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RESUMO

Acido félico é essencial para o funcionamento dstesia nervoso
central, uma vez que desempenha um importante pagel
neuroplasticidade e manutencdo da integridade naur®@ acido folico
apresenta muitas propriedades importantes, comaopretetora,
antidepressiva e cognitiva. O presente trabalhtizegly através de
estudosn vivo ein vitro avaliou os efeitos tipo-antidepressivo (teste do
nado forcado, TNF, ou estresse agudo de contengdgijtivo (TRO,
teste do reconhecimento de objeto) e neuroprofetotocolos de morte
celular induzidas por dexametasona ou glutamatodaibo folico. Os
resultados dos estudipsvivo mostram que uma dose sub-ativa de 4cido
félico (10 mg/Kg, p.o.) combinada com doses subaatide inibidores
da GSK-B (glicogénio sintase cinas@)3 (AR-A014418 ou litio),
agonista PPAR (receptor ativado por proliferador peroxissomal-
(rosiglitazona) ou inibidores de canais de pota@sio (glibenclamida,
caribdotoxina ou apamina), produziram um efeit@-tptidepressivo
sinérgico no TNF em camundongos. Por outro ladpréstratamento
dos animais com um inibidor da PI3K (fosfoinosit8tcinase)
(LY294002), um agonista PPARGW-9662) ou um ativador de canais
de K (cromacalim) reverteu o efeito tipo-antidepressiéouma dose
ativa de acido folico (50 mg/Kg, p.o.). Além dissotro estudan vivo
mostrou que o acido félico (50 mg/kg, p.o.) adntiado 1 h antes do
estresse de contencdo foi capaz de proteger anm@tnanento do tempo
de imobilidade induzido pelo estresse no TNF, mas foi efetivo
contra 0 prejuizo de memédria no TRO. Adicionalmenteestresse
agudo de contencdo promoveu aumento dos niveisubstésicias
reativas ao &cido tiobarbitdrico (TBARS) e dasid#ides da catalase
(CAT), glutationa peroxidase (GPx) e glutationautede (GR) no
coértex cerebral e hipocampo, e aumento da ativididesuperéxido
dismutase (SOD) somente no hipocampo. O tratameoto acido
félico restaurou a atividade da SOD, CAT, GR e @GPreduziu os
niveis de TBARS no hipocampo. Contudo, glutatig@sH), um
antioxidante ndo-enzimatico nao foi alterada pstoeese, nem mesmo
pelo &cido félico. Além disso, um estudo vitro mostrou que o pré-
tratamento com acido félico (10-300 uM) reduziwxididade induzida
por dexametasona (1mM), de maneira concentrac&ndepte, em
linhagem de células neuroblastoma humano SH-SYS&fe Efeito
neuroprotetor foi revertido por um inibidor da PIBKt (LY294002),
proteina cinase dependente dé'@almodulina Il (CaMKIl, KN-93) e
proteina cinase A (PKA, H-89), mas né&o pelo inibidi@ proteina cinase



ativada por mitégeno/cinase regulada por sinakegtular (MEK 1/2,
PD98059) e proteina cinase C (PKC, queleritrina) Adticional estudo
in vitro, também mostrou que o tratamento de fatias hippa&rde
ratos com &cido félico (100 uM) reduziu signifisatnente a morte
celular e a liberacdo de D-[3H]aspartato induzige$o glutamato
(ImM), os quais foram abolidos pela presenca de9Ug@2. Além
disso, as fatias hipocampais incubadas por 30 osnutm &cido félico
per seinduziu fosforilacdo da GSKB3 Adicionalmente, acido folico na
presenca de glutamato (decorridos 6 h de incubdgdidatias em meio,
depois da retirada do glutamato), induziu fosfQéta da GSK-B e
expressdo df-catenina. O acido folico também reverteu o aumdato
expressdo da iINOS (6xido nitrico sintase induzigeymovido por
glutamato. Estes resultados em conjunto, indicam qguefeito tipo-
antidepressivo do acido folico no TNF pode ser ddpete da
modulacdo da via PI3K/Akt/GSKB3 inibicdo de canais de 'Ke
ativacdo do receptor PPARbem como, desempenhar um especifico
perfil antidepressivo, pelo menos em parte, devédo seu papel
antioxidante. Além disso, o efeito neuroprotetoradalo félico contra
os estimulos toxicos, dexametasona ou glutamatie per dependente
PI3K/GSK-3B/B-catenina e iINOS, respectivamente.

Palavras-chave:acido folico, depresséo, neuroprotecao, teste do na
forcado, estresse de contencéo, fatias de glutassttesse oxidativo.



ABSTRACT

Folate is essential for the functioning of the el system, since it
plays an important role in neuroplasticity and lre tmaintenance of
neuronal integrity. Many roles for folic acid haJseen reported,
including neuroprotective, antidepressant and divgnproperties. The
present work using aim vivo and in vitro approach evaluated the
antidepressant-like (forced swimming test, FSTauta restraint stress),
cognitive (ORT, object recognition test) and neuwotgctive
(dexamethasone or glutamate-induced cell deattoquts) effects of
folic acid. The results fronn vivo studies showed that a sub-effective
dose of folic acid (10 mg/Kg, p.0.) combined wittbseffective doses of
GSK-33 (glycogen synthase kinas@)3inhibitors (AR-A014418 or
lithium), PPAR/ (peroxisome proliferator-activated recepgpragonist
(rosiglitazone) or potassium {K channel inhibitors (glibenclamide,
charibdotoxin or apamin), elicited synergistic dapressant-like effect
in the mouse FST, while the pre-treatment of arsmaith a PI3K
(phosphoinositide 3-kinase) inhibitor (LY294002)PRARy antagonist
(GW-9662) or a Kchannel opener (cromakalim) reversed the
antidepressant-like effect of an active dose ofic facid (50 mg/Kg,
p.o.). Moreover, anothén vivo study showed that folic acid (50 mg/kg,
p.o.) administred 1 h before restraint stress vids # protect against
the stress-induced depressive-like effect in thg, Bt not the memory
impairment in the ORT. Moreover, acute restraimesst increased
thiobarbituric acid reactive substances (TBARS)elevand catalase
(CAT), glutathione peroxidase (GPx) and glutathioeductase (GR)
activities in the cerebral cortex and hippocampasgd superoxide
dismutase (SOD) activity in the hippocampus. Faid treatment
restored the activity of SOD, CAT, GR and GPx aeduced TBARS
levels in the hippocampus. Glutatione (GSH), a epmymatic
antioxidant was not altered by stress and/or falicd administration.
Additionaly, anin vitro study found that folic acid pretreatment (10-300
KM) reduced dexamethasone (1mM)-induced toxicitg Toncentration
dependent manner in SH-SY5Y neuroblastoma cell . lifidis
neuroprotective effect was reversed by the PI3K/AKY294002),
calcium/calmodulin-dependent protein kinase Il (BdMKN-93) and
protein kinase A (PKA, H-89) inhibitors, but noktimitogen-activated
protein/extracellular signal-regulated kinase (MER, PD98059) and
protein kinase C (PKC, Chelerythrine) inhibitors. férther in vitro
study, also showed that the treatment of hippochsifaes with folic
acid (100 puM) significantly reduced glutamate (lriNuced cell



death and D-[3H]aspartate release, which were stiwdi by LY294002.
Moreover, hippocampal slices incubated with fol@daper sefor 30
minutes induced GSKB3phosphorylation. Furthermore, folic acid in
presence of glutamate insult, in hippocampal sliesntained for an
additional period of 6 h in fresh culture mediumtheut glutamate
and/or folic acid, induced phosphorylation of GSK-&8nd B-catenin
expression. In addition, folic acid was able toemse the increase on
INOS expression induced by glutamate. Altogethérse results
indicate that the antidepressant-like effect oicfacid in the FST might
be dependent on the modulation of PI3K/Akt/GIK-pathway,
inhibition of K" channels and activation of PPARIn addition, the
antidepressant activity of folic acid in the resitatress paradigm may
be at least partly due to its antioxidant role. &btwer, the
neuroprotective effect of folic acid against thexito insults,
dexametasone or glutamate, might be dependentgoalisig pathway
that involves PI3K/Akt, CaMKIl and PKA or PI3K/GSBB/B-catenin
and iINOS, respectively.
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1. INTRODUCAO
DEPRESSAO MAIOR

A depressdo maior encontra-se entre os maioredepnab de
salde publica do mundo (Nestler e Carlezon, 2088ajima et al.,
2010. Estima-se que a taxa de prevaléncia da depresg@dranstornos
de humor relacionados ao estresse na vida de uividad seja em
torno de 17 % resultando em enorme sofrimento péssacial e de alto
custo financeiro (Duman e Voleti, 2012). Além dispacientes que
sofrem de depressdo severa apresentam altas texasrobrbidades e
mortalidade (Nemeroff, 2007).

O Manual Estatistico e Diagnéstico de Transtornosntsis
(DSM-IV) define a depressdo como um episddio depres
caracterizado por manifestacdes, por um periodergwpa duas
semanas, de 5 ou mais sintomas, os quais incluemorhdeprimido
(choro, sentimento de vazio, tristeza), anedom@atirmentos de culpa,
ideacdo suicida, mudancas no peso, apetite, soavgia e funcéo
psicomotora e reduzida capacidade de pensar oeminacse (DSM-
IV-TR, 2000). O diagnéstico ndo é baseado na efialou biologia da
depressdo. Além disso, acredita-se que multiploanstornos
psiquiatricos, incluindo a depressao, provavelmeafitam diversas
patogéneses induzindo uma variada constelacamiensis depressivos
(Loftis et al., 2010), o que torna complexo o caimmento dos seus
mecanismos fisiopatolégicos e em consequéncia ,didgmulta a
descoberta de novos farmacos antidepressivos.

Em tese, ndo se conhece todos os mecanismos bmdddga
depressdo, mas ja € possivel identificar muito salM@ortanto, a
depresséo pode resultar, pelo menos em parte,pardeficiéncia na
atividade monoaminérgica no cérebro (Elhwuegi, 2084m desses,
varios outros sistemas de neurotransmissores e nieguss de
transducédo de sinal estdo envolvidos, como os t@e=pN-metil-D-
aspartato (NMDA) e a via da L-arginina-oxido nitrigNO) (Harkin et
al., 1999; Sanacora et al., 2008; Ghasemi et@09;2Zomkowski et al.,
2010), o sistema opidide (Brocardo et al., 2009juseet al., 2011), o
sistema GABAérgico (Nakagawa et al., 1996; Crya®lattery, 2010),
canais de calcio (Galeotti et al., 2006), aumemm® miveis plasmaticos
de glicocorticoides e desregulacdo do eixo hipotélaituitaria-adrenal
(HPA) (Perera et al., 2007; Pittenger e Duman, 20Qgugi et al.,
2010). A depressao pode ser desencadeada tambéaitquimas pro-
inflamatdrias como o fator de necrose tumosalTNF-), interleucina-
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1, interleucina-6 e interfereran{Maes et al., 2009; Miller et al., 2009;
Kaster et al., 2012).

Considerando a depressdo como uma doenca mulafatode
etiologia pouco determinada, além dos sistemasaa@nvolvidos, a
mesma pode ser decorrente da exposicdo a evettessantes na vida
de um individuo (Henn e Vollmayre, 2005; Mann er@uay 2010), que
sdo estudados pré-clinicamente em modelos animads igduzem
estresse, como o estresse de contencdo em camoadPotpszak et
al., 2006;Kumar e Goyal, 2008).

Outros mecanismos importantes envolvidos na fisodpgia da
depressé@o sdo as vias de sinalizacdo que regulsabravivéncia e
neuroplasticidade celular, bem como a respostdidegnessivos, como
a enzima fosfoinositol 3-cinase (PI3K), a protedeana/treonina cinase
Akt, a enzima glicogénio sintase cinage{&SK-3) (Beaulieu et al.,
2009) e receptor ativado por proliferadores pesmtimisy (PPARY)
(Rosa et al., 2008; Eissa Ahmed, 2009). Além disabas proteinas de
sinalizacdo estdo envolvidas neste transtorno, caaocalcio
calmodulina cinase Il (CaMKII), proteina cinase BK(C), proteina
cinase A (PKA), proteina cinase ativada por mitégé@WAPK)/cinase
regulada por sinal extracelular (ERK), proteinaarigg ao elemento
responsivo ao AMPc (CREB), fator neurotrofico dade do cérebro
(BDNF), e também proteinas pro-apoptéticas compases 3 e 6 e
proteina antiapoptética Bcl2 (Picchini et al., 20B4rera et al., 2007,
Pittenger e Duman, 2007; Castrén e Rantamaki, 20d@akawa et al.,
2010).

Muitos estudos pré-clinicos indicam também que predsao
pode ser desencadeada por uma interacdo com ds cdenpotéssio,
uma vez que diferentes inibidores destes canaisp detraetilamonio,
apamina, caribdotoxina e glibenclamida apresentdeitoe tipo-
antidepressivo no TNF em camundongos (Budni eR80y; Kaster et
al., 2007; Jesse et al., 2009; Bortolatto et atL (2.

Finalmente, além de todos os sistemas citados \@dusl na
depresséo, esta patologia também envolve um degbadatre espécies
pré-oxidantes e antioxidantes, induzindo estreggtativo (Bilici et al.,
2001; Maes et al., 2009).

Para investigar a fisiopatologia da depressdotedas novas
drogas antidepressivas que possam ter como algossabu muitos dos
mecanismos patologicos da depressdo acima citadms,utilizados
muitos modelos animais deste transtorno (Nestlédyman, 2010).
Entre eles, encontram-se, o0 teste do nado forc@dd)( descrito
primeiramente por Porsolt et al. (1977) utlizadon eratos e
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posteriormente em camundongos e o teste de suspgmsauda (TSC),
descrito primeiramente por Steru et al, (1985)lizatlo em
camundongos. Tanto o TNF quanto o TSC sdo modeaiimas
preditivos para a acédo antidepressiva de um compasfarmaco, uma
vez que antidepressivos classicos apresentam éfst@antidepressivo
nestes testes comportamentais.

Vérios farmacos antidepressivos encontram-se nocauder
farmacéutico, entre eles os antidepressivos tigokle inibidores da
enzima monoamina oxidase, 0s quais apresentam gnuaiteitos
colaterais que limitam o seu uso. Além dessespsutiedicamentos
foram desenvolvidos e estdo disponiveis no merpada a utilizacdo
no tratamento da depresséo, como os inibidoretvesale recaptacdo
de serotonina e/ou noradrenalina e dopamina, quet&a efetivos
guanto os triciclicos, mas sdo mais seletivos dym®m menos efeitos
colaterais. Além disso, recentemente sugiram dsdimies triplos da
recaptacdo de monoaminas e, segundo estudos sli@igoé-clinicos,
apresentam um inicio de acao terapéutica maisadépichaior eficacia
do que os antidepressivos tradicionais (Berton estidle 2006;
Nemeroff, 2007; Chen e Skolnick, 2007; Millan, 206%ins et al.,
2010).

Tipicamente o0s antidepressivos classicamente jhascr
blogueiam a recaptacdo de serotonina e/ou nordoh@n®s farmacos
mais prescritos para a depressdo sdo o0s inibideeéstivos de
recaptacdo de serotonina (ISRS). A resposta aguslamtidepressivos
baseia-se na hipotese monoaminérgica da depreBsawaf e Voleti,
2012). Segunda esta hip6tese, pacientes fisiologiote saudaveis
apresentam niveis normais de monoaminas na fendptisia Figura
1A), enquanto que pacientes deprimidos apresentagisneduzidos de
neurotrasmissoregigura 1B). Apds o tratamento com antidepressivos
ocorre um restabelecimento de monoaminas e reespt@ara
monoaminas na fenda sinapti€agura 1C) (Castrén, 2005).
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Figura 1. Hip6tese monoaminérgica da depressabliveis de monoaminas em
um paciente saudavel. B) Niveis de monoaminas erpagiente deprimido. C)
Niveis de monoaminas em um paciente apés tratanoamboantidepressivos.
Adaptado de Castrén, 2005).
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Este mecanismo agudo da acdo dos antidepressios,én
suficiente para explicar a demora na remissdo do®nsas nos
pacientes. Portanto, é compreensivel que viamdézsicao e regulagéo
de alvos génicos (citados acima) estejam envolvadosuma resposta
tardia ao tratamento crbénico com antidepressivostasE vias de
sinalizacdo e alvos génicos, por sua vez resultanadhptacdo dos
sistemas e entdo regulam mudltiplos processos dgimbs, incluindo
neuroplasticidade, neuroprotecdo e neurogénese énebro adulto
(Figura 2) (Duman e Voleti, 2012).

Figura 2. Vias de sinalizagdo reguladas pelo tratan crébnico com
antidepressivos. Inibidores seletivos de recaptagéo serotonina (ISRS)
bloqueiam a recaptagdo de serotonina (5-HT) atraglas inibicdo do
transportador de 5-HT (SERT). Em consequéncia, Sig-se a receptores
serotoninérgicos pos-sinapticos e regula a acasedagceptores acoplados a
proteina G, dos quais ativam sistemas de segunépsageiros, como o AMPc
(adenosina monofosfato ciclico), que por sua véza a proteina cinase A
(PKA) e culmina na ativagdo da transcricdo génara CREB ( proteina ligante
ao elemento responsivo ao AMPc). Estes efeitoseaxi¢ratamento cronico
com antidepressivos, em funcdo da necessidade deertgbilizacdo de
autoreceptores serotoninérgicos, uma vez que 54#ddug resposta neuronal
lenta. Em contraste, o glutamato produz um respdgtiala por excitacdo dos
neurdnios via estimulacdo de receptores ionotrép{@dVPA [alfa-amino 3-
hidréxi 5-metilisoxazol acido propiénico] e NMDA [Metil D-aspartato]),
resultando em despolarizacdo e rapida sinalizagéacelular, através da
proteina cinase dependente de€’@almodulina (CAMK). A sinalizacdo do
glutamato e de 5-HT, indicados na figura, induzemegulagdo de mdltiplas
respostas fisioldgicas incluindo a regulacdo dastigidade sinaptica e
expressdo génica. Um dos alvos do tratamento cotidepressivos e
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sinalizacdo para CREB é o fator neurotréfico delivdo cérebro (BDNF). A

transcricdo para BDNF pode permanecer no soma rotiasesportada para 0s
dendritos, onde ocorre a sua traducéo e liberag@mducdo de BDNF e outros
fatores neurotréficos contribuem para agbes dartranto por antidepressivos
como a neuroprotecdo, neuroplasticidade e neursg&Aelaptado de Duman e
Voleti, 2012).
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O tratamento da depressao € geralmente segurdivdeforém
ainda esta longe do ideal, pois o tempo de latéauia obter beneficios
clinicos é relativamente longo, dura semanas owesnes conforme
mencionado anteriormente ha grandes problemas ajndato aos
efeitos colaterais. Além disso, menos de 50 % daseptes mostram
remisséo completa dos sintomas com a terapia ctidepressivos. Por
isso, ha uma grande necessidade de farmacos gaseafm acao
rapida, e sejam seguros e efetivos para a depréBséon e Nestler,
2006;Nakajima et al., 2000

ENVOLVIMENTO DOS CANAIS DE POTASSIO NA
FISIOPATOLOGIA DA DEPRESSAO

Os canais de potassio (Ksdo proteinas transmembrana, que
formam poros idnicos seletivos &,Kos quais estdo constitutivamente
abertos no repouso (Choe, 2002; Honoré, 2007).sEsfnais
apresentam um importante papel na funcdo neur@nglie neurdnios
frequentemente expressam multiplos tipos de camais’ que sdo
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cruciais na sinalizacdo de todos os tipos de ®l@stejam estas sob
condicdes fisioldgicas ou patoldgicas (Choe, 200dn e Chen, 2006;
Honoré, 2007).

Entre os varios papéis fisiolégicos desempenhaedtss anais
de K encontra-se a promocéo da hiperpolarizagio pastauracio do
potencial de membrana, uma vez que estes canaisoséiecidos por
regular a excitabilidade neuronal em diferenteufagdes de neurdnios
(Honoré, 2007). Além do papel bem estabelecido aowis K na
excitabilidade neuronal, muitos estudos indicam gsies canais sao
importantes nos mecanismos de respostas a ansde@® ou
compostos dotados de propriedades antidepressiaate( et al., 2005;
Budni et al., 2007; Kaster et al., 2007; Su et24lQ7; Lodge e Li, 2008;
Lockridge et al., 2010). De fato, diferentes tigesinibidores de canais
de K', como tetraetilaménio (TEA), apamina, caribdotaxigliquidona
e glibenclamida apresentaram efeito tipo-antideypresno TNF em
camundongos (Galeotti et al., 1999; Kaster et 2005), enquanto
ativadores destes canais (Minoxidil ou cromacalimjuziram um
aumento no tempo de imobilidade neste teste predfiara a acéo
antidepressiva, indicando inducdo de um comport@metipo-
depressivo (Galeotti et al., 1999). Além disso,rasitestudos pré-
clinicos reportaram que doses sub-ativas de bloipues de canais de
potassio (quinina ou gliburida) combinadas com sloseb-ativas de
diferentes antidepressivos (citalopram, fluoxetinparoxetina e
imipramina) também produziram efeito tipo-antidegieo no TNF
(Guo et al., 1995; 1996).

Muitos diferentes tipos de canais dé Kstdo envolvidos na
depresséo, entre eles encontram-se os canai akiv&dos por C4 de
alta e intermediaria condutancia, canais deavados por C4 de
baixa condutancia e canais dé sensivel ao ATP (Guo et al., 1995;
1996; Galeotti et al., 1999; Kaster et al., 20@4. canais retificadores
internos ativados por proteina G (GIRK), tambémodenados como
canais Kir3, membros de uma grande sub-familizadais retificadores
internos (Kir) de um Unico poro (Reimann e Ashrtt999), também
estdo envolvidos na depresséo. Esta suposicaficarsste, levando em
conta estudos que mostram que o efeito antidepoedsi fluoxetina e
paroxetina pode envolver a inibicdo destes cartaibgyashi et al.,
2003; 2004; 2006; Takahashi et al., 2006). Alénsalisum recente
estudo de Kobayashi et al. (2010) sugere que owaintidepressivos,
como atomoxetina e reboxetina, inibem canais GIRKdiaco e
cerebral. Desta forma, antidepressivos também paaigimno SNC,
inibindo canais GIRK.
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Fortes evidéncias indicam que a fluoxetina tambéuate pnibir
outra classe de canais dé Kanal de K de dois poros, particularmente
TREK-1, indicando uma associacdo muito importaettas canais com
a depressédo (Kennard et al.,, 2005; Heurteaux e2@0D6; Gordon e
Hen, 2006; Honoré, 2007; Mathie e Veale, 2007).fide, Kennard et
al. (2005) mostrou que a fluoxetina e seu metahdlhibrfluoxetina
apresentaram inibicdo, concentracdo-dependentegodante de K
através de TREK-1. Corroborando com este estudartésix et al.
(2006) reportou que camundongos deficientes de FREBWresentaram
um aumento da neurotransmissao serotoninérgicastéiesia a
depressdo em diferentes modelos animais de depréEbl-, TSC,
desamparo aprendido, supressdo condicionada @éodegnotilidade e
teste da alimentagéo suprimida pela novidade)ersée do aumento da
corticosterona induzida por estresse. Por suaarémais tratados com
fluoxetina exibiram comportamento similar aquelesficientes de
TREK-1, ou seja, efeito tipo-antidepressivo.

Portanto, a inibicdo de canais TREK-1 pode ser wssipel
mecanismo pelo qual os antidepressivos desemperdgam papel
terapéutico na depressdo como ilustradd-igara 3 (Kennard et al.,
2005; Heurteaux et al.,, 2006; Gordon e Hen, 2006nadte, 2007;
Mathie e Veale, 2007). Este esquema, adaptado dwr&lo(2007)
mostra a possivel interacdo do sistema serotomdmérgom canais
TREK-1. Este esquema é baseado no estudo de Heusgeal. (2006)
que utilizou camundongos knockout para canais TRE&tado acima.
Portanto, o esquema mostra que em neurdnios demdorsal da rafe
de camundongos selvageﬁsak"”, a estimulag&o de autoreceptores 5-
HTa reduz o disparo neuronal e, em funcdo disso, eotransmissao
serotoninérgica. Isso ocorre, pois a estimulacA@utereceptores 5-
HT1a inibe a enzima adenilato ciclase via proteina Bitoria (Gy).
Como conseqliéncia, ha reducao na producao de AdR@I contribui
para a abertura dos canais TREK-1 devido a dintiouéta fosforilacdo
da proteina cinase A (PKA). Estes canais, por @ induzem a
hiperpolarizacdo da célula, reducéo na taxa deadisp diminuicdo da
liberacdo de serotonina a partir dos neurdnios(aiten dorsal da rafe
(Figura 3A). Neste sentido, em animais deficientes de TRE®U1
camundongos knockouErek”, ha reducdo ndeedbacknegativo da
serotonina nos neurdnios pré-sinapticos resultamao aumento da
neurotransmissdo serotoninérgicdig(ra 3B). ISRS, como a
fluoxetina, em camundongos selvage'l’rsek”+ pode ter como alvo
direto, a inibicdo dos canais TREK-1, efeito similaqueles em
camundongos knockoutrek”, importante para o efeito terapéutico
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deste antidepressivo na depressdo e a consolidicdelagdo entre
depresséo e canais dé (Rigura 3C) (Honoré, 2007).

Figura 3. Envolvimento dos canais TREK-1 na fistofmgia da depresséo
ilustrado em neurénios do nucleo dorsal da rajelnteragcdo entre os canais
TREK-1 com o sistema serotoninérgico em camundosgbsgensrek-17" .

B) Camundongos knockoilrek-I" e a estimulacéo de serotonina. C) Inibicéo
de canais TREK-1 por fluoxetina (ISRS) em camundsngelvagens.
(Adaptado de Honoré, 2007).

A Transportador de S-HT,,

|
A‘f

RecaptacZo

@ Y~ Adenilato
( ciclase
- (+]
7 / \ O syr
I -
TREK] s N

1 Treki™/*

Outro mecanismo importante que associa a fisiopgiml da
depressdo aos canais dé & a sintese de 6xido nitrico (NO). Esta
molécula é um importante mensageiro no SNC, prddupor acdo
catalitica da NO sintase (NOS). Fisiologicament®,agdes do NO
podem ser mediadas pela sua producéo local e tampb&mgeracéo
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subseqliente de um segundo mensageiro guanosinaocBdesfato
ciclico (GMPc). A producédo desta molécula podeaatdiferentes tipos

de canais de Kem varios tecidos, ou ainda, estes canais podem se
ativados por NQper se(Jeong et al., 2001; Shin et al., 1997). Estes
achados corroboram com resultados de Inan et @04§2 os quais
sugerem que o efeito dual do NO (L-arginina, uncyrsgor de NO,
induz efeito tipo-antidepressivo, em altas doses2m em baixas doses
induz comportamento tipo-depressivo) no TNF em catongos pode
estar relacionado com a modulacdo da funcdo doaiscate K.
Confirmando esta hipétese, Kaster et al. (2005)tnrau@sn que o efeito
tipo-antidepressivo no TNF elicitado pela inibigd® diferentes tipos

de canais de Kpoderia ser mediado, pelo menos em parte, por uma
inibicdo da producdo de NO e GMPc em camundongastéK et al.,
2005). Portanto, os canais dé godem ser alvos fisiologicos do NO
produzido centralmente (Jeong et al., 2001) e, empentemente, a
ativacdo destes canais pode desempenhar um papelimportante na
fisiopatologia da depresséao.

Adicionalmente, deve ser considerado que muitogpostos com
propriedades tipo-antidepressivas, como a adenosagnatina,
tramadol e venlafaxina, além dos antidepressivassidos, mostraram
um efeito sinérgico no TNF em camundongos quandwbotwdos com
inibidores de canais de"KBudni et al., 2007; Kaster et al., 2007; Jesse
et al., 2009; Bortolatto et al., 2010). Portantegese-se que o efeito
modulatério da excitabilidade neuronal induzidosr p@rmacos
antidepressivos ou compostos com propriedades epnéigisivas, via
inibicdo de canais de Kpode representar uma via final comum desta
acdo farmacoldgica (Guo et al., 1995, 1996).

ENVOLVIMENTO DA VIA PI3K, GSK-3B E PPARF NA
FISIOPATOLOGIA DA DEPRESSAO

A enzima fosfatidil inositol-3 cinase (PI3K), ummase lipidica,
€ responsavel por catalisar a fosforilacdo doitipfiaisfatidil inositol na
posicdo 3 do anel inositol em resposta a receptm@slados a proteina
G ou receptores tirosina cinase ativados por fatolke crescimento,
horménios, citocinas ou neurotransmissores (Katsd, 001; Cantley,
2002; Beaulieu, 2012). Muitos estudos indicam quePlaK esta
implicada na plasticidade sinaptica, aprendizademaria e depresséo
(Kelly e Lynch 2000; Dwivedi et al., 2008; Yangatt, 2008). Produtos
lipidicos da PI3K agem como segundos mensageinos, vwez que
ativam proteinas como a Akt (Brazil et al., 2004nkda et al., 2004).
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A Akt é uma serina/treonina cinase existente séb igoformas
codificadas por genes diferentésKT1, AKT2 e AKT3 Todas as trés
isoformas sdo ativadas pela PI3K (Beaulieu, 20A2ativagdo da Akt
envolve seu recrutamento & membrana plasmatica p&& e
subsequente fosforilagdo no seu residuo regulaftséonina 308) pela
cinase 1 dependente de fosfatidil inositol (PDKlggwdo de
fosforilagdo no residuo de serina 473 pela PDK2w(@Beu et al., 2009).
Quando ativada, a Akt é responsavel por regulamathegnente a
atividade da enzima GSKB3via fosforilacdo da serina 9 N-terminal
(Cross et al., 1995; Hetman et al., 2000; Beawdieal., 2009).

GSK-33, por sua vez, é uma enzima serinal/treonina cinase
multifuntional encontrada em todas as células ébttzas, reconhecida
recentemente como um componente chave de muitasl@iainalizagdo
(Jope e Roh, 2006; Beaulieu, 2012). Em mamiferas es&contradas
duas isoformas desta enzima: GSK-8 GSK-P. Estas cinases
encontram-se constitutivamente ativas e podem rsalivadas por
fosforilagdo de um simples residuo de serina 21K(@® ou serina 9
(GSK-3) (Beaulieu et al., 2009; Beaulieu, 2012). GSK&3altamente
expressa nos neurdnios, além de ser regulada dwatgsenvolvimento
(Bhat et al., 2004). A fosforilagdo da GSK-80 residuo de serina-9
promove inibicdo desta enzima, envolvida, destamdor na
sobrevivéncia celular, enquanto que a fosforilagéo residuo de
tirosina-216 aumenta a atividade da mesma (Hughes.,e1993) e
geralmente, esté relacionada com a morte celutaat(& al., 2000).

Estudos indicam que esta enzima esta implicadaiopdtologia
da depressdo. Uma importante evidéncia encontreestato de que
estabilizadores de humor como o litio e valproaamplamente
utilizados na clinica para o tratamento do tramstobipolar (Jope,
1999), causam inibicdo direta da GSK{&hen et al., 1999; Li et al.,
2002). Adicionalmente, a terapia eletroconvulsi#ZL$), comumente
utilizada na terapia para depressdo resistente ratamento com
antidepressivos classicos, pode induzir mudancdésitas, com
defosforilacdo imediata da GSK-3 e subsequenterfbigierilagcdo da
enzima e, portanto, inibicdo da mesma 3 h depoiE@a (Roh et al.,
2003). Além disso, a atividade serotoninérgica auata apos a
administracdo de antidepressivos (fluoxetina e riampna) inibe GSK-
3B no cérebro (Li et al., 2004). Corroborando comapgb da GSK-8
como alvo para a acdo de antidepressivos, algtndossmostram que
inibidores da GSK{8 causam efeito tipo-antidepressivo, como por
exemplo, o AR-A014418, um inibidor especifico daK=3p, produz
efeito tipo-antidepressivo no TNF em ratos (Goutdak, 2004) e
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camundongos (Rosa et al, 2008). L803-mts (N-noyist
GKEAPPAPPQS(p)P), um novo inibidor da GSK-3 e NRQX], um
novo composto da classe das tiadiazolidinonas tiiee @mmo inibidor
da GSK3, também produziram um efeito tipo-antidepressigoTiNF
em camundongos (Kaidanovich-Beilin et al., 2004sd&et al., 2008),
relacionando fortemente a enzima GSKe®m a depresséo.

Receptores ativados por proliferador peroxissofB&®ARsS) sédo
membros da super-familia de receptores nucleamashmemoénios que
atuam como fatores de transcricdo dependente dmtdige sao
responsaveis por regular a expressao génica edsoha reproducao,
metabolismo, desenvolvimento e resposta imune @gee e Wahli,
1999). PPARs apresentam trés isoformagis ey (Yessoufou e Wahli,
2010). PPAR, bem como a GSKf3 séo alvos emergentes na
farmacologia, com efeitos promissores na depre@®asa et al., 2008).
A relacdo entre PPARe GSK-3 foi demonstrada em um estudo no
qual o tratamento de neurbnios hipocampais de retos agonista
PPARy (troglitazona) promoveu diminuicdo da atividade G8K-3B
(Inestrosa et al., 2005). Com relacdo ao envolvimele PPAR na
depressdo, nosso grupo mostrou que a administdgdoziglitazona,
um agonista PPAR produziu um efeito tipo-antidepressivo no TNF
em camundongos, o qual foi prevenido pelo présiratdo dos animais
com GW-9662, um antagonista PPAfRosa et al., 2008). Além disso,
neste estudo GW-9662 foi capaz de prevenir o etitéimobilidade
dos inibidores da enzima GSK;3NP031115 e ARA014418, no TNF,
reforcando a interacéo entre GSK&SPPAR na depresséo (Rosa et al.,
2008). Roziglitazona também mostrou efeito tipdempressivo no
TSC em camundongos e no TNF em ratos (Eissa Ahinald, 2009).
Além disso, reforcando o papel do PRARa depressdo, um recente
estudo de Rasgon et al. (2010) mostrou que a asimaigiio de
roziglitazona em pacientes nao diabéticos com defce maior ou
depressé@o bipolar, promoveu melhora em relacdo varidade da
depresséo e a impresséo global clinica (Rasgdn 20&0).

Portanto, agentes que modulam esta via PI3K/AkiK-GE e
PPARy, podem tornar-se novos possiveis agentes pafaresséo.

ESTRESSE SOCIAL, DEPRESSAO E PREJUIZO COGNITIVO

O estresse pode ser definido como um estado dérkistdo
equilibrio fisiolégico normal e homeostase ameagawlagual pode
culminar em mudancas patolégicas dependendo daidse, tipo e
duracdo do estimulo estressante (Munhoz et al§;208rousos, 2009;
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Jaggi et al., 2011). Estas alteracdes (fisiolégigasicoldégicas ou
cognitivas) afetam diferentes 6rgdos e sistemasgipalmente o SNC
(Linthorst e Reul, 2008; Munhoz et al., 2008).

Eventos estressantes em suas diferentes formasseepam o
maior componente ambiental para a susceptibilidadmentada a
diferentes doencas psiquiatricas. De fato, eveestressantes da vida
servem como um significativo preditor de doencasm@@ depresséo
(Calabrese et al., 2011), geralmente acompanhadagjaizo cognitivo
(Marazziti et al., 2010; Murrough et al., 2011),nsmerando que
eventos estressantes tem uma consideravel assp@ag&al com a
patologia deste transtorno, especialmente, em ighatbg predispostos
geneticamente (Charney & Maniji, 2004; Lanfumeylgt2908; Kubera
et al., 2011). O papel causal do estresse na ddaréssuportado pela
presenca de disfuncdo ao nivel do sistema de tasposestresse em
individuos vulneraveis (Calabrese et al., 2011}réEas disfuncdes do
sistema de resposta ao estresse, encontra-se rativggio do eixo
HPA, levando em consideragdo que pacientes deménggralmente
apresentam altos niveis de cortisol ou ACTH emasspao estresse
psicosocial (Juruena et al., 2006; Rao et al., 200@pra et al., 2009).
A hiperatividade HPA é consequiéncia de uma altesagibfeedback
inibitério realizado pelos glicocorticoides endogen também
conhecido como “resisténcia aos glicocorticoidesjual pode ocorrer
devido uma downregulation dos receptores para este hormonio
(Calabrese et al., 2011) .

E importante mencionar que o estresse e a depressfo
intimamente relacionados com o prejuizo cognitiMarazziti et al.,
2010; Murrough et al., 2011). A disfuncdo cognitizrendizado e
memodria) € uma das mais importantes caracterigitapacientes com
depressdo e podem, muitas vezes, se manifestarpneaiscemente do
que os sinais de humor deprimido (Austin et al0120Cohen et al.,
2001; Porter et al., 2003). O tratamento com aptiksivos melhora o
déficit cognitivo, em paralelo aos sintomas depvess(Vermetten et
al., 2003; Airaksinen et al 20p4Além disso, é bem documentado que a
depresdo esta associada com a reducdo do volumeahipal (Sheline
et al., 2003), estrutura extremamente relacionada fancéo cognitiva
(Gondi et al.,, 2010; Henson e Ganepain, 2010; lagahl., 2010).
Animais expostos a estimulos estressantes també&trampalteracbes
citogenéticas e estruturais no hipocam@zeh et al 2001; Czeh e
Lucassen, 2007; Jayatissa et al 08&licionalmente, modelos animais
induzidos por estimulos estressantes no qual aforee apresentam
comportamento tipo-depressivo, induzem prejuizanitivg (Elizalde et



35

al., 2008; Dang et al., 2009), reforcando a hipdths que ha uma forte
associacao entre estresse, depressdo e prejuiaiivaogModelos de
estresse que mimetizam comportamento tipo-depressiv déficit
cognitivo sdo importantes modelos para screening falenacos
antidepressivos.

Realmente muitos modelos animais de depresséo idadyor
estresse sdo amplamente utilizados para explordamgas induzidas
por estresse no cérebro, para fagereeningde antidepressivos e
estabelecer fendtipos comportamentais de aninaisgénicos ou alvos
génicos que estejam relacionados a depressaoesses{Kalueff et al.
2007). O estresse pode ser utilizado para indenitireento de perda de
controle e prejuizo cognitivo, podendo resultar emn estado
comportamental analogo a depressdo bem como mudhiogaimicas
(Calabrese et al., 2011; Kubera et al., 2011; Metrial., 2011). J& é bem
conhecido que o cérebro adulto, durante a vida, @etapacidade de
regenerar novos neurbnios e a reducdo da neuregbipscampal é
uma possivel causa da depressédo (Fournier e DW2042). Varios
estudos mostram que modelos de estresse causanredongdo da
neurogénese no hipocampo. Esta reducéo pode oapdera exposicdo
a diferentes agentes estressores, como 0 estrasseortencdo
(Rosenbrock et al.,, 2005; Yun et al., 2010), estemduzido por
isolamento social (Stranahan e Gould, 2006), degotial (Lagace et al
2010), privagdo do sono (Mirescu et al., 2006)ticosterona (Cameron
e Gould, 1994), estresse cronico moderado (Lek, 20D6; Mineur et
al., 2007), exposicdo aguda ao odor do predadorafied et al., 2001) e
estresse inescapavel induzido por choque nas (Mgdiserg e Duman,
2003). Além disso, a hiperativacdo do eixo HPApalgeralmente esta
associada com niveis elevados de corticosteronapedores, também
esta associado com os modelos de depresséao ingharigatresse (Mao
et al.,, 2009; Borsonelo et al., 2011; Naert et 2011; Snyder et al.,
2011). Outra importante alteracdo que ocorre emaisi submetidos a
modelos de depresséo induzida por estresse é quilés# oxidativo
encontrado no cérebro de animais submetidos a estdslos (Zafir et
al., 2009; Moretti et al., 2012).

Estresse de contencdo, objeto de estudo destdhtraléa um
modelo frequentemente utilizado para causar undestamportamental
depressivo envolvendo aplicagdo de estresse ndimlealo em estudos
de estresse agudo ou cronico (Poleszak et al.,; Zd&)i et al., 2006;
Capra et al., 2010; O'Mahony et al., 2010; Chmsign et al., 2011,
Huynh et al 2011) acompanhado com prejuizo cognitivaliado



36

através do teste de reconhecimento de objetos ({R&Ker e Kim,
2002;Walesiuket al., 2005; Nagata et al., 2009; Li et al., 2012

O estudo de farmacos em modelos de depresséo,dadpar
estresse, associada com prejuizo cognitivo é mmfmrtante para
definir a capacidade e a poténcia dos diferentédegmessivos, bem
como, dos compostos com potenciais antidepresgpars, reverter as
alteragfes induzidas pelo estresse e que séo isgpdira a depressao.
Além disso, este estudo pode levar a identificagéonovos alvos
terapéuticos, contribuindo para o desenvolvimergondvos agentes
mais eficazes que podem eventualmente alcancarewaindices de
remissao terapéutica (Calabrese et al., 2011; Mam@h, 2011).

DANO OXIDATIVO, DEPRESSAO E ESTRESSE SOCIAL

A mitocdndria é a principal fonte de geracdo deteigs reativas
de oxigénio (EROs) e espécies reativas de nitrog@eRNs). Estes
radicais livres (EROs e ERNs) sao definidos comd¢éoudas as quais
possuem elétrons desemparelhados no seu orbital exdérno. A
geracgao de radicais livres em baixas ou moderamta®ntracdes € uma
caracteristica fisiologica importante para a cé{tlavatta et al., 2010).
Porém, quando ocorre um desbalanco entre a geeagd@diminacao de
EROs e ERNs, culmina em estresse oxidativo o qualizi dano
oxidativo em importantes macromoléculas celulasmno lipidios,
proteinas, carboidratos e acidos nucléicos (Sig86;1Hovatta et al.,
2010).

O tecido mais susceptivel ao estresse oxidativo, digvida, € 0
cérebro, uma vez que ele metaboliza 20% de todkigémio corporal
consumido e além disso, apresenta uma quantid&itaresnte limitada
de agentes antioxidantes. Portanto, quando sabustipor exemplo,
estresse aversivo, o cérebro reage, podendo prdgRgs como anion
superdxido (@), radical hidroxila (HQ e peréxido de hidrogénio
(H20,), além das ERN (ONOCe NO). Quando as EROs e ERNs
excedem a capacidade antioxidante do cérebro oawmrrestresse
oxidativo e consequente dano aos neurdnios (Flag89; Floyd e
Carney, 1992; Kovacs et al., 1996; Halliwell, 200&nportantes
enzimas antioxidantes enddgenas ou antioxidantesem#maticos
podem inibir a producéo de EROs, promover a remogéeliminacdo
dos mesmos e de seus precursores. Entre estasasratontram-se:
catalase (CAT), superoxido dismutase (SOD), glmati peroxidase
(GPx) e glutationa redutase (GR) (McCord e Fridoyit988; Hovatta
et al., 2010). Entre os agentes antioxidantes néwpdticos enddgenos
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encontram-se: glutationa (GSH), vitaminas A, C,cBenzima Q10,
melatonina, é&cido Urico, é&cido lipéico ecetoacidos Kigura 4)
(Hovatta et al., 2010).

Figura 4. Maiores vias de producdo de radicaigedive defesas antioxidantes
enzimaticas e nado-enzimaticdsOS: oOxido nitrico sintase; ERNs: espécies
reativas de nitrogénio; SOD: superoxido dismutaS&T: catalase; GPx:
glutationa peroxidase; GR: glutationa redutase; G$gHitationa; GSSH:
glutationa oxidada; NADPH: nicotinamida adenina udleotideo fosfato
Adaptado de Hovatta et al., 2010).
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Depressado e estresse oxidativo estdo intimamelaeiareados,
levando em consideragdo o fato de que pacientesrdéps apresentam
prejuizos nas defesas antioxidantes plasmaticasumerdo na
peroxidacgéo lipidica (Bilici et al., 2001; Khanzoeteal., 2003; Ozcan et
al.,, 2004). Portanto, o dano oxidativo pode ser importante
mecanismo na fisiopatologia da depressdo em hum@ntass et al.,
2011).

