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RESUMO

Os astrocitos sdo células conhecidas por sua capacidade dinamica e versatilidade, participando
ndo somente da manutencao da homeostase cerebral em condigdes fisiologicas, mas também
respondendo em condigdes patologicas, como por exemplo, na encefalopatia hepatica (EH).
Esta patologia neuroldgica esta associada principalmente a hiperamonemia, decorrente de uma
faléncia hepatica aguda ou cronica. A toxicidade da amonia no sistema nervoso central (SNC) ¢
mediada por uma série de alteragdes celulares e metabolicas, principalmente nas células
astrogliais. Nesse sentido, a busca por moléculas com potencial terapéutico no SNC ¢
extremamente relevante. Trabalhos do nosso grupo mostraram que o resveratrol e o acido
lipoico, duas moléculas conhecidas pelos seus efeitos antioxidantes, modulam importantes
funcdes gliais, relacionadas principalmente ao metabolismo glutamatérgico, a defesa
antioxidante e a resposta inflamatéria. Neste sentido, esta tese teve como objetivo avaliar os
efeitos do resveratrol e do acido lipoico em células astrogliais e neuronais expostas & amonia,
assim como seus possiveis mecanismos protetores. Primeiramente, nds observamos que o
resveratrol e o acido lipoico foram capazes de prevenir as alteragdes induzidas pela amonia em
células astrogliais C6, sobre parametros do metabolismo glutamatérgico, dentre os quais
podemos destacar a captagdo de glutamato, a atividade da enzima glutamina sintetase (GS) e o
conteudo de glutationa (GSH). Além disso, o acido lipoico também exerceu um efeito anti-
inflamatorio nestas células, prevenindo a liberagdo de citocinas pro-inflamatorias (TNFa, IL-
1B, IL-6, IL-18) e da proteina S100B, através da diminui¢ao da ativagdo do fator de transcri¢ao
NF«kB. Noés também verificamos que a maioria dos efeitos protetores do resveratrol e do acido
lipoico foram dependentes da heme oxigenase 1 (HO1), uma enzima associada com a defesa
celular em situagoes de estresse. Por fim, foram avaliados os efeitos do resveratrol e do acido
lipoico sobre células neuronais expostas a amonia. Novamente, ambos apresentaram um efeito
benéfico, prevenindo tanto o aumento da producdo de espécies reativas de oxigénio (ERO)
quanto a diminui¢do do conteudo de GSH induzidos pela amdnia. Nas células neuronais, a
proteina HO1 também participou dos efeitos protetores do resveratrol e do 4cido lipoico. Em
conjunto, esses resultados nos mostram que o resveratrol e o acido lipoico sdo capazes de
modular positivamente o funcionamento tanto de células astrogliais quanto de células neuronais
em situagdes de hiperamonemia, compartilhando também alguns mecanismos de a¢do, como a
inducdo da HO1. Este estudo in vitro sugere que o resveratrol e o 4cido lipoico sdo potenciais
agentes terapéuticos para doencas do SNC, as quais envolvam producao de espécies reativas e

resposta inflamatoria, como a EH.



ABSTRACT

Astrocytes are dynamic and versatile cells which participate in the maintenance of brain
homeostasis in physiological conditions and also in response to pathological conditions, such as
hepatic encephalopathy. This neurological disease is mainly associated with hyperamonnemia,
resulting from acute or chronic liver failure. Ammonia toxicity in the central nervous system
(CNS) is mediated by several cellular and metabolic alterations, primarily in astroglial cells. In
this sense, the search for molecules with therapeutical potential for CNS becomes highly
relevant. Our group has shown that resveratrol and lipoic acid, two molecules known for their
antioxidant activities, are able to modulate important glial functions mainly related to glutamate
metabolism, antioxidant defense and inflammatory response. In this sense, this study aimed to
evaluate the effects of resveratrol and lipoic acid in astroglial and neuronal cells exposed to
ammonia, as well as their possible protective mechanisms. Firstly, we observed that resveratrol
and lipoic acid were able to prevent ammonia-induced alterations in C6 astroglial cells
functioning, such as glutamate uptake, glutamine synthetase (GS) activity and intracellular
GSH content. Moreover, lipoic acid also exerted an anti-inflammatory effect in C6 astroglial
cells, preventing the ammonia-stimulated release of pro-inflammatory cytokines (TNF, IL-1,
IL-6, IL-18) and S100B protein, by decreasing the activation of the transcription factor NFxB.
We also verified that the most protective effects of resveratrol and lipoic acid involved the
heme oxygenase 1 (HO1), an enzyme associated with protection against stressful conditions.
Finally, we evaluated the effects of resveratrol and lipoic acid on neuronal cells exposed to
ammonia. Again, both showed beneficial roles, preventing the increase of reactive oxygen
species (ROS) and decrease of GSH content induced by ammonia. In neuronal cells, HO1 also
mediated the protective effects of resveratrol and lipoic acid. Taken together, these results show
that resveratrol and lipoic acid are able to positively modulate the functioning of both astroglial
and neuronal cells in hyperamonemmia conditions, sharing some mechanisms of action, such as
HOL1. This study in vitro suggests that resveratrol and lipoic acid may represent potential
therapeutic agents for CNS, during oxidative and inflammatory damages, as the induced by

ammonia.
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INTRODUCAO

1. Sistema Nervoso Central

O parénquima do Sistema Nervoso Central (SNC) ¢ constituido de células
nervosas, ou neurdnios, ¢ suas aferéncias e eferéncias, as quais estdo envolvidas pelas
células gliais, permitindo uma intima intera¢do celular entre elas. Os neurdnios sdo
células especializadas na conducdo de sinais elétricos a longa distdncia, a qual ¢
possibilitada devido a sua morfologia, com extensas ramificacdes, ¢ a organizagdo
especifica dos seus componentes de membrana, que possibilitam a propagacdo dos sinais
elétricos (Brady et al., 2012; Purves, 2008).

O médico e patologista alemdao Rudolph Virchow foi quem descreveu pela
primeira vez, em 1846, a neuroglia. O termo glia (do inglés glue, que significa cola)
reflete a presungdo, na época, de que estas células eram responsaveis pela conexao entre
as celulas nervosas. Um pouco depois, nos anos 1870, a natureza celular da glia foi
identificada por Camilo Golgi e, posteriormente, Santiago Ramén y Cajal estudou uma
classe especifica de células gliais, os astrocitos, € suas interagdes com o0S outros
elementos neurais (Parpura et al., 2012). Atualmente, sdo conhecidas inimeras fungdes
das células gliais, que muito mais do que suporte estrutural, garantem protecao e nutrigao
aos neurdnios, além de participarem da modulagdo da transmissdo sinaptica, apesar de
ndo serem eletricamente excitaveis. Além disso, as células gliais sdo capazes de se dividir
ao longo da vida, principalmente em resposta a danos (Brady et al., 2012; Purves, 2008;
Somjen, 1988; Young, 1991).

Existem trés categorias principais de células gliais no SNC: (1) macroglia,
composta por astrocitos e oligodendrocitos; (2) microglia; (3) células ependimais. Os
oligodendrocitos sdo responsaveis principalmente pela sintese de mielina, as células

microgliais sdo as células fagociticas envolvidas na resposta inflamatéria e as células



ependimais revestem os ventriculos cerebrais (Jessen, 2004; Perea & Araque, 2005;
Vallejo et al., 2010). As células astrogliais foram o alvo deste estudo e serdo abordadas

detalhadamente a seguir.

1.1. Astrdcitos

Os astrdcitos sao células conhecidas por sua capacidade dinamica e versatilidade,
participando ndo somente da manutencao da homeostase em condic¢des fisiologicas, mas
também respondendo em condic¢des patoldgicas ou de dano (Parpura et al., 2012; Wang
and Bordey, 2008). As principais fun¢des desempenhadas pelos astrocitos sdo: (1)
formagdo e manutengdo da barreira hematoencefalica (Abbott et al., 2006; Alvarez et al.,
2013); (2) suporte metabolico aos neurdnios, através do metabolismo da glicose e do
glicogénio e do ciclo glutamato-glutamina (Bélanger et al., 2011; Pellerin, 2005); (3)
metabolismo de neurotransmissores, particularmente o glutamato e o GABA (4cido
gama-aminobutirico) (Anderson and Swanson, 2000; Brady et al., 2012; Coulter & Eid,
2012); (4) manutencdo da homeostase idnica, principalmente do K, e regulagdo do
volume extracelular (Nagelhus & Ottersen, 2013; Walz, 1989); (5) participagdo na
resposta imune inata encefdlica, produzindo e liberando diversos mediadores
inflamatérios (Jensen et al., 2013); (6) defesa contra o estresse oxidativo e agentes
toxicos para os neuronios (Fernandez-Fernandez et al., 2012; Rao et al., 2005; Wilson,
1997); (7) sintese e liberacdo de fatores troficos e substancias neuroativas, as quais
também podem atuar sobre outras células gliais (Allen & Barres, 2009; Pellerin, 2005);
(8) atuagdo como guias na migragdo de neuronios durante o desenvolvimento (Paixdo &
Klein, 2010); entre outras.

Atualmente, os astrocitos sao reconhecidos como o terceiro elemento da sinapse, €

sabe-se que sao capazes de responder de maneira seletiva a liberacdo de



neurotransmissores, os quais disparam cascatas de sinalizacdo através de receptores
astrociticos (Allen & Barres, 2009; Perea et al., 2009; Pérez-Alvarez & Araque, 2013).
Esta comunicagdo reciproca ndo somente com neurénios, mas também com outras células
do SNC, possui uma importancia fundamental para a manutencdo da homeostase cerebral
e plasticidade (Ben Achour & Pascual, 2012; Horner & Palmer, 2003). Dessa forma, o
entendimento das alteragdes celulares e bioquimicas nos astrécitos durante condig¢des
patoldgicas e a busca por moléculas com potencial terapéutico em patologias do SNC,

através da modulagao da funcionalidade destas células, torna-se extremamente relevante.

1.1.1. Proteina S100B

A S100B ¢ uma proteina de 21 kDa ligante de calcio, zinco e cobre pertencente a
familia de proteinas S100, as quais recebem esta denominagao devido a sua solubilidade
em uma solucao 100% saturada de sulfato de amonio. Estruturalmente, se apresenta como
homodimeros constituidos por duas subunidades unidas por pontes dissulfeto (Donato et
al., 2009; Moore, 1965; Van Eldik & Wainwright, 2003).

No SNC, a S100B ¢ predominantemente expressa e secretada pelos astrdcitos.
Intracelularmente, a proteina S100B se localiza no citoplasma e participa da modulagao
do citoesqueleto (Frizzo et al., 2004; Sorci et al., 2000), da regulacao da proliferacdo e
diferenciagdo celular, da homeostase do célcio e da degradagdo de proteinas (Donato,
2001; Donato et al., 2009). No meio extracelular, essa proteina pode exercer efeitos
autocrinos e paracrinos sobre outras células gliais e neuronios.

Em baixas concentragdes, a S100B possui efeitos neurotroficos, estimulando o
crescimento e regeneragdo de neuritos e aumentando a sobrevivéncia de neurdnios
(Donato et al., 2009; Kleindienst et al., 2013; Kleindienst & Ross Bullock, 2006; Van

Eldik & Wainwright, 2003).



Em altas concentragdes, a S100B pode exercer efeitos toxicos. Em astrocitos e
microglia, ela estimula a produ¢do e secrecdo de citocinas pro-inflamatdrias, como por
exemplo, o fator de necrose tumoral oo (TNFa), a interleucina 1B (IL-1P) e a interleucina
6 (IL-6), além de estimular a produg¢do de o6xido nitrico (NO) através da indugdo da
enzima 6xido nitrico sintase induzivel (iNOS) (Donato et al., 2009; Liu et al., 2005;
Schmitt et al., 2007; Villarreal et al., 2014).

Trabalhos do nosso grupo de pesquisa também evidenciam que a S100B pode ser
um componente importante na neuroinflamacgao. A IL-1P, através da sinalizagdo pela via
da ERK (cinase regulada por sinal extracelular), ¢ capaz de estimular a secrecdo de
S100B em cultura de astrécitos, células astrogliais C6 e fatias hipocampais (de Souza et
al., 2009). Além disso, a secrecao de S100B também ¢ estimulada, tanto in vitro como in
vivo, por LPS (lipopolissacarideo), um componente da parede celular de bactérias gram-

negativas que induz respostas inflamatéria e imune (Guerra et al., 2011).

1.2. Glutamato

O glutamato ¢ um neurotransmissor excitatorio essencial para o funcionamento do
SNC, mediando processos como cogni¢do, memoria e aprendizado; formacdo e
eliminagdo das sinapses; migracdo, diferenciagdo e morte neuronal; e regulacdo do
metabolismo energético cerebral (Anderson & Swanson, 2000; Bélanger et al., 2011;
Hertz, 2006; Lujan et al., 2005; Morris, 2013; Paoletti et al., 2013).

Existem duas classes distintas de receptores glutamatérgicos: os ionotropicos € os
metabotrdpicos. Os receptores ionotropicos recebem essa denominagdo por serem canais
de cétions, e sdo subdivididos em NMDA (N-metil-D-aspartato), AMPA (4cido a-amino-

3-hidroxi-5-metil-isoxazolenopropionato) e cainato. J& os receptores metabotropicos



(mGluR) pertencem a uma familia de receptores que sdo acoplados a proteina G (Brady
et al., 2012; Lau & Tymianski, 2010; Lujan et al., 2005).

Os astrécitos também expressam alguns tipos de receptores glutamatérgicos
(Parpura & Verkhratsky, 2013). Os receptores glutamatérgicos melhor caracterizados em
astrocitos sio os mGluR, e sua ativacio promove um aumento intracelular de Ca®*
(Aronica et al., 2000; Kirischuk et al., 1999; Parpura & Verkhratsky, 2012). Os
receptores AMPA também s3o funcionalmente expressos na astroglia, e representam o
tipo de receptor glutamatérgico ionotrépico dominante nesse tipo celular (Lalo et al.,
2011; Parpura & Verkhratsky, 2013). Porém, em relagdo aos receptores NMDA, ainda
existem controvérsias. Alguns trabalhos tém mostrado a expressao desse tipo de receptor
em cultura de células astrogliais e existem indicios de que eles sejam funcionais (Lalo et
al., 2006; Lopez et al., 1997; Parpura & Verkhratsky, 2013). No entanto, o papel do
receptor NMDA em astrocitos, em condi¢des fisiologicas e/ou patologicas, ndo estd
totalmente esclarecido.

Um papel bem estabelecido dos astrocitos € a sua participagdo na regulacdo da
transmissao sinaptica, inclusive glutamatérgica, através da captagdo, do metabolismo e da
liberacdo do glutamato. A manuten¢do de niveis extracelulares baixos de glutamato ¢
essencial para o controle da homeostase cerebral, uma vez que em altas concentragdes
podem levar ao processo de excitotoxicidade (Anderson & Swanson, 2000; Coulter &

Eid, 2012; Schousboe & Waagepetersen, 2005).

1.2.1. Captacao de Glutamato pelas Células Gliais
Ap0s ser liberado na fenda sinaptica pelo neurdnio, o glutamato interage com seus
receptores ionotropicos e/ou metabotropicos, localizados nas membranas celulares pré- e

pOs-sinapticas dos neurdnios e também nas células gliais. Para que a comunicagao



sinaptica seja encerrada, o glutamato deve ser removido da fenda sinaptica por captacao
(Brady et al., 2012).

A captacao de glutamato ocorre através de transportadores de alta afinidade
presentes na membrana plasmatica tanto de células gliais quanto de neur6nios. Os
transportadores GLAST (transportador glutamato-aspartato) e GLT1 (transportador de
glutamato tipo 1) de roedores, altamente homoélogos aos transportadores de aminoacidos
excitatorios humanos (EAAT1 e EAAT2, respectivamente), estdo localizados em
astrocitos. Ja os transportadores EAAC1 (carreador de aminoacidos excitatorios 1),
correspondente ao EAAT3, sdo predominantemente neuronais. Existem também os
transportadores EAAT4 ¢ EAATS expressos pelas células de Purkinje e da retina,
respectivamente (Danbolt, 2001; Zhou & Danbolt, 2014). Ainda, nas células gliais, existe
o trocador cistina-glutamato (Xc"), que realiza o transporte de uma molécula de cistina
para dentro da célula com a saida de uma molécula de glutamato (Banerjee et al., 2008;
Zhou & Danbolt, 2014). O papel fisiologico desse trocador ¢ realizar a captagdo da
cistina, que € necessaria para a sintese de glutationa (GSH), a qual sera abordada mais
adiante.

E importante salientar que os astrocitos sdo as principais células responsaveis pela
captagdo de glutamato (Danbolt, 2001). Esse processo é fortemente regulado pelo Na',
uma vez que o gradiente transmembrana deste ion € o principal responsavel por
impulsionar esse processo nas células astrogliais. O transporte de uma molécula de
glutamato é acompanhado pela entrada de trés Na' e um H' e a saida de um K'. Dessa
maneira, a concentragdo de Na' intracelular nos astrocitos sofre flutuagdes regularmente.
Como consequéncia, ocorre a ativagio da enzima Na'K'-ATPase, uma proteina
transmembrana responsavel pela manutengio do gradiente eletroquimico de Na' e de K*

nas células, as custas da hidrolise de ATP. Assim, o funcionamento adequado dessa
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bomba nas células astrogliais possui uma importancia fundamental para a manutengdo da
homeostase cerebral (Bélanger et al., 2011; Brady et al., 2012; Illarionava et al., 2014).
Uma vez no citosol das células astrogliais, o glutamato pode seguir diferentes
destinos: conversdo a glutamina; sintese de GSH; liberagdo para o meio extracelular;
oxidacdo como substrato energético; sintese de proteinas. Os trés primeiros destinos

citados possuem uma grande relevancia para esta tese, e serdo detalhados nas proximas

secoes.

1.2.2. Glutamina Sintetase e o Ciclo Glutamato-Glutamina

O ciclo glutamato-glutamina ¢ uma importante relacdo metabdlica entre astrdcitos
e neurdonios. Como mostrado na Figura 1, através desse ciclo o glutamato pode ser
transportado de volta as células neuronais, na forma de glutamina, a qual € inerte para os
receptores glutamatérgicos e, portanto, ndo provoca efeitos excitotoxicos (Bélanger et al.,
2011; Parpura & Verkhratsky, 2012).

Apos ser captado pelos astrocitos, o glutamato pode ser convertido em glutamina
pela acdo da enzima glutamina sintetase (GS) em um processo dependente de ATP. A
glutamina, entdo, ¢ transportada pelos astrocitos para o meio extracelular e ¢ captada
pelos terminais pré-sinapticos de neurdnios, onde sera convertida novamente em
glutamato, através da enzima glutaminase (Bélanger et al., 2011; Hertz, 2013; Hertz et
al., 1999). A atividade da GS nos astrdcitos e a manutengao do ciclo glutamato-glutamina
¢ essencial ndo s6 para o metabolismo glutamatérgico, mas também para a manutengao
da neurotransmissao inibitoria GABAérgica, uma vez que a glutamina ¢ a fonte primaria
para a sintese de GABA (Hertz, 2013).

A GS ¢ uma enzima predominantemente astrocitaria (Martinez-Hernandez et al.,

1977) e, além do seu papel no ciclo glutamato-glutamina, possui uma fungao critica para
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a detoxificacdo da amoénia no SNC, uma vez que a sintese de glutamina envolve uma
reacdo de amidacdo: glutamato + amoénia + ATP — glutamina + ADP + P; (Coulter &
Eid, 2012; Hertz, 2006).

Evidéncias apontam que um declinio na expressdo ou na atividade da GS pode
estar relacionado a diversas doencas do SNC. Considerando o papel da GS no
metabolismo glutamatérgico, alteragdes na sua funcionalidade podem afetar a
concentracdo de glutamato nos astrocitos, prejudicando sua capacidade de captar o

glutamato do meio extracelular (Coulter & Eid, 2012; Hertz, 2006; Matés et al., 2002).
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Figura 1. Representacdo esquematica de uma sinapse glutamatérgica. Em destaque

(quadro rosa), alguns aspectos abordados no texto. Adaptado de Bélanger et al, 2011.

1.2.3. Sintese de Glutationa
Outro aspecto importante da funcionalidade astroglial é a prote¢do do SNC contra
o estresse oxidativo e, nesse sentido, a GSH constitui uma importante defesa antioxidante

cerebral. A GSH pode neutralizar radicais livres de forma ndo-enzimatica ou servir de
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substrato para a enzima antioxidante glutationa peroxidase (Dringen, 2000; Pope et al.,
2008). Os astrocitos apresentam niveis mais elevados de GSH em relacdo aos neurdnios.
Logo, desempenham um papel na defesa antioxidante do SNC (Bélanger & Magistretti,
2009; Dringen, 2000).

A GSH ¢ um tripeptideo composto por trés aminoécidos: glutamato, cisteina e
glicina (y-glutamil-cisteinil-glicina); e, por isso, sua sintese pode ser um dos destinos do
glutamato captado pelos astrocitos (Robert et al., 2014). A primeira etapa da sintese de
GSH ¢ a formagdo do dipeptideo y-glutamil-cisteinil, a qual utiliza o glutamato e a
cisteina como substratos. Apos, este dipeptideo se combina com a glicina, em uma reacao
catalisada pela enzima glutationa sintetase, originando a GSH (Banerjee et al., 2008;
Dringen, 2000; Pope et al., 2008).

Tanto os astrocitos quanto os neurdnios sao capazes de sintetizar GSH. Porém, os
neurdnios sdo dependentes dos astrdcitos para o suprimento dos aminoacidos precursores
da GSH. Isso se deve, especialmente, ao fato de que os neurdnios ndo sdo capazes de
utilizar a cistina extracelular, forma oxidada da cisteina, a qual ¢ precursora limitante da
sintese de GSH. Entdo, parte da GSH sintetizada pelos astrdcitos € secretada para o meio
extracelular, onde sofre uma clivagem pela enzima y-glutamil transpeptidase para
produzir glutamato e cisteinil-glicina, a qual, por sua vez, sofre a ac¢do de outra
aminopeptidase produzindo glicina e cisteina, que sdo captadas pelos neurdnios e
utilizadas para a sintese de GSH neuronal (Bélanger et al., 2011; Dringen, 2000; Hertz,
2006).

Como mencionado anteriormente, o trocador cistina-glutamato (Xc"), presente nas
células astrogliais, desempenha um papel importante para a sintese de GSH. Através dele,
os astrocitos internalizam a cistina, a qual dentro das células ¢ reduzida a cisteina,

substrato limitante para a sintese de GSH. Dessa forma, o trocador Xc™ e os demais
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transportadores glutamatérgicos s@o criticos para a manuten¢do dos niveis de GSH no

SNC (Lewerenz et al., 2006; Robert et al., 2014).
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Figura 2. A integracdo metabdlica entre astrocitos e neurdnios para a sintese de GSH.

Retirado de Bélanger et al, 2011.

1.2.4. Liberacao de Glutamato pelas Células Gliais

Embora os terminais sinipticos neuronais sejam os principais responsaveis pela
liberacao de glutamato para o meio extracelular no SNC, mais recentemente mostrou-se
que os astrocitos também sdo capazes de libera-lo. Diferentes mecanismos pelos quais o
glutamato pode ser liberado a partir de células astrogliais vém sendo descritos, € podem
ou ndo envolver um aumento de Ca®" intracelular e transporte vesicular (Hamilton &
Attwell, 2010; Malarkey & Parpura, 2008).

Entre os mecanismos independentes de Ca*" estdo: (1) abertura de canais iénicos
induzida por inchago celular (Kimelberg et al., 1990; Wang et al., 2013); (2) transporte
reverso através dos transportadores de glutamato (Rossi et al., 2000; Szatkowski et al.,
1990); (3) trocador Xc, o qual realiza o transporte de um glutamato para o meio
extracelular em troca de uma molécula de cistina (Baker et al., 2002; Warr et al., 1999);
(4) liberagdo através de receptores purinérgicos ionotropicos (Duan et al., 2003); (5)

hemicanais na superficie celular dos astrocitos (Ye et al., 2003).
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No entanto, o glutamato também pode ser liberado a partir de astrdcitos por um
mecanismo dependente do aumento de Ca®" intracelular. Essa dependéncia de Ca®"
intracelular sugere um mecanismo de exocitose regulado, o qual provavelmente envolve
uma maquinaria secretoria que utiliza proteinas complexas, responsaveis pelo controle da
fusdo das vesiculas contendo glutamato com a membrana da célula astroglial (Araque et
al., 2000; Gorg et al., 2010; Parpura et al., 2011; Parpura & Zorec, 2010).

Em contextos patologicos, o aumento da liberacdo de glutamato por astrocitos
pode ser induzido por alguns fatores como mediadores inflamatorios e perturba¢do na
homeostase idnica. Como consequéncia, pode ocorrer uma ativagdo excessiva dos
receptores glutamatérgicos neuronais e uma morte celular excitotdxica, agravando o

processo patologico (Bezzi et al., 2001, 1998; Hamilton & Attwell, 2010).

2. Amonia

A amonia ¢ um produto residual, formado por todos os tecidos, proveniente da
degradacao de proteinas e outros compostos nitrogenados. Apesar de ser estruturalmente
simples, a amodnia ¢ uma molécula biologicamente potente, € seu acumulo pode causar
disfungdes graves, principalmente no SNC. Por isso, a remocdo de quantidades
excessivas de amonia torna-se critica e fundamental para a homeostasia celular (Bosoi &
Rose, 2009; Cooper & Plum, 1987; Lehninger, 2005). Em solu¢do aquosa, a amodnia
(NH3) estd em equilibrio com o ion aménio (NHy4"), e em condigdes fisiologicas (pH 7,4),
98% esta na forma protonada (Bosoi & Rose, 2009; Bromberg et al., 1960; Felipo &
Butterworth, 2002). O termo amoénia serd utilizado neste texto para se referir tanto a
amonia em sua forma neutra quanto protonada.

Entre as principais vias para detoxificacdo de amonia no corpo estd o ciclo da

ureia, nas células hepaticas. Dessa forma, a amoénia ¢ convertida em ureia, que
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posteriormente sera eliminada pelos rins (Morris, 2002). Outra via pela qual a amonia
pode ser metabolizada ¢ através da sua incorporagdo ao glutamato formando glutamina,
por acdo da enzima GS hepatica (Stadlbauer et al., 2009; Verhoeven et al., 1983). Assim,
o figado ¢ responsavel pela manutencdo das concentracdes séricas de amonia em niveis
baixos (0,05 — 0,1 mM), a fim de evitar sua toxicidade (Felipo & Butterworth, 2002).
Doengas hepaticas que provoquem uma reducdo na capacidade de remocdo da
amonia, como desordens inatas do ciclo da ureia ou doengas hepaticas adquiridas
(hepatite, cirrose e doengas autoimunes), resultam em um aumento da concentrag@o sérica
de amoénia, o qual esta frequentemente acompanhado por disfun¢des neuroldgicas
(Albrecht & Jones, 1999; Butterworth, 2014; Héussinger & Schliess, 2008; Leber et al.,

2009; Leonard & Morris, 2002).

2.1. Toxicidade da Amoénia no SNC

A encefalopatia hepatica (EH) ¢ a principal patologia neurologica associada a
hiperamonemia, e resulta da detoxificacdo incompleta da amodnia no figado, que pode ser
aguda ou cronica. Nessas condicoes, a concentracdo de amonia no SNC pode atingir até 5
mM. A EH ¢ uma desordem complexa, dindmica e progressiva, manifestada por uma
série de sintomas que podem variar entre o grau 0 (sem anormalidades detectadas) até o
grau 4 (referido ao paciente em coma, irresponsivo a estimulos externos) (Ferenci et al.,
2002; Weissenborn et al., 2001). Entre as anormalidades neurologicas apresentadas na
EH estdo, por exemplo, alteracdes comportamentais (como euforia, ansiedade, perda de
consciéncia), letargia, desorientagdo, sonoléncia e confusao (Bajaj et al., 2011).

A amonia encontrada no SNC pode se originar tanto de rotas enzimaticas
cerebrais, como glutamato desidrogenase e a glutaminase, quanto proveniente da

circulacao, principal fonte em situagdes de hiperamonemia (Felipo & Butterworth, 2002).

16



O transporte da amonia através da barreira hematoencefalica se deve a combinagdo da
difusdo passiva de NH; e transporte de NH," por canais de cétions e pela aquaporina (Ott
et al., 2005; Saparov et al., 2007). No SNC, o metabolismo da amonia ¢ realizado pela
enzima GS, através da conversdo do glutamato a glutamina com a incorporagio de NH,".
Essa enzima ¢ encontrada apenas nos astrocitos e, em situagdes de hiperamonemia, a GS
pode ndo realizar a detoxificagdo completa da amoénia, que pode se acumular nos
astrocitos, fazendo com que essas células se tornem particularmente suscetiveis a sua
toxicidade e sejam o seu principal alvo de acdo (Martinez-Hernandez et al., 1977;
Norenberg et al., 2009).

