the Maldives (Saliu et al., 2019), Iran
(Gholaminejad et al., 2024), and southeastern Brazil (Neves et al., 2023). However, in
the Amazon, there are not enough studies to detect these pollutants in environmental
compartments, with only one recent analysis in urban rivers in the northeastern part of
the Amazon (Monteiro et al., 2024) detecting not only phthalates but other groups of
emerging contaminants, with the compound present in the highest concentration in this
region being dibutyl phthalate (DBP).

DBP is one of the most commonly found phthalates in personal care products,
leading humans and other organisms to be directly and continuously exposed to this
compound (Zhang et al., 2021; Barbaud and Lafforgue, 2021; Heudorf, Mersch-
Sundermann and Angerer, 2007), with the ability to enter animals via three routes:
digestive, inhalation and dermal (Wittassek et al., 2011). In addition, epidemiological
studies and tests on animals and cell lines have shown that exposure to DBP causes
potential damage to the reproductive axis (Alam et al., 2010; Bao et al., 2011; Chen,
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Wang, and Liang., 2024), neurotoxicity (Chen, Wang and Liang, 2024) and promotes
oxidative damage (Aly et al., 2016; Hou et al., 2024). However, given the presence of
DPB in Amazonian aquatic environments, it is worth emphasizing the importance of
biomonitoring this region using native organisms as a biological model in order to
obtain a realistic understanding of the effects of these contaminants on the
environment studied (Krull and Barros, 2012).

In this context, the analysis of oxidative stress biomarkers is an excellent tool
for assessing the toxicity of contaminants, such as DBP and other compounds, at a
biological level (Gabriel et al., 2020). This definition is because biomarkers are capable
of providing an immediate response to the effects of contaminants on organisms,
indicating the level of exposure to a stressful source resulting from changes in the
activity of antioxidant enzymes and oxidative damage suffered by biological molecules
(Hampel et al., 2016; Gongalves et al., 2021). In this way, we investigated the effects
of environmentally relevant concentrations of DBP for the Eastern Amazon on the
native fish Hyphessobrycon heterorhabdus, an animal that is a potential model
organism for ecotoxicological tests in this region.

2. Material and methods

2.1 Fish collection and acclimation

The adult specimens of H. heterorhabdus (n = 20) were collected from a stream
in the Parque Ecolégico do Gunma (Para, Brazil) with no direct influence from
anthropogenic activity. The federal government agency SISBIO — ICMBIO (63470-2)
authorized the collection of the animals, and the experimental procedures were
approved by the Ethics Committee for the Use of Animals in Experiments of the Federal
University of Para (7369290224). The animals were acclimatized in the laboratory in
glass aquariums (dimensions 35 cm x 30 cm x 35 cm) containing reconstituted reverse
osmosis water for seven days, with a 14C/10E photoperiod, biological filtration, a
constant aeration system, a temperature of 25°C and partial water changes or as
needed. The animals were maintained by feeding them TetraMin commercial feed with
37% protein twice a day, with feeding being interrupted 24 hours before the
experiment.

2.2 Chemical substance and experimental design

A 99% purity DBP was purchased from Sigma-Aldrich (CAS 524980). Briefly,
the DBP was diluted in Acetone P.A. to a nominal stock concentration of 20.79 g/L,

after which part of this solution was diluted in distilled water to a nominal concentration
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of 100 mg/L, which was used for the subsequent dilutions of the experiments. From
this stock solution, the solutions for the exposure media were prepared. The treatment
concentration of 10 pg/L was chosen based on previous studies on the quantification
of micropollutants in the Amazon (unpublished results).

The specimens were divided into four experimental groups with five replicates
each: 1) the acetone group (CA) was defined using only the same volume of the diluent
(acetone); 2) group 1 (G1) received the highest concentration found in the study carried
out previously (10 pg/L); 3) groups 2 (G2) and 3 (G3) received, respectively, a
concentration ten times and one hundred times higher than the highest concentration
found (100 ug/L and 1000 ug/L), in order to assess the possible effects of increasing
environmental concentrations of DBP for seven days. Partial changes were made
every 24 hours.