Similarmente, modelos de depresséo induzida porssst social,
com o estresse de contencdo em roedores, objetstutdo do presente
trabalho, precipita muitas disfunces neuroquimeaeuroenddcrinas
gue estdo frequentemente associadas com um désequilo estado
redox intracelular do cérebro. Muitos estudos napstque o estresse de
contencao induz aumento da peroxidacéo lipidicaci@®ueno et al.,
2005; Kumari et al., 2007; Zafir e Banu, 2007; KureaGoyal, 2008;
Zafir et al., 2009; Balk et al., 2010; Kumar et &010) e aumento
(Fontella et al., 2005; Kim et al., 2005; Balk £t 2010) ou diminuicao
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(Pajovi et al 2006; Kumari et al., 2007; Zafir e Banu, 2ZOBumar e
Goyal, 2008; Zafir et al., 2009; Balk et al., 20K@mar et al., 2010) da
atividade das enzimas antioxidantes em diferemigies do cérebro de
roedores, dependendo da severidade e duracéo cgoode estresse
de contencdo. Estas alteracbes sao passiveis ela severtidas pelo
tratamento dos animais com antidepressivos cl&ssicomo a
fluoxetina, imipramina e venlafaxina (Zafir et &009).

Os mecanismos que levam ou regulam o estressetiogidaque
contribuem para doencas neuropsiquiatricas comoe@edsdo sao
complexos. No entanto, algumas vias do estress#aivo sdo bem
passiveis de manipulac@o farmacologica, o que testea via um alvo
para terapias farmacoldgicas putativo para a dsfwesModelos
animais de depressédo induzidos por estresse spEghromovam dano
oxidativo pode ser um bom campo de estudo queicemaepressao,
estresse social e dano oxidativo, para uma melborpeensdo da
mesma e estudo de possiveis alvos terapéuticosattdost al., 2010;
Maes et al., 2011).

TOXICIDADE INDUZIDA POR GLICOCORTICOIDES E
NEUROPROTECAO

Os glicocorticéides exercem muitos efeitos atralassreceptores
de glicocorticéides distribuidos pelo organismo.teEshormdnios
exercem importantes efeitos no SNC, principalmantlipocampo que
apresenta altas densidades de receptores paraicosogicoides e,
portanto torna esta regido bastante vulneravel tas esorménios
(Nichols et al., 2005; Czéh e Lucassen, 2007; 8sret al., 2009).
Fisiologicamente, a ativacdo do eixo HPA e libevacd@e
glicocorticoides constituem mudangas fisiolégicam &esposta ao
estresse” e € essencial para a manutencdo da Hasig@odurante
eventos estressantes (Aguilera, 2011). Enquantaaduacao primaria
da secrecao de glicocorticoides € a mobilizacaenéegia em resposta a
um estimulo estressante (Joéls, 2008), uma resexaterbada do eixo
HPA induz uma elevacdo prolongada dos niveis deoggiticoides,
podendo desencadear processos patologicos conmressi#o, que esta
relacionada com a reducgédo do volume hipocampahsetfiiente morte
de neurbnios desta regido (Lee et al., 2002; Kuetgil., 2010) e de
outras regides do cérebro.

Dexametasona € um glicocorticdide sintético, mutttizada em
protocolos de morte celulam vitro, a fim de mimetizar a elevagédo de
glicocorticoides, fendmeno que ocorre em muito£gee0s patologicos
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como na depressédo (Mitchell et al., 1998; Haynes.eP001; Jacobs et
al.,, 2006; Zhu et al., 2006; Tazik et al., 2009)uitds estudos

demonstram que a dexametasona induz apoptose zaquoliferagéo

celular em muitos tipos de células incluindo neirdrhipocampais

(Haynes et al., 2001), estriatais (Mitchell et dl998), cerebelares
(Jacobs et al., 2006), células da glia (Tazik et 2009) e também
células de neuroblastoma humano, SHSY-5Y (Zhu.e2@06; Tazik et

al., 2009).

A dexametasona pode induzir morte celular por wario
mecanismos. Entre eles encontra-se a inducdo deranima atividade
da MAO A (Monoamina oxidase A, enzima que degrada a
monoaminas) em células neuroblastomas e célulalslagtomas através
do seu papel como estressor celular (Ou et al§)2@0¢m disso, este
glicocorticoide sintético, pode induzir a expressaatividade da MAO
B em células neuronais (Tazik et al., 2009) e a#t® (Carlo et al.,
1996), bem como diminuir as células viaveis do lmérg(Yu et al.,
2010).

Além disso, outros mecanismos estdo implicados ¢@o a
deletéria da dexametasona, indicado por um estedtuchamaru et al.
(2008), o qual demonstrou que a exposi¢cdo de nesrdipocampais
imaturos a dexametasona, inibe o crescimento ddritieshe a formacao
singptica dependente do fator neurotréfico BDNFrtdhdo, o dano
hipocampal induzido pela hiperatividade do eixo Hpade ocorrer
principalmente pela disfuncdo do BDNF. Como o hgmopo regula o
sistema ddeedbackdo eixo HPA, seu dano aumenta a atividade deste
eixo, o que pode formar um ciclo vicioso culminaneim morte
neuronal (Kunugi et al., 2010).

Um adicional estudo também mostrou, em célulasrpaticas,
gue a dexametasona pode induzir morte celular épcgtvia inibicdo
das vias de sinalizacdo PI3K e PKA, assim comog&alula expressao
da proteina Bcl-2 (Wang et al., 2010).

Um recente estudo realizado por Kim et al. (20Ebificou que a
dexametasona causa dano celular por induzir esti@gdativo, uma
vez que a administracdo deste glicocorticéide tsatépromoveu
aumento na geracdo de EROs em cultivos de neuridiposampais.

Apesar de a dexametasona induzir morte celulardgerentes
mecanismos citados acima, diferentes agentes, @otie propriedades
neuroprotetoras sdo passiveis de protecdo congaaso celular (Zhu
et al., 2006; Johnson et al., 2010; Kim et al.,0WUm estudo realizado
por Zhu et al. (2006), mostrou que a agmatina, amaa catibnica
endogena, apresentou efeito neuroprotetor contmaiecidade induzida
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por dexametasona em cultivo de neurénios hipocagiratos. Um
recente estudo mostrou que antidepressivos indddda MAO A e/ou
MAO B, M30 (inibidor da MAO A e MAO B de nova geiam),
rozagilina e seleginina (inibidorores da MAO B) ederam a morte
celular induzida por dexametasona (Johnson ef@LQ). Kim et al.
(2010) mostrou que ginsenosideos Rb1l e Rg3, unspdosipais
compostos da raiz de ginseng, apresentaram ef@it@protetor contra
0 dano causado por dexametasona em células SH-SR&Yanto, o
protocolo de morte celular induzida por dexametagmwde ser um bom
modelo para estudos relacionados com a neuropomteca

Trabalhos realizados por Zhu et al. (2006), Tatikle(2009) e
Kim et al. (2010), utilizaram protocolos de mortdutar induzido por
dexametasona em células SH-SY5Y o qual, seraocodgtestudo do
presente trabalho. Estas células sdo derivadasnddinhagem celular
de neuroblastoma humano as quais expressam muitpseplades de
células neuronais e sdo amplamente utilizadas commodelo celular
para investigar mecanismos intracelulares que medeis acdes de
farmacos ou compostos em neurdnios humanos (Xial.et2010).
Portanto, esta linha celular é muito Util para @stumecanismos
protetores de morte neuronal (Kim et al., 2008; Banet al., 2010).

TOXICIDADE GLUTAMATERGICA E NEUROPROTECAO

O glutamato € um aminoacido excitatorio mais abotedalo
SNC, onde sua transmissdo € mantida sob fino dentrma vez que é
extremamente importante para mediar a respostptisiadexcitatéria
(Mattson, 2008; Severino et al., 2011). Este antitlwdé importante
para a neurogénese, crescimento de neuritos, Gij@pmse e
sobrevivéncia neuronal (Mattson, 2008). Por isso, sistema
glutamatérgico desempenha importante papel em snuimcdes
fisiologicas neuronais, como aprendizado, memor@gnicao,
plasticidade neuronal e agdes neurotroficas e teiucas (Mattson,
2008; Verkhratsky e Kirchhoff, 2007; Popoli et 2011).

O glutamato exerce a¢cbes em niveis pré e pos-Eioatraves
da estimulacdo de diferentes receptores glutaniedérgexpressos
praticamente em todas as células de origem neur@slreceptores
glutamatérgicos podem ser classificados como resepionotropicos,
(incluindo os receptores NMDA [N-metil-D-aspartaté]MPA [acido
a-amino-3-hidroxi-5-metil-4-isoxazolpropionico] eigato) e receptores
metabotrépicos acoplados a proteina G (MmGIUR1 a uR&)l
(Verkhratsky e Kirchhoff, 2007). Os receptores déutagnato
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ionotrépicos ativados induzem influxo de céations, meio dos canais,
para as células pos-sinapticas. Esta respostalémantal para produzir
sinais despolarizantes em numerosas sinapsesis€biregledine et al.,

1999).

Quando o controle da excitacdo glutamatérgica éigeerocorre
um ativacado excessiva dos receptores glutamatérgicm processo
chamado de excitotoxicidade, que pode resultar isfart&o e morte
neuronal (Olney, 1969), consequéncia de um gramitlexd de C&" e
Na" nos neurdnios (Orrenius et al., 2003). A excitmiolade
glutamatérgica esta implicada em uma grande vated& condicdes
neuropatoldégicas como a doenca de Huntington, dehekher,
Parkinson, esclerose amiotréfica lateral, esclernglipla, depressao,
epilepsia e esquizofrenia (Sanacora et al., 20@8)gDet al., 2009).
Embora os mecanismos envolvidos nos eventos exditols sdo muito
complexos, estudos realizados em fatias hipocanggarstos mostram
que este processo pode envolver a liberacdo eoraiho c, ativacédo de
caspase-3 e fragmentacdo do DNA, via ativacdorddizacdo mediada
por p38MAPK (Molz et al., 2008aA toxicidade glutamatérgica esta
também relacionada com a atividade reversa dospiatadores de
glutamato, os quais induzem aumento na concentrdedglutamato
extracelular e entdo promovem a excitotoxicidadmarte neuronal
(Molz et al., 2008b).

Além disso, um estudo de Molz et al. (2011) mostgme o
insulto com glutamato em fatias hipocampais indiaeado da enzima
Oxido nitrico sintase induzida (INOS). Realmenten eondicbes
patolégicas, principalmente associadas a inflamaidioS é induzida
na microglia e astrécitos, e uma vez expressa,upgradncentracdes
nanomolares de NO, o qual apresenta-se em conietrakD0-1000
vezes maiores, em relagdo ao NO produzido peladiitico neuronal
(nNOS) (Pannu e Singh, 2006; Saha e Pahan, 200@pducéo de NO
pela iNOS a partir da microglia ativada culmina emarte neuronal
(Brown, 2010), uma vez que o NO é considerado urokcula que
pode estar relacionada com a disfungéo tecidualfisanacéo, doencas
neuroldgicas e no processo de envelhecimento (Qlaetra., 2012). E
importante enfatizar que os neurbnios sédo capazgsatiuzir NO em
pequenas quantidades através da nNOS e este NQoamge um
neurotransmissor nestas células (Gonchar e Buekhda®97; Vruwink
et al., 2001), enquanto as células da glia (ast®cé microglia)
expressam as trés isoformas da NOS (nNOS, eNO&+isafendotelial-
e INOS) e a iNOS, por sua vez, é induzida por saestimulos
estressantes como a excitotoxicidade glutamatér@icenura, 1998;



42

Licinio et al., 1999; Lopez-Figueroa et al., 20@ivenza et al., 2000;
Moro et al., 2004; Molz et al., 2011).

Muitos protocolos que mimetizam um evento excitmox
induzido por glutamato foram desenvolvidos paracéusestratégia
neuroprotetoras, como por exemplo, o insulto comaghato em fatias
hipocampais de ratos (Molz et al., 2008a; 2008412@ em cultura de
neurdnios (Zacco et al., 2003; Yang et al., 200@nd¢. e Chuang, 2007;
Vest et al., 2010), entre outros protocolos. Apegaintensas pesquisas
a cerca dos mecanismos excitotoxicos, poucas &gaat
farmacolégicas foram encontradas e obtiveram sagessombate aos
transtornos associados com excitotoxicidade glutengi@a. Embora
nao existam intervencbes farmacologicas capazes fataecer
significativa neuroprotecdo na clinica, muitas atéfgias com grande
potencial neuroprotetor podem ser investigadoseseptotocolos de
morte celular induzida por glutamato, como: anté&ges de receptores
NMDA, antagonistas de receptores AMPA, antagonigiaseceptors
cainato, bloqueadores da liberacdo de glutansatengersle radicais
livres, antioxidantes e inibidores da NOS (Lau enianski, 2010).

Levando em conta que (i) a excitotoxicidade glutgngica
envolve varios mecanismos, (i) e esta € um comwnamsmo para
varias doencas, (iii) ha muitos protocolos que rtiaen este evento; é
importante pesquisar novas estratégias neuropratetara o
tratamento da excitotoxicidade glutamatérgica.

ACIDO FOLICO

O &cido fdlico (Folato) é uma vitamina do complé&ouma das
13 vitaminas essenciais, obtido a partir da diata saplementos.
Geralmente os termos "acido félico" e "Folato" s@&ados como
sinbnimos. Folato é a forma obtida da dieta (foufeaprotonada do
acido fdlico), enquanto que o acido félico € a farsintética desta
vitamina utilizada para fortificar alimentos e spkntos nutricionais
(Djukic, 2007; Miller, 2008). Folato é encontradn gegetais de folhas
verdes, legumes, feijdes, frutas citricas, figadogyrdos integrais
(Mattson e Shea, 2003; Miller, 2008). Muitas reacbmquimicas sdo
necessarias para converter o folato da dieta @ido &lico sintético na
sua forma biologicamente ativiigura 5). Vale ressaltar que o acido
félico é altamente absorvido (85-95%) enquanto @fidato da dieta é
absorvido em menor grau (50%) (Miller, 2009). Anfa ativa co-
enzimaticamente do &cido folico é o tetrahidrofoléftHF), ao qual
diferentes moléculas de carbono podem ser adicamnafls formas
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biologicamente ativas do &cido félico apresentafereintes niveis de
reducdo e sdo susceptiveis a oxidacdo (Lamers,).2@llenzima
metilenotetrahidrofolato redutase (MTHFR), catalsaconversdo do
5,10-metilenotetrahidrofolato (5,10-MTHF) na forma 5-
metiltetrahidrofolato (5-MTHF ou L-metilfolato). BFTHF € a forma
predominante encontrada na circulacdo e tecidoigdfae Shea, 2003;
Miller, 2008). Figura 5).

Figura 5. Formacéo do 5-MTHF a partir do acidocidle folato. O &cido félico
(forma sintética) ou o folato (dihidrofolato, DHé&btido da dieta) sofrem acao
da dihidrofolato redutase (DHFR) para converteorénf ativa, tetrahidrofolato
(THF). Por sua vez, o THF sofre acdo da serinaokidetiltrasferase para
formar o 5,10- metilenotetrahidrofolato (5,10-MTHF)ue sofre a agcédo da
metiltetrahidrofolato redutase (5-MTHF), forma prednante encontrada na
circulagdo. 5-MTHF pode ser re-convertido a THF @médo da enzima
metionina sintase. (Adaptado de Miller, 2008).
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As trés formas desta vitamina, &cido félico, folatb-MTHF séo
formadas por um grupo de compostos heterociclinoespgssuem como
caracteristicas estruturais principais, e comurisdaformas, um grupo
pteridina, um grupo acido p-aminobenzéico (PABA)mea cadeia de
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acido glutamico (glutamato) de pesos variaveis comicado ndigura

6 através da férmula estrutural do THF (Djukic, 2007

Figura 6. Férmula estrutural do tetrahidrofolatdiF), forma biologicamente
ativa do acido félico(Adaptado de Kronenberg et al., 2009).
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O 5-MTHF pode também ser obtido pela conversdo adoa
folinico (5-formiltetrahidrofolato), um metabdlitativo do acido félico
(Figura 7). Em funcao de ndo ocorrer sintégenovade acido félico no
SNC, a manutencdo dos niveis adequados de &ciito fél seu
metabolito no cérebro depende do transporte adegdesta vitamina
através da barreira hemato-encefélica, lembrando ajuforma que
atravessa a barreira hemato-encefélica é a 5-MRdfaekers e Blau,
2004).

Acido félico age como um cofator de enzimas quéigpam do
metabolismo de transferéncia de moléculas de carfddattson e Shea,
2003; Coppen e Boulander-Gouaille, 2005; Kronenletrgl., 2009) e,
portanto, desempenha varias funcfes: a) remetilanaocisteina, um
aminodcido citotdxico em concentragbes elevadasm@tionina que
por sua vez pode ser convertida a S-adenosilme&or{fSAM),
composto responsavel pela transferéncia de grupmasna muitas
moléculas (Coppen e Bolander-Gouaille, 2005; Krbeep et al.,
2009); b) biossintese de nucleotideos como DNA, RN#ninoacidos;
¢) regula a expressado génica (Miller, 2008) d) ipedefeitos no tubo
neural durante o desenvolvimento do SNC (Mattso8hea, 2003;
Coppen e Boulander-Gouaille, 2005); e) aumenta asshitese de
tetrahidrobiopterina, a qual € coenzima da enzimoaima hidroxilase
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para a hidroxilacdo de tirosina na biossintese deamina e
noradrenalina e da triptofanio hidroxilase pardraese de serotonina
(Coppen et al., 1989, Miller, 2008); f) possivelieexerce um papel
neuroprotetor em danos ao SNC, por promover repacoescimento
neuronal (Iskandar et al., 2004). O esquema ildstraa figura 7
resume a importancia do 4cido félico no metabolismo

Figura 7: Esquema ilustrativo da transferéncia ddééoulas de carbono no
metabolismo do acido félicdD tetrahidrofolato (THF) é convertido em 5,10
metilenotetrahidrofolato  (5,10-MTHF), importante r@a a sintese de
nucleotidios, e em seguida reduzido a 5-metiltetrafolato (5-MTHF) pela
acdo da enzima metileno tetrahidrofolato redutdEHFR), transferindo um
grupo metil para a formacdo da metionina, etapalisata pela enzima
metionina sintase (MS). A homocisteina, um amirg@citotdxico, € metilada
a metionina, um aminoacido importante para a fdesS-adenosil-metionina,
um agente importante nas mais de 100 reacdes dsmiedilacbes (DNA,
fosfolipidios e neurotransmissores) vivo. CBS: cistationinap-sintetase;
CGL:cistationinay liase; CGS: Sistema da clivagem da glicina; MStionina
sintase; MTFR: 5,10-metilenotetrahidrofolato redeta R: compostos que
recebem grupos metilas; R@H composto metilado; SHMT: serina
hidroximetiltransferase. (Adaptado de Lamers, 2011)
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Em funcdo destas inUmeras funcdes do acido foticalquer
anormalidade que ocorra no metabolismo desta vi@mpode afetar o
SNC. Esta viséo é suportada pela alta incidéncidefieiéncia do acido
félico associadas a depressao, transtorno bipedguizofrenia, doenca
de Parkinson, doenca de Alzheimer, entre outrasigdse(Mattson e
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Shea, 2003; Coppen e Bolander-Gouaille, 2005; S&007; Miller,
2008; Krebs et al., 2009).

ACIDO FOLICO E DEPRESSAO

Levando em consideracdo que o &cido félico estaledo no
metabolismo e funcao de muitas substancias quessamciais ao SNC
(purinas, pirimidinas, DNA, RNA, aminoéacidos, corsfus fosfatados,
vitamina B-12, metionina, SAM e neurotransmisso(®ftson e Shea,
2003; Coppen e Bolander-Gouaille, 2005; Kronenbefrgal., 2009;
Lucock, 2011), é de se esperar que altera¢cdesunmetbolismo possa
resultar em doencas como a depressdo. De fatoido fidico, mais
precisamente sua forma bioativa (5-MTHF) age cormenzima na
sintese das trés monoaminas: dopamina (DA), noralina (NE) e
serotonina (5-HT) (Stahl, 200@igura 8).

Figura 8: Acido folico contribui para a sintese ttf&s monoaminas: dopamina
(DA), serotonina (5-HT) e noradrenalina (NE). A rfar acido félico néo
ultrapassa a barreira hemato-encefélica, portaetessita ser convertido a 5-
MTHF para chegar ao SNC e participar da sintesenalgotransmissores.
(Adaptado de Stahl, 2007).

[Barreira hemato-
encefilica =
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A primeira descri¢ao relacionando acido félico prdeséo surgiu
na década de 60, com o estudo de Herbert et @2)1&m seguida
muitos outros trabalhos surgiram indicando queqrdes deprimidos e
com prejuizos cognitivos apresentavam baixos noleigcido félico no
plasma, soro, eritrécito e liquor (Carney, 1967yriéds et al., 1970;
Carney e Sheffield, 1978; Ghadirian et al., 1988péSaleh e Coppen,
1989; Bottiglieri et al., 2000; Lindeman et al.,0B). Outros estudos
igualmente importantes mostraram uma forte cor@elagntre a
deficiéncia do acido félico e a severidade da degdi@ (Abou-Saleh e
Coppen, 1989; Levitt e Joffe,1989; Bottiglieri &t 2000), bem como,
indicaram que uma dieta pobre em acido félico atwanemito o risco
do desenvolvimento de sintomas depressivos (Tolmeneal., 2003) e
esta associada a prevaléncia de depressédo (Naali, 2010). Em
contraste, alguns estudos mostram auséncia de lagdiwe entre
deficiéncia de acido félico e depressdo (Williamhsle 2005; Ford et
al., 2008; Walker et al., 2010; Skarupski et ab]1®. Portanto, novos
estudos necessitam ser realizados para avaligred ga acido félico na
depresséo.

Além disso, h4 indicios na literatura de que actiicia de acido
félico esta relacionada com duradouras recaidasesigpas durante o
tratamento, como por exemplo, de fluoxetina (Pagialsoet al., 2004b).
Corroborando com este estudo, Astorg et al. (28@3traram que um
dieta deficiente em &cido félico estd associada Kieco de recorréncia
da depressdo em homens de meia idade. Porém,esipdeula-se se a
relacdo entre deficiéncia de acido fdlico e de@®spossa ser
meramente causal. Um estudo de Kendrick et al.8260gere que a
baixa concentracdo de &cido félico pode ser mai consequéncia do
gue uma causa deste transtorno.

A grande relacao entre deficiéncia de acido féiadepresséo se
sustenta ainda no fato de que a suplementacéo ido &iico em
pacientes deprimidos promove melhora do quadroedsjwo (Botez et
al., 1982;1984; Godfrey et al., 1990; Alpert ef aD02). Outro ponto
importante é que a deficiéncia de acido folico esgociada com uma
fraca resposta a terapia com antidepressivos obégssicomo a
fluoxetina, em pacientes deprimidos (Fava et @971 Coppen e
Bailey, 2000; Papakostas et al., 2004a; 2005). Al&®o, o tratamento
combinado com A&cido félico (5-MTHF) e o antidepirasdrazodona
melhorou as escores na Escala Hamilton em pacidef@imidos com
niveis normais ou niveis baixos de acido félicoséea et al., 1993). O
tratamento combinado com acido félico e fluoxetit@mbém resultou
em melhora dos escores na Escala Hamilton (esasaegtima a
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severidade da depresséo), em mulheres deprimidgspé@ e Bailey,
2000). Outro estudo ainda mostrou que o &cido dofiode ser um
tratamento alternativo para pacientes com defi@édesta vitamina e
resistentes ao tratamento com fluoxetina (Papakostaal.,, 2004a).
Portanto, pacientes deprimidos, hipofolatémicos,stram resposta
tardia ao tratamento com fluoxetina quando commaradpaciente
deprimidos, normofolatémicos (Papakostas et alD5ROResler et al.
(2008) mostrou que o tratamento combinado com &adddico e
fluoxetina em pacientes deprimidos reduziu a hosteiria e induziu
acumulo de serotonina em linfdcitos, provavelmemedificando a
funcdo destas células na depressdo. Em contrastestudo mostrou
gue néo ha claras evidéncias de que o tratamentbicado com &cido
félico e antidepressivos melhora os sintomas daedspo em pacientes
(Christensen et al., 2011).

Também é importante considerar que a suplementagédcido
félico pode ser importante na prevencdo do deseimehto da
depresséo apds um acidente vascular cerebral (@dnedial., 2010) e
durante ou apéds o parto (Lewis et al., 2011).

Portanto, a literatura indica fortes evidénciasnictis da
associacao entre deficiéncia de acido félico e efs@io, mas muitas
dividas ainda estdo presentes, jA que alguns estdo contrarios a
esta hipétese. Tendo isso em vista, novos estuiosos, bem como
estudos pré-clinicos necessitam ser realizadosghacadar o papel do
acido fdlico na depressao.

Vérios estudos pré-clinicos estdo surgindo pareiddu o
possivel efeito tipo-antidepressivo do acido fékrn modelos animais
de depresséo e futuramente estes estudos podemaeuma base para
novos possiveis estudos clinicos. Nosso grupo ggujsa demonstrou
gue a administracao de &cido félico (via oral eaitdrebroventricular)
produz efeito tipo-antidepressivo em modelos arsn@editivos de
atividade antidepressiva, TNF e TSC, em camundongjlgsn disso,
mostrou que o seu mecanismo de agdo envolve, pah@srem parte,
uma interagdo com 0s sistemas monoaminérgico,imuos sistemas
serotoninérgico (receptores5-HT e 5-HTanc) € horadrenérgico
(receptoresy; e ap) (Brocardo et al., 2008a). Adicionalmente, o efeit
tipo-antidepressivo desta vitamina mostrou ser miggete da inibigdo
de receptores NMDA ou redugcdo da sintese de NO amogina
monofosfato ciclico (GMPc) (Brocardo et al.,, 20Q8b¢m como de
uma interacdo com o sistema opiodide (receptofesd) (Brocardo et
al., 2009). Além disso, nosso grupo demonstrou @uécido folico
apresenta efeito anti-mania em um modelo animaindeia induzido
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por ouabaina (Brocardo et al, 2010). Um estudo dénistHernandez et
al. (2011), verificou que o acido félico sozinho @m combinacdo com
estradiol ou fluoxetina apresentou efeito tipodeyiressivo em ratas
fémeas ovariectomizadas no TNF. O mesmo grupo,np@d outro
estudo, mostrou que este efeito tipo-antidepressivacido folico pode
ser em funcdo de uma interacdo com os receptorasudepeptidio Y
(NPY Yj). E mais recentemente, Molina-Hernandez et all1Zp0
mostrou que um infusdo septal lateral de acidaddiozinho ou em
combinacdo com doses sistémicas de fluoxetina premefeito tipo-
antidepressivo no TNF em ratas, levando a confirquer este efeito
pode ser em funcdo de uma interacdo, pelo menopagt®, com o
sistema serotoninérgico.

Uma revisdo mais detalhada da literatura referant@apel do
acido folico em doencas psiquiatricas, com énfaae depresséo,
encontra-se no capitulo 6.

ACIDO FOLICO E NEUROPROTECAO

Como relatado anteriormente, o acido folico paticile muitas
reacbes bioquimicas, portanto, € de se esperaregte vitamina
desempenhe um importante papel neuroprotetor (MatsBhea, 2003;
Coppen e Bolander-Gouaille, 2005; Miller, 2008; weaberg et al.,
2009; Lucock, 2011). De fato, muitos estudos demnamsque o0 acido
félico apresenta efeito neuroprotetor frente aogéstimulos toxicos
vivo (Tagliari et al., 2006) & vitro (Lin et al., 2004; Yu et al., 2009).

O &cido félico apresenta um importante papel nagmgio da
adicdo errbnea de ribonucleotidios contendo a bemgla no DNA,
bem como, a quebra da fita de DNA e a hipometilagdomesmo
(Fenech, 2011). Além disso, foi reportado que dgaele acido félico
induz aumento de &4 citosolico, EROs e prejuizo da funcéo
mitocondrial (Ho et al., 2003; Tjiattas et al.,, 2D0O acido fdlico
desempenha um importante papel protetor contrat@oxicidade
induzida por glutamato ou NMDA em cultivo de neuodngranulares
cerebelares de camundongos (Lin et al., 2004). ktode de Yu et al.
(2009) mostrou que o acido félico também protegerGréos do dano
induzido pelo peptidep amiléidey; 35 por manter a fungédo mitocondrial,
integridade de DNA e regulacdo de genes associadpsptose.

Esta vitamina apresenta propriedades antioxidanteisisecas,
uma vez, que pode ser considerado um promissoteagedulador de
Fe* (Patro et al., 2006) e/ou pode agir eliminando ERMshi et al.,
2001). Um estudo de Matté et al. (2009a) corroloora esta hipdtese,
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ja que a suplementagéo com &cido félico revertdarm oxidativo, no
sangue e coOrtex parietal de ratos, induzido poerhgmocisteina
cronica.

Além disso, o &cido fdlico apresenta um importaptgpel
cognitivo evidenciado por estudos pré-clinicos (®latt al., 2007;
Troen et al., 2008; Matté et al., 2009b) e clini¢dado et al., 2005;
Ramos et al., 2005; Durga et al., 2006; De Lau.e2@07).

Todos estes dados mostram o importante papel netet
desta vitamina. Portanto, o estudo neuroproiateitro do acido félico
torna-se promissor.
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2. JUSTIFICATIVA

Estudos clinicos e epidemioldgicos mostram querasstornos
mentais sdo altamente prevalentes (perfazem em d&128 % de todas
as doencas), heterogéneos e apresentam etiolodtdatoral. Eles
estdo associados com sofrimento incalculavel, f@&gufuncionais e
alto custo financeiro (Mclntyre et al., 2006; P&ret al., 2007).

Os transtornos mentais sdo causas importantes siérbiths
funcionais a longo prazo na vida de um individuoguoais, segundo a
dados da OMS de 2005 perfazem 31,7 % da vida dpamente. As
doencas que mais contribuem para este prejuizoiofuadc séo:
depresséo maior (11,8 %), transtornos relacionadaso do élcool (3,3
%), esquizofrenia (2,8 %), transtorno bipolar (26t e deméncia (1,6
%) (Prince et al., 2007).

A depressdo é um transtorno altamente prevaleataplexo e
muito heterogéneo. A complexidade e heterogeneidhfimiltam o
diagnostico e o tratamento da mesma. Embora oslepngssivos
classicos sejam amplamente prescritos para a dé@preapresentam
muitas limita¢des, como por exemplo, um longo pkripara a resposta
terapéutica (semana a meses), baixa taxa de rasigoapéutica (um
terco dos pacientes respondem ao primeiro farmaescipto e dois
tercos apOs muitas tentativas, o que frequentenlente meses ou
anos). Além disso, ndo podemos deixar de considgmra depressao
apresenta altas taxas de suicidio (Duman e Valet2), o que agrava e
muito o problema da baixa eficdcia dos antidepressiPortanto, ha
necessidade de novos agentes no mercado farmacépdia a
depresséo.

Levando em consideracdo 0s seguintes achados: nfecie
deprimidos frequentemente apresentam uma deficiéfugicional de
acido folico e desempenham pobre resposta a teraoia
antidepressivos (Coppen e Bailey, 2000; Papakostaal., 2004a;
2005); b) acido félico esta associado a sintesexa@l@oamines (Stahl,
2007); c) a suplementag¢éo com &cido félico podermiar o efeito de
farmacos antidepressivos (Resler et al., 2008; daet al., 2010;
Christensen et al., 2011); d) estudos pré-clinfnostram que o &cido
félico apresenta efeito tipo-antidepressivo em saéo camundongos
(Brocardo et al., 2008a; Molina-Hernandez et abl1); é razoavel
concluir que esta vitamina pode ser uma alternat@dgura, simples e
barata na terapia para a depressédo (Roberts &0al7). Além disso,
devemos levar em conta o potencial papel neurdprof€agliari et al.,
2006; Lin et al., 2004; Yu et al., 2009; Matté ket 2009a) e cognitivo
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(Matté et al., 2007; Troen et al.,, 2008; Matté bt 2009b) desta
vitamina, 0s quais o torna um alvo importante deudes para a
depresséo e neuroprotecdo em modelos animais desd@p, bem como
protocolos de morte celular. Desta forma, o presestudo podera
contribuir futuramente para que o acido félico possr utilizado na
clinica sozinho ou em associagao com antidepresspariendo tornar-
se uma importante alternativa terapéutica no treéonda depresséo.
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3. OBJETIVOS
3.1. OBJETIVO GERAL

Avaliar o efeito do 4cido félico em modelos anim#gsdepresséo
em camundongos e em protocolossitro de dano celular (glutamato e
dexametasona) que possam estar envolvidos no reggarde acao
desta vitamina nos referidos modelos, analisantbmm @alos aspectos
comportamentais (estudos vivg), os aspectos bioquimicos (estudtos
vivo e in vitrg do efeito do &cido félico.

3.2. OBJETIVOS ESPECIFICOS

« Avaliar se o efeito antidepressivo do acido folwale envolver
a via da PI3K/Akt/GSK-B e PPAR+ no TNF e CA em camundongos;

« Avaliar se o efeito antidepressivo do acido féliwmle envolver
canais de potassio no TNF e CA em camundongos;

« Verificar o efeito da administracdo oral de &cidadicb no
modelo animal de depressdo induzida pelo estresseonitengdo no
TNF, TRO e CA em camundongos e avaliar parameteoeslresse
oxidativo em cdrtex cerebral e hipocampo;

« Avaliar o efeito do acido félico no protocolo de meocelular
induzida pela dexametasona em células de neurofrlastumano SH-
SY5Y na viabilidade celular e investigar se esteitefenvolve a
ativacdo de proteinas de sinalizacdo como PI3K/AKA, PKC,
CAMKII e MEK.

 Avaliar o efeito do acido folico em um protocolo derte
celular induzida pela excitotoxicidade glutamatgagiem fatias de
hipocampo, na viabilidade celular e na liberacaoghlidgamato, bem
como, investigar o imunocontetdo de GSK{8catenina e iNOS;
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4. MATERIAIS E METODOS

Os materiais e métodos encontram-se, Nos seuxtigsge
capitulos, descritos na sesséo dos resultados.
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5. RESULTADOS

Estudos in vivo
Capitulo 1
Involvement of PI3K, GSK-33 and PPARy in the
antidepressant-like effect of folic acid in the foced swimming test in
mice. Budni J, Lobato KR, Binfaré RW, Freitas AE, Cost®,A
Saavedra MD, Leal RB, Lopez MG, Rodrigues ALS. J
Psychopharmacoln press 2012.(Em anexo)

Capitulo 2
Role of potassium channels in the antidepressanké effect of
folic acid in the forced swimming test in miceBudni J, Freitas AE,
Binfaré RW, Rodrigues ALS. Pharmacol Biochem Behd1(1):148-
54, 2012. (Em anexo)

Capitulo 3
Folic acid prevents depressive-like behavior and ppocampal
antioxidant imbalance induced by restraint stressn mice. Budni J,
Zomkowski AD, Engel D, Santos DB, dos Santos AA,réto M,
Valvassori SS, Ornell F, Quevedo J, Farina M, Rpgis ALS. Artigo
em preparacdo. (Em anexo)

Estudosin vitro
Capitulo 4
Neurotoxicity induced by dexamethasone in the human
neuroblastoma SH-SY5Y cell line can be prevented bifolic acid.
Budni J, Romero A, Molz S, Martin-de-Saavedra Mje& J, Del
Barrio L, Tasca Cl, Rodrigues ALS, Lopéz MG. Neuwience.
190:346-53, 2011. (Em anexo)

Capitulo 5
Excitotoxicity induced by glutamate in the hippocanpus
slices can be prevented by folic acid through the &-3p and iINOS
inhibition. Budni J, Molz S, Dal-Cim T, Martin-de-Saavedra Migjea
J, Lopéz MG, Tasca CI, Rodrigues ALS. Artigo empamacao. (Em
anexo)
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Capitulo de livro
Capitulo 6
The role of folic acid in psychiatric disorders Budni J;
Brocardo PS.; Rodrigues Ana LS. IN: In: Méaria Szdbxe Varga.
(Org.). Folic Acid: Properties, Medical Uses andalite Benefits.
Hauppauge, New York: Nova Publishers, 2011, v. Q-p7. (Em
anexo)
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CAPITULO 1
Involvement of PI3K, GSK-33 and PPARy in the
antidepressant-like effect of folic acid in the foced swimming test in
mice. Budni J, Lobato KR, Binfaré RW, Freitas AE, Cost®,A
Saavedra MD, Leal RB, Lopez MG, Rodrigues ALS.
Psychopharmacoln press 2012.
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Abstract

Preclinical and clinical studies indicate that deficiency in folic acid plays a role in the pathophysiology of depression. Considering that alterations
in the signaling pathways that regulate neurcplasticity and cellular sunvival are implicated in depressive disorders, the present study investigated
the involvement of the phosphoincsitide 3-kinase (PI3K), glycogen synthase kinase-3 (GSK-3B), and peroxisome proliferator-activated receptor-y
(PPARy) in the antidepressant-like effect of folic acid in the forced swimming test (FST). The intracerebroventricular (i.cw.) pre-treatment of mice
with [Y294002 (10 nmol/site, a PI3K fnhibitory or GW-8662 (1 pg/site, a PPARy antagomist) prevented the antidepressant-like effect of folic acid (50
mg/kg, p.0.) in the FST. In addition, the administration of subeffective doses of the selective GSK-3f inhibitor, AR-A014418 (3 mg/kg, 1.p.), a non-
selective GSK-3f inhibitor, Lithium chloride (10 mg/kg, p.o) o a PPARy agomist, vosiglitazone (1 pg/site, i.cv.) in combination with a subeffective
dose of folic acid (10 mgskg, p.o.) significantly reduced the immobility time in the FST as compared with either drug alone, without altering the
locometer activity. These results indicate that the antidepressant-like effect of folic acid in the FST might be dependent on inhibition of GSK-3f and

activation of PPARy, reinforcing the notion that these are important targets for antidepressant activity.

Keywords
Antidepressant, folic acid, forced swimming test, GSK-3f, PI3K, PPARy

Introduction

Although the underlying pathophysiological mechanisms of depres-
sion are not completely identified, novel targets have been identi-
fied for the development of new pharmacological treatments. There
is increasing evidence that a disturbed one-carbon metabolism may
be a significant factor contributing to depressive disorders (Coppen
and Bolander-Gouaille, 2005; Sarris et al., 2009). Folic acid (folate)
is a water-soluble vitamin that is essential for cell replication and
plays an essential Tole in one-carbon metabolism that iz crucial for
neurological function (Kronenbeng et al., 2009).

There are several clinical studies showing that folate defi-
ciency is associated with a higher incidence of depression.
Reduced plasma, serum, or red blood cell folate is commonly
fourd in major depressive illnesses (Abou-Saleh and Coppen,
2006; Sarris et al., 2009). Moreover, & low folate status is associ-
ated with a poorer response to antidepressant medication, and sup-
plementing antidepressant medication with folic acid improves
the therapeutic effect (Gedfrey et al., 1990; Coppen and Bailey,
2000; Alpert et al.,, 2002). Therefore, folate is proposed to have
therapeutic potential 25 an augmentation strategy in the treatment
of depressive disorder. However, itis not well established if this is
the case both for people with normal folate levels, and for those
with folate deficiency (Taylor et al., 2004).

Corroborating the role of folic acid in depression, preclinical
studies from our group have shown that systemic and central
administration of folic acid produces antidepressant-like effects in

two predictive models of antidepressant activity, the forced
swimming test (F3T) and tail suspension test (TST) (Brocardo
et al., 20084). The mechanisms by which folic acid produces
antidepressant-like effects are not fully estzblished, but were
shown to be dependent on the serotonersic and noradrenersic sys-
tems (Brocardo et al., 2008a), inhibition of N-methyl-D-aspartate
(NMDA) receptors and nitric oxide (NO) and cyclic suanosine
monophosphate (¢cGMP) synthesis (Brocardo et al., 2008b), and
interaction with the opioid system (pl and 3-opioid receptors)
(Brocardo et al., 2009).
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Besides the well established invelvement of the moneaminer-
gic system in depression, the alterations in signaling pathways
that regulate neuroplasticity and cellular survival, such as PI3K,
the serine/threonine protein kinase Akt, GSK-3p enzyme
(Beaulieu et al., 2009) and PPARy are also implicated in the
mechanisms underlying depression as well as antidepressant
responses (Rosa etal., 2008; Eissa Ahmed et al., 2009).

The PI3K is one family of lipid kinases which catalyzes the
phespherylation of phosphatidylinesitol lipids at the 37 positien of
the inesitol ring in Tesponse te cell stimulation by growth factors,
hormones, and cytokines (Katso et al., 2001; Cantley, 2002).
Several studies have implicated PI3K in synaptic plasticity, learn-
ing and memory, and major depression (Kelly and Lynch, 2000;
Dwivedi et al., 2008; Yang et al., 2008). Lipid products of PI3K
act as second messengers by Tecruiting proteins such as Akt and
its activating kinases (Brazil et al., 2004, Hanada et al., 2004). It
regulates negatively the activity of GSK-3p via phosphorylation
at the N-terminal serine 9 (Cross etal., 1995; Hetman et al., 2000;
Beaulieu et al., 2009).

GSK-3p is a multifunctional serine/threenine kinase found in
all eukaryotes that is now recognized as a key component of mul-
tiple signaling pathways (Jope and Roh, 2006). In mammals, twe
closely related isoforms, GSK-30 and GSK-3p, are present. GSK-
3 is highly expressed in neuronal tissue and it is regulated during
development (Bhat et al., 2004). This enzyme has been suggested
to be implicated in the pathogenesis of depression. For instance,
the mood stabilizers lithium and valpreate, largely used in the
treatment of bipolar disorder (Jope, 1999), cause a direct inhibi-
tion of GSK-3p (Chen etal., 1999; Li et al., 2002). Moreover, the
electroconvulsive shock (ECS) therapy, a common approach for
the management of drug-resistant depression, may induce bipha-
sic changes, with immediate dephosphorylation of GSK-3 and
subsequent hyperphospherylation of the enzyme within 3 h after
ECS (Roh etal,, 2003). In addition, increased serotonergic activ-
ity following the administration of antidepressants inhibits GSK-
3@ in the brain (Li et al,, 2004). Further corroborating the tele of
GSK-3p as a target for antidepressant action, some studies have
shown that GSK-3 inhibitors cause antidepressant-like effects. It
was demonstrated that AR-A014418, a specific inhibitor of GSK-
3P, has an antidepressant-like effect in the FST in tats (Gould
etal., 2004a) and mice (Rosa et al., 2008). L803-mts (N-myTistoyl-
GKEAPPAPPQS[p]P), a novel GSK-3 peptide inhibitor, and
NP031115, a novel thiadiazolidinene compound, alse produce an
antidepressant-like effect in the mouse FST (Kaidanovich-Beilin
etal., 2004; Rosa et al., 2008).

