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1. Resumo

Em contrapartida a producao crescente do uso nanomateriais na industria,
ainda sio poucos os estudos acerca da toxicidade dos nanomateriais. Os
nanotubos de carbono podem prejudicar a estrutura das membranas
biolégicas e serem possiveis fontes de toxicidade. Por outro lado,
nanomateriais que passam por modificagdes quimicas (funcionalizagdo)
podem aumentar sua solubilidade, como é o caso do fulerol, um derivado
do fulereno que em alguns modelos animais, possui efeito neuroprotetivo,
antiapoptotico e antimicrobiano. Diante disso, estudamos os efeitos de
nanotubos de carbono de paredes simples (SWCNT) e fulerol
administrados via injegcdo intraperitoneal (i.p.) em adultos de zebrafish
Danio rerio (Teleostei, Cypridinae) a fim de analisar possiveis alteragbes
nos parametros de estresse oxidativo no cérebro destes organismos. Além
disso, foram avaliadas provaveis interferéncias em neurotransmissores
importantes dos sistemas dopaminérgico, serotonérgico e colinérgico,
apos tratamento via IP de zebrafish adultos com SWCNT e na atividade
de ectonucleotidases, bem como a expressdo de alguns genes
relacionados a resposta antioxidante, tanto em Danio rerio adulto quanto
em embrides de mesma espécie expostos a SWCNT. Apds analises,
foram observadas mudangas evidentes na expressédo de genes como o
fator de transcricdo Nrf2 e as subunidades catalitica e regulatoria da
enzima glutamato cisteina ligase em cérebros de zebrafish tratados com
SWCNT ou fulerol via i.p. Genes considerados normalizadores foram
modificados quando embrides foram tratados com SWCNT. Além disso,
alteragdes na capacidade antioxidante total e concentragdes aumentadas
de neurotransmissores como dopamina e serotonina foram observadas

em cérebro de zebrafish tratados da mesma maneira com SWCNT. Frente



a esses resultados, podemos concluir que nanomateriais de carbono
exercem influéncia sob o sistema neurolégico de zebrafish através de
mudancgas evidentes em neurotransmissores responsaveis por depressao
e ansiedade, bem como em nivel fisiologico, por meio da regulagdo na

expresséo de importantes genes na defesa antioxidante.

PALAVRAS-CHAVE: nanomateriais, nanotoxicologia, estresse oxidativo,

sistema antioxidante, zebrafish Danio rerio, neurotransmissores.



2. Abstract

In contrast to the high production of nanomaterials used in the industry,
there are few studies on the toxicity of nanomaterials. Among them may be
mentioned carbon nanotubes, which may damage to the structure of
biological membranes and to be potential sources of toxicity. Moreover,
nanomaterials that are related to chemical changes (functionalization) can
increase its solubility, such as the fulerol, a derivative of fullerene, which in
some animal models have neuroprotective, anti-apoptotic and anti-
microbial effect. Therefore, we studied the effects of single walled carbon
nanotubes (SWCNT) and fulerol administered via intraperitoneal injection
(i.p.) in adult zebrafish Danio rerio (Teleostei, Cypridinae) to examine
possible changes in parameters of oxidative stress in the brains of
organisms. Furthermore, possible interference were evaluated in the
dopaminergic, cholinergic and serotonergic neurotransmitters, and
ectonucleotidases activity after treatment of adult zebrafish via i.p with
SWCNT, as well as the expression of genes related to antioxidant
response in both adult Danio rerio and embryos of the same species
exposed to SWCNT. After analysis, changes in the expression of genes
such as the transcription factor Nrf2 and the catalytic and regulatory
subunits of the enzyme glutamate cysteine ligase in zebrafish brains
treated with SWCNT or fulerol via i.p. were observed. Normalized genes
were modified when embryos were treated with SWCNT. Moreover,
changes in the total antioxidant capacity and increased concentrations of
neurotransmitters like dopamine and serotonin were observed in brain
from zebrafish treated with SWCNT. Given these results, we conclude that
carbon nanomaterials can influence the neurological system of zebrafish

through pronounced changes in neurotransmitters responsible for



depression and anxiety, as well as the physiological level, by regulating the

expression of important genes in antioxidant defense.

Key words: nanomaterials, nanotoxicology, oxidative stress, antioxidant

system, zebrafish Danio rerio, neurotransmitters.
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3. Introducao
3.1 Nanomateriais

Os nanomateriais compreendem particulas tais como as
nanoesferas de carbono (fulerenos), as nanoparticulas de 6xido metalico e
de metal, além dos nanotubos de carbono. Os nanomateriais possuem
didmetro ou pelo menos uma dimensdo menor que 100 nanémetros (Liu et
al.,, 2013). Com apenas a redugdo no tamanho, as propriedades dos
nanomateriais podem mudar drasticamente em relacdo a, por exemplo,
condutividade elétrica, caracteristicas magnéticas, dureza, area de
superficie ativa, reatividade quimica e atividade bioldgica (Karlsson et al.,
2008). Essas propriedades podem ser importantes no contexto de
aplicagbes tecnolégicas mas podem, em outro aspecto, serem
indesejadas devido a possibilidade de causarem efeitos toxicos. Dessa
forma, devido ao uso crescente e rapido das nanotecnologias, é
imprescindivel uma investigacdo critica da toxicidade potencial dos
nanomateriais, uma vez que estes ja estdo sendo incorporados em
diversos produtos, e o consequente uso deste tipo de materiais pode
resultar na sua liberagdo e ingresso no ambiente e biota (Oberdorster,
2004; Brant et al., 2005; Mueller e Nowack, 2008; Panessa-Warren et al.,
2009, Liu et al., 2013). Dessa forma, a perspectiva generalizada do uso de
nanomateriais manufaturados nos produtos de consumo pode aumentar

dramaticamente a exposigdo ambiental, ocupacional e publica.

Nos ambientes aquaticos, a toxicidade dos nanomateriais pode ser
modificada devido suas varias propriedades quimicas, incluindo a particao
dos nanomateriais para o sedimento e matéria particulada em suspenséo,
degradagéao bioldgica e abidtica, aglomeragao e agregacao das particulas

(Galloway et al. 2010). A aglomeragado, por exemplo, diminui a energia
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livre de interface e, com isso, a reatividade dos nanomateriais (He e Zhao,

2005).

Varios biomarcadores, os quais incluem uma variedade de medidas
de respostas moleculares, celulares e fisiologicas especificas de espécies-
chave para a exposigdo de contaminantes (Allen and Moore, 2004),
podem ser usados para avaliar os efeitos dos nanomateriais, incluindo
respostas antioxidantes como atividades da superoxido dismutase (SOD),
glutationa peroxidase (GPx) e glutationa S-transferase (GST), niveis de
glutationa (GSH), peroxidacéo lipidica e outros. Em trabalho realizado por
Xiong et al. (2011), zebrafish (Danio rerio) tratados com nanoparticulas de
titdnio (npTiOz) tiveram um aumento na atividade da enzima SOD e niveis
aumentados de GSH e de peroxidagao lipidica no estbmago, enquanto foi
observada uma diminuicdo na atividade das enzimas SOD e catalase
(CAT) no figado do mesmo animal. Nanomateriais como npTiO, parecem
de fato mediar a produgdo de espécies reativas de oxigénio (ERO) e
modular o sistema antioxidante, como também se observou em trabalho
realizado com o microcrustaceo Daphnia magna expostas a npTiO, que

teve as atividades de CAT, GST e GPx aumentadas (Kim et al., 2010).

As GSTs sao uma familia de enzimas de fase Il as quais
detoxificam uma grande variedade de téxicos e intermediarios reativos
sendo as varias isoformas de GST responsaveis por metabolizar muitos
poluentes ambientais, como pesticidas, antibiéticos e hidrocarbonetos
aromaticos policiclicos (PAHSs) e, entre as isorformas da GST, a classe pi
possui alta eficiéncia em conjugar metabdlitos carcinogénicos como
benzo[a]pireno com GSH (Garner e Di Giulio, 2012). Estudos utilizando

embrides de zebrafish demonstram que uma expressdo aumentada da
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enzima glutationa S-transferase pi 2 (GSTp2) precede as deformidades
cardiacas causadas pela co-exposicdo de um translocador nuclear
receptor aril hidrocarboneto (AHR) e de um inibidor CYP1 (Timme-Laragy

et al., 2009; Van Tiem and Di Giulio, 2011).

Um dos mecanismos mais discutidos, além dos efeitos induzidos a
saude pelas particulas ambientais, € a habilidade dos nanomateriais de
promover estresse oxidativo pela formacdo de ERO que, em excesso,
podem causar danos aos componentes biologicos através da oxidagao de
lipidios, proteinas e DNA. In vivo, os nanomateriais podem ser
metabolizados ou alterados (Fischer e Chan, 2007) e, devido o seu
pequeno tamanho, podem entrar facilmente nos tecidos, células,
organelas e estruturas biomoleculares funcionais (DNA, ribossomos, etc)
ja que o tamanho fisico de uma nanoestrutura € similar ao de muitas
moléculas, como anticorpos e proteinas, e estruturas bioldgicas, como os
virus (Fischer e Chan, 2007). Além disso, alguns nanomateriais
prontamente séo distribuidos no corpo, depositando-se em 6rgaos-alvo,
penetrando membranas celulares e mitocéndrias, podendo provocar

respostas injuriosas (Nel et al., 2006).

3.2 Nanotubos de carbono

Devido suas propriedades fisicas exclusivas, bem como as
caracteristicas mecanicas, eletrbnicas e térmicas, além de suas
propriedades quimicas, os nanotubos de carbono (NTC), classe de
nanomateriais compostos inteiramente de carbono, tém sido
intensivamente estudados. Estes nanomateriais possuem diametro de

cerca de 1 nm, e um comprimento de 10 um ou mais, além de uma grande
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superficie relativa que pode atingir 1310 m?g™" (Mouchet et al., 2008). Esta
ultima caracteristica permite que os nanotubos tenham uma alta
sensibilidade de detec¢do e reconhecimento molecular e que possam ser
modificados com grupos funcionais de variadas complexidades, como
moléculas de farmacos com propriedades anticancerigeno, antivirais ou

antibacterianos (Cheng et al., 2009).

