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RESUMO

A degradacdo do triptofano pela via das quinureninas produz diversos
metabolitos neuroativos. Dentre eles, o acido quinolinico (QUIN) € um agonista
seletivo de receptores NMDA que exerce efeitos neurotoxicos sobre as células,
causando aumento na producdo de espécies reativas de oxigénio e nitrogénio,
disfuncdo mitocondrial e ativagdo de vias de morte celular. A concentragcéo de
QUIN se encontra aumentada em situacdes de injaria cerebral, inflamacao e
processos neurodegenerativos. Ja o acido quinurénico (KYNA), produzido pela
mesma via, é antagonista de receptores glutamatérgicos e colinérgicos e possui
propriedades neuroprotetoras, atuando como antioxidante. Alteracdées na razao
KYNA/QUIN estao correlacionadas a manifestagcdo de desordens do sistema
nervoso central, mas 0s mecanismos envolvidos necessitam ser melhor
elucidados. O objetivo do presente trabalho foi avaliar a acdo de QUIN sobre
parametros oxidativos (producdo de espécies reativas de oxigénio, atividade de
enzimas antioxidantes, peroxidacao lipidica, danos a proteinas e ao DNA, niveis
de nitritos e imunoconteddo de iINOS), bem como sobre parametros de funcéo
mitocondrial e bioenergéticos (massa e potencial de membrana mitocondrial,
cadeia transportadora de elétrons), sobre a atividade da Na',K*-ATPase e os
niveis de Nrf2 em fatias de estriado de ratos Wistar jovens e o possivel papel
neuroprotetor de KYNA frente a esses insultos. Fatias de estriado de ratos
Wistar de 30 dias de idade foram pré-incubadas com KYNA 100 puM por 15
minutos, posteriormente QUIN 100 uM foi acrescentado ao meio de incubacédo
por mais 30 minutos. Nossos resultados mostraram que o QUIN causou um
aumento na producdo de espécies reativas de oxigénio e uma diminuicdo na
atividade das enzimas antioxidantes, causando também danos a proteinas,
lipidios e DNA, assim como diminuiu os niveis de Nrf2. KYNA foi capaz de
prevenir os efeitos causados por QUIN, exceto o dano a proteinas. Além disso,
QUIN foi capaz de alterar a massa e o potencial de membrana mitocondrial,
assim como a atividade dos complexos da cadeia transportadora de elétrons,
sendo esses efeitos prevenidos por KYNA. A diminuicdo na atividade da Na*,K*-
ATPase néao foi prevenida por KYNA. Nossos resultados mostram que o QUIN
causa alteracdes no status oxidativo e na funcdo mitocondrial em fatias de
estriado de ratos, sendo a maioria dessas alteragdes prevenida por KYNA,
possivelmente por sua agao antioxidante. Este estudo permite elucidar alguns
dos mecanismos de KYNA frente aos danos causados por QUIN.

Palavras chaves: acido quinolinico, acido quinurénico, Nrf2, estresse oxidativo,
mitocéndria, Na*,K*-ATPase.
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ABSTRACT

The degradation of tryptophan by kynurenine pathway produce important
metabolites with neurological activity. Among them, the quinolinic acid (QUIN) is
a selective antagonist of NMDA receptors that can exert neurotoxic effects on the
cells, causing an increase in the production of reactive oxygen and nitrogen
species, mitochondrial dysfunction and activation of cell death pathways. The
QUIN concentration is increased in situations of brain injury, stress, inflammation
and neurodegenerative processes. However, kynurenic acid (KYNA), produced
by the same pathway, is an antagonist of glutamatergic and cholinergic
receptors, besides that KYNA has neuroprotective properties given its antioxidant
action. Changes in the KYNA/QUIN ratio are correlated with the manifestation of
central nervous system disorders, but the mechanisms involved need to be better
elucidated. The aim of this project was to evaluated the action of QUIN on
oxidative parameters such as the production of reactive species of oxygen, the
activity of antioxidant enzymes, lipid peroxidation, protein and DNA damage,
nitrite levels and iINOS immunocontent; on mitochondrial function, as mass and
mitochondrial membrane potential, electron transport chain, also Na*,K*-ATPase
activity and levels of Nrf2 in striatum slices of young Wistar rats and the possible
neuroprotective role of KYNA against these insults. Striatum slices from 30-old-
day Wistar rats were pre-incubated with KYNA 100 uyM by 15 minutes,
subsequently 100 yM QUIN was added to the incubation medium for more 30
minutes. Our results demonstrate that QUIN causes oxidative and mitochondrial
changes in striatum slices of rats, most of these changes being prevented by
KYNA, possibly due to its antioxidant action. This study allows elucidating some
of the mechanisms of KYNA against the damages caused by QUIN.

Keywords: quinolinic acid, kynurenic acid, Nrf2, oxidative stress, mitochondria,
Na’ K*-ATPase.
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1 INTRODUCAO

1.1 METABOLISMO DO TRIPTOFANO - VIA DAS QUINURENINAS

O triptofano (Trp) € um aminoacido essencial utilizado na sintese de
proteinas e precursor de moléculas com importante papel fisioldgico. No cérebro,
a degradacao do Trp pode acontecer por duas vias: a via do metoxi-indol e a via
das quinureninas. A via do metoxi-indol consome entre 1-5% de Trp e leva a
producdo de serotonina, e na glandula pineal, melatonina. J& a via das
quinureninas é responsavel por 95-99% do catabolismo de Trp e a partir dela
sdo produzidas diversas moléculas neuroativas com atividades biologicas, como
o cofator nicotinamida adenina dinucleotideo (NAD+), acido quinurénico, &cido

quinolinico, entre outros (Jeon & Kim, 2017; Stone, 1993)

A via das quinureninas (Figura 1) é a principal rota de metabolizacdo do Trp,
acontecendo principalmente no figado, que contém todas as enzimas
necessarias para a sintese de NAD+ e consome cerca de 60% do Trp
disponivel. A ativacdo extra-hepatica dessa via acontece principalmente em
situacOes de ativacdo da resposta imune, e por ndo possuir todas as enzimas da
via, resulta na producéo de intermediarios especificos em cada tecido (Badawy,
2017). O catabolismo do Trp leva a formacdo de quinurenina pela acdo da
enzima triptofano-2,3-dioxigenase (TDO) no figado ou pela indoleamina-2,3-
dioxigenase (IDO) no cérebro (Jeon & Kim, 2017). A quinurenina pode ser
catabolizada por duas vias, levando a producdo de acido quinurénico pelas
quinureninas aminotransferases (KATs) ou a formacdo de NAD+, pela
quinurenina 3-monooxigenase (KMO). No cérebro, essas reacgbes ocorrem

majoritariamente nos astrocitos e na microglia (Jeon & Kim, 2017).
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Figura 1: via das quinureninas (adaptado de Guillemin et al, 2012)

1.2 ACIDO QUINURENICO

Nos astrocitos, devido a auséncia da enzima KMO, a via das quinureninas
€ ativada para a formacao de acido quinurénico (KYNA). KYNA é um importante
antagonista dos receptores glutamatérgicos 3-hidroxi-5-metil-isoxasolpropionato
(AMPA), cainato e N-metil-D-aspartato (NMDA), além de ser antagonista nao
competitivo dos receptores colinérgicos do subtipo a7 nicotinicos (Hilmas et al.,
2001). Suas concentracdes fisiologicas cerebrais variam desde a ordem

nanomolar até baixos niveis na ordem micromolar, sendo encontrado na faixa de



15 a 150 nM no liquido cefalorraquidiano (Hilmas et al., 2001; Moroni et al.,

1988; Turski et al., 1988).

Diversos estudos tém atribuido propriedades neuroprotetoras ao KYNA,
principalmente pela agdo antagonista de receptores NMDA e a7-nicotinicos,
além de seu papel antioxidante, agindo como um agente sequestrador de
radicais livres (Fujigaki et al., 2017). No entanto essas propriedades sao
dependentes de altas concentracdes de KYNA em relacéo aos niveis fisiolégicos
(Moroni et al., 2012). Além disso, os diferentes mecanismos de neuroprote¢éo
sdo dependentes de concentracfes distintas de KYNA no cérebro (Moroni et al.,

2012).

Alteragcdes na concentragdo cerebral de KYNA estéo relacionadas a diversas
desordens neurodegenerativas. Seus niveis estdo diminuidos na fase terminal
da Doenca de Parkinson (Ogawa et al., 1992) e também na Doenca de
Huntington (Beal et al., 1990). Estudos realizados em modelos utilizando animais
reforcam que esse metabdlito pode exercer efeito neuroprotetor, e
anticonvulsivante, diminuindo a vulnerabilidade neuronal (Cozzi et al., 1999;

Pellicciari et al., 1994; Poeggeler et al., 1998).

1.3 ACIDO QUINOLINICO

O acido quinolinico (QUIN), também produzido pela via das quinureninas, é
sintetizado por macréfagos ativados e pela microglia, agindo como um agonista
seletivo de receptores NMDA. Fisiologicamente, ele esta presente em baixas
concentracbes no sistema nervoso central (SNC), porém, em casos de injaria
cerebral, estresse e inflamacdo (Jeon & Kim, 2017), citocinas pro-
inflamatoriasestimulam a ativagcdo da via das quinureninas, levando a um

aumento consideravel da concentracdo de QUIN (Cruz et al., 2013).



A toxicidade causada por QUIN é mediada por diversos mecanismos. A
ativacdo de receptores NMDA acarreta um aumento no influxo de Ca®'
citoplasmatico. Com isso, h4 um aumento na producdo de espécies reativas de
oxigénio e nitrogénio (ERO e ERN, respectivamente), disfungdo mitocondrial,

diminuicdo dos niveis de adenosina trifosfato (ATP), ativacdo de vias de morte

celular, entre outros (Cruz et al., 2013; Jeon & Kim, 2017).

