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RESUMO

O ferro é essencial no cérebro neonatal para o desenvolvimento neurol6gico normal e para o
estabelecimento da concentracdo de ferro no cérebro adulto, ja que a absorcdo de ferro é
méaxima durante o periodo neonatal. Acredita-se que a sobrecarga de ferro contribui para o
desenvolvimento da neurodegeneracdo, na exacerbacdo das taxas normais de apoptose, em
grande parte devido a sua participacdo na reacdo de Fenton e a producdo de espécies reativas
de oxigénio. Estudos prévios em nosso laboratério demonstraram que o tratamento com ferro
no periodo neonatal induz alteracdes significativas de memdria, bem como aumento em
parametros de estresse oxidativo e em niveis de proteinas apoptoticas. Recentemente, também
demonstramos que esse tratamento reduz os niveis de sinaptofisina (um marcador sinaptico) no
hipocampo. O BDNF é a neutrofina mais abundante no SNC dos mamiferos, tendo sua acéo
mediada pelo receptor tirosina cinase de alta afinidade (TrKB). Atualmente, estudos tem
demonstrado que o BDNF apresenta um papel critico na formacdo da memdria de longa
duragdo. Assim, o presente estudo teve dois objetivos principais. O primeiro objetivo foi
verificar o envolvimento do BDNF nos déficits de memoria induzidos pelo acimulo de ferro,
além de verificar se o tratamento com ferro alteraria os niveis de BDNF e a expressao de seus
receptores, TrKB e p75. Os ratos Wistar machos receberam veiculo ou ferro carbonila (30
mg/kg) do 12° ao 14° dia pds-natal. Na idade adulta, os animais foram tratados por 21 dias com
o quelante de ferro, deferiprona (125 mg/kg/dia), e submetidos a tarefa de reconhecimento do
objeto. A anélise da memodria foi realizada através do indice de reconhecimento, expresso pela
razdo entre a quantidade de tempo gasto na exploracdo do objeto novo sobre o tempo total gasto
explorando ambos o0s objetos. Os niveis protéicos de BDNF e a expressdo génica de seus
receptores no hipocampo foram quantificados através de ELISA e PCR real time,
respectivamente. O segundo objetivo foi avaliar o metabolismo glicolitico cerebral realizado
através do escaneamento no TriumphTM microPET e a captacdo de 18F-FDG utilizando o
software PMOD v3.5 e Fusion Toolbox. Para este experimento, foram incluidos 4 grupos
experimentais: 0s grupos que receberam veiculo ou ferro no periodo neonatal que foram
divididos em subgrupos que receberam veiculo ou deferiprona durante 21 dias consecutivos na
idade adulta. Os ratos tratados com ferro no periodo neonatal apresentaram uma diminuicao
significativa nos niveis de BDNF no hipocampo, sem alteracdo da expressao génica dos
receptrores TrkB e p75. A deferiprona foi capaz de reverter os déficits de memoria de
reconhecimento, bem como aumentar os niveis protéicos de BDNF no hipocampo, melhorando
os efeitos induzidos pelo tratamento com ferro no periodo neonatal. Ndo foram observadas
alteracdes no metabolismo da glicose cerebral nos animais tratados com ferro e/ou deferiprona.
Os presentes achados fornecem embasamento para uso da deferiprona em ensaios clinicos,
incluindo pacientes com doenga de Alzheimer.

Palavras-chaves: deferiprona, ferro, doengas neurodegenerativas, BDNF, memoria de
reconhecimento, metabolismo glicolitico cerebral, microPET.



ABSTRACT

Brain-derived neurotrophic factor (BDNF) is the most abundant neurotrophin in the mammalian
Central Nervous System, and plays a key role in development and physiology, as well as in
pathological states. Post-mortem studies demonstrated that BDNF levels are reduced in the
brains of patients affected by neurodegenerative diseases, such as Alzheimer’s disease (AD).
Iron accumulation has consistently been associated to the pathogenesis of neurodegenerative
diseases. In rats, neonatal iron overload induces memory deficits, and increases oxidative stress
and apoptotic markers, and decreases the expression of the synaptic marker, synaptophysin.
Deferiprone (DFP) is an oral iron chelator used for the treatment of systemic iron overload
disorders, and has recently been tested in Parkinson’s disease patients. Here, we aimed to
determine the effects of iron overload on BDNF levels and glucose metabolism, measured by
18EDG uptake using positron emission tomography. Moreover, we intended to characterize the
effects of DFP on iron-induced memory deficits and BDNF levels, as well as on glucose
metabolism. Rats received iron or vehicle at postnatal days 12-14 and when adults, received
chronic DFP or water. Recognition memory was tested 19 days after the beginning of chelation
therapy. 8FDG uptake was performed 24 h after the last day of treatment. Another subset of
animals was sacrificed 24 h after the last day of treatment for BDNF measurements, and TrkB
and p75 expression analysis. DFP was able to restore memory impairment and increase
hippocampal BDNF levels, ameliorating iron-induced effects. The present findings support the

use of DFP in clinical trials including AD patients.

Keywords: deferiprona, iron, recognition memory, BDNF, neurodegenerative disorders, PET

scanning.



LISTA DE ABREVIATURAS

APP — proteina precursora de amiloide, sigla do termo em inglés, amyloid precursor protein

Al - beta amiloide, sigla do termo em inglés amyloid beta

AChE - acetilcolinesterase

BDNF — Fator neurotrofico derivado do cérebro, sigla derivada dos termos em inglés, brain
derived neurotrophic factor

BBB — barreira hemato-encefélica, sigla do termo em inglés, blood-brain barrier

Cp - cerulosplamina

11C-PiB - O [N-Metil-11C]2-(4'-metilaminofenil)-6-hidroxibenzotiazole (“Pittsburg compound
B", 11C-PiB), é uma molécula marcada com um isétopo radioativo do carbono (*'C)

DA - Doenca de Alzheimer

DFP — deferiprona (DFP, Ferriprox, Apotex Inc. Ontario, Canadd)

DH - Doenga de Huntington

DNA - Acido desoxirribonucleico, sigla do inglés deoxyribonucleic acid

DP - Doenca de Parkinson

FDA - sigla do termo em inglés Food and Drug Administration

Fpn - ferroportina

Fe?* - ferro reduzido para a sua forma ferrosa

Fe3* - ferro oxidado para a sua forma férrica

FDG - fluoro-2-deoxi-D-glicose

1BF-FDG — molécula de fluoro-2-deoxi-D-glicose marcada com o is6topo radioativo do fltor
(%F).

IRP - proteinas reguladoras do ferro, sigla dos termos em inglés iron regulatory proteins

IRE - elementos reguladores do ferro, sigla dos termos em inglés iron regulatory elements
LTM — memoria de longa duracao, sigla do inglés long-term memory

LTP — potenciacédo de longa duracéo, sigla do inglés long-term potentiation

L-LTP - fase tardia da LTP (sigla do inglés late-long-term potentiation)

microPET - sigla do termo em inglés positron emission tomography (PET), tecnologia
designada para aquisicdo de imagem molecular em roedores ou pequenos animais de
laboratorio.

MBDNF - BDNF maduro
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MPTP - 1-metil-4-fenil-1,2,3,6-tetrapiridina

mRNA - Acido ribonucléico mensageiro, sigla do inglés Messenger ribonucleic acid

NGF - sigla derivada dos termos em inglés, nerve growth factor

PET e PET/CT - tomografia por emissao de positrons e tomografia computadorizada, siglas
derivadas dos termos em inglés, positron emission tomography (PET) scan and an x-ray
computed tomography (CT) scan

p75NTR — receptor de neurotrofinas p75, sigla do termo em inglés, p75 neurotrophin receptor
pro-BDNF - Proteina precursora de mBDNF

RNA - Acido ribonucléico, sigla do inglés ribonucleic acid

ROS — espécies reativas de oxigénio, sigla do termo em inglés, reactive oxygen species

SNC - Sistema Nervoso Central

TrKB - sigla derivado do termo em inglés, tropomyosin receptor kinase B


https://en.wikipedia.org/wiki/Positron_emission_tomography
https://en.wikipedia.org/wiki/CT_scan
https://en.wikipedia.org/wiki/CT_scan
https://en.wikipedia.org/wiki/Tropomyosin_receptor_kinase_B
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1.1 INTRODUCAO

1.1.1 O acumulo de ferro no cérebro associado a Neurodegeneragédo

O ferro é o metal de transi¢do mais abundante do corpo humano. As maiores quantidades
de ferro no organismo sdo encontradas no figado, seguido pelo cérebro. As fungdes bioldgicas
do ferro baseiam-se no seu potencial REDOX, que permite sua interconversao entre o cétion
divalente, ou ferroso (Fe?*) e o cation trivalente, ou férrico (Fe**) (Schroder et al, 2013). Atua
em processos metabolicos como a fosforilacdo oxidativa; sintese de DNA, RNA e proteinas;
atua como cofator para varias enzimas (por exemplo, a monoamina oxidase e outras enzimas
degradativas), e na sintese de mielina, no metabolismo de 6xido nitrico e no transporte de
oxigénio (Janetzky et al., 1997; Youdim et al., 1991; Crichton et al., 2008).

O cérebro é protegido por uma barreira vascular relativamente pouco permeéavel, o que
limita o acesso aos nutrientes do plasma, tais como o ferro. A barreira hemato-encefalica (BBB,
sigla do termo em inglés, blood-brain barrier) controla a captacdo do ferro para dentro do
cérebro pela regulacdo da expressdo de receptores de proteinas de transporte, tais como
Transferrina, Receptor de transferrina e ferritina. Dessa forma, o transporte de ferro no cérebro,
a partir do plasma, envolve principalmente o ciclo celular da transferrina, utilizando a
endocitose mediada por receptores de transferrina pelas células epiteliais que revestem a BBB,
embora 0 mecanismo exato de transferéncia de ferro ainda seja incerto (Abbott et al., 2009;
Andrews e Schmidt, 2006). Em seguida, as células endoteliais do capilar cerebral absorvem o
ferro ligado a transferrina. Isto é seguido pela liberacdo de ferro do endossomo no fluido
intersticial cerebral pela ferroportina exportadora de ferro (fpn) que medeia a liberacdo do ferro
em conjunto com ceruloplasmina (Cp) e que deve oxidar o Fe?* transportado pela fpn para Fe*
antes da liberacdo para o meio extracelular (Wu et al., 2004; Harris et al.,1999). Uma vez no
intersticio do cérebro, o ferro pode se ligar a moléculas grandes, tais como, a transferrina ou a

lactoferrina.