Inimeros estudos tanto in vitro quanto in vivo demonstram uma série de
alteragdes celulares fisiologicas e metabolicas que podem ser causadas direta ou
indiretamente pelo aumento da concentracdo de amonia no SNC. A reducao do pH
intracelular e alteracdes na homeostase i6nica, com consequente acumulo intracelular de
agua, levam ao inchaco astroglial caracteristico em situacdes de hiperamonemia (Bosoi &
Rose, 2009; Braissant et al., 2013; Jayakumar et al., 2008). Outros efeitos toxicos
importantes sdo o estresse oxidativo/nitrosativo, ocasionado por um aumento na geragao
de espécies reativas e/ou por uma redugdo na capacidade antioxidante celular (Bobermin
et al.,, 2012; Gorg et al., 2008; Hilgier et al., 1991; Kosenko et al., 1997a, 1997b;
Skowronska et al., 2010), e uma deficiéncia na producao de ATP para as células (Qureshi
et al., 1998; Rama Rao & Norenberg, 2012). Além disso, estudos também demonstram
que um processo inflamatorio estd associado a EH, e que a amodnia pode induzir a
liberacao de citocinas pro-inflamatorias como TNFa, IL-1B e IL-6 por células astrogliais
(Bobermin et al., 2012; Butterworth, 2013, 2011a; Odeh et al., 2005). Uma vez que o
estresse oxidativo e a resposta inflamatodria estdo intimamente relacionados, eles podem

agir sinergicamente agravando os danos provocados pela amdnia.
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A amonia também provoca importantes alteracdes no sistema glutamatérgico, e
evidéncias apontam para um papel dos receptores de glutamato do tipo NMDA no
desenvolvimento da neurotoxicidade (Monfort et al., 2002). A ativagdo desses receptores
pela aménia pode resultar em um influxo de Ca** ¢ a consequente ativagio de diversas
enzimas, como a 6xido nitrico sintase (NOS). O consequente aumento dos niveis de NO
pode levar a formacdo de moléculas potencialmente nocivas as células, como o
peroxinitrito, e a nitracdo de proteinas (Bemeur et al., 2010; Calabrese et al., 2007;
Skowronska & Albrecht, 2013). Além disso, ja foi demonstrado que a amdnia provoca
um aumento da concentragdo extracelular de glutamato, principalmente em decorréncia

de uma diminui¢@o na sua captacdo pelas células astrogliais (Bender & Norenberg, 1996;

Kelly et al., 2009; Ohara et al., 2009; Rose, 2006).

3. Estresse oxidativo

Radicais livres sao moléculas que possuem um elétron desemparelhado no orbital
mais externo. Essa caracteristica os torna instaveis e extremamente reativos, com uma
grande capacidade de combinar-se inespecificamente com moléculas integrantes da
estrutura celular, a fim de completar seus orbitais (Augusto, 2006; Halliwell, 2007,
2006a).

Em condi¢des fisioldgicas, o metabolismo celular aerdbio reduz o oxigénio
molecular (O;) a agua (H,O). No entanto, uma pequena parcela do oxigénio consumido
pela cadeia de transporte de elétrons na mitocondria ndo € totalmente reduzido, dando
origem, entdo, a radicais livres de oxigénio, ou espécies reativas de oxigénio (ERO). O
termo ERO ¢ frequentemente utilizado para incluir ndo apenas radicais livres que
contenham o oxigénio em sua estrutura, como o anion superoxido (O,") e¢ o radical

hidroxila (OH'), mas também compostos que facilmente possam gerar radicais livres,
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como ¢ o caso do peroxido de hidrogénio (H,O;). Além das ERO, existem também as
espécies reativas que contém nitrogénio na sua estrutura e, portanto, sdo denominadas de
espécies reativas de nitrogénio (ERN), sendo os seus principais representantes o NO e o
peroxinitrito (ONOQ") (Augusto, 2006; Halliwell, 2007; Lieberman, 2009).

Em diversas condic¢des patologicas, a produ¢do de ERO/ERN pelo metabolismo
celular pode aumentar significativamente, ocasionando uma condi¢do denominada de
estresse oxidativo. Por defini¢do, o estresse oxidativo é um desequilibrio entre a produgao
de ERO/ERN e a capacidade antioxidante celular, favorecendo a formagao de moléculas
pré-oxidantes (Halliwell, 2006a; Schieber & Chandel, 2014; Sies, 1991).

O estresse oxidativo pode promover adaptacdo, dano ou morte celular. No
processo de adaptacdo, as células podem compensar a produgcdo de ERO/ERN com um
aumento da sintese de antioxidantes. No entanto, quando isso ndo ¢ possivel, pode
ocorrer dano oxidativo a biomoléculas como lipideos, proteinas e DNA com
comprometimento de processos biologicos importantes. Caso ndo haja um sistema de
reparo adequado, o dano pode ser irreversivel e levar a morte celular (Halliwell, 2007,
Kaludercic et al., 2014; Lieberman, 2009).

Evidéncias de danos por ERO/ERN estdo descritas em inumeras patologias,
inclusive do SNC, como por exemplo, nas doengas de Parkinson, Alzheimer, Huntington
e também na EH, como anteriormente comentado (Guo et al., 2013; Halliwell, 2006b,
2001; Schapira et al., 2014). No entanto, ¢ dificil estabelecer se o dano oxidativo ¢ uma
causa ou uma consequéncia do curso dessas doencas. Como o SNC ¢ particularmente
suscetivel ao dano oxidativo, estratégias que possam atuar para sua prevencao ou controle

podem ser bastante tteis nessas patologias.
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4. Antioxidantes

Para evitar os efeitos danosos da produ¢do continua de ERO/RNS durante os
processos metabolicos, as células dispdem de varios mecanismos de defesa antioxidante,
para a manuten¢do do funcionamento celular normal (Gutteridge & Halliwell, 2010;
Halliwell, 2006a; Lieberman, 2009). Halliwell e Gutteridge definiram antioxidante como
“alguma substiancia que, presente em baixas concentragdes quando comparada ao
substrato oxidavel, atrase ou iniba a oxidagdo deste substrato de maneira eficaz”
(Halliwell & Gutteridge, 1999). As defesas antioxidantes celulares podem ser
classificadas em enzimaticas e ndo-enzimaticas.

As enzimas antioxidantes reagem com as ERO para converté-las em produtos ndo
toxicos. Entre elas estdo a superoxido dismutase (SOD), a catalase, a glutationa
peroxidase e a glutationa redutase. Em relagdo ao SNC, uma caracteristica importante ¢
que a SOD localiza-se predominantemente nos astrocitos, os quais sdo capazes de
secretd-la para o meio extracelular (Barbeito et al., 2004; Pope et al., 2008). Entre as
defesas antioxidantes ndo-enzimaticas, a mais importante ¢ a GSH. Juntamente com ela,
outras moléculas antioxidantes como, por exemplo, o 4acido ascorbico, o a-tocoferol e a
bilirrubina sdo capazes de sequestrar ERO/ERN evitando o estresse oxidativo (Halliwell
et al., 2005; Harrison & May, 2009; Niki & Traber, 2012).

No entanto, em adi¢do aos efeitos protetores dos antioxidantes endogenos, o uso
de antioxidantes exdgenos tem sido alvo de inimeros estudos em diversas situacdes, tanto
fisiologicas quanto patologicas. O antioxidante N-acetilcisteina (NAC) ¢ um dos mais
classicos e amplamente utilizados para o tratamento de diversas doencas periféricas e
cerebrais. O principal efeito antioxidante do NAC se da através da sintese de GSH, ja que

¢ um precursor acetilado da cisteina (Samuni et al., 2013). Nesse contexto, a busca por
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moléculas com potencial antioxidante pode representar avangos terapéuticos em doengas
que de alguma maneira envolvam o estresse oxidativo.
4.1. Resveratrol

O resveratrol (3,4°,5-triidroxi-trans-estilbeno) ¢ um composto polifenélico nao-
flavonoide da classe dos estilbenos, encontrado naturalmente em diversas espécies de
plantas, e que apresenta importantes propriedades benéficas a saude (Pervaiz, 2003). O
resveratrol ¢ encontrado nas isoformas cis e trans, sendo que o isdmero frans é o
principal responsavel pelos efeitos biologicos do resveratrol em mamiferos (Soleas et al.,

1997a).

OH
HO\O

OH

Figura 3. Estrutura quimica do trans-resveratrol.

O resveratrol foi primeiramente isolado das raizes de Veratrum grandiflorum O.
Loes em 1940 e, posteriormente, em 1963, das raizes de Polygonum cuspidatum, uma
planta utilizada na tradicional medicina oriental (Baur & Sinclair, 2006; Nonomura et al.,
1963). Atualmente, sabe-se que o resveratrol estd presente em mais de 70 espécies
vegetais, dentre as quais componentes da nossa dieta como amendoins, ameixas, frutas
vermelhas (como morango, amora e framboesa) e, principalmente, em cascas e sementes
de uvas (Baur & Sinclair, 2006; de la Lastra & Villegas, 2005; Markus & Morris, 2008).
Consequentemente, esta presente também em vinhos, especialmente em vinhos tintos (de
la Lastra & Villegas, 2005).

Diversos estudos, desde cultura de células a modelos animais, mostram que o
resveratrol exerce inumeras atividades bioldgicas, entre as quais estd o seu efeito
antioxidante. O resveratrol pode agir diretamente como scavenger de ERO/ERN e
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também como quelante de metais. Além disso, ¢ capaz de aumentar a atividade de
enzimas antioxidantes, como a glutationa peroxidase, ¢ o conteido de GSH (Bastianetto
et al., 2000; Belguendouz et al., 1997; Mokni et al., 2007; Quincozes-Santos et al., 2013).
Além disso, o resveratrol apresenta um importante efeito anti-inflamatério através da
inibicdo da enzima ciclooxigenase e da reducdo da ativagdo do fator nuclear da cadeia «
de linfécitos B (NFkB) (Bellaver et al., 2014; Bobermin et al., 2012; Chen et al., 2005;
Sarkar et al., 2009).

Embora o resveratrol ndo tenha um receptor especifico, ele pode exercer seus
efeitos benéficos sobre a resposta celular através da modulacdo de enzimas e vias de
sinalizacdo celular envolvidas na resposta ao estresse. Entre elas estd a quinona redutase
2, uma enzima que pode aumentar a producdo de ERO e encontrar-se superexpressa em
situagdes patoldgicas como a Doenga de Alzheimer, e que pode ser inibida pelo
resveratrol (Bastianetto et al., 2014). Outra via de sinaliza¢do que pode ser modulada pelo
resveratrol sdo as proteinas sirtuinas, que constituem uma familia de histona
desacetilases, cujos efeitos podem estar relacionados com o aumento da expectativa de
vida em diversas espécies (Baur, 2010; Della-Morte et al., 2009). O resveratrol também
pode exercer seus efeitos através da ativagdo da heme oxigenasse 1 (HO1), uma enzima
endogena que pode regular a resisténcia celular em situacdes de estresse oxidativo
(Quincozes-Santos et al., 2013; Sakata et al., 2010). Além disso, vias relacionadas a
sobrevivéncia celular, como a fosfatidil-inositol-3-cinase (PI3K), podem ser ativadas e
mediar os efeitos biologicos do resveratrol (Simao et al., 2012a).

Quando administrado de forma oral, o resveratrol ¢ metabolizado no intestino e no
figado (Walle, 2011), sendo seus principais metabolitos o resveratrol glicuronideo e o
resveratrol sulfato (Wenzel & Somoza, 2005). Além disso, ocorrem dois picos

plasmaticos de resveratrol, indicando que ha um processo de recirculagao entero-hepatica
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(Boocock et al., 2007). Pequenas quantidades de resveratrol livre (aproximadamente 30
nM) podem ser detectadas ap6s uma dose oral de 25 mg, enquanto a quantidade total de
resveratrol (livre ou conjugado) pode ser bem maior, aproximadamente 2 uM (Goldberg
et al, 2003). Estudos em animais mostram que o resveratrol de uma maneira geral ¢ bem
tolerado. Além disso, estudos com administragdo aguda de resveratrol em humanos
mostram que ele pode induzir efeitos colaterais, como diarreia, em uma dose didria de 4 g
(la Porte et a, 2010). Porém, doses menores, como 270 mg, ndo causam desconfortos
(Wong et al., 2010).

O SNC também ¢ alvo terapéutico do resveratrol, pois ele atravessa a barreira
hematoencefalica. Muitos estudos em modelos animais de isquemia e doengas
neurodegenerativas mostram que o resveratrol exerce importantes efeitos neuroprotetores,
mediados tanto por seu efeito direto quanto pela modulacao de vias de sinalizacao celular
(Sakata et al., 2010; Sharma & Gupta, 2002; Simao et al., 2012b).

Nosso grupo tem mostrado que o resveratrol modula importantes parametros
relacionados a fungdes gliais, como a captacdo de glutamato, atividade da GS, niveis de
GSH e liberagado de citocinas pro-inflamatorias (Bobermin et al., 2012; de Almeida et al.,
2007; dos Santos et al., 2006; Quincozes-Santos et al., 2013). Assim, o resveratrol surge
como um potencial agente farmacoldgico, mediando importantes efeitos sobre células
gliais, representando uma nova estratégia terapéutica em patologias do SNC.

4.2. Acido Lipoico

O 4cido lipoico (1,2-ditiolano-3-4cido pentanoico) € um composto dissulfeto que
ocorre naturalmente, o qual ¢ sintetizado enzimaticamente na mitocondria a partir do
acido octanoico. Ele atua como cofator para enzimas a-cetoacido desidrogenases
mitocondriais, exercendo um importante papel no metabolismo energético mitocondrial

(Liu et al., 1995; Packer et al., 1995; Schmidt et al., 1969).
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Estruturalmente, apresenta um centro quiral e, portanto, pode existir como
isomeros R e S. O isomero R ¢ sintetizado endogenamente e permanece ligado a
proteinas. Porém, para fins terapéuticos, normalmente ¢ administrado como uma mistura
racémica de R e S, sendo que ambos exercem atividade bioldgica. O 4cido lipoico contém
dois grupos tiodis, que podem estar oxidados ou reduzidos. A forma oxidada ¢ usualmente
definida como acido lipoico (LA) e a forma reduzida ¢ denominada acido diidrolipoico
(DHLA), e ambas apresentam efeitos biologicos (Haramaki et al., 1997; Packer &

Cadenas, 2011; Singh & Jialal, 2008).

Figura 4. Estrutura quimica do acido lipoico nas formas oxidada (A) e reduzida (B).

O 4cido lipoico foi primeiramente isolado e identificado quimicamente em 1951
por Lester Reed et al (Reed et al., 1951). Os humanos podem sintetiza-lo de novo a partir
de acidos graxos e cisteina, porém, apenas em pequenas quantidades. No entanto, o 4cido
lipoico pode ser absorvido de fontes exogenas, dentre as quais se destacam a carne
vermelha e o figado, e também vegetais como espinafre, brocolis, tomate, couve e batata
(Goraca et al., 2011; Kataoka, 1998). Quando administrado exogenamente, ¢ totalmente
absorvido dentro de 30 minutos a 1 hora (Breithaupt-Grogler et al., 1999). O
metabolismo primario do &cido lipoico acontece no figado, através da oxidacao
mitocondrial, e os principais metabolitos identificados foram o acido bisnorlipoico, dcido
tetranorlipoico e 4acido hidroxi-bisnorlipoico (Biewenga et al., 1997; Harrison &

McCormick, 1974).
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O efeito biologico do acido lipoico melhor descrito ¢ o antioxidante, o qual ¢é
mediado principalmente por sua habilidade direta de sequestrar ERO, interagir com
outros antioxidantes (como 4cido ascorbico, a-tocoferol e GSH), regenerando-os, ¢ de
quelar metais. O 4cido lipoico também ¢ capaz de induzir a sintese de GSH e a expressao
de enzimas antioxidantes celulares (Bast & Haenen, 2003; Bilska & Wtodek, 2005;
Packer et al., 1995; Packer & Cadenas, 2011; Shay et al., 2009). E importante salientar
que o DHLA pode ser liberado pelas células, atuando como antioxidante no meio
extracelular (Packer & Cadenas, 2011). O &cido lipoico também desempenha um
importante papel anti-inflamatério, diminuindo a sinalizagdo através do NFkB e,
consequentemente, a produgdo de mediadores inflamatérios (Demarco et al., 2004; Kim
et al., 2014; Maczurek et al., 2008; Scumpia et al., 2014).

Devido ao fato de ser uma molécula de pequeno tamanho e soluvel em lipideos, o
acido lipoico pode atravessar facilmente a barreira hematoencefalica, e exercer seus
efeitos também no SNC (Roy & Packer, 1998; Schreibelt et al., 2006). Diversos estudos
tém mostrado efeitos neuroprotetores do acido lipoico em situacdes patologicas como
doencgas neurodegenerativas e isquemia (Goraca et al., 2011; Maczurek et al., 2008; Shay
et al., 2009). Além disso, o acido lipoico também ¢ capaz de agir em células gliais
(Bramanti et al., 2010; Rocamonde et al., 2013), e nosso grupo recentemente demonstrou
sua acdo sobre o metabolismo do glutamato (Kleinkauf-Rocha et al., 2013). Dessa
forma, representa uma molécula com potencial terapéutico em condigdes patologicas que

envolvam estresse oxidativo e alteragdes gliais.
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OBJETIVOS

Objetivo geral

Avaliar os potenciais efeitos protetores do resveratrol e do &acido lipoico em

células astrogliais e neuronais expostas a amonia.

Objetivos especificos

1. Investigar o potencial efeito protetor do resveratrol sobre parametros relacionados
a comunicacao glutamatérgica em células astrogliais C6 expostas & amonia;

2. Avaliar os potenciais efeitos protetores do acido lipoico sobre a secre¢do de
S100B, captacdo de glutamato, atividade da GS e contetdo intracelular de GSH
em células C6 expostas a amonia, explorando alguns possiveis mecanismos
envolvidos;

3. Investigar os efeitos do acido lipoico, bem como da N-acetilcisteina, sobre a
liberacdo de citocinas pro-inflamatoérias por células C6 expostas a amonia;

4. Estudar as consequéncias da exposi¢do de células da linhagem de neuroblastoma
humano SH-SYSY e de culturas primérias de neuronios granulares cerebelares a

amonia, assim como efeitos neuroprotetores do resveratrol e do acido lipoico.
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Ammonia is a key toxin in the precipitation of hepatic encephalopathy (HE), a
neuropsychiatric disorder associated with liver failure. In response to ammonia, various
toxic events are triggered in astroglial cells, and alterations in brain glutamate
communication are common. Resveratrol is a polyphenolic compound that has been
extensively studied in pathological events because it presents several beneficial
effects, including some in the central nervous system (CNS). We previously described
that resveratrol is able to significantly modulate glial functioning and has a protective
effect during ammonia challenge in vitro. In this study, we addressed the mechanisms
by which resveratrol can protect C6 astroglial cells from glutamatergic alterations
induced by ammonia. We observed that ammonia decreased glutamate uptake and
increased glutamate release in a manner dependent on the activation of the Na+-K+-
ClI- co-transporter NKCC1. Ammonia also decreased the levels of EAAC1, the main
glutamate transporter present in C6 cells. Reductions in GS activity, the intracellular
GSH content and Na+K+-ATPase functioning were also consequences of ammonia
cytotoxicity. On the other hand, resveratrol was able to prevent all of these effects
triggered by ammonia. Moreover, resveratrol, per se, positively modulated the
evaluated astroglial functions. We demonstrated that heme oxygenase 1 (HO1), an
enzyme that is part of the cellular defense system, mediated some of the effects of
resveratrol. In conclusion, the mechanisms of the putative protective role of resveratrol
against ammonia toxicity involve the modulation of pathways and molecules related to
glutamate communication in astroglial cells.

29

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation


UserXP
Texto digitado
29


Manuscript
Click here to download Manuscript: Bobermin et al.docx

AMMONIA TRIGGERS IMPAIRMENT IN GLUTAMATERGIC COMMUNICATION
IN ASTROGLIAL CELLS: THE PROTECTIVE ROLE OF RESVERATROL

Larissa Daniele Bobermin*, Gisele Hansel, Emilene Barros da Silva Sherer, Angela T. S. Wyse,

Diogo Onofre Souza, André Quincozes-Santos, Carlos-Alberto Gongalves

Department of Biochemistry, Institute of Basic Health Sciences, Federal University of Rio

Grande do Sul, Porto Alegre, RS, Brazil.

“CORRESPONDENCE ADDRESS:

Larissa Daniele Bobermin

Departamento de Bioquimica

Programa de P6s-Graduagdo em Ciéncias Bioldgicas: Bioquimica
Instituto de Ciéncias Basicas da Satde

Universidade Federal do Rio Grande do Sul

Rua Ramiro Barcelos 2600 anexo

90035-003 — Porto Alegre, RS, Brazil

Fax: +55 51 3308 5540 Phone: +55 51 3308 5567

E-mail: larissabobermin@gmail.com

30


UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado
30


Abstract

Ammonia is a key toxin in the precipitation of hepatic encephalopathy (HE), a
neuropsychiatric disorder associated with liver failure. In response to ammonia, various toxic
events are triggered in astroglial cells, and alterations in brain glutamate communication are
common. Resveratrol is a polyphenolic compound that has been extensively studied in
pathological events because it presents several beneficial effects, including some in the central
nervous system (CNS). We previously described that resveratrol is able to significantly
modulate glial functioning and has a protective effect during ammonia challenge in vitro. In this
study, we addressed the mechanisms by which resveratrol can protect C6 astroglial cells from
glutamatergic alterations induced by ammonia. We observed that ammonia decreased glutamate
uptake and increased glutamate release in a manner dependent on the activation of the Na'-K -
CI' co-transporter NKCC1. Ammonia also decreased the levels of EAACI, the main glutamate
transporter present in C6 cells. Reductions in GS activity, the intracellular GSH content and
Na'K'-ATPase functioning were also consequences of ammonia cytotoxicity. On the other
hand, resveratrol was able to prevent all of these effects triggered by ammonia. Moreover,
resveratrol, per se, positively modulated the evaluated astroglial functions. We demonstrated
that heme oxygenase 1 (HO1), an enzyme that is part of the cellular defense system, mediated
some of the effects of resveratrol. In conclusion, the mechanisms of the putative protective role
of resveratrol against ammonia toxicity involve the modulation of pathways and molecules

related to glutamate communication in astroglial cells.

Key Words: resveratrol, ammonia, C6 astroglial cells, glutamate
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Introduction

Ammonia is considered to be the major etiological factor in the development of hepatic
encephalopathy (HE), a neuropsychiatric syndrome associated with acute or chronic liver
failure, and astroglial cells are believed to be the primary target of ammonia toxicity in the brain
[1-3]. Metabolic effects of ammonia in the CNS include reactive oxygen and nitrogen species
(ROS/RNS) production alterations, energy deficits due to ATP reduction, glutamine synthetase
(GS) activity changes, pro-inflammatory cytokine release and astrocyte swelling [4-8].
Moreover, acute ammonia toxicity can be mediated by an excitotoxic mechanism involving the

glutamatergic system [9-12].

Glutamate is the main excitatory neurotransmitter in the CNS, and its extracellular
accumulation has deleterious effects on the functioning and survival of neurons. Thus,
maintaining low concentrations of this amino acid in the extracellular environment is a critical
function, which is exerted by astrocytes [13—15]. Astrocytes take up extracellular glutamate
through specialized transporters on their cell surfaces [16]. These transporters use the
electrochemical Na" and K™ gradients across the plasma membrane as the driving force of
glutamate uptake [17]. Glutamate uptake, along with the associated cotransport of Na' that
raises [Na'];, substantially activates the Na'K'-ATPase pump, a membrane protein responsible
for maintaining the Na" and K electrochemical gradients [18, 19]. Ion homeostasis is also
controlled by ion channels and transporters such as the Na"-K'-Cl" co-transporter NKCC, which
is a membrane protein that transports Na', K" and CI” ions into and out of the cell under
physiological and pathological conditions [20, 21]. NKCC1, the isoform present in astroglial

cells, is also involved in the influx of ammonium (NH,") into these cells [9, 22, 23].

Once taken up by astrocytes, glutamate can be directed to different routes, for example:
(1) enzymatic amidation to glutamine by GS [24-26]; (2) biosynthesis of glutathione (GSH), the
major antioxidant molecule of the brain [27-29]; (3) release to the extracellular space as a
gliotransmitter [15, 30-32]. As mentioned above, ammonia toxicity is closely associated with
the glutamatergic system, and the disruption of glutamate homeostasis may occur through

changes in the uptake and/or the release of glutamate by astroglial cells [11, 12, 33, 34].

Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a natural polyphenol found in a variety
of dietary sources such as grapes and red wine [35-39]. Many healthy properties have been
attributed to this compound, including antioxidant and anti-inflammatory activities, which
modulate the cell phenotype [40—42]. Several beneficial effects of resveratrol in the central
nervous system (CNS) have also been described [43—45]. Our group has shown that, in addition
to its neuroprotective action, resveratrol affects the functioning of glial cells. Resveratrol

improves important astroglial functions, and the modulation of glutamatergic metabolism may
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play an important role in their cytoprotective action [46—49]. Although there is increasing
evidence of the protective effects of resveratrol in neural cells, the mechanisms of these effects
are not fully understood. It is believed that resveratrol exerts its antioxidant activity due either to
its direct scavenger effect or to its activation of pathways that upregulate cellular antioxidant
defenses such as heme oxygenase 1 (HO1), an endogenous enzyme that provides resistance

against oxidative stress-related damage [47, 50, 51].

C6 astroglial cells are widely used as an astrocyte-like cell line to study astrocytic
parameters such as glutamate uptake, GS activity, GSH content, oxidative response and
signaling pathways [4, 47, 48, 52—54]. In this sense, this study was undertaken to investigate the
outcomes of ammonia challenge on parameters related to glutamatergic communication in C6
astroglial cells and the potential protective role of resveratrol. For this, the following parameters
were assessed: (i) glutamate uptake; (ii)) EAACI1 immune content; (iii) glutamate release; (iv)
GS activity; (v) GSH content; and (vi) Na'K'-ATPase activity. Some possible mechanisms are
also addressed, pointing to the participation of the NKCC1 co-transporter in ammonia toxicity

and the activation of HO-1 for cellular protection by resveratrol.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and other cell culture materials were
purchased from Gibco (Carlsbad, CA, USA). Resveratrol, ZnPP IX, furosemide, GSH standard,
o-phthaldialdehyde, ouabain and peroxidase-conjugated anti-rabbit immunoglobulin (IgG) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Anti-EAAC1 was obtained from Novus
Biologicals (Littleton, CO, USA). L-[2,3-’H]-glutamate, nitrocellulose membranes and
enhanced chemiluminescence kits were purchased from Amersham (Buckinghamshire, UK). All

other chemicals were purchased from common commercial suppliers.
C6 astroglial cells

The C6 astroglial cell line was obtained from the American Type Culture Collection
(Rockville, MA, USA) and was cultured according to a previously described procedure [48].
The cells were seeded in flasks and cultured in DMEM (pH 7.4) containing 5% FBS, 1%
amphotericin B and 0.032% gentamicin. The cells were maintained at a temperature of 37°C in
an atmosphere of 5% C0,/95% air. Exponentially growing cells were detached from the culture
flasks using 0.05% trypsin/ethylenediaminetetraacetic acid (EDTA), seeded at a density of
5x10° cells/cm’ and maintained until they reached confluence (on the 3™ day under in vitro

conditions).
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Experimental treatments

After the cells reached confluence, the culture medium was exchanged with serum-free
DMEM, and the cells were pre-incubated in the absence or presence of 100 uM resveratrol for 1
h. After pre-incubation, resveratrol was maintained, and 5 mM ammonia was added for 24 h.
During all treatments, the cells were maintained at 37°C in an atmosphere of 5% C0O,/95% air.
For all parameters analyzed, the results obtained with vehicle (ethanol) were not different from
those obtained under basal conditions. Where indicated, C6 astroglial cells were also incubated
with ZnPP IX (10 uM) or furosemide (20 uM), inhibitors of HO1 and NKCC1, respectively, to
assess the involvement of these proteins in the effects of ammonia and/or resveratrol in some

parameters analyzed.
Glutamate uptake

Glutamate uptake was performed as previously described [48]. Briefly, C6 cells were
incubated at 37°C in Hank’s balanced salt solution (HBSS) containing (in mM): 137 NaCl, 5.36
KCl, 1.26 CaCl,, 0.41 MgSOy, 0.49 MgCl,, 0.63 Na,HPO,-7H,0, 0.44 KH,PO,, 4.17 NaHCO;
and 5.6 glucose, adjusted to pH 7.4. The assay was started by the addition of 0.1 mM L-
glutamate and 0.33 pCi/ml L-[2,3-’H] glutamate. The incubation was stopped after 10 min by
removing the medium and rinsing the cells twice with ice-cold HBSS. The cells were then lysed
in a solution containing 0.5 M NaOH. Incorporated radioactivity was measured in a scintillation
counter. Sodium-independent uptake was determined using N-methyl-D-glucamine instead of
sodium chloride. Sodium-dependent glutamate uptake was obtained by subtracting the non-
specific uptake from the total uptake. The results are expressed as percentages of the control

value.
Measurement of extracellular glutamate

High-performance liquid chromatography (HPLC) was performed with culture medium
aliquots to quantify the extracellular glutamate levels [55]. Briefly, samples were derivatized
with o-phthalaldehyde, and separation was carried out with a reverse phase column (Supelcosil
LC-18, 250 mmx 4.6 mm, Supelco) in a Class VP Shimadzu Instruments liquid chromatograph
with auto-injection (SIL-10AF). The mobile phase flowed at a rate of 1.4 mL/ min, and the
column temperature was 24°C (column oven, CTO-20AC). The buffer compositions were as
follows: A: 0.04 mol/L sodium dihydrogen phosphate monohydrate buffer, pH 5.5, containing
20% methanol; B: 0.01 mol/L sodium dihydrogen phosphate monohydrate buffer, pH 5.5,
containing 80% methanol. The gradient profile was modified according to the content of buffer
B in the mobile phase: 0% at 0.01 min, 29.1% at 16.00 min, 100% at 17.00— 21.00 min, 0% at

21.01-25.00 min. Absorbance was read at an excitation of 360 nm and an emission of 455 nm
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in a Shimadzu fluorescence detector (RF-10AxL). Samples of 5 puL were used, and

concentrations were calculated in uM and expressed as percentages of the control value.
Glutamine synthetase (GS) activity

The enzymatic assay was performed as previously described [48]. Briefly, the
homogenate was added to a reaction mixture containing 10 mM MgCl,, 50 mM L-glutamate,
100 mM imidazole-HCI buffer (pH 7.4), 10 mM 2-mercaptoethanol, 50 mM hydroxylamine—
HCl and 10 mM ATP and incubated for 15 min at 37°C. The reaction was stopped by adding a
solution containing 370 mM ferric chloride, 670 mM HCI and 200 mM trichloroacetic acid.
After centrifugation, the absorbance of the supernatant was measured at 530 nm and compared
to a calibration curve of y-glutamyl hydroxamate treated with ferric chloride reagent. The results

are expressed as percentages of the control value.
Glutathione (GSH) intracellular levels

GSH levels were assessed as previously described [56]. Cell lysate, suspended in a
sodium phosphate buffer with 140 mM KCI, was diluted with a 100 mM sodium phosphate
buffer (pH 8.0) containing 5 mM EDTA, and the protein was precipitated with 1.7% meta-
phosphoric acid. The supernatant was assayed with o-phthaldialdehyde (at a concentration of 1
mg/ml methanol) at 22°C for 15 min. Fluorescence was measured using excitation and emission
wavelengths of 350 nm and 420 nm, respectively. A calibration curve was performed with
standard GSH solutions at concentrations ranging from 0 pM to 500 pM. GSH concentrations

were calculated as nmol/mg protein.
Na'K -ATPase activity assay

The reaction mixture for the Na'K -ATPase assay contained (in mM) 5 MgCl,, 80
NacCl, 20 KCI and 40 Tris—HCI, pH 7.4 in a final volume of 200 pul. The reaction was initiated
by addition of ATP to a final concentration of 3 mM. Control reactions were carried out under
the same conditions with the addition of 1 mM ouabain. Na 'K '-ATPase activity was calculated
as the difference between the two assays according to the method of Wyse et al. (2000) [57].
Released inorganic phosphate (Pi) was measured by the method of Chan et al. (1986) [58]. The
specific activity of the enzyme was calculated as nmol Pi released per min per mg of protein and

expressed as a percentage of the control value.
Western blot analysis

Cells were homogenized using lysis solution with 4% SDS, 2 mM EDTA, 50 mM Tris—
HCI, pH 6.8. Equal amounts of proteins from each sample were boiled in sample buffer [62.5
mM Tris—HCI, pH 6.8, 2% (w/v) SDS, 5% B-mercaptoethanol, 10% (v/v) glycerol, 0.002%

6
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(w/v) bromophenol blue] and submitted to electrophoresis in a 10% (w/v) SDS—polyacrylamide
gel [52]. The separated proteins were then blotted onto a nitrocellulose membrane. Equal
loading of each sample was confirmed with Ponceau S staining (Sigma). The membranes were
incubated with anti-EAAC1 (1:1000) or anti-Na'K'-ATPase a-1 (1:1000). After incubating
overnight with the primary antibody at room temperature, the membrane was washed and
incubated with peroxidase-conjugated anti-rabbit immunoglobulin (IgG) at a dilution of 1:1000
for 1 h. The chemiluminescence signal was detected using ECL (Amersham); the films were

then scanned, and the bands were quantified using the Scion Image software.
Protein assay

Protein content was measured using Lowry’s method, with bovine serum albumin as a

standard [59].
Statistical analyses

Differences among groups were statistically analyzed using two-way analysis of
variance (ANOVA), followed by Tukey’s test. All analyses were performed using the Statistical
Package for Social Sciences (SPSS) software, version 16.0 (SPSS Inc., Chicago, IL, USA).

