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RESUMO

A Doencga de Parkinson (DP) € a segunda doenca neurodegenerativa
mais frequente afetando cerca de 1% da populacdo com mais de 60 anos. E
caracterizada pela perda lenta e progressiva dos neurénios dopaminérgicos na
substancia negra pars compacta (SNpc), com reducdo dos terminais
dopaminérgicos no estriado promovendo o surgimento dos sintomas motores.
A neuroinflamacdo € um fator conhecido por favorecer a morte neuronal
dopaminérgica, sendo observada uma intensa reativacdo microglial e astroglial,
com aumento da producéo de citocinas pré-inflamatérias e ativacdo da via do
NF-kB na SNpc de pacientes em estagio avancado da DP. O receptor ativado
por proliferadores de peroxissomas tipo gama (PPAR-y) esta envolvido na
homeostase da glicose e no metabolismo lipidico, sendo que a sua ativacao
também promove efeitos anti-inflamatérios. A pioglitazona, um agonista desse
receptor € uma droga utilizada no tratamento do diabetes tipo Il, capaz de
exercer efeitos neuroprotetores, protegendo contra a morte neuronal e
reduzindo o processo inflamatério gerado na SN. O presente estudo investigou
os efeitos do tratamento com pioglitazona em ratos submetidos a infusdo
intranigral da 6-hidroxidopamina (6-OHDA). Os ratos foram submetidos a
cirurgia estereotéaxica, sendo iniciado o tratamento com a pioglitazona (pio, 30
mg/kg) ou veiculo (veh) por gavagem aproximadamente 24 h apos a cirurgia e
realizado durante 5 dias. Os ratos, antes da primeira dose foram submetidos ao
teste do campo aberto e foram reexpostos ao teste nos dias 7, 14 e 21 apés a
infusédo da toxina. A 6-OHDA causou hipolocomocao nos animais 24 h apdés a
infusdo que foi mantida no grupo 6-OHDA+veh apds 7 dias. Por outro lado, o
grupo 6-OHDA+pio mostrou uma recuperagao da atividade motora avaliada no
7° dia apdés a cirurgia. A 6-OHDA também causou reducdo da
imunorreatividade a tirosina hidroxilas (TH-ir) na SNpc (37%), enquanto o grupo
lesado tratado com a pioglitazona ndo mostrou alteracdo. Na SNpc dos ratos
do grupo 6-OHDA+veh foi observado aumento na ativagao (50%) e proliferacéo
(79%) das células microgliais, com aumento da expresséo e da ativacdo do NF-
KB (114%). Entretanto, no grupo 6-OHDA+pio houve um leve aumento na
proliferacdo microglial (29%), com reducdo da ativacdo microglial e diminuicdo
da expressao e ativacdo do NF-kB. Com isso, esses resultados indicam que a
pioglitazona exerceu um efeito neuroprotetore no modelo da 6-OHDA de DP.

Palavras-chave: Doenca de Parkinson, PPAR-y, pioglitazona, neuroinflamagao,
NF-kB



ABSTRACT

Parkinson’s disease (PD) is the second neurodegenerative disease most
frequent affecting 1% of population over 60 years. It is characterized by slow
and progressive loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) with reduction of dopaminergic terminals in the striatum and
promotes the onset of motor symptoms. The neuroinflammation is a known
factor for favor the dopaminergic neuronal death, being observed an intense
microglial and astroglial reactivation with increase of the proinflammatory
cytokines production and NF-kB pathway activation in SNpc of patients in
advanced stages of PD. Peroxisome proliferator-activated receptor gamma
(PPAR-y) is involved in glucose homeostasis and lipid metabolism that also
promotes anti-inflammatory effects when it is activated. Pioglitazone, an agonist
of this receptor is a drug used in the treatment of type Il diabetes able to exert
neuroprotective effects, protecting against the neuronal death and reducing the
inflammatory process generated in the SN in PD. This study investigated the
effects of pioglitazone therapy in rats submitted to intranigral infusion of 6-
OHDA. Rats were submitted to stereotaxic surgery with infusion of 6-OHDA (6
Mg in 1 pl LCR) directly in the SNpc, being started the pioglitazone treatment
(pio, 30 mg/kg) or vehicle (veh) by gavage, approximately 24 hr after the
surgery and performed for 5 days. The rats before of first treatment were
submitted to the open field test 24 hr after the surgery and they were re-
exposed to the test on days 7, 14 and 21 after the toxin infusion. The 6-OHDA
caused a hypolocomotion in the rats 24 hr after the surgery that was maintained
in the 6-OHDA+veh group after 7 days. On the other hand, 6-OHDA+pio group
showed a recovery of motor activity on 7 days after surgery. The 6-OHDA also
caused a reduction of immunoreactivity to tyrosine hydroxylase (TH-ir) in the
SNpc (37%), while the injured group treated with pioglitazone did not showed
difference. In the SNpc of rats pertaining to the 6-OHDA+veh group there was
an increase in the microglial activation (50%) and proliferation (79%) with
increase of NF-kB expression and activation (114%). However, in the 6-
OHDA+pio group there was a slight increase in the microglial proliferation
(29%) with reduction of microglial activation and decrease of NF-kB activation
and expression. Thus, these results indicate that pioglitazone exerts a
neuroprotective effect in the 6-OHDA model of PD.

Key-words: Parkinson’s disease, PPAR-y, pioglitazone, neuroinflammation, NF-
KB



LISTA DE ABREVIATURAS

6-OHDA — 6-hidroxidopamina
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1. INTRODUCAO A DOENCA DE PARKINSON

A doenca de Parkinson (DP) €& caracterizada pela perda lenta e
progressiva dos neurénios dopaminérgicos da substancia negra pars compacta
(SNpc) com degeneracgdo dos seus terminais nervosos e reducdo de dopamina
(DA) no estriado (BLESA et al, 2012). Essa redugé&o provoca uma desregulacao
no circuito dos ganglios da base e desencadeia o aparecimento dos sintomas
motores caracteristicos da doenca: tremor de repouso, rigidez, bradicinesia,
distarbios da marcha e instabilidade postural (QIAN et al, 2010; BLESA et al,
2012; KANNARKAT et al, 2013). E a segunda doenca neurodegenerativa mais
frequente afetando cerca de 1% da populacdo acima de 60 anos e com o
avancar da idade ha o aumento da chance do seu desenvolvimento
(NUSSBAUM et al., 2003; XING et al, 2007; CONNOLLY e LANG, 2014).

Outros sintomas ndo-motores também sdo observados nesses
pacientes como depressao, disfuncbes olfatérias e transtornos do sono,
podendo ser considerados como prodromos, pois podem surgir muitos anos
antes do aparecimento dos sintomas motores e da confirmacao clinica da DP
(HAWKES et al, 2010; AARSLAND et al, 2012; KANNARKAT et al, 2013;
SANTIAGO et al, 2014).

Nas fases iniciais da doenca ha uma reducéo de 60-65% na densidade
dos terminais dopaminérgicos no putamen, sendo que os sintomas clinicos sé
se manifestam ap6s uma deplecao de mais de 80% dos niveis de dopamina no
estriado (GIBB e LEES, 1988; KUTER et al, 2011; OHTSUKA et al, 2013). Com
base na clinica, estudos associando as caracteristicas patoldégicas com
neuroimagem sugerem que o inicio da degeneracéo ocorre 6 — 8 anos antes do
surgimento dos sintomas motores (SCHAPIRA, 2009).

Um dos principais marcadores neuropatologicos da DP é a presenca
de corpos de Lewy (CL) nos neurbnios dopaminérgicos sobreviventes da SN
(GIBB e LEES, 1988; PHANI et al, 2012). Surgem como inclusdes
intracitoplasmaticas insoluveis, geralmente eosinofilicas, com um corpo central
formado por filamentos protéicos constituidos principalmente por a-sinucleina e
ubiquitina (GIBB e LEES, 1988; DUNNING et al, 2012; WELINDER et al, 2014).

Acredita-se que o acumulo dos agregados de a-sinucleina no cérebro apareca
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inicialmente no bulbo olfatério e no tronco cerebral inferior, seguindo pelo
tronco cerebral através da comunicacdo célula-célula até alcancar a SN
(BRAAK et al, 2004; SCHAPIRA, 2009; DUNNING et al, 2012). A toxicidade
causada pela a-sinucleina € decorrente ao acumulo de oligbmeros téxicos
formados a partir do enrolamento proteico incorreto, sendo capaz de iniciar um
processo inflamatorio ao estimular a ativacdo das células microgliais (CARTA e
PISANU, 2013; SCHAPIRA et al, 2013; WELINDER et al, 2014).