Estd amplamente aceito que o ferro é essencial no cérebro neonatal para o
desenvolvimento neuroldgico normal e para o estabelecimento da concentragdo de ferro no
cérebro adulto, ja que a absorcdo do ferro no cerebro € maxima durante o periodo neonatal
(Moos, 2002; Connor et al., 2005). Sabe-se que, durante o desenvolvimento cerebral, o ferro
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estd presente também na substdncia branca, onde €é encontrado em altos niveis no
oligodendrocitos para a formacéo de mielina. Uma vez que o ferro € absorvido pelo cérebro
durante o periodo de desenvolvimento, € retido no cérebro sem retornar para o plasma (Dwork
etal., 1990).

O acumulo de ferro em regides seletivas do cérebro (cértex, hipocampo e substancia
nigra) pode estar implicado na patogénese de diversas doencas neurodegenerativas, como as
doencgas de Alzheimer e Parkinson (Dexter et al., 1991; Sengstock et al., 1993; Kienzl et al.,
1995) e evidéncias crescentes sugerem que a neurotoxicidade induzida pelo ferro esta

relacionada com o dano oxidativo.

Radicais livres sdo moléculas que possuem um numero impar de elétrons na ultima
camada de valéncia, incluindo os metais de transi¢cdo, como o ferro. O estresse oxidativo
geralmente descreve a condicdo na qual as defesas antioxidantes sdo inadequadas para
desintoxicar completamente os radicais livres gerados, em geral secundario a producao
excessiva de espécies reativas de oxigénio (ROS, sigla dos termos em inglés, reactive oxygen
species) e a principal consequéncia é o dano macromolecular nas células (Dugan and Kim-Han,
2006).

O estresse oxidativo aumenta o risco de dano celular, a partir do desequilibrio na sintese
de proteinas de armazenamento de ferro (ferritina, hemosiderina, neuromelanina) e de ferro
livre. Estas disfuncdes de proteinas de armazenamento de ferro podem ser um evento normal
no envelhecimento o que explicaria a predisposicdo de doencas neurodegenerativas em idosos
(Zecca et al., 2004; Riederer, 2004; Quintana et al., 2006; Quintana, 2007). Os radicais livres
podem danificar proteinas, acidos nucleicos e lipidios, causando dano irreversivel para as
células e induzindo morte celular por apoptose ou necrose (Zecca et al., 2004; Riederer, 2004;
Quintana et al., 2006; Quintana, 2007). O sistema nervoso € vulneravel a este dano por varias
razdes: o cérebro é pobre em antioxidantes enddgenos, consome grande quantidade de oxigénio
e contém uma grande quantidade de lipidios e ferro que estdo envolvidos na formacgdo de
radicais livres (Halliwell, 1989 e Lee et al., 1999).

Verificou-se que em doencas neuroldgicas, tais como doenca de Alzheimer, doenca de
Parkinson, deméncia com corpos de Lewy, e doenga de Huntington, o acimulo de ferro ocorre
em regides mais suscetiveis a degeneragdo neuronal. ConcentragGes aumentadas de ferro no
envelhecimento podem ser causadas por varios fatores, incluindo a permeabilidade da barreira

hematoenceféalica, inflamacdo, redistribuicdo do ferro no SNC e alteragcdes na homeostasia do
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ferro. A razédo do ferro se acumular no cérebro é ainda uma questdo de controvérsia. Alguns
autores levantaram a hip6tese de que tanto fatores genéticos, como ndo genéticos, podem estar
envolvidos (Dexter et al, 1987; Dexter et 1991; Hirsch, 1991 e Schroder et al, 2013).

Durante as duas Ultimas décadas, tem havido um crescente interesse em avaliar as
concentracgdes de ferro no cérebro humano in vivo. Mudancas na compartimentalizacdo de ferro
celular e a distribuicdo regional, bem como, no estado de oxidacdo, podem ocorrer durante o
periodo de armazenamento. Através do uso da técnica de imagem por ressonancia magnética,
muitos estudos recentes relataram que o ferro pode se depositar em varias regides cerebrais, tais
como: hipocampo, globus pallidus, ganglios da base, e cortices parietal e temporal. Estes
estudos também confirmaram que o acumulo de ferro esta correlacionado com os déficits
cognitivos que incluem: memoria, aprendizagem, habilidades motoras e verbais, a partir de
testes comportamentais. Assim, é possivel que a disfuncdo cognitiva possa ser um marcador
precoce nao invasivo para a avaliacdo de potenciais fatores de risco para o desenvolvimento de
doencas neurodegenerativas, tais como doenca de Alzheimer. Embora sejam necessarios mais
estudos que determinem a utilidade de medidas de ferro periférico como marcadores de
deficiéncias cognitivas ou estado de deméncia, estudos de imagem cerebral parecem apresentar

resultados consistentes e promissores (Schroder et al., 2013).

1.1.2 Modelo de disfungéo cognitiva induzida pelo tratamento com ferro

Estudos anteriores do nosso grupo de pesquisa sobre os efeitos do acimulo de ferro no

cérebro serdo abordados brevemente a seguir.

Um estudo inicial investigou déficits de memdria induzidos pela administracdo pods-
natal de diferentes doses de ferro. Os resultados deste estudo foram: a) no labirinto radial,
déficits significantes de aprendizagem foram obtidos para todos os grupos que receberam ferro
nas doses de 2.5, 7.5, 15.0 e 30.0 mg/kg no periodo pos-natal. A analise de quocientes de
retengdo comparando o desempenho nos dias de teste de 1 e 5 confirmou os efeitos prejudiciais
de cada dose de ferro; b) déficits significantes na tarefa de esquiva inibitdria foram vistos nos
grupos tratados com 7.5 e 22.5 mg/kg de ferro. Estes grupos mostraram blogueio completo de
retencdo de memoria, isto é, ndo houve diferenca entre laténcias de treinamento e de teste; ¢)

foi encontrado que a dose mais elevada administrada, 30 mg/kg, reduziu significativamente o
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comportamento ambulatério de ratos durante o periodo de teste de 15 minutos em campo aberto;
d) anélises de teor de ferro total (ug/kg) na substancia nigra indicaram um aumento significante
nos grupos tratados com doses de 7.5, 15.0 e 30.0 mg/kg (Schroder et al., 2001).

Outro estudo demonstrou que um tratamento pos-natal de ferro induz déficits de
memoria de reconhecimento e dano oxidativo no cérebro de ratos adultos. Os ratos que
receberam ferro por via oral nos dias pds-natais 5-7, 12-14, 19-21 ou 30-32 mostraram
deficiéncias na tarefa de reconhecimento de objeto, uma tarefa ndo espacial e que ndo envolve
recompensa. Mas 0s que receberam durante o periodo de absor¢cdo méxima (12-14)

apresentaram perturbacdo comportamental mais acentuada (De Lima et al., 2005a).

Mais recentemente, um estudo realizado em nosso grupo de pesquisa observou que 0
ferro induziu um aumento significativo nos niveis da proteina apoptética caspase 3 tanto no
hipocampo como no cdrtex, enquanto houve uma reducéo significativa de niveis do marcador
sinaptico sinaptofisina no hipocampo. A expressao génica de caspase 3 também foi aumentada
no cortex (Da Silva et al., 2014).

Acredita-se que esta sobrecarga de ferro contribua para o desenvolvimento da
neurodegeneracdo, na exacerbacao das taxas normais de apoptose, em grande parte devido a
sua participacdo na reacdo de Fenton e producdo de ROS que resultam em danos as células
(estresse oxidativo) (Lee et al., 2006). A apoptose neuronal pode ser iniciada por meio de sinais,
tais como privacdo de fatores de crescimento, como as neurotrofinas, neurotransmissdo
excitatdria glutamatérgica excessiva e, estresse oxidativo, que ativam cascatas de eventos
intracelulares que podem incluir a produgéo de Par-4 e clivagem de procaspase-3 e ativacdo de
caspase-3 (Mattson, 2000). Em outros estudos verificou-se que ratos adultos tratados com ferro
no periodo neonatal apresentam maior dano oxidativo no hipocampo e no cortex, areas em que
se observa aumento da apoptose resultando em déficit de memoria (De Lima et al., 2005a; Dal-
Pizzol et al., 2001; Miwa et al., 2011). Além disso, também tiveram um aumento na
imunorreatividade para GFAP (marcador astrocitario) em areas equivalentes do cérebro
(Fernandez et al., 2011), sugerindo uma gliose astrocitica ativa que esta ocupando espagos

deixados pela morte neuronal (Miwa et al., 2011).

A memoria de reconhecimento de objetos pode depender, pelo menos em parte, da
integridade do circuito do estriado, 0 que é consistente com o resultado do estudo anterior em
de que a deficiéncia da memdria de reconhecimento induzida pelo ferro foi associada com a

atividade alterada de acetilcolinesterase (AChE) no corpo estriado. Apesar de anos de
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investigacdo, ainda ndo se sabe por que os niveis de ferro sdo anormalmente elevados em
algumas regides do cérebro em doencas neurodegenerativas. Além disso, ndo esta claro se o
acumulo de ferro no cérebro desempenha um papel causal na neurodegeneracdo ou se é uma
consequéncia do processo da doenca. Foi sugerido que o acimulo de ferro no cérebro prejudica
a transmissdo colinérgica o que pode ter implicacdes para a perda de memoria observada em
ratos que receberam sobrecarga de ferro neonatal. Com base nisso, modelos animais podem ser
considerados ferramentas importantes para a investigacdo de mecanismos multifatoriais que
interagem para produzir o declinio da memoria observada em pacientes com doencas

neurodegenerativas (Perez et al., 2010).