Varios estudos tém documentado que metais de transig¢ao utilizados
na sintese dos NTC e liberados destes s&o os responsaveis por promover
estresse oxidativo. No entanto, NTC altamente purificados também
causam geracao de ERO, as quais sao geradas por conta da grande area
superficial, (Liu et al., 2012) uma vez que os NTC poderiam ativar
moléculas sinalizadoras especificas associadas com estresse oxidativo,
como a proteina ativadora (AP-1), o fator nucler B (NF-B) e MAP
quinases, os quais podem liberar citocinas inflamatérias atreladas a queda
de antioxidantes, poli-ADP ribose polimerase-1 (PARP1), proteina quinase
p38 e proteina quinase serina-treonina (Akt) (Pacurari et al., 2008; Liu et

al., 2012).

Muitos trabalhos apresentam resultados conflitantes, como um alto
indice de efeitos téxicos em varios tipos celulares depois da exposicdo a
NTC, enquanto outros demonstram poucas ou insignificantes respostas
celulares apos tratamento com estes nanomateriais. Esta inconsisténcia
pode ser explicada por muitos fatores externos e intrinsecos dos NTC, tais
como carga e modificagdo da superficie, forma, comprimento,
aglomeragdo ou numero de camadas, as quais podem influenciar a
toxicidade destes nanomateriais (Liu et al, 2012; Shvedova et al., 2012).

No entanto, € imprescindivel, que estudos acerca da toxicidade dos NTC
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continuem sendo desenvolvidos, uma vez que a incorporagcdo dos NTC no
ambiente, tanto em sua forma de parede simples (SWCNT) como de
parede multipla (MWCNT) é altamente relevante devido as diversas
aplicagdes vislumbradas pelo uso desses, o que leva a um volume de
producdo substancial e, consequentemente, pode aumentar as emissoes
no ar, no solo e sedimentos, podendo chegar as aguas subterréneas,
reservatorios e sistemas fluviais (Parks et al., 2013) (Figura 1). Nesses
compartimentos ambientais, os processos fisicos e quimicos podem
alterar suas propriedades, por exemplo, fatores abidticos como luz
ultravioleta podem alterar o revestimento dos NTC (Helland et al., 2007) e
com isso modificar o comportamento deles e, assim, influenciar seu
destino ambiental e impacto. Além disso, os NTC s&o um dos materiais
sintéticos menos biodegradaveis, sendo totalmente insoluveis em agua na
forma pristina e lipofilicos por natureza e, uma vez que quimicos
biopersistentes e lipofilicos podem se acumular ao longo da cadeia
alimentar, os NTC poderiam eventualmente ser capturados por
comunidades microbianas e raizes e, consequentemente, se acumularem
em tecidos de plantas (Oberdorster et al, 2006) ou ainda serem toxicos a

células humanas, demais animais e bactérias (Jaisi et al., 2008).

Figura 1. Esquema representativo da estrutura dos nanotubos de carbono

(extraido da web)
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Em trabalho realizado por Chen e colaboradores (2012), MWCT
exibiram uma toxicidade aguda que levou a uma inibigcdo na proliferagcao
celular e sérias malformagdes no desenvolvimento de embrides de
zebrafish que foram expostos a suspensdes de 25 mg/L de NTC. Larvas
com 14 dias de vida, tratadas no primeiro estagio poés fertilizagdo com
microinjecdo de MWCNT, tiveram menor taxa de sobrevivéncia, cerca de
50%, quando comparadas ao controle, sugerindo um efeito negativo no

potencial reprodutivo (Cheng et al., 2009).

3.3 Fulerol

Entre os nanomateriais, o fulereno Cgp tem um arranjo de seis
atomos de carbono em uma esfera oca de ciclopentanos e ciclohexanos
que promovem uma alta estabilidade e persisténcia em forma de
agregados coloidais em agua (Johnston et al., 2010). As caracteristicas
estruturais e eletronicas do fulereno Cgo permitem que a ele sejam ligados
um grande numero de diferentes grupos funcionais e, a funcionalizagao
induzida da molécula de fulereno com multiplos grupos hidroxila (OH),
produz o fulerol ((Ceo(OH),), um derivado do fulereno com alta solubilidade
a agua (Britto et al., 2012) (Figura 2). Esta funcionalizagdo de fulerenos
com, por exemplo, grupos OH ou COOH, induz tais mudangas em suas
propriedades fisico-quimicas, que além de torna-lo mais hidrossoluvel,
também promove uma diminuicdo da citotoxicidade (Johansen et al,

2008).
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Figura 2. Esquema representativo da estrutura do fulerol

(extraido da web).

No caso especifico do fulereno funcionalizado com grupos OH, o
fulerol, &€ sabidamente um antioxidante eficiente capaz de reduzir a morte
neuronal mediada por ERO envolvidas com os receptores glutamato (Jin

et al., 2000).

Os fulerenos polihidroxilados tém sido recentemente reconhecidos
como moduladores exogenos do balango redox, sendo capazes de
exercer efeitos antioxidantes tanto em sistemas in vitro quanto in vivo.
Assim, a capacidade antioxidante do fulerol € sua propriedade mais
explorada. Estudos realizados in vivo mostraram a eficiéncia radioprotetiva
do fulerol em ratos irradiados, diminuindo a toxicidade tecidual normal

provocada pela radioterapia (Bogdanovic et al., 2008).

A disfuncdo mitocondrial é consequéncia do dano oxidativo
causado por niveis aumentados de pré-oxidantes. Portanto, a diminuigcéo
na formagao de oxidantes e dano oxidativo deve ser uma forma efetiva
para inibir o prejuizo mitocondrial. O fulerol é capaz de atravessar a
membrana celular externa e ficar localizado preferencialmente na
mitocondria (Foley et al., 2002). O efeito protetor do fulerol foi observado

por Cai e colaboradores (2008) quando o pré-tratamento com o fulerol em
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modelos celulares da doenca de Parkinson, que tiveram a toxicidade
induzida por MPP (1-metil-4-fenilpiridinio), inibiu o estresse oxidativo,
incluindo a inibicdo de ERO, oxidacdo de proteinas e dano de DNA, além
de aumentar o MMP (um indicador da capacidade e integridade
mitocondrial) e a atividade dos complexos | e Il, sugerindo dessa forma

que o fulerol pode atuar como um efetivo antioxidante mitocondrial.

Além do efeito antioxidante direto sobre os radicais livres, o fulerol
pode também ter um efeito protetor indireto, tal como a indugdo das
enzimas de fase Il (Gao et al.,, 2007). O Nrf2, fator nuclear eritréide 2
relacionado ao fator 2, € conhecido como um regulador chave da
expressdo de genes mediadores da resposta antioxidante como a GCL (y-
glutamilcisteina ligase), enzima limitante para a sintese de um dos
principais antioxidantes intracelulares como é a glutationa (GSH)
(Kobayashi e lamamoto, 2005). O pré-tratamento de fulerol em células
antes expostas ao 1-metil-4-fenilpiridinio (MPP)  aumentou
significativamente a expressdo do Nrf2 total e do Nrf2 nuclear,
restaurando-os para os niveis controle. O pré-tramento com fulerol
também elevou a atividade da GCL e aumentou os niveis de GSH (Cai et
al., 2008), sendo esses resultados consistentes com a protecédo do fator
de transcrigdo Nrf2 e, ainda, sugerindo o fulerol como uma molécula
capaz de regular a expressdo de genes importantes na defesa

antioxidante.

Ha diferentes tipos de fatores de transcricdo adaptados para
proteger contra o estresse oxidativo ou para gerenciar as consequéncias
deste, como o receptor ativado por proliferadores de peroxissoma gama

(PPAry), o fator de ativagao de transcrigdo 4 (ATF4) e muitos outros (Cho
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et al., 2006). Em condicbes normais e n&o estressantes, o fator de
transcricdo Nrf2 é sequestrado no citosol pela acdo da Keap 1, proteina
ligante regulatoria do Nrf2, que funciona como um adaptador para
proteinas que direcionam o Nrf2 para ubiquitinagdo para que este seja
degradado por proteossomas (Osburn e Kensler, 2008). Este mecanismo
de degradacgao proteolitica do Nrf2 é muito eficiente e, sendo assim, a
meia-vida do Nrf2 é de aproximadamente 20 min, sendo dificil sua
detecgcdo em condi¢gbes normais. Quando em situacdo de estresse, a
degradagao proteossomal € diminuida e ha um aumento na translocagao
do Nrf2 para o nucleo onde esse é heterodimerizado com uma pequena
proteina de fibrossarcoma musculo-aponeurdtico (Maf) e liga-se aos
elementos de resposta antioxidante (ARE) dando inicio a transcricdo de

genes citoprotetores (Klaassen e Reisman, 2010) (Figura 3).
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Figura 3. Esquema representativo da agao do fator de transcrigdo Nrf2
(extraido e modificado da web).
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3.4 Estresse oxidativo e neurotoxicidade dos nanomateriais

O estresse oxidativo € uma via comum de toxicidade e doengas e
um organismo pode estar sujeito a ele por meio de diversos mecanismos,
como ser induzido diretamente por um agente oxidante, tal como o
peréxido de hidrogénio (H20;), produzido através da indugao do citocromo
P450 ou outros processos bioquimicos, ou por um agente externo, como
os NTC, que inibem a producdo de moléculas antioxidantes, tal como a
GSH (Zhao et al., 2012), responsavel por manter o balango oxidativo,
agindo na detoxificacdo de metabdlitos e nas ERO associadas com a
exposicao quimica e a doengas (Usenko et al., 2008). De fato, um primeiro
e rapido efeito dos NTC sobre as células é a formagao de ERO, gerando
estresse oxidativo, que € visto como um fator chave que afeta a

funcionalidade celular (Shvedova et al., 2012).