Results

Ammonia-induced changes in glutamate uptake and glutamate release: protection by

resveratrol

Ammonia exposure for 24 h decreased the glutamate uptake activity in C6 astroglial
cells by approximately 22% compared with the control (Fig. 1A). On the other hand, resveratrol
prevented the reduction caused by ammonia, changing the levels from 78 + 4% to 103 £+ 10%.
To test the role of HO1 in the protective effect of resveratrol on glutamate uptake during
ammonia exposure, the cells were pre-incubated with the HO1 inhibitor ZnPP IX. The positive
effects of resveratrol were blocked by the HOI1 inhibitor, suggesting that this enzyme can
mediate the action of resveratrol (Fig. 1A). Additionally, resveratrol per se increased glutamate

uptake (23% compared with the control), and these effect were also mediated by HOL1.

The immune content of EAACI1, which is the primary glutamate transporter present in
C6 astroglial cells [60], was also modulated by ammonia and resveratrol. Ammonia decreased
EAACI1 expression, whereas resveratrol inhibited the downregulation by ammonia and
increased the EAAC1 immune content, per se (Fig. 1B). Thus, resveratrol can effectively
modulate the glutamate uptake in the presence of ammonia, modulating both the activity and the

expression of glutamate transporters.

36


UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado
  36


To investigate further effects of ammonia and resveratrol on the glutamatergic system,
we also evaluated glutamate release by C6 astroglial cells (Fig. 1C and D). Fig. 1C depicts the
HPLC chromatogram of the culture medium, showing that ammonia markedly increases
extracellular glutamate levels compared with basal conditions. Resveratrol was able to prevent
this effect of ammonia, maintaining the levels of glutamate release similar to the basal levels
(from 171 £ 19% to 95 = 10%, Fig. 1D). Resveratrol per se had no effect on the extracellular

glutamate concentration.
Modulation of glutamate uptake and release involves NKCC1

Glutamate uptake and release by astroglial cells can be altered by ion gradients and
cellular swelling, respectively. Both of these mechanisms are under the regulation of NKCCI.
In this sense, we evaluated the effect of furosemide, an NKCCI1 activity inhibitor, on glutamate
uptake and release by C6 astroglial cells in the presence of ammonia and/or resveratrol (Table
1). Furosemide inhibited the effect of ammonia on the reduction in glutamate uptake, elevating
the value to above the basal level (from 78 + 4% to 120 + 10%). However, furosemide did not

modulate the effect of resveratrol, alone or in the presence of ammonia, on glutamate uptake.

Furthermore, furosemide reduced the ammonia-induced glutamate release (from 171 +
19% to 122 £ 3%). Interestingly, when furosemide was co-incubated with resveratrol in the
presence of ammonia, the extracellular glutamate concentration was even lower, returning to

basal values (106 + 8%).

Ammonia decreases GS activity and intracellular GSH content in C6 astroglial cells, and these

effects are reversed by resveratrol through HOI

In agreement with our previous studies [4, 5], ammonia leads to a 20% decrease in the
GS activity after 24 h (Fig. 2A). Ammonia also caused a decrease in the intracellular GSH
content (30%) (Fig. 2B). Resveratrol was able to prevent the ammonia-induced effects on both
GS activity and GSH levels. We verified that the action of resveratrol was abolished by the HO1
inhibitor (Fig. 2A and B), indicating that the outcome of resveratrol treatment was dependent on
HOIL. In addition, resveratrol increased the GS activity (22%) and GSH content (15%) per se,
also through HO1.

Ammonia-induced impairment of Na K -ATPase activity is prevented by resveratrol

As shown in Fig. 3, ammonia decreased the Na'K'-ATPase activity (30%), and
resveratrol prevented this effect, keeping the activity equal to that at basal conditions. Moreover,
resveratrol alone significantly increased the Na'K'-ATPase activity (23%). Despite the

alterations in enzyme activity, no difference was found in Na'K'-ATPase catalytic subunit
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protein expression following ammonia or resveratrol treatment (data not shown). Additionally,
the modulation of the Na'K'-ATPase activity by resveratrol was not dependent upon HO1 (data

not shown).
Discussion

At high concentrations, ammonia has toxic effects in the CNS and plays a critical role in
the manifestation of HE, which is a disorder associated with neurological and psychiatric
alterations [2, 3]. However, the impaired neurotransmission that occurs in HE seems to be a
consequence of astroglial dysfunction [61, 62]. As show in this study, ammonia triggers several
cellular alterations related to the glutamatergic system in C6 astroglial cells such as: (i)
decreased glutamate uptake activity and EAAC]1 glutamate transporter expression; (ii) increased
glutamate release; (iii) reduced GS activity and intracellular GSH levels; and (iv) impaired
Na'K'-ATPase activity. The results suggest that ammonia affects glutamate uptake and release
in an NKCC1-dependent manner. On the other hand, resveratrol was able to prevent all of these
effects triggered by ammonia, thereby protecting C6 astroglial cells from damage. We also

demonstrated the role of HO1 in the mechanism of action of resveratrol.

Resveratrol is a polyphenol that presents a wide range of beneficial effects in the CNS,
including the improvement of glial functioning in vitro [43, 46—48]. We previously described
that resveratrol is able to prevent ammonia toxicity in C6 astroglial cells by modulating
oxidative stress, glial and inflammatory responses [4]. However, the cellular mechanisms
underlying resveratrol-induced protection need to be better elucidated; here, we evaluated

astroglial parameters related to the glutamatergic system during ammonia exposure.

In agreement with previous reports [5, 63, 64], we observed that ammonia induced a
decrease in glutamate uptake by C6 astroglial cells. Glutamate transporters are vulnerable to
oxidation [65, 66] and may be, at least in part, responsible for the reduced glutamate uptake
function, as consequence of the oxidative/nitrosative stress generated by ammonia [4, 7]. This
functional loss was accompanied by a reduction in the immune content of EAACI1, which is the
main glutamate transporter present in C6 cells [60]. Resveratrol, in contrast, caused an increase
of glutamate uptake activity and EAAC1 content. Additionally, in the presence of ammonia,
resveratrol prevented the detrimental effects of ammonia, restoring the expression and activity
of glutamate transporters, likely due to its antioxidant action. Because the homeostatic control
over the extracellular glutamate concentration in the brain is an aspect of astroglial function [13,
30], the effects of resveratrol on glutamate uptake may be an important point for preventing the

ammonia-mediated glutamatergic excitotoxicity.
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In addition, the actions of resveratrol may also depend on their interplay with a cellular
target, which would be a downstream controller of cellular events generated in the presence of
resveratrol. One candidate target is HO1, an enzyme that is part of a defensive mechanism for
cells exposed to oxidant challenge [67, 68]. The products of heme degradation by HO1 — carbon
monoxide (CO) and biliverdin/bilirubin — are biologically active antioxidant molecules that
exert cytoprotective effects [69, 70]. Thus, to verify whether the effects of resveratrol could be
mediated by this protein, cells were treated with ZnPP IX, a potent and selective inhibitor of
HOL1 activity [52, 71, 72]. The effects of resveratrol on glutamate uptake were abolished in the
presence of the HO1 inhibitor, indicating the participation of this enzyme and/or its metabolites
in the protective mechanism of resveratrol. Similarly, other polyphenols (e.g. epicatechin and
curcumin) have been shown to exert their beneficial effects via HO1 production and/or activity

[73].

NKCC co-transporters are a class of membrane proteins that transport Na“, K™ and CI
ions across the cell membrane with a stoichiometry of 1Na":1 K":2CI". The NKCC1 isoform is
present in many cell types, including astrocytes, and is involved in the maintenance and
regulation of cell volume and ion gradients [20]. Ammonia can activate NKCC1, decreasing the
intracellular pH and increasing the intracellular Na" concentration. The resulting reductions in
the transmembrane electrochemical gradients of Na“ and H' reduce the driving force for
astroglial glutamate transporters and may inhibit glutamate uptake [9, 74]. According to our
previous finding [5] and to Kelly et al. (2009) [9], we observed that the decrease of glutamate
uptake induced by ammonia in C6 astroglial cells involved NKCC1 because the effect was
abolished by furosemide treatment. Moreover, the activation of NKCC1 contributes to astroglial
osmotic swelling, which is a characteristic of hyperammonemic conditions [21, 75, 76]. One
possible consequence of the swelling is glutamate release [77, 78]. In agreement with previous
studies [11, 33, 77], we observed that ammonia induced a substantial increase of glutamate
release by C6 astroglial cells, which may represent a key element of a self-amplifying cycle of
ammonia toxicity. We also verified that furosemide, an NKCCI1 inhibitor, partially prevented
the ammonia-induced glutamate release, showing that NKCCl1 activation is related to this
effect. Moreover, during ammonia exposure, resveratrol was able to prevent the increase of
extracellular glutamate, indicating that oxidative stress may be involved in the observed
ammonia-induced glutamate release [11]. In fact, NKCCI1 activity is increased by oxidation, and
antioxidants prevent this effect [21, 26, 78, 79]. Thus, in addition to increasing glutamate
uptake, resveratrol can modulate glutamate release by astroglial cells exposed to ammonia,

thereby preventing NKCC1 activation.
Astrocytes play an important role in glutamate metabolism and the removal of brain
ammonia via glutamine synthetase (GS) activity, which catalyzes the ATP-dependent amidation
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of up-taken glutamate to form glutamine [26, 79]. Glutamine is then exported to neurons,
allowing for the synthesis of glutamate; this characterizes the metabolic glutamate-glutamine
cycle [18, 26]. Additionally, in our previous works, we found that ammonia decreased GS
activity in C6 astroglial cells, thereby compromising their own detoxification ability [4, 5]. One
explanation to the limitation of GS activity in the presence of ammonia is that GS is very
sensitive to oxidative and nitrosative stress, which is a well-known effect of ammonia [4, 79].
Furthermore, the decrease in GS activity could occur due to alterations in cerebral energy

metabolism and ATP depletion during ammonia exposure [6, 80].

Resveratrol prevented GS failure in the presence of ammonia and caused an increase of
GS activity per se, also via HO1. This enzyme is able to inhibit inducible nitric oxide synthase
(INOS) activity and, thus, nitric oxide (NO) synthesis, which can inactivate GS [4, 47, 69].
Importantly, a decline in GS activity has been reported in many neurological disorders [81, 82].
Due the role of GS in glutamate conversion, changes in GS activity may affect the glutamate
concentration in astroglial cells, therefore affecting the uptake/release of glutamate [81, 82]. In
this context, GS exerts a protective function against excitotoxicity in astroglial that which is

enhanced by resveratrol.

Another possible destination of glutamate in astroglial cells is the synthesis of tripeptide
GSH (glutamate, cysteine and glycine), which is the most abundant antioxidant in the brain
[83]. GSH is a critical molecule that protects the CNS against oxidative stress, and its loss is
associated with neurotoxicity and neuroinflammation [84-86]. Resveratrol increased the
intracellular GSH levels in C6 astroglial cells and prevented the ammonia-induced decrease of
GSH content. The decrease of intracellular GSH content could be related to the inflammatory
response induced by ammonia because the resulting pro-oxidant environment activates a
number of cellular pathways that are involved in the synthesis and release of inflammatory
cytokines, which are also prevented by resveratrol [4]. We observed that the increase of
intracellular GSH by resveratrol was also mediated by HOI in astroglial cells, in accordance
with previous works demonstrating that HO1 can increase GSH levels in other cell types [87,
88]. Resveratrol could decrease the oxidation and modulate the synthesis of GSH, an important

target to reduce the impact of ammonia toxicity, via the participation of HO1.

Many physiological processes in the cells are dependent on the Na“ and K"
concentrations, which are maintained through the proper operation of Na'K'-ATPase. This is
particularly important in astroglial cells because, as mentioned above, glutamate uptake is
associated with the cotransport of Na', and the activation of the Na'K'-ATPase pump is
necessary to maintain the ion gradients [18, 19]. However, Na'K'-ATPase is also a target for

ammonia toxicity and, similarly to what happens with NKCC1, ammonium ions (NH,") can be
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transported into astrocytes by Na K'-ATPase [22, 89]. In contrast with previous reports [90,
91], we verified that ammonia reduced the Na 'K -ATPase activity in C6 astroglial cells. On the
other hand, resveratrol per se increased the Na'K'-ATPase activity and prevented the effects of
ammonia. The impairment of the enzyme activity may result from ammonia-induced increased
ROS production [4] because Na'K'-ATPase is highly susceptible to free radical attack [90, 91].
Similarly to resveratrol, other antioxidants also modulate Na'K'-ATPase activity and prevent
cellular damage [90, 92-94]. Another probable cause of the decreased Na K -ATPase activity is
the energy deficit caused by ammonia; this enzyme has a high ATP requirement, and, in the

presence of resveratrol, the detoxification of ammonia may occur faster.

The main conclusions of this study are depicted in Fig. 4. Taken together, the results
showed that ammonia might induce the accumulation of extracellular glutamate in the CNS
because it provokes a reduction of glutamate uptake and increase of glutamate release from
astroglial cells. Furthermore, other parameters that can influence glutamatergic homeostasis are
altered by ammonia, including GS activity, GSH content and Na'K "-ATPase functioning. In this
context, we found that resveratrol modulates several steps and molecules involved in glial
glutamate metabolism, thereby contributing to excitotoxicity prevention and ammonia
detoxification. Moreover, the data show that HO1 participates in the mechanism of action of
resveratrol. Collectively, our findings support that the effects of resveratrol in targeting
glutamate communication in astroglial cells can help in the recovery of brain homeostasis and

the improvement of synaptic plasticity during ammonia challenge.
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Figure legends

Fig. 1. The effects of ammonia on glutamate uptake and glutamate release: protection by
resveratrol. C6 astroglial cells were pre-treated for 1 h with 100 pM resveratrol, followed by the
addition of 5 mM ammonia for 24 h. Cells also were pre-incubated with ZnPP IX (10 uM) to
assess the involvement of HO1 in the parameters analyzed. A — Glutamate uptake; B — EAACI
content; C and D — Glutamate release. The data are expressed as percentages relative to the
control conditions (indicated by the line) and represent the mean + S.E.M of at least three
independent experimental determinations, performed in triplicate and statistically analyzed by
two-way ANOVA followed by Tukey’s test. (a) indicates significant differences from the
control (P < 0.05). (b) indicates significant differences from ammonia (P < 0.05). B basal, 4

ammonia, R resveratrol, 4+R ammonia plus resveratrol.

Fig. 2. Ammonia decreases the GS activity and GSH intracellular content in C6 astroglial cells,
and these effects are reversed by resveratrol through HO1. C6 astroglial cells were pre-treated
for 1 h with 100 uM resveratrol, followed by the addition of 5 mM ammonia for 24 h. Cells also
were pre-incubated with ZnPP IX (10 uM) to assess the involvement of HO1 in the parameters
analyzed. A — GS activity; B — GSH levels. The data are expressed as percentages relative to the
control conditions (indicated by the line) and represent the mean + S.E.M of at least three
independent experimental determinations, performed in triplicate and statistically analyzed by
two-way ANOVA followed by Tukey’s test. (a) indicates significant differences from the

control (P <0.05). (b) indicates significant differences from ammonia (P < 0.05).

Fig. 3. Ammonia-induced impairment of Na'K'-ATPase activity is prevented by resveratrol. C6
astroglial cells were pre-treated for 1 h with 100 uM resveratrol, followed by the addition of 5
mM ammonia for 24 h. The data are expressed as percentages relative to the control conditions
(indicated by the line) and represent the mean + S.E.M of at least three independent
experimental determinations, performed in triplicate and statistically analyzed by two-way
ANOVA followed by Tukey’s test. (a) indicates significant differences from the control (P <

0.05). (b) indicates significant differences from ammonia (P < 0.05).

Fig. 4. Schematic illustration of the outcomes of ammonia challenge in C6 astroglial cells — the
protective role of resveratrol. Ammonia may activate NKCC1 entering the cell through this
transporter, triggering several changes, such as decrease of glutamate uptake and glutamate
transporter expression, as well as GS activity, GSH content and Na'K'-ATPase activity, and
increase glutamate release. The alterations in glutamate uptake/release by ammonia involve
NKCCI activation (gray dashed arrows). Resveratrol prevents all of these effects. The HOI

signaling pathway is involved in the protective mechanism of resveratrol (red dashed arrow).
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Table
Click here to download Table: Table 1.docx

Table 1. The modulation of glutamate uptake and release involves NKCCI1.

Treatments Glutamate uptake Glutamate release
(% of control) (% of control)

Ammonia 78 +4 @ 17119 @

Ammonia + Furosemide 120+10® 122+£3®

Resveratrol 123+7® 96+ 13

Resveratrol + Furosemide 116 £ 11 104 +7

Ammonia + Resveratrol + Furosemide 117+13® 106 £ 8 ®

C6 astroglial cells were pre-treated for 1 h with 100 uM resveratrol, followed by the addition of 5 mM ammonia
for 24 h. The cells also were pre-incubated with furosemide (20 uM) to assess the involvement of NKCCI1 in the
parameters analyzed. The data are expressed as percentages relative to the control conditions and represent the
mean + S.E.M of at least three independent experimental determinations, performed in triplicate and statistically
analyzed by two-way ANOVA followed by Tukey’s test. (a) indicates significant differences from the control (P

< 0.05). (b) indicates significant differences from ammonia (P < 0.05).
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Figure 4
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Astrocytes play an essential role in the central nervous system (CNS) homeostasis. They providing met-
abolic support and protecting against oxidative stress and glutamatergic excitotoxicity. Glutamate
uptake, an electrogenic function, is driven by cation gradients and the Na*-K*-Cl~ co-transporter (NKCC1)
carries these ions into and out of the cell. Elevated concentrations of ammonia in the brain lead to cere-
bral dysfunction. Ammonia toxicity can be mediated by an excitotoxic mechanism, oxidative stress and

feyvyordsij ion discharged. Astrocytes also convert excess ammonia and glutamate into glutamine, via glutamine
Alriczlcofji synthetase (GS). Lipoic acid (LA) is a modulator of the cellular redox status potentially beneficial in neu-

rodegenerative diseases. In this study, we investigated the effect of LA on glial parameters, in C6 cells
exposed to ammonia. Ammonia increased S100B secretion and decreased glutamate uptake, GS activity
and glutathione (GSH) content. LA was able to prevent these effects. LA exerts its protective effect on glu-
tamate uptake and S100B secretion via mechanisms dependent of NKCC1 and PKC. These findings show
that LA is able to modulate glial function impairments by ammonia in vitro, indicating a potential ther-

C6 astroglial cells
Glutamatergic metabolism
S100B secretion

NKCC1

apeutic agent to improve glutamatergic metabolism and oxidative stress against hyperammonemia.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Astrocytes play a critical role in regulation of central nervous
system (CNS) homeostasis. These cells interact with neurons, pro-
viding structural, metabolic, trophic support and antioxidant de-
fenses (Barbeito et al., 2004; Belanger et al., 2011; Ransom and
Ransom, 2012; Wang and Bordey, 2008). In pathological circum-
stances, however, they have the potential to induce neuronal dys-
function (Markiewicz and Lukomska, 2006; Parpura et al., 2012).
Astrocytes also participate of the amino acids uptake, particularly
glutamate, maintaining glutamate extracellular concentration be-
low toxic levels (Anderson and Swanson, 2000; Coulter and Eid,
2012; Danbolt, 2001). Furthermore, glutamate uptake is driven
by cation gradients (Kelly et al., 2009). The glutamate transporter
couples the uptake of one glutamate and two Na* with the export
of one K*, and when the cellular ion gradients are discharged, the
driving force for glutamate uptake is lost. Since the transporter is
electrogenic, i.e. normally transferring a positive charge inward,
membrane depolarization astrocytes can lead to reversal of the
transporter, producing glutamate efflux (Siegel et al., 2006). More-
over, astrocytes have a specific enzyme, glutamine synthetase (GS

* Corresponding author. Address: Departamento de Bioquimica, Programa de
Pés-Graduagdo em Ciéncias Bioldgicas: Bioquimica, Instituto de Ciéncias Basicas da
Saude, Universidade Federal do Rio Grande do Sul, Rua Ramiro Barcelos 2600 anexo,
90035-003 Porto Alegre, RS, Brazil. Tel.: +55 51 3308 5567; fax: +55 51 3308 5540.

E-mail address: andrequincozes@yahoo.com.br (A. Quincozes-Santos).

0887-2333/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tiv.2013.07.006

- EC 6.3.1.2), which catalyzes the amidation reaction of glutamate
to form glutamine, thereby protecting neurons against excitotoxic-
ity (Mates et al., 2002; McKenna, 2007). The glutamate taken up by
astrocytes may also be used to the biosynthesis of glutathione
(GSH), the major antioxidant molecule in the brain (Banerjee
et al., 2008; Hertz, 2006).

Ammonia is produced by amino acids and other nitrogenous
compounds metabolism. Conditions as acute and chronic liver fail-
ure or deficiencies in enzymes of the urea cycle may increase the
levels of ammonia in blood and, consequently, in CNS, leading to
deleterious effects and development of hepatic encephalopathy
(HE), a neuropsychiatric syndrome (Bjerring et al., 2009; Braissant
et al., 2012; Felipo and Butterworth, 2002). Ammonia neurotoxicity
can be mediated by an excitotoxic mechanism involving the gluta-
matergic system, including elevation of extracellular glutamate
content, decreased glutamate transporters expression, NMDA
receptor activation and subsequent increases in intracellular
calcium concentration (Felipo et al., 1998; Hillmann et al., 2008;
Monfort et al., 2002; Vaquero and Butterworth, 2006). Further-
more, under hyperammonemia, GS activity is decreased (Bobermin
et al., 2012; Felipo and Butterworth, 2002; Leite et al., 2006).
Besides its importance for glutamate metabolism, GS is responsible
for detoxify ammonia in the CNS (Cooper and Plum, 1987).
Ammonia toxicity in the brain also involves increase in reactive
oxygen and nitrogen species (ROS/RNS) levels (Bobermin et al.,
2012; Norenberg, 2003; Norenberg et al., 2009), change in nitric
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oxide (NO) metabolism (Buzanska et al., 2000), disturbance in en-
ergy metabolism (Rama Rao and Norenberg, 2012) and activation
of mitogen-activated protein kinase (MAPK) pathway (Jayakumar
et al.,, 2006; Norenberg et al., 2009). Increased levels of S100B
secretion, an important glial marker in CNS, often used as an indi-
cator of glial activation (Rothermundt et al., 2003; Steiner et al.,
2011), and inflammatory cytokines (TNF-a, IL-1B, IL-6) were also
observed in astroglial cells exposed to ammonia (Bobermin et al.,
2012; Leite et al., 2006).

The Na*-K*-CI~ co-transporter (NKCC) is a membrane protein
that transport Na*, K" and CI~ ions into and out of the cell (Haas
and Forbush, 1998) and also is involved in the ammonium (NH})
influx in astrocytes (Kelly et al., 2009; Kelly and Rose, 2010; Wor-
rell et al., 2008). NKCC1, the isoform present in astroglial cells, is
related to regulation of cell volume in many conditions and con-
tributes to astrocyte swelling induced by ammonia (Chassande
et al., 1988; Jayakumar and Norenberg, 2010).

Lipoic acid (LA) is a naturally occurring compound that is syn-
thesized in small amounts by plants and animals, including hu-
mans, and acts as cofactor in mitochondrial energy metabolism
(Smith et al., 2004). LA exogenously administrated as dietary sup-
plement is a potent modulator of the cell’s redox status and pre-
sents anti-inflammatory and neuroprotective effects (Aguirre
et al,, 1999; Bramanti et al., 2010; Kleinkauf-Rocha et al., 2013;
Perera et al., 2011; Salinthone et al.,, 2011; Shay et al., 2009;
Tomassoni et al.,, 2013). LA contains two thiol (sulfur) groups,
which may be reduced to dihydrolipoic acid (DHLA), and both
the oxidized and reduced forms possess biological activity. The
oxidized form is easily absorbed and taken by cells, being finally
reduced to DHLA with participation of the system NAD(P)H
(Haramaki et al.,, 1997; Packer and Cadenas, 2010). As DHLA can
be released, it acts as antioxidant within the cell, mainly in mito-
chondria, and also in extracellular space, protecting cells against
oxidative damage (Busse et al, 1992; Packer and Cadenas,
2010). In addition to their direct antioxidant activity, DHLA has
the ability to regenerate other antioxidants, such as GSH, vitamin
E and vitamin C (Biewenga et al., 1997; Kolgazi et al., 2007), and
metal chelating activity (Ou et al., 1995), resulting in reduced ROS
production. In this sense, LA has emerged as potential therapeutic
agent in pathologies involving oxidative stress, including neuro-
degenerative diseases.

Recently, our group demonstrated that LA increases glutamate
uptake, GS activity and GSH content in C6 astroglial cells
(Kleinkauf-Rocha et al., 2013). This cell line is strongly stained
for GFAP (95% GFAP positive) and has been widely used as an
astroglial model to study glial functions and cellular signaling
(Benda et al., 1968; dos Santos et al., 2006; Han et al., 1997;
Mangoura et al., 1989; Quincozes-Santos and Gottfried, 2011;
Steiner et al., 2010). Because ammonia exposure induces impair-
ment in astroglial functions, in the present study, we investigated
whether LA could protect C6 astroglial cells from ammonia
toxicity. Thus, the S100B secretion, glutamate uptake, GS activity
and GSH intracellular content was assessed, as well as, the possi-
ble mechanisms involved in the modulation of glutamate uptake
and S100B secretion.

2. Materials and methods
2.1. Materials

Racemic (+) lipoic acid, standard GSH, o-phthaldialdehyde, bis-
indolylmaleimide II (Bis II), PD98059, furosemide and monoclonal
anti-S100B (SH-B1) were purchased from Sigma (St. Louis, MO,
USA). Fetal bovine serum (FBS), Dulbecco’s modified Eagle medium
(DMEM) and other materials for cell culture were purchased from

Gibco BRL (Carlbad, CA, USA). Polyclonal anti-S100B from Dako
(Glostrup, Denmark); anti-rabbit peroxidase and L-[>H] glutamate
were purchased from Amersham (Buckinghamshire, UK). All other
chemicals were purchased from common commercial suppliers.

