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Apresentacao do Formato da Tese

O presente trabalho € constituido de uma Introducdo Geral, que visa
apresentar o tema a ser desenvolvido, tendo o propésito de fornecer embasamento
tedrico sobre o assunto. Em seguida sao apresentados os Objetivos Gerais e
Especificos da Tese. Os aspectos metodoldgicos, os resultados e a discussédo dos
mesmos estdo divididos em dois trabalhos, um artigo publicado no periédico
Comparative Biochemistry and Physiology, part C (fator de impacto/2016: 2,41)
€ um manuscrito a ser submetido ao periddico Ecotoxicology and Environmental
Safety (fator de impacto/2016: 3,74). Em seguida, é apresentada uma Discussao
geral com o intuito de integrar os resultados e discussdes dos dois trabalhos, além

de uma Concluséo geral e, por fim, sdo abordadas as Perspectivas.
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RESUMO

O ambiente aquatico é passivel de sofrer poluigcdo, o que pode vir a interferir na
saude dos organismos que vivem neste ambiente. A utilizagdo de biomarcadores é
interessante, uma vez que eles mostram os efeitos bioldégicos que um poluente
pode causar antes de afetar niveis maiores de organizagdo. O fendtipo de
resisténcia a multiplas drogas (MXR) é conferido as células pela familia de
proteinas transportadoras ABC, que fazem o efluxo de agentes todxicos e alguns
metabdlitos, sendo utilizado como um biomarcador de contaminacdo ambiental.
Assim, o presente estudo objetivou caracterizar a atividade MXR em células de
anémonas Bunodosoma cangicum expostas ao cobre e também buscou conhecer
como essa atividade se altera in vivo e in vitro diante de variagbes de temperatura
e salinidade, além da exposicao ao metal. Foi observado que a atividade MXR é
importante para a efluxo do cobre, uma vez que quando a atividade das proteinas
€ inibida, ha um aumento na acumulacdo do metal bem como um aumento na morte
celular. Além disso, observou-se que a salinidade possui um efeito menor do que a
temperatura sobre a atividade dessas proteinas, onde variagcdes de salinidade nao
causaram alteracdes na atividade em relagao ao controle, mesmo na presencga do
metal. Ja a temperatura possui um maior efeito sobre a atividade MXR, onde
temperaturas mais baixas (15°C) inibiram a atividade, entretanto 20 e 25°C nao
foram diferentes entre si. Ja a associagao das variagdes de temperatura com a
presenca do metal gerou novas respostas. Apesar da atividade MXR ter sido menos
sensivel as variacdes de salinidade, foram nessas condigdes que se evidenciou as
diferengas existentes entre as respostas obtidas in vivo e in vitro. O modelo in vivo
mostrou que a condi¢do hipersalina € estressante para os animais, que produziram
muco para reduzir o contato com o ambiente, ja no modelo in vitro viu-se que essa
mesma condicdo leva as células a morte. Portanto, o presente estudo demonstra a
importancia da atividade MXR como uma via para o efluxo de cobre e também alerta
para a necessidade de monitoramento das condi¢cdes abidticas no uso dessas
proteinas como biomarcador ambiental, com especial destaque para a temperatura.

Palavras-chave: biomarcador, fatores abidticos, metal, resisténcia a multiplas
drogas.



ABSTRACT

The aquatic environment can suffer pollution, which could interfere with the
organisms' health that live in this environment. The use of biomarkers is interesting
since they show the biological effects that a pollutant can cause before it affects
higher levels of organization. The phenotype of multixenobiotic resistance (MXR)
belongs to the ABC transporters protein family in the cells, which makes the
extrusion of xenobiotics and some metabolites, being used as a biomarker of
environmental contamination. The present study aimed to characterize the MXR
activity in sea anemones Bunodosoma cangicum cells exposed to copper and also
sought to know how this activity changes in vivo and in vitro under variations in
temperature and salinity, as well as exposure to the metal. It was observed that the
MXR activity is important for the efflux because when the activity of the protein is
inhibited, there is an increase in metal bioaccumulation as well as an increase in cell
death. Moreover, we observe that salinity has a smaller effect than the temperature
on MXR activity, where variations in salinity did not cause changes in activity,
relative to the control, even in the presence of metal. Conversely, the temperature
had a great effect on the MXR activity, where lower temperatures (15° C) inhibited
activity, however, 20 and 25° C were not different among themselves. Meanwhile,
the association of temperature variations and the metal presence generated new
responses. Despite the MXR activity have been less sensitive to salinity variations,
it was in these conditions that the differences between the responses obtained in
vivo and in vitro were evident. The in vivo model showed that the hypersaline
condition is stressful for the animals, which produced mucus to reduce contact with
the environment, while in the in vitro model this same condition takes the cells to
death. Therefore, the present study shows the importance of the MXR activity as
one way for copper extrusion and also alerts to the need for monitoring abiotic
conditions along with the use of these proteins as a biomarker, particularly
environmental temperature.

Keywords: abiotic factors, biomarker, metal, multidrug resistance.



INTRODUGAO GERAL

O ambiente aquatico é passivel de sofrer poluicdo por substancias, de
origem natural ou antrdpica, que podem interferir na condicdo de saude dos
organismos que ali vivem. Embora haja uma grande preocupacdo sobre as
alteragdes fisioloégicas que estes estressores possam causar a
populagao/comunidade/ecossistema, estes niveis ecoldgicos sao geralmente muito
complexos de serem estudados. Além disso, as respostas observadas nestes
niveis ja se encontram muito longe dos aspectos causais (Moore et al., 2004), como
demonstra a figura 1. Por isso, o desenvolvimento de ferramentas que consigam
detectar rapidamente mudangas no ambiente e que consigam predizer as

consequéncias de determinado estresse ambiental € importante.

Efeitos bioldgicos e Relevancia Ecoldgica

Curto-prazo Complexidade biolégica, Resposta >r|go—prazo
Tempo e significancia ecoldgica

Poluentes guimicos, Moléculas e células Tecidos Orggos Individuo # )‘&
agentes bioldégicos .
Populagdo/Comunidade
< Sinal: ruido, capacidade de resposta, detectabilidade
Sinais precoces de Patologia, imunodeficiéncia e Declinio populacional, perda
perturbagdo, prognostico disturbios fisiologicos de biodiversidade, destruicdo
para patologia de habitat

Figura 1: Representacao da relagdo entre um estresse ambiental, detectabilidade da resposta e
relevancia ecoldgica. Adaptado de Moore e colaboradores (2004).

Biomarcadores:

Uma unica definicdo do termo biomarcador € dificil de se encontrar na
literatura, dessa forma utilizaremos aqui o conceito proposto por Shugart e

colaboradores (1992) que diz que “um biomarcador € uma variagao induzida por



xenobiodtico* em células ou componentes bioquimicos, processos, estruturas ou
fungdes e que sdo mensuraveis em sistemas biolégicos ou amostras”. Portanto,
alteragcdes que os estressores causam em niveis bioquimicos, fisiolégicos,
histologicos, morfolégicos ou comportamentais podem ser considerados

biomarcadores.

Essas alteracbes podem ser consideradas “sinais de aviso precoce”, sendo
importantes ferramentas para avaliar a qualidade do ambiente em que o organismo
se encontra, uma vez que seu uso tem capacidade de antecipar mudangas em
niveis bioldgicos maiores de organizagdo, como populagdes, comunidades e
ecossistemas. Dessa forma, biomarcadores podem ser definidos também como
indicadores de curto-prazo para efeitos bioldgicos de longo-prazo (Cajaraville et al.,
2000).

Biomarcadores sdo comumente divididos em biomarcadores de exposi¢ao e
biomarcadores de efeito, apesar de diversas outras classificacbes poderem ser
encontradas na literatura. Conforme classificacdo de Walker e colaboradores
(2001), os primeiros sdo aqueles que indicam que o organismo esta exposto a
algum agente toxico, entretanto n&o fornece nenhum tipo de informagédo sobre o
grau de toxicidade que essa exposi¢cado causa. Ja o segundo demonstra o efeito

adverso que tal substancia esta causando no organismo.

As mudancgas que ocorrem na saude do animal diante de um aumento na
exposi¢ao aos agentes toxicos podem ser vistas como uma curva que vai desde a
saude, passando por mudangas reversiveis a irreversiveis que podem levar a
morte. Os principais pontos desta transigdo sao: quando o organismo sofre o
primeiro estresse (foge de sua homeostase, entretanto ainda € capaz de
compensar este estresse); quando o organismo ndo € mais capaz de compensar,
mas as mudangas ainda sao reversiveis e a remog¢ao do estresse permite a
recuperacao do organismo; e por ultimo, quando as mudangas sao irreversiveis e

a morte sucede.

* Xenobidtico: originario do grego, onde xenos significa estranho, ou seja, sdo substancias estranhas
a um organismo.



As mudangas que podem ocorrer nos organismos podem ser de dois tipos,
aquelas que servem para proteger contra o perigo dos agentes toxicos e aquelas
que nao protegem, apenas indicam que o dano que o organismo esta sofrendo (por
exemplo, danos de DNA, lipoperoxidagao, inibicdo da acetilcolinesterase, entre
outros). As respostas protetivas trabalham por mecanismos que visam proteger as
células das substancias prejudiciais, através de interagdes que visem limitar a
biodisponibilidade ou ent&o facilitando a excrecéo destas (Walker et al., 2001).

Dentre os biomarcadores de exposicdo que possuem uma resposta protetiva
temos o fendtipo de resisténcia a multiplos xenobioticos (MXR), também chamado

de biomarcador de defesa celular (Kurelec et al., 2000).

Resisténcia a Multiplos Xenobidticos — MXR:

O fendtipo de resisténcia a multiplos xenobidticos (MXR) é conferido as
células pela atividade de proteinas de uma superfamilia de transportadores, a
familia ABC (ATP-binding cassete) (Bard 2000, Annilo et al., 2006, Jeong et al.,
2017). Todas estas proteinas possuem um dominio de ligacdo ao ATP (NBD -
nucleotide binding domain) e um dominio transmembrana (TM — transmembrane
domain) ou dois NBDs e dois TMs (figura 3). Os dominios transmembrana séo
localizados no citoplasma, atravessando a membrana seis vezes e sao altamente
conservados ao longo do reino animal. Eles sao altamente hidrofobicos e as seis
hélices que abrangem toda a regido da membrana formam a passagem para o
substrato (Jeong et al., 2017). NBDs sao caracterizados por curtas sequéncias de
aminoacidos em sua estrutura primaria (chamados de Walker A, Walker B e motif
C que é a sequéncia de assinatura ABC, que as diferencia das outras ATPases)
que sao responsaveis por ligar a molécula de ATP e realizar sua hidrolise, gerando
assim energia para o transporte das substadncias contra o gradiente de
concentracédo (Schneider e Hunke, 1998; Hollenstein et al., 2007; Jeong et al.,
2017).
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Figura 2: Estrutura de uma proteina ABC, mostrando seus dominios transmembrana e dominios de
ligacdo ao ATP. Fonte: Jeong e colaboradores (2017).

Dentro da familia ABC existem diversas subfamilias, nomeadas de A a H,
mas nem todas estdo relacionadas ao fendtipo de resisténcia a multiplos
xenobidticos. Em organismos aquaticos, MXR é conferido principalmente por
proteinas da subfamilia B, através da glicoproteina-P (Pgp, MDR1, ABCB); da
subfamilia C, através de transportadores de resisténcia a multiplas drogas (MRP,
ABCC) e da subfamilia G, através da proteina de resisténcia ao cancer de mama
(BCRP, ABCG) (Zucchi et al., 2010; Jeong et al., 2017). As isoformas presentes na
familia ABCB podem ser divididas em dois grupos, um de transportadores
completos, com dois NBDs e dois TMs, e outros grupo contendo apenas um NBD
e um TM. As isoformas ABCB1, 4, 5 e 11 pertencem ao grupo dos transportadores
completos, enquanto que as isoformas ABCB2, 3, 6, 7, 8, 9 e 10 pertencem ao
segundo grupo, necessitando, portanto, estarem aos pares para funcionarem
(Anillo et al., 2006). Ja as isoformas de ABCC possuem a estrutura completa dos
transportadores, com dois NBDs e dois TMs, entretanto, as isoformas ABCC4, 5, 8
e 9 sdo chamadas de “short MRPs”, enquanto isoformas ABCC1, 2, 3, 6 e 7 sédo
chamadas de “long MRPs” pois possuem um dominio transmembrana NH2-
proximal extra, ou seja, possuem 3 TMs (Zhang et al., 2015). Por fim, a subfamilia
ABCG possui menos isoformas descritas na literatura, sendo elas sempre
encontradas com apenas um NBD e um TM, necessitando, portanto, apresentarem-

se aos pares. ABCG é a subfamilia com o menor espectro de substratos
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transportados entre as proteinas ABC, estando envolvida com o transporte de
esterol e outros substratos ndo-conjudados (Anillo et al., 2006; Jeong et al., 2017).

Devido a capacidade das proteinas ABC de realizarem o efluxo de uma
variada gama de substancias, inclusive contaminantes ambientais, elas s&o
consideradas um importante mecanismo de defesa celular, contribuindo para que
os animais tenham diversos graus de resisténcia quando expostos a algum agente
téxico (Kurelec, 1995; Bard, 2000). Esse fenotipo foi primeiramente identificado por
Juliano e Ling (1976) em células modificadas de céancer de ovario em hamsters
chineses e eles nomearam estas células, que possuiam proteinas de membrana
que podiam fazer o efluxo de quimicos, de “resistente a multiplas drogas” (MDR).
Hoje sabemos que é essa resisténcia as drogas que confere as células tumorais a
resisténcia contra os quimioterapicos.

Pelo fendtipo ser conferido por proteinas, trés aspectos podem ser
considerados para avaliar sua presenga. Pode-se medir a atividade dessas
proteinas, verificar/quantificar a quantidade de proteina na membrana celular ou
ainda, verificar a expressdo desses genes (Epel, 1998). Mas embora seja
interessante avaliar estes trés aspectos, normalmente s&o estudados apenas um
ou dois pontos (Kingtong et al., 2007, Rocha e Souza, 2012, Della Torre et al., 2012;
Della Torre et al., 2014), sendo que a atividade pode ser concebida como o principal
parametro, pois € o resultado final do mecanismo.

A expressao proteica pode ser verificada por marcadores imunoldgicos,
onde é utilizado um anticorpo que se liga a estas proteinas. Pelo fato das proteinas
ABC serem altamente conservadas entre os organismos, comumente € utilizado o
anticorpo monoclonal C219 (contra MDR1, ABCB1, Pgp), que apesar de ser
derivado de mamifero é frequentemente utilizado até mesmo para invertebrados
(Epel, 1998; Kingtong et al., 2007; Rocha e Souza, 2012). Ja a analise génica pode
ser feita de maneira quantitativa ou semi-quantitativa pela reagdo em cadeia da
polimerase reversa (QRT-PCR ou RT-PCR) ou pela avaliagdo da expressao de
MRNA dos genes das proteinas ABC (Ferreira et al., 2014).

A atividade dessas proteinas ABC que geram o fenotipo MXR (a partir daqui
chamada de atividade MXR, a fim de facilitar a compreensao) pode ser medida
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através do acumulo celular de substratos fluorescentes ou sobre o efluxo desses
substratos. Dessa forma, no acumulo é avaliada a quantidade de corante que foi
acumulado no interior da célula/tecido/organismo, onde um maior acumulo
representa uma menor atividade e vice-versa. Ja no efluxo, o processo € inverso,
onde se avalia quanto de substrato foi colocado para fora da célula, avaliando-se a
quantidade de corante no meio. Normalmente, os substratos fluorescentes mais
utilizados sdo rodamina B, rodamina 123, calceina-AM (Kurelec et al. 2000,
Sandrine e Marc, 2007; Campos et al., 2014; Rioult et al., 2014). Além disso, é
possivel realizar a inibicdo dessas proteinas através de inibidores (também
chamados de quimiossensibilizantes/quimiossensibilizadores na literatura),
levando a um maior acumulo do substrato. Essas substancias podem inibir a agao
de transporte por 3 mecanismos: inibicdo de ATPase, bloqueio do sitio de ligagéo

do ATP ou por competicao (figura 4) (Jeong et al., 2017).

