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RESUMO

Os avancos na elaboracdo dos nanomateriais os qualificaram
como elementos de solucdo para diversas areas, dentre elas a
remediacdo com aplicacbes em seguranca e saude ambiental. No
presente estudo as nanoparticulas de ferro (IONP) foram sintetizadas
com tamanho de 2,9 nm e funcionalizadas com citrato. Os experimentos
foram realizados com peixes fémeas e machos de Poecilia reticulata
(guppy) expostos as IONP (0,3 mgFe/L), bem como a ions ferro (0,3
mg/L) (IFe) e as associacfes de IONP+GLY (0,65 mg/L) e IONP + GBH
(0,65 e 1,30 mgGLY/L) por 7, 14 e 21 dias, seguidos por periodos de
pdés-exposicdo em agua reconstituida por 7, 14 e 21 dias para avaliacado
da capacidade de recuperacao de danos causados as células e tecidos
hepéaticos. Desta maneira, foram avaliados o0s biomarcadores: a)
histoldégicos, com analise da integridade tecidual e calculo de indice
histopatoldgico; b) ultraestruturais, com avaliacdo das células hepaticas
avaliacdo e quantificacdo da distribuicdo de lipideos; c) biométricos, com
avaliacdo do fator de condicdo e indice hepatossomatico; d) de
bioacumulacdo, com quantificacdo de ferro no corpo dos peixes.
Averiguou-se que a forma nanoparticulada do ferro causa menos danos
teciduais, porém maior bioacumulacdo em relacdo ao tratamento com a
forma i6nica do ferro (IFe), além disto, os resultados indicaram que o0s
tratamentos com IONP+GBH tém maior toxicidade nos biomarcadores
ultraestruturais e histolégicos quando comparados a IONP+GLY. Para
além da avaliacdo dos danos oriundos da exposi¢cdo, os dados obtidos

indicaram tendéncia de recuperacédo da toxicidade causada por todos os



17

tratamentos em periodos de pds exposicdo iguais ou superiores a 21
dias, para reversao total do dano. Assim, os dados obtidos elucidaram
como se deu os efeitos toxicos da associacdo de IONP+GLY, abrindo
novas perspectivas para estudos sobre os mecanismos de toxicidade das
IONP, bem como sua possibilidade de aplicacdo para a remediacao

ambiental.

Palavras-chave: recuperacado, Poecilia reticulata, remediacao, saude

ambiental.
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ABSTRACT

Advances in the development of nanomaterials have qualified them as
essencial elements for several areas, including remediation with applications in
safety and environmental health. In the present study, iron nanopatrticles (IONP)
were synthesized with a size of 2.9 nm and functionalized with citrate. The
experiments were carried out with female and male fishes of Poecilia reticulata
(guppy) exposed to IONP (0.3 mgFe/L), as to iron ions (0.3 mg/L) (IFe) and to
IONP+GLY associations (0.65 mg/L) and IONP + GBH (0.65 and 1.30 mgGLY/L)
for 7, 14 and 21 days, followed by post-exposure periods in reconstituted water
for 7, 14 and 21 days for evaluation of the ability to recover from damage caused
to liver cells and tissues. Thus, the following biomarkers were evaluated: a)
histological, with tissue integrity analysis and histopathological index calculation;
b) ultrastructural, with evaluation of liver cells, evaluation and quantification of
lipid distribution; c) biometrics, with assessment of the condition factor and
hepatosomatic index; d) bioaccumulation, with quantification of iron in the fish
body. It was found that the nanoparticulate form of iron causes less tissue
damage, but greater bioaccumulation compared to the treatment with the ionic
form of iron (IFe), in addition, the results indicated that treatments with
IONP+GBH have greater toxicity in ultrastructural and histological biomarkers
when compared to IONP+GLY. In addition to the assessment of damage from
exposure, the data obtained indicated a trend towards recovery of the toxicity
caused by all treatments in post-exposure periods equal to or greater than 21
days, for total reversal of the damage. Thus, the data described elucidated how

the toxic effects of the association of IONP+GLY occurred, opening new
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perspectives for studies on the mechanisms of toxicity of IONPs, as well as their

possibility of application for environmental remediation.

Keywords: recovery, Poecilia reticulata, remediation, environmental

health.
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CAPITULO 1

CONTAMINACAO NO AMBIENTE AQUATICO, AVALIACOES
UTILIZANDO PEIXES COMO MODELO E O PROPOSITO DA
APLICACAO DE NANOPARTICULAS METALICAS PARA
REMEDIACAO AMBIENTAL.

Este capitulo realiza uma breve
revisao que embasou o]
delineamento deste trabalho
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INTRODUCAO

Os ambientes aquaticos quando contaminados propiciam consideraveis
danos a saude animal, tendo em vista que 0s organismos que nele vivem podem
absorver, acumular e/ou transferir os contaminantes ao longo da cadeia
alimentar ou mesmo aos seus descendentes, 0 que se torna potencial perigo
para o equilibrio ecolégico e a saude ambiental, suscitando alerta para
monitoramento das condi¢des de impacto as quais os ambientes estao sujeitos.
Dentre os grupos de animais, 0s peixes sdo possiveis biomonitores da exposicao
a agentes téxicos. Uma vez que, a via de absorcéo organica pode ocorrer por
multiplas rotas, tais como: a) contato direto da agua com as branquias; b) contato
com a pele; ¢) contato por ingestdo de 4gua ou alimentos, e por fim d) contato
com os sedimentos (SOFFKER; TYLER, 2012).

Neste sentido, € possivel investigar e monitorar biomarcadores de varios
niveis (Fig. 1), consequentemente abrangendo o espectro de complexidade com
respostas mais sélidas e a possibilidade de relacdes entre si, o que €
denominado andlises de mudltiplos biomarcadores (SIMONATO; GUEDES;
MARTINEZ, 2008). Tendo em vista a diversidade de respostas bioldgicas e a
gama de avaliagbes a poluentes quimicos, tais como o0s agrotoxicos —
comumente denominados “defensivos agricolas” — e sua presenga no meio, faz-
se justificavel que sejam conhecidos seus efeitos nos organismos e investigados

métodos de remediacdo ambiental.

Entre os agrotoxicos, os organofosforados tem amplo espectro de uso e
sdo estudados na ecotoxicologia, nesta perspectiva, experimentos avaliaram
individualmente a acdo de Roundup®, denominado na literatura como herbicida
baseado em glifosato (GBH) (HARAYASHIKI et al., 2013; MA et al., 2019;
SANTOS et al., 2017), e nanoparticulas de 6xido de ferro (IONP) em peixes
(PEREIRA et al., 2020; QUALHATO et al., 2017, 2018; SHEEL et al., 2020),
realizando abordagens com biomarcadores multiplos, entre eles biomarcadores
histoldgicos, ultraestruturais, bioquimicos e moleculares que se mostram como
ferramentas eficientes para a deteccdo e caracterizagdo de parametros

toxicolégicos.
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A partir da perspectiva de avaliacdo de multiplos biomarcadores |,
observacdes do comportamento e reacdes de nanoparticulas de éxido de ferro
(IONP) tém indicado como promissoras ferramentas a serem usadas na
remediacdo ambiental, sobretudo, por sua caracteristica de adsorcao de
variadas substancias, inclusive o glifosato (FIORILLI et al., 2017; RIVOIRA et al.,
2016).

Neste estudo serdo investigados efeitos de associacoes de IONP com
glifosato e GBH, justificando a necessidade de compreenséo da acédo das IONP.
Desta forma, biomarcadores histologicos em guppies (Poecilia reticulata)
expostos a IONP, diagnosticaram lesGes no tecido hepatico co-relacionadas com
0 estresse oxidativo no surgimento de alteragbes em curto e médio prazo de
exposicdo bem como com a concentracdo do contaminante, portanto, sao
diagnosticadas como temporal e dose-dependentes (QUALHATO et al., 2017,
2018). Em paralelo, as avaliagbes histologicas podem ser complementadas a
partir da exploragéo da ultraestrutura, a fim de fornecer respostas complexas do
comportamento celular no que diz respeito a mecanismos de resposta imune e

detoxificacao.

Para além das IONP, as alteracdes promovidas por organofosforados,
dentre eles os herbicidas a base de glifosato sdo de especial interesse no que
se refere a deteccdo e biorremediacdo, por ndo serem seletivos e terem
aplicagdo no combate a ervas daninhas em cultivos extensivos como de soja,
milho e algodao (DUKE, 2018), fazendo dele o herbicida mais comercializado no
mundo e o Unico capaz de inibir a sintese da enzima 5-enolpiruvil-3-shikimato
fosfato (EPSPS) na via do Shikimato (DUKE, 2018), o que resulta na falha de
producdo dos aminoacidos triptofano, fenilalanina e tirosina nos vegetais
(JAWORSKI, 1972). Além das questbes econdmico-financeiras, o GBH € o
agrotoxico alvo em casos periciais e juridicos, ja que estudos o indicam como
responsavel por canceres, inclusive entre agricultores (ROOS et al.,, 2005;
SOLOMON, 2020; THONGPRAKAISANG et al., 2013).

As diversas formulagcbes de GBH consistem em uma mistura do
ingrediente ativo, o sal de isopropilamina glifosato, com surfactantes, dentre eles

o POEA (poliethoxilato de talo amina), aminas e outros compostos néao
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discriminados pelo seu fabricante Monsanto. Estas substancias penetram o solo
e podem acabar em aguas de profundezas e de superficie (BORGGAARD;
GIMSING, 2008), deste modo, peixes expostos a GBH ja demonstraram estresse
oxidativo no figado e inibicdo da acetilcolinesterase (MODESTO; MARTINEZ,
2010), para além de alteracdes histopatolégicas e mudancas na expressao
génica em figado e branquias de guppies (ROCHA et al., 2015b; SANTOS et al.,
2017). Tendo em vista os efeitos, as contradicbes de uso e a presenga no
cotidiano da agricultura € necessario se formular alternativas que indiquem
possibilidade de manejo e remediacdo ambiental do GBH, o que atualmente esta

sendo proposto por meio do emprego de IONP que o adsorvam.

Para que o processo de remediacao seja efetivo, a biodisponibilidade e
biodegradabilidade de IONP ndo devem promover alteracdes teciduais ou
moleculares compativeis com reacfes tdxicas em animais expostos a ambientes
em que a remediacdo seja realizada. Desta forma, as avalia¢gdes da toxicidade
da maghemita e das substancias por ela adsorvidas devem ser realizadas.

Além da exposicdo, periodos poOs-exposicdo em ambientes
descontaminados sao importantes para investigar a possivel recuperacdo de
danos causados levando em conta a possibilidade de que peixes submetidos a
estresse por contaminacdo ambiental, migrem, tenham ciclos de vida
dependentes da sazonalidade ou que habitem ambientes l6ticos onde o fluxo da
adgua e das substancias dissolvidas € continuo, de modo que o periodo de
exposicdo a contaminantes ndo seja permanente, seguido por periodos em
areas ndo contaminadas. Neste caminho, animais expostos a metais pesados
como mercurio inorganico mostraram lentiddo na eliminacdo do metal nos
tecidos (PEREIRA et al., 2015), para além disto, jA foi mostrado que
biomarcadores de genotoxicidade e mutagénese em peixes expostos a GBH tém
aumento da capacidade de reparo em periodos de pés-exposicdao (MARQUES
et al., 2014) enquanto a investigacéo de pos-exposicdo a IONP e associagbes é

pioneira.

Deste modo, considerando o potencial das IONP funcionalizadas com
citrato de adsorver (glifosato, este estudo propbe a investigagao de

biomarcadores histopatologicos, ultraestruturais e bioquimicos de guppies por
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meio da co-exposicdo e poés-exposicdo de IONP y-Fe203 (maghemite)
associadas a herbicida baseado em glifosato (GBH) e glifosato puro (GLY), para
avaliar a interacdo e possibilidade de recuperagao dos animais na interface de
uso das IONP em propostas de remediacdo ambiental.

OBJETIVOS
Objetivos gerais
Avaliar a resposta no tecido hepatico do guppy (Poecilia reticulata)
expostos e pos-expostos a ions ferro e nanoparticulas associadas a

glifosato puro e herbicida baseado em glifosato.

Objetivos especificos

» Sintetizar as nanoparticulas de maghemita,

» Caracterizar as nanoparticulas de maghemita;

* Avaliar o potencial hapatotoxico de IONP livres e associadas a
Roundup® e Glifosato em exposicdo de longo periodo por métodos
histopatoldgicos e ultra-estruturais;

» Averiguar o potencial hapatotoxico de ions ferro livres em exposicéo de
longo periodo;

+ Determinar os efeitos da pés exposicdo de longo periodo no tecido e
nas células do figado;

+ Estabelecer analises estatisticas comparativas entre os tratamentos
propostos;

« Avaliar a acumulacao e eliminacdo de ferro nos peixes expostos aos

tratamentos.
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ARTICLEINFO ABSTRACT

Handling Editor: Willie Felinenburg Gitrate-coated iron oxide nanoparticles (IONPs) have potential use in environmental remediation, with possi-

bilities in decontaminating aquatic environments exposed to toxic substances. This study analyzed IONPs

Komjrdﬂ associated to Roundup Original, a glyphosate-based herbicide (GBH), and pure glyphesate (GLY), through ul-
Iron jons trastructural and histopathological biomarkers in liver tissue, from females of Poecilia reficul@a exposed to: iron
gmw ions (0.3 mg/L) (IFe) and IONPs (0.3 mgFe/L) associated with GLY (0.65 mg/L) and GBH (0.65 mgGLY /L (IONP
Liver P + GBH1) and 1.30 mgGLY /L (IONP  GBH2)) for a period of 7, 14 and 21 days, followed by an equal post-
Recavery exposure period only in reconstituted water. For the assays, the synthetized IONPs had crystalline and

Fish rounded shape with an average diameter of 2,90 nm, hydrodynamic diameter 66,6 mV, zeta potential —55,4 and
diffraction profile of maghemite (y-Fez0z). The data obtainad by biomarkers indicated a high inflanmatory
response in all treatments. These same parameters, considered during the post-exposure period indicated re-
covery in reaction pattems of circulatory disturbances and regressive changes, resulting in average reductions of
37,53 points in IFe, 21 points in IONP + GBH1, 15 points in IONP 4 GBH2 and 11 points in IONP 4 GLY in total
histopat hological index of liver after 21 days post-exposure. However, although the cellular and tissue responses
were significant, there was no change in the condition factor and hepatosomatic index, denoting resilience of the
experimental model,

1. Introduction

Nanopartides have several applications, including agriculture (Pes-
tovsky and Martinez-Antonio, 2017), human health (Ojo et al,, 2021),
textile industry (Shahidi, 2019) and environmental health (Guerra eral,,
2018; Mohmood et al,, 2013; Simeonidis et al,, 2016), these structures
are in a scale of 1-100 nm, giving them specific physical and chemical
properties.