PPARs are members of the nuclear hormene receptor super-
family of ligand-dependent transcription factors, and the three
major PPAR isoforms are a, B8, and y (Yessoufou and Wahli,
2010). PPARy, besides GSK- 3B, is an emerging target in pharma-
cology with promising effects in depression (Rosa et al., 2008).
PPARy are members of the nuclear receptor superfamily that
function as ligand-activated transcription factors to regulate gene
expression involved in repreduction, metabolism, development,
and immune tesponses (Desvergne and Wahli, 1999). A relation-
ship between PPARy and GSK-3p was demenstrated by treatment
ofrathippecampal neurens with a PPAR yagonist which decreased
the GSK-3p activity (Inestrosa et al., 2005). Regarding the
invelvement of PPARy in depression, eur group has shown that
the administration of the PPARy agonist Tosiglitazone causes an
antidepressant-like effect in the mouse FST that was prevented by

the pre-treatment of mice with the PPARy receptor antagonist
GW-9662 (Rosa et al., 2008). Moreover, in that study GW-9662
was able to prevent the anti-immobility effect of the GSK inhibi-
tors NP031115 and AR-A014418 in the FST (Rosa et al., 2008).
Recently, it was shown that rosiglitazone also produces antide-
pressant-like effects in the TST in mice and in the FST in rats
(Eissa Ahmed et al.,, 2009). Moreover, reinforcing the tole of
PPARy in depression, a recent study has shown that rosiglitazone
administratien te nondiabetic patients with unipolar or bipolar
depression, who had surrogate blood markers suggestive of insu-
lin resistance caused declines in depression severity scores
(Rasgon et al., 2010).

Considering: (a) that reduced folic acid availability has been
implicated in the pathophysiology of bipolar and major depres-
sion in humans; (b) the mechanisms underlying the antidepres-
sant-like effects of folic acid are not completely elucidated; and
(c) PI3K activatior, GSK-3f inhibition, and PPARy receptor acti-
vation have been associated with antidepressant activity; this study
sought to investigate the participation of these molecular targets in
the antidepressant-like effect of folic acid in the FST in erder to
ceniribute to the understanding of its mechanism of action.

Methods and materials
Animals

Swiss mice of either sex, weighing 3040 g were maintained at
22-24°C with free access to water and food, under a 12:12 h
light:dark cycle (lights on at 07:00). Animals (male and female
mice were homogeneously distributed among sroups) were accli-
matized to the laboratory for at least 12 h before testing and were
used only once throughout the experiments. Male and female
mice were maintained in different cages. All manipulations were
carried out between 09:00 and 16:00. All procedures in this study
were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 8023,
revised 1978). The experiments were performed after approval of
the protocol by the Ethics Committee of the institutions and all
efforts were made to minimize animal suffering.

Drugs and treatment

The following drugs were used: folic acid, Tosiglitazone,
LY294002, AR-A014418 (Sigma Chemical Co., St Louis, USA),
GW-9662 (Calbiechem, Darmstadt, Germany) and lithium chlo-
ride (MERCK, Darmstadt, Germany). Resiglitazone and
GW-9662 were dissolved in saline. LY294002 and AR-A014418
were dissolved in saline at a final concentration of 1% dimethyl
sulfoxide (DMSO0). Lithium chloride and folic acid were diluted
in water. AR-A014418 was administered by intraperitoneal (ip.)
route. Lithium chloride and folic acid were administered by oral
route (p.o.) through gavage. All drugs were administered in a con-
stant volume of 10 mlkg body weight, except LY294002,
GW-9662 and rosiglitazone that were administered by intracere-
broventricular (i.c.v.) route. Lc.v. administration was performed
under ether anesthesia, directly into the lateral ventricle, in a vol-
ume of 5 pl per mouse, given over 30 5, and the cannula remained
in place for another 30 s, as previously described (Kaster et al.,
2007; Brocarde et al., 2008b). Appropriate vehicle-treated groups
were also assessed simultaneously.
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To investigate the involvement of PI3K in the antidepressant-
like effect of folic acid, mice were pre-treated with LY294002, a
PI?K inhibitor (10 nmol/site, i.c.v., a dose that produces no effect
in the FST). After 15 min, folic acid (50 mgrkg, p.o.) or water was
injected, and 60 min later the FST was carried out.

To test the hypothesis that the antidepressant-like effect of
folic acid could be mediated by the inhibition of GSK-3p activity,
mice were treated with folic acid (10 mg/kg, p.o., a sub-effective
dose in the FST) or water (contrel group) and 30 min after, were
injected with a sub-effective dose of AR-A014418 (3 mg/kg, i.p.)
or vehicle. The FST or open-field test was carried out 30 min later.
The dose of AR-A014418 was chosen based on a previous study
from our group which shows that this is a sub-effective dose in the
FST (Rosa et al., 2008). In another experiment, mice were treated
with lithium chloride (10, 30, and 100 mg/kg, p.o., a mood stabi-
lizer that acts as a non-selective GSK-3p inhibitor)yor water (con-
trol group)and 60 min later the FST or open-field was carried out.
This experiment was performed te choose a sub-effective dose of
lithium chleride in the FST. In addition, mice received folic acid
(10 mg/kg, p.o.) or water and immediately after, lithium chloride
(10 mg/kg, p.o., & sub-effective dose in the FST) or water was
administered. The FST or the open-field test was carried out 60
min later.

Inowder to investigate the involvementef PPARy in the antide-
pressant-like effect of folic acid, mice were treated with folic acid
(10 mg/kg, p.o) or water (control group) and 435 min after, were
injected with a sub-effective dose of the PPARy agonist 1osiglita-
zone (1 pg/site, i.c.v.). After 15 min, the FST was carried out. In
another set of experiments, mice were pre- treated with GW-9662,
a PPARy antagonist (10 pg/site, i.c.v., a dose that produces no
effect in the FST). After 15 min, folic acid (50 mg/kg, p.o.) or
water was administered, and 60 min later the FST was carried out.
The deses of Tosiglitazone and GW-9662 were selected based on
a previous study from our group (Rosa et al., 2008).

The doses of felic acid (10 mg/kg, p.o., sub-effective dose in
the FST and 50 mg/kg, p.o., effective dose in the FST) were cho-
sen based on the dose-respense curve in the mouse FST (Brecardo
etal., 2008a).

Forced swimming test

Mice were individually forced to swim in an open cylindrical con-
tainer (diameter 10 cm, height 25 cm), containing 19 cm of water
at 25 + 1°C; the total duration of immobility during a 6 min test
wag scored as described previously (Rosa et al., 2003; Budni et
al., 2007; Kaster et al., 2007; Rosa et al., 2008). Each mouse was
Judged to be immobile when it ceased struggling and remained
floating motionless in the water, making only those movements
necessary to keep its head above water. A decrease in the duration
of immobility is indicative of an antidepressant-like effect (Porsolt
etal., 1977).

Open-field test

The ambulatory behavior was assessed in an open-field test as
previously described (Budni et al, 2007; Kaster et al., 2007).
Briefly, the apparatus consisted of a wooden box measuring
40%60%50 cm with the floor of the arena divided into 12 equal
squares. At the start of each trial 2 mouse was placed in the left

corner of the field and was allowed to freely explore the arena.
The number of squares crossed with all paws (crossing) was
counted in a 6-min session. The arena floor was cleaned between
the trials and the test was carried out in a temperature and light
contrelled room.

Stafistical analysts

All experimental results are given as the mean £ SEM.
Comparisons between experimental and contrel groups were per-
formed by one-way ANOVA (dose-response curve of lithium
chloride) or two-way ANOVA (interaction of folic acid with the
pharmacological agents) followed by Newman—Keuls test when
appropriate. A value of P <0.05 was considered to be significant.

Results and discussion

The tesults presented in Figure 1A shows that the anti-immobility
effect of folic acid (50 mg/kg, p.o.) was completely prevented by
pre-reatment of animals with the PI3K inhibitor LY294002 (10
nmol/site, ic.v.). Figure 1B shows that the administration of
LY294002 alone or in combination with folic acid was devoid of
effect in the open-field test.

The results illustrated in Figure 2A show that the administra-
tion of a sub-effective dose of AR-A014418 (3 mgrke, i.p., aselec-
tive inhibitor of GSK-3p) in combination with a sub-effective dose
of folic acid (10 mgkg, p.o.) produced an antidepressant-like
effect as compared with the administration ef either drug alone.
Figure 2B shows that the administration of AR-A014418 alone or
in combination with folic acid did not affect locomotor activity in
the open-field test.

In addition, lithium chloride, a non-selective GSK-3p inhibi-
1o, was used as a pharmacological tool to reinforce the notion that
folic acid inhibits GSK-3p. Inorder to investigate the effectof the
acute administration of lithium chloride on the immobility time in
the FST, a dose-respense curve was performed. The results
depicted in Figure 3 show that lithium chloride causes areduction
in the immobility time in the FST at doses of 30 and 100 mg/kg,
p-o., but not at the dose of 10 mg/kg, p.o. Figure 3B shows that
lithium chleride administration (10-100 mg/kg, p.e.) causes a
teduction in the locomoter activity of mice in the open-field test.
Drugs that cause a psychostimulant effect in the open-field test
may give a false positive result in the FST. Therefore, the hypolo-
comotor effect elicited by lithium chloride administration does
not account for the anti-immobility effect produced by this GSK-
3p inhibitor. Figure 3C shows that the administration of lithium
chloride at a sub-effective dose (10 mg/kg, p.o.) in combination
with a sub-effective dose of folic acid caused an anti-immobility
effect in the FST, as compared with either drug alene. Figure 3D
shows that lithium chloride alone or in combination with folic
acid decreased the locomotor activity of mice in the open-field
test.

Figure 4A shows that the administration of a sub-effective
dose of rosiglitazone (1 pg/site, i.c.v.) in combination with a sub-
effective dose of felic acid (10 mg/kg, p.o.) produced a synergistic
anti-immobility effect in the FST. Figure 4B shows that this effect
is not due to a psychostimulant effect, since the adminis tration of
rosiglitazone alone or in combination with folic acid did notaffect
the locomotion of mice in the open-field test.
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Figure 1. Effect of the pre-treatment of mice with LY294002 (10 nmol/site, i.c.v.) on the anti-immobility effect of folic acid (50 mg/kg, p.0.) in
the forced swimrming test (panel ) and on the number of crossings in the open-field test (panel B). Values are expressed as mean+SEM (n = 6-10).
**p < 0,01 a5 compared with the vehicle-treated control, ¥ < 0.01 as compared with the same group pretreated with vehicle. (A) Pre-trestment:

(FIL,28] = 6.76, p < 0.05); folic acid treatment: (F[1,28] = 6.71, p < 0.05); LY204002 pre-treatment X folic acid treatment interaction:
(FI1,28] = 10.45, p < 0.01); (B) LY204002 pre-treatment: (F[1,20] = 0.05, p = 0.82); folic acid treatment: (F[1,20] = 0.12, p = 0.73); LY284002

pre-treatment X folic acid treatment interaction: {£[1,20] = 0.07, p = 0.79).
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Figure 2. Effect of AR-AO14418 {3 mg/kg, i.p.) in combination with a sub-effective dose of folic acid 10 mg/kg, p.o.) in the forced swimming

test (panel A) and in the open-field test (panel B). Values are expressed as mean+SEM {n = 6-8). **p < 0.01 as compared with the vehicle-treated
control. {A) Felic acid pretreatment: (F{1,25] = 13.18, p < 0.01); AR-A014418 treatment: (F[1,25] = 4.63, p < 0.05); folic acid pre-treatment

X AR-A014418 treatment interaction: (F[1,25] = 8.00, p < 0.01); (B) folic acid pretreatment: (F[1,18] = 0.11, p = 0.74); AR-A014418 treatment:
(F[1,18] = 0.07, p = 0.79); folic acid pre-treatment X AR-A014418 treatment interaction: (F[1,18] = 3.44, p = 0.08).

The results presented in Figure 5A shows that the anti-immo-
bility effect of folic acid (50 mg/kg, p.o.) was completely pre-
vented by pre-treatment of animals with the PPARy antagonist
GW-9662 (10 pgfsite, i.c.v.). Figure 5B shows that the administra-
tion of GW-9662 alone or in combination with folic acid was
devoid of effect in the open-field test.

Several clinical studies have reported a reduction in folic
acid levels in serum and erythrocytes of depressed patients
and a therapeutical effect of this vitamin in combination with

antidepressants for treatment of refractory depression has also
been shown; two indications that support that folic acid plays
an important rtole in the pathophysiology of depression
(Coppen and Bailey, 2000; Coppen and Bolander-Gouaille,
2005).

Pre-clinical studies dealing with folic acid are not so abundant
and the evidence that this vitamin administration produces an
antidepressant-like effect in predictive models of antidepressant
activity was giventecently (Brocardo et al., 2008a, 2008b, 2009),
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Figure 3. Dose-response cunve of Lithium chloride administration on the immobility time in the forced swimming test (FST) (panel A) and in the
open-field test (panel B). Effect of Lithium chloride (10 mg/kg, p.c.) in combination with a sub-effective dose of folic acid (10 mg/kg, p.o.) in

the FST {panel C) and in the open-field test (panel D). Values are expressed as meantSEM {n = 6-10}. *p < 0.05, **p < 0.01 as compared with the
vehicle-treated control (water, W). (&) Lithium chloride treatment: (F[3,27] = 7.09, p < 0.01); (B) lithium chloride treatment: ([3,27] = 10.78,

p < 0.01); {C) folic acid pre-treatment: (£[1,30]

1.80, p = 0.19); lithium chloride treatment: {F[1,30] = 18.43, p < 0.01); folic acid pre-treatment

X lithium chloride treatment interaction: (F[1,30] = 12.07, p < 0.013; (D) folic acid pre-treatment: (F[1,25] = 17.19, p < 0.01); Lithium chlotide
treatment: (F1,25] = 0.002, p = 0.07); folic acid pre-treatment X lithium chloride treatment interaction: (F[1,25] = 7.51, p < 0.05).

but the mechanisms underlying its antidepressant-like action
remain pootly understood.

In the present study we have shown, to our knowledge for the
first time, that the administration of PI3K enzyme inhibitor,
LY 294002, zbolished the antidepressant-like effect of folic acid it
FST. Note wortthily, we have recently shown that this enzyme
inhibitor was able to prevent the neuroprotective effect of folic
acid against dexamethasone-induced neurotoxicity in human neu-
roblastoma SH-SY5Y cell line (Budni et al., 2011). Furthermore,
the acute administration of folic acid at a sub-effective dose in
combination with sub-effective doses of the GSK-3p inhibitors
(AR-A014418 and lithium chloride) or rosiglitazone, a PPARy
agonist, reduced the immobility time in the FST as compared with
either drug alone, which is consistent with an antidepressant-like
effect. Moreover, the administration of a PPARy antaponist,
GW-9662 was able to prevent the anti-immobility effect of folic
acid, which was administered at adose that was previously shown

0 be effective in the FST (Brocardo et al., 2008a). These results
indicate that the antidepressant-like effect of folic acid in the FST
may be mediated by PI3K enzyme activation, inhibition of GSK-
3P activity and activation of PPARy receptors. Our results extend
the knowledge about the mechanisms underlying the antidepres-
sant-like effects of folic acid it the FST, a widely used behavioral
model that assess antidepressant potential of drugs, and reinforces
the notion that PI3K/AKYGSK-3p pathway as well as PPARy
receptor modulation may exert a significant role in the mechanism
of action of antidepressant drugs.

GSK-3p is regulated upstream by another protein kinase, Akt-
1, and together these two kinases are part of a signaling pathway
repulated by PI3K (Cross et al., 1995; Grimes and Jope, 2001).
The activation of PI3K induces the Akt activation, which iz a pri-
mary tarset of PI3K. This protein is one of the key signaling
enzymes that participates in many physiological functions in brain
and is utilized by neurotrophins to mediate neuronal plasticity,
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Figure 4. Effect of rosiglitazone (1 ug/site, i.c.w) in combination with a sub-effective dose of folic acid (10 mg/kg, p.o.) in the forced swimming
test (panel Ay and in the open-field test (panel B). Values are expressed as mean+3EM {n = 6-10) **p < 0.01 as compared with the vehicle-treated
control. (A) folic acid pre-treatment: (F[1,28] = 7.64, p < 0.01); rosiglitazone treatment: (F[1,28] = 15.49, p = 0.01); folic acid pre-treatment

X rosiglitazone treatment interaction: (F[1,28] = 5.15, p < 0.05); (8) folic acid pre-treatment: (F1,23] = 3.07, p = 0.09); rosiglitazone treatment:

(FI1,23] = 0.14, p = 0.71); folic acid pre-treatment X rosiglitazene treatment interaction: (F[1,23] = 2.12, p = 0.16).
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Figure 5. Effect of the pre-treatment of mice with GW-0662 (10 pg/site, i.c.n) on the anti-immebility effect of felic acid (50 mg/kg, p.o.) in the
forced swimming test (panel A) and on the number of crossings in the open-field test (panel B). Values are expressed as mean+5EM (n = 6-8).

**p < 0,01 as compared with the vehicle-treated control. % < 0.01 as compared with the same group pre-treated with vehicle. {A) GW-9662
pre-treatment: (F[1,22] = 7.68, p < 0.05); folic acid treatment: (F[1,22] = 5.48, p < 0.05); GW-0662 pre-treatment X folic acid treatment interaction:
(F[1,22] = 15.41, p = 0.01); (B) GW-0662 pre-treatment: (F11,25] = 1.45, p = 0.24); folic acid treatment: (F[1,25] = 0.48, p = 0.48); GW-9662

pre-treatment X folic acid treatment interaction: {F[1,25] = 0.43, p = 0.52).

cell survival, and inhibition of apoptosis for several neuronal sub-
types (Katso et al., 2001; Beaulieu et al., 2009). Abnormalities in
activation and expression of PI3K may be invelved in the mecha-
nism of many psychiatric disorders as well as major depression.
Dwivedi et al. (2008) showed, in a study performed in brain
obtained from major depression subjects, that there was decreased
activation of PI3K in the prefrontal cortex and hippocampus of
these suicide subjects compared with normal controls, which
implicates this enzyme in the pathophysiology of depression.
Corroborating this notion, our results indicate that a mechanism

related to the antidepressant-like effect of folic acid may involve
the activation of PI3K, because pre-treatment of mice with PI3K
inhibitor, LY 294002, prevented the antidepressant-like effect of
folic acid in FST. Our finding is somewhat in line with a previous
study (Seto et al., 2010) which shows that oral folic acid supple-
mentation restored the blunted acetylcholine-induced aottic
relaxation in an animal model of dizbetes-mellitus-associated
hypertension, observed in mice, probably via enhancement of the
activity of PI3K/Akt cascade. However, it is important to mention
that GSK-3 and GSK-3 inhibitors have been more investigated in
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the context of bipolar disorder than in the context of major depres-
sion (Gould et al., 2004b, 2006; Gould, 2006; Rowe et al., 2007;
Kalinichev and Dawson, 2011). In addition, Brocardo et al. (2010)
showed that folic acid produces antimanic action in an cuabain-
induced animal model of mania. Hence, we cannot tule out the
possibility that observed behavioral effects of folic acid are due to
the fact that it acts similarly to mood stabilizers, like lithium.
Indeed, lithium, valpreate, and lamotrigine produce antidepres-
sant-like effects in the FST (Redrebe and Bourin, 1999; Bourin
etal,, 2005; Ghasemi et al., 2010).

The PI3K/Akt pathway has been shown to act as an upstream
mechanism of GSK-3p activity regulation, since this system
might directly phosphorylate Ser9 of GSK-3p, leading to GSK-3f
inactivation (Grimes and Jope, 2001; Bhat et al., 2004; Beaulieu
et al., 2009). GSK-3 is a constitutively active enzyme, found as
two isoforms (o and B) in mammals, and is highly expressed in
brain and it has numerous cellular targets including transcription
factors, cytoskeleton proteins, and molecules involved in cell
division. Generally, active GSK-3 is proapeptoetic and its inhibi-
tion, for example, by lithium or phosphorylatien via Akt and
other signaling melecules, is antiapoptotic (Picchini et al., 2004).
A large amount of evidence has implicated GSK-3f as a drug tar-
get for certain brain diserders, including depression. Literature
data teport that GSK-3f inhibitors, including lithium and
AR-A014418, and the thiazolidone NP0311135 reduced immobil-
ity in the FST, thus mimicking the action of antidepressants
(Gould et al., 2004a; Rosa et al., 2008). Our results show that the
antidepressant-like effect of folic acid may invelve the inhibition
of G3K-3p, since treatment of mice with the GSK-3p inhibitor,
AR-A014418, plus folic acid potentiated the antidepressant-like
effect of folic acid in FST.

Besides the implication of GSK-3p in the pathophysiology of
depression, our group has firstly shown that an activation of
PPARY by the i.c.v. administration of the PPARy agenist tosiglita-
zone in mice produces an antidepressant-like effect in FST (Rosa
etal., 2008). This notion was recently reinforced by a study that
has shown that rosiglitazone administered orally preduces an
antidepressant-like effect in the FST inrats and in the TST inmice
that was teversed by the PPARy antagonist GW-9662 (Eissa
Ahmed et al., 2009). We have also shown that the pre-treatment of
mice with GW-9662 was effective in preventing the antidepres-
sant-like effect elicited by NP031115, AR-A014418 (GSK-3p
inhibitors) and rosiglitazone (Rosa et al., 2008). Moreover, we
have shown that NP031115 and AR-A014418 activate PPARy in
CHO cells transfected with the reporter plasmid pPPRE-tk-luc
containing three PPARy consensus-binding sites (Rosa et al.,
2008). Therefore, it seems that activation of PPARy can inhibit
GSK-3p. The inhibition of this enzyme may play a critical role in
the antidepressant-like effect of some drugs in the FST. In the pre-
sent study, the administration of folic acid at a sub-effective dose
in combination with a sub-effective dose of Tosiglitazone reduced
the immobility time in the FST, suggesting that the antidepressant-
like effect of folic acid is dependenton the activation of PPARy.
Further reinforcing this notion, our results show that the adminis-
tration of GW-9662 was able to reverse the anti-immobility effect
of folic acid.

Another interesting observation was that a sub-effective dose
of lithium chleoride preduced a synergistic antidepressant-like
effect in the FST when administered in combination with folic acid.
Importantly, the therapeutic efficacy of lithium for the treatment

of mood disorders may result from inhibition of GSK-3p.
Although lithium acts on several molecular targets and may
inhibit multiple enzymes, GSK-3p and GSK-3a are the only
known protein kinases that are directly inhibited by lithium (Li
et al., 2002; Gould and Manji, 2005).

The FST is sensitive 1o antidepressants from different pharma-
cological classes (Porsolt et al., 1977; Cryan et al., 2002, 2005).
However, in the FST, drugs enhancing lecomoter activity, such as
caffeine may give a ‘false’ pesitive effect (Redrigues et al., 2005).
Therefore, in erder to exclude the possibility that the synergistic
effect of folic acid and GSK-3p inhibitors or 1osiglitazone in the
FST is a reflection of generalized increased locomotor activity,
mice were also submitted to the open-field test for ambulation
analysis. Our results, clearly show that the ability of the GSK-3f
inhibitors or rosiglitazone to augment the behavioral response to
folic acid in the FST is not due to a nonspecific locomotor stimu-
lant effect of the drug combination because neither the GSK-3p
inhibitors alone nor administered in combination with folic acid
altered Jocometor activity. Therefore, the synergistic antidepres-
sant-like effect of folic acid combined with the GSK-3p inhibitors
and PPARYy agonist rosiglitazene ebtained in this study ceuld net
be atributed to general hyperactivity of mice. On the other hand,
our Tesults indicated that lithium chleride alone er in combination
with folic acid decreased the locomotor activity of mice in the
open-field test. However, this effect does not account for the anti-
immobility effect elicited by the joint administration of folic acid
and lithium chloride, since a hypolocomotor activity may cause a
false depressant-like effect, but not a reduction in the immobility
time in the FST. This effect in the open-field test underestimates
the antidepressant-like effect of lithium chleride alene or in com-
bination with folic acid.

It has been well established that drugs acting on serotenergic
neurotransmission such as selective serotonin reuptake inhibi-
tors (SSRIs), monecamine exidase (MAO) inhibitors, and tricy-
clic antidepressants cause GSK-3f inhibition in the frental
cortex, hippocampus, and striatum of mice (Li et al., 2004;
Beaulieu et al., 2008). Moreover, functional Tp42 gene muta-
tion, that produces a severe reduction of brain serotonin synthe-
sis in mice, leads to an increase in cortical GSK-3p activity and
a depressant-like behavier in the TST (Beaulieu et al., 2008).
These effects were Teversed by the selective GSK-3p inhibitor
TDZD-8. A previous study from our group has shown thatactiva-
tion of the serotonergic system is involved in the antidepressant-
like effect of folic acid in the FST (Brocardo et al., 2008a). For
that reason, activatien of the serotonergic system elicited by
folic acid administration mightbe implicated on the inhibition of
GSK-3p observed in the present study. Hence, it remains to be
established the relatienship between the activation of the sero-
tonergic system by folic acid and the results reported in the
present study.

In conclusion, the present study significantly extends literature
data regarding the mechanisms underlying the antidepressant-like
action of folic acid by indicating that its anti-immobility effect in
the FST may be dependent on the activation of PI3K/Akt pathway,
inhibition of GSK-3p and activation of PPARy (Figure 6). These
findings reinforce the notien that these are important targets for
antidepressant activity. Since the conventional pharmacotherapy
for depression has several drawbacks, PI3K, GSK-3p, and PPARy
should be considered as nevel melecular targets for the develop-
ment of antidepressant drugs.
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Figure 6. Proposal for mechanisms underlying the antidepressant-like
effect of folic acid. The hypothetic diagram takes into account present
tesults and previous findings on the invalvement of noradrenergic,
serotoninergic, glutamatergic (NMDA receptors), nitrergic and opioid
systems in the antidepressant-like effect of folic acid (Brocarde et al.,
20083; 2008b; 2000) and the role of PI3K in its neuroprotective

effect {Budni et al., 2011). An activation of the serotoninergic system
elicited by folic acid (Brocardo et al., 2008a) probably stimulates PI3K,
inhibiting GSK3P activity (Beaulieu et al., 2008; Beaulieu, 2011). An
increase in serotonin and noradrenaline availability in the synaptic
cleft induced by folic acid {Brocardo et al., 2008a) might inhibit NMDA
receptors (Lea and Gersdorff, 2002; Masuko et al., 2004). Alsa, it is
possible that folic acid directly inhibits NMDA receptors (Brocardo et
al., 2008b) with the consequent increase in noradrenaline and serotonin
availability (L8 pez-Gil et al., 2009; Dazi et al., 2011). The inhibition
of NMDA receptors elicited by folic acid also causes a decrease in nitric
oxide synthesis (Brocardo et al., 2008b), but the possibility cannot

be ruled out that folic acid ditectly inhibits nitric oxide synthase, also
leading to an increase in moncamine availability {Johnson et al., 1988;
Szabo et al., 1993; Segieth et al., 2001). Moreover, the inhibition of
NMDA receptors probably causes an activation of the opicid system
(Brocardo et al., 2009), which through S-opioid receptors might
activate PI13K (Heiss et al., 2000; Olianas et al., 2011). In addition,
we have recently shown that folic acid exerts a neuroprotective effect
against dexamethasone, at least in part, by activating PI3K (Budni et
al., 2011). Noteworthy, the results of the present study extend previous
data by suggesting that folic acid elicits an antidepressant-like effect
via PI3K activation with the consequent GSK3[ inhibition. In this
study, PI3K inhibitor LY204002 and the PPARy antagonist (GW9662)
prevent the antidepressant-like effect of folic acid. In addition, the
GSK3P inhibitors AR-A014418 and lithium, as well as the PPARy
agomist rosiglitazone fall administered at sub-effective doses) produce
a synergistic effect with a sub-effective dose of folic acid. Therefore,
folic acid could cause the activation of PI3K, which, in turn, leads

+o the inhibition of GSK3f through Akt-dependent phosphoryation
mechanism. Mareover, folic acid might activate PPARy receptors causing
GSK3P inhibition by a mechanism Likely dependent an PI3K activation.
5-HT, seratonin; GSK3P, glycogen synthase kinase 3-beta; NA, noradrenaline;
NMDA, N-methyl-D-aspartate; NO, nitric oxide; PI3K, phosphoinositide 3-kinase;
PPARy, peroxisome proliferator-activated receptor-gamma.
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Potassium (K*) channels have been implicated in depressive disorders and in the mechanism of action of
antidepressants. Considering that several studies have indicated that folic acid plays an important role in
the pathophysiology of depression, the present study investigated the involvement of potassium channels
in the antidepressant-like effect of this vitamin. For this aim, the effect of the combined administration of
different types of K+ channel blockers and folic acid in the forced swimming test (FST) was investigated.
Treatment of mice by intracerebroventricular (ic.v.) route with subactive doses of glibenclamide (an
ATP-sensitive Kt channels blocker, 0.5 pg/site), charybdotoxin (a large- and intermediate-conductance
calciume-activated KT channel blocker, 25 pg/site) or apamin (a small-conductance calcium-activated K
channel blocker, 10 pg/site], augmented the effect of folic acid (10 mg/kg, p.o., subeffective dose) in the
FST. Additionally, the administration of folic acid and the K+ channel blockers, alone or in combination, did
not affect locomotion in the open-field test. Moreover, the reduction in the immobility time in the FST elicited
by folic acid administered at a higher dose (50 mg/kg, p.o.) was prevented by the pretreatment of mice with
the KT channel opener cromakalim (10 pg/site, i.c.v.), without affecting locomotor activity. The results of this
study indicate that the antidepressant-like effect of folic acid in the FST may be at least partly due to its
modulatory effects on neuronal excitakility, via inhibition of K channels.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Depression is a chronic, severe and debilitating mental illness that
affects millions of people worldwide. Although the underlying
pathophysiological mechanisms of depression are not completely
established, novel targets have been identified for the development
of new pharmacological treatments (Lee et al, 2010). There is
increasing evidence that a folic acid status is an important factor
that may contribute to depressive disorders and its treatment
(Coppen and Bolander-Gouaille, 2005; Morris et al, 2008; Sarris
et al, 2009). Folic acid (folate), one of the 13 essential vitamins
which is obtained from dietary sources or supplements, is essential
for the functioning of nervous system, since it displays an important
role in neuroplasticity and maintenance of neuronal integrity
(Fenech, 2010; Kronenberg et al., 2009).

Many important metabolic processes are dependent on folic acid
availability, including the synthesis of norepinephrine, dopamine
and serotonin, which are neurotransmitters implicated in the
pathogenesis and treatment of depression (Fava and Mischoulon,
2009). There are several clinical studies regarding folic acid deficiency
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associated with a higher incidence of depression. These studies show
that: a) reduced plasma, serum or red blood cell folic acid is common-
ly found in major depressive illnesses ( Abou-Saleh and Coppen, 2006;
Sarris et al,, 2009); b) a low folic acid status is associated with poorer
response to antidepressant medication; on the other hand, folic acid
supplementation added to antidepressant medication improves its
therapeutic effect (Alpert et al, 2002; Coppen and Bailey, 2000;
Godfrey et al,, 1990). Low folic acid status is associated with reduced
serotonergic and/or neurotransmitter function; (¢} preclinical studies
from our group have shown that systemic and central administration
of folic acid produces antidepressant-like effect in two predictive
models of antidepressant activity, the forced swimming test (FST)
and tail suspension test (TST} (Brocarde et al., 2008a). The
mechanisms by which folic acid produces antidepressant-like effect
are not fully established, but they were shown to be dependent on
the serotonergic and noradrenergic systems (Brocardo et al,, 2008a),
inhibition of N-methyl-p-aspartic acid (NMDA) receptors and nitric
oxide (NO) and cyclic guanosine monophosphate (¢cGMP} synthesis
(Brocardo et al., 2008b). Additionally, antidepressant-like effect of
folic acid is also mediated by an interaction with the opioid system
(m- and &-opioid receptors) (Brocardo et al, 2009), inhibition of
glyeogen synthase kinase-3 (GSK-3p) and activation of peroxisome
proliferator-activated receptor-vy (PPARYy) (Budni et al,, 2011b).

NO is an important messenger in the central nervous system. It is
produced from r-arginine by the catalytic action of NO synthase



78

J Budrni et al. / Phormacotogy, Biochemistry and Behavior 107 (2012) T48-154 148

(NOS). Physiologically, NO actions may be mediated by locally
produced NO and in most instances by the subsequently generated
second messenger molecule guanosine 3’5 cyclic monophosphate.
Studies indicate that different types of K™ channels in several tissues
can be activated by NO per se or through ¢GMP production (Jeong
et al, 2001; Shin et al, 1997). Additionally, a previous study of our
group demonstrated that the antidepressant-like effect elicited by
the inhibition of several subtypes of K™ channels is dependent on
the inhibition of NO-cGMP synthesis (Kaster et al., 2005). Thus, K1
channels might be one of the physiclogical targets of NO in the
brain (Jeong et al, 2001} and the inhibition of these channels might
play an important role in the pathophysiology of depression.

Therefore, the aim of this study was to investigate whether the
blockade of KT channels can contribute to the antidepressant-like
effect of folic acid in the FST in mice.

2. Materials and methods
2.1. Animals

Adult Swiss mice of either sex (homogeneously distributed among
groups), weighing 20-40 g were maintained at 20-22 °C with free
access to water and food, under a 12:12 h light:dark cycle (lights on
at 7:00 am). Male and female mice were maintained in different
cages. All manipulations were carried out between 9:00 am and
4:00 pm, with each animal used only once. All procedures were
performed in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals. The experiments were
performed after approval by the Ethics Committee of the Institution
and all efforts were made to minimize animal suffering and to reduce
the number of animals used in the experiments.

2.2. Drugs and treatment

The following drugs were used: folic acid (Sigma Chemical Co., St.
Louis, U.S.A}, charybdotoxin, cromakalim and glibenclamide (Tocris
Cookson, Ballwin, MO, USA}. Cromakalim was dissolved in saline
with 10% Tween 80, whereas all the other drugs were dissolved in
isotonic saline solution (NaCl 0.9%) immediately before use, except
folic acid which was dissolved in distilled water. Appropriate
vehicle-treated groups were also assessed simultaneously. All the
drugs were administered by intracerebroventricular (i.cv.) route, in
avolume of 5 pl per mouse, except folic acid which was administered
by oral route (p.o.} in a constant volume of 10 ml/kg body weight.
Lc.v. injections were given under light ether anesthesia, directly into
the lateral ventricle as described previously by Budni et al. (2007},
with the bregma fissure as a reference. Vehicle, potassium channel
bloclers or potassium channel opener were injected in a volume of
5, given over 30 s, and the cannula remained in place for another
30s.

To test the hypothesis that the antidepressant-lile effect of folic
acid is mediated through the inhibition of K+ channels, animals
were pretreated with a subeffective dose of folic acd (10 mg/lkeg,
p.e.), and 45 min later they received subeffective doses of glibencla-
mide (an ATP-sensitive Xt channel blocker, 0.5 pg/site), charybdo-
toxin (a large- and intermediate-conductance calcium-activated K+
channel blocker, 25 pg/site} or apamin (a small-conductance
calcium-activated K+ channel blocker, 10 pg/site) before being tested
in the FST.

In order to rule out any psychostimulant effect of the interaction
of KT channel blockers and folic acid, mice were pretreated by oral
route with folic acid 45 min before the administration by i.cv. route
of glibenclamide (0.5 pg/site), charybdotoxin (25 pg/site) or apamin
(10 pg/site). The open-field test was carried out 15 min later.

In another set of experiments, mice were pretreated with folic acid
(50 mg/lg, po.), 45min before the administration of cromakalim

{a K* channel opener, 10 pg/site, i.cv.). FST or the open-field test
was carried out 15 min later.

The doses of folic acid were chosen based on previous studies from
our group (Brocardo et al., 2008a, 2008b, 2009; Budni et al,, 2011b).

The doses of glibenclamide, charybdotoxin, apamin and cromalkalim
were chosen on the basis of literature and are previously reported not to
increase locomotor activity (Budni et al, 2007; Galeotti et al., 1999;
Kaster et al., 2005, 2007).

2.3, Forced swimming test (FST)

Briefly, mice were individually forced to swim in an open
cylindrical container (diameter 10cm, height 25 cm), containing
19 cm of water (depth) at 25 +1 °C; the total duration of immobility
was measured during 6-min period as described previously (Brocardo
et al, 2008a; Budni et al.. 2007; Kaster et al, 2005}. Each mouse was
judged to be immobile when it ceased struggling and remained
floating motionless in the water, making only those movements
necessary to keep its head above water. A decrease in the duratien
of immobility is indicative of an antidepressant-like effect (Porsolt
et al, 1977).

24. Open-field test

To assess the possible effects of folic acid on locomotor activity,
mice were evaluated in the open-field paradigm as previously
described (Budni et al., 2007; Redrigues et al, 1996). Animals were
individually placed in a wooden box [40x 6050 cm ) with the floor
divided into 12 rectangles. The number of squares crossed with all
paws (crossing) was counted in a 6min session. The apparatus
were cleaned with a solution of 10% ethanol between tests in order
to hide animal clues.

2.5, Statistical analysis

All experimental results are given as the mean +SEM. Compari-
sons between experimental and control groups were performed by
two-way ANOVA (interaction of folic acid with the pharmacological
agents) followed by Newman-Keuls test when appropriate. A value
of p=0.05 was considered to be significant.

3. Results

3.1. Effects of combined administration of subeffective doses of the KT
channel blockers and folic acid in the FST

The results presented in Fig. 1A show the synergistic
antidepressant-like effect of glibenclamide {an ATP-sensitive K™
channel blocker, 05 pg/site, i.c.v.} combined with a subeffective dose
of folic acid (10 mg/lcg, p.o.) in the FST. The two-way ANOVA revealed
a significant effect of glibenclamide treatment [Fy 23 = 12.78, p<0.01]
and pretreatmentx treatment interaction [F; 25 = 16.30, p=0.01]. but
not of folic acid pretreatment [Fy 25 =249, p=0.12].

Fig. 1B shows that apamin (a small-conductance calcium-
activated Kt channel blocker, 10 pg/site, i.cv.} in combination with
a subeffective dose of folic acid reduced the immobility time in the
FST when compared with either drug alone. The two-way ANOVA
revealed a significant effect of apamin treatment [Fyzs=1469,
p<0.01] and pretreatmentx treatment interaction [Fy25=11.28,
p=0.01], but not of folic acid pretreatment [F 23 = 2.67, p=0.11].

As presented in Fig. 1C the administration of charybdotoxin (a
large- and intermediate-conductance calcium-activated K™ channel
blocker, 25 pg/site, i.c.v.) in combination with subeffective dose of
folic acid also produced an antidepressant-like effect in the FST. The
two-way ANOVA revealed a significant effect of folic acid pretreat-
ment [Fy 2z =28.75, p<001]. charybdotoxin treatment [Fq,5=6.72,




79

150 J Budni et ol { Phormacotogy, Biochemistry and Behavior 107 (2072) 148-754

200

A
250 w
200
150
100
50

Vehicle alic acid 10mgtkg, p.o.

B
250 -
200
100
50

Vehicle Folic acid 10mg/kg, p.o.

Immobility time (s)

n

Immobility time (s)
g

Immobility time (s)
g

Vehicle Folic acid 10mgikg, p.o.

Fig. 1. Effect of treatment of animals with glibenclamide {05 pg/site, ic.v. panel A),
apamin (10 pg/site, i.cv., panel B) or charybdotoxin (25 pgfsite, i.cv. panel €} in com-
bination with a subeffective dose of folic acid ¢ 10 mg/kg, p.o.) on the immobility time
in the FST. Values are expressed as mean+ SEM (n=8}. "p<0.01 compared with the
vehicle-treated group.

p=0.05] and a significant interaction between pretreatmentx treat-
ment [Fi 25 =5.94, p<0.05].

The post-hoc analyses revealed that the administration of the Kt
channel blockers (glibenclamide, apamin er charybdotoxin), at
doses that do not produce an antidepressant-like effect in the FST,
produced a synergistic antidepressant-like effect when combined
with a subeffective dose of folic acid.

3.2. Effects of K™ channel blackers and folic acid in the open-field test

The result depicted in Fig. 2A shows that the administration of
folic acid in combination with glibenclamide (0.5 pg/site, i.c.v.) did
not affect the animal locomoter activity in the open-field test. The
two-way ANOVA revealed no differences for folic acid pretreatment
[Fi24=029, p=059], glibenclamide treatment [F,5,=001,
193] and pretreatmentxtreatment interaction [Fyz4=1.90,
.18]. The results of Fig. 2B indicated that combined treatment
with folic acid plus apamin {10 pg/site, L.cv.) did not alter the loco-
motor profile in the open-field test. The two-way ANOVA revealed
no differences for folic acid pretreatment [F; 25 =0.70, p=041], apa-
min treatment [F120=1.79, p=10.19] and pretreatmentx treatment
interaction [Fy 4= 0.00, p=0.97]. Fig. 2C shows that the treatment
with folic acid combined to charybdotoxin (25 pg/site, i.cv.) did not
induce alterations of locomotor activity in the open-field test. The
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Fige 2. Effect of treatment of mice with glibenclamide {0 pg/site, i.cy., panel A), char-
ybdotoxin (25 pg/site, i.c.v., panel B) or apamin {10 pgfsite, i.cv., panel C) combined
with a subeffective dose of folic acid {10 mg/kg, p.o.} in the open-field test. Values
are expressed as mean + SEM (n=7).

two-way ANOVA revealed no differences for folic acid pretrearment
[F124=037, p=055], charybdotoxin treatment [F;3,=0395,
.34] and pretreatmentx treatment interaction [Fy24=0.62,
.44]. These results indicate that the reduction in the immobility
time observed in the FST when folic acid and K* channel blockers
were administered in combination (Fig. 1A-C) was not due to a psy-
chostimulant effect.

3.3. Effect of cromakalim on folic acid-induced anti-immobility effect in
the FST and in the number of cressings in the open-field test

Fig. 3A shows that the pretreatment of mice with cromalalim (a
K* channel opener, 10pg/site, icv.) was able to prevent the
antidepressant-like effect of folic acid (50 mg/kg. p.o.) in the FST.
The two-way ANOVA revealed significant differences for folic acid
pretreatment  [Fy5,=19.48, p=0.01], cromakalim trearment
[F124=10.60, p<0.01] and pretreatmentx treatment interaction
[Fy 24 =965, p<0.01].

Moreover, the results depicted in Fig. 3B shows the effect of cro-
makalim (10 pg/site, i.cv.) combined with folic acid (50 mg/kg, p.o.)
in the open-field test. This co-treatment did not produce any change
in the ambulatory behavior of mice, since the two-way ANOVA did
not reveal significant differences for folic acid pretreatment
[F1 .24 =0.10, p=0.76], cromalcalim treatment [Fq 24 = 0.65, p=0.43]
and pretreatmentx treatment interaction [F, 34 =246, p=0.13].




80

J Budrni et al. / Phormacotogy, Biochemistry and Behavior 107 (2012) T48-154 151

Immability time (s)
B

Vehicle Folic acid 50mg/kg, p.o.

150
126

Number of crossings
&

Vehicle Folic acid 50mgikg, p.o.

Fig. 3. Effect of pretreatment of mice with cromakalim {10 ug/site, icv.) on the anti-
immobility effect of folic acid {50 mg/kg, p.0.} in the FST {panel A) and open-field test
{pancl B}. Valuss are expressed as mean +SEM (n=7). "p< 001 compared with the ve-

hicle treated group; **p<0.01 compared with the same group pretreated with vehicle,

4. Discussion

This study extends previous findings from our group that shows
that folic acid administration produces antidepressant-lile effect in
the FST (Brocardo et al., 2008a, 2008b, 2009; Budni et al,, 2011b).
Herein, we provide evidence that the antidepressant-like effect of
folic acid can be mediated by a block of different types of K™ chan-
nels, since subeffective doses of different types of K+ channel
blockers combined with a subeffective dose of folic acid produce an
antidepressant-like effect in the mouse FST. Additionally, to confirm
our hypothesis, the pretreatment of mice with the K+ channel opener
cromalcalim was able to prevent the antidepressant-lile effect of folic
acid in the FST. Moteworthy, FST is a test widely used due to its pre-
dictive validity, since it is sensitive to all classes of antidepressant
drugs, including tricyclics, serotonin-specific reuptale inhibitors,
monoamine oxidase inhibitors, and atypicals (Petit-Demouliere
et al, 2005; Porsolt et al,, 1977).