Inibicdo por quimiossensibilizante @ @
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Figura 3: Esquema de funcionamento do efluxo de xenobidticos mediado por proteinas ABC com
fendtipo MXR. A direita, as proteinas trabalham normalmente. A esquerda, as proteinas foram
inibidas: (a) por inibicdo de ATPase; (b) por bloqueio do sitio de ligacédo; (c) por competicao.
Modificado de Jeong e colaboradores (2017).

Dessa forma, a atividade MXR em resposta a diferentes substratos, os quais
podem ser poluentes ambientais, pode ser indiretamente medida através da adi¢ao

do substrato fluorescente e do agente téxico. Assim, observa-se se o transporte do
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fluorescente ira ocorrer (em maior ou menor quantidade que no grupo controle),
pois a presenga do poluente pode alterar a atividade MXR, tanto aumentando-a
quanto diminuindo-a.

Logo, agentes toxicos que possam agir como quimiossensibilizantes (que
diminuem a atividade MXR) merecem maior atengao quanto ao seu risco ambiental.
Essas substancias podem diminuir este mecanismo de defesa celular, favorecendo
0 acumulo ndo sé do préprio poluente como também de outras substancias (até
mesmo metabdlitos celulares) que estavam saindo por esta via (Kurelec et al.,
19954, b). Portanto, a atividade MXR pode ser um ponto crucial na sensibilidade
dos organismos frente a poluigao (Smital et al., 2000).

Na ultima década, a literatura mostra que a maior parte dos trabalhos visam
caracterizar a presenga do fenotipo em diversos modelos animais (Sauerborn et al.,
2010; Bosnjak et al., 2013; BoSnjak et al., 2014, Campos et al., 2014; Ferreira et
al., 2014; Vehnidinen e Kukkonen, 2015); descobrir a partir de qual etapa do
desenvolvimento surge a capacidade de defesa nos organismos (Faria et al, 2011;
Kropf et al., 2016; Franzellitti et al., 2017); testar novas drogas com o objetivo de
comprometer o efluxo de substancias por essas bombas, a fim de descobrir novos
tratamentos para o cancer (Tiwari et al., 2009; Choi e Yu, 2014; Zhang et al., 2015;
Hasanabady e Kalalinia, 2016; Patel et al., 2017); e uma vasta gama de estudos
com diversas substancias a fim de descobrir como estas interferem na atividade,
expressao proteica e expressao génica dessas proteinas (Amé et al., 2009;
Franzellitti et al., 2011; Huang et al., 2014; Bonnafé et al., 2015; Georgantzopoulou
etal., 2016; Cunha et al., 2017). Estudos como os ultimos citados geram um imenso
leque de possibilidades a serem investigadas, pois um mesmo agente téxico pode
ter comportamentos diferentes dependendo da espécie e/ou concentracio
utilizada. Dessa forma, as substancias vém sendo estudados quanto ao seu
potencial de ativar ou inibir a atividade MXR, conforme alguns exemplos listados na

tabela abaixo:
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Tabela 1. Referéncias bibliograficas que avaliaram atividade, expressao proteica e/ou expressao
génica de transportadores ABC na ultima década.

Referéncia Ano Animal Exposi¢do Tipo de exposi¢do Atividade Expressdo proteica Expressdo génica
. Saccostrea forskali . - - . F—
Kingtong et al. 2007 (molusco) Tributiltin in vivo Inibiu e ativou (10pM) Aumentou e diminuiu (150ug/L) n.a.
Eulimnogammarus
cyaneus
Timofeyev et al. 2007 X 4 Matéria organica natural, cddmio in vivo Inibiu n.a. n.a.
Eulimnogammarus
verrucosus (crustaceos)
Trematomus bernacchii
Zucchi et al. 2010 N Cadmio in vivo n.a. Aumentou Aumentou
(peixe)
Corbicula fluminea L L L o
Rocha e Souza 2011 Chumbo in vivo e in vitro Inibiu in vitro Aumentou in vitro n.a.
(molusco)
Linhagem celular PHLC-1 A L. - - -
DellaTorre et al. 2012 . Cédmio, mercurio, arsénio e cromo in vitro Inibiu n.a. Aumentou
(de peixe)
Dreissena polymorpha
Fernandez-Sanjuan etal. 2013 (mofusio) P Quimicos perfluorados (PFCs) in vivo Inibiu em 1dia n.a. n.a.
Bunodosoma cangicum
Anjos et al. 2014 R 9 Cobre in vitro Aumentou n.a. n.a.
(anémona do mar)
Mytillus galloprovincialis s - - — - -
DellaTorre et al. 2014 (mol ) Cadmio invivo e in vitro Aumentou (in vitro) n.a. Aumentou (in vivo e in vitro)
molusco
Dicentrarchus labrax
Ferreiraetal. 2014 (peixe) Benzo(a)pireno (BaP) in vitro Inibiu n.a. Aumentou
peixe
Linhagem celular ZFL (de R . L .
Nornberg et al. 2014 peixe) Metilparation in vitro Aumentou n.a. N3o alterou
ix
L Corbicula fluminea . . L L L
Oliveiraetal. 2014 Lixiviado de lixo doméstico in vivo Inibiu n.a. n.a.
(molusco)
Mesodesma mactroides
Anjos et al. 2016 Cobre in vitro Inibiu n.a. n.a.

(molusco)

n.a. =ndo avaliado

Como pode-se perceber, uma grande variedade de substancias possui
potencial de ser substrato para as proteinas ABC, como compostos orgéanicos e
metais. Aqui destaca-se o termo potencial uma vez que nestes trabalhos nao foram
avaliados se de fato estas substancias estdo sendo eliminadas por esta via, apenas
estuda-se se ha aumento ou diminuigao da atividade/expressao proteica/expressao
génica. Dentre os metais, o cobre (Cu) € um dos mais relevantes contaminantes
inorganicos nas aguas costeiras da regido sul do Brasil (Costa e Wallner-
Kersanach, 2013), principalmente em regides portuarias mais movimentadas, como
o Porto de Rio Grande (RS, Brasil), onde pode haver uma contribui¢ao significativa
do metal proveniente de tintas anti-incrustantes (Barbosa, 2006). Estudos recentes
mostram que, de fato, esta regido apresenta niveis de metais bastante elevados,
principalmente de cobre, zinco e chumbo (Costa et al., 2016; Soroldoni et al., 2017).
As concentragdes de cobre foram as mais altas para todos os metais, variando de
4-80 ug/g de sedimento em area préxima a saida do porto, mas podendo chegar
até a 768 ug/g em outras regides do estuario da Lagoa dos Patos (Costa et al.,
2016). Além disso, o cobre pode estar presente nos efluentes domésticos, de
refinaria e industriais, chegando dessa forma até o ambiente aquatico (Barbosa et
al., 2012; Wallner-Kersanach et al., 2016).
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O cobre é um elemento traco essencial que faz parte de diversas enzimas
que sao chaves no metabolismo dos animais, como por exemplo a citocromo ¢
oxidase mitocondrial, crucial na respiracao celular. Por conta disso, as células e os
animais possuem mecanismos para captar, distribuir, detoxificar e eliminar que
objetivam manter o cobre (e outros metais essenciais) dentro de niveis fisioldgicos
ou sub-téxicos (Arciello et al., 2005; Grosell, 2012). A captacao do cobre para as
células € mediada por uma familia de proteinas transportardoras de cobre, CTR
(copper transporters), que ocorre sem gasto energético e é facilitado pela baixa
concentracao intracelular de Cu, uma vez que dentro da célula nao existe a forma
ibnica livre disponivel (estdo sempre complexados a outras moléculas)
(Balamurugan e Schaffner, 2006; Silva et al., 2014). Em mamiferos, CTR é
considerada a principal forma de captacdo do metal através da dieta. Além desta
proteina, transportadores de metais divalentes também podem ser potenciais vias
de entrada do metal. A distribuicdo de cobre é realizada através de chaperonas
especificas, que ligam o metal com alta afinidade e o entregam aos alvos
especificos (La Fontaine e Mercer, 2007). Ja as metalotioneinas constituem um
grupo de proteinas com grande capacidade de ligar metais e tém funcao principal
de agir como uma fonte de estocagem, deixando o metal nao-biodisponivel para
reagir com outras moléculas, mas podendo ser utilizado caso haja necessidade
(Balamurugan e Schaffner, 2006). Por fim, outra familia de proteinas esta envolvida
no transporte de cobre, agindo tanto sobre a captagdo quanto sobre a eliminacao
do metal sdo as proteinas transportadores de cobre, Cu-ATPases, com duas
isoformas amplamente relacionadas a este transporte, ATP7A e ATP7B (Lutsenko
et al., 2007; Silva et al., 2014). Elas medeiam a translocacdo do cobre através da
membrana com a energia derivada da hidrélise do ATP, tendo um papel valioso na
homeostase do metal, uma vez que agem tanto na captacdo quanto na eliminagao
do cobre, uma vez que podem realizar o transporte nos dois sentidos da membrana
(La Fontaine e Mercer, 2007; Lutsenko et al., 2007).

Entretanto, mesmo com todos esses mecanismos para buscar a homeostase
do metal, algumas vezes ela pode ser rompida, levando o cobre a niveis téxicos.

Devido ao seu potencial redox, ou seja, a capacidade de doar e receber elétrons,
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quando ele nédo se encontra devidamente estabilizado, ou seja, estando
biodisponivel para reagir com outros elementos, pode danificar as células,
promovendo a formagao de espécies reativas de oxigénio (ROS — reactive oxygen
species) e levando ao estresse oxidativo, o que pode gerar modificacbes em
proteinas, lipideos, acidos nucleicos, afetando as estruturas e fungdes destes. Além
disso, o proprio cobre pode ligar-se diretamente a residuos de aminoacidos
(histidina, cisteina e metionina), inativando enzimas ou alterando a estrutura
conformacional proteica (Grosell, 2012; Tamas et al.,, 2014). Um outro alvo da
toxicidade do cobre estad relacionado a proteinas que fazem o balango
osmorregulatorio dos animais, onde a homeostase do sodio parece ser prejudicada
uma vez que o metal pode inibir a atividade da Na-K ATPase, bem como prejudicar
a absorcao de cloreto e também inibir a atividade da anidrase carbdnica (Grosell et
al., 2002; Bianchini et al., 2004), além disso o cobre pode ser transportado por
canais de sodio presentes na membrana celular, diminuindo assim a captagao de
Na* (que leva a um desbalanco iénico) bem como aumentando a acumulagao do
metal (Grosell e Wood, 2002; Alsop e Wood, 2011).

Quanto a interagédo do cobre com as proteinas ABC, alguns trabalhos ja
mostraram que esta pode ser uma forma de detoxificacédo celular. Apesar do cobre
ser um metal essencial e com isso ndo ser classificado como um xenobidtico, ele é
muitas vezes tratado como tal devido ao potencial de ser substrato para as
proteinas ABC com o fendtipo de resisténcia a multiplos xenobiodticos. Um dos
primeiros trabalhos que mostram que o cobre altera a atividade das proteinas ABC
€ o de Achard e colaboradores (2004), onde os autores mostraram uma indugao da
expressao proteica em células de Corbicula fluminea exposto a 40 ug Cu/L durante
3 dias. Anjos e colaboradores (2014) encontraram uma indug&o na atividade MXR
em células de anémonas expostas a 7,8 ug Cu/L por 24 horas. Mas foi somente em
2014 que ficou evidenciado que de fato o cobre € um substrato para estas proteinas
e que quando estas encontram-se inibidas aumenta a bioacumulacdo do metal.
Este experimento foi realizado por Jeong e colaboradores, que ao exporem o

copépode Tigriopus japonicus por 24h ao cobre e a um inibidor de proteinas ABC,
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observaram que a quantidade de metal no corpo do organismo foi maior naqueles
que tiveram a atividade MXR inibida.

Entretanto, parece que atividade MXR nao esta apenas relacionada a
presenga de agentes toxicos. Minier e colaboradores (2000) encontraram uma forte
correlagdo entre a temperatura e a quantidade de proteinas ABC em Myftillus
galloprovincialis, assim como Keppler e Ringwood (2001) também encontraram
relacdo entre aumento de temperatura e maiores quantidades de glicoproteina-P
nas branquias de ostras Crassostrea virginica. Eufemia e Epel (2000) observaram
um aumento da atividade e também na quantidade de proteinas em branquias de
Mytillus californianus expostos a temperaturas mais elevadas (12, 20 e 25°C).
Esses autores também encontraram uma relagdo entre um aumento da atividade
MXR quando ha aumento na atividade de proteinas de choque térmico (Heat shock
proteins - Hsp), que ja sao conhecidas por serem induzidas sobre uma variedade
de estresses quimicos e fisicos, principalmente a alta temperatura (Parsell e
Lindquist, 1994), sugerindo que a indugdo das proteinas ABC, assim como Hsp,
parece ser uma resposta generalizada ao estresse e nao apenas a presenca de
contaminagao. Ja Luedeking e Koehler (2004) avaliaram a expressao génica de
proteinas ABC (ABCB e ABCC) no mexilhdo Mytillus edulis sob variagdes de
temperatura, salinidade e disponibilidade de oxigénio, e viram que ABCC nao foi
alterada por variagcbes ambientais, entretanto a expressdo de ABCB sofreu
interferéncia, diminuindo a expressao génica em baixa salinidade, aumentando em
hipéxia e nao sofrendo alteragcdo com a mudanca de temperatura (vale ressaltar
que nao houve choque térmico, a temperatura foi alterada gradativamente,
enquanto que a disponibilidade de oxigénio e a salinidade foram mudadas
repentinamente e mantidas por 24h). Um trabalho prévio do nosso grupo avaliou a
atividade MXR em células branquiais de Amarilladesma mactroides sob choque
hiposmatico (também de forma abrupta, mantido por 5h) e na presenga do cobre
(Anjos et al., 2016). Foi observado que a baixa salinidade aumentou a atividade
MXR, independentemente da presenca do metal. Este resultado corrobora a ideia
proposta por Marin e colaboradores (2005), que propuseram que as proteinas ABC
estariam funcionalmente relacionadas a canais de cloreto VSOR (canais de cloreto
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de retificacao sensiveis ao volume), e que as correntes de cloreto ativadas pelo
inchago do choque osmatico levariam a um aumento na atividade MXR.

Apesar de haver alguns estudos correlacionando proteinas ABC e fatores
abidticos, ainda sdo necessarios mais estudos para melhor compreender se estes
fatores de fato interferem nestas proteinas, como isto ocorre e como respondem
quando associados a agentes toxicos. Esse conhecimento € necessario
principalmente porque o fenétipo de MXR é utilizado como um biomarcador, e para
que seja considerado eficiente é necessario conhecer a forma como estas variaveis
ambientais interferem em sua resposta. Conforme sugerido nos trabalhos de Minier
e colaboradores (2000), e Eufemia e Epel (2000), € necessario que os fatores
ambientais sejam cuidadosamente monitorados de maneira que possa ser
distinguivel a resposta das flutuagbes naturais do ambiente daquelas causadas
pelos agentes téxicos. Para isso, € necessario conhecer como elas ocorrem
separadamente e quando associadas.