De Lima et al. (2007) mostraram que a terapia com quelante de ferro na idade adulta foi
capaz de reverter o comprometimento cognitivo induzido pela sobrecarga de ferro no periodo
neonatal em ratos. Os ratos tratados com ferro neonatal foram divididos em trés grupos
experimentais, sendo administrado por via intraperitoneal a deferoxamina (0,0, 30,0 ou 300,0
mg/kg). Os animais que receberam a maior dose de deferoxamina mostraram memoria de
reconhecimento normal, indicando que a terapia de quelacdo com o ferro na idade adulta foi
capaz de reverter o déficit cognitivo induzido pela sobrecarga de ferro neonatal em ratos. Além
disso, outro estudo realizado por nosso grupo de pesquisa revelou que a terapia com
deferoxamina reverteu o prejuizo na memoria de reconhecimento e diminuiu o dano oxidativo
as proteinas no cértex e no hipocampo causada pelo envelhecimento dos ratos (De Lima et al.,
2008).

Selecionamos, no presente estudo, um outro quelante de ferro, deferiprona (DFP,
Ferriprox, Apotex Inc. Ontéario, Canada), que além de ja ser aprovado pela FDA para tratamento
de distarbios de sobrecarga sistémica de ferro (como talassemia maior), atravessa a barreira
hematoencefalica (Fredenburg et al., 1996) e jaA mostrou evidéncia na eficécia clinica da doenca
de Parkinson (Devos et al., 2014). Em 2014, Devos e colaboradores relataram que o DFP
reduziu significativamente o ferro labil e os danos biologicos no modelo induzido por 1-metil-
4-fenil-1,2,3,6-tetrapiridina (MPTP) da doenca de Parkinson, enquanto aumentou a dopamina
estriatal, conferindo duas vezes mais protecdo que a desferoxamina administrada por via
intraperitoneal. Eles também investigaram os efeitos do DFP em um estudo piloto com
pacientes com DP de estagio inicial e mostraram que ap0s 6 meses de tratamento com DFP
houve uma diminuicdo significativa no acimulo de ferro na substancia negra, bem como um
aumento na glutationa peroxidase e na atividade da superdxido dismutase no fluido cérebro-

espinhal, em pacientes tratados com DFP, e um desempenho motor significativamente melhor
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em 6 ou 12 meses de tratamento com DFP. Assim, no presente trabalho nos propusemos a
investigar os efeitos do tratamento crénico com DFP sobre os danos de memdria induzidos por
ferro neonatal. Os ratos adultos (2-3 meses) receberam uma dose oral diaria (gavagem) de agua
destilada ou DFP (125,0 mg/ kg/ dia) diluido em &gua destilada durante 21 dias consecutivos.
A dose utilizada foi selecionada com base em estudos previamente publicados (Wang et al.,
2016, Zhao et al., 2015).

1.1.3 BDNF (Fator Neurotrofico derivado do cérebro)

O fator neurotréfico derivado do cérebro (BDNF, sigla derivada do termo em inglés,
brain derived neurotrophic factor) é um dos membros da familia de proteinas homologas
conhecidas como neurotrofinas. Foi a segunda neurotrofina a ser identificada e caracterizada
(Barde et al,1982), antecedido pelo fator de crescimento do nervo (NGF, sigla derivada dos

termos em inglés, nerve growth factor).

O BDNF é a neurotrofina mais abundante e se encontra amplamente distribuida no SNC
dos mamiferos (Balaratnasingam et al., 2012). O BDNF apresenta papel central no
desenvolvimento, fisiologia e patologia do sistema nervoso, como também em processos
relacionados a plasticidade cerebral, tais como a memdria e 0 aprendizado (Balaratnasingam et
al., 2012). Além disso, atualmente, a acdo desta neurotrofina no SNC dos adultos estd sendo
extensivamente estudada, pois tem sido demonstrado que o BDNF tem um papel critico na
potenciacdo de longa duracdo (LTP, sigla do inglés long-term potentiation), um tipo de
plasticidade sinaptica que é considerado um modelo de formacédo de memoria de longa duracéo

(LTM, sigla do inglés long-term memory) (Mattson., 2008).

A acdo celular do BDNF é mediada por dois receptores: um receptor tirosina cinase de
alta afinidade (TrkB) e um receptor pan-neurotréfico de baixa afinidade (p75N™®) (Fig 1).
Atraves dessa via tirosina cinase, 0 BDNF atua como promotor de crescimento e regeneracao
neuronal, crescimento e remodelacdo axonal e dentritica, formagdo do citoesqueleto, formacéo
de sinapses, bem como apresenta papel chave na prevencéo da apoptose neuronal. Por exemplo,
sabe-se que o BDNF e a ativacdo do seu receptor TrkB é essencial na fase tardia da LTP (L-
LTP), que promove alteragbes estruturais na sinapse e induz a sintese de proteinas
(Balaratnasingam et al., 2012; Longo et al., 2007; Mattson,2008).
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A expressdo do gene do BDNF é altamente regulada com 11 exons e 9 promotores
funcionais, o que permite cerca de 34 transcricbes em resposta a varios estimulos (Allen et
al.,2013).

A proteina BDNF ¢é sintetizada como uma proteina precursora, pré-pré6 BDNF, que
depois da clivagem, resulta numa proteina de 32kDa pré-BDNF. A pr6-BDNF é tanto clivada
proteolicamente dentro da célula por enzimas, como a furina, sendo secretada como BDNF
maduro — 14kDa mBDNF, ou a pro-BDNF é clivada por proteases extracelulares, como as
metaloproteinases e a plasmina, a mBDNF. Deste modo, os principais efeitos do BDNF séo
mediados atraves da ligagdo do mBDNF com o TrkB (Schindowski et al., 2008;
Balaratnasingam et al., 2012).

p75NTR
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Figura 1. Representacdo das neurotrofinas e seus receptores. (Schindowski et al., 2008)
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Ao passo que as outras neurotrofinas séo liberadas através da via constitutiva, 0 BDNF
pode também ser secretado através da via atividade-dependente nas células neuronais. E
amplamente aceito que a secrecdo do BDNF ocorre em resposta a atividade neuronal.
(Schindowski et al., 2008)

Sabe-se que estimulos que induzem LTP também induzem a expressao de BDNF e
outros fatores neurotréficos, no hipocampo. Entretanto, a LTP é somente induzida quando
sinapses glutamatérgicas sdo ativadas dentro de uma faixa estreita de amplitude e frequéncia,
isto é, baixos niveis de estimulacdo podem resultar depressdo das sinapses, enguanto a
estimulacdo sustentada e em altos niveis pode causar a degeneracdo das sinapses (Mattson,
2008). O papel essencial nos fatores neurotroficos na LTP, aprendizado e memdria é sugerido
em inumeros estudos em roedores (Mattson, 2008; Balaratnasingam et al., 2012; Longo et al.,
2007).

Ja esta estabelecido que a LTP hipocampal encontra-se prejudicada nos camundongos
sem BDNF nos seus neurdnios. Consequentemente, acredita-se que o BDNF aumenta a LTP
no hipocampo e no cortex visual. Além disso, 0 BDNF liberado pelos neurdnios durante a LTP
pode ser reciclado e usado para a manutencdo de LTP, atuando como papel importante na
plasticidade sinaptica (Mattson, 2008). Nagahara et al., 2009 mostraram em um modelo de ratos
idosos (24 meses de idade) que a infusdo de BDNF no cortex medial entorrinal por 28 dias
melhorou significativamente o aprendizado e a memoria espacial no labirinto aquatico de

Morris.

1.1.3.1 BDNF e doencas neurodegenerativas

Tem sido sugerido que alteracbes nos niveis e/ou fungdes do BDNF apresentam um
papel importante na patofisiologia nas doencas neurodegenerativas, tal como a Doenca de
Alzheimer (DA). Sabemos que a DA cursa com dano progressivo da memoria, julgamento e
funcBes executivas. Embora a causa exata da doenca ainda permaneca desconhecida, estudos
tém revelado alteracdes nos niveis de BDNF nos cérebros em estudos pds-morte. A DA é
caracterizada pela presenca de dois marcadores de lesdo: depositos extracelulares de placas
amilodides (placas AB) e os emaranhados neurofibrilares, que sdo acompanhados por gliose e
perda neuronal, causando déficit cognitivo nestes pacientes. E conhecido que o BDNF é
produzido no cortex entorrinal e no hipocampo na idade adulta, os quais sao os sitios de perda

neuronal na doenga de Alzheimer (Balaratnasingam et al., 2012).
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Vaérios estudos ja demonstraram que os niveis de mMRNA para BDNF e sua proteina
encontram-se severamente reduzidos no cértex e no hipocampo em pacientes com DA (Allen
et al., 2013), assim como o receptor tirosina cinase de alta afinidade (TrkB) (Allen et al.,2013)
estd reduzido no cortex frontal e temporal. Esses achados contribuem na hipotese de que o

BDNF pode estar envolvido na patogénese da DA.

O envolvimento do BDNF em outras desordens neurodegenerativas tais como a
doenca de Parkinson (DP) e doenca de Huntington (DH) tem recebido alguma atencéo. Na DP,
niveis reduzidos de proteina BDNF e seu mRNA tém sido encontrados em corpo estriado,
substancia nigra, e em menor extensdo no cerebelo e cortex frontal (Allen et al., 2013).
Entretanto, a principal caracteristica patoldgica na DP é a perda de dopaminérgica de neur6nios
do corpo estriado, que pode ser replicada em camundongos com delecéo seletiva de BDNF no
mesencéfalo com fendtipo precoce da DP. Isto estd de acordo com estudos anteriores que
mostraram reducdo da expressio mMRNA para BDNF em neurdnios dopaminérgicos da
substancia nigra naqueles pacientes que sofrem de PD em até 70 % (Balaratnasingam et al.,
2012). J& na DH, experimentos anteriores mostraram que o tratamento com a infusdo do BDNF
no estriado de ratos que expressam a proteina huntingtina resultaram em melhora nas

anormalidades motoras (Balaratnasingam etal., 2012).