In this study, the open-field test was used to exclude the possibility
that the synergistic effect of folic acid and K™ channel blockers in the
FST could be a consequence of an increased locomotor activity. Drugs
that induced hyperlocometion may give a “false” positive effect in the
FST, whereas drugs decreasing locomotion may give a ‘false’ negative
result (Borsini and Meli, 1988; Rodrigues et al,, 2005). Our results in-
dicate that the anti-immobility effect induced by folic acid in combina-
tion with K™ channel blockers in the FST is not due to a nonspecific
locomotor stimulant effect of the drugs combination, since drugs
alene or in combination did not significantly alter locomoter activity.
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like effect of folic acid taking into aczount present results and previous literature findings

Folic acid can exert an antidepressant-like effect through the increase 5-HT and NA availability (Brocardo et al, 2008a}, inhibition of NO synthesis (Brocardo et al, 2009), activation of
PPARy receptors and PI3K and/or AKT with the consequent inhibition of GSK3 activity (Budni etal, 2011b), inhibition of NMDAR and activation of the opicid system (Brocardo et al,
2008b, 2009), and inhibition of differenttypes of K* channeks, as reported in the present study. In this study, subeffective doses of different types of K+ channel blockers {glibenclamide,

charybdotoxin and apamin } combined of a subeffective dose of folic acid produced an antidepressant-like effect, Morzover, c
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Several clinical studies have reported a reduction in folic acid
levels in serum and erythrocytes of depressed patients and a thera-
peutical effect of this vitamin in combination with antidepressants
for treatment of refractory depression, two indicatives that folic acid
plays an important role in the pathophysiology of depression
(Coppen and Bailey, 2000; Coppen and Bolander-Gouaille, 2005). It
is important to mention that pre-clinical studies performed with
folic acid are not so abundant in the literature (Brocardo et al.,
20084, 2008b, 2009; Budni et al, 2011b). Therefore, the mechanisms
underlying its antidepressant-like action deserve additional
investigations.

In this study several compounds were used as pharmacological
tools in the investigation of folic acid action mechanism in the FST:
glibenclamide, charybdotoxin and apamin. The combined treatment
with subeffective doses of these K* channel blockers in combination
with folic acid provelced a robust reduction in immobility time, indie-
ative of an antidepressant-like behavioral profile.

The KT channel blockers glibenclamide, charybdotoxin and apa-
min act through different mechanisms, since they are known to selec-
tively block ATP-sensitive, large- and intermediate-conductance
calcium-activated and small-conductance calcium-activated X* chan-
nels, respectively (Gehlert and Gackenheimer, 1993). Glibenclamide
blocls K channels from pancreatic p-cell type, cardiac, smooth muscle,
skeletal muscle, and some brain neurons (Clapp, 1995; Proks et al.,
2002). The ATP-regulated KT channels are known as the target for sul-
fonylureas, as glibenclamide, oral hypoglycemic agent widely used in
the treatment of nen-insulin-dependent diabetes mellitus to simulate
insulin release from pancreatic islet p cells. The mechanism of stimula-
tion is through inhibition of ATP-regulated K* channels (Edwards and
‘Weston, 1993; Ashcroft and Ashcroft, 1992). Charybdetoxin is a peptide
contained in the venom of the scorpion Leiurus quinquestrintus (Nelson
and Quayle, 1995} and it has been identified to cause potent selective
blocl of Ca? +-activated K+ channels present in GH3 anterior pituitary
cells and primary bovine aortic smooth muscle cells (Gimenez-Gallego
etal., 1988). Apamin is a peptide contained in the venom of the honey
bee Apis mellifera (Stocleer, 2004). It selectivity blocks Ca® t-dependent
K conductance, since voltage-clamp techniques showed that apamin
has no effect on other ionic channels such as the fast Na* channel, the
Et4NT sensitive K channel, or the slow Ca® T channel (Hugues et al,
1982). These and other K™ channel blockers (3,4-diaminopyridine
[3.4-DAP] and gliquidone) were reported to exert an antidepressant-
lile effect in the FST at higher doses than those employed in the present
study [Galeotd et al, 1939; Inan et al, 2004; Kaster et al, 2005).
Furthermore, fluoxetine, desipramine, amitriptyline, nortriptyline,
clomipramine, maprotiline, citalopram and paroxetine, also produce
aninhibition of K* currents, which might underlie their therapeutic ef-
fects (Choi et al, 2004; Kobayashi et al., 2004, 2006; Nicholson et al.,
2002; Tytgat et al, 1997; Yeung et al,, 1999). Supporting the notion
that the Kt channels inhibition is related with the pathophysiology
and treatment of depression, the results by Talcahashietal. (2006} dem-
onstrated that continuous inhibition of wv GIRK2 channels (G protein-
activated inwardly rectifving K+ channels} by the antidepressants
fluoxetine and desipramine caused a substantial suppression of the
neuronal cell death and resulted in improvement of motor abilities in
‘weaver mutant mice. Moreover, several studies have shown that the
combined administration of antidepressants and K* channel blockers
produced an antidepressant-like effect in the FST in mice (Bortolatte
et al., 2010; Guo et al, 1995, 1996; Inan et al, 2004; Kaster et al,
2007). Other compounds with antidepressant properties such as agma-
tine, adenosine and tramadol combined with several types of K™ chan-
nelblockers also produce an antidepressant-like effect in the FST (Budni
et al, 2007; Jesse et al, 2009; Kaster et al, 2007). Furthermore,
Heurteaux et al. (2006} demonstrated that the deletion of a gene coding
for TREK-1, a class of two-pore domain K™ channels, can cause resis-
tance to depression, increased 5-HT neurotransmission, and reduced
elevation of corticosterone levels under stress, suggesting that

alterations in the function and regulation of these channels may alter
mood. Therefore, these KT channels may be a potential target for devel-
oping new antidepressants. Moreover, it was shown that fluoxetine and
norfluoxetine are blockers of TREK-1K* channels, consequently this
blocking effect may occurin patients treated with these antidepressants
(Kennard et al,, 2005). Accordingly, our results are in line with litera-
ture, since the combined treatment with a subeffective dose of folic
acid (a putative antidepressant agent) plus subeffective doses of KT
channel bloclers produced an antidepressant-like effect in the FST in
mice.

Ca?*-activated and voltage-dependent K © channel play a role in
the modulation of immobility time in the FST in mice (Inan et al,
2004}, In addition, large-conductance Ca® T-activated K+ channels
have been suggested as one of the physiological targets of NO in the
brain (Jeong et al,, 2001 ). Moreover, blocleers of different K* channels
such as TEA, glibenclamide, apamin and charybdotoxin produced
antidepressant-lilkke effect in FST and this effect was prevented by
the pretreatment of mice with L-arginine or sildenafil. Thus, this re-
sults suggest that NO and ¢GMP are important modulators of some
K* channels (Kaster et al, 2005). Considering that the KT channels
represent one of the major downstream targets regulated by the acti-
vation of NMDA receptors and L-arginine-NO pathway, it is believed
that the inhibition of K* channels may be a consequence of inhibition
of NMDA receptors and of NO production induced by folic acid, since a
previous report indicates that the antidepressant-lile effect of this vi-
tamin may be mediated by, inhibition of NMDA receptors and NO
synthesis (Brocardo et al,, 2008b). Hence, an indirect modulation of
the KT channels by folic acid via NMDA-L-arginine-NO pathway
could account for the behavioral results reported in the present
study. However, the possibility that folic acid causes a direct inhibi-
tion of these channels cannot be ruled out.

To further reinforce our hypothesis, we also show that the pre-
treatment of mice with a K™ channel opener, cromakalim, prevented
the decrease in the immobility time induced by an effective dose of
folic acid in the FST, without changing the ambulatory behavior in
the open-field test. Cromakalim is a K™ channel opener that has
high sensitivity to Kare channels (Clapp, 1995). Literature data report
that the administration of cromakalim at higher doses than the one
used in the present study increases the immobility time in the FST
(Galeotti et al., 1999). In addition, Redrobe et al. (1996) demonstrat-
ed that the pretreatment of animals with cromalalim was able to re-
verse the anti-immobility effect of antidepressants such as
imipramine, amitriptyline, desipramine and paroxetine.

Noteworthy, Kaster et al. (2007 ) showed that a subeffective dose
of fluoxetine combined with subeffective doses of KT channel
blockers produced an antidepressant-like effect in the FST and this ef-
fect was prevented by K+ channel openers. These results are compa-
rable with the results found in the present study with folic acid,
which may likely exert antidepressant-lilke effect in the FST by a
mechanism similar to either fluoxetine or K+ channel blockers.

The most common cause for adverse cardiac events by antide-
pressants (mainly tricyclic antidepressants} is acquired long QT syn-
drome, which produces electrocardiographic abnormalities that
have been associated with syncope, torsade de pointes arrhythmias,
and sudden cardiac death. Acquired long QT syndrome is often
caused by direct bloclc of the cardiac potassium current I{Kr)/hERG,
which is crucial for terminal repolarization in human heart (Dennis
etal, 2011). In contrast to tricyclic antidepressants that are reported
to cause adverse cardiac effects, folic acid has beneficial effects or no
harm on the risk of cardiovascular diseases (Czeizel, 1996; Bazzano
et al,, 2006). In addition, a recent study showed that folic acid has
protective properties against homocysteine-induced oxidative-
nitrative stress in the heart of rats (Koelling et al.. 2011). Therefore,
it is feasible to suppose that folic acid does not significantly block
cardiac K* channels implicated with cardiovascular risks and that
the association of this vitamin with K* channel blockers such as
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glibenclamide and/or antidepressants for the treatment of depres-
sion might be a therapeutic strategy for preventing or reducing car-
diovascular risks associated with the blockade of cardiac Kt
channels. However, further studies regarding this issue are
necessary.

5. Conclusions

The results of this study indicate that subeffective doses of differ-
ent types of KT channel blockers [glibenclamide, charybdotoxin and
apamin) combined of a subeffective dose of folic acid produce an
antidepressant-like effect in the mouse FST. Moreover, cromalkalim
was able to reverse the antidepressant-like effect produced by a
higher dose of folic acid. Altogether, the results shown herein suggest
that the antidepressant-like effect of folic acid in the FST in mice may
involve the modulation of neuronal excitability via inhibition of K+
channels (Fig. 4).
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CAPITULO 3
Folic acid prevents depressive-like behavior and ppocampal
antioxidant imbalance induced by restraint stressn mice. Budni J,
Zomkowski AD, Engel D, Santos DB, dos Santos AA,réto M,
Valvassori SS, Ornell F, Quevedo J, Farina M, Rpgrs ALS.
Submetido ao Behav Brain Res. 2012.
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Abstract

Experimental and epidemiological studies have shtivenclose
relationship between stressful events, depressiod a&ognitive
impairment. Folic acid, which is essential for gm@per functioning of
the central nervous system, has been reporteceseipr antidepressant-
like effects in both experimental and clinical apgrhes; however, the
mechanisms mediating such effects are not undetstoothe present
study, we evaluated if folic acid administrationroce could protect
against acute restraint stress (ARS)-induced clsarigeparameters
related to  depressive  (forced swimming  test; FST),
locomotor/exploratory (open-field test; OPT) andgmitive (object
recognition test; ORT) behaviors, as well ascérebrocorticaland
hippocampal oxidative stress could be involved uchsevents. ARS
induced depressive-like behavior in the FST and amgrimpairment in
the ORT, without altering locomotor activity of mién the OFT. Folic
acid (50 mg/kg, p.o.) administred 1 h before ARS whle to prevent
the stress-induced increase on immobility timehi@ EST, but did not
prevent memory impairment in the ORT. Moreover, ARSreased
thiobarbituric acid reactive substances (TBARS)elsvand catalase
(CAT), glutathione peroxidase (GPx) and glutathioeductase (GR)
activities in the cerebral cortex and hippocampasgd superoxide
dismutase (SOD) activity in the hippocampus. Faid treatment
restored the activity of SOD, CAT, GR and GPx aeduced TBARS
levels in the hippocampus. Glutatione (GSH), a epmymatic
antioxidant was not altered by stress and/or falicd administration.
Together, the results of the present work inditiaé the ARS-induced
depressive-like behavior and cognitive deficit arecompanied by
disturbances in the balance between pro- and ai&tive processes.
Folic acid treatment improves the depressive beneamnd restores the
oxidative balance in the hippocampus. The reseitsforce the notion
that folic acid displays a specific antidepresganofile in the restraint
stress paradigm that may be at least partly dite tmtioxidant role.

Keywords: Folic acid, acute restraint stress, forced swingni
test, object recognition test, oxidative strestipaiant.
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Introduction

Stress may be defined as a state of threateneddsteses that
can produce adaptive physiologic and behaviorglamesesdepending
on severity, type and duration of stressful evantsan attempt to
reestablish body homeostasis (Chrousos, 2009; Jagghl, 2011;
Munhoz et al, 2008). These physiological, psychicllgand cognitive
alterations induced by stress affect different nsgand systems,
including central nervous system (CNS) (Linthorst Reul, 2008;
Munhoz et al, 2008). A consequence of stressfuhtsvis the increased
susceptibility to different psychiatric diseasecluding depression
(Calabrese et al, 2011), which frequently is accamgd by cognitive
deficits (Marazziti et al, 2010; Murrough et al,12). Stressful life
events have a considerable causal associationthgtipathophysiology
of this disorder, especially, in genetically predised individuals
(Charney & Maniji, 2004; Kubera et al, 2011; Lanfyne¢ al, 2008).

Many animal models of depression induced by stagsswvidely
used to explore stress-evoked brain abnormaléiggen antidepressant
drugs, and establish the behavioral phenotypes evfe-gargeted or
transgenic animals (Kalueff et al, 2007). Usingsdrto induce a feeling
of loss of control might result in a behavioral testaanalogous to
depression (Calabrese et al, 2011; Kubera et &ll)2®Restrain stress is
frequently employed to induce a depressive behalvgiate in rodents.
In particular, it has been widely used in acute emgnic stress studies
(Capra et al, 2010; Christiansen et al, 2011; Huwthal, 2011,
O'Mahony et al, 2010; Poleszak et al, 2006; Sewugiale 2006).
Moreover, another important issue is that acutesstmay affect the
memory of rodents. Studies have demonstrated thstraint stress
impairs nonspatial recognition memory in the objectognition test
(ORT) (Baker & Kim, 2002; Li et al, 2012; Nagata ak 2009;
Walesiuk et al, 2005).

Stress exerts detrimental effects on several eglfuinctions, as
evidenced by defective plasma antioxidant defemsesnjunction with
enhanced lipid peroxidation in depressive pati€¢Bitici et al, 2001;
Khanzode et al, 2003; Ozcan et al, 2004), indigatimat oxidative
damage is an important mechanism of pathophysiotdgiepression in
humans (Maes et al, 2011). Similarly, restraintesdr in rodents
precipitates many neurochemical and hormonal abaldres that are
often associated with an imbalance in the braintsacellular redox
state. Many studies have shown that restraint ssiretuces increased
lipid peroxidation (Balk et al, 2010; Garcia-Buestoal, 2005; Kumar et
al, 2010; Kumar & Goyal, 2008; Kumari et al, 20@&fir et al, 2009;
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Zafir & Banu, 2007) and increase (Balk et al, 20@Ontella et al, 2005;
Kim et al, 2005) or decrease (Balk et al, 2010; Kuret al, 2010;
Kumar & Goyal, 2008; Kumari et al, 2007; Pajovica&t2006; Zafir et
al, 2009; Zafir & Banu, 2007) antioxidant enzymes\aties in different
brain regions of rodents (mice or rats), dependimgseverity and
duration of restraint stress protocol.

Indeed, brain is more susceptible to oxidativesstrieecause it
metabolizes 20% of total body oxygen and has atdosnamount of
antioxidant capacity. It is well known that avessistimuli (like stress),
especially in the brain, may result in the productof reactive oxygen
species (ROS) such as superoxide anion radica),(Bydroxyl radical
(HO) and hydrogen peroxide £{8,). When ROS production exceeds
the antioxidant capacity, they could lead to lipefoxidation, especially
in membranes, which plays an important role inutsinjury (Floyd,
1999; Floyd & Carney, 1992; Halliwell, 2006; Kovae$ al, 1996).
Important endogenous antioxidant enzymes, whicltbinthe formation
of ROS or promote the removal of free radicals #r&r precursors,
include catalase (CAT), superoxide dismutase (SO@itathione
peroxidase (GPx) and glutathione reductase (GRL@t & Fridovich,
1988).

Although the underlying pathophysiological mecharss of
stress-induced depression are not completely ésdtedl novel targets
have been identified for the development of new riplagological
treatments (Lee et al, 2010). There is severaleend that folic acid is
an important micronutrient that may contribute &pikssive disorders
and its treatment (Coppen & Bolander-Gouaille, 200®@rris et al,
2008; Sarris et al, 2009). Besides its essential tm the synthesis of
DNA, RNA, and proteins and for neurological funati(Fenech, 2010;
Kronenberg et al, 2009), folic acid has been peagtdl as a putative
antidepressant agent. Indeed, several clinicalieguldave supported a
strong association between folic acid deficiencyd adepressive
symptoms (Abou-Saleh & Coppen, 1989; Astorg e2@08; Bottiglieri
et al, 2000; Carney, 1967; Papakostas et al, 268nforcing the role
of folic acid in depression, recent preclinicaldiés performed by our
group indicated that folic acid has antidepres$ikateffects (Brocardo
et al, 2008a; Brocardo et al, 2008b; Brocardo e2@09; Budni et al,
2012a; Budni et al, 2012b). In addition, antimdile- (Brocardo et al,
2010), cognitive (Matté et al, 2009b; Matté et 2007; Singh et al,
2011; Troen et al, 2008) and neuroprotective (Bedmil, 2011; Fenech,
2001; Fenech et al, 2005; Joshi et al, 2001; Lial,e2004; Matté et al,
2009a; Patro et al, 2006; Tagliari et al, 2006;etal, 2009) properties
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have been reported for this vitamin. Although thHerementioned
studies point to antidepressant effects of folicl &t both experimental
and clinical approaches, the potential involvermananti- and/or pro-
oxidative events in such effects is not clear.

Hence, considering the above considerations, timeofipresent
work was to study if folic acid administration toiam could protect
against acute restraint stress (ARS)-induced clsarngeparameters
related to depressive, locomotor/exploratory arghitive behaviors, as
well as if cerebrocorticaland hippocampal oxidative stress could be
involved in such events. Based on the potentiabaidiant effects of
folic acid, we hypothesized that it could prevenR®induced
depressive behavior and cognitive decline by mdihgaoxidative
stress-related events.
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Materials and methods

Animals

Male Swiss mice weighing 40-45 g (4-month old) were
maintained at 21-23°C with free access to waterfaod, under a 12:12
h light:dark cycle (lights on at 7:00 am). All pemtures were performed
in accordance with the National Institute of HeaBhide for the Care
and Use of Laboratory Animals. The experiments vwendormed after
approval by the Ethics Committee of the Institutaord all efforts were
made to minimize animal suffering and to reducertiniber of animals
used in the experiments.

Drugs and treatment

Folic acid (Sigma Chemical Co., St. Louis, U.SW3gs dissolved
in distilled water and administered orally (p.oy) ¢mvage at a dose of
50 mg/kg one hour before the ARS procedure. Fdlid aolution was
freshly prepared before administration and was adminidtdre a
volume of 1 ml/kg. To develop this study mice wedreided into four
groups, as follows: (1) vehicle + non-stressed; f@c acid + non-
stressed; (3) vehicle + stressed; (4) folic acidiressed. The dose of
folic acid was chosen based on previous studies four group
(Brocardo et al, 2008a; Brocardo et al, 2008b; Brdoc et al, 2009;
Budni et al, 2012a; Budni et al, 2012b).

Acute Restraint stress (ARS) procedure

ARS protocol was adapted from the previous procedkumar
& Goyal, 2008; Poleszak et al, 2006; Zafir et @0%). The animals
were divided into four groups as mentioned abown-Btressed groups
were treated with vehicle or folic acid and werptkendisturbed in their
home cages during the 8 hours receiving suppofoad and water.
Stressed groups were administered with vehicleotic ficid and 1 h
after the treatment they were submitted to str&se immobilization
was applied for a period of 7 h using an individuadlent restraint
device made of plexiglas fenestrate. This restdhimd#l physical
movement without causing pain. The animals wereideg of food and
water during the entire period of exposure to strégter 7 hours, the
animals were released from their enclosure and ihOpast-release the
animals were submitted to the behavioral testsamrificed for the
biochemical studies.
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Behavioral tests

Forced swimming test (FST)

Briefly, mice were individually forced to swim innaopen
cylindrical container (diameter 10 cm, height 25) coontaining 19 cm
of water (depth) at 25 £+ 1°C; the total duration imfmobility was
measured during 6-min period as described prewo{locardo et al,
2008b; Budni et al, 2007). Each mouse was judgée tonmobile when
it ceased struggling and remained floating motisslén the water,
making only those movements necessary to keepeéd hbove water.
A decrease in the duration of immobility is indigat of an
antidepressant-like effect and an increase of inilitypkime, when
compared to the control group, is considered aeadspre-like effect
(Kaster et al, 2012; Porsolt et al, 1977).

Open-field test

To assess the possible effects of folic acid oprumtor activity,
mice were evaluated in the open-field paradigmrasipusly described
(Budni et al, 2007; Rodrigues et al, 1996). Animakse individually
placed in a wooden box (40x60x50 cm) with the fldatded into 12
rectangles. The number of squares crossed wiimaals (crossing) was
counted in a 6 min session. The apparatus wereedieaith a solution
of 10% ethanol between tests in order to hide anifnas.

Object recognition test (ORT)

The object recognition was performed as previousgcribed
(Réus et al, 2008). The

task took place in a 40x9x60 cm open-field surrodrigie50 cm
high walls made of plywood with a frontal glass Wwahe floor of the
open-field was divided into 12 equal rectangles taclb lines. The
training session was conducted by placing individoause for 5 min in
the apparatus, in which two identical objects (otgieAl and A2; both
being cubes) were positioned in two adjacent cefnBd cm from the
walls. In a long-term recognition memory test giv&hh after training,
the mice explored the open-field for 5 min in thesgnce of one
familiar (A) and one novel (B, a pyramid with a agershaped base)
object. All objects had similar textures (smootiglors (blue), and sizes
(weight 150-200 g), but distinctive shapes. A rettgn index
calculated for each animal was calculated in tlst $ession, and it
reports the ratio TB/(TA + TB) (TA = time spent éopng the familiar
object A; TB = time spent exploring the novel objBg. Between trials,
the objects were washed with 10% ethanol solutibxploration was
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defined as sniffing (exploring the object 3-5 cm aweym it) or
touching the object with the nose and/or forepaws.

Biochemical analysis

Tissue preparation

40 min after the ARS procedure, the animals wetkedkiby
decapitation and the cerebral cortices and hipppcamre removed
and homogenized (1:10 w/v) in HEPES buffer (20 np¥, 7.0). The
tissue homogenates were centrifuged at 16,090at 4°C for 20 min
and the supernatants obtained were used for therndegtion of
enzymatic activities and for the quantificationtloeé levels of GSH and
thiobarbituric acid reactive substances (TBARS).

Activity of antioxidant enzymes

Glutathione reductase (GR) activity was determibasied on the
protocol developed by (Carlberg & Mannervik, 198BYiefly, GR
reduces GSSG to GSH at the expense of NADPH, sappearance of
which can be followed at 340 nm. Glutathione petage (GPx) activity
was determined based on the protocol developedv@ndel, 1981) by
indirectly measuring the consumption of NADPH a03¥m. The GPx
uses GSH to reduce thert-butyl hydroperoxide, producing GSSG,
which is readily reduced to GSH by GR using NADP#aareducing
equivalent donor. Catalase activity was measuredhiey method of
(Aebi, 1984). The reaction was started by the &iditof freshly
prepared 30 mM bD,. The rate of KO, decomposition was measured
spectrophotometrically at 240 nrBuperoxide dismutase activity was
assayed spectrophotometrically as described byréVi#s Fridovich,
1972). This method is based on the capacity of S©ODinhibit
autoxidation of adrenaline to adrenochrome. Thercobaction was
measured at 480 nm. One unit of enzyme was defisdtie amount of
enzyme required to inhibit the rate of epinephanéoxidation by 50%.
The enzymatic activity was expressed as Units (g )pnotein.

Glutathione (GSH) levels

GSH levels were measured as non-protein thiols coasethe
protocol developed by (Ellman, 1959). Hippocampel eerebrocortical
homogenates were precipitated in cooled trichletacacid 10% and
centrifuged at 5,000 g for 10 min, and the supernatant was incubated
with DTNB in a 1 M phosphate buffer, pH 7.0. Absambes were
measured at 412 nm. A standard curve of reducddtijlane was used
to calculate GSH levels.
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Thiobarbituric acid reactive species (TBARS) formaion

TBARS levels, a measurement of lipid peroxidatiomere
determined in the hippocampal and cerebrocorticamdgenates
according to the method described by (Ohkawa e1@®19), in which
malondialdehyde (MDA), an end-product of lipid peddation, reacts
with thiobarbituric acid to form a colored complébhe samples were
incubated at 100°C for 60 minutes in acid mediumtaining 0.45%
sodium dodecyl sulfate and 0.67% thiobarbituric daciAfter
centrifugation, the reaction product was determiaédb32 nm using
MDA as standard.

Determination of protein

The protein content was quantifieebcording to the method
described by (Lowry et al, 1951using bovine serum albumin as a
standard.

Statistical analysis

All data are presented as mean + SEM. Data werlyzathby
two-way ANOVA or two-way repeated measures ANOV@l|dwed by
Duncan's post hoc test when the F value was signifi Differences
were considered statistically significanp#0.05.

Results

Behavioral tests

Forced swimming test (FST)

Fig. 1A shows the effect of treatment of mice wilic acid or
vehicle on the depressive-like behavior elicitedARS. The two-way
ANOVA revealed significant differences for folic idc treatment
[F(1,26)=33.11,p<0.01], restraint stress [F(1,26)=13.38;0.01] and
ARS vs. folic acid treatment interaction [F(1,26)88 p<0.05]. Post-
hoc analyses indicated that stressful stimuli $icgnitly increased the
immobility time in the FST, as compared to contnate. Folic acid
administration significantly reversed the increas@nmobility time in
stressed mice. Folic acid administration, in noessted mice, also
decreased the immobility time in the FST as congbamenon-stressed
mice treated with vehicle.

Locomotor activity

The result depicted in Fig.1B shows that locomaotivity of
mice submitted to 7 hours of ARS treated with feladd or vehicle was
not altered in the open-field test. The two-way ANOrevealed no
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significant differences for folic acid treatment(1f28)=0.05, p=0.82],
restraint stress [F(1,28)=0.06, p=0.80] and treatrwe. restraint stress
interaction [F(1,28)=0.05, p=0.82].

Object recognition test (ORT)

In order to evaluate if restraint stress inducegaimment of
cognitive function the ORT was carried out. In treining session all
animal groups (non-stressed or stressed) showatiffesences in the
exploration between the two objects (means + SEMrembgnition
index:  vehicle/non-estressed=0.494 + 0.010; foliccid/aon-
stressed=0.497 + 0.005; vehicle/stressed=0.491 @&150. folic
acid/stressed=0.481 + 0.015). If mice rememberkgect, they prefer to
explore and/or sniff the novel object when the inagobject is replaced
by a new one. In the test session (24 h afteritgisession), mice from
the vehicle/non-stressed group [0.685 + 0.023] &vigt acid/non-
stressed group [0.473 £ 0.003]) preferred to explbe novel object,
while the stressed mice group (0.474 £+ 0.003) erpldhe novel and
original objects similarly, which is an indicativef a cognitive
impairment induced by restraint stress (p<0.01)icFacid treatment
(folic acid/stressed= 0.426 + 0.027) was not capaiblpreventing the
decline in the recognition of a novel object indlid®y restraint stress,
since we observed a similar frequency of exploang/or sniffing the
novel object or the original one in the folic asitéssed group. Also, it
is important to mention that post hoc analysis datiid a significant
difference between vehicle/non-stressed and foba/@on-stressed
group in the test session (p<0.01) (Fig. 2).

Measurement of biochemical parameters

Lipid peroxidation

Fig. 3 shows that TBARS levels were significantigrieased in
the cerebral cortex and hippocampus of stresseel when compared to
non-stressed mice. Treatment with folic acid (50 /kpg p.o.)
significantly prevented the increase of TBARS Isvein the
hippocampus (Fig. 3B), but not in the cerebral e@oifFig. 3A), when
compared to stressed animals. The two-way ANOVA eatd
significant differences for folic acid treatment(IFL7)=8.79, p<0.01],
folic acid treatment vs. ARS interaction [F(1,17)55 p<0.05] and a
great tendency of significance for ARS [F(1,17)F4.p=0.05] in the
hippocampus. In the cerebral cortex, the two-wayQMA showed
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significant differences for folic acid treatment(1F16)=64.96, p<0.01]
and folic acid treatment vs. ARS interaction [F@):35.51, p<0.05], but
not for ARS [F(1,16)=6.36, p=0.92]. Folic acid adistration to non-
stressed mice did not produce any significant effiecTBARS levels.

GSH levels

Fig. 4 shows that no significant statistical difflece was
observed in GSH level in cerebral cortex (Fig. 4Rd hippocampus
(Fig. 4B) of stressed mice compared to non-stresseohals treated
with vehicle or folic acid.

Antioxidant enzyme activities

Restraint stress significantly increased CAT attiwn cerebral
cortex (Fig. 5A) and hippocampus (Fig. 5B) of siegb mice as
compared to non-stressed mice. This increase iddbgeARS was
significantly blunted by the treatment with folicid, but this effect was
observed only in the hippocampus. In non-stresséme mroup, the
treatment with folic acid did not alter CAT activiin both cerebral
structures. Two-way ANOVA revealed a significanlidacid vs. ARS
interaction [F(1,17)=8.91, p<0.01] and a great &y of significance
for folic acid treatment [F(1,17)=4.23, p=0.055]utbnot for ARS
[F(1,17)=0.44, p=0.51] in the hippocampus. In teesbral cortex, two-
way ANOVA revealed a significant main effect ofitohcid treatment
[F(1,18)=26.74, p<0.01], but not of ARS [F(1,18)82, p=0.18], as
well as a non significant folic acid treatment VSRS interaction
[F(1,18)=0.04, p=0.85]).

As depicted in Fig 5D, ARS caused an increase ob 8Qivity
in the hippocampus and this effect was reversefblixyy acid treatment
(folic acid treatment [F(1,19)=6.90, p<0.05], AR¥%(1,19)=10.30,
p<0.01] and folic acid treatment vs. ARS interactid-(1,19)=8.32,
p<0.01]). Fig. 5C shows that no significant statadt alteration was
observed in SOD activity in cerebral cortex of stetl mice compared
to non-stressed animals (folic acid treatment [F{7.57, p<0.05],
ARS [F(1,19)=0.004, p=0.95] and folic acid treatmners. ARS
interaction [F(1,19)=5.94, p<0.05]). The treatmeiith folic acid alone
did not alter CAT and SOD activity in the evaluatsttuctures,
independent on stress condition.

As can be observed in Fig. 6A (cerebral cortex) &igl 6B
(hippocampus), stressed mice displayed increased @Bvity when
compared with non-stressed control group. Thisceffies significantly
reversed by folic acid treatment in the hippocanfuig acid treatment
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[F(1,17)=7.03, p<0.05], ARS [F(1,17)=0.29, p=0.5894d folic acid
treatment vs. ARS interaction [F(1,17)=13.18, p4{.0but not in the
cerebral cortex (folic acid treatment [F(1,18)=21.4<0.01], ARS
[F(1,18)=1.06, p=0.31] and folic acid treatment ¥&RS interaction
[F(1,18)=1.41, p<0.25]). The administration of éolcid alone did not
affect the GPx activity in non-stressed group ithleerebral structures.

Finally, the results illustrated in the Fig. 6Crdaral cortex) and
6D (hippocampus) show that the exposure of mic&R& also resulted
in a significant increase on the activity of thdiaxidant enzyme GR in
the hippocampus and cerebral cortex. This increes® significantly
abolished by folic acid treatment in stressed nickoth brain regions.
The administration of folic acid alone to non-stex$ mice caused no
significant alteration on GR activity. Two-way ANQ®V revealed
significant difference for folic acid treatment JF{9)=19.28, p<0.01],
ARS [F(1,19)=4.78, p<0.05] and folic acid treatmewms. ARS
interaction [F(1,19)=5.14, p<0.05] in the cereb@rtex. In the
hippocampus, the two-way ANOVA revealed significdifterences for
folic acid treatment [F(1,19)=4.82, p<0.05], ARS(1A9)=6.03,
p<0.05] and folic acid treatment vs. ARS interactié(1,19)=12.76,
p<0.01].
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Discussion

The present study shows that ARS induced deprebkese
behavior, cognitive deficits and oxidative imbalandincreased
hippocampal and cerebrocortical TBARS levels andSOAT, GPx
and GR activities). Noteworthy, the depressive-llehavior and all the
neurochemical changes observed in the hippocampus westored by
folic acid treatment. On the other hand, folic as@s not able to protect
against cognitive impairment induced by restraittess. Moreover,
glutathione, a non-enzymatic antioxidant was nderafl by stress
and/or folic acid administration.

Taking into account that stressful life events hbeen reported
to facilitate the evolution of depressive disordgalabrese et al, 2011),
chronic or ARS in rodents has been widely used asioael of
depression (Capra et al, 2010; Christiansen e2@1l; Huynh et al,
2011; O'Mahony et al, 2010; Poleszak et al, 20@gEet al, 2006).
Because ARS represents the most severe type sksirkich causes
emotional stress in rodents and has a comparaffeetén humans
(Calabrese et al, 2011; Kubera et al, 2011) it wsed in the present
study in an attempt to induce a depressive-likeatsiel. Moreover, the
major advantage of using restraint stress as assineduced model of
depression is that it produces an inescapable galy@nd mental stress
to which adaptation is seldom exhibited (Jaggi,e2@l11).

Numerous studies have reported that rodents (nmdéorrats)
exposed to emotional stress, such as restraisssiredifferent duration
of stressful events, exhibit depressive like-bebtravievidenced by
increased immobility time, particularly in the F§Tapra et al, 2010;
Naert et al, 2011; Park et al, 2010; Poleszak ,eP®06; Zafir et al,
2009) and tail suspension test (Hayase, 2011; Baed, 2010) This
behavioral alteration in mice is comparable to deped mood in
humans (Wong & Licinio, 2004)Corroborating these studiesur
results indicate that ARS for 7 h induced an inseeaf immobility time
in the FST in mice, without causing changes inltde®motor activity.
Further corroborating several recent studies treatehsuggested an
antidepressant potential of folic acid (Brocardale2008a; Brocardo et
al, 2008b; Brocardo et al, 2009; Budni et al, 20 Badni et al, 2012b),
the present study clearly shows that this depredsie behavior was
reversed by folic acid treatment. Moreover, folmdain non-stressed
mice induced antidepressant-like effect in the F8Th after its
administration, indicating a prolonged effect ostkitamin. Folic acid
alone did not affect the locomotion of non-stressedtressed mice in
the OFT.
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It has been shown that folic acid (administered dmal,
intracerebroventricular, or intraperitoneal routes)displays
antidepressant-like effect in mice submitted to B&T and the TST,
two behavioral tests predictive of antidepressativity (Brocardo et al,
2008b). Several mechanisms may be involved in tiielepressant-like
effect of this vitamin. Brocardo et al. (2008b) sieal that serotonergic
(5-HT1A and 5-HT2A/2C receptors) and noradrenel(git- and a2-
adrenoceptors) systems are implicated in the grédeant-like effect
of folic acid. Furthermore, the antidepressant-ékiects of this vitamin
were shown to be dependent on the inhibition diegitN-methyl-D-
aspartate (NMDA) receptors or nitric oxide (NO) arnytlic guonosine
monophosphate (cGMP) synthesis (Brocardo et al3@0ts well as
through an interaction with the opioid system (uid @ receptors)
(Brocardo et al, 2009). More recently, we showed the antidepressant
effect of folic acid might also be dependent, atstein part, on the
inhibition of glycogen synthase kinase-3 (GSK;3 activation of
peroxisome proliferator-activated recepjorfPPARy) (Budni et al,
2012b) and inhibition of different types of potassichannels (Budni et
al, 2012a). However, there were no studies initeeature investigating
the potential relationship between the antidepradgee effects of folic
acid and its properties to modulate the anti-/ptigiant status in the
central nervous system.

Taking into account that drugs which induce hipaslootion
may give a “false” positive effect in the FST, cardrugs decreasing
locomotion may give a “false” negative result (Bors. Meli, 1988;
Rodrigues et al, 2005), in the present study tifectsf of folic acid or
vehicle in non-stressed mice as well as in micerétiéd to ARS were
tested in the OFT. Folic acid administered to stdsor non-stressed
mice did not significantly alter locomotor activily the OFT, a result
that indicates that the depressive-like effect aedliby ARS and the
reversal of this effect elicited by folic acid aret due to any locomotor
effect.

Noteworthy, the restraint stress applied in thigdgtinduced
considerable cognitive impairment in the ORT, aulteshat is in
agreement with several literature data (Baker & K2@02; Nagata et al,
2009). Moreover, a study by Li et al. (2012) showleat restraint stress
can affect different memory components sincinpaired the memory
retrieval and interrupted the consolidation of stterm memory into
long-term memory in the ORT. Interestingly, ourules show that folic
acid treatment was not able to abolish the restrairess-induced
cognitive deficits in the ORT, indicating that tfadic acid effect in the
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restraint stress protocol employed in the presamdysis specific for
depression. Thus, folic acid provides a speciftidapressant-like effect
in this animal model. However, it is interestingntate that mice treated
with folic acid per se(non-stressed group), in the session test, pesferr
to explore the novel object more than the origimigject, as compared
vehicle/non-stressed group, indicating a role dit facid per sein the
cognition. Indeed, several studies have indicated folic acid has a
cognitive improvement property, since it causediraprovement on
memory status in elderly rats (Singh et al, 20143l @& cognitive
deficits induced by hyperhomocysteine (Matté eR@09b; Matté et al,
2007). Additionally, a deficiency of this vitamirs iassociated with
cognitive impairment in rodents (Troen et al, 20@8 many clinical
studies have indicated that folic acid is importaort cognitive
performance, contributing to the notion that lodid@cid itself might
be a risk factor for cognitive impairment (de Lauag 2007; Durga et
al, 2006; Kado et al, 2005; Ramos et al, 2005). éi@s, in spite of all
this literature evidence, in the present studyhaaigh folic acid
treatment caused a cognitive improvement in nagssed mice, it was
not able to protect against restraint stress-induoegnitive deficits.
However, it cannot be ruled out that a higher dokéolic acid or a
repeated treatment with this vitamin would be atbereverse the
cognitive deficit induced by restraint stress.

The results of the present work also indicate dridambalance,
alteration ofmarkers of oxidative damage to lipids and antioxida
defensein mice submitted to restraint stress for 7The results show
that depressive-like behavior and the cognitiveampent induced by
restraint stress was accompanied by a signifidpiat peroxidation, as
evidenced by increased amount of TBARS levels relm@l cortex and
hippocampus of miceOurs results are in accordance with findings
reported by Kumar et al. (2010) which shows thah 6of acute
immobilization stress significantly increased MDA brain of mice.
Moreover, a significant increase in the productarbrain MDA was
shown in rats submitted to ARS for 4 h (Zafir et2009). Other studies
support the idea that ARS induces signifidgpitl peroxidation (Garcia-
Bueno et al, 2005; Kumar et al, 2010; Kumar & Go2&l08; Kumari et
al, 2007; Zafir & Banu, 2007). Also, supporting ostudy, clinical
studies indicating raised levels of MDA in depresspatients,
established the co-existence of increased oxidatress with symptoms
of depression (Bilici et al, 2001; Khanzode et2003). Therefore, in
line with literature data, our results suggest testrain stress for 7 h
causes lipid peroxidation in the cerebral corted hippocampus, two
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structures closely related to the pathophysiologgepression (Bennett,
2011; Duman & Voleti, 2012; Yu & Chen, 2011). Moveo, taking into
account that lipid peroxidation is one of the majonsequences of free-
radical-mediated injury to the brain (Dotan et 2004), the present
study suggests that behavioral alterations caugeddbraint stress may
be associated with oxidative damage in the cerebmtex and
hippocampus.

It is possible to observe that the ARS-inducederas lipid
peroxidation was reversed by folic acid treatmenthie hippocampus,
but not in the cerebral cortex. This finding is swmhat similar to the
one reported by Brocardo et al. (2010), which shibweat folic acid
treatment prevented ouabain-induced increase h fiproxidation in
the hippocampus of rats. However, in this studylicfoacid
neuroprotective effect was also observed in theebrat cortex
(Brocardo et al, 2010). Moreover, Singh et al. @0&howed that 6-,
11-, and 16-month-old rats treated with folic aatda dose of 5 mg/kg
for a period of 8 weeks displayed reduction on M[@Rels, indicating
the prevention of lipid peroxidation in cerebrartea, mid brain, and
cerebellar regions of rat brain. Another study regmb that rats
submitted to a folate deprivation for four weeksl ldevated TBARS
hippocampal levels compared with vehicle contrdk réChen et al,
2011). Besides these data, other investigationsvesthdhat folic acid
deficiency promotes lipid peroxidation in human £elhd rodent tissues
(Chern et al, 2001; Huang et al, 2001). Furthermarelinical study
performed by Racek et al. (2005) indicated thaticfohcid
supplementation in patients with hyperhomocysteiagmuced partial
prevention of plasmatic lipid peroxidation (Racelak 2005).

The present study found the restraint stress caarséacrease on
the activity of the antioxidant enzymes directlyvaoived in the
neutralization of ROS, namely SOD (hippocampus)TC&R and GPx
(cerebral cortex and hippocampus), indicating ateraion in
antioxidant brain defenses in mice exposed to AR& present a
depressive-like behavior. It is important to em@eghat SOD is the
first line defense against ROS and catalyzes thenufiion of
superoxide anion radical gDinto hydrogen peroxide @@,) (McCord
& Fridovich, 1988). This molecule, #,, can be reduced to water and
molecular oxygen by either CAT (Chelikani et alp2Por GPx (Flohe,
1971). Besides detoxifying J,, GPx can also reduce lipid and non-
lipid hydroperoxides at the expense of reducedathitne (GSH),
which is in turn oxidized, forming glutathione digde (GSSG) (Flohe,
1971). The increased activity of these antioxidamtymes in response
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to restraint stress, found in this study, is ineggnent with the results of
several clinical studies. Bilici et al. (2001) shexvthat depressed
patients, especially melancholic patients, hadérigtttivities on plasma
GR and erythrocyte GPx and SOD than those of heattintrols.
Moreover, a recent study reported that patientinduacute depressive
episodes, had significantly higher activity of SCQind CAT on
erythrocytes, as compared to healthy controls (&alet al, 2009).
Other human studies show increased SOD activifyr@frontal cortex
of postmortem patients (Michel et al, 2007) andeirythrocyte of
patients with depressive disorder (Kotan et al,1208imilarly, a pre-
clinical study by Fontella et al. (2005) showedttbhronic restraint
stress (1h/day during 40 days) caused an increa&Pa activity in the
rat hippocampus. Other study by Kim et al. (2006ljdated an increase
on SOD and CAT activities in the brain of mice sithed to ARS for 2
h every day for 3 days. More recently, Balk e{(2010) found increased
CAT activity in striatum of rats submitted to chromrestraint stress
(1h/day during 40 days).