2.2. C6 astroglial cell culture and treatments

The C6 astroglial cell line was obtained from the American Type
Culture Collection (Rockville, MA, USA) and was cultured according
to a previously described procedure (dos Santos et al, 2006). The
cells were seeded in flasks and cultured in DMEM (pH 7.4) contain-
ing 5% FBS, 0.1% amphotericin B and 0.032% gentamicin. Cells were
maintained at a temperature of 37 °C in an atmosphere of 5% CO,/
95% air. At log phase, cells were detached from the culture flasks
using 0.05% trypsin/ethylene-diaminetetracetic acid (EDTA) and
seeded (5 x 10° cells/cm?) in 24- or 6-well plates. At confluence,
the culture medium was removed by suction, and the cells were
pre-treated for 1 h with lipoic acid (10 pM) at 37 °C in an atmo-
sphere of 5% C0,/95% air in DMEM without serum. Subsequently,
5 mM ammonia (NH4Cl) was added in the presence or absence of
lipoic acid (10 uM) for 24 h.

Cells also were treated for 1 h or 24 h with furosemide (20 pM),
which inhibits NKCC activity, to verify the involvement of this co-
transporter in the modulation of S100B secretion and glutamate
uptake by ammonia and LA. Moreover, to study the role of PKC
(protein kinase C) and ERK (extracellular-signal regulated kinase)
pathways in the glutamate uptake, cells were treated for 1 h, be-
fore ammonia and LA treatments for 24 h, with Bis II (1 uM) or
PD98059 (5 uM), the specific PKC and MEK/ERK inhibitors,
respectively.

2.3. Membrane integrity and metabolic activity assays

2.3.1. Propidium iodide (PI) incorporation assay

Cells were treated simultaneously with 7.5 pM PI and incubated
for up 24 h in an atmosphere of 5% C0,/95% air, at 37 °C. The opti-
cal density of fluorescent nuclei (labeled with PI), indicative of loss
membrane integrity, was determined with Optiquant software
(Packard Instrument Company). Density values obtained are ex-
pressed as a percentage of the control value.

2.3.2. Lactate dehydrogenase (LDH) assay

Was conducted in 50 pL of extracellular medium using a com-
mercial colorimetric assay from Doles (Brazil). Results are ex-
pressed as percentages of the control value.

2.3.3. MTT reduction assay (metabolic activity)

MTT (50 pg/mL) was added after the treatments and cells were
incubated for 30 min in an atmosphere of 5% C0,/95% air, at 37 °C.
Subsequently, the medium was removed and the MTT crystals
were dissolved in DMSO. Absorbance values were measured at
560 and 650 nm. Results are expressed as percentages of the con-
trol value.

2.4. S100B measurement

S100B secretion and intracellular content were measured by an
enzyme-linked immune sorbent assay (ELISA). Briefly, 50 puL of
sample and 50 pL of Tris buffer were incubated for 2 h on a micro-
titer plate previously coated with monoclonal anti-S100B (SH-B1).
Next, the samples were incubated with polyclonal anti-S100B for
30 min, and then, peroxidase-conjugated anti-rabbit antibody
was added for a further 30 min incubation period. A colorimetric
reaction with o-phenylenediamine was observed at 492 nm. Re-
sults are expressed as percentages of the control value.
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2.5. Glutamate uptake assay

Glutamate uptake was performed as previously described
(Gottfried et al., 2002) with some modifications. Briefly, C6 cells
were incubated at 37 °C in a Hank’s balanced salt solution (HBSS)
containing (in mM): 137 NaCl, 5.36 KCl, 1.26 CaCl,, 0.41 MgSOy,,
0.49 MgClz, 0.63 NazHPO4~7H20, 0.44 KH2PO4, 417 NaHCO3 and
5.6 glucose, adjusted to pH 7.4. The assay was started by the addi-
tion of 0.1 mM L-glutamate and 0.33 pCi/ml L-[2,3->H] glutamate.
The incubation was stopped after 10 min by removal of the med-
ium and rinsing the cells twice with ice-cold HBSS. The cells were
then lysed in a solution containing 0.5 M NaOH. Radioactivity was
measured in a scintillation counter. Sodium-independent uptake
was determined by using N-methyl-d-glucamine instead of so-
dium chloride. Sodium-dependent glutamate uptake was obtained
by subtracting the non-specific uptake of the total uptake. Results
are expressed as percentages of the control value.

2.6. Glutamine synthetase (GS) activity

The enzymatic assay was performed as previously described
(dos Santos et al, 2006). Briefly, homogenate was added to a reac-
tion mixture containing 10 mM MgCl,, 50 mM L-glutamate,
100 mM imidazole-HCI buffer (pH 7.4), 10 mM 2-mercaptoethanol,
50 mM hydroxylamine-HCl and 10 mM ATP and incubated for
15 min at 37 °C. The reaction was stopped by adding a solution
containing 370 mM ferric chloride, 670 mM HCl and 200 mM tri-
chloroacetic acid. After centrifugation, the absorbance of the super-
natant was measured at 530 nm and compared to a calibration
curve of y-glutamylhydroxamate treated with ferric chloride re-
agent. Results are expressed as percentages of the control value.

2.7. Glutathione (GSH) content assay

GSH levels were performed as previously described with some
modifications (Browne and Armstrong, 1998). C6 astroglial cells
homogenates were diluted in 10 volumes of 100 mM sodium phos-
phate buffer pH 8.0 containing 5 mM EDTA and protein was precip-
itated with 1.7% meta-phosphoric acid. Supernatant was assayed
with o-phthaldialdeyde (1 mg/ml methanol) at room temperature
for 15 min. Fluorescence was measured using excitation and emis-
sion wavelengths of 350 and 420 nm, respectively, Spectra Max
GEMINI XPS, Molecular Devices, USA. A calibration curve was per-
formed with standard GSH solutions (0-500 ptM). GSH concentra-
tions were calculated as nmol/mg protein and results are
expressed as percentages of the control value.

2.8. Protein determination

Protein content was measured by Lowry’s method using bovine
serum albumin as the standard.

2.9. Statistical analysis

Data are presented as mean + S.E.M. Each experiment was per-
formed in triplicate from at least three independent cultures. The
data were subjected to two-way analysis of variance (ANOVA) fol-
lowed by the Tukey’s test. Values of P < 0.05 were considered sig-
nificant. All analyses were performed using the Statistical
Package for the Social Sciences (SPSSs) software.

3. Results

The exposure to ammonia (5 mM) for 24 h increased by about
46% (P<0.01) the S100B secretion in C6 astroglial cells, Fig. 1.
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Fig. 1. Effects of ammonia and LA on S100B secretion. Cells were pre-treated for 1 h
with LA (10 uM). After, ammonia (5 mM) was added in the presence or absence of
LA for 24 h. Cells were also incubated with furosemide (20 pM), a NKCC1 inhibitor,
followed by treatment with LA and ammonia for 24 h, in the presence of inhibitor.
The basal secretion level, assumed to be 100%, is indicated by the line. Data
represent mean +S.E.M of three independent experimental determinations per-
formed in triplicate, analyzed statistically by ANOVA followed by the Tukey's test. *
Indicates significant differences from control, * for P < 0.05, ** for P<0.01.

The intracellular S100B content was not affected by ammonia (data
not shown). LA prevented this effect, dropped the levels from
146 +13% to 120+ 13% (P < 0.05), Fig. 1. Because changes in cell
integrity (as evaluated by measuring Pl incorporation, extracellular
LDH content and MTT reduction, data not shown) were not ob-
served, the increased levels of extracellular ST00B most likely re-
sulted from secretion. We also investigated whether NKCC1
activity is related to S100B secretion in the presence of ammonia
for 24 h. Furosemide, an inhibitor of NKCC1, per se did not modify
the basal S100B secretion, but prevented the increase induced by
ammonia exposure, Fig. 1. Moreover, co-incubation of furosemide
and LA strongly reduced S100B secretion (from 146 +13% to
90+8%, P<0.01), Fig. 1. Additionally, morphological studies
showed that ammonia exposure for 1 h induced astroglial swelling
and cell body retraction, which were totally prevented by LA and
furosemide, but at the same time S100B release was not affect
(data not shown).

Ammonia decreased glutamate uptake (83 + 8%, P < 0.05) in C6
astroglial cells after 1h incubation (table inset in Fig. 2).
LA per se did not alter the glutamate uptake, but avoided the
decrease caused by ammonia (97 £ 8%). Furosemide alone pro-
tected cells against ammonia damage and potentiated the effect
of LA on glutamate uptake (109 + 8%, P < 0.05). Following 24 h of
exposure to ammonia, glutamate uptake decreased 21% compared
to control conditions (P < 0.01), Fig. 2. LA per se induced an increase
in glutamate uptake (123 £ 11%, P < 0.01) and also was able to pre-
vent the reduction induced by ammonia (113 9%, P < 0.05). We
also observed that decrease in glutamate uptake by ammonia is
dependent of NKCC1 (from 79 £ 6% to 91 £ 7%). Furosemide also
potentiated the LA-induced increase in glutamate uptake, indicat-
ing that LA may modulate NKCC1 co-transporter.

Moreover, in a previous work, we demonstrated that the
modulation of glutamate uptake by LA is dependent of PKC
(Kleinkauf-Rocha et al., 2013). Then, we evaluated whether PKC
is able to modulate this function in hyperammonemia conditions.
As expected, the PKC inhibitor (Bis 1I, 1 uM) blocked the increase
in glutamate uptake induced by LA and also avoided the protective
effect of LA against ammonia-induced glutamate uptake decrease,
Fig. 2. As MAPK signaling pathway has been also described as mod-
ulator of glutamate uptake (Lee et al., 2012; Zhou et al., 2011), we
tested the possible involvement of ERK, a member of MAPK family,
in this parameter. The MEK/ERK inhibitor (PD98059, 5 uM) pre-
vented the decrease in glutamate uptake induced by ammonia.
However, did not alter the effect of LA, Fig. 2. These results indicate
that another mechanism by which LA exerts its protective effect

57


UserXP
Texto digitado

UserXP
Texto digitado
 57

UserXP
Texto digitado


2044 L.D. Bobermin et al./Toxicology in Vitro 27 (2013) 2041-2048

Treatments Glutamate uptake 1 h (%)

Ammonia 83+8°
LA 107+ 13
Ammonia + LA 978"
Ammonia + Furosemide 957"
LA + Furosemide 103+9
Ammonia + LA + Furosemide 109+ 8"
200 ~
[ No inhibitor
2 Bl NKCC1 inhibitor
S = 150 1 okt Bl PKC inhibitor
. 2 *k *# * 3 ERK inhibitor
=3 -— *
c =
28 = =
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Ammonia + - + + - + + - + 4+ - 4

Fig. 2. Effects of ammonia and LA on glutamate uptake - involvement of NKCC1 co-
transporter, PKC and ERK signaling pathways. Cells were pre-treated for 1 h with LA
(10 uM). After, ammonia (5 mM) was added in the presence or absence of LA for
24 h. Cells were also pre-incubated with 20 pM furosemide, 1 pM Bis II (a PKC
inhibitor) or 5 pM PD98059 (a MEK/ERK inhibitor), followed by treatment with LA
and ammonia for 24 h in the presence of inhibitors. The line indicates the control
value. The table inset shows the effect of ammonia, LA and furosemide on glutamate
uptake after 1 h of treatment. Data represent mean + S.E.M of three independent
experimental determinations performed in triplicate, analyzed statistically by
ANOVA followed by the Tukey’s test. * Indicates significant differences from control,
* for P< 0.05, ** for P<0.01 and * for P< 0.05 compared to furosemide.

per se and against ammonia toxicity is PKC, while ammonia alone
reduces glutamate uptake through NKCC1 and ERK pathway. For
glutamate uptake, all inhibitors tested did not change the basal
levels of uptake.

Because GS is primarily responsible for clearing ammonia and
the main destination of glutamate after taken up by astroglial cells
is conversion to glutamine by GS, we measure the activity of this
enzyme. Following exposure to ammonia for 24 h, GS activity
was decreased by about 17% (100 + 9-83 + 6%, P < 0.01), Fig. 3. LA
per se increased the activity of GS (20%, P < 0.05), and completely
prevented the ammonia-induced decrease in GS activity
(99 + 7%), Fig. 3.

Finally, we evaluated the GSH intracellular content, Fig. 4.
Ammonia decreased GSH content by about 22% (P < 0.01). LA in-
creased GSH (33%, P<0.01) and, under ammonia exposure, re-
stored the GSH intracellular levels (109 + 9%).

150 -
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LA - + +
Ammonia + - +

Fig. 3. Effects of ammonia and LA on GS activity. Cells were pre-treated for 1 h with
LA (10 pM). After, ammonia (5 mM) was added in the presence or absence of LA for
24 h. The line indicates the control value. Data represent mean + S.E.M of three
independent experimental determinations performed in triplicate, analyzed statis-
tically by ANOVA followed by the Tukey’s test. * Indicates significant differences
from control, * for P <0.05 and ** for P < 0.01.
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Fig. 4. Effects of ammonia and LA on GSH intracellular content. Cells were pre-
treated for 1 h with LA (10 pM). After, ammonia (5 mM) was added in the presence
or absence of LA for 24 h. The line indicates the control value. Data represent
mean + S.EM of three independent experimental determinations performed in
triplicate, analyzed statistically by ANOVA followed by the Tukey’s test. * Indicates
significant differences from control, ** for P < 0.01.

4. Discussion

LA has gained considerable attention due their role as antioxi-
dant. There is increasing interest in potential therapeutic uses of
LA in diverse conditions, such as neurodegenerative diseases, neu-
ropathy, ischemia-reperfusion injury, metabolic syndrome and
diabetes (De Araujo et al., 2011; Evans and Goldfine, 2000; Goraca
et al., 2011; Packer et al., 1997; Shay et al., 2009; Tomassoni et al.,
2013; Ziegler, 2009). Our group demonstrate, in a previous work,
that besides exerting a well described antioxidant effect, LA is also
able to modulate important glial functions and improve glutama-
tergic metabolism in vitro (Kleinkauf-Rocha et al., 2013). As hyper-
ammonemia conditions result in glial alterations (Bobermin et al.,
2012), we investigated the protective effect of LA in C6 astroglial
cells exposed to ammonia.

Astrocytes display a wide range of adaptative functions in CNS
(Markiewicz and Lukomska, 2006). During brain pathological con-
ditions, injury or insults, one the biochemical responses of astrog-
lial cells is an increase in S100B secretion (Van Eldik and
Wainwright, 2003). Elevated extracellular concentration of this
protein may be associated with brain damage, and persistent high
levels could be involved in neurodegenerative disorders (Rother-
mundt et al., 2003). Previous works showed elevated S100B serum
levels in patients with HE (Wiltfang et al., 1999) and increased lev-
els of S100B secretion in astrocytes and C6 astroglial cells exposed
to ammonia in vitro (Bobermin et al., 2012; Leite et al., 2006).

Here, we also observed that ammonia stimulated an increase of
S100B release in C6 astroglial cells. However, when cells were
incubated with ammonia and LA, the S100B secretion was lower,
indicating a protective effect of LA. It is important to mention that
the mechanism of S100B secretion still remains unclear, but is
known that secretion is affected by redox conditions and metabolic
stress (Donato et al., 2009; Nardin et al., 2007; Quincozes-Santos
et al., 2009; Quincozes-Santos et al., 2010). Resveratrol, another
molecule with antioxidant and neuroprotective properties, also is
able to prevent the increase of S100B secretion provoked by
ammonia, through a mechanism that may involve the decrease in
NO production (Bobermin et al., 2012). Since LA modulates the cel-
lular redox status and decreases NO levels (Kleinkauf-Rocha et al.,
2013), which can be a possible mechanism whereby LA exerted
their protective effect on S100B secretion in C6 astroglial cells ex-
posed to ammonia.

In addition, furosemide prevented the increase on S100B secre-
tion under ammonia exposure, and potentiates the effect of LA.
NKCC1 is involved with the transport of NH; into the astroglial
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cells (Kelly et al., 2009; Kelly and Rose, 2010) and stimulation of
NKCC1 activation may indirectly modulate the intracellular Ca®*
concentration (Chen et al., 2008; Lenart et al., 2004; Liu et al.,
2010). In this regard, NKCC1 inhibitor could decrease S100B secre-
tion either by NH; influx and/or intracellular Ca®* levels, because
Ca?* has been proposed to mediate S100B release (Davey et al.,
2001; Nardin et al., 2009). This data indicates that the mechanism
of S100B secretion probably involves Na*, K" and CI~ ion transport.
Moreover, Jayakumar et al. (2008) reported that NKCC1 activation
is involved in astroglial swelling under hyperammonemia and we
observed that LA and furosemide totally prevented this effect (data
not shown).

Glutamate is the main neurotransmitter in mammalian CNS and
abnormalities of glutamatergic neurotransmission play a substan-
tial role in the mechanisms of neurotoxicity of different toxic
agents, including ammonia (Monfort et al., 2002). Astrocytes are
intimately related to glutamatergic neurotransmission, because
are the major cells responsible for glutamate clearance from the
synaptic cleft by specific glutamate transporters (or excitatory
amino acids transporter — EAAT) (Danbolt, 2001; Hertz, 2006;
Veenman et al., 2012). There is evidence from in vitro and in vivo
studies to suggest that ammonia exposure results in alterations
in expression and activity of these transporters, leading to limita-
tions in the capacity of glutamate uptake in astrocytes (Braissant
et al.,, 2012; Felipo and Butterworth, 2002; Felipo et al., 1998; Rose,
2006; Vaquero and Butterworth, 2006). We showed that ammonia
decreased glutamate uptake in C6 astroglial cells and LA prevented
this effect. Furthermore, LA per se caused enhance in glutamate up-
take. The glutamate uptake may be affected by oxidative stress
(Volterra et al., 1994a,b). Ammonia increase ROS/RNS production
(Bobermin et al., 2012; Jayakumar et al., 2006; Norenberg, 2003),
which can oxidize the glutamate transporters, resulting in reduced
uptake function (Anderson and Swanson, 2000; Trotti et al., 1998).
Thus, one way by which LA can modulates glutamate uptake is
decreasing oxidizing conditions.

Ammonia also activates NKCC1, leading to decrease in intracel-
lular pH and increase in intracellular Na* concentration. As gluta-
mate transporters activity is pH- and Na*-dependent (Danbolt,
2001; Kanai and Hediger, 2004), ammonia can reduce glutamate
uptake via alteration of ion gradients, reducing inward transmem-
brane gradients of Na* and H*, which provide the driving force for
glutamate uptake (Kelly et al., 2009; Kelly and Rose, 2010). In addi-
tion, reductions in the driving force for glutamate uptake, an elec-
trogenic function associated to depolarizing astrocytes, may
accompany an inhibition of GS, the enzyme responsible for detox-
ify ammonia in the CNS. According to Kelly et al. (2009), we found
that the decrease in glutamate uptake induced by ammonia was
dependent of NKCC1, because furosemide attenuates this effect
per se and potentiates in the presence of LA. Additionally, ROS/
RNS have an important role to increase NKCC1 activity and antiox-
idants prevent this effect (Jayakumar et al., 2008). LA can restore
the glutamate uptake levels under ammonia exposure through
NKCC1, preventing its oxidation/nitration and then, decreasing its
activation (Jayakumar and Norenberg, 2010).

In addition to vulnerability to the action of biological oxidants
and ionic gradient, some signaling pathways may also affect gluta-
mate transport in astroglial cells. The activation of PKC regulates
the expression of EAAT3, the main glutamate transporter present
in C6 cells (Davis et al., 1998), and also increases the activity and
the membrane expression of this transporter (Bianchi et al.,
2006; Gonzalez et al., 2002). MAPK signaling pathway has been
also described as modulator of glutamate uptake (Lee et al,
2012; Zhou et al., 2011). During this study, we investigated the
involvement of PKC and ERK pathways on the modulation of
glutamate uptake by ammonia and LA. In agreement with
Kleinkauf-Rocha et al. (2013), we demonstrated that PKC inhibitor

prevented the effects of LA, under basal and ammonia exposure
conditions, indicating that the modulation of LA on glutamate up-
take is dependent of PKC. Jayakumar et al. (2006) reported that
inhibition of ERK did not reverse glutamate uptake decrease in-
duced by ammonia in primary astrocyte cultures. However, here,
the ERK inhibitor abolished the reduction of glutamate uptake
caused by ammonia, showing that ammonia can impair glutamate
uptake through ERK pathway. Interestingly, ERK is also responsi-
ble, at least in part, by other toxic effects of ammonia as the in-
creased proinflammatory cytokines (TNF-a, IL-18 and IL-6) and
S100B release by astroglial cells (Bobermin et al., 2012).

It is important to note that after taken up by astroglial cells,
glutamate has many fates, for example glutamine and GSH biosyn-
thesis (McKenna, 2007). The glutamate can be converted by the
enzyme GS into glutamine, which is exported to neurons allowing
the synthesis of glutamate, characterizing the glutamate-
glutamine cycle (Mates et al., 2002). GS also is the major CNS
pathway of ammonia removal (Braissant et al., 2012; Felipo and
Butterworth, 2002), because synthesizes glutamine from gluta-
mate and ammonium (NH;), and is very sensitive to oxidative
and nitrosative stress (Hertz, 2003). We reported that ammonia
decreased GS activity, while LA prevented this effect and increased
GS activity per se, contributing to the ammonia detoxification.
Augment in NO production seems to be related to GS activity fail-
ure induced by ammonia (Bobermin et al., 2012; Rose and Felipo,
2005). Thus, a possible mechanism by which LA could modulate
the activity of this enzyme is scavenging ROS/RNS. Additionally,
the increase in the GS activity could be related to increased pro-
duction of GSH. Glutamine formation is essential for glutamate
metabolism and ammonia detoxification, and also helps to main-
tain GSH levels in CNS (Allaman et al., 2011; Banerjee et al.,
2008; Dringen and Hirrlinger, 2003; Mates et al., 2002).

Glutamate is a precursor for synthesis of tripeptide GSH (gluta-
mate, cysteine, and glycine), the main non-enzimatic antioxidant
in the CNS (Wang and Bordey, 2008). Therefore, glial cells have
an important role for antioxidant defenses in the CNS because it
produce and secrete GSH, which serves as a substrate to neuronal
GSH synthesis (Dringen, 2000; Pope et al., 2008). We observed that
ammonia decreased GSH intracellular content. The depletion of
GSH in glial cells induces neurotoxicity and impairment in gluta-
mate transporters, and has been described as the basis of neurode-
generative disorders, such as Alzheimer’s and Parkinson’s disease
(Lee et al., 2010; Schulz et al., 2000). As above mentioned, ammo-
nia also decreases the glutamate uptake. Increase in extracellular
glutamate levels affect cystine transport, essential for GSH synthe-
sis, because glutamate and cystine share the same transport
system - the cystine/glutamate (xc) antiporter (Lewerenz et al.,
2006).

On the other hand, we found that LA increased the GSH intracel-
lular content and completely recovered the GSH levels in the pres-
ence of ammonia. In addition its ability to regenerate glutathione
oxidized (GSSG) to GSH, LA enhance GSH intracellular levels in sev-
eral cell types and tissues (Busse et al., 1992; Suh et al., 2004b).
DHLA can stimulate GSH synthesis by reduction of cystine to cys-
teine. LA may also increase cellular cysteine levels by enhancing
cystine uptake, followed by its reduction to cysteine (Han et al.,
1997, 1995; Packer and Cadenas, 2010). Additionally, LA can medi-
ate the induction of GSH through transcription factor Nrf2 (nuclear
factor erythroid-2 related factor-2) (Moini et al., 2002; Suh et al.,
2004a), which facilitates the GSH synthesis (Escartin et al., 2011).
The activation of Nrf2 signaling by LA also induces the antioxida-
tive protein heme oxygenase 1 (HO1) expression in neural cells
(Koriyama et al., 2013). This protein acts as a scavenger of NO
and plays a crucial role against oxidative stress in a wide range
of toxic insults (Bastianetto and Quirion, 2010; Li et al., 2007;
Quincozes-Santos et al., 2013). Furthermore, the mechanism of
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the Nrf2 activation and consequent HO1 induction involves PI3K
pathway (Kim et al., 2010; Koriyama et al., 2013), which is modu-
lated by LA (Wang et al., 2010; Yamada et al., 2011; Zhang et al.,
2007). Thus, the modulation of GSH content and other antioxida-
tive systems by LA reinforce their antioxidant and neuroprotective
roles.

LA is a versatile bioactive compound, and their neuroprotec-
tive effects may be independent of its antioxidant activity. In
summary, our results suggest that LA could protect important
glial functions that are impaired under hyperammonemia condi-
tions. Ammonia induced an increase in S100B secretion and a de-
crease in glutamate uptake, GS activity and GSH intracellular
content in C6 astroglial cells and LA was able to prevent all these
effects, suggesting that LA may be able to improve the clearance
of glutamate and ammonia in the brain. The data presented in
this study suggest that ammonia and LA may modulate S100B
secretion and glutamate uptake through NKCC1. Moreover, the ef-
fects of LA and ammonia on glutamate uptake also occur via
mechanisms probably dependent of PKC and ERK activation,
respectively. Electrophysiological studies in progress, in our lab,
will evaluate LA protective effects on ammonia exposure in hip-
pocampal slices. Although further studies in animal models, to
better clarify the mechanisms of action, and clinical trials are nec-
essary, LA may represent a potential therapeutic agent to improve
glutamatergic metabolism and oxidative stress, associated to
neurological disorders, such as HE.
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Abstract

Hyperammonemia induces significant changes in central nervous
system (CNS) directly associated to astroglial functions, such as oxidative
damage, glutamatergic excitotoxicity, impairment in glutamine synthetase
(GS) activity and pro-inflammatory cytokines release. Classically, lipoic acid
(LA) and N-acetylcysteine (NAC) exhibit antioxidant and anti-inflammatory
activities, by increasing glutathione (GSH) biosynthesis and decreasing pro-
inflammatory mediators in glial cells. In this sense, here we evaluated the
protective effect of LA and NAC against ammonia cytotoxicity in C6 astroglial
cells. Ammonia decreased GSH content and increased cytokines release and
NFkB levels. LA and NAC prevented these effects via ERK and HO1 signaling
pathways. Taken together, these observations show that LA and NAC are

able to prevent ammonia-induced inflammatory response.

Keywords: ammonia cytotoxicity, LA, NAC, inflammatory response, ERK,

HO1
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1. Introduction

Ammonia is a key factor in the pathogenesis of hepatic encephalopathy
(HE), which is a major complication in acute and chronic liver failure (Felipo
and Butterworth, 2002; Gorg et al., 2010). In this neuropsychiatric syndrome,
the concentrations of ammonia in the brain can rise as high as 5 mM (Felipo
and Butterworth, 2002). Hyperammonemia induces strong metabolic effects in
central nervous system (CNS), including glutamatergic excitotoxicity,
mitochondrial dysfunction with consequent overproduction of reactive oxygen
and nitrogen species (ROS/RNS) and failure in ATP production, impairment in
glutamine synthetase (GS) activity and release of pro-inflammatory cytokines
(Bobermin et al., 2012; Bobermin et al., 2013; Gorg et al., 2010; Hillmann et
al.,, 2008; Jayakumar et al., 2006; Leite et al., 2006; Norenberg, 2003;
Norenberg et al., 1997; Norenberg et al., 2009).

Astrocytes are the primary target of ammonia toxicity in the brain,
because GS is responsible for detoxify ammonia (Felipo and Butterworth,
2002). Furthermore, astrocytes contribute to maintenance of synaptic
information processing and ionic homeostasis; regulate energy metabolism
and release of neurotrophic factors; modulate the biosynthesis and release of
antioxidant defenses, like glutathione (GSH), and the main anti- and pro-
inflammatory cytokines (Belanger et al., 2011; Dringen, 2000; Farina et al.,
2007; Maragakis and Rothstein, 2006; Parpura et al., 2012; Pope et al., 2008;
Ransom and Ransom, 2012).

Our group have reported the beneficial effects of antioxidants, such as
resveratrol and lipoic acid (LA) on glial cells as well as proposed some

mechanisms for their activities (Bobermin et al., 2012; Bobermin et al., 2013;
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Kleinkauf-Rocha et al., 2013; Quincozes-Santos et al., 2013; Quincozes-
Santos et al., 2014b; Quincozes-Santos and Gottfried, 2011). LA is an
essential cofactor for mitochondrial enzymes and has been widely studied as
a neuroprotective compound when exogenously administrated (Packer and
Cadenas, 2011; Perera et al.,, 2011; Salinthone et al., 2011). Numerous
reports ranging from cell cultures to animal models have demonstrated that
LA exhibits antioxidant and anti-inflammatory activities, by increasing GSH
biosynthesis and decreasing pro-inflammatory mediators (Rocamonde et al.,
2013; Rocamonde et al., 2012; Xia et al., 2014). Recently, we demonstrated
that LA protects astroglial cells against ammonia toxicity improving
glutamatergic metabolism (Bobermin et al., 2013).

N-acetylcysteine (NAC), a classical antioxidant, has been clinically
used for the treatment of several peripheral and brain disorders (Berk et al.,
2012; Samuni et al., 2013). Moreover, NAC can sustain the synthesis of GSH,
because it is the acetylated precursor of the amino acid cysteine, a
constituent of tripetide GSH, the major antioxidant defense of the CNS
(Beloosesky et al., 2012; Reliene et al., 2009; Samuni et al., 2013). GSH is
synthesized and secreted by astrocytes and serves as a substrate to neuronal
GSH synthesis (Dringen, 2000; Hertz and Zielke, 2004). In this sense, Lee et
al, 2010 demonstrated that a depletion of GSH in glial cells induced
neuroinflammation. Although the increase of GSH intracellular levels is
commonly associated to the beneficial roles of NAC, the GSH-independent
mechanisms underlying its activity are only partially understood.

LA and NAC have been used in several clinical trials associated to

neuropsychiatric disorders, mainly because these diseases have a multi-
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factorial etiology that involves inflammatory pathways, oxidative stress,
glutamatergic transmission and GSH metabolism, which are closely
associated to glial cells (Beloosesky et al., 2012; Berk et al., 2008; Berk et al.,
2012; Han et al., 2012; Packer and Cadenas, 2011; Samuni et al., 2013).
However, the cellular and molecular mechanisms by which LA and NAC
exerts their diverse effects are complex and still unclear. In this sense, the
aim of this study was to evaluate the effect of ammonia on GSH content and
cytokines release in C6 astroglial cells as well as the putative mechanisms
involved in the protective effect of LA and NAC on hyperammonemia. Thus,
we assessed GSH content, TNF-a, IL-13, IL-6, IL-18, S100B and nuclear
factor kB (NFkB) levels as well as the role of extracellular signal-regulated

kinase (ERK) and heme oxygenase 1 (HO1) signaling pathways.