1.1.4 Anélise do metabolismo glicolitico cerebral com microPET

A técnica de imagem funcional, através da administragdo de moléculas marcadas com
radionuclideos emissores de positrons, fornece informacgdes essencialmente funcionais ou
metabolicas, porque fazem uso de moléculas que seguem atividades biolégicas ou bioquimicas
dentro do corpo (PET e PET/CT em oncologia; SBMN, 2011).

Esta bem estabelecido que o uso da molécula de FDG (fluordeoxiglicose) marcada com
18F ¢ uma técnica de diagndstico por imagem minimamente invasiva, amplamente aceita e
utilizada para avaliar o metabolismo da glicose em diversas desordens neurodegenerativas (Ishii
et al., 1998; Mosconi et al., 2008; Laforce., 2010), incluindo a DA.

Silverman et al. (2001) reportou a avaliagio da ®F-FDG PET para o diagnéstico da DA
versus outras causas de deméncia. Neste estudo, haviam duas popula¢fes: uma coorte
prospectiva com acompanhamento clinico em longo prazo e uma coorte retrospectiva com uma
referéncia histopatoldgica padrdo. O estudo de coorte retrospectivo foi um estudo multicéntrico

realizado a partir de um consorcio internacional de instalagfes clinicas que havia coletado tanto
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dados histopatolégicos de pacientes submetidos a avaliacdo para a deméncia quanto varreduras
de ®F-FDG PET do cérebro. Entre 97 pacientes com diagndstico histopatolégico DA, a
sensibilidade de F-FDG PET para o diagndstico de DA foi de 94% (95 % Cl, 89 % -99 % ) e
a especificidade entre 41 pacientes sem DA foi de 73% (IC 95% , 60% -87 %).

Em um outro estudo de coorte, Jagust et al. (2007) reportou em uma amostra mista de
44 individuos com niveis variaveis de comprometimento cognitivo que se submeteram ao
exame clinico inicial e a avaliagdo com ®F-FDG PET. Neste estudo, havia um periodo de
aproximadamente quatro anos até que o diagnostico clinico final e uma média adicional de
cinco anos até a morte e autopsia. Os resultados mostraram que a sensibilidade da avaliacao
clinica inicial para o diagndstico patolégico da DA foi de 76%, e especificidade foi de 58%); ja
a varredura com ®F-FDG PET apresentou valores de 84% e 74%, respectivamente, e a
avaliacdo clinica final mostrou valores de 88% e 63%, respectivamente. O diagnostico de DA
foi associado com uma probabilidade de 70% de detectar a patologia; com uma avaliacédo
positiva no PET scan este nUmero aumentou para 84%, e com um PET negativo este valor caiu
para 31%. No geral, estes resultados indicam que a sensibilidade e especificidade do
diagndstico com as imagens *®F-FDG PET numa avaliagdo clinica inicial é semelhante ao
diagnéstico clinico longitudinal em aproximadamente 4 anos. Além disso, a avaliagdo com éF-
FDG PET no diagnostico na avaliagdo clinica inicial teve um substancial efeito sobre a
probabilidade de encontrar a patologia de DA no exame pds-morte e foi particularmente
importante quando o PETscan discordou com o diagnostico clinico. Por exemplo, um positivo
BE-FDG PET scan aumentou a probabilidade da patologia da DA em 14%, se o diagndstico
clinico foi DA, mas em 35%, se o diagnostico clinico ndo foi DA. Por outro lado, uma varredura
PET negativa diminuiu o diagnostico por 18 %, se o diagnostico clinico ndo foi DA, mas por
39 % se o diagndstico foi DA. Em ambas as situagdes, quando **F-FDG PET discordou do
diagnostico clinico, o diagndstico histopatoldgico correto era na verdade mais provavel ser
congruente com as imagens de F-FDG PET do que com o diagndstico clinico inicial (Bohnem
et al., 2012; Jagust et al., 2007; Hoffman et al., 2000).
Estudos anteriores mostraram que a atividade metabdlica cerebral da glicose representa
um indice da funcdo sinéptica e da densidade neuronal (Sokoloff, 1977; Bohnen et al., 2012) e
que alteracBes neuronais microestruturais extensas e irreversiveis ja ocorreram no momento da
manifestacdo clinica da DA em estruturas corticais especificas. A atividade metabolica cerebral

em humanos encontra-se reduzida, predominantemente nas areas de associacdo do cortex
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temporoparietal, incluindo o pré-cuneos e o cingulado posterior (Landau et al., 2010; Herholz
et al, 2013).

Entretanto, estudo recente realizado em camundongos com 12 meses de vida da
linhagem APPPS1-21 (Waldron et al, 2015), mostrou uma reducdo significativa no
metabolismo glicolitico cerebral em regides cerebrais especificas (talamo e estriado) e,
sobretudo, incongruentes as alteragdes corticais usualmente detectados em pacientes com DA.
Este achado talvez ndo seja surpresa, dada a diferenca inerente entre modelos animais e modelos
em humanos. Além disso, outra possivel explicacdo para a dissociagdo encontrada entre 0s
marcadores de glicose (*F-FDG) e os tracadores amiloides especificos (}*C-PiB) neste estudo
seria a presenca de inflamacdo nas proximidades das placas de B-amiloides, ja que as células da
glia também utilizam a glicose como fonte de energia. Propdem-se, desse modo, que 0 aumento

da inflamacéo na proximidade das placas pode mascarar a diminuicdo da atividade neuronal.

As alteracGes no metabolismo da glicose cerebral tornam-se detectaveis cerca de um a
dois anos antes da instalacdo clinica da deméncia e estdo intimamente relacionadas a disfungédo
cognitiva (Herholz et al, 2011). Assim, é possivel que a disfuncdo cognitiva possa ser um
marcador precoce ndo invasivo para a avaliacdo de fatores de risco potenciais para o

desenvolvimento de doencas neurodegenerativas, tais como DA (Schroder et al., 2013).

Assim, no presente trabalho nos propusemos a avaliar se o tratamento com ferro no
periodo neonatal, que conforme previamente caracterizado altera fungdes cognitivas em ratos,
também produz alteracdes no metabolismo glicolitico em regides encefalicas. Ainda, foram
investigados os efeitos do tratamento crénico com o quelante de ferro, deferiprona, na idade

adulta, sobre o metabolismo glicolitico cerebral.
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1.2 OBJETIVOS

1.2.1 Objetivo Geral

Investigar os efeitos do tratamento com ferro no periodo neonatal e com o quelante de
ferro (deferiprona) na idade adulta sobre os déficits de memoria induzidas pela sobrecarga de
ferro neonatal, sobre o metabolismo glicolitico cerebral através da quantificacdo da captacdo

do 8F-FDG e sobre os niveis de BDNF e seus receptores no hipocampo.

1.2.2 Objetivos Especificos

e Auvaliar os efeitos do deferiprona sobre os déficits de memoria induzidos pelo ferro.

e Auvaliar os niveis do fator neurotréfico do cérebro (BDNF) no hipocampo de ratos

controles e ratos tratados com ferro no periodo neonatal através da técnica de ELISA.

e Determinar se o tratamento com um farmaco quelante de ferro na vida adulta seria capaz
de restaurar os niveis de BDNF, no caso de se verificarem alteracBes induzidas pelo

ferro.



25

e Avaliar a expressdo génica do receptor tirosina quinase (TrkB) e p75 no hipocampo de

ratos controles e ratos tratados com ferro no periodo neonatal através do real time PCR.

e Avaliar o metabolismo glicolitico em regides cerebrais especificas - no hipocampo e
cortex - de ratos controles e de ratos tratados com ferro no periodo neonatal e tratados
com quelante de ferro, deferiprona, na idade adulta, através da analise quantitativa de

1BE_FDG com o escaneamento com o microPET.

CAPITULO 2
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ABSTRACT

Brain-derived neurotrophic factor (BDNF) is the most abundant neurotrophin in mammalian
Central Nervous System, and plays a key role in development and physiology, as well as in
pathological states. Post-mortem studies demonstrated that BDNF levels are reduced in the
brains of patients affected by neurodegenerative diseases, such as Alzheimer’s disease (AD).
Iron accumulation has consistently been associated to the pathogenesis of neurodegenerative
diseases. In rats, iron overload induces memory deficits, and increases oxidative stress and
apoptotic markers, and decreases the expression of the synaptic marker, synaptophysin.
Deferiprone (DFP) is an oral iron chelator used for the treatment of systemic iron overload
disorders, and has recently been tested in Parkinson’s disease patients. Here, we aimed to
determine the effects of iron overload on BDNF levels and brain glucose metabolism, measured
by FDG-positron emission microtomography (FDG-microPET). Moreover, we intended to
characterize the effects of DFP on iron-induced memory deficits and BDNF levels, as well as
on brain glucose metabolism. Rats received iron or vehicle at postnatal days 12-14 and when
adults, received chronic DFP or water. Recognition memory was tested 19 days after the

beginning of chelation therapy. FDG-microPET scanning was performed 24h after the last day
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of treatment. Another subset of animals was sacrificed 24h after the last day of treatment for
BDNF measurements, and TrkB and p75N™® expression analyses. DFP was able to restore
memory impairment and increase hippocampal BDNF levels, ameliorating iron-induced
effects. The present findings provide support to the use of DFP in clinical trials including AD

patients.

Keywords: Deferiprone, iron, recognition memory, BDNF, neurodegenerative disorders,
microPET scanning.

