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RESUMO GERAL

Saxitoxinas (STXs) s&o neurotoxinas que toxicologicamente bloqueiam canais
ibnicos dependentes de voltagem em neurbnios. Podem ser prejudiciais aos
componentes celulares através da formagao de espécies ativas de oxigénio (EAO) e
diminuicdo das defesas antioxidantes, conduzindo a uma situacdo de estresse
oxidativo. Os nanotubos de carbono (NTC) sdo nanoestruturas cilindricas com
grande razdo comprimento/diametro. Podem apresentar funcionalizagdo e sao
classificados como nanotubos de parede unica (SWCNT) e nanotubos de parede
multipla (MWCNT). Possuem capacidade de adsorcdo com contaminantes
ambientais, promovendo o efeito “Cavalo de Trdia”. Frente a uma situagao pro-
oxidante, a utilizagdo de antioxidantes ndo enzimaticos, como o acido lipdico (AL),
supde-se importante para atenuar os efeitos deletérios induzidos por STXs. A
presente tese tem como objetivo avaliar mecanismos envolvidos na redu¢do dos
efeitos toxicos das STXs e suas interagdes fisico-quimicas e bioldégicas com NTCs e
AL na linhagem hipocampal HT-22. Nesta perspectiva, foram utilizados simula¢des
ab initio e docking molecular associadas a bioensaios in vitro de viabilidade celular e
estresse oxidativo. Os resultados de ab initio demostraram que a interagcao de STXs
tanto com SWCNTs quanto com AL ocorrem por fisisor¢do. A interacdo de STXs
com SWCNTs mostraram um padrao claramente diferente nos ensaios in vitro, ora
capaz de induzir efeito sinérgico ora capaz de induzir um efeito antagbnico de STX e
SWCNTs. O AL foi capaz de minimizar os efeitos citotoxicos induzidos pelas STXs.
A atenuacio dos efeitos toxicos provocados pelas STXs pode estar relacionada com
a presenca da glicoproteina-P (P-gp) mostrados pela primeira vez, estarem
presentes na linhagem hipocampal HT-22. De fato, ensaios in vitro e de docking

molecular demonstraram claramente que as STXs atuam como um substrato para a
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P-gp, induzindo sua atividade de extrusdo na linhagem hipocampal HT-22, e o AL
pode atuar como um modulador da P-gp estabelecendo respostas de

quimioprotecéo a curto e longo prazo.

Palavras chave: nanotubos de carbono, acido lipdico, Glicoproteina-P, estresse

oxidativo, viabilidade celular, docking molecular



ABSTRACT

Saxitoxins (STXs) are neurotoxins that act blocking voltage-gated ion channels in
neurons. STXs can also negatively affect the cellular components through the
generation of reactive oxygen species (ROS) and by reducing antioxidant defenses,
which can lead to a situation of oxidative stress. Carbon nanotubes (CNTs) are
cylindrical nanostructures with great length/diameter ratio. It can present
functionalization and are classified as single-walled carbon nanotubes (SWCNTSs)
and multiwalled carbon nanotubes (MWCNTs). Nanomaterials have adsorption
capacity with environmental contaminants thus promoting the “Trojan horse effect”.
In pro-oxidant situations, the use of non-enzymatic antioxidants, as lipoic acid (LA),
is considered important to attenuate the deleterious effects induced by STXs. Taking
these facts account, the objective of this thesis was to evaluate mechanisms
involved in reducing the toxic effects of STXs and its biological and physical-
chemical interaction with CNTs and LA using the hippocampal HT-22 cell line. In this
regard, ab initio simulations and molecular docking associated with in vitro bioassays
of cell viability and oxidative stress were used. The ab initio results demonstrated
that the interaction of STXs with both SWCNTs and LA occurs by physisorption. The
STXs interaction with SWCNTs presented a marked different pattern in the in vitro
assays, sometimes capable of inducing a synergistic effect, sometimes capable of
inducing an antagonistic effect of STX and SWCNTs. LA interaction was able to
minimize the cytotoxic effects induced by STXs. Attenuation of the toxic effects
caused by STXs may be related to the presence of the P-glycoprotein (P-gp),
showed for the first time, are present in the HT-22 hippocampal cell line. In fact, the
in vitro and molecular docking assays have clearly evidenced that STXs act as a

substrate for P-gp, inducing its extrusion activity in the hippocampal HT-22 cell line,
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and the LA can act as a modulator of P-gp by establishing short and long-term

chemoprotective responses.

Kay words: Carbon nanotube, lipoic acid, oxidative stress, P-glycoprotein, cell

viability, molecular docking
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1. INTRODUGAO

1.1.Floragdes de cianobactérias e cianotoxinas

A formacao de floragbes de cianobactérias esta associada ao processo de
eutrofizacdo e poluicdo em ambientes aquaticos. Sao consideradas um perigo
potencial ao ambiente, ja que algumas espécies produzem toxinas que sao
prejudiciais aos organismos vivos, incluindo os seres humanos (GOLUBIC et al.,
2010; WOOD, 2016). O aumento da frequéncia e da prevaléncia de floragbes de
cianobactérias tornou-se um problema crescente no mundo e especialmente no
Brasil (ZABAGLO et al., 2016), configurando um risco potencialmente grave a saude
publica e ambiental (PEARSON et al., 2016; TAKSER et al., 2016).

A proliferagdo macica de cianobactérias ocorre em virtude da oferta
excessiva de nutrientes (principalmente nitrogénio e fosforo) associado a condigbes
ideais de pH, temperatura, turbuléncia e luz solar nos ambientes aquaticos, com
consequente alteragées na qualidade de agua (cor, odor e sabor) e deplecdo do
oxigénio dissolvido (GRATTAN; HOLOBAUGH; MORRIS, 2016; PEARSON et al.,
2016; WANG et al., 2015).

As cianotoxinas, toxinas produzidas por cianobactérias, sédo liberadas pelo
rompimento da célula bacteriana e constituem uma grande fonte de produtos
naturais toxicos, em geral, resistentes a degradagao quimica e biolégica (FERRAO-
FILHO; KOZLOWSKY-SUZUKI, 2011). Cianotoxinas sdo produtos do metabolismo
secundario de cianobactérias, e sua sintese pode estar associada: (1) ao
mecanismo de defesa, (2) a melhor captagdo da luz solar e/ou (3) a comunicagao
entre as cianobactérias (ARAOZ; MOLGO; TANDEAU DE MARSAC, 2010;

ETHERIDGE, 2010; WANG et al., 2016).



As cianotoxinas podem ser classificadas quanto ao seu mecanismo de acgao
em hepatoxinas (figado), dermatotoxinas (pele), neurotoxinas (sistema nervoso),
citotoxinas e lipopolissacarideos (ARAOZ; MOLGO; TANDEAU DE MARSAC, 2010;
CORBEL; MOUGIN; BOUAICHA, 2014; ZHENG et al., 2015). De maneira geral, as
cianotoxinas séo consideradas potentes toxinas ambientais que podem ser
bioacumuladas ao longo da cadeia trofica, causando graves injurias nos organismos
aquaticos e terrestres, além de intoxicacdo humana atribuida ao consumo oral de
agua e alimentos contaminados ou através de atividades recreacionais (WANG et
al., 2016; WOOD, 2016). No Brasil destacam-se géneros potencialmente nocivos,
como Microcystis, Anabaena, Cylindrospermopsis, Oscillatoria, Trichodesmium
(CORBEL; MOUGIN; BOUAICHA, 2014).

E comum a ocorréncia de floragdes nocivas ao longo da costa brasileira
encontradas em aguas superficiais, as quais comumente sdo utilizadas para o
abastecimento de agua potavel (CHATZIEFTHIMIOU et al., 2016). Por exemplo, a
Reserva de Alagados (Parana) é uma fonte importante para o abastecimento de
agua, recreagdo e pesca, e desde 2002 tem sido reportada a ocorréncia de
floracbes de cianobactérias produtoras de neurotoxinas (CLEMENTE et al., 2010).
Infelizmente, no Brasil, o gerenciamento do risco de cianotoxinas emergentes em
fontes de agua esta comprometido devido a insuficiéncia de dados experimentais.
Além disso, atuais diretrizes de qualidade da agua, que se concentram em toxinas
individuais, ndo consideram os potenciais efeitos combinados ou sinérgicos de

misturas de toxinas (TAKSER et al 2016).



1.2.Saxitoxinas

Dentre as neurotoxinas, as saxitoxinas (STXs) compreendem um grupo de
alcaldides neurotoxicos de diferentes isoformas, popularmente identificadas como
toxinas paraliticas dos bivalves marinhos (‘paralytic shellfish toxins’, PSTs)
(CORBEL; MOUGIN; BOUAICHA, 2014; ETHERIDGE, 2010). Em ambientes
marinhos sdo produzidas por cianobactérias do género Cylindrospermopsis,
Anabaena, Aphanizomenon e Planktothrix, e por dinoflagelados responsaveis pela
ocorréncia de maré vermelha pertencentes ao género Trichodesmium, Alexandrium,
e Gymnodinium (ARAOZ; MOLGO; TANDEAU DE MARSAC, 2010; CORBEL;
MOUGIN; BOUAICHA, 2014; ETHERIDGE, 2010).

As STXs constituem um grupo de mais de 57 analogos, que compartilham
um esqueleto de 3,4,6-trialquil-tetra-hidropurina com dois grupos guadinina
(O’NEILL; MUSGRAVE; HUMPAGE, 2016). As STXs possuem variagao em relagao
a toxicidade de acordo com o residuo da cadeia lateral (Figura 1). As toxinas mais
potentes sdo pertencentes ao grupo carbamato toxinas, que incluem a saxitoxina
(STX), Neo-saxitoxina (Neo-STX), goniautoxina (GTX) e dc-saxitoxina (dc-STX)
(WIESE et al., 2010). As variagbes das cadeias laterais ddo aos analogos diferentes
niveis de toxicidade. A variante mais toxica é a STX propriamente dita, assim a
toxicidade das outras variantes pertencentes a esse grupo de toxinas é expressa em
termos de “toxicidade relativa”, que se refere ao grau de toxicidade em relagéo a

STX, que tem 1 como toxicidade relativa (Tabela 1).
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Figura 1: Estrutura quimica das saxitoxinas e os radicais que determinam suas
possiveis variagdes. Alcaldides carbamatos nao sulfatados: Saxitoxina e Neo-

saxitoxina. Obtido de (ARAOZ; MOLGO; TANDEAU DE MARSAC, 2010).

A toxicidade das PSTs é determinada através de métodos quimicos e
expressa como equivalente de saxitoxina (Eq.STX), que representa o somatorio das
concentragdes de todas as variantes de STX (ETHERIDGE, 2010). Em decorréncia
de diversos eventos envolvendo STXs, o Ministério da Saude por meio da portaria
2914/2011 tornou obrigatéria a analise de STXs na agua potavel, com o limite

maximo aceitavel de 3,0 ug/L EQ.STX.

Tabela 1: Toxicidade relativa das Saxitoxinas: Saxitoxinas (STX); Neo-Saxitoxinas
(Neo-STX); Goniautoxinas (GTX 1-4). (Adaptado de ETHERIDGE, 2010).



Carbamato toxinas
Toxina Toxicidade relativa (Eq.STX)
STX 1.00
NEO STX 0.99
GTX 1 0.92
GTX 2 0.73
GTX 3 0.64
GTX 4 0.36

As STXs sdo carbamatos que agem especificamente como bloqueador de
canais de sédio dependentes de voltagem presentes nas membranas excitaveis dos
neurénios, impedindo a liberagdo do neurotransmissor acetilcolina e a propagagao
da despolarizacdo e transmissdao do impulso nervoso, além de alterar a
permeabilidade seletiva da membrana e consequentemente o fluxo ibnico, causando
danos & homeostasia celular (CORBEL; MOUGIN; BOUAICHA, 2014; O'NEILL;
MUSGRAVE; HUMPAGE, 2016; ZHENG et al., 2015) conforme ilustrado na Figura
2

No sistema nervoso central, as saxitoxinas apresentam especificidade aos
canais de sodio voltagem-dependentes do tipo NaV1-9 (ONDRUS et al., 2012b). As
STXs bloqueiam a transmissao do impulso nervoso por meio da ligagéo ao sitio 1 da
sub-unidade a de receptores dos canais de sodio, impedindo assim a propagagao
da despolarizacdo e transmissdo do impulso nervoso, induzindo a paralisia
neuromuscular e morte por parada respiratéria (ARAOZ; MOLGO; TANDEAU DE

MARSAC, 2010). Além disso, as toxinas STXs podem ser bioacumuladas ao longo



da cadeia tréfica que pode se estender desde zooplancton até seres humanos,
representando um risco para a saude publica (ARAOZ; MOLGO; MARSAC, 2010;
WANG et al., 2016). Mexilhdes de agua doce tendem acumular saxitoxinas quando
alimentados com cianobactérias toxicas (NICOLAS et al., 2015a; O’'NEILL;

MUSGRAVE; HUMPAGE, 2016)
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Figura 2: Mecanismo de agao das Saxitoxinas. A) representagdo esquematica do
fluxo i6bnico durante o evento normal de propagacdo da despolarizagdo e
transmissdo do impulso nervoso (canais de Na“, K* e de Ca®) B) representagéo
esquematica do efeito das STXs, bloqueando os canais de sddio e potassio, durante

a propagacao da despolarizagdo e transmissao do impulso nervoso

Trabalhos recentes demonstraram que STXs também podem se ligar aos
canais de calcio e potassio, interferindo na velocidade de abertura e fechamento
desses canais, que por sua vez, podem levar a alteragao do influxo destes ions para

a célula (CORBEL; MOUGIN; BOUAICHA, 2014; NICOLAS et al., 2015a). Além



disso, a exposicao a baixas doses de STXs pode induzir a apoptose e altas doses
pode causar necrose no tecido cerebral do peixe-zebra (ZHANG et al., 2013). O
consumo oral e prolongado de STXs foi capaz de alterar padrées comportamentais
de memoria e aprendizagem em Rattus norvegicus. (DIEHL et al., 2016). Além
disso, evidéncias indicam que o estresse oxidativo tem papel significativo na
toxicidade das STXs (MELEGARI et al., 2012; NICOLAS et al., 2015b; RAMOS et

al., 2014; SILVA et al., 2014), aspecto que é tratado na proxima segao.

1.3. Estresse oxidativo e Saxitoxinas

Durante o metabolismo aerébico normal sdo produzidas espécies ativas de
oxigénio (EAQO), devido ao escape de elétrons da cadeira respiratéria mitocondrial
durante a redugédo do oxigénio no processo de fosforilagdo oxidativa e por outros
processos bioquimicos como a resposta imune, que geram também o radical &nion
superoxido (O27) (HANSEN; GO; JONES, 2006; HELLOU; ROSS; MOON, 2012a;
PAMPLONA; COSTANTINI, 2011a). Outros intermediarios reativos s&o o perdxido
de hidrogénio (H,O;) e o mais reativo, o radical hidroxila ("OH), que quando em
elevadas concentracbes sdo capazes de danificar a maioria dos componentes
celulares, e disparar sistemas de sinalizagao celular que ativam vias intrinsecas de
apoptose (JONES, 2006; PAMPLONA; COSTANTINI, 2011b). Quando a produgao
de EAO ultrapassa a capacidade de protecdo fornecida pelo sistema de defesa
antioxidante (SDA) é estabelecido uma condigdo de estresse oxidativo, entendido
como um desequilibrio entre pré-oxidantes e antioxidantes em favor do primeiro,
que pode afetar processos de sinalizagao redox (JONES, 2006; PAMPLONA,;

COSTANTINI, 2011b) como pode ser observado na Figura 3.



Os principais efeitos toxicos das STXs sdo encontrados no cérebro, ja que
elas sao capazes de atravessar a barreira hemato-encefélica (BHE), pois ja foi
reportada a acumulagdo de STX no sistema nervoso central. No entanto o
mecanismo de transporte das STXs na BHE ainda permanece desconhecido
(CERVANTES CIANCA et al., 2011; D'MELLO et al., 2017). De fato, a exposi¢ao as
STXs pode causar tanto uma produgédo excessiva de espécies ativas de oxigénio
(EAO) como também alterar os niveis de antioxidantes, afetando processos de
sinalizagdo celular e causando danos em macromoléculas, processo gerado por
varios tipos de cianotoxinas, incluindo as STXs (Figura 3) (COSTA et al., 2012;
D'MELLO et al., 2017; DA SILVA et al., 2011; ESTRADA et al., 2007; MELEGARI et

al., 2012; RAMOS et al., 2014; SILVA et al., 2014).

'CX{) QGM) QCM)
TrxSS GSSG CySS

Figura 3: Geracao de estresse oxidativo como um dos mecanismos da toxicidade
das saxitoxinas.1) Metabolismo aerdbico normal produz EAO; 2) Sistema de Defesa
antioxidante (SDA) constituido por antioxidantes enzimaticos e nao enzimaticos tém




a fungao de interceptar, atenuar e reparar as EAO; 3) A produgao excessiva de EAO
pode também alterar a sinalizagao de pares redox, tais como: Tioredoxina reduzida
(Trx) e Tioredoxina oxidada (TrxSS); Glutationa reduzida (GSH) e Glutationa
oxidada (GSSG); Cisteina (Cys) e Cistina (cySS); 4) STXs induz a produgao
excessiva de EAO, capaz de alterar o SDA afetando processos de sinalizagao
celular e 5) causando danos em macromoléculas, como lipidios presentes nas

membranas celulares.

Varios trabalhos reportam inducdo de estresse oxidativo por STXs. Por
exemplo, no trabalho de Silva et al. (2011) foi constatado que as STXs podem ser
bioacumuladas ao longo da cadeia trofica, provocando uma diminuigdo da atividade
das enzimas antioxidantes superoxido dismutase (SOD), glutationa-S-transferase
(GST) e glutationa peroxidase (GPx), gerando estresse oxidativo no cérebro do
peixe Hoplias malabaricus. No trabalho de Melegari et al. (2012) foi evidenciado que
as STXs induzem estresse oxidativo através da lipoperoxidacao lipidica (LPO) e
diminuem a atividade de algumas enzimas antioxidantes na linhagem celular Neuro-
2A.