Pelo fen6tipo MXR ser conferido por uma familia de proteinas (ABC), é
bastante provavel que os fatores abidticos tenham uma interferéncia direta sobre a
atividade destas. Ja é sabido na literatura que a temperatura influencia diretamente
aspectos metabdlicos, principalmente em animais ectotérmicos, porque estes tém
sua temperatura corporal variando conforme as variagdes de temperatura
ambientais, resultando em alteracbes nas taxas de reagdes fisiologicas e
bioquimicas, além de atuar na estabilidade das moléculas, com especial destaque
aquelas presentes na membrana celular, que podem alterar sua fluidez (Sokolova
e Lannig, 2008). Na revisdo de Sokolova e Lannig (2008), os autores ndo apenas
consideram o efeito que a temperatura possui sobre o metabolismo dos animais
como retratam o efeito que a combinagédo de temperatura e agentes toxicos, com
destaque aos metais, podem ter no metabolismo dos animais. De maneira geral, 0
aumento da temperatura aumenta a toxicidade dos metais, por um aumento na taxa
de captacdo, um aumento na taxa metabdlica, ou por um aumento na
permeabilidade da membrana. Ou seja, além da temperatura em si poder
influenciar a atividade MXR, é possivel que a combinacdo com a exposi¢cao ao
agente téxico gere ainda outro tipo de resposta devido a estas alteracdes
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fisiolégicas. Assim como a temperatura, a salinidade pode causar alteragdes
metabdlicas em organismos aquaticos, a fim de que estes mantenham o balango
ibnico e osmatico (Grosell et al., 2007). Estas mudangas podem vir influenciar a
atividade das proteinas ABC, como ja foi citado acima, conforme os trabalhos de
Marin et al. (2005) e Anjos et al. (2016). Adicionalmente, Honorato e colaboradores
(2017) viram que a variagao de salinidade influencia ndo apenas a atividade MXR,
mas também a producdo de espécies reativas de oxigénio, bem como a taxa de
respiragdo mitocondrial. Além disso, a salinidade tem ligagao direta com o efeito
téxico que os metais podem ter no meio aquatico, onde normalmente postula-se
que uma alta salinidade aumenta a complexacao dos metais diminuindo assim sua
biodisponibilidade e, consequentemente, sua toxicidade (Grosell et al., 2007;
Grosell, 2012). Dessa forma, nota-se que além da salinidade em si poder influenciar
a atividade MXR, quando esta associa-se a um agente toxico pode passar a
apresentar um novo padrao de resposta.

Como pode ser percebido na Tabela 1, a maior parte dos trabalhos avalia a
resposta in vivo ou in vitro das proteinas ABC, sendo poucos realizados com as
duas abordagens. Enquanto estudos in vitro sdo menos complexos que aqueles
que usam o animal inteiro, esses modelos possuem caracteristicas que sao
valiosas, como a facilidade de entender estruturas, identificar mecanismos e vias
de sinalizagcdo (Robinson et al., 2011; Wiesinger et al., 2012). Além disso,
apresentam como vantagens a facilidade de processamento, menor custo,
geralmente um menor numero de animais utilizados ou as vezes nem utilizados
(culturas celulares estabelecidas), respostas mais rapidas e menor produgédo de
residuos. Alguns destes aspectos afinam-se com a doutrina dos 3 R (replace,
reduce, refine), que visa substituir, reduzir e refinar a experimentagdo em animais
(Garle et al., 1994; Evans et al., 2001; Bowen et al., 2013). Entretanto, experimentos
in vivo permitem a obtencao de respostas mais complexas e dinamicas, permitindo
conhecer como o organismo, como um todo, responde aos parametros avaliados
(Robinson et al., 2011). Quando o modelo in vitro apresenta respostas similares ao
modelo in vivo pode-se utilizar a abordagem celular no lugar da experimentacao

animal, em prol dos 3 R, mas para isso € necessario, inicialmente, conhecer o
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padrao de respostas de ambos os modelos. Entretanto, se mesmo apds conhecer
os dois modelos, os padrées de resposta ndao forem similares, a importancia de
cada metodologia ndo € descartada. Como ja mencionado, os resultados in vitro
possuem um grande poder de explicar mecanismos, sejam eles fisiologicos ou de
toxicidade, enquanto que in vivo obtém-se respostas organicas frente a condigao
de estresse.

O modelo animal utilizado nesta tese foi a anémona-do-mar Bunodosoma
cangicum Corréa 1964 (figura 5), pertencente ao Filo Cnidaria, Classe Anthozoa,
Ordem Actiniaria. Estes animais apresentam um sistema nervoso em forma de rede
simples, sem estruturas individualizadas para trocas gasosas, excregdo ou
circulagdo, possuindo poucos tipos celulares (Brusca e Brusca, 2007). As
anémonas sao osmoconformadoras, ou seja, apresentam osmolalidade do fluido
corporal em conformidade com a osmolalidade do meio externo. B. cangicum é uma
especie bentdnica, de baixa mobilidade, que habita regides intermarés das regides
Sul e Sudeste do Brasil, geralmente encontram-se aderidas a rochas ou em fendas
arenosas (Melo e Amaral, 2005). A utilizacdo de cnidarios em estudos
ecotoxicoldgicos é pouco explorado na literatura, todavia, nos ultimos anos o uso
de corais vem tendo destaque devido ao branqueamento que estes organismos
estdo sofrendo como um dos efeitos do aquecimento global (Biscéré et al., 2017;
Fonseca et al., 2017; Marangoni et al., 2017). Entretanto, o uso de anémonas ainda

permanece escasso.
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Figura 4: Anémona-do-mar Bunodosoma cangicum em aquario no biotério aquatico da Universidade
Federal de Rio Grande. Fonte: arquivo pessoal de Vanessa A. dos Anjos.

Estudos utilizando este modelo ainda s&o poucos, sendo que a maioria dos
trabalhos s&o usando, isolando ou caracterizando as toxinas que estes animais
possuem (Cunha et al., 2005; Zaharenko et al., 2008a; Zaharenko et al., 2008b;
Oliveira et al., 2012; Stas et al., 2013; Bastos Jr. et al., 2016). Com uma abordagem
mais fisioldgica e com a utilizagdo de cobre poucos trabalhos sdo encontrados na
literatura. Pode-se citar um com abordagem in vivo, avaliando a influéncia da pré-
exposicao ao cobre nas respostas bioquimicas frente a mudancas na
disponibilidade de oxigénio (Abujamara et al., 2014), e outro desenvolvido por
NOsSso grupo, in vitro, no qual foi desenvolvida uma cultura primaria com as células
do disco podal do animal, onde foram avaliadas respostas de citotoxicidade,
estresse oxidativo, defesa celular (atividade MXR) e dano de DNA das células
expostas ao metal (Anjos et al., 2014).

Apesar do pouco uso deste animal como modelo biolégico, é importante
conhecer como estes animais reagem frente a exposigdo aos poluentes, uma vez
que sao animais praticamente sésseis e que, portanto, possuem capacidade
limitada de fuga das adversidades. Além disso, por serem animais que habitam

zonas intermarés, sao desafiados diariamente a mudancgas abidticas, sendo estes
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ambientes considerados fisiologicamente estressantes (Helmuth et al., 2006;
Abujamara et al., 2014).

Com base em todo o panorama descrito, considera-se a anémona
Bunodosoma cangicum um bom modelo animal para responder as questdes
levantadas neste trabalho, pois sdo faceis de coletar, apresentam uma boa
viabilidade e numero de células quando em cultura celular (Anjos et al., 2014), além
de serem animais adaptados a variagdes abidticas no meio em que vivem, e que
estdo susceptiveis a poluicdo ambiental por cobre, pois os organismos utilizados
no presente estudo foram coletados na regido dos molhes da Praia do Cassino (Rio

Grande, Brasil), que serve de entrada para o porto da cidade de Rio Grande.

Objetivo geral:

Caracterizar o fenétipo MXR em células de anémonas B. cangicum expostas
ao cobre, estabelecendo a relacdo entre a atividade dessas proteinas e a
bioacumulacao do metal, e também conhecer se a atividade MXR se altera frente
a exposicao in vivo e in vitro, as variagbes de temperatura e salinidade, além da

exposi¢ao ao cobre.

Objetivos especificos:

e Caracterizar a atividade MXR em B. cangicum como uma via de efluxo
de cobre.

e Avaliar a dependéncia energética da atividade MXR para o efluxo do
metal.

e Avaliar a citotoxicidade causada pelo cobre quando a saida pelas
proteinas ABC é comprometida.

e Quantificar a expressao de proteinas ABC em células expostas ao

cobre.



23

Avaliar a atividade MXR em células expostas a variagdes de
temperatura e de salinidade, de forma isolada e em combinagdo com
0 cobre.

Avaliar a citotoxicidade em células expostas as variagcbes de
salinidade;

Avaliar o teor hidrico e o volume celular frente as variagcbes de
salinidade e exposi¢cao ao cobre.

Comparar os resultados da atividade de MXR obtidos nas exposi¢des

in vivo e in vitro.
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ARTICLE INFO ABSTRACT

Keywords: Transmembrane proteins of the ABC family contribute to a multiple xenobiotic resistance (MXR) phenotype in
Bioaccumulation cells, driving the extrusion of toxic substances. This phenotype promotes a high degree of protection against
Cellular defense xenobiotics. The present study provides a better understanding of the MXR activity in the podal disk cells of
Metal

Bunodosoma cangicum exposed to copper, and further establishes the relationship between protein activity
(measured by accumulation of rhodamine-B) and bioaccumulation of copper in these cells. Sea anemone cells
were exposed for 24 h to copper (0, 7.8 and 15.6 pug/L) in presence and absence of MXR blocker (verapamil
50 uM). Results indicate that copper exposure increases intracellular metal content when ABC proteins were
blocked, causing an increase in cellular death. The present study also verified the relationship between MXR
activity, ATP depletion, and general metabolic activity (by MTT). MXR activity decreased in treatment groups
exposed to copper concentrations of 15.6 pg/L and 10 mM energy depleting potassium cyanide. Metabolic ac-
tivity increased in cells exposed to 7.8 ug Cu/L, but 15.6 ug Cu/L was similar to 0 and 7.8 pg/L. The presence of
copper decreased the ABC proteins expression. The present study improves the knowledge of MXR in anemone
cells and shows that this activity is closely associated with copper extrusion. Also, the copper exposure is able to

Metabolic activity
Multiple xenobiotic resistance

modify the metabolic state and to lead to cytotoxicity when cells cannot defend themselves.

1. Introduction

The multiple xenobiotics resistance phenotype (MXR) is a capable of
promoting cellular defense against exogenous substances and some
endogenous metabolites, both in vitro and in vivo (Bard, 2000). This
cellular resistance is expressed by a transmembrane super family of ABC
transporter proteins (ATP binding cassette), which carry several xeno-
biotic substances out from the cells by active transport as a first line of
cellular defense. The ABC proteins are well conserved throughout
evolution and have already been identified in several groups of animals
including sponges, cnidarians, mollusks, arthropods, fish and mammals
(Epel, 1998; Bard, 2000; Kurelec et al., 2000; Ferreira et al., 2014). This
capacity to extrude xenobiotic substances may confer different degrees
of protection to animals living in contaminated areas (Kurelec et al.,
2000).

One of the xenobiotic groups widespread in aquatic environments
are the metals. Many studies have been performed to better understand
how these substances affect cellular defense. Previous studies indicate

that metals may modify the activity/quantity of proteins associated
with cellular MXR phenotype. Rocha and Souza (2012) observed a
decrease in MXR activity in gills of Corbicula fluminea when exposed to
lead, whereas Achard et al. (2004) observed an increase in ABC protein
expression in bivalve gill cellular membrane when exposed to metals
such as copper, cadmium, mercury, and zinc. However, the latter
aforementioned authors did not analyze MXR activity. Della Torre et al.
(2014) exposed Mytilus galloprovincialis to cadmium in vivo and in vitro.
This study showed an increase in MXR activity and ABC gene expres-
sion when hemocytes and gill cells were exposed in vitro; however, in
vivo exposure to cadmium resulted in an increase in gene expression
without affecting MXR activity. Della Torre et al. (2012) demonstrated
that MXR activity was inhibited in the PHLC-1 fish cell line (liver tumor
cells) exposed to cadmium, mercury, arsenic, and chrome. Anjos et al.
(2014) showed that MXR activity in sea anemone cells was variable
when exposed to differing concentrations of copper in vitro. It is clear
that the metal concentrations in experimental observations are im-
portant factors regarding MXR activity, gene expression and/or
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abundance of these proteins in the cellular membrane.

Metals have been described as a factor that may influence the MXR
activity of cells. However, there is little knowledge about the re-
lationship among bioaccumulation and MXR activity. Jeong et al.
(2014) showed that metal concentrations (copper, cadmium, and zinc)
increase in exposed copepod Tigriopus japonicas when MXR was in-
hibited. This study was the first relating metal accumulation and MXR
activity in an invertebrate, showing that these proteins could be a
pathway for metal extrusion: under inhibition, metal accumulation in-
creased in the animal body. However, further studies are necessary to
better elucidate the relationship between MXR and metal accumulation.

Bunodosoma cangicum is a sea anemone that is commonly found in
Southern Brazil, inhabiting intertidal zones and strongly adhere to
rocks or the inside of sandy crevices (Melo and Amaral, 2005). Sea
anemones are susceptible to environmental contamination due to their
low mobility. Genes of this superfamily ABC had already been identi-
fied in cnidarians (Venn et al., 2009). Moreover, Anjos et al. (2014)
have shown that B. cangicum exhibited cellular defense response against
copper exposure through an increase of MXR activity. Therefore, B.
cangicum cells may display ABC proteins; the activity of those proteins
could be different under copper exposure. However, the specific defense
mechanism is not characterized for these cells. The present study elu-
cidates aspects of MXR activity in cells of Bunodosoma cangicum exposed
to copper and establishes the relationship between protein activity and
bioaccumulation.

2. Materials and methods
2.1. Chemicals

All the salts used to prepare saline solution and PBS azide were from
Sigma Aldrich (St. Louis, MO, USA), as well as the culture medium
M199, verapamil hydrochloride, potassium cyanide, Rhodamine B and
(3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
and the secondary antibody anti-mouse immunoglobulin (Ig) G (tetra-
rhodamine isothiocyanate) — TRITC. Copper chloride (CuCl,; Sigma)
was used to prepare treatments. The antibiotic/antimitotic was pur-
chased from Gibco®, Invitrogen (Carlsbad, CA, USA). The monoclonal
antibody C219 was from Signet-Covance® (Princeton, NJ, USA).

2.2. Collection and maintenance of anemones

Bunodosoma cangicum (Correa 1964) were manually collected in the
intertidal area (32°09’40.25” S; 52°05’51.96”) of Cassino Beach (Rio
Grande, RS, Brazil). The animals were then transported to the labora-
tory in seawater and kept in glass aquariums at 20 °C temperature,
constant aeration, photoperiod 12L:12D and salinity 30%o. The animals
were fed once a week using small pieces of fish on the oral disk.

2.3. Extraction of sea anemone cells

Sea anemone cells were obtained through explant of pedal disk
fragment generating primary culture as described by Anjos et al.
(2014). The fragments were maintained in plate dish with 1 mL of
culture medium M199 enriched with: (in mM) 41 NaHCOs, 80 KCI and
205 NaCl for adjustment of osmolality (approximately 800 mOsm kg/
H,0, equivalent to coelenteron fluid) and 3% antibiotic/antimitotic
(compilation: penicillin-streptomycin-fungizone). After 48 h in culture,
the cells were removed, centrifuged and the pellet was resuspended in
saline solution (in mM: 400 NaCl, 9 KCl, 9 CaCl,, 46 MgSO,, 2.2
NaHCOs, pH 7.4, approximately 800 mOsm kg/H,0). Density and via-
bility of cells were analyzed via exclusion test with trypan blue 0.08%.
All experiments were conducted with cells of viability above 80% and
at a density of 2-3 x 10° cells/mL (200 pL for treatment).
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2.4. Experimental conditions

Sea anemone cells were exposed to copper concentrations of 0 pug/L
(control, saline solution), 7.8 ug/L and 15.6 ug/L for 24 h. The
7.8 ug Cu/L was defined with respect to Brazilian legislation (CONAMA
resolution no. 357/2005), correspond to water quality criteria for Cu in
sea water type II — intended for recreational fishing and recreational
activities of secondary contact - and 15.6 pug Cu/L was selected as a non-
conforming concentration according to the Brazilian regulation. Same
copper treatments were used in presence of ABC proteins blockers or
decrease the energy available for the functionality of these proteins,
including respectively:

Verapamil (VP) (50 uM - pilot experiments were performed with 30
and 50 pM, after those, the higher concentration was chosen) represents
a well-known unspecific inhibitor of ABC proteins. VP acts as a calcium
channel blocker and competes with other substrates as a competitive
inhibitor (Srivalli and Lakshmi, 2012). A 1% Verapamil solution was
prepared in ethanol and this solvent did not show any toxicity to sea
anemones cells.

