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RESUMO

Devido a intensa producao e incorporacdo de AgNP em produtos para consumo, espera-
se que estas sejam, direta ou indiretamente, liberadas em ambiente naturais, o que
representa uma via de exposicdo em potencial ndo apenas para a biota, mas também
para humanos. Apesarde muitos estudos terem demonstrado o potencial toxico de AgNP
em células e organismos, a co-exposicdo com contaminantes onipresentes na natureza,
como metais, pode induzir efeitos que ndo podem ser previstos a partir daqueles gerados
por exposicdes isoladas. Nesta tese, as interacdes toxicoldgicas entre AgNP e Cd/Hg
foram investigadas em células HepG2. No primeiro capitulo, ensaios bioquimicos,
microscopia confocal e quantificacdo intracelular de metais indicaram que as co-
exposicoes resultam em interacfes toxicoldgicas, sendo a associacdo de AQNP+Cd mais
toxica do que AgNP+Hg. Aumentos nos niveis de EROs citosélicas e mitocondrial foram
observados ap0s 2-4 h de exposicdo a AgNP+ Cd/Hg, porém esse efeito foi parcialmente
revertido apos 24 h de exposicdo a AgNP+Hg. Ainda, decréscimos da viabilidade celular,
metabolismo, proliferacéo e atividade dos transportadores MDR foram mais pronunciados
em células co-expostas aos contaminantes do que aos contaminantes individuais. As co-
exposicdes levaram ao aumento da morte celular, principalmente por necrose, e aumento
na concentragdo intracelular de Hg. Desta forma, interacdes toxicologicas resultam na
potencializacdo da toxicidade de AgNP, Cd e Hg. Enquanto o aumento intracelular de Hg
pode estar relacionado com a maior toxicidade de AgNP+Hg, essa légica ndo é valida
para os efeitos deletérios observados apés a co-exposicdo a AgNP+Cd. Desta forma, o
segundo capitulo foi conduzido de modo a explorar mais aprofundadamente os efeitos
celulares e moleculares induzidos pela associacédo entre as AgNP e Cd. A viabilidade
celular e relacdo ADP/ATP foram pouco alteradas apds 4 h de exposicdo; no entanto,
esses parametros foram substancialmente alterados apés 24 h. Os resultados da analise
protedmica seguiram o0 mesmo padrdo: enquanto apdés 4 h as exposicbes aos
contaminantes o proteoma total das células foi pouco alterado, ap6s 24 h de exposicao
as AgNP e Cd, cerca de 7% e 2% do proteoma total foi desregulado, respectivamente,
enquanto 43% deste foi alterado apos co-exposicdo a AgNP+Cd. Resumidamente, a
toxicidade desta associacdo parece estar envolvida com a inativacdo de Nrf-2, o que
pode resultar na reducdo dos niveis da defesa antioxidante, e proteinas relacionadas aos
proteossomos; reducdo dos niveis de proteinas envolvidas na via glicolitica e aumento
nos niveis de proteinas envolvidas com a fosforilagdo oxidativa e metabolismo de lipidios,
0 que pode indicar uma tentativa de retorno as condi¢cdes de homeostase energética. No
entanto, essa estratégia de adaptacdo celular ndo foi suficiente para reestabelecer a
homeostase de ADP/ATP e impedir a morte celular. De maneira geral, este estudo
fornece as primeiras informacfes a respeito da interacdo toxicolégica entre AgNP e
metais ndo essenciais em modelo in vitro.

Palavras-chave: AgNP, cadmio, mercurio, co-exposicao, interacdo, ensaios bioguimicos,
protedmica.



ABSTRACT

Due to the increasing production and applications of AQNP in consumer products, AgQNP
are expected to be, directly or indirectly, released into natural environments, representing
a potential threat to the biota and humans. An increasing number of studies have
described the toxic potential of AgNP in cells and organisms. However, co-exposure of
AgNP with ubiquitous contaminants, such as metals, may result in non-predictable
outcomes. In this thesis, toxicological interactions of AQNP, Cd and Hg were investigated
in HepG2 cells. In the first chapter, biochemical endpoints, confocal microscopy and
intracellular metal concentration indicated that the co-exposures led to toxicological
interactions, with AgNP + Cd being more toxic to HepG2 cells than AgNP + Hg. Early (2-
4 h) increases of cytosolic and mitochondrial ROS were observed in the cells co-exposed
to AgNP + Cd/Hg, in comparison to the control and individual contaminants, but the effect
was partially reverted in AgNP + Hg at the end of 24 h-exposure. In addition, decreases
of mitochondrial metabolism, cell viability, cell proliferation and ABC-transporters activity
were also more pronounced in the co-exposure groups. Foremost, co-exposure to AgNP
and metals potentiated cell death (mainly by necrosis) and Hg (but not Cd) intracellular
levels. Therefore, toxicological interactions seem to increase the toxicity of AgNP, Cd and
Hg. While an increase of Hg uptake might be related to the increase of toxicity after
exposure to AgNP+Hg, this logic is not valid for the high toxicity observed after co-
exposure to AgNP+Cd. Therefore, the second chapter was conducted to further explore
cellular and molecular effects induced by this co-exposure. Cell viability and ADP/ATP
ratio were slightly affected after the 4 h exposure to individual and combined exposures.
However, these endpoints were strongly altered after 24 h co-exposure to AgNP+Cd
compared to the control and individual exposures. The proteomics data followed the same
trend: minor deregulation at 4 h-exposure in all groups and 7% (AgNP), 2% (Cd) and 43%
(AgNP+Cd) at 24 h-exposure. Briefly, the toxicity induced by AgNP+Cd seems to be
involved the inactivation of Nrf-2, which can result in down-regulation of antioxidant
defense and proteasome related proteins, down-regulation of glycolysis related proteins
and upregulation of oxidative phosphorylation and lipid metabolism proteins. This may
indicate an attempt to reestablish homeostasis. Thus, the adaptation strategy was not
able to restore ADP/ATP homeostasis and avoid cell death. Overall, this study provides
the first insights into cellular outcomes after the co-exposure to AgNP and non-essential
metals.

Key words: AgNP, cadmium, mercury, co-exposure, interaction, biochemical endpoints,
proteomics.
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1. INTRODUCAO

1.1. Nanoparticulas, nanotecnologia e nanotoxicologia

Particulas em nanoescala? ocorrem naturalmente no meio ambiente, podendo
estar presentes em minérios ou geradas a partir da combustdo incompleta de
combustiveis fosseis e erupgdes wulcanicas (NOWACK E BUCHELI, 2007) . No entanto,
o termo nanoparticula (NP), ou nanomaterial, € utilizado apenas para definir particulas
na escala hanométrica produzidas industrialmente, como os 6xidos metalicos, fulerenos,
nanotubos de carbono, NP metalicas, entre outros (HOYT E MASON, 2008; FELIU E
FADEEL, 2010).

De acordo com a Organizacdo Internacional de Padronizagdo (International
Standadization Organization —ISO), NP € um material individual que apresenta ao menos
uma de suas dimensbes na escala nanométrica (fig. 1; ISO, 2015). No entanto,
classificacdes que levam em consideracédo propriedades como morfologia, composicao,
dimensionalidade e uniformidade também s&o aceitas e encontradas na literatura
BYSTRZEJEWSKA-PIOTROWSKA et al., 2009). Nessas dimensdes, a relacdo area de
superficie por massa aumenta consideravelmente se comparado ao mesmo material em
macro ou microescala. Por exemplo, enquanto cerca de 1% dos atomos ocupam a
superficie de uma microparticula, mais de 10% dos atomos ocupam a area de superficie
de uma particula de 10 nm de diametro (GRAINGER E CASTNER, 2008). Essa relacéo
entre a porcentagem de atomos na superficie e o volume da particula gera uma maior
reatividade atbmica de superficie, conferindo as NP propriedades magnéticas, quimicas,
fisicas, elétricas e cataliticas Unicas e fundamentalmente distintas daquelas observadas
em materiais em escala ndo-nanométrica (NEL et al., 2006; SIERRA et al., 2016). Por
exemplo: o ponto de fusdo do ouro muda em fungdo do decréscimo do seu tamanho,
nanoparticulas de ferro apresentam propriedades supramagnéticas® nessas dimensdes,

e uma folha de atomos de carbono, quando enrolada de modo a formar um tubo oco,

2 Nanoescala - intervalo de comprimento de aproximadamente 1 nm a 100 nm (ISO, 2010).

3 Supramagnetismo - tipo de magnetismo que aparece em particulas férricas em escala
nanomeétrica.
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produz um novo material, mais leve e resistente do que o aco e mais duro que o diamante
(FELIU E FADEEL, 2010).

>100nm Nanotubos

i J—

Nanoparticulas 3D

JQOOOOQO'

A Kumar et al./ Progress in Polymer Science 34 (2009)479-315

Nanocamadas

[ ~nm

FIGURA 1. Representacdo ilustrada da definicho de nanomateriais de acordo com suas
dimensbes (Fonte: figura adaptada de Kumar et al.,, 2009).

A exploracdo e aplicagdo das propriedades inovadoras encontradas em
nanoparticulas tém possibilitado o avango tecnoldgico e cientifico de areas diversas como
biomédica, farmacéutica, eletrbnica, agricultura e biorremediagdo ambiental
(CONTRERAS etal.,, 2016; KUMARI E SINGH, 2016; PETERS et al., 2016; WANG et al.,
2015). Por esta razdo, atualmente a nanotecnologia* € um dos campos mais promissores
da ciéncia e tecnologia, com uma taxa de crescimento anual de aproximadamente 20%,
estima-se que seu mercado global devera crescer para cerca de 90 bilhdes de ddlares
até 2021 (BCC, 2016). De acordo com o Nanotech Project, até o momento 1827 produtos
cadastrados apresentam algum tipo de nanoparticula incorporada (VANCE et al., 2015).
No entanto, 0 uso crescente de nanomateriais na sociedade vem sendo acompanhado
da preocupacéo com potenciais efeitos adversos para humanos e meio ambiente (FELIU
E FADEEL, 2010).

O termo nanotoxicologia surgiu recentemente, quando Donaldson e coautores

(2004) sugeriram a criagdo desta nova disciplina em resposta ao avango da

4 Nanotecnologia - desenvolvimento da pesquisa e tecnologia, ao processo de fabricacdo e
manipulacao da matéria em escala atbmica (EPA, 2007).
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nanotecnologia, a fim de abordar os potenciais efeitos nocivos do uso generalizado e
producdo em larga escala de nanoparticulas. Desta forma, a nanotoxicologia surge como
uma contribuicdo importante para o desenvolvimento sustentdvel e seguro da
nanotecnologia (DONALDSON, 2004). Segundo Shvedova et al., (2016), dois fatores
fazem com que o estudo da nanotoxicologia seja de extrema importancia: (1) producao
em larga escala de diferentes nanomateriais e (2) rapido desenvolvimento de
nanomateriais com caracteristicas fisicas e quimicas uUnicas e inesperadas.
Historicamente, a toxicologia é associada a Paracelsus® e ao conceito de dose e
dose-resposta. No entanto, diferentemente do que ocorre para contaminantes classicos,
a toxicidade das NPs ndo depende apenas da dose ou concentracdo, mas também de
suas propriedades fisico-quimicas. Apesar do potencial toxico de matérias em escala
convencional e/ou de quimicos a nivel molecular serem amplamente conhecidos, os de
materiais em nanoescala ainda estdao sendo descobertos (ELSAESSER E HOWARD,
2012). Vérios grupos de pesquisa tém demonstrado o potencial toxico de nanoparticulas
tanto em células quanto em organismos complexos (TAKEDA et al., 2009; NGUYEN et
al,, 2013; WU et al., 2013; MIRANDA et al., 2016). De modo geral, observa-se que a
medida que o tamanho da particula decresce, ha um aumento na sua reatividade de
superficie e uma tendéncia no aumento de sua toxicidade, mesmo nos casos onde o
tamanho ndo nanométrico do material for relativamente inerte, como ocorre, para o
carbono negro e 6xido de titanio (FARRE et al., 2009). No entanto, outras caracteristicas
das NP também determinam seu potencial téxico (e.g. composicdo, forma, taxa de
dissolucédo oxidativa ou capeamento), bem como 0 meio que essas particulas encontram-

se (e.g. alterando a biodisponibilidade e/ou carga das NP) (MISRA et al., 2012).

1.2. Nanoparticulas de Prata: aplicagfes e toxicidade

As nanoparticulas de prata (AgNP) sé&o as NP mais amplamente empregadas em
produtos de consumo humano, sendo incorporadas em aproximadamente 25% dos

produtos cadastrados no banco de dados Nanotech Project (VANCE et al., 2015). Suas

5 Paracelsus — intelectual sui¢co do século XVI, considerado o fundador da toxicologia classica. A
ele é atribuida a frase “a dose faz o veneno”.



Efeitos citotdxicos da interacdo entre nanoparticulas de prata e metais nao essenciais em células de
hepatocarcinoma humano (HepG2) 15

aplicagbes incluem uma grande variedade de produtos alimenticios, vestuario,
domésticos, cosméticos, eletrénicos e aparelhos médicos (ZANETTE et al.,, 2011). A
principal caracteristica que permite o sucesso das AgNP € sua acdo germicida, com
atividade comprovada contra bactérias, fungos e até mesmo alguns tipos de virus,
incluindo HIV e SARS (LARA et al.,, 2011; YOU et al., 2012).

No entanto, os efeitos adversos que AgNP podem induzir tém sido reportados
em diferentes niveis de organizacédo biologica (GLIGA et al.,, 2014; MONFARED et al.,
2015; MORONES et al., 2005; WU et al., 2010; TANG et al., 2008), o que tem despertado
preocupacao no meio cientifico. Publicacbes com modelos in vivo e in vitro demonstram
que a toxicidade das AgNP esta relacionada ndo apenas com a concentracao
administrada (CARLSON et al., 2008; WU et al., 2010), mas também com o tamanho da
particula (MIETHLING-GRAFF et al., 2014; KUMAR et al., 2015) e tipo de capeamento
(NALLANTHIGHAL et al., 2017).

As principais consequéncias in vitro da exposicao as AgNP séo a producdo de
espécies reativas de oxigénio, alteragBes no ciclo celular, danos ao material genético,
processos inflamatérios e morte celular (ASHARANI et al., 2009; SINGH E RAMARAO
2012; MIETHLING-GRAFF etal., 2014).

A figura 2 apresenta um resumo ilustrado dos principais efeitos in vitro

provocados apos a exposicdo a AgNP.
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FIGURA 2. Mecanismo de toxicidade de AgNP (Fonte: figura adaptada de ASHARANI et al.,
2009).

Ainda, a toxicidade das AgNP também esta associada com a liberacédo de ions
prata (Ag*; efeito conhecido como “cavalo de TrGia®”) e a combinagdo de ambos, particula
e ions (GLIGA et al., 2014). No entanto, a entrada de Ag nas células € maior quando
estas sdo expostas as AgNP em comparacao a exposi¢cdo somente aos ions Ag*, e as
respostas provocadas por AgNP, apesar de relacionadas com Ag* sdo ainda mais
complexas (como por exemplo, alteragcdo da expressédo de genes relacionados com a
proliferacdo celular (FOLDBJERG et al., 2012; VERANO-BRAGA et al, 2014
KARLSSON etal., 2014).

Devido a producédo e aplicacGes extensivas espera-se que altos niveis de AgNP
sejam liberadas em ambientes naturais (BYSTRZEJEWSKA-PIOTROWSKA et al., 2009;

6 Efeito cavalo de Trdia — Nanoparticulas servem como carreadores, que ao atingirem o interior
celular, liberam ions téxicos. No caso das AgNP, ocorre a liberagédo de ions Ag* (HSIAO et al.,
2015).
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CLEVELAND et al., 2012). No entanto, poucos estudos tém atentado para o potencial de
liberagcdo de NP no ambiente a partir de produtos no mercado. Alguns modelos propostos
(CLEVELAND et al., 2012) apontam que esses hanomateriais sao capazes de adentrar
aguas superficiais, onde podem interagir com organismos e/ou levar a exposi¢do humana
através do contato direto ou consumo da agua (CHRISTENSEN et al., 2010; WEIR et al.,
2012; MARKUS et al., 2013). Além disso, estimativas indicam que a concentracdo de
AgNP prevista para ambientes naturais seja na faixa de 0.088-10.000 ng I'1 (MAURER-
JONES et al., 2013; KIM et al., 2015).- Desta forma, sendo as AgNP as nanoparticulas
mais utilizadas em produtos comerciais, sua presenca no ambiente poderatornar-se uma

potencial via de contaminagdo humana.

1.3. Misturas complexas e metais toxicos

O meio ambiente recebe continuamente substancias quimicas ndo essenciais ao
funcionamento biol6gico (xenobidticos), liberadas a partir das mais diversas atividades
antrépicas, como agricolas, industriais e urbanas. Entre eles, pode-se citar poluentes
organicos e inorganicos, como bifenilas policloradas, compostos organoclorados,
hidrocarbonetos policiclicos aromaticos, policlorodibenzofuranos,
policlorobenzodioxinas, metais (VAN DER OOST et al., 2003) e, mais recentemente,
nanorresiduos provenientes da nanotecnologia (BISWAS E WU, 2005; KLAINE et al.,
2008). Apesar de muitos estudos demonstrarem os efeitos bioldégicos de contaminantes
isolados, a presenca simultinea destes muitas vezes pode induzir interacfes
toxicoldgicas levando a respostas que ndao podem ser previstas a partir das exposicoes
isoladas (SHENG et al.,, 2013; ADEBAMBO et al.,, 2015; CANESI et al., 2015). Desta
forma, o estudo de interacfes entre contaminantes tem uma enorme importancia pratica
para toxicologia (GOLDONI E JOHANSSON, 2007), particularmente para novos
contaminantes, como as nanoparticulas.