Os efeitos neurotoxicos de QUIN também podem acontecer por mecanismos
independentes da ativagdo dos receptores NMDA. A producdo de ERO/ERN é
bastante prejudicial no SNC, pois o sistema antioxidante do cérebro é limitado. O
aumento nas concentracoes de QUIN leva a um aumento de ERO/ERN,
acarretando uma maior liberacéo de glutamato pelos neurénios, com inibicdo da
recaptacdo do mesmo pelos astrocitos (Tavares et al., 2008), causando
excitotoxicidade. Outro mecanismo importante de neurotoxicidade é a

peroxidacao lipidica (Cruz et al., 2013).

O aumento da concentracdo de QUIN no SNC estd correlacionado a
doencas neurodegenerativas, como a esclerose lateral amiotrofica e as Doencas
de Alzheimer, Parkinson e Huntington (Guidetti et al., 2004; Tan et al., 2012),
além de depressao (Jeon and Kim, 2017), da deméncia associada a AIDS
(Guillemin et al.,, 2005), e outras desordens associadas aos processos

inflamatorios e degenerativos.



14 RELACAO KYNA/QUIN EM DESORDENS DO SISTEMA NERVOSO

CENTRAL

A diminuicdo na concentracao de KYNA e um aumento na concentragcédo de
QUIN estéo diretamente correlacionados ao desenvolvimento e a progresséao de
diversas desordens, j4 que o equilibrio entre esses metabdlitos no SNC pode
influenciar na sobrevivéncia celular (Pierozan et al., 2017). A razdo KYNA/QUIN
se encontra diminuida em pacientes com depressao (Savitz et al., 2015),
Doencas de Alzheimer e Huntington (Zadori et al., 2009), transtorno bipolar
(Parrott and O’Connor, 2015), e em modelo in vitro de esclerose lateral

amiotrofica (Chen et al., 2011).

Além disso, estudos in vitro demonstram a protecéo exercida pelo KYNA em
células expostas ao QUIN (Pierozan et al., 2017), entretanto, esses mecanismos

protetores necessitam ser melhor elucidados.

1.5 ESTRESSE OXIDATIVO

O radical livre € definido como uma espécie quimica que possui um ou mais
elétrons desemparelhados no seu orbital mais externo, o que acarreta elevada
instabilidade e reatividade na molécula. A producdo de radicais livres € um
processo fisiolégico que possui importantes funcdes bioldgicas. Esse processo
acontece principalmente nas mitocéndrias, por meio da cadeia transportadora de
elétrons, e a producdo em propor¢cdes adequadas possibilita a geracédo de ATP,
a ativacdo de genes, contribui com a transferéncia de elétrons em reacfes
bioguimicas e participa de mecanismos de defesa em processos infecciosos. As

principais espécies reativas sdo anion superoxido (O,"), peréxido de hidrogénio



(H20,) e radical hidroxila (OH®). O peroxinitrito (ONOQO") é formado a partir da

reacdo do NO*® com o O, (Halliwell, 2012).

Em condicOes fisioldgicas, as espécies reativas sdo mantidas em equilibrio
pela acdo do sistema de defesa antioxidante do organismo. Essas defesas
podem ser enzimaticas ou ndo enzimaticas, e sao capazes de inibir ou reduzir
possiveis danos causados pela acdo deletéria das espécies reativas. O sistema
de defesa enzimatico inclui as enzimas Superoxido Dismutase (SOD), Catalase
(CAT) e Glutationa Peroxidase (GPx) (Halliwell, 2011). A SOD € a enzima
responsavel por catalisar a reacéo de dismutacdo do O,", formando H,O; e O..
O H,0; resultante € removido pela acdo das enzimas CAT e GPx. A CAT é
encontrada principalmente nos peroxissomos dos tecidos, estando em maior
guantidade no figado. J4 a GPX, responsavel por reduzir o H,O, a H,0, localiza-
se nas membranas celulares (Halliwell, 2011; Rahal et al., 2014). O sistema de
defesa ndo enzimatico, por sua vez, € composto por glutationa, acido ascorbico

(vitamina C), tocoferol (vitamina E), flavondides, entre outros (Rahal et al., 2014).

O estresse oxidativo ocorre quando ha um desequilibrio entre compostos
oxidantes e antioxidantes, seja pela producéo excessiva de espécies reativas ou
por uma reducdo das defesas antioxidantes, e pode estar associado a diversas
patologias. O cérebro € particularmente suscetivel a danos oxidativos, devido ao
alto consumo de oxigénio, a presenca de lipidios de membrana ricos em acidos
graxos insaturados e por possuir baixos niveis de defesas antioxidantes.
Elevadas concentracfes de espécies reativas causam danos as biomoléculas,
como proteinas, lipidios e DNA, podendo levar a perda de funcdo celular.

(Halliwell, 1994; Rahal et al., 2014). Estudos tém sugerido o envolvimento do



estresse oxidativo na patogénese de doencas neurodegenerativas como

Alzheimer, Parkinson e Huntington (Rahal et al., 2014; Sochocka et al., 2013).

Estudos anteriores demonstraram que um dos principais mecanismos
relacionados aos danos gerados pelo QUIN é o estresse oxidativo. O aumento
nas suas concentracfes acarreta um aumento nas espécies reativas de oxigénio
e nitrogénio, e causa diminuicdo da atividade de enzimas antioxidantes e dos

niveis de glutationa (Cruz et al., 2013).

16 Nrf2

Para evitar os danos causados pelas espécies reativas, 0 organismo possui
mecanismos de regulacdo da homeostase redox. Dentre eles, um dos principais
€ 0 Nrf2 (do inglés nuclear factor erythroid 2-related factor 2) (Niture et al., 2014),
o qual é um fator de transcricdo considerado regulador chave da resposta
antioxidante do organismo. Sua ativagdo induz a expressdo de genes que
codificam proteinas e enzimas antioxidantes, desempenhando um papel
essencial na protecdo e na sobrevivéncia das células. Dentre 0s seus genes
alvo, podem ser citados: heme oxigenase 1 (HO-1), SOD, CAT, GPx, glutationa

redutase (GR), NADPH quinona oxidoredutase 1 (NQO1) (Niture et al., 2014).

Fisiologicamente, o Nrf2 se encontra no citosol, ancorado a duas proteinas
Keapl (do inglés Kelch-like ECH-associated Protein 1). Essas proteinas tém
acao inibitéria, mantendo as concentracfes de Nrf2 baixas em situacdes de
homeostasia celular. No entanto, na presenca de estimulos pré-oxidantes, tais
como o aumento de ERO e ERN, residuos de cisteina dessas proteinas séo
oxidados, resultando numa alteragéo na conformacao de Keapl e consequente

liberacdo de Nrf2. As moléculas livres de Nrf2 translocam-se para o nucleo da



célula e se ligam ao elemento da resposta antioxidante (ARE), localizado na
regido promotora dos genes alvo, iniciando-se assim, o processo de transcricao

(Itoh et al., 1999; Kaspar et al., 2009).

Além de sua importancia como mediador da resposta antioxidante, o Nrf2
também é responsavel pela modulacéo de diversos genes que sdo fundamentais
em outros processos celulares, incluindo a resposta inflamatéria, regulacéo
metabdlica, proliferacdo celular e funcdo mitocondrial (Baird and Dinkova-

Kostova, 2011a; Holmstrom et al., 2017).

Por ser um importante mediador da resposta antioxidante, a expressao de
Nrf2 pode ser alterada em situagcdes de dano cerebral. Um aumento na
concentracdo de metabdlitos toxicos, como QUIN, QUIN acarreta uma menor
expresséo do Nrf2, podendo influenciar na expressao das enzimas antioxidantes

e de outros mecanismos de defesa celular (Tasset et al., 2010).

1.7 CADEIA TRANSPORTADORA DE ELETRONS

Devido & sua elevada atividade metabdlica, o cérebro, que possui uma
reserva energética pequena, necessita de um continuo suprimento energético.
Através da glicolise, do ciclo do &cido citrico e da fosforilacdo oxidativa é
produzida a energia responsavel pela manutencdo da atividade cerebral

(Hussain Bhat et al., 2015).

A mitocdndria € uma organela celular que desempenha importante papel na
manutencdo da homeostasia celular, a sua principal fungcdo € no metabolismo

energético, com a producéo de ATP. A energia na forma de ATP € essencial



para a realizacdo de diversas funcdes celulares. Uma reducdo nos seus niveis
pode resultar em ameacas a homeostase dos tecidos, podendo levar a danos
oxidativos, excitotoxicos e levar ao inicio de processos pro apoptoéticos. Além
disso, a mitocondria esta envolvida com a sinalizacao intracelular, mecanismos

de apoptose, metabolismo de aminoéacidos, entre outros. (Sun et al., 2016).

A producdo de ATP acontece na membrana mitocondrial interna através da
cadeia transportadora de elétrons. A cadeia transportadora de elétrons é
composta por quatro complexos enzimaticos e dois transportadores moéveis de
elétrons (coenzima Q e citocromo c), e é nela que ocorre a oxidacdo dos
equivalentes redutores NADH e FADH,;, proveniente da glicélise e do ciclo do

acido citrico (Vuoristo et al., 2016).

Os elétrons proveniente dos NADH séo transferidos ao complexo | (NADH
desidrogenase ou NADH:ubiquinona oxirredutase), que transfere os elétrons
para a ubiquinona, resultando na formac&o de ubiquinol. O complexo II
(succinato:ubiquinona oxiderrutase) € formado pela enzima succinato
desidrogenase (SDH) e mais trés subunidadades. Neste complexo, ha a reducao
da ubiquinona a ubiquinol com elétrons provenientes do FADH,. O complexo Il
(ubiquinona-citocromo ¢ oxirredutase) transfere os elétrons do ubiquinol para o
citocromo ¢, e o complexo IV (citocromo c oxidase), por sua vez, catalisa a
transferéncia dos elétrons do citocromo ¢ para o O, reduzindo-o a H,O. Esse
fluxo de elétrons € acompanhado pelo bombeamento de prétons realizado pelos
complexos I, lll e IV da matriz mitocondrial para o espaco intermembranas. Com

isso, ha a criagdo de um gradiente eletroquimico utilizado como for¢ca proéton-

motriz pelo complexo V (ATP sintase) para a sintese de ATP partir de ADP e
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fosfato inorgéanico (Pi) e este processo € denominado fosforilacdo oxidativa

(Navarro & Boveris, 2007).