Chemical compound studied in this article: Deferiprone (PubChem CID: 2972)
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1. Introduction

Brain-derived neurotrophic factor (BDNF) is a member of a family of homologous
proteins known as neurotrophins. It was the second neurothrophin described and characterized
(Barde et al., 1982). BDNF is the most abundant neurotrophin and is widely distributed in
mammalian Central Nervous System (CNS) (Balaratnasingam et al., 2012) playing a central
role in its development and physiology, as well as in pathological states. Currently, the role of
this neurotrophin in the adult brain is being extensively explored, and evidence suggests its
critical involvement in long-term potentiation (LTP), a type of synaptic plasticity proposed as
the cellular basis for long-term memory formation (Mattson, 2008). BDNF signaling cascades
are initiated by the activation of mainly two membrane receptors, which belong to distinct
families: the p75 (NTR), a TNF receptor superfamily member, and TrkB, a member of the
tyrosine kinase receptor family. Acting through TrkB, BDNF promotes neuronal growth and
regeneration, dendritic and axonal growth and remodeling, cytoskeleton dynamics, synaptic
formation, and prevents apoptosis (Nagahara and Tuszynski, 2011). It has been demonstrated
that the activation of TrkB signaling plays an essential role in the induction of late LTP,
promoting protein synthesis and structural synaptic alterations (Balaratnasingam et al., 2012;
Longo et al., 2007; Mattson, 2008).

Alzheimer's disease (AD) is characterized by a chronic and progressive
neurodegenerative process that leads to cognitive decline, which includes progressive memory
loss, loosening of judging ability and executive functions. Although the exact cause of the
disease remains unknown, post mortem studies revealed decreases in BDNF levels. It is known
that BDNF is produced in the adulthood in the entorrhinal cortex and hippocampus, which are
primary sites of neuronal loss in AD (Balaratnasingam et al., 2012). Allen and coworkers (2013)

have demonstrated that BDNF and its mMRNA, as well as TrkB are markedly reduced in the
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hippocampus and cortex of AD patients. These findings corroborate the hypothesis that BDNF
reductions may be involved in the pathogenesis of AD.

Neurodegenerative disorders are complex multifactorial dysfunctions that nowadays
recognizably involve metal dyshomeostasis (Li and Reichmann, 2016). Iron accumulation has
been extensively described in the brains of patients suffering from neurodegenerative disorders
(Ward et al., 2014). Moreover, recent imaging studies show that there is an inverse correlation
between iron content in brain regions and performance in cognitive tasks in healthy aged
individuals (Penke et al., 2012; Rodrigue et al., 2013) as well as in patients of neurodegenerative
diseases (Ding et al., 2009). Over the years, we have characterized an animal model in which
iron is administered to rodents in the neonatal period, a critical period for the establishment of
iron content in the CNS (Schrdder et al., 2013). Iron administration in this period leads to iron
accumulation in brain regions (Schrdder et al., 2001), and persistent memory dysfunctions in a
variety of memory tasks, including spatial (Schroder et al, 2001), aversive (Schroder et al.,
2001; Silva et al., 2012), and recognition memory (de Lima et al., 2005; Fagherazzzi et al.,
2012). These memory deficits are accompanied by increased oxidative stress (de Lima et al.,
2005), apoptotic markers (da Silva et al., 2014; Miwa et al., 2011), and reactive astrogliosis
(Fernandez et al., 2011). We have previously reported that the iron chelator deferoxamine was
able to dose-dependently reverse iron-induced recognition memory impairment (de Lima et al,
2007), and to ameliorate memory deficits associated to aging in rats (de Lima et al, 2008).
Together, results from human studies and from our animal model suggest that iron accumulation
is related to memory dysfunctions associated with aging and neurodegenerative disorders.

Deferiprone is an oral iron chelator approved by the FDA for the treatment of systemic
iron overload disorders, such as thalassemia major. In 2014, Devos and collaborators reported
that DFP significantly reduced labile iron and biological damage in the 1-methyl-4-phenyl-

1,2,3,6-tetrapyridine (MPTP)-induced model of Parkinson’s disease (PD), improving motor
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functions while raising striatal dopamine, conferring twice as much protection as the
intraperitoneally administered deferoxamine. They also investigated the effects of DFP in a
pilot study with early-stage PD patients, and showed that after 6 months of treatment with DFP
there was a significant decrease in iron accumulation in the substantia nigra, as well as an
increase in CSF glutathione peroxidase and superoxide dismutase activities in DFP-treated
patients, and a significantly better motor performance at either 6 or 12 months of DFP treatment.

In the present study, we aimed to determine the effects of iron overload on BDNF levels
and brain glucose metabolism, measured by FDG-positron emission microtomography (FDG-
microPET), as an index of neuronal integrity. Moreover, we intended to characterize the effects
of DFP on iron-induced memory deficits and hippocampal BDNF levels, as well as on glucose

metabolism.
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2. Material and methods

2.1 Animals

Pregnant Wistar rats (CrlCembe:WI) were obtained from the Centro de Modelos
Bioldgicos Experimentais (CeMBE), Pontifical Catholic University of Rio Grande do Sul,
Porto Alegre, RS, Brazil. After birth each litter was adjusted within 48 h to eight rat pups, and
to contain offspring of both genders in about equal proportions. Each pup was kept together
with its mother in a plastic cage with sawdust bedding in a room temperature of 21+ 1°C and a
12/12 h light/dark cycle. At the age of 3 weeks, pups were weaned and the males were selected
and maintained in groups of three to five in individually ventilated cages with sawdust bedding.

For postnatal treatments, animals were given standardized pellet food and tap water ad libitum.

All behavioral experiments were performed at light phase between 09:00 a.m and 4:30
p.m. All experimental procedures were performed in accordance to the Brazilian Guidelines for
the Care and Use of Animals in Research and Teaching (DBCA, published by CONCEA,
MCTI) and approved by the Institutional Ethics Committee of the Pontifical Catholic
University (SIPESQ# 7205). All efforts were made to minimize the number of animals and their

suffering.

2.2 Treatments

2.2.1 Iron neonatal treatment

The neonatal iron treatment has been described in detail elsewhere (de Lima et al., 2005;
Fagherazzi et al., 2012; Silva et al., 2012). Briefly, 12-day-old rat pups received orally a single

daily dose (10 ml/Kg solution volume) of vehicle (5% sorbitol in water) (control group) or 30
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mg/Kg of body weight of Fe?* (iron carbonyl, Sigma-Aldrich, Sao Paulo, Brazil) via a metallic

gastric tube, over 3 days (postnatal days 12-14).
2.2.2 Deferiprone

For the investigation of the effects of Deferiprone (DFP, Ferriprox®, Apotex Inc.
Ontario, Canada) on iron-induced memory impairments, adult (2 month-old) rats treated
neonatally with vehicle or iron (as described above) received a daily oral administration
(gavage) of distilled water (wtr) or DFP (125.0 mg/kg/day) diluted in distilled water for 3
weeks. Drug solutions were freshly prepared immediately prior to administration. The dose

used was selected based on previously published studies (Wang et al., 2016; Zhao et al., 2015).

2.3 Behavioral procedures
2.3.1 Object recognition task

The object recognition task was performed as previously described (Fagherazzi et al.,
2012; Silva et al., 2012). Briefly, the object recognition task took place in an open field
apparatus (45 x 40 x 60 cm) with sawdust covering its floor. On the first day, rats underwent a
habituation session during which they were placed in the empty open field for 5 min. On the
following day, rats were given one 5-min training trial in which they were exposed to two
identical objects (Al and A2). The objects were positioned in two adjacent corners, 9 cm from
the walls. On the long-term memory (LTM) testing trial (24 h after the training session), rats
were allowed to explore the open field for 5 min in the presence of two objects: the familiar
object A and a novel object B. These were placed in the same locations as in the training session.
In long-term retention test trial, the novel object was placed in 50% trials in the right side and

50% trials in the left side of the open field. All objects were made of plastic Duplo Lego Toys
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and had a height of about 10 cm. Objects presented similar textures, colors, and sizes, but
distinctive shapes. Between trials the objects were washed with 10% ethanol solution. Trials
were videotaped and object exploration was measured by an experimenter blind to group
treatment assignments, using two stopwatches to record the time spent exploring the objects.
Exploration was defined as follows: sniffing or touching the object with the nose or forepaws
while sniffing. Sitting on the object was not considered as exploration. A recognition index
calculated for each animal was expressed by the ratio Tn/(Tr+Tn) [Te= time spent exploring

the familiar object (A); Tn= time spent exploring the novel object (B)].

2.3.2 Open-field behavior

Behavior during habituation to the open field prior to object recognition training was
evaluated in the 17" day of DFP administration, as previously described (Fagherazzi et al.,
2012). Drug administration was performed in the morning and open field behavior analyzed in
the afternoon, giving at least a 4-h interval between drug administration and behavioral
recordings. The open field was a 40 X 45 X 60 cm arena surrounded by 50 cm high walls,
made of plywood with a frontal glass wall. The floor of the arena was divided into 12 equal
squares by black lines. Animals were placed in the rear left corner and left to explore the field
freely for 5 min. Latency to start locomotion and line crossings, were registered. The number
of crossings was used as a measure of locomotor activity, whereas the latency to start

locomotion was used as a measure of anxiety.

2.4 FDG-microPET
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A subset of animals that underwent behavioral testing was 72 h later submitted to FDG-
microPET scannings. The animals were individually anesthetized with a mixture of isoflurane
and medical oxygen (3 — 4 % induction and 2 — 3 % maintenance dose) and received 1 mCi of
BE-FDG through the tail vein. After that, animals were returned to their home cages for a 40
min period of conscious tracer uptake. After the uptake period, each rat was individually placed
in a head-first prone position and scanned with the Triumph™ microPET (LabPET-4, TriFoil
Imaging, Northridge, CA, USA) under inhalatory anesthesia. Throughout these procedures, the
animals were kept on a pad heated to 36 °C. For radiotracer readings, 10-min list mode static
acquisitions were acquired with the field of view (FOV; 3.75 cm) centered on the rat’s head.
All data were reconstructed using a 3D Maximum Likelihood Expectation Maximization (3D-
MLEM) algorithm with 20 iterations and no attenuation correction. Each reconstructed
microPET image was spatially normalized into an *®F-FDG template using brain normalization
in PMOD v3.5 and the Fusion Toolbox (PMOD Technologies, Zurich, Switzerland). An MRI
rat brain VOI template was used to overlay the normalized images, previously coregistered to
the microPET image database, as previously described (Baptista et al., 2015). The glucose

uptake in each brain region was expressed as standard uptake values (SUVSs).