Among the nanoparticles, the iron oxide nanoparticles (IONPs) are
widely used because they are easy to synthesize at low cost and enable a
variety of functionalizations, allowing for the existence of phases of
magnetite (Fe;03), hematite («-Fez03) and maghemite (y-Fe;03) (Guo
and Bamnard, 2013; Woo et al., 2004), the latter - maghemite - has

characteristics of sphericity and possibility of citrate funiconalization
(Assis et al,, 2019), ensuring negative charge in IONPs surface (Ghosh
etal, 2016), so that make the interactions with molecules available in
the environment possible, justifying its use in this study.

Although the nanoparticles have interesting characteristics for envi-
ronmental remediation, so it is necessary to understand its toxicological
effects to articulate good usage practices. Thereby, studies with aquatic
toxid ty assessment models demonstrate the IONPs' toxicity in fish with
genotaxie (Qualhato et al, 2017) and histopathological damage (Oual-
hato et al., 2018) in Poecilia reticulata exposed by long period to 0,3 mg/L
of TONPs, in addition to sub-lethal effects as embryotoxicity and car-
diotoxicity in Danio rerio, after acute exposwe to IONPS' increasing
concentration of 0,3-10 mg/L (Pereira et al,, 2020), in Dgphinia magna

B Comresponding author, Universidade Federal de Goids, Instituto de Ciéncias Biolégicas IV, Labomatério de Comportamento Celular, Sala 101, ZIP 74690-900,

Goldnia, Goias, Brazil.
E-mail address: simone_saboia@ufg.br (SM.T. Sabdia-Morais).

https: //doi.org/10.1016/j.chemosphere 2021.130993

Received 31 March 2021; Received in revised form 21 May 2021; Accepted 24 May 2021

Available online 1 June 2021
0045-6535/© 2021 Elsevier ld. All rights reserved,



37

Recovery trend to co-exposure of Iron Oxide Nanoparticles (y-

Fe203) and Glyphosate in liver tissue of the fish Poecilia reticulata
Abstract

Citrate-coated iron oxide nanoparticles (IONP) have potential use in
environmental remediation, with possibilities in decontaminating aquatic
environments exposed to toxic substances. This study analyzed IONP associated
to Roundup Original, a glyphosate-based herbicide (GBH), and pure glyphosate
(GLY), through ultrastructural and histopathological biomarkers in liver tissue,
from females of Poecilia reticulata exposed to: iron ions (0.3mg / L) (IFe) and
IONP (0.3mgFe / L) associated with GLY (0.65mg /L) and GBH (0.65mgGLY /L
(IONP + GBH1) and 1.30mgGLY / L (IONP + GBH2)) for a period of 7, 14 and 21
days, followed by an equal post-exposure period only in reconstituted water. For
the assays, the synthetized IONP had crystalline and rounded shape with an
average diameter of 2,90nm, hydrodynamic diameter 66,6, zeta potential -55,4
and diffraction profile of maghemite (y-Fe203). The data obtained by biomarkers
indicated a high inflammatory response in all treatments. These same
parameters, considered during the post-exposure period indicated recovery in
reaction patterns of circulatory disturbances and regressive changes, resulting in
average reductions of 37,53 points in IFe, 21 points in IONP+GBH1, 15 points in
IONP+GBH2 and 11 points in IONP+GLY in total histopathological index of liver
after 21 days post-exposure. However, although the cellular and tissue
responses were significant, there was no change in the condition factor and

hepatosomatic index, denoting resilience of the experimental model.

Keywords

Iron ions, Glyphosate, Roundup, Liver, Recovery, Fish
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1. Introduction

Nanoparticles have several applications, including agriculture (Pestovsky and
Martinez-Antonio, 2017), human health (Ojo et al.,, 2021), textile industry
(Shahidi, 2019) and environmental health (Guerra et al., 2018; Mohmood et al.,
2013; Simeonidis et al., 2016), these structures are in a scale of 1 to 100

nanometers, giving them specific physical and chemical properties.

Among the nanoparticles, the iron oxide nanoparticles (IONP) are widely used
because they are easy to synthesize at low cost and enable a variety of
functionalizations, allowing for the existence of phases of magnetite (Fe203),
hematite (a-Fe203) and maghemite (y-Fe203) (Guo and Barnard, 2013; Woo et
al., 2004), the latter - maghemite - has characteristics of sphericity and possibility
of citrate funiconalization (Assis et al., 2019), ensuring negative charge in IONP
surface (Ghosh et al.,, 2016), so that make the interactions with molecules

available in the environment possible, justifying its use in this study.

. Although the nanoparticles have interesting characteristics for environmental
remediation, so it is necessary to understand its toxicological effects to articulate
good usage practices. Thereby, studies with aquatic toxicity assessment models
demonstrate the IONP’ toxicity in fish with genotoxic (Qualhato et al., 2017) and
histopathological damage (Qualhato et al., 2018) in Poecilia reticulata exposed
by long period to 0,3mg/L of IONP, in addition to sub-lethal effects as
embryotoxicity and cardiotoxicity in Danio rerio, after acute exposure to IONP’
increasing concentration of 0,3 to 10mg/L (Pereira et al., 2020), in Daphinia
magna exposed to concentrations between 10 to 100ppm of magnetite by 48
hours indicated reproductive alterations and survival impairment (Blinova et al.,

2017).
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In view of the ecotoxicological potential of IONP and mixtures, it is
essential to think about limit concentrations of use, in this case, this study will use
the concentration of 0.3mg of Iron per liter of water, considering that it is the
maximum concentration allowed for water use in Brazilian legislation (CONAMA,
2011, 2005), in addition to this, concentrations higher than 0.3mg / L have already
been reported in rivers contaminated by heavy metals with damage to the local
ecosystem (Giongo et al., 2020; Razak et al., 2021; Siddique et al., 2021). Thus,
the organic reaction of animals exposed to IONP and pesticides is still a field to

be investigated.

Beyond IONP, one object of this study is the Glyphosate, that is not found
in its pure form. Its use is done from incorporation in products with complex
formulations — not always described by manufactures — like Roundup Original®,
called Glyphosate-based Herbicide (GBH). Beyond glyphosate, in GBH mixture
are surfactants like Polyoxyethylenamide (POEA) that had already proved
oxidative stress and genotoxic effects in Prochilodus lineatus — exposed to POEA
concentrations of 0,15 to 1,5mg/L for 24 hours (Navarro and Martinez, 2014) and
genotoxic damage in Anguilla anguilla (Guilherme et al., 2012), both studies the
POEA showed more significantly toxicity than glyphosate, that supports the
relevance of seeking ways to treat contaminated environments by GBH, since

this compost was found in relevant concentrations in soil and water (Duke, 2018).

However, the action of isolated GLY, GBH and IONP have already been
investigated in acute and long-term exposures, so it is necessary to investigate
the ecotoxicological potential of the associations, considering that a genotoxic
effect has already been reported in Poecilia reticulata co-exposed to 0,3mg/L and

65-130ugGLY/L of IONP+GBH (Trigueiro et al., 2021). Therefore, this work will



40

investigate the organic effects, and the possible damage recovery of the
associations IONP + GBH/GLY and iron ions on the ultrastructural and organic

biomarkers of P. reticulata,

Thus, it is essential to use important biological models in the aquatic
trophic cadence, which are relevant for toxicological assessments (Villarroel et
al., 2003). In this context, guppy (P. reticulata) is indicated in standards to
ecotoxicological studies by American Public Health Association (APHA, 1989)
and by Organization for Economic Co-operation and Development (OECD,
1992), as a specie with the possibility to evaluate of several biomarkers
expressed by environmental impacts of many contaminants (Almeida et al., 2019;
Escarrone et al., 2016; Filho et al., 2013; Qualhato et al., 2018, 2017; Rocha et

al., 2015; Santos et al., 2017).

In summary, the hypothesis of this work is that IONP associated to GBH
and GLY, as well iron ions — IONP oxidative dissolution product — can cause
ultrastructural and histopathological damage in guppies. While an equal post-
exposure period in clean water induces the recovery in animal hepatic cells from

damage by exposure.

2. Material and methods

2.1.I0NP synthesis and characterization

The IONP synthesis process was adapted from the protocols described by
Bee et al., 1995, Unal et al., 2010 e Qualhato et al., 2017, from FeClz and FeCls
dilution with 1:2 molar relation. The IONP citrate functionalization was made with
addiction of NaOH (1M) and citric acid (CsHsO7) (1M). The solution was oxidized
in 96°C, sonicated and dialyzed in ultra-filtration cell. The Fe (lll) presence in the

solution was evaluated in diluted 1:10 and 1:30 samples, submitted to Lambda
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1050 spectrophotometer (Perkin Elmer, EUA), with absorption spectrum
established between 400nm and 1850nm. The total Fe (lll) and Na+
quantification was performed by atomic absorption spectrometry, measured in
0,25ml of IONP solution diluted in 100ml of HCI, analyzed in a AAnalys 400

spectrometer (PerkinElmer, EUA).

Zeta potential and hydrodynamic size were measured by electrophoretic
(ELS) and dynamic (DLS) light scattering, respectively, in a high performance
analyzer Zetasizer Nano ZS (Malvern Panalytical, Holanda). The IONP format
and diameter were determined from images obtained in an transmission electron
microscope JEM-2100 (JEOL, Japan) evaluated in Image J Fiji software
(Schindelin et al., 2012). The X-ray diffraction profile was obtained from the
lyophilized sample in a D8 Discover diffractometer (Bruker, EUA), with copper
anode coupled to monochromator Johansson for Kai, operating in 40kV and
40mA. The measurements were made with a one-dimensional detector Lynxeye
(Bruker, EUA) with 26 of 10° to 80° interval, with 0,01° step and 15 rpm rotation.

The result was obtained by an average of 20 measures.

2.2.Experimental design
This study was approved by Ethics Committee on Use of Animals of

Federal University of Goias (Register number 046/2017).

Poecilia reticulata (guppy) female adults were collected in pisciculture
sector of effluents treatment Dr. Hélio Seixo de Brito of Empresa de Saneamento
Basico de Goias (16°38'08.2"S 49°15'37.4"W, Goiania, Goias, Brazil),
acclimatized in 300 liters tanks with reconstituted water (ISO 1986) during 30

days. After this period, the animals were transfered to 60 liters aquariums for 15
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days. The feeding was done ad libitum three times a day, with commercial food
for fish and photo-period 12h:12h, keeping the parameters in water: temperature
26°C + 2°C, pH 7,1 +2, ammonia 0-0,25ppm, nitrite 0-0,25ppm and dissolved

oxygen 6,0-8,0ppm.

After acclimatation, 63 animals were submitted to 21 days exposure,
subdivided in 5 treatment groups, respectively: Control, only reconstituted water;
IFe: iron ions 0,3mg/L; IONP+GBH1: 0,3mg Fe L of IONP + 0,65mg L* of
Roundup Original®; IONP+GBH2: 0,3mg Fe.L! of IONP + 1,30mg L? of
Roundup Original®; and IONP+GLY: 0,3mg Fe.L? of IONP + 65mg.L? of
glyphosate P.A (GLY) (Sigma-Aldrich, Germany). During experimental time,
acclimatation parameters were maintained. The hepatic tissue were collected
after 7, 14 and 21 exposure days. After exposure time, 63 remaining animals
were transferred to only reconstituted water tanks, where new liver samples were

made after 7, 14 and 21 post-exposure days.

2.3.Histological evaluation and histopathological index

Ten animal per group were collected in each exposure and post-exposure
intervals, of which 7 fish were euthanized to histological analysis. Thus, the
animals were dissected in dorsal decubitus position to the extraction of liver and
fixed overnight by adapted Karnovsky (glutaraldehyde 2.5%, formaldehyde 4%,
0.1M sodium phosphate buffer, pH 7.2). The organs were dehydrated in alcohol
strings under oscillation of 70% to 95% and included in Historesin (Leica, USA).
Cuts with thickness between 2,5 to 3,0um, then stained with aqueous Toluidine

Blue 1% under hot plate.
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For each one of the 7 animals 3 microscope slides were made with 8 cuts,
of which 3 cuts were selected randomly. For each cut selected, one
photomicrography with 10x magnification was obtained from use of Moticam
2300 camera (Motic, Japan) attached to a Leica LMD microscopy (Leica,
Alemanha). On each image, a mesh with 100 equal size squares was traced with
Motic Image Plus 2,0 software (Motic, Japan), so that represents 1% of total

frequency in the image.

2.4.Biometric analysis and histopathological index
For all animals, at all times, it was measured total and standard length
(SL), and weighted liver (W)) and animal (Wa), making possible the biometric
analysis by Fulton’s condition factor (Kruion) and hepatossomatic index (HSI). In
this way the Kruon Was obtained/calculated from the ratio of animal weight and
standard length raised to Fulton’s constant, as in the formula Kruiton=Wa/SL3. The
HSI was calculated obtained by the percentage ratio of the weights of the liver

and the animal, according to IHS=W\/Wa100.

In order to obtain the histopathological index, one score value was applied,
according to the frequency (F%) of each alteration. The Score Value (Sv) was
multiplied by Importance Factor (W), that varies from 1 to 3, being: W=1 not
severe and reversible; W=2 moderate severity and reversible if toxicity was
neutralized; and W=3 high severity with irreversible and permanent damage with
exposure persistence. The alterations were organized in 3 reaction patterns and
the index calculated based on Bernet et al., 1999; Bonifacio and Hued, 2019 e
Qualhato et al., 2018 with adaptions (Table 1). The histopathological index was
calculated for each reaction pattern (Hirp) and resulted in the total

histopathological index of liver (Hiiv), so that Hirp= Z(Sv*W) and Hiiv= 2Hirp.
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Table 1: Reference values for calculating the histopathological index. W = importance factor; Sv
= score value.. 2Bernet et al., 1999; *Bonifacio and Hued, 2019; °Qualhato et al., 2018; 9This work.

(R;F?)ctlon patterns Alterations W (S)v 5 y - -
Hemorrhagea b« 1 01% 1,1-10% 10,1-20% 20,1-30% >30%
Circulatory Sinusoid dilatationa<¢ 1 05% 5,1-25% 25,1-50% 50,1-75% >75%
disturbances (Rpl) Blood congestion2b:c 1 05% 5,1-25% 25,1-50% 50,1-75% >75%
Exudateacd 2 01% 1,1-10% 10,1-20% 20,1-30% >30%
Regressive Necrosi.sﬁvb . 3 0-1% 1,1-10% 10,1-20% 20,1-30% >30%
changes (Rp2) Hydropic degeneration® 1 05% 51-25% 25,1-50% 50,1-75% >75%
Fatty metamorphosisP 2 05% 5,1-25% 25,1-50% 50,1-75% >75%
Inflamatory Melanomacrophage centersa¢ 2 0-1% 1,1-10% 10,1-20% 20,1-30% >30%
response (Rp3) Leukocyte infiltration2b 2 01% 1,1-10% 10,1-20% 20,1-30% >30%

2.5.Ultrastructural evaluation

Livers of three fish was fixed in glutaraldehyde 2,5% overnight and post-
fixed in osmium tetroxide by 2 hours. The samples was dehydrated in crescents
concentrations of acetone and pre-stained with uranyl acetate 0,5% diluted in
acetone 70% overnight. The samples were infiltered in resin Embed 812 (EMS,
USA), included in polyethylene capsules BEEM (EMS, USA) and polymerized in
60°C by 48 hours. Cuts with 70nm thickness were obtained with a ultramicrotome
Ultracut UCT (Leica, Germany), collected with 300 mesh cooper grids. The films
was stained with acetonic solution of saturated uranyl acetate and lead citrate
4%. The images obtained were analyzed with the Image J-Fiji software
(Schindelin et al., 2012) to take measurements of the diameter of the lipid droplets

in the cells.