2. Materials and Methods
2.1. Materials

Lipoic acid (LA), N-acetylcysteine (NAC), PD98059, ZnPP IX, standard
GSH, o-phthaldialdeyde, monoclonal anti-S100B antibody (SH-B1) and o-
phenylenediamine (OPD) were purchased from Sigma (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS) and
other materials for cell culture were purchased from Gibco (Carlsbad, CA,
USA). All other chemicals were purchased from common commercial
suppliers.
2.2. C6 astroglial cell cultures and treatments

C6 astroglial cell line was obtained from the American Type Culture

Collection (Rockville, MD, USA) and was cultured according to a previously
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described procedure (dos Santos et al., 2006). The cells were seeded in
flasks and cultured in DMEM (pH 7.4) containing 5% fetal bovine serum
(FBS), 0.1% amphotericin B and 0.032% gentamicin. Cells were kept at a
temperature of 37°C in an atmosphere of 5% CO2/95% air. At confluence, the
cells were pre-treated for 1 h with LA (10 pM) or NAC (100 yM) in DMEM
without serum. Subsequently, 5 mM ammonia (NH4Cl) was added in the
presence or absence of LA (10 uM) or NAC (100 pM) for 24 h. To study the
role of ERK and HO1 on the effects of LA and/or NAC, cells were treated for 1
h (before ammonia and LA/NAC treatments) with PD98059 (5 uM) — a specific
MEK/ERK inhibitor and ZnPP IX (10 pM) — a specific HO1 inhibitor.
2.3. Glutathione (GSH) content assay

C6 astroglial cells homogenates were diluted in 100 mM sodium
phosphate buffer with 140 mM KCI (pH 8.0) containing 5 mM EDTA and the
protein was precipitated with 1.7% meta-phosphoric acid. Supernatant was
assayed with o-phthaldialdeyde (at a concentration of 1mg/mL methanol) at
room temperature for 15 min. Fluorescence was measured using excitation
and emission wavelengths of 350 and 420 nm, respectively. A calibration
curve was performed with standard GSH solutions (0 uM to 500 uM) (Browne
and Armstrong, 1998). The results are expressed as the percentage of the
control levels.
2.4. Cytokines and S100B measurement

The levels of cytokines were carried out in the extracellular medium,
using ELISA kits for TNF-a (PeproTech, USA), IL-1B8, IL-6 and IL-18

(eBioscience, USA). The S100B secretion was also measured by ELISA

70


UserXP
Texto digitado

UserXP
Texto digitado
70


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

(Leite et al., 2008). The results are expressed as the percentage of the control
levels.
2.5. Nuclear factor-kB levels

The levels of NF-kB p65 in the nuclear fraction, which had been
isolated from lysed cells by centrifugation, were measured using an ELISA
commercial kit from Invitrogen (USA). The results are expressed as
percentages relative to the control levels.
2.6. Protein determination

Protein content was measured by Lowry’s method using bovine serum
albumin as standard (Lowry et al., 1951).
2.7. Statistical analysis

Differences among groups were statistically analyzed using two-way
analysis of variance (ANOVA), followed by Tukey’s test. All analyses were
performed using the Statistical Package for Social Sciences (SPSS) software,

version 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. LA and NAC prevented the ammonia-induced GSH decrease

Ammonia decreased GSH levels, by approximately 25% (P < 0.01)
compared to control conditions (Fig. 1). LA and NAC restored the GSH
intracellular content near to basal values. Moreover, LA and NAC per se

increased GSH levels, 30% and 70% (P < 0.01), respectively.

3.2. LA and NAC prevented the ammonia-induced TNF-a, IL-1B, IL-6, IL-18

and S100B release
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Ammonia induced a significant release of TNF-a (50%), IL-1B (35%),
IL-6 (35%), IL-18 (30%) and S100B (55%) and LA and NAC prevented all of
these effects (Table 1). LA and NAC per se did not affect cytokines release.
Because changes in cellular integrity (evaluated by PI incorporation and MTT
reduction, data not shown) were not observed, the increased levels of

cytokines most likely resulted from secretion.

3.3. LA and NAC inhibited NFkB activation through ERK and HO1 signaling
pathways

To elucidate the possible mechanisms of LA and NAC on the inhibition
of inflammatory response, we determined the NFkB activation. Ammonia
increased NFkB p65 levels by 45% (Fig. 2) and LA and NAC decreased the
NFkB levels from 145% to 110% and 112%, respectively. The antioxidants
per se not changed NFkB activation levels. When cells were incubated with
ERK inhibitor (PD98059) LA and NAC potentiated the effect of the inhibitor,
decreasing NFkB levels lower than ammonia plus PD98059. The HO1

inhibitor (ZnPP 1X) totally abolished the effects of LA and NAC.

4. Discussion

The results of this study showed that LA and NAC could protect
astroglial cells against ammonia-induced cytotoxicity. Ammonia decreased
GSH levels and induced NFkB activation with consequent increase in pro-
inflammatory cytokines and S100B secretion. LA and NAC protected glial

cells through ERK and HO1 signaling pathways.
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The antioxidative effect of LA and NAC were supported by modulating
the homeostasis of GSH (Packer and Cadenas, 2011; Rocamonde et al.,
2012; Samuni et al., 2013). The increase of GSH levels in glial cells confers
protection against neuropsychiatric disorders, such as epilepsy, Alzheimer’s
and Parkinson’s diseases (Halliwell, 2006; Lee et al., 2010b). In this sense,
ammonia decreases GSH levels and, in agreement with other findings from
our group, also induces oxidative and nitrosative stress and impairment in
glutamate transporter activity (Bobermin et al., 2012; Bobermin et al., 2013).
Accordingly, the depletion of GSH in glial cells induces neuroinflammation
with significant augment of pro-inflammatory cytokines (Lee et al., 2010b).
Furthermore, oxidative stress (associate to GSH depletion) plays a critical role
in inflammatory response and, the pathophysiology of brain disorders like HE,
involves oxidative and inflammatory pathways (Butterworth, 2011a, b;
Norenberg, 2003).

Thus, herein, we demonstrated that ammonia-stimulated TNF-a, IL-1p,
IL-6 and IL-18 levels. TNF-a is synthesized mainly by glial cells, and has
several important functions in the CNS, including astrocytes activation and
glutamatergic gliotransmission (Santello et al., 2011; Tanabe et al., 2010).
Additionally, TNF-a and IL-1pB, classical pro-inflammatory cytokines, have a
maijor role in initiating a cascade of activation of other cytokines, such as IL-6
and IL-18 (Tanabe et al., 2011; Tanabe et al., 2010). IL-6 is also produced by
glial cells and has a pivotal role in pathological brain inflammation as well as
IL-18, a member of IL-1 superfamily, which induces inflammatory process and
is directly associated to neurodegenerative diseases (Bossu et al., 2010; de

Rivero Vaccari et al.,, 2014). Recent studies showed that pro-inflammatory
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cytokines are increased in patients with HE and may be used as a marker for
encephalopathy grade (Butterworth, 2011a). Assuming the role of S100B in
neuroinflammation, it presented the same profile of pro-inflammatory
cytokines (Donato, 2001; Mrak and Griffin, 2005). Moreover, elevated serum
levels of S100B were observed in HE and findings from our group in primary
astrocytes and C6 cells showed increase levels of S100B secretion (Bobermin
et al., 2012; Bobermin et al., 2013; Leite et al., 2006; Wiltfang et al., 1999). LA
and NAC strongly down-regulated ammonia-stimulated cytokines release.
Thus, the results observed for LA and NAC may be promisor as therapeutic
agents against ammonia toxicity.

NFkB is a transcriptional factor considered the major inflammatory
mediator in the CNS (Gloire et al., 2006). As expected, ammonia challenge
increased NFkB activation and LA and NAC were able to inhibit NFKB p65
levels. Regarding to antioxidants, both have been shown to suppress NFkB
cascade signaling and subsequently production of pro-inflammatory cytokines
(Packer and Cadenas, 2011; Samuni et al., 2013; Shay et al., 2009). In this
study, we focused on testing a mechanistic hypothesis whether the
attenuation of pro-inflammatory cytokines by antioxidants was through ERK
and HO1 signaling pathways.

ERK pathway has been implicated in the regulation of glial
inflammatory response following an insult and is an upstream signal
transduction of NFkB (Bobermin et al., 2012; Lee et al., 2010a). LA and NAC
potentiated the effect of ERK inhibitor, indicating that this pathway may be

involved in the anti-inflammatory action of LA and NAC.
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Concerning to HO1, it is the rate-limiting enzyme in the pathway
through which pro-oxidant heme is degraded into the antioxidants biliverdin
and bilirubin (Bastianetto and Quirion, 2010; Dore, 2005; Wakabayashi et al.,
2010). Increases in HO1 activity are associated with protection against
stressful conditions, like oxidative stress and inflammation, commonly found in
HE (Bastianetto and Quirion, 2010; Sakata et al., 2010). HO1 through its
transcription factor, Nrf2, mediates neuroprotection by modulation of several
genes that encode antioxidant proteins, such as GSH system (Calkins et al.,
2009; Vargas and Johnson, 2009; Wakabayashi et al., 2010). HO1 also
facilitates the GSH synthesis by regulation of EAAC1, the main glutamate
transporter present in C6 cells (Escartin et al., 2011). Additionally, HO1
signaling is upstream of NFkB, impeding its translocation to the nucleus
(Wakabayashi et al., 2010), and the copresence of HO1 inhibitor blocked the
positive effects of LA and NAC on NFkB activation in astroglial cells. NFkB
activation also stimulates NO production via INOS expression with
consequent stimuli for pro-inflammatory cytokines release (Wakabayashi et
al., 2010). HO1 inhibits INOS activity, which in turn, is able to scavenge NO
(Quincozes-Santos et al.,, 2013; AQuincozes-Santos et al., 2014a;
Wakabayashi et al.,, 2010). Thus, we demonstrated that LA and NAC
decreased NFkB levels via HO1 signaling pathway and, consequently, this
inhibition may be associated to attenuation in inflammatory response and
oxidative stress.

In summary, our data reinforce the antioxidant effects of LA and NAC
in glial cells against ammonia toxicity. Moreover, the findings show that ERK

and HO1 signaling pathways participate in the mechanism of action of LA and
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NAC. In addition, it is worthy of note that LA and NAC classically increase
GSH, offering protection against neuroinflammation, including in clinical trials
about HE (Butterworth, 2011b; Samuni et al., 2013; Shay et al., 2009). Thus,
our results improve the understanding about glioprotection of LA and NAC
from hyperammonemia. Studies in progress in our lab will investigate the
outcomes of LA and NAC in the in vivo hyperammonemia animal model,

focusing on glial properties.

Acknowledgements

This work was supported by the Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq), Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Fundagédo de
Amparo a Pesquisa do Estado do Rio Grande do Sul (FAPERGS),
Financiadora de Estudos e Projetos (FINEP) — IBN Net (Instituto Brasileiro de
Neurociéncias) 01.06.0842-00, Federal University of Rio Grande do Sul
(UFRGS) and Instituto Nacional de Ciéncia e Tecnologia para

Excitotoxicidade e Neuroprotecao (INCTEN/CNPQ).

76


UserXP
Texto digitado
76


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

References

Bastianetto, S., Quirion, R., 2010. Heme oxygenase 1: another possible target
to explain the neuroprotective action of resveratrol, a multifaceted
nutrient-based molecule. Exp Neurol 225, 237-239.

Belanger, M., Allaman, |., Magistretti, P.J., 2011. Brain energy metabolism:
focus on astrocyte-neuron metabolic cooperation. Cell Metab 14, 724-
738.

Beloosesky, R., Weiner, Z., Ginsberg, Y., Ross, M.G., 2012. Maternal N-
acetyl-cysteine (NAC) protects the rat fetal brain from inflammatory
cytokine responses to lipopolysaccharide (LPS). J Matern Fetal Neonatal
Med 25, 1324-1328.

Berk, M., Copolov, D.L., Dean, O., Lu, K., Jeavons, S., Schapkaitz, I.,
Anderson-Hunt, M., Bush, A.l.,, 2008. N-acetyl cysteine for depressive
symptoms in bipolar disorder--a double-blind randomized placebo-
controlled trial. Biol Psychiatry 64, 468-475.

Berk, M., Dean, O.M., Cotton, S.M., Gama, C.S., Kapczinski, F., Fernandes,
B., Kohimann, K., Jeavons, S., Hewitt, K., Moss, K., Allwang, C.,
Schapkaitz, 1., Cobb, H., Bush, A.l., Dodd, S., Malhi, G.S., 2012.
Maintenance N-acetyl cysteine treatment for bipolar disorder: a double-
blind randomized placebo controlled trial. BMC Med 10, 91.

Bobermin, L.D., Quincozes-Santos, A., Guerra, M.C., Leite, M.C., Souza,
D.O., Goncalves, C.A., Gottfried, C., 2012. Resveratrol prevents ammonia
toxicity in astroglial cells. PLoS One 7, €52164.

Bobermin, L.D., Souza, D.O., Goncalves, C.A., Quincozes-Santos, A., 2013.

Lipoic acid protects C6 cells against ammonia exposure through Na(+)-

77


UserXP
Texto digitado
 77


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

K(+)-Cl(-) co-transporter and PKC pathway. Toxicol In Vitro 27, 2041-
2048.

Bossu, P., Ciaramella, A., Salani, F., Vanni, D., Palladino, I., Caltagirone, C.,
Scapigliati, G., 2010. Interleukin-18, from neuroinflammation to
Alzheimer's disease. Curr Pharm Des 16, 4213-4224.

Browne, R.W., Armstrong, D., 1998. Reduced glutathione and glutathione
disulfide. Methods Mol Biol 108, 347-352.

Butterworth, R.F., 2011a. Hepatic encephalopathy: a central
neuroinflammatory disorder? Hepatology 53, 1372-1376.

Butterworth, R.F., 2011b. Neuroinflammation in acute liver failure:
Mechanisms and novel therapeutic targets. Neurochem Int 59, 830-836.

Calkins, M.J., Johnson, D.A., Townsend, J.A., Vargas, M.R., Dowell, J.A.,
Williamson, T.P., Kraft, A.D., Lee, J.M., Li, J., Johnson, J.A., 2009. The
Nrf2/ARE pathway as a potential therapeutic target in neurodegenerative
disease. Antioxid Redox Signal 11, 497-508.

de Rivero Vaccari, J.P., Dietrich, W.D., Keane, R.W., 2014. Activation and
regulation of cellular inflammasomes: gaps in our knowledge for central
nervous system injury. J Cereb Blood Flow Metab 34, 369-375.

Donato, R., 2001. S100: a multigenic family of calcium-modulated proteins of
the EF-hand type with intracellular and extracellular functional roles. Int J
Biochem Cell Biol 33, 637-668.

Dore, S., 2005. Unique properties of polyphenol stilbenes in the brain: more
than direct antioxidant actions; gene/protein regulatory activity.

Neurosignals 14, 61-70.

78


UserXP
Texto digitado
 78

UserXP
Texto digitado
   

UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

dos Santos, A.Q., Nardin, P., Funchal, C., de Almeida, L.M., Jacques-Silva,
M.C., Wofchuk, S.T., Goncalves, C.A., Gottfried, C., 2006. Resveratrol
increases glutamate uptake and glutamine synthetase activity in C6
glioma cells. Arch Biochem Biophys 453, 161-167.

Dringen, R., 2000. Metabolism and functions of glutathione in brain. Prog
Neurobiol 62, 649-671.

Escartin, C., Won, S.J., Malgorn, C., Auregan, G., Berman, A.E., Chen, P.C,,
Deglon, N., Johnson, J.A., Suh, S.W., Swanson, R.A., 2011. Nuclear
factor erythroid 2-related factor 2 facilitates neuronal glutathione synthesis
by upregulating neuronal excitatory amino acid transporter 3 expression. J
Neurosci 31, 7392-7401.

Farina, C., Aloisi, F., Meinl, E., 2007. Astrocytes are active players in cerebral
innate immunity. Trends Immunol 28, 138-145.

Felipo, V., Butterworth, R.F., 2002. Neurobiology of ammonia. Prog Neurobiol
67, 259-279.

Gloire, G., Legrand-Poels, S., Piette, J., 2006. NF-kappaB activation by
reactive oxygen species: fifteen years later. Biochem Pharmacol 72,
1493-1505.

Gorg, B., Morwinsky, A., Keitel, V., Qvartskhava, N., Schror, K., Haussinger,
D., 2010. Ammonia triggers exocytotic release of L-glutamate from
cultured rat astrocytes. Glia 58, 691-705.

Halliwell, B., 2006. Oxidative stress and neurodegeneration: where are we

now? J Neurochem 97, 1634-1658.

79


UserXP
Texto digitado
 79

UserXP
Texto digitado
   

UserXP
Texto digitado


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

Han, T., Bai, J., Liu, W., Hu, Y., 2012. A systematic review and meta-analysis
of alpha-lipoic acid in the treatment of diabetic peripheral neuropathy. Eur
J Endocrinol 167, 465-471.

Hertz, L., Zielke, H.R., 2004. Astrocytic control of glutamatergic activity:
astrocytes as stars of the show. Trends Neurosci 27, 735-743.

Hillmann, P., Kose, M., Sohl, K., Muller, C.E., 2008. Ammonium-induced
calcium mobilization in 1321N1 astrocytoma cells. Toxicol Appl
Pharmacol 227, 36-47.

Jayakumar, A.R., Rao, K.\V., Murthy Ch, R., Norenberg, M.D., 2006.
Glutamine in the mechanism of ammonia-induced astrocyte swelling.
Neurochem Int 48, 623-628.

Kleinkauf-Rocha, J., Bobermin, L.D., Machado Pde, M., Goncalves, C.A,,
Gottfried, C., Quincozes-Santos, A., 2013. Lipoic acid increases
glutamate uptake, glutamine synthetase activity and glutathione content in
C6 astrocyte cell line. Int J Dev Neurosci 31, 165-170.

Lee, E.O., Park, H.J., Kang, J.L., Kim, H.S., Chong, Y.H., 2010a. Resveratrol
reduces glutamate-mediated monocyte chemotactic protein-1 expression
via inhibition of extracellular signal-regulated kinase 1/2 pathway in rat
hippocampal slice cultures. J Neurochem 112, 1477-1487.

Lee, M., Cho, T., Jantaratnotai, N., Wang, Y.T., McGeer, E., McGeer, P.L.,
2010b. Depletion of GSH in glial cells induces neurotoxicity: relevance to
aging and degenerative neurological diseases. FASEB J 24, 2533-2545.

Leite, M.C., Brolese, G., de Almeida, L.M., Pinero, C.C., Gottfried, C.,

Goncalves, C.A., 2006. Ammonia-induced alteration in S100B secretion in

80


UserXP
Texto digitado
 80


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

astrocytes is not reverted by creatine addition. Brain Res Bull 70, 179-
185.

Leite, M.C., Galland, F., Brolese, G., Guerra, M.C., Bortolotto, J.W., Freitas,
R., Almeida, L.M., Gottfried, C., Goncalves, C.A., 2008. A simple,
sensitive and widely applicable ELISA for S100B: Methodological features
of the measurement of this glial protein. J Neurosci Methods 169, 93-99.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein
measurement with the Folin phenol reagent. J Biol Chem 193, 265-275.

Maragakis, N.J., Rothstein, J.D., 2006. Mechanisms of Disease: astrocytes in
neurodegenerative disease. Nat Clin Pract Neurol 2, 679-689.

Mrak, R.E., Griffin, W.S., 2005. Glia and their cytokines in progression of
neurodegeneration. Neurobiol Aging 26, 349-354.

Norenberg, M.D., 2003. Oxidative and nitrosative stress in ammonia
neurotoxicity. Hepatology 37, 245-248.

Norenberg, M.D., Huo, Z., Neary, J.T., Roig-Cantesano, A., 1997. The glial
glutamate transporter in hyperammonemia and hepatic encephalopathy:
relation to energy metabolism and glutamatergic neurotransmission. Glia
21, 124-133.

Norenberg, M.D., Rama Rao, K.V., Jayakumar, A.R., 2009. Signaling factors
in the mechanism of ammonia neurotoxicity. Metab Brain Dis 24, 103-117.

Packer, L., Cadenas, E., 2011. Lipoic acid: energy metabolism and redox
regulation of transcription and cell signaling. J Clin Biochem Nutr 48, 26-
32.

Parpura, V., Heneka, M.T., Montana, V., Oliet, S.H., Schousboe, A., Haydon,

P.G., Stout, R.F., Jr., Spray, D.C., Reichenbach, A., Pannicke, T., Pekny,

81


UserXP
Texto digitado
 81


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

M., Pekna, M., Zorec, R., Verkhratsky, A., 2012. Glial cells in
(patho)physiology. J Neurochem 121, 4-27.

Perera, J., Tan, J.H., Jeevathayaparan, S., Chakravarthi, S., Haleagrahara,
N., 2011. Neuroprotective effects of alpha lipoic Acid on haloperidol-
induced oxidative stress in the rat brain. Cell Biosci 1, 12.

Pope, S.A., Milton, R., Heales, S.J., 2008. Astrocytes protect against copper-
catalysed loss of extracellular glutathione. Neurochem Res 33, 1410-
1418.

Quincozes-Santos, A., Bobermin, L.D., Latini, A., Wajner, M., Souza, D.O.,
Goncalves, C.A., Gottfried, C., 2013. Resveratrol Protects C6 Astrocyte
Cell Line against Hydrogen Peroxide-Induced Oxidative Stress through
Heme Oxygenase 1. PLoS One 8, e64372.

Quincozes-Santos, A., Bobermin, L.D., Souza, D.G., Bellaver, B., Goncalves,
C.A., Souza, D.O., 2014a. Guanosine protects C6 astroglial cells against
azide-induced oxidative damage: a putative role of heme oxygenase 1. J
Neurochem 130, 61-74.

Quincozes-Santos, A., Bobermin, L.D., Tramontina, A.C., Wartchow, K.M.,
Tagliari, B., Souza, D.O., Wyse, A.T., Goncalves, C.A., 2014b. Oxidative
stress mediated by NMDA, AMPA/KA channels in acute hippocampal
slices: neuroprotective effect of resveratrol. Toxicol In Vitro 28, 544-551.

Quincozes-Santos, A., Gottfried, C., 2011. Resveratrol modulates astroglial
functions: neuroprotective hypothesis. Ann N Y Acad Sci 1215, 72-78.

Ransom, B.R., Ransom, C.B., 2012. Astrocytes: multitalented stars of the

central nervous system. Methods Mol Biol 814, 3-7.

82


UserXP
Texto digitado
  82

UserXP
Texto digitado
    

UserXP
Texto digitado

UserXP
Texto digitado

UserXP
Texto digitado


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

Reliene, R., Pollard, J.M., Sobol, Z., Trouiller, B., Gatti, R.A., Schiestl, R.H.,
2009. N-acetyl cysteine protects against ionizing radiation-induced DNA
damage but not against cell killing in yeast and mammals. Mutat Res 665,
37-43.

Rocamonde, B., Paradells, S., Barcia, C., Garcia Esparza, A., Soria, J.M.,
2013. Lipoic acid treatment after brain injury: study of the glial reaction.
Clin Dev Immunol 2013, 521939.

Rocamonde, B., Paradells, S., Barcia, J.M., Barcia, C., Garcia Verdugo, J.M.,
Miranda, M., Romero Gomez, F.J., Soria, J.M., 2012. Neuroprotection of
lipoic acid treatment promotes angiogenesis and reduces the glial scar
formation after brain injury. Neuroscience 224, 102-115.

Sakata, Y., Zhuang, H., Kwansa, H., Koehler, R.C., Dore, S., 2010.
Resveratrol protects against experimental stroke: putative neuroprotective
role of heme oxygenase 1. Exp Neurol 224, 325-329.

Salinthone, S., Schillace, R.V., Tsang, C., Regan, J.W., Bourdette, D.N., Carr,
D.W., 2011. Lipoic acid stimulates cAMP production via G protein-coupled
receptor-dependent and -independent mechanisms. J Nutr Biochem 22,
681-690.

Samuni, Y., Goldstein, S., Dean, O.M., Berk, M., 2013. The chemistry and
biological activities of N-acetylcysteine. Biochim Biophys Acta 1830,
4117-4129.

Santello, M., Bezzi, P., Volterra, A., 2011. TNFalpha controls glutamatergic

gliotransmission in the hippocampal dentate gyrus. Neuron 69, 988-1001.

83


UserXP
Texto digitado
 83

UserXP
Texto digitado


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

Shay, K.P., Moreau, R.F., Smith, E.J., Smith, A.R., Hagen, T.M., 2009. Alpha-
lipoic acid as a dietary supplement: molecular mechanisms and
therapeutic potential. Biochim Biophys Acta 1790, 1149-1160.

Tanabe, K., Kozawa, O., lida, H., 2011. Midazolam suppresses interleukin-
1beta-induced interleukin-6 release from rat glial cells. J
Neuroinflammation 8, 68.

Tanabe, K., Matsushima-Nishiwaki, R., Yamaguchi, S., lida, H., Dohi, S.,
Kozawa, O., 2010. Mechanisms of tumor necrosis factor-alpha-induced
interleukin-6 synthesis in glioma cells. J Neuroinflammation 7, 16.

Vargas, M.R., Johnson, J.A., 2009. The Nrf2-ARE cytoprotective pathway in
astrocytes. Expert Rev Mol Med 11, e17.

Wakabayashi, N., Slocum, S.L., Skoko, J.J., Shin, S., Kensler, T.W., 2010.
When NRF2 Talks, Who's Listening? Antioxid Redox Signal.

Wiltfang, J., Nolte, W., Otto, M., Wildberg, J., Bahn, E., Figulla, H.R., Pralle,
L., Hartmann, H., Ruther, E., Ramadori, G., 1999. Elevated serum levels
of astroglial S100beta in patients with liver cirrhosis indicate early and
subclinical portal-systemic encephalopathy. Metab Brain Dis 14, 239-251.

Xia, X., Su, C,, Fu, J., Zhang, P., Jiang, X., Xu, D., Hu, L., Song, E., Song, Y.,
2014. Role of alpha-lipoic acid in LPS/d-GalN induced fulminant hepatic
failure in mice: studies on oxidative stress, inflammation and apoptosis.

Int Immunopharmacol 22, 293-302.

84


UserXP
Texto digitado
  84

UserXP
Texto digitado


O J oy Ul W

DO UGG GO B BSDSDEDEDEDBEDNWWWWWWWWWWRNRONNONNONNNNNNNRERRRRRP P B
O WNDPRFRPrROoOwWOoOJoUdh  WNDRFRPROOWVWOJOUO D WNDNRFRPROOWOJIOYUd WNRPOWOWOOLOJOOUDd WNEFP OWOWwWJoyUldWNDRE O W

Figure legends

Fig. 1. Effects of LA and NAC on ammonia-induced GSH decrease. Cells
were incubated for 1 h with LA (10 yM) or NAC (100 uM), followed by the
addition of 5 mM ammonia for 24 h in serum-free DMEM. Data represent the
mean * S.E.M of four independent experimental determinations performed in
triplicate and differences among groups were statistically analyzed using two-
way ANOVA, followed by Tukey’s test. Values of P < 0.05 were considered
significant. a indicates differences from control conditions and b differences

from ammonia exposure.

Fig. 2. LA and NAC prevented the ammonia-stimulated NFkB activation
levels. Cells were incubated for 1 h with LA (10 uM) or NAC (100 uM),
followed by the addition of 5 mM ammonia for 24 h in serum-free DMEM. 5
MM PD98059 or 10 uM ZnPP IX were coincubated with LA and NAC. Data
represent the mean = S.E.M of four independent experimental determinations
performed in triplicate and differences among groups were statistically
analyzed using two-way ANOVA, followed by Tukey’s test. Values of P < 0.05
were considered significant. a indicates differences from control conditions

and b differences from ammonia exposure.
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Table 1

Table 1. Effects of LA and NAC on cytokines and S100B release.

TNF-a IL-18 IL-6 IL-18 $100B
Ammonia 150 £13°% 135+10% 135+11° 130+15% 155+12°
LA 104 £ 9 98 + 8 102 9 95 + 10 105 + 8
NAC 102 £ 10 96 + 10 107 £ 10 101+9 108 £ 10
Ammonia + LA 110+10°  111£9° 103+10° 108+13° 118%8°
Ammonia + NAC 106 £9° 105+8° 110 £10° 98+8° 120+ 10°

Cells were incubated for 1 h with LA (10 uM) or NAC (100 uM), followed by
the addition of 5 mM ammonia for 24 h in serum-free DMEM. Data represent
the mean = S.E.M of four independent experimental determinations performed
in triplicate and differences among groups were statistically analyzed using
two-way ANOVA, followed by Tukey's test. Values of P < 0.05 were
considered significant. a indicates differences from control conditions and b

differences from ammonia exposure.
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CAPITULO IV

Artigo submetido no periddico NeuroToxicology

Ammonia-induced oxidative damage in neurons is prevented by resveratrol and
lipoic acid with participation of heme oxygenase 1
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Abstract

Ammonia is a metabolite that at high concentrations is implicated with
neurological disorders, such as hepatic encephalopathy (HE), which is
associated with acute or chronic liver failure. Astrocytes are considered the
primary target of ammonia toxicity in the central nervous system (CNS) because
glutamine synthetase (GS), responsible for detoxify ammonia in CNS, is an
astrocytic enzyme. Thus, neuronal dysfunction has been associated as
secondary to astrocytic impairment. However, we demonstrated that ammonia
can induce direct effects on neuronal cells. The cell viability was decreased by
ammonia in SH-SY5Y cells and cerebellar granule neurons. In addition,
ammonia induced increase of ROS production and decrease of GSH
intracellular content, the main antioxidant in CNS. As ammonia neurotoxicity is
strongly associated with oxidative stress, we also investigated the potential
neuroprotective roles of antioxidants resveratrol (RSV) and lipoic acid (LA)
against ammonia toxicity in cerebellar granule neurons. RSV and LA were able
to prevent the oxidative damage induced by ammonia, maintaining the levels of
ROS production and GSH near to the basal values. Both antioxidants also
decreased the ROS production and increased GSH content in basal conditions
(in the absence of ammonia). Moreover, we showed that heme oxygenase 1
(HO1), a protein associated with protection against stressful conditions, is
involved in the beneficial effects of RSV and LA in cerebellar granule neurons.
Thus, this study reinforces the neuroprotective effects of RSV and LA. Although
more studies in vivo are required, RSV and LA could represent interesting

therapeutic strategies in the management of HE.