De Assis et al. (2013) demonstraram aumento da producdo de EAO e dos
niveis de LPO e glutationa reduzida (GSH) associado a maior atividade de GPx e
menor atividade da SOD no sangue do peixe Hoplias malabaricus apos exposigao
as STXs, e embora os efeitos de STXs sejam conhecidos como neurotoxicos,
alteragdes bioquimicas hepaticas relevantes foram observadas. Ramos et al. (2014)
demonstraram que o consumo por 30 dias de agua contaminada com STX é capaz
de alterar a atividade de enzimas antioxidantes como a glutamato cisteina-ligase
(GCL) e GST, assim como alterar a concentragdo do antioxidante GSH, tanto no
encéfalo como no figado de ratos. D'Mello et al. (2017) demonstraram que as STXs

sdo capazes de causar alteragdes fisioldgicas consistentes com neurodegeneragao



em células gliais, pela geragcédo de estresse oxidativo e excitotoxicidade, levando a
uma reducdo na proliferagao celular que culmina na morte celular.

Dentro de um contexto pré-oxidante induzido pelas STXs, a perturbacéo da
sinalizagdo redox afeta importantes processos celulares (JONES, 2006;
PAMPLONA; COSTANTINI, 2011b). De fato, danos causados em biomoléculas pela
exposicao as STXs, certamente afetam a producédo de ATP, alterando assim todos
0S processos que envolvem esta molécula como a sintese de GSH, principal
antioxidante ndo enzimatico do SDA.

A GSH é um tripeptideo localizado no citoplasma e mitocéndrias das
células, desempenhando um papel critico na defesa contra a geragdo de estresse
oxidativo por xenobiotiocos, como as cianotoxinas (AMADO; MONSERRAT, 2010)
mais notavelmente no sistema nervoso central (VALDOVINOS-FLORES;
GONSEBATT, 2012). Aléem disso, o par GSH (glutationa reduzida)/GSSG (glutationa
oxidada) atua na manutencdo do ambiente redox da ceélula (HELLOU; ROSS;
MOON, 2012).

O mecanismo de defesa e de detoxificacdo das cianotoxinas envolve a GSH
e ocorre através de duas vias distintas: (1) pela interagado direta com as EAO e
servindo como substrato para a reagao catalisada pela enzima glutationa peroxidase
(GPx) na reducao do peroxido de hidrogénio e hidroperoxidos lipidicos; e/ou (2) pela
conjugagao com cianotoxinas através de uma reacdo catalisada pela enzima
glutationa S-transferase (GST), sendo vista como um processo de biotransformagao
que resultara na formagdo de um derivado mais soluvel em agua, facilitando o
processo de eliminagcdo das cianotoxinas (AMADO; MONSERRAT, 2010; GLADE,

2010; HELLOU; ROSS; MOON, 2012; PAMPLONA; COSTANTINI, 2011b).
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O processo de biotransformagao tem grande importancia na atenuagéao da
toxicidade das STXs, ja que muitos trabalhos reportam bioacumulagdo em
diferentes orgdos e ndo somente no cérebro. De fato, camundongos expostos a
concentragdes sub letais de STXs (300 pg/kg) apresentaram alteragao na atividade
da SOD e GPx no figado (HONG; LAM; HSIEH, 2003). Um aumento da GPx foi
observada em uma cultura primaria neuronal de H. malabaricus apds exposicao a
3,0 pug/L STXs, lembrando que essa concentracdo € a maxima permitida na
legislagdo brasileira.

Em uma situagdo pro-oxidante, a indugdo de genes associados ao
metabolismo de GSH (GCL, GPx e GST) ocorre através da rota de ativagao celular
Keap1-Nrf2-ARE, como pode ser observado na figura 4. (ZHANG et al., 2010). A
proteina Nrf2 (“nuclear factor erythroid2-related factor 2”) € um fator de transcrigao
que interage com o elemento de resposta antioxidante (ARE), presente na regiao
promotora de genes de importancia antioxidante (MUKAIGASA et al., 2012; Pl et al.,
2010; TAN et al., 2013). Em condigbes basais, a proteina repressora Keap1, rica em
grupos sulfidrilas e ancorada a actina do citoesqueleto, se liga a Nrf2 no citoplasma
e promove a sua degradagao (KORIYAMA et al., 2013).

Embora os mecanismos de dissociagdo Keap1-Nrf-2 ainda ndo estejam
completamente elucidados, acredita-se que na presenca de EAO, Keap1 € inativado
e libera Nrf2, quando os grupos sulfidrila da Keap1 ficam oxidados, formando pontes
dissulfetos, resultando em sua translocagao nuclear. Mutagbes dos genes Nrf2 e
Keap1 favorecem maior expressédo e agao de Nrf2 (KORIYAMA et al., 2013; Pl et
al., 2010). Sendo assim, as STXs podem ser capazes de potencializar esse
processo, aumentando a transcricdo de enzimas como a glutamato-cisteina-ligase

(GCL), enzima chave da sintese da GSH (Figura 4).
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Figura 4: Indugéo de transcricdo de enzimas associadas ao metabolismo de GSH.
Legendas: EAO (espécies ativas de oxigénio), Nrf2 ( fator transcriptacional (“nuclear
factor erythroid2-related factor 2”), Keap 1(proteina repressora), GPx (glutationa
peroxidase), GST (glutationa-S -transferase), GCL (glutamato cisteina-ligase), GSH
(glutationa reduzida).

A biodisponibilidade de uma grande variedade de compostos, incluindo
substancias endogenas, drogas e xenobidticos, é determinada pelo equilibrio entre
transportadores de absorcdo e efluxo que facilitam o seu movimento através das
membranas (LI; JAIMES; ALLER, 2014; SILVA et al., 2015). Estes transportadores
sdo importantes para manter a homeostase celular e também para desintoxicar
substancias potencialmente téxicas (DEGORTER et al., 2012; LI; JAIMES; ALLER,
2014). A glicoproteina-P (P-gp ou ABCB 1), produto do gene de resisténcia a
multiplos farmacos (MDR) em humanos, € um transportador dependente de ATP
presente nas membranas celulares (LACHER et al., 2015) e funciona como uma
bomba de extrusdo de drogas anti-cancerigenas e outros compostos para fora da
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célula (AME et al., 2009; HAN; CHIN TAN; LIM, 2008; HUANG et al., 2015). Como
inibidores classicos da P-gp podem ser citados a ciclosporina e verapamil (LACHER
et al., 2015).

De fato, a P-gp pode desempenhar um papel crucial na absorgdo e
distribuicdo de xenobidticos nocivos, diminuindo sua acumulagdo e potenciais
efeitos intracelulares devido a sua ampla especificidade de substrato, a sua
expressdo em muitos tecidos excretores e de barreira e a sua grande capacidade de
efluxo, (HAN; CHIN TAN; LIM, 2008; HUANG et al., 2015; SILVA et al., 2015). AME
et al (2009) observaram um aumento da expressao da P-gp no figado, branquias e
cérebro do peixe Jenynsia multidentata apds exposi¢gdo dose-dependente a
cianotoxina microcistina. Contudo, ainda ndo ha publicado na literatura trabalhos

que evidenciam atividade e/ou expressao da P-gp apds a exposigao por saxitoxinas.

1.4. Potenciais mecanismos que atenuam a toxicidade das saxitoxinas

1.4.1. Interagcées com nanotubos de Carbono

Os nanotubos de carbono (NTCs) sdo nanoestruturas cilindricas que se
assemelham a folhas de grafite enroladas com extremidades fechadas com grande
razao comprimento/diametro (APUL; KARANFIL, 2015; REDDY et al., 2011,
ROLDO; FATOUROS, 2013). Podem ser classificados quanto ao numero de folhas
de grafeno em nanotubos de parede unica (SWCNT, do inglés “single-walled carbon
nanotubes”) e nanotubos de parede multipla (MWCNT, do inglés “multi-walled

carbon nanotubes”) (Figura 5) (COSTA et al., 2016; FIRME; BANDARU, 2010).
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Figura 5: Representagdo dos nanotubos de: A) parede simples (SWCNT) e dos B)
nanotubos de parede multipla (MWCNT). Obtido de Costa et al. (2016)

Os NTCs podem apresentar diferentes tipos de funcionalizacdo. Os NTCs
pristinos sao aqueles que nao apresentam funcionalizagdo, tendo solubilidade
limitada e uma maior tendéncia a agregacédo. O tipo e o grau de funcionalizagdo de
um NTC pode aumentar sua solubilidade e minimizar a agregagcao (GALANO, 2009;
SAYES et al., 2006; SONG et al., 2013).

Devido as suas importantes propriedades fisicas, quimicas, térmicas e
elétricas, a producédo e o uso de NTCs tem crescido rapidamente, trazendo novos
paradigmas para diversos campos de estudo (EMA; GAMO; HONDA, 2016; FIRME;
BANDARU, 2010; KAFA et al., 2015). Na biomedicina, NTCs podem ser utilizados
na deteccdo e reconhecimento molecular de alta sensibilidade, possuem
capacidade de administrar farmacos através da BHE e de interagir com células e
membranas celulares, especialmente das mitocondrias (Figura 6) (ZHAO; LIU,

2012; MAKOTO et al., 2015).
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Figura 6: Funcdes e aplicagdes biomédicas de Nanotubos de carbono

Apesar de caracteristicas tdo atraentes, questdes sobre a potencial
toxicidade dos NTCs para os seres humanos e ambientes foram levantadas nos
ultimos anos (COSTA et al., 2016). A toxicidade dos NTCs tem sido relacionada as
suas propriedades fisicas como comprimento, tipo de funcionalizagdo,
concentracdo, duragcado da exposicao e até mesmo os dispersantes utilizados para
solubilizar os NTCs (APUL; KARANFIL, 2015). Além disso, o modo como os NTCs
atravessam a membrana lipidica pode influenciar na toxicidade. Até o0 momento, os
mecanismos principais de entrada dos NTCs nas células amplamente considerados
sdo endocitose, fagocitose e nanopenetracdo. A nanopenetragdo consiste no
processo passivo (semelhante a difusdo passiva) através do qual os NTCs
atravessam a membrana celular (FIRME; BANDARU, 2010; KAFA et al., 2015;

LAWAL, 2016).
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Varios trabalhos in vitro tem demonstrado que NTCs sao capazes de induzir
aumento de EAO, estresse oxidativo, resposta inflamatoéria, apoptose e necrose,
causando efeitos citotoxicos, genotoxicos, e carcinogénicos, entre outros (CHENG
et al., 2011; KESHARWANI; MISHRA,; JAIN, 2015; PICHARDO et al., 2012; WANG
et al., 2011). Por exemplo, SWCNT e MWCNT induziram dano de DNA na linhagem
de células mesoteliais (MET-5A) e na linhagem de células bronquiais (BEAS2B)
apos 72 h de exposicdo. SWCNT (30 ug/mL) induziu a diminuicdo de DNA total em
uma cultura primaria de células gliais apds 24 h de exposicdo (BELYANSKAYA et
al., 2009). Diminuicdo de viabilidade celular e acumulagdo de autofagossomos
foram observadas na linhagem celular HUVECs apds 24 horas de exposicdo a
MWCNTs pristino e carboxilado (100 pg/mL). Estes autores sugerem que a
estimulagao farmacologica do fluxo autofagico pode representar um novo método de
citoprotecao contra os efeitos toxicos dos NTCs.

Contudo, os dados de toxicidade sdo muito variados e as vezes,
contraditorios. Alguns autores defendem a ideia que a toxicidade dos NTCs
depende de fatores como tipo, concentracdo e natureza quimica. De fato, NTCs
vém sendo amplamente utilizado como carreadores de farmacos para doencgas
neurodegenerativas do SNC e resultados sugerem que NTCs podem aliviar o dano
(BATTIGELLI et al., 2013). Em outro trabalho, SWCNT (15 pg/mL e 30 pg/mL) nao
induziram efeitos citotoxicos na linhagem celular epitelial A549 apos 24 horas de
exposicao (KAISER; BUERKI-THURNHERR; WICK, 2013).

NTCs sdo considerados adsorventes promissores em virtude da sua alta
hidrofobicidade associada a sua elevada area superficial. Além disso, interacdes
eletrostaticas e ligagbes de hidrogénio influenciam consideravelmente a adsorgao

dos NTCs (APUL; KARANFIL, 2015). De fato, a capacidade de adsorgdo dos
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nanomateriais com contaminantes, tais como hidrocarbonetos aromaticos
policiclicos (PAHs), produtos farmacéuticos, derivados do benzeno, compostos
fendlicos, inseticidas, cianotoxinas e ions metalicos tem sido amplamente relatados
(APUL et al., 2013; APUL; KARANFIL, 2015; PAVAGADHI et al., 2013). Sendo
assim, € de se esperar que NTCs possam interagir com as cianotoxinas como as
STXs, e possivelmente ser responsaveis pela modulacdo de sua toxicidade. O
notavel aumento na producéo e uso de NTCs levanta preocupag¢des ambientais e de
saude, particularmente quando liberado para o meio ambiente, mas também levanta
a possibilidade de ser utilizado na remediagdao de ambientes poluidos.

O efeito “cavalo de tréia” é definido como a associacdo de nanomateriais,
como os NTCs, com moléculas toxicas, facilitando o ingresso de contaminantes
para as células quando adsorvidos aos nanomateriais, induzindo uma ampla gama
de respostas, incluindo efeitos aditivos, sinérgicos ou antagonistas (Figura 7)
(COSTA et al, 2012; CANESI et al., 2015). A analise de superficie e o estudo de
adesao celular sugeriram que superficies como as dos NTCs podem aumentar a
adsorgao de proteinas e a ligagao celular permitindo a diferenciagdo neuronal de
células embrionarias humanas (hESCs) (CHAO et al., 2009). Nesse sentido,
SWNTC combinado com cadmio foi capaz de inibir a atividade de enzimas
antioxidantes SOD, CAT e GPx, além de induzir uma diminuicdo notavel no nivel de
GSH e elevacdo simultanea do conteudo de malondialdeido, um subproduto de

peroxidagao lipidica, no peixe Carassius auratus (QU et al., 2014).
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Figura 7: Representagao do Efeito “Cavalo de Tréia”. 1) Nanomateriais sdo capazes
de interagir com diferentes contaminantes (TOX A, TOX B, TOX C) e matéria
organica (MO) no ambiente aquatico e 2) facilitando o ingresso dos nanomateriais

as ceélulas, induzindo efeitos aditivos, sinérgicos ou antagdnicos.

1.4.2. O papel do acido lipéico como agente quimioprotetor

Como dito anteriormente, as STXs causam estresse oxidativo por, dentre
outros fatores, provocar um aumento da geracdo de EAO associado a uma
diminuicao de defesas antioxidantes. Frente a esta situagdo pro-oxidante, o estudo
de estratégias de quimioprevengdo contra os efeitos danosos das STXs é
indispensavel. Quimioprevengado pode ser definida como a utilizagdo de agentes
quimicos naturais ou sintéticos que atuam na reversao, bloqueio ou prevencgao de
doengas (AMADO et al, 2011; KUTTER et al, 2012, 2014). A
utilizagdo/administracdo de compostos exdgenos nao enzimaticos, como por

exemplo, o acido lipéico, com o objetivo de verificar estratégias de quimioprevengao
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para atenuar os efeitos deletérios causados por essas cianotoxinas em animais € de
extrema importancia (AMADO et al., 2011; GORACA et al., 2011; GRUBER et al.,
2013) e uma alternativa de baixo custo.

O DL-a- acido lipoico (AL), um antioxidante ditidl ndo enzimatico de baixo
peso molecular (GRUBER et al., 2013), é encontrado naturalmente nas mitocéndrias
desempenhando papel essencial como cofator de enzimas desidrogenases do ciclo
de Krebs (GORACA et al., 2011; GRUBER et al., 2013). Além de seu importante
papel no metabolismo energético mitocondrial, também €& considerado um potente
agente quimio e neuroprotetor capaz de atravessar a BHE (VALDOVINOS-FLORES;
GONSEBATT, 2012) e tem sido amplamente utilizado como agente terapéutico no
tratamento de doencgas crdnicas associadas a altos niveis de estresse oxidativo
(GLADE, 2010; GRUBER et al., 2013; HILLER et al., 2016), como por exemplo
diabetes mellitus, doencas neurodegenerativas como Alzheimer e Parkinson
(HILLER et al., 2016; SHAY; MOREAU; SMITH, 2009; WEI et al., 2015) e esteatose
(KUO et al., 2012)

O AL e sua forma reduzida, acido dihidrolipoico (DHLA), facilmente
absorvidos por meio de dieta, formam um potente par redox e exibem um conjunto
expressivo de fungdes antioxidantes (DORSAM; FAHRER, 2016). Séo capazes de
quelar metais e interceptar radicais livres tanto em ambientes aquosos quanto em
ambientes lipidicos (KUTTER et al.,, 2014; LONGARAY-GARCIA et al., 2013;
MONSERRAT et al., 2008), além de regenerar antioxidantes oxidados como acido
ascorbico e a-tocoferol e de controlar a migragdo do fator transcripcional Nrf2 do
citoplasma para o nucleo, ativando genes associados a defesa antioxidante,
conforme demonstrado anteriormente na Figura 4 (KORIYAMA et al., 2013; PILAR

VALDECANTOS et al., 2015; ZHANG et al., 2010). Também ja foi demonstrado que
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AL tem potencialidade para atenuar respostas inflamatérias (ASTIZ; DE ALANIZ;
MARRA, 2012; ZHANG et al., 2010).