As ERO podem alterar a sinalizagdo redox e o controle de varias
funcdes celulares (Jones, 2006), sendo que o equilibrio redox intracelular
pode ser perturbado pela presenga de nanomateriais, os quais como dito,
podem induzir o aumento da concentracido intracelular de ERO. Este
aumento pode ser induzido pelo préprio nanomaterial, ou indiretamente
pelo disturbio das vias de degradagdo de ERO. Ambos causam uma
producdo adicional de ERO, que interagem com membranas celulares,
DNA, e/ou outros compostos celulares, danificando os componentes

destas células (Helland et al., 2007).

O fator de transcricdo chave na regulagao da protegcédo antioxidante
e detoxificacdo € o fator de transcricdo Nrf2, o qual possui a habilidade de
controlar diferentes aspectos da protecdo nuclear, incluindo reparo de

DNA, reducédo de quinonas e sintese de GSH (Da Rocha et al., 2013;

20



Maher and Yamamoto, 2010). Dessa forma, na medida em que as
membranas de DNA podem ser afetadas por nanotubos, a expressao do
fator transcricdo Nrf2, que ativa genes citoprotetores, como os
antioxidantes, também pode ser alterada. Isto foi observado num trabalho
que forma parte desta tese, realizado com nanotubos de parede simples
(SWCNT) injetados intraperitonealmente em zebrafish adultos, quando foi
verificado um aumento na expressdo do fator de transcricdo Nrf2 em
relagdo ao controle, mostrando que o SWCNT teve um comportamento
pré-oxidante capaz de promover um aumento da expressdo de Nrf2 no
cérebro de zebrafish tratados com este nanomaterial (Da Rocha et al.,
2013). E sabido que um dos fatores que determinam a migracéo do fator
de transcricdo Nrf2 do citoplasma para o nucleo é o estado redox que em
situacdes pro-oxidantes libera este fator de transcricido da proteina Keap1,

permitindo sua translocagéo para o nucleo (Kang et al., 2005).

Um prejuizo cerebral pode ocorrer por alteragbes nos niveis de
neurotransmissores. Uma diminuigdo nos niveis de dopamina (DOPA), por
exemplo, acontece em resposta a um aumento de ERO (Wang et al.,
2009), o que propicia que o estresse oxidativo seja responsavel pelo
declinio de processos cognitivos relacionados a idade e a patogénese de
doengas neurodegenerativas (Liu et al., 2013). Esse potencial risco para
doengas neurodegenerativas, provocado pela deplecdo de DOPA, foi
demonstrado em trabalho realizado por Wu e colaboradores (2011),
quando foi possivel observar que nanoparticulas de silica (SiO2-NPs) tém
um impacto negativo sobre o corpo estriado, bem como sobre neurénios
doparminérgicos de cérebros de ratos tratados com este nanomaterial. A

mesma alteragdo nos niveis de dopamina foi observada em cérebros de
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ratos expostos a dioxido de titanio (TiO2>-NPs) (Hu et al., 2011). Da mesma
maneira, trabalhos in vitro utilizando uma linhagem celular, PC-12,
demonstraram que os niveis de DOPA também diminuiram quando estas
células foram tratadas com nanoparticulas de manganés (Hussain et al.,
2011), bem como quando expostas a nanoparticulas de cobre (Wang et

al., 2009).

O sistema colinérgico também parece ser alterado quando em
presenca de nanomateriais, como os nanotubos de carbono, através da
inibicdo da acetilcolinesterase, AChE (Wang et al., 2009). Esta enzima
hidrolisa o neurotransmissor acetilcolina (ACh) e sua inibigdo causa a
acumulacdo de ACh na fenda sinaptica, interferindo no controle de
respostas fisiologicas e comportamentais e, eventualmente, levando a

uma falha respiratéria e morte celular (Worek et al., 2002) (Figura 4).
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Figura 4. Esquema representativo da atividade da enzima

acetilcolinesterase (extraido e modificado da web).
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Em trabalho in vitro realizado por Wang e colaboradores (2009), a
inibicdo de AChE por nanotubos de carbono de parede multipla e simples
teve uma relacdo dose-resposta, e as suas concentragdes inibitorias
medianas (ICso) foram de 156 e 96 mg/L, respectivamente, mostrando que
esses nanomateriais podem exercer neurotoxicidade através da inibi¢ao

da AChE.

A exemplo dos neurotransmissores citados, o ATP também atua
como um neurotransmissor e/ou heuromodulador na transmissao sinaptica
(Burnstock, 2000). O ATP € um nucleotideo trifosfato presente em todas
as celulas e que esta envolvido na regulagdo de muitos processos
patofisiologicos no meio extracelular, podendo ser co-liberado com outros
neurotransmissores como ACh, noradrenalina, serotonina (5HT) e acido y-

aminobutirico (GABA) (Takanishi e Takeda, 1973; Burnstock, 2012).

Os nucleotideos e nucleosideos atuam como moléculas
sinalizadoras envolvidas em uma gama de efeitos bioldgicos e esses
nucleotideos sdo degradados por hidrélise de uma cascata de enzimas
chamadas ectonucleotidases, as quais estdo ancoradas na membrana
celular e determinam a viabilidade de ligantes, tais como o ATP, ao seu

receptor especifico (Zimmermann, 2011). (Figura 5).
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Figura 5. Esquema representativo da atividade das

enzimas ectonucleotidases (extraido e modificado da web).

Dada a importédncia dos nucleotideos e nucleosideos nos
processos de funcionamento cerebral, torna-se importante averiguar se
nanomaterias de carbono, como nanotubos, podem ter a capacidade de
alterar a atividade das ectonucleotidases responsaveis pela hidrolise

daqueles.

3.5 Modelos experimentais

Ainda que os NTC sejam utilizados e produzidos, existem poucos
estudos realizados in vivo acerca do seu potencial de toxicidade,
especialmente em organismos aquaticos, e um dos mais promissores
modelos de estudo é o zebrafish. Este modelo tem sido usado
extensivamente para a descoberta de drogas e avaliagdo dos efeitos
integrados e subsequente identificagcdo dos mecanismos de acg&o toxica
de quimicos e de nanomateriais (Usenko et al., 2007; Costa et al., 2012;
Da Rocha et al., 2013; Ferreira et al., 2014). Além de ser amplamente

utilizado como modelo animal em pesquisas toxicologicas e aplicagdes
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biomédicas, também ¢é utilizado em analises comportamentais por
apresentar um paralelismo genético com humanos que inclui a barreira
hemato-encefalica, células endoteliais e respostas imunogénicas (Fako e
Furgeson, 2009) além de ser um modelo bastante utilizado em estudos de
nanotoxicidade nos ultimos anos, como na avaliagdo dos efeitos de
nanomaterias de carbono como nanotubos (Cheng eta al., 2009; Da

Rocha et al., 2013; Wang et al., 2013).

A toxicidade dos nanomateriais, tanto in vitro quanto in vivo, é
atribuida a varios fatores como, por exemplo, o comprimento, o tipo de
funcionalizacao, a concentragao, a duracdo da exposi¢cao, aos metodos de
exposicao e ao dispersante usado para solubilizar os nanotubos (Firme Il
e Bandaru, 2010). Embora os resultados de alguns trabalhos aumentem a
preocupacao acerca da toxicidade dos NTC como, por exemplo, a alta
inibicdo de proliferagdo celular e malformagdes no desenvolvimento de
embrides de zebrafish causada por toxicidade aguda de nanotubos de
carbono de parede multipla (MWCNT) (Chen et al., 2012) e a diminui¢gao
da capacidade antioxidante total em cérebros de zebrafish tratados com
injecao intraperitoneal de SWCNT (Da Rocha et al., 2013), ndo ha, ainda,
nenhuma investigagao sistematica in vivo sobre os efeitos toxicolégicos
nos NTC administrados via microinje¢gdo em embrides de zebrafish ou,
ainda, qualquer trabalho que aponte o0 comportamento de
neurotransmissores e ectonucleotidases em cérebros oriundos de

zebrafish tratados com SWCNT via intraperitoneal.
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4. Objetivos
4.1 Objetivo geral

Investigar os efeitos da capacidade antioxidante, dano oxidativo,
expressao génica e neurotransmissores em zebrafish Danio rerio expostos

a nanotubos de carbono de parede simples (SWCNT) ou fulerol

4.2 Objetivos especificos

(a) Investigar os efeitos dos SWCNT e fulerol em cérebros oriundos de
zebrafish adultos tratados via injecao intraperitoneal (i.p.), em relagéo a
peroxidacao lipidica (TBARS) e capacidade antioxidade total contra
peroxi-radicais (ACAP);

(b) Verificar a expressdo de genes relacionados a resposta antioxidante
como o fator de transcricdo Nrf2 e as subunidades cataliticas e
regulatorias da enzima glutationa cisteina ligase (GCL) por transcriptase
reversa (RT-PCR) e expressdo génica da enzima acetilcolinesterase
(AChE) em cérebros retirados de zebrafish adultos tratados via i.p. com

SWCNT e fulerol;

(c) Determinar a atividade da AChE, a concentragdo dos
neurotransmissores dopamina (DOPA) e serotonina (5HT) e a atividade de
enzimas ectonucleotidases em cérebros oriundos de zebrafish adultos

tratados via i.p. com SWCNT;

(d) Investigar os efeitos dos SWCNT sobre os embrides de zebrafish, em
relacdo a expresséo de genes relacionados a resposta antioxidante, como

GCLc e glutationa peroxidase 1 (GPX1);

(e) verificar a expressdo de genes normalizadores em embrides de

zebrafish quando estes sao expostos a SWCNT.
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Abstract

Given the increasing use of carbon nanotubes (CNT) in several industries, it is
essential to perform in vivo toxicological studies with these nanomaterials in
order to evaluate their potential toxicity. Dopamine (DOPA) and serotonin
(5HT), along with other neurotransmitters, have an important contribution on
brain functions. Brain samples from zebrafish Danio rerio treated i.p. with
single wall CNT (SWCNT) were used to perform the determination of DOPA
and 5S5HT besides analyzing acetylcholinesterase (AChE) and
ectonucleotidases activity, lipid damage and total antioxidant activity. Results
showed that treatment with SWCNT increased between 3 and 6 fold (p<0.05)
the concentration of DOPA and 5HT. Similarly, significant reduction (p>0.05)
in AChE activity was observed in brains of SWCNT exposed zebrafish when
compared to the control groups, showing evidences of induced neurotoxicity
by single walled carbon nanotubes. It can be concluded that SWCNT promote
toxicity to zebrafish brain through of changes in important neurotransmitters

responsible by thermoregulation, nutrition, depression and anxiety.

