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Resumo

TEIXEIRA, Cardoso Fernanda. Inosinacom um agente neuroprotetor em modelos
experimentais para a Doenca de Alzheimer. 2020. 153f. Tese de Doutorado -
Programa de Pd6s-Graduacdo em Bioquimica e Bioprospecc¢éo, Universidade Federal
de Pelotas, Pelotas, 2020.

A doenca de Alzheimer (DA) € uma patologia neurodegenerativa e a principal causa
de deméncia em idosos. Acerca dos mecanismos patofisiolégicos envolvidos na DA
pode-se destacar o déficit colinérgico, o estresse oxidativo, a neuroinflamacéo e as
alteracdes na sinalizacao purinérgica. Considerando que os farmacos disponiveis para
a DA apenas aliviam os sintomas, a busca por terapias mais eficazes torna-se
importante. A inosina é uma purina endégena que possui acdes antioxidantes, anti-
inflamatoérias e neuroprotetoras. Assim, o objetivo desse trabalho foi investigar os
efeitos dessa purina na memdéria e em parametros neuroquimicos em modelos
experimentais de DA. Foram avaliados dois protocolos: no primeiro, os ratos foram
divididos nos seguintes grupos: controle, escopolamina (SCO), SCO + inosina (50
mg/kg) e SCO + inosina (100 mg/kg). A inosina foi pré-administrada por 7 dias, por via
intraperitoneal. No oitavo dia, a SCO foi administrada pré ou pés-treino da tarefa de
esquiva inibitéria. No segundo, os ratos foram divididos nos grupos: controle,
estreptozotocina (STZ), STZ + inosina (50 mg/kg) e STZ + inosina (100 mg/kg). STZ
foi administrada por injecdo intracerebroventricular e os animais foram tratados com
inosina durante 25 dias. Em ambos os protocolos, a inosina foi capaz de prevenir 0s
déficits de memodria, alteracdes em enzimas colinérgicas e estresse oxidativo em
cortex cerebral e hipocampo. No modelo de DA induzido por STZ, a inosina também
foi capaz de diminuir a imunorreatividade do receptor de adenosina A2a, aumentar 0s
niveis de citocinas anti-inflamatorias e a expressao do fator neurotréfico derivado do
cérebro (BDNF) e seu receptor (TrkB). As alterac6es morfologicas induzidas pelo STZ
no hipocampo também foram atenuadas pelo tratamento com inosina (50 e 100
mg/kg). Os resultados obtidos demonstraram que a inosina afeta mdailtiplos alvos
cerebrais, sugerindo que este nucleosideo pode ter um importante potencial
terapéutico contra déficits cognitivos e danos teciduais associados a DA ou outras
doencas neurodegerativas.

Palavras-chave: Alzheimer, memodria, inosina, ratos, hipocampo, BDNF



Abstract

TEIXEIRA, Cardoso Fernanda. Inosine as neuroprotective agent in experimental
models for Alzheimer's disease. 2020. 153f. Doctoral Thesis - Graduate Program in
Biochemistry and Bioprospecting, Federal University of Pelotas, Pelotas, 2020.

Alzheimer's disease (AD) is a neurodegenerative disease and the main cause of
dementia in the elderly. Regarding the pathophysiological mechanisms involved in AD,
we can highlight the cholinergic deficit, oxidative stress, neuroinflammation and
changes in purinergic signaling. Considering that the drugs available for AD only
relieve symptoms, the search for more effective therapies becomes important. Inosine
is an endogenous purine that has antioxidant, anti-inflammatory and neuroprotective
actions. Thus, the objective of this work was to investigate the effects of this purine on
memory and on neurochemical parameters in experimental models of AD. Two
protocols were evaluated: in the first, the rats were divided into the following groups:
control, scopolamine (SCO), SCO + inosine (50 mg / kg) and SCO + inosine (100 mg
/ kg). Inosine was pre-administered for 7 days, intraperitoneally. On the eighth day,
SCO was administered pre- or post-training for the inhibitory avoidance task. In the
second, the rats were divided into groups: control, streptozotocin (STZ), STZ + inosine
(50 mg / kg) and STZ + inosine (100 mg / kg). STZ was administered by
intracerebroventricular injection and the animals were treated with inosine for 25 days.
In both protocols, inosine was able to prevent memory deficits, changes in cholinergic
enzymes and oxidative stress in the cerebral cortex and hippocampus. In the STZ-
induced AD model, inosine was also able to decrease the A2A adenosine receptor
immunoreactivity, increase the levels of anti-inflammatory cytokines and the
expression of the brain-derived neurotrophic factor (BDNF) and its receptor (TrkB). The
morphological changes induced by STZ in the hippocampus were also mitigated by
treatment with inosine (50 and 100 mg / kg). The results obtained demonstrated that
inosine affects multiple brain targets, suggesting that this nucleoside may have an
important therapeutic potential against cognitive deficits and tissue damage associated
with AD or other neurodegenerative diseases.

Keywords: Alzheimer, memory, inosine, rats, hippocampus, BDNF.
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1 Introducéo

A doenca de Alzheimer (DA) é caracterizada clinicamente por um declinio na
funcdo cognitiva, que afeta principalmente a memoéria de curto prazo, sendo
observada majoritariamente na populagcdo idosa (BLENNOW, LEON e
ZETTERBERG, 2006; DHULL e KUMAR, 2018; MOBLEY e CHEN, 2019;
CHAKRABORT e DIWAN, 2020). A DA apresenta uma natureza progressiva,
resultante de falha singptica, dano neuronal e morte celular em areas especificas do
cérebro, como cortex cerebral e hipocampo, as quais sdo essenciais para 0
processamento da memoria (PRESTON e EICHENBAUM, 2013; SCHELTENS et al.,
2016; GHAI et al., 2020).

A caracterizacdo clinica da DA inicia de forma sutil reconhecida pela falha de
memoria sendo denominada por comprometimento cognitivo leve (Mild Cognitive
Impairment — MCI) que lentamente se torna mais grave e, em Ultima fase denomina-
se deméncia do tipo Alzheimer, que é a forma altamente incapacitante (MCKHANN et
al.,1984; AMIDFAR et al., 2020; CHAKRABORT e DIWAN, 2020). Os principais
achados neuropatolégicos que caracterizam a DA sdo a presenca de placas
extracelulares compostas de agregados do peptideo B-amiloide (AB) e emaranhados
neurofibrilares intracelulares, os quais sdo formados pela hiperfosforilacdo da proteina
Tau (CHEN, 2018). Além disso, tem sido demonstrado que outros mecanismos estédo
envolvidos na patofisiologia da DA tais como a neuroinflamacao, estresse oxidativo,
disfuncdo mitocondrial e altera¢des na sinalizagdo colinérgica e purinérgica (FERRER,
2012; AMATO, TERZO e MULE, 2019; SONNTAG et al., 2017; HOYER, 2004; CELLAI
et al., 2018; CIESLAK e WOJTCZAK, 2018; CHEN, 2018; MCLARNON et al., 2006;
VARMA et al., 2009, LANGE et al., 2020; UDDIN et al., 2020).

A prevaléncia da DA é diretamente proporcional ao envelhecimento da
populacdo (PRINCE et al., 2013). Dados indicavam que em 2015 cerca de 46,85
milhdées de pacientes com DA no mundo, para 2030 seriam 74,7 milhdes e em 2050
131,5 milhdes (INSTITUTO ALZHEIMER BRASIL, 2019; CHAKRABORT e DIWAN,
2020). A cada ano aproximadamente 7,7 milhdes de novos casos sao diagnosticados
(ALZHEIMER'S ASSOCIATION, 2017). No Brasil, a estimativa € que em 2020 existem
1,6 milhdes de pacientes portadores de DA (INSTITUTO ALZHEIMER BRASIL, 2019).