Devido seu potencial de redox, o DHLA é capaz de reduzir a GSSG a GSH,
regenerando antioxidantes celulares, e induzir a atividade de enzimas de fase II,
como a GST (DORSAM; FAHRER, 2016). De fato, o trabalho de Amado et al. (2011)
evidenciou que o pré tratamento com AL aumentou a atividade da GST no cérebro
do peixe Cyprinus carpio e foi capaz de reverter a inibicdo da GST no figado
causada pela cianotoxina microcistina. Deve ser salientado que, de acordo com o0s
trabalhos mencionados acima, € possivel esperar que o acido lipdico tenha a
capacidade de atuar como um neuroprotetor em células hipocampais HT-22,

minimizando os efeitos causados pelas saxitoxinas.

1.5. Novas abordagens metodolégicas

Na busca incessante por uma melhor compreensdo da toxicidade de
xenobiodticos e suas consequéncias na homeostasia celular, novas abordagens
computacionais vém sendo propostas, dentre as quais podem ser citadas a
abordagem in silico utilizando simulagdes ab initio e o docking molecular .

A metodologia computacional € uma ferramenta poderosa para a
compreensao dos fendmenos quimicos, fisicos e biolégicos. Com o aumento na
capacidade de processamento dos computadores, a simulagdo computacional
torna-se uma aliada na investigacio tedrica das propriedades das substancias de
estudo, como por exemplo, os NTCs (HAO et al., 2015).

As interagdes potenciais de NTCs com moléculas de interesse bioldgico
podem ser analisadas in silico. O método ab initio esta baseado no estudo da

estrutura de moléculas e solidos, bem como sua descrigdo microscopica,
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fundamentado na mecanica quéntica. (JAVADIAN et al., 2012). A Teoria Funcional
da Densidade (DFT, do inglés, Density Functional Theory) se apresenta como uma
boa escolha para a obteng&o das propriedades energéticas, eletrénicas, vibracionais
e estruturais (HAO et al., 2015; JAVADIAN et al., 2012). Por exemplo, simulagbes
ab initio utilizando a Teoria Funcional da Densidade demonstram que SWCNT puro
e carboxilado podem apresentar diferente capacidade de eliminacdo de EAO
(GALANO et al., 2010).

Por sua vez, a docagem (docking) molecular € um procedimento
computacional utilizado para auxiliar a compreensdo da interacdo entre
macromoléculas biolégicas que sdo chamadas de receptores (MENG et al., 2011),
como por exemplo a proteina P-gp, e uma pequena molécula chamada de ligante,
como poderiam ser os NTCs e as neurotoxinas produzidas por cianobactérias. Ao
analisar esses tipos de interacdes, é possivel compreender se os ligantes atuam
como inibidores ou antagonistas de um processo fisiologico (VERLI et al., 2014). Por
esse motivo, o docking molecular vem sendo cada vez mais utilizado nas areas de

saude e biotecnologia.

2. OBJETIVOS

2.1. Objetivo Geral

Avaliar mecanismos envolvidos na reducdo dos efeitos téxicos das
saxitoxinas e suas interagdes fisico-quimicas e bioldgicas com nanotubos de

carbono e acido lipdico na linhagem hipocampal HT-22.
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2.2, Objetivos especificos

- Determinar o potencial toxico das saxitoxinas (saxitoxina e neo-saxitoxina)
através de ensaios in vitro utilizando a linhagem hipocampal HT-22;

- ldentificar e relacionar as possiveis interagdes fisico-quimicas das saxitoxinas
com nanotubos de carbono e acido lipdico através de ensaios in silico baseadas
em técnicas ab initio;

- Determinar os efeitos das interagdes fisico-quimicas das saxitoxinas (saxitoxina
e neo-saxitoxina) com nanotubos de carbono e &acido lipdico utilizando
parametros bioquimicos de estresse oxidativo e consumo de oxigénio na
linhagem hipocampal HT-22;

- Determinar interagbes de acoplamento molecular (docagem molecular)
relacionadas ao potencial toxico das saxitoxinas (saxitoxina e neo-saxitoxina) e
os fatores que modificam (minimizam) a toxicidade da mesma;

- Propor um mecanismo de atenuacido da toxicidade mediada pelas saxitonas
através da interagdo com a glicoproteina-P da linhagem hipocampal HT-22

relacionando os efeitos in silico e in vitro.

3. RESULTADOS

Os resultados do presente estudo foram divididos em um artigo cientifico e um

manuscrito, os quais compdem a sec¢ao de resultados desta tese.
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Artigo 1:

INTERACTION OF SINGLE-WALLED CARBON NANOTUBES AND SAXITOXIN:
AB INITIO SIMULATIONS AND BIOLOGICAL RESPONSES IN HIPPOCAMPAL
CELL LINE HT-22
Artigo publicado na revista Environmental Toxicology and Chemistry

(Fator de impacto: 2.763)
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Abstract: Saxitoxins (STXs) are potent neurotoxins that also induce cytotoxicity through the generation of reactive oxygen species.
Carbon nanotubes (CNTs) are nanomaterials that can promote a Trojan horse effect, facilitating the entry of toxic molecules to cells when
adsorbed to nanomaterials. The interaction of pristine single-walled (SW)CNTs and carboxylated (SWCNT-COOH) nanotubes with
STX was evaluated by ab initio simulation and bioassays using the cell line HT-22. Cells (5 x 10" cells/mL) were exposed to SWCNT
and SWCNT-COOH (5 pg mL™Y), STX (200 pg L"), SWCNT+STX, and SWCNT-COOH-+STX for 30 min or 24 h. Results of ab
initio simulation showed that the interaction between SWCNT and SWCNT-COOH with STX occurs in a physisorption. The interaction
of SWCNT+STX induced a decrease in cell viability. Cell proliferation was not affected in any treatment after 30 min or 24 h of exposure
(p > 0.05). Treatment with SWCNT-COOH induced high reactive oxygen species levels, an effect attenuated in SWCNT-COOH+STX
treatment. In terms of cellular oxygen consumption, both CNTs when coexposed with STX antagonize the toxin effect. Based on these
results, it can be concluded that the results obtained in vitro corroborate the semiempirical evidence found using density functional theory
ab initio simulation. Environ Toxicol Chem 2016;9999:1-10. © 2016 SETAC
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INTRODUCTION

Saxitoxins (STXs) are classified as one of the most potent
natural neurotoxins associated with the paralytic shellfish
poisoning phenomenon [1]. To date, more than 30 STX analogs
have been described [2]. Saxitoxins are biosynthesized by
marine dinoflagellates and freshwater cyanobacteria such as
Cylindrospermopsis raciborskii [3]. During bloom events,
STXs produced by C. raciborskii are frequently observed in
public water supply reservoirs in Brazil and thus constitute a
serious public health risk [4]. They are capable of crossing the
blood-brain barrier [5] and affect the central nervous system by
blocking voltage-gated sodium channels and binding to calcium
and potassium channels in excitable cells. Thus STXs affect ion
permeability, interfering with the speed of ion channel opening
and closing [6,7]. This mechanism can damage cellular
homeostasis and can induce neuromuscular paralysis, respira-
tory arrest, and death in organisms from different trophic
levels [1,3,7].

Several recent reports have also argued for another toxicity
mechanism, involving the generation of reactive oxygen species
(ROS). Cyanotoxins not only can cause an overproduction of
ROS but also can alter antioxidant levels, which may lead to
oxidative stress, defined as a disruption in redox signaling
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and control of the redox state [8,9]. Thirty-day consumption of
STX-contaminated water reduced the activity of antioxidant (or
important for antioxidant synthesis) and detoxification enzymes
such as glutamate cysteine ligase and glutathione-S-trans-
ferases, as well as the levels of the nonenzymatic antioxidant
reduced glutathione, in both brain and liver of rats [10].
However, few studies have reported on the specific cytotoxic
effects of STX in cell lines. Some reports indicate that STX
causes a decrease in cell viability [2] and an increase in the lipid
peroxidation byproduct malondialdehyde [7], which was
observed in Neuro-2A cells after exposure to STX.

Carbon nanotubes (CNTs) are composed of carbon atoms
and are characterized by their cylindrical shape. Carbon
nanotubes possess a unique structure and important and
valuable chemical, physical, thermal, and electrical proper-
ties [11,12]. They can be classified into 2 broad categories
on the basis of their structural diameter and length as
single-walled carbon nanotubes (SWCNTs) and multiwalled
carbon nanotubes (MWCNTSs) [12,13]. Because of their
wide variety of properties, which offer a large range of
potential biomedical applications, CNTs have gained enor-
mous popularity. Of particular interest is the ability of CNTs
to deliver drugs across the blood-brain barrier and their ability
to interact with cells and cross cell membranes, especially into
mitochondria [13].

The role of CNTs as electrochemical nanobiosensors for
food and water analysis is another important application [14].
Some studies show that water-dispersed CNTs can interact with
algae and influence biochemical alterations in algae [15]. Also,
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an MWCNT-biocompatible electrochemical immunosensor
was designed to detect a highly toxic cyanotoxin (microcystin)
with high sensitivity and selectivity [16]. To the best of our
knowledge, however, there are no studies demonstrating the
ability of CNTs to immobilize STX or examining whether
the interaction with CNTs can modulate the toxicity of
STX. The toxicity of CNTs has been extensively studied and
may be dependent on many factors, including concentration,
the metal (particularly iron) content, physical form, surface
chemistry, and degree of aggregation [11,17]. Recently, many
conflicting reports concerning the biocompatibility and safety
of CNTs have been published [11,12,18]. There is growing
concern over the potential detrimental impact of manufactured
nanoparticles on the natural environment, particularly in aquatic
environments, where little is known about their interactions
with other contaminants, such as organic xenobiotics and
heavy metals, and whether these interactions affect CNTs’
bioavailability, bioconcentration, and nanotoxicity [17,18].

The “Trojan horse™ effect, whereby toxic molecules interact
with nanomaterials [19], inducing a wide range of responses,
including additive, synergistic, or antagonistic effects [18], has
been widely discussed in the literature. For example, in
zebrafish hepatocytes, fullerene Cey increased arsenic up-
take [20], and coexposure of the organic nanomaterial fullerene
Cgp with benzo[a]pyrene decreased cell viability and impaired
the phase II detoxification response [21]. Indeed, in vitro studies
have confirmed that exposure to different CNTs causes
oxidative damage and increases ROS [12,17,19] in a cell
type—dependent manner. Moreover, SWCNTs functionalized
with polyethylene glycol (SWCNT-PEG) and directly infused
into rat hippocampus reduced ROS and induced antioxidant
defenses 7 d after injection, suggesting that the biopersistence of
nanomaterial in the tissue can induce an antioxidant
response [22].

The hippocampus is a vertebrate brain structure responsible
for consolidating short-term memories into long-term memo-
ries. According to Ramos et al. [10], STX decreases the
antioxidant defenses of the hippocampus, and these deleterious
effects occur at STX concentrations allowed by Brazil
Regulation 2914/2011. Furthermore, several studies have
indicated that hippocampal neuronal networks grown on CNT
substrates show an increased frequency of spontaneous synaptic
events [23]. Hence, the hippocampal cell line HT-22 (subclone
of cell line HT-4) is considered an extremely useful model
for studying the mechanisms of STX neurotoxicity [24].
Many studies have demonstrated that oxidative stress is a
key mechanism responsible for STX- and CNT-induced
cytotoxicity. We hypothesized that the interaction between
STX and SWCNTs (pristine and carboxylated) affects the
integrity of hippocampal neuronal cells.

Based on this idea, the potential interactions of pristine and
carboxylated SWCNTs with molecules of biological interest
can be analyzed in silico. In the same way, a density functional
simulation was used to investigate the adsorption of the amino
acid alanine (ALA) with pristine and functionalized SWCNTs,
indicating that the interaction occurred through the amine
group [25]. With the pristine SWCNTs, the interaction was
observed homogenously with all carbon atoms of the tube to the
sp” hybridization, and remained a metal system. In contrast, for
carboxylated SWCNTSs, the system properties (carboxylated
SWCNT-ALA complex) were independent of the alanine
adsorption position [25]. Studies using density functional theory
showed that pristine SWCNTs and carboxylated SWCNTSs can
have different free radical scavenging capabilities [26]
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In this regard, the main objective of the present study was to
evaluate the potential interaction between STX and SWCNTs
(pristine and carboxylated) by both theoretical calculations and
the execution of bioassays using the rat hippocampal HT-22 cell
line. Our aim was to understand the interaction of STX with
pristine SWCNTs and carboxylated SWCNTs using ab initio
calculations that were carried out by using the density functional
theory to evaluate the physical and chemical properties involved
in the STX-SWCNT interactions.

MATERIALS AND METHODS

Cell culture

Cells of the mouse hippocampal cell line H-22 (kindly
provided by the Salk Institute for Biological Studies, La Jolla,
CA, USA), were grown on bottles for cell culture in
Dulbecco’s modified Eagle’s medium (DMEM) containing
high glucose (Gibco) supplemented with sodium bicarbonate
(1.5g/L; Vetec), 10% fetal bovine serum (Invitrogen Brazil),
and 1% antibiotics and antimycotics (penicillin [100 U/mL],
streptomycin [100U/mL], and amphotericin [0.25 pg/mL];
Gibco). Cells were cultured at 37°C in 5% CO,. Growth
media were changed every day. The cells used in assays were
previously transferred to 24-well or 96-well plates for cell
culture, followed by a 24-h period grip. The treatments were
carried out in quadruplicate. Experiments were performed at
70% to 80% confluence.

Carbon nanotubes

Two kinds of SWCNTSs were used. Pristine SWCNTs were
purchased from a commercial supplier (SWNTC lot ps-09607;
SES Research,) with 10-nm to 30-nm diameter and 99.9%
purity. To ensure the removal of metal traces from the
SWCNTs, they were mixed in a solution containing sulfuric
acid, sonicated for 6h, and centrifuged (3000 ¢ for 20 min).
This procedure was repeated 5 times, and then SWCNT
samples were further oven dried for 48h at 50°C [27].
Carboxylic functionalized SWCNTs (SWCNT-COOH:
2.73wt%) were provided by Cheaptubes. Both pristine
SWCNT and SWCNT-COOH were analyzed by means of
Fourier transform infrared (FT-IR) spectroscopy. The FT-IR
spectra were performed in the range of 4000cm™ to
400cm™" using an IR spectrophotometer (Shimadzu PRES-
TIGE-21) with FT-IR spectroscopy for the analytical
identification of the -COOH functional group. Samples of
CNTs were analyzed in the solid state by diffuse reflectance.
All spectra were baseline corrected and vector normalized.
The scan number was fixed at 45, and spectral resolution was
set at 4cm™". The morphology and impurities of the CNTs
were evaluated through scanning electron microcscopy and
electron dispersive spectroscopy (EDS) analysis using JEOL
model JSM 6610 with 30kV and magnification of 40000x.
The same instrument was used for EDS analysis with a Noran
detector. Samples were not coated for analysis. A stock
suspension of 1 mgmL™" of both kinds of CNTs was prepared
in dimethyl sulfoxide (DMSO). The suspension was vortexed
3 times for 10s each, followed by sonication for 1h in an
ultrasonic bath (ECO-SONICS; 9.3 W, with an energy input of
16.7KJ at 25 °C). Working concentrations of 5 pgmL™" were
prepared after dilution in culture medium.

Source of toxins

Cylindrospermopsis raciborskii cells from the culture
collection of the Cyanobacteria and Ficotoxin Laboratory
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were grown in ASM-1 [10]. Under fixed laboratory conditions
(254£1°C under continuous cool-white fluorescent light
[intensity: 127 wEm™s™"]), the strain produces variants of
gonyautoxin (GTX), neoSTX, and STX detected by high-
performance liquid chromatography with fluorescence detec-
tion (HPLC-FLD), which were analyzed and compared with
commercial standards of STX, neoSTX, and decarbamoyl (dc)
STX (National Research Counsil Canada). For toxin extraction,
cells of C. raciborskii were sonicated (3 cycles of 1 min each)
to promote cellular wall breakage and the release of toxins.
The aqueous extract was then centrifuged at 10000 g at 4°C
for 10 min, and the supernatant was saved for toxin quantifica-
tion by HPLC. All experiments used working concentration of
15 mM prepared by dilutions in culture medium.

Ab initio calculation of SWCNT-STX interaction

Properties of STX interaction with SWCNTSs were evaluated
through a double zeta plus polarization (DZP) basis set to
describe the pseudo-orbitals. For the exchange and correlation
potential, a local density approximation was used with Perdew
and Zunger parameterization [28]. To represent the electronic
charge in real space 200 Ry of the cutoff grid was used. The
atomic structures were relaxed until the residual forces were less
than 0.05eV/A for all the atoms. The binding energy was
calculated using the basis set superposition error (BSSE)
correction, according to the following equation

E}%F = —(E[A + B] — E[A + Byjou] — E[Agios + B])

The system A corresponds to pristine SWCNT or SWCNT-
COOH, and system B is the STX molecule. They are all
calculated with their corresponding atomic basis and with the A
{B} atomic basis centered at the B {A} atomic positions. The
subscript ghost refers to the atomic basis placed on the molecule
or nanotube positions but without atomic potentials representing
real atoms at these positions. The system with positive binding
energies implies attractive interaction.

Exposure conditions

Cells were seeded in 24-well or 96-well plates at a density of
5x 10*cellssmL in DMEM medium. After 24h of cell
attachment, plates were washed with phosphate-buffered saline
(PBS). Cells were then exposed for 30 min or 24 h. After 30 min,
itis possible to observe responses at the subcellular level, such as
the mitochondrial level. After 24 h, in contrast, many responses
occur at the cellular level as detoxification mechanisms of
xenobiotics (such as STX) and interaction (adsorption) of CNTs.
Cells were exposed to the following treatments: suspensions of
the test materials (SWCNT and SWCNT-COOH; 5 pg mL™"),
STX (200pg/L), and interaction between CNT and toxin
(SWCNT+STX, SWCNT-COOH+-STX). Two control groups
were run in parallel, 1 containing DMEM medium and the other
containing DMEM+DMSO (1%). Based on many reports, this
concentration of DMSO is not deleterious for other types of cell
line [21]. In addition, the DMSO control group showed no effect
on the variables analyzed. Each experiment was repeated
independently 3 times. In each experiment all treatments were
repeated 6 times per plate. The SWCNT, SWCNT-COOH, and
STX concentrations were sublethal, according to the results of
previous range-finding tests (data not shown).