Key words: ammonia; neurotoxicity; oxidative stress; resveratrol; lipoic acid;

heme oxygenase 1
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1. Introduction

Ammonia is a metabolite that at high concentrations is implicated with
neurological disorders, such as hepatic encephalopathy (HE), which is
associated with acute or chronic liver failure (Albrecht and Jones 1999;
Haussinger and Schliess 2008; Felipo 2013; Butterworth 2014). Ammonia
crosses the blood-brain barrier readily (Ott and Larsen 2004) and, in the central
nervous system (CNS), the predominant route for its metabolism is the
amidation of glutamate to form glutamine through the glutamine synthetase
(GS), an enzyme located in the astrocytes (Norenberg and Martinez-Hernandez
1979; Cooper 2011). This feature makes the astrocytes the primary target of
ammonia-induced damage, and neuronal dysfunction has been associated as

secondary to astrocytic impairment.

However, several in vitro and in vivo evidences show that ammonia
induces direct effects on neuronal cells (Yang et al. 2004; Klejman et al. 2005;
Rangroo Thrane et al. 2013; Chen et al. 2014). Moreover, NMDA receptors
activation and their downstream effects, e.g. reactive oxygen and nitrogen
(ROS/RNS) production, seem to be related with ammonia neurotoxicity
(Kosenko et al. 2000; Hilgier et al. 2003; Zielinska et al. 2003; Giordano et al.
2005). In this sense, was observed that glutathione (GSH), a major antioxidant
in the CNS (Dringen 2000), prevents ammonia toxicity in neurons (Klejman et
al. 2005).

Antioxidants are substances that delay, prevent or reverse oxidative
damage to a target molecule (Gutteridge and Halliwell 2010). A great number of
molecules with antioxidant activity have demonstrated neuroprotective roles,
such as resveratrol (RSV) and lipoic acid (LA) (Shay et al. 2009; Albarracin et
al. 2012; Pallas et al. 2013; Virmani et al. 2013). RSV (3,5,4’-trihydroxy-trans-
stilbene) is a naturally occurring polyphenol present in grapes, berries and also
red wines (Baur and Sinclair 2006). The protective effects of RSV in the brain
has been studied in a variety of pathological events, including tumors (Leone et
al. 2008; Gagliano et al. 2010; Filippi-Chiela et al. 2011), ischemic injury (Raval
et al. 2008; Shin et al. 2012; Wang et al. 2014) and neurodegenerative
disorders (Vingtdeux et al. 2008; Huang et al. 2011; Richard et al. 2011). RSV
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presents important antioxidant properties, possibly by its direct scavenging
effect and/ or activation of cellular antioxidant defenses (Bastianetto et al.
2014).

LA is another compound with beneficial effects, which is synthesized in
small amounts by plants and animals, including humans, and is an essential
cofactor for mitochondrial enzymes (Haramaki et al. 1997; Smith et al. 2004).
When exogenously administrated, is a potent modulator of the cell redox status
and presents anti-inflammatory effect (Perera et al. 2011; Kleinkauf-Rocha et al.
2013; Rocamonde et al. 2013; Tomassoni et al. 2013). Thus, LA has emerged

as a potential therapeutic agent in pathologies involving oxidative stress.

Heme oxygenase 1 (HO1) is the rate-limiting enzyme in the pathway
through pro-oxidant heme is degraded into antioxidants biliverdin and bilirubin.
HO1, the inducible isoform, is activated not only by its physiological substrate
heme, but also by various stress and noxious conditions, such as oxidative
stress, hypoxia and inflammation (Doré 2005; Ryter et al. 2006; Pae et al. 2008;
Jazwa and Cuadrado 2010). In the CNS, HO1 has been reported to operate an
important cytoprotective/defense mechanism for cells exposed to oxidant
challenges (Le et al. 1999; Scapagnini et al. 2004). Interestingly, this enzyme
can participate in the positive effects of antioxidants RSV and LA (Sakata et al.
2010; Yamada et al. 2011; Kim et al. 2013; Koriyama et al. 2013; Lin et al.
2013; Quincozes-Santos et al. 2013).

Previously, we demonstrated that both RSV and LA exert beneficial
effects in astroglial cells exposed to ammonia, avoiding oxidative stress,
proinflammatory cytokines release and impairment of important astroglial
functions, e.g. glutamate uptake, GS activity and GSH levels (Bobermin et al.
2012, 2013). Here, we investigated the potential neuroprotective roles of
antioxidants RSV and LA, as well as the participation of HO1, against oxidative
damage-mediated ammonia toxicity on SH-SY5Y cells and cerebellar granule

neurons.
2. Materials and methods

2.1. Chemicals
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Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12), Minimum
Essential Media (MEM), fetal bovine serum (FBS) and other materials for cell
cultures were purchased from Gibco (Carlsbad, CA, USA). DNase, poly-D-
lysine, resveratrol, lipoic acid, ZnPP [X, methylthiazolyldiphenyltetrazolium
bromide (MTT), 2’-7’-dichlorofluorescein diacetate (DCFH-DA), GSH standard
and o-phthaldialdehyde were obtained from Sigma-Aldrich (St. Louis, MO,

USA). All other chemicals were purchased from common commercial suppliers.

2.2. SH-SY5Y cell culture

Human neuroblastoma cell line SH-SY5Y, obtained from the American
Type Culture Collection (ATCC; USA), was cultured in DMEM/F12 (pH 7.4)
containing 10% FBS, 15 mM HEPES, 14.3 mM NaHCO3,1% amphotericin B
and 0,032% gentamicin, at 37°C in a humidified atmosphere of 5% CO2/95%
air. When cells reached approximately 90% confluence, they were sub-cultured
using 0.05% trypsin/ethylene-diaminetetracetic acid (EDTA) and seeded in 24-
well plates (6x10* cells/well) (Lopes et al. 2010).

2.3. Cerebellar granule neurons culture

Cerebellar granule neurons cultures were prepared from 7-day-old Wistar
rats as previously described with some modifications (Boeck et al. 2005).
Animals were obtained from our breeding colony (Department of Biochemistry,
UFRGS, Porto Alegre, Brazil), maintained under controlled environment (12-h
light/12-h dark cycle; 22 + 1°C; ad libitum access to food and water). The
experiments were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Federal University of Rio
Grande do Sul Animal Care and Use Committee (process number 21215).
Briefly, cerebella were aseptically dissected and dissociated enzymatically (with
trypsin 0.05%) and mechanically, in Krebs-Ringer buffer containing DNAse
(0.003%). After decantation for 20 min, the supernatant was collected and
centrifuged for 5 min (1000 rpm). The cells from pellet were resuspended in
MEM supplemented with 10% FBS, 14.3 mM NaHCOQO3;, 25 mM KCI and 0,032%
gentamicin, plated in 6- or 24-well plates pre-coated with poly-D-lysine (10
ug/mL) at a density of 3-10x10° cells/well and maintained at 37°C in a

humidified atmosphere of 5% CO,/95% air. The non-neuronal cells were
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inhibited by the addition of 20 uM cytosine arabinofuranoside 20-24 h after
seeding. These cultures contain >90% granule cells and a small number of glial
(2—3%) and endothelial cells (<1%) (Kingsbury et al. 1985).

2.4. Experimental treatments

SH-SY5Y cells were treated when reached approximately 75%
confluence. The culture medium was replaced by DMEM/F12 1% FBS and cells
were incubated with ammonia at indicated concentrations (1—10 mM) for 24 h.
Cerebellar granule neurons were treated at 7 days in vitro (DIV) with ammonia
(1-10 mM) for 24 h. To study the effects of antioxidants against ammonia
neurotoxicity, cells were pre-treated for 1 h with resveratrol (RSV — 10 uM) or
lipoic acid (LA — 10 pyM) and then, 2 mM ammonia was added for 24 h. During
all treatments, the cells were maintained at 37°C in an atmosphere of 5%
CO,/95% air. To study the role of HO1 in the effects of antioxidants, cells were
co-incubated with ZnPP 1X (10 uM), a specific inhibitor for HO1.

2.5. MTT assay

SH-SY5Y cells and cerebellar granule neurons were incubated with 50
pg/mL MTT for 3 h or 0.5 h, respectively, at 37°C in 5% CO,/95% air.
Subsequently, the medium was removed and the MTT crystals were dissolved in
dimethylsulfoxide (DMSO). Absorbance values were measured at 560 nm and 650 nm.

The results are expressed as percentages relative to the control conditions.
2.6. DCFH oxidation

Intracellular ROS levels were detected using DCFH-DA. DCFH-DA was added
to the medium at a concentration of 10 uM and cells were incubated for 30 min at
37°C. Following DCFH-DA exposure, the cells were scraped into phosphate-buffered
saline with 0.2% Triton X-100. The fluorescence was measured in a plate reader
(Spectra Max GEMINI XPS, Molecular Devices, USA) with excitation at 485 nm and
emission at 520 nm (Quincozes-Santos et al. 2009). The results are expressed as

percentages relative to the control conditions.
2.7. Glutathione (GSH) intracellular levels

GSH levels were assessed as previously described (Browne and

Armstrong 1998). Cell lysate suspended in 100 mM sodium phosphate buffer
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with 140 mM KCI (pH 8.0) containing 5 mM EDTA, and the protein was
precipitated with 1.7% meta-phosphoric acid. The supernatant was assayed
with o-phthaldialdehyde (at a concentration of 1 mg/ml methanol) at 22°C for 15
min. Fluorescence was measured using excitation and emission wavelengths of
350 nm and 420 nm, respectively. A calibration curve was performed with
standard GSH solutions at concentrations ranging from 0 to 500 uM. GSH
concentrations were calculated as nmol/mg protein. The results are expressed as

percentages relative to the control conditions.
2.7. Protein assay

Protein content was measured using Lowry’s method with bovine serum

albumin as a standard (Lowry et al. 1951).
2.8. Statistical analyses

Differences among groups were statistically analyzed using one- or two-
way analysis of variance (ANOVA), followed by Tukey’s test. All analyses were
performed using the Statistical Package for Social Sciences (SPSS) software,
version 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Effect of ammonia on SH-SY5Y cells and cerebellar granule neurons

viability

Cellular viability of the SH-SY5Y cells and cerebellar granule neurons
challenged with ammonia (1-10 mM) for 24 h was evaluated by measuring MTT
reduction. Ammonia decreased SH-SY5Y viability only at higher concentration
(10 mM), Figure 1A. However, in cerebellar granule neurons, decreased cell
viability was already found at 5 mM (19%), with an important loss at 10 mM
(40%), Figure 1B. Cellular morphology of cerebellar granule neurons was
evaluated by phase contrast microscopy. Consistent with the result of cell
viability, was observed a reduced number of neurites and increased number of
cells with bodies and processes disintegrated in the cultures exposed to

ammonia, as illustrated in Figure 1C.
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3.2. Effects of ammonia on DCFH oxidation and intracellular GSH levels in SH-

SY5Y cells and cerebellar granule neurons

The production of ROS was measured using DCFH oxidation. The DCFH
oxidation in SH-SY&Y cells were not altered by any ammonia concentrations
tested (Figure 2A). However, in cerebellar granule neurons, DCFH oxidation
increased by approximately 23% and 54% following the treatment with
ammonia 1 and 2 mM, respectively, indicating an increase in ROS production
(Figure 2B).

As well as in the DCFH oxidation, ammonia not changed the intracellular
GSH content in SH-SY5Y cells (Figure 3A). In cerebellar granule neurons,
ammonia decreased the GSH levels at 1 mM (20%) and 2 mM (28%), Figure
3B. Higher concentrations were not tested because caused a significant loss of

cell viability.

3.3. Ammonia-induced oxidative damage in cerebellar granule neurons was
prevented by RSV and LA

We further investigated the role of antioxidants RSV and LA against
ammonia-induced oxidative damage in cerebellar granule neurons. RSV was
able to prevent the ammonia-induced ROS production, changing the levels from
154% to basal values (Figure 4A). RSV also avoided the decrease of GSH
content, maintaining the levels near to the basal values (Figure 4B). In addition,
resveratrol per se exerted positive effects in neurons, decreasing ROS

production and increasing GSH levels.

In the presence of 2 mM ammonia, LA also reduced the ROS production
from 154% to control values (Figure 5A). The intracellular GSH content also
was modulated by LA, with prevention of decrease (from 80% to 97%), Figure
5B. As RSV, LA alone decreased the DCFH oxidation by approximately 20%

and increased the GSH content (22%) in neurons.
3.4. Role of HO1 in the effects of RSV and LA on cerebellar granule neurons

In order to verify the involvement of HO1 in the neuroprotection by RSV

and LA against oxidative damage in cerebellar granule cells, we used a specific
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inhibitor of HO1, ZnPP IX (10 uM). Interestingly, the inhibitor blocked the effects
of both antioxidants in DCFH oxidation and intracellular GSH content during
ammonia exposure (Figure 6A and 6B). Moreover, when HO1 was inhibited, the
positive modulation of RSV and LA on DCFH oxidation and GSH levels also
was abolished (Figure 6C and 6D), reinforcing the participation of this protein in

their mechanisms of action.
4. Discussion

HE is the most common disorder associated with hyperammonemmia, as
result of impaired ammonia detoxification in the liver (Felipo, 2013). Here, we
observed that ammonia may induce neurotoxicity, which seems to be related to
oxidative stress, and that the antioxidants RSV and LA prevented these effects
via HO1.

We firstly tested the effects of ammonia in SH-SY5Y cells, a human
neuroblastoma cell line which has been widely used in neuroscience research
as a neuron-like model (Molina-Holgado et al. 2008; Cheung et al. 2009; Xie et
al. 2010). At higher concentration (10 mM), ammonia caused a loss of SH-
SY5Y viability. However, ammonia did not change ROS production and
intracellular GSH content, the main antioxidant in CNS, in these cells. These
results may be due to an decreased susceptibility of the SH-SY5Y cells to toxic
stimuli, owing their biochemical properties (Gilany et al. 2008), in relation to

neurons primary cultures.

Hence, we investigated the effect of ammonia in primary cultures of
cerebellar granule neurons, a good model system for molecular and biological
studies of neuronal development and function (Bilimoria and Bonni 2008). We
observed an increased cell death from the concentration of 5 mM ammonia and,
at 10 mM, morphological alterations was evidenced, such as disintegrated
processes and reduced number of neurites (Figure 1C). Even though, further
evaluations was performed with ammonia concentrations that not caused loss
of cell viability (1 and 2 mM), but that can trigger cellular alterations and

dysfunctions, which ultimately can lead to this outcome.
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Ammonia induced an increase of ROS production in cerebellar granule
neurons, evaluated by DCFH oxidation. Oxidative stress is strongly associated
with ammonia toxicity (Norenberg et al. 2004; Lemberg and Fernandez 2009;
Bemeur et al. 2010; Skowronska and Albrecht 2013). Oxidative stress is
characterized by an excess of ROS/RNS production or impairment in their
detoxification by endogenous mechanisms. During this condition can occurs
oxidation of lipid, protein and DNA, causing cell damage to some cellular

constituents and impairment of the cellular functioning (Halliwell 2006, 2007).

Moreover, ammonia also resulted in a decrease of intracellular GSH
content, which is the most abundant antioxidant in the brain (Dringen 2000;
Lewerenz and Maher 2011). GSH is a critical molecule that provide the major
line of defense for the protection of CNS from oxidative stress and its loss is
associated with neurotoxicity and neuroinflammation (Li et al. 1997; Lee et al.
2010; Currais and Maher 2013). Our data are in agreement with Klejman et al.
(2005), who showed that ammonia treatment in rat cortical neurons caused a
decrease in the GSH/GSSG ratio indicating enhanced GSH consumption.
Moreover, they found that GSH supply counteracted ammonia-induced cell
death (Klejman et al. 2005).

In this sense, antioxidant molecules can promote a protective effect
during ammonia challenge. We found that RSV and LA, two important and well-
established antioxidants prevented ammonia-induced oxidative damage. RSV is
a polyphenolic compound that displays antioxidant activity by its direct
scavenger of free radicals effect and also by activation of pathways and
enzymes that up regulate cellular antioxidants defenses, such as HO1
(Quincozes-Santos et al. 2009, 2013; Sakata et al. 2010). We showed that RSV
was able to attenuate ROS production and prevent GSH decrease in cerebellar
granule neurons exposed to ammonia. Additionally, these effects were
mediated, at last in part, by HO1 because incubation of neurons with ZnPP IX, a
potent and selective inhibitor of HO1 activity (Vargas et al. 2008; Chao et al.
2014; AQuincozes-Santos et al. 2014), blocked the protective effects of
resveratrol. The positive effects of resveratrol alone, reducing ROS production
and increasing GSH levels, also were avoided by ZnPP IX. HO1 is an enzyme

that provides resistance against oxidative stress and its activity results in
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profound changes in the abilities of the cells to protect themselves against
oxidative injury, and is strongly associated to neuroprotective effects of
resveratrol (Bastianetto et al. 2014). Our data are consistent with work of
Sakata et al. (2010), which showed that resveratrol increased HO1 protein

levels in primary neuronal cells exposed to glutamate (Sakata et al. 2010).

LA, another molecule that acts as free radical scavenger, also protected
the neurons against ammonia in relation to ROS production and recovered the
GSH levels. In addition, as RSV, LA per se decreased DCFH oxidation and
increased GSH content. The antioxidant effects of LA are due to its free radical
scavenger action and interaction with other antioxidant molecules, e.g. GSH,
preventing their oxidation and participating in their regeneration (Packer and
Cadenas 2011). Previous works have demonstrated that LA enhances
intracellular GSH levels in several cell types and tissues. These effects on GSH
induction can be mediated through transcription factor Nrf2 (nuclear factor
erythroid-2 related factor-2), which facilitates the GSH synthesis (Suh et al.
2004a, 2004b; Kleinkauf-Rocha et al. 2013; Moraes et al. 2014; Yang et al.
2014). Nrf2 is upstream to HO1 (Wakabayashi et al. 2010) and induces its
expression in neural cells (Fujita et al. 2008; Koriyama et al. 2013). In fact, our
data support this evidence, since ZnPP IX inhibited the role of LA, indicating
that HO1 mediated the neuroprotection by LA.

During hyperammonemia, astroglial cells, responsible for ammonia
detoxification in the CNS, can failure to support the proper functioning of
neurons (Pérez-Alvarez and Araque 2013). Our previous works (Bobermin et al.
2012, 2013) showed that both RSV and LA are able to enhance important
astroglial functions in the presence of ammonia, such as glutamate uptake, GS
activity and GSH content, which could improve glia-neuron interaction and
synaptic plasticity (Quincozes-Santos and Gottfried 2011). Here, we showed
that the same antioxidants present positive effects on cerebellar granule
neurons exposed to ammonia, which reinforce their neuroprotective effects.
Moreover, RSV and LA have been used in several clinical trials in progress
associated to neuropsychiatric disorders and another antioxidant, N-
acetylcysteine (NAC) also has been tested in HE (Vaquero and Butterworth
2007; Butterworth 2011). In this sense, RSV and LA need to be better studied in
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models of HE in vivo, but could represent interesting therapeutic strategies in

the management of HE.
Acknowledgements

This work was supported by the Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq), Coordenacao de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES), Fundacéo de Amparo a Pesquisa do Estado do Rio
Grande do Sul (FAPERGS), Financiadora de Estudos e Projetos (FINEP) — IBN
Net (Instituto Brasileiro de Neurociéncias) 01.06.0842-00, Federal University of
Rio Grande do Sul (UFRGS) and Instituto Nacional de Ciéncia e Tecnologia

para Excitotoxicidade e Neuroprotegéo (INCTEN/CNPQ).
Conflict of Interest

The authors declare that they have no conflict of interest.
References

Albarracin SL, Stab B, Casas Z, Sutachan JJ, Samudio |, Gonzalez J, et al.
Effects of natural antioxidants in neurodegenerative disease. Nutr
Neurosci. 2012 Jan;15(1):1-9.

Albrecht J, Jones EA. Hepatic encephalopathy: molecular mechanisms
underlying the clinical syndrome. J Neurol Sci. 1999 Nov 30;170(2):138—
46.

Bastianetto S, Ménard C, Quirion R. Neuroprotective action of resveratrol.
Biochim Biophys Acta. 2014 Oct 2;

Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo evidence.
Nat Rev Drug Discov. 2006 Jun;5(6):493—-506.

Bemeur C, Desjardins P, Butterworth RF. Evidence for oxidative/nitrosative
stress in the pathogenesis of hepatic encephalopathy. Metab Brain Dis.
2010 Mar;25(1):3-9.

Bilimoria PM, Bonni A. Cultures of Cerebellar Granule Neurons. Cold Spring
Harb Protoc. 2008 Dec 1;2008(12):pdb.prot5107.

Bobermin LD, Quincozes-Santos A, Guerra MC, Leite MC, Souza DO,
Gongalves C-A, et al. Resveratrol Prevents Ammonia Toxicity in
Astroglial Cells. Arai K, editor. PLoS ONE. 2012 Dec 21;7(12):e52164.

Bobermin LD, Souza DO, Gongalves C-A, Quincozes-Santos A. Lipoic acid
protects C6 cells against ammonia exposure through Na+-K+-Cl- co-
transporter and PKC pathway. Toxicol In Vitro. 2013 Oct;27(7):2041-8.

Boeck CR, Kroth EH, Bronzatto MJ, Jardim FM, Souza DO, Vendite D. Effects
of glutamate transporter and receptor ligands on neuronal glutamate
uptake. Neurosci Res. 2005 Sep;53(1):77-83.

Browne RW, Armstrong D. Reduced glutathione and glutathione disulfide.
Methods Mol Biol Clifton NJ. 1998;108:347-52.

102


UserXP
Texto digitado

UserXP
Texto digitado
102


Butterworth RF. Neuroinflammation in acute liver failure: mechanisms and novel
therapeutic targets. Neurochem Int. 2011 Nov;59(6):830—6.

Butterworth RF. Pathophysiology of brain dysfunction in hyperammonemic
syndromes: The many faces of glutamine. Mol Genet Metab. 2014
Sep;113(1-2):113-7.

Chao X-J, Chen Z-W, Liu A-M, He X-X, Wang S-G, Wang Y-T, et al. Effect of
tacrine-3-caffeic acid, a novel multifunctional anti-Alzheimer’s dimer,
against oxidative-stress-induced cell death in HT22 hippocampal
neurons: involvement of Nrf2/HO-1 pathway. CNS Neurosci Ther. 2014
Sep;20(9):840-50.

Chen J-R, Wang B-N, Tseng G-F, Wang Y-J, Huang Y-S, Wang T-J.
Morphological changes of cortical pyramidal neurons in hepatic
encephalopathy. BMC Neurosci. 2014;15:15.

Cheung Y-T, Lau WK-W, Yu M-S, Lai CS-W, Yeung S-C, So K-F, et al. Effects
of all-trans-retinoic acid on human SH-SY5Y neuroblastoma as in vitro
model in neurotoxicity research. NeuroToxicology. 2009 Jan;30(1):127—
35.

Cooper AJL. 13N as a tracer for studying glutamate metabolism. Neurochem
Int. 2011 Sep;59(4):456—64.

Currais A, Maher P. Functional Consequences of Age-Dependent Changes in
Glutathione Status in the Brain. Antioxid Redox Signal. 2013 Sep
10;19(8):813-22.

Doré S. Unique properties of polyphenol stilbenes in the brain: more than direct
antioxidant actions; gene/protein regulatory activity. Neurosignals.
2005;14(1-2):61-70.

Dringen R. Metabolism and functions of glutathione in brain. Prog Neurobiol.
2000 Dec;62(6):649—-71.

Felipo V. Hepatic encephalopathy: effects of liver failure on brain function. Nat
Rev Neurosci. 2013 Oct 23;14(12):851-8.

Filippi-Chiela EC, Villodre ES, Zamin LL, Lenz G. Autophagy interplay with
apoptosis and cell cycle regulation in the growth inhibiting effect of
resveratrol in glioma cells. PloS One. 2011;6(6):e20849.

Fujita H, Shiosaka M, Ogino T, Okimura Y, Utsumi T, Sato EF, et al. Alpha-
lipoic acid suppresses 6-hydroxydopamine-induced ROS generation and
apoptosis through the stimulation of glutathione synthesis but not by the
expression of heme oxygenase-1. Brain Res. 2008 Apr 24;1206:1-12.

Gagliano N, Aldini G, Colombo G, Rossi R, Colombo R, Gioia M, et al. The
potential of resveratrol against human gliomas. Anticancer Drugs. 2010
Feb;21(2):140-50.

Gilany K, Van Elzen R, Mous K, Coen E, Van Dongen W, Vandamme S, et al.
The proteome of the human neuroblastoma cell line SH-SY5Y: an
enlarged proteome. Biochim Biophys Acta. 2008 Aug;1784(7-8):983-5.

Giordano G, Sanchez-Pérez AM, Montoliu C, Berezney R, Malyavantham K,
Costa LG, et al. Activation of NMDA receptors induces protein kinase A-
mediated phosphorylation and degradation of matrin 3. Blocking these
effects prevents NMDA-induced neuronal death. J Neurochem. 2005
Aug;94(3):808-18.

Gutteridge JMC, Halliwell B. Antioxidants: Molecules, medicines, and myths.
Biochem Biophys Res Commun. 2010 Mar 19;393(4):561—4.

103


UserXP
Texto digitado
103


Halliwell B. Reactive species and antioxidants. Redox biology is a fundamental
theme of aerobic life. Plant Physiol. 2006 Jun;141(2):312-22.

Halliwell B. Biochemistry of oxidative stress. Biochem Soc Trans. 2007
Nov;35(Pt 5):1147-50.

Haramaki N, Han D, Handelman GJ, Tritschler HJ, Packer L. Cytosolic and
mitochondrial systems for NADH- and NADPH-dependent reduction of
alpha-lipoic acid. Free Radic Biol Med. 1997;22(3):535—-42.

Haussinger D, Schliess F. Pathogenetic mechanisms of hepatic
encephalopathy. Gut. 2008 Aug 1;57(8):1156-65.

Hilgier W, Anderzhanova E, Oja SS, Saransaari P, Albrecht J. Taurine reduces
ammonia- and N-methyl-D-aspartate-induced accumulation of cyclic
GMP and hydroxyl radicals in microdialysates of the rat striatum. Eur J
Pharmacol. 2003 May 2;468(1):21-5.

Huang T-C, Lu K-T, Wo Y-YP, Wu Y-J, Yang Y-L. Resveratrol protects rats from
AB-induced neurotoxicity by the reduction of INOS expression and lipid
peroxidation. PloS One. 2011;6(12):e29102.

Jazwa A, Cuadrado A. Targeting heme oxygenase-1 for neuroprotection and
neuroinflammation in neurodegenerative diseases. Curr Drug Targets.
2010 Dec;11(12):1517-31.

Kim Y-S, Podder B, Song H-Y. Cytoprotective effect of alpha-lipoic acid on
paraquat-exposed human bronchial epithelial cells via activation of
nuclear factor erythroid related factor-2 pathway. Biol Pharm Bull.
2013;36(5):802—-11.

Kingsbury AE, Gallo V, Woodhams PL, Balazs R. Survival, morphology and
adhesion properties of cerebellar interneurones cultured in chemically
defined and serum-supplemented medium. Brain Res. 1985 Jan;349(1-
2):17-25.

Kleinkauf-Rocha J, Bobermin LD, Machado P de M, Gongalves C-A, Gottfried
C, Quincozes-Santos A. Lipoic acid increases glutamate uptake,
glutamine synthetase activity and glutathione content in C6 astrocyte cell
line. Int J Dev Neurosci Off J Int Soc Dev Neurosci. 2013 May;31(3):165—
70.

Klejman A, Wegrzynowicz M, Szatmari E, Mioduszewska B, Hetman M,
Albrecht J. Mechanisms of ammonia-induced cell death in rat cortical
neurons: Roles of NMDA receptors and glutathione. Neurochem Int.
2005 Jul;47(1-2):51-7.

Koriyama Y, Nakayama Y, Matsugo S, Kato S. Protective effect of lipoic acid
against oxidative stress is mediated by Keap1/Nrf2-dependent heme
oxygenase-1 induction in the RGC-5 cellline. Brain Res. 2013 Mar
7;1499:145-57.

Kosenko E, Kaminsky Y, Stavroskaya IG, Felipo V. Alteration of mitochondrial
calcium homeostasis by ammonia-induced activation of NMDA receptors
in rat brain in vivo. Brain Res. 2000 Oct 13;880(1-2):139—46.

Lee M, Cho T, Jantaratnotai N, Wang YT, McGeer E, McGeer PL. Depletion of
GSH in glial cells induces neurotoxicity: relevance to aging and
degenerative neurological diseases. FASEB J Off Publ Fed Am Soc Exp
Biol. 2010 Jul;24(7):2533-45.

Lemberg A, Fernandez MA. Hepatic encephalopathy, ammonia, glutamate,
glutamine and oxidative stress. Ann Hepatol. 2009 Jun;8(2):95-102.