Key-words: nanotoxicology, nanomaterials, zebrafish, neurotransmitters,

neurotoxicity
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1. Introduction

Carbon nanotubes (CNT) have unique physical, chemical, electrical and
mechanical properties that offer many potential applications and because their
properties, a large-scale production of CNT is increasing. Under this context it
is expected that fauna, flora and human will be inevitably more exposed to
CNT (Liu et al., 2012).

Nowadays, nanotechnologies and the applications of nanomaterials have an
unquestionable importance, being responsible to increase the consumables,
products of medical devices, biosensors and drug delivery, since the human
populations also increase every year (Kunzmann et al., 2011). However, it is
essential to realize assays in vivo to know whether these nanomaterials are
responsible or not for cell/tissues perturbations and diseases. On the order
hand, it is difficult to analyze inherent CNT toxicity because of their chemical
and structural complexity, including surface charge, shape, length,
agglomeration and layer number (Liu et al., 2012). In addition, it seems that
impurities derived from catalysis and not CNT themselves are responsible for
the toxicity (Ciofani et al., 2010).

The nanomaterials, as carbon nanotubes, have the ability to generate
oxidative stress (Shvedova et al., 2012) and this event may be caused directly
by CNT-induced reactive oxygen species (ROS) that are close or inside the
cell or it may be appear indirectly due the effects of internalized CNT on
mitochondrial respiration or even by a depletion of antioxidants inside the cell
(Manke et al., 2013). Nanomaterials have unique properties in their
translocation to the systemic circulation and central nervous system (CNS)

due to their small size and large surface area (Wang et al., 2009). Only small
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lipophilic molecules of less than 500 Da are able to across blood-brain barrier,
including amino acids, hexoses, neuropeptides and proteins, which are
transported into the brain via specific carriers (Wohlfort et al., 2012).
Nanomaterials, as carbon nanotubes, posses the ability in crossing the blood-
brain barrier, being able to reach the brain and cause damage (Yang et al.,
2007; Wu et al., 2011).

In a study with a human epithelial cell line A549, incubation with 100 ug/ml
MWCNT exert adverse effects as a decrease on metabolic activity without
being internalized by human epithelial or oxidative stress (Tabet et al., 2009).
However, one potentially relevant mechanism of damage is constituted by the
physical interference of SWCNT with cellular and extracellular constituents,
which may cause alterations of vital cellular processes, leading to various
degrees of cellular injury, and in some cases even to cell death (Shvedova et
al., 2012).

Brain damage can be caused by depletion of neurotransmitter dopamine
(DOPA) in response to an increase of reactive oxygen species (ROS) (Wang
et al., 2009), generating oxidative stress which has been implicated in age-
related decline in cognitive process and in the pathogenesis of many
neurodegenerative diseases such as Alzheimer, Parkinson and Huntington
(Liu et al., 2013).

Similarly, the cholinergic system also appears be altered when in presence of
single walled carbon nanotubes (SWCNT) and multi walled carbon nanotubes
(MWCNT), being reported acetylcholinesterase (AChE) inhibition (Wang et al.,
2009). This enzyme hydrolyzes the neurotransmitter acetylcholine (ACh),

being one of the most crucial enzymes for nerve response and function. Its
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inhibition causes the accumulation of ACh, interfering in the control of a large
proportion of physiological and behavioral responses in the animal and
eventually leading to respiratory failure and death (Worek et al., 2002). On the
other hand, inhibition of AChE may be interesting to be used in conditions in
which there is significant neuronal loss of cholinergic neurons such as
Alzheimer's disease.

To the best of our knowledge, it is uncertain if CNT damage is caused directly
by carbon nanotubes that really cross the blood-brain barrier or if any
changes occur indirectly through carbon nanotubes that reach the
bloodstream and cause some injury in a given tissue and then interfering with
the brain. However, in one way or another, CNT are able to promote some
brain deleterious responses, as seen in recent study from our group, in which
SWCNT injected i.p. in adult zebrafish were able to induce the expression of
the transcription nuclear factor erytroid 2-related factor 2 (Nrf2) when
compared to the control group (da Rocha et al., 2013). Nrf2 is known to be a
key regulator of the expression of genes mediators of the antioxidant
response like the regulatory and catalytic subunits of glutamate cysteine
ligase (GCL), the limiting enzyme for the synthesis of the main intracellular
antioxidant, reduced glutathione (GSH) (White et al., 2003; da Rocha et al.,
2013). According to Manke et al (2013), cells and tissues respond to
increasing levels of oxidative stress via antioxidant enzyme systems upon
nanomaterials exposure.

The purinergic signaling system includes ATP, a triphosphate nucleotide that
exists in all cells and is involved in the regulation of many pathophysiological

processes in the extracellular medium. ATP can be co-released with many
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neurotransmitters such as acetylcholine (ACh), glutamate, noradrenaline,
serotonin (5HT) and y-amino butyric acid (GABA) (Nakanishi e Takeda, 1973;
Burnstock, 2012).

Nucleotides as ATP are ubiquitous extracellular signaling molecule, which
induce many biological effects and the extracellular ATP has an important role
in synaptic transmission, acting as a neurotransmitter and/or a
neuromodulator (Burnstock, 2000; Senger et al., 2005). Indeed ATP can be
released by exocytosis, via transmembrane channels, via transporters or
through damaged membranes. Therefore, ATP appears to be one of the most
omnipresent of all known extracellular signaling molecules and it can be
released in the pre and postsynaptic terminal, as part of a physiological
mechanism. Its release into the synaptic cleft is calcium-dependent, being
stored in presynaptic vesicles and released after depolarization, acting on
specific receptors (Baldissareli et al., 2012), or in response to cellular
damage, such as hypoxia and injuries (Burnstock, 2012). Purinergic
nucleotides are degraded by hydrolysis of a cascade consisting of a variety of
enzymes called ectonucleotidases, which are anchored in the cell membrane,
then determining the availability of ligands such as ATP to their specific

receptors (Zimmermann, 2011).

Biochemical events, including oxidative stress, are critical mechanisms, which
can cause toxicities after the exposition to nanomaterials such as inhibition of
neurotransmitters like DOPA. In this study, it was evaluated zebrafish
dopaminergic, serotonergic, cholinergic and purinergic systems treated with
SWCNT by analyzing dopamine and serotonin levels, acetylcholinesterase

activity, and ectonucleotidases activity, respectively. Additionally, it was also
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evaluated antioxidant capacity and lipid peroxidation in zebrafish brain treated

with SWCNT.

2. Materials and methods

2.1. Fish care

All procedures are in accordance and were approved by Ethics Committee on
Animal Use (CEUA) of Universidade Federal of Rio Grande — FURG. Process

number 23116.002327/2013-47.

Adult zebrafish Danio rerio (mean weight: 0.52 + 0.1 g) were purchased from
a commercial supplier (Red Fish, RS, Brazil) and were acclimated at least for
two weeks during which they were fed for two times a day with a commercial
diet (NOVOBEL, JBL). No more than 100 fish were placed in each of the
tanks of 60 L. The pH and water temperature were fixed in 7.5-8.0 and 28 °C,
respectively. Thank maintenance includes a 1/3 water change three times a
week after removal of the excess of food or fish waste from the bottom of the

tanks using a siphon.

2.2. Synthesis and characterization of SWCNT

The production of nanotubes was performed in an electric arc chamber using
Loraine carbon graphite electrodes outer diameter of 10 mm, central role of 6
mm and 8 mm depth filled with powder catalyst com- position of 4.2% Ni, 1%

Y203, 1% FeS and 93.8% of carbon powder. The arc discharge method
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consisted in the application of a high intensity electric current of 150-200 A, a
tension of 17-20 V and the pressure of gas in the chamber was of 40 torr of

helium.

For morphological characterization of carbon-based materials the Raman
spectroscopy has been the most widely used technique in the past 20 years.
In this study, SWCNT were characterized by Raman spectroscopy and for this
analyzes, equipment Raman spectroscopy, Renishaw Model inVia
Spectrometer was used. The experiments were performed at room

temperature, in the range 0-3100 cm-1 using a laser of 532 nm wavelength.

2.3. Preparation of solutions and suspensions

Purified SWCNT were prepared by acid treatment to remove metal
contaminants employed as catalysts for nanotubes synthesis. SWCNT were
added to a solution of pure nitric acid and sulfuric acid 99% (3:1 v/v) and the
mixture was sonicated during 6 h (da Rocha et al., 2013). After, samples were
centrifuged at 3,000 x g during 20 min. The pellet was washed with Milli Q
water and centrifuged again. This procedure was repeated five times. Finally,
the pellet was dried during two days in an oven at 45 °C (Chen et al., 2004; da
Rocha et al., 2013). SWCNT suspensions were prepared through sonication
with the detergent sodium dodecyl sulphate (SDS) (3 g/L) and Milli-Q water
during 3 h (Smith et al. 2007; da Rocha et al., 2013). A dose of 30 mg/kg of
fish was chosen for both SWCNT considering a previous study from our group

(da Rocha et al., 2013).
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2.4. SWCNT exposure

Adult zebrafish were acclimated under same conditions described in Section
2.1. Fish were anesthetized by immersion in benzocaine (1 mM) and then 10
uL of SWCNT suspension (30 mg/kg) were intraperitoneally (i.p.) injected. In
control groups, fish were injected with 10 pyL of SDS detergent used to
prepare SWCNT suspension. To observe if the benzocaine anesthetic was
able to promote some unwanted effect on the brain, some anesthetized
zebrafish were selected as a second control (benzocaine control), as

performed in a previous study (da Rocha et al., 2013).