Alteracdes no funcionamento normal da mitocondria e dos complexos que
formam a cadeia transportadora de elétrons podem levar a diminui¢cao da sintese
de ATP e a um aumento na producao de espécies reativas, e essas disfuncdes
podem estar relacionadas a disturbios neurolégicos, como deméncia e doencas
neurodegenerativas (Lin & Beal, 2006; Wilkins & Morris, 2017). Estudos
anteriores mostram que QUIN exerce efeitos sobre o metabolismo energético
celular, produzindo disfungdo mitocondrial progressiva e levando a alteracdo da
atividade dos complexos Il, lI-1ll e IV da cadeia respiratoria, inibicdo das enzimas
PEP carboxiquinase, piruvato quinase, e diminuicdo dos niveis de ATP em

cérebro de ratos (Lugo-Huitron et al., 2013).

1.8 Na'K'-ATPase

A Na',K*-ATPase é uma proteina integral de membrana que utiliza a energia
gerada pela hidrolise do ATP para transportar, simultaneamente, 3 jons Na* para
0 compartimento extracelular e 2 ions K- para o meio intracelular, gerando um
gradiente eletroquimico através da membrana. O gradiente formado é importante
para uma série de funcdes celulares, como a manutencdo do potencial de
membrana, regulagcdo de volume celular, excitabilidade neuronal, transporte de

moléculas e neurotransmissores. (Kaplan, 2002; Ogawa et al., 2009).

Estruturalmente (Figura 2), a Na*,K*-ATPase apresenta duas subunidades q,
duas subunidades 3 e uma subunidade y. A subunidade a é responsavel pela
atividade catalitica da enzima, contendo os sitios de ligagio para os ions Na* e

K*, ATP e também para a ouabaina (glicosideo cardiaco e inibidor especifico da
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enzima). Ja a subunidade B é uma proteina de adesao celular necessaria para
direcionar a subunidade a para a membrana plasmatica. A subunidade y é
responsavel pela modulacdo da atividade da enzima. A subunidade catalitica
pode apresentar quatro isoformas, distribuidas nas células e no SNC: a1
(ubiquamente expressa), a2 (em subconjuntos de neurdnios e astrocitos), a3
(expressa exclusivamente em neurdnios) e a4 (ndo expressa no SNC). Ja a
subunidade possui duas isoformas, B1 (expressa em neurbnios) e B2 (expressa

em astrocitos) (Lopina, 2000).

A atividade enzimética da Na',K-ATPase € regulada por diversos fatores,
como disponibilidade de substrato, fosforilagdo, alteragdes de membrana, entre
outros (Wang, 2003). Essa enzima é sensivel ao ataque de radicais livres
(Vitvitsky et al.,, 2012). A inibicAo de sua atividade tem sido relacionada a
diversas patologias do SNC, como doencas neurodegenerativas, depressao
(Aperia, 2007; Goldstein et al., 2006), e erros inatos do metabolismo (Bavaresco
et al., 2007; Ferreira et al., 2011; Kolling et al., 2016; Wyse et al., 2002). A acao
de QUIN sobre essa enzima esta relacionada ao aumento nas espécies reativas
de oxigénio, peroxidacao lipidica e alteragcbes mitocondriais, acarretando

diminuicdo da atividade da Na+,K+-ATPase (Antunes Wilhelm et al., 2013).

Sitios de ligacdo da
guabaina
( \

/\

Oligossacarideos

Espago extracelular

Bicamada lipidica Espaco intracelular

Sitios de ligagdo do ATP

Figura 2: Estrutura da Na*,K*-ATPase (Suhail, 2010, modificado)
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2 OBJETIVOS

2.1 Objetivo Geral

Considerando que o QUIN é um composto toxico encontrado em altas
concentracbes em diversas desordens neurodegenerativas, e que o0 KYNA
possui propriedades neuroprotetoras e antioxidantes, o objetivo do presente
trabalho é investigar o efeito neuroprotetor de KYNA sobre alteracbes em

parametros oxidativos e mitocondriais em fatias de estriado de ratos Wistar

jovens tratados com QUIN.

2.2 Objetivos especificos

1. Investigar o efeito de QUIN e/ou KYNA sobre a producao de ERO;

2. Investigar o efeito de QUIN e/ou KYNA sobre a atividade das enzimas
antioxidantes CAT, SOD e GPx;

3. Avaliar o efeito de QUIN e/ou KYNA sobre o conteddo de sulfidrilas,
substancias reativas ao acido tiobarbittrico (TBARS) e dano ao DNA,;

4. Investigar o efeito de QUIN e/ou KYNA sobre os niveis de nitritos e o
imunocontetdo da enzima Oxido nitrico sintase induzida (iNOS);

5. Avaliar o efeito de QUIN e/ou KYNA sobre a massa mitocondrial, o potencial
de membrana mitocondrial e a cadeia transportadora de elétrons;

6. Avaliar o efeito de QUIN e/ou KYNA na atividade da enzima Na*,K*-ATPase;

7. Investigar o efeito de QUIN e/ou KYNA sobre os niveis de Nrf2 citoplasmatico

e nuclear.
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3 METODOLOGIA E RESULTADOS

Os materiais e métodos e os resultados serdo apresentados na forma de artigo
cientifico intitulado:

Kynurenic acid restores Nrf2 levels and prevent quinolinic acid-induced
toxicity in rat striatal slices

Fernanda Silva Ferreira, Helena Biasibetti-Brendler, Paula Pierozan, Felipe
Schmitz, Carolina Gessinger Bertd, Caroline Acauan Prezzi, Vanusa Manfredini,
Angela T.S. Wyse

Periddico: Molecular Neurobiology

Status: Aceito para publicacao
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ABSTRACT

Kynurenic acid (KYNA) and quinolinic acid (QUIN) are metabolites produced in
the degradation of tryptophan and have important neurological activities.
KYNA/QUIN ratio changes are associated with central nervous system disorders,
whose mechanisms are not well elucidated. In the present study we investigate
the ability of KYNA in prevent the first events preceding QUIN-induced
neurodegeneration in striatal slices of rat. We evaluate the protective effect of
KYNA on oxidative status (reactive oxygen species production, antioxidant
enzymes activities, lipid peroxidation, nitrite levels, protein and DNA damage and
INOS immunocontent), mitochondrial function (mitochondrial mass, membrane
potential, respiratory chain enzymes) and Na‘,K-ATPase in striatal slices of rats
treated with QUIN. Since QUIN alters the levels of Nrf2, we evaluated the
influence of KYNA-protection on this parameter. Striatal Slices from 30-day-old
Wistar rats were preincubated with KYNA (100 pM) for 15 minutes, followed by
incubation with 100 yM QUIN for 30 minutes. Results showed that KYNA
prevented QUIN-effects on ROS production, restored antioxidant enzymes
activities and the protein and lipid damage, as well as the Nrf2 levels. KYNA also
prevented the QUIN-effects on mitochondrial mass and mitochondrial membrane
potential, as well as on the decrease in the activities of complex I, SDH and
Na-,K-ATPase. We suggest that KYNA exerts antioxidant effects against QUIN
preventing changes in Nrf2 levels, oxidative imbalance and mitochondrial
dysfunction. This study elucidates some of the protective effects of KYNA against

the damage caused by QUIN treatment.

Keywords: kynurenic acid, quinolinic acid, Nrf2, oxidative status, mitochondrial

function
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INTRODUCTION

The kynurenine pathway (KP) is the main route of degradation of dietary
tryptophan. This route is responsible for the production of nicotinamide adenine
dinucleotide (NAD+), quinolinic acid (QUIN), kynurenic acid (KYNA) and other
substances with important biological activity [1]. An imbalance in the
concentration of these substances is related to several disorders, such as
neurodegenerative diseases, depression, schizophrenia and infections in the
central nervous system (CNS) [2]. KYNA is mostly synthesized by astrocytes [3]
and has several functions and biological targets depend on its concentration, such
as antagonist of the NMDA receptors, antagonist of the cholinergic receptors,
subtype a7 nicotinic, agonist of G protein-coupled receptor 35 (GPR35) and free-
radical scavenger [3-5]. QUIN is synthesized by infiltrating macrophages and
activated microglia and acts as agonist of glutamatergic receptors [6, 7]. In
physiological conditions, QUIN is present in low concentration in the CNS, but its
levels are increased in brain injury [6], causing an increase in the reactive species
of oxygen (ROS) production [8], pro-inflammatory cytokines [7], lipid peroxidation
[9] and decreasing energy metabolism [10] and neurotransmitters uptake, which
can lead to excitotoxicity [11]. The concentration of both metabolites (KYNA and
QUIN) is directly correlated to the development and progression of several
diseases [12]. In this context, KYNA/QUIN ratio is decreased in the brain of
patients with depression [13], Alzheimer's disease, Huntington's disease [14] and
bipolar disorder [15]. In addition, an in vitro study showed that cell damage caused
by QUIN can be protected by KYNA [16], but the mechanisms of this protection

are not fully clarified.

It has been shown that one of the main mechanisms related to the damage

generated by QUIN is oxidative stress, which is defined by an imbalance between
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the production and detoxification of reactive species [8, 17]. The increase in QUIN
concentrations leads to an increase in the reactive species of oxygen and nitrogen
and a decrease in the expression of Nrf2 [18], which can cause a decrease in the

activation of enzymatic and non-enzymatic antioxidant defenses [8, 18].