Entre os xenobidticos introduzidos no ambiente, os mais intensamente estudados
sdo os metais. O cadmio (Cd) € um elemento ndo essencial onipresente na Terra e
amplamente distribuido no meio ambiente, e tem sido considerado um carcinogénico tipo

| pela Internacional Agency for Cancer Research (IARC). Esse metal de transi¢ao toxico
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ocorre naturalmente em minas de zinco, chumbo e cobre. As fontes naturais de cadmio
na atmosfera incluem erupc¢des wvulcanicas e incéndios florestais, sendo que este pode
aderir em particulas e ser transportado pelo ar. Entre as fontes antropogénicas,
destacam-se as baterias, estabilizadores, pigmentos, ligas metalicas e fertilizantes, os
quais podem conter altas concentracbes de cadmio (FILIPIC, 2012). Este metal é
prontamente absorvido pelos organismos, sendo bioacumulado’ e biomagnificado® ao
longo da cadeia trofica, podendo ser encontrado preferencialmente, no caso de
vertebrados, no figado e rins (IPCS).

O mercurio (Hg), assim como o cadmio, € um metal que ndo tem funcéo biolégica
conhecida e seus efeitos sobre a biota normalmente s&o deletérios. Em vertebrados, esse
metal pode afetar células especializadas como células renais, neurdnios e hepatdécitos.
Quanto as fontes naturais, o Hg pode ser liberado devido a lixiviagdo de rochas contendo
mercurio ou da emissdo de gases em areas wulcanicas. Contudo, as concentragfes
desse metal na atmosfera, hidrosfera, solo e biota ttm aumentado muito em fungdo das
atividades antrépicas (SYVERSEN E KAUR, 2012). Tais atividades englobam queimadas
de floresta, producdo de cloro e soda céaustica por eletrolise do cloreto de sédio,
empregando células de mercirio como catodo, mineragdo, producdo de compostos
organomercuriais com agao bactericida e fungicida utilizados na agricultura e na industria
de tintas; sintese de reagentes, formulacdes dentarias, solucbes desinfetantes e
esterilizantes contendo mercurio (SAHU et al., 2014; SYVERSEN E KAUR, 2012).

Desta maneira, tendo em mente a grande produgdo, consumo e provavel
liberacdo de nanoparticulas no ambiente (levando a sua presenca conjunta com
contaminantes classicos como metais), bem como alta reatividade de sua superficie, é
importante investigar se as nanoparticulas sao capazes de alterar/potencializar a
toxicidade de metais, em modelos biol6gicos. Recentemente, alguns grupos de pesquisa

tém abordado essa questdo e avaliado efeitos in vivo e in vitro da associagdo de NP e

7 Bioacumulacdo — Absorcdo de um quimico, proveniente do meio abiotico/bibtico, por um
organismo numa taxa superior a sua capacidade de eliminagao.

& Biomagnificagdo — Processo onde uma substancia quimica é transferida ao longo da cadeia
alimentar, com aumento da concentracao da substancia no organismo em fungéo de sua posi¢cao
na cadeia.
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contaminantes ambientais classicos, como metais toxicos e hidrocarbonetos policiclicos
aromaticos (FERREIRA et al., 2014; DELLA TORRE et al., 2015; GLINSKI et al., 2016).
Apesar disso, o conhecimento que se tem hoje sobre a interacdo entre NP e outros

contaminantes ambientais classicos em sistemas bioldgicos ainda € limitado.

1.4. Modelo de estudo: células HepG2

O figado € um alvo importante de toxicidade de contaminantes organicos e metais
devido ao seu papel central em varios processos metabdlicos essenciais para
homeostase de vertebrados e reacdes de biotransformacdo de moléculas endobidicas e
xenobidticos (SEGNER, 1998). Por essa razao, diversas linhagens celulares humanas
originadas do figado foram estabelecidas e sé&o utilizadas na pesquisa biomédica
envolvendo xenobidticos. Uma dessas linhagens de hepatdcitos mais utilizadas e
versateis € a HepG2, estabelecida por Aden em 1972, por (ADEN, 1979.) A partir de um
hepatocarcinoma humano (fig. 3).

Essa linhagem é considerada uma ferramenta Gtil na determinacdo de riscos
causados por compostos quimicos, uma vez que mantém a expressao enddgena de
diversas enzimas antioxidantes. Por essa razdo, tem sido utilizada rotineiramente no
estudo de citotoxidade de diversos compostos (KNASMULLER et al., 2004; MERSCH-
SUNDERMANN et al., 2004; URANI, 2005; AHAMED et al., 2013).

As células HepG2 apresentam-se justapostas em monocamada continua, com
morfologia semelhante a de células epiteliais e tendem a formar aglomerados/cordées

celulares (Figura 3).
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FIGURA 3. Microscopia confocal de células HepG2. Nucleo das células marcados em azul
(DAPI), microtubulos marcados em werde (Anti-tubulina — Alexa Fluor ® 488) e filamentos de actina
marcados em vermelho (faloidina conjugada com alexa Fluor® 546) (fonte: LIEBEL, 2015).

1.5. Biomarcadores para avaliacdo in vitro de toxicidade

O uso de modelos de estudo ndo animais, como abordagens in vitro, € uma
ferramenta importante para aprofundar o conhecimento sobre os efeitos téxicos induzidos
por contaminantes, bem como para inferir esses efeitos em humanos (BROADHEAD E
COMBES, 2001; EISENBRAND et al., 2002). Além de um modelo de estudo apropriado,
a escolha de parametros biolégicos, ou de biomarcadores, relevantes € crucial para
garantir a qualidade da andlise toxicolégica (BLAAUBOER et al., 2012).

Biomarcadores podem ser definidos como parametros (farmacol6gicos,
fisioldégicos, celulares, moleculares etc.) que podem ser usados para prever um efeito
nocivo em um determinado sistema biologico (GUPTA, 2014). Um biomarcador ideal &

considerado acessivel, ndo invasivo, sensivel, especifico e de baixo custo.
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Os estudos de efeitos citotoOxicos sdo 0 primeiro passo para a avaliacdo da
toxicidade de compostos potencialmente nocivos in vitro. Os biomarcadores mais
frequentemente utilizados nos testes de toxicidade celular baseiam-se nos seguintes
parametros (EISENBRAND et al, 2002; RISS E MORAVEC, 2004; VINKEN E
BLAAUBOER, 2016):

o Danos a membranas celulares;

o Reducdo do metabolismo celular:

o Alteracdes na taxa de proliferacéo celular;
o Morfologia celular;

. Mecanismos de morte celular.

Os danos a membrana plasméatica podem ser avaliados através de diferentes
ensaios. O azul de tripan avalia a integridade da membrana celular, uma vez que este
corante nao é permedavel em células viaveis cujas membranas estao integras, ao passo
gue em ceélulas ndo viaveis, o corante é capaz de permear a célula, corando o citoplasma
e nicleo em azul (PHILIPS, 1973). O comprometimento da integridade da membrana
plasmatica também pode ser avaliado atraves da deteccdo de moléculas intracelulares
presentes no meio extracelular, entre estas, a enzima lactato desidrogenase (LDH).
Danos na membrana plasmatica permitem que esta enzima extravase do citosol para o
meio extracelular em quantidades relativamente altas. Desta forma, sua quantificagao
pode ser relacionada com a viabilidade celular (VINKEN E BLAAUBOER 2016).

A integridade do sistema endolisossomal também pode fornecer informactes
sobre a viabilidade celular. O ensaio do vermelho neutro baseia-se na capacidade das
células viaveis de incorporar e assimilar o corante dentro dos endossomos e lisossomos.
Danos a superficie celular ou na membrana lisossémica, e alteracdes no bombeamento
de prétons do citosol para o limen de endossomos e lisossomos resultam numa
diminuicdo da retencdo do corante. Desta forma, a quantidade de corante incorporado as
células é diretamente proporcional ao nUmero de células com sistema endolisossomal
funcional.

Dado seu papel indispensavel na iniciacdo e perpetuacdo da citotoxidade, as

alteracbes em mitocondrias sdo biomarcadores ideais na avaliacdo do estresse quimico
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induzido por contaminantes (VINKEN E BLAAUBOER, 2016). A atividade mitocondrial
pode ser avaliada através da capacidade da enzima succinato desidrogenase (presente
no complexo I da membrana mitocondrial interna) em reduzir do MTT (3- (4,5-
dimetiltiazol-2yl) -2,5-difenil brometo de tetrazolina). Este ensaio baseia-se na
capacidade das células em reduzir o MTT em formazan, e assim pode ser interpretada
como uma medida da viabilidade/nimero de células ou metabolismo mitocondrial.

A determinacdo do mecanismo de morte celular, através da localizagcdo da
fosfatidilserina (com marcador fluorescente anexina V-FITC) e a capacidade do iodeto de
propidio em intercalar o DNA celular também sdo muito utilizados em ensaios de
citotoxidade apds a exposicdo a xenobidticos (WEN et al., 2010). Neste trabalho, a
deteccao destes marcadores fluorescentes por microscopia confocal classica em time-
lapse permitiu analisar os mecanismos de morte celular e sua progressédo durante o curso
de 24 h de exposi¢cédo aos contaminantes.

As espécies reativas de oxigénio (EROs) séo produzidas naturalmente durante
diversos processos celulares e.g., cadeia transportadora de elétrons, atividade de
enzimas oxido-redutases, atividade do citocromo P450 e em reac¢des imunoldgicas, como
fagocitose (HALLIWELL E GUTTERIDGE, 2007). Em concentragcfes baixas ou
moderadas, as EROs desempenham fungdes fisiolégicas, mas em altas concentracfes
podem induzir efeitos deletérios, desde leves até irreversiveis como a morte celular
(BIRBEN et al.,, 2012; RAJESH et al., 2016). Sob condicbes homeostaticas, os efeitos
nocivos induzidos por EROs séo contrabalanceados pelo sistema de defesa antioxidante,
gque consiste em uma ampla gama de moléculas capazes de neutralizar as EROs por
ligacdo direta a elas (scavengers®, como a glutationa e vitaminas) ou catalisando reagcdes
altamente especificas (enzimas antioxidantes como superéxido dismutase, catalase e
glutationa peroxidase) (REGOLI E GIULIANI, 2014). As mitocondrias sdo umas das
principais fontes de EROs na célula, produzindo principalmente o anion superéxido, no
sitio ubiquinona no complexo respiratorio lll. Este radical é convertido a peréxido de

hidrogénio, que pode difundir-se livremente para o citoplasma (FLEURY et al., 2002).

9 Scavengers — antioxidantes ndo enzimaticos de baixo peso molecular, como vitaminas
(vitaminas C e E), B-caroteno, &cido urico e GSH (BIRBEN et al., 2012),
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Metais pesados, como Cd e Hg, e AgNP sdo capazes de induzir estresse
oxidativo tanto através da deplecdo de enzimas antioxidantes como pela geracdo de
EROs, via reacdo de Habber-Weis/Fenton!® (BIRBEN et al., 2012; MASSARSKY et al.,
2014; AGUADO et al., 2013; NZENGUE et al., 2008). Uma forma de verificar uma
possivel desequilibrio redox induzida por contaminantes € a quantificacdo de EROs, que
pode ser feita atraves de marcadores fluorescentes para EROs especificas (e.g.
diclorofluriceina diacetato para EROs como o peréxido de hidrogénio ou Mitosox® para
anion superéxido).

Os transportadores envolvidos com resisténcia a multidrogas ou
multixenobioticos sdo uma superfamilia de transportadores transmembranares que utiliza
a energia proveniente da hidrélise do ATP para translocar um amplo espectro de
moléculas, tanto enddgenas como xenobidticos, atraves da membrana plasmatica
(Rodrigues et al., 2009). Alguns membros desta familia de transportadores excretam
compostos toxicos de células como parte integral de seu mecanismo de defesa contra
agentes citotoxicos. Entre estes, o transportador mais relevantes toxicologicamente é a
glicoproteina-P (P-gp, ABCB1) (LESLIE et al., 2005). Alguns trabalhos na literatura
reportam que nanoparticulas podem atenuar o funcionamento destes transportadores e
que estes parecem estar relacionados a toxicidade induzida pelas particulas (SALOMON
E EHRHARDT 2011; CHEN et al., 2016). Ja os metais toxicos Cd e Hg podem induzir o
aumento na expressao destes transportadores, mas causar a reducao de sua atividade
em linhagem celular de peixes (DELLA TORRE etal., 2012).

Andlise desses parametros € importante principalmente em situacdes nas quais
o efeito final de um agente quimico é desconhecido, como é o caso de misturas de

contaminantes, ainda que os efeitos individuais sejam bem elucidados. Ainda, a andlise

10 Reacdo de Fenton / Habber-Weiss — o peréxido de hidrogénio (H20:2) pode reagir com alguns
metais de transi¢cdo, como cobre e ferro, e formar radicais hidroxila (*OH) pela rea¢éo de Fenton.
No processo, o metal oxidado pode ser reduzido ao reagir com anion superoxido (Oz™), tornando-
se disponivel para novas reacdes de Fenton (BIRBEN et al., 2012). A reacéo de Habber-Weiss é
0 conjunto de ambas as reagoes:

Cu'/Fe?* + H:02 — Cu?*/Fe3* + OH + «OH (Reacéao de Fenton)

Cu®*/Fe®* + 02" — Cu*/Fe* + O2
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desses biomarcadores pode ser complementada com abordagens high-throughput, como

gendmica, transcriptdmica ou protedémica.

1.6. Aplicacdo de protedbmica baseada em espectrometria de massas em
toxicologia

As proteinas formam a estrutura das células e estdo envolvidas emtodos os seus
processos metabdlicos e mecanismos regulatorios. As propriedades das proteinas, como
abundancia, interagbes proteina-proteina, modificacdes pos traducionais, localizacdo
subcelular e degradacédo séo dinamicas e podem mudar rapidamente durante o curso de
processos celulares, como por exemplo a proliferacdo, migragéao celular ou endocitose
(LARANCE E LAMOND, 2015). A espectrometria de massas (MS*!) &€ uma das técnicas
mais sensiveis para identificacdo e quantificacdo relativa de proteinas em amostras
complexas e em larga escala. Por essa razdo, a protebmica baseada em MS tem sido
considerada uma das ferramentas analiticas mais importantes no estudo de metabolismo
de drogas, farmacocinética e toxicologia (KANG, 2012).

A abordagem bottom-up € a estratégia mais comumente utilizada para avaliacdo
de amostras complexas de proteinas. Esta técnica se baseia na digestdo enzimatica de
uma mistura de proteinas em peptideos antes da analise de massas, e as massas e
sequencias dos peptideos gerados sao utiizadas para identificar as proteinas
correspondentes (YATES etal., 2009). Quando a complexidade da mistura de peptideos
€ alta, a amostra é separada/fracionada por cromatografia liquida de alta performance
(HPLC) antes de ser analisada no espectrometro de massas. Essa etapa permite a
deteccéo de peptideos com baixa abundancia, que de outra forma seriam ocultados por
um sinal de maior abundancia (YATES et al., 2009). Ao eluir da coluna de cromatografia
liquida, o solvente contendo os peptideos passa por um fino capilar com um potencial
elétrico alto, e entdo € vaporizado e disperso em pequenas goticulas carregadas. Estas
evaporam e transferem os peptideos ionizados para o espectrdmetro de massas, esse
processo é chamado de ionizacéo eletrospray (AEBERSOLD E MANN, 2003).

11 MS — Abreviagdo do termo em inglés Mass Spectometry.
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Em um experimento tandem MS, o instrumento inicialmente adquire a razao
massa/carga (m/z) de cada peptideo ionizado eluindo para o espectrdmetro de massas
em um dado momento, gerando os espectros MS. Subsequentemente, peptideos
ionizados alvo, com uma m/z definida, sdo selecionados, isolados e fragmentados,
produzindo fragmentos de ions que sao adquiridos para gerar espectros MS/MS. Apos a
aquisicao dos dados, os espectros MS/MS sé&o entdo comparados com bancos de dados
para identificacdo de peptideos e proteinas (ENG et al., 2011; MEYER E SELBACH,
2015).

Um fluxograma genérico de um experimento baseado em espectrometria de

massas esta esquematizado na figura 4.
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FIGURA 4. Fluxograma genérico de um experimento baseado em espectrometria de massas
(Fonte: figura adaptada de STEEN E MANN, 2004).

A maioria dos estudos tem utilizado uma entre trés metodologias principais para
quantificacao relativa de proteinas: (1) quantificacao labble free, (2) marcacdo metabdlica
in vivo com isotopos estaveis (marcacao de isGtopos estaveis em aminoacidos em cultura
de células (SILAC — stable isotope labbeling by aminoacid in cell culture), N-marcacao e
NeuCode SILAC), ou (3) marcacdo com isOtopos estaveis usando tags quimicas
covalentemente ligadas in vitro (tandem mass tags (TMT) e marcador isobérico para
quantificacao relativa e absoluta (iTRAQ) (LARANCE E LAMOND, 2015). Nesta Ultima
abordagem, a quantificacdo com iTRAQ*? € uma das metodologias mais utilizadas (ILIUK
et al.,, 2009; HULTIN-ROSENBERG et al., 2013). Esses reagentes podem ser usados
para marcar até 8 amostras biolégicas diferentes que, subsequentemente, sao

combinadas em um Unico experimento. Os marcadores do iTRAQ reagem com todos 0s

12 iTRAQ — abreviacdo do termo em inglés Isobaric Tags for Relative and Absolute Quantification
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grupos funcionais de aminas primarias, incluindo a regido N-terminal e grupamentos ¢-
amino da cadeia lateral de lisinas. Isso significa que quase todos os peptideos de uma
amostra serdo marcados com iTRAQ. Cada marcador tem um grupo reativo de peptideo,
um grupo repérter e um balango que mantém constante a massa total do marcador de
305 Da (no caso do kit iTRAQ 8-plex e 145 Da no kit iTRAQ 4-plex). A fragmentacéo
MS/MS resulta na liberagdo do grupo repérter do iTRAQ e produz ions distintos de m/z
113,114,115,116,117,118,119 e 121. A abundancia dos ions repérteres € diretamente
proporcional as abundancias relativas de cada peptideo marcado na amostra
(CHAHROUR et al.,, 2015). A figura 5 ilustra um experimento no qual a metodologia
empregada para quantificacao relativa de proteinas com iTRAQ 8-plex foi utilizada (fig.
5A) e a estrutura do marcador (fig. 5B).