A causa inicial da degeneracdo dopaminérgica na DP & multifatorial
alguns mediadores favorecem a morte celular e consequentemente a
progressdo da neurodegeneracdo como a excitotoxicidade, o estresse
oxidativo, a disfuncdo mitocondrial e a neuroinflamacédo (BARCIA et al, 2004;
DEHMER et al, 2004).

A inflamacdao cronica € um dos principais marcadores neuropatologicos
observados nos pacientes com DP, sendo observado na SN o aumento da
expressao da ciclooxigenase-2 (COX-2) com producdo aumentada de citocinas
pré-inflamatérias e ativacao microglial e astroglial (GAO et al, 2002; HIRSCH et
al, 2012, 2013; SANTIAGO et al, 2015; HONG et al, 2016).

Com a morte neuronal dopaminérgica ha a liberacao de fatores
celulares apoptoticos e necroticos que sao reconhecidos pelas células
envolvidas com a resposta imune inata do sistema nervoso central (SNC),
desencadeando um processo inflamatorio através da liberacdo de fatores
citotéxicos que provocam a morte celular (KANNARKAT et al, 2013). Isso gera

o desenvolvimento de um ciclo de reativacao (

FIGURA 1), estimulando o aumento da resposta inflamatéria que afeta
0S neurdnios sobreviventes e consequentemente favorece a progressao da

degeneragéo.
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FIGURA 1 - Ciclo de reativacdo: O neurbnio degenerado libera fatores apoptéticos e necréticos
que promovem a ativacdo das células imunes do SNC (micréglia e astrécito) desencadeando
uma resposta inflamatdria. Produtos citotdxicos produzidos com a ativacdo dessas células
amplificam o processo inflamatério causando o comprometimento das células neuronais e
favorecem a degeneracéo celular. FONTE: O AUTOR (2016).

Evidéncias obtidas com estudos post-mortem e em modelos animais de
DP demostraram uma intensa inflamacdo na SN, mostrando o acumulo de
células microgliais e astrociticas com alteracbes na morfologia celular e
infiltrado de células T (PHANI et al, 2012). Isso sugere que a resposta imune
inata associada a ativacdo de células gliais e a producao de mediadores pro-
inflamatorios contribuem com a fisiopatologia da DP ((EPISCOPO et al, 2013).

O efeito deletério sofrido pelos neurbnios dopaminérgicos promovido
pelo processo inflamatério é demonstrado em modelos animais de DP como o
1-metil-4-fenil-1,2,3,6-tetrahidropiridina (MPTP) e 6-hidroxidopamina (6-OHDA)
que produzem uma intensa reativagdo microglial induzindo o aumento da
producéo de citocinas pré-inflamatérias na SN e o aumento da ativacado do NF-
kB (WHITTON, 2007; QIAN et al, 2010; ROS-BERNAL et al, 2011; BLANDINI,
2013; CARTA e PISANU, 2013).
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1.1. NEUROINFLAMACAO ASSOCIADA COM A PROGRESSAO DA
NEURODEGENERACAO NA DOENCA DE PARKINSON

Vérias evidéncias mostram que a neuroinflamacdo exerce um papel
central na progressdo da neurodegeneracdo na DP levando a perda dos
neurbnios dopaminérgicos devido a uma resposta inflamatéria crénica em
curso, conduzida pelas células microgliais e astrogliais ativadas, com produc¢ao
de citocinas pro-inflamatorias e recrutamento de linfocitos e macréfagos
periféricos (LEVITES et al, 2002; HIRSCH et al, 2012; PISANU et al, 2014;
HAIM et al, 2015).

A resposta inflamatéria cerebral é mediada pelos sistemas de defesa
imune inato e adaptativo, sendo as células da glia, como os astrocitos e a
micréoglia responsaveis pela defesa imune inata produzindo moléculas
citotbéxicas para eliminar potenciais patdégenos que poderiam causar algum
desequilibrio no meio neural (PHANI et al, 2012; 'TEPISCOPO et al, 2013). Por
outro lado, a ativacdo cronica dessas células como observado na DP produz
um ciclo vicioso denominado como microgliose reativa, agredindo o neurdnio e
ocasionando a morte celular (CARTA e PISANU, 2013). Na SN de pacientes
parkinsonianos também foram observados infiltrados de linfocitos T (CD4" e
CD8"), que sdo células envolvidas na defesa imune adaptativa e normalmente
circulam na periferia (PHANI et al, 2012).

O envolvimento da micréglia na degeneracdo neuronal foi descrita pela
primeira vez por McGeer e colaboradores (1988), apds observarem em
pacientes parkinsonianos o aumento da imunorreatividade na SN do complexo
de histocompatibilidade maior (MHC), sugerindo a associacdo da ativacdo da
microglia e de macréfagos com a neurodegeneracdo dopaminérgica na DP
(BARCIA et al, 2004).

O principal marcador neuroinflamatério observado na DP é a ativagéo
das células gliais, principalmente da micrdglia que ocorre em resposta ao dano
neuronal ou a mudancas imunolégicas, sendo observado aumento da ativacao
microglial com acumulo de citocinas pro-inflamatorias e radicais livres (GAO et
al, 2002). Os mediadores pré-inflamatérios produzidos pela microglia ativam os

astrocitos e promovem uma ativacéo da via de sinalizacdo do NF-kB (GAO et
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al, 2002; LIU et al, 2007; HIRSCH et al, 2012; BLANDINI, 2013; HONG et al,
2016). A atividade da microglia pode ser reduzida ou até inibida através do
blogueio da atividade do NF-kB que também esta associado a fisiopatologia da
DP por estar envolvido na amplificacdo da resposta inflamatoria e inducédo da
apoptose (ROS-BERNAL et al, 2011).

A translocacdo do NF-kB para o nucleo é indicativo da sua ativagao,
sendo observado em pacientes parkinsonianos um aumento na proporcao dos
neurénios dopaminérgicos com marcacao nuclear para NF-kB (HUNOT et al,
1997).

1.1.1. ATIVACAO MICROGLIAL

As células da micrdglia sdo células imunocompetentes do SNC que
realizam a defesa inata e o reparo de lesdes através da liberacdo de fatores
troéficos como brain-derived neurotropic factor (BDNF) e glial-derived
neurotrophic factor (GDNF) que s&o essenciais para a sobrevivéncia neuronal,
além de serem células sequestradoras capazes de fagocitar detritos celulares,
garantindo um ambiente vidvel para os neurdnios (GAO et al, 2002; PHANI et
al, 2012).

Uma vez ativada a microglia sofre uma rapida modificacao estrutural e
funcional, ocorrendo a proliferacao e o recrutamento dessas células no local da
lesdo que exercem efeitos neuroprotetores através da liberagcdo de
neurotrofinas ou efeitos neurotdxicos pela liberacdo de fatores citotoxicos (HE
et al, 2001). Alguns desses fatores citotoxicos sédo produzidos apds a ativacao
simultdnea da 6xido nitrico sintase induzivel (iNOS) e da NADPH-oxidase,
produzindo respectivamente O6xido nitrico e superoxido (EPISCOPO et al,
2013). A producdo aumentada de espécies reativas de oxigénio (EROs) e de
mediadores inflamatérios é o0 que torna a ativacdo dessas células tdo
prejudiciais, uma vez que 0s neurdnios dopaminérgicos sao mais sensiveis e
vulneraveis ao estresse oxidativo (QIAN et al, 2010).

A neuromelanina, um bioproduto do catabolismo dopaminérgico € um
potente ativador das células microgliais, sendo detectado no cérebro de

pacientes parkinsonianos pequenos fragmentos em torno dos neurdnios
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dopaminérgicos degenerados que sdo fagocitados por essas células que se
tornam ativadas (HIRSCH et al, 2012). A ativacado da micréglia sustentada em
longo prazo amplifica o processo inflamatorio ja existente através da liberacao
de mediadores proé-inflamatérios como o fator de necrose tumoral-a (TNF-a),
interleucina (IL)-1B, eicosanoides, NO, EROs e aumento da ativagdo da
ciclooxigenase 2 (COX-2), desencadeando uma cascata de eventos que
conduzem ao aumento da neurodegeneracao (GAO et al, 2002; ROS-BERNAL
et al, 2011; PHANI et al, 2012).