Cell viability assays

MTT assay. The HT-22 cells (5 x 10* cells/mL) were seeded
into 96-well culture plates. After 30 min or 24 h of incubation
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with the different treatments, cell viability was measured by
the 3(-4.5-dimethylthiazol-2-yl)-2,5-difenyltetrazolium (MTT)
method (Sigma-Aldrich). After addition of 20pL of MTT
(Smg mL’l) and 3h of incubation at 37°C, the resultant
formazan crystals were solubilized in 200 wL of DMSO, and the
absorbance at 540 nm was determined on a multiwall plate reader
(ELX 800 Universal Microplate Reader; Bio-TEK).

Trypan blue assay. The number of viable cells and cell
viability were assessed by trypan blue (Gibco) exclusion assay.
The HT-22 cells (5 x 10* cells/mL) were seeded into 96-well
culture plates. After exposure at 30min or 24h with the
treatments mentioned above, wells were washed twice with
PBS; and after trypsinization, an aliquot of 50pL cell
suspension was mixed with S0pL of trypan blue and cells
were counted immediately on a Neubauer chamber. The
protocol considered a cell viable when it had a clear cytoplasm
and nonviable if it had blue cytoplasm.

Measurement of intracellular ROS concentration. For
measurement of intracellular ROS levels, HT-22 cells (5 x 10*
cells/mL) were seeded onto 24-well culture plates. After 30 min
and 24 h of incubation with the treatments detailed in the
Exposure conditions section, cells were incubated for 30 min at
37°C with 40 uM of the fluorogenic compound 2',7'-dichloro-
fluorescin diacetate (H,DCF-DA; Sigma, Germany). Cellular
fluorescence was quantified over 90min at 37°C by a
fluorometer (Victor 2; PerkinElmer) equipped with a microplate
reader, at an excitation wavelength of 485 nm and an emission
wavelength of 520 nm [10]. According to a previous study [29],
the fluorescence emission of isolated SWCNTSs appears in the
900-nm to 1400-nm range, greater than the emission wave-
length used in the present study. In addition, no interference
from pegylated SWCNTs was observed in H,DCF-DA
fluorescence generation [22]. The ROS area was standardized
by the number of viable cells, and ROS levels were expressed in
terms of fluorescence area, where the area was obtained by
integrating the fluorescence units (FU) over the measurement
time (90 min) and expressed as FU/min.

Cellular oxygen consumption. For measurement of oxygen
consumption in HT-22 cells, 5 x 10° cells/mL were seeded onto
24-well culture plates. After 30 min and 24 h of incubation with
the treatments detailed in the Exposure conditions section, the
oxygen consumption of cells was measured by a Clark-type
electrode (Oxygraph System Hansatech Instruments) in a 2-mL
glass chamber equipped with a magnetic stirrer. The electrode
was calibrated using the oxygen content of air saturated
medium, containing 425 ng atoms mL ™" at 20°C.

Statistical analysis

The variables were analyzed by one-way analysis of variance
(ANOVA) [30], followed by comparison of means by the
Newman—Keuls method. A p value of 0.05 was considered
statistically significant. Previously, assumptions of normality
and variance homogeneity were tested. Mathematical trans-
formations were applied in any case in which at least one
of them was not verified (i.e., normality and/or variance
homogeneity).

RESULTS

Characterization of SWCNT-COOH by FT-IR spectroscopy

As shown in Figure 1A, in the FT-IR spectrum of the pristine
SWCNT sample, the water OH-linkages peak like a broad band
between 3570cm™" and 3211cm™" and the C=C stretch is
defined by the peak at 1625 cm™". Figure 1B and C shows the
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Figure 1. Caracterization of pristine single-walled carbon nanotube (SWCNT) sample. (A) Fourier transform infrared (FT-IR) spectrum of SWCNT sample.
Peaks marked v and 4 refer to stretching and bending modes, respectively. (B) Scanning electron microscopy. (C) Impurities detected after electron dispersive

spectroscopy analysis in pristine SWCNT sample.

results for scanning electron microscopy and EDS, respectively.
The major impurity found was aluminum (Al), representing
8.64% (wt%) of pristine SWCNT. As shown in Figure 2A, the
SWCNT-COOH spectrum is characterized by a broad band at
3420 cm™" because of the stretching mode of the OH groups of
carboxyl acid, the carbonyl groups of carboxyl acid C=0 stretch
at 1635cm™", the C=C stretch at 1620cm ™", and the C-OH
stretch at 1390cm™". Figure 2B and C shows the results for
scanning electron microscopy and EDS, respectively. The major
impurity found was chromium (Cr), representing 5.10% (wt%)
of SWCNT-COOH.

Prediction of CNTs and STX interaction

Four configurations were evaluated for SWCNT and
SWCNT-COOH interactions with STX (Figure 3). The binding

energy, shortest distance between atoms, and charge transfer
values are shown in Table 1. The most stable configuration was
SWCNT-STX-4 (Figure 3A), and the binding energy was
estimated as 0.60eV, being the shortest distance between
STX and CNT atoms of 230A and charge transfer of
0.05¢7of the SWCNT for STX. The most stable configuration
for the carboxylated nanotube is the SWCNT-COOH-STX-3
(Figure 3B); the binding energy is 0.83 eV, the shortest distance
between STX and CNT atoms is 1.50 A, and the charge transfer
value is —0.24e” STX for SWCNT-COOH.

Figure 4A and B presents the electronic band structure for the
pristine and carboxylated SWCNT interacting with STX,
respectively. The pristine SWCNT, when isolated, has an
energy gap of 0.61 eV (Figure 4A). It was observed that in all
configurations evaluated for the pristine tube interacting with
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Figure 2. Characterization of carboxylated single-walled carbon nanotube (SWCNT-COOH) sample. (A) Fourier transform infrared (FT-IR) spectrum of
SWCNT-COOH sample. Peaks marked v and § refer to stretching and bending modes, respectively. (B) Scanning electron microscopy. (C) Impurities detected

after electron dispersive spectroscopy analysis in SWCNT-COOH sample.

the STX a slight decrease in the energy gap occurred. However,
no significant changes were observed around the Fermi level.
Figure 4B shows the energy bands for the SWCNT-COOH and
STX configurations investigated. The isolated SWCNT-COOH
has a half-filled level in the Fermi region, which was also
observed for all configurations studied when the STX is
adsorbed. In both systems studied, SWCNT-STX and SWCNT-
COOH-STX, no significant changes were noted in the region of
the Fermi level, indicating a weak interaction, which is
enhanced because of carboxylation, according to the binding
energy and charge transfer values, as can be seen in Table 1. The
charge plot in the valence and conduction bands (Figure 4C and

D) was evaluated, and the electronic charge in the valence band
was seen to be concentrated in SWCNT, SWCNT-COOH, and
STX. Thus it can be seen that, at these levels, a small quantity of
electronic charge is shared between the systems, corroborating
the results in Table 1.

Effect of SWCNT, SWCNT-COOH, and STX on cell viability

The MTT assay was used to detect the viability of cells by
measuring the formation of formazan, a product that results
from cellular mitochondrial dehydrogenase activity. The results
are shown in Figure 5, where it can be observed that MTT
reduction was not affected (p>0.05) during the 30 min of
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Figure 3. Structural configurations for the optimized positions of (A) pristine single-walled carbon nanotubes with saxitoxins (SWCNT-STX) and
(B) carboxylated single-walled carbon nanotubes with saxitoxins (SWCNT-COOH-STX).

exposure to the different treatments. However, after 24h,
coexposure of SWCNT+STX in HT-22 cells caused a
significant (p < 0.05) decrease in MTT-reducing ability
compared with the SWCNT group.

Trypan blue exclusion was used to determine the number of
viable cells and the cell viability present in a cell suspension
after exposure to different treatments. It is based on the principle
that live cells possess intact cell membranes that avoid
penetration of trypan blue. Proliferation of HT-22 cells was
not affected by any treatment after either 30min or 24h
(p > 0.05; Figure 6A and B).

Determination of ROS concentration and oxygen consumption

The results of ROS intracellular concentration are given in
Figure 7. Exposure of HT-22 cells to SWCNT-COOH for
30min increased ROS concentrations (p < 0.05). This effect
was also observed in the SWCNT-COOH+STX treatment,
but not as markedly (p<0.05). After 24h, an increase in
intracellular ROS concentration (p<0.05) in HT-22 cells
exposed to SWCNT-COOH was observed, an increase that was
reversed in the SWCNT-COOH+STX group. In contrast, in
cells exposed to SWCNT no differences from the control group
were observed (p > 0.05) and the opposite was observed in the
SWCNT+STX group (p <0.05) after 24h of exposure. The
results of oxygen consumption by HT-22 cells are shown in
Figure 8. At both exposure times (30 min and 24 h), an increase
in oxygen consumption was observed in HT-22 cells exposed to

Table 1. Binding energy, shortest distance, and charge transfer between
STX and SWCNT or SWCNT-COOH for all the studied systems

Binding Shortest Charge
Configuration energy (eV)  distance (;\) transfer (e7)*
SWCNT-STX-1 0.49 221 +0.78
SWCNT-STX-2 0.30 2.00 +0.12
SWCNT-STX-3 0.34 2.41 0.00
SWCNT-STX-4 0.60 2.30 +0.05
SWCNT-COOH+STX-1 0.30 1.58 -0.21
SWCNT-COOH+STX-2 —0.53 2.22 0.00
SWCNT-COOH+STX-3 0.83 1.50 —0.24
SWCNT-COOH+STX-4 0.55 1.52 -0.22

“Negative values for charge transfer indicate that the STX molecule lost
electronic charge.

SWCNT =single-walled carbon nanotube; SWCNT-COOH =SWCNT
functionalized with carboxylic acid; STX = saxitoxin.

STX (p < 0.05). At 30 min and 24 h, however, this increase was
reversed in the SWCNT+STX and SWCNT-COOH+STX
treatments.

DISCUSSION

Several lines of evidence indicate that STXs are a serious
threat to human health and environmental safety around the
world [3,4]. However, CNTs have many useful features and are
used in a number of industrial and biomedical applications,
including bioengineering and disease treatment. The toxicity of
CNTs has been extensively studied, but the results are
controversial and uncertain [12,13,17]. Although CNT impuri-
ties can contribute to their toxic effects, the maximum Al (the
most important impurity observed in pristine SWCNTs;
Figure 1C) concentration in pristine SWCNT assays should
be 0.43 pgmL ™", a value below the Al concentration known to
be cytotoxic in rat hippocampal neurons (0.68 pgmL™") [31].
Similarly, the maximum Cr (the most important impurity
observed in SWCNT-COOH; Figure 2C) concentration in
SWCNT-COOH assays should be 0.26 wg mL™", a value below
the Cr concentration known to be cytotoxic to cultured
cerebellar neurons (0.52 pg mL’l) [32].

The Trojan horse effect implies that the entrance of toxic
molecules to cells is facilitated by adsorption to nanomate-
rials [19]. Hence, it is important to consider possible interactions
between environmental contaminants, such as STX, and
nanomaterials, such as CNTs. The interaction of pristine
SWCNT and SWCNT-COOH with STX was evaluated both
by the density functional theory, using ab initio simulation, and
by bioassays using the hippocampal cell line HT-22. The results
indicated a weak interaction between STXs and SWCNTs
(Figure 3). The presence of the carboxyl group on SWCNTs
changes the direction of the charge transfer, and this effect can
significantly alter the biological environment of the nano-
structures (Figure 4). Through the charge plot in the valence and
conduction of the electronic bands, a small quantity of
electronic charge shared between these systems was observed,
also corroborating the binding energy and charge transfer results
that indicated a physisorption method of interaction for the
SWCNT-STX complexes.

Many questions about the toxicity of STX and CNTs in vitro
remain unanswered (e.g., safe concentrations and the sensitivity
of particular cell lines). In the present study, the rat hippocampal
HT-22 cell line was used. This cell line represents an interesting
model to test the effects of interaction between CNTs and STX
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Figure 4. Electronic band structures for the ab initio simulations of (A) pristine single-walled carbon nanotubes (SWCNTs) isolated and with the saxitoxin
(STX) molecule and (B) carboxylated SWCNTs (SWCNT+COOH) isolated and interacting with the STX molecule. Plot of the electronic charge for the most
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on neuronal cytotoxicity. Cell viability and cytotoxicity of
CNTs is quite controversial, and further studies are necessary to
explain the inconsistent results shown in the literature [11,12].
The effects of pristine SWCNT, SWCNT-COOH, and STX on
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Figure 5. HT-22 cell proliferation measured by the 3(-4,5-dimethylthiazol-
2-yl)-2,5-difenyltetrazolium (MTT) assay. Analyses were performed
after exposures of 30 min (white bars) and 24 h (orange bars). Data are
expressed as mean =+ standard error of 3 independent experiments (n = 6).
Similar letters indicate absence of significant difference (p > 0.05) at each
time. CTR =control group; DMSO CTR =dimethyl sulfoxide control
group; SWCNT = single-walled carbon nanotubes (5 pgmL™"); SWCNT-
COOH=SWCNTs functionalized with carboxylic acid (5pgmL=");
STX = saxitoxin (200 pg/L); SWCNT+STX =SWCNTs with saxitoxin:
SWCNT-COOH+STX =SWCNTs functionalized with carboxylic acid
with saxitoxin.

cellular viability were evaluated using the MTT and Trypan blue
assays. The MTT assay demonstrated that after 24h, a
significant decrease in viability of HT-22 cells coexposed to
SWCNT+STX occurred compared with the SWCNT group
(Figure 5). Studies have demonstrated that low concentrations
of SWCNTs do not induce toxic effects. For example, in
lung MSTO-211H cells and skin keratinocyte HaCaT cells,
pristine SWCNTs did not demonstrate any cytotoxicity at
concentrations of 2 ugmL™" and 5 pgmL™" [33].

However, 2 major mechanisms of cytotoxicity have been
widely considered to be induced by CNTs: endocytosis/
phagocytosis and nanopenetration [12,13]. Indeed, in human
macrophage cells, the cytotoxicity of SWCNTSs was reported to
be mediated via physical penetration into the cellular cytoplasm
and localization within the nucleus [34]. Furthermore, SWCNTSs
have been reported to interact with various dyes commonly used
to assess cytotoxicity, such as MTT [33], a factor that prompted
us to use different measures of cell viability, even though
other reports indicate that the binding of MTT—formazan to
CNTs is negligible and does not influence the results [12,34]. A
trypan blue assay of epithelial cells (A549) cultivated for 3 d and
5d in the presence of 15 ug mL ™" SWCNTs indicated that cell
viability was not affected [35]. In the present study, the results
of the trypan blue assay demonstrated that HT-22 cell viability
and proliferation were not affected by any of the treatments
(Figure 6). Similarly, no differences in cell viability were
observed (as measured by the MTT assay) in the neuroblastoma
Neuro-2A cell line when exposed to 400 ug L™" of STX [36].
Saxitoxins have an affinity for the voltage-gated sodium channel



8 Environ Toxicol Chem 9999, 2016

Trypan blue
3 30min
A) B 24h
I
£
5
i
E
H
H
)
£
H
Treatment
B) 3 30min

3
W
>

Cell viability (%)

- F £ 2 8
| po
et
Hes
i R
How
@
Haw
»
How

«I T
& & &S &S
@é’ 3 \ff‘ & oo‘z’
Q' @
& & &
<
&

Treatment

Figure 6. Viable cell number and cell viability (%) of HT-22 cells assessed
by trypan blue exclusion assay. Analysis were performed after exposures of
30 min (white bars) and 24 h (blue bars). (A) Viable cell number and (B) cell
viability (%). Data are expressed as mean = standard error of 3 independent
experiments (n=6). Similar letters indicate absence of significant
difference (p >0.05) at each time. CTR =control group; DMSO CTR =
dimethyl sulfoxide control group; SWCNT =single-walled carbon nano-
tubes (5 pg mL™!); SWCNT-COOH=SWCNTs functionalized with
carboxylic acid (5pgmL™"); STX =saxitoxin (200pg/L), SWCNT+
STX=SWCNTs with saxitoxin; SWCNT-COOH+STX =SWCNTs
functionalized with carboxylic acid with saxitoxin.

present in excitable cells, such as neurons. [3,7]. However, the
number of high- and low-affinity sites depends on the cellular
system studied. Therefore, cells that contain a large number of
voltage-dependent sodium channels can be expected to be
highly sensitive to the effects of STX. Indeed, Neuro-2A cells
have been shown to be a very sensitive model for the evaluation
of STX-induced cytotoxicity [3,7,36]. According to our results,
it is probable that the HT-22 cell line has a lower number of
voltage-dependent sodium channels, as it showed a lower
sensitivity to STX. However, cotreatment with STX and
SWCNT induced a significant reduction in viability, highlight-
ing the importance of evaluating the interaction of nano-
materials with environmental pollutants.