O monitoramento do perfil proteico, a partir de técnicas tandem-MS, associadas
a ferramentas de bioinformatica, tem sido utilizado para obter informag¢des sobre
possiveis mecanismos de acdo de compostos potencialmente tdxicos, incluindo
nanoparticulas (VERANO-BRAGA et al.,, 2014; GIORIA et al., 2016; MAURER et al.,
2016). Desta forma, a aplicacédo destas técnicas no presente modelo de estudo fornece
informacdes importantes a respeito de moléculas e mecanismo de toxicidade envolvidos

na coexposicao de contaminantes em células HepG2.
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FIGURA 5. Metodologia iTRAQ para quantificacdo de proteinas. (A) os peptideos de cada amostra
biol6gica sao marcados com etiquetas especificas. Essas amostras sdo combinadas e analisadas juntas
por MS/MS. A fragmentacdo MS/MS resulta na liberacdo dos repoérteres e sua abundancia é diretamente
proporcional ao peptideo ao qual estava ligado. Desta forma é feita a quantificacdo dos peptideos em cada
amostra biolégica (fonte: Sciex®). (B) Estrutura dos reagentes iTRAQ 4- e 8-plex (fonte: Chahrour et al.,,

2015).
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2. OBJETIVOS

2.1. Objetivo geral

Avaliar o efeito e possiveis mecanismos moleculares envolvidos na resposta celular

a mistura de nanoparticulas de prata e metais ndo essenciais na linhagem de carcinoma

humano, HepG2.

2.2. Objetivos especificos

Capitulo 1

e Expor a linhagem humana de hepatécitos, HepG2, a uma mistura de nanoparticulas

de prata (2 nm, ndo capeadas) e metais ndo essenciais (CdCl2 e HgCl2) durante 4 e

24 h, avaliando efeitos da mistura de contaminantes sobre:

v

v

v

a viabilidade celular (teste de vermelho neutro e MTT);
o nimero de células aderidas/ proliferacéo celular (teste cristal violeta);

o ambiente redox celular (niveis de espécies reativas de oxigénio no citosol

(ensaio DCF) e na mitocondria (ensaio Mitosox Red);

a atividade dos transportadores de multixenobioticos (ensaio de exclusdo da

rodamina B);
0 mecanismo de morte celular (em microscopia confocal);

a concentracao intracelular de AgQNP e metais

Capitulo 2

e Expor a linhagem humana de hepatocitos, HepG2, a uma mistura de nanoparticulas

de prata (10 nm, em tampao citrato) e metal ndo essencial (CdCl2) durante 4 e 24 h,

avaliando efeitos da mistura de contaminantes sobre:



Efeitos citotdxicos da interacdo entre nanoparticulas de prata e metais nao essenciais em células de
hepatocarcinoma humano (HepG2) 29

v aviabilidade celular (ensaios de liberacdo da enzima lactato desidrogenase e

permeabilidade ao corante azul de tripan);

v 0 mecanismo de morte celular e status metabdlico das células (relagéo

ADP/ATP intracelular);
v’ o perfil proteico das células (espectrometria de massas);

e Utilizar ferramentas de bioinformatica para entender os mecanismos moleculares

induzidos pela exposicdo aos contaminantes.
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Abstract

Toxicological interaction represents a challenge to toxicology, particularly for novel
contaminants. There are no data whether silver nanoparticles (AgNPs), present in a wide
variety of products, can interact and modulate the toxicity of ubiquitous contaminants,
such as nonessential metals. In the current study, we investigated the toxicological
interactions of AgNP (size = 1-2 nm; zeta potential = -23 mV), cadmium and mercury in
human hepatoma HepG2 cells. The results indicated that the co-exposures led to
toxicological interactions, with AgNP + Cd being more toxic than AgNP + Hg. Early (2-4
h) increases of ROS (DCF assay) and mitochondrial O2 levels (Mitosox® assay) were
observed inthe cells co-exposed to AgNP + Cd/Hg, in comparison to control and individual
contaminants, but the effect was partially reverted in AgNP + Hg at the end of 24 h-
exposure. In addition, decreases of mitochondrial metabolism (MTT), cell viability (neutral
red uptake assay), cell proliferation (crystal violet assay) and ABC-transporters activity
(rhodamine accumulation assay) were also more pronounced in the co-exposure groups.
Foremost, co-exposure to AgNP and metals potentiated cell death (mainly by necrosis)
and Hg?* (but not Cd?*) intracellular levels (ICP-MS). Therefore, toxicological interactions
seems to increase the toxicity of AQNP, cadmium and mercury.

Keywords: HepG2, silver nanoparticles, mercury, cadmium, co-exposure, interaction
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1. Introduction

Silver nanopatrticles (AgNP) are present in about 24% of all products listed in the
Woodrow Wilson Database (Vance et al., 2015), such as food products, fabrics, cosmetics
and medical devices (Seltenrich, 2013; Gaillet and Rouanet, 2015). Due to the extensive
production and applications of AgNP, increased amounts of nanowaste will be generated
and released into the environment (Bystrzejewska-Piotrowska et al.,, 2009; Cleveland et
al.,, 2012). it has been already estimated that the predicted environment concentrations
(PEC) of AgNP in surface waters is 0.088-10,000 ng I'* and the maximum estimated PEC
in wastewater treatment plant effluent is 17 pg I'* (Maurer-Jones et al., 2013, Kim et al.,
2015), representing a potential danger to the biota and human health. AQNP can cause
adverse effects on a variety of biological models (Morones et al.,, 2005; Wu et al.,, 2010;
Gliga et al.,, 2014; Monfared et al.,, 2015). However, itis not clear whether they represent
a threat to the health of vertebrates (Fabrega et al.,, 2011; Della Torre et al.,, 2015),
particularly when the interactions of AgQNP and other environmental contaminants are
considered. For example, AgNP, cadmium and mercury can disrupt cell antioxidant
defense and induce the production of ROS, DNA damage, apoptosis and promote cell
proliferation (Aguado et al.,, 2013; Chen et al.,, 2014; Vergilio et al.,, 2014; Lee et al.,,
2014; Kim et al.,, 2015; Kumar et al.,, 2015), but the effects of the combination of these
metals and AgNP are unknown.

Cadmium and mercury are non-essential metals and ubiquitous contaminants of
natural environments and dietary products (Monroe and Halvorsen, 2009; Guo et al.,,
2013; Arbuckle et al.,, 2016). These metals enter the environment through different
anthropogenic sources. Cadmium is used in battery production, fertilizers, paints and
plastic stabilizers (Capaldo et al., 2016) and mercury applications include soda chlorine
production, coal combustion, paints and seed treatment (Syversen and Kaur 2012, Sahu
et al.,, 2014). Some studies reported that nanoparticles can modulate the toxicity of
environmental contaminants, such as metals, polycyclic aromatic hydrocarbons (PAH)
and organochlorinated pesticides(OCP), leading to unexpected results (Guo et al.,, 2013;
Ferreira et al.,, 2014; Kim et al.,, 2015; Glinski et al.,, 2016). Guo et al., (2013), for

instance, observed positive synergetic interaction of SINP + CdClzfor hepatic biochemical
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and histopathological parameters, as well as the distribution of CdClzin the liver and
kidneys of mice. Likewise, Kim et al., (2015) reported that co-exposure with citrate coated-
AgNP increased the bioaccumulation of Cd in Daphnia magna.

Considering the increasing use of AgNP, the widespread metal contamination and
therefore, the possibility of these contaminants coexist in natural environments, we
investigated the biological effects of combination of AQNP, Cd and Hg in human hepatoma
(HepG2) cells through viability, metabolism, proliferation, efflux transporters activity,
reactive oxygen species production and cell death parameters, to answer whether the co-
exposure increase toxicity. HepG2 cells were selected, since liver is an important target
organ of the three contaminants (Fowler 2009; Stacchiotti et al.,, 2009; Elsaesser and
Howard, 2012). Also, this cell line has been routinely used to investigate the toxicity of
several compounds, because it preserves most of the phenotypic characteristics of normal
hepatocytes (Knasmdller et al.,, 2004; Mersch-Sundermann et al.,, 2004; Urani et al.,,
2005).
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2. Materials and methods

2.1. Silver nanoparticles synthesis and characterization

We synthesized silver nanopatrticles through laser ablation in liquid medium (water
as solvent) and determined the concentration of the stock solution through flame
absorption spectrometry. Shape, diameter, size distribution, zeta potential and spectral
properties of AgQNP were determined by electron transmission microscopy JEOL 1200
EXII, Zeta-sizer (MALVERN®), Dynamic light scattering (DLS) and UV-VIS, respectively.

2.2. HepG2 cell culture

Human hepatoma cells HepG2 (Rio de Janeiro Cell bank - Brazil) were cultured as
a monolayer in high glucose DMEM medium supplemented with 10% inactivated fetal
bovine serum (FBS) and antibiotics (10 U ml't penicillin and 10 pg ml! streptomycin), at

37 °C and 5% COz. Cells at passages 100-110 were utilized in the current study.

2.3. Selection of the concentrations of AgNP, Hg and Cd

Initially, toxicity-screening tests (MTT metabolism and neutral red uptake;
complementary results fig.2 and 3) were performed, in different concentrations and
periods of exposure, for AgQNP (0.005-6.66 pg mlt), Hg?* (20-640 uM) and Cd?* (0.5-50
M) to determine two test concentrations of each contaminant: one that did not induce
toxicity and one that induced pronounced toxicity. Based on these results, two
concentrations for each contaminant at 24 h time-point were selected (table 1;

complementary results fig. 2 and 3).
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TABLE 1. Experimental design used in the evaluation of the toxicity of AQNP, metals and its

Groups Concentration

Control -
AgNP () 0.35 pg/ml
AgNP (I 3.5 pyg/ml
CdCl2 (1) 0.15 uyM
CdCl2 (I 1.5 uM
HgCl2 (I) 2.8 uM
HgCl2 (I 28 uM

AgNP (I) + CdClz (I)
AgNP (I) + CdClI2 (1)
AgNP (I) + CdCl2 (1)
AgNP (Il) + CdCl2 (I
AgNP (I) + HgCxr (I)
AgNP () + HgClz (Il
AgNP (Il) + HgCl2 (I)
AgNP (I) + HgCl2 (I

0.35 pg/ml +0.15 uM
0.35 yg/ml +1.5 uM
3.5 yg/ml +0.15 uyM
3.5 ug/ml +1.5 yM
0.35 yg/ml +2.8 uM
0.35 pg/ml + 28 uM
3.5 yg/ml +2.8 uM
3.5 ug/ml +28 uM

1.4. Contaminants preparation and exposure protocol

AgNP were synthesized in H20 and both metals ions stock solutions were prepared
in 0.01 M HCI to avoid adsorption to the glass. For the exposure, the contaminants were
added to fresh culture medium. In the case of co-exposures, first one contaminant was
added to the medium, mixed and then the other contaminant was added. At final, all
groups (control, AgNP, metal ions and mixtures) have the same concentration of HCI
(buffered by culture medium) and water. Metal ions concentrations are expressed in uM

and AgNP concentration is expressed in pg ml-.
Cells were seeded onto 96-well microplate (4x10* cells per well) for cytotoxicity,

proliferation, reactive oxygen species production and multidrug efflux transporters assays,
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and onto 6-well plates (1.2x10° cells per well) for metal uptake assays. After 24 h, the
medium was replaced by fresh DMEM medium with antibiotics and 2% fetal bovine serum
containing AgNP ((I) 0.35 pug ml; (I) 3.5 pg mit), CdCL ((I) 0.15 uM; (I) 1.5 pM) and
HgClz ((I) 2.8 uM; (Il) 28 uM) or the combination of AQNP and each metal. Cells were
exposed to these contaminants for 4 and 24 h, and an appropriate control group was kept
in parallel. ‘I and ‘Il stand, respectively, for the lowest and highest concentrations of AGQNP

and metals.

2.5. Cytotoxicity and proliferation assays

Neutral red (NR) uptake assay was determined after incubation of cells with 50 pg
ml1 of neutral red for 3 h. MTT assay was determined after incubation of cells with 0.5 mg
11 of MTT (3- (4,5-dimethylthiazol- 2-yl)-2,5-diphenyitetrazolium bromide) for 2 h.

Cell proliferation was determined after DNA staining with 50 pl well"t of 0.25 mg ml
1 of violet crystal solution, according to previously published protocols for HepG2 cells
(Liebel et al.,, 2015).

2.6. Reactive Oxygen Species (ROS) levels

Intracellular ROS levels were evaluated with H2DCF-DA (2°, 7’-dichlorodihydro-
fluorescein diacetate) and MitoSOX™ Red (Invitrogen). After exposure, cells were
incubated with either 10 uM of H2DCF-DA or 5 uM of MitoSOX™ , in fresh culture medium,
(15 min, 37 °C, protected from light), washed with PBS and suspended in 250 pl of PBS.
Fluorescence was measured at 488/530 nm (H2DCF-DA) and 514/580 nm (MitoSOX;
Benov et al.,, 1998).

2.7. Multidrug efflux transporters activity

The activity of ABC transporters was determined by Rhodamine 123 efflux assay
(Pessatti et al.,, 2002, with modifications for cell culture). Culture medium was replaced

by 200 pl of PBS containing 1 uM of rhodamine B, and cells were incubated. Cells were
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incubated (30 min, 37 °C, protected from light), washed twice with PBS and frozen at -76
°C in 250 pl well'l of PBS. Then, cells were thawed and 200 ul of the lysate were
transferred to a black microplate for fluorescence quantification (540/580 nm). Verapamil

(20 uM) was utilized as a positive control.

2.11. Cell death

Apoptotic and necrotic cells were detected using the FITC-Annexin V/propidium
iodide (PI) Apoptosis Detection Kit (BD Biosciences, Heidelberg, Germany) and analyzed
by time-lapse confocal microscopy (during 0-24 h exposure), according to the

manufacturer's instructions.

2.12. Intracellular metals concentration

Intracellular content of metals were quantified by inductively coupled plasma mass
spectrometry - ICP-MS (Bruker 820-MS + SPS 3 autosampler) (for Ag and Cd) and FIMS
(Perkin Elmer FIMS 400 + S 10 autosampler) (for Hg). Cells were seeded onto 6-well
plates (1.2x10° cells wellt), cultured for 24 h and exposed to the highest concentrations
of Hg, Cd, AgNP and their association for 4 h. After exposure, cells were washed 3 times
with PBS (to remove AgNP and metals from cell’s surface), trypsinized (0.25% trypsin,
0.02% EDTA in PBS, pH 7.2), harvested to tubes with 5 ml culture medium, pelleted (500
g for 5 min) and suspended in 1 ml culture medium for cell counting. Tubes received 200
pl HNO3z and 100 pl H202 (both ICP-MS grade), and remained at -20°C until the analysis
by ICP-MS and FIMS. Metals were quantified in the cells’ pellets, exposure culture media
and PBS washes. HCl was added to all samples to remove excess H202, and the samples
were left to react overnight. The following morning all samples were diluted and divided
into two subsamples, which were then analyzed on either the ICP-MS or the FIMS. Five-
point calibration curves were used for quantification, and NIST 1486 (for the ICP-MS) and
NIST 1515 (for the FIMS) were used for quality control. Three independent replicates were

carried out, and the results are expressed in ppm/10° cells.
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2.13. Statistical procedures

Three independent experiments were performed. A total of 12 replicates per
experiment were utilized for biomarkers analyzed in 96-well microplates. Data distribution
was tested and parametric (one-way ANOVA) or nonparametric (Kruskall-Wallis) tests
were performed, followed by Dunnett's or Dunns post-tests (when appropriate). Effects of
contaminants were verified by the comparison of the control vs AgNP I and Il, Cd | and II,
Hg | and I, the four mixtures of AgNP + Cd, or the four mixtures of AgNP + Hg.
Toxicological interactions were verified by the comparison of each co-exposure group vs
the contaminants alone present in it. Thus, there is only one variable in the statistical
comparisons, i.e., the absence/presence of a certain ion/particle. Therefore, it was
possible to verify, whether AgNP + Cd/Hg was different from Cd/Hg (variable = presence
of AgNP) and AgNP + Cd/Hg was different from AgNP (variable = presence of Cd/Hg). P-
values lower than 0.05 were considered statistically significant.
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3. Results

3.1. AgNP characterization

Silver nanopatrticles, synthesized by laser ablation, had spherical shape, diameter
of 1-2 nm (fig. 1A and 1B), zeta potential of -23 mV (Zeta-sizer analysis, complementary

results fig.1) and absorption peak at 400 nm (fig. 1C).
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FIGURE 1. AgNP characterization. A) TEM image of AgQNP suspension. B) Particle distribution according
to size (Zetasizer). C) UV-Vis analysis of two AgNP suspensions indicating light peak absorption at 400 nm.