Potassium cyanide (KCN) 10 mM, is an ATP depletor that inhibits
the electron transport chain (Watabe and Nakaki, 2007).

These experiments were conducted in independent days and ani-
mals (n represents one explant from one animal). Each experimental
condition and exposures were performed in 96 wells micro plates or in
1.5 mL vials (for experiments of copper accumulation). All experiments
were performed at least twice. Each chemical experiment (VP, KCN)
was conducted with parallel experiments of cells exposed only to
copper solutions (0, 7.8 and 15.6 ug/L), enabling results in absence of
chemicals be grouped in the same MXR activity figures.

2.5. MXR analysis

MXR activity was measured based on cellular accumulation of
rhodamine B (RB) which is a fluorescent substrate for ABC proteins
(Kurelec et al., 2000). After exposure to copper in presence or absence
of chemicals addition, cells were incubated in 10 tM Rhodamine B (RB)
for 60 min, during this time the blocker or ATP depletor was kept.
Then, cells were washed twice with saline solution to remove the
substrate excess and transferred to 96 well microplate. Cells were vi-
sualized under an epifluorescence microscope (Olympus IX81)
equipped with a fluorescence filter (WG) and a digital camera in order
to capture images for posterior analysis (using free software Image J).
The fluorescence exhibited in the images was measured and normalized
by the number of cells present in the bright-field. For each treatment, 3
images from the same sample (each well) were captured and measured,
and the mean of fluorescence intensity per cell was calculated. Cells
with higher accumulation of RB indicate lower MXR activity because
they could not remove the fluorescent substrate, while a lower accu-
mulation indicates a higher MXR activity due to more efflux.

2.6. Cytotoxicity

In order to understand if blocking the ABC proteins promotes higher
metal cytotoxicity, sea anemone cells were exposed to the different
copper concentrations in presence or absence of VP. Two parameters
were considered to measure the cellular toxicity: viability (cellular
membrane integrity was analyzed after 24 h of copper exposure) and
the number of viable cells, both evaluated via a trypan blue (0.08%)
exclusion test.

2.7. Copper accumulation

In order to determine the effective contribution of ABC proteins to
copper extrusion, ABC proteins were blocked and cellular copper con-
tent was quantified. Sea anemone cells (2-3 x 10° cells/mL) were ex-
posed to the different copper concentrations, for 24 h, in presence or
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absence of VP. Following exposure, cells were washed and dehydrated
for 24 h (50 °C), completely digested with 5 N HNO3 and diluted with
Milli-Q water. Copper concentration was measured via graphite ato-
mizer atomic absorption spectroscopy (EAA Analyst 700, PerkinElmer),
with detection limit of 0.0014 pg/L. The results obtained were nor-
malized by the number of viable cells and expressed in pg Cu/10° cell.

2.8. General metabolic activity

The general metabolism activity was measured using the MTT (3-
(4,5)-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay.
Sea anemone cells (10° cells/mL — higher number of cells were neces-
sary in order to increase the absorbance signal) were exposed to copper
solutions for 24 h, and cells were analyzed according to the specific
protocol (Mosmann, 1983). This colorimetric MTT assay protocol
measures the general metabolism of cells based on the cellular uptake
of MTT and its subsequent reduction. Newer literature had shown that
MTT could be converted in formazan not only in mitochondria but in
other cellular compartments (Bernas and Dobrucki, 2002; Stockert
et al., 2012). Higher metabolism activity results in higher formazan
production. After copper exposure, cells were washed and incubated
with MTT (500 pg/mL in saline solution) for 3 h. After that, the mi-
croplate was centrifuged (600 g for 5 min) and the supernatant was
removed. Then, DMSO was added to dissolve the formazan crystals and
the absorbance was recorded at 550 nm using EL808 (BioTek Instru-
ments, USA). Results of MTT analysis were normalized by number of
viable cells in each treatment (before MTT addition an aliquot was
removed and counted).

2.9. ABC proteins expression

For the immunolabelling of ABC proteins, cells were exposed only to
copper solutions as described before. After exposure, cells were washed
to remove the contaminant and fixed in 4% formaldehyde in saline
solution for 40 min. Then, cells were washed twice with phosphate
buffer solution with added sodium azide (PBS; in mM: 340 NaCl, 12
Na,HPO,, 2.2, KH,PO,4, 16 KCl and 5 EDTA, 10 NaNs; pH 7.4, ap-
proximately ~800 mOsm kg/H,0) and kept in refrigeration (4 °C)
overnight. In sequence, membrane cells were permeated using Triton X-
100 for 15 min, washed with PBS azide and serum fetal bovine was
added for 4 h. After this, the primary monoclonal antibody C219
against ABC proteins (MDR1/ABCB1 and MDR3/ABCB3), was added
and maintained overnight. Subsequently, cells were washed with PBS
azide to remove the excess of antibody and added the secondary anti-
body rabbit anti-mouse immunoglobulin (Ig) G was added for 5h.
Rinsing was repeated and cells visualized in epifluorescence microscope
with a fluorescence filter (WG). The capture and analysis of images
were performed equally those explained to MXR analysis. High fluor-
escence means a high amount of proteins in the cells.

2.10. Statistical analysis

Results from general metabolic activity and immunocytochemistry
were satisfactory for parametric assumptions and were analyzed by
one-way ANOVA with Tukey test post hoc, the graphic shows mean and
standard error (SE).

Experiments results from chemicals exposure were tested by para-
metric assumptions (data normality and homogeneity of variances; data
were mathematically transformed when assumptions were not ver-
ified)), and then, analyzed through ANOVA factorial type II, in order to
determine if chemicals interacted with copper exposure. As no inter-
action was observed among experiments, the results were submitted to
two ANOVA one-way, using post hoc Unequal N HDS (MXR analysis) or
Tukey (other analysis). In order to compare the results between those
cells exposed to copper with cells exposed to chemicals (VP or KCN), a t-
test for independent samples was performed. Figures show the mean
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Fig. 1. MXR activity based on Rhodamine B accumulation in B. cangicum cells. Panel A:
cells exposed to copper with/without verapamil (VP, n = 15-29). Panel B: cells exposed
to copper with/without potassium cyanide (KCN, n = 11-29). Values represent
means * standard error. Lowercase letters indicate differences between treatments
without chemical (only Cu); capital letters indicate differences between treatments with
MXR inhibitor; * represents differences between same treatment without and with in-
hibitor.

and SE results of raw data. All the results assumed a significant dif-
ference when values of p < 0.05.

3. Results
3.1. MXR analysis

MXR activity was not altered under copper concentrations of 7.8
and 15.6 ug/L (p = 0.43) and it did not change even between copper
exposures with VP (p = 0.61) (Fig. 1A). The results of t-test analysis
showed the inhibition of MXR activity in presence of verapamil in all
copper concentrations. In absence of copper (0 pg/L), the presence of
VP increased the rhodamine accumulation three-fold when compared
with cells without VP (p < 0.001). In cells exposed to 7.8 ug/L Cu, the
presence of verapamil doubled the rhodamine accumulation
(p = 0.0006) and those cells with verapamil at 15.6 ug Cu/L had an
almost 6-fold increase of rhodamine B accumulation in when compared
with cells in absence of blocker (p < 0.001).

Cells exposed to copper did not show any difference in MXR activity
(p = 0.43) (Fig. 1B). However, in cells exposed to copper and the ATP
depletor potassium cyanide, the MXR activity was smaller at
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Fig. 2. Panel A: viability of cells of B. cangicum exposed to copper with/without ver-
apamil (n = 3). Panel B: number of viable cells exposed to copper with/without ver-
apamil (n = 3) Panel C: copper accumulation in cells exposed to copper with/without
verapamil (n = 4). Values represent means *+ standard error. Lowercase letters indicate
differences between treatments without VP (only Cu); capital letters indicate differences
between treatments with VP; * represents differences between same treatment without
and with VP.

15.6 ug Cu/L treatment (increased 800% rhodamine B accumulation
compared to control (p = 0.015)). Comparing results among absence/
presence of KCN, results show that potassium cyanide inhibited MXR
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activity in cells without copper and in 15.6 pg Cu/L treatment (rhoda-
mine B accumulated 2 and 15-fold, respectively).

3.2. Cytotoxicity

Fig. 2A shows sea anemone cells viability exposed to copper in
presence or absence of verapamil and no statistical difference was ob-
served. A decrease of cell viability (9%) was only observed in cells
exposed to 7.8 ug/L Cu with VP comparing to cells without blocker
(p = 0.02).

Number of cells of B. cangicum exposed to copper in presence or
absence of VP is shown in Fig. 2B. No statistical difference was observed
in absence VP treatments, however among cells in presence of VP one
difference was observed. Samples incubated with VP decreased the
number of cells when exposed to 15.6 pg/L Cu comparing to 0 pg/L Cu
+ VP cells (decreased 60%, p = 0.002). Comparing the number of cells
within each treatment, samples with copper and VP exposure showed
fewer cells than those samples exposed to the same copper concentra-
tion without the blocker. The 15.6 ug Cu/L in presence of VP treatment
had a decrease of almost 60% in the number of cells compared to 0 pg/L
Cu in presence of VP treatment (p = 0.03 and p = 0.003 to 7.8 and
15.6 ug/L Cu + VP, respectively).

3.3. Copper accumulation

Fig. 2C shows the copper content of Bunodosoma cangicum cells.
Considering the cells exposed to copper (without verapamil), the metal
accumulation increased in 15.6 pg Cu/L (10-fold more than cells in
0 ug/L Cu; p = 0.015). In the presence of blocker, intracellular con-
centrations of copper were higher in both copper treatments when
compared to control (0 ug/L Cu; p = 0.003).

In presence or absence of the blocker in copper treatments, cells
exposed to 7.8 ug Cu/L had a 14-fold increase of the intracellular Cu
(p < 0.0001). The cells exposed to 15.6 pg Cu/L had Cu increasing
almost 2-fold when blocked with VP, however, it was not statistically
different when compared to cells without VP (p = 0.31). Control cells
(O pg Cu/L) did not differ from cells incubated with verapamil
(p = 0.77).

3.4. General metabolic activity
Metabolism was indirect measured by MTT assay and the results are

displayed in Fig. 3. Higher metabolic activity was observed in cells
exposed to 7.8 ug/L Cu, while the lesser activity was observed in cells
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Fig. 3. General metabolic activity in B. cangicum cells exposed to copper, measured by
MTT assay (n = 4-5). Values represent mean * standard error and different letters in-
dicate differences between treatments.
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Fig. 4. ABC protein expression in B. cangicum cells exposed to copper (n = 4). The
measurement was based on the secondary antibody fluorescence per number of cells.
Values represent mean =+ standard error and different letters indicate differences be-
tween treatments.

exposed to control (0 ug Cu/L; p = 0.017). Results from 15.6 pg Cu/L
exposure had metabolism between the other treatments, and it was not
statistically different (p = 0.07 and 0.457, respectively).

3.5. ABC proteins expression

Results of labeling cells using C219 are shown in Fig. 4. The
15.6 ug/L copper exposure decreased the amount of ABC protein in sea
anemones cells compared with no exposed cells (p = 0.014). However,
the amount of protein at 7.8 pg Cu/L exposure was not statistically
different from 0 and 15.6 pg Cu/L (p = 0.477 and 0.093, respectively).

4. Discussion

Transmembrane proteins of the ABC family contribute to the MXR
phenotype in cells, leading the extrusion of toxic substances. MXR ac-
tivity is commonly associated with high degree of protection against
xenobiotics. However, literature showing whether this pathway is also
responsible for extrusion of metals, correlating MXR and xenobiotic
accumulation is scarce. The present study provides a better under-
standing of the MXR activity in cells of Bunodosoma cangicum exposed
to copper, and establishes an association between protein activity and
bioaccumulation of copper in these cells.

Sea anemone cell responses to copper exposure vary according to
MXR activity. When the cells are exposed to different copper con-
centrations (7.8 and 15.6 pug Cu/L), no difference in the activity is ob-
served. However, a tendency of inhibition at lower copper concentra-
tion and baseline activity (the same as 0 pg/L copper) at higher metal
concentrations was observed. Anjos et al. (2014) observed a different
result, where MXR activity increased in sea anemones cells exposed to
7.8 ug Cu/L, and returned to control activity levels at 15.6 ug Cu/L
exposure. These results indicate differences in MXR activity of copper
concentrations (7.8 and 15.6 pug/L). Although only two copper con-
centrations were evaluated, the authors believe that it might be possible
that the 7.8 ug/L copper concentration represent a threshold con-
centration between activation and inhibition, thus varies, affecting
MXR activity. Furthermore, the present study used a microscopy tech-
nique while the previous study (Anjos et al., 2014) used a fluorimetry
technique. Microscopy involves observations of fluorescence inside of
each cell while fluorimetry could produce noisier data, a fact corro-
borated by a study by Anjos et al. (2016) comparing both methods of
MXR activity analysis. Therefore, the precise microscopy technique
may have contributed to the differences observed in this study,
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especially when the concentrations could induce variable activity.

MXR phenotype can be characterized by using ABC protein blockers
and a fluorescent substrate, like rhodamine B. This characterization is
largely used by adding verapamil (VP), a nonspecific inhibitor of ABC
proteins, into the medium with cells. The VP inhibits substrate cell
extrusion, resulting in higher fluorescence in cells incubated with the
blocker (Kurelec et al., 2000; Shuilleabhdin et al., 2005; Sandrine and
Marc, 2007; Campos et al., 2014). In this study, the presence of the
blocker inhibited the MXR activity in all copper concentrations when
compared to treatments without VP (Fig. 1A). In order to verify if the
blockade could increase bioaccumulation, the present study measured
cellular metal content (Fig. 2C). When the MXR activity was compared
in the presence and absence of VP, an increase in metal accumulation
was observed in cells exposed to 7.8 ug Cu/L when compared to the
same copper treatment without VP. These results indicate the presence
of copper and the blocker decreasing cellular defense, whereby metal
extrusion is inhibited due to blocking of ABC proteins by VP. Blockade
cells exposed to 15.6 ug Cu/L did not show any difference in metal
accumulation when compared to cells in the absence of the blocker.
Fishes have a homeostatic regulation of copper uptake, reaching a
steady state gradually after being exposed to metal for some time,
where the time to achieve the plateau is variable to each specie (Marr
et al., 1996; Taylor et al., 2000; Grosell and Wood, 2002). According to
Marr et al. (1996), if the accumulation increases through exposure
(time and concentration) and the accumulation capacity is regulated by
depuration, the time to reach steady state will increase as the capacity
of accumulation increases. Therefore, it is possible that sea anemones
also have a similar accumulation dynamic and because the mechanism
of copper extrusion has been overwhelmed and/or the uptake may have
achieved its maximum, this way, the copper accumulation is similar in
cells exposed to higher copper concentration, independent of MXR
blockage.