Accordingly, several studies have reported on the interaction
between CNTs and contaminants [20,21]. For example, coex-
posure to fullerene (Cgp) and microcystin induced oxidative stress
in the gills of the fish Cyprinus carpio under ultraviolet
radiation [37]. In another study, Cg provoked a loss in cellular
viability when coadministered with benzo[a]pyrene at different
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Figure 7. Intracellular reactive oxygen species (ROS) concentrations in
HT-22 cells after exposures of 30 min (white bars) and 24 h (green bars).
Data are expressed as mean =+ standard error. Similar letters indicate
absence of significant difference (p > 0.05) at each time (n=8). CTR =
control group; DMSO CTR = dimethy] sulfoxide control group; SWCNT =
single-walled carbon nanotubes (5 pg mL™); SWCNT-COOH = SWCNTs
functionalized with carboxylic acid (Spg mL"]; STX = saxitoxin
(200 pg/L); SWCNT+STX=SWCNTs with saxitoxin, SWCNT-
COOH+STX =SWCNTs functionalized with carboxylic acid with
saxitoxin.

concentrations in a Danio rerio (zebrafish) hepatocyte cell
line [21]. In the present study, results of ab initio simulation
showed that a slight decrease in the Fermi gap energy occurred
in all SWCNT configurations when interacting with STX. This
decrease can, in turn, change the biological environment of
the cell. Indeed, we observed that coexposure of SWCNT+STX
induced a decrease in cell viability, as measured by the
MTT assay. This result suggests that SWCNTs can change the
bioavailability of STX, as evidenced by the differences in the
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Figure 8. Oxygen consumption in HT-22 cells after exposures of 30 min
(white bars) and 24 h (yellow bars). Data are expressed as mean + standard
error of 3 independent experiments (n =4). Similar letters indicate absence
of significant difference (p>0.05). CTR=control group; DMSO
CTR =dimethyl sulfoxide control group; SWCNT =single-walled
carbon nanotubes (5 pg mL™"); SWCNT-COOH = SWCNTs functionalized
with carboxylic acid (5 pg mL'l); STX = saxitoxin (200 pg/L); SWCNT+
STX=SWCNTs with saxitoxin; SWCNT-COOH+STX=SWCNTs
functionalized with carboxylic acid with saxitoxin.
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effects of these molecules on cell viability when the cells were
treated individually versus in combination.

Bothin vitro and in vivo studies have reported that exposure to
STX or CNTs causes oxidative damage and ROS genera-
tion [10,37]. In the present study, at both exposure times,
SWCNT-COOH induced a significant increase in ROS genera-
tion in HT-22 cells (Figure 7). Similarly, SWCNTs did not
influence mitochondrial activity and ROS production in breast
cancer cell line MCF7 cells at concentrations between 5 pg mL ™"
and 80 ,u,gmL_] [38]. However, coexposure with SWCNT-
COOH and STX was able to attenuate the effects because of
SWCNT-COOH alone, suggesting an antagonistic effect of the
interaction between SWCNT-COOH and STX. In contrast,
cotreatment with SWCNT and STX showed a synergistic effect
in terms of ROS generation. In this regard, the results obtained in
vitro corroborate the semiempirical evidence demonstrated using
the density functional theory ab initio simulation. Carboxylation
of SWCNTs was able to change the direction of the charge
transfer, a change that can profoundly affect the biological
environment. The variation in the direction of the charge transfer
allowed an interaction between SWCNT-COOH and STX,
with a concomitant decrease in ROS production compared with
SWCNT-COOH alone.

Mitochondrial function requires the balanced interaction
among many critical mitochondrial proteins, including
cytochrome ¢, which is a key component of the mitochondrial
respiration and plays an important role in mitochondrial
electron transport and cell metabolism [39]. It also plays an
important role in ROS clearance. Indeed, mitochondrial
oxygen uptake was greatly decreased in human epithelial
KB cells treated with SWCNT [39]. This result is consistent
with our findings in HT-22 cells treated with SWCNT or
SWCNT-COOH. The effects of CNTs on mitochondrial
function and cellular respiration should be considered when
using SWCNTs for different applications such as electro-
chemical biosensors for toxins, water analysis, or pharmaceu-
tical carriers. Overall, our results demonstrated that oxygen
consumption of HT-22 cells was increased by STX exposure
for 30min and 24h (Figure 8). However, after 30min and
24 h, the interaction between SWCNT or SWCNT-COOH and
STX was able to antagonize the STX-induced increase in
oxygen consumption. It is also important to note that, although
an increase in ROS concentration was observed in cells treated
with SWCNT, SWCNT-COOH, and SWCNT+STX, this
increase was not correlated with mitochondrial respiration.
The modulation of mitochondrial complexes I and III could be
associated with decreased mitochondrial membrane potential,
favoring ROS production, as observed for the SWCNT,
SWCNT-COOH, and SWCNT-COOH+STX groups, com-
pared with the control group (Figure 8). On the other hand,
cellular responses to ROS injury usually occur in the first
24 h [7-9]. In addition, such mechanisms could be involved in
CNT detoxification, as enzymatic degradation processes by
enzyme peroxidases [39,40] or concomitant interaction
phenomena of adsorption between the pristine SWCNT and
SWCNT-COOH+STX that decrease the reactivity/toxicity of
the CNTs, modulating or inducing the antioxidant defense in
HT-22 cells.

CONCLUSIONS

The present study has demonstrated by ab initio theoretical
analysis that the interaction between pristine and carboxylated
SWNCTs with the STX molecule occurs through physisorption,
and this effect could alter the environment of HT-22 cells after
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exposure to CNTs. In terms of the interaction of SWCNTSs with
STX, adecrease in cell viability was observed by using the MTT
assay, whereas the SWCNT-COOH+STX treatment did not
induce a decrease in cell viability. The ROS data showed
a clearly different pattern of the interaction of CNTs with STX:
SWCNT+STX had a synergistic effect, whereas SWCNT-
COOH+STX induced an antagonistic effect. Finally, in terms
of cellular oxygen consumption, both CNTs when coexposed
with STX antagonized the toxic effect. Based on these results, it
can be concluded that the in vitro results corroborate the
semiempirical evidences found using the density functional
theory ab initio simulation.
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Abstract

Saxitoxins (STXs) are potent neurotoxins that block voltage-gated channels in
neurons and induce cytotoxicity through the generation of reactive oxygen species.
The non-enzymatic antioxidant Lipoic acid (LA) represents an alternative to mitigate
the deleterious effects induced by neurotoxins as STX. P-glycoprotein (P-gp) is a
well-known ATP-binding cassette (ABC) transporter and represents a crucial role in
the uptake and distribution of toxic substances, decreasing the accumulation and
potential intracellular effects in virtue of its broad substrate specificity, its expression
in many excretory tissues and its large efflux capacity. The interaction of STX with LA
was evaluated by ab initio simulation, molecular docking and bioassays using the cell
line HT-22. Cells were exposed to STX and LA for 30 min and 24 h. The interaction
of STX with LA occurs by physisorption. LA treatment minimizes STX cytotoxicity,
evaluated by trypan blue and MTT assay. For the first time it has been shown that

the HT-22 cell line express glycoprotein-P (P-gp). Both STX and STX-LA treatments
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were efficient to induce P-gp extrusion activity by rhodamine 123 (Rho 123) dye
extrusion, induced low reactive oxygen species levels and low oxygen consumption.
The LA treatment efficiently induced an increase in levels of antioxidant glutathione
and high levels of protein sulfhydryl groups were also observed. Molecular docking
suggests that STX can be the substrate of P-gp and, estimating the Free Energy of
Binding (FEB), LA has lower amino acids residues binding sites, similar to verapamil,
while STX and STX+LA_1 have similar amino acids residues and binding sites with
similar FEB between this ligands. Based on these results, it can be concluded that
LA was able to induce cytoprotection and the STX+LA interaction minimizes effects
of toxicity induced by STX. The results obtained in vitro corroborate the semi-
empirical evidence found using density functional theory ab initio simulation and

molecular docking.

Keywords: neurotoxin, antioxidant, molecular docking, P-glycoprotein

1. Introduction

The increasing frequency of blooms of cyanobacteria producing cyanotoxins
in fresh, brackish and marine water has become a growing problem worldwide,
especially in Brazil (Zabaglo et al., 2016). Studies concerning the toxicity of Saxitoxin
(STX), a neurotoxin produced by freshwater cyanobacteria such as
Cylindrospermopsis raciborskii, have demonstrated high toxicity in mammal cells,
especially in brain cells (Ramos et al., 2016; Takser et al., 2016), since they can
cross the blood-brain barrier (BBB) (Cervantes et al., 2009). STX analogues
presented a diverse toxicity: the most potent toxins are saxitoxins (STX),
neosaxitoxin (Neo-STX) and gonyautoxins (GTX) (Ramos et al., 2014; Silva et al.,
2014).

STX is toxic because it can block voltage-gated sodium channels and can
also bind to calcium (Ca*?) and potassium (K*) channels in neurons, altering the
membrane’s selective permeability and the flow of ions, disrupting cellular
homeostasis (Corbel et al., 2014; Zheng et al., 2015). STX can be harmful to cells
components through the formation of reactive oxygen species (ROS), promoting
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significant changes in the antioxidant defense system (Ramos et al., 2016, 2014;
Zheng et al., 2015) and leading to a situation of oxidative stress, common to several
cyanotoxins (Amado et al., 2009; Amado and Monserrat, 2010; da Silva et al., 2011;
O’Neill et al., 2016; Ramos et al., 2016, 2014), which may oxidize unsaturated lipids
in cell membranes, proteins and DNA, contributing to their toxicity (Contardo-Jara et
al., 2008).

In this kind of pro-oxidative situation, the use of non-enzymatic antioxidants
such as lipoic acid (LA) represents an alternative to mitigate the deleterious effects
induced by neurotoxins as STX. LA is well known as a cofactor of mitochondrial
dehydrogenases, being a hydro and liposoluble molecule with chemo and
neuroprotective capacity, due to its ability to cross the BBB, considered as an
"universal antioxidant" (Goragca et al., 2011; Packer et al., 1995). LA and its reduced
form, dihydrolipoic acid (DHLA), have several properties including their capacity to
chelate metals, to scavenge ROS, to express important genes in antioxidants
defense system and to interact with other antioxidants (Hiller et al., 2016; Longaray-
Garcia et al., 2013; Monserrat et al., 2008).

Many studies in the last years have reported the neuroprotective potential of
LA after oxidative stress induction in several in vitro and in vivo models. For example,
it was observed an increase in antioxidants defense in brain and liver of fish
Corydora paleatus fed with a diet supplemented with LA, as well as the reduction of
ROS production in the brain, and low levels of oxidized proteins in muscle and liver
(Monserrat et al., 2008). The results of other studies showed that the oxidative
damage and inflammation caused by pesticides like dimethoate, glyphosate and
zineb were reverted by LA in rat brain (Astiz et al., 2012), suggesting that LA
administration is a promising therapeutic strategy. In addition, LA induces an
increase in the activity of enzyme glutathione-S-transferase (GST) in brain, reverting
the inhibitory effect triggered by microcytins on these enzymes in the liver of common
carp (Amado et al., 2011). Indeed, GST is involved in the metabolism of glutathione
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(GSH) and takes part in phase Il xenobiotic metabolizing reactions, responsible for
eliminating EAO (Pamplona and Costantini, 2011; Zhang et al., 2010).

The mouse hippocampal line HT-22 is frequently studied to investigate
chemoprevention approaches through neurotoxicity associated with oxidative stress.
Indeed, LA prevents ethanol induced protein oxidation in mouse hippocampal HT-22
cells (Pirlich et al., 2002). Kling et al. (2014) showed cytoprotection mediated by
different types of flavonoids in the hippocampal HT-22 line after induction of oxidative
stress with tert-butyl hydroperoxide. However, to date, still there is no bibliography
showing the modulation of the antioxidant system LA in cell line HT-22 exposed to
STX, which certainly indicates the need for information about it, considering the
neurotoxicity elicited by this toxin.

At the cellular level, the balance between absorption and efflux transporters
that facilitate their movement through cell membranes determines the availability of
endogenous substances, drugs, and xenobiotics (Silva et al., 2015). These
transporters are important for maintaining cellular homeostasis and for detoxifying
potentially toxic substances (DeGorter et al., 2012; Silva et al., 2015). P-glycoprotein
(P-gp), a well-known ATP-binding cassette (ABC) transporter, is responsible for the
multidrug resistance phenotype (Lacher et al., 2015; Muthusamy et al., 2016), acting
as an extrusion pump for anti-cancer drugs and other compounds out of the cell
(Amé et al., 2009; Han et al., 2008; Muthusamy et al., 2016). P-gp is a 170 kDa
membrane protein with 1280 amino acids residues (Kim et al., 2014), it is composed
of two homologous halves, where each half part begins with a transmembrane
domain (TMD) with six transmembrane (TM) segments followed by a nucleotide-
binding domain (NBD) (Loo and Clarke, 2017).

P-gp is expressed in many tissues and cell cultures of mammals, as well as in
endothelial cells lining the blood capillaries present in the brain blood barrier (Silva et
al., 2015), being one of the major factor in limiting the entry of xenobiotics in the
brain, such as neurotoxins. In fact, P-gp represents a crucial role in the uptake and
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distribution of toxic substances, decreasing the accumulation and potential
intracellular effects in virtue of its broad substrate specificity, its expression in many
excretory tissues and its large efflux capacity (Han et al., 2008; Muthusamy et al.,
2016; Silva et al., 2015).

P-gp has ecotoxicological importance, being a key component of
multixenobiotic resistance (MXR) for organisms in polluted environments, through the
increase in P-gp expression that restricts xenobiotic uptake (Kennedy et al., 2014).
Indeed, P-gp expression is involved in the excretion of cyanotoxin microcystin in the
gills of the mussel Dreissena polymorpha (Contardo-Jara et al., 2008) as also in liver,
gills, and brain of fish Jenynsia multidentata (Amé et al., 2009). The MDR phenotype
Lucena cell line when exposed to microcystin demonstrated higher antioxidant
competence and also by the higher a-tubulin content (de Souza Votto et al., 2007).
However, there is a lack of study regarding P-gp activity and/or expression after
exposure to STX, a mechanism that may play an important role in protection of cells
against the harmful effects caused by these neurotoxins.

In the last years, in silico techniques, as density functional simulation (DFT)
and molecular docking have been proposed to predict the potential toxicity of
xenobiotics and their consequences in several cellular and subcellular targets. Based
on this idea, Ramos et al. (2016) showed that the interaction of single-walled carbon
nanotubes with STX occurs by physisorption process and antagonized the toxin
effect promoting biological responses in hippocampal cell line HT-22. By the other
hand, molecular docking simulation is a computational technique used to evaluate
the interaction between a macromolecule (receptor) and a small molecule (ligand)
(Trott and Olson, 2009; Zhao and Caflisch, 2015). We hypothesized that STX can act
as the substrate to P-gp protein from the blood brain barrier in the nervous system.
Therefore, P-gp can pump the STX out of the cell, being able to prevent or minimize
the perpetration in the integrity of hippocampal neuronal cells. Besides, LA should

lower the deleterious effects caused by STX. Indeed, Monserrat et al. (2014)
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observed that co-treatment with LA was able to induce of P-gp expression in the fish
Jenisia multidentate after exposure to endosulfan. To the best of our knowledge,
there are no experimental or in silico evidences demonstrating P-gp activity after STX
exposure in mouse hippocampal cell line HT-22.

In this context, the main objective of the present study was to investigate the
role of lipoic acid in the by cellular assays in hippocampal HT-22 cell line. Appraising
the potential interactions between STX and LA by using theoretical approaches,

basing density functional theory calculations and molecular docking simulation.

2. Materials and Methods
2.1. Cell culture

An immortalized mouse hippocampal neuronal cell line HT-22 was a
generous gift from Salk Institute for Biological Studies (San Diego, CA, USA). Briefly,
cells were maintained at 37 °C and 5% CO in Dulbecco’s modified Eagle’s medium
containing high glucose, (DMEM) (Sigma) and supplemented with sodium
bicarbonate (1.5 g/L; Vetec), 10% fetal bovine serum (Invitrogen) and 1% antibiotics
and antimycotics (100 U/mL penicillin, 100 pyg/mL streptomycin; Gibco and 0,25
pg/mL amphotericin; Gibco). Cells passed by trypsinization every two days. The cells

were maintained in a way that did not exceed 80% confluence.

2.2 Exposure conditions

To perform the assays, the cells (5x10* cells/mL) were previously transferred
to 24-well or 96-well plates for cell culture, followed by a 24-h period for cell
attachment. The plates were washed with phosphate-buffered saline (PBS) and cells
were exposed to 30 min or 24 h to the following treatments: two control groups, one
containing DMEM medium and the other containing DMEM+ Dimetilsulfoxide
(DMSO) (1%); STX (200 pg/L); LA (50 uM) and the interaction between toxin and
antioxidant (STX+LA). In this case, DMSO has been used as a solvent for LA, The
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STX and LA concentrations were sub-lethal and were selected after performing
range-finding tests. The treatments were carried out in quadruplicate or sextuplicate.
Each experiment was repeated independently 3 times, performed at 70% to 80%

confluence.

2.3. Source of toxins

Cells of C. raciborskii from the Cyanobacteria and Ficotoxin Laboratory
(FURG) culture collection were cultured in ASM-1 medium at 25 + 1 °C and
employed as a source of STX (Gorhan et al., 1964), the strain produces variants of
neosaxitoxin, dc-saxitoxin and STX detected by liquid chromatography with
fluorescence detection (HPLC-FLD, Shimadzu, CBM-20A) which were analyzed and
compared with the five commercial standards of STXs (NRC, Canada). All
experiments used working concentration of 200 pg/L prepared in culture medium

(Ramos et al., 2016).

2.4. Lipoic acid solution
The a-lipoic acid racemic (Sigma-Aldrich) was diluted in DMSO. The working

concentration of 50 uM was prepared by dilution in culture medium.

2.5. Ab initio calculations of STX-LA interaction

The properties of the interaction of STX with LA were evaluated through a
zeta base plus polarization (DZP) defined to describe the pseudo-orbitals. To
represent the electronic load in its real space, 200 Ry of the cutting grid was used.
The atomic structures were relaxed until the residual forces were less than 0.05 eV/A
for all atoms. For the exchange and correlation potential, a local density
approximation was used with the parameterization of Perdew and Zunger (1981).
The binding energy was calculated using the base overlap error correction (BSSE)
(Boys and Bernardi, 1970), according to the following equation 1:
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The system A corresponds to STX, and system B is LA. They were calculated
with their corresponding atomic basis and with the A {B} atomic basis centered at the
B {A} atomic positions. The subscript ghost refers to the atomic basis placed on the
STX or LA positions but without atomic potentials representing real atoms at these
positions. The system with positive binding energies implies attractive interaction.
Similar computational procedures were done in a previous study of our group
(Ramos et al., 2016). We evaluate the electronic properties through the difference
between HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied

molecular orbital).