Nrf2 has also been strongly correlated with the mitochondrial function [19],
which is the main responsible for the production of free radicals. In this context,
studies have shown that QUIN exerts effects on cellular energy metabolism,
producing progressive mitochondrial dysfunction. The administration of QUIN
leads to a change in the activity of complexes Il, lI-lll and IV of the respiratory
chain, inhibition of phosphoenolpyruvate carboxykinase, pyruvate kinase and a
decrease in ATP levels in the rat brain, suggesting that these effects may be

related to oxidative stress [2].

Na',K-ATPase is an integral membrane protein responsible for the
maintenance of the cellular ionic gradient, carrying Na- into the cell and K- outside
the cell, playing an important role in neuronal excitability and transport of
molecules and neurotransmitters [20]. Its activity is susceptible to an increase in
ROS, lipid peroxidation, oxidation of sulfhydryl groups and ATP depletion [21].
The inhibition of its activity may induces significant damage to brain functions,

which may be found in various CNS diseases [20].

An important feature of KYNA is the fact that high levels of this compound
(> 100 pM) have direct antioxidant properties due to its ability as free radical
scavenger [22, 23] and can be considered a potent endogenous antioxidant. In
addition, KYNA reduces the accumulation of nitric oxide induced by NMDA [24].
However, understanding the mechanisms of KYNA action is difficult since the

metabolite seems to have has several biological targets.
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Therefore, in the present study, we were interested to investigate the ability of
KYNA to prevent the first events preceding QUIN-induced neurodegeneration in
striatal slices of rat. We evaluated the mechanisms of this metabolite on the redox
homeostasis, ROS production, antioxidants defenses, biomolecules damage,
nitrite levels, Nrf2 and inducible nitric oxide synthase (iNOS) immunocontent. We
also investigated the protective effects of KYNA on the energy metabolism
alterations caused by QUIN (Complex Il, succinate dehydrogenase, cytochrome ¢
oxidase), mitochondrial mass and potential membrane (Ay), as well as on Na‘,K*-
ATPase activity. The hypothesis of this work is that KYNA could be a promising

therapeutical tool to counteract the deleterious actions of QUIN on CNS.

MATERIAL AND METHODS

Animals and Reagents

Male Wistar rats (30-day- old) were obtained from Central Animal House of
Biochemistry Department, Institute of Basic Health Sciences at the Universidade
Federal do Rio Grande do Sul, in Porto Alegre, Brazil. Animals were maintained
under a controlled 12/12 hours light/dark cycle and constant temperature (22 £ 1
°C) colony room, with free access to water and 20 % (w/w) commercial protein
chow. The ethical standards followed the official governmental guidelines issued
by the Brazilian Federal of Societies for Experimental Biology, following the Guide
for Care and Use of Laboratory Animals and Arouca Law (Law n°® 11.794/2008)
and the experimental protocol was approved by the University’s Ethics Committee

(CEUA) under the project #31435.

QUIN, KYNA, MK-801, acrylamide, bisacrylamide, SDS and all other chemical

reagents used for analysis were obtained from Sigma Aldrich, St. Louis, MO.
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USA. Antibodies were purchased from Sigma Aldrich, Cell Signaling Technology

and Abcam.

Preparation and incubation of striatal slices

Seventy-eight animals were Kkilled by decapitation, the brains were was
removed, and the striatum was rapidly dissected in ice-cold Krebs—HEPES buffer
of the following composition: 124 mM NaCl, 4 mM KCI, 1.2 mM MgSO,, 1 mM
CaCl2, 25 mM Na-HEPES, and 12 mM D-glucose, pH 7.4. Slices (0.4 mm) were
prepared using a Mcllwain Tissue Chopper (The Mickle Laboratory Engineering
Co. Itd., England) and separated in buffer at 4°C. Immediately after sectioning,
slices were transferred to buffer for 15 min to recover from slicing trauma, before

starting the experiments. This incubations were performed at 37 °C.

A dose-response curve of KYNA (8, 30 and 100 yM) was initially performed
to determine a better dose to prevent damage by QUIN to the redox homeostasis
of cells using DCF-DA assay. After KYNA’s concentration selection, slices were
preincubated with KYNA (100 uM) for 15 minutes. After, slices were exposed for
30 minutes to QUIN (100 uM), co-incubated with KYNA. Slices corresponding to
the control group were incubated in a normal Krebs-HEPES buffer. This study
used 5-7 striatal slices per sample, and after time of incubation, these slices were

weighed, homogenized and centrifuged to remove debris.

Tissue preparation

For determination of oxidative stress parameters and nitrite levels, the slices
were homogenized (1:10, w/v) of 20 mM sodium phosphate buffer, pH 7.4,

containing 140 mM KCI. The homogenates were centrifuged at 800xg for 10 min
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at 4 °C to remove debris. The pellets were discarded, and the supernatants were

immediately separated and used for the measurements of oxidative stress.

For complex Il, SDH and cytochrome c activity determination, slices were
homogenized (1:20 w/v) in SETH buffer (250 mM sucrose, 2 mM EDTA, 10 mM
Trizma base, 50 Ul/ml heparin), pH 7.4. The homogenates were centrifuged at
800xg for 10 min to remove debris, and the supernatants were used for enzyme

activity determination.

2'7'-Dichlorofluorescein Fluorescence Assay

Reactive oxygen species production was measured following the protocol of
LeBel and colleagues [25], based on the oxidation of 2'7'-dichlorofluorescein
(H.DCF). Striatum supernatants (60 pL) were incubated for 30 min at 37 °C in the
dark with 240 pL of 100 uyM 2'7'-dichlorofluorescein diacetate (H.DCF-DA) solution
in a 96-well plate. H.DCF-DA is cleaved by cellular esterases and the resultant
H.DCF is eventually oxidized by ROS present in samples. The reaction produces
the fluorescent compound, dichlorofluorescein (DCF), which was measured at
Aem=488 nm and Aex=525 nm; results were represented as nmol DCF/mg

protein..

Nitrite Assay

Nitrite is the stable endproduct of the autoxidation of NOe in aqueous
solution [26]. Nitrite levels were measured using the Griess reaction; 50 pL of
supernatants were mixed with 50 pL Griess reagent (1:1 mixture of 1%
sulfanilamide in 5% phosphoric acid and 0.1% naphthylethylenediamine
dihydrochloride in water) and incubated in 96-well plates for 10 min at room

temperature. The absorbance was measured on a microplate reader at a
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wavelength of 543 nm. Nitrite concentration was calculated using sodium nitrite

standards [27].

Thiobarbituric Acid-Reactive Substances (TBARS)

Lipid peroxidation was measured through determination of thiobarbituric acid
reactive substances (TBARS) according to the colorimetric assay previously
described [28]. Briefly, samples and reagents were added in the following order:
100 pL of supernatant; 25 pL of SDS 8.1%; 190 uL of 20% acetic acid in aqueous
solution (v/v) pH 3.5; and 190 pyL of 0.8% thiobarbituric acid. The mixture was
vortexed and the reaction was carried out in a boiling water bath for 1 h. A
calibration curve was generated using 1,1,3,3-tetramethoxypropane as a
standard, and the results were represented as nmol of TBARS/milligram of

protein.

Sulfhydryl Content

This assay was performed as described by Aksenov and Markesbery [29],
which is based on the reduction of 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) by
sulfhydryl groups, which in turn become oxidized (disulfide), generating a yellow
derivative (TNB) whose absorption is measured spectrophotometrically at 412 nm.
Briefly, 15 pL of supernatant was added to 275 pL of phosphate buffer saline pH
7.4 containing 1 mM EDTA. The reaction was started by the addition of 10 pL of
10 mM DTNB and incubated for 30 min at room temperature in a dark room. The
sulfhydryl content is inversely correlated to oxidative damage to the protein.

Results were reported as nanomoles of TNB/ milligram of protein.

Superoxide Dismutase Assay (SOD)
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Superoxide dismutase (SOD) activity was measured according to Marklund
[30] and was based on pyrogallol autoxidation. This process is highly dependent
on superoxide, the substrate of SOD, and is thereby inhibited by this enzyme.
Thus, SOD activity can be measured indirectly following pyrogallol absorbance at
25 °C at 420 nm. The reaction medium contained supernatant (approximately 45
Mg of protein), 50 mM Tris buffer, pH 8.2, with 1 mM EDTA, 80 U/mL CAT and 0.8
mM pyrogallol. A calibration curve was performed using purified SOD.

Catalase Assay (CAT)

The method is based on the disappearance of H,O, in a reaction medium
containing 20 mM H,O,, 0.1% Triton X-100, 10 mM potassium phosphate buffer
pH 7.0, and 0.1-0.3 mg protein/mL, measured in a spectrophotometer at 240 nm
[31]. One CAT unit is defined as 1 mmol of H202 consumed per minute and the

specific activity is represented as CAT units/mg protein.

Glutathione Peroxidase Assay (GPx)

Glutathione peroxidase (GPx) activity was evaluated according to Wendel [32]
using tert-butyl hydroperoxide as substrate and monitoring NADPH oxidation at 25
°C at 340 nm. The reaction medium contained tissue supernatants (approximately
75 ug of protein), 100 mM potassium phosphate buffer, pH 7.0, with 1 mM EDTA,
0.4 Mm sodium azide, 2 mM GSH, 0.1 U/mL glutathione reductase (GR), 0.1 mM
NADPH and 0.5 mM tert-butyl hydroperoxide. One GPx unit (U) is defined as 1

pmol of NADPH consumed per min.