104


UserXP
Texto digitado
 104

UserXP
Texto digitado
 


Leone S, Fiore M, Lauro MG, Pino S, Cornetta T, Cozzi R. Resveratrol and X
rays affect gap junction intercellular communications in human
glioblastoma cells. Mol Carcinog. 2008 Aug;47(8):587-98.

Le WD, Xie WJ, Appel SH. Protective role of heme oxygenase-1 in oxidative
stress-induced neuronal injury. J Neurosci Res. 1999 Jun 15;56(6):652—
8.

Lewerenz J, Maher P. Control of redox state and redox signaling by neural
antioxidant systems. Antioxid Redox Signal. 2011 Apr 15;14(8):1449-65.

Lin Y-C, Lai Y-S, Chou T-C. The protective effect of alpha-lipoic Acid in
lipopolysaccharide-induced acute lung injury is mediated by heme
oxygenase-1. Evid-Based Complement Altern Med ECAM.
2013;2013:590363.

Li Y, Maher P, Schubert D. A role for 12-lipoxygenase in nerve cell death
caused by glutathione depletion. Neuron. 1997 Aug;19(2):453-63.

Lopes FM, Schrdder R, Junior MLC da F, Zanotto-Filho A, Muller CB, Pires AS,
et al. Comparison between proliferative and neuron-like SH-SY5Y cells
as an in vitro model for Parkinson disease studies. Brain Res. 2010
Jun;1337:85-94.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the
Folin phenol reagent. J Biol Chem. 1951 Nov;193(1):265-75.

Molina-Holgado F, Gaeta A, Francis PT, Wiliams RJ, Hider RC.
Neuroprotective actions of deferiprone in cultured cortical neurones and
SHSY-5Y cells: Deferiprone in cultured cortical neurones and SHSY-5Y
cells. J Neurochem. 2008 Jun;105(6):2466—76.

Moraes TB, Dalazen GR, Jacques CE, de Freitas RS, Rosa AP, Dutra-Filho
CS. Glutathione metabolism enzymes in brain and liver of
hyperphenylalaninemic rats and the effect of lipoic acid treatment. Metab
Brain Dis. 2014 Sep;29(3):609-15.

Norenberg MD, Jayakumar AR, Rama Rao KV. Oxidative stress in the
pathogenesis of hepatic encephalopathy. Metab Brain Dis. 2004
Dec;19(3-4):313-29.

Norenberg MD, Martinez-Hernandez A. Fine structural localization of glutamine
synthetase in astrocytes of rat brain. Brain Res. 1979 Feb 2;161(2):303—
10.

Ott P, Larsen FS. Blood-brain barrier permeability to ammonia in liver failure: a
critical reappraisal. Neurochem Int. 2004 Mar;44(4):185-98.

Packer L, Cadenas E. Lipoic acid: energy metabolism and redox regulation of
transcription and cell signaling. J Clin Biochem Nutr. 2011 Jan;48(1):26—
32.

Pae H-O, Kim E-C, Chung H-T. Integrative survival response evoked by heme
oxygenase-1 and heme metabolites. J Clin Biochem Nutr. 2008
May;42(3):197-203.

Pallas M, Porquet D, Vicente A, Sanfeliu C. Resveratrol: new avenues for a
natural compound in  neuroprotection. Curr Pharm  Des.
2013;19(38):6726-31.

Perera J, Tan JH, Jeevathayaparan S, Chakravarthi S, Haleagrahara N.
Neuroprotective effects of alpha lipoic Acid on haloperidol-induced
oxidative stress in the rat brain. Cell Biosci. 2011;1(1):12.

Pérez-Alvarez A, Araque A. Astrocyte-neuron interaction at tripartite synapses.
Curr Drug Targets. 2013 Oct;14(11):1220-4.

105


UserXP
Texto digitado
 105


Quincozes-Santos A, Bobermin LD, Latini A, Wajner M, Souza DO, Gongalves
C-A, et al. Resveratrol Protects C6 Astrocyte Cell Line against Hydrogen
Peroxide-Induced Oxidative Stress through Heme Oxygenase 1. Arai K,
editor. PLoS ONE. 2013 May 15;8(5):e64372.

Quincozes-Santos A, Bobermin LD, Souza DG, Bellaver B, Gongalves C-A,
Souza DO. Guanosine protects C6 astroglial cells against azide-induced
oxidative damage: a putative role of heme oxygenase 1. J Neurochem.
2014 Jul;130(1):61-74.

Quincozes-Santos A, Gottfried C. Resveratrol modulates astroglial functions:
neuroprotective hypothesis. Ann N'Y Acad Sci. 2011 Jan;1215:72-8.

Quincozes-Santos A, Nardin P, de Souza DF, Gelain DP, Moreira JC, Latini A,
et al. The Janus Face of Resveratrol in Astroglial Cells. Neurotox Res.
2009 Jul;16(1):30—41.

Rangroo Thrane V, Thrane AS, Wang F, Cotrina ML, Smith NA, Chen M, et al.
Ammonia triggers neuronal disinhibition and seizures by impairing
astrocyte potassium buffering. Nat Med. 2013 Nov 17;19(12):1643-8.

Raval AP, Lin HW, Dave KR, Defazio RA, Della Morte D, Kim EJ, et al.
Resveratrol and ischemic preconditioning in the brain. Curr Med Chem.
2008;15(15):1545-51.

Richard T, Pawlus AD, Iglésias M-L, Pedrot E, Waffo-Teguo P, Mérillon J-M, et
al. Neuroprotective properties of resveratrol and derivatives. Ann N Y
Acad Sci. 2011 Jan;1215:103-8.

Rocamonde B, Paradells S, Barcia C, Garcia Esparza A, Soria JM. Lipoic acid
treatment after brain injury: study of the glial reaction. Clin Dev Immunol.
2013;2013:521939.

Ryter SW, Alam J, Choi AMK. Heme oxygenase-1/carbon monoxide: from basic
science to therapeutic applications. Physiol Rev. 2006 Apr;86(2):583—
650.

Sakata Y, Zhuang H, Kwansa H, Koehler RC, Doré S. Resveratrol protects
against experimental stroke: putative neuroprotective role of heme
oxygenase 1. Exp Neurol. 2010 Jul;224(1):325-9.

Scapagnini G, Butterfield DA, Colombrita C, Sultana R, Pascale A, Calabrese
V. Ethyl ferulate, a lipophilic polyphenol, induces HO-1 and protects rat
neurons against oxidative stress. Antioxid Redox Signal. 2004
Oct;6(5):811-8.

Shay KP, Moreau RF, Smith EJ, Smith AR, Hagen TM. Alpha-lipoic acid as a
dietary supplement: molecular mechanisms and therapeutic potential.
Biochim Biophys Acta. 2009 Oct;1790(10):1149-60.

Shin JA, Lee K-E, Kim H-S, Park E-M. Acute resveratrol treatment modulates
multiple signaling pathways in the ischemic brain. Neurochem Res. 2012
Dec;37(12):2686-96.

Skowronska M, Albrecht J. Oxidative and nitrosative stress in ammonia
neurotoxicity. Neurochem Int. 2013 Apr;62(5):731-7.

Smith AR, Shenvi SV, Widlansky M, Suh JH, Hagen TM. Lipoic acid as a
potential therapy for chronic diseases associated with oxidative stress.
Curr Med Chem. 2004 May;11(9):1135-46.

Suh JH, Shenvi SV, Dixon BM, Liu H, Jaiswal AK, Liu R-M, et al. Decline in
transcriptional activity of Nrf2 causes age-related loss of glutathione
synthesis, which is reversible with lipoic acid. Proc Natl Acad Sci U S A.
2004a Mar 9;101(10):3381-6.

106


UserXP
Texto digitado
106


Suh JH, Wang H, Liu R-M, Liu J, Hagen TM. (R)-alpha-lipoic acid reverses the
age-related loss in GSH redox status in post-mitotic tissues: evidence for
increased cysteine requirement for GSH synthesis. Arch Biochem
Biophys. 2004b Mar 1;423(1):126-35.

Tomassoni D, Amenta F, Amantini C, Farfariello V, Di Cesare Mannelli L,
Nwankwo |E, et al. Brain activity of thioctic Acid enantiomers: in vitro and
in vivo studies in an animal model of cerebrovascular injury. Int J Mol Sci.
2013;14(3):4580-95.

Vaquero J, Butterworth RF. Mechanisms of brain edema in acute liver failure
and impact of novel therapeutic interventions. Neurol Res. 2007
Oct;29(7):683-90.

Vargas MR, Johnson DA, Sirkis DW, Messing A, Johnson JA. Nrf2 Activation in
Astrocytes Protects against Neurodegeneration in Mouse Models of
Familial Amyotrophic Lateral Sclerosis. J Neurosci. 2008 Dec
10;28(50):13574-81.

Vingtdeux V, Dreses-Werringloer U, Zhao H, Davies P, Marambaud P.
Therapeutic potential of resveratrol in Alzheimer's disease. BMC
Neurosci. 2008;9 Suppl 2:S6.

Virmani A, Pinto L, Binienda Z, Ali S. Food, nutrigenomics, and
neurodegeneration--neuroprotection by what you eat! Mol Neurobiol.
2013 Oct;48(2):353-62.

Wakabayashi N, Slocum SL, Skoko JJ, Shin S, Kensler TW. When NRF2 talks,
who'’s listening? Antioxid Redox Signal. 2010 Dec 1;13(11):1649-63.

Wang R, Liu Y, Liu X, Jia S, Zhao J, Cui D, et al. Resveratrol protects neurons
and the myocardium by reducing oxidative stress and ameliorating
mitochondria damage in a cerebral ischemia rat model. Cell Physiol
Biochem Int J Exp Cell Physiol Biochem Pharmacol. 2014;34(3):854—-64.

Xie H, Hu L, Li G. SH-SY5Y human neuroblastoma cell line: in vitro cell model
of dopaminergic neurons in Parkinson’s disease. Chin Med J (Engl).
2010 Apr 20;123(8):1086-92.

Yamada T, Hashida K, Takarada-lemata M, Matsugo S, Hori O. a-Lipoic acid
(LA) enantiomers protect SH-SY5Y cells against glutathione depletion.
Neurochem Int. 2011 Dec;59(7):1003-9.

Yang L, Omori K, Suzukawa J, Inagaki C. Calcineurin-mediated BAD Ser155
dephosphorylation in ammonia-induced apoptosis of cultured rat
hippocampal neurons. Neurosci Lett. 2004 Feb 26;357(1):73-5.

Yang Y, Li W, LiuY, Sun Y, Li Y, Yao Q, et al. Alpha-lipoic acid improves high-
fat diet-induced hepatic steatosis by modulating the transcription factors
SREBP-1, FoxO1 and Nrf2 via the SIRT1/LKB1/AMPK pathway. J Nutr
Biochem. 2014 Jul 15;

Zielinska M, Law RO, Albrecht J. Excitotoxic mechanism of cell swelling in rat
cerebral cortical slices treated acutely with ammonia. Neurochem Int.
2003 Oct;43(4-5):299-303.

107


UserXP
Texto digitado
 107


Figure legends

Figure 1. Effect of ammonia on SH-SY5Y cells and cerebellar granule neurons
viability. SH-SY5Y cells (A) and cerebellar granule neurons (B) were treated
with ammonia at indicated concentrations for 24 h, and cell viability was
assessed by MTT reduction. The morphology of cerebellar granule neurons was
also evaluated by phase contrast microscopy (C). The data are expressed as
percentages relative to the control conditions (indicated by the line) and
represent the mean * S.E.M of at least three independent experimental
determinations, performed in triplicate and statistically analyzed by one-way
ANOVA followed by Tukey’s test. * indicates significant differences from the
control (P < 0.05).

Figure 2. Effects of ammonia on DCFH oxidation and intracellular GSH levels in
SH-SYS&Y cells. Cells were treated with ammonia at indicated concentrations for
24 h. DCFH oxidation (A) and intracellular GSH content (B) were evaluated.
The data are expressed as percentages relative to the control conditions
(indicated by the line) and represent the mean + S.E.M of at least three
independent experimental determinations, performed in triplicate and
statistically analyzed by one-way ANOVA followed by Tukey’s test. * indicates

significant differences from the control (P < 0.05).

Figure 3. Effects of ammonia on DCFH oxidation and intracellular GSH levels in
cerebellar granule neurons. Cells were treated with ammonia at indicated
concentrations for 24 h. DCFH oxidation (A) and intracellular GSH content (B)
were evaluated. The data are expressed as percentages relative to the control
conditions (indicated by the line) and represent the mean + S.E.M of at least
three independent experimental determinations, performed in triplicate and
statistically analyzed by one-way ANOVA followed by Tukey’s test. * indicates

significant differences from the control (P < 0.05).

Figure 4. Effects of RSV against ammonia-induced oxidative damage in
cerebellar granule neurons. Cells were pre-treated with RSV (10 uM) for 1 h,
followed by the addition of 2 mM ammonia for 24 h. DCFH oxidation (A) and
intracellular GSH content (B) were evaluated. The data are expressed as

percentages relative to the control conditions (indicated by the line) and
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represent the mean * S.E.M of at least three independent experimental
determinations, performed in triplicate and statistically analyzed by two-way
ANOVA followed by Tukey’s test. * indicates significant differences from the
control (P < 0.05).

Figure 5. Effects of LA against ammonia-induced oxidative damage in
cerebellar granule neurons. Cells were pre-treated with LA (10 yM) for 1 h,
followed by the addition of 2 mM ammonia for 24 h. DCFH oxidation (A) and
intracellular GSH content (B) were evaluated. The data are expressed as
percentages relative to the control conditions (indicated by the line) and
represent the mean * S.E.M of at least three independent experimental
determinations, performed in triplicate and statistically analyzed by two-way
ANOVA followed by Tukey’s test. * indicates significant differences from the
control (P < 0.05).

Figure 6. Role of HO1 in the effects of RSV and LA on cerebellar granule
neurons. Cells were pre-incubated with ZnPP IX (10 uM) prior the treatments
with antioxidants and ammonia to assess the involvement of HO1 in the
parameters analyzed. DCFH oxidation (A and C) and intracellular GSH content
(B and D) were evaluated. The data are expressed as percentages relative to
the control conditions (indicated by the line) and represent the mean + S.E.M of
at least three independent experimental determinations, performed in triplicate

and statistically analyzed by two-way ANOVA followed by Tukey’s test.

indicates significant differences from the control (P < 0.05).
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DISCUSSAO

A hiperamonemia ¢ o principal elemento no desenvolvimento da EH, uma
desordem neurologica complexa, manifestada por diversos sintomas patofisioldgicos e
alteracdes bioquimicas. O acumulo de amonia pode resultar de deficiéncias inatas em
enzimas do ciclo da ureia, mas esta normalmente associado a doengas hepaticas agudas
ou cronicas (H&ussinger and Schliess, 2008; Weissenborn et al., 2001).

O cérebro, na verdade, ¢ o 6rgdo mais suscetivel a toxicidade da amoénia e o
primeiro a ser afetado em episddios de hiperamonemia. Em condigdes fisioldgicas, a
concentragdo de amoénia no SNC ¢ de aproximadamente 0,05 mM, podendo aumentar
para 5 mM durante a EH (Felipo and Butterworth, 2002). No SNC, as células astrogliais
sdo o principal alvo da toxicicidade da amonia. Tal sensibilidade ¢ principalmente em
funcdo da enzima GS, responsavel pela detoxificagdo da amoénia no cérebro, estar
localizada nos astrocitos. Somado a isso, o fato dos astrocitos fazerem parte da barreira
hematoencefalica e circundarem os capilares do SNC faz com que eles sejam as células
que primeiramente entram em contato com a amonia e, assim, metabolizem-na, a fim de
poupar as outras células do SNC dos seus efeitos nocivos (Norenberg et al., 2009).
Apesar da disfungdo neuronal durante a hiperamonemia ser considerada secundaria ao
dano astroglial, um comprometimento direto das células nervosas pela acdo da amonia
ndo deve ser descartado.

Nesse sentido, esta tese se propOs a avaliar diversas alteracdes neuroquimicas
induzidas pela amonia em células astrogliais e neuronais, visando contribuir para a
elucidacao dos seus mecanismos de agdo no SNC, e também a buscar moléculas que
possam ter um potencial terapéutico em condigdes de hipermonemia, como o resveratrol

e o acido lipoico.
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Os modelos celulares de estudo

O modelo de estudo mais utilizado neste trabalho foi a linhagem celular astroglial
C6. A linhagem C6 tem sua origem datada da década de 60, sendo uma das linhagens
mais amplamente utilizadas em estudos neuroquimicos (Benda et al., 1968). Ela foi
obtida apo6s injecdes em ratos do agente alquilante N-nitrosometilureia, e o termo C6 se
refere ao sexto clone poés-injecdo do agente alquilante. A expressdo das proteinas GFAP
(proteina glial fibrilar 4cida) e S100B atesta o carater astrocitico das células C6 (Benda et
al., 1971).

Embora com algumas limitagdes, as células astrogliais C6 sao utilizadas para a
investigacdo de caracteristicas bioquimicas e metabdlicas que envolvam fungdes
desempenhadas por astrdcitos (Cechin et al., 2005; Feng and Zhang, 2004; Mangoura et
al., 1989). Estas cé€lulas também constituem um modelo de estudo para a liberacdo de
fatores responsaveis pela comunicacao celular e vias de transdugdo de sinal (Kim et al.,
2006; Steiner et al., 2010; Tanabe et al., 2011).

As células C6 utilizadas neste estudo apresentam forte marcagdo para a proteina
GFAP e varios trabalhos do nosso grupo mostram que elas exercem importantes funcdes
astrociticas, como secre¢ao da proteina S100B, captagdo de glutamato, atividade da GS,
sintese de GSH e resposta inflamatoria (Bobermin et al., 2012; de Souza et al., 2009; dos
Santos et al., 2006; Quincozes-Santos et al., 2014a, 2013).

No quarto capitulo, utilizamos tanto células SH-SYS5Y quanto culturas primarias
de neurdnios granulares cerebelares como ferramenta de estudo. A linhagem de
neuroblastoma humano SH-SYS5Y ¢ um subclone derivado das células SK-N-SH, as quais
foram estabelecidas originalmente a partir da biopsia de um sitio metastatico de medula
Ossea em um paciente com neuroblastoma (Biedler et al., 1973). Essa linhagem celular

tem sido amplamente utilizada desde a década de 80 como um modelo de células
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neuronais, devido a suas propriedades bioquimicas e funcionais (Xie et al., 2010). Assim
como as cé¢lulas astrogliais C6, a linhagem SH-SYSY ¢ capaz de proliferar por longos
periodos de tempo em cultura, um pré-requisito basico para uma boa ferramenta de
estudo in vitro.

As células granulares do cerebelo sdo neurdnios glutamatérgicos e constituem a
maior populagdo neuronal homogénea do cérebro. Além disso, o fato destas culturas
primarias serem preparadas a partir de animais no periodo pds-natal e ja estarem bem
caracterizadas in vitro as tornam valiosas ferramentas para o estudo de vias de sinalizacao
que controlam diversos processos neuronais como sobrevivéncia, migracdo e
diferenciagdo. Estas culturas primarias também s3o muito exploradas para o estudo de
respostas celulares a fatores de crescimento, mecanismos relacionados a
neurodegeneracao e a neuroprotecdo, bem como o estresse oxidativo (Bilimoria and
Bonni, 2008; Canu and Calissano, 2003; Contestabile, 2002). As culturas de neurénios
granulares cerebelares contém mais de 95% de células granulares e um pequeno ntimero

de células gliais (2-3%) e endoteliais (<1%) (Kingsbury et al., 1985).

Os efeitos da amoénia sobre células astrogliais C6

Nos primeiros trés capitulos, nds avaliamos os efeitos da exposi¢ao a amonia (5
mM) por um periodo de 24 h em células astrogliais C6, sobre diversos pardmetros
relacionados a funcionalidade glial. Cabe ressaltar que essas condigdes nao provocam
perda de viabilidade e integridade celular, como havia sido constatado anteriormente
(Bobermin et al., 2012).

Os astrocitos estdo intimamente relacionados com a comunicagdo glutamatérgica,
pois sdo as principais células responsaveis pela remoc¢do do glutamato da fenda sinaptica

e sua metabolizacdo (Parpura and Verkhratsky, 2012; Zhou and Danbolt, 2014). No6s
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observamos que a amoOnia desencadeou diversas alteracdes celulares relacionadas a
comunica¢do glutamatérgica: (i) diminui¢ao da captacdo de glutamato e do contetido do
transportador EAACI; (ii) aumento da liberacdo de glutamato para o meio extracelular;
(ii1) redugdo da atividade da enzima GS e do conteudo intracelular de GSH; (iv) prejuizo
no funcionamento da bomba Na ' K'-ATPase.

Em concordancia com a literatura (Bender and Norenberg, 1996; Jayakumar et al.,
2006), nos verificamos que a amodnia induziu um prejuizo na captagdo de glutamato.
Sabe-se que os transportadores glutamatérgicos sdo bastante vulneraveis a oxidagdo, a
qual provoca uma redu¢do na sua funcionalidade (Anderson and Swanson, 2000; Trotti et
al., 1998). Um dos efeitos bem relatados da amonia ¢ a indugdo de estresse oxidativo, por
aumento na geracdo de ERO/ERN e diminui¢do das defesas antioxidantes celulares
(Bobermin et al., 2012; Skowronska and Albrecht, 2013). Nesse sentido, nds acreditamos
que o efeito da amdnia sobre a captagdo de glutamato esteja relacionado, pelo menos em
parte, ao estresse oxidativo/nitrosativo.

No6s também observamos que a diminuicao da atividade dos transportadores de
glutamato foi acompanhada por uma diminui¢do do conteudo de EAACI, o principal
transportador das células C6 (Davis et al., 1998). A reducao da expressdo proteica desse
transportador também pode estar diretamente relacionada ao estresse oxidativo. Uma das
consequéncias da produ¢cdo aumentada de ERO ¢ a oxidagdo de acidos nucleicos, tanto o
DNA quanto o RNA (Nunomura et al., 2006), sendo que o RNA ¢ mais suscetivel a
oxidagdo, pois ele apresenta uma estrutura de fita simples e ndo ¢ protegido por proteinas
empacotadoras. Assim, a oxidagdo do RNA pode diminuir a eficiéncia e a acuracia da sua
tradugdo, resultando em um prejuizo tanto da sintese quanto da func¢do das proteinas
(Nunomura et al., 2006; Shan et al., 2007). De fato, Gorg et al demonstraram que a

amonia induz a oxidagcdo de RNA tanto em culturas de astrocitos quanto no cérebro in
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vivo (Gorg et al., 2008). No entanto, esse aspecto do nosso trabalho permanece em aberto
para futuras investigacoes.

A atividade dos transportadores glutamatérgicos também pode ser modulada por
algumas vias de sinalizacdo celular como, por exemplo, a via das proteinas cinases
ativadas por mitdégenos (MAPK) (Lee et al., 2012; Zhou et al., 2011). Além disso, a
amonia leva a um aumento da fosforilacdio da ERK (cinase regulada por sinal
extracelular), um membro da familia das MAPK, em astrocitos (Jayakumar et al., 2006).
Nos mostramos que a redug¢do da captacdo de glutamato induzida pela amonia foi
dependente da ativacdo da ERK, uma vez que inibindo a atividade dessa proteina com
PD98059, a captagdo de glutamato nao foi alterada pela amoénia. No entanto, um trabalho
anterior demonstrou que a inibi¢do da ERK ndo foi capaz de reverter a reducdo da
captacdo de glutamato induzida pela amoénia em cultura primdria de astrécitos
(Jayakumar et al., 2006). Essa controvérsia pode ser explicada pelo uso de diferentes
inibidores farmacoldgicos e modelos de estudo, j& que este outro trabalho utilizou
culturas primarias de astrocitos.

A manutencdo do gradiente i0nico transmembrana € um aspecto essencial para o
processo de captacdo de glutamato nos astrocitos (Brady et al., 2012). Os co-
transportadores de Na', K™ and CI" (NKCC) sdo uma classe de proteinas de membrana
que realizam o transporte desses ions através da membrana celular com uma
estequeometria de 1Na":1K":2CI. A isoforma presente nos astrocitos, NKCCI,
desempenha um papel importante na manutencao e regulacao do gradiente i6nico e do
volume celular (Haas and Forbush, 1998). A amonia pode ativar esse tipo de
transportador e também entrar nas células através dele, mimetizando o K, o que resulta
em um aumento da concentragio de Na' e uma reducio no pH intracelular (Jayakumar et

al., 2008; Kelly and Rose, 2010). O consequente prejuizo no gradiente transmembrana de
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Na“ e H' afeta a captagio de glutamato, pois o gradiente desses fons é a forga que
impulsiona o transporte do glutamato contra o seu gradiente de concentracdo nos
astrocitos (Kelly and Rose, 2010). Corroborando com dados anteriores da literatura
(Kelly et al., 2009), n6s observamos que a pré-incubagdo das células com um inibidor de
NKCCI, a furosemida, preveniu a reducdo da captacdo de glutamato induzida por
amonia, indicando que o NKCC1 esté diretamente envolvido nesse efeito.

A ativagdo do NKCCI1 pela amonia também contribui para o inchago celular
caracteristico dessa situacdo (Jayakumar and Norenberg, 2010). Uma importante
consequéncia desse inchago pode ser a liberagdo de glutamato para o meio extracelular,
decorrente da abertura de canais de anions regulados por volume (VRAC) (Kimelberg et
al., 1990). Nos observamos que a amonia induziu um grande aumento (aproximadamente
70%) na concentracdo de glutamato no meio extracelular. Esse aumento, porém, foi
parcialmente prevenido pelo inibidor de NKCC1, apontando sua participacdo no efeito da
amonia. Provavelmente, o glutamato esteja sendo liberado também de outras maneiras,
que ndo envolvam necessariamente uma alteracdo do volume celular. Gorg et al ja
haviam mostrado previamente que a amodnia ¢ capaz de induzir a liberagdo de glutamato
em culturas priméarias de astrocitos, através de um mecanismo de exocitose (Gorg et al.,
2010).

Como mencionado acima, a captacdo de glutamato ¢ um processo associado ao
cotransporte de Na' e, por isso, esta diretamente relacionado ao correto funcionamento da
bomba de Na'K'-ATPase, enzima responsavel pela manutengio dos gradientes de Na' e
K" nas células (de Lores Arnaiz and Ordieres, 2014; Lingrel, 1992). Existem evidéncias
de que a Na'K'-ATPase também pode ser alvo da amonia, ¢ de maneira similar ao
NKCCI, estar envolvida com seu transporte para o interior da célula (Kelly and Rose,

2010). Em contraste com dados ja existentes na literatura (Dai et al., 2013; Kala et al.,
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2000), nds verificamos que a amonia reduziu a atividade da Na'K'-ATPase, sem alterar,
no entanto, sua expressao. O prejuizo no funcionamento dessa enzima pode ser resultado
do aumento do estresse oxidativo, uma vez que a Na ' K'-ATPase é bastante suscetivel ao
ataque por radicais livres (Chakraborty et al., 2003; Quincozes-Santos et al., 2014b).
Outra possibilidade ¢ a deficiéncia energética celular provocada pela amonia, pois esta
enzima possui uma grande demanda de ATP para sua atividade.

Aqui, cabe ressaltar que a redugdo da captacdo de glutamato juntamente com o
aumento da liberacdo de glutamato induzidos pela amdnia nas células astrogliais podem
formar um ciclo de amplificagdio do dano no SNC. Concentragdes excessivas de
glutamato no meio extracelular resultam em uma superestimulagdo de seus receptores e
uma entrada massiva de Ca*" na célula. A concentra¢io de Ca*" intracelular elevada pode
desencadear uma série de eventos, como o aumento da produg¢do de ERO, que podem
culminar com a morte celular. Esse processo caracterizado por uma excessiva
estimulagdo excitatéria ¢ denominado de excitotoxicidade glutamatérgica, e esta
relacionado a uma série de patologias do SNC (Esposito et al., 2013; Plitman et al.,
2014).

A seguir, estudamos um dos principais destinos do glutamato apos ser captado
pelas células astrogliais: sua conversao a glutamina pela a¢do da enzima GS. Essa enzima
astrocitica possui uma importancia particular em situagdes de hipermonemia, pois €
responsavel também pela detoxificacdo da amonia no SNC (Braissant et al., 2013).
Estudos apontam um papel da glutamina na media¢do dos danos da amoénia em células
astrogliais, sugerindo que seu acumulo poderia produzir um efeito osmotico e induzir a
producao de ERO. No entanto, outros estudos em pacientes com EH ndo conseguiram
encontrar uma correlacdo entre a sintese aumentada de glutamina e o grau de severidade

da doenga ou do edema cerebral (Butterworth, 2014).
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Nesse sentido, confirmando dados anteriores do nosso grupo, tanto em células
astrogliais C6 quanto em culturas primarias de astrécitos (Bobermin et al., 2012; Leite et
al., 2006), nds observamos uma diminuicao da atividade da GS nas células expostas a
amonia. A GS ¢ uma enzima sensivel a nitracao e a oxidag¢do (Matés et al., 2002), e uma
das explicagdes para sua atividade limitada na presenca da amoénia é o aumento da
producdo de NO, um efeito bem estabelecido da amoénia, e que também esta envolvido na
sua toxicidade (Bobermin et al., 2012). Ademais, a atividade da GS também ¢
dependente de ATP e pode sofrer interferéncias pela deficiéncia no metabolismo
energético celular na presenga de amoénia (Braissant et al., 2013).