2.6. Cell viability assays

Trypan Blue assay: The number of viable cells and cell viability were assessed by
trypan blue (Gibco) exclusion assay. HT-22 cells (5x10* cells/mL) were plated into
96-well microtitre plates. After the exposure period (30 min or 24 h) with the
treatments detailed in the Exposure conditions section, the wells were washed once
with PBS, passed by trypsinization, an aliquot of 50 uL of cell suspension was mixed
with 50 pL of trypan blue and cells were counted immediately on a Neubauer
chamber.

MTT assay: The cell viability was also analyzed in presence or absence of verapamil
(VP), considered a classical P-gp inhibitor. HT-22 cells (5x10* cells/mL) were plated
into 96-well microtitre plates and treated as detailed in the Exposure conditions
section, with or without verapamil (VP). Briefly, it was added 10 pL of VP (30 uM) in
treatments with VP and 10 yL of sterile water in treatment without VP. After the
exposure period (30 min or 24 h), it was added 20 pL of 3(-4,5-dimethylthiazol-2-yl)-
2,5-difenyltetrazolium (MTT) (5 mg/ml) and following 3 h of incubation at 37 °C, the
resultant formazan crystals were solubilized in 200 pL of DMSO. The absorbance
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(540 nm) was determined using a spectrophotometer plate reader (ELX 800

Universal Microplate Reader; Bio-TEK).

2.7. Rhodamine 123 efflux assay

This technique is based on the adapted methodology reported by Carrett-Dias
et al. (2016) and Daflon-Yunes et al. (2013). P-gp transport activity was investigated
using the fluorescent probes Rhodamine 123 (Rho) in an efflux assay. In brief, after
the exposure period (30 min or 24 h) with the treatments detailed in the Exposure
conditions section, HT-22 cells (5x10* cells/mL) were incubated with Rho 123 (300
ng/mL) for 60 min at 37 °C in an atmosphere of 5 % CO,. This incubation was
performed in presence or absence of VP (30 uM, Sigma). After the incubation, the
cells were washed and re-incubated with or without VP for more 60 min, in the
absence of the dye, to allow its extrusion. After this, cells were washed with PBS and
dye accumulation was assessed immediately. Excitation/emission values were
determined using a multiwall plate reader (ELX800 Universal Microplate Reader; Bio-

TEK) at 485/590nm.

2.8. Measurement of intracellular ROS concentration

Intracellular reactive oxygen species (ROS) were detected using the
fluorogenic compound 2'7’-dichloro-fluorescin diacetate (H,DCF-DA; Sigma)
following the methodology described by Ramos et al. (2016). After the exposure
period (30 min or 24 h) with the treatments detailed in the Exposure conditions
section, HT-22 cells (5x10* cells/mL) were washed with PBS and then stained with
40 yM H2-DCF- DA for 30 min at 37 °C in the dark. Cellular fluorescence was
quantified over 90 min at 37 °C by a fluorometer (Victor 2; PerkinElmer) equipped
with a microplate reader, at an excitation wavelength of 485 nm and an emission

wavelength of 520 nm.

44



2.9. Cellular oxygen consumption

For measurement of oxygen consumption, HT-22 cells (5x104 cells/mL) were
seeded into 24-well culture plates. After the exposure period (30 min or 24 h) with the
treatments detailed in the Exposure conditions section, the continuous monitoring of
HT-22 cell oxygen consumption was measured by a Clark-type electrode (Oxygraph
System Hansatech Instruments) in a 2-mL glass chamber equipped with a magnetic
stirrer as previously described by Gonzalez-Durruthy et al. (2016) and Ramos et al.

(2016).

2.10. Measurement of intracellular reduced glutathione (GSH) and protein sulfhydryl
groups (P-SH) concentration

The method was based in the methodology reported by Chen et al. (2008)
and White et al. (2003). After the exposure period (30 min or 24 h) with the
treatments detailed in Section 2.2, HT-22 cells’ pellets (5x10* cells/mL) were re-
suspended in PBS and their proteins were precipitated with trichloro acetic acid
(TCA, 5%). After, the samples were then centrifuged at 20,000 x g during 10 min at 4
°C. The supernatant, containing reduced glutathione (GSH) was kept and the pellet,
containing proteins, was re-suspended with 120 yL of PBS. Both GSH and P-SH
were detected using 2,3 naphthalene dicarboxialdehyde (NDA, Invitrogen) that forms
a fluorescent conjugate. An aliquot of 20 pL of the supernatant or pellet was
transferred to specific microplates for fluorescence detection, 180 uL NDA was then
added to all wells, and after 30 min of incubation, the fluorescence intensity of the
NDA-GSH complex was quantified by a fluorometer (Victor 2; PerkinElmer)
(excitation wavelength: 485 nm; emission wavelength: 520 nm). A standard curve of
GSH (range: 0.015-20 uM) was prepared and data expressed in terms of pmoles of
GSH equivalents/mg of proteins. The total protein content was determined in
triplicate using a commercial kit (Doles Brazil) (590 nm), and a microplate reader
(BioTek LX 800).
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2.11. Molecular docking

There are different software to perform molecular docking simulations, among
them, Autodock Vina stands out due to its efficiency and multithreading (Trott and
Olson, 2009). Given the tridimensional structures of a receptor, a ligand, and a
parametrized simulation box, Autodock Vina is capable of estimating the Free Energy
Binding (FEB). A more negative value of FEB (kcal/mol) implies a higher affinity
between the receptor (P-gp glycoprotein) and the ligand (Rhodamine 123, verapamil,
lipoic acid, saxitoxin, neo-saxitoxin, and STX+LA interaction). The simulation box is
used to delimited the search space of the protein by the ligand.

We performed molecular docking experiments with Autodock Vina and
Autodock Tools (Morris et al., 2009) to predict the interactions between the P-gp
glycoprotein with STX, LA and the interaction STX+LA. To perform molecular
docking simulations the Mus musculus P-gp protein structure was obtained from the
RCSB Protein Data Bank (PDB) ID: 4KSB (Ward et al., 2013). According to Subhani
et al. (2015), mouse MXR1 (PDB ID: 4KSB) is the best template for modeling with a
sequence identity 84% homolog to human MDR1. The ligands structures were
obtained from PubChem (Bolton et al., 2008) (Saxitoxin PubChem CID:37165;
NeoSaxitoxin PubChem CID:104753; Lipoic acid PubChem CID:864; Rhodamine
123 Pubchem CID:65217; Verapamil PubChem CID:2520). We also considered in
the experiments three different STX-LA complexes as pdb model structure, obtained
from ab initio results. Before executing the docking simulations, we used the
Autodock Tools to prepare the P-gp protein structure, converting the PDB input file
format to PDBQT format, removing water molecules, and other co-crystallized ligand
molecules. Besides, we performed the inclusion of hydrogens atoms and the addition
of partial charges to the P-gp protein also using Autodock Tools. To perform the
experiments, we used one simulation box that determinates the searching area for
the ligands. This theoretical procedure was performed using the P-gp grid-box size
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with dimensions of X=65 A, Y =40 A, Z =45 A and a center coordinates of X=55 A,
Y=-10 A, Z=20 A to evaluate the STX and LA interactions with P-gp. After the
determination of the P-gp grid box, Autodock Vina was run to perform the molecular
docking experiments, setting the parameter exhaustiveness set to 128. To analyze
the receptor-ligands interactions (Rhodamine 123, verapamil, lipoic acid, saxitoxin,
neo-saxitoxin, and STX+LA interaction) the software LigPlot (Laskowski and
Swindells, 2011) was employed. To prepare all the files, and generate the PDB-input
files for LigPlot, we used a Framework for Virtual Screening (Seus et al., 2015). This
framework allows to configure the experiments on a web interface and download a
python script, which runs the entire experiment including all the modules for

performing Autodock Tools, AutoDock Vina and Ligplot.

2.12 Statistical analysis

Data from each treatment (CTR, CTR DMSO, STX, Al and STX+AL) were
expressed as mean % 1 standard error and analyzed with one-way ANOVA, for each
exposure time (30 min or 24 h). Assumptions of variance homogeneity and normality
were checked and mathematical transformations were applied if at least one of them
was violated. Mean comparisons of treatments were performed using Newman—

Keuls test. A p value lower than 0.05 was considered statistically significant.

3.Results
3.1 Prediction of STX and LA interaction

Three different configurations were analyzed to study the interaction between
STX and LA (Figure S1a-c; supplementary material). The binding energy, charge
transfer, shortest distance between atoms and the HOMO/LUMO difference values
are shown in material supplementary (Table S.1; supplementary material).

The most stable configuration is STX+LA_1, with a binding energy of 0.69 eV,
charge transference from LA to the STX of -0.12e", and the shortest distance of 1.85
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A. Figure S.1 (d) shows the energy levels of the systems studied, as well as the load
plot in HOMO (Figure S.1 (e)) and LUMO (Figure S.1 (f)). The isolated STX
molecule presents a HOMO/LUMO 4.30 eV difference, and LA presents 2.47 eV. In
the interaction between two systems we observed that there is a slight increase in
the HOMO/LUMO difference in relation to the isolated LA. The most stable
configuration (STX+LA_1) has a HOMO/LUMO difference of 2.56 eV. We observed
in the plot of the HOMO charge (Figure S.1 (e)) that the charge is on the sulfur
atoms of LA and on the STX, and LUMO (Figure S.1 (f)) mainly on the sulfur atoms

of LA.

3.2 Effects of STX and LA on cell viability and P-gp activity

Trypan blue exclusion was used to determine the number of viable cells and
the cell viability present in a cell suspension, based on the principle that live cells
possess intact cell membranes that avoid penetration of trypan blue. Proliferation of
HT-22 cells was not affected by any treatment after either 30 min or 24 h (p > 0.05;
Figure 1A). In addition, a decrease (p < 0.05) of HT-22 cell viability by trypan blue
was observed in STX treatment after 30 min exposure (Figure 1B).

Cell viability was determined by MTT assay in presence or absence of
verapamil (VP) to evaluate if the saxitoxin acts as a substrate for the P-gp pump. The
results of cell viability by verapamil are given in Figure 2. HT-22 cells viability was
not affected by any treatment after 30 min exposure (p > 0.05). However, exposure
of HT-22 cells to STX with VP for 24 h decreased (p < 0.05) cell viability, suggesting
that STX is behaving as substrate for the P-gp pump. In contrast, an increase
(p<0.05) in HT-22 cell viability was observed in co-exposure STX+LA with VP when
compared to STX_VP treatment, indicating that LA treatment minimizes STX toxicity
against HT-22 cells. Indeed, exposure of HT-22 cells to LA for 24 h increased (p <

0.05) cell viability, but it was observed a decrease (p < 0.05) in HT-22 cells viability
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after exposure of LA with VP, probably indicating that the solvent used for LA
(DMSO) can promote toxic effect when the P-gp pump is not functional or is inhibited
by VP, for example. Note that the same effects were observed when cells were

exposed to DMSO+VP (Figure 2).

The results of P-gp activity by rhodamine 123 (Rho) dye extrusion are
presented in Figure 3. After 30 min of HT-22 cells exposure, it was observed a
higher (p < 0.05) Rho accumulation in LA, STX, STX+LA and DMSO ctr_VP
treatments when compared to the control group, suggesting possible P-gp activity
inhibition. In contrast, after 24 h of exposure of HT-22 cells, STX treatment induced
P-gp extrusion activity and a decrement (p < 0.05) of accumulated Rho was
observed. Nevertheless, LA treatment was the most efficient to promote P-gp
extrusion activity with a markedly decrease (p < 0.05) of accumulated Rho after 24 h

of exposure. This effect was also observed in the STX+LA treatment (p < 0.05).

3.3 Determination of ROS and oxygen consumption

The results of intracellular concentration of ROS and oxygen consumption by
HT-22 cells are given in Figure 4. ROS intracellular concentration of HT-22 cells was
not affected by treatments after 30 min (p > 0.05) (Figure 4A). After 24 h of exposure
it was observed a decrease (p < 0.05) on ROS concentration in cells from LA and
LA+STX treatments. Figure 4B shows a significant increase (p < 0.05) of oxygen
consumption by STX treatment after 30 min of exposure. In contrast, LA treatment
induced a decrease in the oxygen consumption of cells (p < 0.05) when compared
with DMSO Ctr. This effect was also observed in the STX+LA treatment, but even
more pronounced (p < 0.05). After 24 h exposure, the LA treatment induced an

increase (p < 0.05) in the oxygen consumption of HT-22 cells.

3.4 Concentrations of reduced glutathione (GSH) and levels of protein sulfhydryl
groups (P-SH)
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Results of reduced glutathione (GSH) levels and levels of P-SH in HT-22 cells
are shown in Figure 5. GSH concentration of HT-22 cells was not affected by any
treatment after 30 min (p > 0.05). However, after 24 h of exposure, LA treatment
induced an increased (p < 0.05) GSH concentration (Figure 5A). Levels of P-SH
were not affected by any treatment after 30 min exposure (p > 0.05). In contrast, LA

treatment induced (p < 0.05) higher levels of P-SH in HT-22 cells (Figure 5B).

3.6 Results of molecular docking

The interaction of STX, LA and STX+LA ligands (for the three complexes obtained
from ab initio experiments that were transformed to pdb-format) with P-gp (PDB ID:
4KSB) was evaluated by molecular docking simulations. The ligands names and
binding characteristics are depicted in Table S.2 (supplementary material) and the
final positions of these ligands after docking simulations on the structure of P-gp
protein are shown on Figure 6. In Table S.2 and figure 7 we describe the amino acid
residues of P-gp protein that stablish non bonded and/or H-H bonded interactions
with each ligand. A variety of chemicals have been reported as P-gp substrates, such
as verapamil (VP) and Rhodamine 123 (Rho 123). VP is a potent blocker of P-gp and
Rho 123 is a nontoxic lipophilic cationic fluorescent that allocates in mitochondria and
is efficiently effluxed by P-gp. In this study, VP and Rho 123 were used as control
and both ligands presented a higher estimated free energy of binding and do not
have amino acid residues interacting with P-pg like the other molecules (Table S.2).
A lower FEB was observed for LA (-5.0 Kcal/mol) when compared with the remaining
ligands, but LA has amino acids residues binding sites like verapamil (Figure 7). It
was observed higher FEB value for STX+LA_1 complex when compared to
complexes 2 and 3, LA, STX and Neo-STX ligands alone (Table S.2). STX+LA_1
has amino acids residues binding sites similar to STX (Figure 8). The Neo-STX,
STX+LA 2 and STX+LA_3 showed intermediate values of FEB and have amino
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acids residues binding sites similar to each other (Figure S.2; supplementary

material).

4. Discussion

The brain is an organ with high metabolic demand and STXs are neurotoxins
that have been reported by the ability to block voltage-gated ions channels (Corbel et
al., 2014; Zheng et al., 2015). Indeed, STX has the pharmacokinetics widespread
distribution as neuronal organs, which allows its great ability to cross the BBB
(O’Neill et al., 2016), causing changes in the antioxidant mechanisms, what makes
this organ vulnerable to oxidative stress and affect neurodevelopment in several
organisms (Perreault et al., 2011; Ramos et al., 2016). Multi xenobiotic resistance
(MXR) proteins have been identified in different cell types providing an effective
mechanism in cell defense against accumulation of various xenobiotics (Szewczyk et
al., 2015). In this context, P-gp is an ATP-dependent efflux pump with broad
substrate specificity able to affect the bioavailability, pharmacokinetics and efficacy of
cytotoxic chemicals as cyanotoxins (Contardo-Jara et al., 2008; Subhani et al.,
2015).

Following this idea, defense strategies against oxidative stress play an
important role in neuronal damage. The use of the natural metabolic antioxidant LA
can induce potential protective effects by preventing or slowing down the oxidation
caused by other molecules and increasing the expression of antioxidant enzymes
(Dwivedi et al., 2014; Kling et al., 2014). In this present study, we investigated the
possible cytoprotective effects induced by LA during concomitant exposure to
saxitoxin. The interaction of LA with STXs was evaluated by the density functional
theory, using ab initio simulation. Posteriorly, we have performed modeling of P-gp,
investigated its docking to STX, LA and STX+LA, and relied upon the question that
STX and LA could be P-gp substrates.

Now-a-days, computational models provide fast, inexpensive, and non-
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laborious promising and valuable results (Zhao and Caflisch, 2015). The role of lipoic
acid in the chemoprevention against saxitoxin induced cytotoxicity was evaluated by
bioassays using the hippocampal cell line HT-22. Ab initio results (Figure S.1,
supplementary material) indicated the interaction between LA and STX and the
complex 1 is the more stable configuration, possessing a higher binding energy and
a smaller binding distance among the atoms. The results indicated a weak interaction
between STXs and LA. From the HOMO and LUMO it is observed a small amount of
shared electronic charge between these systems, also corroborating the binding
energy and charge transfer indicating a physisorption interaction method for the STX-
LA complexes.

Studies using in vitro cellular models are important components towards the
understanding of relevant molecular and cellular processes (Alboni et al., 2014; Liu et
al., 2009; Nicolas et al., 2015). In this context, HT-22 murine hippocampal neuronal
cell line possesses important characteristics to investigate neurotoxicity as sensibility
to a variety of metabolites and cholinergic properties (Alboni et al., 2014). Because
this, HT-22 cells are used as a hippocampal cell model to investigate molecular
mechanisms, neurotoxicity induced by xenobiotics, or neuroprotective effects
induced by natural products with potential neuroprotective agents, as lipoic acid
(Nguyen et al., 2014). The results of the Trypan blue assay (Figure 1) demonstrated
that HT-22 proliferation was not affected by any treatment. However, after 30 min, a
significant decrease in the viability of HT-22 exposed to STX treatment was noticed,
a result not observed for STX+LA.