2.6. Statistical argumentation
The evaluation of distribution was performed by analyze of QQ-plot
normality test, followed by homogeneity of variances analyze by ANOVA Two-
way test, afterword was made multiple comparations by Tukey test. The line of

tendences was obtained from perform of linear regression with data of
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histopathological index. All tests and graphics were made using software

GraphPad Prism version 8.3 with 95% (p<0,05) of confidence interval.

3. Results and discussion

3.1.Nanoparticles characterization

The iron concentration in IONP determined by atomic absorption
spectroscopy was 13,49¢ per liter of solution, while the sodium concentration was
0,564q per liter of solution. Thus, the sodium remotion by filtrating and washing
goal had been achieved. The TEM images indicates limpid and rounded IONP
shape (Fig. 1A and B), with 2.90nm +0.84nm individual diameter (Fig. 1C). The
nanoparticles presented 66.6r.nm +£0.17r.nm hydrodynamic size (Fig. 1D) and -
55.4mV £7.4mV zeta potential in ultrapure water, that indicate the nanoparticles

suspension in the solution (Nurdin et al., 2014, 2012), keeping the interactions
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Figure 1. Characterization graphs of IONPs. (A) IONPs transmission electron micrography; (B) Isolated IONP; (C) Histogram
of frequency of individual size distribution; (D) Distribution of hydrodynamic diameter; (E) Absorption of the UV-Vis spectrum ;

(F) X-ray diffraction IONPs profile.
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data denotes absence of spikes to Fe (Il) ions and absorbance near to specific
wave-length to Fe (lll), characterizing IONP in Maghemite phase (Fig. 1E). The
X-ray diffraction results shows cubic spinel phase with spikes in plans 311 and
440 characterizing Maghemite particles according to PDF number 39-1346 of

International Center of Diffraction (Fig. 1F)

3.2.Histological analysis and Histopathological index (Hi)

The animals of control group presented normal and preserved
hepatocytes, nucleus without changes, homogeneous cytoplasm and polyhedric
shape (Fig. 2A). When compared to control, the treated groups showed
vasodilatations, exudates, fat accumulation, necrosis and melanomacrophage
sites, what led us to analyze circulatory disturbances (Rpl) (Fig. 4A, E),
regressive alterations (Rp2) (Fig. 4B, F) and inflammatory response (Rp3) (Fig.

4C, G).

The evaluations of histopathological index for circulatory disturbances
(Hirp1) are dependent from relation between time and treatment (F=2,891,
DF=20; p<0,001) (Fig. 4A), in this way, fish exposed to IFe shows, in average, 11
times (p<0,001) more circulatory disturbances than the non-exposed group after
14 exposure days, reaching 18 times (p<0,001) bigger than the control group at
the end of exposure time, thus indicating that IFe treatment has a toxic effect on

circulatory disturbances .

When comparing the data from this study with the literature, it was verified
that damage is near to the found in liver and gills of Astyanax Litken, exposed
from water of Doce river contamined by heavy metals (Macédo et al., 2020), and

Oreochromis niloticus exposed to heavy metals, including iron (Rehman et al.,
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2021). So, either in gills or in liver, the increase of circulatory disturbance in
animals exposed to IFe is possibly related to increased availability of iron in
organism, resulting on increase of blood circulation to promote capture,
transformation an detoxification of excessive ions, causing congestions and

hemorrhage like collateral damage (Fig. 2B-D).
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Figure 2: Histhological section of liver of Poecilia reticulata from Control group and groups IFe and IONP+GBH1. (A)
Control group with regular hepatocytes and arranged in cords; (B) IFe treatment, presenting the fatty metamorphosis in
hepatocytes, an indicative of oxidative stress and lipid peroxidation; (C and D) IFe treatment, showing necrotic areas with
action of melanomacrophages indicating a process of detoxification of compromised tissue; (E) IONPs + GBH1 treatment
with high inflammatory response, including melanomacrophage sites throughout the tissue, with progression to necrotic
areas over time; (F) IONPs + GBH1 treatment with leukocyte infiltration throughout the tissue. Red arrowhead: dilated
sinudoid; Yellow arrowhead: Leukocyte infiltration; Black arrowhead: Hyperemia / congestion of vessels; Orange
arrowhead: bile duct; Red arrowhead: dilated sinudoid; Yellow arrowhead: Leukocyte infiltration; Black arrowhead:
Hyperemia / congestion of vessels; Orange arrowhead: bile duct; Dotted black contour: melanomacrophages sites; Dotted
red circle: necrotic zones
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Figure 3: Histhological section of liver of Poecilia reticulata from IONP+GBH2 and IONP+GLY. (A) IONP+GBH2
treatment showing hydropic degeneration, result of the accumulation of liquid, indicative of cell death processes,
exudate resulting from the leakage of liquids in the inflammation process; (B) IONP+GBH2 treatment with
melanomacrophage sites dispersed and associated with the vessel, with leukocyte infiltration throughout the tissue;
(C) IONPs + GBH2 treatment indicating necrotic zones with the presence of melanomacrophages; (D) IONPs + GLY
showing large leukocyte infiltrate close to an over-dilated vessel, which confirms the relationship between circulatory
disorders and the inflammatory response; (E) IONPs + GLY treatment with hydropic degeneration and dispersed
melanomacrophage sites; (F) ) IONPs + GLY treatment presenting steatosis with high extension in the tissue and
melanomacrophages associated with hepatopancreas and bile ducts Red arrowhead: dilated sinudoid; Yellow
arrowhead: Leukocyte infiltration; Black arrowhead: Hyperemia / congestion of vessels; Orange arrowhead: bile duct;
Red arrowhead: dilated sinudoid; Yellow arrowhead: Leukocyte infiltration; Black arrowhead: Hyperemia / congestion
of vessels; Orange arrowhead: bile duct; Dotted black contour: melanomacrophages sites; Dotted red circle: necrotic
zones; Red rhombuses: exudate.
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Our expectation during the post-exposure period was that there would be
a reduction in circulatory changes, since the Fe concentration in the liver tissue
would be reduced in relation to the exposure, which occurred after 14 days of
post-exposure, when statistical relevance is not seen compared to non-exposed
group (Fig. 2A).

Circulatory disorders were observed in IONP + GBH 1 and 2 (Fig. 2E,F
and Fig. 4A-C), increased 11 and 13 times (p<0,001), respectively, in relation to
the control group after 21 days (Figure 4A). Similar circulatory damage was also
observed in gills and liver of Jenynsia multidentata exposed by short and long
duration (Hued et al., 2012; Sanchez et al., 2019) and in liver of Prochilodus
lineatus exposed to 7,5 and 10mg/L of GBH in 96 hours (Langiano and Martinez,
2008). However, by associating GBH and IONP, our results indicated that GBH

remained active, promoting concentration-dependent circulatory disorders.

The recovery of circulatory damage in animals exposed to GBH had
relation with the concentrations, so that the lower GBH concentration (GBH1)
indicates recovery in 14 post-exposure days, while the higher concentration
(GBH2) had recovery in 21 post-exposure days. These data suggests that GBH
concentration increase causes the increase in detoxification response time, as
the circulatory disturbance — that enable the detoxification — persisted longer in

GBH2.

Analyzes indicate that the potential for toxicity decreases when IONP
adsorb GBH, but GBH remains active and has greater toxicity than pure
glyphosate (GLY) (Peillex and Pelletier, 2020). Thus, our data shows the
IONP+GLY 8 times (p=0,013) more circulatory damage than the control from 14

exposure days, getting 11 times (p<0,001) bigger after 21 days (Fig. 4A).
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Regarding to post-exposure period, the treated animals recovered in 14 post-
exposure days. On the other hand, was observed that animals exposed to IONP
+ GLY (Fig. 3E,F) showed less circulatory disorders compared to those treated

with GBH1 and GBHZ2, in the same time interval (Fig. 4A).

Auwal et al., 2019 and Ko et al., 2016 described that, in general, circulatory
damage is associated with a generalized response parallel to inflammation, as
they are related to the action of vasoactive amines and angiotensin-converting
and inhibiting enzymes, resulting in vasodilatation enabling the inflammatory
response, getting consequent damages like hemorrhage, congestion and

exudates.

We also detected these changes, when evaluating the liver tissue of
Guppy submitted to the treatments IFe, IONP + GBH 1 and 2 and IONP + GLY,
therefore the treatments carried out in the present study, are promoters of the

inflammatory process.

Beyond the circulatory disturbs, this study investigate the histopathological
index from regressive alterations (Hirp2) (Fig. 4B) in guppies’ liver, which in this
study are time-treatment dependents (F=1,946; DF=20; p=0,012), considering
that they alter cellular functionality and allow us to presume that they promote
from slight changes to more extensive damage such as necrosis, which leads to

functional loss of liver zones.

Regarding the regressive changes in liver tissue, the presence of steatosis
was detected in fish exposed to IFe, in addition to necrosis from 14 exposure
days (Fig. 2B-D), which lead to a strong impact in histopathological index

calculation, justified by high importance factor (W=3) and score value associated
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to lower frequencies. These tissue damage was also detected in fish Labeo rohita
exposed by short period to iron ions, with detection of high lipidic perodixation
and antioxidant activity (Singh et al., 2019), and in liver of Hoplias intermedius
and Hypostomus affinis, with high levels of accumulated iron from Funddo dam
contaminated water in Brazil (Weber et al.,, 2020), thus besides steatosis,
regressive damages induces the cell death, from action of apoptosis mechanisms

to cell renewal, or even necrosis, as a result of the inflammatory process.

When analyzed, regressive changes showed, on average, 6 times more
damage during 21 days (p<0,001) of exposure, in animals treated with IONP +
GBH1 and IONP + GBH2 (Fig. 4E,F and Fig. 3A-C). At the same time, fish
exposed to IONP+GLY (Fig. 3D-F) showed the same amount of alterations than
groups treated with GBH, which is confirmed by no statistical difference between
the Hirp2 of the groups IONP+GBH1, IONP+GBH2 and IONP+GLY (Fig. 4B).
Allowing to suppose that adsorption to IONP attenuates the toxicity in regressive
responses of GBH, since previous studies have already reported higher toxicity
of GBH compared to GLY in aquatic organisms (Antunes et al., 2017; Bach et al.,

2018; Moraes et al., 2020).

According to Samanta et al. (2019), the compensatory decline of enzymes
such as lipases, amylases and proteases is associated with the formation of
steatosis sites, observed in Anabas testudineus and Heteropneustes fossilis,
exposed to Excel Mera 71 — other glyphosate-based herbicide. In view of these
data, it is possible to assume that in guppy the regressive changes, when they
were exposed to IFE, IONP+GBH and IONP+GLY, may also be related to a
compensatory mechanism such as a plasticity capacity of P. reticulata in

response to environments contaminated with GBH and GLY.
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Still considering the fatty metamorphosis, studies carried out in
Oreochromis niloticus exposed to 4 to 16mg/L of glyphosate (Zheng et al., 2021),
in Piaractus mesopotamicus exposed to 3 to 4,5mg/L of glyphosate (Shiogiri et
al., 2012) and in Poecilia reticulata exposed to 0,3mg/L of IONP (Qualhato et al.,
2018), showed that the hepatic accumulation of lipids may indicate the formation
of an inflammatory process in response to oxidative stress, resulting from lipid

peroxidation.

Moreover, other reaction pattern observed were the inflammatory
responses (Rp3) — resulting from the time-treatment relationship (F=3,979;
DF=20; p<0,0001) — are attached to changes in the composition of the Hirps (Fig.
4C), triggering reactions on hepatic tissue, such as an increase in
melanomacrophage sites and leukocyte infiltrations, frequently identified in all

treated groups.

In this sense, the data from this study showed that in all exposed groups,
for an inflammatory response to be established by the organism, it requires as
much time as the circulatory responses and the regressive damage. However,
contrary to these two reaction patterns, the inflammatory responses persist even
during the post-exposure period, therefore, they must require the organism of fish

to be more active for a longer time in order to have an organic restoration.

In this same perspective, the post-exposure time was not sufficient for the
recovery of the inflammatory response in the animals during the exposure to IFe,
because there is 11 times (p<0.001) more damage than in the control group in
21 days of exposure and although there is a decrease during the post-exposure,

the damage remains with difference of 12 points (p<0.001) in relation to the
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control group 21 days of post-exposure (Fig. 4C). These results are corroborated
by the studies of Cottet et al. (2015), in which iron accumulation was identified in
fish species Poropuntius carinatus, Hypsibarbus vernayi, Hampala macrolepidota
and Cyclocheilichthys repasson, from a reservoir in Lao country, as well as Fahmi
et al. (2019) who identified melanomacrophages as an inflammatory response in

fish.

With regard to inflammatory responses in animals exposed to associations
of IONP and GBH, 10-fold (p<0.001) larger responses were seen in IONP+GBH1
(Fig. 3E,F) than the control group after 21 days of exposure, reaching 7-fold
(p<0,001) greater than in guppies treated with IONP+GBH2 (Fig. 2C and Fig. 3C).
The studies by Li et al. (2016) with liver of Carassius auratus exposed to GBH
during 96h, also evidenced complex inflammatory responses involving leukocyte

infiltrations on hepatic tissue.

Concerning the inflammatory behavior in animals treated with associations
of IONP with GBH, the persistence of the inflammatory response was noted in
the treatment IONP+GBH1 until 7 post-exposure days, while in IONP+GBH2 the
response starts to decrease only at 14 days post-exposure (Fig. 3C), suggesting
that GBH is responsible for delaying the inflammatory response by distorting the
proinflammatory activity. Richard et al. (2014), when studying Dicentrarchus
labrax exposed to 647mg/l of GBH for 96 hours, showed impairment of the
immune system by distortion of pro-inflammatory cytokine and interleukin activity,
which leads us to the assumption that GBH activity promotes inhibition of the

inflammatory process.
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Besides to inflammatory behavior of GBH, responses are also described
in fish species like Oreochromis niloticus, Clarias gariepinus, Danio rerio and
Poecilia reticulata exposed to glyphosate (Antunes et al., 2017; Jiraungkoorskul
et al., 2003; Karami-Mohajeri et al., 2017; Nwonumara and Okogwu, 2020),
associated to increase of pro-inflammatory cytokines, already registered in
Cyprinus carpio exposed to 52,08 and 104,15mg/l of GLY during 168 hours (Ma

and Li, 2015).