Single Cell Gel Electrophoresis (Comet Assay)

Alkaline comet assay was performed as described by Singh [33] in

accordance with general guidelines for use of the comet assay [34][35]. Slices
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were homogenized (1:10, w/v) of phosphate buffered saline (PBS) and centrifuged
at 800xg for 10 min at 4 °C. 100 yL of supernatants were suspended in agarose
and spread into glass microscope slides pre-coated with agarose, settled at 4 °C
for 5 min. In order to maintain DNA as "nucleoids", slides were incubated in ice-
cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10.0, and 1%
Triton X-100 with 10% DMSO) to remove cell proteins. After lysis process, slides
were placed on a horizontal electrophoresis chamber, covered with a fresh
solution (300 mM NaOH and 1 mM EDTA, pH > 13) for 20 min at 4°C to allow
DNA unwinding and the expression of alkali-labile sites. Electrophoresis was
performed for 20 min (25 V; 315 mA; 0.9 V/cm). Slides were then neutralized,
washed in bi-distilled water, stained using a silver staining protocol (Maluf and
Erdtmann 2000; Nadin, Vargas-Roig, and Ciocca 2001) and left to dry at room
temperature overnight. Last, one hundred cells (50 cells from each of the two
replicate slides) were arbitrarily chosen and analyzed using an optical microscope.
Cells were visually scored from 0 (no migration) to 4 (maximal migration) based
on tail length and intensity. Therefore, the damage index (DI) for cells ranged from
0 (all cells with no migration) to 400 (all cells with maximal migration). The slides

were analyzed under blind conditions at least by two different individuals.

Na',K-ATPase Activity Assay

The slices were homogenized in 10 vol (1:10, w/v) of 0.32 mM sucrose
solution containing 5.0 mM HEPES and 1.0 mM EDTA, pH 7.5. Homogenates
were centrifuged at 1000xg for 10 min at 4 °C to remove debris. Supernatants
were taken for Na',K--ATPase activity assay. The enzyme preparation (3-5 ug
protein) was added to the reaction mixture containing 5.0 mM MgCI2, 80.0 mM

NaCl, 20.0 mM KCI, and 40.0 mM Tris—HCI, pH 7.4, in a final volume of 200 pL.
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After 10 min of pre-incubation at 37 °C, the reaction was started by the addition of
ATP to a final concentration of 3.0 mM and was incubated for 20 min. Controls
were carried out under the same conditions with the addition of 1.0 mM ouabain.
Na',K-ATPase activity was calculated by the difference between the two assays
[36]. Inorganic phosphate (Pi) released was measured by the method of Chan et
al. [37] and enzyme-specific activity was expressed as nanomoles Pi per minute

per milligram of protein.

Mitochondrial Mass (MitoTracker Green) and Membrane Potential Analyses

(MitroTracker Red)

Slices were mechanically dissociated in PBS containing collagenase.
Dissociated cells were incubated with 100 nm MitoTracker Green and 100 nm
MitoTracker Red (MTG and MTR, respectively, diluted from 1 mM stock solutions
in DMSO), for 45 min, at 37 °C (in the dark), to determine the mitochondrial mass
and membrane potential (Ay). A relationship was established between MTG and
MTR staining for accessing the rate of mitochondrial function [38]. Immediately
after staining, cell suspensions were analyzed on a FACS Calibur flow cytometer
(Becton-Dickinson, San Jose, CA), using red (670 nm long pass) and green (530
nm/30) filters. Controls stained with individual dyes were used to determine
compensation parameters. For each sample, 10,000 events corresponding to

intact cells (as gated in FSC vs. SSC plots) were analyzed.

Complex Il and Succinate Dehydrogenase Activities

The complex Il activity was measured by the decrease in absorbance due to
the reduction of 2,6-dichloroindophenol (DCIP) at 600 nm with 700 nm as
reference wavelength (¢=19.1 mM~ cm~), according to Fischer and colleagues

[39]. Instants before this test, the supernatants were thawed and refrozen three
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times to break the mitochondrial membrane. The reaction solution containing 40
mM potassium phosphate, pH 7.4, 16 mM succinate, and 8 uM DCIP was pre-
incubated with 40—80 pg of protein homogenized at 30 °C for 20 min. After, 4 mM
sodium azide and 7 pM rotenone were added. The reaction initiated by the
addition of 40 uM DCIP and was verified by 5 min. The results were expressed as

nmol/min/mg protein.

SDH activity was determined according to the method of Fischer and
colleagues [39]. Through the decrease in absorbance of 2,6-dichloroindophenol
(DCIP) at 600 nm with 700 nm as reference wavelength (€¢=19.1 mM-1 cm-1) in
the presence of phenazine methosulfate (PMS). For this test, the supernatants
were thawed and refrozen three times to break the mitochondrial membrane. The
reaction solution containing 40 mM potassium phosphate, pH 7.4, 16 mM
succinate, and 8 pyM DCIP was pre-incubated with 40-80 pg of protein
homogenized at 30 °C for 20 min. After, 4 mM sodium azide, 7 uM rotenone and
40 uM DCIP were added. The reaction initiated by the addition of 1 mM PMS and

was verified by 5 min. The results were expressed as nmol/min/mg protein.

Cytochrome ¢ Oxidase Activity

The COX activity was determined according to Rustin and colleagues [40].
The enzymatic activity was measured at 25 °C for 10 min by the decrease in
absorbance due to the oxidation of previously reduced cytochrome c at 550 nm
with 580 nm as reference wavelength (¢=19.1 mM~ cm~). The reaction solution
containing 10 mM potassium phosphate, pH 7.0, 0.6 mM n-dodecyl-B-D-

maltoside, 2—4 ug of protein homogenized and the reaction was initiated by
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addition of 7.0 pg reduced cytochrome c. The results were expressed in

nmol/min/mg protein.

Cellular Fractionation for Cytosolic and Nuclear Nrf2 Subunit

Cellular fractionation for cytosolic and nuclear Nrf2 subunit were obtained as
described by Biasibetti and colleagues [41]. Slices were homogenized in 300 uL
hypotonic lysis buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCI2, 10 mM
KCI, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), 5
mM NaF, 1 mM sodium orthovanadate plus protease inhibitor cocktail. Samples
homogenate were then lysed with 18 yL 10 % IGEPAL. The homogenates were
centrifuged (14,000xg, 30 s, 4 °C), and supernatants containing the cytosolic
fraction were stored at —80 °C. The nuclear pellet was resuspended in 200 L ice-
cold hypertonic extraction buffer (10 mM HEPES (pH 7.9), 0.40 M NaCl, 1.5 mM
MgCl2, 10 mM KCI, 0.5 mM PMSF, 1 mM DTT, 5 mM NaF, 1 mM sodium
orthovanadate, 0.25 mM EDTA, 25 % glycerol plus protease inhibitor cocktail).
After 40 min of intermittent mixing, extracts were centrifuged (14,000xg, 10 min, 4
°C), and supernatants containing nuclear protein were secured. For
electrophoresis analysis, aliquot samples were dissolved in 25 % (v/v) of a
solution containing 40 % glycerol, 5 % mercaptoethanol, and 50 mM Tris—HCI, pH

6.8.

Western Blot Analysis of Nrf2 cytosolic and Nuclear fractions, iNOS, CAT e

SOD

Western blotting was performed as described by Biasibetti-Brendler and
colleagues [42]. For electrophoresis analysis, striatal slices were homogenized in
200 uL of a lysis solution (2 mM EDTA, 50 mM Tris—HCI, pH 6.8, and 4 % sodium

dodecyl sulfate (SDS)). Then, samples were dissolved 1:1 in Laemmli buffer 2 x
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containing 40 % glycerol, 5 % 2-mercaptoethanol, 50 mM Tris—HCI, pH 6.8 and 10
% SDS, and boiled for 5 min. Total protein homogenates were separated by 10 %
SDS-PAGE (30 ug/lane of total protein) and transferred (Trans-Blot SD Semi-Dry
Transfer Cell, Bio-Rad) to nitrocellulose membranes for 1 h at 15 V in transfer
buffer (48 mM Trizma, 39 mM glycine, 20 % methanol, and 0.25 % SDS). Blot was
then incubated overnight at 4 °C in a blocking solution containing 5 % bovine
serum albumin (BSA) and the following diluted antibodies: anti-Nrf2 (1:1000,
Abcam), anti-CAT (1:1000, Abcam), anti-SOD2 (1:2000, Abcam), anti-INOS
(1:1000, Sigma Aldrich) and anti-B-actin (1:1000, Cell Signaling Technology). Blot
was washed twice for 5 min with T-TBS and twice for 5 min with TBS and
incubated with peroxidase-conjugated anti-rabbit IgG (Cell Signaling Technology)
diluted 1:2000 or anti-mouse 1gG (Cell Signaling Technology) diluted 1:1000. The
blot was developed using a chemiluminescence kit (Immobilon Western
Chemiluminescent HRP Substrate, Millipore) and detected by ImageQuant LAS

4000 (GE Healthcare Life Sciences).

Protein determination

The protein content of samples was determined using bovine serum albumin
as standard, according to Bradford [43] for Na*,K--ATPase and Lowry [44] for the

other parameters.

Statistical analysis

The data were analyzed by two-way analysis of variance (ANOVA) followed
by post hoc Tukey's test. Values of p< 0.05 were considered statistically
significant. All analyses and plots were performed using GraphPad Prism 6.0

software program in a compatible computer.
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RESULTS

The neuroprotective capacity of KYNA against the toxic effects caused by
QUIN on oxidative stress parameters and mitochondrial dysfunction in striatal
slices of rats was evaluated. As KYNA exerts neuroprotection in different doses, a
dose-response curve was initially performed to evaluate the protective effect
against the production of reactive species by QUIN. For this, we used the
oxidation of H.DCF, as can be observed in Fig 1. The concentration of 100 uM
was able to prevent the increase in ROS production caused by QUIN [F(3,40)=
5.301; p> 0.01] without affect the ROS production per se.