Therefore, there is the possibility that LA may play a role in cytoprotection
against the effects of saxitoxins. Besides that, as the cellular defense mechanism,
the activity of the P-gp pump may be involved in this cytoprotection process.
Although the biological effects of LA have been intensively studied, it is not yet clear
whether the neuroprotective effect of LA against STX in HT-22 cell is mediated by the

P-gp pump activity, or the modulation of the antioxidant defense system. Indeed, the
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results of the cell viability by MTT assay after 24 h of exposure showed a decrease in
HT-22 viability after exposure to STX treatment and in presence of verapamil (Figure
2), indicating that STX is a P-gp substrate. The LA treatment was able to increase
the cell viability and the co-exposure STX+LA minimized the STX toxicity. Different
studies indicate that cyanotoxins, as microcystin and okadaic acid, possess the
ability of inducing P-gp activity (Amé et al., 2009; Contardo-Jara et al., 2008; Ehlers
et al.,, 2014), supporting the hypothesis that P-gp is involved in the excretion of
cyanotoxins.

Recent studies have demonstrated that the cellular Rho 123 accumulation in
the presence or absence of P-gp modulators as verapamil, supply the valuable
information on P-gp presence and activity in different cell lines. In this study, we
demonstrated the P-gp activity by Rho dye extrusion in the HT-22 cells (Figure 3).
After 30 min of exposure it was observed that STX, LA and STX+LA treatments
inhibited P-gp activity. This result fitted with the decrease in cell viability by Trypan
blue assay after STX exposure. On the other hand, after 24 h of the exposure the LA
and STX+LA treatments were the most efficient to promote the extrusion of Rho. This
effect was also observed in the STX treatment, but not as pronounced.

Hence, the presence of P-gp on HT-22 cell line suggests that this protein
protects the hippocampus from environmental neurotoxins. According to Silva et al.
(2014), some physicochemical characteristic features, such as lipophilicity and
hydrogen-bonding ability may contribute to the drug binding ability of the substrate to
P-gp. Indeed, LA has such characteristics and study published by Monserrat et al.
(2014) show modulation of P-gp expression by LA after endosulfan exposure.
Antioxidants as flavonoids and astaxanthin possess protective effects in HT-22
neuronal cells through the direct induction of antioxidant defense system (Cho et al.,
2012; Wen et al., 2015).

Saxitoxins are known to enhance the production of reactive oxygen species
(ROS) and the tight control of ROS levels by antioxidant molecules and detoxifying
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enzymes are important to restore the levels of the antioxidants in cells challenged
with neurotoxins (Corbel et al., 2014; Ramos et al., 2014; Zheng et al., 2015).
Several studies have reported the cytoprotection mediated by LA (Amado et al.,
2011; Astiz et al., 2012; Hiller et al., 2016). For example, LA attenuated homocystein-
induced oxidative stress then reduced human aortic endothelial cells apoptosis and
inflammation (Hu et al., 2016). In this study we observed that, in fact, LA treatment
was efficient to decrease ROS levels (Figure 4A) and that the interaction STX+LA
was able to minimize the STX cytotoxic effects in 24 hr. Regarding this, the in vitro
results corroborate with the semi-empirical evidence demonstrated using the density
functional theory with ab initio simulation.

A study of Ramos et al. (2016) showed that STX increased oxygen
consumption in HT-22 cell line after 30 min and 24 h of exposure, an effect that could
be associated to moderate mitochondrial uncoupling effects. However, the STX+LA
co-exposure decreased oxygen consumption promoted by STX and LA when
incorporated separately as HT-22 cell treatments after 30 min of exposure (Figure
4B). The increase in O, consumption, which was observed in the LA treatment, can
be related to the ATP required during the synthesis of the antioxidant glutathione.

Glutathione (GSH) is the principal low molecular weight thiol antioxidant and
the co-substrate for a variety of antioxidant and detoxifying enzymes (phase Il
reactions) particularly abundant in animal tissues (Pamplona and Costantini, 2011).
Low GSH levels adversely affects cellular thiol redox balance and increasing GSH
confers enhanced protection against oxidative stress (Kutter et al., 2014). The Nrf-2
protein (nuclear factor erythroid 2-related factor 2) is a transcription factor of the
“‘leucine zipper” family and interacts with the Response Element Antioxidant (ARE),
present in the promoter region of genes encoding antioxidant enzymes, including the
limiting enzyme for GSH synthesis, glutamate cysteine ligase (Dérsam and Fahrer,
2016; Kitter et al., 2014; Gorgca et al., 2011; Pamplona and Costantini, 2011).

In fact, we observed an increase of GSH levels after 24 h by LA treatment
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(Figure 5A). It is also important to note that for a synthesis of GSH it is necessary
spend two ATP molecules per GSH molecule produced and an increase of oxygen
consumption is expected for ATP synthesis, as after in HT 22 cells after 24 h
exposure to lipoic acid. In addition, after 24 h of exposure, LA seems to contribute to
the maintenance of a reduced redox state, as shown for the higher levels of protein
sulfhydryl groups observed in HT-22 cell exposed with LA (Figure 5B). Indeed, some
authors propose that the sulfhydryl-rich inhibitory protein (Keap1) could act as a
sensor to change the redox state of the cell, releasing the transcription factor Nrf-2
when the sulfhydryl groups become oxidized, forming disulfide bonds (Hellou et al.,
2012; Pamplona and Costantini, 2011; Pilar Valdecantos et al., 2015). Overall, the
obtained results agree with the expected molecular relationship between the
presence of antioxidants such as LA and regulation of several endogenous
antioxidant components through the Keap1-Nrf2 pathway, that in turn contribute as
an important mechanism of defense against free radicals (Enamorado et al., 2015;
Katter et al., 2014).

Recently, researches have been directed to the understanding of the
environmental relevance of P-gp in different organism exposed to a variety of natural
and anthropogenic chemicals, many of which are potent neurotoxins with take action
in the central nervous system (CNS) (Kennedy et al., 2014). P-gp presents wide poly-
specificity, able to identify a number of hydrophobic compounds of different sizes
(300-4000 Da) (Aller et al., 2009). P-gp consists of two pseudo symmetric halves,
each containing a nucleotide-binding domain (NBD) and a transmembrane domain
(TMD) (Ward et al.,, 2013). Hydrolysis of ATP induces P-gp to undergo a large
conformation, able to alter the TMD from opening to the cytoplasm to opening to the
extracellular space conformations (McCormick et al., 2015; Ward et al., 2013).

In virtue of these facts, molecular docking experiments were performed to
identify potential binding sites for P-gp and widely known transports of unspecific
modulators as VP and Rho 123 were used. Most of ligands were located in TMD

55



where there is an overlap of amino acid residues between the ligands (Figure 6).
Indeed, TMDs are arranged together to form a large highly hydrophobic cavity that
could accommodate multiple substrates while the NBDs are highly conserved
regions, and are sites of ATP binding/hydrolysis (Prajapati and Sangamwar, 2014).
When more than one substrate binds to P-gp, conformational changes can occur in
the transmembrane helices that may induce a dynamic way in the flexibility and
plasticity of substrates binding to P-gp, possibly altering the affinity of the ligands with
the P-gp protein (McCormick et al., 2015; Ward et al., 2013; Wise, 2012).
Furthermore, the same ligand with P-gp binds on up to several different sites
of its surface, hence P-gp has to adapt the specific size and binding properties of the
certain ligand (Mukhametov and Raevsky, 2017). Indeed, our molecular docking
results demonstrated that modulators such as Rho and VP were identified at far P-gp
binding sites (Figure 6). Although the amino acids residues interaction is not the
same found described in previous reports, they are in places very close to those
already described (see Table S.2, Figure S$1). For example, McCormick et al. (2015)
observed that the residues W232, F303, Q725, Q990, and F770 interacted with the
VP and that the residues 1302, F728,Y307, F343, and V982 interected with the
Rho123 in the X-ray structures of mouse P-gp and generally VP and Rho 123 ligands
interacted with non-polar and aromatic residues. In our molecular docking results the
residues W228, F299, Q721, Q986, and F766 interacted with the VP and the
residues 1302, F728, Y306, and V978 interacted with the ligand Rho123. Besides, the
hightest estimated the FEB to Rho123 (-9.1 Kcal/mol™) and at its site of interaction
with P-gp no other ligand of interest was observed, possibly because the Rho123
binding site is not competitive. It has been proposed that P-gp has multiple drug
binding sites with different specificity (Li et al., 2014; McCormick et al., 2015). Indeed,
different reports show P-gp contains 2 different sites for site binding (site H) and
transport (site R) of drugs. For example, rhodamine binds to site R, whereas Hoechst
33342 and the antioxidant quercetin binds to site H (Chufan et al., 2013). It was
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observed that the FEB for VP (-7.6 Kcal/mol) was different from that to LA (-5.0
Kcal/mol), although both interacted with some equals residues of P-gp, sharing a
similar binding site (Figure 7).

The verapamil is a pharmacologically active substance and have the ability to
P-gp inhibit, acting as P-gp modulator (Amin, 2013). In contrast, LA is considered as
an "universal antioxidant" with chemo and neuroprotective capacity (Kling et al.,
2014; Kutter et al., 2014; Monserrat et al., 2008). Our results suggest that VP and LA
interact with similar residues occurring at the same point of attachment but present
distinct functional effects: verapamil acts by blocking the P-gp pump whereas LA
induces P-gp activity. This result is in accordance with the results observed in the in
vitro experiments, in which the lipoic acid efficiently promoted rhodamine extrusion.
In brief, the results of our research permit to propose different sites binding (site H)
and transport (site R) to Rho, VP and LP. Indeed, possible Rho binds to site R
whereas VP and LA binds to site H. Therefore, LA possible can be act as P-gp
substrate establishing two types of response: (1) short-term: LA induces the
activation of P-gp and facilities the extrusion of Rho; (2) long-term: LA induces the
gene expression of genes associated with the antioxidant defense system, increasing
GSH concentration. Both kind of responses should minimize STX toxicity.

In our molecular docking study, we use STX and NeoSTX. These STX
analogues present a varied toxicity due to side chain residues such as hydroxyl,
sulfate and carbamoyl (Ramos et al., 2014). These molecules are not sulfated and
while that STX have hydrogen atom on radical 1, NeoSTX have a hydroxyl radical on
radical 2. The presence of hydrogen or the hydroxyl radical modifies the affinity of the
toxin and consequently the toxicity (O’Neill et al., 2016). Two different binding sites to
STX and NeoSTX can be indicate that STX and NeoSTX are P-gp substrate (Table
S.2; Figure 1c, g, h). The binding site for STX and STX+LA_1 are located in TMD2
region of P-gp, FEB values to STX (-6.1 Kcal/mol) were close to STX+LA_1 (-6.5
Kcal/mol) and both interacted with some equals residues of P-gp (N838, L839, L858,
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G842, and V861), sharing a similar binding site (Figure 9). In addition, STX
interacted with residue A976, implicated in the binding of the non-competitive
substrates as colchicine (Subramanian et al., 2016). The STX+LA_1 was the most
stable complex according to the ab initio simulation. Indeed, some of the effects
commented in the in vitro assays showed that the STX+LA interaction treatment
reduced the deleterious effects caused only by STX. Probably, the presence of
hydroxyl radical or hydrogen proton was determinant to the position-binding site in P-
gp. In contrast, the opposite position-binding site was observed for NeoSTX (FEB: -
6.4 Kcal/mol) which was near to STX+LA_2 and STX+LA_3 (FEB: -6.2 Kcal/mol)
(Table S.2; Figure S.2) and both interacted with some equals residues of P-gp
(W132, K930, D882, A879, N179) sharing a similar binding site. The binding site to
NeoSTX and STX+LA 2, STX+LA_3 are located in TMD1 in P-gp. In addition,
NeoSTX interacted with residue Q132, it described as previous reports as amino acid

residues of substrate transport (Subramanian et al., 2016).

5. Conclusions

This present study evidentiates, by means of ab initio simulations, that the
LA-STX interaction occurs by physisorption processes which are capable of mitigate
the toxic effects caused by exposition to STXs. LA and STX + LA reduced the
cytotoxic effects of STX. Besides that, it was observed the presence of p-glyprotein in
hippocampal cell line HT-22, since both STX and STX-LA treatments were efficiently
to induce P-gp extrusion activity by Rho 123 dye extrusion, as for low levels of ROS
and oxygen consumption. By the other hand, the LA treatment induced an increase
in oxygen consumption which is linked to the increase of the antioxidant glutathione
and the levels of protein sulfhydryl groups. Molecular docking suggests that P-
glycoprotein is present in hippocampal cell line HT-22 and is involved in the defense

system against xenobiotics. In fact, we were able to demonstrate that STX acts as a
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substrate of P-gp. In addition, LA may play a role as a modulator for P-gp. The
results obtained in vitro corroborate the semi-empirical evidence found using density

functional theory ab initio simulation and molecular docking.
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Figure 1: Viable cell number and cell viability (%) of HT-22 cells assessed by Trypan
blue exclusion assay. Analyses were performed after exposures of 30 min (white
bars) and 24 h (blue bars). (A) Viable cell number and (B) Cell viability (%). CTR:
control group, DMSO CTR: DMSO control group, STX: Saxitoxin (200 ug/L), LA:
Lipoic acid (50 yM), STX+LA: saxitoxin with lipoic acid. Data are expressed as mean
+ standard error of 3 independent experiments (n=6 for each experiment). Equal

letters indicate absence of significant difference (p>0.05) at each time.
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Figure 2: HT-22 cells proliferation measured by the 3(-4,5-dimethylthiazol-2-yl)-2,5-
difenyltetrazolium (MTT) assay in presence or absence of verapamil. Analyses were
performed after 30 min (white bars) and 24 h (green bars). CTR: control group,
DMSO CTR: DMSO control group, STX: Saxitoxin (200 ug/L), LA: Lipoic acid (50

M), STX+LA: saxitoxin with lipoic acid. Data are expressed as mean % standard
error of 3 independent experiments (n=7 for each experiment). Equal letters indicate
absence of significant difference (p>0.05) at each time.
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Figure 3: Evaluation of P-gp activity by Rhodamine 123 (Rho) dye extrusion in the
HT-22 cell line after exposure of 30 min (white bars) and 24 h (orange bars). CTR:
control group, DMSO CTR: DMSO control group, STX: Saxitoxin (200 pug/L),
LA:Lipoic acid (50 uM), STX+LA: saxitoxin with lipoic acid. Data are expressed as
mean * standard error of 3 independent experiments (n=4 for each experiment).

Equal letters indicate absence of significant difference (p>0.05) at each time.
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Figure 4: Intracellular reactive oxygen species (ROS) and Oxygen consumption in
HT-22 cells. A) ROS concentrations in HT-22 cells after exposures of 30 min (white
bars) and 24 h (ice bars). CTR: control group, DMSO CTR: DMSO control group,
STX: Saxitoxin (200 ug/L), LA: Lipoic acid (50 uM), STX+LA: saxitoxin with lipoic
acid. B) Oxygen consumption in HT-22 cells after 30 min (white bars) and 24 h
(magenta bars) exposure. CTR: control group, DMSO CTR: DMSO control group,
STX: Saxitoxin (200 ug/L), LA: Lipoic acid (50 uM), STX+LA: saxitoxin with lipoic
acid.
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Concentrations of reduced glutathione (GSH) and levels of protein

sulfhydryl (P-SH) in HT-22 cells. A) GSH concentration (UM of GSH/mg protein) in
HT-22 cells after 30 min (white bars) and 24 h (yellow bars) exposure. B) Levels of P-
SH in HT-22 cells after 30 min (white bars) and 24 h (purple bars) exposure. CTR:
control group, DMSO CTR: DMSO control group, STX: Saxitoxin (200 ug/L), LA:

Lipoic acid (50 yM), STX+LA: saxitoxin with lipoic acid. Data are expressed as mean

+ standard error of 3 independent experiments (n=7 for each experiment). Equal

letters indicate absence of significant difference (p>0.05) at each time.
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o

Figure 6. Cartoon representation of general docking results designed using Open-
Sourse Pymol 1.7.x show in A) X-ray pdb crystallographic structure of glycoprotein P.
B) and C) general superimposed docking poses of the evaluated ligands in the active
binding site of glycoprotein P. Individual docking images of the glycoprotein P active
binding site for D) rhodamine 123 (yellow), E) verapamil (green), F) Lipoic acid
(blue), G) STX (light blue), H) Neo-STX (red). Active binding site for Complexes of
STX_AL like 1) STX_AL 1 (violet), J) STX_AL 2 (purple), and K) STX_AL 3 (orange).
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Figure 7. Interaction between lipoic acid and verapamil. A) Cartoon representation of
superimposed docking poses of verapamil (green) and lipoic acid (blue) at the same
biophysical environment from the glycoprotein P active binding site. B) and C) show
details of individual docking images linked to Lig-Plot analyze from the relevant
residues in glycoprotein P active binding site for hydrogen bond, hydrophobic

interactions of verapamil (green) and lipoic acid (blue).
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Figure 8. Interaction between lipoic acid and verapamil.A) Cartoon representation of
superimposed docking poses of STX (light blue) and STX_AIl 1 (violet) at the same
biophysical environment from the glycoprotein P active binding site. B) and C) show
details of individual docking images linked to Lig-Plot analyze from the relevant
residues in glycoprotein P active binding site for hydrogen bond, hydrophobic
interactions of STX (light blue) and STX_AI 1 (violet).
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Supplementary material:

Table S.1: Binding energy, shortest distance, and charge transfer between STX and

LA for all the studied systems

Configuration Binding Charge transfer Shortest HOMO / LUMO
energy (eV) (e)* distance (A) difference (eV)

LA - - - 2.47

STX - - - 4.30

STX+LA_1 0.69 -0.12 1.85 2.56

STX+LA_2 0.25 -0.14 2.39 2.46

STX+LA_3 0.55 -0.04 2.24 2.79

*Negative charge transfer indicates lipoic acid to STX

STX = saxitoxin; LA = Lipoic acid; STX_LA = interaction between saxitoxin
and lipoic acid

Table S.2: Complexes of ligands with the structure of P-gp

FEB BINDING SITE RESIDUES BINDING SITE RESIDUES
LIGANDS
(KCAL/MOL) (NON BONDED) (H-H BONDED)
Rhodamine 123 93 F974, F724, F332, Y306 S333, 7329
Verapamil 76 W228, AB30, F299, F773, F833, F766, Q721, Q986, Q769 S762
Lipoic Acid 5.0 1302, F728, Y306, V978, A830, F773, F833, Q986, Q769 ~  —eomrmemeees
Saxitoxin 6.1 N838, L839, L858, G842, V861 N838, S846
STX+AL 1 6.5 N838, L838, L839, L858, G842, V861 N838, S846
Neo-Saxitoxin 6.4 W132, K930, D882, A879 E180, K883, S176
STX+AL 2 6.2 W132, K930, A879, F934, N179 E180, N179, W132
STX+AL 3 6.2 W132, K930, A879, N179 E180, N179, W132
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Figure S.2: a) Cartoon representation of superimposed docking poses of Neo-STX
(red), complexes of STX_AL 2 (orange) and STX_AL 3 (violet) at the same
biophysical environment from the glycoprotein P active binding site. S.2b), S.2¢) and
S.2d) show details of individual docking images linked to Lig-Plot analyze from the
relevant residues in glycoprotein P active binding site for hydrogen bond,
hydrophobic interactions of Neo-STX (red), complexes of STX_AL 2 (orange) and
STX_AL 3 (violet).
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4. DISCUSSAO GERAL

A qualidade da agua ambiental € um dos principais problemas de saude
publica a nivel mundial. As saxitoxinas sao potentes neurotoxinas que
bloqueiam os canais dependentes de voltagem, inibindo a propagacédo do
impulso nervoso (CORBEL; MOUGIN; BOUAICHA, 2014; D‘'MELLO et al.,
2017). Associado a este fato, STXs induzem citotoxicidade por meio da
geracéo de espeécies ativas de oxigénio, sendo altamente tdxicas para células
de mamiferos, incluindo células cerebrais como as do hipocampo (O’NEILL;
MUSGRAVE; HUMPAGE, 2016; ONDRUS et al., 2012a; SILVA et al., 2014).