Na presenca de um estimulo patoldgico persistente ocorre a reativacao
com proliferacdo da microglia que passa a produzir moléculas de adeséo e
fatores citotoxicos, evoluindo para o seu fendtipo fagocitario e formando um
aglomerado microglial em torno do neurénio dopaminérgico degenerado que €
fagocitado (CARTA e PISANU, 2013; HERRERO et al, 2015). A fagocitose
causa a morte progressiva e irreversivel do neurdnio lesado que também libera
moléculas quimioatrativas, estimulando ainda mais a proliferagcdo microglial que
passa a afetar os neurdnios saudaveis sobreviventes (FIGURA 2) (WHITTON,
2007).

Pacientes com DP avancado apresentam na SN uma extensa ativacao
microglial que também é descrita em modelos animais da doenca (HUNOT et
al, 1997; MACHADO et al, 2011). He e colaboradores (2001), observaram que
3 dias ap6s a administracdo estriatal de 6-OHDA houve aumento de 32% na
reatividade microglial e de 55% ap0s 7 dias com paralela degeneracdo de 34%
dos neurbnios dopaminérgicos nigrais. Primatas ndo-humanos receberam
durante dois anos a administracdo diaria de MPTP intravenoso e um ano apés
a Ultima administracdo ainda era possivel observar uma extensa reatividade
microglial e astroglial na SN (BARCIA et al, 2004).
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FIGURA 2 - A micrdglia ativada produz moléculas de adesdo, citocinas, quimiocinas, fatores de
crescimento, prostaglandina, eicosanoides e produtos do estresse oxidativo que atraem mais
células da micréglia no local da leséo. A micréglia torna-se fagocitéria e fagocita o neurénio
degenerado que libera substancias atrativas e estimula ainda mais a proliferagdo microglial no
local, que passa a lesar os neurdnios saudaveis sobreviventes. FONTE: O AUTOR (2016).

1.1.2. REATIVIDADE ASTROCITICA

Os astrécitos sao células que realizam a manutencdo da homeostase
cerebral e regulam o metabolismo energético protegendo os neurbnios contra a
deplecdo de energia por estimular a liberacdo de lactato em situacOes de
emergéncia (PHANI et al, 2012; 'EPISCOPO et al, 2013). Quando ativados
produzem grandes gquantidades de moléculas antioxidantes como glutationa
(GSH) e superdxido dismutase (SOD), além de fatores de crescimento e
neurotrofinas (GAO et al, 2002; CABEZAS et al, 2014). Sao responsaveis pelo
reestabelecimento da barreira hemato-encefalica e pela remocéo de detritos do
SNC incluindo placas amiloides (PHANI et al, 2012).

A sua principal funcdo é proteger as células contra o estresse oxidativo,
sendo de extrema importancia para a sobrevivéncia neuronal principalmente

dos neurbnios dopaminérgicos, uma vez que a auto-oxidacdo de DA produz
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grandes quantidades de peroxido de hidrogénio (H,O,) que interage com ions
ferro que estdo presentes em grande quantidade na SN, produzindo radicais
livres altamente toxicos (EPISCOPO et al, 2013).

Os astrécitos contém cascatas de sinalizacdo intracelular e muitos
receptores na superficie que os permite responder rapidamente a qualquer
modificacdo do ambiente, podendo ser ativado quando existe qualquer
alteracdo na homeostase cerebral (HAIM et al, 2015).

Em estudos post-mortem realizados em cérebros de pacientes
parkinsonianos, assim como em modelos animais de DP s&o observados
aumento de aproximadamente 30% na densidade de células GFAP positivas
mostrando a existéncia de astrogliose na SN, sendo que a sua ativacao
prolongada é estimulada por mediadores inflamatorios produzidos pela

micréglia e pelos neurdnios lesados (EPISCOPO et al, 2013).

1.1.3. FATOR NUCLEAR POTENCIADOR DA CADEIA LEVE KAPPA DE
CELULAS B ATIVADAS (NF-kB)

O NF-kB é um fator de transcricdo que regula a expressao génica de
imunoglobulinas em linfocitos B e embora esteja principalmente relacionado a
transcricdo de genes envolvidos no processo inflamatério também participa da
regulacdo de fungbes neurais como plasticidade, desenvolvimento neural,
sinalizagdo sinaptica e sobrevivéncia celular (BLANCO e NETO, 2003;
FRANCO, 2010). Em situacdes neuropatoldgicas € ativado por citocinas,
quimiocinas, lipopolissacarideos, virus (HIV), fatores de crescimento e fatores
indutores de estresse (BLANCO e NETO, 2003; MEMET, 2006).

Consiste em cinco subunidades: p65 (ou RelA), cRel, RelB, p50 e p52,
que podem atuar formando dimeros ativadores (p65-p50) ou dimeros
repressores (p50-p50 e p52-p52) (TROIB e AZAB, 2015). A atividade do NF-kB
€ rigorosamente regulada pela interacdo com proteinas inibitérias que
apresentam afinidade diferente e sdo conhecidas como kB (IkBa, IIkBf3, IkBe,
IkB-R, IkBy, Bcl-3) (GILMORE, 2006).

O NF-kB é ativado pela via classica e quando em repouso permanece
no citoplasma acoplado a IkB, sendo necessaria a fosforilacdo dessa proteina

inibitéria com liberacdo do dimero ativado que € translocado para o nucleo
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onde liga-se a regido promotora do gene kB (LIU et al, 2007; FRANCO, 2010;
LEE et al, 2014). Na presenca de um sinal ocorre a ativacdo da IkB - quinase
(IKK) que fosforila a IkB que posteriormente € degradada pelo proteossoma em
residuos de serina (YIN et al, 2001; FRANCO, 2010). A fosforilacdo da IkB
causa a dissociacdo do NF-kB que é liberado e transportado para o nucleo,
ligando-se ao DNA e iniciando a transcricdo de genes envolvidos na resposta
imune e ao estresse, na proliferacéo e diferenciacéo celular e na apoptose (YIN
et al, 2001; BLANCO e NETO, 2003; LIU et al, 2007; NOLAN et al, 2013; LEE
et al, 2014; TROIB e AZAB, 2015).

Em ratos saudéaveis niveis mais altos do NF-kB s@o encontrados em
estruturas cerebrais como a SN, hipocampo, estriado, cortex cerebral e em
células da glia comparado a outras estruturas, existindo uma expressao
constitutiva desse fator de transcricdo que € mantida por diferentes
neurotransmissores como glutamato, dopamina, noradrenalina e neurotrofinas
(MEMET, 2006; FRANCO, 2010).

A ativacdo do NF-kB esta relacionada a regulacdo da expressao de
citocinas inflamatdrias, sendo que baixos niveis de citocinas estimulam a
producdo e liberacdo de fatores neurotroficos para a manutencdo do meio
neural (PHANI et al, 2012; THAKUR e NEHRU, 2013). Niveis elevados de
citocinas como o0s observados na DP ativam vias inflamatorias com producao
de substancias que podem ativar vias apoptéticas e induzir a morte celular
(THAKUR e NEHRU, 2013). Com isso, as citocinas pro-inflamatérias liberadas
pela micréglia na DP podem se ligar diretamente aos receptores de citocinas
presentes na superficie dos neurbnios dopaminérgicos e desencadear a
ativacao do NF-kB induzindo a apoptose (PHANI et al, 2012).