A epidemiologia € impactante e reflete a repercussao dessa patologia para a
saude publica, em funcdo do grande numero de acometidos e, ainda, em relacdo aos

prejuizos acarretados no cotidiano do individuo portador e nas suas relacdes
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interpessoais, bem como por haver intervencdes terapéuticas limitadas (DHULL e
KUMAR, 2018). O tratamento e o atendimento diario de pacientes com DA sao
considerados onerosos em aspectos tanto emocionais quanto econdémicos (CRYSTAL
e GLANZMAN, 2020). A terapéutica tem como objetivo maximizar a capacidade de
funcionalidade na vida diaria, manter a qualidade de vida e retardar a progressao dos
sintomas, ja que a cura ainda néo é possivel (KOUHESTANI, JAFARI e BABAEI, 2018;
SCHELTENS et al., 2016; CUMMINGS et al., 2019). Compreendendo o impacto
negativo que a DA possui e considerando que muitos pacientes se tornam refratarios
ao tratamento padrdo com medicamentos inibidores das colinesterases e antagonistas
dos receptores N-metil-D-aspartato (NMDA), torna-se imprescindivel a busca por
novas alternativas terapéuticas (ALZHEIMER'S ASSOCIATION, 2010; UNZETA et al.,
2016; WOODS et al., 2016; DHULL e KUMAR, 2018; DOS SANTOS et al., 2018;
HUANG, CHAO e HU, 2020).

A inosina é um metabdlito proveniente da desaminacdo da adenosina em uma
reagdo catalisada pela enzima adenosina desaminase (ADA) no meio intra e
extracelular, ou ainda pela desfosforilagdo do monofosfato de inosina ou inosina
monofosfato (IMP) pela enzima 5’-nucleotidase (CD73) (BARANKIEWICKZ e COHEN,
1985; RUHAL e DHINGRA, 2018). Dados da literatura tém demonstrado que a inosina
possui importantes acdes farmacologicas, tais como, atividade antioxidante, anti-
inflamatéria e neuroprotetora (GOMEZ e SITKOVSKY, 2003; HASKO,
SITKOVSKYand SZABO, 2004; WU et al., 2008; MABLEY et al., 2009; DACHIR et al.,
2014; KURICOVA et al, 2014; RHURAL e DHINGRA, 2019). Essas acdes
farmacoldgicas da inosina podem estar relacionadas com a interacdo dessa molécula
com receptores de adenosina, especialmente A1 e A2a (JIM, 1998; WEI et al., 2011).
Pode-se observar essas acdes em diferentes estudos usando modelos experimentais
de dor, inflamacgéo, depresséo e encefalomielite (NASCIMENTO et al., 2010; Da
ROCHA-LAPA et al., 2013; MUTO et al, 2014; JUNQUEIRA et al., 2016;
GONGALVES et al., 2016).

Nesse contexto, o objetivo do presente trabalho foi investigar o potencial da
inosina, em modelos experimentais para a DA, em prevenir déficits de memdéria, bem
como investigar mecanismos bioquimicos, moleculares e morfolégicos envolvidos no

possivel efeito neuroprotetor deste nucleosideo.
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2 Referencial tedrico
2.1 Sistema Nervoso Central e memoria

O sistema nervoso central (SNC) é composto por duas estruturas principais
denominadas medula espinhal e encéfalo. O encéfalo por sua vez subdivide-se em
cérebro, cerebelo e tronco encefalico. As células desse sistema sdo divididas em
neurdnios e células gliais (astrocitos, oligodendrécitos e microglia) (NIEUWENHUYS,
VOOGD e CHRISTIAAN, 2007).

Os neurénios sao responsaveis pela sinalizacado elétrica e suas interconexdes
denominadas sinapses (FARHY-TSELNICKER e ALLEN, 2018). As células gliais
participam da neurogénese, da migracdo e da sinaptogénese. A medida que os
circuitos neurais amadurecem, as células gliais cumprem papéis importantes na
comunicacdo sinaptica, plasticidade, homeostase e atividade no nivel da rede por
meio de monitoramento dinadmico e alteracdo da estrutura e funcdo do SNC (ALLEN
e LYONS, 2018). Destacam-se pela regulacéo da recuperacao tecidual apés lesdo e
sua disfuncdo € um possivel fator contribuinte para doencas neurodegenerativas
(GREENHALGH, DAVID e BENNETT, 2020).

Nesse complexo sistema sdo formadas as memorias, que séo resultados das
experiéncias vividas, onde o cérebro € capaz de converter a realidade em codigos ou
esquemas (PRESTON e EICHENBAUM, 2013). Essa conversao pode ser em sinais
elétricos ou bioquimicos, e os neurbnios sdo as células responsaveis por essa
traducdo, que também pode ser denominada memoaria celular, ou seja, a conversao
de um sinal transitério em uma resposta sustentada (INNISS e SILVER, 2013).

N&o existe uma definicdo universal de memdria, mas o termo pode ser
entendido como um processo de aquisi¢do, formacéo, conservagao e evocacao, 0
qgual envolve a retencao de informacdes especificas (CRYSTAL e GLANZMAN, 2020).
Primeiro, durante o aprendizado ou também chamado de aquisi¢cdo, o cérebro deve
formar rapidamente uma representacdo neural inicial da nova experiéncia. Segundo,
o cérebro deve consolidar a nova representacdo em uma organizagao que é otimizada
para recuperacdo quando alimentada por um estimulo, que pode estar apenas
distante associado a uma caracteristica da experiéncia inicial (PRESTON e
EICHENBAUM, 2013). Uma simples classificagdo da memoéria pode ser feita de
acordo com a funcéo, o contetdo e com o tempo de duracdo. Assim, € apresentada a
memoria de trabalho, as memoérias declarativas e procedurais e, por fim, as memarias

de curta e longa duragéo, respectivamente (IZQUIERDO et al., 1999).
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A memoria de trabalho € um tipo de memoéria que ndo produz arquivos e hao
€ acompanhada de alteracGes bioquimicas ou comportamentais relevantes. Quanto a
memo©ria de conteddo, existem as declarativas, que sao registros de fatos, eventos ou
conhecimentos e sua falha gera episédios de amnésia, e as procedurais, que sdo do
tipo automatico e implicito relacionadas com as capacidades, os habitos e as
habilidades do individuo (IZQUIERDO e MCGAUGH, 2000). Quanto a duracao, ha
indicios que ambas utilizam as mesmas estruturas cerebrais, porém com mecanismos
distintos, sendo consideradas fendomenos diferentes, mas relacionadas entre si
(FURINI et al., 2013). Podemos observar a classificacdo basica das memorias na
Figura 1 (IZQUIERDO et al., 1999).

FUNCAO
-- trabalho
0P &0
L3 T3005:% MEMORIA .
) CONTEUDO

-- declarativas
-- procedurais

TEMPO QUE DURAM
-- curta duragdo
-- longa duragdo

Figura 1. Tipos de mémoria. Adaptado de IZQUIERDO et al., (1999).

O mecanismo sinaptico preferencial para aprendizagem e memoria em
mamiferos € o potencial de longo prazo (Long Term Potenciation- LTP), que é
mediado pela ativagdo de receptores NMDA poés-sinapticos (CRYSTAL e
GLANZMAN, 2020). Uma vez ativados, os receptores NMDA abrem os canais de
calcio e com o0 aumento da concentracdo desse ion ha ativagdo de proteina quinase
dependente de calcio /calmodulina (CaMKII) e proteina quinase C (PKC), o que leva
a fosforilagédo/atividade de p43, liberacdo de glutamato e favorece a persisténcia de
LTP (IZQUIERDO, FURINI, e MYSKIW, 2016). Assim, a base biologica para a
formacdo de memorias sdo as alteracbes estruturais das sinapses, e seu
armazenamento se dé através de modificacdes da sua forma e sua funcdo nas redes
neurais em nivel celular e singptico (CRYSTAL e GLANZMAN, 2020), ou seja, a
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memoria esta associada a remodelacéo e crescimento de sinapses preexistentes e a
formacéo de novas sinapses (BAILEY, KANDEL, e HARRIS, 2015).