2.5 Sample preparation for molecular analysis

A different subset of rats (not the same animals submitted to PET scanning) was
euthanized by decapitation at 24h after completion of behavioral testing. The hippocampi from
groups of rats treated neonatally with iron or vehicle and chronically with distilled water or
DFP in the adulthood were quickly removed and left hemispheres placed in Trizol® reagent
(Life Technologies, USA) for RT-gPCR assays, and right hemispheres stored for ELISA assay

for determination of BDNF levels. Samples were stored at -80°C for subsequent analyses.
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2.6 BDNF Measurements

BDNF levels in hippocampi were measured by sandwich-ELISA, using a commercial
kit according to the manufacturer’s instructions (Millipore, Darmstadt, Germany) as previously
described (Pinheiro et al., 2015). Briefly, tissue samples were homogenized in phosphate-
buffered solution with 1 mM phenylmethylsulfonyl fluoride and 1 mM
ethyleneglycoltetraacetic acid. Microtiter plates were coated for 24 hours at 4 °C with the
samples (in duplicate) diluted 1:3 in sample diluent or standard curve ranging from 15.63 to
500 pg/ml of BNDF. Plates were then washed four times with wash buffer followed by the
addition of biotinylated mouse anti-human BNDF monoclonal antibody (diluted 1:1000 in
sample diluent), which was incubated for 3 hours at room temperature. After washing, a second
incubation with streptavidin- horseradish peroxidase conjugate solution (diluted 1:1000) for 1h
at room temperature was carried out. After addition of substrate and stop solution, the amount
of BDNF was determined (absorbance set at 450 nm). Total protein was measured by

Bradford’s method using bovine serum albumin as standard (Bradford, 1976).

2.7 Gene expression analysis by quantitative real time RT-PCR (RT-gPCR)

Quantitative real-time PCR was used to analyze the mRNA levels of TrkB, and p75N™ .
Total RNA of hippocampus was isolated with Trizol® in accordance with the manufacturer’s
instructions. RNA purity (Abs 260/280nm ~2.0) and concentration were determined by L-quant
(Loccus Biotecnologia) and treated with Deoxyribonuclease | (Invitrogen) to eliminate
genomic DNA contamination, in accordance with the manufacturer’s instructions. The cDNA

was synthesized with ImProm-II™ Reverse Transcription System (Promega) from 1 ug total
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RNA, following the manufacturer’s instruction. Quantitative real-time PCR was performed
using SYBR® Green | (Invitrogen) to detect double-strand cDNA synthesis on the 7500 Real-
time PCR System (Applied Biosystems). The PCR cycling conditions were: an initial
polymerase activation step for 5 min at 95 °C, 40 cycles of 15 s at 95 °C for denaturation, 35 s
at 60 °C for annealing and 15 s at 72 °C for elongation. At the end of cycling protocol, a melting-
curve analysis was included and fluorescence measured from 60 to 99 °C to confirm the
specificity of primers and absence of primer-dimers and showed in all cases one single peak.
All real-time assays were carried out in quadruplicate and, in all cases, a reverse transcriptase
negative control was included. Hprtl was used as reference gene for normalization. The
sequences of reverse and forward primers are shown in Table 1. The efficiency per sample was

calculated using LinRegPCR 2016.1 Software (http://LinRegPCR.nl) and the stability of the

references genes, and the optimal number of reference genes according to the pairwise variation

(V) were analyzed by GeNorm 3.5 Software (http://medgen.ugent.be/genorm/). Relative

mMRNA expression levels were determined using the 22 method (Bustin et al., 2013).

2. 8 Statistical analysis

Data were analyzed as previously described (de Lima et al., 2008; Silva et al., 2012).
Data from recognition indexes, total time exploring both objects in the training session, and
data from the experiments evaluating open field behavior, as well as FDG-microPET scannings,
ELISA, and qPCR are expressed as mean + standard error of the mean (SEM). Comparisons
among experimental groups were performed by one-way analysis of variance (ANOVA)
followed by appropriate Post-hoc tests when necessary. In all comparisons, P values less than

0.05 were considered to indicate statistical significance.


http://linregpcr.nl/
http://medgen.ugent.be/genorm/
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3. Results

3.1 Behavioral analyses

Object recognition task was used to assess the effects of DFP on iron-induced memory
deficits (Fig. 1). Analysis of variance of recognition index revealed a significant difference
among the experimental groups in the long-term retention test (F, 45 = 41.07, P < 0.0001), but
not in the training session (F@4s5 = 1.09, P = 0.361). Total time exploring both objects in the
training session was not significantly different among groups (F@a4s = 1.64, P = 0.192, Table
2). Tukey’s post-hoc analysis indicated that the group that received iron in the neonatal period
presented decreased recognition indexes in comparison to the control group (P < 0.0001),
confirming previously reported iron-induced memory impairment. However, the group that
received iron in the neonatal period and was given the iron chelator DFP chronically in adult
life showed no statistically significant differences in relation to the control group (Veh-Wtr, P
= 0.121) or to the group that received DFP alone in adulthood (Veh-DFP, P = 0.214). In
addition, the group treated neonatally with iron that received DFP showed a significantly higher
recognition index in comparison to the Iron-Veh group (P < 0.0001) indicating that iron
chelation in adulthood was able to reverse iron-induced recognition memory impairment.

Open field behavior analysis was performed to evaluate general motor and exploratory
behavior. No statistically significant differences were found among the groups when the latency
to leave the first quadrant (F(z 45 = 1.065, P = 0.373) or number of crossings (F 45 = 0.398, P
= 0.755) were compared, suggesting that iron and/or DFP did not alter motor activity,

motivation or anxiety measured in a 5-min session (Table 3).

3.2 FDG-microPET
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Cerebral glucose metabolism was assessed by FDG-microPET scanning in adult rats
treated neonatally with iron plus DFP in adulthood. Neither iron overload nor iron chelation in
adulthood induced significant changes in glucose metabolism. Statistical comparison of éF-
FDG uptake (SUV) in the left and right hippocampi showed no significant differences among
groups (left F(s 20 = 0.852, P = 0.482, right F320) = 1.041, P = 0.396; Fig. 2A). Also, there were
no significant differences in left and right cortical *8F-FDG uptake among the groups (left Fs 20

=1.086, P = 0.378, right F(320) = 1.142, P = 0.356 Fig. 2B).

3.3 Hippocampal BDNF levels

We aimed to evaluate the effects of iron overload in the neonatal period on BDNF levels
in the hippocampus of adult rats, as well as to determine whether iron chelation in adult life
would be able to restore BDNF levels, in case we found iron-induced alterations.

Comparisons of hippocampal BDNF levels using ANOVA revealed a significant
difference among experimental groups (F@20) = 4.798, P = 0.011). Tukey’s post hoc test
indicated significant reductions in BDNF levels in the iron-treated group that received water
(vehicle) in the adulthood when compared to the control group (Veh-Wtr; P = 0.038) and to the
group that received vehicle in the neonatal period and DFP in adulthood (P = 0.018). The group
that received iron in the neonatal period and DFP in adulthood presented no significant
differences when compared to the control group (P = 0.259), suggesting that iron chelation in
the adulthood is able to reverse iron-induced decreases in BDNF (Fig. 3).

Gene expression of the two types of membrane receptors activated by BDNF, namely,
p75NTR and TrkB was investigated, using real-time PCR. Results indicated no significant
differences among the groups when comparing hippocampal p75N™® expression (ANOVA, Fs,

17) = 0.506, P = 0.683) or TrkB expression (ANOVA, F@ 19) = 1.846, P = 0.173) (Fig 4).
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4. Discussion

Consistent evidence suggests that iron accumulation is critically implicated in the
pathogenesis of neurodegenerative diseases (Belaidi and Bush, 2016). For instance, magnetic
resonance imaging (MRI) mapping of iron distribution has revealed that AD patients have
increased iron levels in the putamen, pulvinar thalamus, red nucleus, hippocampus, and
temporal cortex (Langkammer et al., 2014), while in PD iron accumulation occurs in the
substantia nigra pars compacta (Langley et al., 2016). In order to investigate the functional and
cellular consequences of iron accumulation and its relation with neurodegenerative disorders,
we have developed an animal model of iron overload (Schrdder et al., 2013). We have found
that iron overload increases oxidative stress (de Lima et al., 2005) and apoptotic markers (Miwa
et al., 2011; da Silva et al., 2014), induces reactive gliosis (Fernandez et al., 2011), decreases
the expression of the synaptic marker, synaptophysin (da Silva et al., 2014), induces alterations
in the ubiquitin-proteasome system (Figueiredo et al., 2016) as well as in the expression of
proteins involved in mitochondrial dynamics (da Silva et al., 2014). In the present study, we
aimed to investigate whether iron overload interferes with BDNF signaling in the hippocampus.
Interestingly, iron-treated rats presented a reduction in hippocampal BDNF levels, whereas no
effect was observed on the expression of neurotrophin receptors, TrkB and p75N™R. BDNF
reductions have been observed in post mortem brains of AD patients (for a review, see Tanila,
2017), and are known to be critically involved in hippocampal synaptic plasticity and learning
and memory (Minichiello, 2009). We can raise the possibility that BDNF reduction in iron-
treated rats may explain at least partially, persistent memory deficits observed in this animal