Immediately after the anesthesia and/or injection procedure, zebrafish were
placed in constant aeration until they regain normal activity of swimming. All
treated fish were maintained in glass aquariums in an incubator under the
same conditions of the acclimation period (section 2.1). After 24 h, the
treatments were repeated, and after 48 h all the fish were euthanized and
their brains dissected for analysis. Fish were not fed 24 h prior or during the
experiment. After dissection, pools of five fish brains were used to compose
one sample (n = 5 pools) for each measurement and then the brain samples

were stored at -80°C.

All enzyme essays, lipid peroxidation and total antioxidant capacity essay
were performed in at least three different experiments, each one performed in

triplicate.
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2.5. Total antioxidant capacity

Brains were homogenized (1:5 w/v) in a Tris—HCI buffer (100 mM, pH 7.75)

with EDTA (2 mM) and M92+ (5 mM) (da Rocha et al., 2009). The
homogenates were centrifuged at 10,000 x g for 20 min at 4 °C) and the
supernatants resulting from this centrifugation were analyzed. Total protein
content was performed with a commercial kit based on the Biuret method,
using a microplate reader (Biotek ELX 800) at a wavelength of 550 nm.
Triplicate measurements were performed, presenting a variation coefficient of
5% or lower. Total antioxidant competence against peroxyl radicals was
evaluated through ROS determination in brain samples of fish treated or not
with a peroxyl radical generator, 2,2-azobis 2 methylpropionamidine
dihydrochloride (ABAP; 4 mM; Aldrich), according the methodology proposed
by Amado et al. (2009). Further details can be found in da Rocha et al.
(2009). The relative difference between ROS area with and without ABAP is
an estimate of total antioxidant capacity against peroxyl radicals, with high

area difference meaning low antioxidant capacity (Amado et al. 2009).

2.6. Lipid Peroxidation

Brains were homogenized (1:10) in KCI 1.15% plus 35 mM of butylated
hydroxytoluene (BHT). Lipid peroxidation was measured through
determination of thiobarbituric acid reactive substances (TBARS), following
the methodology of Oakes and Van Der Kraak (2003) and adapted to a

microplate reader by da Rocha et al. (2009). The fluorescence was registered
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after excitation at 520 nm and emission of 580 nm. The concentration of
TBARS (namoles/mg of wet tissue) was calculated employing

tetramethoxypropane as a standard.

2.7. Dopamine and serotonin level

The levels of 5HT and DOPA in samples were analyzed by a high
performance liquid chromatography system composed by two pumps (LC-
10AD, Shimadzu, Kyoto, Japan), a communicator bus module (CBM- 10A,
Shimadzu) and a Decade amperometric electro- chemical detector (Antec,
The Netherlands). Brains from zebrafish i.p. injected with SWCNT were
homogeinized (1:5 volumes) in the mobile phase (95% potassium phosphate
dihydrogen 25 mM, 0.1% formic acid, pH 2.9 and 5% acetonitrile), and
centrifuged (5,000 x g) for 15 min, at 4 °C. The supernatant fraction was
filtered and injected (20 Il) directly to the HPLC column (Supelcosil LC18, 150
- 4.6 mm, 5 Im particle size, Supelco). The mobile phase was isocratically
pumped at a flow rate of 1 ml/min. Voltamograms of SHT and DOPA were
constructed to verify the best signals of these compounds, through injections
of 5 pmol of 5SHT and DOPA authentic standards. Levels of DOPA and 5HT in
the samples were calculated based on standard calibration curves, which
were constructed by injections of 1-20 pmol according to concentrations of

5HT and DOPA in the samples.
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2.8. Acetylcholinesterase activity

Zebrafish brains were homogenized on ice in 60 volumes (v/w) of 50 mM
Tris— HCI, pH 8.0, in a glass-Teflon homogenizer. Acetylcholinesterase
activity was measured as the method described previously (Ellman et al.,
1961) determining the rate of hydrolysis of acetylthiocholine (ACSCh, 0.8 mM)
in 2 ml assay solutions with 100 mM phosphate buffer, pH 7.5, and 1.0 mM
DTNB. Samples containing protein (10 pg) and the reaction medium
described above were pre-incubated during 10 min at 25 °C followed by
starting of reaction with addition of substrate. The hydrolysis of substrate was
monitored by the formation of the thiolatedianion of DTNB at 412 nm every 30
s for 2-3 min. The linearity of absorbance towards time and protein
concentration was previously determined. Acetylcholinesterase activity was
expressed as micromoles of thiocholine (SCh) released per hour per milligram

of protein.

2.9. Ectonucleotidase assays

NTPDases and ecto-5-nucleotidase assays were performed as described
previously (Rico et al., 2003; Senger et al., 2006). Zebrafish brain membranes
(3 pg protein for NTPDase and 5 ug protein for ecto-5’-nucleotidase) were
added to the reaction medium containing 50 mM Tris- HCI (pH 8.0) and 5 mM
CaCl; (for the NTPDase activity) or 50 mM Tris-HCI (pH 7.2) and 5 mM MgCl,
(for the ecto-5’-nucleotidase activity) at a total volume of 200 ul. The samples
were pre-incubated for 10 min at 37 °C and the reaction was initiated by the

addition of substrate (ATP, ADP or AMP) to a final concentration of 1 mM.
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After 30 min the reaction was stopped by the addition of 200 ul of 5 %
trichloroacetic acid and the samples were kept on ice during 10 min. Samples
received 1 ml of a colorimetric reagent composed of 2.3% polyvinyl alcohol,
5.7% ammonium molybdate, and 0.08% malachite green and after 20 min the
quantification of inorganic phosphate (Pi) released was determined
spectrophotometrically at 630 nm and the specific activity was expressed as
nmol of Pi released per min per mg of protein. In order to correct non-
enzymatic hydrolysis of the substrates, it was employed controls putting the
enzyme preparation after the addition of trichloroacetic acid. Incubation times
and protein concentrations were chosen to ensure the linearity of the

reactions.
2.10. Statistical analysis

Values of all measurements were expressed as mean = 1 standard error.
Statistical analysis was performed through analysis of variance (ANOVA)
followed by Newman—Keuls test or orthogonal comparisons. Previously, the
assumptions of normality and homogeneity of variance were verified and
logarithmic transformation was applied if at least one of assumptions was

violated (Zar, 1984). In all cases, significance level was fixed in 5 %.

3. Results

The presence of the characteristic bands of CNT is evidenced in Raman
spectra shown in Figure 1. In the spectral region, tree bands are observed.

These bands indicate the band of graphite (G band - about 1600 cm™) and
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the band of disorder and defects in the structure (D band - about 1380 cm™).
The peak related to the structure of graphite (G ') at about 2700 cm™ is also

evident.

Lipid peroxides levels (Fig. 2a) showed no statistically significant difference (p
> 0.05) amongst the treated groups. However, the total antioxidant capacity
against peroxi-radicals was statistically significant higher in brains from
zebrafish treated i.p. with SWCNT when compared with brains coming from

zebrafish of control group (p > 0.05) (Fig. 2b).

Fig 3. shows significantly increased levels of 5HT and DOPA in brains of
zebrafish treated with 30 mg of SWCNT/kg compared with controls group
(benzocaine and SDS treatments) after 48 h exposure (p< 0.05). Both S5HT
and DOPA basal levels were some 3 to 6-fold greater in brain treated with

SWCNT than in controls (Fig. 3a and b, respectively).

It was observed that AChE activity decreased in brains from zebrafish treated

with SWCNT when compared with control group (p < 0.05) (Fig. 4).

Brains from zebrafish treated with SWCNT did not presented altered levels of
of ATP (p > 0.05) (Fig. 5a) as well as in the others two nucleosides AMP and

ADP (Fig. 5b and c, respectively) (p > 0.05).

4. Discussion

SWCNT can be released from products by abrasion, normal wear and tear,

aging, improper use, disposal/recycling, spills, landfill leachate, industrial
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effluent, waste incineration, waste water treatment, and atmospheric
emissions (Parks et al, 2013) and these routs of release would likely lead to
accumulation of SWCNT in terrestrial and aquatic media, and food chains.
The intrinsic toxicity of nanotubes has been attributed to their physic-chemical
characteristics as their smallness and the remarkably large surface area per
unit mass and high surface reactivity (Zhao and Liu, 2011). This reactivity is
correlated with the ability of nanomaterials like SWCNT to trigger the

generation of ROS that can promote oxidative stress.

Lipid peroxidation products are among the most common types of oxygenated
molecules implicated in oxidative stress responses (Shevdova et al., 2012).
However, in this study we did not observe lipid peroxides levels increased
among the brain from zebrafish treated with SWCNT and the control. On the
other hand, total antioxidant capacity against peroxi-radicals was statistically
significant higher in brain from zebrafish treated with SWCNT than in controls.
In this way, it is possible that the antioxidant response should cope with a pro-
oxidant condition, adding to maintain almost constant lipid peroxides levels.
This result also fits with a previous study from our research group, where no
lipid damage in brain from zebrafish treated with SWCNT was also observed

(da Rocha et al., 2013).

Neurotransmitters such dopamine (DOPA), serotonin (5HT) and acetylcholine
(ACh) are essential regulators of brain functions (Nilsson, 1990; Almeida et
al., 2003). The alteration of neurotransmitters and their metabolites has been
used as an indicator of toxicity in the central nervous system (CNS) (Wang et

al., 2009; Powers et al., 2011) and obtained results showed the influence of
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SWCNT on dopaminergic, serotonergic and cholinergic system in zebrafish.