After the experimentation period, the animals were euthanized following the
precepts of the National Council for the Use of Animals in Experiments (CONCEA -
RN n°13/2013) and then dissected to obtain the anterior, middle, and posterior sections
for biochemical analysis. The anterior section was defined from the beginning of the
head to the beginning of the vertebral column, covering the entire opercular area of the
animal; the middle section was delimited from the vertebral column to the anus of the
animal, with the posterior section being from the anus to the end of the caudal fin.

2.3 Biochemical analysis

The samples (anterior, middle, and posterior) were homogenized in a buffer
solution (Tris-HCI 100 mM, EDTA 2 mM, MgCI2.6H20 5 mM, pH 7.5) in a ratio of 1:4
(weight: volume) using a Potter-type tissue homogenizer according to the method of
Bainy et al. (1996). They were then centrifuged at 10,000 x g for 20 minutes at 4°C.
The supernatant was removed, aliquoted, and placed in a freezer at -80°C for further
analysis. A commercial kit (Labtest) based on the Biuret test for proteins was used to
analyze total proteins, using bovine albumin as a standard. Readings were taken using
a multimodal microplate reader (PerkinElmer VICTOR X3) at 550 nm, and the results
obtained were expressed in milligrams of protein/mL.

ACAP analysis followed the method described by Amado et al. (2009), which
determines the antioxidant capacity of samples with and without exposure to a radical
generator, peroxyl 2'2'-azobis-2-methylpropiamidine dihydrochloride (ABAP, 4nM),
using 2',7'-dichlorofluorescein diacetate (H2DCF-DA) as a substrate. Peroxyl radicals

are produced by thermal decomposition (37°C) of ABAP. In the presence of peroxyl
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radicals, H2DCF-DA intercepts the radicals' electrons and generates a fluorochrome,
which is detected using wavelengths of 488 and 525 nm for excitation and emission,
respectively. The principle of this method is that samples with a higher antioxidant
capacity will have less peroxyl radical formation. The results were expressed as the
difference in the area of UF/min in the same sample with and without ABAP and
relativized by the area without ABAP. The inverse of the relative area difference with
and without ABAP is considered a measure of antioxidant capacity.

The analysis of GST was based on the work of Habig and Jakoby (1981), which
evaluated the conjugation of 1 mM GSH with 1 mM 1-chloro-2,4 dinitrobenzene, a
process that used GST as a catalyst and a reaction medium consisting of 0.1 M
phosphate, pH 7.0. The readings were taken using a spectrofluorimeter with a
microplate reader, and the results were expressed as UGST/mg of protein.

Lipoperoxidation was determined using the thiobarbituric acid reactive
substances (TBARS) fluorimetry method, as described by Oakes and Kraak (2003).
This method quantifies a by-product of lipid peroxidation, malondialdehyde (MDA). In
the assay, MDA reacts with thiobarbituric acid (TBA, 0.8%) in an acidic medium (20%
acetic acid) at a temperature of 95°C, forming the pink-colored MDA-TBA2 complex,
which is detected by the fluorimeter using wavelengths of 515 and 553 nm for emission
and excitation, respectively. Butylated hydroxytoluene (BHT) was used as an
antioxidant for the samples, and 1,1,3,3-tetramethoxypropane (TMP) was used as a
standard. Sodium dodecyl sulfate (SDS, 8.1%) was used as a surfactant, and n-
Butanol was used to separate the organic from the inorganic phase. The results were
expressed as nmol MDA/g wet tissue.

2.4 Statistical analysis

The assumptions of normality (Shapiro-Wilks test) and homoscedasticity
(Levene test) were tested on the biomarker data for subsequent application of analysis
of variance (one way ANOVA) with Tukey's post-hoc test. The results were expressed
as mean = standard error. When these assumptions were not met, the non-parametric
Kruskall-Wallis test was applied to compare biomarkers between DBP concentrations,
with results expressed as median # first quartile. The significance level adopted was
5% in all cases (p<0.05).