Regarding the use of stress protocols in animal etsodt is
important to mention that the available studiesehalserved different
effects on antioxidant enzymes. An increase onozitkant enzyme
activities has been reported in animals submitbecepeated or chronic
restraint stress conditions (Balk et al, 2010; Ebatet al, 2005; Kim et
al, 2005), whereas ARS (only one exposition) wasanshto decrease
CAT and GR activity (Kumar et al, 2010; Kumar & Gy 2008;
Kumari et al, 2007), as opposed to the resulth@fpresent work. Also,
studies performed with chronic restraint stress/Z#hdays) showed
reduction on SOD, CAT and GR activity (Zafir et aD09; Zafir &
Banu, 2007). These inconsistencies may be a coaesegof a number
of variations of the procedures or animals usedluding age and
gender of animals, intensity, duration, frequenog #&ype of stressor
(Buynitsky & Mostofsky, 2009).

Therefore, increased SOD, CAT, GPx and GR actwitie
(specially in the hippocampus) found in this stuadg in accordance
with some preclinical (Balk et al, 2010; Fonteltaag 2005; Kim et al,
2005) and clinical (Bilici et al, 2001; Galecki &t 2009; Kotan et al,
2011; Michel et al, 2007) literature data and miglg due to a
compensatory response to increased free radicalatarn induced by
ARS in mice. In this regard, some lines of evidehage reported that
the occurrence of pro-oxidative stimulus is necgsda trigger an
increase in the levels (and consequently, actsjitief antioxidant
enzymes (Bea et al, 2009; Maher et al, 2008; Suztudd, 2008). From a
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mechanistic point of view, it is important to memtithe crucial role of
the transcription factor Nrf2 (NFE2-related fac®)r which orchestrates
the synthesis of antioxidant and phase-2 enzymeanirattempt to
compensate the deleterious effects of pro-oxidadyents (de Vries et
al, 2008). Thus, based on these evidences androresults, one could
suppose that the ARS was able to stimulate hipppabmand

cerebrocortical pro-oxidative events, which werdeato trigger the

observed compensatory increased of SOD, CAT, GEbGHR activities.

The fact that folic acid pretreatment preventechsimcrease indicates
that this vitamin blunted primary pro-oxidative rstilus induced by
ARS. Such data seems to be of great significanee shdicates that
folic acid administration could prevent the occooe of oxidative

damage in important structures of the central neveystem, even
when such structures are submitted to a pro-oxigathallenge. This
idea is reinforced by the fact that folic acid meted ARS-induced
hippocampal andcerebrocortical lipid peroxidation. Of particular
importance, such events were likely correlated be tobserved
antidepressant-like effects of the vitamin.

Although the modulatory effects of folic acid towaanti- and/or
pro-oxidant events might be important (as previpudiscussed),
additional mechanisms might underlie its protectifects observed in
the present study. Indeed, folic acid deprivatioduces increase on
cytosolic C&" and ROS, and impairs mitochondrial function (Haakt
2003; Tjiattas et al, 2004). Folic acid also playgrotective role against
glutamate and NMDA-induced cytotoxicity in culturetuse cerebellar
granule neurons (Lin et al, 2004) and protects oraifrom the damage
caused by Al,s 35 peptide by maintaining mitochondrial function and
DNA integrity and regulating apoptosis-related ge(¥éu et al, 2009).

Our results show no alterations in glutathione (G$els in
cerebral cortex and hippocampus of mice, independen stress
condition or folic acid treatment. Our results @meagreement with a
recent study, which observed no changes in GSH Ievilne brain of
rats submitted to restraint stress for 24 h (Mérdieesta et al, 2011).
GSH is the most important non-enzymatic endogermati®xidant and
can be regenerated by GR with the consumption obtimamide
adenosine dinucleotide phosphate (NADPH) (KrohneeBhet al,
1977). This non-enzymatic antioxidant play a rate detoxifying a
variety of electrophilic xenobiotics, producing detoxic compounds
(Jakoby, 1978). The absence of changes in GSHsle®la result of
stress and folic acid treatment suggests that tlos-enzymatic



105

antioxidant does not play a significant role insthmodel upon the
conditions employed in this study.

Our results are in line with evidence that oxidatsiress has been
implicated in the pathology of depression and amdents may offer
resistance against oxidative stress by scavengiegradicals, inhibiting
the lipid peroxidation, and by many other mechasisthat may
contribute to prevent this illness (Maes et al, DOFolic acid was able
to protect against restraint stress-induced depeefike behavior and
oxidative stress, particularly in the hippocampBinilar to folic acid,
classical antidepressants treatment also attenttade increase of
antioxidant enzymes activities in depressed pati@totan et al, 2011).
A study performed by Bilici et al. (2001) showedatthdepressive
patients, especially melancholic patients had high®A levels and
plasma GR and erythrocyte GPx and SOD activitiem tthose of
healthy controls. After treatment for 3 months wifluoxetine,
sertraline, fluvoxamine and citolapram, the enzyenaictivities and
MDA levels of the patients were significantly dezsed to normal
levels. Based on our findings and on literatureadétis tempting to
suggest that folic acid might act similarly to @efpressants. In line with
this hypothesis, theo-administration of sub-effective doses of falad
and fluoxetine in mice produced antidepressantifects in the FST
(Brocardo et al, 2008b). Moreover, in another stitdyas possible to
verify that folic acid alone or combined with esli@ or fluoxetine also
produced antidepressant-like effects in ovariectechifemale rats in the
FST (Molina-Hernandez et al, 2011).

It is important to mention that the results of prEsstudy show
that folic acid treatment in mice submitted to ARfects differently
hippocampal and cerebrocortical oxidative statusces folic acid
protected against restraint stress-induced hipppabhoxidative stress,
but was only effective to reverse the stress-induB® activity in the
cerebral cortex, without affecting TBARS levels &@D, CAT, GPx
activities in this brain structure. Th@&iggests that these brain areas
have specific differences in defense mechanisms vgudmitted to
stressful stimuli. These differences may underlige tdifferent
susceptibilities of distinct brain areas to folicica treatment under
stressful stimuli. Therefore, a region- and stresgecific response
induced by folic acid treatment might occur in #aésain regions.

Finally, this investigation revealed that the restive action of
folic acid, as evidenced by the normalization gbréssive-like behavior
may be associated with a balance of endogenousatant defenses in
the hippocampus, since this vitamin was capable nifigating
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hippocampal oxidative damage induced by mouse ARfas, taking
into account that the effects of ARS is associatéti depression in
humans and many patients do not tolerate or respdaduately to the
available classical antidepressant, the presedinfys warrant further
studies to evaluate the therapeutic relevance b€ facid for the

treatment of depression and as a co-adjuvant tesdtwith

antidepressants.
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Legends

Figure 1. Effect of treatment with folic acid onrmbility time in the
FST (panel A) and on locomotor activity (panel B) mice submitted to
restraint stress. Values are expressed as mearvk(8£7-8). **p<0.01 and
*p<0.05 compared with non-stressed group treateth wehicle, ##p<0.01
compared with stressed group treated with vehialegording to two-way
ANOVA followed by the Duncan's post hoc test.
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Figure 2. Effect of treatment with folic acid iretlobject recognition test
(ORT) in mice submitted to restraint stress. Reaagnindex for the objects in
the training and test sessions for non-stressedst&iedsed groups of mice.
Results are presented as means +SEM of the remginitiex (n=6-8). The test
session was performed 24 h after the training ses$ip<0.001 compared with
the same group of training session. ##p<0.01 inescalifference from the
recognition index between vehicle/non-stressed foiit acid/non-stressed
group of test session, according to two-way repkateasures ANOVA
followed by the Duncan's post hoc test.
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Figure 3. Effect of treatment with folic acid onidbarbituric acid
reactive substances (TBARS) in cerebral cortex €p#) and hippocampus
(panel B) of mice submitted to restraint stresdu¥a are expressed as mean +
SEM (n=5-6). **p<0.01 compared with non-stresseaugrtreated with vehicle,
##p<0.01 compared with stressed group treated weitticle, according to two-
way ANOVA followed by the Duncan's post hoc test.
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Figure 4. Effect of treatment with folic acid onugdthione levels in
cerebral cortex (panel A) and hippocampus (panebBjnice submitted to
restraint stress. Values are expressed as meaMHi$8). Two-way ANOVA
showed no significant effect.
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Figure 5. Effect of treatment with folic acid on BQ@uctivity (panel A:
cerebral cortex; panel B: hippocampus) and on Cétividy (panel C: cerebral
cortex; panel D: hippocampus) of mice submittedettraint stress. Values are
expressed as mean + SEM (n=5-6). **p<0.01 compatddnon-stressed group
treated with vehicle, ##p<0.01 and #p<0.05 compaséiti stressed group
treated with vehicle, according to two-way ANOVAlléaved by the Duncan's
post hoc test.

3 Vehicle 3 Vehicle
B Folic acid B B Folic acid
A
10 6
i=4 (=
5 s £ 5 .
o o
56 54
j=2} j=2)
5 g3
= 4 -
a a
o) 8 2 #it
o, a
=} o 1L
0 T T 0 T T
Non-stressed Stressed Non-stressed Stressed
£ 3 Vehicle c 3 Vehicle
2 c = Folic acid 2 b B Folic acid
g 08 5 07 -
*k
go7 £ os
£ 06 £
E o5 E°°
= 3 04
0.4: #
£ £ 03
E 03 E "
0.2
38 0.2 3
S 0.1 S o1
N N
T 00 T T T 00 T T
E Non-stressed Stressed E Non-stressed Stressed
3 3



110

Figure 6. Effect of treatment with folic acid on GRctivity (panel A:
cerebral cortex; panel B: hippocampus) and on GiRigc(panel C: cerebral
cortex; panel D: hippocampus) of mice submittedettraint stress. Values are
expressed as mean + SEM (n=5-6). **p<0.01 and *@5@ompared with non-
stressed group treated with vehicle, ##p<0.01 apd0#5 compared with
stressed group treated with vehicle, accordingvteway ANOVA followed by
the Duncan's post hoc test.
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Neurotoxicity induced by dexamethasone in the human
neuroblastoma SH-SY5Y cell line can be prevented bifolic acid.
Budni J, Romero A, Molz S, Martin-de-Saavedra Me& J, Del
Barrio L, Tasca CI, Rodrigues ALS, Lopéz MG. (Emexm).
Neuroscience. 190:346-53, 2011.
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NEUROTOXICITY INDUCED BY DEXAMETHASONE IN THE HUMAN
NEUROBLASTOMA SH-SY5Y CELL LINE CAN BE PREVENTED BY

FOLIC ACID
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Abstract—Folic acid (folate) is a vitamin of the B-complex
group that is essential for cell replication. Folate is a major
determinant of one-carbon metabolism, in which S-adenosyl-
methionine donates methyl groups that are crucial for neu-
rological function. Many roles for folic acid have been re-
ported, including neuroprotective and antidepressant prop-
erties. On the other hand, increased concentrations of
corticoids have proven neurotoxic effects and hypersecre-
tien of glucocorticoids has been linked to different mood
disorders. The purpose of this study was to investigate the
potential protective effect of folic acid on dexamethasone-
induced cellular death in SH-8YSY neuroblastoma cell line
and the possible intracellular signaling pathway involved in
such effect. Exposure to 1 mM dexamethasone for 48 h
caused a significant reduction of cell viability measured as
3-[4,5 dimethylthiazol-2-y]-2,5-diphenyl-tetrazolium bromide
(MTT) reduction. Exposure of 8H-8Y5Y cells for 72 h to in-
creasing concentrations of folate (1-300 pM) was not cyto-
toxic. However, pretreatment with folate (10-300 M) re-
duced dexamethasone-induced toxicity in a significant man-
ner. To explore the putative intracellular signaling pathways
implicated in the protective effect of folate we used different
protein kinase inhibitors. The protective effect of folic acid on

*Gorresponding author. Tel: +55-48-3721-5043; fax: +55-48-3721-9672
E-mail addrass: analucia@mbox1.com.br (A. L. 5. Rodrigues)
Abbreviations: BONF, brain-derived neurotrophic factor; GaMKII,
Ga?*/Galmodulin-dspendent protsin kinase | CREB, cAMP re-
sponse element-binding; GRH, corticotropin-releasing hormone;
EMEM, Eagle’s minimum essential medium; HPA, hypothalamic-
pituitary-adrenal, H-89, N-[2-[[3-(4-bromophenyl)-2-propenyl]
amino]ethy(]-E-isequinolinesulonamide hydrochloride; KN-93, N-[2-[[3-
(4chlorophenyl)-2-propenyl]methylamin ojmethylph enyl]-N-(2-hydroxy-
sthyl-4-mesthoxybenzenesulphonamide; LY 224002, 2-(4-morpholinyl)-
&-phenyl-4H-1-benzopyran-4-one hydrochloride; MEK1/2, mitogen-acti-
vated proteinfextraceliular signaltegulated kinase kinass, MTT, 3{4,5
dimethylthiazol-2-y1]-2,5-diphenyl-tetrazolium bromide; NMDA, N-methyl-
o-aspartate; PDI8O59, 2-{2-amino-3-methoxyphenyl }-4H-1-benzopyran-
4-one; PI3K, phosphatidylinositol-3 kinase; PKA, protein kinass A; PKG,
protein kinase C; THF, tetrahydrofolic acid

dexam induced neur ici by the
phosphatidylinositol-3 kinase/Akt (PISKIAkt LY294002), Ca?*/
Calmodulin-dependent protein kinase Il (CaMKll, KN-93), and
protein kinase A (PKA, H-89) inhibitors, but not the mitogen-
activated proteinfextracellular signal-regulated kinase (MEK1/2,
PD98059) and protein kinase C (PKC, chelerythrine) inhibif

In conclusion, the results of this study show that folic acid can
protect against dexamethasone-induced neurotoxicity and its
protective mechanism is related to a signaling pathway that
involves PI3K/Akt, CaMKIl, and PKA. © 2011 Published by
Elsevier Ltd on behalf of IBRO.

Key words: folic acid, dexamethasone, neuroprotection,
PI3K, CaMKII, PKA.

Folic acid (folate) is a water-soluble vitamin whose biolog-
ically active form is tetrahydrofolic acid (THF), which par-
ticipates in the transfer of one-carbon units (such as
methyl, methylene, and formyl groups) to the essential
substrates involved in the synthesis of DNA, RNA, and
proteins, crucial for neurological function (Kronenberg et
al., 2009; Fenech, 2010). The metabolism of folic acid in
the cell is initiated by dihydrofolate reductase in a two-step
reaction; the first step, conversion to dihydrofolate (DHF) is a
slow and rate-limiing step. In the second step dihydrofolate is
further reduced to THF. THF can then be converted into
additional physiological folates including 5-methyl-THF, the
form that is normally found in the circulation and in tissues
5-methyl-THF is also replenished by the conversion of folinic
acid (5-formyltetrahydrofolate), an active metabolite of folic
acid. Because de novo folate synthesis is not present in
the CNS, it depends on adequate folate transport across
the blood—brain barrier. Within neurons, part of the folate
pool will be catabolized by oxidation to dihydrofolates and
folic acid, which can be reconverted to THF by dihydrofo-
late reductase (Ramaekers and Blau, 2004). A growing
number of epidemiological studies have linked folate defi-
ciency with an increased risk of neurodegenerative and
neuropsychiatric diseases, including Alzheimer's, de-
pression, and schizophrenia (Reynolds, 2002; Mattson
and Shea, 2003; Coppen and Gouaille-Bolander, 2005;
Farah, 2009). Recent preclinical studies by our group
indicate that folic acid has antidepressant-like (Brocardo
et al., 2008a,b, 2009) and antimanic-like properties
(Brocardo et al_, 2010).

Glucocorticoids are adrenal steroids secreted during
stress and their numerous actions are essential for the
stress response (Lee et al., 2002). However, excess of
glucocorticoids, through the activation of glucocorticoid re-
ceptors, has been implicated in the reduction of the hip-

0306-4522/11 § - see front matter ® 2011 Published by Elsevier Ltd on hehalf of IBRQ
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pocampal volume observed in depression (Bremner et al.,
2000; Sheline et al_, 2003; Sterner and Kalynchuk, 2010).
While the primary function of glucocorticoids is the mobi-
lization of energy to respond to the stressor, they can also
favor the cells to undergo apoptosis (Joéls, 2008). Specif-
ically, dexamethasone, a synthetic glucocorticoid, has
been reported to induce cellular death in different kinds of
cells, namely dexamethasone induces apoptosis in striatal
(Mitchell et al., 1998), hippocampal (Hassan et al., 1996;
Haynes et al., 2001), cerebellar granule neurons (Jacobs
et al_, 2006), glial cells (Tazik et al., 2009), and SH-SY5Y
cells (Tazik et al., 2009)

The human neuroblastoma cell line SH-SYDY ex-
presses several properties of neuronal cells and has been
widely used as a cellular model to investigate the intracel-
lular mechanisms mediating the actions of drugs on human
neurons (Xie et al_, 2010). Therefore, this cell line is useful
to study mechanisms of neural death and protection (Kim
et al, 2008; Romero et al., 2010).

Falic acid has previously been shown to exert neuro-
protective actions by preventing the damage caused by
acute hyperhomocysteinemia in vivo (Tagliari et al., 2006).
It has also been reported to prevent neurotoxicity produced
either by glutamate and N-methyl-p-aspartate (NMDA) in
cultured mouse cerebellar granule neurons (Lin et al.,
2004) or by beta-amyloid peptide in cultured cortical neu-
rons (Yu et al., 2009). Moreover, other studies have re-
ported that deprivation of folic acid can compromise the
health of cultured dorsal root ganglion neurons (Tjiattas et
al., 2004y, embryonic cortical neurons, and differentiated
SH-SYSY human neuroblastoma cells (Ho et al., 2003).
However, more compelling evidence is needed for eluci-
dating its neuroprotective role on dexamethasone-induced
cell death in SH-SY5Y cells. Therefore, in this study, we
investigated the effect of folic acid against neuronal dam-
age produced by dexamethasone in SH-SY5Y cultures
and the signaling transduction pathways regulating its ef-
fect. Further elucidation of the neuroprotective effects of
folic acid on 8H-SYAY may lead to novel therapeutic strat-
egies for some diseases, especially depression, taking into
account that hypersecretion of glucocorticoids is linked to
mood disorders (Bremner et al., 2000; Kunugi et al_, 2010;
Sterner and Kalynchuk, 2010).

EXPERIMENTAL PROCEDURES
Drugs and chemicals

Faolic acid was obtained from Sigma (Madrid, Spain). Cheleryth-
rine, 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one
(PD88059), 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one
hydrochloride (LY294002), N-{2-[[[3-{4-chloraphenyl)-2-propenyl]
methylamino]methyl]phenyl]-N-(2-hydroxyethyl)-4-methoxyben-
zenesulphonamide (KN-93), and N-[2-[[3-(4-Bromophenyl)-2-pro-
penyl]lamino]ethyl]-5-isoquinolinesulfonamide hydrochloride (H-89)
were purchased from Tocris (Biogen Cientffica, Madrid, Spain)
Eagle’s minimum essential medium (EMEM), fetal bovine se-
rum, and penicillin/streptomycin were purchased from GIBCO
(Madrid, Spain)

Culture of SH-SY5Y cells

SH-8Y5Y cells were maintained ina 1:1 mixture of F-12 Nutrient
Mixture (Ham12) (Sigma Aldrich, Madrid, Spain), and EMEM sup-
plemented with 15 nonessential amino acids, 1 mM sodium pyru-
vate, 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 pg/ml streptomycin (reagents from Invitrogen,
Madrid, Spain). Cultures were seeded into flasks containing sup-
plemented medium and maintained at 37 °C in a humidified at-
mosphere of 5% CO, and 95% air. The cells were seeded into
4g-well culture plates ata seading density 1X10° ealls par well. All
treatments were performed when cells were grown to about 65%
confluence and at the end of treatment, cells reached about
B80-90% confluence. All cells in this study were used at a low
passage number (<13) and were maintained in 10% serum me-
dium until the dexamethasone treatment

SH-SYSY cells treatment

Firstly, the cells were treated with F-12/EMEM alone (serum-free
medium, 0 mM dexamethasone) or F-12/EMEM (serum-free me-
diumy) eontaining dexamethasone in concentrations ranging from
0.05t0 1 mM. MTT (3-[4 & dimethylthiazol-2-yl]-2 5-diphenyl-tetra-
Zolium bromide) reduction was analyzed 48 h after dexametha-
sone addition (Fig. 1)

Additionally, to study the effect of folic acid in this cell death
protocal, 8H-8Y5Y cells were preincubated (24 h before dexa-
methasone) and co-incubated (48 h during dexamethasone incu-
bation) with folic acid in concentrations ranging from 1 to 300 M,
diluted in serum-free medium. MTT reduction was analyzed 72 h
after folic acid addition (Fig. 2)

In order 1o investigate the mechanisms underlying the neuro-
protective effect of folic acid against dexamethasone-induced cell
death, the cells were preincubated with phosphatidylinositol-3
kinase/Akt (PI3K/AKY) inhibitor (LY294002, 10 pM), CaMKIl inhib-
or (KN-93, 1 pM), protein kinase A (PKA) inhibitor (H-89, 2 pM),
mitogen-activated proteinfextracellular signal-regulated kinase ki-
nase (MEK1/2) inhibitor (PO98059, 10 M), or protein kinase C
(PKCy inhibitor {chelerythrine, 0.1 M), 1 h prior to the addition of
folic acid. The inhikitors were present throughout folic acid incu-
bation period (Fig. 3)

48h
I Tay

Dexamethasane (0.05-1 m) incubation

125

% xx

25

% MTT metabolism

c 0.05 0.1 0.5 1
Dexamethasone (mhM)

Fig. 1. Dose-dspendent cell death induced by dexamsthasone in
BH-BYSEY neurcblastoma cells. Cells were treated with F-12/EMEM
alone (0 mM dex) or F-12/EMEM containing four different concsntra-
tions of dexamethasone. MTT redudtion was analyzed 48 h after
dexamethasone addition. Data are shown as the mean+SEM of five
different cell batches. ** P<0.01 with respect to control
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Fig. 2. Cytoprotaction afforded by folic acid against the dexamethasone-induced neurotoxicity in SH-8YEY neuroblastoma calls. The experimental
protocal consisted of preincubation (24 h before dexamsthasone) and co-incubation (48 h during dexamethasone incubation) of the SH-8Y5Y cells
with folic acid (1, 10, 100, and 300 pM, diluted in serum-free medium). MTT reduction was analyzed 72 h after folic acid addition. Folic acid at
increasing concentrations (10-300 uM) was not cytotoxic "per se” (A). When it was present preceding and during the dexamethasone period, reduced
csll death in a concentrafion-dspendent manner and maximum protection was achieved at the concsntration of 300 uM folic acid (B). The
microphotographs show phase-contrast images taken at 40X magnification of control cells (C); cells exposed to 1 MM dexamethasone for 48 h (D)
and cells incubated with 300 uM folic acid for 24 h before and during the 48-h exposure to dexamethasone (E). Data are shown as the mean =SEM
of four to seven different cell batches. ** P<0.01 with respect to control. # P<0.01 when compared to cells exposed to 1 mM dexamethasone (B)
For interpretation of the refersncss to color in this figure legend, the reader is referred to the Web version of this article.

Quantification of cell viability by MTT in SH-SY5Y
cells

Cell viability was measured by quanttative colornimetric assay with
MTT (Sigma Aldrich), as described previously (Denizot and Lang,
1886). Briefly, 50 pl of the MTT-labeling reagent, at a final con-
centration of 0.5 mg/ml, was added to each well at the end of the
dexamethasonefolic acid period and the plate was placed in a
humidified incubater at 37 “C with 5% CO, and 95% air (v/v) foran
additional 2-h period. Then, the insoluble formazan was dissolved
with dimethylsulfoxide; colorimetric determination of MTT reduc-
tion was measured at 540 nm. Control cells treated with vehicle
(F-12/EMEM) were taken as 100% viability

Data analysis

Data are represented as means=SEM. Comparisons between
experimental and control groups were performed by one-way
ANOVA followed by the Duncan post hoc test. Statistical differ-
ence was accepted when P values were <0.05

RESULTS

We first examined the effect of dexamethasone on cultured
SH-SYSY neuroblastoma cells. The results of Fig. 1 show
the effect of the incubation of cells with F-12/EMEM (con-
trol) or dexamethasone (diluted in serum-free medium) at

the concentrations of 0.05, 0.1, 0.5, and 1 mM for48 h_The
cellular viability was evaluated by the MTT reduction assay
and was expressed as percentage of control cells which
represents cells incubated for 48 h in culture medium
(100% cellular viability). Dexamethasone induced signifi-
cant cell death at the dose of 1 mM. It decreased around
40% of the cellular viability, when compared to cultures
incubated under basal conditions

Next, we examined the possible neuroprotective ef-
fects of folic acid on dexamethasone-induced cell death
Folic acid was preincubated (24 h before of dexametha-
sone) and co-incubated (during 48-h exposure to 1 mi
dexamethasone), in the same protocol, with the cells atthe
concentrations 1, 10, 100, and 300 pM (diluted in serum-
free medium) (Fig. 2). The results of Fig. 2A indicate that
folic acid at the concentrations of 1-300 pM was not
cytotoxic “per se”. Fig. 2B shows that folic acid (10-300
M) was able to protect these cells against dexametha-
sone-induced cell death with a maximum protection at 300
M. As shown in Fig. 2E, the cells, in the presence of 300
£M falic acid before and during exposition to dexametha-
sone {1 mM), recovered their initial density and exhibited
an absence of cell shrinkage, when compared with cells
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Fig. 3. Protein kinase inhikbitors used to s} the mechanism underlying the neuroprotective effect of folic acid. Protection afforded by folic acid

was partially prevented by PI3K inhibitor (LY294002, 10 uM, panel A) and totally prevented by CaMKI|l inhibitor (KN-93, 1 uM, panel D) and PKA
inhibitor (H-89, 2 uM, panel E}, but not by MEK/2 inhibitor (PDI8053, 10 uM, panel B) or PKG inhibitor {chelerythrine, 0.1 uM, panel G). Data are
representsd as the mean=5EM of thres to seven experimental determinations. ** P<0.01, when comparsd with control. * P<0.05 or ™ P<0.01is

in comparison with 1 mM dexamsthasene group

treated with dexamethasone alone (Fig. 2D) and control
(F-12/EMEM, Fig. 2C).

In order to analyze the signaling pathway that could
participate in the neuroprotective mechanism of folic acid
against dexamethasone-induced cell damage in SH-8YbY
cells, we performed experiments using LY294002, a PI3K
inhibitor, PD98059, an MEK1/2 inhibitor, chelerythrine, a
PKC inhibitor, KN-93, a CaMKIl inhibitor, and H-89, a PKA
inhibitor. Under these experimental conditions, as shown
in Fig. 3A, the treatment with 10 pM LY294002 (PI3K/Akt
inhibitor) partially blocked the neuroprotective effect of folic
acid. Fig. 3B, C show that the MEK1/2 inhibitor (10 pM
PD98059) and PKC inhibitor (0.1 @M chelerythrine), re-
spectively, were not able to reverse the neuroprotective

effect of folic acid. However, the treatment with 1 @M
KN-93 (CaMKIl inhibitor) and 2 pM H-89 (PKA inhibitor)
reversed the neuroprotective effect of folic acid against
dexamethasone-induced cell damage (Fig. 3D, E).

DISCUSSION

The results of this study show that 1 miM dexamethasone
causes neurotoxicity in SH-SYEY neuroblastoma cells and
that 300 M folic acid can protect them against this dam-
age. Additionally, we investigated the signal transduction
pathways regulating the neuroprotective response of folic
acid in this toxicity model. Dexamethasone-induced cell
death could be blocked by the protein kinase inhibitors
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LY294002, KN-93, and H-89, but not by PD38059 or chel-
erythrine. Therefore, we showed that the protection af-
forded by folic acid was likely mediated through the acti-
vation of PI3K/AKt, CaMKII, and PKA signaling pathway
rather than MEK1/2 and PKC pathways

Physical and psychological stressors stimuli activate
the hypothalamic-pituitary-adrenal (HPA) axis by increas-
ing the production and release of corticotropin-releasing
hormone (CRH) and arginine vasopressin from the para-
ventricular nucleus of the hypothalamus. CRH stimulates
the pituitary to produce adrenocorticotropic hormone
(ACTH), which enters the bloodstream and activates the
adrenal glands to release glucocorticoids, including corti-
sol in humans and corticosterone in rodents. Glucocortico-
ids, in turn, exert inhibitory feedback effects mainly at the
hypothalamus and pituitary glands to inhibit the synthesis
and secretion of CRH and ACTH, respectively. The hip-
pocampus also confers an inhibitory effect on the HPA axis
(Kunugi et al., 2010). The sites in the brain where gluco-
corticoids act are determined by the distribution of gluco-
corticoid receptors. The hippocampus is a region with high
levels of these receptors (Conrad, 2008; Joéls, 2011).
Depending on the intensity or duration of the stress, as well
as individual qualities (genetics, psychological state, etc.),
the endocrine response to stress (which is supposed to be
adaptive) becomes pathological because it involves hyper-
secretion of glucocorticoids by HPA axis overstimulation,
triggering disorders such as Cushing’s disease, posttrau-
matic stress disorder, bipolar disorder, and depression
(Bremner et al., 2000; Conrad, 2008; Kunugi et al_, 2010).
Corroborating the relationship between the HPA axis over-
stimulation and depression, a study from Haynes et al.
(2004) showed that chronic treatment with different anti-
depressants, such as tranylcypromine (a monoamine oxi-
dase inhibitor), fluoxetine (a selective serotonin reuptake
inhibitory, and desipramine (a tricyclic antidepressant) re-
sulted in marked protection from dexamethasone-induced
neuronal damage in the striatum and the hippocampus of
rats.

In this study we used a model of neurotoxicity that
mimics the hypersecretion of glucocorticoids by incubating
SH-SY5Y cells with dexamethasone, a synthetic glucocor-
ticoid (Mitchell et al., 1998; Haynes et al., 2001; Jacobs et
al., 2006; Zhu et al., 2006; Tazik et al., 2009), taking into
account that a glucocorticoid hypersecretion occurs in
most of depressive patients (Wolkowitz et al., 2009). The
hippocampal neuronal damage caused by glucocorticoids
has been well documented in vivo and in vitro (Woolley et
al., 1990; Virgin et al., 1991; Hassan et al_, 1996; Mitchell
et al., 1998; Ahlbom et al, 2000; Joéls, 2001; Lu et al_,
2003; Crochemore et al.. 2005; Zhu et al., 2006). As pre-
viously reported in the literature, our results show that
dexamethasone induces neuronal damage at the concen-
tration of 1 mi. Literature data indicate that several puta-
tive mechanisms may be implicated in this damage. One is
that the inhibition of the PI3K/Akt signaling pathway en-
hances dexamethasone-induced cell death {(Nuutinen et
al., 2006). Another possibility is that glucocorticoid induces
the increase of extracellular glutamate in the hippocampus

(Sapolsky, 2000) which can be prevented by blocking
NMDA receptors (Armanini et al., 1990). Moreover, exces-
sive glucocorticoid reduces the expression and impairs
brain-derived neurotrophic factor (BDNF) function, which
damages the hippocampus and other brain areas (Ku-
mamaru et al., 2008; Kunugi et al., 2010). Itis interesting to
mention that glucocorticoids exert antiproliferative effects
in many cell types (Crochemore et al., 2002; Hong et al.,
2011) by inhibition of cell cycle progression or induction of
cell death (Crochemore et al., 2002). Our results indicated
that dexamethasone induces morphological alteration in
SH-8Y5Y cells which is indicative of cell death rather than
reduced proliferation, but additional studies are necessary
for confirm these results.

Under the experimental conditions of this study, 24-h
preincubation with folic acid, at increasing concentrations
(10-300 pM) preceding the dexamethasone period (see
protocol on top of Fig. 2), reduced neurotoxicity in a con-
centration-dependent manner (Fig. 2B). Maximum protec-
tion was achieved at the concentration of 300 plM of folic
acid (29% protection; Fig. 2B, E). Fig. 2D shows that
treatment with 1 mM dexamethasone for 48 h changed
healthy birefringence cells (Fig. 2C) into cells without bire-
fringence and with granular cytoplasm. The literature re-
ports that folic acid deficiency induces neurotoxicity by
multiple routes. It was reported that folic acid deprivation
increased cytosolic Ca®* and reactive oxygen species
(ROS) and impaired mitochondrial function (Ho et al.,
2003; Tjiattas et al., 2004). Folic acid plays a protective
role against glutamate and NMDA-induced cytotoxicity in
cultured mouse cerebellar granule neurons (Lin et al.,
2004). Moreover, a previous study of Yu et al. (2009)
showed that folic acid protects neurons from the damage
caused by AfB.s ;s peptide by maintaining mitochondrial
function and DNA integrity and regulating apoptosis-re-
lated genes

The neuroprotective actions of folic acid described in
this study are relevant in the context of previous results: {a)
the dexamethasone-induced cell death protocol mimics
the hypersecretion of glucocorticoids in vitro (Joéls, 2001,
2008; Jacobs et al., 2008; Tazik et al., 2008); () chronic
treatment with antidepressants resulted in protection from
dexamethasone-induced neuronal damage in hippocam-
pal and striatal neuronal populations of rats (Haynes et al.,
2004); (c) preclinical studies of our group indicate that folic
acid has antidepressant-like properties (Brocardo et al.,
2008a,b, 2009); (d) folic acid was reported to have neuro-
protective properties (Ho et al., 2003; Lin et al., 2004;
Tjiattas et al., 2004; Yu et al., 2009)

It can be hypothesized that folic acid-induced cell sur-
vival was dependent on different signaling pathways,
which are key elements of signal transduction involved on
cell proliferation, differentiation, and stress response such
as PI3K/AKL, PKA, MAPK/ERK, CaMKII, or PKC pathways
(Cantley, 2002; Vivanco and Sawyers, 2002; Einat et al.,
2003; Canas et al., 2007; Gokce et al., 2009; Romero et
al., 2010)

Our results indicate that exposure of SH-SY5BY cells
with LY294002, a PI3K inhibitor, partially suppressed the
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neuroprotective effects of folic acid in dexamethasone-
exposed cells. A large body of genetic and pharmacolog-
ical evidence indicates that the PI3K/Akt signaling pathway
is critical for cell growth and survival (Hennessy et al_,
2005). The PI2K/Akt pathway is particularly important for
mediating neuronal survival under a wide variety of circum-
stances (Brunet et al., 2001; Shao et al., 2011) and has
been found to be sufficient and, in some cases, necessary
for the protection mediated by trophic factors such as
insulin-like growth factor-1 {(IGF-1) on neuronal cell death
induced by corticosterone in hippocampal neurons (Nitta et
al., 2004). Moreover, dexamethasone can decrease prolif-
eration and increase apoptosis in chondrocyte cell cultures
through inhibition of Akt phosphorylation and therefore
inhibition of the PI3K/Akt signaling pathway (Chrysis et al_,
2005). Toreinforce our results, a previous study of Seto et
al. (2010) showed that in an animal model of diabetes
mellitus-associated hypertension, oral folic acid supple-
mentation restored the blunted acetylcholine-induced aor-
tic relaxation observed in mice, probably via enhancement
of the activity of PI2K/Akt cascade. In line with this finding,
our results indicate that LY294002 partially blocked the
neuroprotective effect of folic acid against dexametha-
sone-induced cell injury in SH-SY5Y cells. This result re-
inforces that the PI3K/Akt signaling pathway is implicated
in the neuroprotective effect of folic acid.

Additionally, our results show that PD98059 and chel-
erythrine were not able to block the protective action of
folic acid against dexamethasone-induced damage. These
results suggest that this signaling pathway does not par-
ticipate in the neuroprotective effect of folic acid in this
protocol.

Moreover, CaMKIl is the most abundant protein kinase
in the brain involved in neuronal plasticity (Popoli et al..
2000; Cammarota et al., 2002). Downstream calcium-de-
pendent responses to BDNF involve the activation of cal-
ciunvcalmodulin-dependent Kinases (CaMKs) (Spencer et
al., 2008). It involves downstream calcium-dependent
mechanisms and the CaMK-dependent phosphorylation
induces activation of cAMP response element-binding
(CREB) transcription factor. Our results show that KN-92
suppressed the neuroprotective effect of folic acid, there-
fore this signaling pathway seems to be involved in the
neuroprotective mechanism related to folic acid in this cell
death protocol

We also found that H-89 suppressed the neuroprotec-
tive effect of folic acid against dexamethasone-induced
neurotoxicity. H-89 is an isoquinolinesulfonamide that acts
as a competitive inhibitor against ATP binding to the cat-
alytic subunit of PKA (Chijiwa et al., 1990). This enzyme is
involved in several physiologic functions in the brain, in-
cluding neurotransmitter synthesis and release, gene ex-
pression, synaptic plasticity, memory, cell growth and dif-
ferentiation, and cell survival. The major mechanism of
PKA-mediated function is through the phosphorylation of
specific substrates, which include CREB (D'Sa and Du-
man, 2002; Gould and Manji, 2002; Blendy, 2006). The
activation of GREB causes the expression of proteins such
as BDNF, which has been implicated in the maintenance of

Falic acid

Neuroprotection against
dexamethasone-induced neurctoxicity
in the SH-SY5Y cells

Fig. 4. Schematic diagram illustrating the putative intracellular sur-
vival pathways activated by folic acd to prevent dexamethasone-
induced neurotoxicity in the SH-8YSY cell line. Neuroprotection af-
forded by folic acid in this neurotoxicity protecol involves molecular
targets such as PI3K/Akt, CaMKII, and PKA activation. For interpre-
tation of the references to color in this figure legend, the reader is
referred to the Web version of this article

neurons, cell survival, and neuronal plasticity (0’Sa and
Duman, 2002; Blendy, 2006). In our study H-89 was able
to reverse the dexamethasone-induced SH-8YHY neuro-
toxicity, suggesting that the activation of this signaling
pathway by folic acid is also likely implicated in its neuro-
protective effect

As depicted in Fig. 4 this study presents clearevidence
that folic acid can protect the human neuroblastoma SH-
8Y5Y cell line against dexamethasone-induced cell dam-
age and that PIaKrAkt, CaMKII, and PKA are molecular
targets implicated in the neuroprotective effect of folic acid.
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CAPITULO 5
Excitotoxicity induced by glutamate in the hippocanpus
slices can be prevented by folic acid through the &-3p and iINOS
inhibition. Budni J, Molz S, Dal-Cim T, Martin-de-Saavedra Migjea
J, Lopéz MG, Tasca ClI, Rodrigues ALS.
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Abstract

Folic acid (folate) is a vitamin of the B-complesogp crucial for
neurological function. Many roles for folic acid yeabeen reported,
including neuroprotective properties. On the otheand, the
excitotoxicity and cell death induced by glutamigténvolved in many
disorders. The purpose of this study was to ingesti the potential
neuroprotective effect of folic acid on glutamatetced cell death in
rat hippocampal slices and the possible intracgllaignaling pathway
involved in such effect. The treatment of hippocahglices with folic
acid (100 puM) significantly reduced glutamate (lrilfuced cell
death measured by MTT and inhibited bHaspartate release induced
by glutamate. To investigate the putative intradetl signaling
pathways implicated in the neuroprotective effédbtic acid we used a
PI3K inhibitor, LY294002, which abolished the nepratective effects
of folic acid against glutamate-induced cell deatid D-fH]aspartate
release. Moreover, hippocampal slices incubatet failic acid alone
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for 30 minutes induced the phosphorylation of gyrogynthase kinase-
3B (GSK-3P) at Ser9. Furthermore, folic acid in presence lafagnate
insult in hippocampal slices maintained for an &ddal period of 6 h in
fresh culture medium without glutamate and/or fadicid, induced
phosphorylation of GSK{8 and p-catenin expression. In addition,
glutamate treated hippocampal slices showed inedeatNOS
expression that was reversed by folic acid. In tion, the results of
this study show that folic acid can protect agaigistamate-induced
excitotoxicity and its neuroprotective mechanismynbe related to a
signaling pathway that involves PI3K/GSK/B-catenin and iNOS.

Key words: glutamate, folic acid, neuroprotection, PI3K,
GSK33, B-catenin, INOS, hippocampal slices.

Abbreviations: Foli acid, FA; Glutamate, Glu; glycogen
synthase kinasep3 GSK3; [2-(4-morpholinyl)-8-phenyl-4H-1benzo-
pyran-4-one, LY 294002; inducible nitric oxide dyase, iNOS; 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode, MTT; NO,
nitric oxide; phosphoinisitide-3 kinase, PI3K;
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Introduction

L-Glutamate is one of twenty essential amino aeidd it is the
most important excitatory neurotransmitter in thammmalian central
nervous system (CNS) mediating excitatory synapt&sponses
(Mattson, 2008; Severino et al, 2011). This amioiol & important for
neurogenesis, neurite outgrowth, synaptogenesisnauodon survival
(Mattson, 2008). Hence, the glutamatergic systeayspimportant roles
in a wide range of neuronal physiological functioingluding learning,
memory, cognition, neuronal plasticity and neurplvio actions (Popoli
et al, 2011; Severino et al, 2011; Verkhratsky &Khoff, 2007).

Glutamate exerts its action at the presynaptic postsynaptic
level through the stimulation of different glutamaeceptors, expressed
in virtually all cells of neural origin, and thatam be classified as
ionotropic receptors (including NMDA [N-methyl-D{aartate], AMPA
[a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic dci@nd Kainate
receptors) and G-protein-coupled metabotropic tecep(mGIuR1 to
mGIuR8) (Verkhratsky & Kirchhoff, 2007). The ionopic glutamate
receptor activation allows an influx of cations ithe postsynaptic cell,
which is a fundamental response required to prodiueedepolarizing
signal at numerous central synapses (Dinglediag ¢999).

Excessive activation of glutamate receptors, a gs®ccalled
glutamate excitotoxicity, can result in neuronasfdyction and death
(Olney, 1969), consequence of a large inflow of ‘Cand N4 into
neurons (Orrenius et al, 2003). Glutamate exciioityxis implicated in
a variety of neuropathological conditions such astihgton’s disease,
Alzheimer’s disease, Parkinson’s disease, amyoitdpteral sclerosis,
multiple sclerosis, depression, epilepsy and sghimnia (Dong et al,
2009; Sanacora et al, 2008). Although the mechanismderlying
glutamate excitotoxicity are complex, studies pernied in hippocampal
slices showed that this process may involve cytotier ¢ release,
caspase-3 activation and DNA fragmentation, viaMy&BK signalling
activation (Molz et al, 2008a). Glutamatergic estwkicity may be also
related to the reversal activity of glutamate tponrters, which causes an
increase in extracellular glutamate concentraidolz et al, 2008b).

Moreover, a previous study by Molz et al. (2011pwbd that
glutamate induces activation of inducible nitriddix synthase (iNOS)
in hippocampal slices. Indeed, in the diseasednpnaiainly under
inflammatory conditions, iINOS is induced in micragand astrocytes,
and once expressed produces nanomolar concengratiddO which is
100-1000 times those produced by neuronal nitriddeoxsynthase
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(nNNOS) (Pannu & Singh, 2006; Saha & Pahan, 2006 MNOS-
induced production of NO from activated microglialminates in
neuron death (Brown, 2010). It is important to eagke that neurons
are capable of producing NO in small amounts thinotige catalytic
action of the enzyme nNOS (Gonchar & BurkhalteQ7,9vruwink et
al, 2001), whereas glial cells (astrocytes and ogica) express all three
NOS isoforms (NNOS, eNOS- endothelial form- and $yOThe
induction of INOS is due to several stress stimultjuding glutamate
excitotoxicity (Licinio et al, 1999; Lopez-Figuerea al, 2000; Molz et
al, 2011; Moro et al, 2004; Nomura, 1998; Oliveertal, 2000).