As in the case of increased DOPA and 5HT levels found in this study,
intranasal instilled copper nanoparticles (Cu NPs) in mice increased DOPA
levels in the striatum, cerebral cortex and cerebellum at the highest dose (40
mg/kg body weight), and the hippocampus at the lowest and medium (10 and
40 mg/kg body weight, respectively). Also, the intranasal instilled Cu NPs
stimulated SHT secretion in hippocampus and cerebral cortex of medium dose
group and striatum of lowest dose (Zhang et al., 2012). In other study with
mice, significantly increases in the amount of DOPA and its metabolites were
observed in the striatum and prefrontal area of the TiO, exposed group

compared to the control animals (Takahashi et al., 2010).

Acetycholinesterase (AChE) controls a large proportion of physiological and
behavioral responses in the animal; thus, any changes to these regulatory
abilities could be potentially harmful to fish. SWCNT and MWCNT (multi
walled carbon nanotubes) had high affinity for AChE, causing 76-88%
inhibition of AChE as observed in an in vitro study (Wang et al., 2009). Recent
evidences have shown that pesticides and insecticides, metals,
organochlorines and herbicides also inhibit AChE activity (for a review see

Monserrat et al., 2007).

Studies suggest that pesticides can interact directly with cholinergic receptors
below the concentration that inhibit AChE, affecting the second messenger
systems (Bretaud et al., 2000; Senger et al., 2005). AChE inhibition can cause
Ach accumulation, which is less hydrolyzed in synapses promoting an

abnormal content of this neurotransmitter and interfering with the function of



61

the nervous system and eventually leading to respiratory failure and death

(Worek et al., 2002).

The study using Xenopus larvae, the organisms were exposed for 12 days to
DWCNT (double walled carbon nanotubes) presented black masses in gills
whatever the concentration (10 and 50 mg/l of raw DWCNT), thus promoting
branchial obstruction, potentially generating gaseous exchanges perturbations
and/or anoxia (Mouchet et al., 2010). In our study, even though it was not
observed oxidative stress by lipid damage, an increase of antioxidant capacity
was registered and these findings were surprising because the ‘normal’
increase in the antioxidant system is in response to an ongoing oxidative
stress. Under anoxia there is no ROS generation and thus the increase in
total antioxidants activity, like SOD, was possibly an anticipatory response to
the oncoming stress of re-oxygenation (Hermes-Lima and Zenteno-Savin,

2002).

A problem for the vertebrate brain in anoxia is to maintain an energy
production enough to preserve and satisfy the ATP consumption of the
sodium and potassium pumps, given that neurotransmitters dopamine and
serotonin demand molecular oxygen for their synthesis (Nilsson, 1990). As
the ATP is an important signaling molecule, which can play an unmatched
role in synaptic transmission, acting as a neurotransmitter (Burnstock, 2012)
co-released with other signaling molecules, like glutamate, GABA, and Ach in
different sub-populations of neurons in CNS (Nakanishi and Takeda, 1973), it

was considered important to analyze the ectonucleotidases activity.

The purinergic signaling is a common route of cell-cell communication
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involved in many neuronal and non-neuronal mechanisms and events of short
and long term, including immune responses, inflammation, pain, platelet
aggregation, vasodilation, proliferation and cell death. In this study, we did not

observe any effect about the activity of ectonucleotidases enzymes.

5. Conclusion

In present study SWCNT did not changed ectonucletidase activities in
zebrafish brain membranes, and hence did not regulate the purinergic system.
In the other hand, cholinergic, serotonergic and dopaminergic system, through
the neurotransmitters Ach, serotonin and dopamine, respectively was affected

by SWCNT in zebrafish brain.
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Figure legends

Fig. 1. Raman spectra of SWCNT showing a distinct peak at about 1.600 cm’™
(G-band), corresponding to the graphitic stretch of SWCNT.

Fig. 2. Concentration of thiobarbituric acid reactive substances (TBARS) (a)
and total antioxidant capacity against peroxyl radicals (ACAP) (b) in brains
from zebrafish exposed during 48 h to different treatments. Milli Q: fish that
were anesthetized and injected with Milli Q water. Bz: fish that were
anesthetized but not injected. SWCNT: fish that were anesthetized and
injected with single-walled nanotubes suspension. SDS: fish that were
anesthetized and injected with the detergent. Data are expressed as mean +1
standard error (n = 4) Asterisk indicates statistical differences between
indicated treatments (p< 0.05). To ACAP a relative area was calculated
dividing area difference (with and without ABAP) by area without ABAP

(background area). Larger area means lower antioxidant capacity.

Fig. 3. Dopamine (DOPA) (a) and serotonin (5HT) concentration (b) in brains
from zebrafish exposed during 48 h to different treatments. Milli Q: fish that
were anesthetized and injected with Milli Q water. Bz: fish that were
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anesthetized but not injected. SWCNT: fish that were anesthetized and
injected with single-walled nanotubes suspension. SDS: fish that were
anesthetized and injected with the detergent. Data are expressed as mean +1
standard error (n = 4) Asterisk indicates statistical differences between
indicated treatments (p< 0.05).

Fig. 4. Acetylcholinesterase (AChE) activity in brains from zebrafish exposed
during 48 h to different treatments. Milli Q: fish that were anesthetized and
injected with Milli Q water. Bz: fish that were anesthetized but not injected.
SWCNT: fish that were anesthetized and injected with single-walled
nanotubes suspension. SDS: fish that were anesthetized and injected with the
detergent. Data are expressed as mean +1 standard error (n = 4) Asterisk
indicates statistical differences between indicated treatments (p< 0.05).

Fig. 5. Effect of different treatments on ATP (a), ADP (b) and AMP (c)
hydrolysis in brains from zebrafish exposed during 48 h to different
treatments. Milli Q: fish that were anesthetized and injected with Milli Q water.
Bz: fish that were anesthetized but not injected. SWCNT: fish that were
anesthetized and injected with single-walled nanotubes suspension. SDS: fish
that were anesthetized and injected with the detergent. Data are expressed as
mean +1 standard error (n = 4) Asterisk indicates statistical differences
between indicated treatments (p< 0.05).
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8. Artigo 3

Responses of antioxidant and reference genes in zebrafish Danio rerio
embryos exposed to single walled carbon nanotubes

(a ser submetido a revista Nanotoxicology)
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Abstract

One of the most discussed mechanisms, in addition to the health effects
caused by environmental particles, is the ability of nanomaterials to promote
oxidative stress. The increased used of carbon nanotubes (CNT) in the
industry, makes essential the need of in vivo toxicological studies with these
nanomaterials in order to evaluate their potential toxicity. Thus, we explored
the role of antioxidant genes on single walled carbon nanotubes (SWCNT)
toxicity in zebrafish. After treating the zebrafish embryos with a SWCNT
suspension, it was evaluated the expression of the catalytic subunit of
glutamate cysteine ligase (GCLc) and glutathione peroxidase 1 (GPx1) in
relation to four reference genes: B-actin, eukaryotic translation initiation factor
1b (eif1b), mitochondrial ATP synthase subunit b (atp5f1) and tyrosine 3-
monooxygenase/tryptophan  5-mooxygenase activation protein theta
polypeptide b (ywhagb). RT-qPCR analysis demonstrated that —actin gene
was not a stable reference gene, since the expression of this gene when
individually analyzed showed a significant increments in its own gene
expression as compared to other treatments (1, 10 and 50 ppm of SWCNT
suspension). The expression of GCLc and GPx1 antioxidant genes were
significantly increased in embryos treated with 10 and 50 ppm of SWCNT as
compared to control and the lowest concentration of 1 ppm of SWCNT
suspension. Given these results, we can assert that the development of
zebrafish embryos is affected by up-regulation of genes related to oxidative
stress and by deregulation expression of 3 —actin, an essential gene required

for embryonic development.
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1. Introduction

The potential environmental impact of single wall (SWCNT) and multi wall
carbon nanotubes (MWCNT) nanotubes is highly relevant because the
various applications of these nanomaterials has promoted an increase in its
production and this event may augment the release in emissions of these
nanomaterials to the air, soil and sediments (Parks et al., 2013), which can
reach the groundwater, water reservoirs and river systems. Besides, the
nanotubes are one of the least biodegradable materials being totally insoluble
in water when in it pristine form and lipophilic in nature (Wu et al., 2006).
Hence, they can to accumulate in the food chain through its capture by
microbial communities and roots, and thus being retained in plants tissues
(Oberdorster et al, 2006) or being toxic to human cells, another animals and
bacteria (Jaisi et al., 2008).

The oxidative stress is a common pathway of toxicity and diseases and
an organism may be subject to it through multiple mechanisms, induced by
oxidant agents as hydrogen peroxide (H20:), superoxide anion (O2’) and
hydroxil radicals (HO'), between others. These reactive oxygen species (ROS)
are produced endogenously or by several foreign agents, including nanotubes
that among other responses can inhibit the production of antioxidant
molecules as reduced glutathione (GSH) (Zhao et al., 2012). GSH is
responsible to maintain the redox balance, acting on metabolites
detoxification and on ROS, which are associated with chemical expositions
and diseases (Usenko et al., 2008). The synthesis of GSH from its constituent
amino acids involves the actions of two ATP-dependent enzymes, Yy-

glutamylcysteine ligase (GCL) and GSH synthetase. GCL, the rate-controlling
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enzyme in the overall pathway, is a heterodimer composed of a catalytic

(GCLc; 73 kDa) and a modulatory (GCLm; 30 kDa) subunit (Suh et al., 2004).