Comparisons between xenobiotic accumulation and ABC protein
activity are common in studies involving antitumor treatments, how-
ever, correlation with environmental scenarios are scarce. A relevant
study to compare the results here is Jeong et al. (2014), who demon-
strated that after inhibition of ABC proteins with verapamil, the xeno-
biotic accumulation increases. In their study, copepods were exposed to
cadmium, copper, and zinc for 24 h, associated or not with a specific
inhibitor. As a result, the animals incubated with the inhibitor and
exposed to metals had higher metal accumulation (analyzed by fluor-
escence labeling intensity). Furthermore, copepod mortality increased
in metal treatments (copper, cadmium, and zinc) with inhibited ABC
proteins, allowing the authors to conclude that verapamil is a cellular
inhibitor of metal efflux, resulting in high mortality.

In order to analyze the blockage of ABC proteins and copper cyto-
toxicity in B. cangicum, the viability of sea anemone cells exposed to
copper in the presence or absence of verapamil was evaluated. In
general, the viability of cells exposed to the different copper treatments
in the presence or absence of verapamil is not modified, however the
ABC protein blockage causes a decrease in cell viability in cells exposed
to 7.8 ug Cu/L when compared to cells exposed to the same copper
concentration but without verapamil (Fig. 2A). On the other hand, in
the samples with 15.6 ug Cu/L and VP, the number of cells reduced
significantly despite the similar viability. Anjos et al. (2014) showed
that sea anemone cells exposed to copper 15.6 ug/L decreased the
viability and number of cells due to cellular committal. The copper
concentration used in their study was the same as that used here, and
the difference found in viability could be explained by the method
applied. Although the method was the same, the trypan blue exclusion
method analyzes the membrane integrity and takes an immediate
evaluation, and even small temporal differences between each analysis
might tend to overestimate the cell viability (Freshney, 2010), thus to
measure the cytotoxicity, it is recommended to use the number of cells
as well. It is therefore clear that MXR activity contributes to the efflux
of metals from cells and this extrusion is important to maintain the cells
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healthy. It is observed that the ABC proteins blockade decreases the
viability in cells exposed to 7.8 ug Cu/L when comparing the absence
and presence of VP, besides, the number of cells decreases in both
copper concentrations when co-exposed to verapamil. Therefore, the
cytotoxicity increased when cells were exposed to verapamil combined
with copper concentrations. Anjos et al. (2014) analyzed the cytotoxi-
city and MXR activity in 6 and 24 h. In the first 6 h, the copper damaged
the cellular membrane but did not reduce the number of cells nor alter
the MXR activity. After 24 h, the membrane integrity was debilitated
and the copper led to cellular death, reducing the number of cells, si-
milar to the findings here. They also found that when MXR activity was
activated the number of cells did not reduce despite the viability de-
crease. Therefore, the extrusion of copper by MXR is effective in pro-
tecting the cells and the combined analysis of membrane integrity and
number of cells is a better form of estimating the cytotoxicity.

Additionally, the results of general metabolic activity could be re-
lated to the viability and number of cells in the presence of copper
(without VP). A higher metabolic activity was observed in 7.8 ug Cu/L,
indicating that cells were spending energy to counter the toxical effects.
This is effective, observing that the viability, number of cells and MXR
activity remained similar to cells with 0 pg Cu/L. The increase in me-
tabolic activity seems to deal with the stressor. However, 15.6 ug Cu/L
samples showed a general metabolic activity between 0 and 7.8 ug Cu/
L and indicated that although cells try to maintain their health, they
could not handle more in this situation and the copper reduced the
number of cells, i.e., cell death occurred. In the literature, MTT analysis
is shown as a measurement for cellular viability (Rtal et al., 1996; Le
Bihan et al., 2004; Vazzana et al., 2014). However, it may not be a good
indicator since the MTT assay is related to general metabolic activity
(Bernas and Dobrucki, 2002; Stockert et al., 2012), thus, results could
over or underestimate the viability depending on the cells metabolic
state.

MXR activity is an ATP-dependent mechanism that may be com-
promised in an ATP depletion state. An experimental ATP depletion is
performed by using mitochondrial electron transport chain complex I
and IV inhibitors such as potassium cyanide (Watabe and Nakaki,
2007). The aforementioned study observed that potassium cyanide
decreased MXR activity after exposure to 15.6 pg Cu/L (Fig. 1B). Pre-
sumably, cellular extrusion at the highest concentration of copper ex-
posure became too energetically expensive and was subsequently dis-
rupted, whereas the lower copper concentration was controlled.

The results discussed above are unprecedented in current literature,
and to the best of knowledge of the authors, it is the first time that metal
content measurements in cnidarian cells are related to MXR activity and
cytotoxicity. Moreover, the present study elucidates aspects of the en-
ergy system involving ABC proteins such as energy requirement and
general metabolism activity.

The present study also evaluated the ABC protein expression in sea
anemones cells. It is showed that the 15.6 pug Cu/L treatment decreased
the ABC proteins expression in the cellular membrane of B. cangicum.
Although other studies show that copper induces this ABC protein and
genic expression (Achard et al., 2004; Venn et al., 2009), it is well
known that copper is a transition metal that may increase reactive
oxygen species (ROS) (Stohs and Bagchi, 1995; Gaetke and Chow, 2003;
Sandrini et al., 2009; Main et al., 2010; Grosell, 2012). ROS can impair
proteins, copper could also bind directly to protein amino acids, po-
tentially leading to dysfunctionality (Gaetke and Chow, 2003; Roy
et al., 2009; Grosell, 2012; Tamaés et al., 2014). In the study of Anjos
et al. (2014), it was observed that reactive oxygen species increase in
sea anemones cells exposed to 7.8 ug Cu/L, and even more so to
15.6 pg Cu/L. Therefore, the hypothesis in this work that ROS is causing
the impairment in ABC protein expression is supported. This dysfunc-
tionality, caused by heavy metals in general (directly or indirectly),
could be attributed to perturbation in protein folding, leading the
proteins to an inactive state from an incorrect conformation (Sharma
et al., 2008; Tamas et al., 2014). Cells had the ability to degrade
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abnormally folded proteins, leading to their hydrolysis (Goldberg,
2003). Therefore, the decrease in ABC protein expression is possibly a
result of processes combination: ROS increase, damage in ABC proteins
and conformational state with subsequent hydrolysis.

In summary, MXR activity remained similar to control groups in all
copper treatments, and cytotoxicity was avoided even with higher
copper accumulation in cells exposed to 15.6 ug Cu/L, however, the
copper toxicity impaired the ABC protein expression. These results in-
dicate an effective cellular defense system in cells exposed to copper,
mainly at 7.8 ug Cu/L, even without increasing the MXR activity. These
cells defend themselves pumping the excess copper out and protecting
against cytotoxicity. However, the cost of this adjustment was observed
through an increase in metabolic activity. Furthermore, the MXR ac-
tivity seems to be closely associated with copper extrusion, since cel-
lular copper content and cytotoxicity increased when MXR activity was
inhibited. The present study showed novel cellular response patterns to
metal exposure, MXR activity, and protein expression, it also elucidates
the cellular defense mechanisms of Bunodosoma cangicum after being
exposed to copper.
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ABSTRACT

The use of biomarkers is an important tool to predict possible physiological
alterations to the organisms exposed to contaminated environments. One of the
biomarkers that have a protective role in animals is the multixenobiotic resistance
(MXR) phenotype, which is able to eliminate toxic substances of the cells. There are
several studies describing the activity of these proteins after pollutant exposure, but
little is known about the interference of abiotic factors on these. Therefore, the
present study aimed to evaluate the MXR activity through the accumulation of
rhodamine B in in vivo and in vitro exposures. The sea anemones Bunodosoma
cangicum were exposed to different temperatures (15, 20 and 25°C) and salinities
(15, 30 and 45%0) associated or not with copper exposure (0, 7.8 and 15.6 pg/L).
Results showed that abiotic factors altered the MXR activity; low temperature
inhibited the activity both in vivo and in vitro, while salinity did not alter the MXR
activity. The presence of copper could lead to another type of response (inhibition
or activation), mainly in different temperatures. The results for MXR activity found
between in vivo and in vitro exposures were similar among temperature treatments
also salinities, however in osmotic shocks the behavior of animals and isolated cells
were different. It can be concluded that abiotic factors affect MXR activity
independently of the presence of copper and, although the results were not
completely similar in animals or isolated cells, each model contributes in a different
way of knowledge. The in vitro is better to evidence mechanisms while in vivo is
more indicated to show systemic response, once this model could protect
themselves against hypersalinity through mucus’ layer while in in vitro exposure this
osmotic challenge carried the cells to death.

HIGHLIGHTS

o Low temperature inhibits MXR activity in sea anemones;

e Temperature combined with copper exposure changes the MXR
response;

¢ Salinity did not affect MXR activity;

e Hyperosmotic shock is stressful to sea anemones.

Keywords: copper, multixenobiotic resistance, primary cell culture, sea
anemones.

1. INTRODUCTION
The aquatic environment is susceptible to be contaminated by substances,

could leading the organisms to health's damage. Biomarkers are tools that aim to
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predict the consequences of the interactions among these substances and the
exposed organisms. They are a way to measure at molecular or cellular level the
biological effect, anticipating changes that could occur at higher levels of
organization (Cajaraville et al., 2000). Commonly they are divided into exposure and
effect biomarkers, where first indicates that the organism is exposed to some
xenobiotic while the second demonstrates the adverse effect which this substance
is causing in the organism (Walker et al., 2001).

Among the biomarkers of exposure, some of them prevent cells to
accumulate substances, i.e., in a protective mechanism (Kurelec et al., 2000). A
biomarker that has this type of response is the phenotype of resistance to multiple
xenobiotics (MXR), also known as cellular defense biomarker (Kurelec et al., 2000).
This phenotype is expressed by a superfamily of protein transporters, the ABC
(ATP-binding cassette) family. These transmembrane proteins can carry out from
cells several types of substances, which contributes to confer to animals different
levels of resistance when exposed to xenobiotics (Bard, 2000; Kurelec et al., 2000).

The literature has already described that several types of substances could
change the activity of these proteins, which is able to cause inhibition, activation, or
inhibit or activate depending on the concentration; such as organic compounds,
metals, pharmaceuticals, pesticides (Timofeyev et al., 2007; Kingtong et al., 2007;
Rocha and Souza, 2012; Fernandez-Sanjuan et al., 2013; Ferreira et al., 2014;
Oliveira et al.,, 2014; Cunha et al.,, 2017). About metals, copper (Cu) is one
substance that might interact with ABC proteins. Achard and collaborators (2004)
described an increase in ABC protein expression when mollusks Corbicula fluminea
were exposed to this metal; besides our previous study verified that MXR activity
was higher in cells of anemones Bunodosoma cangicum exposed to Cu (Anjos et
al., 2014). Furthermore, evidence of these ABC proteins being a pathway to copper
efflux has been demonstrated by Jeong and collaborators (2014) in copepods and,
in our previous work that used cells isolated from B. cangicum (Anjos et al., 2017).
Both studies established a relation between ABC inhibition, metal accumulation, and
toxicity — when MXR was inhibited, Cu bioaccumulation was higher as well the

animal/cellular death.
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However, the MXR activity seems to be not only xenobiotic target. Some
authors had already reported a correlation between temperature and ABC proteins
(Minier et al., 2000; Eufemia and Epel, 2000; Keppler and Ringwood, 2001a,b).
Moreover, Luedeking and Koehler (2004) described that abiotic factors such salinity
and oxygen availability could modify the genic expression of ABC proteins.
Nevertheless, all the studies cited above were without xenobiotic presence, and the
combination of abiotic factors and contaminants is scarce in the literature. As far we
know, only our previous work (Anjos et al., 2016) evaluated the MXR activity in
isolated gill cells of Amarilladesma mactroides exposed to copper with osmotic
shock, showing that activity increased in those cells exposed to the hyposmotic
solution, independently of copper presence.

Despite the studies with abiotic factors described above, still necessary more
studies to better understand how is the interaction between environment, xenobiotic,
and the MXR activity, once this MXR phenotype might be used as a biomarker.
Answering if the abiotic factors could interfere with ABC proteins responses, and
how this occurs, is necessary to prevent misinterpretation when using it as an
exposure biomarker to pollution.

The sea anemones Bunodosoma cangicum had already shown the presence
of MXR activity in our previous studies (Anjos et al, 2014; Anjos et al., 2017). We
choose this biological model because they live in an intertidal zone, i.e., they suffer
daily with abiotic stressors, and are able to be contaminated with copper.
Additionally, with this model, our research group has already established a primary
cell culture protocol (Anjos et al., 2014), what allows the study in vitro, and because
of this, offers the comparison with the answers obtained in in vivo exposure.

In light of the above, we evaluated the effect on MXR activity of abiotic factors,
such as salinity and temperature, associated with copper in sea anemones

Bunodosoma cangicum both in vivo as in vitro exposures, also, comparing this.

2. MATERIALS AND METHODS:

2.1. Collection and maintenance of anemones:
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Bunodosoma cangicum Correa 1964 were manually collected in the intertidal
area of Cassino Beach — Molhes da Barra (Rio Grande, RS, Brazil, 32°09'40.25” S;
52°05’51.96”). The animals were then transported to the laboratory in seawater
where they were kept during one week in glass aquariums at 20°C temperature, with
constant aeration, photoperiod 12L:12D and salinity 30%. before the experiments,
in order to acclimatize them. The animals were fed each week with pieces of fish on

the oral disk.

2.2. In vivo exposures:

2.2.1. Experimental conditions:

Temperature experiments: the animals were distributed among the
treatments: 15, 20 and 25°C and copper concentrations of 0 (saline solution - in mM:
400 NaCl, 9 KCI, 9 CaClz, 46 MgSO0Os4, 2.2 NaHCOs, pH 7.4, =900 mOsm kg/H20,
corresponding to salinity 30), 7.8 and 15.6 ug/L (saline solution + copper chloride).
These Cu nominal concentrations were defined with respect to Brazilian legislation:
CONAMA Resolution No. 357/2005, in saline water type Il — destined to recreational
fishing and secondary contact recreation — and its doubled, respectively. A total of
nine treatments composed the experiment because of the combination of both
factors (15°C with 0, 7.8, 15.6 ug Cu/L; 20°C with 0, 7.8, 15.6 ug Cu/L; 25°C with 0,
7.8, 15.6 pg Cu/L). Five animals were exposed, for each experimental condition, in
plastic beckers(previously acidified in nitric acid 1%) containing 150mL of saline
solution of each copper treatment and kept for 24 hours. Each temperature group
remained in incubators, with temperature and photoperiod-controlled (12L:12D).

Salinity experiments: the animals were distributed among the treatments:
15, 30 and 45%o.. Different saline solutions were prepared by the same way of saline
solution described above (=900 mOsm kg/H20), however the solution was diluted
and concentrated as necessary (=450 and =1350 mOsm kg/H20, respectively) and
copper concentrations of 0, 7.8 and 15.6 pg/L, in combinations of both factors similar
to temperature experiments. Five animals were exposed to each treatment for 24
hours in an incubator with 20°C and photoperiod of 12L:12D.