E relatado que os padrdes eletrofisiologicos de neurdnios induzidos pela
aprendizagem na regido do hipocampo sao repetidos durante o sono sem movimento
rapido dos olhos (Rapid Eye Moviment-REM) e essa reativacao hipocampal tem um
papel fundamental na consolidacdo da memdéria (ABEL et al., 2013). De acordo com
Preston e Eichenbaum (2013), a interacdo pos-aprendizagem entre o hipocampo e o
cortex € uma formacdo de esquemas de memoria, que facilita a protecdo das
informacBes em caso de danos, e essas duas estruturas cerebrais suportam a
codificacdo rapida de novas informacdes, a consolidacdo e organizacéo das redes de
memoéria. Observa-se que as memdrias de contetdo declarativas possuem como
regido cerebral moduladora mais especifica o hipocampo, e vale ressaltar a relacéo
direta das primeiras lesdes caracteristicas da DA nessa regido (CRYSTAL e
GLANZMAN, 2020).

No decorrer do envelhecimento dos individuos ocorre uma perda neuronal que
ir& refletir negativamente na fungéo cognitiva, entretanto quando essa perda ocorre de
forma muito intensa, além do que se poderia esperar em condicdes fisiologicas,
caracteriza-se um quadro de deméncia (IZQUIERDO et al., 1999). O termo deméncia
se refere a perturbacdo de mudltiplas funcbes cerebrais incluindo memoria,
pensamento, orientacdo, compreensdo, calculo, capacidade de aprendizagem,
linguagem e julgamento, que podem interferir nas atividades diarias do individuo
(DESHMUKH et al., 2016). A definicdo atual para deméncia, como classificado pelo
manual Diagnostic and Statistical Manual of Mental Disorders (DSM-5), é um
transtorno neurocognitivo maior, caracterizado por declinio cognitivo significativo em
um ou mais dominios cognitivos de forma evidente e suficiente para interferir no
desempenho e independéncia do individuo nas suas atividades da vida diaria
(AMERICAN PSYCHIATRIC ASSOCIATION, 2013). Existem diversas causas para
sua manifestacdo, entre elas podemos citar a deméncia vascular, a deméncia
alcoolica, a deméncia com corpos de Lewy e a forma mais comum entre elas, que € a
DA (IZQUIERDO et al., 2004).

2.2 Doenca de Alzheimer
A DA é uma disfuncao crbnica e progressiva, dentre as mais prevalentes no

mundo, manifestada clinicamente como uma insuficiéncia mental progressiva, fungbes
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cognitivas desordenadas, alteracdes de personalidade e declinio das atividades
diarias do individuo acometido (CHAKRABORTY e DIWAN, 2020). Ocorre devido a
lesdo neuronal, a perda sinaptica e a morte celular que acomete principalmente as
regides do cértex cerebral e do hipocampo (PRESTON e EICHENBAUM, 2013;
SCHELTENS et al., 2016; LUCHENA et al., 2018; GHAI et al., 2020).

A classificacdo da DA pode ser em: inicio precoce/familiar, que corresponde a
1-5% dos casos (resultado de mutacbes na presenilina 1 e 2), e de inicio
tardio/esporadico, que representa a maior parte dos casos dos portadores desta
patologia (WHO, 2015; CHAKRABORTY e DIWAN, 2020). Os fatores de risco
identificados se referem ao avanco da idade, inatividade fisica ou doencas que
potencialmente desempenham um papel importante no inicio da DA, como diabetes,
hipertensao, tabagismo, obesidade e dislipidemia (GOEDERT e SPILLANTINI, 2006).

O primeiro relato de DA foi descrito pelo psiquiatra alemé&o Alois Alzheimer em
1906. Ap6s mais de um século de sua descoberta, a etiologia da doenca ainda ndo
esta completamente elucidada e nenhum tratamento modificador da doenca esta
disponivel (BERCHTOLD e COTMAN, 1998; HIPPIUS e NEUNDORFER, 2003;
KROLAK-SALMON et al., 2018). Entretanto, esta bem estabelecido na literatura que
0 acumulo de A e a hiperfosforilacdo da proteina Tau sdo mecanismos importantes
envolvidos na fisiopatologia da DA (YIANNOPOULOU et al.,, 2013; SELKOE e
HARDY, 2016; CHEN, 2018).

O AB é gerado a partir da proteina precursora amiloide (APP) por dois eventos
de clivagem consecutivos através da atividade proteolitica realizada pela - secretase
e pelo complexo enzimatico y-secretase, o qual € constituido pelas proteinas
presenilinas 1 e 2, dentre outras proteinas (GOEDERT e SPILLANTINI, 2006). Os A,
por sua vez, se depositam no meio extracelular em formacdes densas, de placas,
prejudicando a morfologia e funcéo das sinapses (AULD et al., 2002). De acordo com
a “hipotese amiléide”, a producao de AB no cérebro inicia uma cascata de eventos que
levam a sindrome clinica da DA, aos quais a neurotoxicidade € principalmente
atribuida a inflamacéao local, oxidacéo e excitoxicidade (glutamato excessivo) (ANAND
et al., 2017). Em pacientes com DA, também ocorre a hiperfosforilacdo da proteina
Tau, a qual torna-se insolluvel e acumula-se como filamentos emaranhados que levam
a degeneracao neuronal e disfuncdo sinaptica. A Tau € uma proteina que atua na
estabilizacdo dos microtubulos no citoesqueleto, sendo fundamental no crescimento

axonal e desenvolvimento neuronal (KAMAT et al., 2014). E provavel que as vias do
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AB e da proteina Tau hiperfosforilada atuem em paralelo causando a DA e, também,
potencializando os efeitos toxicos de ambas (YIANNOPOULOU e PAPAGEORGIOU,
2020).

Embora o mecanismo exato que desencadeia a formagéo de placas senis e
emaranhados neurofibrilares ainda nao seja totalmente conhecido, sabe-se que essas
alteracdes provocam les6es no SNC com consequente morte neuronal, refletindo em
perda de memodria e alterag6es sintomaticas e comportamentais (ANSOLEAGA et al.,
2015). Entretanto, outros mecanismos também estdo envolvidos na patogénese da
DA, tais como neuroinflamacéo, estresse oxidativo, disfuncdo mitocondrial, falha no
metabolismo energético e alteracbes nas sinalizacbes colinérgica e purinérgica,
alguns deles elucidados na Figura 2 (HOYER et al., 2004; MCLARNON et al., 2006;
VARMA et al., 2009; FERRER, 2012; SONNTAG et al., 2017; CELLAI et al., 2018;
CIESLAK e WOJTCZAK, 2018; CHEN, 2018; AMATO,TERZO e MULE, 2019; LANGE
et al., 2020; UDDIN et al., 2020).
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Figura 2. Mecanismos patofisiolégicos envolvidos na doenca de Alzheimer. Adaptado de DHULL e
KUMAR, (2018).

Em paralelo, a identificacdo da variante e4 (apoE-¢4) do gene da

apolipoproteina E (apoE), a principal apolipoproteina encontrada no cérebro, como o
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fator genético de risco mais comum para a DA de inicio tardio, sugere que o colesterol
pode ter um papel na patogénese da doenca (LOWE, GASER e FRANKE, 2016;
MOORE et al., 2019). Assim, esse fator também se encontra envolvido na patogénese
da DA e esta associado ao aumento da inflamacéo cerebral (OPHIR et al., 2005).
Niveis elevados de colesterol foram correlacionados com uma maior incidéncia de
comprometimento da memoria e deméncia (SALKOVIC-PETRISIC et al., 2013). O
mecanismo molecular pelo qual a apoE contribui para a fisiopatologia da DA ainda é
debatido, no entanto um efeito bem caracterizado do apoE-¢4 inclui a integridade da
barreira hematoencefalica prejudicada (HALLIDAY et al., 2015). Além da funcédo
classica de transporte lipidico, a apoE pode participar do efluxo de particulas como o
A do cérebro para o sangue (BUTTERFIELD e MATTSON, 2020).

O diagnéstico atual da DA é clinico, baseando-se principalmente no histérico
familiar, nas alteracdes cognitivas ou comportamentais, nos testes para avaliacao
fisica e neurologica, além dos exames sanguineos e de imagens cerebrais para excluir
outras causas potenciais de deméncia (ALZHEIMER'S ASSOCIATION, 2017). A
confirmacéo do diagndstico s6 pode ser obtida com a analise morfol6gica post-mortem
do tecido encefalico (KALARIA et al., 2008; CHAKRABORTY e DIWAN, 2020).