We first analyze the activities of the antioxidant enzymes as shown in Fig 2
(a-c). The results showed that KYNA was able to prevent the decrease on the
activity of CAT, SOD and GPx caused by QUIN [F(1,24)= 7.089, p< 0.05; F(1,24)=
9.031, p< 0.01; F(1,20)= 6.816, p< 0.05, respectively]. KYNA per se did not show
alterations on these parameters. Next, we evaluated the protective effects of
KYNA on biomolecules damage caused by QUIN. As seen in Fig 3, KYNA was no
able to counteract the QUIN-effects on sulfhydryl content (a) [F(1,24)= 7.971, p<
0.05] but prevented the increase on TBARS (b) [F(1,20)= 7.552, p< 0.05].
Regarding to DNA, KYNA per se increased DNA damage index when compared
to control (c). However, KYNA associated with QUIN reduced DNA damage index
when compared to QUIN group [F(1,20)= 7.189), p< 0.05]. Also, Fig 4 shows that
QUIN increased nitrite levels (a) [F(1,20)= 9.274), p< 0.01] and did not alter INOS
immunocontent (b) [F(1,20)=0.07396, p> 0.05]; KYNA per se did not alter theses
parameters, but prevented the increase in nitrite levels caused by QUIN.

Changes in redox homeostasis exert important action on mitochondrial
functions. In line with this, we tested the protective effects of KYNA against QUIN

on mitochondrial mass, membrane potential and respiratory chain parameters. Fig
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5 shows that the treatment with KYNA was able to prevent the increase in the
mitochondrial mass (a) and membrane potential (b) [F(1,20)=12.46, p< 0.01;
F(1,20)=12.99, p< 0.01, respectively] caused by QUIN. Besides, KYNA prevented
the decrease in the complex Il (c) and SDH (d) activities [F(1,20)=6.897, p< 0.05;
F(1,20)=12.37, p< 0.01] elicited by QUIN. However, QUIN was not able to alter
cytochrome c oxidase activity (e) [F(1,20)= 0.01867, p> 0.05].

Since Na',K-ATPase activity can be affected by oxidative stress, we
searched for a role of its activity on the protective effects triggered by KYNA. As
can be observed in Fig 6, QUIN decreased Na‘,K-ATPase activity [F(1,20)=45.22,
p< 0.001] and KYNA was not able to prevent this effect.

Considering that Nrf2 is a transcription factor with an important action of
antioxidant defenses [45] and mitochondrial integrity maintenance [19], we
analyzed the protective effects of KYNA on diminished Nrf2 levels caused by
QUIN. As seen in Fig 7, the decrease in the immunocontent of cytoplasmatic (a)
and nuclear (b) Nrf2 [F(1,20)=45.22, p< 0.001; F(1,20)= 20.80, p< 0.01] caused by
QUIN were totally prevented by KYNA.

Finally, we addressed whether the NMDA signaling could play a role in the
protection triggered by KYNA on striatal slices treated with QUIN. DCF-DA
analyses showed that KYNA totally prevented QUIN-induced oxidative stress [F
(3,48)= 33,14, p> 0.01]. Otherwise, blockade of NMDA receptors by MK-801 was
not able to prevent these QUIN effects (Figure 8). This finding suggests that
KYNA can prevent QUIN-induced ROS production by mechanisms that not
involve NMDA blockade, but further experiments will be necessary to clarify this

point.
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DISCUSSION

Considering that a decrease in KYNA/QUIN ratio is closely related to the
occurrence of cellular damage [12-15] and that preclinical studies have shown
that KYNA exerts protective effect on QUIN neurotoxicity [16], the present study
addressed the ability of KYNA in preventing QUIN-induced damage in striatal
slices of rats. The results found in the work showed that KYNA is a potent
antioxidant against QUIN-effects. Moreover, KYNA was able to prevent the
mitochondrial alterations caused by QUIN. The KYNA effects as scavenger or
antioxidant were documented by Lugo-Huitron et al [22] and Hardeland et al [23].
Also, another study in vitro using electron transfer showed that KYNA is 12 times
more efficient than Trolox for scavenging hydroxyl radicals [46]. In line with this,
together with the prevention of ROS production triggered by QUIN, we found that
KYNA was able to prevent the decrease in CAT, SOD and GPx activities caused
by the metabolite. In addition, it was able to prevent the lipid peroxidation
observed in the striatal slices treated with QUIN, proving that the metabolite is
efficient against QUIN-elicited oxidative stress. Interestingly, KYNA was not able

to prevent the decrease on sulfhydryl content caused by QUIN.

Regarding to the effects of QUIN on DNA, our results are in agreement with
previous studies that showed that QUIN, even in small doses, causes DNA
fragmentation [47, 48] and that these alteration may be due to its excitotoxic
effects [48], including the formation of reactive species [49]. Slices treated with
KYNA and QUIN had the damage index partially reduced when compared to
QUIN treatment. Surprisingly, we observed that KYNA alone was able to cause
DNA damage. Although we do not know the mechanisms by which the compound

exert its effects on DNA, we can suppose that, in an environment without high
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ROS production, the metabolite could cause DNA damage by a reductive
mechanism, since a study performed by Lu et al showed that an antioxidant
compound found in green tea was able to cause DNA damage in human lung and

skin cells through reductive mechanisms [50].

Our result showing that QUIN increases nitrite levels is in agreement with
Braidy and colleagues [49] who showed that human neurons treated with QUIN
increases NO levels. These authors suggest that this effect can be due to its
excitotoxic action, since a higher influx of Ca* activates nitric oxide synthase
(NOS), leading a higher production of NO. In large quantities, NO is quite unstable
and can lead to the formation of reactive species of nitrogen and the radical
peroxynitrite [49]. In our study, there was no change in the immunocontent of
INOS, but there may be an increase in constitutive NOS, as seen in previous
studies [51]. In line with this, the protective effects of KYNA against the increased
nitrite levels caused by QUIN can be by its action as a NMDA antagonist or by its

antioxidant properties to scavenging peroxinytrite radicals.

We also found that QUIN impairs the mitochondrial function in striatal
slices of rats, which is in agreement with other studies [52, 53]. QUIN caused an
increase in MTG and MTR when compared to control group, suggesting
alterations in mitochondrial mass and potential, respectively. This effect can be
explained by the oxidative effect caused by QUIN, since mitochondrial membrane
hyperpolarization may occur due to an overproduction of ROS. Also, the
excessive production of ROS can be a consequence of the interruption of normal
mitochondrial activity, causing a decrease in the respiratory chain complexes
activities [54]. In line with this, KYNA prevented the increase of mitochondrial

mass and membrane potential probably by its action as an antioxidant.
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We further evaluated the protective effects of KYNA on complex I,
succinate dehydrogenase and cytochrome c oxidase in the rat striatum slices.
Treatment with QUIN decreased the activity of complex Il and SDH, but did not
alter cytochrome c oxidase activity, and KYNA was able to prevent these
alterations. This protection is probably due its antioxidants actions, since other
studies revealed mitochondrial susceptibility to damage associated with the high

production of ROS after QUIN treatment [55, 56].

Considering that Na',K-ATPase activity is essential to maintenance of brain
functions, and that other report showed that QUIN alters the activity of this
enzyme in cortical astrocytes [16], we also analyzed the protective effects of
KYNA on Na',K-ATPase activity in rat striatal slices. However, KYNA was not
able to prevent this effect. It is possible that the inhibition of this enzyme is
associated with the decrease in sulfhydryl groups caused by QUIN since Na‘,K'-
ATPase is composed of many cysteine residues in the active site, and the SH-
groups oxidation causes cysteine residues irreversible oxidation, causing enzyme

damage [57].

Changes on oxidative stress and mitochondrial function caused by QUIN in
striatal slices may be related to changes in transcription factor expression Nrf2,
since it has great importance in modulating the antioxidant response. When
cytoplasmatic Nrf2 translocate to the nucleus, it binds to the antioxidant response
elements (ARE), activating the transcription of antioxidant enzymes such as SOD
and GPx [58, 59]. In this study, exposure to QUIN caused a decrease in the
cytoplasmatic and nuclear contents of Nrf2, and KYNA was able to prevent these
effects. This is in agree with previous study that showed that the activation of Nrf2

Is dependent on the presence of antioxidant substances [60], and can explain, at
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least in part, the prevention of the decrease in the activity of the antioxidant

enzymes caused by QUIN

Our results about Nrf2 are in agreement with a previous study that showed
that 100 uM QUIN decreased the nuclear Nrf2 in striatal slices after 3 h of
incubation [18]. In contrast, another study from the same group showed that QUIN
stimulated the Nrf2 nuclear translocation in striatal slices after 1 h of incubation
[59]. These discrepancies can be explained by the molecular weight of Nrf2
evaluated in each study. In the first study they detected a 57 kDa Nrf2, similar to
that used in our study, and in the second study they detected a 98 kDa Nrf2.
Although Lau et al [61] established that the relevant form of Nrf2 is around 95-110
kDa; all these studies provide evidence supporting that Nrf2 represent a
neuroprotective strategy against oxidative insults, although the role of KP

metabolites in this regulation needs to be more elucidated.

Our experimental findings suggest that the protective actions triggered by
KYNA on the oxidative parameters were independent on NMDA mechanisms.
According to this, Hugo-Luitron et al [22] showed that the protective mechanisms
of KYNA against the oxidative imbalance provoked by FeSO., were through
mechanisms independent on NMDA receptors. However, it is important to point
out that high KYNA concentrations have a broad-spectrum of action, including an
antagonist action of AMPA receptors and a7 cholinergic nicotine receptor [4, 12].
Therefore, we cannot exclude that other mechanisms could play a role in the
protective mechanisms of KYNA actions on the striatal slices beyond the

antioxidant effects, and further experiments are necessary to clarify this point.