Regarding the association of IONP+GLY, this study showed that the
inflammatory responses were 16 times (p=0.028) greater than the control group
starting at 14 days of exposure, without full recovery even after 21 days post-
exposure (Fig. 3G). In general, the trend lines indicated that all groups remained
without full recovery of the inflammatory response by the end of 21 days post-
exposure, so post-exposure for the same time period as exposure was not

sufficient to counteract the inflammatory response (Fig. 3G).

To get an integrated view of the damage assessment, the total
histopathological index (Hiliv) was made, in this study, based on the sum of the
individual reaction patterns with a dependency relationship between time and

treatment (F=2,055; DF=20; p=0,007) (Fig. 3D).
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the control in 21 days of exposure, organic responses similar to these were
described in Salminus franciscanus in the Sao Francisco River in Brazil (Savassi
et al., 2020) and in Oryzias latipes exposed to 5 and 20mg/L to nanoscale
zerovalent iron and iron oxide nanoparticles (Yang et al., 2019). As for the post-
exposure period, the present study indicated tendency for damage recovery,
since there was an average decrease of 37.53 (p<0.01) points in the Hiiv after 21
days of post-exposure (Fig. 3H). In this way, these results are probably linked to
the iron elimination profile of the fish, based on the tendency to not accumulate
iron in the tissues, thus, it is possible to assumed that more time would be needed

for full recovery of the animals exposed to IFe.

Tissues are biomarkers frequently reported to identify changes promoted
by GBH, as already seen in fish species such as Colossoma macropomum (Silva
et al., 2019), Piractus mesopotamicus (Shiogiri et al., 2012) and Prochilodus
lineatus (Langiano and Martinez, 2008). Nevertheless, the present study, in
addition to identifying histopathological alterations, performed an analysis of Hiiyv
in P. reticulata exposed to the association of IONP and GBH, detecting in
IONP+GBH1 an 8-fold increase (p<0.001) in relation to the control group, during
21 days of exposure, while IONP+GBH2 shows the Hiiv 7 times (p<0,001) bigger

than control at the end of exposure time.

During post-exposure, Hiiv in IONP+GBH1 decreased 20.76 (p<0.001)
points and IONP+GBH2 decreased 14.57 (p<0.001) points in Hiiv, both compared
to control group in 21 (Fig. 4D), although there was no full recovery of the guppies
exposed to the associations with GBH, this behavior corroborates the trend line

of IONP+GBH1 and IONP+GBH2, indicating the possibility of decreasing Hiiv in
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the post-exposure period (Fig. 4F) suggesting that post-exposure period longer

than 21 days will enable the full recovery of animal health.

Regarding the association of IONP with GLY, it was observed that the
tissue damage behavior expressed in Hiiv in animals treated with IONP+GLY was
7 times (p<0.001) higher than the control group after 21 days of exposure (Fig.
3D). Even in the absence of nanoparticles, previously studies considering only
glyphosate in Leptodactylus latrans exposed for 96 hours to concentrations from
3 to 300mg/l of GLY (Bach et al., 2018), Anabas testudineus exposed for 45 days
to concentrations of 2.6 to 7.8 mg/L of GLY (Mohapatra et al., 2021) and Poecilia
reticulata exposed for 96 hours to 35mg/l of GLY (Antunes et al., 2017), confirm

the damaging action of glyphosate on fish liver tissue.

However, despite the damage to liver tissue suffered during exposure, in
this study the guppies treated with IONP+GBH submitted to post-exposure,
although not fully recovered, had a reduction of 11 points (p<0.005) in Hiliv, which
confirms the trend line and allows us to assume that times longer than 21 days

post-exposure can lead to full recovery of liver function in animals (Fig. 4H).

In general, even though the inflammatory responses include changes with
relevance factor 2 (W=2) and score value associated with lower frequencies, it
should be considered that the circulatory disturbances and regressive changes
were recovered after post-exposure, so that the trend line (Fig. 4H) for Hirp1,Hirp2
and Hirps indicate a positive organ recovery and permit to assume that in periods
longer than 21 days post-exposure, there may be full recovery of

histopathological damage in all treatments
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3.3.Ultrastructural analysis

The liver tissue is a complex of cells that performs many functions related
to vital processes, among them detoxification. This activity involves the
hepatocytes that were the ultrastructural cellular biomarkers evaluated in this
study. Thus, it is necessary to consider that these cells have organelles linked to
the process of lipid synthesis and degradation, as well as the deposition of lipid
droplets in the cytoplasm of the cell, associating to this the presence of organelles
such as those of the endomembrane system and the nucleus, to be considered
in its normal aspect in the control group (Fig. 5A1 and A2), such as the possibility
of activation to respond efficiently in detoxification in the presence of xenobiotics.

In this way, the hepatocytes of exposed groups in the present study
showed alterations at various levels of complexity and the analysis
complemented the histopathological observations already described in Figures 2
and 3. Thus, the presence of necrotic zones was noted in all periods of exposure
to IFe (Fig. 5B1, B2 and B3), so that, from the ultrastructural point of view, these
cells showed cytoplasmic degeneration, disorganized nuclei, and increased and
irregular lysosomes. In addition to these changes, lipofuscin was also observed
in macrophages of fish exposed to IFe (Fig. 5B1). This pigment is associated with
degeneration of organelles and lysosomal digestive enzymes, such as were
described in Danio rerio by Gandahi et al. (2020), in this case, the action of
melanomacrophages was on the process of necrosis in the extracellular matrix,
similar to what was observed in the present study

It was also observed that the extracellular matrix was altered in animals
treated with IONP+GBH (Fig. 5C1-D3), confirming the histopathological

analyses, with possibility to denote increasing perisinusoidal interface — Disse
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space, where happens vessel communications with cells, that signalize high
demand by circulatory changes in inflammatory process. Therefore, the
inflammatory response is mediated by cellular way, since there is an increase in
metabolic activity diagnosed by endoplasmic reticulum (ER) abundance and

mitochondrial proliferation (Fig. 5D2) when compared to the control group.
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Figure 5Ultrastructure of hepatocytes of Poecilia reticulata. (A and B) Unexposed group, intact
hepatocytes, preserved Disse space, small and dispersed lipid droplets; (C, D, E) Group exposed to IFe:
(C) Lipofuscin zones; (D) Large lipid droplets associated with RER; (E) Large lipid droplets associated
with the disorganized endoplasmic reticulum. (F, G, H) Group exposed to IONP + GBHL1: (F) Lipid droplets
associated to disorganized RER with proliferation and grouping of mitochondria with intense activity of
lysossomes; (G) Smooth endoplasmic reticulum; (H) Disorganized endoplasmic reticulum associated to
mitochondria near biliary duct . (I, J, K) Group exposed to IONP + GBH2: (I) Lipids droplets closely linked
with disorganized RER and mitochondria; (J) Proliferation of mitochondria and elongated dysmorphic
mitochondria with high electrodense matrix; (K) Fibrose zones near to blood vessel; (L, M, N) Group
exposed to IONP + GLY: (L) Deposition of fibrose in a zone with melanomacrophage; (M) Mitochondria
with high activity in mitochondrial matrix associated with disorganized RER; (N) Myeloid body inside a lipid
droplet. N=nucleus; V=blood vessel, H=regular hepatocyte, Bd=biliary duct, SD=space of Disse,
M=mitochondria, Lpf=lipofuscin, RER=rough endoplasmic reticulum, SER=smooth endoplasmic
reticulum, Lys=lysosome, Fz=fibrose zone, Mb=myeloid body.
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Previously studies with Cnesterodon decemmaculatus exposed by 42
days to GBH (0,2 and 2mg/l) and chlorpyrifos (0,84 and 8,4nl/l) (Bonifacio and
Hued, 2019) and in both species Anabas testudineus and Heteropneustes fossilis
exposed by 16,9mgGLY/l to Excel Mera 71 during 30 days (Samanta et al., 2019),
corroborate the data previously cited, about the proliferation of ER and
mitochondrial abundance.

Therefore, the observations of this study indicate the possibility that there
is high transport of proteins in the ER membrane, such as enzymes of the
cytochrome P450 family, involved in the reduction of molecular oxygen and the
consequent formation of reactive oxygen species (ROS) in the electron transport
chain of mitochondria. These data are corroborated by Yoboue et al. (2018),
when he describes that protein synthesis efforts are potentially related to
detoxification, signaling, and cellular repair processes and by Hrycay and
Bandiera (2015), who report cytochrome P450 enzymes as key elements in
catalyzing the oxygenation of organic substrates, with the consequent formation
of ROS.

In parallel, the treatment with IONP+GLY (Fig. 5E1, E2 and E3), showed
high energy demand, since morphological changes of mitochondria are noted, as
well as the high electrondensity of the mitochondrial matrix (Fig. 5E3). So that it
is possible to suppose that the observed changes are due to the high
concentration of proteins in the mitochondrial matrix, possibly because of the
intense synthesis of mitochondrial rRNA and tRNA, in addition to essential
proteins such as subunits of multimeric complexes involved in electron transport
and - mainly - ATP synthesis. Thus, besides the high concentration of native

mitochondrial proteins, the high electrondensity of mitochondria observed in this
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study corroborates the mechanism described by Schatz (1996) and Pfanner et
al. (1997), regarding the importance of proteins from the cytosol to the
mitochondrial matrix, such as RNA and DNA polymerases, besides Hsc 70
chaperones and processing proteases involved in this process.

Ultrastructural analyses of hepatocytes, also indicated the presence of
large amounts of lipid droplets associated with the ER in all groups exposed to
the test substances IONP+GLY, IONP+GBH 1 and 2, as well as IFe (Fig. 5B2,
B3, C1, D1, D3, El1l). The process of microvesicular steatosis was well
characterized and in fact is a physiological response to potentially toxic
environments (Bonifacio and Hued, 2019; Hued et al., 2012; Karami-Mohajeri et
al., 2017), showing uncontrolled cholesterol production and storage, which has
its excess deposited in lipid droplets in the cytoplasm. Therefore, a semi-
guantitative evaluation of lipid accumulation in hepatocytes, shows that exposure
time lead to increasing in quantity and area of lipid droplets. (F=15,89; DF=2;
p<0,0001).

The analyses demonstrates that IONP+GLY group, in 7 exposure days
had droplets with diameter, in average, 10um (p=0,0044) bigger than non-treated
group, while IONP+GBH2 presented in 14 days, an average of 14um (p<0,0001)
bigger than control in the same period. Thus, in 21 exposure days, all treated
groups demonstrated diameters larger and statically relevant (p<0,05) in relation
to control group, so that the proliferation and droplets accumulation confirms the
found on histopathological evaluation of regressive damage.

The data from this study are consistent with the response in Oncorhynchus
mykiss exposed to water contaminated with oil (62ug/l) and chlorpyrifos (20ug/l)

(Anna et al.,, 2021) and metabolic disorders in transgenic Danio rerio with
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overexpression of activation transcription factor 4 (Yeh et al., 2017), showing an

excess in fatty acid and cholesterol synthesis, from the distortion of the activity of

sterol regulatory base-binding enzymes.

Considering the observations and data from this study, it is important to

highlight that this analysis performed
for Poecilia reticulata, is an unusual
approach that demonstrates that toxic
substances can lead to an increase in
lipid droplets, showing a proposal with
the possibility of use in future studies.
3.4.Biometric analysis

According to Mozsar et al.
(2015), the maintenance of Fulton's
condition factor (Kruion) and of the
hepatosomatic index (HIS) indicate
quality of lIFe and conservation of
animal welfare, which is in agreement
with the data obtained here, in
addition to corroborating with the
plasticity capacity of guppy, already
seen in animals subjected to
endocrine stress (Houslay et al.,
2019),

staying alive, including in
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contaminated environments (Rolshausen et al.,, 2015). Thus, the Poecilia
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reticulata model used in the present work is a suitable biomonitor, since it allows

responsive assessments to interactions with contaminants (Fig. 6).

4. Conclusion

This study showed that the exposure of Poecilia reticulata to iron ions and
nanoparticles associated with GBH or GLY causes toxicity in the liver tissue,
generating tissue and ultrastructural responses. In this sense, inflammatory
responses are the most striking and persistent cause of damage, so that IONP +
GBH is concentration dependent and has greater toxicity than IONP + GLY. On
the other hand, there is a tendency for animals to recover in all groups in periods
greater than 21 days after exposure, which is complemented by the adaptive
plasticity of Poecilia reticulata, since the experimental period does not affect fish
growth. Thus, this study contributes to the knowledge of the behavior of IONP -
as an environmental alternative, and its associations, regarding the toxicity in
aguatic organisms, increasing the possibilities of use based on the awareness of
their respective impacts.
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CAPITULO 3

TOXICIDADE DA ASSOCIACAO DE IONP E GLIFOSATO EM
POECILIA RETICULATA DURANTE ACUMULACAO E
ELIMINACAO DE FERRO APOS EXPOSICAO E POS-
EXPOSICAO A ASSOCIACAO DE IONP E GLIFOSATO

Este capitulo aborda a segunda
parte dos resultados deste
trabalho, apresentando as
analises de  bioacumulacéo,
integridade tecidual e distribuicdo
de lipideos no figado de Poecilia
reticulata
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Toxicidade da associacdo de IONP e glifosato em Poecilia
reticulata durante acumulacédo e eliminacao de ferro apo6s
exposicdo e pés-exposicdo a associacdo de IONP e glifosato

Resumo

As nanoparticulas de o6xido de ferro (IONP) apresentam a capacidade de
adsorcdo de glifosato (GLY) em sua superficie, tornando-as materiais de
interesse para aplicacdo em processos de remediagdo ambiental. Devido a isso,
é relevante se avaliar o comportamento tecidual e celular de peixes expostos a
IONP e associagdes diversas. Assim, este estudo buscou investigar a
acumulacao de ferro, a integridade tecidual e a distribuicao de lipideos causadas
pela associacdo de IONP e glifosato puro, bem como IONP e herbicidas
baseados em glifosato (GBH) — neste caso Roudup Original®, bem como de ions
ferro, em fémeas de Poecilia reticulata expostas a ions ferro (0.3 mg/L) (IFe),
IONP (0.3 mgFe/L) e IONP associadas com GLY (0.65 mg/L) e GBH (0.65
mgGLY/L (IONP + GBH1) e 1.30 mgGLY/L (IONP + GBH2)) por um periodo de
7, 14 e 21 dias, seguidos por um periodo igual de pOs-exposicdo em agua
reconstituida. Os grupos tratados com IFe, IONP, IONP+GBH1, IONP+GBH2 e
IONP+GLY apresentaram a eliminacao do ferro chegando a se equiparar com o
grupo controle, durante os 21 dias de pds-exposicao, o que foi refletido nas
avaliacdes de integridade tecidual que demonstraram um intenso acumulo de
lipideos, bem como formacéo de zonas necroticas e infiltrados leucocitarios em
todos os grupos tratados durante a exposicdo. Para além da integridade tecidual,
os resultados da distribuicdo de lipideos indicou que é possivel que a
composicdo lipidica nos animais tratados com IONP+GLY é diferente dos

expostos a IONP+GBH, de modo que € interessante observar que o acumulo
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dos lipideos sdo independentes da concentracdo de GBH durante a exposicéo e
em todos os tratamentos ha o decréscimo expressivo das goticulas de lipideos

durante a pos-exposicao.