O tratamento disponivel tem como principal objetivo maximizar a capacidade
do paciente de funcionalidade na vida diaria, manter a qualidade de vida e retardar a
progressao dos sintomas, ja que a cura ainda néao € possivel (KOUHESTANI, JAFARI
e BABAEI, 2018). Os medicamentos aprovados pelo Food and Drugs Association
(FDA) sao inibidores de colinesterase (donepezil, rivastigmina e galantamina), e um
antagonista do receptor N-metil-D- aspartato (memantina) (SCHELTENS et al., 2016;
YIANNOPOULOU e PAPAGEORGIOU, 2020). Esses farmacos ndo atuam
diretamente na patologia da DA, mas permitem que o cérebro compense a perda de
neurbnios que se comunicam através da acetilcolina (ACh), e ajudam a gerenciar
alguns dos sintomas da deméncia (dos SANTOS et al., 2018). No entanto, cabe
ressaltar que estes farmacos causam efeitos colaterais e além disso, muitos pacientes
podem tornar-se refratarios ao tratamento padrdo (ASHFORD et al., 2015; GRAHAM,
BONITO-OLIVA e SAKMAR, 2017).

Além do impacto biopsicossocial gerado na vida do individuo portador e de sua
familia, a DA tem implicacGes econdmicas significativas em termos de custos médicos
(CRYSTAL e GLANZMAN, 2020). A pesquisa visando compreender 0s mecanismos

patofisioldgicos ainda pouco esclarecidos, bem como desenvolver novas ferramentas
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terapéuticas, se tornam relevantes tanto pelo aumento da expectativa de vida
populacional quanto pelo apelo de medicamentos inovadores. Assim, desenvolver
alternativas que possibilitem melhorar a qualidade de vida dos pacientes e talvez
encontrar a cura da DA tornam-se essenciais (FARLOW, MILLER e PEJOVIC, 2008;
YIANNOPOULOU e PAPAGEORGIOU, 2020).

2.2 Mecanismos envolvidos na patofisiologia da Doencga de Alzheimer
2.3.1 Déficit Colinérgico

O sistema colinérgico € composto pelo neurotransmissor ACh, que é sintetizado
no citosol dos neurbnios colinérgicos pré-sinapticos pela enzima colina
acetiltransferase (ChAT), a partir dos substratos colina e acetilcoenzima A (acetil-
CoA). Uma vez sintetizado, a ACh é transportada através do transportador vesicular
de ACh (VAChT) e armazenado em vesiculas sinapticas (PICCIOTTO, HIGLEY
e MINEUR, 2012; FERREIRA-VIEIRA et al., 2016).

A liberacdo da ACh na fenda sinaptica ocorre por exocitose, podendo interagir
com os receptores especificos que irdo efetivar e determinar seus efeitos bioldgicos.
Esses receptores dividem-se em muscarinicos (MAChRS), os quais sdo acoplados a
proteina G e 5 subtipos foram descritos, M1, M2, M3, M4 e M5 (LANGMEAD,
WATSONA e REAVILLA, 2008), e nicotinicos (NAChRS), os quais sado do tipo canal
iGbnico, e podem ser compostos pela combinagao de 17 diferentes subunidades (a1-
10, B1-4, , € e y) (ALBUQUERQUE et al., 2009).

Na fenda sinaptica, a ACh é rapidamente hidrolisada pela enzima
acetilcolinesterase (AChE) ou ainda pela enzima butirilcolinesterase (BuChE) em
acetato e colina que, pode ser recaptada pelo transportador de colina de alta afinidade
para o neurdnio pré-sinaptico a fim de ser utilizada para sintese de novas moléculas
de ACh (FERREIRA-VIEIRA et al., 2016). A AChE ¢é a principal enzima responsavel
por essa hidrolise, ja que esta presente principalmente nas sinapses do SNC e
alteracdes na sua atividade podem ser relacionadas a disponibilidade de ACh e
consequentemente distarbios no SNC (GUTIERRES et al.,, 2014). Os principais

componentes do sistema colinérgico podem ser observados na Figura 3.


https://journals.sagepub.com/action/doSearch?target=default&ContribAuthorStored=Yiannopoulou%2C+Konstantina+G
https://journals.sagepub.com/action/doSearch?target=default&ContribAuthorStored=Papageorgiou%2C+Sokratis+G

25

S. colinérgico
4
/ P fe
&7 ®Ace!il-(0;\\
g S
L'O|IHGQ (Ft 5 e
@ == @y |
¢ Ca*2 Ca®2
Ca+2 t_—
— ,"" \\v‘
(S S— y @ e
@ AChRn
ca2 p Icol
2
@« @ @

Receptores acetilcolina
ACh acetilcolina Q 2
T oo
N @
) v
o AChRm

Receprores acetlicoling

FERREIRA-VIEIRA &t &l , 2016

Figura 3. Representacao do Sistema colinérgico. Adaptado de Ferreira- Vieira et., (2016).

As estratégias terapéuticas disponiveis para combater os déficits cognitivos
baseiam-se no aumento dos niveis do neurotransmissor ACh, uma vez que estes
estdo reduzidos na DA, através dos inibidores das colinesterases (UNZETA et al.,
2016; YIANNOPOULOU e PAPAGEORGIOU, 2020). Assim, se da a validacdo do
sistema colinérgico como um importante alvo terapéutico na DA (HAMPEL et al., 2018,
CHAKRABORTY and DIWAN, 2020, STANCIU et al., 2020), uma vez que destaca-
se a importancia desses inibidores em atuar em ambas enzimas colinesterases:
BuChE e AChE (GUO et al., 2020; WU et al., 2020; HA et al., 2020).

A hip6tese mais antiga sobre a DA introduzida no inicio da década de 80 foi
descrita como a hip6tese colinérgica. Iniciou com achados sobre a diminuicdo da
atividade da enzima ChAT em pacientes com DA no Reino Unido em 1976 (NESTOR
et al., 2004; ASFORD, 2015). Desde entédo varias alteracbes nos componentes do
sistema colinérgico tém sido documentados na patologia da DA, tais como: aumento
na atividade da AChE em regides especificas do SNC como a amigdala, hipocampo
e cortex cerebral (IZQUIERDO et al.,2004; AGRAWAL et al., 2009; UNZETA et al.,
2016; SORIAL e SAYED, 2017), reducdo do numero de neurbnios colinérgicos do
nacleo basal de Meynert (GREENWALD e DAVIS, 1983), diminuicdo na expresséao de
VAChT (PRADO et al., 2006) e diminuicdo da atividade da ChAT (BLOKLAND e
JOLLES, 1994; UNZETA et al., 2016).

O sistema colinérgico esta envolvido em processos fisioldgicos como atencao,
memoria, resposta ao estresse, sono e vigilia, além de estar principalmente

correlacionado com processos de aprendizagem (SCHLIEBS e ARENDT, 2006).
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Considerando que a ACh tem um papel importante para 0s processos cognitivos,
déficits na transmissdo colinérgica podem potencialmente influenciar todos os
aspectos da cognicéo e do comportamento (SCHLIEBS e ARENDT, 2011).

Além disso, uma ligagdo entre o sistema colinérgico e a inflamacdo foi
estabelecida através da descoberta que a ACh suprimia a liberacéo de citocinas proé-
inflamatorias de macroéfagos ativados em tecidos periféricos via receptores nicotinicos
(WANG et al., 2003). Assim observou-se também a presenca de uma via semelhante
no cérebro, uma vez que a ACh age nos mesmos receptores nicotinicos atenuando a
liberacdo de citocinas pré-inflamatérias de células da micréglia. Portanto, essa via
anti-inflamatéria colinérgica fornece um mecanismo fisioldgico que liga a ACh a
inibicdo da inflamacao (SHYTLE et al., 2004).

Neurdnios colinérgicos parecem ter maior demanda de energia, e, portanto,
devem responder de maneira mais sensivel a deprivacéo de glicose relacionada ao
evelhecimento (SCHLIEBS e ARENDT, 2011). Além disso, a ACh apresenta papéis
adicionais na participagdo na homeostase cerebral geral e na plasticidade,
destacando portanto que as alteracbes do sistema colinérgico sdo componentes
importantes para o desenvolvimento da DA (HAMPEL et al., 2018).