3.2. Cytotoxicity/Viability

The mitochondrial dehydrogenases activity, measured by MTT assay, decreased
>20% in cells exposed to the highest AQNP concentration (AgNP 1) and the mixtures
AgNP Il + Hg I/l and AgNP Il + Cd Il for 4 h-experiment (fig. 2A and B). Decrease of
mitochondrial metabolism also occurred in the cells exposed to Cd Il (30%), 3 groups of
AgNP + Cd and AgNP + Hg Il (30%) for 24 h-experiment (fig. 2C and D). For AgNP Il +
Cd Il (decrease of 60%) and AgNP Il + Hg Il, the effects were more pronounced than

those of individual contaminants (# symbol).
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FIGURE 2. MTT assay in HepG2 cells exposed for 4 h (A-B) and 24 h (C-D). Values in % compared to
control group. Data are presented as the mean + SEM of three independent experiments. Asterisks indicate
effects in comparison to control (**p<0.01, **p<0.001); sharp symbol (#) indicates toxic ological interaction.

Endosome-lysosome system stability, measured by neutral red assay, decreased
after exposure to AgNP Il (30%) and Cd Il (15%), as well as in the majority of groups
containing the association of AQNP + Cd and AgNP + Hg for 4 h-experiment (fig. 3A and
B). However, the effects occurred because of the association of AQNP and metals only for
AgNP Il + Cd Il (50%) and AgNP Il + Hg VIl (= 40%; fig. 3A and B). At 24 h-experiment,
neutral red uptake decreased after the exposure to AgNP Il and Cd Il (25-45%), but not
Hg, with effects due to the association only for AQNP Il + Cd Il (decrease of 80%; fig. 3C
and D). Interestingly, an increase of 20% of NR uptake was observed for Hg | and AgNP
I + Hg Il (fig. 3D).
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FIGURE 3. Neutral red assay in HepG2 cells exposed for 4 h (A-B) and 24 h (C-D). Values in % compared
to control group. Data are presented as the mean + SEM of three independent experiments. Asterisks

indicate effects in comparison to control (**p<0.01, ***p<0.001); sharp symbol (#) indicates toxicological
interaction.

3.3. Cell Proliferation

The effect of AQNP and its association with Cd and Hg on cell proliferation was
investigated by the crystal violet assay, a cationic dye for DNA. After 24 h, groups exposed
to Cd 1 and Hg I had a slight (10%) increase of cell proliferation. However, co-exposure to
AgNP Il + Cd I and AgNP Il + Hg Il led to decreases of cell proliferation (40% and 20%,

respectively), which were not observed inthe cells exposed to the individual contaminants
(fig. 4A and B).
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FIGURE 4. Cell proliferation assayin HepG2 cells exposed for 24 h. Values in % compared to control group.
Data are presented as the mean + SEM of three independent experiments. Asterisks indicate effects in
comparison to control (*p<0.05, **p<0.01, ***p<0.001); sharp symbol (#) indicates toxicological interaction.

3.4. ROS production

The DCFH-DA probe detected increases of >30% of ROS in the cytoplasm of
almost all co-exposed groups short after exposure (at 2 h-experiment), while the individual
contaminants did not affect ROS production compared to control (fig. 5A and B). At 4 h-
experiment, ROS concentration increased in the AgNP Il group (40%) and, foremost, in

the AgNP I/l + Cd Il (40-100%) and AgNP Il + Hg I/l (70%) groups (fig. 5C and D).
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FIGURE 5. ROS production relative to cell viability in HepG2 cells after exposure for 2 h (A-B), 4 h (C-D)
and 24 h (E-F). Data are presented as the mean + SEM of three independent experiments. Asterisks indicate
effects in comparison to control (*p<0.05, **p<0.01, *** p<0.001); sharp symbol (#) indicates toxicological
interaction.
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At 24 h-experiment, all the individual contaminants, except for Hg I, induced ROS
increases (25-60%). However, only AgNP Il + Cd Il caused increase of ROS (110%) (fig.
5E). Co-exposure of AQNP and Hg Il for 24 h led to decreases of ROS levels (5% vs
control; >20% vs individual contaminants; fig. 5F).

3.5. Mitochondrial Superoxide production

The role of mitochondria in free radical production was also investigated in HepG2
cells. At 4 h-experiment, increases of O2" production were observed for AQNP Il (95%)),
Cd Il (45%), AgNP Il + Cd Il (195%) and AgNP Il + Hg Il (50-105%) groups, but not for
Hg VIl groups (fig. 6A and B). For AgNP Il + Cd I, the effect can be attributed to the
association of contaminants (fig. 6A). For 24 h-experiment, the contaminants alone did
not cause increase of superoxide, except for AQNP Il (100% increase). Nevertheless, the
co-exposure of AgNP Il + Cd Il led to 970% increase of O2" production (fig. 6C). Like for
4 h-experiment, some mixtures of AQNP + Cd and AgNP + Hg led to levels of Oz different
from that of the control, but those effects were not caused by toxicological interaction of

the contaminants (fig. 6C and D; groups have asterisks but not sharp symbols).
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FIGURE 6. Superoxide production in mitochondria of HepG2 cells exposed for 4 h (A-B) and 24 h (C-D).
Values in % compared to control group. Data are presented as the mean + SEM of three independent
experiments. Asterisks indicate effects in comparison to control (*p<0.05, **p<0.01, ***p<0.001); sharp
symbol (#) indicates toxicological interaction.

3.6. Multidrug efflux transporters activity

The activity of the multidrug efflux transporters was evaluated by rhodamine B
accumulation assay: the greater the accumulation, the lower the transporters activity. At
4 h-experiment, the exposure to the contaminants in isolation did not affect rhodamine B
accumulation in HepG2 cells. However, levels of rhodamine B were higher in cells
exposed to AgNP Il + Cd I/l (130-150%) and AgNP Il + Hg lll (90%) than those of control
(fig. 7A and B). At 24 h-experiment, rhodamine B accumulation was higher in AgNP I
(30%), Cd Il (90%), AgNP | + Cd Il (105%) and, foremost, AgNP Il + Cd Il (415%) groups

(fig. 7C). In both experiments, the effect can be attributed to the association of
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contaminants only for AgNP Il + Cd VIl groups. The co-exposure to AgNP and Hg also led
to increases of rhodamine B accumulation at 24 h-experiment (25-60%), but they were
statistically equal to at least one of the individual contaminants present in the respective

association (fig. 7D) and so do not characterize an effect of interaction.

£ 3004 250 -
=
" 2{"]-
£ 2004
5 150 4
=]
2 100 1009
E 0.
=
2 ol
[ 0-
- C D
£ 600, 200
3
[ 15]_
ﬁdﬂﬂ-

100 -
-
E 200 1 0
-]
=
2 o 0
[

FIGURE 7. Rhodamine accumulation assay in HepG2 cells exposed for 4 h (A-B) and 24 h (C-D). Values
in % compared to control group. Data are presented as the mean + SEM of three independent experiments.
Asterisks indicate effects in comparison to control (*p<0.05, **p<0.01, ***p<0.001); sharp symbol (#)
indicates toxicological interaction. The greater the rhodamine accumulation, the lower the activity of the
xenobiotic efflux transporters.
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3.7. Cell death

To verify whether apoptosis and necrosis were associated with early toxicity of
AgNP, Cd and Hg, Annexin V/PI staining was performed in HepG2 cells. Time-lapse
images in confocal microscopy showed the progression of cell death during 24 h, with the
co-exposure to AgNP Il + Cd Il, but not to AgNP + Hg Il, inducing earlier cellular damage
than the individual contaminants (video in supplementary material; complementary results
fig. 4 and 5). Interestingly, at the first 12 h, cells seemed to start the apoptotic program,
with changes inthe cell shape (cells became round), detachment of neighboring cells and
decrease of nucleus volume. However, later on, most of the same cells exhibited changes
that are characteristic of necrosis. Cells lost the appropriate osmotic balance and swelled
up, and plasma membrane became permeable to hydrophilic molecules such as
propidium iodide (nucleus that were stained in blue by Hoechst became pink/purple by
Hoechst + iodide propidium), with rapid and subsequent phosphatidylserine labeling (in

green), and some cells even bursting.

3.8. Intracellular metals concentration

To find whether the higher toxicity observed in cells co-exposed to AgNP and
metals was due to higher uptake, intracellular concentrations of Ag, Cd and Hg were
determined by ICP-MS and FIMS, after 4 h of exposure. Co-exposure of AgNP and Cd
did not result in a higher uptake of neither the contaminants (fig. 8A). However, co-
exposure of AQNP and Hg resulted in a 2.8-fold increase of Hg concentration in HepG2
cells (fig. 8B).
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FIGURE 8. Intracellular concentration of Ag, Cd and Hg in HepG2 cells exposed for 4 h (A-B). Results are
expressed in ppm/10° cells. Data are presented as the mean + SEM of three independent experiments.
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p<0.01.
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4. Discussion

Toxicological interactions occurred in HepG2 cells co-exposed to AgNP + Cd and
AgNP + Hg, as follow.

Contaminants affected cell survivor and the mode of cell death after time-dependent

toxicological interaction

The MTT metabolism of cells co-exposed to AgNP Il + Hg Il for 24 h decreased
more than expected, considering the effects the contaminants alone, while AgNP Il + Cd
Il induced a predicted effect (i.e., similar to the sum of individual contaminants). Both
AgNP and Cd can disturb mitochondrial structure and activity of mitochondrial
dehydrogenases (responsible for MTT metabolism), leading to ATP depletion (Yano and
Marcondes, 2005; Chairuangkitti et al.,, 2013; Aueviriyavit et al.,, 2014). This disturb
occurred as soon as at 4 h-exposure for AgNP, but not for Cd and Hg, and so AgNP can
cause atoxic effect on mitochondria faster than those two toxic metals. Later (24 h), the
situation changed as Cd effects on MTT metabolism and cell viability became more
pronounced than those of AgNP.

The effect of the association of AgNP + Cd on cell viability varied in a time-
dependent manner. At 4 h-exposure, the effect of AgNP Il + Cd Il was less pronounced
than that of 24 h, but induction of lysosomal membrane instability can cause the decrease
of neutral red retention observed in both cases, as reported in HepG2 and other cell types
(Fotakis and Timbrell, 2006; Messner et al.,, 2012; Grosse et al.,, 2013). Conversely, a
different trend occurred for the AgNP + Hg groups. Hg was not able to impair cell viability
after 4 and 24 h-exposure, but the association AgNP Il + Hg Il reduced it at 4 h, with a
partial recovery of neutral red uptake capacity at 24 h. Activation of the defense systems
are time-dependent, so that an initial stress can be balanced thereafter, with partial or
even overcompensation. The latter situation occurred for Hg | and AgNP | + Hg Il groups
(decrease of cell viability at 4 h and increased viability/ number of attached cells at 24 h).
Else, if defenses are not able to reestablish homeostasis, the toxicity can increase with
time, as observed for Cd ll. On this regard, though Cd and Hg are both nonessential and

electrophilic metals, Cd*? was much more toxic than Hg*? for HepG2 cells.
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Co-exposures to the highest concentrations of the contaminants can induce cell
death earlier (time-lapse imaging) than the individual contaminants. Cells seem to start
apoptosis program with chromatin condensation, but latter plasma membrane usually
became permeable to small molecules (e.g., propidium iodide) before phosphatidylserine
labeling (with annexin V-FITC), which is typical for necrosis. Thus, it is possible that
chemical stress induced a change of the mode of cell death, from apoptosis to necrosis.
Apoptosis requires chemical energy (ATP) which is provided mostly by mitochondria in
aerobic eukaryotic cells. AgNP, Cd and Hg can impair mitochondrial membrane potential
and ATP synthesis (Monroe and Halvorsen, 2009; Tomankova et al.,, 2015), leading to
ATP depletion and necrosis; necrosis is a passive process and does not require ATP.

Changes in cell proliferation after contaminant exposure depends on many factors,
such as time of exposure and concentration. Many studies reported the ability of AQNP
and both metal ions (Cd and Hg) to reduce cell proliferation (Templeton and Liu, 2010;
Vergilio et al.,, 2014; Miethling-Graff et al.,, 2014). In this study, contaminants alone did
not impair cell proliferation, though co-exposures seem to induce an inhibitory effect that
could not be predicted based on the results from the lone exposures. Decreased metabolic
status of the cells (MTT assay) and cell death after exposure to AgNP Il + Cd Il or to AQNP
II + Hg Il could explain, at least in part, the decrease of the number of attached cells
(determined through crystal violet assay). Conversely, activation of cell defense
mechanisms could lead to the increases of cell number observed in the cells exposed to

the lowest Cd and Hg concentrations.

ROS production increased early after the co-exposures

Oxidative stress is one of the hallmarks of AgNP toxicity (Asharani et al.,, 2008;
Kim et al.,, 2009; Liu et al.,, 2010). Cadmium and mercury can also induce the increase
of ROS levels, by binding to sulthydryl groups of antioxidants such as glutathione,
inhibiting antioxidant enzymes (Nzengue et al.,, 2008; Aguado et al.,, 2013) and blocking
electron flow in mitochondria (Monroe and Halvorsen, 2009). In the current study, increase
of ROS production was an early response (observed from 2 h-experiment on) in cells co-

exposed to AgNP and Cd/Hg, but not in cells exposed to the individual contaminants. For
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longer exposures, individual contaminants were able to unbalance redox milieu, and the
effects of the associations became less evident (4 h-experiment) until being only observed
in AQNP Il + Cd I and AgNP VIl + Hg Il groups (24 h-experiment). Thus, cellular defense
systems may be efficient to avoid oxidative stress at very short-term exposures, but not
at longer-term ones for individual contaminants. For the associations of AQNP and Cd/Hg,
defenses were not enough to deal with ROS at 2 h-exposures and avoid cell death during
the course of 24 h-exposure.

Mitochondria were one important source of ROS in the cells exposed to AgNP and
Cd, but not Hg, as well as in cells co-exposed to AgNP Il + Cd II; for the latter group,
superoxide levels increased with the exposure time. Excess of ROS in mitochondria can
lead to organelle malfunction (e.g., decreased enzymatic activity and MTT metabolism)
and ATP depletion, as well as malfunction or damage to the other cell compartments, as
unstable superoxide can be converted to much more stable and membrane-permeable
hydrogen peroxide (Fleury etal.,, 2002). Decrease of ATP levels can, in turn, impair active
transport processes such as proton transport into endosomes and lysosomes (decreasing
neutral red retention) and rhodamine transport out the cell (by ABC efflux transporters),

as well as impair the execution of apoptosis program.

Rhodamine accumulation followed the same pattern of mitochondrial ROS levels

ABC transporters are a superfamily of membrane transporters that use energy from
ATP hydrolysis to translocate a broad-spectrum of molecules across cell membranes
(Rodrigues et al.,, 2009). One of these transporters, P-glycoprotein (P-gp), is involved with
the transport of cell lipids and drugs (Klein et al.,, 1999), being important for cell
detoxification. In HepG2 cells, accumulation of rhodamine B, associated with the
malfunction of the efflux system, occurred in all AgNP Il-containing associations (AgNP I
+ Cd l/ll; AgNP Il + Hg lll) as early as at 4 h-experiment, with no effect on the individual
exposures. However, as observed for mitochondrial ROS levels, even individual
contaminants affected rhodamine B accumulation after 24 h-exposure. Regardless of the
exact cause of efflux transporters impairment, i.e. decrease of ATP levels or direct

damage to the transporters (by metals or ROS), cells may become more sensitive to
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additional chemical stressors that are substrates for the transporters, as they might remain

longer inside the cells.

Higher accumulation of the metal can explain the higher toxicity of the association
containing Hg, but not Cd

Metals such as Cd and Pb can adsorb onto AgNP surface due to the nanoparticle’s
highly reactive surface and charge difference (Alqudami et al.,, 2012). Since AgNP used
inthe experiments exhibit negative charge, as showed by zeta potential, and both Cd and
Hg ions are positively charged, it is possible that AQNP absorbed these ions.