A expressdo aumentada do NF-kB em neurbnios dopaminérgicos foi
observada na SNpc de pacientes parkinsonianos (PHANI et al, 2012; HAIM et
al, 2015). Aumento dos seus niveis nigroestriatais bem como a sua ativacdo
persistente também foram encontrados em modelos animais de DP (PRANSKI
et al, 2013).
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1.2. RECEPTORES ATIVADOS POR PROLIFERADORES DE
PEROXISSOMAS (PPAR)

Os PPARs sdo uma superfamilia de receptores nucleares que atuam
como fatores de transcricdo dependentes de ligantes que apresentam trés
isoformas conhecidas: o PPAR-a, PPAR-B/d e PPAR-y, que estao distribuidos
em diferentes tecidos e realizam diferentes funcfes biolégicas (CARTA e
PISANU, 2013). S&o receptores envolvidos na expressao e controle de genes
envolvidos no equilibrio energético e na homeostase da glicose e lipidios que
sdo amplamente ativados em situaces como uma dieta rica em gordura ou em
condi¢cbes de aclimatacédo ao frio (KLIEWER et al, 1994; DE FILIPPIS et al,
2015). Quando ativados esses receptores provocam o aumento do tamanho e
do nimero de peroxissomas hepéticos e renais, aumentando a capacidade de
metabolizacdo dos acidos graxos através do aumento da expressdo das
enzimas necessarias para o ciclo oxidativo (KLIEWER et al, 1994).

O PPAR-a é expresso principalmente no tecido adiposo marrom e no
figado, realizando o controle da expressdo de genes relacionados ao
metabolismo lipidico e a montagem e transporte de lipoproteinas (KERSTEN et
al, 2014). O PPAR-B/d esta distribuido em grande quantidade no cérebro e na
pele, entretanto a sua funcao ainda ndo esta estabelecida, mas acredita-se que
esteja relacionado com o metabolismo lipidico realizando a oxidacdo acidos
graxos (GOMES, 2006; DE FILIPPIS et al, 2015).

1.2.1. PPAR —y

O PPAR-y esta envolvido com a regulacao da homeostase da glicose,
na diferenciacdo de adipécitos e no metabolismo lipidico estimulando o
armazenamento de &cidos graxos (DEHMER et al, 2004; KROKER e
BRUNING, 2015; SAUER, 2015). Duas isoformas sao expressas tanto em
humanos como em animais, sendo o PPAR-y2 expresso exclusivamente no
tecido adiposo, enquanto que o PPAR-yl é encontrado em varios tipos
celulares além do tecido adiposo como cérebro, coracdo, figado, baco,
pancreas, retina, musculo liso e esquelético e em células imunes como

mondcitos, macrofagos, células T e células dendriticas onde esta envolvido
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com a expressdo de genes inflamatérios (RIGAMONTI et al, 2008; CARTA e
PISANU, 2013; ZHANG et al, 2015).

Alguns estudos sugerem que o PPAR-y estd envolvido com o
desenvolvimento neuronal, pois em cérebro de ratos adultos sdo encontrados
niveis muito baixos desse receptor, enquanto que em embrides de ratos e em
células-tronco neuronais sdo observados uma expressao altissima do PPAR-y
(QUINTANILLA et al, 2014).

Com a ligacdo de agonistas especificos ao PPAR-y ocorre a ativacéo
desse receptor que atua formando heterodimeros com o receptor de &cido
retindico (RXR) (RIGAMONTI et al, 2008). O heterodimero formado liga-se a
uma sequencia especifica do DNA conhecida como elementos de resposta ao
PPAR (PPRE), combinando-se a proteinas coativadoras e iniciando a
transcricdo génica, podendo ativar ou reprimir genes dependendo do contexto
molecular (QUINTANILLA et al, 2014; KROKER e BRUNING, 2015; SAUER,
2015). Sao ativados por acidos graxos insaturados, eicosanoides,
prostaglandinas e por ligantes sintéticos como o ibuprofeno e principalmente
pelas tiazolidinedionas (DEHMER et al, 2004; ZHANG et al, 2015).

1.2.2. AGONISTAS SINTETICOS DO PPAR -y EM MODELOS DA DP

Agonistas sintéticos para os receptores PPAR-y foram desenvolvidos
para serem utilizados no tratamento do diabetes tipo 2, uma vez que a ativacao
desse receptor promove 0 aumento a sensibilizacdo a insulina (SADAGHIANI
et al, 2011; SAOIRSE et al, 2016). Essas drogas como a pioglitazona sdo
utilizadas no tratamento de algumas hiperlipidemias e pertencem a classe das
tiazolidinedionas que s&@o capazes de reduzir a resisténcia a insulina e
equilibrar os niveis de glicose e de acidos graxos sanguineos (DEHMER et al,
2004; QUINTANILLA et al, 2014). Na sua estrutura quimica ha um anel diona
que ativa 0 seu mecanismo de acdo na presenca de insulina, diminuindo a
resisténcia a insulina no figado e periferia (GOMES, 2006).

Efeitos relacionados com a atividade anti-inflamatoria e neuroprotetora
da pioglitazona sao descritos em modelos animais de DP protegendo os

neurdnios dopaminérgicos da SN contra a morte neuronal (QUINN et al, 2008).
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Com a ativacdo do PPAR-y também €& observado a inibicAo de genes
envolvidos na resposta inflamatoria atenuando a ativacdo glial, reduzindo a
producado de citocinas pro-inflamatorias e a ativacdo da COX-2 (BREIDERT et
al, 2002; DEHMER et al, 2004; SADAGHIANI et al, 2011; BARBIERO et al,
2014).

Quando ativada a micréglia pode adquirir dois fenétipos, sendo um
fendtipo anti-inflamatoério produzindo citocinas anti-inflamatorias na tentativa de
reduzir o dano existente e outro proé-inflamatério favorecendo a inflamacao
através da producdo de citocinas pro-inflamatérias que estimulam a via do NF-
KB e que na presenca de uma lesdo progressiva se sobrepde ao fenétipo anti-
inflamatorio (LEONARD e MAES, 2012; CARTA e PISANU, 2013). Por isso,
acredita-se que a pioglitazona reduza a ativagdo microglial e a producdo de
citocinas pro-inflamatérias por inibir a ativagdo do NF-kB, com uma possivel
estimulacdo na producdo de citocinas anti-inflamatoérias (CARTA e PISANU,
2013).

Algumas hipoteses foram sugeridas na tentativa de explicar o efeito
inibitério da pioglitazona sobre a ativacdo do NF-kB (DEHMER et al, 2004;
SAUER, 2015). Uma dessas hip6teses foi sugerida por Dehmer e
colaboradores (2004), depois de observar que o tratamento com pioglitazona
aumentou a expressao da IkB na SN apos a administracdo de MPTP em
camundongos. Assim, acredita-se que a indugdo da expressédo da IkB pela
ativacdo do PPAR-y (FIGURA 3. A) seja capaz de reduzir a ativagdo do NF-kB
nuclear (RIDDER e SCHWANINGER, 2012). Outros mecanismos sugeridos
gue poderiam ser associados com a inibicdo da ativacdo do NF-kB envolve a
interacdo direta com o PPAR-y, que seria capaz de translocar o dimero
p65/p50 do nucleo para o citoplasma ou ainda induzir a degradacdo do NF-kB
(FIGURA 3. B) (SAUER, 2015). Por outro lado, o PPAR-y poderia afetar
diretamente 0 mecanismo de ag¢do do NF-kB competindo pelos mesmos
coativadores necessarios para a iniciacdo da transcricdo (FIGURA 3. C) ou o
PPAR-y poderia se ligar a regido do gene onde o NF-kB se ligaria e desta
forma impediria a transcricao (FIGURA 3. D) (YIN et al, 2001; SAUER, 2015).
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FIGURA 3 - Mecanismos sugeridos para explicar a interacdo entre o PPAR-y e o NF-kB. (A) O
PPAR-y estimularia a producéo da IkB que se acoplaria ao NF-kB o confinando no citoplasma
impedindo sua ativagdo. (B) Ocorreria uma interacéo fisica direta. O PPAR-y seria capaz de
exportar o NF-kB do nucleo para o citoplasma ou estimular a sua degradacao. (C) Haveria uma
competicéo entre 0 PPAR-y e o NF-kB pelos mesmos co-ativadores impedindo a iniciacdo da
transcricdo. (D) O PPAR-y poderia se ligar ao sitio do gene onde o NF-kB se ligaria. FONTE: O
AUTOR (2016).

Considerando as evidéncias da literatura, o presente estudo investigou
os efeitos da pioglitazona no modelo animal da 6-OHDA de DP. Para isso nos
realizamos um tratamento subcrénico com pioglitazona, iniciado 24 hr apo6s a
infusdo intranigral da toxina e observar 0s seus possiveis efeitos

neuroprotetores apos a lesdo neuronal ja instalada.
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2. OBJETIVOS

2.1. OBJETIVO GERAL

Investigar o efeito da pioglitazona no modelo animal de DP induzido
pela 6-OHDA em ratos, frente aos principais marcadores neuropatologicos

inflamatoérios observados na SN.