Frente a uma situagdo pré-oxidante, o estudo de estratégias de
quimioprevencao contra os efeitos toxicos das STXs é indispensavel. O AL e
sua forma reduzida acido dihidrolipdico (DHLA), formam um potente par redox
com fungdes antioxidantes, como interceptar EAO tanto em ambientes aquosos
quanto em ambientes lipidicos (DORSAM; FAHRER, 2016) outra consideragéo
importante € quanto aos nanomateriais.

Apesar de caracteristicas atraentes dos nanotubos de carbono (NTCs)
que |he confere grande potencial para aplicagdes biomédicas, questdes sobre
a potencial toxicidade dos NTCs para os seres humanos e ambientes foram
questionadas em muitos trabalhos (APUL; KARANFIL, 2015; KESHARWANI;
MISHRA; JAIN, 2015). Os NTCs sao considerados adsorventes promissores
em virtude da sua alta hidrofobicidade associada a sua elevada area
superficial, podendo causar o efeito “Cavalo de tréia”, facilitando a entrada de
moléculas téxicas quando adsorvidas por nanomateriais (AZEVEDO COSTA et

al.,, 2012; BRITTO et al., 2015; CANESI; CIACCI; BALBI, 2015; CHAO et al.,
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2009), mas ao mesmo tempo esta caracteristica pode ser uma vantagem se
utilizado em processos de remediagao.

Diante do que foi exposto acima, a presente Tese teve como objetivo
verificar estratégias que minimizam os efeitos gerados pelas saxitoxinas. O
primeiro artigo teve como objetivo avaliar a possivel interagdo das saxitoxinas
com SWCNTs (pristino e carboxilado) por meio de ensaios in silico, envolvendo
simulagao ab initio, e ensaios in vitro utilizando a linhagem hipocampal HT-22.
Enquanto que o segundo manuscrito teve como o objetivo verificar estratégias
de quimioprevencdo mediada acido lipdico frente a toxicidade induzida pelas
STXs, utilizando ensaios in silico, incluindo simulagdo ab initio e docagem
molecular, e ensaios in vitro utilizando a linhagem hipocampal HT-22

Os resultados do primeiro artigo demonstraram que a STX interage com
SWCNTs (pristino e carboxilado) por fisisorgdo. A presenga do grupo carboxila
em SWCNTs altera a direcdo da transferéncia de carga, e este efeito pode
alterar significativamente o ambiente biologico das nanoestruturas. De fato,
trabalhos demonstram que o grau de funcionalizagdo de um nanomaterial pode
interferir na sua toxicidade (CANESI; CIACCI; BALBI, 2015) e os resultados
obtidos nos ensaios in vitro vdo ao encontro deste resultado. A citotoxicidade
exercida pelos NTCs é ainda um assunto controverso. Alguns autores sugerem
que NTCs podem interferir na interpretacdo de viabilidade do ensaio, ja que
sdo0 capazes de reagir com varios corantes comumente usados para avaliar
citotoxicidade (HU et al., 2010) como o MTT por exemplo, mas outros relatérios
indicam que a ligagdo do NTC com formazam é desprezivel e n&o influencia
nos resultados (FIRME; BANDARU, 2010; LANONE et al.,, 2013). Nesse

sentido, diferentes medidas de viabilidade celular foram utilizadas. Os ensaios
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in vitro que mediram a viabilidade celular por meio do ensaio MTT
demonstraram que a interagdo SWCNT+STX diminuiu a viabilidade celular de
HT-22, mas em contrapartida, ndo foram observadas diferengas significativas
entre os tratamentos na viabilidade celular pelo método de exclusdo por azul
de tripan.

SWCNT pristino e carboxilado demonstraram um padrdo claramente
diferente de interacdo com a STX em relagao a produgao de espécies ativas de
oxigénio. Enquanto que a interagdo SWCNT+STX induziu um efeito sinérgico,
a interacdo SWCNT-COOH+STX induziu um efeito antagonista. Esses
resultados estdo relacionados com o possivel efeito “Cavalo de Troia” dos
nanomateriais, que quando adsorvidos por xenobidticos para dentro da célula,
podem induzir efeitos aditivos, sinérgicos ou antagonicos (AZEVEDO COSTA
et al., 2012; BRITTO et al., 2015; CANESI; CIACCI; BALBI, 2015; FERREIRA
et al., 2014).

A atividade mitocondrial requer a interacdo equilibrada entre muitas
proteinas mitocondriais criticas no metabolismo aerodbico, incluindo a citocromo
C, que € um componente chave da respiracdo mitocondrial no transporte de
elétrons e no metabolismo celular. Além disso, desempenha um importante
papel liberacdo de EAO (HANSEN; GO; JONES, 2006; LI et al., 2013). Os
resultados de consumo de oxigénio demonstram que células HT-22 tratadas
com STX consumiram oxigénio de maneira significativamente superior em
ambos os tempos de exposicdo, e a interagdo de SWOCNT (pristino e
carboxilado) com STX foram eficientes em minimizar o efeito induzido pela
toxina em forma isolada. De fato, a exposicdo por STXs pode alterar o

metabolismo celular e 0 aumento do consumo de oxigénio pode estar envolvido
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com a sintese de ATP, molécula requerida para induzir o sistema de defesa
antioxidante, como por exemplo, sintese do antioxidante GSH e para o
funcionamento da P-gp como visto posteriormente.

O segundo manuscrito, teve como objetivo verificar estratégias de
quimioprevenc¢ao mediada pelo acido lipdico frente a toxicidade induzida pelas
STXs, demonstraram que nos resultados da simulagcdo ab initio que a STX é
capaz de interagir com o acido lipdico por meio de fisisorgdo. Resultados
semelhantes foram encontrados na interagdo entre STX e SWCNT pristino e
carboxilado. A STX é caracterizada como uma molécula altamente polar e
estavel em solucdo, facilitando assim, sua interagcdo fisico-quimica com
SWCNT pristino e carboxilado, que apresentam grande capacidade de
adsorgao, como também com o antioxidante acido lipdico.

Os resultados de viabilidade celular e de concentracdo de EAO de maneira
geral demonstram que uma concentracdo de 200 pg/L de STXs n&o é capaz
por si s6 de induzir um efeito citotoxico na célula. Este resultado sugere que a
linhagem hipocampal HT-22 pode apresentar uma quantidade inferior de
canais idnicos dependentes de voltagem descritas em outros tipos de linhagem
celulares (NICOLAS et al.,, 2015a, 2015b), e sendo assim, a toxina n&o
consegue exercer seu mecanismo de acdo. No entanto, ndo pode ser
descartada a hipotese de que algum mecanismo poderia estar protegendo as
células ou fazendo a extrusdo da toxina, impedindo que a mesma exerca 0s
efeitos toxicos na linhagem hipocampal HT-22.

O antioxidante glutationa desempenha um papel critico na defesa
contra a geracdo de estresse oxidativo por xenobidtiocos, como as

cianotoxinas (AMADO; MONSERRAT, 2010) mais notavelmente no sistema
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nervoso central (VALDOVINOS-FLORES; GONSEBATT, 2012) e o par GSH
(glutationa reduzida)/GSSG (glutationa oxidada) atua na manutengdo do
ambiente redox da célula (HELLOU; ROSS; MOON, 2012). Uma importante
caracteristica do AL é a capacidade de controlar a migracdo do fator
transcripcional Nrf2 do citoplasma para o nucleo, ativando genes associados a
defesa antioxidante. Devido seu potencial de redox, o DHLA é capaz de reduzir
a GSSG a GSH, regenerando antioxidantes celulares (KORIYAMA et al., 2013;
PILAR VALDECANTOS et al., 2015; ZHANG et al., 2010). Neste trabalho, os
resultados mostram claramente que o AL induziu um aumento dos niveis de
GSH apods 24 horas de exposicdo. A sintese de GSH envolve o consumo de
ATP, e consequentemente para a sintese de ATP & necessario maior consumo
de oxigénio. De fato, foi observado nas células tratadas com AL, apos 24
horas de exposicdo, um aumento do consumo de oxigénio. Este aumento
parece estar claramente associado ao aumento dos niveis de GSH observados
para AL. Sendo assim, O AL parece contribuir para a manutengcédo de um
estado redox reduzido, ja que niveis mais elevados de grupos sulfidrila de
proteina observados em células HT-22 expostas com AL. De fato, alguns
autores propdem que a proteina inibitéria rica em grupos sulfidrila (Keap1)
possa atuar como um sensor para alterar o estado redox da célula, libertando o
fator de transcricdo Nrf-2 quando os grupos sulfidrila se oxidam, formando
ligagbes dissulfeto (HELLOU; ROSS; MOON, 2012; PAMPLONA,;
COSTANTINI, 2011b; PILAR VALDECANTOS et al., 2015) e que o AL é capaz
de induzir a transcricdo génica de genes associados a atividade antioxidante
(KORIYAMA et al., 2013; PILAR VALDECANTOS et al., 2015). Em geral, os

resultados obtidos vao ao encontro da relacdo molecular esperada entre a
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presengca de antioxidantes como AL e a regulagdo de varios componentes
antioxidantes endogenos através da via Keap1-Nrf2, que por sua vez
contribuem como importante mecanismo de defesa contra radicais livres.

Uma hipotese € que o mecanismo responsavel pela falta de efeitos téxicos
induzidos pelas STXs poderia estar relacionada com a presenga da P-gp na
linhagem HT-22. Ndo existe até o momento na literatura, trabalhos que
demostrem a presenca de P-gp e sua atividade na extrusdo de xenobidticos na
linhagem hipocampal HT-22. De fato, o ensaio de viabilidade celular por MTT
utilizando o verapamil (VP), um potente bloqueador da P-gp associado ao
ensaio de acumulagédo de rodamina 123 (Rho 123), demonstraram que a P-gp
estd presente na linhagem hipocampal HT-22, ja que na presenga do
bloqueador VP, foi observado uma diminuicdo da viabilidade nas células
expostas as STXs, demonstrando assim, que a STX atua, de fato, como um
substrato para a P-gp. Além disso, pode ser constatado que a interagdo
STX+AL minimiza os efeitos gerados pelas STXs.

O ensaio de acumulacdo de Rho 123 fornece uma importante informacéao
acerca dos tempos de exposicdo. Foi verificado que apds 30 minutos de
exposicao as células, HT-22 expostas aos diferentes tratamentos (STX, AL e
STX+AL) apresentaram acumulo de Rho 123 elevado, sugerindo que: (1) a P-
gp pode estar com seu funcionamento alterado ou (2) P-gp esta ocupada com
outro substrato. De fato, no caso do tratamento com o acido lipdico, a P-gp
parece estar envolvida na extrusdo do solvente DMSO utilizado para dissolver
o acido lipdico e, desta maneira, favorecer um maior acumulo de Rho 123.
Apos 24 horas de exposicado, houve uma diminuicdo do acumulo de Rho 123

nos diferentes tratamentos (STX, AL e STX+AL), e um aumento da capacidade
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de extrusdo foi observado, sugerindo que: (1) STX, Al e STX+AL, estdo
ativandoo funcionamento da P-gp, ou (2) STX e Al podem estar induzindo o
aumento expressao génica da P-gp e sua consequente sintese.

E de consenso que a P-gp desempenha um importante papel fisiolégico
na protegcdo de orgaos susceptiveis como o cérebro (SILVA et al., 2015). Os
resultados in vitro de viabilidade e de extrusdo de Rho 123 demonstraram que
as STXs modulam a atividade da P-gp na linhagem hipocampal HT-22. Por
esse motivo, o docking molecular foi utilizado no nosso trabalho com o objetivo
confirmar a hipétese de que a atenuagao dos efeitos toxicos das STXs na
linhagem hipocampal HT-22, previamente demonstrados pelos ensaios in vitro.
A estrutura da proteina P-gp de Mus musculus foi obtida a partir dos bancos de
dados de proteina (PDB) identificada como 4KSB, além disso, a estrutura dos
ligantes STX, Neo-STX, AL foram obtidos a partir do PubChen e a interagao
STX+AL, foi obtida a partir dos ensaios de simulagdo ab initio. Resultados
mostraram que a P-gp consiste em duas metades pseudo-simétricas, cada
uma contendo um dominio de ligacdo a nucledtidos (NBD) e um dominio
transmembranar (TMD) (WARD et al.,, 2013). A maioria dos ligantes foi
localizada na regido de TMD. Foi observada energia de ligacao livre (FEB)
estimada para Rho123 (-9,1 Kcal / mol) e no seu local de interagdo com P-gp
nao foi observado nenhum outro ligante de interesse. A FEB para VP (-7,6 Kcal
/ mol) era diferente da de AL (-5,0 Kcal / mol), embora ambos interagissem com
alguns residuos iguais de P-gp, compartihando um sitio de ligacéo
semelhante. Os resultados sugerem que VP e AL interagem com residuos
semelhantes ocorrendo no mesmo ponto de fixagdo, mas apresentam efeitos

funcionais distintos: o VP age bloqueando a bomba de P-gp enquanto que AL
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induz atividade de P-gp. Este resultado estda de acordo com os resultados
observados nos experimentos in vitro, nas quais o AL promoveu eficientemente
a extrusao de Rho 123. Estes resultados permitem propor diferentes locais de
ligagéo (local H) e transporte (local R) para Rho, VP e AL. Possivelmente a Rho
123 interage com residuos de aminoacidos no local R, enquanto que VP e AL
se ligam ao local H. Por conseguinte, foi possivel inferir que o AL pode agir
como modulador da P-gp estabelecendo dois tipos de resposta: (1) a curto
prazo: Induz a ativagdo de P-gp e facilitando a extrusdo de Rho 123; (2) a
longo prazo: Induz a expressdo génica de genes associados ao sistema de
defesa antioxidante, aumentando a concentragao de GSH, como foi observado
nos ensaios apos 24 horas de exposicao. Ambos os tipos de respostas podem
minimizar a toxicidade STX.

Os analogos STX e Neo-STX apresentam uma toxicidade variada
devido a diferenca de residuos da cadeia lateral (RAMOS et al., 2014). A
presenca de hidrogénio presente no radical da STX e o radical hidroxila,
presente do radical de Neo-STX modifica a afinidade da toxina e
consequentemente a toxicidade (O’NEILL; MUSGRAVE; HUMPAGE, 2016).
Dois locais de ligagdo diferentes para STX e Neo-STX foram observados nos
ensaios de docking, indicando que STX e Neo-STX s&o substrato de P-gp,
assim como as interagdes STX+AL. Os valores de FEB para STX (-6,1 Kcal /
mol) estavam proximos de STX + LA 1 (-6,5 Kcal / mol), complexo mais
estavel de acordo com a simulacao ab initio, e ambos interagiram com alguns
residuos iguais De P-gp (N838, L839, L858, G842 e V861). De fato, alguns dos
efeitos comentados nos ensaios in vitro mostraram que o tratamento de

interacdo STX + LA reduziu os efeitos deletérios causados apenas pela STX.
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Provavelmente, a presenga de radical hidroxil ou hidrogénio foi determinante
para o local de ligacdo de posi¢cdo na P-gp. Em contraste, observou-se o sitio
de ligagcédo da posicédo oposta para NeoSTX (FEB: -6,4 Kcal / mol) que estava
proximo de STX + LA 2 e STX + LA_3 (FEB: -6,2 Kcal / mol) .2) e ambos
interagiram com alguns residuos iguais de P-gp (W132, K930, D882, A879,
N179) partilhando um sitio de ligagdo semelhante. O acoplamento molecular
sugere que a P-gp esta presente na linhagem de células do hipocampo HT-22
e esta envolvida no sistema de defesa contra xenobidticos. De fato, a STX atua
como um substrato de P-gp e o AL pode desempenhar um papel como um
modulador para a P-gp. A utilizagdo de respostas bioldgicas associados a
técnicas de modelagem computacional fornecem uma ampla gama de
evidencias e interpretacdes. Em ambos os trabalhos foi possivel demonstrar
que os resultados obtidos in vitro corroboram a evidéncia semi-empirica
encontrada utilizando-se a teoria funcional da densidade de simulagao ab initio

e acoplamento molecular.
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