ICP-MS analysis were performed in order to find if the increase of toxicity, observed
in co-exposed cells, was the outcome of a higher intracellular concentration of one or both
contaminants. In the presence of AgNP, concentration of Hg ions increased about 2.8 fold
in HepG2 cells after 4 h-exposure. This might explain the increased toxic effect of AQNP
+ Hg groups in some parameters, such as cell metabolism, viability, and proliferation, as
well as ROS production. However, this logic is not valid for Cdions, since the presence of
AgNP did not affect intracellular Cd ions concentration, but co-exposures AgNP + Cd were
much more toxic. For AQNP + Cd, each contaminant may independently interfere with
converting toxic pathways (e.g., mitochondrial ATP synthesis) resulting in a toxicological
interaction. An alternative hypothesis, that needs investigation, is that the interaction was
only a consequence of the fact that a cell under some level of stress (by a contaminant)
may be able to deal with it but not with additional stress (by the other contaminant)
because the sum of both stresses exceeds cells defenses, independent of the nature of

the contaminants.
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5. Conclusion

Taken together, these results provide important information about the toxicological
interaction of AQNP, cadmium and mercury in HepG2 cells. Associations of AQNP and the
metal ions were more toxic than the individual contaminants. Expected effects were
observed in most co-exposures, whereas in few cases the effects of the mixtures were
higher than the sum of the effects observed for the individual contaminants. ROS
production was an early effect of the co-exposures, with important contribution of
mitochondria. Decrease of mitochondrial metabolism and ATP levels can, in principle,
explain the other findings in HepG2 cells: the accumulation of rhodamine B (decreased
efflux transporters activity), decreased viability (decreased neutral red retention) and
change of the mode of cell death (apoptosis to necrosis). Highest intracellular
concentration of Hg in the presence of AQNP can explain the highest toxicity of AQNP +

Hg association. For AQNP + Cd groups, AgNP had no effect on Cd uptake.
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Video 1. Supplementary material. Time-lapse video of HepG2 cells exposed to Cd I,
AgNP Il and AgNP Il + Cd Il during 24 h in DMEM culture medium, 5% CO2 and 37 °C.
Hoechst stains the nucleus of wviable cells in blue. Annexin V-FITC labels
phosphatidylserine at the plasma membrane (PM) in green of cells in apoptosis (in the
outer surface of PM) and necrosis (in the inner surface of PM). Propidium iodide stains
the nucleus of non-viable cells (cells with damaged PM) in orange. Overlap of Hoechst
and propidium iodide is pink/purple. Images were captured with laser scanning confocal

multiphoton microscope; model A1 MP+ (NIKON Instruments Inc., Tokyo, Japan).
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Abstract

Although many studies have reported the deleterious effects and mechanism of toxicity
of AgNP in a variety of organisms, the possible toxicological interactions of AQNP and
ubiquitous environment contaminants, such as cadmium, remains poorly understood.
In this study, biochemical assays and mass spectrometry-based proteomics were
performed in HepG2 cells after the co-exposure to AgNP+Cd to explore cellular and
molecular effects induced by the combination of these contaminants. Cell viability
(trypan blue and LDH leakage) and energetic levels (ADP/ATP) were slightly affected
after the 4 h exposure to individual and combined contaminants; however, these
endpoints were substantially altered after 24 h co-exposure to AQNP+Cd compared to
control and individual exposures, which led to minor changes. The proteomics results
followed the same trend: while 4 h exposure to contaminants induced minor protein
deregulation, after 24 h cells exposed to AgNP and Cd had circa 7 and 2% protein
deregulation respectively, while 43% of the proteome of cells co-exposed to AgNP+Cd
was deregulated. Briefly, the toxicity induced by AQNP+Cd involved (1) inactivation of
Nrf-2, which resulted in antioxidant defense and proteasome related proteins down-
regulation, (2) metabolic reprograming in response to ADP/ATP unbalance and (3)
increased protein synthesis in order to reestablish homeostasis. Thus, the adaptation

strategy was not able to restore ADP/ATP homeostasis and to avoid cell death.

Keywords: HepG2, silver nanoparticles, cadmium, co-exposure, interaction,

proteomics
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1. Introduction

Production and applications of silver nanoparticles (AgNP) have grown
substantially over the past decades, being the most widely used nanoparticles among
engineered nanomaterials (Vance et al., 2015). AgNP have an enormous potential to
improve current technologies, from medicine and pharmacology to consumer products
and bioremediation (Zhang et al., 2016), but not without the release of nanowastes into
natural environment (Cleveland et al., 2012a, Furman et al.,, 2013). According to
estimations, the predicted environment concentrations of AgNP in surface waters,
which is a potential exposure route to humans, is 0.088-10,000 ng I'1; yet it is difficult
to estimate concentrations of nanoparticles that will be released at any given time, due
to current and future nanoparticle prevalence in commercial products (Maurer-Jones
et al., 2013).

Many research groups have demonstrated the extend of toxicity in cells and
tissues of AgNP using controlled experiments (Navarro et al., 2008, Govindasamy and
Rahuman 2012, Wildt et al., 2015). However, natural environments continuously
receive complex mixtures of contaminants of different chemical properties. Therefore,
the study of interactions among toxicants has an enormous practical importance in
toxicology (Goldoni and Johansson 2007), particularly for novel contaminants such as
AgNP. Recently, an increasing number of studies have addressed this issue by
investigating interactions of nanoparticles and widespread environmental xenobiotics,
such as metals, polycyclic aromatic hydrocarbons and pesticides in different biological
organization levels (Guo et al., 2013, Ferreira et al., 2014, Della Torre et al., 2015,
Deville et al., 2016, Glinski et al., 2016). Deville and co-authors (2016), for instance,
showed that interaction of gold nanoparticles with niquel led to competitive effect on
dendritic cells maturation, and differently from lone exposures, led to cells inactivation.
Guo (2013) observed synergistic interaction of silica nanoparticles and cadmium in
mice, resulting in enhanced biochemical response and metal biodistribution. Cadmium
(Cd) is non-essential metal and ubiquitous contaminant of natural environments and
dietary products (Arbuckle et al., 2016). Due to its application in battery production,

fertilizers and plastic stabilizers (Capaldo et al., 2016), this metal enters natural
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environments and induce deleterious effects not only to the biota, but also to humans
(Cuypers et al., 2010).

In a previous study, we showed that mercury uptake by HepG2 cells was
enhanced by the co-exposure with 2 nm AgNP, and co-exposure of cadmium with
AgNP induced greater toxicity (e.g. viability, ROS production and proliferation) despite
that AgNP did not add to a higher intracellular cadmium levels (Miranda et al., 2017).
Based on these observations we have now used MS-based proteomics in order to infer
to greater detail the molecular processes underlying the toxic biological outcomes
induced by AgNP+Cd in HepG2 cells. The proteomics results obtained here are
compared to the analysis of cell viability and ADP/ATP ratio also conducted. Since liver
is a target organ to these contaminants (Fowler 2009, Elsaesser and Howard 2012b),
human hepatocarcinoma cell line HepG2 was used as the study model once it
preserves most of the phenotypic characteristics of normal hepatocytes and it is

routinely used in toxicity assessments (Knasmiller et al., 2004, Urani 2005).
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2. Material and Methods

2.1. Silver nanoparticles characterization

Spherical silver nanoparticles, 10 nm, in citrate buffer were commercially
obtained from Sigma Aldrich®. The mass concentration was 0.02 mg/ml in 2mM citrate
buffer. Suspension was characterized according to NPs size distribution (DelsaMax
Pro, Beckman Coulter, CA).

2.2. HepG2 cell culture

Human hepatoma cells HepG2 (Sigma Aldrich®) were cultured as a monolayer
in high glucose Dulbecco’'s Modified Eagle's Medium (DMEM) supplemented with 10%
inactivated fetal bovine serum (FBS) and antibiotics (10 U ml* penicillin and 10 pg ml-
1 streptomycin), at 37 °C and 5% COz. Cells at passages 110-118 were utilized in the

current study.

2.3.Exposure protocol

Cells were seeded onto 96-well microplate (4x104 cells per well) for LDH leakage
(cell viability) and ADP/ATP ratio (energy metabolism) analysis and onto 60 mm petri
dishes (1.5x106 cells per well) for trypan blue (cell viability) and proteomics analysis.
Contaminants concentrations used in this study were chosen based on a previous
study published by the group (Miranda et al., 2017).

After 24 h, the medium was replaced by fresh DMEM medium with antibiotics and
2% fetal bovine serum containing either AgNP (3.5 pug ml-1), or CdClz2 (1.5 uM), or the
combination of AgNP and CdClz. Cells were exposed to these contaminants for 4 h

and 24 h using appropriate controls.

2.4. Cell viability tests

The lactate dehydrogenase (LDH) assay is used to access the degree of cellular
membrane damage, based on the leakage of the cytosolic enzyme LDH to the

extracellular media. CytotoxOne (Promega) cell viability test was performed in a 96


http://www.sigmaaldrich.com/life-science/cell-culture/classical-media-salts/dmem.html
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well plate format according to manufactures instructions. Briefly, cells were exposed to
the contaminants for 4 and 24 h at a final volume of 100 pl and then stabilized at 22
°C. Next, 100 pl CytotoxOne reagent was added to each experimental well and
incubated for 10 min. In the positive control wells, 2 ul of lysis solution was added. By
the end of the incubation, 50 ul of Stop solution was added to all wells and fluorescence
was measured at 560/590. Cytotoxicity is expressed in %/maximum LDH release.
Trypan blue assay was also performed to access the viability of cells after
exposures. Therefore, cells were seeded onto 60 mm petri dishes (1.5x10° cells per
well) and, after 24 h of plating, exposed to the contaminants for 4 and 24 h. After these
periods, cells were detached with 0.5 ml of trypsin (0.25% trypsin, 0.02% EDTA in PBS,
pH 7.2), harvested to tubes with 5 ml culture medium, pelleted (500 g for 5 min) and
resuspended in 1 ml of total culture medium. Next, 30 pl of each sample were stained
with 30 ul of Trypan blue (Sigma Aldrich) and counted with the aid of a Neubauer
chamber, under an inverted light microscope. Results are expressed in %

viability/control.

2.5. ADP/ATP ratio assay

ADP/ATP ratio is commonly used to accesses cellular energetic status and
viability. Therefore, the ADP/ATP kit (Sigma Aldrich) was used ina 96 well plate format,
according to the manufacturer’s instructions. Briefly, in the first step cells were lysed in
order to release ATP and ADP. In the presence of luciferase, ATP imideiatly reacts
with the substrate luciferin-D and this reaction generates light. Which is measured in a

luminometer and indicates ATP levels (RLUa).

Luciferase
ATP + luciferin-D + O2 —>  Oxiluciferin + AMP + PPi + COZ+ LIGHT

Prior to the second step, ATP levels are measured once again (RLUs).
Subsequently, ADP is converted to ATP through an enzymatic reaction. Recently
formed ATP reacts with luciferin-D and generates light. This third light intensity is once
again measured and it represents the total of ADP and ATP (RLUc) in the cells. The
ratio ADP/ATP is calculated by dividing ADP levels (RLUc — RLUB) by ATP levels
(RLU») and normalized by cell viability (trypan blue).
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2.6. Statistical procedures for biochemical assays

Three independent experiments were performed. A total of three replicates per
experiment were utilized for biomarkers analyzed in 96-well microplates. Data
distribution was tested and parametric (one-way ANOVA) tests were performed,
followed by Dunnett's post-test. Effects of contaminants were verified by the
comparison of the control vs AgNP, Cd or AgNP+Cd. Toxicological interactions were
verified the comparison of the co-exposure group vs singly contaminant experiments

were performed. p-values lower than 0.05 were considered statistically significant.

2.7. Sample preparation for mass spectrometry based proteomics analysis

After the exposure periods, medium was removed and cells were carefully
washed three times with ice-cold PBS. Next, 1 ml of ice-cold PBS, plus protease and
phosphatase inhibitors (ProtoSTOP and PhosSTOP, Roche) was added to the plates
for cell harvest using a cell scraper. Cell suspensions were transferred to 1.5 ml tubes,
centrifuged for 5 min at 600 g and kept at -80 °C until further analysis.

Lysis buffer (Urea (6M), Tiourea (2M), protease and phosphatase inhibitors
cocktail) and 20 mM triethylammonium bicarbonate (TEAB)) plus reducing agent (10
mM DTT) were added to each tube at room temperature for 2 h. Subsequently,
samples were diluted 10 times with 20 mM TEAB pH 7.5, cell lysis was enhanced and
DNA filaments were sheared by tip sonication on ice. Protein concentration was
measured by colorimetric quantification (Qubit™ — LifeTechnologies) and 50 g of
proteins were alkylated in 20 mM iodoacetamide (IAA) for 30 min in the dark. Following
incubation, the samples were digested with trypsin (50:1 (w/w) protein: trypsin)
overnight at room temperature. Peptides were acidified with 5% formic acid to stop

trypsin digestion and dried prior to desalting.

2.8. Desalting with R2/R3 micro-columns

Samples were resuspended in 0.1% TFA and desalted using a home-made p200
columns made with a C8 plug (Empore, 3M purification) packed with equal ratios of
Poros R2 and R3 (Applied Biosystems) resins materials in 100% ACN. The column
was prepared by short centrifugation (100 g), equilibrated with 0.1% TFA and
centrifuged again, this procedure was repeated twice. Next, samples were loaded to
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the columns and washed twice with 0.1% TFA. Peptides were eluted with 60% ACN,
0.1% TFA.

2.9. Peptide labeling
A total of 50 ug of tryptic peptides were labeled with iTRAQ 8-plex, according to

the manufacturer's instructions. In the three independent experiments, the tags used
to label each experimental condition were as follows: control 4 h (113), AgNP 4 h (114),
Cd4 h (115), AgNP + Cd 4 h (116), control 24 h (117), AgNP 24 h (118), Cd 24 h (119)
and AgNP + Cd 24 h (121). Peptides were combined 1:1:1:1:1:1:1:1, dried under

vacuum and stored at — 20 °C.

2.10. Sample fractionation

Prior to LC-MS/MS analysis, samples were prefractionated in order to reduce
complexity and to remove unbound iTRAQ reagents. The prefractionation methods
applied were high pH and HILIC chromatography. In the first method, R3 micro-
columns in 100% ACN were prepared (as previously described for R2/R3 columns)
and equilibrated with 0.1% NH3. Samples were resuspended in 1% NH3, loaded to the
columns and washed twice with 0.1% NHs. Finally, peptides were eluted using different
concentrations of ACN. Ten fractions were collected and dried.

Separately for HILIC fractionation, samples were resuspended in 90% ACN,
0.1% TFA and loaded to a TSKGel Amide 80 HILIC HPLC column (length, 15 cm;
diameter, 2 mm; particle size, 3 um). Peptides were eluted at 6 puL/min by decreasing
solvent B from 100-60% over 30 min. A total of 9 fractions were collected and

subsequently dried in vacuum.

2.11. Reversed-phase NanoLC MS/MS

Each HILIC and high pH sample was resuspended in 0.1% formic acid (FA) and
loaded on an in-house packed trap column (2 cm x 100 um inner diameter; 5 um) filled
with ReproSil-Pur C18 AQ (Dr. Maisch, Ammerbuch-Entringen, Germany). Peptides
were separated on an analytical column (17 cm x 75 pum; 3 um) packed in-house with

ReproSil-Pur C18 AQ (Dr. Maisch, Ammerbuch-Entringen, Germany) by reversed
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phase chromatography on an EASY-nanoLC system (Thermo Fisher Scientific,
Odense, Denmark). To avoid the supercharged effect of the iTRAQ 8-plex, a 5%
ammonia solution was placed under the electrospray needle. The chromatography
gradient was as follows: 0 — 7 %B in 1 minute; 7 — 30 %B in 79 minutes, 30 — 50 %B
in 10 minutes, 50 — 100 %B in 5 minutes, followed by 8 minute was at 100 %B (A: 0.1%
FA, B: 95% ACN, 0.1% FA) at a constant flow rate of 250 nl/min. The nanoLC was
connected to a Q Exactive high-field Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific) operating in positive ion mode and using data- dependent
acquisition. The full scan was acquired with an automatic gain control (AGC) target
value of 3x10® and a maximum injection time of 100 ms. Each MS scan was acquired
at a resolution of 60000 at m/z 200 with a mass range of m/z 400 — 1400. The 12 most
intense precursor ions having charge from 2 to 5 were selected to be fragmented with
higher-energy collisional dissociation (HCD). Fragmentation was performed at
normalized collision energy (NCE) of 30% using an isolation width of 1.2 Da and a
dynamic exclusion duration of 20 s. MS?2 spectra were acquired at 30000 resolution at

m/z 200, with AGC 1x10° and maximum injection time of 200 ms.

2.12. Database searches and bioinformatics analysis

Raw data were processed using Proteome Discoverer v1.4 (Thermo Fisher
Scientific) and searched against SwissProt human database using Mascot search
engine. Trypsin was chosen as the enzyme allowing 2 missed cleavage sites. A
precursor mass tolerance of 10 ppm and a product ion mass tolerance of 0.02 Da were
used. Fixed modifications included carbamidomethylation of cysteines and iTRAQ8-
plex labeling for lysines and N-termini. Dynamic modifications contained methionine
oxidation and N-terminal acetylation. False discovery rates were calculated using
Percolator algorithm (g-value filter set to 0.01). Reporter ion intensities were log2-
transformed and normalized in each channel using median. The R Rollup function from
DanteR package was used to build protein intensities from peptide. Protein regulations
were determined using Limma-Ranked Product approach (Schwammle et al., 2013).
Only proteins with p-values < 0.05 were considered regulated.

Regulated proteins were submitted to STRING (Search Tool for the Retrieval of

Interacting Genes/Proteins) (Franceschini et al., 2013) and IPA (Ingenuity Pathway
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Analysis) software in orderto infer cellular protein responses induced by the exposures

to the contaminants.
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3. Results and Discussion

3.1. Silver nanoparticle characterization

DLS measurements indicated that most of the particles (70%) had diameter of

14 nm (Fig. 1A).

Intensity (%)

80

70

60

50

40

30

20

10

Peak 2
Diameter: 14.1 nm
Pd index: 0.01

Peak 3
Peak 1 Diameter: 173.8 nm

Diameter: 3.1 nm Belindex:0:01

Pd index: 0.01 ‘
——

0.1

1 10 100

Radius (nm)

FIGURE 1. AgNP characterization. Particle distribution according to size (DelsaMax Pro).

3.2. Co-exposure of AgNP and Cd induce loss of cell viability and energy

unbalance

The effects of AQNP, Cd and AgNP+Cd on cell viability and energy balance were

evaluated through trypan blue, LDH leakage (plasma membrane permeability) and

ADP/ATP ratios (energy balance). At 4 h-experiment, increases of 1.5 to 5-fold in LDH

levels were observed for all groups compared to the control (fig. 2A). After 24 h, the

situation was similar for exposure to singly contaminants: AgNP and Cd 1.5 to 5-fold

increase in LDH levels compared to the control (fig. 2B), while co-exposure to

AgNP+Cd led to an increase of 7-fold increase in LDH compared to the control group

(fig. 2B).
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However, some studies have demonstrated that AQNP might interact with LDH
assay via enzyme inhibition or biding (Han et al., 2011, Gliga et al., 2014), masking
viability decrease. Therefore, trypan blue assay was also conducted. Although with
some differences from LDH in terms of sensitivity, a more pronounced effect of
AgNP+Cd was also observed in trypan blue assay after 24 h (fig. 2C and D). In
addition, the effects on cell viability had the same pattern as that observed in our
previous study for MTT and neutral red assays after 24 h-exposure (Miranda et al.,
2017). Trypan blue assay indicated no effects of contaminants at 4 h-experiment (fig.
2C), but decreases of cell viability at 24 h-experiment occurred for AgNP (34%), Cd
(18%) and foremost, AQNP+Cd (77%; fig. 2D).
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FIGURE 2. Cell viability test. LDH leakage (A, B) and trypan blue (C, D) assays in HepG2 cells exposed
for 4 h (A, C) and 24 h (B, D) to AgNP (3.5 pg/ml), Cd (1.5 pM) and AgNP+Cd (3.5 pg/ml + 1.5 uM).
Mean + SEM of three independent experiments in triplicate. Asterisks indicate effects in comparison to
the control (**p<0.01, ***p<0.001); sharp symbol (#) indicates toxicological interaction.