2.3.2 Estresse Oxidativo

O estresse oxidativo é uma condicdo gerada pelo desequilibrio entre a
producdo de espécies reativas e as defesas antioxidantes (HALLIWELL et al., 2006).
Dentre as espécies reativas de oxigénio (EROs) pode-se citar o anion superdxido
(O2+-), radical hidroxila (HO¢), peréxido de hidrogénio (H2032), oxigénio singleto (1032)
e sobre as espécies reativas de nitrogénio (ERN) podemos destacar o 6xido nitrico
(NO) e o peroxinitrito (ONOO-). Em condi¢des celulares normais, EROs e ERN
funcionam como mediadores de processos celulares, que incluem resposta imune e
sinalizacédo celular (HALLIWELL, 2012). Entretanto, quando ha o aumento de espécies
reativas, sobrepondo as defesas antioxidantes, essas espécies podem gerar danos a
componentes celulares como lipidios, proteinas e acido desoxidoribonucleico (DNA)
e contribuir para o desenvolvimento de varias patologias, dentre elas a DA (OLIVEIRA
et al., 2018; DEBOM et al., 2016; PACHECO et al., 2018).

Para evitar efeitos deletérios das espécies reativas o organismo conta com uma

protecao através de sistemas antioxidantes (SNEZHKINA et al., 2019). Antioxidante &
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qualquer substancia que, quando presente em baixas concentra¢cdes comparada com
a de um substrato oxidavel, atrasa ou inibe significativamente sua oxidac&o
(BUTTERFIELD e HALLIWELL, 2019). Os sistemas antioxidantes encontrados no
organismo podem ser classificados como enziméticos ou ndo-enzimaticos. As defesas
antioxidantes enzimaticas sdo compostas pelas enzimas catalase (CAT), superéxido
dismutase (SOD) e glutationa peroxidase (GPx), que trabalham em conjunto afim de
minimizar os danos oxidativos. Outro sistema antioxidante conhecido é o néo-
enzimatico, que € composto pela glutationa (GSH), acido ascorbico (Vitamina C), a-
tocoferol (Vitamina E) e alguns polifendis (HALLIWELL e GUTTERIDGE, 1995).

Durante o envelhecimento, a consideravel formacdo de EROs pela cadeia
transportadora de elétrons nas mitocondrias associada a uma diminuigédo do sistema
antioxidante constituem um fator de risco para o desenvolvimento da DA (HUANG,
ZHANG e CHEN, 2016). Além disso, presenca de AR interfere diretamente na cadeia
transportadora de elétrons nas mitocondrias e altera a producdo de EROs,
colaborando para o aumento do estresse oxidativo (MAO e REDDY, 2011). Ainda, o
estresse oxidativo pode levar ao aumento dos niveis de calcio intracelular, que gera
disfuncédo sinaptica, resultando em morte neuronal (Figura 4) (BUTTERFIELD e
HALLIWELL, 2019).
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Figura 4. Envolvimento do estresse oxidativo na progresséo DA. Fonte:autoria propria.

Outro fator relevante é a disfuncdo no metabolismo da glicose cerebral, em
modelos animais e pacientes com DA, em decorréncia do dano oxidativo e nitrosativo
(SONTAG et al., 2017; DHULL e KUMAR, 2018). Alteragbes oxidativas em enzimas
como aconitase (enzima ferro/enxofre do ciclo de kerebs), creatina quinase (enzima

gue ajuda os neurdnios a manter os niveis de adenosina trifosfato (ATP) em equilibrio)
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e ATP sintase nas mitocondrias cerebrais, possibilitam explicar a reducdo no
metabolismo da glicose, bem como a diminuicdo da producédo de ATP cerebral em
pacientes com DA (SONTAG et al., 2017). A diminuicdo de ATP reduz a capacidade
dos neurdnios de manter os gradientes idnicos, dificultando a propagagéo do potencial
de acdo e consequentemente, a neurotransmissdo e, por fim, gerando disfuncao
cognitiva (BUTTERFIELD e HALLIWELL, 2019). Assim, considerando 0 exposto,
percebe-se que dados da literatura utilizando tanto estudos clinicos quanto modelos
experimentais tém sido consistentes em demonstrar que o0 estresse oxidativo esta
associado a fisiopatologia da DA (MARKESBERY, 1999; GUTIERRES et al., 2014;
HUANG, ZHANG e CHEN, 2016; GUMUSYAYLA et al., 2016; DESHMUKH et al.,
2016; DHULL E KUMAR et al.,2018; PACHECO et al., 2018; KOUHESTANI, JAFARI
e BABAEI, 2018; AMATO, TERZO e MULE, 2019).

2.3.3 Fator Neurotrofico Derivado do Cérebro (BDNF)

Dentre os importantes fatores neurotréficos secretados pelos neurfnios e
astrocitos podemos citar o fator neurotréfico derivado do cérebro (BDNF). O BDNF é
o fator de crescimento neurotréfico mais amplamente distribuido no SNC e
desempenha um importante papel nas areas cerebrais envolvidas com a meméria e
funcdes cognitivas superiores, incluindo hipocampo, cortex e prosencéfalo basal
(KORTE e SCHMITZ, 2016; LEAL et al., 2017). O papel neurobiol6gico do BDNF
envolve promocgdo da sobrevivéncia e diferenciacdo neuronal e glial além da
regulacdo da transmissédo sinaptica (CALDEIRA et al., 2007; JERONIMO-SANTOS
et al., 2014). Posteriormente a sua liberacdo, ocorre a ativacédo do receptor da tirosina
quinase B (TrkBR) e consequentemente as suas cascatas de sinalizacdo, as quais
contribuem para eventos de transcricdo génica criticos para plasticidade sinaptica,
LTP e func&o cognitiva (BEKINSCHTEIN et al., 2011; SONG et al., 2015; SASI et al.,
2017).

Os niveis reduzidos de BDNF foram detectados em patologias
neurodegenerativas, como a DA (CUNHA, BRAMBILLA e THOMAS, 2010). Em
amostras cerebrais post-mortem de pacientes com DA foi observada uma diminui¢céo
nos niveis de mMRNA do BDNF e do seu respectivo receptorTrkBR (CONNOR et al.,
1997; HOLSINGER et al., 2000) e demostraram correlacdo negativa com a funcéo
cognitiva (PENG et al., 2005).
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Segundo Espana e colaboradores, (2010) o AB foi responsavel, no hipocampo,
pela reducdo da expressdo de BDNF e de seu receptor TrkBR, além disso, o AB
interfere no transporte axonal de BDNF (RAMSER et al., 2013). O BDNF é capaz de
aumentar a LTP na area do hipocampo CA1, a qual esta diretamente relacionada a
memoria (JERONIMO-SANTO et al., 2014). Nesse sentido, reducdes nos niveis de
BDNF bem como na expressdo de TrkbR sdo fortemente associadas com a
fisiopatologia da DA (AMIDFAR et al., 2020). As alteracdes cognitivas observadas na
DA podem ser resultado de plasticidade neuronal prejudicada através da via de
sinalizacdo interrompida dos fatores neurotroficos, contribuindo assim, para a
disfuncéo cognitiva (TAPIA-ARANCIBIA et al., 2008; BUDNI et al., 2015).

Além disso, estd bem estabelecido que a proteina de ligacdo responsiva ao
3’5"-adenosina-monofosfato-ciclico (CAMP) (CREB) é um fator de transcricdo que
desempenha um papel critico na cognicéo. Na verdade, o CREB é um alvo molecular
essencial subjacente ao aprendizado e a memoria (LEE et al., 2009). A transcri¢do do
CREB esta diminuida no tecido hipocampal post-mortem de pacientes com DA
(PUGAZHENTHI et al., 2011). A regulacao negativa do BDNF e do CREB foi sugerida
como dois importantes eventos das vias de sinalizagao pelas quais AB prejudica a
cognicdo e a memaria na DA, sendo entdo causa da disfuncdo sinaptica (LEE et al.,
2009). O efeito do AB na perda neuronal do hipocampo, na inibicdo da LTP e na
neurodegeneracdo causa comprometimento da plasticidade sinptica e déficit de
memoéria, mediado por alteracbes dependentes da sinalizacdo BDNF/CREB via
cAMP/proteina quinase A (PKA) (VITOLO et al., 2002; FAHNESTOCK, 2011;
AMIDFAR et al., 2020). Os niveis de expresséao alterada de BDNF ou uma quebra de
sinalizacdo BDNF-TrkB, pode levar a perda de sinapses e disfuncéo cognitiva, bem
como a ocorréncia precoce de regulacdo negativa do BDNF esta associado com o
curso da DA sugerindo gravidade do comprometimento cognitivo (SONG et al., 2015).