model.
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DFP is a ferric iron chelator that can be administered orally, possesses high lipophilicity
and high tissue penetration, and has been indicated for treating systemic iron overload in
thalassaemia major patients. Compared to other iron chelators such as deferoxamine that not
readily cross the blood brain barrier (BBB), DFP presents higher lipophilicity, this allows it to
act intracellularly beyond the BBB (Kakhlon et al., 2010). Besides that, deferoxamine is not
orally active and its administration can be uncomfortable and expensive (Ma et al., 2012). Here
we showed that chronic DFP in adulthood was able to restore recognition memory in animals
treated neonatally with iron, without affecting general exploratory activity measured in the open
field or time exploring objects in the memory acquisition phase of object recognition task.
Sripetchwandee and coworkers (2014) have demonstrated that DFP administered for 4 weeks
improved spatial learning, tested in the Morris water maze, and synaptic plasticity in rats fed a
high iron diet. While the effects of DFP on memory are poorly established, other iron chelators
have also proved to attenuate memory impairments. For instance, systemic deferoxamine
improved spatial memory in an animal model of neuroinflammation induced by
lipopolysaccharide (Zhang et al., 2015) as well as in rats submitted to traumatic brain injury
(Zhang et al., 2013). Intranasal deferoxamine also reversed spatial memory impairments in
transgenic mice expressing amyloid precursor protein (APP) and presenilin (Guo et al., 2013)
and also improved spatial memory in the radial arm maze in tau transgenic mice (Fine et al.,
2012). Our research group has also demonstrated that deferoxamine was able to reverse age-
related recognition memory impairments (de Lima et al., 2008).

In the present study, in addition to rescuing recognition memory impairment induced by
iron, DFP also increased hippocampal BDNF levels in iron-treated rats. Recent studies have
shown that deferoxamine recovers BDNF levels in a mouse model of post-operative cognitive
dysfunction (Li et al., 2016), and in transgenic AD mice (Guo et al., 2015). Another iron

chelator, clioquinol, increased BDNF levels in an animal model of parkinsonism and dementia
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associated to tau knockout (Lei et al., 2015). A novel multifunctional, brain-permeable iron-
chelating drug, VAR10303, increased BDNF levels and restored cognitive dysfunction in aged
rats (Bar Am et al., 2015). In an effort to comprehend the mechanisms mediating iron chelation-
induced BDNF increases, one study showed that deferoxamine was able to activate the
transcriptional activator hypoxia-inducible factor 1 (HIF-1) signaling, which regulates the
expression of adaptive proteins such as iron uptake proteins, divalent metal transporter 1 with
iron responsive element (DMT1+IRE) and transferrin, as well as BDNF (Guo et al., 2015). How
iron accumulation leads to decreases in BDNF levels remain unknown. However, we can
suggest that iron-induced oxidative stress, mitochondrial and synaptic disruption, may
altogether lead to BDNF lessening, which would, in turn, contribute to cellular collapse. Thus,
neuroprotective actions of DFP may be related to the prevention of iron-induced oxidative
stress. In fact, we have shown that iron chelation reduced oxidative damage in hippocampus
and cortex of aged rats and also ameliorated memory impairments (de Lima et al., 2008). On
the other hand, evidence suggests that BDNF may play a role in modulating iron metabolism.
Zhang and coworkers (2014) have demonstrated that the dopaminergic toxin 6-
hydroxydopamine increases iron influx in primary cultured ventral mesencephalic neurons via
up-regulation of DMT1+IRE and this effect is consistently mitigated by BDNF. Hence, BDNF
modulation of iron uptake may be at least partially related to its neuroprotective effects. In turn,
increasing BDNF levels contributes to memory rescuing effects. For instance, lentiviral gene
transfer of BDNF into theentorhinal cortex, increased BDNF protein levels in
the hippocampus and improved hippocampal dependent memory in APP transgenic mice and
aged rats (Nagahara et al., 2009), and inhibition of TrkB signalling exacerbated the spatial
memory deficit, whereas overexpression of TrkB rescued spatial memory in APP/PS1

transgenic mice (Kemppainen et al., 2012).
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Deficits in glucose metabolism usually relate to decreased brain function associated to
neuronal death in affected areas. For instance, in AD patients, reduced uptake of FDG has been
observed in temporal, parietal, posterior cingulated, and inferior parietal cortical areas (Chew
and Silverman, 2013; Li et al., 2008). Consistently, changes in cerebral glucose uptake have
been detected in transgenic models of AD. In the present study we aimed to determine whether
iron overload would induce alterations in cerebral FDG uptake. In spite of consistent
experimental evidence linking iron treatment with neural dysfunction and cognitive deficits, no
significant changes in FDG uptake were detected. Neural hypometabolism observed in animal
models of AD seems to follow a progressive age-dependent pattern. MacDonald and coworkers
(2014) reported that glucose uptake was decreased in 13 months old 5XFAD mice (five-
mutation familial AD mouse model), but not when measures were made in early stages, at 2 or
5 months. In addition, glucose uptake was also investigated in an animal model of tauopathy
(tauVLW transgenic mice) and revealed an age-related decrease in FDG uptake that was
significant from the age of 11 months, and became much more prominent in the oldest animals
(19 months of age) (de Cristobal et al., 2014). In our study, we have only measured FDG uptake
at one time-point, when animals were 3 months old. It is possible that cellular alterations
observed in these animals do not suffice to induce detectable decreases in metabolic activity at
the age measured in the present study. In a previous study, we have characterized that iron-
induced memory deficits are exacerbated in aged rats (Rech et al., 2010), thus it is possible that
iron-induced effects may also be progressive and had we measured at later time-points, an effect
could have been observed. Nevertheless, a recent longitudinal study reported behavioral
alterations accompanied by histopathological changes that suggest neurodegeneration in an
animal model of neuro-HIV, without significant changes in FDG uptake (Reid et al., 2016).
Another possibility that could explain of the lack of iron-induced effects on FDG uptake may

be related to the fact that iron treatment leads to astrogliosis (Fernandez et al., 2011). Since glial
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cells also use glucose as energy source, iron-induced astrogliosis could mask a possible
decreased neuronal activity (Waldron et al., 2015). Furthermore, to our knowledge, no
preclinical or clinical studies investigated the effects of iron chelators on cerebral glucose
metabolism. In the present study, our control group treated for 21 days with DFP has not

differed from the control group, corroborating its safety.

5. Conclusion

In summary, here we showed that DFP was able to restore memory impairment and increase
hippocampal BDNF levels, without inducing any apparent side effect. Agents that increase
neurotrophic signaling have been proposed as promissory in the treatment of neurodegenerative
disorders. Considering that DFP proved to be successful in rescuing iron-induced memory
deficits, and the significance of iron accumulation in diseases featuring severe memory
impairments, such as AD, the present study provides support to the use of DFP in clinical trials

including AD patients.
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Figure captions
Figure 1 — Effect of chronic DFP on recognition memory in iron-treated rats.
Obiject recognition memory in rats treated neonatally with vehicle (\Veh) or iron and given water
(Wtr) or deferiprone (DFP) chronically in adulthood (3 months of age). Statistical analysis was
performed using one way analysis of variance (ANOVA) followed by Tukey’s post hoc test.
Data are expressed as mean + standard error of the mean (SEM). N = 10 - 18 per group (see
also Table 2 for N in each individual group). Statistically significant differences between Iron-

Witr vs. other groups in LTM retention session are indicated as ** P < 0.0001.

Figure 2 — Effect of iron neonatal treatment and chronic adult DFP on cerebral FDG
uptake analysis by microPET scan.

Assessment of hippocampal (A) and cortical (B) metabolic activity in adult rats submitted to
neonatal iron treatment and DFP in adulthood, 24h after the last DFP administration,
determined by FDG uptake. Data are expressed as mean + SEM, N = 4 - 8 animals per group.

No significant differences were found among the groups (one-way ANOVA).

Figure 3 — Effect of neonatal iron treatment and chronic adult DFP on hippocampal
BDNF levels.

Data are expressed as mean + SEM pg of BDNF/ug of protein, N = 5 - 8 animals per group.
Rats were euthanized for BDNF measurements 24h after the completion of behavioral testing.
Differences between Iron-Witr versus other groups are indicated as: *P < 0.05 (Tukey’s post

hoc test).
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Figure 4 — Effect of iron neonatal treatment and chronic adult DFP on hippocampal gene
expression of p75NTR and TrkB neurotrophin receptors. Relative p75N™R or TrkB gene
expression in the hippocampus of adult rats treated neonatally with vehicle (Veh) or iron and
treated with water (Wtr) or Deferiprone (DFP) chronically in the adulthood. Samples obtained
from 5-6 animals in each group were normalized to Hprtl expression and run in quadruplicate.
Statistical analysis was performed using one-way ANOVA. Data are expressed as mean *

S.E.M. No significant differences were found among the experimental groups.



Table 1. Primer sequences for RT-qPCR experiments included in the study
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Gene Forward primer Reverse primer Reference
Hprtl | 5’-GCAGACTTTGCTTTCCTTGG-3’ 5’-CGAGAGGTCCTTTTCACCAG-3’ | Bonefeld et
al., 2008
p75NTR | 5-CTGATGCTGAATGCGAAGAG-3’ | 5-TCACCATATCCGCCACTGTA-3’ Fcr ihe?:ilrﬁgg
2014
TrkB | 5-CGGATGTTGCTGACCAAACC-3’ | 5’-ACCCATCCAGGGGGATCTTA-3> | Gaoetal.,

2014




Table 2 — Total time (in seconds + S.E.M.) of object exploration during the training trial of

object recognition of iron-treated rats submitted to chronic DFP administration.

GROUP N Total time (s)
Vehicle — water 11 66.7+7.0
Vehicle — DFP 10 63.9+4.0

Iron — water 18 58.4+4.7
Iron — DFP 10 75.2+59

No significant differences were found among the groups.
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Table 3 — Open-field behavior of iron-treated rats submitted to chronic adult DFP

administration.