3. Results

The total antioxidant capacity (ACAP) showed no significant difference between

the groups in the anterior and posterior sections (p>0.05) (Fig. 1A, 1C), while in the
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middle section, there was a significant decrease in antioxidant capacity among the
diluent control group (2.980 £ 0.216) and treatment groups 10 pg/L (4.077 £ 0.790),
100 pg/L (5.856 + 1.569), and 1000 pg/L (7.962 + 0.533). (Fig. 1B).
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Fig. 1. Biomarkers of oxidative stress in the anterior, middle, and posterior portions of H. heterorhabdus
at three concentrations of dibutyl phthalate. (A; B; C): total antioxidant capacity (mean + standard error);
(D; E; F): glutathione-S-transferase activity (mean * standard error); (G; H; I): lipoperoxidation levels
(median + 1st quartile). CA: acetone control; G1: 10 pg/L; G2: 100 ug/L; G3: 1000 pg/L. Note the different

scales on the graphs. Different letters represent a significant difference between the groups (p<0.05).

Glutathione-S-transferase (GST) activity was higherin 100 pg/L (11.430 + 1.045)
than in the other groups in the anterior section (Fig. 1D). In the middle section, there
was a decrease in GST of 10 ug/L (0.720 + 0.127) compared to the control group
(1.791 £ 0.392) and 1000 pg/L (1.700 + 0.234). The other groups did not differ
statistically (p>0.05) (Fig. 1E). In the posterior section, GST activity did not vary among
the groups studied (p>0.05) (Fig. 1F).
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Lipoperoxidation (LPO) for the anterior section only differed among groups
control (94.656 £ 17.556) and 1000 ug/L (201.001 £ 24.240), where there was an
increase in LPO in 1000 pg/L (Fig. 1G). CA group, G1 and G2, did not differ in terms
of MDA in the anterior section of the (p>0.05) (Fig. 1G). In the middle section, there
was no difference among the groups (p>0.05) (Fig. 1H). In the posterior section, there
was only a difference among 100 ug/L (4.742 + 2.957) and 1000 ug/L (12.890 +
12.715), where there was an increase in MDA in 1000 ug/L (Fig. 11). The other groups
showed no difference in MDA (p>0.05) (Fig. 11).

4. Discussion

Over the years, several studies have been carried out identifying and quantifying
micropollutants in urban areas around the world, specifically in Brazil (Wong et al.,
2015; Xie et al., 2019; Rodrigues et al., 2020; Song et al., 2022). However, in the
Eastern Amazon there is still a lack of studies on the quantification of micropollutants,
especially on their effects on native species. Thus, in this study, we evaluated the
effects of increasing concentrations of dibutyl phthalate, using as a reference the
concentration of this contaminant found in rivers in the Amazon region, on the native
fish H. heterorhabdus by analyzing biomarkers of oxidative stress in the anterior,
middle, and posterior portions of the animals.

When the organism is exposed to a contaminant, radicals are formed inside the
cell, and ACAP is a biochemical biomarker that measures the cell's ability to neutralize
prooxidants (Amado et al., 2009). In the anterior portion, where organs such as the
gills and brain are located (Kardong, 2022), there were no differences in ACAP levels,
probably due to global response of enzymatic (catalase, reduced glutathione,
glutathione peroxidase, among others) and non-enzymatic (glutathione, B-carotene,
etc.) factors (Amado et al.,, 2009) accessed by this method. However, when we
analyzed the activity of the GST, another essential biomarker of the antioxidant
system, which participates in the elimination of xenobiotics (Prysyazhnyuk et al., 2021)
we observed an increase in this enzyme in 100 pg/L. This increase may have been an
attempt by the organism to minimize cell damage, as evidenced by the levels of MDA,
an effect biomarker that analyzes whether or not the organism has suffered oxidative
damage from exposure to a contaminant (Regoli and Giuliani, 2014; Javed et al., 2016;
Sies, Berndt and Jones, 2017).