A diminuicdo do BDNF surge como possivel motivo subjacente que promove
disfuncdo neuronal na DA. Medidas para restaurar os niveis cerebrais desse fator
aparecem como uma estratégia de tratamento, visando efeitos benéficos na
aprendizagem e memodria, pois modulando o aumento da expressdo de BDNF/CREB
poderia mesmo apo6s o inicio clinico da DA, proteger os pacientes de déficits de
memoria e problemas cognitivos (ROSA e FAHNESTOCK, 2015). Porém, o proprio
BDNF apresenta propriedades farmacocinéticas desfavoraveis para administracdes

sistémicas devido a sua curta meia-vida plasmatica e baixa penetragdo na barreira
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sangue/cérebro, logo, tentativas de aumentar os niveis cerebrais, de forma indireta,

seriam uma abordagem terapéutica valida (TANILA, 2017).

2.3.4 Na*, K*- ATPase

Em 1957 foi proposta a ideia de proteinas ligadas & membrana plasmatica das
células eucariobticas com propriedades cataliticas denominadas
adenosinatrifosfatases (ATPases), ou seja, enzimas que hidrolisavam unica e
exclusivamente a molécula de ATP. Com o avanco das pesquisas, foi demonstrado
que essas enzimas possuem varias funcdes fisiologicas importantes tais como a
manutenc¢ao dos potenciais de membrana, a regulacéo do volume e do pH intracelular
e o0 co-transporte de moléculas. As ATPases sao classificadas em: F-ATPases, P-
ATPases, V-ATPases, ABC-ATPases. Entre as P- ATPases, denominadas bomba de

fons, temos as enzimas sodio (Na™) potassio (KT) ATPase (Na™,K*-ATPase) e célcio
(Ca"®) ATPase (Ca'’-ATPase) (SKOU e ESMANN, 1992).
Em condicdes fisioldgicas, a Na*,K*- ATPase é responsavel pela translocacéo

de trés fons Na® para o meio extracelular e dois ions K* para o meio intracelular,
contra seus gradientes de concentracdo, caracterizando um transporte ativo e

produzindo um gradiente eletroquimico na membrana (ZHANG et al., 2013). Assim, a

Nat Kt-ATPase torna-se uma enzima fundamentalmente responsavel pela
manutenc¢dao do gradiente ibnico necessario para a excitabilidade neuronal (MOSELEY
et al., 2007).

Arelacdo da Nat K*T-ATPase com o déficit de memdria tem sido estabelecida,
uma vez que a diminuicdo da sua atividade ou expresséo resulta em reducéo de K*
intracelular e acimulo de Na™, despolarizando a membrana e aumentando as

concentracdes de Ca™? intracelular, prejudicando assim a sinalizacdo neuronal e
causando morte celular (LEES et al., 1990; GUTIERREZ et al., 2014; MOSELEY et
al., 2007). A ruptura da homeostase de ions e do balanco osmdtico interfere no

processamento do sinal, ou seja da informacdo que sera convertida em memoria.

Assim, o envolvimento da Na™,K*-ATPase em processos representativos para estudo
de memoria e aprendizado € relevante e sua modulacdo € fundamental (ZHANG et
al., 2013).
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Uma das hipéteses para a reducdo da atividade da Na®,K*-ATPase esta
relacionada com o estresse oxidativo (STRECK et al.,, 2001). Postula-se que as
espécies reativas sao responsaveis por perturbacdes na atividade da bomba de ions,
que pode ocorrer devido a oxidacdo dos grupos sulfidrilas (SH) ou, ainda, dos lipideos
de membrana, desestabilizando dessa forma o transporte i6nico (CARVALHO et al.,
2015; CARVALHO et al., 2017). Outra explicacdo plausivel para a diminuicdo da
atividade e/ou expressdo da Na*,K*-ATPase na DA é essa enzima ser diretamente
inibida por altas concentragdes do AR (DICKEY et al., 2005). Assim, sugerindo que as
alteracdes enzimaticas encontradas na DA podem nao ser puramente secundarias a
perda neuronal, mas resultar de efeitos diretos do AB. Ainda, a atividade da enzima
pode ser prejudicada pela reducdo na disponibilidade de ATP devido a disfuncdes
mitocondriais (BENARROCH, 2011).

A enzima Nat KT-ATPase, independente da sua funcdo de bomba de fons, é
capaz também de formar complexos com outras proteinas de membrana e
desencadear sinais de transducdao intracelular, que estdo envolvidos na plasticidade
sinaptica (BENARROCH, 2011). Dessa forma, pode desencadear o crescimento de
dendritos em neurdnios corticais via ativacdo de quinases de proteinas ativadas por
mitdbgeno (MAPK) e vias das proteinas quinases dependente de Ca2/calmodulina
(DESFRERE et al., 2009).

Considerando a implicacdo da Na*,K*t-ATPase tanto na funcdo de bomba de
ions quanto na plasticidade sinaptica, observa-se que alteracbes na atividade da
enzima podem ser geradas por disturbios de estresse oxidativo, de neuroinflamacao
e pela presenca de AR (STRECK et al., 2001; DICKEY et al., 2005; ZHANG et al.,
2013; GUTIERRES et al., 2014; PACHECO et al., 2018). Sendo esses componentes
patofisiologicos caracteristicos e presentes na patologia DA, surge a necessidade de
estudos visando compreender os mecanismos de relacdo entre eles, bem como, a

avaliacdo de compostos com potencial de restaurar ou prevenir alteracdes nas

funcdes da Nat,K*-ATPase associadas a distirbios neurodegenerativos

2.3.5 Neuroinflamacéao
A inflamacg&o € uma resposta do sistema imune projetada para protecéo, e o
termo neuroinflamacao se refere a inflamagéo no SNC (HENEKA et al., 2015). A DA

esta fortemente associada a uma inflamacéo crénica no SNC, uma vez que estudos
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tém demonstrado que o AB pode ligar-se a receptores especificos presentes nas
células residentes, desencadeando a resposta imune inata e liberando mediadores
inflamatorios, que contribuem para progresséao e gravidade da doenca (FEMMINELLA
et al., 2019, GRAY, KINGHORN, e WOODLING, 2020).

O papel das respostas imunes inata e adaptativa na patogenia da DA esta
relacionado com a neuroinflamacdo (SCHETTERS et al., 2017). Na imunidade inata
as células dendriticas sao responsaveis pela producao de citocinas pro-inflamatorias.
Os monacitos, se diferenciam em macrofagos ou microglia sendo responsaveis pela
fagocitose (BAJRAMOVIC, 2011). A microglia atua principalmente regulando a
homeostase do microambiente e ao ter seu fendtipo ativado por insultos ao SNC
aumenta a liberacdo de citocinas pro-inflamatorias. Observa-se nesse contexto da
neuroinflamacao, que os astrocitos também séo capazes de produzir citocinas, além
de exercer o reconhecimento e depuracao de AB (LI etal., 2011, TEJERA e HENEKA,
2016).

Em relacdo a resposta imune adaptativa ja foi observada uma diminuicdo dos
linféitos T no sangue de alguns pacientes com DA (SCHETTERS et al., 2017), embora
um aumento da infiltracao de células T também foi mostrado em cérebros de pacientes
(MCGEER et al., 1988), principalmente no hipocampo (TOGO et al., 2002). Assim,
observa-se uma migracao de linfocitos T auxiliares CD4 (TCD4) para o SNC que induz
a diferenciacdo da micrdglia e participa da minimizacdo dos danos da DA, enquanto
os linfécitos T citotoxicos CD8 (TCD8) atuam interagindo com a micréglia associada
AB, modulando sua atividade. Por fim, o AB estimula os linfécitos B a produzirem
anticorpos anti-Ap e esses anticorpos ativam células da glia, desencadeando uma
resposta imune (GUILLOT-SESTIER e TOWN, 2013; MARSH et al., 2016;
ANDREASSON et al., 2016; UNGER et al., 2018).