Os astrocitos desempenham um importante papel para a defesa contra o estresse
oxidativo no SNC, pois produzem e secretam o tripeptideo GSH (y-glutamil-cisteinil-
glicina) para o meio extracelular, onde ¢ clivado e utilizado como substrato para a sintese
de GSH nos neurdnios (Bélanger et al., 2011). Nos verificamos que a amdnia provocou
uma diminui¢do dos niveis intracelulares de GSH nas células astrogliais, provavelmente
em razdao de um aumento do seu consumo decorrente de uma maior produgdo de
ROS/RNS. Também, ndo podemos descartar a possibilidade da diminui¢do dos niveis
intracelulares de GSH ser consequéncia de um aumento de sua secregdo pelas células.

Um dos possiveis destinos para o glutamato captado pelas células astrogliais € a
sintese de GSH e, apesar de ndo ser a etapa limitante, a concentragdo intracelular de
glutamato pode afetar a sintese dessa molécula antioxidante. Isso porque apds o processo
de captacdo, a concentracdo de glutamato dentro das células aumenta. Como
consequéncia, através do seu transporte de volta para o meio extracelular, o glutamato
direciona a captagdo de cistina através do trocador Xc pelas células astrogliais. A cistina
consiste na forma oxidada do aminoacido cisteina, esse sim o precursor limitante da

sintese de GSH, como ilustrado na figura 5 (Lewerenz et al., 2006; Robert et al., 2014).
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Assim, o funcionamento adequado dos transportadores de glutamato também &
importante para a manutencao das defesas antioxidantes no SNC.

A deplecdo da GSH no SNC também estd associada a neurotoxicidade e a
neuroinflamag¢do . A diminui¢ao do contetido de GSH em astrécitos pode favorecer uma
resposta inflamatoria astroglial, pois um ambiente pré-oxidante ativa diversas vias de
sinalizacdo que culminam com a sintese e liberagdo de citocinas pro-inflamatdrias
(Currais and Maher, 2013; M. Lee et al., 2010). Nesse sentido, nés demonstramos que a
amonia estimulou a secre¢do de citocinas como TNFa, IL-1B, IL-6 ¢ IL-18. O TNFa
desempenha varias fungdes importantes no SNC, como a ativagdo de astroécitos ¢ a
gliotransmissdo glutamatérgica (Santello et al., 2011). Além disso, o TNFa, juntamente
com a IL-1p, iniciam uma cascata de ativacdo de outras citocinas, como IL-6 e IL-18
(Tanabe et al., 2010). Essas duas ultimas citocinas também estdo relacionadas ao
processo inflamatorio patologico no cérebro, sendo que a IL-18 ¢ um membro da
superfamilia das IL-1, e estd associada diretamente a doengas neurodegenerativas (Bossu
et al., 2010). Estudos recentes tém demonstrado um aumento de citocinas pro-
inflamatérias em pacientes com EH e, possivelmente, sua utilizagdo como um marcador
preditivo para o grau da doenga (Butterworth, 2013, 2011a; Odeh et al., 2005).

O NF«B ¢ um fator de transcricao considerado o principal mediador da producao
de citocinas pro-inflamatorias (Baltimore, 2011) e, como esperado, a amonia induziu um
aumento da sua ativacao. Uma das vias a montante responsaveis pela ativagdo do NFxB ¢
a ERK (Hua et al., 2002; E. O. Lee et al., 2010). N6s observamos que a inibigao
farmacologica da ERK bloqueou a ativagdo do NFkB e a indugdo da liberagdo das
citocinas pro-inflamatorias avaliadas. Esses resultados, em conjunto, indicam uma
provavel via pelo qual a amoénia possa estimular a resposta inflamatéria: o estresse

oxidativo induzido pela amdnia pode ser responsavel pela ativagdo da ERK que, por sua
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vez, promove a translocacdo do NF«B para o nucleo, onde ele ira induzir a transcrigdo
das citocinas. Esse fator de transcricdo também atua regulando a sintese de outras
proteinas, como a iNOS — responsavel pela sintese de NO, amplificando a resposta
inflamatoéria (Aktan, 2004; Wakabayashi et al., 2010).

Ainda, nés avaliamos a secre¢do da proteina S100B, tendo em vista os indicios da
sua participag@o na resposta inflamatoria. Como observado anteriormente em astrocitos e
também em células astrogliais C6, a amoéOnia aumentou a secrecdo dessa proteina
(Bobermin et al., 2012; Leite et al., 2006). De maneira interessante, a secre¢do de S100B
segue o mesmo perfil das citocinas pro-inflamatérias. Essa proteina, produzida e
secretada predominantemente por astrécitos no SNC, pode ser utilizada em determinadas
situacdes com um marcador do processo de ativacdo astroglial e seu aumento estd
relacionado a doencas neurologicas como Alzheimer e esquizofrenia (Petzold et al., 2003;
Rothermundt et al., 2004; Steiner et al., 2011). Previamente, foi reportado um aumento
dos niveis da S100B também no soro de pacientes com EH (Wiltfang et al., 1999). No
entanto, nesse caso, outras fontes extracerebrais da proteina ndo podem ser descartadas,

como o tecido adiposo (Gongalves et al., 2008).

Os efeitos protetores do resveratrol e do acido lipoico

A EH ¢ uma doenca com alta taxa de mortalidade, cujo tratamento visa
principalmente a causa periférica responsavel pela sua precipitacdo (Leise et al., 2014;
Waghray et al., 2014). Tendo em vista todas as alteracdes funcionais provocadas pela
amonia em células astrogliais, torna-se relevante, também, a busca por moléculas que
potencialmente atuem no SNC, favorecendo a recuperagdo da sua homeostase. Nas

ultimas décadas foram estudadas muitas propriedades bioldgicas de produtos naturais, e
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muitos desses compostos apresentam um potencial terapéutico promissor, como o
resveratrol e acido lipoico.

Entre os inumeros efeitos biologicos do resveratrol destacam-se as atividades
antioxidante, anti-inflamatoria, cardioprotetora, antitumoral e neuroprotetora (Bastianetto
et al., 2014; Baur and Sinclair, 2006; Vang et al., 2011). No SNC, o resveratrol tem se
mostrado eficaz em modelos de doengas neurodegenerativas, como Parkinson, Alzheimer
e isquemia (Frozza et al., 2013; Khan et al., 2010; Sharma and Gupta, 2002; Simao et al.,
2012b). Embora ja existam diversos estudos mostrando que ele atua de forma direta e/ou
indireta, modulando vias de sinalizagdo celular, o seu mecanismo de ag¢dao em nivel
molecular necessita ser melhor explorado.

Em razao do seu papel fundamental na homeostasia do SNC, a modulagdo das
fungdes gliais pode representar uma estratégia importante para o tratamento de patologias
cerebrais. Nesse contexto, nosso grupo tem mostrado que o resveratrol ¢ capaz de
modular importantes funcdes gliais, como a captacao de glutamato, a atividade da GS, os
niveis de GSH e componentes da resposta inflamatéria astroglial (Bellaver et al., 2014;
dos Santos et al., 2006; Quincozes-Santos and Gottfried, 2011).

Nesse sentido, nos j4 haviamos observado que o resveratrol ¢ capaz de prevenir
diversos aspectos relacionados a toxicidade da amdnia, como a produgdo de ERO e NO, a
atividade da GS e a secrecdo de S100B e citocinas pro-inflamatorias (TNFa, IL-1P e IL-
6). Além disso, observamos que o efeito protetor do resveratrol foi provavelmente
dependente da redugdo dos niveis de NO e de um efeito inibitorio sobre a ERK e a
ativacdo do NF«B. Nesse mesmo estudo, nds também avaliamos o efeito de outros
antioxidantes, como acido ascorbico, trolox ¢ L-NAME, frente ao dano induzido pela

amonia. No entanto, eles nao foram eficazes (Bobermin et al., 2012).
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Nesta tese, investigamos o efeito protetor do resveratrol em aspectos relacionados
a comunicagdo glutamatérgica, durante a exposicao de células astrogliais C6 a amonia.
Primeiramente, observamos que o resveratrol foi capaz de restaurar a expressao proteica
de EAACI e a atividade dos transportadores de glutamato, na presenca da amonia. Esses
efeitos provavelmente sejam devidos a sua agdo antioxidante. Em relacdo ao EAACI, a
oxidacdo do RNA pode ser uma das causas da reducao do seu conteudo proteico, como
comentado anteriormente. Em trabalhos prévios, demonstramos que o resveratrol ¢ capaz
de prevenir a genotoxicidade frente a um insulto com H,0O, (Quincozes-Santos et al.,
2007). Assim, o resveratrol pode prevenir a diminuicio EAAC1 na presenga da amoénia
evitando a oxidacdo do seu RNA. Cabe salientar que o resveratrol, per se, aumentou
tanto a captagdo de glutamato quanto os niveis de EAACI nas células astrogliais C6.

O resveratrol também foi capaz de evitar o aumento da liberacdo de glutamato
para o meio extracelular, indicando que o estresse oxidativo pode estar envolvido nesse
efeito toxico da amoénia. De fato, a atividade do NKCC1 pode ser aumentada por
oxidagdo, e alguns antioxidantes sdo capazes de prevenir sua ativacao (Jayakumar et al.,
2008). No entanto, o resveratrol, per se, ndo teve efeito sobre a liberagcdo de glutamato. O
resveratrol, portanto, ¢ capaz de modular tanto a captacdo quanto a liberacdo de
glutamato pelas células astrogliais, as quais representam um ponto importante na
prevencao da excitotoxicidade mediada pela amonia.

Noés também observamos que o resveratrol preveniu a diminui¢do da atividade da
enzima GS induzida pela amoénia. E importante lembrar que essa enzima ¢é sensivel ao
estresse oxidativo/nitrosativo (Matés et al., 2002) e, dessa forma, a atividade antioxidante
do resveratrol pode ter um impacto positivo. Um declinio da atividade da GS tem sido
observado em varias doencas neurologicas. Devido ao papel da GS na conversao do

glutamato a glutamina, mudangas na sua atividade podem afetar a concentracdo de
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glutamato intracelular nas células astrogliais afetando, consequentemente, tanto a
captagdo quanto a liberagdo de glutamato (Butterworth, 2014; Shaked et al., 2002). Nesse
contexto, a GS pode mediar um efeito protetor do resveratrol no SNC, pelo seu papel
importante tanto no metabolismo do glutamato quanto na detoxificagdo da amonia.

O resveratrol também aumentou os niveis intracelulares de GSH e preveniu a
reducdo provocada pela amdnia. A manutencdo da glutationa no seu estado reduzido (ou
seja, GSH) ¢ controlada por diversos fatores como a sua biossintese, sua reciclagem
através da enzima glutationa redutase e sua utilizagdo como antioxidante diretamente ou
como substrato da glutationa peroxidase (Choi and Gruetter, 2012). Assim, os efeitos do
resveratrol podem ser decorrentes de uma diminuicdo da oxidagdo da GSH, de um
aumento da reciclagem através da glutationa redutase ou pela modulagdo da sintese de
GSH nas células (Chen et al., 2013), contribuindo para a atenuagdo dos impactos
negativos da toxicidade da amonia, a qual apresenta um forte componente oxidativo.

Outro efeito importante do resveratrol foi a modulagdo da atividade da Na'K'-
ATPase. O resveratrol foi capaz de proteger o déficit causado pela amodnia e também de
aumentar, per se, a atividade dessa enzima. Trabalhos ja existentes demonstram que
outros antioxidantes sdo capazes de modular a Na'K'-ATPase (Ferreira et al., 2011;
Stefanello et al., 2011). Além disso, outro estudo mostrou que o resveratrol preveniu a
queda da atividade dessa enzima em um modelo in vivo de isquemia global, devido ao
seu efeito antioxidante (Simao et al., 2011). Dessa forma, a modulagdo positiva do
resveratrol na atividade da Na'K'-ATPase, em conjunto com 0s outros parimetros
analisados, representa um aspecto importante para seu efeito benéfico no SNC.

Os efeitos biologicos do resveratrol também podem ser dependentes da sua
relacdo com alvos celulares, os quais atuariam como controladores a jusante do

resveratrol e mediadores dos eventos celulares gerados por ele. Um dos alvos candidatos
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¢ a proteina heme oxigenase 1 (HO1), uma enzima que faz parte do mecanismo de defesa
celular em situacdes de dano oxidativo (Bastianetto et al., 2014; Syapin, 2008). Em
relacdo as HO, elas podem apresentar duas isoformas principais: a induzivel (HO1) e a
constitutiva (HO2). Essas enzimas sdo etapas limitantes da via de degradagdo do
grupamento pré-oxidante heme em mondxido de carbono (CO) e biliverdina /bilirrubina
— as quais sdo moléculas biologicamente ativas e que podem atuar como antioxidantes
(Haines et al., 2012; Syapin, 2008). O grupamento heme livre pode ser originado de
fontes extracelulares, como pela degradacdo da hemoglobina, e de fontes intracelulares, a
partir do metabolismo de proteinas que contenham o heme em sua estrutura. Durante
situacdes de excitotoxicidade, por exemplo, ocorre um aumento da produgdo de heme em
sua forma livre, o qual ndo pode ser reciclado e €, entdo, degradado pela HO (Dor¢ et al.,
1999; Sakata et al., 2010).

Nos verificamos que os efeitos protetores do resveratrol podem ser mediados por
essa proteina e/ou seus metabolitos, uma vez que quando as células foram pré-incubadas
com ZnPP IX, um inibidor potente e seletivo da HO, os efeitos benéficos do resveratrol
sobre parametros avaliados (captacdo de glutamato, atividade da GS e niveis de GSH)
foram abolidos, tanto na presenga quanto na auséncia de amoénia. Similarmente, outros
polifendis (como a catequina e a curcumina), também exercem seus efeitos bioldgicos
através da HO1 (Bastianetto and Quirion, 2010).

Nesse sentido, Sakata et al sugeriram que a HO1 seria uma importante candidata
pela qual o resveratrol poderia exercer uma sinaliza¢dao celular endégena, que levaria a
uma resisténcia ao estresse oxidativo e, consequentemente, a neuroprotecao (Sakata et al.,
2010). Além disso, a producao de HOI1 ¢ regulada pelo fator de transcri¢ado Nrf2 (do
inglés nuclear-related fator 2), o qual leva a sintese de enzimas do sistema de defesa

antioxidante celular. A HO1 também atua como sequestradora de NO inibe a sintese da
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iNOS, contribuindo para o controle do estresse oxidativo/nitrosativo (Wakabayashi et al.,
2010). Nosso grupo também demonstrou que o resveratrol é capaz de aumentar a
expressdo da HO1 em células astrogliais C6 sob condi¢do pré-oxidante, além de diminuir
a expressao da iNOS, mostrando que a HO1 estd intimamente relacionada com os efeitos
protetores do resveratrol (Quincozes-Santos et al., 2013).

Em conjunto, esses dados mostram que o resveratrol pode modular diversas etapas
envolvidas no metabolismo glutamatérgico nas células astrogliais, contribuindo para a
prevencao de um processo de excitotoxicidade e para a detoxificacdo da amonia. Além
disso, contribuindo para o entendimento dos mecanismos de ag¢do do resveratrol,
observamos uma importante participagdo da HO1 nos seus efeitos.

Outra molécula que tem chamado atencdo devido seus papéis antioxidante e anti-
inflamatério ¢ o acido lipoico. Seu potencial terapéutico tem sido evidenciado em
diversas situacdes, como doencas neurodegenerativas, neuropatia, isquemia, sindrome
metabolica e diabetes (Goraca et al., 2011; Maczurek et al., 2008; Ziegler, 2009). Em um
trabalho prévio, nosso grupo também demonstrou que o 4cido lipoico ¢ capaz de modular
a funcionalidade astroglial in vitro (Kleinkauf-Rocha et al., 2013). Baseado nisso, nos
também avaliamos um potencial efeito protetor do acido lipoico em células astrogliais
expostas a amonia.

Em relacdo a captagdo de glutamato, o acido lipoico preveniu a diminui¢ao
induzida pela amdnia e, per se, aumentou a atividade. Da mesma forma que o resveratrol,
uma das maneiras pelas quais o acido lipoico pode modular a captacdo de glutamato ¢
através da prevencao da oxidagdo dos transportadores glutamatérgicos, bem como do
NKCCI. Nos também investigamos um possivel papel da proteina cinase C (PKC) no
efeito do acido lipoico sobre a captagao de glutamato, pois a ativagao dessa proteina pode

regular a expressao de EAACI1 (Davis et al., 1998). Quando as células foram incubadas
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com o inibidor da PKC (Bis II), os efeitos positivos do acido lipoico sobre a captagdo de
glutamato foram perdidos, tanto na presenca quanto na auséncia de amonia, indicando
que essa via de sinalizacdo estd envolvida na a¢ao do acido lipoico.

A diminui¢do da atividade da GS induzida pela amonia também foi prevenida
pelo acido lipoico, o qual também apresentou um efeito per se sobre a GS, provavelmente
secundario ao seu efeito antioxidante. Extrapolando nossos dados para o cérebro, o
aumento da sintese de glutamina nos astrécitos poderia estar relacionado com um
aumento de GSH neuronal, em razdo do ciclo glutamato-glutamina, que transporta o
glutamato de volta para os neurdnios na forma de glutamina. Nos neurdnios, a glutamina
pode ser convertida em glutamato, o qual € precursor para a sintese de GSH (Matés et al.,
2002).

O acido lipoico também recuperou completamente o contetido intracelular de
GSH nas células tratadas com amonia e, per se, induziu um aumento nos niveis de GSH.
O 4cido lipoico possui um efeito bem descrito na recuperacao de antioxidantes, dentre os
quais a da glutationa, regenerando-a da sua forma oxidada (GSSG) a reduzida (GSH).
Além disso, o acido lipoico pode estimular a sintese de GSH através do aumento dos
niveis intracelulares de cisteina, pela estimulagdo da captagdo de cistina pelo trocador Xc
(Packer and Cadenas, 2011). O 4cido lipoico também pode induzir a atividade do Nrf2, o
qual facilita a sintese de GSH e também induz a expressdo da HO1 (Koriyama et al.,
2013; Suh et al., 2004). Assim, a modulacao do contetido de GSH e de outros sistemas
antioxidantes celulares reforga a atividade antioxidante intrinseca do acido lipoico, e pode
contribuir para seus efeitos neuroprotetores.

Como mencionado anteriormente, a deplecao de GSH em células gliais induz um
aumento significativo na produgdo de citocinas inflamatorias, ambos caracteristicos da

toxicidade da amonia (Leise et al., 2014; Waghray et al., 2014). Nesse contexto, o acido
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lipoico, além de modular os niveis de GSH, foi capaz de regular negativamente a
liberagdo de citocinas estimulada pela amodnia. Neste trabalho, nds também testamos a
hipdtese de que a regulagdo das citocinas pelo acido lipoico pudesse ser mediada pelo
NF«B e proteinas como a ERK e HOI. Nos observamos que o acido lipoico diminuiu a
ativacdo do NFkB e potencializou o efeito do inibidor da ERK, indicando que essa via
esteja envolvida no efeito anti-inflamatoério do acido lipoico. Além disso, a HO1 pode
inibir a ativagdo do NF«kB e nos verificamos que na presenca do inibidor da HO1, o acido
lipoico perdeu seu efeito positivo sobre a ativagdo do NFkB nas células gliais. Ainda
dentro de um contexto inflamatorio, nés verificamos o efeito do acido lipoico sobre a
secrecao da proteina S100B. Como discutido anteriormente, a S100B teve um perfil de
aumento semelhante as outras citocinas pro-inflamatorias e o acido lipoico também foi
capaz de prevenir esse efeito. Assim, a soma das atividades antioxidante e anti-
inflamatéria do acido lipoico nas células astrogliais poderia torna-lo uma um potencial
agente farmacoldgico durante a hiperamonemia.

Em relacdo a diminui¢ao do conteido de GSH e ao aumento da liberacao de
citocinas pro-inflamatorias induzidos pela amodnia, nds também testamos o papel protetor
do NAC, um antioxidante cldssico ja usado clinicamente em diversas situacoes
patologicas, inclusive na EH (Butterworth, 2011b; Vaquero and Butterworth, 2007). Um
estudo in vivo mostrou um efeito anti-inflamatorio e neuroprotetor do NAC em um
modelo de dano hepatico (Bémeur et al., 2010). Nessa situacdo, o NAC poderia agir
como uma molécula antioxidante e anti-inflamatéria tanto em nivel periférico quanto
central, resultando numa redugao da progressao da EH.

E importante destacar que o principal efeito biolégico do NAC consiste em
aumentar a sintese intracelular de GSH, uma vez que ¢ um precursor acetilado da

cisteina. No entanto, os efeitos protetores do NAC independentes da sintese de GSH
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ainda sdo pouco conhecidos. Nos observamos que o NAC, além de aumentar a sintese de
GSH, também participou da modulacdo da ativagdo do NFkB de maneira dependente de

ERK e HO, contribuindo para a elucida¢do dos seus mecanismos de agao moleculares.

A alteragdo do estado redox induzida pela amonia em células neuronais e o efeito
neuroprotetor dos antioxidantes

Apesar da toxicidade da amonia no SNC estar bastante relacionada a um dano
astroglial, e o dano neuronal ser considerado secunddrio a esse tamponamento
inadequado do microambiente cerebral, algumas evidéncias mostram que a amdnia pode
exercer efeitos toxicos diretos sobre as células neuronais (Chen et al., 2014; Klejman et
al., 2005). Assim, no quarto capitulo desta tese, nos investigamos um possivel papel
protetor do resveratrol e do &cido lipoico em neurdnios.

Primeiramente, nos investigamos o efeito da amonia, em diferentes concentracdes
(1-10 mM) por um periodo de 24 h, na linhagem SH-SYS5Y. Apenas a concentracdo mais
alta de amonia (10 mM) causou uma reducdo da viabilidade celular. No entanto, a
producao de ERO e conteido de GSH ndo foram afetados durante a exposicdo destas
c¢lulas a amonia. Esses resultados podem ser devidos a uma menor suscetibilidade dessas
células a estimulos toxicos, devido as suas propriedades bioquimicas.

Entdo, nés avaliamos os efeitos da amoénia em culturas primarias de neurdnios
granulares cerebelares. Diferente do observado em células SH-SYSY, a redugdo da
viabilidade celular ocorreu ja na concentracdo de 5 mM, a mesma utilizada para avaliagao
dos parametros astrogliais nos capitulos anteriores. Além disso, a maior concentracdo de
amoénia (10 mM) provocou alteragdes na morfologia celular, observadas através de

microscopia de contraste de fase. Em relagdo ao controle, as células expostas a amdnia
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apresentaram um reduzido nimero de neuritos, além de corpos e processos celulares
desintegrados.

Para os parametros que foram analisados posteriormente foram utilizadas apenas
as concentragdes menores de amonia (1 e 2 mM), as quais ndo alteraram a viabilidade,
mas mesmo assim poderiam causar disfun¢des que, em ultima instancia, levariam a morte
celular. Nessa situagdo, nds observamos um aumento da producdo de ERO e uma reducao
do conteudo intracelular de GSH. Ou seja, a amonia, independentemente do dano
astroglial, pode induzir estresse oxidativo nas células neuronais. Um trabalho anterior,
também em cultura primdria de neurdnios, havia demonstrado um efeito neurotdxico da
amonia induzindo morte celular, a qual foi protegida por uma suplementaciao exogena de
GSH nas células, mostrando a participagdo da deplecao da GSH nesse efeito (Klejman et
al., 2005).

Buscando prevenir o estresse oxidativo neuronal induzido pela amodnia, nos
investigamos os efeitos do resveratrol e do acido lipoico. Para isso, primeiramente, foi
avaliado o efeito de diferentes concentragoes desses antioxidantes per se sobre a
viabilidade celular (resultados ndo mostrados na tese). Ao contrario do que acontece nas
células astrogliais, o resveratrol na concentracdo de 100 uM provoca uma reducdao na
viabilidade dos neurdnios. Entdo, a partir dos resultados obtidos, nés elegemos a
concentracdo de 10 uM de resveratrol para avaliarmos seus efeitos neuroprotetores.
Porém, em relagdo ao acido lipoico, nés utilizamos a mesma concentragcdo testada nas
células astrogliais (10 uM), uma vez que ela ndo induziu alteracdes na viabilidade dos
neuronios.

Ainda em relagdo as concentracdes dos antioxidantes que causam efeitos
neuroprotetores, elas podem variar entre os trabalhos dependendo do tipo celular

utilizado. Além disso, tanto o resveratrol quanto o &cido lipoico podem provocar efeitos
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opostos em alguns parametros bioldgicos. Previamente, nds observamos que o resveratrol
(acima de 100 uM) e o acido lipoico (a partir de 500 uM) podem exercer efeitos pro-
oxidantes em células astrogliais C6, além de reduzir a viabilidade celular, os quais foram
dependentes de suas concentragdes e do estado redox celular (dos Santos et al, 2006;
Kleinkauf-Rocha et al, 2013; Quincozes-Santos et al, 2009). Estes resultados estdo de
acordo com outros estudos, que descrevem propriedades pro-oxidantes de moléculas
conhecidas por sua agdo antioxidante, dependendo da concentragdo e do tipo celular
usado (de la Lastra & Villegas, 2007; Gutteridge & Halliwell, 2010; Halliwell, 1996). E
importante salientar que n6s nao observamos efeitos toxicos ou pro-oxidantes do
resveratrol ¢ do acido lipoico nas concentragdes e condi¢des experimentais utilizadas
nesta tese, tanto nas células astrogliais C6 quanto nas células neuronais.

O resveratrol e o acido lipoico foram capazes de prevenir tanto a produgdao de
ERO quanto a diminuicdo dos niveis de GSH, exercendo um importante efeito
antioxidante nos neurdnios. Além disso, em condi¢des basais (ou seja, na auséncia da
amonia), esses dois antioxidantes também apresentaram um efeito benéfico, diminuindo a
produgdo de ERO e aumentando o conteido de GSH nas células, nas concentragdes em
que foram testados.

Assim como nas cé€lulas astrogliais, nds observamos o envolvimento da proteina
HO1 nos efeitos protetores do resveratrol e do acido lipoico, uma vez que a inibigdo
dessa via impediu que eles exercessem seu papel protetor frente ao dano por amonia e,
também, em condi¢des basais. Esses dados sdo consistentes com o trabalho de Sakata et
al, que mostraram que o resveratrol aumentou os niveis de HO1 em neur6nios expostos a
concentragoes toxicas de glutamato (Sakata et al., 2010). Dessa forma, os efeitos desses
antioxidantes também em cé¢lulas neuronais frente a uma situa¢ao de dano reforgam os

seus papéis neuroprotetores.
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Consideracoes finais

A andlise dos resultados apresentados nessa tese mostra que o resveratrol e o
acido lipoico modulam importantes fungdes gliais, as quais estdo prejudicadas numa
situacdo de hiperamonemia. Além disso, essas moléculas também sdo capazes de proteger
neurdénios do dano oxidativo induzido pela amoénia. Assim, os efeitos protetores do
resveratrol e do &cido lipoico no SNC parecem ser mediados ndo somente por suas agdes
diretas sobre os neurdnios, mas também pela modulagdo da atividade glial. Ainda, os seus
efeitos sobre células astrogliais e neuronais parecem compartilhar alguns mecanismos,
como o da HOI.

Por fim, este estudo in vitro propde que o resveratrol e o acido lipoico podem
representar potenciais agentes terapéuticos para o SNC frente a danos oxidativos e
inflamatérios, como os induzidos pela amodnia, por exercer efeitos benéficos nos dois

principais tipos celulares que o compde.
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CONCLUSOES:

v

Importantes parametros bioquimicos astrogliais € neuronais sao alterados pela
amonia;

Observamos que o resveratrol e o acido lipoico exercem efeitos protetores tanto
sobre as células astrogliais quanto sobre as células neuronais frente ao dano
induzido por amonia;

A HOL1 esta envolvida nos efeitos protetores do resveratrol e do acido lipoico;

A modulagdo da funcionalidade astroglial parece ser um elemento importante para
os efeitos neuroprotetores do resveratrol e do acido lipoico;

O resveratrol e o acido lipoico podem representar potenciais agentes terapéuticos
para o SNC durante situagdes patologicas, como na EH.
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PERSPECTIVAS:

Investigar a agdo do resveratrol e do 4cido lipoico sobre possiveis danos
oxidativos a biomoléculas induzidos pela amonia, como a peroxidacao lipidica e
danos ao DNA e RNA;

Avaliar os efeitos do resveratrol e do 4cido lipoico sobre a reatividade
antioxidante total das células astrogliais e neuronais expostas a amodnia, bem
como sobre a atividade de enzimas antioxidantes SOD e catalase;

Ampliar o entendimento dos efeitos do resveratrol e do acido lipoico sobre o
metabolismo da glutationa em células astrogliais e neuronais expostas a amonia,
avaliando tanto a razao GSH/GSSG intra e extracelular, bem como a atividade de
enzimas que participam do seu metabolismo, como a glutationa peroxidase,
glutationa redutase e glutationa S-trasferase. Além disso, avaliar a expressdo e
atividade das enzimas responsaveis por sua sintese, como a glutamato cisteina
ligase e a glutationa sintetase, e os possiveis mecanismos regulatorios envolvidos;
Confirmar o papel da enzima HO1 nos efeitos protetores do resveratrol e do acido
lipoico, através do silenciamento dessa enzima in vitro, utilizando a técnica de
RNA de interferéncia;

Avaliar os mecanismos de indu¢ao da HO1 pelo resveratrol e pelo acido lipoico,
como a ativacdo do fator de transcricdo Nrf2 e do co-ativador de transcrigao
génica PGC-1a;

Ampliar o entendimento da atividade anti-inflamatoria do resveratrol e do 4cido
lipoico durante a exposicdo das células astrogliais a amoénia, avaliando seus
efeitos sobre a sintese de outras moléculas pro-inflamatorias, como a
prostaglandina E2, e a expressao e ativagcdo de proteinas como ciclooxigenases e

fatores de transcri¢do (AP-1, CREB e STATs);
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e Verificar os efeitos protetores do resveratrol e do 4cido lipoico sobre células gliais

e neuronais em um modelo de hiperamonemia in vivo.
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