Abstract
Iron oxide nanopatrticles (IONP) have the ability to adsorb glyphosate (GLY) on

their surface, becoming an interesting proposal for use in environmental
remediation processes. Therefore, this study aimed to investigate the iron
accumulation, tissue integrity and lipid distribution caused by the association of
IONP and pure glyphosate, as well as IONP and glyphosate-based herbicides
(GBH) - in this case Roudup Original®, as well as iron ions, in female Poecilia
reticulata exposed to iron ions (0. 3 mg/L) (IFe), IONP (0.3 mgFe/L) and IONP
associated with GLY (0.65 mg/L) and GBH (0.65 mgGLY/L (IONP + GBH1) and
1.30 mgGLY/L (IONP + GBH2)) for a period of 7, 14 and 21 days, followed by an
equal period of post-exposure in reconstituted water. The groups treated with IFe,
IONP, IONP+GBH1, IONP+GBH2, and IONP+GLY showed iron elimination
reaching parity with the control group during the 21-day post-exposure period,
which was reflected in the tissue integrity assessments that demonstrated intense
lipid accumulation, as well as necrotic zone formation and leukocyte infiltrates in
all treated groups during exposure. In addition to tissue integrity, the results of
lipid distribution indicated that it is possible that the lipid composition in animals
treated with IONP+GLY is different from those exposed to IONP+GBH, so it is
interesting to note that lipid accumulation is independent of GBH concentration
during exposure and in all treatments there is a significant decrease in lipid

droplets during post-exposure.
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Introducéo
Os nanomateriais (MN) tém ampliado sua aplicabilidade e visibilidade

para uso em solugBes ecotoxicoldgicas, devido a diversidade de interacdes que
podem realizar ao se associarem com contaminantes e poluentes (Guerra et al.,
2018), o que os tornam ferramentas interessantes para a remediacdo de
ambientes contaminados e poluidos (Rivoira et al., 2016; Santos et al., 2019).
Nesta perspectiva, as nanoparticulas de oOxido de ferro (IONP) ganham
proeminéncia por terem uma elevada relacdo tamanho-superficie, sintese viavel,
possibilidade de funcionalizacdo da superficie (Baumann et al., 2014) e porque
sdo magnéticas, 0 que torna possivel a remocao dos IONP do ambiente. Estas
caracteristicas tornam os IONP instrumentos promissores para a remediacao
ambiental, uma vez que estudos ja demonstraram a sua eficacia na adsorcéo e
remocao de contaminantes dissolvidos na dgua (Hassan et al., 2018; Muraro et
al., 2020; Yakar et al., 2020), bem como no tratamento de efluentes urbanos (Xu
et al., 2012).

A vasta gama de aplicacBes possiveis utilizando IONP para a remediacéo
ambiental € um campo de investigacfes promissor, entre estas investigacdes €
importante destacar o trabalho de Park et al. (2020), que descreve os IONP como
materiais eficientes para a remocéao do glifosato (GLY) na agua, com base nas
associacfes dos grupos COO e PO3 da molécula de glifosato com a superficie
das nanoparticulas, que por sua vez podem ser removidas da agua utilizando

métodos de remog&o magnética (Park et al., 2020).

Neste sentido, para tornar possivel a utilizacdo de IONP em situagdes

reais de contaminacédo por glifosato, € essencial compreender a toxicidade dos
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IONP e GLY. De acordo com Valdiglesias et al., 2016; Valsami-Jones and Lynch,
2015, os nanomateriais podem ser inseguros se aplicados equivocadamente em
concentracdes erradas. Além disso, € importante, a fim de apoiar a utilizacao
segura dos IONP, se basear em estudos anteriores, pois eles vém demostrando
a toxicidade dos IONP como indutores de genotoxicidade em sangue e resposta
inflamatéria com danos no tecido hepatico em Poecilia reticulata (Qualhato et al.,
2017, 2018) e danos embrionarios em zebrafish expostos a IONP isolados (Zhu
et al., 2012), tornando assim necessario procurar um maior conhecimento sobre

a utilizacdo segura dos IONP.

No que diz respeito ao glifosato, é necessario considerar que € o herbicida
mais comercializado no mundo, com ampla distribuicdo e aplicacdo nas
principais culturas vegetais do planeta (Duke, 2018; Geng et al.,, 2021). O
glifosato é bem conhecido por ser toxico. Alguns estudos mostraram que o GLY
induz resposta inflamatéria complexa envolvendo estresse oxidativo e respostas
imunologicas e metabdlicas alteradas em peixes da espécie Oreochromis
niloticus (Zheng et al.,, 2021), Clarias gariepinus (Nwonumara and Okogwu,
2020), Anabas testudineus (Mohapatra et al., 2021) e Poecilia reticulata (Antunes

et al., 2017).

No entanto, o GLY ndo é comercializado na sua forma pura, mas em
misturas complexas de herbicidas a base de glifosato (GBH), tais como Roundup
Original®. O GBH contém varios componentes nas suas formulagées que nem
sempre sao descritos pelo fabricante, entre as quais surfactantes como a amina
polietoxiquilada (POEA) (Mesnage et al., 2019). Esta combinacao de glifosato e

tensioactivos torna o GBH uma mistura significativamente mais toxica do que o
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GLY puro para organismos aquaticos, o que é referendado pela literatura em
estudos com o GBH, indicando serem eles causadores de danos maiores do que
o GLY nos biomarcadores histologicos, ultra-estruturais e metabdlicos em
Oreochromis niloticus (Samanta et al., 2018) e Carassius auratus (Li et al., 2016),
apresentando neurotoxicidade em larvas de Rhamdia quelen (Sobjak et al.,
2017), dano reprodutivo em Danio rerio (Uren Webster et al., 2014) e dano

histopatoldgico em Poecilia reticulata (Antunes et al., 2017).

Para desenvolver a utilizacdo segura de IONP para remediacdo de
ambientes contaminados com GLY, € necessario compreender o
comportamento da associacdo de IONP+GLY em organismos aquaticos,
considerando que os IONP livres podem ter o seu efeito toxico mitigado pela
associacdo com GLY, que podem ou nao permanecer ativos ap0s adsorcao na
superficie dos IONP. O estudo da associacdo de IONP+GLY é um campo que
necessita de mais investigacéo, uma vez que um estudo de Trigueiro et al. (2021)
mostrou que a co-exposicdo de IONP e GLY induz danos no DNA e efeitos

mutagénicos em Poecilia reticulata.

Desta forma, Poecilia reticulata (Guppy) é um excelente biomonitor
ambiental, com o seu genoma estrutural descrito (Kunstner et al., 2016) sendo
recomendado nos guias da OCDE para avaliacdo da toxicidade em peixes
(OECD, 2019), pela sua sensibilidade ao tratamento e alta resisténcia em
ambientes eutroficos. Os guppies tém uma distribuicdo extensa no mundo
(Deacon et al., 2011), podem ser encontrados em aguas Iénticas ou loticas, o
gue nos leva a pensar que estes animais podem migrar ou permanecer por

periodos de tempo especificos em ambientes contaminados com GLY. E a partir
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desta ideia que para o desenvolvimento de uma aplicacdo segura de IONP &
essencial ter em conta os periodos pos-exposicdo aos IONP sozinhos ou em
associacles, para avaliar a potencial inversdo das respostas inflamatérias e a

consequente recuperacao dos animais.

Assim, o presente estudo se propde a avaliar a acumulacao e eliminacao
de IONP nos peixes, bem como os respectivos efeitos das IONP e associacdes
na inducdo de danos histopatologicos no tecido hepatico de Poecila reticulata,
centrando-se na organizacdo e distribuicdo de lipidos no tecido, utilizando
técnicas de ICP-OES, histologia e microscopia electronica. O emprego destas
técnicas visara testar as hipoteses de que: 1) os guppies acumulam ferro de
IONP durante a exposicéo; 2) seguido da eliminacdo do ferro quando pés-
expostos em agua limpa; tal que 3) os tratamentos causam danos ultra-
estruturais e histolégicos, com aumento dos niveis lipidicos nas células; tal que
4) os guppies recuperam dos danos quando removidos da condicdo de
exposicao e pos-expostos em agua limpa.

Materiais e métodos

Delineamento experimental

Este estudo foi aprovado pelo Comité de Etica sobre a Utilizacdo de

Animais da Universidade Federal de Goias sob o numero de registo 046/2017.

As fémeas adultas de Poecilia reticulata foram recolhidas na estacéo de
tratamento de efluentes Dr. Hélio Seixo de Brito da Empresa de Saneamento
Basico de Goias (16°38'08.2 "S 49°15'37.4 "W, Goiania, Goias, Brasil) e
aclimatadas em tanques de 300 litros com agua reconstituida durante 30 dias.
ApoOs este periodo, os animais foram transferidos para aquarios com racao 2

peixes por litro durante 15 dias para uma segunda aclimatacdo e durante este
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periodo e toda a experiéncia, os animais foram alimentados ad libitum duas
vezes por dia com comida comercial para peixes. Durante a aclimatizacéo e o
tempo experimental foi mantido fotoperiodo 12h:12, temperatura 26+2 °C, pH
7,1+£0,2, amoénia 0-0,25 ppm, nitrito 0-0,25 ppm e oxigénio dissolvido cerca de

8,0 ppm.

Desta forma, apdés a aclimatacdo, 63 animais em triplicata foram
submetidos ao periodo experimental, com 15 animais submetidos a 21 dias de
exposicao subdivididos em grupo de controlo apenas em agua reconstituida e 5
grupos tratados: 1) cloreto férrico (FeCl3) em 0,3 mg. L-1 (IFe) - como uma parte
dissoluta de IONP; 2) IONP+GBH1: 0,3 mgFe.L-1 de IONP + 0,65 mgGLY.L-1
de Roundup Original®; 3) IONP+GBH2: 0,3 mgFe.L-1 de IONP + 1,30 mgGLY.L-
1 de Roundup Original®; e 4) IONP+GLY: 0,3 mgFe.L-1 de IONP + 65 mg.L-1

de glifosato P.A (GLY) (Sigma-Aldrich, Alemanha).

Foram realizados dois ensaios. No ensaio 1 coletou-se 7 peixes expostos
para avaliacdo quanto a morfologia tecidual em microscopia de luz e quanto a
ultra-estrutura em MEV e MET, também foram coletados 3 animais para
avaliacdo da acumulacao de ferro. Cabe indicar que as analises morfoldgicas
serviram de suporte para a avaliacdo a ser realizada no ICP-OES e sera descrita
a posteriori. Mas, foi importante para identificar a realizacdo do ensaio 2 no qual
houve a repeticdo do ensaio 1 com a inclusdo de um novo grupo IONP 0,3 mg
Fe, L1
Andlises histoldgicas e ultraestruturais
Para as analises ultra-estruturais e histolégicas, ap6s 7, 14 e 21 dias de

exposicéo e 7, 14 e 21 dias pos-exposicdo, 10 animais foram eutanizados por
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arrefecimento e dissecados em decubito dorsal. Deste total, 7 animais foram os
seus figados processados para analises histologicas fixadas por solucdo de
Karnovsy (glutaraldeido 2,5%, formaldeido 4% em tampé&o fosfato de sédio a 0,1
M com pH 7,2), pés-fixados em tetroxido de 6smio 1% durante 2 horas,
desidratados em cadeias de alcool e incluidos em Historesin (Leica, Alemanha).
Os figados foram submetidos ao ultramicrotoma (Leica UCT, Alemanha) para
fazer secgbes com 2,5-3,0um. As laminas obtidas seguiram-se a diferentes
métodos de reaccdo e coloracao, onde foram utilizadas: 1) Toluidina Azul 1%; 2)

Hematoxilina de Mayer; e 3) Schiff Acido Periddico.

Para avaliacdo ultra-estrutural, outros trés animais foram fixados em 2,5% de
glutaraldeido durante 24 horas, pés-fixados em 1% de solucao de tetroxido de
Osmio durante 2 horas e processados para microscopia electronica de
transmissao. Os 6rgaos foram incorporados em resina epoxi EMbeed-812 (EMS,
EUA). Apds a ultramicrotomia, as grelhas com peliculas de 70nm foram rebatidas
numa solucdo de acetato de uranilo saturado e citrato de chumbo a 4%, apés
rebatimento, as telas de cobre com as sec¢des foram tomadas para analise num
microscopio electrénico de transmissdo JEM-2100 (JEOL, Japéao).

Analise de distribuicdo e quantificagdo de goticulas de lipideo

Os blocos obtidos para avaliacao ultra-estrutural por microscopia electrénica
de transmisséo, foram fixados verticalmente em tocos de aluminio e tomados
para revestimento com pelicula de carbono num sistema de revestimento de
carbono JEE-420 (JEOL, Japao). Os blocos revestidos de carbono foram
analisados para andlise elementar por detecgéo de electrdes com backscattered
electron detection (SEM-BEC) e espectroscopia de raios X dispersiva de energia

(EDS) em microscopia electronica de varrimento. Em cada bloco, duas imagens
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de regifes diferentes foram obtidas e processadas no software Image J Fiji
(Schindelin et al., 2012), em tal limiar foi aplicado para determinar a area e
distribuicdo dos lipidos. O tamanho minimo de detecgéo fixado foi de 0,05 pm?2
para eliminar artefactos que n&o séao de interesse.
Quantificacéo de ferro por ICP-OES

Apébs 7 e 21 dias de exposicdo e 7 e 21 dias pOs-exposicao, trés peixes de
cada tratamento em cada momento de recolha foram lavados com solugéo salina
(NaCl 1%), eutanizados por arrefecimento e desidratados numa estufa de
secagem a 105°C durante 48 horas. As amostras desidratadas foram digeridas
numa solucao 1:1:1 (v/v) constituida por &cido nitrico concentrado, peroxido de
hidrogénio a 30%, e agua desionizada. Os peixes da solucédo foram digeridos
num digestor de microondas MARS 6 (CEM, EUA) a 180 °C durante 10 minutos
em reactores de teflon. Para analise, a solucéo foi diluida 3 vezes em solucao

de acido nitrico a 2%.