Comparison of viability data of the present study and the previous one suggests
that toxicological interaction of AGNP with Cd depends on the particle’s characteristics,

such as coating and size, as well as the period of exposure. Non-coated 2 nm AgNP
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interaction with Cd induced earlier toxic effects (e.g. decreased cell viability and
increased ROS levels already after 4 h) than 10 nm citrate coated AgNP. However,
after 24 h these endpoints reached similar values after co-exposure of both
nanoparticles with Cd.

ADP/ATP ratio is commonly used to gain insights about the mode of cell death
as well as the cellular energetic status. For instance, high levels of ATP and low levels
of ADP are characteristic of cell proliferation, while the opposite situation indicates
apoptosis or necrosis. ADP/ATP ratios increased 52%, 36% and 40% for AgNP, Cd
and AgNP+Cd, respectively, in the 4 h-experiment (fig. 3A). After 24 h, the percent
increase of ADP/ATP ratios for AQNP and Cd were of 70%, and 61%, respectively.
However, a substantial increase of 396% was observed for AQNP+Cd in comparison
to the control (fig. 3B). Although energetic unbalance occurred after 4 h exposure to
the contaminants, cells were able to survive and viability loss was minor (LDH assay)
or not observed (trypan blue assay). As for the 24 h-experiment, ADP/ATP ratio
unbalance was followed by loss of cell viability. Considering that the energy production
was hampered by the contaminant, cells may not undergo apoptosis, at least in the
AgNP+Cd group, which may explain the harsh increase of LHD leakage (characteristic
of necrosis) observed in here (Riss and Moravec 2004). In addition, we have previously
reported a change of the cells death mechanism from apoptosis to necrosis, by time-
lapse confocal microscopy, for HepG2 cells exposed to AgNP+Cd (Miranda et al.,
2017). From the above data, it is substantiated that the co-exposure of AgNP+Cd
induce significantly more harm to HepG2 cells than any of the two contaminant

individually.
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FIGURE 3. Energetic status. ADP/ATP ratio in HepG2 cells exposed for 4 h (A) and 24 h (B) to AgNP
(3.5 pg/ml), Cd (1.5 pM) and AgNP+Cd (3.5 pg/ml + 1.5 uM). Mean + SEM of three independent
experiments in triplicate. Asterisks indicate effects in comparison to control (**p<0.01, ***p<0.001);
sharp symbol (#) indicates toxicological interaction.

3.3. Co-exposure to AgNP+Cd lead to deep changes in HepG2 cell proteome

Quantitative proteomics approach was performed in order to infer the proteomics
basis for the observed toxicity effects induced by the co-exposure of AgNP+Cd in
HepG2 cells. Following the experimental design illustrated in figure 4, LC-MS/MS
analysis allowed the identification and quantification of 4,522 proteins across all
experiments (2 high confidence peptides per protein) according to maximum

parsimony.
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FIGURE 4. Schematic work-flow applied to the study of interaction of AgNP and cadmium in HepG2
cells. The effect AgNP and cadmium in HepG2 cells was tested using cell viability and cell death assays.
Regulated proteins were identified and quantified using mass spectrometry-based proteomics combined

with bioinformatics analysis.

Here, we have used the term “upregulated” to describe proteins more abundant
after exposure to the contaminants, while “downregulated” refers to those less
abundant after exposure. Figure 5 shows the number of up and downregulated
proteins after 4 h (A) and 24 h (B) of exposure to the contaminants in reference to the
control. After 4 h-exposure, a total of 54 proteins were differently regulated for AQNP
(30 up and 24 downregulated), 50 proteins for Cd (25 up and 25 downregulated) and
14 proteins for AQNP+Cd (5 up- and 9 down-regulated). From these proteins, some
suffered contaminant-specific regulation, i.e., they were up or downregulated only in
one of the three-contaminant groups: 47 proteins for AgNP, 40 for Cd and 9 for
AgNP+Cd (fig. 5C).

After 24 h-exposure (fig. 5B), 310 proteins were differently regulated for AgNP
(105 up and 205 downregulated), 85 proteins for Cd (41 up and 44 downregulated)
and foremost 1949 proteins for AQNP+Cd (1151 up and 799 downregulated). From
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these proteins, contaminant-specific regulation occurred in 26 proteins for AgNP, 9 for
Cd and 1663 for AgNP + Cd (fig. 5D).
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FIGURE 5. Quantitative data of proteomic analysis of three independent experiments. A total of 4522
proteins were identified in all experimental conditions. (A-B) Up- and down- regulated proteins after 4
and 24 h exposure, respectively, to AgNP (3.5 pg/ml), Cd (1.5 uM) and AgNP+Cd (3.5 pg/ml + 1.5 pM).
(C-D) Owerlap among proteins regulated by each contaminant after 4 and 24 h of exposure.

For all groups, the global cellular response to these contaminants were in the
range of few hours and intensified over 24 h, with pronounced difference in protein
regulation, particularly for cells co-exposed to AgNP+Cd (alteration of 43% of proteome
after 24 h-exposure vs 0.3% after 4 h-exposure). In addition, the deregulation after 24
h of co-exposure to the contaminants could not be predicted based on the results from
the individual exposures (i.e., ~6.5% and 2% for AQNP and Cd, respectively).
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3.4. Molecular mechanisms underlying the toxic response to the contaminants

To better understand the molecular mechanisms caused by exposure to AgNP,
Cd and AgNP+Cd, protein-protein interaction networks were built using STRING
algorithm for 24 h-exposure experiment (fig. 6; for the 4 h-experiment, protein-protein
interaction networks were not formed). AgNP induced the upregulation of mitochondrial
proteins related to the respiratory chain and ribosomes, as well as heat shock and cell-
cell/matrix adhesion proteins (fig. 6A). A great number of proteins involved with
translation initiation and ribosome structure were downregulated. In addition, defined
clusters of proteins involved with glucose metabolism, antioxidant defense and cell
signaling were observed (fig. 6B). For Cd exposure, clusters of protein-protein
interactions were only observed for proteins that were downregulated, indicating that
nutrient metabolism and antioxidant defense depletion are related to the cell response
(fig. 6C). Protein-protein interactions in the co-exposure group were more related to
AgNP than Cd. Upregulation occurred for mitochondrial and respiratory chain proteins,
as well as for proteins involved in lipid metabolism, DNA transcription, RNA processing,
ribosomes formation and mRNA translation (fig. 6D). Conversely, downregulation
occurred for chaperones, heat shock proteins, proteasome subunits, antioxidant

defense proteins and proteins involved in glycolysis (fig. 6E).
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FIGURE 6. Protein-protein interaction networks. Functional interaction networks of deregulated proteins
by AgNP and Cd after 24 h were built with STRING algorithm. Thicker lines represent stronger
interactions and only interactions with high confidence (score = 0.7) are shown. Up (A) and
downregulated (B) proteins after 24 h exposure to AgNP. Proteins down-regulated by Cd after 24 h
exposure (C). Proteins up (D) and downregulated (E) after co-exposure to AgNP+Cd.

Pathway analysis was performed to gain an overview on the possible upstream
regulators (z-score > 2) involved in the deregulation of proteins after the exposure to
the contaminants (fig. 7A). Significant changes of upstream regulators were only
observed after 24 h-exposure to AgNP, Cd and AgNP+Cd. Inhibition of the
transcription factor Nrf-2 and the activation of RICTOR (subunit of mMTORC2) were
pointed out as upstream regulators for AgNP. Inhibition of lipid homeostasis regulators,
PPAR-y and SREBF1 were observed for Cd. For AQNP+Cd, 12 upstream regulators
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may be involved in the response: 7 were inhibited (such as Nrf-2 and PCK1 involved
in gluconeogenesis) and 5 were activated (such as lipid homeostasis related proteins:
PPARGC1A, CPI1 and NR1H4). (p=0.05)
indicated that signaling pathways were mainly associated with cell signaling, glucose

Finally, canonical pathway analysis

and lipid metabolism and oxidative stress—related responses (fig. 7B).

A B
Upstream Analysis 54 Canonical Pathways
z-score 24 h
-log(p-value)
[ — 3 —
341 3.1 + (&)
% % 0 23 . ;-.
23 2 5t ®
< O <
NRF2 . .
SREBF1 EIF2 Signaling
NR1H4 Glycolisis
RICTOR Gluconeogeneis
SREBF2 TCACycle
PPARA
MLXIPL Cholesterol biosyntesis
ATP7B Oxidative Phosphorylation
PPARGC1A mTOR Signaling
RIPK2
NR1I12 Protein Ubiquitination
INER HIPPO Signaling
PCK1
OMA1 Nrf-2 Signaling
MBTPS1
CYP7A1
CPT1C

FIGURE 7. Ingenuity Pathway Analysis (IPA). (A) Upstream regulators analysis (z score > 2) of groups
exposed to AgNP (RICTOR and NFE2L2), Cd (PPAR-a and SREBF1) and AgNP+Cd (ATP7B,
MBTPS1, PCK1, NFE2L2, NR1I2, INSR, CYP7A1l, OMA1, CPT1C, RIPK2, NR1H4 and PPARGC1A)
after 24 h. (B) Canonical pathway analysis (p value < 0.05) of groups exposed to AgNP, Cd and AgNP
+ Cd after 24 h.

Toxicity associated with the inactivation of Nrf-2 transcription factor

Oxidative stress results from the unbalance of pro-oxidants and antioxidant
defenses. Cells deal with this situation by increasing the expression of antioxidant
proteins and activating pathways related to survival and stress adaptation (Holmstrom
and Finkel 2014).
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Downregulation of antioxidant enzymes such as superoxide dismutase (SOD)
and peroxirredoxin (PRDX), observed after 24 h exposure to all contaminants (fig. 6;
table 1) and to AgNP after 4 h (data not shown), may impair antioxidant cell responses
leading to increased ROS levels, which was observed after exposure to AQNP, Cd and
AgNP+Cd (Miranda et al., 2017). Thioredoxins (TXR) were also downregulated after
24 h exposure to AgNP and AgNP+Cd (fig. 6B and E; table 1). This enzyme has an
important role in protein repair after oxidative damage, being responsible for reducing
oxidized proteins, including peroxirredoxin (after hydrogen peroxide reduction).
Exposure for 24 h to AgNP and AgNP+Cd hampered antioxidant defense system in a
wider range (fig. 6E), inducing also the downregulation of proteins involved in the
glutathione metabolism, such as glutathione synthetase (GSS), glutathione disulphide
reductase (GSR) and glutathione S-transferase (GST). As shown in table 1, although
AgNP and AgNP+Cd disturbed similar antioxidant defense proteins after 24 h, this
proteins were more downregulated in the latter case. This situation might have
contributed to the increase of ROS levels in the AgNP+Cd group, as observed in our
previous study.

Nrf-2 is a transcription factor that binds to the promoter region of antioxidant
response elements target genes, having a major role in the redox cell status (de Vries
etal., 2008; Vriend and Reiter, 2015). Under homeostatic conditions, Nrf2 is repressed
by its negative regulator, KEAP1. However, when intracellular environment becomes
more oxidant, this complex dissociates and Nrf2 migrates to the nucleus, promoting
the transcription of antioxidant defense related genes (ftoh et al., 2003). The
inactivation of this factor was indicated as an upstream regulator after exposure to
AgNP and AgNP+Cd (fig. 7A), and the Nrf-2 canonical pathway was significantly
affected by all contaminants (fig. 7B), resulting in the downregulation of antioxidant

defense proteins mentioned above and, consequently, increased ROS levels.
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TABLE 1. Proteins inwlved in antioxidant defense differentially regulated after 24 h exposure to the

contaminants. Ratio represents the experimental group vs control mean log-ratio of three independent
experiments.

Gene Name Accession

Number — agnp AgNP+Cd
CAT Catalase P04040 0.265 ‘
Glutathione-
disulfide
GSR reductase P00390 -0.239
Glutathione
GSS synthetase P48637 -0.4 05
Glutathione S-
transferase
GSTA1 alpha 1 P08263 -0.68 -0.45 -0.96
Glutathione S-
transferase mu
GSTM3 3 P21266 -0.64
Glutathione S-
transferase
GSTO1 omega 1 P78417 -0.36 -0.36 J
PRDX Peroxiredoxin Q06830 -0.58 -0.31 -0.77
Superoxide
SOD1 dismutase 1 P00441 -0.58 -0.41 -0.48
TXN Thioredoxin P10599 -0.71 -0.95

Transcription factor Nrf-2 also regulates the expression of proteasomal subunits
genes, which contributes to the removal of oxidized proteins following oxidative insult
(Chapple et al., 2012, Lee et al., 2012). Moreover, the proteasome has an important
role intimely and orderly degradation of cellular proteins, thus regulating many cellular
process (Glickman and Ciechanover 2002). Therefore, inactivation of Nrf2 may also
be involved with the downregulation of proteasome subunits after exposure to AgNP
and, at a higher extend, to AQNP+Cd (fig. 6B; table 2). This situation contributed to the
significant alteration of protein ubiquitylation canonical pathway alteration (fig. 7B) and,

possibly, the increased toxicity.
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In addition, the alteration of protein ubiquitylation canonical pathway (fig. 7B) due

to downregulation of ubiquitin, chaperones, heat shock proteins and thioredoxins (table

3) may contribute to this scenario, since proteins may neither be tagged to degradation

and degraded in the proteasomes, nor be repaired after the damage caused by the co-

exposure to AgNP+Cd.

TABLE 2. Proteasomal subunits differentially regulated after 24 h exposure to the contaminants. Ratio
represents the experimental group vs control mean log-ratio of three independent experiments.

Gene Name Accession
Number AgNP+Cd

proteasome subunit alpha

PSMA1 1 P25786 -0.493
proteasome subunit alpha

PSMA4 4 P25789 -0.418 -0.454
proteasome subunit alpha

PSMAS 5 P28066 -0.413 -0.587
proteasome subunit alpha

PSMAG6 6 P60900 -0.541
proteasome subunit alpha

PSMA7 7 014818 -0.385

PSMB1 proteasome subunit beta 1 P20618 -0.289

PSMB2 proteasome subunit beta 2 P49721 -0.494

PSMB3 proteasome subunit beta 3 P49720 -0.49

PSMB4 proteasome subunit beta 4 P28070 -0.356 -0.55

PSMB6 proteasome subunit beta 6 P28072 -0.47
proteasome 26 S subunit.

PSMC3 ATPase 3 P17980 -0.803
proteasome 268S subunit.

PSMD5 non-ATPase § Q16401 -0.538
proteasome 26$S subunit.

PSMD7 non-ATPase 7 P51665 -0.341
proteasome 26S subunit.

PSMD12 non-ATPase 12 000232 -0.407
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TABLE 3. Proteins related to ubiquitylation and protein repair differentially regulated after 24 h exposure
to the contaminants. Ratio represents the experimental group vs control mean log-ratio of three
independent experiments.

RATIO
Gene Name Accession
Number

AgNP Cd AgNP+Cd

DnaJ heat shock protein
DNAJB4 family (Hsp40) member B4 QoUDY4 0,761

DnaJ heat shock protein
DNAJC7  family (Hsp40) member C7 Q99615 0,338

DnaJ heat shock protein
DNAJCS8 family (Hsp40) member C8 075937 -0,401 -0,509

heat shock protein 90 alpha
HSP90AA1  family class A member 1 P07900 -0,421 -0,654

heat shock protein family A
HSPA4 (Hsp70) member 4 P34932 -0,346 -0,78

heat shock protein family A
HSPAS (Hsp70) member 8 P11142 -0,41 -0,549

heat shock protein family A
HSPA9 (Hsp70) member 9 P38646 0,212

heat shock protein family B
HSPB1 (small) member 1 P04792 0,696 0,8 0,314

heat shock protein family H
HSPH1 (Hsp110) member 1 Q92598 -0,331

ubiquitin like modifier
UBA1 activating enzyme 1 P22314 -0,282

ubiquitin conjugating
UBE2B enzyme E2 B P63146 -0,814

ubiquitin conjugating
UBE2I enzyme E2 | P63279 -0,917

ubiquitin conjugating
UBE2N enzyme E2 N P61088 0,534

ubiquitin conjugating
UBE2Q1 enzyme E2 Q1 Q7Z7ES 0,897

ubiquitin conjugating
UBE2V1 enzyme E2 V1 Q13404 -0,575

ubiquitin C-terminal
UCHLS hydrolase L5 QOY5K5 -0,156

ubiquitin specific peptidase
USP14 14 P54578 -0,316

ubiquitin specific peptidase
USP36 36 Q9P275 0,446

ubiquitin specific peptidase
USP9X 9, X-linked Q93008 0,464
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Co-exposure to AgNP+Cd strongly deregulates mRNA translation related proteins

Attenuation of mRNA translation, via phosphorylation of elF2, is an initial cell
response to a wide range of stressors, such as nutrient deprivation and accumulation
of miss-folded proteins. By this way, cells can save resources while a new program of
gene expression is being adopted to prevent further cell damages (Baird and Wek
2012, Donnelly et al., 2013). elF2 canonical pathway was significantly altered after 24
h-exposure to AgNP and Cd (fig. 7B), due to the downregulation of proteins involved
in translation initiation and/or ribosome subunits (fig. 6B and C; table 4). However, a
different situation was observed for the combination of both contaminants. Although
downregulation of proteins involved in translation initiation and ribosomes also
occurred, a greater number of these proteins were found to be upregulated (fig. 6D
and E; table 4). Moreover, more up than downregulated proteins were identified and
quantified (fig 5B). Supposedly, cells co-exposed to contaminants might have activated
transcription and translation of key proteins at 24 h in response to cellular stress. In
particular, proteins normally required for reestablishment of energy status, such as
those involved in oxidative phosphorylation and mitochondrial functioning as well as in
lipid metabolism, were up-regulated, although this cell response has not been enough
to avoid or attenuate the abnormal ADP/ATP increase and cell death (fig. 2 and 3). On
the other hand, deregulation of this pathway might have also resulted in reduced the
levels of certain proteins, such as those involved in antioxidant defense, proteasome

activity and protein repair, as discussed above.
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TABLE 4. Ribosomal proteins and translation initiation factors differentially deregulated after 24 h

exposure to the contaminants. Ratio represents the experimental group vs control mean log-ratio of
three independent experiments.