A micréglia é reconhecida como um dos principais componentes da resposta
imune inata cerebral (LATTA, BROTHERS e WILCOCK, 2014; CALSOLARO e
EDISON, 2016). A ativacdo microglial no cérebro de pacientes com DA suporta a
chamada "hipotese inflamatoria” (HENEKA et al., 2015). Nesse contexto, o fenotipo
ativado da microéglia produz fatores pré-inflamatoérios, como citocinas (IL-1 8, IL-6, IL-
12 e fator de necrose tumoral a (TNF-a), radicais livres além de neurotoxinas que
promovem disfuncao no sistema imune (COUTURIER et al., 2010; KRAFT e HARRY,
2011).
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No microambiente da DA, ha perda de feedback microglial e o equilibrio das
acOes pré e anti-inflamatorias € desviado do equilibrio homeostético fisiologico
(GRAY, KINGHORN, e WOODLING, 2020). Alteracdes neuroinflamatorias também
podem ser denominadas circuitos, uma vez que em resposta a um estimulo
(envelhecimento, estresse oxidativo, AB) ha ativacdo microglial através da via
dependente de fator nuclear kappa B (NFkB) e da via MAPK, com consequente
liberacdo de fatores proé-inflamatorios (TNF-a, IL-1B e IL-6) de forma ciclica,
resultando em dano neuronal. Dessa forma, sugere-se que as fungdes microgliais
devem ser mantidas em equilibrio para apoiar a funcdo neuronal saudavel (GRAY,
KINGHORN e WOODLING, 2020).

Existe uma associacdo entre producéo de citocinas pré-inflamatdérias de células
residentes no cérebro e a neurodegeneracao (HASKO, SITKOVSKY e SZABO, 2004),
tanto em modelos animais quanto em pacientes, tornando a inflamacdo uma
caracteristica crucial relacionada a DA (RIVERA-OLIVER e DIAZ-RIOS, 2014). Dentre
as citocinas secretados no SNC a IL-10 possui acao anti-inflamatéria e contribui para
a neuroprotegédo (ZHOU et al., 2009, FOUDA et al., 2013), neurogénese (PEREZ-
ASENSIO et al.,, 2013) e plasticidade sinaptica do hipocampo relacionada ao
aprendizado e a memoéria (KELLY et al., 2001; TALAAT et al., 2016). A IL-10 é
regulada negativamente em ratos idosos submetidos a um modelo de DA (RAVELLI
et al., 2017; MAJKUTEWICZ et al., 2018). Zhou e colaboradores (2009) constataram
que, quando regulada positivamente apds o dano, essa citocina apresenta um efeito
neuroprotetor. Nesse ambito, também destaca-se a citocina IL-4, por desempenhar
um papel importante na memdéria e na aprendizagem, além de regulador a atividade
do sistema imunoldgico. A IL-4 pode ser responsavel por efeitos neuroprotetores nos
astrocitos, atraves da producédo de BDNF, fornecendo um mecanismo pelo qual essa
citocina afeta a cognicao de forma positiva. Em suma, parece que a auséncia de IL-4
aumenta a vulnerabilidade a neuroinflamacéo (GAMBI et al., 2004; DERECKI et al.,
2010; GADANI et al., 2012).

Dessa forma, assim como € relatado que a ativagao microglial € um importante
mecanismo que contribui para o declinio cognitivo e para a neurodegeneracédo, a
literatura também sugere que os astrécitos desempenham um papel crucial para o
processo de neuroinflamacéo e neurodegeneracéo (PHILLIPS et al., 2014; OSBORN
et al., 2016). Juntamente com a ativacdo da microglia, astrocitos hipertroficos reativos

se reunem em torno de AR, conforme relatado em estudos post-mortem em humanos
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(MEDEIROS e LAFERLA, 2013), bem como em modelos animais (OLABARRIA et al.,
2010). Os astrocitos representam entre 30 e 50% das células neurais e sao
reconhecidos por fornecer suporte aos neurdénios. Essas células possuem multiplos
papeis como a secrec¢do de importantes fatores neurotroficos, manutencéo dos niveis
ibnicos no meio extracelular, captacéo e liberacdo de diversos neurotransmissores,
participacdo na formacdo da barreira sangue/cérebro, além de auxiliar na defesa
imune por meio da sintese e secrecao de diversas citocinas inflamatérias (GOMES et
al., 2013). Uma vez expostos ao AB, os astrécitos liberam varias moléculas pré-
inflamatorias, como citocinas, interleucinas (IL), 6xido nitrico e outros compostos
citotoxicos, ampliando a resposta neuroinflamatéria (MEDEIROS e LAFERLA, 2013).

E relatada que a depuragdo de AP é realizada pelas enzimas neprisilina e
metaloproteases, que estdo presentes nos astrocitos, e quando ha desregulacao
nesse processo o resultado é o acumulo patolégico desse peptideo, determinando
uma correlacdo positiva entre essa alteracdo e 0 comprometimento cognitivo
(MINTER, TAYLOR e CRACK, 2016). Considerando o papel dos astrdcitos no SNC,
alterac6es no funcionamento destas células, bem como a liberagdo exacerbada de
mediadores inflamatorios, podem impactar na homeostase cerebral, contribuindo
assim para a neurodegeneracdo (Figura 5). Os astrécitos respondem a insultos no
SNC através de um processo chamado astrogliose reativa, o qual pode ser definido
como uma resposta de reparo que se caracteriza por hipertrofia de astrécitos,
alongamento protuberante, expressdo de proteinas acida fibrilar glial (GFAP) e

proliferacéo de astrocitos apds dano (SAWIKR et al., 2017).
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Figura 5. Processo de neuroinflamacgédo contribuindo para fisiopatologia DA. Fonte:autoria propria.
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Em geral, as células gliais desempenham um papel importante na transmissao
neural e na remodelacdo das sinapses, pois facilitam a remocao de sinapses nao
essenciais pela erradicacao de conexdes inadequadas (COHEN e TORRES, 2019;
ARRANZ e STROOPER, 2019). Entretanto, na fisiopatologia da DA, observa-se que
essas células sustentam uma resposta inflamatéria superexpressa que sinergiza com
o acumulo de AB e Tau hiperfosforilada e, impulsiona a sinaptotoxicidade e a
neurodegeneracdo de uma maneira auto-reforcada. A partir dessa descoberta houve
ampliacdo do panorama de pesquisa para prevencdo do declinio cognitivo da DA
(HAMPEL et al., 2020).

Em paralelo, pode-se relacionar a neuroinflamacao com o sistema purinérgico,
mais especificamente receptores adenosinérgicos pois, a ativacao dos receptores de
adenosina apresenta diferentes efeitos na inflamag&o. Como por exemplo, o receptor
A1 e o receptor As tém efeitos inibitorios na gliose reativa, enquanto o receptor Az
promove reacdes de ativacao da glia (LIU et al., 2019). A ativac&o dos astrocitos pode
levar ao aumento da secrecdo de mediadores inflamatérios como a liberacao de 6xido
nitrico (NO), EROS e citocinas pro-inflamatorias (TNF-a, IL-1 e IL-6) (PHILLIPS et al.,
2014). A astrogliose e a neuroinflamacgéo parecem ser componentes integrais do inicio
e progressao da DA, que juntamente com a perda neuronal colinérgica sdo achados

comuns em andlises cerebrais de pacientes post-mortem (BLUM e ZUO, 2013).