A first and rapid effect of nanotubes on cells is the generation of ROS,
inducing oxidative stress, which is seen as a key factor in cellular functionality
(Shvedova et al.,, 2012). On the other hand, since the cellular and nuclear
membranes can be affected by nanotubes, the transcription factor nuclear
factor-erytroid 2 p45-related factor 2 (Nrf2), which active antioxidant genes,
can also be changed. This situation was reported in a study where
intraperitoneal injections of SWCNT were applied in adult zebrafish and it was
possible to observe an increase on brain Nrf2 expression compared to
control, showing us that nanotubes have a pro-oxidant behavior (Da Rocha et
al., 2013). One particular area of concern for nanomaterials’ uses is the
vulnerability of embryos of fishes to oxidative stress as observed by Usenko
et al. (2008) that examined the effect of fullerene (Ceo) On zebrafish embryos,
showing several genes, known to be involved in an oxidant stress response,
being up-regulated after exposure to Ceo., including glutathione-S-transferase
pi (GST-pi) and GCLc, both directly related to glutathione metabolism (Handy
et al,, 2011). Contrary to these findings, the mRNA levels of glutathione
peroxidase 1 (GPX1) in zebrafish liver tissues was reduced by silver
nanoparticles (AgNPs) at 120 mg Ag/L compared to controls (Choi et al.,
2010), a responses that can affect H,O2 concentration, since GPX is one of
the enzymes required for its degradation.

Some studies show concern about nanotubes toxicity promoted by different
types of nanotubes, such as the high inhibition of cellular proliferation and

serious morphologic damages on developing embryo caused by MWCNT
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acute toxicity (Chen et al. 2012) and a decrease total antioxidant capacity in
brain from zebrafish treated with intraperitoneal injection of SWCNT (Da
Rocha et al.,, 2013). In this study, we sought to determine the antioxidant
genes expression profile in zebrafish to mediate the toxicity caused by

SWCNT exposure.

2. Materials and Methods

2.1. Fish care

Adult zebrafish Danio rerio were maintained in a recirculating AHAB system
(Aquatic Habitats, Apopka, FL, USA) at 28 °C under a 14:10 light: dark cycle.
Adult fish were fed brine shrimp and a mix of Cyclop- eeze (Argent Chemical
Laboratories, WA, USA) and Zeigler's Adult Zebrafish Complete Diet (Aquatic

Habitats).

Embryos were collected after natural spawning of adult zebrafish and were
maintained in 30% Danieau’s solution (Nasevicius and Ekker, 2000) in an

incubator under the same temperature and photoperiod conditions of adults.

2.2. Characterization of SWCNT

The nanotubes were purchased from Cheap Tubes Inc. To characterize the
morphology and structure of the SWCNT, Raman Spectroscopy and
Transmission Electron Microscopy (TEM) were used. For these analyze,
equipment Raman spectroscopy, Renishaw Model inVia Spectrometer was

used. The experiments were performed at room temperature in the range 0O-
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3100 cm™, using a laser of 532 nm wavelength (Jorio et al., 2003). TEM used

was JEOL model JEM-1200ExII.

2.3. Dispersing single wall carbon nanotubes in gum Arabic

Suspension of SWCNT was prepared with gum arabic (GA), a complex
mixture of saccharides and glycoproteins obtained from the acacia tree. Once
there was no cytotoxic effect of SWCNT suspensions on either the
prokaryotic, bacterial (Escherichia coli), or eukaryotic cell types in a study
that assayed SWCNT dispersed using GA (Alpatova et al., 2010) , we
selected GA as the dispersant to carry out our study with embryos treated

with nanotubes.

The aqueous solution of GA was prepared in 50 mL of water and the pH of
the mixture adjusted to 7.0 with 0.1 M HCI. This solution was left to settle for
24 h and then 40 mL of supernatant was collected for use in toxicity study.
SWCNT were added to the above solutions to result in a 1 mg (SWCNT)/mL
suspension and then sonicated in water bath for 20 min. After the sonication,
SWCNT suspensions were divided into 12 mL aliquots and each aliquot was
transferred into 15 mL centrifuge tube. After 24 h standing time, the top 4 mL

of each suspension was used in this study (Alpatova et al., 2010).
2.4. SWCNT exposure

At 24 hours post fertilization (hpf), healthy embryos were manually
dechorionated (Usenko et al., 2008; Van Tiem and Di Giulio, 2011) and dosed

in replicate pools of ten embryos, with three replicates per treatment, in 20 mL



&4

glass vials containing 5 ml 30% Danieau’s solution with SWCNT. Selected
concentrations were 1, 10 and 50 ppm of nanotubes, and as a control,
embryos without nanotubes, just immerses in Danieau’s solution, were used.
Dosed embryos were maintained in an incubator at 28°C until the time of
deformity assessment or the time to RNA extraction. Those concentrations
were selected on the basis of a previous study that evaluated toxicological
effects of multi walled carbon nanotubes (MWCNT) on zebrafish embryos

(Chen et al., 2012).

2.5. Dosing for deformities

At 24 hpf, hatched embryos were treated as described in section 2.3. At 96
hpf were removed from the dosing solution, rinsed with with 30% Danieau’s
solution and anesthetized with MS-222. Fish were placed on depression
slides in the left lateral position in 3% methylcellulose and were imaged using

light microscopy under 50 x (Zeiss Axioskop, Thornwood, NY, USA).

2.6. Total RNA extraction and reverse transcription

After 24 hours, no death or deformities were observed at this time point when
embryos were rinsed with 30% Danieau’s solution, and then the same
embryos were transferred to eppendorfs without Danieau’ solution or SWCNT.
Those eppendorfs immediately were placed in liquid nitrogen. After that, the
samples were thawed on ice and homogenized with a sterile hand-held

homogenizer for 30 s, and RNA was extracted according to the RNA-Bee
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protocol (Tel-Test Inc., Friendswood, TX, USA). RNA quantity was analyzed
spectrophotometrically using a NanoDrop ND-1000 (NanoDrop Technologies,
Wilmington, DE). The Omniscript complementary DNA (cDNA) synthesis kit
for Reverse Transcription (Qiagen) was used according to the manufacturer’'s
instructions using 500 ng of RNA, random hexamers, and RNAse inhibitor and
carried out in a thermocycler for 1 h at 37°C. Resulting cDNA was diluted to a

working concentration of 2 ng/I.

2.7. RT-gPCR

The expression of the following genes was examined: catalytic subunit of
glutamate cysteine ligase (GCLc) and glutathione peroxidase 1 (GPx1) and to
test the accuracy of qPCR results, the interest genes were normalized with
different reference genes: [3 -actin, eukaryotic translation initiation factor 1b
(eif1b), mitochondrial ATP synthase subunit b (atp5f1) and tyrosine 3-
monooxygenase/tryptophan  5-mooxygenase  activation protein theta
polypeptide b (ywhagb). GCLc and GPX1 primers were published previously
(Van Tiem and Di Giulio, 2011; Garner and Di Giulio, 2012). The choice of
reference genes was based on a doctoral thesis (unpublished data), which
showed these genes as the most stable when zebrafish embryos were treated

with polychlorinated biphenyls (PCB).

Each 25-uL RT-hgPCR reaction consisted of 12.5 yL SYBR Green PCR
Master Mix (Applied Biosystems), 9.5 yL dH20, 200 nM each forward and
reverse primer, and 4 ng cDNA template. The reactions were carried out

using an Applied Biosystems 7300 Real-Time PCR System with a thermal
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profile of 10 min at 95 °C and 40 replicates of 15 s at 95 °C, 1 min at 60 °C. A
dissociation curve was calculated for each sample at the end of each profile to
confirm formation of a single product during the reaction. All samples were run
in duplicate, and technical replicates were averaged prior to analysis. The ABI
PRISM 7300 Sequence Detection System Software, Version 1.1 (Applied
Biosystems) was used to carry out data analysis. The average mRNA fold
induction of each target gene was calculated by comparing the CT (threshold
cycle) of the target gene to that of housekeeking genes according to Livak

and Schmittgen (2001).

2.6. Statistical analysis

Values of all measurements were expressed as mean = 1 standard error.
Statistical analysis was performed through analysis of variance (ANOVA)
followed by Newman—Keuls test. Previously, the assumptions of normality and
homogeneity of variance were verified and logarithmic transformation was

applied if at least one of assumptions was violated (Zar, 1984).

3. Results

Four reference genes were selected for analysis from commonly used
reference genes and two interest genes were analyzed. Gene names,
abbreviations, GenBank accession numbers and primer sequences are listed

in Table 1.
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The presence of SWCNT characteristic bands observed in Raman spectrum
is shown in Fig.1a. Raman spectra of SWCNT showing a distinct peak at
about 1.600 cm™ (G-band) corresponding to the graphitic stretch of SWCNT.

The images obtained by TEM (Fig.1b) showed the presence of SWCNT.

At 96 hpf, 1, 10 and 50 ppm SWCNT suspensions in GA did not cause any
statistically significant deformities as compared to control embryos (Fig. 2a).
However, many embryos treated with 10 or 50 ppm SWCNT suspensions
kept part of the chorion attached to their body even after hatching, besides to

present an irregular swim (Fig. 2b).

gPCR analysis was used to quantify mRNA levels of B-actin, eif1b, atp5f1
and ywhaqgb, which were used as reference genes and GCLc and GPx1 were
used as interest genes. When these genes were observed in relation to -
actin reference gene, GCLc and GPX1 expression were induced by 10 and 50
ppm SWCNT treatments. Exposure to 10 and 50 ppm induced GCLc
expression about 30 and 40 fold over control levels (p<0.05), respectively and
GPx1 expression about 40 and 50 fold over control levels (p<0.05),
respectively (Fig. 3a). When these genes were observed in relation to eif1b
reference gene, GCLc and GPX1 expression were also induced by 10 and 50
ppm SWCNT treatments. Exposure to 10 and 50 ppm induced GCLc
expression about 60 and 50 fold over control levels (p<0.05), respectively and
GPx1 expression about 75 and 70 fold over control levels (p<0.05),
respectively (Fig. 3b). In the same way, when those genes were observed in
relation to atp5f1 reference gene, GCLc and GPX1 expression were induced

by 10 and 50 ppm SWCNT treatments. Exposure to 10 and 50 ppm induced
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GCLc expression about 15 and 20 fold over control levels (p<0.05),
respectively and GPx1 expression about 15 and 25 fold over control levels
(p<0.05), respectively (Fig. 3c) and, following the same pattern, when those
genes were observed in relation to ywhaqb reference gene, GCLc and GPX1
expression were induced by 10 and 50 ppm SWCNT treatments. Exposure to
10 and 50 ppm induced GCLc expression about 20 and 25 fold over control
levels (p<0.05), respectively and GPx1 expression about 20 and 30 fold over

control levels (p<0.05), respectively (Fig. 3d).