2.2. OBJETIVOS ESPECIFICOS

e Avaliar o efeito da pioglitazona sobre a atividade motora dos animais
lesados com a 6-OHDA através do teste do campo aberto;

e Estudar o efeito neuroprotetor da pioglitazona apdés a lesdo com 6-
OHDA através da quantificacdo de neurdnios imunorreativos a TH (TH-
ir) na SNpc;

e Verificar o efeito da pioglitazona sobre a ativacdo das células microgliais
através da quantificacdo da marcacéo s pelo Iba-1 na SNpc;

e Observar o efeito da pioglitazona sobre a expressédo e ativacdo do NF-

kKB na SNpc.

3. ARTIGO CIENTIFICO

Os materiais e métodos, resultados e discussao do estao descritos no

artigo cientifico a seguir.
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Abstract

Agonist of peroxisome proliferator-activated receptor gamma (PPAR-y) have
been receiving greater attention due to its neuroprotective and anti-
inflammatory effects that produce a reduction of cell death preventing an
advance of neurodegeneration. In this study we evaluated the effects of the
treatment during 5 days with pioglitazone (30 mg/kg) in male Wistar rats that
received intranigral bilateral infusion of 6-hydroxydopamine (6-OHDA). After the
surgery rats were evaluated in the open-field test on days 1,7,14 and 21.
Immediately after the behavioral tests rats were euthanized with removal of the
substantia nigra (SN) for the analysis of the NF-kB and IkB expression by
western blot. Through immunohistochemistry of the SN were observed the TH
immunoreactivity (TH-ir), the microglia activation (Iba-1) and NF-kB
translocation to the nucleus. Pioglitazone was able to protect against the
hypolocomotion and the dopaminergic neurodegeneration caused by 6-OHDA
on day 7. There was also a reduction of microglia activation, and mainly a
reduction of NF-kB expression with inhibition of the p65 activation in the
nucleus. Thus, pioglitazone may be considered a potential adjuvant in PD
therapy due to its effects on the pathological markers associated with the
neurodegenerative progression.

Keywords: Parkinson’s disease, pioglitazone, PPAR-y, NF-kB,
neuroinflammation.
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1. Introduction

Parkinson’s disease (PD) is a slow progressive neurodegenerative disease
that affects approximately 1% of population over 60 years increasing the
chance of developing with the advancing age (Connolly and Lang, 2014;
Schapira, 2009). The PD is characterized by degeneration of dopaminergic
neurons in the substantia nigra pars compact (SNpc) promoting a loss of their
nerve terminals in the basal ganglia (Dauer and Przedborski, 2003; Kalia et al.,
2015; Salat et al., 2016). The clinical manifestation of PD characterized by
motor symptoms such resting tremor, rigidity and bradykinesia appear after a
loss 70-80% of dopaminergic neurons from SNc (Hawkes et al., 2010; Kuter et
al., 2011). Besides to this symptoms some non-motor manifestations are also
observed in these patients such depression, sleep and olfactory disorders which
may arise many years before of the motor symptoms (Hawkes et al., 2010;
Kuter et al., 2011; Magnard et al., 2016; Santiago et al., 2010).

The chronic inflammation is one of the main neuropathological markers of
PD being observed an increase of the cyclooxygenase 2 expression (COX-2),
the production of pro-inflammatory cytokines, besides the microglial and
astrocytic activation in the substantia nigra (SN) favoring the progression of the
neurodegeneration (Gao et al., 2002; Hirsch et al., 2012, 2013; Hong et al.,
2016; Santiago et al., 2015).

When there is any sign of damage the microglia cells suffer a quick change
increasing the expression of molecules on their surface, releasing pro-
inflammatory mediators that can activate the astrocytes and stimulates the up-
regulation of the signaling pathways NF-kB contributing even more to the
inflammatory process (Blandini, 2013; Gao et al., 2002; Liu et al., 2007; Hirsch
et al., 2012; Zhang et al., 2016). In a post-mortem study Hunot et al,. (1997)
observed that in brains of parkinsonian patients there is a considerable increase
in the expression of NF-kB. The nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) is a complex of proteins that act as transcription
factors involved in the immune and stress response, cell proliferation,
differentiation and apoptosis (Lee et al., 2014; Liu et al.,, 2007; Nolan et al.,
2013). The NF-kB activation occurs after the phosphorylation of the IkB with the
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release of p65/p50 dimer, which is translocated to the nucleus transcribing
genes involved in the inflammatory response (Lee et al., 2014; Liu et al., 2007;
Luengo Blanco and Neto, 2003; Yin et al., 2001).

The receptors activated by peroxisome proliferators (PPARs) are a
superfamily of nuclear receptors that are known as transcription factors
dependents of linkers involved in the regulation of energetic metabolism,
homeostasis, cell differentiation and inflammation (De Filippis et al., 2015; Liu et
al., 2016; Saoirse et al., 2016). The most studied subtype is the PPAR-y and
when activated it promotes the increase of the sensitization to insulin and
modulates the metabolism of glucose and lipids (Saoirse et al., 2016).
Pioglitazone is a PPAR-y agonist used in the treatment of diabetes type Il that
present an anti-inflammatory effect reducing the cytokines production and the
oxidative stress in models of neurodegenerative diseases (Dehmer et al., 2004;
Liu et al., 2016; Sadaghiani et al., 2011).

Previous studies showed that the treatment with pioglitazone in MPTP
model was able to protect against the depletion of dopamine in the striatum and
reduced the caspase-3 activation which is involved in the apoptosis (Barbiero et
al., 2014). Considering that the exposure to 6-hydroxydopamine (6-OHDA)
model mimic the extensive inflammatory process in the SN which is also seen in
parkinsonian patients, we decided evaluated the potential neuroprotective effect
of pioglitazone on motor activity as well as on microglia and NF-kB activation in

rats after exposure to 6-OHDA.

2. Experimental procedures

2.1. Animals

Male Wistar rats weighing 280-320g at the beginning of the experiments
were used. The animals were randomly housed in groups of five in
polypropylene cages with wood shavings and maintained in a temperature-
controlled room (22+2°C) with a 12h/12 h light/dark cycle. The animals had free
access to water and food.

All of the experiments were performed in accordance with the guidelines

of the Committee on the Care and Use of Laboratory Animals, United States
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National Institutes of Health. The experimental protocol complied with the
recommendations of the Federal University of Parana and was approved by the

Institutional Ethics Committee (protocol n°. 881).
2.2. Drugs

e 6-Hydroxydopamine (6-OHDA) — 6 ug in 1 pl of CSF, supplemented with
0,2% ascorbic acid; Sigma, St. Louis, MO, USA;

e Pioglitazone — Actos™ from Abbott, IL, USA — 30 mg/kg, oral gavage;

e Drug vehicle — Carboxymethylcellulose 1% (CMC) dissolved in distilled
water;

¢ Anesthetic — Equitesin — 0.3 mg/kg, intraperitoneal;

e Atropine sulfate — 0.4 mg/kg, intraperitoneal;

e Sodium bicarbonate — 0.8 mg/kg, intraperitoneal;

e Antibiotic — Penicillin G-procaine — 20,000 U in 0.1ml, intramuscular.
2.3. Experimental design

The rats were randomly distributed into two groups: 6-OHDA and sham
groups that were submitted to a bilateral intranigral infusion through stereotaxic
surgery. These groups were subdivided into other groups: sham + vehicle (n=8-
10/experiment), sham + pioglitazone (n=8-10/experiment), 6-OHDA + vehicle
(n= 8-10/experiment) and 6-OHDA + pioglitazone (n=8-10/experiment).
Pioglitazone was administered at dose 30 mg/kg in vehicle (veh) suspension
contained CMC 1% and administered by oral gavage once a day for 5 days
after surgery always in the morning. The treatment protocol was conducted
based in previous studies (Barbiero et al., 2011).