Taking into account that the glutamate-induced teiaxic
damage involves several mechanisms and it is a conpathological
event implicated in different diseases, it is intpot to research new
neuroprotective strategies for treating glutamatezgcitotoxic.

Folic acid is a vitamin of the B-complex group daeldor many
reactions important to nervous system function {8tet & Shea, 2003),
since it is involved in the metabolism and funcingn of many
substances, such as purines and pyrimidines, DNMA,Raminoacids,
phosphorous compounds, vitamin B12, methionine, d&yasyl-
methionine, dopamine, epinephrine, norepinephriaed serotonin
(Matson and Shea, 2003; Coppen and Bolander-GeuadDO05;
Kronenberg et al., 2009; Lucock, 2011). Moreoverisiimportant to
mention that this vitamin exerts neuroprotectivéoms by preventing
the damage caused by several toxic stimuli (Butiai,e2011; Tagliari
et al, 2006; Yu et al, 2009) including glutamatel &MDA (Lin et al,
2004).

Considering that recent studies have shown thafol&) acid
exerts antidepressant and neuroprotective effactaigh the activation
of phosphoinositide-3 kinase (PI3K)/Akt/ synthaseake B (GSK-3B)
pathway (Budni et al, 2012b; Budni et al, 2011;0Sstal, 2010) and b)
a promising strategy to combat glutamate excitaioxrelated brain
disorders could be attained through agents thavaaetthis pathway
(Chuang et al, 2011), the aim this study was toestigate the
neuroprotective role of folic acid against glutamstduced
hippocampal slice injury and the role of the PISKK3/3-catenin
pathway and iNOS in the possible folic acid’s nguodective effect.

Materials and methods

Animals

Male Wistar rats (23-25 days of postnatal age) taaied on a
12-hour light-12 hour dark schedule at 22 + 1° @hvood and water
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ad libitum were obtained from our local breeding colony. &xpents
followed the “Principles of laboratory animal car@NIH publication
No. 85-23, revised 1985) and were approved by teall Ethical
Committee of Animal Research (CEUA/UFSC).

Preparation and Incubation of Hippocampal Slices

Rats were killed by decapitation and the hippocangse rapidly
removed and placed in ice-cold Krebs-Ringer bicaat® buffer (KRB)
of the following composition: 122 mM NaCl, 3 mM KC1.2 mM
MgS0O4, 1.3 mM CaCl2, 0.4 mM KH2PO4, 25 mM NaHCO3 d
mM D-glucose. The buffer was bubbled with 95% O2-8%2 up to
pH 7.4. Slices (0.4 mm thick) were rapidly prepausthg a Mcllwain
Tissue Chopper, separated in KRB aC4and allowed to recover for 30
minutes in KRB at 3T to afford stabilization (Oliveira et al, 2002).

Hippocampal slice treatments

After slice stabilization, the slices were inculghwgth glutamate
(Sigma) (1 mM) for 1 h in KRB buffer. After this ped, the medium
was withdrawn and replaced by a nutritive cultuediam composed of
50 % of KRB, 50 % of Dulbecco’s modified Eagle’sdnen (DMEM,
Gibco), 20 mM of HEPES and 1@@/ml of gentamicine. Slices were
maintained for additional 6 h in a humidified atiplsre 95% air and
5% CQ at 37C to evaluate cell viability (Molz et al, 2008a).

When present, folic acid was added to the incubatiedium 30
min before glutamate and maintained during thedf imcubation with
glutamate. LY294002 (30 uM) was added to the intabanedium 15
minutes before folic acid and maintained during tfudic acid
preincubation period.

Evaluation of cell viability

Hippocampal cell viability was evaluated 6 h aftgutamate
exposure. Cell viability was determined through #ility of cells to
reduce MTT (3-(4,5-dimethylthiazol-2-yl-diphenyltatolium bromide,
Sigma) (Mosmann, 1983). Hippocampal slices weraibated with
MTT (0.5 mg/ml) in KRB for 30 minutes at 37°C. Ttefrazolium ring
of MTT can be cleaved by active dehydrogenasesdardo produce a
precipitated formazan. The formazan produced wdab#iaed by
adding dimethyl sulfoxide (DMSO), resulting in almaed compound
whose optical density was measured in an ELISAeeéb0 nm).
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Immunobloting

In order to evaluate GSK3Ser 9) phosphorylation (p-GSK333
slices were incubated for 60 min under control dos, or treated
with folic acid (100 uM) for 30 or 60 min. In anethexperiment, p-
GSK-33, B-catenin and iNOS levels were evaluated 6 h aftgamate
exposure. Then, slices were homogenized in ice-ysid buffer (1%
Nonidet P-40, 10% glycerol, 137 mM NaCl, 20 mM €I, pH 7.5, 1
pg/ml leupeptin, 1 mM phenylmethylsulfonyl fluorid2) mM NaF, 1
mM sodium pyrophosphate, and 1 mM Na3V04). Prot0sig) from
these cell lysates were resolved by SDS-PAGE aadsfierred to
nitrocellulose membranes (GE Healthcare, Chalfont &les, UK).
Membranes were incubated with anti-p-GSK-@L:1,000); anti-total
GSK-33 (1:1,000); ant-actin (1:100,000); anfi-catenin (1:10,000);
anti-INOS (1:10,000) (Sigma). Appropriate peroxelgsnjugated
secondary antibodies (1:10,000) were used to depesteins by
enhanced chemiluminescence. Different band infessitorresponding
to immunoblot detection of protein samples werentjtiad using the
Scion Image program (Scion Corporation, FredefhitR, USA).

Glutamate release

Following preincubation period to allow slice reeoy (30 min),
hippocampal slices were incubated in Hank’'s baldnsalt solution
(HBSS), composition in mM: 1.29 Cafl136.9 NaCl, 5.36 KCI, 0.65
MgSQ,, 0.27 NaHPQO,, 1.1 KH,PO,, and 5 Hepes. When present, folic
acid was incubated for 30 min and maintained durgigtamate
exposure. LY204002 (30 uM) was preincubated fomis before folic
acid. Glutamate (1 mM) was incubated for 15 min gluiamate uptake
was assessed by adding 0.33 pCi/ml D-[3H]aspantdtie 100 puM
unlabeled aspartate for 7 min and stopped by fleezeold washes with
HBSS. D-[3H]aspartate instead of L-[3H]glutamateswaed in order to
avoid glutamate metabolization in intracellular gariments, although
similar results were obtained by using Ibtaspartate or L-
[3H]glutamate. The slices were then further incabdator 15 min in
HBSS and the supernatant was collected in orderei@sure the amount
of released D3H]aspartate. Slices were disrupted by overnight
incubation with 0.1% NaOH/0.01% SDS and aliquotdyshtes were
taken for determination of intracellular B-Jaspartate content (Molz et
al, 2008b). Intracellular and extracellular Jaspartate content were
determined through scintillation counting, calcathtas nmol of
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aspartate and the amount of released aspartate ewgessed as
percentage of total D¥ffijaspartate.

Statistical analysis

Comparisons among groups were performed by oneamalysis
of variance (ANOVA) followed by Duncan’s test if cessary, with
p<0.05 considered to be statistically significant.

Results

Folic acid protects against glutamate-induced celtleath by
activation of PI3K pathway

Exposure of hippocampal slices to 1 mM glutamaselted in a
significant decrease in cell viability measuredraeduction of MTT.
Slices were treated with folic acid (1, 10 or 100uMolic acid (100
KM) significantly prevented the reduction in celability induced by
glutamate, but this neuroprotective effect was oloserved at lower
doses of this vitamin (1 or 10 uM) (Fig. 1A).

In order to evaluate the involvement of PI3K in the
neuroprotective effect of folic acid, a PI3K inhdr, LY294002 was
used. This inhibitor prevented the neuroprotecetfect of folic acid
against glutamate excitotoxicity. It is importaot mention that folic
acid (100 pM) and LY294002 (30 uM) alone did naismreduction in
cell viability as compared to control group (Fig)1

Folic acid prevents glutamate release through PI3K
activation

The presence of glutamate (1 mM) induced excesfive
[3H]aspartate release (glutamate release) in hgoppal slices. Folic
acid (100 uM) prevented glutamate-induced D-[3Hdakgie release in
the hippocampal slices. The presence of PI3K itdnipLY294002, was
able to reverse the neuroprotective effect of fal@d on glutamate
release (Fig. 2).

Folic acid protects against glutamate-induced exatoxicity
through GSK3p/p-catenin pathway modulation

Considering that: i) folic acid was able to protemgainst
glutamate-induced cell death; ii) the effects ofs tlvitamin were
reversed by a PI3K inhibitor, which indicate invetrent of PI3K
pathway in the mechanism of neuroprotection affdrole folic acid, we
decided to investigate downstream targets of P#8ikh as GSKBand
B-catenin.
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For these experiments, hippocampal slices werebated with
100 uM of folic acid for 30 and 60 minutes and dgdates were then
analyzed by immunoblotting. Fig. 3A shows a repnésive
immunoblotting and quantitative analysis of GSK{thosphorilated at
Ser9 (p-GSK-B) and total-GSK-B (t-GSK-3B). Our results show that
incubation of hippocampal slices with folic aciccieased p-GSK{8
after 30 minutes of exposition. The increase on3ik&p induced by
folic acid was not sustained. After 60 min incubatiwith folic acid a
reduction on GSK{3 phosphorylation at control group level was
observed (Fig. 3A).

Subsequently, we evaluated the GSKghosphorylation in all
experimental groups (Control; folic acid alone; 94®02 alone;
glutamate alone; folic acid /glutamate; LY29400R¢@cid/glutamate)
6 h after glutamate exposure. Our results indicated folic acid,
LY294002 or glutamate alone did not alter the G$K-3
phosphorylation. However, when hippocampal slicesewsubject to
glutamate toxicity in the presence of folic acidinorease on GSK{3
phosphorylation was observed, an effect that wasrsed by the PI3K
inhibitor LY294002 (Fig. 3B).

To confirm that GSK-B phosphorylation is implicated in the
neuroprotective effect of folic acid against exttdcity induced by
glutamate, the expression pfcatenin in all experimental groups was
analyzed by immunoblotting (Control; folic acid a& LY294002
alone; glutamate alone; folic acid/glutamate; LYQ@O2Z/folic
acid/glutamate) 6 h after glutamate exposure. Wseofed an increased
B-catenin expression in the folic acid/glutamateugroLY294002 was
able to reverse this alteration. LY294002, folitddagr glutamate alone
did not alte3-catenin expression (Fig. 3C).

Folic acid prevents glutamate-induced iNOS expressn

In order to investigate the role of INOS on the nopuotective
effect of folic acid against the glutamate-indueaditotoxicity, we also
evaluated the expression of iINOS in all experimegtaups (Control;
folic acid alone; LY294002 alone; glutamate alorfelic acid
/glutamate; LY294002/folic acid/glutamate) afteh ®f incubation. We
have found increased levels of INOS after exposiréippocampal
slices to 1 mM glutamate. This effect was compjefaievented when
slices were preincubated with 100 uM of folic adiie neuroprotective
effect of folic acid was reversed by LY294002 (F4y.
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Discussion

The rat hippocampal slice preparation exposed ttaglatein
vitro has been widely used to mimic a glutamatergic et@iicity
condition (Molz et al, 2011; Molz et al, 2008a; Idat al, 2008b). The
present study is the first to demonstrate thatfaliid can protect rat
brain slices against glutamate toxicity. This stpdyvides evidence that
the folic acid neuroprotective effect is mediated RISK/GSK-3/B-
catenin pathway and inhibition of INOS.

There are many advantages to irsevitro experiments such as
maintenance of anatomic relation and natural synaphnnectivity and
elimination of in vivo variables (blood flow, temperature and ionic
environment). Therefore, an increasing number ainbslice models
have been used to study brain function and neuregon (Lipton &
Raley-Susman, 1999; Molz et al, 2011; Molz et 80&; Molz et al,
2008b; Wang et al, 2007; Wang et al, 2006). In shisly we used ain
vitro protocol of cell death induced by glutamate in mgipocampal
slices. Glutamate receptor-mediated excitotoxi@tglosely associated
with a number of pathological conditions and neagalal disorders
(Dong et al, 2009; Lau & Tymianski, 2010; Sanacetal, 2008). In
certain pathological conditions, for instance braichemia or injury
extracellular glutamate is rapidly elevated, whielsults in excessive
activation of glutamate receptors and consequamnbnel injury (Lau &
Tymianski, 2010). Excitotoxicity may be modified bye efficiency of
glutamate clearance from synaptic clefts by glutem@ansporters,
coupled to Na+/K+-ATPase activity, present in asftes and, to a
lesser extent, in neurons (Anderson & Swanson, ;2Bé@art & O'Shea,
2007; Danbolt, 2001; Markowitz et al, 2007; Sheld@nRobinson,
2007). Therefore, these transporters remove thesske glutamate
from brain extracellular space, thus preventingtetaxicity (Choi et al,
1987; Danbolt, 2001) and modulating synaptic trassion(Huang &
Bergles, 2004). Nevertheless, damage of transpoiriduced by redox
modulation of reactive cysteine amino acid residuedepletion of ATP
can cause reversal of glutamate transport and adation of this
amino acid in the extracellular space (Camacho &dau, 2006; Rossi
et al, 2000; Struzynska, 2009). A study by Molzakt(2008b) showed
that glutamate-induced slice damage might occurexarsal of plasma
membrane glutamate transporters, since DL-TBOA, latamate
transport inhibitor, reversed the loss of cell Vigb induced by
glutamate and glutamate-induced*H]glutamate release.

The results of the present work demonstrate thatrratment of
hippocampal slices with folic acid (100M) protected these cells
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against glutamate-induced damage. Moreover, oultseslso indicated
that glutamate-induced D-[3H]aspartate release tigppocampal slices
was reversed by folic acid treatment. These finglimglicate that folic
acid can prevent the loss of glutamate-inducedwatiility and inhibit
synaptic glutamate release. Therefore, these sesuljgest that folic
acid reduces hyperexcitability by inhibiting exdeegglutamate release,
acting as an endogenous neuroprotective agent, emiryg
excitotoxicity. Indeed, a study by Lin et al. (200flemonstrated that
folic acid was able to protect murine cerebellaanglle cells against
glutamate/NMDA-induced toxicity. Moreovem vivo studies showed
that the antidepressant-like effect of folic agidthe forced swimming
test may involve the inhibition of NMDA receptonsnplicating the
glutamatergic system in its effect (Brocardo e808a). It is important
to be mentioned that there are féwvitro studies dealing with the
ability of folic acid to prevent glutamate-inducagury. The present
work clearly indicates the ability of folic acid tonodulate the
glutamatergic system reducing glutamate excicitottyx in the
hippocampus, a finding with therapeutic applicadiononsidering the
involvement of excitotoxicity in a large array oNS diseases (Dong et
al, 2009; Lau & Tymianski, 2010; Sanacora et aQ&0

In the present study we show that the preincubatiith PI3K
enzyme inhibitor, LY294002, significantly abolishdtle protective
effect of folic acid against glutamate-induced csébility reduction.
Additionally, the ability of folic acid to reducelldamate release also
was completely inhibited by LY294002. This evidersggygests that
folic acid can protect against glutamate excitatibyi (cell death and
glutamate release) by activating PI3K-mediatedalomg pathway.

The PI3K is a lipid kinase which targets the Akt,peotein
threonine/kinase. PI3K is an enzyme that partieipain many
physiological functions in brain and is utilized lmgurotrophins to
mediate neuronal plasticity, cell survival, cellolifieration, cell
migration, vesicle trafficking and inhibition of gposis for several
neuronal subtypes (Beaulieu, 2012; Beaulieu eR@09; Katso et al,
2001; Marone et al, 2008; Mellor et al, 2012).

To reinforce the results found in this study, kiteire data have
indicated the association between folic acid arBKRictivation. Seto et
al. (2010) showed that in an animal model of diebemellitus-
associated hypertension, oral folic acid suppleatart restored the
blunted acetylcholine-induced aortic relaxation eslsed in mice,
probably via enhancement of the activity of PI3K{Akascade.
Moreover, a previous study from our group showedickvidence that
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folic acid can protect the human neuroblastoma SHYScell line
against dexamethasone-induced cell damage, atitepatt, by causing
PI3K activation. This conclusion derives from tlaetfthat LY294002
reversed the folic acid-induced neuroprotectionirejadexamethasone
effect in this cell line (Budni et al, 2011). A fber in vivo study
demonstrated that the antidepressant-like effedolaf acid might be
mediated by PI3K activation (Budni et al, 2012H)efefore, the results
of present study corroborate literature data reggrthe implication of
PI3K in the effects of folic acid.

In order to investigate the downstream mechanison$’IBK
involved in the folic acid neuroprotective effecjainst glutamate
excitotoxicity (cell death and glutamate releass® evaluated the
participation of GSK-B in the effect of this vitamin. GSK-3 is a
serine/threonine protein kinase highly expressedhe brain (Perez-
Costas et al, 2010; Woodgett, 1990; Yao et al, p08&th in neurons
and glia (Ferrer et al, 2002). GSK-3 displays intgatr roles in
processes such as metabolism, cellular architecgeee expression,
neurobiological processes, synaptogenesis, neuetmmaent, axonal
growth and polarity, immune response, circadianthimg, and
neuronal/cellular survival (Kaidanovich-Beilin & Wdgett, 2011;
Sutherland, 2011). There are two isoforms of GSK=BK-3n and
GSK-33) and its isoforms are among the most extensivélglied
substrates of Akt (Beaulieu, 2012; Beaulieu e2809). Akt regulates
negatively GSK-3 through phosphorylation of senesidues on their
amino-terminal domain (Ser2l1 for GSk-3and Ser9 for GSK{J
(Beaulieu, 2012; Kaidanovich-Beilin & Woodgett, 201

Here we observed that preincubation of hippocarsfiets with
folic acid (30 minutes) was sufficient to increasBSK-33
phosphorylation at Ser9. However, after 60 mintités effect was not
observed (GSK{3 phosphorylation at Ser9 returned to basal levéls).
reinforce this hypothesis, we analyzed the G$KpBosphorylation at
Ser9 after 6 hours of hippocampal slices incubatioriresh culture
medium without glutamate and/or folic acid. Onlg throup incubated
with folic acid plus glutamate presented an incedasGSK-B
phosphorylation at Ser 9, which is an indicativeha inhibition of this
enzyme. Corroborating our data, a regentivo study demonstrated that
the antidepressant-like effect of folic acid migitvolve GSK-3
inhibition (Budni et al, 2012b), suggesting thatkG33 can be arn
vivo andin vitro signaling target involved in the effect of foliciéd.c
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To confirm the participation of GSKE3 inhibition in the
neuroprotective effect of folic acid against glutden damage, we
analysed th@-catenin expression after 6 hours of incubatfoatenin
is a cytoplasmic protein downstream mediator of Wiet signaling
pathway, which regulates the expression of a nurabgenes essential
for cell proliferation and differentiation (Bauer &Villert, 2012;
Takahashi-Yanaga & Sasaguri, 2007). In the cytoplabe B-catenin
level is kept low through continuous ubiquitin-grasome mediated
degradation regulated by adenomtous polyposis @HC), casein
kinase & (CKla) and GSK-B (Takahashi-Yanaga & Sasaguri, 2007).
The activation of GSK{3 induces p-catenin degradation through
phosphorylation of this protein. In contrast, tidibition of GSK-3
culminates in dephosphorylation and stabilizatibifi-catenin, resulting
in accumulation of-catenin, which translocates to the nucleus todedu
transcription in cooperation with transcription tias, inducing
antiapoptotic effects and stimulating axonogenéSigyle & Duman,
2003). The results showed that only the group iatedbwith folic acid
plus glutamate presented an increaBazhtenin expression, similar to
the results of GSK{B phosphorylation at Ser 9. Therefore, the results
of the present study suggest that folic acid maymmte cell survival
against glutamate damage througicatenin accumulation, perhaps a
consequence of the inhibition of GSK:-3Hence, further studies
involving folic acid and GSK{#p-catenin pathway are welcome.

Moreover, our results also demonstrate that inphesence of
LY294002, the increase on GSI8-3phosphorylation and-catenin
expression in hippocampal slices incubated withicfacid plus
glutamate was abolished.

Altogether, the results indicate that the neuramie effect of
folic acid might involve Akt activation, since PI3KGSKf and B-
catenin are shown to be involved in the effectadicfacid. Thus, Akt
may be a link between the PI3K and Gf#-catenin in the
neuroprotective effect of folic acid observed irstbtudy. This protein,
also termed protein kinase B (PKB) is a downstrearget of PI3K.
Activated Akt, in turn, inhibits GSK{8and consequently promot@s
catenin accumulation which induces neuronal suh(iBaaulieu, 2012;
Beaulieu et al, 2009; Sutherland, 2011; Toledol,e2@08). Therefore,
folic acid might act direct or indirectly throughH3K/Akt/ GSK-3p/p-
catenin pathway modulation.

It is recognized that glutamate plays an importaié in the
neuroinflammation, since this excitatory amino acih induce the
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release of proinflamatory cytokines (interleukirfe IL-1p, and tumor
necrosis factorTNF-o), which can trigger INOS expression (Cardenas
et al, 2000; Moro et al, 2004). A study performgdMolz et al. (2011)
showed that glutamate induces increase on INOSesgjon in rat
hippocampal slices. Similarly, our results indicateat glutamate
provokes iNOS induction in hippocampal slices ¢$.ré is well known
that INOS is induced mainly in microglia and asytes, causing
neuronal death (Bal-Price & Brown, 2001; Brown, @0BRrown & Bal-
Price, 2003). There are several mechanisms by vdttiated glia Kill
neurons. The primary mechanism is the increasedSi&pression by
glia, which produces NO. In turn NO (i) causes icaic mobilization
from the endoplasmic reticulum, (ii) inhibits mitandrial respiration
in neurons and consequently depolarizes the negausing release of
glutamate. Moreover the activated microglia map aédease glutamate,
that contributes to the activation of NMDA recepsord production of
reactive oxygen species, which react with supesoxid produce
peroxynitrite, that in turn, induces neuronal deg&town, 2010).

In this study we observed that folic acid was cépabf
preventing glutamate-induced INOS expression. lddéterature data
have shown that folic acid induces neuroprotectioder different toxic
stimuli through iINOS inhibition and consequenthdueing NO level
(Figueiredo et al, 2011; Majumdar et al, 2010). dbwer, a study
showed that folic acid treatment significantly attated the plasma
homocysteine level, suppressed the activation otraglia and
astrocytes, and inhibited the expression of INO8 &NF- in spinal
cord of mice deficient of superoxide diemutase OD3) with high
level of homocysteine, an animal model of amyotiopditeral sclerosis
(Zhang et al, 2008). Additionally, a recent studyrbnstrated that folic
acid inhibited lipopolysaccharide (LPS)-induced durction of NO,
TNF-a and IL-13 and decreased iNOS, TNFand IL-13 mRNAS in
RAW264.7 cells (Feng et al, 2011).

Finally, we also found that LY294002 was able twerse the
protective effect of folic acid against glutamatekiced iINOS
expression in hippocampal slices. Similarly to thsults of the present
study, a PI3K inhibitor increased iNOS expressioreisponse to LPS or
cytokines in astrocytes or C6 glioma cells, indimathat the activity of
PI3K pathway can modulate iINOS expression (Pahaal,eti999).
Moreover, Molz et al. (2011) showed that the netotgetive effect of
guanosine, a guanine nucleoside, in a glutamatscediprotocol of cell
death, was also abolished by LY294002, anothereedd linking PI3K
pathway to INOS expression.
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Taken together, these results demonstrate that fatid can
protect hippocampal slices against injury induced giutamate. Its
neuroprotective effect is possibly mediated throo§RI13K/GSK-3/p-
catenin pathway modulation and inhibition of ING®She hippocampus.
However, additional studies should be conductegrbavide a deeper
understanding of the mechanisms underlying the apeatection
elicited by folic acid against glutamate-inducedi®toxic.

Legends

Figure 1. Cell viability in hippocampal slices setied to glutamate in
the presence of folic acidA) Hippocampal slices were incubated for 1 h with
1mM glutamate (Glu). When present, folic acid (FA1ID and 100pM) was
preincubated for 30 min. After this period, incibatmedium was withdrawn
and replaced for fresh culture medium without ghage and maintained for
additional 6 h(B) When present, LY294002 (30uM) was added to indabat
medium 15 min before FA and maintained during tAepFeincubation period.
Control group was considered as 100 % and represetit viability of slices
incubated only in culture medium. MTT (0.5 mg/mlasvincubated for 20 min
at 37° C and cell viability was accessed at 550 Time. values represent means
* standard error of at least 4-6 experiments cduoig in triplicates. *p<0.05 or
**p<0.01, indicates means significantly differembiin control group (100 %)
and # p<0.05 or ## p< 0.01, indicate mean diffefieamh Glu.
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Figure 2. Glutamate release from hippocampal slatesdlenged with
glutamate in the presence or not of folic acid. géigampal slices were
incubated for 15 min with 1 mM glutamate (Glu) fretpresence or absence of
100 uM of folic acid (FA). When present, FA was ipoeibated for 30 min
before the addition of glutamate. LY294002 (30puMjswadded to incubation
medium 15 min before FA and maintained during tAepFeincubation period.
Control group was considered as 100 % and repegdutmate released from
slices incubated only in HBSS. Glutamate release assessed as described in
Experimental procedures. Results were expresseerasntage of total D]
aspartate and represent mean + standard errounékperiments carried out in
triplicates. *P<0.05, represents mean significandifferent from control
groups; #P<0.05, represents mean significanthedbfit from Glu group.

301

NN
.1

Glutamate released
(% control)




154

Figure 3. Immunodetection of GSK3-3or B-catenin in hippocampal
slices submitted or not to glutamate in the presen€ folic acid. (A)
Representative western blot of phosphorylated GBkaB Ser9 (p-GSK)
related to total GSK{B(t-GSK-3B) e quantitative analysis of p-GSK-8elated
to t- GSK-3 in optical density of hippocampal slices exposetbtic acid (FA)
for 30 and 60 min(B) Representative western blot of p-GSK+4&lated to t-
GSK-3 e quantitative analysis of p-GSK-3elated to t- GSK{8 in optical
density of hippocampal slices untreated (Contral)treated with glutamate
(Glu-1 mM) incubated for 1 h in culture medium anwhintained for an
additional 6 h in fresh culture medium without gliate. When present, FA
(100 pM) was preincubated for 30 min. LY294002 (BQuwas added to
incubation medium 15 min before FA and maintainedrind) the FA
preincubation period(C) Representative western blot pfcatenin expression
related top-actine e quantitative analysis pfcatenin expression related fto
actine. Whole cells lysates were subjected to Wiedtldt analysis to p-GSK3
or B-catenin detection as described in Methods. Theegatepresent means *
standard error of 3-6 independent experiments. € 0.05 or ** p<0.001,
indicates means significantly different from cohtrgroup;. ## p<0.01,
represents mean significantly different from Gloup.
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Figure 4. Immunodetection of iNOs in hippocampatesd submitted
submitted or not to glutamate in the presence &€ facid. Representative
western blot of iINOS in hippocampal slices subrditte Glu or FA/Glu e
guantitative analysis by optical density of INO$ression related tp-actine.
Untreated (Control) or 1 mM glutamate (Glu)-treatégdpocampal slices were
incubated for 1 h in culture medium. Slices weréntaéned for an additional 6
h in fresh culture medium without glutamate. Wheesent, folic acid (FA 100
UM) was preincubated for 30 min. LY294002 (30uM)svealded to incubation
medium 15 min before FA and maintained during tAepFeincubation period.
Whole cells lysates were subjected to Western ditalysis to INOS detection.
The control values were considered as 100 % (reptesSNOS expression from
slices incubated only in HBSS) and other treatmemi®e expressed in relation
to this value. The values represent means + stdnelaor of 6-5 independent
experiments.* p < 0.05 or ** p<0.001, indicates meaignificantly different
from control group;. # p<0.05, represents meanifsdgmtly different from Glu
group.
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Abstract

Folic acid is one of 13 essential vitamins that benobtained
from dietary sources or supplements. Despite divelabundance of
folic acid in food, its deficiency is frequent armhn arise as a
consequence of poor diet, chronic illness, drugdabsorption, and an
increased demand. Noteworthy, folic acid is esaéfdr the functioning
of the nervous system, since it plays an impontaletin neuroplasticity
and in the maintenance of neuronal integrity. Savetudies have
indicated that folic acid plays a role in the pathygsiology and/or
treatment of neuropsychiatric disorders such asredspn, bipolar
disorder, and schizophrenia. Individuals with loledal levels of folic
acid seem more prone to the development of theseopgychiatric
disorders. Moreover, this vitamin deficiency hasibeorrelated with a
reduced effectiveness or a poor response to memicauch as
antidepressants. Although several preclinical adimdcal studies have
indicated a link between folic acid deficiency anduropsychiatric
disorders, the mechanisms underlying the benefigfatts of folic acid
against these diseases have not been fully elecidathis chapter
presents an overview of the preclinical and clihistudies that have
pointed to the link between folic acid and psyadigatdisorders
highlighting the evidence for the use of folic asigpplementation as a
potential therapeutic strategy for the treatmenhe$e diseases.

List of Abbreviations

CSF cerebrospinal fluid
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cGMP

DHF

FST

GSK-33

HRS

5-HT1A receptor
5-HT2A/2C receptors
MTHF

cyclic guonosine monophosphate

dihydrofolate

forced swimming test

glycogen synthase kinase-3
Hamilton Depression Rating Scale
5-hydroxytryptamine 1A receptor
5-hydroxytryptamine 2A/2C reicep

5-methyl-THF

MTHFR methylenetetrahydrofolate reductase

NMDA N-Methyl-D-aspartic acid

NO nitric oxide

PPARy peroxisome proliferator-activated

receptory

RBC red blood cell

THF tetrahydrofolate

TST tail suspension test

TNF-a tumor necrosis factor alpha
Introduction

Depression, bipolar disorder and schizophrenia

neuropsychiatric conditions that contribute the hisability-adjusted

life-years. It is estimated that around 14% of tflebal burden of

disease has been attributed to these neuropsychdisorders. The
incidence of these psychiatric disorders is esthéd be about 16% for
major depression, 1% for bipolar disorder, and 2f6%schizophrenia
(Kessler et al., 2005; Prince et al., 2007). Thareefit is of paramount
importance to develop and test new therapeutictadenthe treatment
of these disorders.

Folic acid is involved in the metabolism and fuantng of many
substances that are essential to nervous systecticdiunThese include
purines and pyrimidines, DNA, RNA, aminoacids, pttusous
compounds, vitamin B12, methionine, S-adenosyl-ioathe,
dopamine, epinephrine, norepinephrine, and semtdMatson and
Shea, 2003; Coppen and Bolander-Gouaille, 2005nédrberg et al.,
2009; Lucock, 2011). Abnormalities in the metabulisf folic acid may
affect nervous system functioning by altering thetabolism of these
compounds. This notion is supported by the higidamce of folic acid
deficiency associated with multiple psychiatric ditions, including
depression, bipolar disorder and schizophrenia §€opand Bolander-
Goualille, 2005; Stahl, 2007; Miller, 2008; Krebsakt 2009).

are
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In this chapter, we provide an overview of the rétare
supporting a relationship between folic acid angression, bipolar
disorder and schizophrenia. We then discuss thenpat implications
of these findings for the prevention and treatmenft these
neuropsychiatric disorders.

Folic Acid and Depression

Depression is one of the most common psychiatricditions
seen in the general medical setting, affectingiomdl of individuals in
the world. The efficacy of the current pharmacapgr has not
improved since the 1950s, with only 30-40% of tlaéigmts reaching
complete remission of symptoms. Since completegsion followed by
sustained recovery is the best therapeutic stratezgy et al., 2010), new
therapeutic agents are currently been studied lier tteatment of
depression, including folic acid.

Folic acid (folate) plays an important role for thmctioning of
the nervous system (Coppen and Bolander-Gouaille5;2Reynolds,
2006; Stahl, 2007). The metabolism of folic acidhe cell is initiated
by dihydrofolate reductase in a two-step reactiorthe first step, folic
acid is converted into dihydrofolate (DHF); wheréashe second step
dihydrofolate is further reduced to tetrahydrofel&fHF). THF can then
be converted into additional physiological folatasluding 5-methyl-
THF (MTHF), the form that is normally found in tlogculation and in
tissues. MTHF is also replenished by the conversiofolinic acid (5-
formyltetrahydrofolate), an active metabolite ofidcacid. Because de
novo folic acid synthesis does not occur in thetre¢émervous system,
the maintenance of appropriate levels of folic amd its metabolites in
the brain depends on the adequate transport ofvitaisiin across the
blood-brain barrier (Ramaekers and Blau, 2004). MHadts as a critical
co-factor for the synthesis of the three monoamirféspamine,
norepinephrine, and serotonin) (Stahl, 2007). Meeeofolic acid is
required to re-methylate homocysteine to methiartifemocysteine is a
non-protein-forming sulfur amino acid that in highncentrations can
be neurotoxic (Lipton et al., 1997; Kruman et 2000).

A large body of clinical evidence has supportednk between
folic acid deficiency and depression (Lazarou amag36u, 2010; Nahas
and Sheikh, 2011). The main findings from thesedist are
summarized in Table 1and discussed below.

The relationship between folic acid and depressi@s first
described in a study from Herbert et al. (1962)t tftmnd mental
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changes in a previously healthy man who was plawe@ folic acid
deficient diet. In support of this hypothesis, salestudies have
indicated that individuals showing psychiatric syomps, such as
depression and impaired cognitive functioning, gisesent low levels
of folic acid in the plasma, serum, red blood ce{RBC), or
cerebrospinal fluid (CSF) (Carney, 1967; Reynoldale 1970; Carney
and Sheffield, 1978; Ghadirian et al., 1980; Ab@le8 and Coppen,
1989; Bottiglieri et al., 2000; Lindeman et al.,02). Importantly,
patients with folic acid deficiency show a more exev psychiatric
symptomatology than those reported in individuatt wormal levels of
this vitamin (Abou-Saleh and Coppen, 1989). Coansistwith this
notion, a study by Levitt and Joffe (1989) foundttithe duration of
depressive episode was significantly correlatech witw folic acid
levels. Also, Bottiglieri et al. (2000) showed therbund one third of
severely depressed patients presented folic acalslen RBC that are
below the normal value (<15@g/l). A different study indicated that
patients with low dietary folic acid intake had &6 increase in the risk
of developing severe depressive symptoms when camida patients
with high dietary folic acid intake. Furthermorhist study also showed
that in a Finish population of depressive male grasi a lower
consumption of folic acid was associated with tleeesity of their
symptoms (Tolmunen et al., 2003). A recent studyfopeed in
Japanese adults (113 men and 79 women) with démgresgmptoms,
showed that low levels of folic acid in the serurarevassociated with
an increased prevalence of depressive symptomseim (Kanri et al.,
2010). In contrast, some studies have reportedgmifisant alterations
in the Hamilton Depression Rating Scale (HRS) scangon folic acid
treatment (Williams et al., 2005; Ford et al., 200&lker et al., 2010).
Moreover, a community-based population study fotlvad only B6 and
B12 vitamins, but not folic acid, can be predictioé depressive
symptoms among older adults (Skarupski et al., pOTIberefore,
further studies are warranted in order to furthedate the role of folic
acid in depression.

It is noteworthy that folic acid deficiency lead® tthe
accumulation of homocysteine. High levels of honsbeiye in the
central nervous system are associated with deprgsslementia,
Parkinson’s disease, stroke, as well as negativep®yms of
schizophrenia (Khanna, 2011). Moreover, it has b&ewn that folic
acid deficiency can result in low levels of monoaes (serotonin,
norepinephrine and dopamine) (Morris et al., 20&8ah, 2009), which
could contribute to the development of depressjmepsoms (Krishnan



183

and Nestler, 2010). It is also important to mentibat genetic factors
can also affect folic acid levels. One examplehis inborn error in
methionine synthase (an enzyme that converts falid to L-

methylfolate) caused by a C677T-polymorphism (Amingt al., 1997;
Kelly et al., 2004; Lewis et al., 2006; Fathy et aD11).

Moreover, various studies indicate that deficientyolic acid is
linked to severe and longer lasting depressivepsela A study
conducted among 71 depressive patients with lownsdplate status
indicated an association between folic acid deficyeand depressive
relapse during treatment with fluoxetine, indicgtithat depressive
patients with low serum levels of folic acid can dtea higher risk of
depressive relapse during the treatment of thisrdés (Papakostas et
al., 2004b). In agreement with this study, Astotrgle (2008) showed
that a low folic acid intake was associated withimcreased risk of
recurrent depression in middle-aged men. By contriashas been
speculated whether this relationship between la&l$eof folic acid and
depression is merely causal. A cross-sectional ystémlnd no
correlation between low blood levels of folic acad incidence of
depressive symptoms, suggesting that low blood fadid content may
be a consequence rather than a cause of depregsnpeoms (Kendrick
et al., 2008).

Several studies have investigated the potentiabfimal effects
of folic acid supplementation in depressive patieAn early study from
Botez et al. (1982) indicated that folic acid s@ppéntation was
beneficial in a neuropsychiatric syndrome charéatdr by mental
changes, polyneuropathy, and depression. Folic sgpmplementation
(10 mg daily for a period of 7-11 months) signifilg improved
neurological symptoms of depression (Botez et18i84). Moreover, a
study conducted by Godfrey et al. (1990) in depvessatients showed
that supplementation of the current antidepressdwetrapy with
methylfolate (bioactive form of folic acid; 15 maity for a period of 6
months) was associated with, enhanced clinical sowihl recovery of
these subjects. Additionally, a study by Alperakt(2002) showed that
an active form of folic acid, folinic acid (15 td3ng/day for eight
weeks), enhanced the effects of selective serotaniptake inhibitors in
refractory depressed patients.

Importantly, deficiency of folic acid is associateidh a poorer
response to classical antidepressants, such asefine, in depressive
patients (Coppen and Bailey, 2000; Papakostas.,e2@04a; 2005). A
study showed that hypofolatemia (i.e., low levels folic acid)
predisposes subjects to melancholic depressionpand response to
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fluoxetine (Fava et al., 1997). Moreover, the camhi administration of
5'-methyltetrahydrofolic acid (50 mg) and a staddantidepressant
(trazodone, 50 mg), twice daily significantly impeal the clinical
response of depressed patients with borderlineeficiency of folic
acid. Indeed, in normofolatemic subjects the HR&ex: were reduced
following 3 weeks of treatment (Passeri et al.,3)9%urther indicating
that folic acid levels may be associated with thesponse to
antidepressants, a study by Wesson et al. (198dfthat along with a
significant correlation between red cell folic atédels and severity of
illness, there were significantly more respondéosal 5-week trial of
desmethylimipramine) than non-responders who hadagase in RBC
folic acid levels. In addition, a randomized, placecontrolled trial
showed that folic acid (500ug daily, 10 week) plusxetine (20 mg),
improved the HRS scores, especially in women (Copged Bailey,
2000). Other similar study also found that folitddacan be an additional
treatment for depressive hypofolatemic patientstast to therapy with
fluoxetine (Papakostas et al., 2004a). Howeversdhgatients show a
delayed response to folic acid treatment when coedpeo eufolatemic
subjects (Papakostas et al., 2005). A randomizatl/sh twenty-seven
patients that received fluoxetine (20 mg) and falied (10 mg/day) or
fluoxetine and placebo alone for a period of 6 veeeWwas also
performed. The HRS scores were reduced in theséengmat
Furthermore, considering that folic acid is an imi@oet component of
the endogenous defense system and it may elevdigemessant
responses, Resler et al. (2008) investigated theicipation of
lymphocyte serotonergic system in folic acid-supmeted depressed
patients. The authors observed that treatmentavitbmbination of folic
acid plus fluoxetine reduced the homocysteine stand induced
accumulation of serotonin in the lymphocytes, phdpanodifying the
functioning of these cells in depression. Nevedbgl a community-
based study that involved older adults with depvessymptoms
provided no clear evidence for the potentiation to¢ effects of
antidepressant medication by combining it withdaicid plus vitamin
B12 (Christensen et al., 2011).

It is also important to consider that dietary seppéntation or
consumption of these B-vitamins (folic acid, B-6daR-12) has been
reported to prevent depression after stroke. In oatrolled trial
performed in 273 individuals, daily treatment wfthlic acid (2 mg),
vitamin B6 (25 mg), and vitamin B12 (0.5 mg) forpapximately 7
years suggested that this combination of vitamiightrbe an effective,
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safe, and affordable intervention to reduce thke oisdepression after
stroke (Almeida et al., 2010).

A recent study found no strong evidence that fadicid
supplementation reduced the risk of depressiomdyiegnancy and up
to 8 months after pregnancy. However, this worknfbievidence to
suggest that folic acid supplements during pregngmotected against
depression 21 months postpartum (Lewis et al., 011

Considering the following findings: a) depressivatignts
frequently have a functional folic acid deficien@yhich can be related
to high homocysteine levels) and poor response nidepressant
therapy (Coppen and Bailey, 2000; Papakostas ,e2@04a; 2005); b)
folic acid is associated with the synthesis of nramimes (Stahl, 2007);
c) folic acid supplementation can potentiate tHieat$ of antidepressant
medication (Resler et al., 2008; Almeida et al1@0Christensen et al.,
2011); it is reasonable to conclude that this vitacan be a safe, simple
and cheap alternative for the treatment of depras@iRoberts et al.,
2007). In support of this hypothesis, it has beleows that folic acid
supplementation increases medication response presi&ve patients
(Fava, 2010; Fava and Mischoulon, 2010; Nahas drmakB, 2011),
probably due to an increase in the availabilitynanoamines (Stahl,
2007).

Table 1. Summary of findings from clinical studesluating
the role of folic acid in depression

Study Major Findings

Carney, Patients suffering from various psychiatric
1967 syndromes had low serum folic acid

concentrations.

Reynolds 24% of depressed patients had low serum
etal., 1970 folic acid concentrations.

Carney 21.3% of 272 psychiatric patients had low
and Sheffield, serum folic acid levels.
1978

Ghadiria Low folic acid content in depressive patients

netal., 1980 was correlated with higher scores on the Hamilton
Rating Scale (HDRS) for depression.
Botez et Folic acid supplementation enhanced 5-
al., 1982 hydroxyindoleacetic in the cerebrospinal fluid
(CSF) of psychiatric patients with folic acid
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Study Major Findings
deficiency.
Botez et Folic acid supplementation (10 mg daily)
al., 1984 improved the scores on Ottawa-Wechsler Scale in
psychiatric patients with serum and CSF folic acid
deficiency.
Abou- Depressive patients had low serum and red
Saleh and blood cell (RBC) folic acid content.
Coppen, 1989
Levitt Duration of depressive episode was
and Joffe, 1989 significantly correlated with low folic acid levels
Carney, Depressive patients had RBC folic acid
1990 deficiency (below 20Qg/l).
Godfrey 33% of 123 patients with psychiatric
et al., 1990 disorders including depression had low RBC folic
acid status and the supplementation with
methylfolate (15 mg/day, for 6 months) improved
clinical and social recovery.
Passeri et 5'-Methyltetrahydrofolic acid (5'-MTHF)
al., 1993 supplementation reduced the HDRS score in
depressed patients with borderline or definitecfoli
acid deficiency and in normofolatemic patients
after 3 weeks of treatment.
Wesson Increased RBC folic acid levels was
etal., 1994 associated with a lower severity of depression and
a better response to desmethylimipramine in
depressive patients.
Arinami The T677 allele of the
etal., 1997 methylenetetrahydrofolate reductase (MTHFR)
gene was associated with schizophrenia and
depression.
Fava et Depressive patients with low folic acid level
al., 1997 were more susceptible to developing melancholic
depression and less prone to respond to treatment
with fluoxetine.
Herran et Depressive patients had serum folic acid
al., 1999 deficiency but normal RBC folic acid.
Bottiglier 52% of depressed patients had significant
i etal., 2000 low serum, RBC, and CSF folic acid content.
Lindema Folic acid deficiency was associated with
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Study Major Findings
n et al., 2000 cognitive dysfunction and depression
Coppen Folic acid supplementation (500 pg/day)
and Baliley, combined with fluoxetine (20 mg/day) improved
2000 the antidepressant effect of fluoxetine, partidylar
in women.
Alpert et An eight-week open study showed that
al., 2002 folinic acid (an active form of folic acid, 15 t®3
mg/day for eight weeks) enhanced the effects of
selective serotonin reuptake inhibitor-refractory
depression.
Tolmune Patients with low intake of folic acid had
n et al., 2003 elevated depressive symptoms.
Kelly et Patients with MTHFR C677T genotype had
al., 2004 an increased risk for developing depressive
episodes.
Papakost Depressive patients with low folic acid

as et al., 2004a

Papakost
as et al., 2004b

Papakost
as et al., 2005

Williams
et al., 2005

Lewis et
al., 2006

Roberts
et al., 2007
Astorg et
al., 2008
Kendrick
et al., 2008
Ford et

status were associated with poorer response to
treatment with fluoxetine.