2.2.2. MXR analysis:
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After exposure time, the animals were anesthetized in a 200mM magnesium
solution (saline solution + 200mM MgClz2) for 20 min (for salinity experiments, the
saline solution used to anesthetize was that for respective treatment). Then, a
fragment of the podal disk was removed and incubated in 10uM rhodamine B
(fluorescent dye substrate for ABC proteins) for 2 h. For the temperature
experiments, the rhodamine B (RB) solution was prepared in saline solution (=900
mOsm/kg H20), while for the salinities experiments the rhodamine B solution was
produced in the respective osmolality of each treatment. During the incubation time,
the temperature was 20°C for salinities experiments and the respective temperature
of each treatment for temperatures experiments. Next, the fragments were washed
out twice to remove the dye excess, weighted and frozen overnight. In the next day,
podal disk fragments were homogenized in distilled water (400uL) and centrifuged
at 75009 for 5 min. The supernatant (250uL) was transferred to a dark opaque
microplate of 96 wells and the fluorescence was analyzed, with excitation and
emission of 485 and 590 nm, respectively (Victor 2, Perkin Elmer). The results were
normalized by the wet weight of each fragment and the graphics expressed the
relative values (where 0 pg/L in 20°C or salinity 30%0 was considered 100%). The
result are interpreted based on RB accumulation, where higher fluorescent
accumulation indicates lower activity and lesser accumulation is higher activity

2.2.3. Tissue water content:

Those animals that were exposed to salinity experiments had their water
tissue content measured. After anesthetics procedures, a fragment of the podal disk
was removed, weighted and put to dry in 50°C for 48 h. The dried tissue was
weighted and the water content was calculated using the dry weight and wet weight,
according to the equation: Wc¢ = (dry weight +~ wet weight) x 100, where Wc is

the tissue water content, expressed in percentage.

2.3. In vitro exposures:
2.3.1. Primary cell culture
A primary cell culture from an explant of Bunodosoma cangicum was

performed to obtain the cells as described by Anjos and collaborators (2014). A
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fragment of podal disk were maintained for 48 h in plate disc with 1 mL of culture
medium M199 enriched with (in mM) 41 NaHCOs, 80 KCI and 205 NaCl for
adjustment of osmolality (=900 mOsm kg/H20, equivalent to coelenteron fluid), and
3% antibiotic/antimitotic (compilation: penicillin-streptomycin-fungizone). After this
time in culture, cells were removed, centrifuged to 600g for 5 min. The supernatant
was removed and the cell pellet was resuspended in saline solution. Using a
Neubauer chamber, density and viability of cells were analyzed via exclusion test
with trypan blue (0.08%). The experiments were conducted with cells of viability
above 80% and at a density of 2-3 x 10° cells/mL, where 200 uL was used for each
treatment.

2.3.2. Experimental conditions:

The exposures to salinity and temperature experiments were performed in
the same treatments conditions of the in vivo exposures, respectively. The
microplates of temperature experiments were maintained in incubators with
temperature controlled. The microplates of salinity experiments were maintained in
an incubator with temperature controlled (20°C) for 24 h. The cells were maintained
in those respective saline solution during the exposure time in order to not
compromises the copper treatments. This method does not harm the cellular viability
as showed by Anjos and collaborators (2014).

2.3.3. MXR analysis:

MXR activity was measured based on the cellular accumulation of rhodamine
B (RB) as described by Kurelec and collaborators (2000). After exposures, cells
were washed and incubated in 10 uM RB for 60 min, produced in the respective
saline solution and maintained at the temperature of each treatment, as for in vivo
exposures. Then, the cells were washed twice with saline solution to remove the
substrate excess (keeping the same salinity from each treatment) and were kept in
clean saline for an additional time of 60 min. After this time, the cells were washed
and maintained in saline solution where were visualized under an epifluorescence
microscope (Olympus 1X81) equipped with a fluorescence filter (WG) and a digital
camera in order to capture images for posterior analysis (using free software Image

J). The fluorescence exhibited in the images was measured and normalized by the



38

number of cells present in that field (bright field). For each treatment, 3 images from
the same sample (each well) were captured and measured, and the mean of
fluorescence intensity per cell was calculated. The results are interpreted of the
same way of in vivo, based on fluorescent accumulation and the graphics also are
expressed relativized, where the result in control salinity (30%.) and temperature
(20°C) with 0 pg Cu/L were considered 100%.

2.3.4. Cytotoxicity:

In order to evaluate the salinity experiments cytotoxicity, the cells were
analyzed under two aspects: viability, by membrane integrity, and number of viable
cells remained in each treatment. Both parameters were measured by trypan blue
0.08% exclusion test, using a Neubauer chamber.

2.3.5. Cellular volume:

The volume of cells exposed to salinity experiments was measured using the
images (bright field) that were captured for MXR analysis. The area of cells was
measured using the software Image J, and this area was used to calculate the

volume. For each treatment, 40 cells of different samples were measured.

2.4. Statistical analysis:

The results of MXR activity with different salinities and temperatures without
copper addition (0 pg/L), also tissue water content, cellular volume and cytotoxicity
parameters attended the parametric assumptions and were performed ANOVA one-
way with post hoc Fisher or Tukey. The graphics show the mean * SE results, with
a significant difference when values of p < 0,05.

The results of experiments of MXR activity with salinity or temperature with
all copper treatments, both in vivo and in vitro were tested by parametric
assumptions, it being transformed when they did not attend the assumptions. Then,
it was applied ANOVA factorial with post hoc Unequal N or Fisher. In the analysis
which ANOVA showed significant interaction between factors, the predicted effect
was calculated (Bliss, 1939) in order to compare observed and predicted effects and
to evaluated the interaction. The combined effected was measured for each
combination of temperature/salinity and copper addition. According to Crain and



39

collaborators (2008), antagonism could be assumed when the combined effect
observed is smaller than the predicted, and synergism when the observed effect is
higher than predicted.

The graphics show the mean + SE results of relativized data. All the results

assumed a significant difference when values of p < 0,05.

3. RESULTS AND DISCUSSION

3.1. Temperature effects in MXR activity

The results about temperature changes in in vivo and in vitro exposures were
presented in figure 1A. The in vivo results showed that 15°C decreased the MXR
activity in relation to control (20°C), while 25°C was similar to control temperature.
In the in vitro results, we also observed lower temperature inhibiting the activity in
relation to control (20°C), while in 25°C the cells had an activity similar to 15°C and
20°C. Highlighting, more fluorescent accumulated indicates less activity, and less
fluorescent accumulated indicates more activity. We choose 20°C as control
temperature because this was temperature average recorded by Odebrecht and
collaborators (2010) analyses from 1992 to 2007 in the Cassino Beach. Additionally,
15 and 25°C were chosen because they are environmentally relevant temperatures
for winter and summer in the Cassino Beach, respectively, according to Gouveia
and collaborators (2015). So, as the MXR activity was smaller in those animals or
cells exposed to lower temperature and this temperature was the mean found in
water temperature during winter. The animals during this season could be more
sensitive to pollution. It is known that temperature influences directly the metabolic
rate, especially for ectothermic animals (Clarke and Fraser, 2004; Sokolova and
Lannig, 2008). Furthermore, Anjos and collaborators (2017) had already shown that
the general metabolic state of B. cangicum change when the cells were exposed to
copper, and this reflects in the MXR activity, indicating that the increase in cellular
protection conferred by MXR activity, leads the cells to improve their metabolic cost.
Thus, it is possible that sea anemones showed a lower MXR activity because lower
temperature diminished their metabolism, acting as proposed to Anjos et al (2017)
but in an inverse way, i.e., lower metabolic state, lower MXR activity. As the ABC
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proteins perform the substrate efflux with ATP spending and at low metabolic state
the ATP production is smaller, this might explain the MXR activity inhibition at lower
temperature. For higher temperature (25°C), MXR activity does not differ to control
both in vivo and in vitro exposures, however, a tendency of inhibition could be seen
in the isolated cells. The current literature has already shown that increasing
temperature could induce the MXR activity in mollusks (Eufemia and Epel, 2000;
Pain et al., 2007) as well as could increase the protein expression (Minier et al.,
2000; Keppler and Ringwood, 2001a,b). All those experiments aforementioned
where in situ under seasonal variations, and the authors attributed the increased in
MXR activity and expression to metabolic factors as reproduction, or because the
physicochemical water parameters, or still because the growth of micro-organisms
and phytoplankton that could increase the occurrence of natural toxins. In other
words, the authors consider the higher temperature as an indirect effect. Our
experiment was performed in the laboratory without or with the minimum
interference of these variations above mentioned, and the in vivo exposure to higher

temperature did not demonstrate difference in relation to control.
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Figure 1: Relative MXR activity based on Rhodamine B accumulation in B.
cangicum. Panel A: Animals (in vivo) and cells (in vitro) exposed to different
temperatures without copper presence (n = 3-4; n = 9-11, respectively). Panel B:
Animals and cells exposed to different salinities without copper presence (n = 3-4;
n = 8-11, respectively). Different letters indicate difference between treatments.
Values represent means * standard error. Lower case indicates differences in vivo,
capital letter indicates differences in vitro, statistical analysis performed by ANOVA
one-way.
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3.2. Salinity effects on MXR activity

The results of MXR activity under a range of salinities were shown in figure
1B. We choose the salinity 30%. as control salinity because the average recorded
by Odebrecht and collaborators (2010) and Gouveia and collaborators (2015) in
Cassino Beach. The salinity 15%o is possible to occur after rain or in years with the
phenomenon “La Nifia” (Odebrecht et al., 2010), additionally, salinity 45%. although
difficult to occurs, is possible in tide pools, once of B. cangicum habitats’ place (Melo
and Amaral, 2005). The in vivo exposure was shown to be less sensitive than in
vitro, once that in vivo no statistical difference was shown. In vitro exposure showed
that hypoosmotic and hyperosmotic saline did not modify the activity in relation to
isosmotic saline, however, the MXR activity in those cells exposed to 15%. was lower
than those exposed to 45%.. Marin and collaborators (2005) raised the hypothesis
that proteins related to MXR activity could be associated with cellular volume-
sensitive chloride channels, and the activation of these channels might be activating
the cellular defense. Additionally, the study of our laboratory has already shown that
gills cells of Amarilladesma mactroides submitted to hypoosmotic challenge
increased their MXR activity (Anjos et al., 2016), and although no statistic difference
was found in in vivo exposure, the fluorescent accumulation in Bunodosoma
cangicum submitted to hypoosmotic saline seems to be lower (suggesting an
increase in activity). Besides, the animals exposed to hyperosmotic saline produced
an extensive mucus’ layer, and the absence of alteration in MXR activity showed in
hyperosmotic saline in vivo might be attributed to this mucus’ protection. This mucus
production had already shown in Bunodosoma caissarum and B. cangicum in order
to reduce water loss and minimize the contact with the stressful environment
(Amado et al., 2011; Abujamara et al., 2014). In fact, this statement is supported by
the analysis of tissue water content. As shown in figure 2A, the hyperosmotic saline
did not reduce the tissue hydration of B. cangicum in in vivo exposures, while
hypoosmotic saline increase the water content. The highest salinity seems to be
very stressful for the animals, what induced them to produce the extensive mucus

layer, what protected the animals against water loss and could minimize the energy
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availability to MXR activity due to high cost of this protection, might explain the
similar MXR activity in relation to those animals in 30%.. Amado et al. (2011)
observed that sea anemones (B. caissarum) that produced mucus layer preventing
moisture loss and kept size, while the specie that not produced this mucus
(Anemonia sargassensis) dried and shrunk. In fact, we can corroborate this
hypothesis about higher salinity and water content when we analyze the results
found in vitro to cellular volume (figure 2B), when the cells did not have mucus
protection their volume decreased and this will be discussed soon.

The in vitro exposure showed that cells in salinity 15%. the MXR activity did
not show the difference in relation to control, although it appears to be smaller than
30%0, and is statistically smaller than 45%o (figure 1B). This result is contrary to
results obtained for A. mactroides gill cells (Anjos et al., 2016), where the cells
activated the cellular defense in the hypoosmotic challenge, however, the salinity
used for mollusks cells was 20%.,, and here the salinity was 15%., but both
experiments used as control the salinity 30%.. Additionally, the exposure time was
also different, with the mollusks cells the authors used an exposure time of 5 hours,
while with sea anemones cells the time was 24 hours. Moreover, Honorato and
collaborators (2017) performed a study with tropical sea urchin coelomocytes
(Echinometra lucunter), where they submitted the cells to hypo- and hyper- salinity
for 4 hours and showed a result similar to found in this study, highlighting that
osmotic solutions were 25%o. (hypoosmotic), 35%o (control) and 45%o. (hyperosmotic).
The hypoosmotic shock inhibited the MXR activity while the hyperosmotic induced
the activity (Honorato et al., 2017). The authors related the result with other study
involving plants submitted to saline stress, where the osmotic stress induce the ABC
transporter related protein OpuA, that is involved with the osmo-protection and
prevents cells damage against hyperosmotic challenge (Honorato et al., 2017). This
protein OpuA is an ABC transporter that is activated by osmotic challenge and
because of the similarity with others ABC proteins the authors (Honorato et al.,
2017) connect them with MXR activity.

The absence of MXR activity variation in different salinities could be attributed

to the inhabiting behavior of this specie, once Bunodosoma cangicum is an intertidal
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animal that suffers constantly with osmotic changes in their environment. Benson-
Rodenbough and Ellington (1982) analyzed a range of salinities that Bunodosoma
cavernata tolerate and they found a large spectrum, where the animals could survive
from 11 until 49%.. When they compared their results with other sea anemones
species they came across with different values depending on the temperature,
concluding that temperature at the salinity tolerance is determinant, and may
influence the results. Also, as B. cangicum is a euryhaline specie, these animals
could survive in different salinities and, because of this, we could not see difference
in MXR activity. On the other hand, the temperature was more relevant to interfere
on MXR, but the temperature during the salinities experiments was constant at 20°C.
Thus, we could expect that salinities changes associated with temperatures range
might produce another response in MXR activity, and maybe, it could be different if
associated with different substances, but this should be tested.

Trying to better understand our responses the cellular volume was measured.
Surprising, the cellular volume did not correspond to known usual response for
osmotic shocks, where the hypoosmotic solution would carry to cellular swelling and
hyperosmotic shock would carry to cellular shrinking (Hoffmann and Dunham, 1995;
Lang et al., 1998). Here, both hypoosmotic and hyperosmotic saline carried the cells
to shrink, in comparison to those in salinity 30%o (control) (figure 2B). However, the
exposure time was 24h, a relatively long time to responses in cellular volume that
normally are measured in minutes after osmotic shocks (Amado et al., 2011;
Morabito et al., 2013; Foguesatto et al., 2017). Possibly, this reduction in cellular
volume result seems to be more related to cellular death activated by a long time
under osmotic stress than volume regulation in fact, once in the apoptotic process
the loss in cellular volume was recognized as a hallmark (apoptotic volume
decreased) (Majno and Joris, 1995; Yu and Choi., 2000; Elmore, 2007).

In order to know if the osmotic challenge was being stressful for sea
anemones cells, the cytotoxicity was measured based on viability and number of
cells (figure 3). The viability decreased in those cells exposed to hyperosmotic
saline; the cells in hypoosmotic saline had a viability similar to control (30%o) and
45%0 (figure 3A), while the number of cells did not show difference between
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treatments (figure 3B). However, the number of the cells shows a visible tendency
to decrease under hyperosmotic shock. So, in fact, the osmotic challenge is being
a stress for sea anemones cells, mainly the hyperosmotic saline when the viability
decreased. About the hypoosmotic saline, the cells seem to managing to deal with
the challenge although the reduction of cellular volume. Amado and collaborators
(2011) had already shown that isolated cells from sea anemone B. caissarum did
not swell during 20 minutes under hypoosmotic shock or decreased their viability,
however, the hyperosmotic shock shrunk the cells but not decreased the viability.
Highlighting, the osmotic shocks used by Amado and collaborators were 20% for
hypo- and 25% for hyperosmotic solution, while our shocks were 50% for both
conditions. So, our result and the result with other Bunodosoma specie indicated
that sea anemones cells could to deal with hypoosmotic challenge better than with

hyperosmotic challenge.
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Figure 2: Hydration of B. cangicum. Panel A: Tissue water content of animals
exposed in vivo to different salinities (n = 5). Panel B: Cellular volume of in vitro
exposure to different salinities (n = 32-37). Values represent means * standard
error. Different letters indicate difference between treatments, statistical analysis
performed by ANOVA one-way.
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Figure 3: Toxicity in B. cangicum cells exposed in vitro to different salinities. Panel
A: viability after 24h of exposure (n = 6). Panel B: number of cells remaining in each
treatment (n = 3-4). Values represent means = standard error. Different letters
indicate difference between treatments, statistical analysis performed by ANOVA
one-way.