One, 7, 14 and 21 days after surgery the animals were subjected to tests
that evaluate the motor function and at day 21 they were anaesthetized and
were submitted to intracardially perfused for histological assessment or

decapitated for removal of the SN.
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2.4, Stereotaxic surgery

The rats were anesthetized with equitesin and received atropine sulfate
before the surgery. After the surgery sodium bicarbonate and penicillin G-
procaine were administered. Bilateral infusions were performed through a 27-
gaude stainless steel needle according to the following coordinates:
anteroposterior (AP) -5.0 mm from bregma; médio-lateral (ML: £2.1 mm from
the midline; dorso-ventral (DV) -8.0mm from skull (Paxinos). The flow of each
injection was controlled with an electronic pump (Harvard Apparatus, USA) at a
rate of 0.33 pl/min until complete 1 ul each site. The needle remained by 2 min

in the injection site after the infusion to avoid reflux.

2.5. Open-field test

The apparatus consists of a circular arena (97 cm diameter, 42 cm
height) with the white floor and divided into 19 quadrants, localized in a room
with control of luminosity that was maintained at 40 lux during the experiment.
The animals were placed in the center of the arena and for 5 minutes freely
explore the entire arena and two motor parameters were evaluated: locomotion
frequency and rearing frequency. The open field was washed with a 5% water-
ethanol solution before behavioral testing to eliminate possible bias caused by
odors left by previous rats.

2.6. Western blot analysis

Rats were decapitated 21 days after surgery and the brains were rapidly
dissected on ice with removal of the substantia nigra (SN) that was stored at -
80°C until processed for analysis. Samples were manually homogenized in lysis
buffer containing 50mM NaCl, 50mM HEPES, 2mM EDTA, 1% Triton X-100,
1mM PMSF, 1mM sodium orthovanadate and complete protease inhibitor
mixture EDTA-free (Roche). Following lysis, samples were centrifuged 10
minutes at 12,000xg at 4°C, and supernatant collected. Protein concentration

was determined by the Bradford method (Bio-Rad, Germany). Samples were
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subjected to electrophoresis on a 12% SDS-PAGE and transferred to
nitrocellulose membrane (GE Healthcare). Membranes were then blocked in 5%
slime milk in TBS-T (20mM This-HCI, pH 7.6, 137mM NaCl and 0,1%
Tween20), for 1h at room temperature and incubated overnight with the desired
primary antibody diluted in blocking solution at 4°C. Antibodies employed were:
mouse monoclonal anti-B-actin (A5441, Sigma), rabbit polyclonal anti-NF-kB
p65 (sc-372, Santa Cruz, 1:500) and rabbit polyclonal anti-IkBa (sc-371, Santa
Cruz, 1:500). After primary antibody incubation, membranes were washed
three-times with TBS-T and incubated with HRP-conjugated secondary antibody
(Sigma) in blocking solution for 1h at room temperature. Finally, membranes
were extensively washed in TBS-T and immune complexes were detected using
the ECL chemiluminescent detection system (GE Healthcare Life Sciences,
Brazil). Protein levels were quantified by densitometry using ImageJ v1.47
software (National Institutes of Health, USA).

2.7. Immunohistochemistry

Rats were deeply anesthetized using ketamine (100 mg/kg) and xylazine
(20 mg/kg) intraperitoneal immediately after the behavioral test at 21 day and
intracardially perfused with PBS, followed by 4% paraformaldehyde
(paraformaldehyde in 0.1M PBS, pH 7.4). The brains were removed and
immersed in the fixative solution 4% paraformaldehyde for 24h at 4°C. Then,
the brains were immersed in 30% sucrose solution for 3 days at 4°C and
passed this time they were frozen on dry ice and stored at -80°C until cryostat
sectioning. Brains were sliced into 40 pum coronal sections (-4.92 to -5.28 from
bregma) and stored in anti-freezing solution (30% ethyleneglycol, 30% sucrose
in PBS) at -20°C. The tissues were washed with buffer A (BA - 0,3% Triton in
PBS) and placed in citrate buffer for 30 min for antigen retrieval. Posteriorly, the
tissues were placed in hydrogen peroxide solution (hydrogen peroxide 3% +
PBS) for 30 min and after in block buffer (BA + 5% BSA) for 1h. The primary
antibody was incubated overnight at 4°C with stirring. The antibodies used were
polyclonal goat anti-lba-1 IgG (ab5076, Abcam, 1:500) or polyclonal rabbit anti-
NF-kB p65 (sc-372, Santa Cruz, 1:500). The slices were washed again and
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then incubated with the biotinylated secondary antibody goat anti-goat 1gG (BA-
9500, Vector, 1:300) and fluorescent secondary antibody anti-rabbit IgG (Alexa
Fluor® 488 — A-11008, 1:500) in block buffer at 4°C with stirring for 2h. After the
incubation with the fluorescent antibody the tissues were directly mounted onto
slides covered with glycerol 50%+ DAPI and cover slip. To the biotinylated
antibody the slices were washed with BA and incubated for 2h with ABC system
kit (PK6101, Vectastain ABC Elite kit, Vector Laboratories), followed by reaction
with 3,3’- diaminobenzidine without nickel. The slices were mounted onto slides
and dehydrated in ethanol solutions from 20% to 100 % and immersed twice in
xylene and covered with cover slip and Entellan New (Merk).

For the tyrosine hydroxylase immunoreactivity (TH-ir) a similar procedure
was performed but without the antigen retrieval and PBS was used instead of
buffer A. The primary antibody mouse monoclonal anti-tyrosine hydroxylase 1gG
(TH - #MAB318, Millipore, 1:2000) and the secondary antibody biotinylated goat
anti-mouse 1gG (BA9200, Vector, 1:500) were used.

The slices were scanned with a digital camera connected to a microscope
(Olympus Optical Japan). The number of TH-ir was quantified by densitometry
using ImageJ v1.47 software (National Institutes of Health, USA). The reactive
cells to Iba-1 were counted visually with Image-Pro Express 6 software (Media
Cybernetics, USA). The nucleus p65+ was quantified visually with the NIS-
Elements Viewer 4.2 (Nikon Instruments Inc., USA).

2.8. Statistical analysis

The data from the open-field test were analyzed using two-way analysis of
variance (ANOVA) with repeated measures followed by the Bonferroni post hoc
test. The immunohistochemistry was analyzed using one-way ANOVA followed
by the Tukey’s test. Western blot data was analyzed using unpaired t-test for
each group. The results are expressed as mean + standard error of the mean

(SEM) and the level of significance was set at P < 0.05.
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3. Results

3.1. Behavioral effects of pioglitazone in 6-OHDA lesioned rats

In the open-field test the 6-OHDA groups showed a decrease in locomotion
frequency (p < 0.001) compared with the sham + veh 1 day after surgery (Table
1). The 6-OHDA + veh group 7 days after surgery remained with a decrease in
locomotion frequency (p < 0.05) compared with the sham + veh while the 6-
OHDA + pioglitazone group did not show difference (p > 0.05) compared with
the same group, but presented a significant increase in locomotion frequency (p
< 0.001) compared with the 6-OHDA + veh group. There was no difference
between the 6-OHDA + veh group and the sham + veh group on days 14 and
21 (p < 0.05) in locomotion frequency after surgery. There was a significant
increase in locomotion frequency in the 6-OHDA + pioglitazone group on days
14 (p < 0.05) and 21 (p < 0.001) compared with the 6-OHDA + veh group.
Significant effects of treatment (Fs3 27 = 5.253, p = 0.0055), days (Fzs; = 51.10,
p< 0.0001) and treatment x days interaction (Fgg; = 6.682, p < 0.0001) for
locomotion frequency was observed.

The 6-OHDA + veh group showed a decrease rearing frequency (p < 0.001)
compared with the sham + veh only on day 1 after surgery. There was no
difference between the groups in the rearing frequency on days 7, 14 and 21 (p
> 0.05) but is observed significant effects of treatment (Fz,7 = 2.959, p =
0.0501), days (F3s1 = 14.81, p < 0.0001) and treatment x days interaction (Fg g1
=2.2290, p < 0.0241).
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Table 1. Effects of pioglitazone on open-field test in rats after intranigral infusion of 6-OHDA.