A andlise quimica do elemento Fe foi realizada num espectrometro de
emissao optica de plasma acoplado indutivamente (ICP-OES) OPTIMA 8300
(Perkin Elmer, Alemanha), com poténcia e fluxo de argon de plasma de 1500 W
e 15 L/min, respectivamente, e fluxo de nebulizac&o de 0,8 ml/min. A calibracao
foi realizada utilizando padrdes de elemento Unico da substancia a analisar de
interesse. O elemento ferro (Fe) foi analisado a um comprimento de onda de
238,204 nm. Os valores resultantes foram obtidos em partes por milhdo (ppm)
convertidos em microgramas por grama (pg/g).

Delineamento estatistico
Com os valores recolhidos das andlises pelo ICP-OES e SEM-BEC, as

analises estatisticas foram realizadas no software GraphPad Prism 8.3.0. Para
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analises de distribuicéo lipidica foi realizada uma regresséo nao linear para obter
a distribuicdo gaussiana. Para comparacdes entre grupos, os testes de
suposicdo foram validados pelo grafico QQ-plot e ANOVA Two-way, seguido de
comparacgdes multiplas pelo teste LSD de Fisher, assumindo um intervalo de
confianga de 95% (p<0,05), com significado expresso no modo GP do valor p,

onde: p>01234=ns; p>0,0332=*; p>0,0021=***; p>0,0002***; e p<0,0001=">***

Resultados e discusséao

Acumulacéo de ferro

As observacdes deste trabalho sdo dados preliminares quanto ao emprego
do ICP-OES, de modo que a posteriori serdo realizadas metodologias mais
robustas. Porém, é relevante se obter indicac6es adequadas que justifiquem o
avanco metodologico em novas direcfes. De modo que este estudo visou obter
informacdes indicativas significantes quanto a acumulacéo e eliminacao do ferro
nos peixes, contribuindo com a literatura cientifica que ainda se encontra
avancando em estudos de bioacumulacdo. Levando em consideracdo estas
observacdes, as analises por ICP-OES mostraram que no grupo controle ndo
houve acumulo de ferro, mantendo-se somente a concentracdo de ferro
enddégeno no organismo que foi em média de 5,261 ug/g durante todo o tempo
experimental. Por outro lado, os animais tratados apresentaram acumulacao de
ferro que variou no decorrer do tempo, com efeito dependente dos tratamentos

(F=2,018, DF=15, p=0,033).

A persisténcia do ferro nos animais observada neste trabalho permite supor
que a acumulacgéo do ferro esta relacionada com a forma na qual ele se encontra
disponivel, de tal modo que o tratamento com ions ferro (IFe) ndo apresentou

aumento da concentracdo de ferro no decorrer do experimento, por outro lado,
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0S animais submetidos ao tratamento com IONP sem associacoes,

apresentaram um acréscimo meédio de 4,676 pg/g de 7 para 21 dias de

exposicao.
JA ao se comparar a
A acumulacdo em IFe e IONP foi
—_ possivel supor que o0s ions
excessivos de ferro do tratamento
—
1 IFe acabaram sendo controlados

pelo sistema de regulacdo da

—
——
———

- - i homeostase do ferro, que &

descrito por Muckenthaler et al.
Days (2008) e corroborado por estudos
gque mostram o0 aumento da
atividade da enzima

metalotioneina — relacionada ao

controle e regulacdo de ions

metalicos — em Poecilia reticulata
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Figure 7: Gréficos de acumulagdo de ferro em peixes Poecilia

reticulata. A) grafico empilado com apresentagdo dos desvios incluindo ferro (Aich et al., 2017),

padrdes. B) Gréfico de linhas, mostrando o decréscimo do acumulo

de ferro durante a pds exposicao. em Dules auriga — uma espécie

sentinela da contaminagdo por metais na baia de ilha grande no Brasil (Hauser-
Davis et al., 2021) e em Salmo trutta que viviam em ambiente antropizado com
altos niveis de metais, incluindo ferro, no rio Krka na Croacia (MijoSek et al.,

2019).
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Dando continuidade a comparacao dos grupos IFe e IONP, a maior
acumulacéo de ferro nos tratamentos com IONP é corroborada por estudos que
mostram que as formas nanoparticuladas do 6xido de ferro adsorvem proteinas
e outras moléculas que tenham afinidade com a superficie das IONP (Hai et al.,
2017; Mosiagin et al., 2015), o que leva a formagé&o de coronas com reativas com
tecido biolégico, que consequentemente acabam por proteger as IONP de
processos de dissolucao oxidativa ou reducdes que levem a dissociacao das
nanoparticulas, de modo que o acumulo de IONP em peixes ja foi relatado em

Danio rerio expostos a 4 e 10 mg/L de Fe203 e Fes04 (Zhang et al., 2015).

Desta forma, é possivel sugerir que a formacédo de coronas proteicas e a
complexacao da relacdo das IONP com o tecido organico aconteceu no presente
trabalho ocasionando a persisténcia das IONP no organismo, que também é
vista em um estudo em branquias, figado, rim, intestino, cérebro, baco e
musculos de Oreochromis niloticus expostos por 60 dias a concentracdes de 0,1-
10,0 mg/L de a-Fe203 e y-Fe203 (Ates et al., 2016). No presente estudo foram
utilizadas nanoparticulas de y-Fe203 funcionalizadas com citrato, o que deixou a
carga superficial das nanoparticulas negativa e disponivel para interacdo com as
moléculas organicas, de modo que o0s animais tratados com IONP sem
associacfes mostraram um aumento médio de 4,676 pg/g na concentracao de

ferro de 7 para 21 dias de exposicéo.

Ainda levando em conta a possibilidade da formagéo de coronas nas IONP,
as investigacdes deste estudo mostraram que o0s tratamentos feitos com
IONP+GBH apresentaram maior acumulo de ferro durante a exposi¢cao nos

animais tratados com IONP+GBH1 e IONP+GBH2, de modo que logo em 7 dias
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de exposicao a diferenca de concentracao de ferro em relacdo ao grupo controle
ja era significativa, sendo de 15,310 pg/g em IONP+GBH1 e 14,040 pg/g em
IONP+GBH2, o que sugere que o GBH ao ser adsorvido na superficie das IONP
formam coronas que mantem uma relagdo com o tecido constante enquanto
durar a exposi¢do, o que é corroborado por estudos prévios que mostram a
possibilidade da persisténcia de interacdes de moléculas complexas com o
tecido, como as moléculas contidas na mistura dos GBH (Martens et al., 2019;
Prado et al., 2015), logo, é possivel propor que os niveis de ferro sdo elevados
nos tratamentos de IONP+GBH porque o GBH adsorvido das IONP acaba por
manter as nanoparticulas no organismo, ja que ao mesmo tempo que tem uma

forte associagdo com as IONP, também tem alta afinidade com o tecido organico.

Na mesma perspectiva de complexidade das coronas e sua respectiva
relacdo com os tecidos bioldgicos, os resultados das concentracdes de ferro
analisadas por ICP-OES mostraram que houve uma diferenca marcante entre os
animais tratados com GBH e GLY, de modo que os animais tratados com
IONP+GLY tiveram uma concentracdo de ferro em média de 17,680 pg/g logo
em 7 dias, seguida por diminui¢céo significativa ao fim da exposicéo, chegando a
apresentar uma reducdo média na concentracédo de ferro de 10,281 ug/g apés
21 dias de exposicdo, enquanto que os animais tratados com IONP+GBH1
tiveram em média 28,750 pg/g a mais de ferro do que IONP+GLY apds 21 dias
de exposicdo, o que pode ser explicado pela desprotonacdo da molécula do
glifosato resultando em metabdlitos como acido aminometilfosfénico (AMPA) e
sarcosina (Peixoto et al., 2015) que apresentam possibilidade de excrec¢ao pelo
organismo e menor toxicidade do que o GLY e GBH, como mostrado por

Rodrigues et al. (2019) em Danio rerio expostos a GBH, GLY e AMPA.
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Para além da investigacdo da acumulacéo de ferro durante a exposicao, o
presente estudo investigou a possibilidade de eliminacéo do ferro em periodos
de pds-exposicdo, tendo em vista que estudos prévios ja mostraram a
possibilidade da excrecdo do ferro em Danio rerio e Oreochromis niloticus
expostos a IONP e posteriormente submetidos a periodos de pés-exposicao em
agua limpa (Ates et al.,, 2016; Zhang et al.,, 2015), o que fez necessaria a

investigacdo da capacidade de eliminagédo das IONP associadas a GLY e GBH.

No presente estudo, nos animais expostos aos tratamentos com IONP,
IONP+GBH1 e 2 e IONP+GLY foi identificada a eliminacao do ferro, chegando a
niveis estatisticamente iguais ao controle logo em 7 dias de pos exposi¢ao, o
gue se mantem até os 21 dias que concluem a pos exposicdo, independente das
IONP isoladas ou associadas a GBH ou GLY, o0 que mostra que existe um
empenho e sucesso na detoxificagdo do organismo que é refletido em uma
resposta inflamatoria, que pode ser avaliada nas analises histopatoldgicas e de
distribuicdo de lipideos descritas a seguir.

Integridade tecidual

A analise histolégica do tecido hepético € um biomarcador importante de
investigacdo das respostas do organismo a contaminantes, de modo que
estudos prévios ja identificaram danos histoldégicos em guppies e Capoeta fusca
promovidos por exposicdo a IONP (Qualhato et al., 2018; Sayadi et al., 2020),
bem como respostas no tecido hepéatico em guppies expostos a glifosato
(Antunes et al.,, 2017) e em Pseudoplatystoma corruscans expostos a GBH

(Moura et al., 2017).
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Figure 8: Tecido hepatico de Poecilia reticulata pds-fixado em tetroxido de 6smio 1% e corado com azul de toluidina. (A) Controle
; (B) IFe — 14 dias de exposigdo; (C) IONP — 21 dias de pés-exposicao; (D) IONP+GBH1 — 14 dias de exposicao; (E)
IONP+GBH2 — 21 dias de exposicao; (F) IONP+GLY — 14 dias de pds-exposi¢do
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Visando observar os efeitos dos tratamentos com IONP+GLY e IONP+GBH,
0 presente trabalho analisou a integridade do tecido hepatico, bem como o
comportamento dos lipideos e sua distribuicdo nas células, de modo que as
analises mostraram que no grupo controle os hepatdcitos permaneceram
preservados com macrofagos residentes e goticulas de lipideo
significativamente menores e mais dispersas quando comparadas aos grupos
tratados, que apresentaram alteracdes circulatérias, regressivas e progressivas

gue correspondem a uma resposta inflamatoria persistente durante a exposicao.

50 um

.

Figure 9: Tecido hepético de Poecilia reticulata submetido a reacéo de acido periddico de Schiff e corado com
azul de toluidina. Os pontos em roxo indicam os grupamentos de glicoconjugados. (A) IFe — 14 dias de
exposi¢do; (B) IONP+GBH1 — 21 dias de exposicao; (C) IONP+GBH2 — 14 dias de pos-exposicédo; (D)
IONP+GLY - 21 dias de pds-exposicéo.
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Com objetivo de avaliar a complexidade das alteracGes histoldgicas foram
utilizadas metodologias de coloracdo do tecido, bem como marcacdo de
glicoconjugados e lipideos. Deste modo, as anélises da técnica de PAS+azul de
toluidina (Fig. 2) mostraram que os animais tratados com IFe, IONP+GBH1 e 2
e IONP+GLY apresentaram grupamentos de células com glicoconjugados
associadas a vasos dilatados e zonas necréticas, de modo que respostas
semelhantes ja foram descritas em figado de Poecilia reticulata expostos a 0,3
mg/L de IONP durante 3 a 21 dias (Qualhato et al., 2018) e em figado de
Rhamdia quelen apds exposicao a diferentes formulacdes de GBH (Murussi et
al., 2016), o que pode ser identificado como um processo de infiltracdo
leucocitaria no tecido hepético dos guppies como resultado de intensa

inflamagé&o induzida pelos tratamentos.

A resposta inflamatéria nos animais tratados com IFe, para além dos
infiltrados leucocitarios, sitios de melanomacréfagos distribuidos em todo o
tecido, de modo que a formacé&o destes sitios é descrita por Wolf and Wheeler
(2018) como uma resposta tipica em peixes expostos a contaminantes que ja foi
vista em estudos prévios que identificaram os sitios de melanomacrofagos em
tecido hepatico de Myoxocephalus scorpius encontrados préoximos a areas de
mineracdo (Sonne et al., 2014) e em Catla catla expostos a ambientes
contaminados com metais pesados (Naz et al., 2021), de tal modo que € possivel
afirmar que o tratamento IFe induz uma forte resposta aos ions ferro, causando
vasodilatacdes extensas, para além de promover estresse oxidativo e alterar a
distribuicdo dos lipideos no tecido, o que leva a formacdo de macroesteatoses

nas células, podendo ocasionar a posterior morte celular pela formacao de zonas
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necroticas que levam a perca do tecido pela substituicdo das areas funcionais

por fibras.

A formacdo de macroesteatoses, bem como vasodilatacbes, sitios de
melanomacrofagos e fibroses foram visualizadas também nos animais tratados
com IONP+GBH e IONP+GLY, que sdo corroboradas por estudos prévios que
identificaram danos histolégicos semelhantes em guppies expostos por 3-21 dias
a 0,3 mg/L de IONP (Qualhato et al., 2018) e em branquias e musculos de
guppies expostos por 96 horas em concentracdes de 0,34-5,2 mgGLY/L de GBH

(Shiogiri et al., 2012). Nos animais expostos a IONP+GBH1, para além de zonas

necroticas e infiltracéo leucocitaria foi possivel identificar a presenca de fibras ao
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Figure 10: Tecido hepético de Poecilia reticulata pos-fixado em tetroxido de 6smio 1% e corado com
hematoxilina de Meyer. (A) IONP — 7 dias de exposicdo; (B) IFe — 7 dias de exposi¢éo; (C) IONP+GBH2 — 7
dias de p6s exposicéo; (D) IONP+GLY — 14 dias de pds-exposicdo
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longo do tecido, enquanto que nos animais expostos a IONP+GBH2 e
IONP+GLY, em adicédo as alteracdes descritas para IONP+GBH1, também foram
visualizados sitios de melanomacréfagos com lipofuscina, que é um pigmento
especifico dos melanomacrofagos resultante do processo de destruicdo de
células comprometidas, conforme descrito por Gandahi et al. (2020) que em seu

trabalho caracterizou zonas de lipofuscina em Danio rerio.