A study carried out in China by Jiang et al. (2022) on Danio rerio showed an

increase in MDA on the 28th day with DBP concentrations starting at 0.08 mg/L, where
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they observed a concentration-dependent effect, increasing MDA levels in the brain as
the exposure concentration increased. Although at lower concentrations, our results
were similar to those found by Jiang et al. (2022), where we observed an increase in
MDA levels in G3 in anterior section. So it is possible to infer that the higher exposure
concentration caused an increase in the formation of ROS, causing the antioxidant
system to be unable to remove the excess of generated prooxidants. This situation
caused an increase in the level of lipoperoxidation in H. heterorhabdus. This finding is
cause for concern due to the damage caused even at low concentrations since recent
studies show that DBP is a neurotoxic contaminant (Paquette et al., 2022; Chen,
Wang, and Liang, 2024).

In the middle section, a concentration-dependent effect of ACAP was
observed, with the levels of this biomarker of antioxidant competence capacity
increasing with increasing concentration of DBP and preventing lipid peroxidation in
the exposed groups. To prevent the increase in cell damage the Amazonian fish H.
heterorhabdus, may have developed physiological adaptations against pro-oxidant
attack in which basal levels of antioxidant enzymes, such as GST, are sufficient to
protect the organism from cell damage (Cantanhéde et al., 2022). Despite the
decrease in GST in 10 ug/L, there was no increase in MDA in this group, suggesting
that other defense mechanisms of the antioxidant system may have been activated,
as we observed a concentration-dependent effect of ACAP.

Although the decrease in GST did not prevent the increase in MDA in the middle
section, the environmental concentration of 10 pg/L, found in urban rivers in the
Amazon region, was sufficient to decrease GST activity, an essential enzyme in the
antioxidant defense system. Another factor contributing to these results is the tissue
heterogeneity in the middle section since it contains organs such as the heart, intestine,
liver, and muscle tissue (Kardong, 2014), which are present in different proportions
and may have diluted other information. Enzyme levels can also be explained by
biological factors such as the absorption rate and distribution of DBP to different tissues
(Whyte et al., 2000).

In the posterior section, where the muscle is primarily present, there were no
changes in ACAP or GST activity, which may have contributed to the increase in MDA
levels in 10 ug/L, a decrease in 100 ug/L, and a further increase in 1000 pg/L, resulting
in a phenomenon known as hormesis (Agathokleous et al., 2021). Hormesis can be

understood as a biphasic response characterized by two premises. The first is to inhibit
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biological functions when exposed to large amounts of stress, and the second is to
stimulate biological processes when exposed to low amounts of stress (Calabrese and
Baldwin, 2003). In other words, hormesis infers that organisms such as animals,
plants, and microorganisms, among others, exhibit a stimulation of health in response
to low amounts of stress (Agathokleous and Calabrese, 2020; Carvalho, Castro and
Azevedo., 2020; Shahid et al., 2020). Recent studies show that leached chemical
traces of microplastics, metals, and phthalates can induce hormesis in various
organisms (Chae, Kim and An, 2019; Schiavo et al., 2021).

Relating the hormetic concept to the results found for LPO in the posterior
section, we found that the lowest concentration of 10 ug/L of DBP used, although not
significant to the acetone group, increased MDA levels. In comparison, the
intermediary concentration of 100 ug/L of DBP resulted in a decrease in MDA levels,
indicating that this concentration would be the necessary concentration to stimulate
the antioxidant system, thus preventing cell damage (Agathokleous et al., 2021).
However, MDA levels increased again in 1000 ug/L, as seen in 10 ug/L, which may be
explained by the fact that the higher concentration of exposure ends up making the
antioxidant system’s defenses ineffective (Agathokleous et al.,, 2021), causing an
increase in lipid peroxidation levels.