Gr Time-point Locomotion Rearing
jroup
(day) Frequency Frequency
Sham + veh | 79.70 = 6.484 18.30 = 1.850
7 110.00 = 10.195 22.20 + 2.699
14 114.10 = 12.109 22.10 £ 2.100
21 109.20 + 10.226 19.00 + 2.793
Sham + Pioglitazone 1 9225+£7.732 16.25 £2.631
7 115.75 + 12.958 23.37 + 4.964
14 106.62 + 18.130 18.75 + 3.261
21 120.75 + 12.678 27.00 + 3.54
6-OHDA + veh 1 18.16 £ 6.343™ 2.40+0.945"
7 64.33 +10.484" 11.90 +2.706
14 80.33 = 10.327 13.83 + 2.358
21 83.00 + 16.342 16.83 + 4.458
6-OHDA + Pioglitazone 1 28.85+8.489 8.12 +2.295
7 133.71 £ 11.322°% 24.25 + 4.682
14 127.57 + 4.064" 17.62 +3.635
21 145.14 + 9.765" 26.37 + 3.035

Rats after 6-OHDA infusion had hypolocomotion 1 day after the surgery. After 7 days the
hypolocomotion was still observed in the 6-OHDA+veh compared with the Sham+veh, while 6-
OHDA+pioglitazone recovered the motor activity. The data are expressed as mean £ SEM (n =
8-10/group). *p < 0.05, **p < 0.001 compared with sham+veh group, “p < 0.05, #p < 0.001, **p
< 0.0001 compared with 6-OHDA+veh group (two-way ANOVA followed by Bonferroni test).

3.2. Effects of pioglitazone on Tyrosine Hydroxylase immunoreactivity (TH-ir)

The neuroprotective effect of the pioglitazone on the dopaminergic neurons
was examined by tyrosine hydroxylase immunoreactivity (TH-ir) by
immunohistochemistry (Figure 1). The administration of the intranigral 6-OHDA
(Figure 1b) caused a loss of 42% of the TH-ir neurons in the SNc compared
with the sham group (p < 0.0001). The 6-OHDA+pioglitazone group did not
show difference from the sham+veh group, and it was observed a significant
difference of 37% compared with the 6-OHDA+veh group (p < 0.0001),
indicating that pioglitazone treatment was able of protect against the neuronal
death. Significant effect was observed between the treatments (F3 g3 =12.86; p <
0.0001).
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Figure 1. Immunohistochemistry analysis of the SNc in rats 21 days after the surgery. (A)
Photomicrograph of representative sections of TH-ir neurons (100x magnification). (B)
Quantification of the TH-ir neurons. 6-OHDA + veh group showed reduction of 42% in the TH-ir
neurons compared with the Sham+veh. 6-OHDA + pioglitazone group was not different from the
Sham+veh. The difference between the 6-OHDA groups was of 37%. The data are expressed
as mean + SEM (n = 4/group). ****p < 0.0001 compared with sham+veh group, “p < 0.0001
compared with 6-OHDA+veh group (one-way ANOVA followed by Tukey’s test).
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3.3. Microglia activation after treatment with pioglitazone

The microglia is the main cell type involved in the inflammatory response in
the CNS. Both the 6-OHDA groups presented an increase in the total number of

microglia cells compared with the sham+veh group (

Figure 2). The 6-OHDA+veh group showed an increase of 79% in the total
number (p < 0.0001) while the 6-OHDA+pioglitazone group presented a slight
increase of 29% (p = 0.001,

Figure 2b). The 6-OHDA group treated with pioglitazone presented a lesser
increase with a difference of 50% in the total number of microglia compared
with the 6-OHDA group treated with the vehicle (p < 0.0001). The
sham+pioglitazone group showed a decrease of 41% of the total number of
microglia (p < 0.0001) compared with the sham+veh. Significant difference was
observed in the treatment (F3 225 = 80.79, p < 0.0001).

The number of the activated microglia cells (Figure 2c) in the 6-OHDA+veh
group had an increase of 50% compared with the sham+veh group (p < 0.001).
In the 6-OHDA+pioglitazone group no difference was observed (p > 0.05) from
sham+veh, however had a difference of 50% from 6-OHDA+veh. Significant

difference was observed between the treatments (F3 214 = 9.412, p < 0.0001).
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Figure 2. Immunohistochemistry analysis to IBA-1 performed in the SNc in rats 21 days after
the surgery. (A) Photomicrograph of resting microglia and (B) microglia activated. (C)
Photomicrograph of microglia cells with Iba-1 in the groups (200x magnification). (D)
Percentages (%) total of microglia cells. 6-OHDA+veh group had increase of 79% microglia
cells compared with Sham+veh group, however 6-OHDA+pioglitazone had increase of only
29%. (E) % of activated cells microglia. The activated microglia cells was increased in 6-
OHDA+veh group shown difference of 50% from Sham+veh group, while 6-OHDA+pioglitazone
group did not showed difference from the same group. The data are expressed as mean + SEM
gn = 4/group). *p < 0.05, **p < 0.001,****p < 0.0001 compared with sham+CMC group, “p < 0.05,
*#p < 0.0001 compared with 6-OHDA+veh group (one-way ANOVA followed by Tukey’s test).
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3.4. Pioglitazone effect on NF-kB and IkB expression

p65 expression of the NF-kB in the SN (Figure 3b) was increased in the 6-
OHDA+veh group compared with the sham+veh group (p < 0.001). The 6-
OHDA+pioglitazone group did not show difference from the sham group, and it
was not observed a significant reduction of NF-kB expression compared with
the 6-OHDA+veh group (p = 0.0595). The IkB inhibitory protein expression in
SN (Figure 3c) was increased in the 6-OHDA+pioglitazone groups compared

with the sham+veh and sham+pioglitazone groups (p < 0.05).
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Figure 3. NF-kB (p65) and IkB expression in brain lysates from SN by western blot in rats 21
days after the surgery. (A) Western blot of the extracts protein. (B) Quantification of the NF-kB
(p65) expression and (C) IkB expression by densitometry. The data are normalized to the
densitometry of B-actin bands. The data are expressed as mean + SEM (n = 6/group). *p <
0.05, **p < 0.001 compared with the sham+veh group; “p < 0.001 compared with the 6-
OHDA+veh group (Student’s t — teste).

3.5. NF-kB activation

NF-kB is a cytoplasmic protein that when activated it is translocated to the
nucleus. 6-OHDA+veh group presented an increase of 114% of cells number

p65 positives (+) (Figure 4) showing that there is an increase of the NF-kB
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activation due the larger reactivity in the nucleus compared with the sham+veh
group (p < 0.05; Figure 4b). The 6-OHDA+pioglitazone group showed an
increase of 52% of cells p65 positives when compared to 6-OHDA+veh group,
but it was not significant. Significant difference was found between the
treatments (F3 25 = 3.641; p = 0.0246).

Sham +veh Sham + Pioglitazone 6-OHDA + veh 6-OHDA + Pioglitazone
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1004 —L

% of cells p65+
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Figure 4. Percentage (%) of cells with colocalization by p65 in the SNc in rats 21 days after the
surgery. (A) Immunohistochemistry with fluorescence DAPI (blue) and p65 (green - 400x
maghnification). (B) Quantification of % of cells p65+. 6-OHDA+veh group had increase of 114%
in the p65+ cells compared with the Sham+veh. 6-OHDA+pioglitazone had not different from
Sham+veh, however had difference of 62% from 6-OHDA+veh. The data were expressed with
mean + SEM (n = 4/group). *p < 0.05 compared with the sham+veh group (one-way ANOVA
followed by Tukey'’s test).
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4. Discussion

The present study demonstrated that pioglitazone was able to protect the
dopaminergic neurons preventing the loss of TH-ir neurons in the SN.
Pioglitazone treatment reduced microglia activation and decreased the total
number of microglia cells in the SN that was observed through of cell reactivity
to Iba-1. NF-kB activation was inhibited due the reduction of p65+ cells and
although NF-kB was not significantly reduced (Figure 3b), we observed a strong
tendency to decrease of NF-kB expression in animals treated with pioglitazone.
Besides, pioglitazone was able to reverse the motor impairment induced by 6-
OHDA.

Intranigral injection of 6-OHDA causes a hypolocomotion in the rats after the
surgery, being this motor dysfunction seen in others studies that used this PD
model (Lima et al., 2006; Gradowski et al., 2013). Pioglitazone was able to
recover the motor function of these animals after one week from the surgery.