. RATIO . RATIO
Symbol Gene Name Accession R ———— Symbol Gene Name Accession
Number AgNP  Cd AgNP+Cd Number  AgNP Cd AgNP+Cd
Eukaryotic translation
initiation factor 1A. Y-
EIF1AY nitistion factor 17 014502 036 RPL3 ribosomal proteinL3 P39023 0.693
S eukaryotc ransiation 02 RPL10  ribosomal proteinL10 P27635 0.616
P A e . RPL12  ribosomalproteinL12  P30050 -0.358 -0.532
EIF2AK3 Inltlatlo:i;aﬂcslggz slpha QINZJ5 -0.533 RPL15  ribosomalproteinL15 P61313 0.367
siikaryatlc ransistion RPL18 proteinL18 Q07020 0.165
EIF2B1 bunitalph: Q14232 -0.8
euk:rl;'o:‘i: n:zs:ation - : RPL21  ribosomal proteinL21 P46778 0.411
initiation factor 3
EIF3A " :ug:nﬂw Q14152 0.231 RPL29  ribosomalproteinL29 P47914 -0.425 -0.352
Karyotic translati
© initationfactor3. ~ RPL30  ribosomalproteinL30 P62888 0.299
EIF3D subunitD 015371 0.208
eukaryotic translation RPL32  ribosomalproteinL32 P62910 0.27
initiation factor 3
EIF3G ' subunito o75821 2196 RPL35  ribosomalproteinl3s  P42766 -0.382 -0.515
eukaryotic translation
initiation factor 3 RPL38  ribosomalproteinL38 P63173 -0.31
EIF3H subunitH 015372 -0.324
eukaryotic translation RPL39 ribosomal proteinL39 P62891 -0.887 -0.826
initiation factor 3
EIF3J subunitJ 075822 -0.386 -0.64 RPL13A ribosomalproteinL13a P40429 0.328
eukaryotic translation
initiation factor 3 RPL18A ribosomalproteinL18a Q02543 0.458
EIF3L subunitL. QY262 -0.307
eukaryotic translation RPL37A  ribosomalproteinL37a P61513 0.376
initiation factor 3 ribosomal protein
EIF3M subunitM Q7L2H7 0.511 RPLPO  lateral stalk subunitPO P05388 -0.463 -1.004
ribosomal protein
Eukaryotic initiation RPLP1  I|ateralstalk subunitP1 P05386 -0.842 -1.443
EIF4 factor 4A-1 P60842 0.231 ribosomal protein
eukaryotic translation RPLP2  I|ateral stalk subunitP2 P05387 -0.652 -0.406 -0.863
initiation factor 4
EIF4G1 gamma1 Q04637 0.401 RPS2 ribosomal protein $2 P15880 0.187
eukaryotic translation
initiation factor 4 RPS3 ribosomal protein $3 P23396 0.172
EIF4G2 gamma 2 P78344 0.162
RPS5 ribosomal protein S5 P46782 0.645
RPS7 ribosomal protein S7 P62081 -0.339 -0.445
RPS10  ribosomal protein$10 P46783 -0.296 -0.505
RPS12  ribosomalproteinS$12 P25398 -0.311 -0.355
RPS15  ribosomal proteinS15 P62841 -0.569  -0.353 -0.559
RPS19  ribosomalproteinS19 P39019 -0.616  -0.379 -0.765
RPS23  ribosomalprotein$23 P62266 0.26
RPS24  ribosomal proteinS24 P62847 -0.381 -0.877
RPS29  ribosomalproteinS29 P62273 0.382
ribosomal protein
RPS27A s27a P62979 0.401
RPS3A  ribosomal protein S3A P61247 0.24
ribosomal protein 84.
RPS4Y1 Y-linked 1 P22090 -0.408  0.449
_ RPSA  ribosomalproteinsA  Posses  -0.427

Co-exposure to AQNP+Cd induces a metabolic reprogramming in HepG2 cells

Cancer cell lines are metabolic adapted for rapid growth under hypoxic and acidic
conditions, being glycolysis the main process to synthesize ATP (Warburg effect) even
in the presence of oxygen and functional mitochondria (Liberti and Locasale, 2016;
Rodriguez-Enriquez etal., 2001). HepG2 cells have the ability to utilize different routes
of energy conversion allowing them to use glycolysis alongside oxidative
phosphorylation (Kamalian et al., 2015).
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Downregulation of proteins involved in glycolysis (table 5) might have resulted in
the harsh unbalance of ADP/ATP ratio observed after co-exposure to AgNP+Cd,
despite the upregulation of proteins related with oxidative phosphorylation (table 6).
Conversely, itis possible that, due to a not so harsh chemical stress, lone exposure to
AgNP led to minor ADP/ATP unbalance compared to AgNP+Cd-exposed cells, even
though downregulation of glycolytic proteins occurred in both groups.

In our previous study, we reported that 24 h-exposure to AgNP+Cd, but not to
AgNP, resulted in the decrease of MTT metabolism, an assay that depends on the
activity of mitochondrial succinate dehydrogenase. Therefore, it is possible that on
cells with unaltered MTT metabolism (AgNP group) ATP supply was maintained,

whereas on those exposed to AQNP+Cd it was not.

TABLE 5. Glycolysis related proteins differentially deregulated after 24 h-exposure to the contaminants.
Ratio represents the experimental group vs control mean log-ratio of three independent experiments.

RATIO
Symbol Gene Name Accession

Number AgNP Cd AgNP+Cd

aldolase, fructose-

ALDOA bisphosphate A P04075 -0,459 -0,527
aldolase, fructose-

ALDOC bisphosphate C P09972 -0,462

ENO1 enolase1 P06733 -0,578 -0,597
glyceraldehyde-3-

phosphate
GAPDH dehydrogenase P04406 -0,603 -0,739
glucose-6-phosphate

GPI isomerase P06744 -0,62 -0,748

phosphoglycerate
PGAM1 mutase 1 P18669 -0,36 -0,23
phosphoglycerate kinase
PGK1 1 P00558 -0,352 -0,314
PKM pyruvate kinase, muscle P14618 -0,303 -0,364

triosephosphate
TP isomerase1 P60174 -0,644 -0,354 -0,716
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TABLE 6. Oxidative phosphorylation related proteins differentially deregulated after 24 h-exposure to
the contaminants. Ratio represents the experimental group vs control mean log-ratio of three
independent experiments.

- RATIO RATIO
Symbol Gene Name Accession _— Symbol Gene Name Accession —m8 ————_
Number AgNP  Cd AgNP+Cd Number AgNP  Cd AgNP+Cd
ATP synthase. H+ NADH:ubiquinone
transporting. oxidoreductase
mitochondrial F1 NDUFA8 subunitA8 P51970 -1.437
complex. alpha NADH:ubiquinone
ATP5A1 subunit 1 P25705 0.219 oxidoreductase
ATP synthase. H+ NDUFA9 subunitA9 Q16795 0.183
transporting. NADH:ubiquinone
mitochondrial F1 oxidoreductase
complex. beta NDUFA12 subunitA12 QsuI09 0.368
ATP5B polypeptide P06576 0.387 NADH:ubiquinone
ATP synthase. H+ oxlidoreductase
transporting. NDUFB4 subunitB4 095168 0.292
mitochondrial Fo NADH:ublquinone
ATP5F1 complex subunit B1 P24539 0.243 oxidoreductase
ATP synthase. H+ NDUFBS subunitB5 043674 0.359
transporting. NADH:ubiquinone
mitochondrial Fo oxidoreductase
ATP5G3 complex subunit C3 P48201 1.373 NDUFB7 subunit B7 P17568 0.851
cytochrome ¢ oxidase NADH:ubiquinone
cox4n subunit4i1 P13073 0.383 oxidoreductase core
cytochrome ¢ oxidase NDUFS$1 subunit 1 P28331 0.195
COX5A subunit 5A P20674 0.385 NADH:ubiquinone
cytochrome c¢ oxidase oxidoreductase core
COX6B1 subunit 6B1 P14854 0.352 NDUFV1 subunit V1 P49821 0.306
cytochrome c¢ oxidase succinate
COX7A2 subunit 7A2 P14406 -0.657 dehydrogenase
cytochrome c oxidase complex flavoprotein
COX8A subunit 8A P10176 0.636 SDHA subunitA P31040 0.554
CYB5A  cytochrome bStype A P00167 -0.29 de:;‘:f;;:':ase
CcYC1 0.272 complex iron sulfur
cy‘:g,:f:,?,'::?:;i:,a" BossT4 SDHB subunitB P21912 0.245
MT-CO2 subunitll P00403 0.313 ub'qﬂ':ﬂ'-lcvlochrome
¢ reductase core
MT-CO3 M“hmm"e, c.oxdase P00414 0.527 UQCRC1 protein | P31930 0.247
NADH:ubiquinone ubiquinol-cytochrome
oxidoreductase ¢ reductase core
NDUFA1 subunitA1 015239 0.342 UQCRC2 proteinll P22695 0.193
NADH:ubiquinone ubiquinol-cytochrome
oxidoreductase ¢ reductase. Rieske
f - iron-sulfur
NDUEAS SO Gl gne arerie 0.985 UQCRFS1 polypeptide 1 Pa7985 0.193
oxidoreductase
NDUFA6 subunitAé P56556 -0.425

In hepatocytes and HepG2 cells, under ideal nutritional conditions, ATP
production occurs mainly through glucose oxidation (lyer et al., 2010). However, at
nutrient deprivation, fatty acids can be oxidized in order to obtain ATP, through -
oxidation and tricarboxylic acid cycle (Houten and Wanders 2010, lyer et al., 2010,
Carracedo et al., 2013). Lipid metabolism related proteins were upregulated after co-
exposure to AgNP+Cd (fig. 6D and table 7), suggesting that cells may be using an
alternative nutrient to supply the metabolic demand, such as the lipids present in the
culture medium (from fetal bovine serum).

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PPARGC1A) and bile acid receptor (NR1H4 or FXR) increase transcriptional activity
of the nuclear receptor PPARY, having a central role in metabolic reprogramming in
response to nutrient deprivation, through activation of gene expression related to
glucose and lipid homeostasis (Mukherjee et al.,, 1997; Pineda Torra et al.,, 2003).
Activation of these co-factors were pointed out as upstream regulators in the cells

exposed to AgNP+Cd for 24 h (fig. 7A), suggesting that co-exposure to these
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contaminants led to a metabolic reprogramming. Activation of 3-oxidation regulator,
carnitine O-palmitoyltransferase 1 (CPT1C) (Rinaldi et al., 2015) and inactivation of
NR1I2, an inhibitor of B-oxidation (Moreau et al., 2008), were also indicated as
upstream regulators (fig. 7A). In addition, canonical pathway analysis suggested
alteration on glycolysis and gluconeogenesis in AQNP and AgNP+Cd groups, due to
downregulation of proteins related to these pathways (fig. 7B). Taken together, these
data reinforce the idea that co-exposure to AgNP+Cd induced a metabolic
reprogramming in HepG2 cells due to the ADP/ATP ratio sharp increase in relation to
control. Even so, this ratio remained disturbed in cells co-exposed to AQNP+Cd. As
mentioned earlier, we have previously reported that 24 h of exposure to AgNP+Cd let
to decrease of MTT metabolism, therefore, it is possible that metabolites produced by
B-oxidation and TCA cycle (NADH, FADH2 and acetyl-CoA) were not used in this

pathway to efficiently restore ADP/ATP homeostasis.

TABLE 7. Tricarboxylic acid cycle (TCA) and lipid metabolism related proteins differentially deregulated
after 24 h exposure to the contaminants. Ratio represents the experimental group vs control mean log-
ratio of three independent experiments.

RATIO . RATIO
Symbol Gene Name Accession —_— Symbol Gene Name Accession  ———
Number AgNP  Cd AgNP+Cd Number AgNP  Cd AgNP+Cd
TCA Cycle Lipid metabolism
2.4-dienoyl-CoA
ACO2 aconitase 2 Q99798 0.453 DECR1 reductase Q16698 0.15
dihydrolipoamide Enoyl-CoAdelta
DLD dehydrogenase P09622 0.378 ECH isomerase 1 P42126 0.359
dihydrolipoamide S- Propionyl-CoA
DLST succinyltransferase P36957 0.374 carboxylase alpha
PCCA chain P05165 0.453
FH fumarate hydratase P07954 0.168 3-ketoacyl-CoA
Isocitrate ACAA2 thiolase P42765 0.398
dehydrogenase 3 Short-chain specific
IDH3A (NAD(+)) alpha P50213 0.33 0.481 acyl-CoA
isocitrate ACADS dehydrogenase P16219 0.496
dehydrogenase 3
IDH3B (NAD(+)) beta 043837 0.444 Acetyl-CoA
Isocitrate ACAT2 acetyltransferase 075908  -0.969 -0.695 -1.207
dehydrogenase 3 Medium-chain specific
IDH3G (NAD(+)) gamma P51553 0.478 acyl-CoA
malate dehydrogenase ACADM dehydrogenase P11310 0.169
MDH1 Z] P40925 -0.667 -0.398 -1.046 caPrrgg)l(;Taysl.ec:::a
oxoglutarate "
OGDH dehydrogenase Q02218 0.327 PcCB - t.;ham P05166 0.23
= Trifunctional enzyme
succinate HADHB subunit beta P55084 0.371
dehydrogenase
complex flavoprotein
SDHA subunitA P31040 0.554
succinate
dehydrogenase
complex iron sulfur
SDHB subunitB P21912 0.245

succinate-CoA ligase
SUCLG1 alpha subunit P53597 0.48
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4. Conclusion

Our results provide important information about the toxicological interaction of
AgNP and cadmium in HepG2 cells, as well as some insights about possible toxicity
mechanisms to be further studied. Co-exposure for 24 h to AgNP+Cd induced, in
general, more toxic responses than individual exposures to AgNP or Cd. Total
proteome profile of HepG2 cells changed substantially after 24 h of co-exposure to
AgNP+Cd. Oxidative stress increase, previously observed, might be a result of
downregulation of antioxidant defense system, due to the inhibition of the upstream
regulator Nrf-2 activity, which may also have played a central role for downregulation
of proteasome subunits. Another hallmark of the toxicity induced by AgNP+Cd was the
upregulation of oxidative phosphorylation and lipid metabolism related proteins,
suggesting that a metabolic reprogramming occurred, since HepG2 cells usually
produce ATP mainly by glycolysis, and alternative nutrients, such as lipids, were
possibly used to try to reestablish homeostatic ADP/ATP ratio. While cells exposed to
individual contaminants exhibited downregulation of translation related proteins, cells
co-exposed to AgNP+Cd showed both up and downregulation, resulting in a deep
alteration of elF2 canonical pathway. This situation might be the cause of
downregulation of glycolytic, antioxidant and proteasomal proteins, and so have
triggered cell adaptation mechanisms, i.e., metabolic reprogramming. However, this
adaptation strategy was not enough to restore ADP/ATP homeostasis and to avoid cell
death.
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4. DISCUSSAO GERAL

Os resultados apresentados nesta tese fornecem as primeiras informacdes a
respeito dos efeitos bioldégicos da coexposicdo entre AgQNP e os metais toéxicos Cd e
Hg em células HepG2.

No primeiro capitulo, observou-se que, de modo geral, apenas as associacfes
entre as maiores concentragoes de AgNP (AgNP 1) e metais (Cd Il e Hg Il) induziram
respostas que ndo poderiam ser previstas a partir das exposicoes individuais. Isto €,
0 somatorio do efeito induzido pela mistura foi maior do que o induzido pelas
exposicdes as AgNP ou metais isoladamente, sendo que a associagdo entre AgNP Il
com Cd Il induziu mais efeitos deletérios do que a coexposicdo da AgNP com Hg II.
Apesar disso, a concentracao intracelular de Hg ll, e ndo de Cd ll, aumentou cerca de
2,8 vezes quando os as células foram coexpostas aos metais e NP.

As coexposicOes a AgNP e Cd, em especiala AgNP Il + Cd I, levaram areducao
da viabilidade celular (avaliada através do ensaio do vermelho neutro) de maneira
tempo-dependente. No entanto, a situacao inversa foi observada para AgNP Il + Hg
Il. apesar desta mistura ter inicialmente reduzido a viabilidade de HepG2 (4 h de
exposicao), ela foi parcialmente recuperada apds 24 h de exposi¢cdo. A ativacdo de
mecanismos de defesa ocorre de maneira tempo-dependente, sendo assim, é
possivel que um estresse inicial induzido por AgNP Il + Hg Il tenha sido
contrabalangcado. No entanto, se os mecanismos de defesa ndo forem capazes de
reestabelecer a homeostase celular, a toxicidade aumenta, como observado nas
células expostas a AgNP Il + Cd II.