Depressive patients with low folic acid
status were associated with relapse during
continuation treatment with fluoxetine.

Depressive patients with low folic acid
status were associated with delay to start the
improvement of psychiatric symptoms during
treatment with fluoxetine.

Folic acid supplementation (100 mg for 6
weeks followed by 200 mg for 6 weeks) did not
improve psychiatric symptoms associated with
depression.

A meta-analysis showed that polymorphism
(C677T) in MTHFR was associated with the risk of
depression.

Folic acid supplementation augmented
antidepressant response.

Low intake of folic acid predisposed
recurrent depressive episodes in men.

Low RBC folic acid content did not predict
the incidence of depressive symptoms.

Folic acid supplementation was not effectiv
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Study Major Findings
al., 2008 in reducing depressive symptoms.
Resler et Folic acid supplementation combined with
al., 2008 fluoxetine significantly reduced the HDRS scores
in depressive patients.
Almeida Supplementation with folic acid, as well as
etal., 2010 vitamins B6 and B12 in post-stroke survivors
reduced the risk to depressive episodes.
Nanri et A higher serum folic acid status decreased
al., 2010 the prevalence of depressive symptoms in men.
Skarupsk Folic acid supplementation was not effective
i etal., 2010 in reducing depressive symptoms in depressed
patients.
Walker et Folic acid supplementation was not effective
al., 2010 in reducing depressive symptoms.
Christens Folic acid plus vitamin B12 supplementation
enetal, 2011 improved depressive symptoms.
Fathy et 33% of patients with depressive disorder or
al.,, 2011 anxiety had MTFR C677T polymorphism.
Additionally, there was a negative correlation
between the severity of depression and folic acid
status in depressive patients.
Lewis et Folic acid supplements during pregnancy
al., 2011 protected against depression 21 months postpartum

Considering that several clinical findings indicate strong

correlation between folic acid and depression, spmeelinical studies
have emerged to elucidate the possible antidepresstect of this

vitamin in animal model of depression, as revieviedlable 2. The
antidepressant potential of folic acid (administesdther through the
oral, intracerebroventricular, or intraperitonealite) was investigated
in mice that were submitted to the forced swimmigd the tail

suspension tests, two behavioral tests that aredigbinee of

antidepressant activity (Brocardo et al.,, 2008a). these tests, a
reduction in immobility time is the parameter used infer the

antidepressant-like action of drugs (Porsolt et H.77, Steru et al.,
1985). Moreover, in this study, Brocardo et al. 028) also used
pharmacological tools to investigate the involvetr@rihe serotonergic
and noradrenergic systems in mediating the antsspnt-like effect of
folic acid. The results of this study support thation that the anti-
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depressant effects of folic acid might result fréra activation of both
serotonergic (5-Hix and 5-HTEanc receptors) and noradrenergic-(

and oy-adrenoceptors) systems (Brocardo et al., 2008athé&rmore,

the antidepressant-like effects of this vitamin eveshown to be
dependent on the inhibition of eithdk-methyl-D-aspartate (NMDA)
receptors or nitric oxide (NO) and cyclic guonosim@nophosphate
(cGMP) synthesis (Brocardo et al., 2008b), as wvesll through an
interaction with the opioid system(andé receptors) (Brocardo et al.,
2009). It is also important to emphasize that caovadstration of sub-

effective doses of folic acid and fluoxetine in migroduced

antidepressant-like effects as assessed with tlieedoswimming test
(Brocardo et al., 2008a). Moreover, using the sabshavioral

assessment tool, it was possible to verify thaicfelcid alone or

combined with estradiol or fluoxetine also has a&pidssant-like
effects in ovariectomized female rats (Molina-Hewéz et al., 2011).
Furthermore, it was recently reported that thedapiiessant effect of
folic acid might also be dependent, at least ir, gar the inhibition of

glycogen synthase kinase-3 (GSK)3and activation of peroxisome
proliferator-activated receptqr{PPARy) (Budni et al., 2011).

Although these studies clearly indicate that fawd plays an
important role in depression, the exact mechanisihis relationship
remain to be fully elucidated. Furthermore, futuvell-designed and
adequately powered clinical trials are warrantedroer to ascertain the
prophylactic and therapeutic properties of folicidacincluding its
appropriate formulation, optimal dose, and ideabtan of treatment.

Table 2. Summary of findings from preclinical seslthat document the
antidepressant-like effect of folic acid

Study Major Findings
Brocardo et Folic acid had antidepressant-like
al., 2008a effects in mice as assessed in the FST and

TST. This effect involves serotonergic (5-HT
and 5-HThapcreceptors) and noradrenergic
(0g- anday-adrenoceptors) systems.

Brocardo et The antidepressant-like effects of folic
al., 2008b acid involve NMDA receptors and modulation
of the L-arginine-NO-cGMP pathway.
Brocardo et The antidepressant-like effects of folic

al., 2009 acid involves- andu-opioid receptors.
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Molina- Folic acid alone or combined with
Hernandez et al., estradiol or fluoxetine has antidepressant-like
2011 effects in ovariectomized female rats as

assessed in the FST.

Budni et al., The antidepressant-like effects of folic
2011 acid involve inhibition of GSK and

activation of PPAR.

Folic Acid and Bipolar Disorder

Bipolar disorder is a psychiatric disease charasdrby mood
alterations that are associated with recurrent esgon and mania
throughout lifetime (Swann, 2005). Mania is the tnagpecific
manifestation of bipolar disorder and is defined dny abnormally
elevated mood state characterized by such sympé&smisappropriate
elation, increased irritability, severe insomniarargliose notions,
increased speed and/or volume of speech, discathead racing
thoughts, increased sexual desire, markedly inetkasnergy and
activity level, poor judgment, and inappropriateciab behavior
(Berrios, 2004). Early studies have shown thatfaltid deficiency is
associated with a number of neurological and psydhi disorders,
including bipolar disorder (Hasanah et al., 1997bé€k et al., 2008).

Since monoamines are involved in mood regulatiohvilegi,
2004) and serotonin has been shown to contributeaiia (Shiah and
Yatham, 2000), it is possible that bipolar patieh&e an increased
need for folic acid (Coppen et al., 1986). In addit several studies
have also observed disturbances of homocysteinabwiétm in bipolar
disorder (Osher et al., 2004; Dittmann et al., 208J08). Moreover,
both genetic polymorphisms that alter enzymes weal in the
metabolism of homocysteine such as MTHFR and fmdid deficiency,
which can result in variations in the levels of lomysteine (Jacques et
al., 1996), have been correlated with bipolar disorindeed, Ozbek et
al. (2008) investigated the effect of polymorphariants of MTHFR
(c.1298A>C and c.677C>T) on homocysteine, folicdaeind vitamin
B12 levels in 197 bipolar patients, 278 unaffediest-degree relatives,
and 238 normal controls and found that homocystienels are higher
and folic acid levels are lower in patients withpddar disorder as
compared with the healthy controls.

Hyperhomocysteinaemia may also play a role in the
pathophysiology of neurocognitive deficits in bigoldisorder, with a
higher impact in older patients or in patients Wwiaal delayed onset of
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illness (Osher et al., 2004; Dittmann et al., 20BU08). Osher et al.
(2004) measured homocysteine levels in 41 euthyutpatients with

bipolar disorder and compared them with 305 subjém a large

employee health-screening program. They found Hi@dlar patients

who show functional deterioration have elevatedsmpk levels of

homocysteine as compared with control individu&stmann et al.

(2007) used neuropsychological tests in 55 euthylipolar patients
and 17 healthy controls and observed an associalietween

neuropsychological measures and elevated homoggstlgvels in

euthymic bipolar patients. In addition, a study wasducted between
2002 and 2006 in 75 euthymic bipolar patients ahdhdalthy controls
in order to investigate the potential relationshgf elevated

homocysteine levels and cognitive impairment inolap patients. In

agreement with the previous studies, this triab dgind an association
between homocysteine levels and verbal learninpydd memory, as
well as executive function in the patient grouptiidann et al., 2008).

In agreement with these clinical studies, we haoemtly shown
that folic acid can prevent biochemical and behabialterations in an
ouabain-induced animal model of mania in rats (Brdo et al., 2010).
In addition, other clinical studies have shown wiifolic acid levels
in erythrocytes (Hasanah et al., 1997) and serurhéet al., 2008) of
manic patients, demonstrating that folic acid miy @n important role
during the manic phase of bipolar disorder. Furtitee, it has been
reported that folic acid can enhance the prophiglaffects of lithium
on affective morbidity (Coppen and Abou-Saleh, 1988ppen et al.,
1986). A recent clinical study has also shown tblt acid can be an
effective adjuvant to sodium valproate in the meait of the acute
phase of mania in patients with bipolar disordezh{Badi et al., 2009).
A summary of the main findings are provided belovrable 3.

Taken together, these studies strongly indicatefdtia acid can
be a putative candidate for the treatment of bipdiaorder. Further
preclinical and clinical studies are thus warrantedrder to confirm
this hypothesis and to investigate whether folied aiteatment has
beneficial effects in patients with normal folicididevels as well as in
individuals with folic acid deficiency.
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Table 3. Summary of findings from preclinical arichical studies that
investigated the role of folic acid in bipolar diders

Study Major Findings
Brocardo et Folic acid demonstrated antimanic-like
al., 2010 effects in the animal model of mania induced
by ouabain in rats.
Coppen and Folic acid combined with lithium
Abou-Saleh, 1982  decreased affective morbidity.
Coppen et al., Folic acid enhanced the prophylactic
1986 effects of lithium on affective morbidity.
Hasanah et al., Reduced folate levels in erythrocytes of
1997 bipolar patients.
Ozbek et al., Folate levels were lower and
2008 homocysteine levels were higher in the serum
of bipolar patients.
Behzadi et al., Folic acid was an effective adjuvant to
2009 sodium valproate in the treatment of the acute

phase of mania.

Folic Acid and Schizophrenia

Schizophrenia is a complex psychiatric diseaseishia¢lieved to
result from multiple genetic and environmental d¢ast (Levi and
Waxman, 1975; Miyamoto et al., 2003). This diseasaften described
in terms of positive and negative symptoms. Pasisymptoms can
include delusions, disordered thoughts and speashyell as tactile,
auditory, visual, olfactory and gustatory hallutioas, typically
regarded as manifestations of psychosis (Frith &uhe, 1989).
Negative symptoms are deficits of normal emotioresponses or of
other thought processes such as poverty of spaepbyerished ability
to express emotion, lack of motivation, and apafRymmel et al.,
2005). While antipsychotic drugs are very effectfee the positive
symptoms of schizophrenia, the treatment of negatixmptoms is still
a major problem (Crow, 1980; Andreasen, 1985).

Studies on the association of folic acid deficienagth
schizophrenia (summarized in Table 4) extend bacthé mid 1960’s
(Krebs et al., 2009). Carney (1967) found an inoogeof folic acid
deficiency in a group of 423 psychiatric patiefisis study established
that a high incidence (20%) of folic acid deficignmccurs in patients
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with schizophrenia. In agreement, a study conducteé43 psychiatric
patients indicated that schizophrenic patients tetl cell folic acid
deficiency (below 20Qug/l) (Carney, 1990). However, a recent study by
Garcia-Miss et al. (2010) observed low levels ditfacid in RBC and
increased levels of TNE&; interleucyne-6 and homocysteine. It is
believed that folic acid treatment in  patients with
hyperhomocysteinemia reduces the release of batfotysteine and
proinflammatory cytokines from monocytes (Wang df, 2005).
However, folic acid treatment decreased not onlg flvels of
homocysteine, but also the inflammatory responseschizophrenic
patients (Garcia-Miss et al., 2010). Furthermorettzer recent study
showed that deficiency of folic acid both in theuse and RBC is
common in schizophrenic patients, suggesting tleatahsed levels of
folic acid in the plasma may act as a risk factor $chizophrenia
(Saedisomeolia et al., 2011). These findings camate the study by
Kale et al. (2010) that showed significantly lowevels of folic acid
and vitamin B12 in the plasma and of folic acidRBC as well as a
significant increase in plasma homocysteine andisobrlevels in
schizophrenic patients. Moreover, a case reporietiid et al. (2010)
showed that a 13-year-old previously healthy suhjdth schizophrenic
symptoms and progressively worsening catatoniackaebral folic acid
deficiency and elevated titers of folic acid recegilocking antibodies,
indicating that folic acid deficiency may be relatavith catatonic
schizophrenia.

Individuals with schizophrenia and low serum lewa$olic acid
are especially vulnerable to the negative symptohtkis disease, since
serum folic acid concentration appears to be irkgreorrelated with
the severity of negative symptoms on the Scale Assessment of
Negative Symptoms (Goff et al., 2004). These figdirtorroborate a
similar study that examined the incidence of falaed deficiency, based
on serum determinations, in relation to the seyent negative
symptoms in schizophrenic patients (Herran etla09).

Several studies indicate that prenatal deficien@éscertain
micronutrients, including folic acid, may play ampgortant role in
schizophrenia (Brown et al., 1996; Susser et 8b61Hoek et al., 1998;
McGrath et al., 2011), and folic acid deficiencyidg early pregnancy
has been hypothesized as a cause of schizophmeriaei offspring
(Smits and Essed, 2001; Smits et al.,, 2004; McGaitlal., 2011).
Postpartum restoration of folic acid levels to nakstatus may take up
to 1 year (Smith et al., 1983; Ackurt et al., 19B5yinse and Van den
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Berg, 1995). Accordingly, the risk of developindigophrenia may be
elevated for children conceived within this restive period (Smits et
al., 2004).

However, although all evidence indicating that dolacid
deficiency is a risk factor for schizophrenia, thare recent reports that
contradict this view (Haidemenos et al., 2007; &ejevic et al., 2008).
For example, an increase in folic acid content BCRof schizophrenic
patients has been documented (Muntjewerff et @032

Surprisingly, despite numerous reports on the dsSoc
between folic acid deficiency and schizophreniarerare relatively few
controlled clinical trials that have tested thegoial beneficial effect of
folic acid supplementation on this disorder (Gogfeeal., 1990; Levine
et al.,, 2006). Godfrey et al. (1990) showed thatthyltolate
supplementation significantly improved clinical amsdcial recovery
among both depressed and schizophrenic patients double-blind,
placebo-controlled trial. Additionally, another derblind placebo-
controlled trial of methylfolate was performed. Thdministration of
this compound (15 mg/day) for 6 months resulteth& attenuation of
the psychiatric symptoms of schizophrenia (Godewl., 1990). In a
placebo-controlled cross-over trial of 42 schizepiic patients with
elevated serum homocysteine levels, Levine et 2410§) reported a
significantly reduction in the total scores of tResitive and Negative
Syndrome Scale in the group who received folic arid vitamin B12
for 3 months.

Both hyperhomocysteinemia and polymorphisms in MRHF
encoding a critical enzyme for the metabolism ofhbfolic acid and
homocysteine have been linked to schizophrenia (fewerff et al.,
2005; Muntjewerff et al., 2006; Yoshimi et al., B)land strong
epidemiological evidence supports this relationgiifen et al., 2008).
Additionally, 677T allele load is associated withetseverity of the
negative symptoms in schizophrenic patients (Raffre& al., 2008).
From a clinical point of view, it is interesting tote that homocysteine-
reducing strategies improve psychopathology in micrachizophrenic
patients with hyperhomocysteinemia (Levine et 2006). Moreover,
Brown et al. (2007) found that elevated third tritee homocysteine
levels (caused by low folic acid levels) were agsged with a 2-fold
increase in the risk of developing adult schizoptaeHowever, despite
the evidence pointing towards an association betWw¢EHFR C667T
mutation and schizophrenia, there is a recent tepat contradicts this
idea (Garcia-Miss et al., 2010), indicating thattiHfar studies are
required in order to clarify this hypothesis.
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Table 4. Summary of findings from clinical studas&luating the
involvement of folic acid in schizophrenia

Study Major Findings
Carney, Patients suffering from various
1967 psychiatric syndromes had low serum folic acid
concentrations.
Carney, Schizophrenic patients had RBC folic
1990 acid deficiency (below 20Qg/l).
Godfrey, 33% of 123 patients with psychiatric
1990 disorders including schizophrenia had low RBC
folic acid content and supplementation with
methylfolate (15 mg/day, for 6 months)
improved clinical and social recovery.
Herran et Schizophrenic patients had serum folic
al., 1999 acid deficiency but normal RBC folic acid.
Smits and Patients conceived shortly after another
Essed, 2001 birth (during maternal folic acid deficiency) had
Smits et al., an increased risk for schizophrenia.
2004
Muntjewerff Schizophrenic patients had low plasma
et al., 2003 folic acid status and high RBC folic acid
concentration. MTFR C677T polymorphism
was not associated with an increased risk for
schizophrenia.
Goff et al., Schizophrenic patients had low serum
2004 folic acid concentration, which was inversely
correlated with the Scale for Assessment of
Negative Symptoms total score.
Smits et al., Patients conceived shortly after another
2004 birth (during maternal folic acid deficiency) had
an increased risk for schizophrenia.
Muntjewerff A meta-analysis showed that folic acid
et al., 2005 deficiency is associated to risk of schizophrenia.
Muntjewerff A meta-analysis showed that MTHFR
et al., 2006 677C>T polymorphism is associated to risk of
schizophrenia.
Haidemenos Schizophrenia was not associated with
et al., 2007 folic acid deficiency.
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Petronijevic
et al., 2008
Roffman et MTHFR 677C>T polymorphism was
al., 2008 associated with the severity of negative
symptoms in schizophrenic patients.
Garcia-Miss Schizophrenic patients had low RBC
et al., 2010 folic acid levels and elevated homocysteine,
interleukin-6 (IL-6), and tumor necrosis factor-
alpha (TNFe) levels. MTHFR 677C>T
polymorphism was not associated with the risk
for schizophrenia.
Ho et al., A case study showed that a schizophrenic
2010 teenager with cerebral folic acid deficiency had
catatonic symptoms.
Kale et al., Significantly low plasma and RBC folic
2010 acid and vitamin B12 concentrations were
observed in schizophrenic patients.
Yoshimi et MTHFR 677C>T polymorphism was
al., 2010 associated with the severity of negative
symptoms in schizophrenic patients.
Saedisomeol Significantly low serum and RBC folic
ia etal., 2011 acid content was observed in schizophrenic
patients.
Conclusion

Basic research and clinical studies have shown fiilat acid
plays a role in the pathophysiology and/or treatmeih psychiatric
disorders such as depression, bipolar disorder sgidzophrenia.
Regarding this issue, the majority of the studieblished to date deal
with the effects of folic acid deficiency/supplentetion on depressive
symptoms, indicating that the potential of thisamin as an
antidepressant drug should be further evaluated. sthdies involving
the relationship between the levels of folic aaid dipolar disorder are
scarce and the possible role of this vitamin in gbkizophrenia is not
well established. Thus, we conclude that furthgreexnental evidence
is warranted in order to ascertain the involven@ntolic acid in the
pathophysiology and treatment of these psychidiseases.
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6. DISCUSSAO

Os resultados do presente trabalho estédo divididogstudosn
vivo e estudo vitro e a discusséo foi dividida da mesma forma.

Os estudosn vivo do presente trabalho demonstram que o efeito
tipo-antidepressivo do acido félico no modelo antimaditivo para a
acdo antidepressiva, TNF, em camundongos, poddvenyvpelo menos
em parte, a inibicio da GSK3canais de Ke ativacdo de PPAR-
Além disso, foi demonstrado que o acido félico reveo
comportamento tipo-depressivo, mas ndo o défighitivo, induzido
por estresse de contencdo, acompanhado pela prategéia o estresse
oxidativo induzido por este estimulo estressante.

Vérios estudos clinicos reportam que pacientes depressdo
apresentam, no soro, eritrécitos e liquor, niveilsizidos de 4cido félico
(Carney, 1967; Reynolds et al., 1970; Carney e flglesf 1978;
Ghadirian et al., 1980; Abou-Saleh e Coppen, 1®8tiglieri et al.,
2000; Lindeman et al., 2000). A administracdo ddaafdlico associada
com antidepressivos, nestes pacientes, mostrouoraelho quadro
depressivo (Botez et al., 1982;1984; Godfrey ¢t1890; Alpert et al.,
2002). Além disso, esta vitamina pode ser uma blbernativa
terapéutica em paciente resistente ao tratamento artdidepressivos
(Papakostas et al., 2004a; Papakostas et al., .2@¥¢s achados
suportam a hipotese que a deficiéncia do acidod@sta envolvida na
fisiopatologia da depressdo (Coppen e Bailey, 20C0ppen e
Bolander-Gouaille, 2005). Adicionalmente, é impttamencionar que
estudos pré-clinicos, todavia ndo muito abundanteslizados em
camundongos (Brocardo et al., 2008a; 2008b; 200@tes (Molina-
Hernandez et al., 2011; 2012; Molina-Hernandez keZ-Alcantara,
2011), mostram que o &cido félico apresenta efgtwantidepressivo
no TNF ou TSC. Porém, 0os mecanismos responsavdis gapel
antidepressivo do &cido félico, ainda, necessitagn investigacdes
adicionais.

Os estudof vivo deste trabalho utilizaram o TNF e/ou o modelo
de depressédo induzida por estresse de contencd®dNFOé um teste
muito utilizado devido sua validade preditiva, ddesando o fato, de
gue este teste é sensivel para antidepressivosicogs(incluindo
triciclicos, ISRS, inibidores da MAO e antidepressi atipicos), os
quais diminuem o tempo de imobilidade dos camuno®r{§orsolt et
al.,, 1977; Petit-Demouliere et al., 2005). Quan modelo de
depresséo induzida por estresse de contencdo, ssiitdos mostram
gue tanto ratos quanto camundongos expostos asstle contencao,
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em diferentes tempos, exibem comportamento tipoedspyo no TNF
(Poleszak et al., 2006; Zafir et al., 2009; Caytrale 2010; Park et al.,
2010; Naert et al., 2011), bem como prejuizo cogni(Baker e Kim,

2002; Walesiuket al., 2005; Nagata et al., 2009; Li et al., J0Exta

alteracdo comportamental em roedores é compara&lsmtomas
depressivos encontrados em humanos (Wong e LidA®4; Marim et
al., 2011). O presente trabalho utilizou o model idducdo de
comportamento tipo-depressivo por estresse de rogie durante 7
horas, o qual causou um aumento de tempo de iatéino TNF em
camundongos e prejuizo cognitivo no TRO, sem altaratividade
locomotora dos animais.

A atividade locomotora empregada em todos os estndeivo
deste trabalho foi avaliada pelo teste do campat@b8abe-se que
drogas que induzem hiperlocomocdo podem mostraefeito “falso”
positivo no TNF, enquanto drogas que diminuem\adatile locomotora
podem dar um resultado “falso” negativ@ortanto, o teste do campo
aberto é utilizado para descartar a possibilidaglejue o efeito tipo-
antidepressivo ou tipo-depressivo ndo seja devidoma alteracao
locomotora (hiper- ou hipolocomocéo, respectivamefBorsini e Meli,
1988; Rodrigues et al., 2005). Realmente, o efgiteantidepressivo ou
tipo-depressivo no TNF, encontrados nos nossosli@sin vivo, ndo
foram devido a altera¢fes na atividade locomotosacdimundongos.

Os resultados apresentados no capitulo 1 indicaenoqafeito
tipo-antidepressivo do &cido félico pode envolveria vda
PI3K/Akt/GSK-33 bem como receptores PPAR

A GSK-3B é regulada pela Akt, estas duas proteinas fazeim pa
da via de sinalizacdo regulada pela fosfatidil itobs8 cinase (PI3K)
(Cross et al., 1995; Grimes e Jope, 2001). A divaga PI3K induz
ativacdo da Akt, a qual é alvo primario da PI3K tf€aet al., 2001;
Beaulieu et al., 2009). Portanto, anormalidadeativacéo e expresséo
da PI3K podem envolver o mecanismo fisiopatol6gieodepresséo.
Dwivedi et al. (2008) realizaram um estudo em p#eg com
depresséo, e encontraram no cortex pré-frontalpechmpo destes
pacientes, uma ativacdo reduzida da PI3K, quandopamdo aos
controles saudaveis, um grande indicativo da irapio da PI3K na
fisiopatologia da depresséo. Corroborando com estado, nossos
resultados mostraram que o pré-tratamento dos anaoe um inibidor
da PI3K, LY294002, preveniu o efeito tipo-antidegsigo elicitado pelo
acido félico no TNF em camundongos. Além dissoapaforcar nossa
hip6tese, um estudo de Seto et al. (2010) mostueuogacido félico
restaurou a inibicdo do relaxamento aértico indupdr acetilcolina em
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um modelo de hipertensdo associada a diabetes tumelikm
camundongos, via aumento da atividade da cascaita/Akt.

A via PI3K/Akt age como um mecanismpstreamque regula a
atividade da GSK{3 uma vez que este sistema pode fosforilar
diretamente o residuo de serina 9 da G8KiBativando-a (Grimes e
Jope, 2001; Bhat et al., 2004; Beaulieu et al.,920Muitos estudos
mostram que a GSKB3est4 associada com depressao, ja que inibidores
desta enzima, como o litio, AR-A014418 e uma tidpola NP031115
reduzem o tempo de imobilidade dos camundongos N, T
mimetizando uma ac¢éao tipo-antidepressiva (Goulal.e2004; Rosa et
al., 2008). Os resultados do presente trabalhoramgjue o efeito tipo-
antidepressivo do acido félico pode envolver ai@dib da GSK-8,
levando em conta, que o tratamento dos animais ioibidores da
GSK-33, AR-A014418 ou litio, combinado com uma dose stiNaale
acido folico é capaz de produzir um efeito tipodeyressivo no TNF.
E importante mencionar que a eficacia terapéutichtio pode resultar
da inibicdo direta da GSKB3 porém, sabe-se que este farmaco age em
muitos outros alvos moleculares, ndo sendo umdaibseletivo da
enzima GSK-B (Li et al.,, 2002; Gould e Manji, 2005) como o AR-
A014418 e o NP031115 (Rosa et al., 2008). Apesalitiondo ser
seletivo para a inibicdo da enzima GSK-Bode ser considerado, neste
trabalho, uma importante ferramenta confirmaténaedvolvimento da
GSK-33 no efeito tipo-antidepressivo do acido félico neFT

Além da implicagdo da GSKp3na fisiopatologia da depressao,
em um prévio trabalho, nosso grupo foi o primeirmnestrar que a
administracao intracerebroventricular do agoni®ARY, rosiglitazona,
produziu um efeito tipo-antidepressivo no TNF ermeadongos (Rosa
et al., 2008). Esta idéia foi reforcada recentematravés de um estudo
realizado por Eissa Ahmed et al. (2009), o qual trnusque a
administracdo oral de rosiglitazona produziu um it@fetipo-
antidepressivo no TNF em ratos e no TSC em camgudonAlém
disso, 0 nosSso grupo mostrou que o pré-tratameogoatimais com
GW-9662, um antagonista PPARoi efetivo em prevenir o efeito tipo-
antidepressivo elicitado por NP031115, AR-A0144i8b(dores da
GSK-3) e rosiglitazona (agonista PPAR (Rosa et al., 2008).
Adicionalmente, foi mostrado que NP031115 e AR-AMIA! ativam
PPARy em células de ovario de hamsters chineses (Cté@3fectadas
com o plasmidio pPPRE-tk-luc contendo trés consededigacao para
PPARy (Rosa et al.,, 2008). Desta forma, foi visto quatigacdo do
PPARy pode inibir a GSK{. A inibicho desta enzima pode
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desempenhar um papel importante no efeito tipalepiessivo de
alguns compostos no TNF. Portanto, o presente edaihbém se
propds a verificar se a ativacdo de PRARRderia estar envolvida no
efeito tipo-antidepressivo do &cido félico. Os teglos obtidos do
presente estudo indicam que a administracdo dedos® sub-ativa de
acido félico combinada com uma dose sub-ativa daglitazona
reduziu o tempo de imobilidade no TNF em camundsngagerindo
que o efeito tipo-antidepressivo do &cido folical@aer dependente da
ativacdo de PPAR Adicionalmente, para reforcar esta idéia, nos
mostramos que a administracdo de GW-9662 foi capareverter o
efeito anti-imobilidade do &cido fdlico.

Portanto, este estudo indica que o efeito tipadaptiessivo do
acido félico no TNF em camundongos pode ser depgadia ativacao
da via PI3K/Akt, inibicdo da GSK3e ativacdo do PPARFigure 9).

Figura 9. Esquema ilustrativo do envolvimento da RiI3K/Ak/GSK-3 e
PPARy no efeito tipo-antidepressivo do acido félico féFTfem camundongos.
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Os resultados do presente estudo mostram que o &ilido pode agir por
ativar a via PI3K/Akt, inibir a GSK{8 e ativar PPAR Neste estudo
LY294002, um inibidor da PI3K e GW9662, um antagtmide PPAR
preveniram o efeito tipo antidepressivo do acidcd®d Além disso, inibidores
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da GSK-3 (AR-A014418 e litio) e o agonista PPARosiglitazona, todos
administrados em doses sub-ativas, apresentaragfaitm sinérgico com uma
dose sub-ativa de &cido félico. Portanto, acidacédpode causar ativagdo da
PI3K, que por sua vez, induz inibicdo da GgK-{3or fosforilagdo dependente

de Akt. Além disso, o acido félico pode ativar ngiwees PPAR causando
inibicdo da GSK-B, por um mecanismo também dependente da ativac@o da
PI3K. GSK3, glicogénio sintase cinase p3-PI3K, fosfoinositol 3 cinase;
PPARy, receptor ativado por proliferador peroxissomal-

Como mostrado no capitulo 2, o efeito antidepresdiv acido
félico também pode ser modulado por um bloqueiditrentes tipos
de canais de K uma vez que o tratamento dos animais com dose sub
ativa de Acido félico associado com uma dose dub-de diferentes
bloqueadores de canais de’ Kglibenclamida, caribdotoxina ou
apamina) produziu um efeito tipo-antidepressiva Né-.

Blogqueadores de canais de® Kcomo a glibenclamida,
caribdotoxina e apamina, agem por diferentes mecars, uma vez que
bloqueam seletivamente canais de génsiveis ao ATP, canais dé K
ativados por Cd de alta e intermediaria condutancia e canais de K
ativados por C4 de baixa condutancia, respectivameitagues et al.,
1982; Gimenez-Gallego et al.,, 1988; Gehlert e Galokrener, 1993;
Clapp, 199% Glibenclamida € uma sulfoniluréia, utilizada abagente
hipoglicemiante que bloqueia canaisKiesensiveis ao ATP de células
B-pancreaticas, cardiacas, musculares lisas, musswdaqueléticas de
alguns neurbniolapp, 1995Proks et al., 2002). Caribdotoxina é um
peptidio, componente do veneno de escorpido daciespéiurus
quinquestriatus(Nelson e Quayle, 1995) causa um potente bloqueio
seletivo de canais de*Kativados por presentes em células da
pituitéaria anterior(GH3) e em células musculares lisas primarias da
aorta bovina (Gimenez-Gallego et al., 1988). Apaénum peptidio
presente no veneno de abelhas da espdugemellifera(Stocker, 2004)
que bloqueia seletivamente a condutancia dedé&pendente de &a
(Hugues et al., 1982).

Estes e outros bloqueadores de canais’d@ K-diaminopiridina
e gliquidona) exercem efeito tipo-antidepressivo TidéF, em doses
maiores (doses ativas) daquelas encontradas nenpeesstudo (doses
sub-ativas) (Galeotti et al., 1999; Inan et alQ£2Kaster et al., 2005).
Além disso, antidepressivos como a fluoxetina, masiina,
amitriptilina, nortriptilina, clomipramina, maprbtia, citalopram e
paroxetina também produzem bloqueio das corremd§ ,do que pode
também justificar seus efeitos terapéuticos (Tegal., 1997; Yeung et
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al., 1999; Nicholson et al. 2002; Choi et al., 20Bébayashi et al.,
2004, 2006).

Suportando a idéia de que o blogueio de canais ‘deska
relacionado com a fisiopatologia e o tratamentdef@essao, Takahashi
et al. (2006) demonstraram que a inibicdo contthagcanais GIRK2
(canais de Kretificadores interno ativados pela protein Guirida por
antidepressivos como a fluoxetina e a desipramiaasau uma
supressdo substancial da morte neuronal resulteandanelhora do
distarbio motor, em camundongagavemutantes (camundongos com
mutagdo nos canais GIRK2, que induz morte neumrmgficit motor).
Além disso, muitos estudos mostraram que a admagébd combinada
de antidepressivos com bloqueadores de canais geoluziram efeito
tipo-antidepressivo no TNF em camundongos (Gud. el @95, 1996;
Inan et al., 2004; Kaster et al., 2007; Bortolatoal., 2010). Outros
compostos com propriedades antidepressivas comograatiaa,
adenosina e tramadol associados com bloqueadoresndés de K
também produziram efeito tipo-antidepressivo no T{BkEdni et al.,
2007; Kaster et al., 2007; Jesse et al., 2009).

E importante mencionar ainda, que um tipo particdia canais
de K de dois poros (TREK-1) também esta envolvido siagiatologia
da depressédo (Kennard et al., 2005). A inibiciatedesanais esta
envolvida na liberacdo de serotonina em neurbnios(ttleo da rafe,
confirmando a intima relacio destes canais dedfh o mecanismo de
resposta aos antidepressivos (Heurteaux et alg)2B0@rtanto, levando
em consideracdo que: a) canais deektdo envolvidos no efeito tipo-
antidepressivo de diferentes agentes dotados depriguiades
antidepressivas; b) canais de”® Kpodem modular o sistema
serotoninérgico; ¢) o 4cido folico apresenta efgéjto-antidepressivo no
TNF em camundongos e este efeito parece envolvesiseema
serotoninérgico (Brocardo et al., 2008a), é de sgerar que o acido
félico possa modular, de alguma forma, estes cari2és fato, os
resultados do presente estudo mostram que o tnatamembinado com
acido folico e bloqueadores de canais dé Klibenclamida,
caribdotoxina e apamina) produziu um efeito tiptiempressivo no
TNF em camundongos.

Diferentes bloqueadores de canais dé &mo o TEA,
glibenclamida, apamina e caribdotoxina produzem efeito tipo-
antidepressivo no TNF e este efeito foi revertiégdogratamento dos
animais com L-arginina (precursora de NO) ou s#diérfinibidor da
enzima fosfodiesterase-4 que degrada o GMPc). Rortas resultados
sugerem que NO e GMPc s&o importantes moduladerakydns canais
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de K (Kaster et al., 2005). Realmente, estudos mostpaencanais de
K* ativados por Cd e dependente de voltagem desempenham um
importante papel na modulagdo do tempo de imokigdao TNF em
camundongos (Inan et al., 2004), e os canais'daitados por C4 de
alta condutancia parece ser um alvo fisiolégico NId no cérebro
(Jeong et al., 2001). Considerando que os canas depresentam um
dos maiores alvoslownstreamregulados pela ativagdo de receptors
NMDA e da via L-arginina-NO, acredita-se que aithlo de canais de
K" pode ser uma consequéncia da inibicdo de receNMdiBA e da
producdo de NO induzido por acido félico, uma ver gstudos
mostram que o efeito desta vitamina pode ser medad inibicdo de
receptores NMDA e sintese de NO (Brocardo et 8D8R). Por isso, a
modulac&o indireta dos canais dé por acido félico mediado pela via
NMDA-L-arginina-NO pode ser a |justificativa do dtei
comportamental observado neste estudo. Contudsenfode descartar
a possibilidade de que este efeito seja em conseigilde uma inibicao
direta dos canais de'K

Para reforcar a hip6tese de que &cido félico poithér icanais de
K*, n6s também pré-tratamos os animais com cromacatimativador
de canais de K o qual reverteu o efeito tipo-antidepressivoitlito
por uma dose ativa de &cido félico (50 mg/Kg), adstiada por via
oral, no TNF, sem alterar a atividade locomotora damundongos no
teste do campo aberto. Cromacalim é um ativadaadais de K com
alta sensibilidade para canais dé $ensiveis ao ATP (Clapp et al.,
1995). Dados encontrados na literatura indicamagadministracéo de
doses ativas de cromacalim, maiores que a doseadtl no presente
estudo, aumentaram o tempo de imobilidade no TR#&cando um
efeito tipo-depressivo induzido pelos ativadorestaeke canais (Galeotti
et al., 1999). Além disso, Redrobe et al. (199 alestraram que o pré-
tratamento dos animais com cromacalim preveniu eitoeftipo-
antidepressivo de farmacos antidepressivos comomgramina,
amitriptilina, desipramina e paroxetina. Ainda,rogtestudos mostram
que este ativador de canais dé Kambém reverteu o efeito anti-
imobilidade elicitado por adenosina e agmatina, pmstos dotados de
propriedades antidepressivas ho TNF em camundofiaser et al.,
2007; Budni et al., 2007).

E importante ressaltar ainda, que Kaster et aD7{Rénostraram
que uma dose sub-ativa de fluoxetina combinada woa dose sub-
ativa de blogueadores de canais dé ptoduziu um efeito tipo-
antidepressivo no TNF e este efeito foi prevenidta @mdministracéo,
nos animais, de ativadores de canais de Estes resultados s&o
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comparaveis com os resultados encontrados no peesstudo com
acido folico, o qual pode igualmente exercer umitefeipo-

antidepressivo no TNF por um mecanismo similar unxtina ou
bloqueadores de canais dé K

Finalmente, é igualmente importante enfatizar que o
antidepressivos, principalmente os ftriciclicos, eapntam efeitos
colaterais relacionados a problemas cardiacos, @a, sausam
anormalidades cardiacas relacionada a sindromd& don@o em funcéo
de um bloqueio direto da corrente dedérdiaca (I(Kr)/hERG), a qual é
importante para repolarizacdo terminal no coragémamo (Dennis et
al., 2011). Em contraste com os antidepressivasjdp félico apresenta
efeito benéfico, ou pelo menos, nenhum risco padasenvolvimento
de doencas cardiacas (Czeizel, 1996; Bazzang &0ab). Além disso,
um recente estudo mostrou que o acido félico aptaseropriedades
protetoras contra o estresse nitrosativo induzidio lpmocisteina no
coracdo de ratos (Kolling et al., 2011). Portagtajavel supor que o
acido félico ndo bloqueia significativamente canadgs K implicados
com riscos cardiovasculares e que a associacda diamina com
bloqueadores de canais de’,Kcomo a glibenclamida efou
antidepressivos para o tratamento da depressée,sgodima estratégia
para a prevencao ou reducao dos riscos cardioamsswdssociados com
o0 bloqueio dos canais de KPorém, adicionais estudos sdo necessarios
para elucidar melhor esta proposta.

Os resultados deste estudo mostram, portanto, afeito tipo-
antidepressivo do &cido félico pode ser mediadoypoa inibicdo de
diferentes canais de*Kum mecanismo que envolve a modulacdo da
excitabilidade neurondFigura 10).
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Figura 10. Esquema ilustrativo do envolvimento deais de K+ no efeito tipo-
antidepressivo do &cido folico no TNF em camundsn@s resultados do
presente estudo mostram que o acido félico podepagiinibir canais de K
envolvendo a modulacdo da excitabilidade neuronal efeito tipo-
antidepressivo desta vitamina. Neste trabalho, doseb-ativas de
glibenclamida (bloqueador de canais dé génsivel ao ATP), caribdotoxina
(bloqueador de canais de® Kativados por C4 de alta e intermediaria
condutancia) e apamina (bloqueador de canais’dgi%ados por Ca de baixa
condutancia) combinadas com uma dose sub-ativaide #lico produziram
um efeito tipo-antidepressivo no TNF. Adicionalment pré-tratamento dos
animais com um ativador de canais ded¢tomacalim), reverteu o efeito tipo-
antiimobilidade do é&cido félico. K canais de potassio; TNF, teste do nado
forcado.

Efeito tipo-
antidepressivo do
acidofalico

Cromacalim Cromacalim Cromacalim

Glibenclamida Caribdotoxina

VIZAI A

intermediaria Baixa
condutancia condutancia

Canais de K*

Os resultados do estudio vivo apresentado no capitulo 3
mostram que o acido félico foi capaz de revertefeito tipo-depressivo
no TNF induzido por estresse de contencao durahtgp@rém, nao foi
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capaz de reverter o déficit cognitivo induzido pEste modelo de
depresséo elicitado por estimulo estressante. d» &glico também foi
importante na prevencdo da peroxidacdo lipidicaoeadmento da
atividade das enzimas antioxidantes induzida sttegse de contencao.