TH is the rate-limiting enzyme of the catecholamine synthesis and is used as
an indicator of dopaminergic neuronal loss in animal models of PD (Lima et al.,
2012; Santiago et al., 2010; Yu et al., 2004). In the 6-OHDA group is observed
a significant reduction of the TH-ir neurons (Figure 1) in the SNc 21 days after
the surgery. This reduction of the TH-ir neurons caused by 6-OHDA was shown
in many studies (Blesa et al., 2012; Kuter et al., 2011). Most importantly, the
animals treated with pioglitazone did not present significant reduction showing
that even with the toxin injected in this structure, pioglitazone protected against
the neuronal death. In the MPTP model, Barbiero et al. (2014) observed similar
result and also showed that pioglitazone partially prevent the striatal dopamine
loss.

Our study showed that 6-OHDA activates and recruits the microglial cells
(Figure 2b, 2c). An extensive activation of microglial cells is observed both in
patients with PD and in animal models of PD with increased levels of
inflammatory mediators secreted by microglia, neurons and astrocytes (Hunot
et al.,, 1997; Machado et al., 2011). In this line, similar findings were observed
by other groups. For example, administration of 6-OHDA into the SN promoted

an increase of 32% in the number of activated microglia after 3 days and 55%
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after 1 week (He et al., 2001). Microglial recruitment also is observed in non-
human primate models of PD. Barcia et al., (2004), administering intravenous
MPTP in monkeys during two years were able to observe the microglia reaction
one year after the last administration of the toxin.

The persistent pathological stimulus leads to an increase of microglia
proliferation that become phagocytic, produce adhesion molecules and form a
cluster of cells around damaged dopaminergic neurons that are phagocytized.
This causes the progressive and irreversible death of the injured dopaminergic
neurons that release chemoattractants stimulating even more the microglial
infiltration and impair the surviving neurons (Whitton, 2007). Once activated the
microglia release different cytotoxic factors including pro-inflammatory
cytokines, chemokines, growth-factors, prostaglandin, eicosanoids and products
of oxidative stress like reactive oxygen/nitrogen species that, associated with
the increase of the inducible nitric oxide synthase (iNOS), amplify the
neurodegeneration (Carta and Pisanu, 2013; Herrero et al., 2015). The present
data show that the lesioned rats treated with pioglitazone presented a reduction
of the activation and proliferation of microglia in the SN (Figure 2).
Corroborating our study, other studies show similar effects of the pioglitazone
treatment in the reduction of microglia activation in the 6-OHDA and MPTP
models (Breidert et al., 2002; Sadeghian et al., 2012). The effects of the
pioglitazone against the microglia activation are related with the reduction of the
production of pro-inflammatory cytokines through of the inhibition of the NF-kB
and with a possible stimulation of the production anti-inflammatory cytokines
(Carta and Pisanu, 2013).

The increase of pro-inflammatory cytokines produced by microglia
stimulates the up-regulation of the NF-kB signaling pathways that play a key
role in the regulation of inflammation and oxidative stress (Leonard and Maes,
2012). Here, we observed that SN of 6-OHDA injected animals presented an
increase of NF-kB expression (Figure 3b) with a high activation of p65, as
observed by translocation of p65 to the nucleus (Figure 4). In the 6-OHDA
model many authors demonstrated the NF-kB activation (Cao et al., 2008;
Levites et al., 2002; Liang et al., 2007; Tarabin and Schwaninger, 2004). When

not activated, NF-kB remains in the cytoplasm linked to an inhibitory protein
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known as IkB. Degradation of IkB upon its phosphorylation by 1kB kinase (IKK)
in serine and tyrosine residues, leads to activation and nuclear translocation of
NF-kB (Glezer et al., 2000).

Many pro-inflammatory cytokines such IL-18 and TNF-a can promote the
activation of the IKK with subsequent phosphorylation of the IkB (Thakur and
Nehru, 2013), releasing NF-kB which is then translocated to nucleus where
binds to the kB sites of genes controlling the transcription of genes involved in
the immune response (Gilmore, 2006; Glezer et al., 2000; Li et al., 2011; Troib
and Azab, 2015).

Once activated, NF-kB promotes the up-regulation of inflammatory
cytokines, being that low levels of cytokines stimulate the production and
release of neurotrophic factors as brain-derived neurotropic factor (BDNF) and
glial-derived neurotrophic factor (GDNF) in an attempt of protect the neuron
against a possible damage (Phani et al., 2012; Thakur and Nehru, 2013).
However, higher levels of cytokines, as observed in PD, activate inflammatory
pathways beyond this protective role and may activate apoptotic pathways
increasing the neurodegeneration process (Thakur and Nehru, 2013).

Our data corroborates previous data observed in the MPTP mice model of
PD (Dehmer et al. 2004), where was observed a reduction of NF-kB expression
in animals treated with pioglitazone. In addition, recently was observed that
pioglitazone was able to prevent the translocation and activation of NF-kB in a
mouse model of nephrotoxicity (Zhang et al., 2016). It was hypothesized that
PPAR-y activation can induce the up regulation of IkB protein, confining the
p65/p50 to the cytosol and, thus, inhibiting its nuclear translocation (Ridder and
Schwaninger, 2012; Yin et al., 2001). As opposed to other studies, it was not
observed significant increase in 1kB levels between 6-OHDA injected animals
treated with vehicle or pioglitazone (Dehmer et al., 2004) suggesting that there
are others mechanisms behind of reduction of NF-kB activation.

Other mechanisms that might be associated with the inhibition of NF-kB
activation involve a direct interaction with the PPAR-y, whom might translocate
p65 from nucleus to the cytoplasm or induce the degradation of the p65/p50
complex. On the other hand might occur a competition between the NF-kB and

the PPAR-y by coativator proteins that are essential to initiate the transcription
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(Sauer, 2015). In addition, PPAR-y could compete for promoter regions on the
DNA, where NF-kB would bind and then blocking its function (Sauer, 2015; Yin
et al., 2001).

Many neuroprotective effects are associated with the PPAR-y activation by
synthetic agonists such pioglitazone and rosiglitazone. These effects are related
with the anti-inflammatory activity by reduction of COX-2 activity, reduction of
pro-inflammatory cytokines expression (Carta and Pisanu, 2013; Liu et al.,
2016; Ridder and Schwaninger, 2012) and by reduction of the microglia and
NF-kB activation like described in this study. Our study show that pioglitazone
was able to reduce the activation of NF-kB in the 6-OHDA model (Figure 4) and
show a strong trend in reducing levels of expression of NF-kB, suggesting that
there could be a reduction of an inflammatory process unleashed by NF-kB.
Other pioglitazone’s effects such oxidative stress have been reported with the
reduction of INOS and nitric oxide production (Ridder and Schwaninger, 2012).
Reduction of caspase-3 activation, protection against depletion of dopamine
and its metabolites in the striatum (Barbiero et al., 2014) and MAO-B inhibition
(Quinn et al., 2008) also were described as pioglitazone effects.

In conclusion, pioglitazone was able to attenuate the motor impairment
caused by 6-OHDA in rats. This PPAR-y agonist protected the dopaminergic
neurons of SN against the neuronal death and also was able of reduces the
microglia activation and reduces the NF-kB activation. Several studies show
that the effects obtained with pioglitazone pointing it to have a potent
neuroprotective effect against various mechanisms involved in the progression
of neurodegeneration in PD. So, the results presented in this study indicate that
pioglitazone has a potential to be used in the clinic as an adjuvant in the

treatment of patients with Parkinson’s disease.
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4. CONCLUSAO

O tratamento com pioglitazona (30 mg/kg v.o. por 5 dias) iniciado apds
a infusdo da toxina, foi capaz de reestabelecer a fungdo motora dos ratos no
campo aberto logo no 7° dia apds a cirurgia.

A administracdo da 6-OHDA provocou reducdo dos neurbnios TH-ir
(42%) na SNpc, enquanto a pioglitazona foi capaz de proteger contra a perda
dos neurdnios dopaminérgicos.

A 6-OHDA provocou aumento das células micréglias (79%) com
aumento de microglias ativadas (50%) na SNpc. Por outro lado, o tratamento
com pioglitazona foi capaz de reduzir a proliferagdo microglial (50%) com
reducdo de células microgliais ativadas (50%).

A 6-OHDA promoveu o aumento da expressédo do NF-kB com aumento
de ndcleos p65 positivos na SN. Ao contrario, o tratamento com pioglitazona
apresentou uma tendéncia de reducdo da reatividade da p65 nuclear com
diminuicao da expresséao do NF-kB.
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