Thus, our analyses indicate that the possible increase in environmental
concentrations can cause cell damage, as evidenced by the increased LPO in the
anterior section, where in this region, the brain, an essential organ of the nervous
system, and the gills, the organ responsible for gas exchange, are present, in addition
to the concentration-dependent effect, evidencing the hormetic phenomenon. GST
proved to be an essential biomarker of the antioxidant defense system, but more is
needed to fully understand the ecotoxicological effects of DBP on H. heterorhabdus. It
is necessary to investigate the activity of other biomarkers of the antioxidant system,
such as glutathione peroxidase (GPx), glutathione reductase (GR), and
acetylcholinesterase (AChE), thus highlighting the importance of investigating other
biomarkers for a better understanding of the effects of DBP on native aquatic
organisms.

In addition, H. heterorhabdus proved to be an excellent biomonitor organism for
the Amazon region, as it shows good responses to exposure to contaminants and is a
resistant species that is easy to adapt to and maintain in the laboratory.
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5. CONCLUSOES INTEGRADORAS

Considerando a periculosidade dos micropoluentes detectados em nossas
anadlises como os organoclorados, HPAs e ftalatos, e o seus potenciais de
bioacumulagao, a sua presenga em rios urbanos na regido amazonica torna-se um
fator preocupante, uma vez que esses sdo capazes de adentrar a cadeia alimentar
podendo chegar até mesmo aos seres humanos, causando diversos problemas de
saude.

Nossos dados evidenciaram uma maior contaminac¢ao do canal da Tamandaré
em relagado ao canal do Tucunduba, o que pode ser explicado pela influéncia de maré,
que € menor em relagdo ao canal do Tucunduba, tornando-o mais suscetivel ao
acumulo desses contaminantes. Além disso, nossas analises revelaram a presenca
de micropoluentes relevantes ambientalmente como o DBP e o DEHP, que foram
encontrados em maiores concentragcbes e estao entre os ftalatos mais comumente
encontrados no meio ambiente devido ao seu potencial de bioacumulacdo. Os demais
micropoluentes encontrados como os HPAs e organoclorados, mesmo que em
concentracdes menores, também se mostram como dados preocupantes, pois assim
como o DBP e o DEHP, causam efeitos nocivos tanto para a saude humana quanto
para a biota aquatica.

Verificamos também que a exposi¢cao ao DBP causa efeitos adversos a nivel
bioquimico em H. heterorhabdus, espécie nativa da regido amazobnica, tais como
efeitos concentracdo-dependente e hormético. A concentragcdo ambiental de 10ug/L
para a regiao amazobnica causa interferéncias significativas no sistema de defesa
antioxidante, evidenciados por exemplo pela diminuicdo da GST na por¢ao média. O
aumento progressivo do DBP nos ambientes aquaticos amazdnicos pode resultar
futuramente em sérias complicagdes celulares, uma vez que nossos dados mostram
que o aumento progressivo das concentragdes do DBP resultou em um efeito
concentracdo-dependente, ocasionando peroxidacao lipidica.

Sendo assim, estudos de monitoramento ambiental como este sdo de suma
importancia para uma melhor compreensdo sobre a presengca e efeitos de
micropoluentes em espécies nativas como H. heterorhabdus, o qual se mostrou como
um potencial organismo biomonitor para a regido. Ademais, ressaltamos também a
relevancia desse estudo para a regido amazonica, uma vez que este consiste em um
estudo pioneiro para a regido, abrindo portas para estudos posteriores sobre

micropoluentes emergentes na Amazonia.
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hormones, phthalates and others. We identified and quantified different groups of
micropollutants in urban rivers in the city of Belém, PA, the most urbanized city in the
Eastern Amazon. Water samples were collected in the rainy season along two urban
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to be more contaminated due to a lower tidal influence, making it more susceptible to
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