Tanto AgNP quanto os metais Cd e Hg sao capazes de induzir a redugdo da
atividade da succinato desidrogenase in vitro (YANO E MARCONDES, 2005;
CHAIRUANGKITTI et al., 2013; AUEVIRIYAVIT et al., 2014), resultando na redugao
dos niveis intracelulares de ATP. O ensaio do MTT indicou que a reducdo do
metabolismo mitocondrial apds a exposicao as AgNP ocorre de forma mais precoce
(apos 4 h) do que para os metais. Com relacdo as coexposi¢cdes, a associacao de
AgNP Il + Hg Il resultou em uma reducdo maior do que a esperada, enquanto AgNP
I + Cd Il induziu um efeito similar ao somatério dos efeitos induzidos pelos

contaminantes individuais.
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A coexposicdo as maiores concentracdes dos contaminantes resultou na
alteracdo do mecanismo de morte celular: de apoptose para necrose. Enquanto
células expostas aos contaminantes individuais iniciaram o processo apoptoético pela
marcacao positiva para fosfatidilserina (com anexina V-FITC), as células coexpostas
parecem ter iniciado o programa apoptotico (e.g., condensacdo da cromatina), no
entanto, a membrana plasmatica tornou-se permeavel ao iodeto de propidio antes que
a fosfatidilserina fosse marcada, caracterizando o processo necrético. A apoptose é
um evento que requer energia fornecida pela hidrélise de ATP e células coexpostas a
AgNP 1II + Cd II apresentaram uma grande desbalanco (aumento) na relacao
ADP/ATP, como observado no capitulo 2. Desta forma, é possivel que este estresse
energético tenha levado ao processo necroético, ja que este € um evento passivo e
independente de ATP. O decréscimo do status energético da célula também pode ser
a causa da reducdo acentuada do nimero de células (ensaio de proliferacdo celular)
apos as coexposicoes.

O estresse oxidativo € um dos principais efeitos in vitro de AgNP, Cd e Hg
(NZENGUE et al., 2008; LIU et al., 2010; AGUADO et al., 2013). A elevacéo nos niveis
citosolicos de EROs foi uma resposta inicial (j& observada no ensaio de 2 h) apés as
coexposicdes as AgNP com ambos 0s metais, enquanto estes niveis mantiveram-se
basais apds exposi¢do aos contaminantes individuais. Apds exposi¢cdes prolongadas
(4 e 24 h), contaminantes individuais foram capazes de aumentar os niveis de EROs
em HepG2, ao passo que células coexpostas apresentaram reducdo destes niveis ao
longo do tempo. ApoOs 24 h, somente grupos coexpostos as AgNP Il + Cd Il e AgNP
Il + Hg I mantiveram altos niveis de EROs. E possivel que nestes grupos, o sistema
de defesa antioxidante ndo tenha sido suficiente para reestabelecer a homeostase e,
possivelmente, evitar a morte celular ao longo das 24 h de exposicgéo.

Uma fonte importante de EROs podem ter sido as mitocéndrias, principalmente
em células expostas as AgNP e Cd, bem como AgNP Il + Cd Il, j& que &nion
superoxido é convertido em peréxido de hidrogénio pela superoxido dismutase, e esta
ERO pode difundir-se livremente para o citoplasma (FLEURY et al., 2002). Além disso,
o0 aumento desses niveis pode levar ao mal funcionamento mitocondrial e deplecéo
de ATP.
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Outro biomarcador analisado apds as exposicOes foi a atividade dos
transportadores de resisténcia a multixenobiéticos, importantes no processo de
destoxificacdo. Alguns trabalhos ja demonstraram que nanoparticulas, Cd e Hg podem
interferir com o funcionamento e expressédo destes transportadores (SALOMON E
EHRHARDT, 2011; DELLA TORRE et al., 2012; CHEN et al., 2016). O acumulo de
rodamina B foi observado, especialmente apds a coexposicdo as AgNP Il + Cd Il, o
gue pode ter resultado na presenca prolongada dos contaminantes na célula e levado
a uma maior sensibilidade.

Diferente do esperado, a concentragdo de Hg aumentou 2,8 vezes na presenca
de AgNP em relacdo ao observado em células expostas somente ao Hg, enquanto
gque a concentragdo intracelular de Cd se manteve a mesma tanto na presenca ou
auséncia de AgNP. Metais, como Cd e Pb, podem adsorver a superficie de
nanoparticulas, devido a diferenca entre cargas (ALQUDAMI et al., 2012). Como as
nanoparticulas utilizadas neste trabalho apresentam carga negativa e Cd e Hg, carga
positiva, € possivel que Hg tenha adsorvido a superficie de AgNP. Esse resultado
explica, ao menos em parte, 0 aumento da toxicidade induzida por AgNP Il + Hg Il. No
entanto, a mesma logica ndo é valida para AgNP Il + Cd Il. E possivel que esses
contaminantes atuem em vias convergentes, ou ainda, que as células ndo sejam
capazes de reestabelecer a homeostase em niveis muito altos de estresse.

Com base nos resultados obtidos no capitulo I, o segundo capitulo desta tese
foi conduzido com a finalidade de investigar os mecanismos moleculares envolvidos
na toxicidade de AgNP Il + Cd I em HepG2. Para isso, foram realizadas analises de
protedmica baseada em espectrometria de massas.

Como AgNP diferentes foram utilizadas, inicialmente foram realizadas analises
bioquimicas para avaliar se as alteracdes na viabilidade celular eram similares entre
AgNP de 2 nm + Cd (diametro utilizado no capitulo 1) e AQNP de 10 nm + Cd (diametro
utilizado no capitulo Il). Apés 4 h, os efeitos induzidos em apés exposicdo as AgNP
de 10 nm, isoladas ou combinadas com Cd, foram mais brandos do que o observado
no capitulo | para AgNP de 2 nm. No entanto, os efeitos induzidos apos 24 h de
exposicao pelos dois tamanhos de NP, tanto isoladamente como em combinagado com
Cd, foram bastante similares. Desta forma, os resultados obtidos no primeiro capitulo

podem, com o devido cuidado, ser relacionados com os dados do capitulo Il da tese.
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A partir da andlise protedbmica, um total de 4522 proteinas foram identificadas e
guantificadas de acordo com a maxima parcimbnia. Células expostas aos
contaminantes durante 24 h apresentaram uma maior alteracdo no perfil de proteinas
em comparacao as células expostas por apenas 4 h. Em particular, células coexpostas
as AgNP+Cd apresentaram 43% do proteoma total regulado, o que ndo pode ser
previsto a partir dos resultados observados apds as exposicdes isoladas aos
contaminantes (aproximadamente 6,5% e 2% do proteoma total foi alterado apos 24
h exposicdo as AgNP e ao Cd, respectivamente).

Um dos efeitos toxicolégicos mais caracteristicos de AgNP e Cd in vitro é o
aumento nos niveis de EROs (NEMMICHE et al., 2011; LEE et al., 2014; MIETHLING-
GRAFF et al., 2014; LI et al., 2016). Como discutido anteriormente, a coexposi¢cao a
esses contaminantes induziu um aumento precoce nos niveis de EROs em HepG2, o
qual foi mantido ao longo das 24 h de exposi¢do. Isto pode estar relacionado a
inativacdo do fator de transcricdo Nrf-2, resultando na deplecdo de enzimas e
proteinas relacionadas a defesa antioxidante e, consequentemente, alteracdo do
potencial redox intracelular.

Ainativacdo de Nrf-2 também pode estar relacionada com outras respostas apos
24 h de coexposicao as AgNP+Cd, como a reducédo dos niveis de subunidades dos
proteossomos. A reducdo da expressao ou da atividade do proteossomo pode levar
ndo apenas ao acumulo de proteinas danificadas, bem como alteracdo em diversos
processos celulares, como proliferacdo, resposta ao estresse quimico, transcricdo
génica, inflamacédo etc., uma vez que esse sistema regula, de forma sincronizada e
ordenada, a degradacdo de diversas proteinas (FALASCHETTI et al., 2013;
GLICKMAN et al., 2002). Ainda, a reducdo nos niveis de proteinas envolvidas com
ubiquitilacdo (ubiquitinas-conjugases, ubiquitinas-hidrolases, ubiquitinas-peptidases),
tiorredoxinas, chaperonas e proteinas heat-shock podem ter contribuido para esse
cenario, uma vez que proteinas danificadas ou mal dobradas ndo seriam
eficientemente reparadas ou marcadas para degradacao, ou ainda degradadas nos
proteossomos.

Os niveis de proteinas envolvidas com a traducdo, em especial subunidades
ribossomais, foram significativamente reduzidos apos 24 h de exposicado as AgNP e

Cd, levando a alteracdo significativa da via elF2. Essa resposta sugere que células
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expostas aos contaminantes individuais atenuaram atraducdo de mRNA, em resposta
a uma situacdo inicial de estresse, permitindo que as células poupem recursos
energeéticos enquanto um novo programa de expressdo génica € adotado (BAIRD E
WEK 2012; DONNELLY et al, 2013). Apesar desta via também ter sido
significativamente alterada apos 24 h da co-exposicao a AQNP+Cd, observou-se tanto
aumento quanto redugdo nos niveis de um grande nimero de fatores de iniciacdo de
transcricdo e subunidades ribossomais. Essa situacdo pode ter facilitado a ativacao
da traducdo de mRNA para proteinas-chave na resposta ao estresse celular, uma vez
gue proteinas envolvidas com o reestabelecimento do status energético da célula
(e.g., fosforilagdo oxidativa, proteinas mitocondriais e proteinas envolvidas com
metabolismo de lipidios) tiveram sua abundancia aumentada em relacdo ao controle.
Por outro lado, é possivel que o funcionamento inadequado dessa via tenha levado a
reducdo nos niveis de fatores-chave para defesa contra o estresse quimico, como a
expressdo de proteinas de defesa antioxidante, por exemplo.

A adaptacdo celular apds a exposicdo as AgNP+Cd apds 24 h parece estar
envolvida com uma reprogramacdo ou adaptacdo metabdlica. Em células tumorais,
mesmo na presenca de oxigénio e mitocondrias funcionais, a glicélise € principal via
de sintese de ATP (RODRIGUEZ-ENRIQUEZ et al., 2001; LIBERTI E LOCASALE,
2016). Talvez a reducdo nos niveis de proteinas envolvidas na glicélise, observada
apos 24 h de exposicdo as AgNP e AgNP+Cd, tenha gerado um desbalanco
(aumento) inicial na relagcdo ADP/ATP e as células tenham respondido com a aumento
nos niveis de proteinas envolvidas na fosforilacdo oxidativa. Esse mecanismo de
adaptacao parece ter sido eficiente para células expostas apenas as AgNP, uma vez
gue a relacdo ADP/ATP foi pouco alterada em relacdo ao controle se comparadas as
células coexpostas as AgNP+Cd.

ApoOs 24 h de coexposicao as AgNP+Cd também houve aumento de proteinas
envolvida no metabolismo de lipidios e ciclo do acido citrico. Além disso, analise de
reguladores upstream indicou que proteinas-chave envolvidas na reprogramacao
metabdlica e metabolismo de lipidios podem estar ativadas (como PPARGCI1A e
NR1H4: envolvidas na ativacdo do receptor nuclear PPARy que desempenha papel
central na adaptacédo metabdlica em resposta a falta de nutrientes; e CPT1C: ativador

da B-oxidagéo) ou inibidas (NR1I2: inibidor da B-oxidagédo). Esses dados reforcam a
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hipotese de que em resposta ao desbalanco acentuado na relacdo ADP/ATP apés a
coexposicdo aos contaminantes por 24 h, as células iniciam um processo de
reprogramacao metabdlica que consiste no aumento de proteinas envolvidas na
fosforilag@o oxidativa e no metabolismo de lipidios.

De maneira resumida, os dados obtidos no segundo capitulo desta tese dao
suporte aos observados no primeiro capitulo em relacdo a toxicidade induzida por
AgNP+Cd em HepG2.

Consideracdes finais

o De maneira geral, interagBes toxicologicas foram observadas apenas apos as
coexposicdes as maiores concentracbes dos contaminantes, resultando numa
alteracdo substancial em parametros bioquimicos e no mecanismo de morte
celular.

o Na presenca das AgNP, a concentragédo intracelular de Hg, mas ndo a de Cd,
aumentou nas associacdes entre AgNP e metais. Ainda assim, a coexposi¢cao
as AgNP+Cd induziu efeitos mais téxicos em células HepG2 do que AgNP+Hg.

o A coexposicdo as AgNP+Cd por 24 h induziu uma profunda desregulacdo do
proteoma celular, indicando que a toxicidade desta mistura esta relacionada com
a deplecdo das defesas antioxidantes, deplecéo de proteinas proteassomais e
chaperonas, deplecdo de proteinas relacionadas com metabolismo da glicose.
No entanto, a ativagcdo de proteinas-chave para reprogramacdo metabdlica
sugere uma tentativa para reestabelecer a homeostase.

o Embora o conhecimento a respeito de interacbes entre nanoparticulas e
contaminantes ambientais esteja avancando, muitos estudos ainda s&o
necessarios para a compreensdo de como essa interacdo ocorre a nivel quimico
e quais os efeitos destas interacdes em organismos, particularmente, ao longo

prazo.
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FIGURA 1. Caracterizacdo das AgNP. Potencial zeta das duas solu¢gBes méae de AgNP sintetizadas
por ablacao a laser.
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FIGURA 2. Screening de toxicidade apés 24 h de exposicdo as AgNP. Ensaios de viabilidade celular
(A e C vermelho neutro; B e D MTT) em porcentagem comparado ao controle em HepG2 apos
exposicdo as AgNP. Dados s&o apresentados em média + SEM de trés réplicas biol6gicas
independentes. Asteriscos indicam diferengca em relacdo ao controle e sustenidos indicam efeito de
interacao *p<0,05, ***p<0,001. Sustenido (#) indica interacao toxicolégica.
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FIGURA 3. Screening de toxicidade apés 24 h de exposicdo ao Cd e Hg. Ensaios de viabilidade celular
(A e C vermelho neutro; B e D MTT) em porcentagem comparado ao controle em HepG2 apds ao
cadmio (A-B) e mercurio (C-D). Dados sao apresentados em média + SEM de trés réplicas biolégicas
independentes. Asteriscos indicam diferenga em relacdo ao controle e sustenidos indicam efeito de
interacao *p<0,05, ***p<0,001. Sustenido (#) indica interacao toxicolégica.
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FIGURA 4. Ensaio de morte celular em time-lapse dos grupos: Controle, Cd Il (1.5 pM), AgNP 1l (3.5
pg.mlt) and AgNP li+ Cd IIl. Células foram incubadas Hoechst (azul), anexina V-FITC (verde) e iodeto
de propidio (vermelho) durante 24 h. Células viaweis apresentam o nlcleo marcado em azul; células
morrendo ou mortas apresentam o ndcleo marcado em rosa/roxo (sobreposicdo das fluorescéncias
vermelha e azul) e a superficie celular em verde (marcacdo da fosfatidilserina). Células do controle se
mantem organizadas em grupos, aderidas a superficie e espraiadas durante o curso de 24h. Agregados
de AgNP podem ser obsenados para exposi¢@o nos grupos que receberam AgNP Il e AgNP Il + Cd I,
particularmente apds 4 h de exposicdo. No entanto, essa observacdo dewve ser feita com cuidado, pois
os aspectos de agregados de AgNP séo similares a organelas celulares (inserto 4 h; organela = seta
em Cd Il; AgNP = seta em AgNP Il e AgNP I+ Cd Il em imagens ajustadas. Células tornam-se
arredondas a partir de 16 h no Cd Il e anteriormente para exposicdo a AgNP Il e AgNP I+ Cd Il (setas
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brancas em 4 h; setas pretas em insertos de AgNP Il mostram perda do contato célula-célula). Taxa
significativa de morte € observada a partir de 12 h, em grupos expostos a AgNP Il e AgNP I+ Cd I
(setas em 12 h), particularmente no ultimo grupo. A maioria das células come¢a morrendo por apoptose,
mas mudang¢as no modo de morte celular ocorrem (de apoptose para necrose), com dilatagdo/aumento
celular e em seguida, ruptura (ver video do material suplementar para mais detalhes). Células estdo na
mesma magnificagdo (exceto insertos).

FIGURA 5. Ensaio de morte celular em time-lapse por microscopia confocal de células from HepG2
expostas a AgNP Il + Cd II. Trés células (1, 2 e 3) sdoindicadas por niUmeros. Modificacdes associadas
com morte celular sdo descritas para a célula ‘1’, mas também podem ser observadas para as outras
células. Apos 2 h de exposigao, o nlcleo da célula ‘1’ esta corado de azul (por Hoechst), indicando que
a membrana plasmética ainda é uma barreira eficiente. A condensacdo da cromatina aumenta
(caracteristica de apoptose) durante o curso de 2-10 h de exposi¢cdo. Em 11 h, a funcdo de barreira da
membrana plasmética é perturbada, de modo que o iodeto de propidio (laranja) e anexina V-FITC
(verde) entram na célula e marcam o ndcleo (azul + laranja = rosa/roxo) e a fosfatidilserina em werde,
embora a Ultima possa ainda estar na monocamada citosélica da membrana plasmatica (caracteristica
de necrose). Amarcacdo por fosfatidilserina torna-se mais intense apés 12 h de exposicdo a AgNP+Cd.
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