O estresse de contencdo € um modelo de estressandpme
comportamento tipo-depressiv@dleszak et al.,, 2006; Sevgi et al.,
2006; Capra et al., 2010; O'Mahony et al., 2010sisitansen et al.,
2011; Huynh et al 20)1e prejuizo cognitivo (Baker e Kim, 2002;
Nagata et al., 2009; Li et al., 2012). NOs obsensnue o 4cido félico
per sefoi capaz de induzir comportamento tipo-antidegiv@s no
protocolo utilizado (depois de 8 horas e 40 minwtostratamento) e,
além disso, foi capaz de reverter o aumento do dedepimobilidade
induzido pelo estresse de contencédo. Estes dadobomm com dados
da literatura que monstram que o acido fdlico apnes efeito-
antidepressivo no TNF e TSC em camundongos e (RBtosardo et al.,
2008a, 2008b, 2009; Molina-Hernandez et al. 2010122 Molina-
Hernandez e Tellez-Alcantara 2Q1Além disso, nds observamos que o
tratamento com acido félicper sepode aumentar a exploracdo do
objeto novo em relacdo ao objeto original quandoparado ao grupo
controle (vehicle/non-stressed) na sessdo teste telste de
reconhecimento de objeto (TRO). Por outro ladogidaafélico néo foi
efetivo em reverter o déficit cognitivo induzido Igpeestresse de
contencao. Estudos da literatura indicam que &dlico é efetivo em
melhorar a performance cognitiva de ratos idgSasgh et al., 2011) e
proteger contra o déficit cognitivo induzido porpdiihomocisteina
(Matté et al., 2007; Matté et al., 2009b) em roedoConsequentemente
h& indicios de que a deficiéncia desta vitamin& estsociada ao
prejuizo cognitivo em roedores (Troen et al., 2088m disso, muitos
estudos clinicos indicam que o acido félico é ingrte na cognicéo, e
a sua deficiéncia pode ser um fator de risco papeejuizo cognitivo
(Kado et al., 2005; Ramos et al., 2005; Durga &086; De Lau et al.,
2007). Portanto, estes estudos podem justificarelhon performance
cognitiva do acido félicgper se em relacdo ao grupo controle no TRO.
Ja a ineficacia na protecdo contra o déficit cagniinduzido por
estresse de contencéo, pode ser explicada pekadase de acido folico
e/ou pelo tratamento agudo. Por isso, podemos womngle o efeito do
acido fdélico foi especifico para a depressdo, da, spresentou um
efeito tipo-antidepressivo especifico no modeloddpressao induzida
por estresse de contencdo, jA que ndo reverteuiat a®ngnitivo
induzido por este modelo.
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Os resulatdos do presente trabalho também indicam u
desbalanco oxidativo, alteragdo dos marcadoresade dxidativo para
lipidios e alteragcbes nas defesas antioxidantes camundongos
submetidos ao estresse de contengdo durante 7. l@sasesultados
mostram que o comportamento tipo-antidepressivo eprejuizo
cognitivo induzido pelo estresse de contencéo faaompanhados por
um significativo aumento nos niveis dBARS no cortex cerebral e
hipocampo de camundongos. Nossos resultados coarabmom dados
da literatura, os quais mostram que o estresserderg;ao realizado em
diferentes tempos, induziu aumentos significatidesMDA no cérebro
de roedores (Garcia-Bueno et al., 2005; Kumaril.et2807; Zafir e
Banu, 2007; Kumar e Goyal, 2008; Zafir et al.,, 20B@mar et al.,
2010). Suportando nossos dados, estudos clinicdEam niveis
aumentados de MDA em pacientes deprimidos, indiwanda forte
associacdo entre estresse oxidativo e depresséioi @i al., 2001,
Khanzode et al., 2003). Portanto, consistente cadosl da literatura,
nossos dados sugerem que o estresse de contemgateduhoras causa
peroxidacgdo lipidica no cortex cerebral e hipocam@aamundongos,
duas estruturas extremamente relacionadas comiapdfislogia da
depressdo (Bennett, 2011; Duman e Voleti, 2011;eYQhen, 2011).
Considerando que a peroxidacdo lipidica € uma dasores
consequéncias de dano oxidativo mediado por radiwaes no cérebro
(Dotan et al.,, 2004), o presente estudo sugere agpualteracdes
comportamentais observadas com o estresse de caotpode estar
associada com esta alteragdo neuroquimica (aumerfiBARS).

Foi possivel observar no presente estudo que axipagéo
lipidica induzida por estresse agudo de contengéageklertida pelo
tratamento com acido félico no hipocampo, mas r@odantex cerebral.
Este achado no hipocampo é similar aos resultadosngados por
Brocardo et al. (2010), os quais mostraram quatartrento com acido
félico preveniu o aumento da peroxidacdo lipidicaluzida por
ouabaina no hipocampo. Porém, neste estudo, tarfdiéabservado
este efeito neuroprotetor no cortex, efeito que fuiiabservado no
presente estudo (Brocardo et al., 2010). Issoanglie o0 efeito do acido
félico, no modelo de estresse de contencdo, é &ippo especifico.
Além disso, outros estudos mostram que o acidodddrotege contra a
peroxidacéo lipidica em diferentes regides cersltairatos (Singh et
al., 2011) e a deficiéncia de acido félico indumanto nos niveis de
TBARS no hipocampo (Chen et al., 2011), figado (iduat al., 2001;
Chen et al., 2011) e em cultivo de células humaies G2 (Chern et
al., 2001). E importante mencionar que a suplengdntacom &cido
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félico em pacientes com hiperhomocisteinemia pramoprevencao
parcial da peroxidacéo lipidica plasmatica (Ra¢ek.e2005). Portanto,
0 &cido félico pode ser importante na detoxificagio perdxidos
lipidicos, possivelmente devido a sua capacidadeatler como
scavangede EROs (Joshi et al., 2001).

O presente estudo também encontrou um aumentdidiasdes
da SOD (somente no hipocampo), CAT, GR e GPx (cGéeebral e
hipocampo) em camundongos estressados, indicandmgies nas
defesas antioxidantes em camundongos expostostrassesagudo de
contencdo que apresentaram comportamento tipossiyweassociado a
déficit cognitivo.

As principais enzimas antioxidantes envolvidas tdirente na
neutralizacéo das EROs sao SOD, CAT, GPx e GR. B @ primeira
linha de defesa contra as EROs e cataliza a disagwtdo radical anio
superéxido (@) ao peroxido de hidrogénio £8,) (McCord e
Fridovich, 1988) que pode ser reduzido®H G pela CAT (Chelikani
et al., 2004) ou GPx (Flohe, 1971). Além de detoaifH,O,, GPx pode
reduzir hidroperéxidos lipidicos e néo-lipidicoscsstas da glutationa
(GSH), a qual, torna-se oxidada, formando a ghnati dissulfeto
(GSSG) (Flohe, 1971). No presente estudo, as atleisl aumentadas
destas enzimas antioxidantes em resposta ao estdesontencdo
corroboram com varios estudos clinicos. Por exengdtudos mostram
que pacientes deprimidos podem apresentar ativigaehentada da GR
no plasma, e atividade aumantada da GPx (Bilialgt2001), SOD
(Bilici et al., 2001; Galecki et al., 2009; Kotaha., 2011) e da CAT
(Galecki et al., 2009) nos eritrocitos. Um estugost-mortemde
pacientes deprimidos, encontrou a atividade da SMDentada no
cortex pré-frontal destes pacientes (Michel et20Q7). Similarmente,
estudos pré clinicos também mostram estas alterag@®mo o estudo de
Fontella et al. (2005), o qual mostrou que o estresrbnico de
contencdo (1 h/dia durante 40 dias) induziu aumeatatividade da
GPx no hipocampo de rato. Kim et al. (2005) en@wain atividades
aumentadas da SOD e CAT no cérebro de camundongogsdos ao
estresse agudo de contencdo (2 h/dia durante 3. diasmais
recentemente, um estudo realizado por Balk et28l1Q) encontrou
aumentada a atividade da CAT no estriado de raibmetidos ao
estresse crénico de contencao (1 h/dia durantéadd d

Estudos em que utilizam protocolos de estresse aootuelos
animais tem encontrado diferentes efeitos nasdafidis das enzimas
antioxidantes. Especialmente, estudos pré-clinits, observado um
aumento na atividade das enzimas antioxidantesn@mais submetidos
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a modelos repetidos ou cronicos de estresse deng@t (Fontella et
al.,, 2005; Kim et al., 2005; Balk et al.,, 2010),qeanto que em
protocolos de estresse de contencdo agudo (soomaatexposi¢ao), foi
encontrado reducdo nas atividades da CAT e GR (Kwhal., 2007;
Kumar e Goyal, 2008; Kumar et al., 2010), resulsagoe contrapdem
os resultados do presente trabalho. Além dissodestrealizados com
estresse cronico de contengdo (4 h/21 dias) emecantr atividades
reduzidas da SOD, CAT e GR (Zafir e Banu, 2007;r&sfal., 2009).
Estas inconsisténcias podem ocorrer em funcdo da sémie de
variacdes quanto aos procedimentos ou animaigaddis, como idade e
sexo dos animais, intensidade, duracédo, frequéntipo do estressor
(Buynitsky e Mostofsky, 2009).

As atividades aumentadas da SOD, CAT, GPx e GR
(principalmente no hipocampo) encontradas nestedestorroboram
com alguns estudos pré-clinicos (Fontella et 8052 Kim et al., 2005;
Balk et al., 2010) e clinicos (Bilici et al., 200ichel et al., 2007;
Galecki et al., 2009; Kotan et al., 2011). O aumards atividades das
defesas antioxidantes pode ter ocorrido em fung@airda resposta
compensatéria ao aumento da formacao de radivess liinduzido pelo
estresse agudo de contengcdo em camundongos. AksdgGam o0s
resultados do TBARS, estes dados suportam a idéigud o estresse
agudo de contencdo é capaz de induzir a formaca&Re®s. Portanto,
0 aumento do nivel de TBARS (cortex cerebral e ¢apmpo) e o
aumento compensatorio das atividades da SOD, CAHx € GR
(especialmente no hipocampo) em camundongos suloaetd estresse
agudo de contencdo pode ser correlacionado comdeito dipo-
depressivo no TNF e o déficit cognitivo no TRO.

Nossos resultados mostram que &acido folico foi zapa
restaurar as alteragcbes nas atividades da SOD, @G¥x e GR
induzidas pelo estresse agudo de contencdo em dangos,
especialmente no hipocampo. Este efeito protetadaito folico pode
ser em consequéncia da reducao, induzida por &ido, na formacéao
de radicais livres e estresse oxidativo, uma vezeg80OD, CAT, GPx e
GR s&o as maiores enzimas antioxidantes envohddtatamente na
neutralizacdo das EROs (McCord e Fridovich, 19R8fsos resultados
corroboram com dados de Matté et al. (2009a) o quastraram que a
suplementacéo com &cido félico reverteu o aumeagatividades da
SOD e GR no sangue de ratos com hiperhomocisteanemiacido
félico apresenta propriedades antioxidantes irgdas e pode eliminar
as EROs (Patro et al.,, 2006; Joshi et al., 2001@mAdisso, esta
vitamina apresenta importante papel na sintes¢abil@tade do DNA,
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previne a incorporacao errbnea de uracila, a hititapgo e quebra da
fita de DNA (Fenech, 2001; Fenech et al., 2005¢nm\Idisso, muitos
outros estudos, ndo menos importantes, mostrano ca@do félico é

um potente agente neuroprotetor (Ho et al., 20Qaitds et al., 2004;
Lin et al 2004; Yu et al., 2009).

E importante mencionar que os resultados do presestudo
mostram que o tratamento com A&cido félico em cammngos
submetidos ao estresse agudo de contencdo afetand@mente status
oxidativo do hipocampo e do cértex cerebral, uma gee o acido
félico protege contra o estresse oxidativo induzpiio estresse de
contencao, especialmente no hipocampo. Isso supereestas areas
cerebrais apresentam diferencas especificas nanmews de defesas
guando submetidas a um estimulo estressante. @ifteasncas podem
justificar as diferentes susceptibilidades de nliati areas do cérebro ao
tratamento com acido fdlico frente a um estimutcessante.

Nossos resultados mostram que ndo houve nenhuenacald nos
niveis da glutationa (GSH) tanto no cértex cerebgabnto no
hipocampo de camundongos, independente das coadiedestresse ou
do tratamento com &acido félico. Nossos resultadwsoboram com o
estudo de Méndes-Cuesta et al. (2011), o qual whseauséncia de
alteracdo nos niveis de GSH no cérebro de ratosetidns ao estresse
de contencdo durante 24 h. GSH é o mais important®xidante
enddégeno nao-enzimético que pode ser regenerado Giel com o
consumo de nicotinamida adenina dinucleotidio atesfna forma
reduzida (NADPH) (Krohne-Ehrich et al., 1977). Eatdioxidante ndo-
enzimatico desempenha um importante papel na dieapdo de uma
grande variedade de xenobidticos eletrofilicosyzatdio a producéo de
compostos toxicos (Jakoby, 1978). A auséncia dgaglbes nos niveis
de GSH como resultado do estresse e do tratamemoacido félico
sugere que este antioxidante ndo desempenha utnpapeante neste
modelo, sob as condi¢Bes experimentais empregadés estudo.

Portanto, estresse psicosocial, como o estressentiencéo pode
induzir comportamento tipo-depressivo no TNF e digfiognitivo no
TRO, acompanhados por niveis aumentados de TBARfXccerebral
e hipocampo) e atividades aumentadas das enzirtiagidantes (SOD,
CAT, GPx e GR), principalmente no hipocampo. Adidlco foi capaz
de reverter o efeito tipo-depressivo, mas néo ditlé&ognitivo, bem
como reverter os niveis aumentados de TBARS e midaales
aumentadas das enzimas antioxidantes (SOD, CAT, 6P&R),
principalmente no hipocamgBigura 11).
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Figura 11. Esquema ilustrativo do provavel efeitticxidante do acido folico
em um modelo animal de depresséo induzida porssstee contencdo no TNF
em camundongos.
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Os resultados do presente estudo mostram que wesEst psicosocial, como o
estresse de contencgéo durante 7 horas, induz ctanporto tipo-depressivo no
TNF e déficit cognitivo no TRO. Paralelamente, iesse de contencao induziu
peroxidacdo lipidica (evidenciado pelos niveis auados de TBARS no

cortex cerebral e hipocampo) e provavelmente atrayé uma resposta
compensatoéria, induziu aumento nas atividades dasmas antioxidantes
(CAT, GR, GPx, no cortex cerebral e hipocampo e S@Bmente no

hipocampo), induzindo estresse oxidativo. Por olatio, acido félico foi capaz

de reverter o comportamento tipo-depressivo, mas maléficit cognitivo.

Também foi capaz de reverter o0 aumento de TBARS/erter o aumento das
atividades da SOD, CAT, GR e GPx no hipocampoertendo o estresse
oxidativo induzido pelo estresse de contencaocamtio um importante papel
antioxidante do acido félico. CAT, catalase; GPitafiona peroxidase; GR,
glutationa redutase; ERNs, espécie reativa degéitio; EROs, espécie reativa
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de oxigénio; SOD, superoxido dismutase; TBARS, @sgéreativas ao acido
tiobarbitirico; TNF, teste do nado forcado; TRGsteedo reconhecimento de
objeto.

Em concluséo, os resultadosvivo descritos nos capitulos 1, 2 e
3 mostram que o efeito antidepressivo do acidacdéhio TNF em
camundongos pode ser mediado, pelo menos em paote,uma
modulacdo da via PISK/Akt/GSKB3 ativacdo do PPARe inibicdo de
canais de K reforcando a nocdo de que estes sdo importaives a
para a atividade antidepressiva. Além disso, @rrahto com &cido
félico foi capaz de reverter o comportamento tippréssivo induzido
pelo estresse agudo de contencdo (7 h), mas nadidait dognitivo
induzido por este modelo. A prevencdo, pelo tratame&om acido
félico, da alteracdo comportamental induzida petoesse de contengéo
foi acompanhada pela reversao do dano oxidativeiéaumentados de
TBARS e atividades aumentadas das enzimas antitesl&OD, CAT,
GPx e GR) induzido por este estinulo estressaaftrgando a idéia que
0 acido folico pode ser uma importante vitaminat@oro estresse
psicossocial e oxidativo.

Os resultadom vitro do presente trabalho encontram-se descritos
em dois capitulos. Os resultados do capitulo 4 detram que o acido
félico pode proteger células SH-SY5Y da toxicidadduzida por
dexametasona por envolvimento da via PI3K/Akt, CAMKPKA. Os
resultados do capitulo 5 evidenciaram que estanint foi capaz de
proteger fatias hipocampais de ratos contra a noeftdar induzida por
glutamato via modulacéo da via PI3K/Akt/GSRAB-catenina e inibicdo
da iNOS.

Os resultados descritos no capitulo 4 mostrandguametasona
(1 mM) causou dano em células neuroblastoma hurBdh&Y5Y e
acido félico (300 uM) foi capaz de proteger corgsda injuria. Além
disso, nés investigamos a via de transducdo dd quma regula a
resposta neuroprotetora do acido félico neste potdade morte celular.
A morte celular induzida por dexametasona foi bé@gla por inibidores
de cinases como 0 LY294002, KN-93 e H-89, mas méiid’@p98059 ou
gueleritrina. Portanto, nés mostramos que a protetduzida por acido
félico neste protocolo experimental foi provavelteemmediada por
ativacdo da via de sinalizacdo PI3K/Akt, CaMKIl KA mas ndo pela
via MEK1/2 e PKC.

Estimulos estressores (fisicos e psicolégicosamtio eixo HPA,
culminando na liberagdo pela glandula adrenal deoarticoides
(cortisol em humanos e corticosterona em roedores)quais sdo
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responsaveis pelfeedbackinibitorio, principalmente no hipocampo e
glandula pituitéria, que regula a secrecado desiamdnios (Kunugi et
al., 2010). Dependendo da intensidade ou duracaoestémulo
estressante, a resposta ao estresse pode torpaiesigica, induzindo
hiperativagdo do eixo HPA, fenbémeno envolvido enferdintes
transtornos como doeng¢a de Cushing, transtorno sliesse poés-
traumatico, transtorno bipolar e depressdo (Cori2@08; Yu et al.,
2008; Kunugi et al., 2010). Corroborando com egtatese, Haynes et
al. (2004) mostraram que o tratamento cronico conidepresivos
resultou na protecdo contra morte neuronal indug@tadexametasona
no estrido e hipocampo de ratos.

Considerando que a hipersecrecdo de glicocortistidsta
presente em muitos pacientes deprimid@sikowitz et al., 2008 neste
estudo nés utilizamos um modelo de morte celulag gqumetiza a
hipersecrecdo de glicocorticoides por incubacdocéhdas SH-SY5Y
com dexametasona, um glicocorticéide sintético ¢Mitl et al., 1998;
Haynes et al., 2001; Jacobs et al., 2006; Zhu.eP@06; Tazik et al.,
2009). Nossos dados mostram que a dexametasonavijlinduziu
morte neuronal, corroboram com a dados da litaatuma vez que
relatam dano neurona@ vivo e in vitro, causado por glicocorticoides
(Woolley et al., 1990; Virgin et al., 1991; Hassztral., 1996; Mitchell
et al., 1998; Ahlbom et al.,, 2000; Joels, 2001; éwu al., 2003;
Crochemore et al., 2005; Zhu et al., 2006). Muitecanismos podem
estar implicados no dano induzido por glicocortiedi, como a inibicdo
da via PI3K/Akt (Nuutinen et al, 2006), excitotoxiade
glutamatérgica (Sapolsky, 2000) e prejuizo na fang@expresséo do
fator neurotrofico BDNF (Kumamaru et al., 2008; Kighet al., 2010).

Neste estudo, 24 horas de pré-incubacdo com aéido f10-
300 uM) e co-incubacéo de acido folico mais dexaswata por mais 48
horas, reduziu a neurotoxicidade induzida por detasona, de forma
dependente de concentragdo. A maxima protecdoeacoam 300 uM
de &cido félico. Dados da literatura indicam quaeficiéncia de &cido
félico pode induzir morte celular por aumeto dé'GaEROs (Ho et al.,
2003; Tjiattas et al., 2004). Além disso, acidoicidlpode proteger
contra o dano causado por NMDA e glutamato em @ilde neurdnios
granulares cerebelares de camundongos (Lin et @4)28 contra o
prejuizo causado por peptidiA zsem neurdnios (Yu et al., 2009).

Adicionalmente, nossos resultados indicam que aepa de
LY294002, um inibidor da PI3K, parcialmente revarte efeito
neuroprotetor do acido félico em células expostaex@ametasona. A
via de sinalizagdo PI3K é muito importante parares@mento e
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sobrevivéncia neuronal (Brunet et al., 2001; Hesyes al. 2005; Shao
et al., 2010) e em alguns casos, é necessaria@araprotecdo mediada
por fatores troficos, como o fator de crescimeigo-insulina (IGF-1)
em protocolos de morte celular induzida por costiemna em
neurdnios hipocampais (Nitta et al., 2004). Aléssdj a dexametasona
pode reduzir a proliferacéo e induzir apoptose eltivo de condrécitos
através da inibicdo desta via (Chrysis et al., 20P&ra reforcar nossos
dados, Seto et al. (2010) mostraram que o acitfpbde ser benéfico
em um modelo de hipertensdo associado a diabetdgusnepor
ativacdo da via PI3K/Akt. Corroborando com estesloda nossos
resultados indicam que o LY294002 parcialmente udog o efeito
neuroprotetor do &cido félico contra a morte celuladuzida por
dexametasona nas células SH-SY5Y. Estes resulteflagam que a
via de sinalizacdo PI3K/Akt pode estar implicada rdeito
neuroprotetor do acido folico nestas células.

Nossos resultados também mostram que PD98059ddniloia
MEK1/2, e cheleritrina, inibidora da PKC, ndo blegtam o efeito
neuroprotetor do &cido félico contra a morte celuladuzida por
dexametasona. Estes resultados sugerem que esla silgalizacdo ndo
participa no efeito neuroprotetor do acido foliceste protocolo de
insulto celular.

CaMKIll (Calcio calmodulina cinase Il) € a uma pfogecinase
multifuncional que responde a aumentos intraceliéa€4" e fosforila
uma grande variedade de substratos e portanto imgiicada na
transmiss&o sinaptica (Houston et al., 2009). Eaptw, considerada a
mais abundante proteina cinase envolvida na pidatie neuronal
(Popoli et al.,, 2000; Cammarota et al., 2002;). 99¥ss resultados
mostram que KN-93, inibidor da CaMKIl, suprimiu ofeito
neuroprotetor do acido félico, indicando que aaa@io desta via de
sinalizagcdo pode estar envolvida no efeito neutefpdo &cido félico
neste protocolo de morte celular.

Finalmente nds também mostramos que H-89 revertefeito
protetor do &cido fdélico contra a morte celular unda por
dexametasona. O H-89 é um inibidor competitivo & Rque por sua
vez, esta envolvida em vérias fun¢des fisiologmasérebro, incluindo
sintese e liberagdo de neurotrasmissores, exprgéséaa, plasticidade
sinaptica, memodria, crescimento, diferenciacédobeesivéncia celular
(D'Sa e Duman, 2002; Gould e Maniji, 2002; Blend®&0 Em nosso
estudo, o H-89 foi capaz de reverter a neurotoadadinduzida por
dexametasona nas células SH-SY5Y, sugerindo que st de
sinalizagéo esta implicada no efeito neuroprotétadcido folico.
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Portanto, os resultados deste estudo indicam giexametasona
pode induzir morte em células SH-SY5Y e o acida@dédpode proteger
contra esta morte celular, pelo menos em parteup@a ativacdo de
alvos moleculares como PI3K/Akt, CaMKIl, e PKA, m& MEK1/2 e
PKC (Figura 12).

Figura 12. Esquema ilustrativo da provavel viaidelizacéo ativada por acido
félico na protegdo contra a morte celular induzpidadexametasona em células
neuroblastoma humano SH-SY59s resultados do presente estudo mostram
que o acido félico pode proteger contra a morteulael induzida por
dexametasona em células SH-SY5Y por ativacédo des aholeculares como a
PI3K/Akt, CaMKIl e PKA. A pré-incubacdo destas dakicom LY294002
(inibidor da PI3K/Akt), KN-93 (inibidor da CaMKllou H-89 (inibidor da
PKA) reverteu o efeito neuroprotetor do acido flicontra a morte celular
induzida por dexametasona. CaMKIl, calcio calmasalicinase II; PI3K,
fosfoinoditol 3 cinase; PKA, proteina cinase A.
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Neuroprotecado contra a neurotoxicidade
induzida pordexametasonaem células SH-SY5Y

No capitulo 5 apresentamos dados que mostram géeido
félico foi capaz de proteger fatias hipocampaisates jovens contra a
excitotoxicidade glutamatérgica (reducdo da vidadie celular e
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liberagdo de glutamato). Este efeito neuroprot@iode envolver a
modulacdo da via PI3K/Akt/GSKBB-catenina e inibicdo da iNOS.

Neste estudo, nds utilizamos um protocolovitro de morte
cellular induzida pelo glutamato em fatias de hgwopo de ratos
jovens. A excitotoxicidade mediada por receptotatamatérgicos esta
associada com um grande numero de condicdes patdopu
transtornos neurolégicos (Sanacora et al., 2008g@o al., 2009; Lau e
Tymianski, 2010). Em certas condi¢Bes patologipas, exemplo, na
injuria ou isquemia cerebral, o glutamato cerel&alrapidamente
elevado, o qual resulta em ativagdo excessiva dos meceptores e
consequentemente, induz injdria neuronal (Lau eidiyski, 2010). A
excitotoxicidade pode ser modificada através daogdim do glutamato
da fenda sinaptica, funcéo esta, desempenhadagmmpbrtadores de
glutamato acoplados a atividade da‘/MM&ATPase presente nos
astrocitos e em menor extensdo, nos neurbnios (dmalee Swanson,
2000; Danbolt, 2001; Beart e O’shea, 2007; Markowet al., 2007;
Sheldon e Robinson, 2007). Portanto, estes tratasjmves removem o
excesso de glutamato dos espacos extracelulares gravenir a
excitotoxicidade (Choi et al., 1987; Danbolt, 2004) modular a
transmissdo sinaptica (Huang e Bergles, 2004).nRogélando ocorre
dano nos transportadores de glutamato, seja pdagkd ou deplecdo
de ATP, pode causar o transporte reverso de glttaenaeu acumulo
nos espacos extracelulares (Rossi et al., 2000;affine Massieu,
2006; Struzyska, 2009). Molz et al. (2008b) mostraram que atenor
celular de fatias hipocampais induzida por glutan@ide ocorrer via
transporte reverso deste neurotransmissor, umgueszum inibidor do
transporte de glutamato, DL-TBOA, reverteu a reduga viabilidade
celular e a liberagéo de L-[3H]glutamato induzidas glutamato.

O presente trabalho mostrou que o tratamento dmsfat
hipocampais com &cido félico (1QM) protegeu contra a reducédo da
viabilidade celular induzida por glutamato. Alémssti, nossos
resultados também indicaram que o glutamato indifzéwacdo de D-
[BH]aspartato (glutamato) em fatias hipocampais écao folico
reverteu este efeito. Estes achados suportam a d#ique o &cido
félico reduz a hiperexcitabilidade glutamatérgica everter a reducéo
da viabilidade celular e inibir a liberacdo excesste glutamato.
Portanto, esta vitamina pode agir com um neurofmotenddgeno,
prevenindo a excitotoxicidade. De fato, um estudd.ith et al. (2004),
demonstrou que o acido félico foi capaz de protegetra a toxicidade
induzida por glutamato/NMDA em células granularesebelares de
roedores. Além disso, resultad@s vivo obtidos por nosso grupo
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mostrou que o efeito tipo-antidepressivo do acidicd pode envolver a
inibicdo de receptores NMDA, implicando a modulagio sistema
glutamatérgico no efeito desta vitamina (Brocaridal.e 2008).

E importante mencionar que existem poucos estimogtro
associando acido félico e glutamato. Portanto, absdos do presente
trabalho tornam-se importantes para a comunidasigifica, uma vez
que, as evidéncias do presente trabalho mostramfareaasociacao
entre 4cido félico e o sistema glutamatérgicuitro.

O presente estudo mostrou que a pré-incubacdo &#84002,
um inibidor da PI3K, aboliu significativamente oeid protetor do
acido fdlico contra a reducdo da viabilidade celuteduzida pelo
glutamato. Além disso, a reducdo da liberacdo d[B8HJ}aspartato
(glutamato) induzida por acido fdlico foi abolid&l@ presenca de
LY294002. Estas evidéncias sugerem que o acideoof@dode proteger
contra a excitotoxicidade glutamatérgica (reducgwidbilidade celular
e liberacdo de D-[3H]aspartato) por ativacdo d&PI3

Como mencionada anteriormente a PI3K é uma cinp&tich
que participa de muitas funcdes fisioldgicas neloér e € utilizada,
principalmente, por neurotrofinas para mediar atg@ade neuronal,
sobrevivéncia, proliferacdo, migracao celular éigiio da apoptose
(Katso et al., 2001; Marone et al., 2008; Beaudital., 2009; Beaulieu,
2012; Mellor et al., 2012).

Para reforcar nossa hipétese, como mencionadoi@ntente,
dados da literatura mostram envolvimento da ativagdPI3K no efeito
protetorin vivo do acido folico (Seto et al., 2010). Além dissstes
resultados corroboram com 0s nossos dados priévidso encontrados
no capitulo 4 é vivono capitulo 1 deste trabalho.

Com a finalidade de investigar o mecanisgmwvnstreamda
PI3K envolvido no efeito neuroprotetor do &cidoidol contra a
excitotoxicidade glutamatérgica (reducdo da vidadie celular e
liberacdo de D-[3H]aspartato), nds verificamos digipacdo da GSK-
3B no efeito desta vitamina. NO0s observamos que dnpubacéo de
fatias hipocampais com acido félico (durante 30utus) foi suficiente
para aumentar a forforilacdo da GSE+30 residuo de serina 9 (Ser9),
porém este aumento ndo foi observado depois de i6Otaa de
incubacdo com esta vitamina . Este rapido efeitcaddo folico em
aumentar a fosforilagdo da GSIR-80 sitio Ser9 (inibicdo da GSK3B
pode estar relacionado com o efeito neuroprotegstadvitamina contra
0 dano causado pelo glutamato avaliado 6 horasisléporetirada do
glutamato do meio de incubacdo das fatias. Paoaceefesta hipdtese,
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nos avaliamos a fosforilagdo Ser9 da G$Kecorridos 6 horas de
incubacao das fatias em meio de cultura depoistdtado do glutamato.
Foi observado que somente o grupo pré-incubado amdo félico e
incubado com glutamato foi capaz de aumentar arftafdo Ser9 da
GSK-33, ou seja, inibicdo da GSK33lIsso indica que o &cido foliquer
seem fatias incubadas durante 6 horas, ndo aumdaotdagilacdo Ser9
da GSK-B, mas frente a um estimulo téxico, como o glutanatatege
a célula contra o dano celular, pelo menos em paoteinibir a GSK-
3B. Além disso, a incubacdo com &cido folper sedurante 30 minutos
foi capaz de aumentar a fosforilagdo Ser9 da GBKE3te efeito do
acido félicoper senéo foi observado depois de 6 horas de incubacao,
indicando que o efeito do acido félico em aumeantéwrforilagcdo Ser9
da GSK-3, frente a um estimulo téxico (glutamato), foi nidmtpara
proteger os neurdnios da morte celular induzida peitamato. Estes
dados corroboram com os dadasvivo decritos no capitulo 1 deste
trabalho que mostra que o efeito tipo-antidepressio acido folico
pode envolver a inibicdo da GSHK;3ndicando que GSKfBpode ser
um importante alvo de sinalizac@ovivo e in vitro envolvido no efeito
do &cido fdlico.

A GSK-3, como mencionado anteriormente, € uma
serina/treonina cinase altamente expressa no céfélwodgett, 1990;
Yao et al., 2002; Perez-Costas et al., 2010), emnnios e células da
glia (Ferrer et al.,, 2002). A isoforma, GSK;3objeto de estudo do
presente trabalho, desempenha importantes fung@mecanismos de
sobrevivéncia celular (Kaidanovich-Beilin e Woodget2011;
Sutherland, 2011).

Afim de confirmar a participacdo da inibicdo da G3Kno
efeito neuroprotetor do acido félico contra o daimoluzido por
glutamato, nés analisamos a expressap-clatenina decorridas 6 horas
de incubacdo depois da retirada do glutamato. @dtaglos mostram
gue o grupo pré-incubado com é&cido félico e incobaoim glutamato
foi capaz de aumentar a expressa@-gatenina, similar aos resultados
da fosforilacdo da GSKg3

A pB-catenina é uma proteina citoplasméatica, um mediado
downstreanda via de sinalizagdo Wnt, a qual regula um gramioheero
de genes essenciais para a proliferacdo e difagdwi celular
(Takahashi-Yanaga e Sasaguri, 2007; Bauer e Wil20t2). No
citoplasma, o nivel dff-catenina é mantido baixo através de uma
continua ubiquitinacdo proteossdmica mediada petgradacao
regulada pelas proteinas adenomtous polyposis (&8C), caseina
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cinase & (CKla) e GSK-PB (Takahashi-Yanaga e Sasaguri, 2007).
Focando na GSKf3 uma vez ativada, induz degradaca@datenina,
através da fosforilagdo da mesma. Em contrast@bgdo da GSK
culmina na defosforilagdo e estabilizagdopdzatenina, resultando em
acumulo da mesma, a qual transloca para 0 nucdledue transcricéo,
em cooperacgdo com fatores de transcri¢cdo Tcf/lee§eshes alvos da via
Whnt, promovendo efeitos antiapoptéticos e estimddaa crescimento
neuronal (Coyle e Duman, 2003). Portanto, os r@dodt do presente
estudo, indicam que o acido félico pode promovesobrevivéncia
neuronal contra o dano induzido por glutamato asalo acimulo dg-
catenina, provavelmente em resposta a inibicaoS&-8.

Nossos resultados também demonstraram que a paeskng
LY294002 reverteu o efeito do acido folico em autaea fosforilagéo
ser9 da GSK{ e a expressdo dgicatenina frente ao estimulo téxico
induzido pelo glutamato. Estes resultados podenfiromr que a
ativacdo da PI3K esta envolvida no efeito neurgpootdo acido folico
e gue a ativacdo da PI3K pode culminar na inibigdoGSK§ e
acumulo dep-catenina, indicando também que o efeito neurofmotio
acido félico pode envolver a ativacao da Akt. Alitlp ser uma ligacéo
entre a ativacdo da PI3K por acido félico e modidagda via GSHK3/B-
catenina, ja que a ativacao da PI3K induz ativatziéd\kt que por sua
vez, inibe a GSK3, induzindo acumulo d@-catenina(Figura 13).
Realmente, estd bem documentado que a Akt, tamidrominada
protein cinase B (PKB), € regulada através daigagio mediada pela
PI3K, uma vez que a Akt é aletownstreanda PI3K. Akt, por sua vez,
inibe GSK-3, que consequentemente promove acumulf-datenina,
induzindo sobrevivéncia neuronal (Toledo et alQ&MBeaulieu et al.,
2009; Sutherland, 2011; Beaulieu, 2012).

Ja é bem reconhecido que glutamato desempenha pontémte
papel na neuroinflamacdo, uma vez que este amdwaicitatorio
pode induzir a sintese de citocinas pro-inflamag(interleucina fi,
IL-1B, e fator de necrose tumoral-TNF-o), as quais induzem a
expressdo da iINOS (Cardenas et al., 2000; Mord.ef@04). Um
estudo realizado por Molz et al. (2011) mostrou alletamato
promoveu aumento da expressdo da INOS em fatiaxdmmpais de
ratos jovens. Similarmente, nossos resultados amstjue glutamato
provocou inducdo da iINOS, no mesmo protocolo erparial utilizado
por Molz et al. (2011). J4 estd bem documentadaadh®S é induzida
principalmente em células da glia (microglia e @dtos) e esta
isoforma da iINOS pode induzir morte neuronal emesgibes patoldgicas
(Bal-Prince e Brown, 2001; Brown e Bal-Prince, 20BBwn, 2010).
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Existem muitos mecanismos pelos quais a glia aivadde matar
neurdnios. O mecanismo primario envolve a expresséioentada de
iINOS, que produz NO. Esta molécula, por sua vezafisa mobilizacao
de C&" a partir do reticulo endoplasmatico e (ii) iniberespiracéo
motocondrial nos neurdnios, culminando em liberagéoglutamato.
Estes eventos levam a morte neuronal. Além dissoicenglia ativada
pode também liberar glutamato, que ativa receptbid® A e induz

formacgéo de EROs, as quais reagem com 0 anio sdgerproduzindo
perdxido nitrito, culminando em estresse oxidatevomorte celular
(Brown, 2010).

Neste trabalho nés observamos que o acido félicedpaz de
prevenir o aumento da expressédo da iNOS induzidaylptamato. Os
nossos dados concordam com dados da literaturangggam que o
acido folico induz neuroprotecéo frente a diferergstimulos toxicos
através da inibicdo da INOS e consequentementg&edcios niveis de
NO (Majumdar et al 2010; Figueiredo et al., 20J4Em disso, um
estudo in vivo mostrou que o tratamento com &cido félico
significativamente atenuou os niveis de homociateplasmatica,
suprimiu a ativagdo da microglia e astrdcitos biinia expressao da
INOS e TNFe na medula espinhal de camundongos deficientes de
SOD1 e com altos niveis de homocisteina, um modeimal de
esclerose amiotrdfica lateral (Zhang et al., 20@&licionalmente, um
estudo de Feng et al. (2011) demonstrou que adticofinibiu a
producédo de NO, TNE-e IL-1B induzida por LPS (lipopolissacarideo),
acompanhada com a diminuicdo do RNAm para iNOS,-ad HL-13
em células RAW?264.7. Estes estudos reforcam a ndeapie o acido
félico pode induzir neuroprotecao por inibir a eegedo da iNOS.

Finalmente, nds também encontramos no presentdoegtie a
reducdo da expressao da iNOS induzida por acitmfém um modelo
de dano celular induzido por glutamato em fatigtampais de ratos
jovens, foi completamente abolida na presenca d2ol®02. Similar
aos resultados do presente estudo, um inibidor 188 Pduziu um
aumento na expressdo da iINOS em resposta a LP3osinas em
astrocitos ou em células glial C6 de ratos, indicague a inibicdo da
PI3K pode ser necessaria para a expressao da iND&lecdo de NO
(Pahan et al., 1999). Além disso, Molz et al. (90dbstraram que o
efeito neuroprotetor da guanosina, um nucleosideagwhnina, nas
mesmas condigbes experimentais do presente estaddmém foi
abolido pela presenca de LY294002, uma important@léecia
adicional que associa a via PI3K e expressdo d&iNrROrtanto, o acido
félico possivelmente pode induzir sobrevivénciauleel frente a um
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estimulo toxico por inibir a expressao da iINOSa sgjindo diretamente
na enzima ou indiretamente, ativando a enzima PFaura 13).

Figura 13. Esquema ilustrativo da provavel viaidelizacao ativada por acido
félico contra a morte celular induzida por glutameam fatias de hipocampo de
ratos.

Acido Félico

o

ot

%

NO Acido Félico

- NN
. Degradacdoda
B-catenina

Ntcleo Tcf/Lef

T Genes alvo Wnt

Morte celular Sobrevivéncia celular

Os resultados do presente estudo, descritos no, texistram que o
acido folico pode proteger contra a morte celutetuzida por glutamato por
ativacdo da via PI3K/Akt/GSK@3p-catenina e inibicdo da iNOS. Portanto,
acido félico, frente ao estimulo téxico do glutamatausa sobrevivéncia celular
provavelmente por ativar a PI3K, que por sua vwedyz inibicdo da GSK{B
por ativacdo da Akt. GSKg3inibida, néo fosforila #-catenina (ndo ocorrendo
sua degradacgdo proteossomal) induzindo acumulo etanenp-catenina, por
sua vez, transloca para o nulcleo e se associadarad de transcricdo (Tcf/Lef)
induzindo transcricdo de genes alvos da via Wntpaesaveis pela
sobrevivéncia neuronal. Além disso, acido félicaganibir a expresssédo da
iINOS diretamente ou através da ativagdo da PI3KN®S, é induzida nas
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células gliais através de estimulos toxicos (etadoidade glutamatérgica) e
produz NO, que por uma série de mecanismos descritdexto, causa morte
neuronal. Acido félico, provavelmente, por inibsta via, induz sobrevivéncia
neuronal. GSKR, glicogénio sintase cinasep3-INOS, 6xido nitrico sintase
induzida; NO, 6xiod nitrico, PI3K, fosfoinositolchase.

Juntos estes resultados demonstram que o &cidm fpbhde
proteger fatias hipocampais contra a injuria indaizpor glutamato
(reducgédo da viabilidade celular, liberacdo de D}g&gdartato e indugéo
da INOS). Este efeito neuroprotetor do &cido félipode ser
possivelmente mediado através da modulacdo da G&KIB/B-
catenina e inibicdo da iNOS.

Em concluséo, os resultadiosvitro descritos nos capitulos 4 e 5
mostram que o acido félico pode proteger contraréiftes insultos,
dexametasona e glumato, provavelmente por ativegadas PI3K/AKkt,
CaMKIl e PKC ou modulagdo da via PI3K/Akt/GSK/B-catenina e
inibir INOS, respectivamente.
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7. CONCLUSAO

Podemos concluir com os resultadosvivo e in vitro descritos
nos capitulos 1, 2, 3, 4 e 5 que:

« O efeito antidepressivo do acido folico no TNF em
camundongos pode ser mediado, pelo menos em paoteuma
modulagéo da via PI3K/Akt/GSKB3 ativacdo do PPARe inibicdo de
canais de K reforcando a nocéo de que estes sdo importaivies a
para sua atividade antidepressiva.

» O tratamento com &cido félico pode ser um promisgmnte
contra O estresse, uma vez que 0 comportamentedeip@ssivo
induzido pelo estresse agudo de contencédo, mas déficit cognitivo,
foi revertido pelo &cido félico. Este efeito foi cespanhado pela
reversdo do dano oxidativo (niveis aumentados deéRIBe atividades
aumentada das enzimas antioxidantes SOD, CAT, GPR)einduzido
por este estinulo estressante no hipocampo.

« Esta vitamina pode proteger células neuronais @oratr
neurotoxicidade induzida pela dexametasona poragiitv de vias
PI3K/Akt, CaMKIIl e PKC.

« Acido félico apresenta efeito protetor contra aidiolade
glutamatérgica em fatias hipocampais de ratos yeElssénte por
modular a via PI3K/Akt/GSK{®B-catenina e inibir INOS.

Juntos os resultados do presente estudo reforcaidizaque o
acido fdlico pode ser uma importante vitamina comppedades
antidepressivas e neuroprotetoras, mostrando umdegraotencial
antioxidante e modulador da via PI3K/Akt/ GSR{Figura 14).
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Figura 14. Esquema ilustrativo da integracdo dasipeis efeitos in vivo e in
vitro do &cido félico. Os resultadas vivo do presente trabalhindicam que o
efeito tupo-antidepressivo desta vitamina podersstiado por uma modulagéo
da via PI3K/Akt/GSK-B, ativacdo do PPARe inibicdo dos canais de'K
Além disso, o acido félico pode ser um importargerde anti-estresse e este
efeito pode ser acompanhado pela atenuagdo do daidativo (niveis
aumentados de TBARS e atividades aumentada dasanantioxidantes SOD,
CAT, GPx e GR) induzido pelo estresse de contengéchipocampo de
camundongos. Adicionamente, estu@ositro indicam que o acido félico pode
ser importante neuroprotetor contra a morte celaldmzida por dexametasona
por ativacdo de vias PI3K/Akt, CaMKIl e PKC. O &iblico também pode ser
neuroprotetor contra a excitotoxicidade glutamatérgoor modulagdo da via
PI3K/AKt/GSK-3B/B-catenina e inibi¢cdo da iNOS.
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8. PERSPECTIVAS

* Realizar tratamento crénico com acido félico e Sietina por
via oral durante 21 dias e avaliar o efeito antidegivo desta vitamina
no TSC, bem como avaliar o imunocontetdo de praseimplicadas na
via de sinalizagédo (ERK1/2, P38, Akt) e do fatounogrofico BDNF no
coértex cerebral e hipocampo.

» Avaliar o efeito tipo-antidepressivo do &cido féliem um
modelo de depressdo induzida por T&F-uma citocina pro-
inflamatdria, no TSC e avaliar o possivel efeittidepressivo sinérgico
de doses sub-ativas de acido folico combinada cosesdsub-ativas de
antidepressivos classicos (fluoxetina, imipramindupropiona), um
antagonista de receptores NMDA (MK-801) ou um ihdloi da nNOS
(7-nitroindazol) no modelo de depressdo induzida pNF-o, bem
como o imunoconteldo de proteinas envolvidas nadeiginalizacédo
das MPKs (proteinas cinases ativadas por mitége(®3B, Akt,
ERK1/2 e JNK1/2) no cértex cerebral e hipocampdedesnimais.

» Avaliar o efeito tipo-antidepressivo do &cido foliem um
modelo de depressdo induzida pelo tratamento @dndom
corticosterona durante 21 dias em testes compaontaisg TNF e TSC),
verificar a atividade das enzimas antioxidantes {[C&R e GPx) e o
contetdo de GSH no cortex cerebral e hipocampo, dmmo, analisar
em cortes histoldgicos destas estruturas o nivalétldas apoptoticas
por Kit de TUNEL.
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