GROUP N | Latency tostart | Number of
locomotion (s) crossings
(Mean + (Mean +
S.E.M) S.E.M)
Vehicle — water 11 6.1 £0.88 75.0+8.2
Vehicle — DFP 10 8.0+ 1.55 66.6 + 7.8
Iron — water 18 7.5+0.83 81.5+3.9
Iron — DFP 10 7.3+1.7 73.4+6.1

Open-field behavior was analyzed during the habituation session for the object recognition

task in iron-treated rats after chronic DFP administration. Data are expressed as mean + SEM.

No significant differences among the groups were found.
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3.1 CONCLUSOES

A quelacéo de ferro na idade adulta, através do tratamento crénico com deferiprona,

reverte os déficits de memdria induzidos pelo ferro neonatal.

O tratamento neonatal com ferro ocasiona uma reducdo nos niveis protéicos do fator

neurotrofico do cérebro (BDNF) no hipocampo.

O tratamento crénico com o quelante de ferro, deferiprona, na idade adulta restaura os
niveis protéicos do fator neurotréfico do cérebro (BDNF) no hipocampo apds reducéo

ocasionada pela administracdo de ferro no periodo neonatal.

O tratamento neonatal com ferro ndo provoca alteracdes estatisticamente significativas
na expressao génica do receptor tirosina quinase (TrkB) e p75N™R no hipocampo de ratos

controles e ratos tratados.

A anélise do metabolismo glicolitico com 8F-FDG, atraves do escaneamento com 0
microPET na idade adulta, de ratos controles e de ratos tratados com ferro no periodo
neonatal e tratados com quelante de ferro, ndo provoca alteracdes estatisticamente

significativas nem no hipocampo e nem no cértex cerebral.
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3.2 CONSIDERACOES FINAIS

Esta amplamente aceito que o ferro é essencial no cérebro neonatal para o
desenvolvimento neuroldgico normal e para o estabelecimento da concentracdo de ferro no
cérebro adulto, j& que a absorcéo do ferro no cérebro é maxima durante o periodo neonatal
(Moos, 2002; Connor et al., 2005). Evidéncias consistentes sugerem que o acumulo de ferro
cerebral esta implicado criticamente na patogénese de doencas neurodegenerativas (Belaidi e
Bush, 2016). Por exemplo, 0 mapeamento da distribuicdo de ferro pela RM (Ressonancia
Magnética) revelou que os pacientes com DA tém os niveis de ferro aumentado no putamen,
tamamo pulvinar, nicleo vermelho, hipocampo e cértex temporal (Langkammer et al., 2014).
Para investigar as consequéncias funcionais e celulares do acimulo de ferro e sua relagdo com
distarbios neurodegenerativos, desenvolvemos um modelo animal de sobrecarga de ferro
(Schroder et al., 2013). Descobrimos que a sobrecarga de ferro aumenta o estresse oxidativo
(de Lima et al., 2005) e marcadores apoptéticos (Miwa et al., 2011, da Silva et al., 2014), induz
a gliose reativa (Fernandez et al., 2011), diminui a expressdo do marcador sinaptico,
sinaptofisina (da Silva et al., 2014), induz alteracGes no sistema ubiquitina-proteassoma
(Figueiredo et al., 2016), bem como na expressdo de proteinas envolvidas na dindmica
mitocondrial (da Silva et al., 2014).

Os nossos resultados demonstraram que os ratos tratados com ferro apresentaram uma
reducdo nos niveis de BDNF do hipocampo, enquanto que nédo se observou efeito na expressao
de receptores de neurotrofina, TrKB e p75. As reducGes de BDNF tém sido observadas em
cérebros post mortem de pacientes com DA (Tanila, 2017). Sabe-se que 0 BDNF esté& envolvido
criticamente na plasticidade sinaptica do hipocampo e no aprendizado e na memoria
(Minichiello, 2009). Podemos levantar a possibilidade de que a reducdo do BDNF em ratos
tratados com ferro possa explicar, pelo menos parcialmente, déficits de memoria persistentes

observados neste modelo animal.

A necessidade de compreensio da etiologia das doengas neurodegenerativas, soma-se a
busca por estratégias de prevencdo e tratamento dessas doencas. Nesse trabalho, objetivamos
investigar o potencial terapéutico do deferiprona (DFP). O DFP é um quelante de ferro férrico
que pode ser administrado por via oral, possui alta lipofilicidade e alta penetragao nos tecidos
e vem sendo indicado para o tratamento de sobrecarga sistémica de ferro em pacientes com

talassemia maior. O presente estudo permite demonstrar que o tratamento crénico com DFP na
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idade adulta foi capaz de restaurar a memaria de reconhecimento em animais tratados com ferro
no periodo neonatal, sem afetar a atividade exploratdria geral medida em campo aberto ou o
tempo explorando objetos na fase de aquisicdo de memdria da tarefa de reconhecimento de

objetos.

No nosso trabalho, além de restaurar o déficit cognitivo induzido pela sobrecarga de
ferro, DFP também aumentou os niveis de BDNF no hipocampo em ratos tratados com ferro.
Estudos recentes demonstraram que outro quelante de ferro, a deferoxamina, recupera os niveis
de BDNF em um modelo murino de disfuncao cognitiva pos-operatoria (Li et al., 2016) e em
camundongos transgénicos para a DA (Guo et al., 2015). Outro quelante de ferro, o clioquinol,
aumentou os niveis de BDNF em um modelo animal de parkinsonismo e deméncia associada
ao knockout de tau (Lei et al., 2015). Os mecanismos pelos quais o acimulo de ferro leva a
diminuicdes nos niveis de BDNF ainda permanecem desconhecidos. No entanto, podemos
sugerir que o estresse oxidativo induzido pelo ferro, os prejuizos mitocondrial e sinaptico,
podem levar a reducdo do BDNF, o que, por sua vez, contribuiria para a morte celular. Por
outro lado, evidéncias sugerem que o0 BDNF pode desempenhar um papel na modulacéo do
metabolismo do ferro. Zhang e colaboradores (2014) demonstraram que a toxina dopaminérgica
6-hidroxidopamina aumenta o influxo de ferro em neurénios mesencefalicos ventrais primarios
cultivados através de regulacdo positiva do transportador de metal divalente 1 com elemento
responsivo ao ferro (DMT1 + IRE) e este efeito € consistentemente atenuado pelo BDNF.
Assim, a modulacdo exercida pelo BDNF na absorcdo de ferro pode estar pelo menos

parcialmente relacionada com os seus efeitos neuroprotetores.

Os déficits no metabolismo da glicose normalmente se relacionam com a diminuicéo da
funcéo cerebral associada a morte neuronal em areas afetadas. Por exemplo, em pacientes com
DA, adiminuic&o da captacdo de analogo de glicose radiomarcado F-FDG tem sido observada
nas areas corticais parietal temporal, parietal, posterior cingulada e inferior (Chew e Silverman,
2013; Li et al., 2008). No presente estudo, apesar das evidéncias experimentais consistentes que
ligam o tratamento com ferro a disfuncao neural e aos déficits cognitivos, ndo foram detectadas
alterac@es significativas na captacio de ®F-FDG. A reducdo do metabolismo glicolitico neural
observado em modelos animais de DA parece seguir um padrdo progressivo dependente da
idade. MacDonald e colaboradores (2014) relataram que a absorcao de glicose foi diminuida
em camundongos 5XFAD (modelo de camundongo de DA com cinco mutagdes) com 13 meses
de idade, mas ndo quando as medidas foram feitas nos estagios iniciais, aos 2 ou 5 meses. Em

nosso estudo, apenas medimos a captacdo de ¥F-FDG em um ponto de tempo, quando os
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animais tinham 3 meses de idade. E possivel que as alteracdes celulares observadas nestes
animais ndo sejam suficientes para induzir diminuigdes detectaveis na atividade metabdlica na
idade medida no presente estudo. Além disso, até onde sabemos, nenhum estudo pré-clinico ou
clinico investigou os efeitos dos quelantes de ferro sobre 0 metabolismo da glicose. No presente
estudo, 0 nosso grupo controle tratado durante 21 dias com DFP ndo diferiu do grupo que

recebeu somente veiculo, corroborando a sua seguranca.

Em concluséo, esse trabalho demonstra que uma sobrecarga de ferro reduz os niveis de
BDNF e que a quelagdo de ferro restabelece a expressdo protéica de BDNF, podendo o DFP
ser uma droga de protecao para o sistema nervoso. Espera-se que esse estudo possa contribuir
a outras pesquisas na busca de um melhor entendimento do estresse oxidativo ocasionado pelo
ferro, ja que os agentes que aumentam a sinalizacdo neurotrofica tém sido propostos como

promissores no tratamento de tratamentos neurodegenerativos.
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1 - Comprovante de aprovacgdo do projeto de pesquisa pela CEUA

,;;.:‘ SIPESQ

Sistema de Pesquisas da PUCRS

Caédigo SIPESQ: 7205 Porto Alegre, 15 de agosto de 2016.

Prezado(a) Pesquisador(a),

A Comisséo de Etica no Uso de Animais da PUCRS apreciou e
aprovou o Projeto de Pesquisa "Andlise do envolvimento do Fator Neutréfico
Derivado do Cérebro (BDNF) e do metabolismo glicolitico cerebral através
do escaneamento com microPET sobre a disfungéo cognitiva induzida pelo
acumulo de ferro cerebral" coordenado por NADJA SCHRODER.

Sua investigagao, respeitando com detalhe as descrigdes
contidas no projeto e formularios avaliados pela CEUA, esta autorizada a
partir da presente data.

Informamos que é necessario o encaminhamento de relatério
final quando finalizar esta investigagcdo. Adicionalmente, ressaltamos que
conforme previsto na Lei no. 11.794, de 08 de outubro de 2008 (Lei Arouca),
que regulamenta os procedimentos para o uso cientifico de animais, é
fungdo da CEUA zelar pelo cumprimento dos procedimentos informados,
realizando inspecdes periddicas nos locais de pesquisa.
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