3.3. In vivo x In vitro exposures

Thus, linking the results we can conclude that hyperosmotic challenge is very
stressful to animals and isolated cells, therefore the animals produce mucus in order
to protect themselves, minimizing the interaction with the environment. Additionally,
a hyperosmotic challenge as purposed in this study is difficult to found at literature,
although for B. cangicum it could eventually be a reality and to know how these
animals behave under this situation is relevant. About the temperature, the results
were more similar between in vitro and in vivo, and show that low temperature could
decrease the mechanism of defense. Although the main idea of in vitro technique is
predicting the potential toxicity of chemicals in vivo, not necessarily they were
correlated. However, the in vitro results have a great role to explain possible
mechanism of chemicals toxicity (Garle et al., 1994; Wiesinger et al., 2012).
Moreover, the uses of in vitro experiments are recommended to better
understanding mechanistic responses and to predict future responses to organisms,
once in vivo are better to understand the organic responses under stress conditions.
Our results of hyperosmotic salinity corroborate this idea, where the animals

produced mucus, protecting themselves from the external environment (at least
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during 24 hours), while the cells exposed in vitro to same salinity did not show how

protect themselves and suffered a decrease in viability.

3.4. Temperature x copper in MXR activity

Analyzing the MXR activity with temperatures range in in vivo exposures
(figure 4A), the smallest activity was shown in 7.8 ug Cu /L at 20°C. At 7.8 ug Cu/L
the animals exposed to colder and warmer temperatures had MXR activity induced,
in relation to those in control temperature (20°C). While those animals exposed to
15.6 pg Cu/L in 15°C and 25°C the MXR activity was reduced in relation to those in
control temperature. About MXR activity in in vitro exposure, the higher activity was
shown in 7.8 ug Cu/L at 15°C (figure 4B). With 7.8 Cu ug/L, the activity was different
for all temperatures, the lowest activity was exhibited in control temperature (20°C),
the highest activity was seen in 15°C, and in 25°C had an intermediary activity.
However, in those isolated cells exposed in vitro to higher copper concentration
MXR activity did not modify, independently of temperature. The MXR activity under
different temperatures in association with copper was not reported in the literature,
and although this result is new, it was unexpected, as cited above, usually the
literature reports that increase in temperature that increases activity. Probably the
combination of two stressors was a major challenge than each factor individually.
This statement could be confirmed with the result of the interaction (table 1). Based
in the results, that showed interaction between the factors temperature and copper
presence, the predicted effect was evaluated and compared with the observed
effects (table 2), and using this results an interaction plot was generated (figure 5).
Almost all the interactions effects were synergists, i.e., the observed effect was
higher than the predicted effect, or in other words, the observed result was higher
than the sum of the isolated factors (the predicted effect) (Crain et al., 2008). In fact,
the literature studies that evaluated toxicity and metabolic responses with copper
and temperature showed that combination of factors was more stressful than the
factors by themselves (Bat et al., 2000; Rao and Khan, 2000; Fonseca et al., 2017).
At the studies of Bat and collaborators (2000) and Rao and Khan (2000), they
showed that higher temperatures increase the sensibility of diverse amphipods
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species and mussels, respectively, to copper exposure, where the lethal
concentration for 50% of the animals were half concentration necessary in the
control temperature. Also, the temperature might cause remodeling of membrane
lipid and differences on permeability (Hazel, 2995; Papina et al., 2007), which could
interfere in metal uptake, increasing this, and, consequently, interfere in animals’
sensibility. Although the higher temperature in copper presence did not modify the
MXR activity is possible that the accumulation of the metal increase because the
difference on membrane permeability. However, measuring the metal accumulation
still necessary to prove this idea. About the metabolism, Fonseca and collaborators
(2017) showed that increased temperature combined with copper exposure
increased the susceptibility to bleaching of corals also reduced the growth, once the
combined exposure compromises the calcification process and increased the
oxidative stress. In general way, the temperature variation with the presence of 15.6
Mg Cu/L did not alter the MXR activity, leading us to believe that copper in this
concentration is more stressful than the temperature for sea anemones cells, and it

is discussed in the next section.

Table 1: Summary of analysis of variance of analysis performed in Bunodosoma
cangicum, both in vivo as in vitro, exposed to different temperature/salinity and
copper (Cu) concentrations and the results of interactions (* significant statistically,
p < 0,05; A non-significant, p = 0,05).

Interaction . Interaction
Parameter Temperature Cu Salinity
TeCx Cu Sal x Cu
MXR activity in vivo A . .
MXR activity in vitro o . .
MXR activity in vivo . o A
MXR activity in vitro A o A
Tissue hydration in vivo J . A
Cellular volume in vitro . ] o
Viability in vitro . A A
Number of cells in vitro A J A




48

Table 2: Summary of interpretation of interactions (combined effect) of temperature
and copper in Bunodosoma cangicum, both in vivo and in vitro, based on
calculations of predicted effect and fraction changes compared with the control.

Observed effect compared

Treatments i _ Predict effect Combined effect
with the control (O pug Cu/Lin
Copper Temperature Interaction

0 15 - - n.a.

0 25 - - n.a.
n 7 15 -0.559523757 -2.406110982 sinergic

7 20 - - n.a.
v 7 25 -0.609375892 -1.670853311 sinergic
i 15 15 -0.759125384 -1.307028747 sinergic
v 15 20 - - n.a.
o 15 25 -0.934436849 -0.571771076 antagonist
/ 0 15 - - n.a.
n 0 25 - - n.a.

7 15 0.813044449 -5.900007729 sinergic
v 7 20 - - n.a.
i 7 25 -0.803609472 -6.124913601 sinergic
t 15 15 -2.585555119 -5.575911547 sinergic
r 15 20 - - n.a.
o 15 25 -3.465945543 -5.800817419 sinergic

n.a. denotes cases where only a single factor and not the interaction term were significant
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Figure 4: Relative MXR activity based on Rhodamine B accumulation in B.
cangicum. Panel A: Animals exposed in vivo to different temperatures and copper
concentrations (n = 3-4). Panel B: Cells exposed in vitro to different temperatures
and copper concentrations (n = 9-12). Values represent means + standard error.
Different letters indicate difference between treatments, statistical analysis

performed by ANOVA factorial.
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Figure 5: Interactive plots (observed x predicted effect) representing the MXR
activity activity of Bunodosoma cangicum in in vivo exposures (a) and in vitro
exposures (b) to different combinations of copper concentrations and temperatures.
Dotted line represents the zero-interaction line (additivity). Data points distributed
below the zero-interaction line indicate antagonism (observed < predicted effect),
while those distributed above this line indicate synergism (observed > predicted
effect).

3.5. Salinity x copper in MXR activity

About salinity, either in vivo and in vitro did not show interaction between
salinities and copper treatments (Table 1). The presence of copper did not alter the
MXR activity either in vivo or in vitro (figure 6, panel A and B, respectively), the
difference observed were the same showed for results of salinities alone, where the
hypoosmotic shock decreased the MXR activity in relation to hyperosmotic shock in
in vitro exposures, and that was commented above. However, the presence of metal
seems to minimize the effect of salinity that was showed in the absence of copper,
once all the treatments with copper in different salinities were similar. So, the copper
presence stimulated the MXR activity in hypoosmotic shock in relation to
hyperosmotic shock, because the inhibition that was showed with 0 pg Cu/L
disappeared. Remembering, the animals exposed to 45%. showed a great mucus
layer, also with copper presence... The parameters of viability and number of cells
were analyzed also under copper treatments and the results were not different to

those found just with osmotic challenge (data not shown), just the number of cells
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had decreased in higher salinity and the presence of copper, indicating that this
hyperosmotic shock associated with copper presence was more toxic for cells than
these factors singly.

Furthermore, all results of MXR activity were not different when animals or
cells were exposed to 15.6 ug Cu/L, independently of abiotic factor. Conversely, the
methodology used to measure the MXR activity is based in the Rhodamine B
accumulation, what is a substrate to ABC proteins and it is competing with the
substrate tested, the copper. This way, is possible that an absence of difference in
MXR activity in this copper concentration happened because a disbalanced efflux
between the substrates, i.e., the MXR activity similar to control, could be because
the copper efflux may be higher than Rhodamine B efflux, however, this last
substrate is the dye used to measured (indirectly) the activity. Nonetheless, the
copper at double concentration allowed by Brazilian legislation for this water class
(sea water type |l - recreational fishing and secondary contact recreation) seems to
be the higher stress factor, independently of a possible error added by
methodological artifact. Another study of our laboratory had already shown that this
statement is true. Anjos and collaborators (2014) showed that this copper
concentration (15.6 pg Cu/L) was cytotoxic for sea anemones B. cangicum,
increasing the amount of reactive oxygen species and leading to DNA damage, and
other recent study (Anjos et al, 2017) demonstrated that copper in the same
concentration increased the metal accumulation and cytotoxicity in sea anemones
cells. This same study also demonstrated that 15.6 ug Cu/L decreased the ABC
protein expression, where the hypothesis rises up was that metal could overwhelm
the MXR system besides caused a disruption in protein functionality, as a result of
several process, such increase of reactive oxygen species, damage in ABC proteins
and conformational state which posterior hydrolysis. Therefore, the copper
concentration of 15.6 ug Cu/L should be considered as a stressful for sea anemones

Bunodosoma cangicum.
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Figure 6: Relative MXR activity based on Rhodamine B accumulation in B.
cangicum. Panel A: Animals exposed to different salinities and copper
concentrations (n = 3-4). Panel B: Cells exposed to different salinities and copper
concentrations (n = 8-13). Values represent means + standard error. Different letters
indicate difference between treatments, statistical analysis performed by ANOVA
factorial.

4. CONCLUSION

Our results show that abiotic factors like temperature and salinity interfered
in the response of MXR activity, independently of contamination presence, where
the temperature had a more pronounced effect. Therefore, supporting the idea of
Eufemia and Epel (2000) that suggest that MXR could be a general response to
stress, the use of MXR activity as a biomarker of environmental contamination might
be done carefully. Moreover, the different types of exposition produced different way
to see the impact of the stress factor in sea anemones. The in vivo exposures inform
about the whole animal response, where they produced a mucus layer protection,
while in vitro permit to know more mechanistic response, where was possible to see
the cellular viability decreased. Although these different expositions did not produce

similar answers all the time, they are complementary.
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DISCUSSAO GERAL

O ambiente aquatico sofre cada vez mais com a poluigdo ambiental, causada
em sua maioria por agdes antropicas. Os animais que vivem nestes ambientes
precisam, por sua vez, de estratégias que visem minimizar os possiveis danos que
estes poluentes possam causar (Moore et al., 2004). Essas estratégias, muitas
vezes, incluem formas de eliminagdo dessas substancias, como podemos
exemplificar através do fenétipo MXR, conferido por algumas proteinas da familia
ABC que tém a capacidade de colocar para fora das células os agentes toxicos com
gasto de energia (Bard, 2000; Jeong et al., 2017). Nos ultimos anos vém crescendo
a analise deste fenotipo como um biomarcador de defesa celular, mas apesar disso,
0 conhecimento que existe sobre a sua relagdo direta com a acumulacdo dos
agentes toxicos e também em como o préprio ambiente pode vir a interferir nessas
proteinas ainda é escasso. Por isso, o presente estudo teve por objetivo central
relacionar a atividade dessas proteinas com a bioacumulagado do cobre e também
avaliar a resposta dessas proteinas em variagdes de temperatura e salinidade

associado a exposi¢cao ao metal.

No primeiro trabalho da tese, foi possivel alcancar o objetivo de relacionar o
fendtipo MXR, através da atividade das proteinas, com a acumulagdo do metal,
mostrando que essa pode ser uma via de efluxo de cobre. Alguns trabalhos na
literatura ja haviam mostrado que o cobre € um substrato para estas proteinas,
entretanto, apenas o estudo de Jeong e colaboradores (2014) mostrou que quando
as proteinas ABC encontram-se inibidas, aumenta o acumulo de metais (cobre,
zinco e cadmio) nos copépodes Tigriopus japonicus. O artigo apresentado aqui
parece ser o primeiro relato dessa relagao para cnidarios, e também um dos poucos
in vitro que possui abordagem ecotoxicoldgica. No geral, os trabalhos in vitro que
relacionam bioacumulagdo e atividade dessas proteinas sao encontrados em
estudos relacionados ao cancer, onde os autores buscam quimioterapicos que
consigam permanecer dentro das células e assim causar toxicidade as células
tumorais (Robey et al., 2008; Assanhou et al., 2015; Hu et al., 2015).
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Ja no segundo trabalho da tese buscou-se analisar se as variagdes abidticas
de temperatura e salinidade poderiam interferir na atividade MXR. Foi observado
que estes fatores podem alterar a atividade das proteinas ABC, sendo que a
temperatura se mostrou ser um fator bem mais critico que a salinidade. E possivel
que a salinidade nao tenha influenciado a atividade MXR devido a caracteristica
eurialina das anémonas Bunodosoma cangicum. Animais que habitam zonas
intermarés tém necessidade desta caracteristica, uma vez que estes ambientes
naturalmente sofrem grandes variagbes de salinidade. Ja a analise da atividade
MXR frente as variagbes de temperatura associada a presenca de cobre, até onde
se tem conhecimento, é inédita na literatura e os resultados mostraram que este
biomarcador € bastante sensivel a variagcdo térmica. Alteracbes em atividades
metabdlicas relacionadas a temperatura ja sdo conhecidas na literatura, e,
normalmente, um aumento na temperatura leva a um aumento de atividade (Rao e
Khan, 2000; Sokolova e Lannig, 2008). Justamente esse conhecimento acerca da
interferéncia das variagdes térmicas sobre as atividades proteicas € que incitaram
a duvida de como a atividade MXR responderia, ainda mais frente a combinagao
dos fatores. Apesar de nao ser observado um aumento na atividade (em relacéo a
temperatura controle) com um aumento da temperatura, foi evidenciado que a
diminuicdo da temperatura diminui a atividade. As anémonas ja sdo animais de
metabolismo baixo, e €& possivel que o decréscimo na temperatura o tenha
diminuido ainda mais, levando a uma minimizacdo da produgdo de energia, e
consequentemente, a uma menor atividade MXR. Esse resultado nos mostra que
as anémonas do mar B. cangicum podem estar mais sensiveis a possiveis
poluicbes ambientais durante o inverno. Além disso, a interferéncia que a
temperatura pode causar sobre a atividade MXR alerta para um maior cuidado ao
testar novas substancias como substratos para essas proteinas, pois alteracdes
térmicas durante os experimentos podem levar a equivocos quanto ao efeito sobre
a atividade proteica. Como ja havia sido destacado por Eufemia e Epel (2000), a
atividade MXR pode alterar de maneira genérica ao estresse e seu uso como

biomarcador deve ser cuidadoso.
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A atividade MXR na presenca de cobre foi mensurada nos dois trabalhos da
presente tese. De maneira geral, aquelas células expostas a menor concentragao
de cobre tiveram sua atividade reduzida em comparagao ao controle, enquanto que
a maior concentracido de cobre n&o levou a alteragdo na atividade em relagao
aquelas com 0 ug Cu/L. Mas é importante destacar que independente de aumentar
ou ndo a atividade MXR, estas células possuem esse sistema de defesa e ele é
efetivo em realizar a efluxo do metal. O resultado encontrado nas células e animais
expostos a 15,6 ug Cu/L foi discutido nos dois trabalhos, pois acredita-se que essa
concentracido de cobre sature esse sistema de defesa das anémonas. O cobre é
um metal essencial, portanto os animais possuem mecanismos de captacao deste
metal para a manutengcdo dos niveis adequados, entretanto, quando as
concentracdes ultrapassam os limites saudaveis este passa a ser toxico. Para que
o limite ndo ultrapasse, os animais possuem sistemas de controle homeostatico
delicado, que incluem mecanismos de estocagem (que visam diminuir a
biodisponibilidade) e eliminagéo (Grosell, 2012). Como foi evidenciado no primeiro
trabalho da tese, uma das vias de eliminagdo é através das proteinas ABC,
entretanto, essas possuem uma capacidade limite, e por isso, considera-se que
nesta concentragdo mais alta o mecanismo esteja saturado. Juntando-se os
resultados obtidos com os trabalhos realizados nesta tese com um resultado
previamente obtido (Anjos et al., 2014), vé-se que o dobro da concentragédo de
cobre permitida pela legislacao brasileira para aguas salinas de classe Il é bastante
desafiador para as anémonas, pois leva a um aumento de espécies reativas de
oxigénio, dano ao DNA, diminuicdo das proteinas ABC alocadas na membrana
plasmatica e morte celular. O cobre ja € conhecido por aumentar a quantidade de
espécies reativas de oxigénio, danos moleculares e também por interagir com
proteinas prejudicando sua funcionalidade, sendo que a concentracdo de
exposicao necessaria para estas alteragbes varia entre as espécies (revisées de
Grosell, 2012; Tamas et al., 2014).