In conclusion, we suggest that the ability of KYNA conteracting QUIN-induced

cellular damage in striatal cells is directed to prevent the formation of ROS and
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damage to biomolecules, influencing the activity of enzymes and antioxidant
transcription factor Nrf2. In addition, our data relate the protective effect of KYNA
on the reestablishment of the mitochondrial function. These results elucidate
some of the effects of this metabolite as a therapeutical tool against QUIN effects,
but more studies are necessary to better understand its mechanisms of action in

the brain.
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Fig. 1 Effect of different doses of KYNA on striatum slices QUIN-treated
on H,DCF oxidation. Results are expressed as nanomole per milligram of
protein. Data are mean + SD for 6-7 animals per group. *p <0.01
compared to control group; #p <0.05 compared to QUIN group (one-way
ANOVA followed by Tukey’s post hoc test)
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Fig. 2 Effect of KYNA on striatum slices QUIN-treated on antioxidant enzymes.
Results are expressed as units per milligram of protein. CAT activity (a), SOD
activity (b) and GPx activity (c). Results are expressed as mean + S.D. for 6-7
animals per group. *p <0.05, **p <0.01 compared to control group; #p <0.05
compared to QUIN group (two-way ANOVA followed by Tukey’s post hoc test)
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Fig. 3 Effect of KYNA on striatum slices QUIN-treated on oxidative parameters.
Sulfhydryl content (a), TBARS (b) and DNA damage (c). Results are expressed
as mean * S.D. for 6-7 animals per group. *p <0.05, **p <0.01, **p <0.001
compared to control group; #p <0.05 compared to QUIN group (two-way ANOVA
followed by Tukey’s post hoc test)
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Fig. 4 Effect of KYNA on striatum slices QUIN-treated on nitrite levels (a), and
INOS immunocontent (b). Results are expressed as mean + S.D. for 6 animals
per group. **p <0.01, compared to control group; #p <0.05 compared to QUIN
group (two-way ANOVA followed by Tukey’s post hoc test)
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Fig. 5 Effect of KYNA on striatum slices QUIN-treated on on mitochondrial mass
(@), membrane potential (b), Complex Il activity (c), SDH activity (d) and
Cytochrome c oxidase activity (e). Results are expressed as porcentage of
control or nmol per min per mg of protein. Data are mean + SD for 6 animals per
group. *p <0.05, *p <0.01, **p< 0.001, compared to control group; #p <0.05
compared to QUIN group (two-way ANOVA followed by Tukey’s post hoc test)
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Fig. 6 Effect of KYNA on striatum slices QUIN-treated on Na*,K*-ATPase activity.
Results are expressed as mean + SD for 6 animals per group. ***p <0.001
compared to control group (two-way ANOVA followed by Tukey’s post hoc test)
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Fig. 7 Effect of KYNA on striatum slices QUIN-treated on cytoplasmatic (a) and
nuclear (b) NRF2 levels. Results are espressed as porcentage of control. Results
are expressed as mean = S.D. for 6 animals per group. **p <0.01, **p <0.001
compared to control group; #p <0.05 compared to QUIN group (two-way ANOVA
followed by Tukey’s post hoc test)
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Fig. 8 Evaluation of NMDA receptors on the actions of KYNA on QUIN-induced
DCF production. Results are expressed as nanomole per milligram of protein.
Results are expressed as mean + S.D. for 6 animals per group. **p <0.01
compared to control group; ###p <0.001 compared to QUIN or MK-801+QUIN
group (two-way ANOVA followed by Tukey’s post hoc test).
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4 DISCUSSAO

O acido quinolinico € um metabdlito resultante da conversédo do triptofano
pela via das quinureninas e que em condig¢des fisioldgicas da célula, participa da
formacdo de NAD+ (Jeon & Kim, 2017). Porém, em condi¢cbes patoldgicas, ha
um aumento nas suas concentragbes no SNC, desencadeando efeitos
deletérios. QUIN esta relacionado a desordens como a deméncia, as Doencas
de Alzheimer, Parkinson e Huntington, deméncia, entre outras, causando
diversos efeitos téxicos as células por mecanismos diversos, como
excitotoxicidade, aumento na producdo de radicais livres e citocinas pro-
inflamatoérias (Guillemin, 2012). KYNA, também produzido pela via das
quinureninas, age como antagonista de receptores glutamatérgicos e
colinérgicos, além de possuir propriedades antioxidantes. AlteracBes na sua
concentracdo cerebral estdo relacionadas a diversas desordens
neurodegenerativas. Seus niveis estdo diminuidos na fase terminal da Doenca
de Parkinson (Ogawa et al., 1992) e também na Doenca de Huntington (Beal et
al., 1990). Estudos realizados em modelos utilizando animais reforcam que o
aumento dos niveis do metabdlito exerce efeito neuroprotetor, anticonvulsivante
e diminui a vulnerabilidade neuronal (Moroni et al., 2012). Uma diminuicdo na
razdo KYNA/QUIN estd bastante relacionada ao surgimento de prejuizos
celulares (Schwarcz and Stone, 2017), porém 0s mecanismos pelos quais esses
eventos acontecem ainda nao bem elucidados.

Sendo assim, o objetivo do nosso trabalho foi investigar os possiveis
efeitos protetores exercidos por KYNA frente aos insultos causados por QUIN
sobre parametros de estresse oxidativo, funcdo mitocondrial e a atividade da

enzima Na*,K*-ATPase em fatias de estriado de ratos Wistar jovens.
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Estudos anteriores demonstram que a acao excitotoxica de QUIN (Stone,
1993) leva a um aumento na formacdo de ERO em diversas estruturas cerebrais
(Guillemin, 2012), e sabendo que KYNA pode exercer seus efeitos protetores por
diferentes mecanismos de acdo e em diferentes doses (Moroni et al.,, 2012),
inicialmente foi realizada uma curva de dose para verificar qual dose do
metabolito seria mais adequada para prevenir danos causados por QUIN a
homeostase redox das células. Fatias de estriado foram incubadas com QUIN
100 uM e/ou KYNA nas concentracdes de 8 uM (antagonista colinérgico), 30 uM
(antagonista glutamatérgico) e 100 pM (antioxidante). Como esperado, a
concentracdo de 100 uM foi eficiente prevenindo o aumento de ERO causado
por QUIN, confirmando seu potencial como agente sequestrador de espécies
reativas.

A partir do aumento de ERO observado no experimento realizado para
curva de dose de KYNA, investigamos a atividade das enzimas antioxidantes
CAT, SOD e GPx em nosso modelo. A acdo de QUIN diminuiu as atividades
dessas enzimas, contribuindo com a manutencdo do um estado pré oxidativo ao
passo que KYNA foi capaz de prevenir essas alteracoes.

Sabe-se que, em situacbes de estresse oxidativo, onde existe um
desbalanco entre a producdo de espécies reativas e as defesas antioxidantes,
as espécies reativas podem atacar diretamente biomoléculas (Kryston et al.,
2011), em nosso estudo, observamos que ha uma diminuicdo nos conteudo de
sulfridrilas, sugerindo danos aos grupamentos tiol (-SH) de proteinas, bem como
um aumento nas espécies reativas ao acido tiobarbiturico (TBARS), sugerindo
entdo peroxidacgéo lipidica. Esses danos séo caracteristicos das agdes de QUIN

(Kalonia et al., 2012; Sadeghnia et al., 2013), confirmando que o metabdlito
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produz danos oxidativos em altas concentracfes (Kalonia et al., 2012). Neste
contexto, estudos sugerem que os danos a biomoléculas causados por QUIN
séo decorrentes da inibicdo das enzimas antioxidantes (Antunes Wilhelm et al.,
2013). KYNA preveniu a peroxidacao lipidica, mas néo foi capaz de prevenir a
diminuicdo no conteudo de sulfidrilas.

Aléem de verificar danos a proteinas e lipidios, no presente trabalho
também foi investigado possivel dano ao DNA. O teste cometa permite avaliar o
dano ao DNA cromossémico em relagdo a sua migracao (Speit and Hartmann,
2006). Foi observado que QUIN também levou a danos pronunciados ao DNA.
Esse efeito deletério pode estar correlacionado a sua acdo como agonista de
receptores NMDA e aos danos oxidativos gerados pelo mesmo. Sabe-se que um
aumento de ERO esta intrinsecamente relacionado a danos ao DNA, por
mecanismos de oxidacdo de acidos nucleicos ou quebra de ligacGes. Estudos
anteriores demonstram que QUIN, mesmo em pequenas doses, leva a
fragmentacdo do DNA (Bordelon et al., 1999; Dure IV et al., 1995), e que esses
danos se devem aos efeitos excitotéxicos de QUIN (Bordelon et al., 1999) e da
formacédo de espécies reativas (Braidy et al., 2010). As fatias tratadas com KYNA
e QUIN tiveram o indice de dano parcialmente diminuido quando comparado ao
tratamento com QUIN. KYNA, per se, levou a um pequeno aumento no indice de
dano, necessitando estudos posteriores para elucidagao de tais resultados.

O Oxido nitrico (NO) é uma molécula importante em diversos processos
fisioldégicos, incluindo neurotransmissdo, regulagdo da pressdo arterial,
relaxamento do musculo liso, entre outros. No entanto, em concentracdes
elevadas, NO age como um radical livre, induzindo estresse oxidativo e

consequentemente, danos a biomoléculas (Huang et al., 2017). Em nosso
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estudo, verificamos o0s niveis de nitritos nas fatias tratadas com QUIN e/ou
KYNA. QUIN levou a um aumento nos niveis de nitritos, e possivelmente este é
um efeito caracteristico da acdo do metabolito devido a sua acdo excitotdxica
(Braidy et al., 2010). Com um maior influxo de Ca®*, h4 uma maior ativacdo de
oxido nitrico sintases (NOS), e uma maior producdo de NO. Em grandes
guantidades, esses radicais sdo bastante instaveis e podem levar a formacéo de
espécies reativas de nitrogénio e do radical peroxinitrito (Braidy et al., 2010).
Uma vez que a enzima iNOS é responsavel por catalisar a formacdo de NO
através de estimulos inflamatérios e oxidativos, analisamos também o seu
imunocontetdo. Curiosamente, ndo houve alteracdo de imunocontetdo de
INOS. Sabe-se que a Oxido nitrico sintase constutiva (CNOS) é dependente de
Ca?* para sua ativacdo. Possivelmente, o aumento de Ca** gerado por QUIN
levou a um aumento da ativacdo da cNOS, o que poderia justificar o aumento
nos niveis de nitritos encontrados (Santamaria et al., 1997). KYNA foi capaz de
prevenir o aumento nos niveis de nitritos.