Em sintese, os resultados da avaliacdo de integridade tecidual, s&o
complementares aos de bioacumulacdo, visto que durante a exposi¢do, 0S
tratamentos com IFe, IONP, IONP+GBH e IONP+GLY sédo responsaveis pelo
comprometimento do tecido hepatico, resultante do desencadeamento de
respostas inflamatérias expressas em alteracbes como vasodilatacoes,
infiltracbes leucocitarias, sitios de melanomacrofagos e formacdo de zonas
necroticas. Para além das alteracbes citadas, os resultados deste trabalho
mostraram que a exposicao levou a modificacdo da organizacdo e distribuicdo
das goticulas de lipideos nas células, de modo que esta alteracdo pode ser
considerada um importante biomarcador, j& que o comportamento dos lipideos
nas células esta relacionado a processos de peroxidacao lipidica e estresse
oxidativo amplamente estudados na literatura da area (Anila et al., 2021;
Guimardaes et al., 2021; Mohmood et al., 2015; Navarro and Martinez, 2014),
sendo causados, inclusive por pesticidas como GLY e GBH. Neste sentido se
faz importante uma investigacdo da organizacao e distribuicdo dos lipideos nas

células, o que é proposto no préximo topico deste trabalho.
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Distribuicao de lipideos

Com o objetivo de complementar a avaliacdo de integridade tecidual, este
estudo aplicou técnicas de microscopia eletrbnica para uma analise integrativa
da distribuicdo de lipideos e sua respectiva relacdo com a ultraestrutura celular,
visto que os lipideos e suas conformacdes nas células sdo biomarcadores de
estresse, uma vez que as espécies reativas de oxigénio (ROS) oriundas do
metabolismo de contaminantes podem promover a peroxidacdo dos lipideos

insaturados da membrana celular, formando hidroperoxidos de lipideos que
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Figure 11: Eletronmicrografias de varredura por elétrons retro espalhados de figado de Poecilia reticulata. As zonas de maior
brilho indicam elementos de maior nimero atdmico, neste caso, as goticulas de lipideo aparecem com maior brilho ja que o
O6smio tem afinidade por lipideos e um alto niumero atémico. (A) Controle — 7 dias de exposi¢do; (B) IFe — 14 dias de exposi¢ao;
(C) IONP+GBH2 — 14 dias de exposicéo; (D) IONP+GLY - 21 dias de exposicao.



101

podem ser decompostos e desencadear um processo intenso de destruicao

celular (Martinez-Alvarez et al., 2005).

Corroborando com o fato de que desorganizacdo decorrente das ROS a
partir da peroxidacdo oxidativa dos lipideos, causa danos graves as células
(Harman, 1956), as analises realizadas neste trabalho, mostraram que a
distribuicdo e area ocupada por lipideos nas células hepaticas sdo dependentes
da relacdo do tempo de exposicdo e do tratamento a que os animais foram
submetidos (F=8,183, DF=20, p<0,001), visto que em todos 0s grupos — exceto
o controle — h4 o aumento da area ocupada por lipideos durante os 21 dias de

exposicao.

Neste sentido, processos de intensa peroxidacdo lipidica ja sao
reconhecidos em peixes expostos a glifosato, GBH (Annett et al., 2014; Martins
et al., 2021) e materiais nanoparticulados como as IONP (Dasmahapatra et al.,
2018; Lai et al., 2021; Qualhato et al., 2017). Deste modo, as andlises realizadas
no presente trabalho mostraram que o acumulo de lipideos no tratamento IFe se
torna relevante apenas em 21 dias de exposicéo, quando alcangou um aumento
médio da area ocupada por lipideos de 2234um entre 14 e 21 dias de exposicéo,
chegando a ser 9,0 vezes maior (p<0,001) que o controle no mesmo periodo.
Informacdes sobre a disposicdo dos lipideos em peixes tratados com IFe sao

emergentes, porém ja sao conhecidos os efeitos toxicos promovidos pela
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exposicao de peixes em ambientes contaminados com metais pesados incluindo

ferro (Parente et al., 2021), como € o caso de animais da espécie Astyanax

lacustres que apresentaram degeneracdes celulares e esteatose hepatica apos

exposicdo a 4gua do rio Doce contaminada com metais pesados, inclusive ferro,
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Além da
comparacao do ferro
ibnico e sua forma
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também objetivo
deste trabalho
analisar a distribuicédo
de lipideos nas
células dos guppies
expostos a GLY ou

GBH associados as

IONP, de modo que

Figure 12: (A) Grafico de area total ocupada por lipideos; (B) Grafico de curvas estes tratamentos por

gaussianas com a distribuicdo da area total ocupada por lipideos.

sua vez mostraram

acumulo relevante de lipideos a partir do 21° dia de exposi¢cdo. Nos guppies

expostos a IONP+GLY, foi possivel notar um aumento relevante na distribuicdo

de lipideos a partir de 14 dias de exposicdo, quando a area ocupada chegou a
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ser 7,0 vezes maior (p=0,001) que o grupo controle no mesmo periodo. Para
além disto também e relevante ressaltar que o acumulo de lipideos em
IONP+GLY foi 2,3 vezes maior (p=0,001) do que em IONP+GBH1 e 6,7 vezes

maior que IONP+GBH2 (p<0,001).

Os animais submetidos ao tratamento IONP+GBH1 apresentaram um
acumulo 8,4 vezes maior (p<0,001) do que o grupo controle, enquanto que o
tratamento com IONP+GBH2 levou a um acumulo de lipideos nas células
hepaticas 9,0 vezes maior (p<0,001) que o grupo nédo tratado no mesmo periodo,
0 que chama a atencédo para o fato de que o efeito de acumulacao de lipideos
nao teve relacéo (p>0,005) com as concentracfes de GBH associadas as IONP.
Concluséo

Os peixes Poecilia reticulata estdo suscetiveis a bioacumulacdo de ferro
quando expostos a ions ferro, nanoparticulas de O6xido de ferro e IONP
associadas a GBH e GLY, de modo que os animais tratados com IONP+GBH
apresentaram um acumulo mais expressivo de ferro do que o0s outros
tratamentos. Este acumulo de ferro, bem como a toxicidade das IONP e suas
associa¢fes causaram danos na integridade do tecido hepatico, bem como levou
ao acumulo de lipideos nos hepatdcitos dos guppies durante os 21 dias de
exposi¢do. Por outro lado, os animais apresentaram um potencial de
recuperacdo dos danos ocorridos, a partir da eliminacéo de ferro e da reversao
do acumulo de lipideos durante a pds-exposi¢do. Sendo assim, este estudo
colabora com o conhecimento das IONP e suas associacdes com GBH e GLY,
como uma proposta de alterativa para remediacdo ambiental, a partir da
compreensao da toxicidade, do impacto e da possibilidade de recuperacao de

organismos aquaticos submetidos aos tratamentos.
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CAPITULO 4

EVALUATION OF THE DISTRIBUTION AND ORGANIZATION OF
LIPIDS IN HEPATIC TISSUE BY LIGHT MICROSCOPY AND
SCANNING ELECTRON MICROSCOPY

Este capitulo apresenta uma
proposta metodoldgica executada
a partir de adaptacdes de
metodologias prévias e inclusédo
de uma técnica de avaliacdo de
distribuicdo de lipideos utilizando
software de analise de imagens
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ABSTRACT

Toxicity evaluations involve the analysis of multiple biomarkers, among them the
accumulation of lipids in the liver of organisms, considering that the distribution
of lipids in organs is closely related to inflammatory processes induced by
contaminants. In this sense, this work proposes an integrated approach to
evaluate the behavior and distribution of lipids in the liver, from the improvement
of histological techniques and the proposal of a new way to evaluate the
distribution of lipid droplets using elemental analysis by backscattered electron
detection in scanning electron microscopy. In this proposal the methods start
initially from the post-fixation of the liver with osmium tetroxide for lipid staining,
from this are proposed two methodologies of inclusion in methacrylate and
staining with Mayers hematoxylin and toluidine blue, in addition to histological
methodologies, is presented an innovative technique for obtaining and
processing images by electron backscattered scanning electron microscopy.

e Histological stains are low complexity methods that allow optimal
localization and distribution of lipid droplets in liver tissue under
conventional light microscopy.

e Blocks with samples used for transmission electron microscopy can be
used for analysis by backscattered electron detection (SEM-BEC),
complementing the research data.
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e Because of the high contrast of the lipid zones with osmium in SEM-BEC
it is possible to quantify the area occupied by the lipid droplets using
threshold with Image J Fiji software.

SPECIFICATIONS TABLE

Subject Area Agricultural and Biological Sciences

More specific subject area

Evaluation of lipid distribution in osmium-fixed hepatic

Method name tissue by light microscopy and scanning electron
microscopy.

Name and reference of A method for staining epoxy sections for light

original method microscopy [1]

Image J Fiji [2] https://imagej.nih.gov/ij/download.html

Resource availability and https://imagej.net/Fiji/Downloads

Method details

Background

Toxicity tests around the world are carried out to verify risk, danger, and safety of
substances, whether relevant to human health or the environment. Among these
tests are those performed with fish to investigate the toxicity to aquatic organisms,
and there are standardizations and technical norms for performing the tests with
various species, which has made this type of evaluation increasingly recurrent in
the field of environmental health studies. Among the fishes submitted to the tests,
it is common to find Danio rerio - with a genome 70% close to the human - and
Poecilia reticulata - a great environmental biomonitor.

Given the relevance of understanding the toxicity of substances and mixtures,
researchers in the area seek a multiple biomarker approach, since the
relationship between biomarkers allows understanding the complexity of the
interaction of contaminants with the organism. Thus, in the extensive set of
animal health biomarkers it is possible to evaluate oxidative stress involving lipid
peroxidation processes and lipid accumulation in fish. In this sense, this
methodological proposal brings: 1) an improvement of techniques for lipid
labeling with osmium, already described in previous works [1,2]; and 2) a new
proposal for analysis of the distribution of hepatocyte steatosis in fish, using the
elemental analysis interface of scanning electron microscopy.

Methodology description

The samples obtained in this work were collected from an experiment conducted
by the research group, with approval by the research ethics committee on the use
of animals under number 046/2017. Females of the fish Poecilia reticulata were
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subjected to exposure by a contaminant pesticide for 21 days. The animals were
euthanized by cooling and dissected for liver extraction in dorsal decubitus. The
collected livers were fixed for 24 hours in 2.5% glutaraldehyde solution diluted in
0.1M sodium phosphate buffer.

The highlight of this work is the post-fixation for 2 hours in 1% osmium tetroxide
solution, since osmium has affinity for lipid molecules, thus highlighting the
phospholipids of the cell membrane and the endomembrane system, as well as
the lipid droplets in the cytoplasm of the cell, so after fixation, the organs were
divided into 2 fragments that went to post-fixation. Both fixation and post-fixation
were done in a refrigerator and the fragments were destined according to the
following methodologies.

Histological analyses

A liver fragment post-fixed in osmium was dehydrated for 30 minutes in 70%
alcohol and 30 minutes in 95% alcohol, followed by infiltration in historesin
methacrylate (Historesin, Leica). The fragment was left in a 1:1 solution of
historesin and alcohol absolute (v/v) for 2 hours, then in a 2:1 solution of
historesin and alcohol absolute (v/v) for 1 hour, and finally in pure historesin for
another 2 hours. After infiltration, the material was placed in histological molds
and included in historesin with hardener, and polymerized in an oven at 60°C for
48 hours. After polymerization, the samples were taken to the ultramicrotome
(Leica Ultracut UCT, Leica), where 2.5um thick sections were obtained. The
sections were transferred to water drops on a glass slide and placed to dry on a
hot plate. The mounted slides proceeded to two different stains, as follows.

Important: osmium precipitates in solvents such as alcohol and xylene, so the
sections show instability in osmium staining if the slide is mounted with Entellan®
mounting medium. Our team has tested mounting with glycerin and gelatin, but
methacrylate hydrates and deforms. Therefore, the slides should be mounted
with Entellan® immediately before the analysis, with a maximum validity of 24
hours, after this period the osmium staining starts to become transparent and
disappears.



121

Osmium with Mayer’s hematoxylin

For staining with Meyer's hematoxylin, the slides with sections were hydrated by
immersion in distilled water for 10 minutes, proceeding to immersion in Mayer's
hematoxylin for 35 minutes, then the slides were washed in running water for 5
minutes and dried in a drying oven. It is important to note that methacrylate is
dissolved in alcohol, so Meyer's hematoxylin was the option chosen to stain the
sections because it does not contain alcohol in its formulation. The staining with
Meyer's hematoxylin is interesting for marking the basophilic compounds of the
tissue as the cell nuclei, membranes and fibers, allowing a better location of the
cells, while on the other hand it does not stain the cytoplasm, so it is possible to
see the distribution of lipid droplets in the tissue and their intracellular relation, as

shown in figure 1.
' ~ v. . “
; &P .
"

-s '_zr (58

.“.Q.. ‘OL {ﬁ%f 0\,_
pie -
% 0'.0‘* " w47

zs“. 'o.
AL T -’t .'.'.,
- ;‘ .o ." A
. ; .‘ ‘.'. .,’ ’ ': \“'
S ‘e 2 V20 (X
LS SR RS

Figure 13: Poecilia reticulata liver tissue post-fixed with osmium before (A) and after (B) Mayer's hematoxylin staining.
Without hematoxylin staining (A), it is not possible to locate the droplets in the cells, while in stained tissue (B) it is
possible to visualize the nuclei (red arrows), as well as other structures such as blood vessels (dotted).

Osmium with toluidine blue

For the second staining method, immediately after drying the slides, the sections
were covered with 1% toluidine blue solution at pH 5.2 and placed on a hot plate
until a golden ring was formed on the dye drops - which takes approximately 1
minute at 55°C, after which, the slides were washed with distilled water to remove
the excess dye. In this step, it is important to observe if the intensity of the staining
is interesting to the user, because as toluidine blue and osmium combine the
staining can be too intense, especially in the medullary regions of the liver, if this
occurs leave the slides on the heating plate for a shorter time.

Toluidine blue is a widely used dye for staining methacrylate-embedded samples,
as it is able to stain carboxyl groups, sulfates and phosphates in tissue when at
neutron pH to 4.0 [3]. Thus, we chose to use toluidine blue because it stains in
addition to the nucleus, the cytoplasm and membranes of the cells (Fig. 2).
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(B,D). Toluidine blue staining alone traditionally marks most of the structural components of cells, with greater intensity
in nuclei (red arrows), and also marks melanomacrophage sites (red rounded) in lighter shades of blue and does not
stain erythrocytes with intensity. On the other hand, when toluidine blue staining is applied to post osmium-fixed tissue
it is possible to note the increased delimitation of cells by the intensity of membrane staining (B,D). Because of the
blue+osmium combination the red blood cells are highlighted in the vessels (star) and in the melanomacrophage sites
it is possible to identify the areas of lipofuscin pigment arranged in light brown droplets in the sites (D).