O meio em que essa exposicao ocorre, como as caracteristicas quimicas da
agua, presenga de matéria organica, pH e a temperatura interferem na toxicidade

que o cobre pode apresentar (Bianchini et al., 2004; Grosell, 2012). Estudos
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envolvendo cobre e diferentes salinidades sao bastante recorrentes na literatura,
uma vez que este metal possui a capacidade de interagir ou competir com os
demais componentes presentes no ambiente aquatico, apresentando diferentes
toxicidades nos variados grupos animais (Jones et al., 1976; Anderson et al., 1995;
Blanchard e Grosell, 2005; Lee et al., 2010, Monteiro et al., 2013). Geralmente
menores salinidades levam a maior toxicidade do metal, entretanto, algumas vezes
ocorre o0 oposto, como visto por Anjos e colaboradores (2016), em que a menor
salinidade levou as células de mariscos Amarilladesma mactroides a apresentarem
a maior atividade MXR e menor citotoxicidade. Este resultado pode ser explicado
pela ideia proposta por Grosell e colaboradores (2007) que diz que a fisiologia dos
animais € muito mais importante para a toxicidade do que a geoquimica do metal,
onde os autores levantam as hipdteses de que o tamanho do animal, estagio de
desenvolvimento e também variagcbes em parametros como trocas gasosas,
balangco acido-basico e excrecdo de amoénia, podem levar a variagdes na
sensibilidade dos animais. Durante todos os experimentos da tese, procurou-se
utilizar animais do mesmo tamanho (sugerindo também mesma idade), que
estivessem com periodos de aclimatacdo semelhantes, e no caso das
experimentagdes in vitro, com 0 mesmo numero de explantes removidos; cuidados
estes tomados com o intuito de diminuir possiveis interferentes fisiologicos nas

respostas obtidas.

Ainda no segundo trabalho desta tese, foi avaliada a atividade MXR frente
as diferentes salinidades associado a presenca de cobre e notou-se que nao houve
diferencga entre os tratamentos. Este resultado foi surpreendente, uma vez que seria
esperado que as diferentes salinidades na presenca do metal levassem as células
e/ou os animais a diferentes respostas na atividade MXR. Entretanto, foi possivel
ver que tanto as células quanto os animais tiveram maneiras diferentes de lidar com
a combinacao dos estressores. Os animais expostos a salinidade mais alta (45%o)
produziram uma camada de muco bastante densa que os protegeu do ambiente, o
que pode explicar a auséncia de diferenga nos resultados de atividade MXR e
hidratacao tecidual. Ja aqueles animais na salinidade 15%o. ndo produziram uma

camada densa de muco (0 muco produzido foi semelhante aqueles animais em



60

tratamentos controle), ficando expostos ao choque osmoético e também ao metal
presente na agua. Além disso, é possivel que auséncia de mudangas na atividade
ou até mesmo inibicdes vistas na atividade MXR possam vir a ser artefatos da
metodologia utilizada para mensurar a atividade. O método baseia-se no acumulo
de substrato fluorescente, que pode competir com o substrato testado, neste caso,
0 cobre. Portanto, caso as células estejam transportando de maneira
desbalanceada a rodamina B — que é o substrato visivel e utilizado para mensurar

a resposta, podem ser embutidos ruidos na avaliagao da atividade.

Além dos resultados apresentados no manuscrito com as variagdes de
salinidade, a hidratacdo tecidual e volume celular também foram mensurados na
presenga do metal e estes resultados sdo apresentados na figura 6, entretanto
optou-se por nao inclui-los no manuscrito por ndo ser o foco daquele trabalho.
Apesar da atividade MXR néo ter sido diferente nas exposigdes in vivo, a hidratagao
tecidual aumentou no choque hiposmoético e, de forma mais pronunciada, naqueles
animais que foram expostos ao cobre (figura 6A). E possivel que esse aumento na
hidratacdo tecidual tenha diluido um pouco da concentragdo de rodamina B,
deixando os tratamentos hiposméticos com uma leve redugdo na quantidade de
fluorescente, entretanto, como esse aumento na quantidade de agua nos
organismos nao foi grande, apesar de significativo (6% na auséncia de cobre e
cerca de 10% na presenca do metal), ndo foi vista diferenga estatistica para a
atividade MXR entre os tratamentos. Ja é sabido que este metal possui a
capacidade de interferir na regulagcdo de volume, interferindo na homeostase do
calcio, que possui papel central na regulagao e controle do volume celular (Wong e
Chase Jr., 1986; Blanchard e Grosell, 2006; Lee et al., 2010; Grosell, 2012). Nota-
se que analisando o volume celular (experimentos realizados in vitro, figura 6B), o
choque hiposmotico levou ao decréscimo do volume em relagdo ao controle,
entretanto, quando foi associada a exposig¢ao ao cobre, houve reducéo ainda maior
naquelas células em salinidade 15%. em ambas as concentragbes de metal,
confirmando a ideia de que o cobre causa disfungdo no controle osmético. Além
disso, como foi discutido no primeiro artigo da tese, a presenga do cobre constitui

um gasto energético extra, levando as células a ter menos energia para processos
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regulatérios de volume. Por sua vez, o choque hiperosmético per se foi um estresse
forte, conforme discutido no segundo trabalho. Associando-se a esta condigéo
estressante o cobre, notou-se que as células tiveram ainda mais dificuldade em
lidar com a situagdo, uma vez que a associacio ao cobre levou a diminui¢do do
numero de células apenas nestas condigdes (dados ndao mostrados). Ja in vivo, por
haverem produzido uma densa camada de muco, as anémonas conseguiram se
proteger deste estresse, ndo havendo perda hidrica nem na presenga do metal (em
relacdo a salinidade 30 %.). Dessa forma, pode-se concluir que um choque
hiperosmotico dessa magnitude (45%0) associado ao contaminante € um grande
desafio para os animais, que despendem um grande gasto energético a fim de
produzir a camada protetora de muco, entretanto, € um meio eficaz em manter o
animal isolado do ambiente, pelo menos, por 24 horas. A diferengca entre as
respostas obtidas nas exposi¢cdes in vivo e in vitro salientam a importancia da
metodologia aplicada para a avaliacdo dos resultados. Como foi visto, quando
utilizado a célula isoladamente nota-se melhor a sensibilidade do modelo frente ao
estressor, entretanto, a exposigéo de todo organismo fornece respostas de como

este lida com o estresse em questao.
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Figura 5: Hidratagdo das anémonas do mar Bunodosoma cangicum. Painel A: Percentual de agua da
exposicao in vivo a diferentes salinidades e concentragbes de cobre. Painel B: Volume celular da
exposicao in vitro a diferentes salinidades e concentragdes de cobre.
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Como discutido acima, o modelo biolédgico utilizado é bastante importante, e
diferentes grupos taxondmicos podem responder de diferentes formas aos
parédmetros avaliados. A anémona do mar Bunodosoma cangicum é um modelo
bioldgico facil de trabalhar, de facil coleta e adapta-se bem ao ambiente laboratorial,
podendo permanecer em aquarios por longos periodos. Além disso, o
desenvolvimento da cultura primaria das células destes animais permite que sejam
feitas analises in vitro de diversos parametros. Apesar das vantagens
apresentadas, este modelo ainda é pouco utilizado em analises fisioldgicas, bem
como o uso de cnidarios no geral. O filo Cnidaria recentemente vem tendo destaque
em estudos ecotoxicologicos devido aos corais, a fim de descobrir como os efeitos
do aquecimento global estdo afetando estes organismos (Fonseca et al., 2017;
Marangoni et al., 2017), entretanto, as anémonas e demais organismos
pertencentes ao filo seguem com pouco destaque na literatura. Como foi salientado
na introducao desta tese, a maior parte dos trabalhos que utilizam as anémonas do
mar, especialmente a Bunodosoma cangicum, estao focados na fungao das toxinas
presentes nestes animais (Treptow et al., 2003; Cunha et al., 2005; Zaharenko et
al., 2008a; Zaharenko et al., 2008b; Oliveira et al., 2012; Stas et al., 2013; Bastos
Jr. et al., 2016). Conhecer melhor a fisiologia destes organismos & fundamental
para que consiga entender como estes organismos habitam locais com tantas
variagbes (as regides intermarés) e também para prever como o0s impactos

antrépicos podem agir sobre estes animais.

Além disso, 0 uso da atividade MXR como um biomarcador, conforme
comentado na introdugao, € bastante comum, entretanto, deve-se destacar a
importancia de ampliar o conhecimento acerca de como cada modelo animal reage
frente a exposigao aos contaminantes e também conhecer a taxa basal de atividade
em determinada condicao ambiental, a fim de evitar mas interpretagdes. Como ficou
demonstrado neste trabalho, ndo € apenas a presenga do agente toxico que
interfere na atividade MXR. Além disso, destaca-se que as respostas obtidas nao
sdo as mesmas para os variados animais, ficando dificil tragar um padrdo. Por
exemplo, Rocha e Souza (2012) haviam mostrado que existe um aumento na

expressao de proteinas ABC na membrana de células branquiais de Corbicula
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fluminea expostas ao chumbo nas concentracbes de 10 e 100 uM. Achard e
colaboradores (2004) também encontraram um aumento da expressao proteica em
células branquiais de Corbicula fluminea expostos a diferentes metais, incluindo
cadmio (30 pg/L) e cobre (40 ug/L). Entretanto, as células de anémonas
apresentaram uma redug¢ao na quantidade de proteinas quando expostas a maior
concentracao de cobre (15,6 ug/L). Portanto, é indicado parcimdnia ao sugerir que
certo agente toxico cause um determinado efeito sobre as proteinas ABC,
generalizando para todos os animais, ou ainda que a alteragdo € causada por um

unico poluente.

Abaixo é apresentado um resumo grafico dos pontos principais da presente
tese, que teve seus dois objetivos principais alcangados com sucesso, sendo eles
caracterizar o fenétipo MXR em células de anémonas frente a exposi¢céo ao cobre
e alertar para a influéncia do ambiente sobre a atividade das proteinas que
possuem o fendtipo. Destaca-se na parte superior da imagem os resultados obtidos
no primeiro artigo da tese, em que ficou evidente que as proteinas ABC sdo uma
via para a saida do cobre, pois uma vez que essas sao bloqueadas, ha um maior
acumulo do metal, o que aumenta a citotoxicidade e leva a consequente morte
celular. No meio da imagem, sdo mostrados os resultados encontrados para a
temperatura, que age sobre a atividade MXR, diminuindo-a em baixa temperatura.
Ja na presenca do metal, a atividade é diferente, podendo ser ativada ou inibida
conforme a combinacido dos estressores. Por fim, sdo mostrados os resultados
quanto a salinidade. Quanto a atividade MXR, né&o foi vista houve alteragdo nos
tratamentos com variagao de salinidade em relagéo ao grupo controle, nem quando
o metal foi associado. Entretanto, na variagdo de salinidade evidenciou-se as
diferencas entre os modelos de exposicao in vivo e in vitro, mas que levou a
conclusao de que a alta salinidade (45%o) € um estressor maior que baixa salinidade

e/ou exposigcao ao metal para as anémonas B. cangicum.
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CONCLUSAO GERAL

O presente trabalho mostra as proteinas ABC podem ser uma via de saida
do cobre nas células de anémonas do mar Bunodosoma cangicum, mostrando que
a inibicdo da atividade MXR leva a maior bioacumulacdo do metal, causando morte
celular. Além da importancia da caracterizagao do fendétipo MXR, este trabalho
avaliou a interferéncia dos fatores abioticos sobre a atividade das proteinas ABC.
Mostrou-se que a temperatura tem um papel crucial sobre a atividade destas
proteinas, e que a adicdo do cobre gera uma resposta diferente daquela vista
apenas frente ao fator abiético. Ja a salinidade revelou-se menos interferente na
atividade MXR, mesmo na presenca do cobre. Entretanto, constatou-se que o
choque hiperosmético, como proposto neste trabalho, € bem mais desafiador para
as anémonas-do-mar que o choque hiposmético, levando-as, in vivo, a uma alta
produgao de muco para tentar minimizar o contato com o ambiente, enquanto que
in vitro as células tiveram sua viabilidade comprometida. Com base nessa resposta,
podemos concluir que tanto os estudos com exposicdes in vivo quanto in vitro sdo
importantes para o desenho de um panorama completo de respostas, uma vez que
o estudo in vitro permite uma melhor visualizagdo dos mecanismos por tras das

respostas e o estudo in vivo proporciona uma resposta sistémica.
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PERSPECTIVAS

A atividade MXR, e as proteinas ABC em geral (tanto expresséo proteica
quanto génica), sdo um largo campo de investigagdo uma vez que diversos agentes
toxicos podem ser explorados, diversas concentragbes e muitos organismos.
Acredita-se que um ponto fundamental a ser explorado € a interferéncia dos fatores
abidticos, ndo apenas salinidade e temperatura, mas também disponibilidade de
oxigénio, pH, radiacado UV, entre outros. A utilizagdo de diversos modelos animais
também é importante, pois como mostrado, € possivel que em animais eurialinos a
variacao de salinidade nao interfira tanto quanto em animais estenoalinos. Instiga-
se também o desenvolvimento de novos projetos que visem estabelecer uma
relagao entre as proteinas ABC e as proteinas de choque térmico, a fim de descobrir
se ha uma relagao direta entre as atividades destas, corroborando para a ideia de

que elas responderiam de maneira generalizada ao estresse.

Também é necessario mostrar que as proteinas ABC sao vias de eliminagao
de diversas substancias, através da utilizacdo de bloqueadores especificos e
avaliagcao do conteudo intracelular das substancias testadas. Quando analisados
metais, sugere-se que além do uso dos bloqueadores ja conhecidos, sejam
testados outros bloqueadores de canais de calcio, a fim de descartar a possivel
utilizacdo destes canais para eliminagcao dos substratos. Além disso, estimula-se
avaliar o possivel efeito competidor entre o substrato fluorescente utilizado para

mensurar (indiretamente) a atividade MXR e o substrato testado.

Dessa forma, para uma utilizacdo mais segura da atividade MXR como
biomarcador de contaminagdo ambiental € necessario que mais estudos sejam
realizados utilizando fatores abidticos associados a agentes toxicos em diversos
modelos animais, para conhecer a resposta frente apenas ao ambiente e como esta
ocorre com a interferéncia de uma substancia estranha. Além disso, sempre que
possivel, & importante diferenciar as isoformas de ABC que estdo sendo
investigadas, uma vez que elas podem ter maiores/menores participagdes no

transporte de determinados substratos.
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