As mitocondrias possuem uma importancia vital para a manutencao da
viabilidade celular. Através das reacfes da cadeia transportadora de elétrons,
ocorre a sintese de ATP, de essencial importancia para a manutencdo de
diversos processos celulares, como a neurotransmissdo. O comprometimento
das fun¢des mitocondriais esta envolvido com o envelhecimento cerebral e com
desordens neurodegenerativas (Luis-Garcia et al.,, 2017). Estudos anteriores
demonstram a influéncia de QUIN sobre o metabolismo energético cerebral,
provocando alteracfes na cadeia respiratoria e nos niveis de ATP (Sas et al.,
2007). Em nosso estudo, avaliamos a atividade da enzima SDH, uma enzima

localizada na membrana mitocondrial interna e responsavel por transferir
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elétrons diretamente para a cadeia transportadora de elétrons. O tratamento com
QUIN diminuiu a atividade enzimatica, corroborando estudos anteriores (Cruz et
al., 2013; Zadori et al., 2012). Os efeitos de QUIN sobre a atividade do complexo
[l mitocondrial também foram analisados. O complexo Il é um componente
essencial da fosforilagcdo oxidativa, e em nosso trabalho, sua atividade encontra-
se diminuida na presenca de QUIN. Esses achados estdo de acordo com
estudos anteriores (Zadori et al., 2012) e a inibicédo de atividade do complexo Il e
da SDH podem levar a uma reducdo incompleta do oxigénio, aumentando a
formacdo de radicais livres, além de reduzir a sintese de ATP (Li et al., 2006;
Stowe and Camara, 2009). KYNA foi capaz de prevenir a diminuicdo na
atividade das duas enzimas. A atividade do complexo IV (citocromo ¢ oxidase)
também foi avaliada, porém ndo apresentou alteracbes em relacdo ao grupo
controle.

A integridade da mitocondria € fundamental para a manutencdo de suas
funcdes. Disfuncbes mitocondriais afetam a producdo de ATP, levando a
producao de radicais livres e, consequentemente, prejudicando o metabolismo
celular (Biasibetti-Brendler et al., 2017). Para melhor compreender o efeito de
QUIN e/ou KYNA sobre a funcdo mitocondrial, analisamos a massa mitocondrial
e potencial de membrana mitocondrial (Ay), vistos pela marcagdo com
MitoTracker Green e MitoTracker Red, respectivamente. O tratamento de fatias
do estriado com QUIN gerou um aumento de MitoTracker Green e MitoTracker
Red em relagcdo ao grupo controle, demonstrando alteragbes na massa e no
potencial de membrana mitocondrial. A hiperpolarizacdo da membrana
mitocondrial deve-se a um excesso de producéo de ERO. Possivelmente, com a

diminuicao da atividade dos complexos da cadeia respiratéria também
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encontrada neste trabalho, ha uma interrupcéo da atividade mitocondrial normal,
o que leva a producéo excessiva de ROS, com consequente hiperpolarizacdo da
membrana mitocondrial (Hariharan et al., 2014). KYNA preveniu o0 aumento de
massa e potencial de membrana mitocondrial, ndo apresentando efeitos per se
na avaliacdo desses parametros.

Na®,K*-ATPase é uma proteina integral de membrana responséavel pela
manutencao do gradiente eletroquimico celular, realizando o transporte de ions
Na* para dentro da célula e jons K* para fora da célula, e com isso, exercendo
importante papel na excitabilidade neuronal e no transporte de moléculas e
neurotransmissores. (Schmitz et al., 2016) Sua atividade é altamente suscetivel
ao aumento de ROS, peroxidacao lipidica e a oxidacédo de grupamentos sulfidrila
(Schweinberger et al., 2014), sendo que a desregulacdo de sua atividade pode
induzir danos significativos nas funcdes cerebrais e a inibicdo de sua atividade &
encontrada em diversas doencas que afetam o SNC (Schmitz et al., 2016; Wyse
et al., 1999). Devido a sua importancia na manutencédo das funcdes cerebrais, foi
avaliado o efeito de QUIN sobre a atividade da Na',K*-ATPase em fatias de
estriado de ratos. QUIN diminuiu a atividade dessa enzima e KYNA nao foi
capaz de prevenir esse efeito. E possivel que a inibicéo da atividade enzimatica
esteja associada a diminuicdo dos grupos sulfridrila causada por QUIN, uma vez
que a Na',K*-ATPase possui grupamentos cisteina em seu sitio ativo, e com a
oxidacdo dos grupamentos tiol hd uma consequente oxidacao irreversivel dos
residuos de cisteina, causando danos enzimaticos (Dergousova et al., 2017).

Nrf2 é um fator de transcricdo essencial na resposta antioxidante do
organismo, além de estar envolvido em processos essenciais a manutencdo da

homeostasia celular, como por exemplo, manutengao da fungao mitocondrial
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(Holmstrom et al.,, 2017). Quando ha a translocacdo do Nrf2 citoplasmatico
(inativo) para o nucleo, ha uma ligacdo aos ARE, ativando a transcricdo de
enzimas antioxidantes como CAT, SOD e GPx (Baird & Dinkova-Kostova,
2011b; Holmstrom et al., 2017). Sabendo de sua importancia como modulador
fundamental da fisiologia celular, nosso estudo analisou o0s niveis de Nrf2
citoplasmatico e nuclear em fatias de estriado tratadas com QUIN e/ou KYNA. A
exposicao das fatias ao QUIN levou a uma diminuicdo nos niveis de Nrf2 tanto
citoplasmatico quanto nuclear. A reducédo no conteudo deste fator de transcricdo
possivelmente esta correlacionada a diminuicdo na atividade de enzimas
antioxidantes, resultando na manutencdo do dano oxidativo. KYNA foi capaz de
prevenir a diminuicdo dos niveis de Nrf2 na presenca de QUIN por sua acédo
antioxidante. Estudos anteriores demonstram que a ativacdo de Nrf2 é
dependente da presenca de substancias antioxidantes (Gokila Vani et al., 2013).
Tomados em conjunto, os resultados do presente trabalho auxiliam a elucidar
0s mecanismos de toxicidade induzida pelo QUIN em fatias de estriado de ratos
Wistar jovens. O tratamento com QUIN aumentou a producdo de EROs,
diminuindo as atividades de enzimas antioxidantes e, consequentemente,
gerando danos a biomoléculas. Além disso, QUIN causou disfuncédo mitocondrial
e comprometimento da cadeia transportadora de elétrons, levando também a
uma diminuicio da Na+,K+-ATPase. E possivel que esses danos sejam
resultados da acédo de QUIN sobre Nrf2, importante fator de transcricdo

envolvido na manutencdo da homeostasia celular.

Por outro lado, KYNA, com sua acéo antioxidante, preveniu grande parte
dos danos causados, mostrando-se uma opcéao interessante na investigacao de

possiveis estratégias protetoras aos danos causados por QUIN. Contudo, mais
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eficacia.
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5 CONCLUSOES

e O tratamento com QUIN nas fatias de estriado de ratos jovens:

v

v

v

v

Aumentou a producéo de espécies reativas de oxigénio;

Diminuiu a atividade das enzimas antioxidantes CAT, SOD e GPx;
Diminuiu o contetdo total de sulfidrilas;

Aumentou os niveis de TBARS;

Aumentou o indice de dano ao DNA;

Aumentou o0s niveis de nitritos;

Aumentou a massa mitocondrial e o potencial de membrana

mitocondrial;
Reduziu a atividade do complexo Il mitocondrial e da SDH
Diminuiu a atividade da enzima Na*,K*-ATPase

Reduziu os niveis de Nrf2 citoplasmatico e nuclear.

e A administracdo de KYNA foi capaz de prevenir os seguintes

parametros:

v

v

v

v

O aumento de espécies reativas de oxigénio;

A reducdo da atividade das enzimas antioxidantes CAT, SOD e

GPx;
O aumento os niveis de TBARS;

O aumento nos niveis de nitritos;
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v' O aumento da massa mitocondrial e do potencial de membrana

mitocondrial;
v A alteracao na atividade do complexo Il e da SDH;
v" A diminuicdo nos niveis de Nrf2.
e O tratamento com KYNA per se em fatias de ratos Wistar jovens:

v Aumentou o indice de dano ao DNA.

Tomados em conjunto, os resultados apresentados no presente trabalho
sugerem que o KYNA desempenha um papel protetor em relagdo aos danos
causados por QUIN em fatias de estriado de ratos Wistar jovens, atuando na
prevencao de alteragdes no status oxidativo e nas fungdes mitocondriais. Esses
estudos permitem a elucidacdo de alguns dos efeitos desses metabdlitos na
homeostase celular, porém mais estudos sdo necesséarios para uma melhor

compreensao de seus mecanismos de agao no cérebro.
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6 PERSPECTIVAS

A fim de melhor compreender os mecanismos pelos quais KYNA exerce
efeito neuroprotetor frente aos danos causados por QUIN, temos como

perspectivas:

e Desenvolver um modelo de estudo in vivo em ratos Wistar jovens;
e Avaliacdo de parametros pré e anti-inflamatorios;
e Investigacdo de vias de sinalizacéo relacionadas a sobrevivéncia celular;

e Investigar o papel dos receptores glutamatérgicos na acdo de KYNA e

QUIN.
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