In this sense, the combination of toluidine blue with osmium highlights the
membranes by the sum of the contrast of the dye with osmium (Fig. 2 B and D),
which allows us to analyze the distribution of lipid droplets and their respective
organization in the cells, also highlighting structures that only the osmium staining
would not highlight, such as melanomacrophage sites, exudates and leukocyte
infiltrations (Fig. 2D). Furthermore, the combination of the techniques in
methacrylate allows us to relate the arrangement of lipids with processes of
inflammatory responses in relation to exposure to contaminants, such as the
localization of lipid congested ducts, the formation of macro- and micro-stasis in
hepatocytes (Fig 2B), as well as the localization of lipofuscin at
melanomacrophage sites (Fig 2D).
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Scanning electron microscopy analyses

In the methodology described below, our group tried to take advantage of material
destined for transmission electron microscopy to answer complementary
guestions about the behavior of lipids in the liver of fish exposed to contaminants,
with this, we managed to optimize the material obtaining in the same sample
ultrastructural information by TEM and elemental information by SEM.

In this sense, the second liver fragment, after post-fixation with osmium tetroxide
followed the sample processing for transmission electron microscopy. The
sample was dehydrated in acetone 30-100% and then infiltrated in: 1) 1:1 (v/v)
solution of epoxy resin (Embed 812, EMS) and acetone absolute for 24 hours, 2)
2:1 (v/v) solution of epoxy resin and acetone absolute for another 24 hours, and
3) pure epoxy resin for 24 hours. The infiltrated material was placed in BEEM®
capsules and polymerized in an oven at 60°C for 48 hours. After polymerization,
the blocks obtained were trimmed and taken to the ultramicrotome (Leica Ultracut
UCT, Leica), where they were thinned until the exposure of the sample in the
resin block. At this time, other sections were obtained for transmission electron
microscopy that complemented the other work of the team, which shows the
optimization of the material in the research.

The roughened blocks were positioned in stubs vertically, so that the surface with
the sample was upwards, then the stubs with the samples were taken to the
university's multi-purpose high-resolution electron microscopy laboratory
(LabMic) for coating with an evaporation carbon coating system (JEE-420,
JEOL). The stubs with the blocks were taken to the scanning electron
microscope, where the analyses continued.

Backscattered electron scanning electron microscopy (SEM-
BEC): imaging

In the field of natural sciences, it is conventional to use images obtained by
secondary electrons, these electrons have energy below 50eV and provide
topographic information when interacting with the valence layers of atoms in
scanning electron microscopy (Fig. 3A). However, seeking to identify the lipids in
the samples, the research team sought to associate elemental analysis
techniques to obtain accurate information, in this sense, analysis was performed
by backscattered electrons.

The backscattered electrons interact with the nuclei of the sample atoms, so that
more electrons are detected as the atomic number of the element increases.
Osmium has a high atomic number (76), so by backscattered electron analysis
the regions with osmium will be brighter, as osmium has an affinity for lipids, using
this technique the lipid droplets will be brighter, which is confirmed in figure 3B.
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Figure 15: Scanning electron microscopy of the liver tissue of Poecila reticulata with images obtained by secondary
electron detection (A) and backscattered electron detection (B). Secondary electron detection (A) provides images of
the topography of the sample, so in this case it is an image with low contrast between the elements. On the other hand,
backscattered electron detection (B) provides elementary information, with brightness proportional to the atomic number
of the materials. Because of the osmium affinity with lipids and its high atomic number in relation to the other elements
in the sample, it is possible to observe that both macro steatosis (triangles) and micro steatosis (asterisks) are
highlighted with high brightness, allowing an analysis with greater definition of the distribution of lipids in the tissue.

Backscattered electron scanning electron microscopy (SEM-
BEC): image processing with Image J Fiji

Table 2: Image processing Step-by-step to realize threshold and obtain data of
area and quantity of lipid droplets on software Image J Fiji

Step Activity

¢ 1) Draw a line on the scale bar of the image; 2) analyze,
set scale; 3) enter the distance known as the scale bar
size; 4) enter the unit of measure.

¢ 1) Image, threshold or CTRL+Shift+T; 2) set the interval

Apply the in the histogram to mark only lipid droplets and apply

Open image
and set scale

2 threshold to the | the threshold. Note that some regions that are not of
image (Fig. 4 B) | interest may be marked, they will be removed in the
next step.

Remove « Using the rectangle tool, delete areas with unnecessary
unnecessary information (e.g. scale bar, texts, vessel regions,
information . ) .

(Fig. 4C) artifacts and imperfections).

| e1) Analyze, analyze particles...; 2) set a minimum
Measuring I'.p'd measurement size, to prevent the software from
4  droplets (Fig.

4D) counting very small spots that can be waste or osmium
traces that are not of interest, we suggest a minimum
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size of 0.15um?; 3) to see the labeled droplets, select
Show, overlay or outlines; 4) Ok

e Check that there are no undesirable items marked and
that as many lipid droplets as possible have been
marked, if you want, you can change the minimum size
and shape of the particles you want to measure.

The images obtained by backscattered electrons (Fig. 3B) can identify the
composition of materials composed by several elements, so that an important
characteristic for this diagnosis is the contrast of the images. Seeking to take
advantage of the high contrast of the images, in this work an analysis is proposed
using the open source software Image J Fiji [4]. Table 1 lists the steps to be
followed in the software.

5 Check

The data obtained show the area of the droplets, as well as allow us to evaluate
the distribution of lipids and diagnose the formation of micro and macro steatosis.
Thus, in conjunction with the histological analyses described here, evaluation by
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Figure 16: SEM-BEC image processing in Image J Fiji software. The original image is opened in the program and the
scale is set (A); after the scale is set, the threshold area is defined to identify only the lipid droplets (B); the areas with
artifacts and objects that are not of interest are cleaned and the threshold is applied (C); the minimum detection size is

set in the particle analysis and measurements of the quantity and area of the lipid droplets are performed (D).
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SEM-BEC is of high complementary potential, since it is possible to observe and
quantify micro and macro steatosis in hepatocytes.

Methods validation

For the histological evaluations, figure 1B show the difference of the tissue
stained with Mayer's hematoxylin when compared to figure 1A without
hematoxylin. Similarly, toluidine blue staining is validated by comparing the
images with the traditional staining method (Fig. 2 A and C) and those with
osmium-fixed material (Fig. 2 B and D). The SEM-BEC technique was validated
by performing elemental analysis by energy-dispersive X-ray spectroscopy
(EDS), as shown in figure 5, confirming the presence of osmium in regions of
intense bright staining the lipid droplets..
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Figure 17: Elemental analysis by energy dispersive Xray spectroscopy (EDS) in liver tissue of Poecilia reticulata.
The spectrums corresponds to highlited zones in electronmicrography and it is possible to note the osmium
presence (bulk arrow) in lipid droplets.
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Sobre os dados obtidos e resultados apresentados

Os nanomateriais sao ferramentas promissoras para utilizagdo nos mais
diversos campos da tecnologia, por apresentarem caracteristicas especificas
relacionadas diretamente ao fato de serem estruturas nanométricas, como: a
maior relacé@o de area e superficie de contato; as especificidades eletrdnicas e a
possibilidade de atuarem em nivel intracelular. Dentre estes nanomateriais, as
nanoparticulas de 6xido de ferro foram as escolhidas para realizagdo do presente
trabalho, por ser de sintese viavel, ser magnética e apresentar possibilidade de
adsorcado de contaminantes como o glifosato em sua superficie.

Neste sentido, este estudo foi guiado a partir da justificativa de que as
IONP podem adsorver o glifosato — que € um pesticida com potencial téxico
mundialmente conhecido — em sua superficie, 0 que torna as IONP uma
ferramenta em potencial para o desenvolvimento de métodos de remediacéo de
solos e 4gua contaminados com glifosato. Todavia, para o desenvolvimento de
uma estratégia segura utilizando as IONP se fez necessério investigar os efeitos
téxicos das nanoparticulas, bem como de sua parte ibnica — resultante da
dissolucéo oxidativa das IONP — e das associacdes das IONP com o glifosato
puro e sua formula comercial que € o Roundup®, logo, foi nesta perspectiva de
colaborar com o desenvolvimento de uma estratégia segura que este trabalho
avaliou a toxicidade e a possibilidade de recuperacdo nas exposicdes aos
tratamentos com IONP, IFe e associacdes de IONP+GLY e GBH no modelo
bioldgico internacionalmente reconhecido e recomendado Poecilia reticulata,.

As andlises abordadas no presente estudo passaram por planejamentos
extensos, sempre em busca de avaliagbes de mdultiplos biomarcadores com o

objetivo de gerar informacfes sobre a complexa resposta do modelo biolégico
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escolhido, portanto foram avaliados biomarcadores biométricos, de integridade
celular e tecidual, além de bioacumulacao e distribuicdo de lipideos.

Os resultados obtidos, a partir da analise destes biomarcadores
mostraram que o tanto os ions ferro, quanto as IONP isoladas ou associadas a
GLY ou GBH causam toxicidade no tecido hepatico, de modo que a resposta
inflamatdria € a mais persistente, visto que é uma resultante dos disturbios
circulatorios e progressivos. Para além disto, os animais expostos passam por
um complexo processo de estresse oxidativo, resultando na formagao de
goticulas de lipideo nas células hepaticas, de modo que a distribuicdo e
quantidade destas goticulas séo alteradas de acordo com o tratamento, sendo
que os animais tratados com IONP+GLY tem um pico maior de area ocupada
por lipideos durante a exposi¢cdo, porém os tratamentos com IONP+GBH tem
maior persisténcia da presenca de lipideos nos hepatécitos durante o periodo
experimental.

Para além dos biomarcadores ja citados, o presente estudo também
buscou avaliar a bioacumulacdo do ferro nos peixes, como uma forma de
investigar os efeitos tdéxicos com o potencial de permanéncia das IONP no
organismo do Poecilia reticulata e seu consequente efeito na cadeia tréfica. Os
dados das analises de bioacumulacéo foram obtidos por meio da técnica de ICP-
OES, o que gerou informagdes preliminares sobre a persisténcia do ferro no
tecido dos peixes, de tal modo que os animais tratados com a forma ibnica do
ferro tendem a nédo acumula-lo, enquanto que a forma nanoparticulada do ferro
apresenta potencial de bioacumulacédo quando associada a GLY e GBH, sendo

este ultimo o tratamento com maiores indices de acumulo de ferro.
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Tendo em vista o acumulo do ferro e a toxicidade de GLY, GBH e das
IONP, este trabalho buscou obter informacfes sobre a possibilidade de
recuperacdo dos animais que ja estiveram em contato com os tratamentos, ja
que o desenvolvimento de uma estratégia segura de uso das IONP deve levar
em consideragao gue os organismos podem entrar em contato com elas e acabar
se contaminando, mas também podem elimina-las do organismo e recuperar 0s
danos ocasionados tanto pelas IONP, quanto por suas associacbes. Neste
sentido, os experimentos consideraram um periodo de pés-exposi¢cdo — somente
em agua reconstituida — com o mesmo tempo de duragéo da exposicao, no qual
os animais foram retirados da condi¢cédo de contato com 0s contaminantes.

A transferéncia dos animais para tanques com agua resconstituida trouxe
dados importantes para a compreensdo dos sistemas de detoxificacdo dos
guppies, bem como podem colaborar no entendimento dos periodos e
concentracdes de uso das IONP nos processos de remediacéo, visto que as
andlises histolégicas mostraram que os disturbios circulatérios e os danos
regressivos sdo recuperados durante a pOs exposicdo, ainda que o dano
inflamatério ndo se recupere totalmente, mas apresente tendéncia de
recuperacao em periodos mais longos do que 21 dias.

Além da recuperacdo dos danos histopatolégicos, a bioacumulacdo do
ferro tem os picos de acumumulo durante os 21 dias de exposicao, seguidos por
decréscimo constante durante a pés exposi¢do, sendo que os animais tratados
com IONP+GLY, IFe e IONP foram capazes de eliminar o ferro do organismo até
se equipararem estatisticamente com o0 grupo controle nao tratado.
Consequentemente, a quantificacdo da area ocupada por lipideos também

descresceu durante a pos exposicao, o que indica que o Poecilia reticulata é
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capaz de realizar as acfes de detoxificacdo de maneira eficaz quando submetido
as concentracdes utilizadas, pelo tempo experimental aplicado, o que indica a
plasticidade do guppy em ambientes contaminados.

Em sintese, os resultados explorados neste estudo ajudaram a elucidar —
a partir de uma analise complexa de multiplos biomarcadores — a dinamica das
IONP, bem como de suas associacbes com GLY e GBH nos organismos
aquéticos, abrindo caminho para novos estudos que possam continuar testando

e validando as IONP como ferramentas Uteis a remediagdo ambiental.

Sobre a formacgéo de recursos humanos

Os trabalhos envolvidos nesta dissertacdo de mestrado ndo se limitaram
ao desenvolvimento estrito do projeto, mas para além disto foi buscada a
formacéo de recursos humanos, a partir da insercao do estudante em parcerias,
projetos, estagio docéncia e no curso de disciplinas com o objetivo de ultrapassar
a propria pesquisa, mas ensinar a dinamica do ensino e da formacao de redes e
colaboracdes cientificas, que hoje se fazem ferramentas indispenséaveis para o
desenvolvimento da ciéncia brasileira.

Neste sentido, durante o periodo de mestrado o estudante passou por
uma extensa formacdo em metodologias de microscopia eletrénica, envolvendo
as instituicdes UFG, UFRJ e FIOCRUZ.

Além disto, o estudante durante sua formacdo como mestre em
biodiversidade animal buscou utilizar ao maximo a estrutura de alto potencial da
UFG, realizando: a sintese e caracterizacao das nanoparticulas de 6xido de ferro
no Laboratorio de coldides e materiais nanoestruturado e na central analitica,

ambos do instituto de quimica da UFG; as fotomicrografias no laboratério de
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morfologia comparada do ICB-UFG; e participando na geracdo de redes de
parceria com o LabMic e o CRTI, ambos da UFG.

Para além dos vinculos institucionais, as avaliacbes das informacgdes
obtidas nesta dissertacdo contaram com a participacdo de pesquisadoras da
Universidade Federal de Sao Carlos, a partir do envolvimento no projeto de
pesquisa aprovado em parceria FAPEG e FAPESP.

Esta dinamica de envolvimento em parcerias, resultou em produtos, tais
quais a publicacdo do artigo “Treatment of cosmetic industry wastewater by
flotation with Moringa oleifera Lam. and aluminum sulfate and toxicity
assessment of the treated wastewater”, publicado na revista Environmental
Science and Pollution Research (fator de impacto: 4,223), fruto de uma parceria
com o laboratério de pesquisa, desenvolvimento e inovacao de bioprodutos da
faculdade de farmacia da UFG, além da apresentacdo de 7 poOsteres e 1
apresentacao oral nos eventos internacionais da Society of Environmental
Toxicology and Chemistry, e da participacdo em 4 resumos publicados no 71°
Congresso Nacional de Botanica.

Em suma, o periodo de realizacao desta dissertacdo passou pelos passos
de projeto, planejamento, execucéo, publicacdo e parcerias, capacitando um
recurso humano com qualificacdo para dar continuidade a sua formacédo e
atuacao profissional com qualidade e perspectiva cientifica das acbes diversas

e desafiadoras no cotidiano.
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