However, these results seems to be artifacts, since using the equation: 27

for all genes, it was observed higher expression for the (B-actin gene in the
control and 1 ppm SWCNT groups (about 6 and 3.5 fold) over 10 and 50 ppm
SWCNT groups (p<0.05). When we analyzed the GCLc and GPx1 gene
expression, we did not observe any significant difference (p>0.05) in the
concentrations of SWCNT, which the embryos were exposed as compared to
control (Fig. 4a). When eiflb gene was analyzed individually, the control
group showed an increased eiflb expression about 1.5 folds over 1 ppm
SWCNT group (p<0.05) and an increased about 10 fold over 10 and 50 ppm
SWCNT (p<0.05). For the GCLc gene expression, any significant difference
was observed between controls and treatments (p>0.05), whereas for GPx1
expression, the control group presented a decreased expression about 3 folds
over 10 and 50 ppm SWCNT treatments (p<0.05) (Fig. 4b). When atp5f1 gene
was analyzed individually, the control group showed any significant difference
between the other treatments (p>0.05). On the other hand, for GCLc gene
expression, the 10 ppm SWCNT group showed an expression increased in

relation with other treatments (p<0.05) and for GPx1 expression, exposure to
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10 and to 50 ppm SWCNT had an expression increased about 5 and 4 fold
over control and 1 ppm SWCNT group (p<0.05), respectively (Fig. 4c). Finally,
when ywhagb gene was analyzed individually, the control group presented an
increase expression about 5 folds over 10 and 50 ppm SWCNT treatments
(p<0.05). A different situation is observed for GCLc expression: the control
had the expression decreased about 4 fold compared to 10 and 50 ppm
SWCNT groups (p<0.05), and for GPx1 expression, exposure to 10 ppm and
to 50 ppm SWCNT had an increased expression about 5 and 4 fold over

control and 1ppm SWCNT treatments (p<0.05), respectively (Fig. 4d).

4. Discussion

Zebrafish is a commonly used model organism in developmental toxicity
studies, including gene expression studies, particularly qPCR. There are
many papers using qPCR in zebrafish that show the B-actin as one of the
most popular reference gene (Jonge et al, 2007; Bunnell et al, 2011).
However, based on our study, the B-actin gene is not a stable reference gene

as its expression was affected by SWCNT treatment.

Several reference genes have been historically used for gene expression
analysis (Bustin, 2000; Tang et al., 2007). Reference gene selection is critical
to accurate assessment of changes in gene expression. However,
experimental evidence shows that many common reference genes do not
exhibit constant expression under all experimental conditions and the use of
inappropriate reference genes can result in highly misleading false-negative

or false-positive results, obscuring true biological effects (McCurley and
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Callard, 2008). The use of a single reference gene has been shown to lead to
incorrect normalization calculations of up to 3- and 6-fold in expression
studies in various human tissues (Vandesompele et al., 2002). Thus, the use
of only one reference gene for normalization of gene expression studies
should not be considered sufficient. Thus, it was tested the accuracy of gPCR
results after normalization with different reference genes, being observed an
exacerbated up-regulalation of the target GCLc and GPx1 genes when
embryos were treated with a SWCNT suspension. These responses led us to
question whether we were not faced with false-positive results. When the
expression levels were normalized to reference genes, GCLC and GPx1
expression was up-regulated about 20 times or more. The analysis of CT for
each gene (targets and reference) showed that the B-actin gene had an
increased expression in the control group. As far as that B-actin gene alone
had this increased expression, promoted by SWCNT, if it is used as a
reference gene, the expression of the gene of interest has a tendency to

increase.

B-actin specifically controls cell growth and migration (Bunnell et al., 2011)
and it is known that its overexpression alters cell morphology and motility
(Peckham et al., 2001). At 96 hpf, when we analyze the possible deformations
in embryos caused by SWCNT suspension, we observed that despite not
having any evidence of deformation in zebrafish, many embryos have
irregular swimming and remnants from their own chorion attached to the body,
even after the hatching. This behavior may be due the B-actin, which can

promote a deregulated development.
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B-actin plays an important role in development, and that also has been
observed in a study with B-actin-knockout mice which were early embryonic
lethal, indicating that B-actin is an essential gene required for embryonic

development (Bunnell et al., 2011).

Eif1b gene also does not seem to be a good reference gene as well as (3-
actin, once the control it has increased its expression in relation to other
treatments and on that account was not stable enough to be used as a
stabilizer gene in this study with SWCNT. Also ywhaqgb gene has similar
behavior to eif1b since control ywhaqgb gene also has its expression increased
in relation to the highest SWCNT treatments (10 and 50 ppm) of this same

gene.

Given that, atp5f1 gene seems to be the most stable gene for this study with
carbon nanotubes. The control atp5f1 gene did not increase in relation to
other SWCNT treatments of 1, 10 and 50 ppm of this same gene. When we
compare the expression of this gene in relation to interest genes, we could
observe an increased expression of GCLc and GPx1 genes in the SWCNT
treatments of 10 ppm, and, 10 and 50 ppm, respectively. In the same way, in
a study using zebrafish microarray, Usenko et al. (2008), by analyzing two
early time points during development, were able to identify impacts that
persist over multiple stages of development. These researchers found that
many of the genes known to be involved in an oxidative stress response were
up-regulated in embryonic zebrafish after exposure to Ceo. In particular, two
genes were significantly up-regulated: GCLc and GSTpi, the latter involved in

the phase |l metabolism conjugation of GSH to electrophilic xenobiotics.
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In conclusion, once the genes of GCLc, GPx1 analyzed as atp5f1 gene, the
most stable reference in this study, and since all reference genes had their
expression significantly increased when the embryos were treated with
SWCNT, it is possible to say that these genes may affect the development of
zebrafish embryos, interfering in the normal growth through up-regulation of

antioxidant genes or by -actin up-regulation.
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Figure legends

Fig. 1. Raman spectra (a) and transmission electronic microscopy (TEM)
image (b) of single-walled carbon nanotubes (SWCNT). (a) distinct peak at
about 1.600 cm™ (G-band), corresponding to the graphitic stretch of SWCNT;
(b) presence of fibrous structures, which can be attributed to SWCNT bundles.

Fig. 2. Visual assessment of zebrafish morphology at 96 hpf. (a) control
zebrafish; (b) zebrafish treated with 10 or 50 ppm of SWCNT, presenting part
of its chorion attached to the body even after hatching.

Fig. 3. Gene expression of GCLc catalytic subunit and GPx1 when normalized
by reference genes: B-actin (a); eif1b (b); atp5f1 (c); ywhaqgb (d) of zebrafish
embryo treated with a SWCNT suspension. Data are expressed as mean +1
standard error (n=3). Identical letters means absence of statistical difference
(p=0,05).

Fig. 4. Gene expression of B-actin, eif1b, atp5f1, ywahqgb, GCLc and GPx1
genes expressed as 2T, Gene expression of B-actin, GCLc and GPx1 (a);
gene expression of eiflb, GCLc and GPx1 (b); gene expression of atp5f,
GCLc and GPx1 (c); gene expression of ywhagb, GCLc and GPx1 (d) of
zebrafish embryos treated with a SWCNT suspension. Data are expressed as
mean +1 standard error (n=3). Identical letters means absence of statistical
difference (p=0,05).
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Figure 4
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Primers and GenBank Accession Numbers for gPCR.

Gene  GenBank ID Forward primer (5’-3") Reverse primer (5°-3")
B- AF057040 AAGATCAAGATCATTGCTCC CCAGACTCATCGTACTCCT
actin
eiflb NM_199588 GCCTTCAAGAAGAAATTTGCC CCGTGGACTTTGAGCTG
atp5f1  NM_0010059 GAGGTGAAGAAGAGGCTG CTCCTTCTCCTGCTGTG

60
ywhag NM_201484 GTCTCGCTCTCAACTTCTC CAGATGTCCATAATGTGAGGT
b
GCLc NM_199277  AAGTGGATGAGGGAGTTTGT CTTGTGGAGCAGGTCGTAGT

TGCC TGAT

GPx1  AW232474 AGATGTCATTCCTGCACACG AAGGAGAAGCTTCCTCAGCC
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9. Consideragoes Finais

Inclusos nesta tese estdo trés trabalhos experimentais. No primeiro e
segundo trabalhos o peixe adulto Danio rerio (Cypridinae) foi utilizado para
observar possiveis mudangas na expressdo génica e concentragdo de
neurotransmissores depois dos tratamentos com nanotubos de carbono e
fulerol. No terceiro trabalho, embrides de zebrafish foram tratados com
suspensao de nanotubos de carbono para observar a expressdo de genes
antioxidantes.

No trabalho 1 foi observado que zebrafish adultos, quando tratados
com nanotubos de carbono e fulerol tiveram a expressao génica alterada
ap6s tratamento. Depois de 48 horas, o fulerol induziu um aumento na
expressdo das subunidades catalitica e regulatéria da enzima glutamato
cisteina ligase quando comparada ao grupo controle, indicando um
comportamento antioxidante. A capacidade antioxidante foi menor nos
cérebros tratados com fulerol quando comparado ao tratamento com

nanotubos.

No trabalho 2, o tratamento com nanotubos de carbono aumentou a
concentracdo dos neurotransmissores dopamina e serotonina enquanto a
enzima acetilcolinesterase teve sua atividade significantemente reduzida em
cérebros de zebrafish expostos a nanotubos de carbono. Estas duas
situagbes evidenciam uma neurotoxicidade induzida por nanotubos de

carbono de parede simples.

No trabalho 3, a expressdo de genes antioxidantes foi

significantemente aumentada em embrides tratados com nanotubos de
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carbono, além de ser observada um aumento na expressdo de genes

considerados normalizadores, como [3- actina.