2.3.6 Sistema Purinérgico

O sistema purinérgico compreende o0s nucleotideos e nucleosideos de adenina
como adenosina trifosfato (ATP), adenosina difosfato (ADP), adenosina monofosfato
(AMP), adenosina e inosina, bem como enzimas e receptores especificos
(BURNSTOCK, 2017). A sinalizagdo induzida pelos nucleotideos e nucleosideos no
meio extracelular est4 relacionada com a acdo das enzimas como as ecto-
nucleosideo-trifosfo-difosfoidrolases (E-NTPDases), ecto-5"-nucleotidase (CD73) e a
ADA (ZIMMERMANN, 2001). Essas enzimas atuam em conjunto formando uma
cascata enzimatica que tem inicio com a acdo da NTPDase a qual hidrolisa ATP e
ADP até AMP. O AMP gerado é hidrolisado pela CD73 formando a adenosina. A
adenosina formada € degradada a inosina pela acdo da ADA. No entanto, a adenosina
também pode ser gerada de forma alternativa pela via ndo candnica, iniciada pela
enzima ADP-ribose hidrolase ciclica (CD38) que hidroliza a nicotinamida dinucleotideo

de adenina (NAD+) como sustrato formando adenosina difosfato ribose (ADPR) ou
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adenosina difosfato ribose ciclico (cADPR), esse € hidrolisado pela
pirofosfatase/fosfodiesterases 1 (NPP1/CD203a) promovendo a formacdo de AMP
que é metabolizado pela CD73, originando adenosina. A CD203a também pode
hidrolisar NAD+ diretamente gerando AMP que sera hidrolisado pela CD73 originando
adenosina, e consequentemente inosina pela acdo da ADA (FERRETTI et al.,2019).
A inosina gerada em ambas as vias, por sua vez, € hidrolizada a xantinas pela enzima
purina nucleosideo fosforilase (PNP), e as essas xantinas através de enzimas
oxidases d&o origem ao &cido Urico, produto final da via (HASKO, SITKOVSKY e
SZABO, 2004) (Figura 6).
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Figura 6. Componentes do Sistema Purinérgico. Fonte:autoria prépria.

Os nucleotideos e nucleosideos de adenina podem mediar suas acoes através
de receptores purinérgicos localizados na superficie de varios tipos de células. Os
receptores para o ATP e 0 ADP se dividem em dois grupos: P2X e P2Y (BURNSTOCK,
2009). A familia dos receptores P2X é composta por sete membros denominados de
P2X1-P2X7. Estes receptores estdo ligados a canais idnicos seletivos para cétions
monovalentes e bivalentes. Os receptores P2Y possuem oito subtipos: P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, e P2Y14 e séo receptores acoplados a proteina
G (YEGUTKIN, 2008).

Os receptores P2X sdo amplamente expressos no SNC tanto em neurdnios
quanto em células gliais (BURNSTOCK et al.,, 2011). O P2X7 se destaca por
desempenhar um papel crucial na neuroinflamacédo e neurodegeneracdo, uma vez
gue esse receptor é capaz de regular a atividade de a-secretases, enzimas envolvidas
na formacao do AR, pois sua ativacao afeta a atividade de PKC, MAPKSs ou glicogénio
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sintase quinase 3 (GSK3), que por sua vez modulam o processamento do APP e
formacéo do AR (ORTEGA et al., 2010). Além disso, um aumento na expressao desse
receptor também tem sido observado na micréglia em cérebro de pacientes com DA
(MCLARNON et al., 2006). O P2X7 desempenha papel relevante na geragao do anion
superéxido (O2+-), nas células da microglia sugerindo que a ativacdo deste receptor
esta associado com a fisiopatologia da DA (PARVATHENANI et al., 2003; LEE et al.,
2011). De acordo com o trabalho de Ryu e Mclarnon (2008) a inibicdo do P2X7
corresponde & uma acgdo neuroprotetora, tornando este receptor um alvo terapéutico
atrativo para DA.

Os receptores P2Y também estdo amplamente distribuidos no SNC e sao
ativados por diferentes moléculas, como por exemplo, ATP, UTP, adenosina 5'-
difosfato (ADP), uridina 5'-difosfato (UDP). Esses receptores podem afetar a atividade
neuronal e os processos neuroinflamatorios, exercendo efeitos neuroprotetores, como
por exemplo, participando da degradacdo de AB neurotéxico e também das respostas
imunes (IDZKO, FERRARI e ELTZSCHIG, 2014).

2.3.7 Sistema adenosinérgico

Adenosina € uma purina de extrema importancia no SNC ja que exerce fungéo
neuromodulatéria das atividades neuronais, astrocitarias e afeta diretamente os
processos cognitivos, como a memoria e a aprendizagem, além de atuar de forma
essencial na neuroprotecdo (FREDHOLM et al.,, 2005; STOCKWELL, JAKOVA e
CAYABYAB, 2017). Os receptores para adenosina incluem quatro tipos: A1, A2a, A2
e As 0s quais sao proteinas transmembranas acoplados a proteina G (JIN et al., 1998;
YEGUTKIN, 2008; WEI et al., 2011). Dentre os quatro tipo de receptores de adenosina
existentes, os receptores Ai sao descritos como neuroprotetores, enquanto 0s
receptores Aoa estdo relacionados com processos neurodegenerativos (CUNHA,
2005).

O receptor A1 é acoplado a proteina G inibitéria (Gi) e esta principalmente
distribuido no SNC nas regides do hipocampo, cortex cerebral, cerebelo, medula
espinhal, tAlamo e no tronco encefalico (SEBASTIAO e RIBEIRO, 2009). Esse
receptor, quando ativado, é responsavel por inibir a adenilil ciclase e reduzir a producéo
de AMPc, além de ativar a via da MAPK e as quinases reguladoras de sinais
extracelulares, como a ERK1 e ERK2 (BOISON, CHEN e FREDHOLM, 2010).
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Além disso, o receptor A1 na membrana pré-sinaptica também pode ativar a
fosfolipase C, aumentando o contetdo de inositol 1,4,5-trifosfato (IP3) e diacilglicerol
(DAG). O IP3 pode estimular a liberagdo de Ca?* do armazenamento intracelular e
inibir canais de célcio, o que leva a reducao do influxo deste ion, a inibicdo da liberacdo
de glutamato e a reducdo da excitabilidade celular (FREDHOLM et al., 1994; LIU et
al., 2019). Em modelo animal de DA foi observado reducéo dos niveis do receptor A1
no hipocampo e estriado (RAHMAN et al., 2009).

No cérebro saudavel o receptor A2a tém baixa expresséo, mas esse padréo de
expressdo e funcionalidade pode ser alterado em condi¢cdes patoldgicas, pois
observa-se expressdo aumentada desse receptor em células micrégliais no
hipocampo e cértex cerebral de pacientes com DA (ANGULO et al., 2003; RADMAN
et al., 2009). Os receptores do tipo A2a € A2s quando ativados, se acoplam a proteina
G estimulatéria (Gs), possuindo como primeiro alvo a adenilil ciclase, com
consequente aumento de AMPc e ativacdo da fosfolipase C (RALEVIC e
BURNSTOCK, 1998). Os receptores Axa distribuem-se regularmente no SNC e SNP,
enquanto os receptores Az podem ser encontrados principalmente no intestino e
bexiga, apresentando-se em baixas densidades no SNC (STONE, CERUTI e
ABBRACCHIO, 2009).

O receptor Az esta acoplado a proteina Gi ou a proteina ativadora de fosfolipase
C (Gqg). Aparentemente apresenta 0 mesmo tipo de sinalizagcdo que os receptores A,
inibindo a adenil ciclase e reduzindo a produgdo de AMPc, entretanto possui uma
baixa expressdo em quase todo o encéfalo (SEBASTIAO e RIBEIRO, 2009).

Os receptores Aza controlam fendmenos relacionados com a degeneragéao, ou
seja dano e destruicdo neuronal irreversivel, e o compartimento neuronal que €&
afetado de modo precoce € a sinapse (CUNHA e AGOSTINHO, 2010). Nas sinapses
ha uma suceptibilidade a disfuncdo mitocondrial porque ha uma grande exigéncia de
demanda metabdlica. Assim, e o comprometimento mitocondrial é ocasionado pelo
estresse oxidativo gerado nesse processo celular (NICHOLLS, 2003). Dessa forma, a
funcdo mitocondrial comprometida gera reducdo metabdlica e consequentente
deterioracdo da memoria (WATSON e CRAFT, 2004) além de desregulacéo do calcio
intracelular pelo excesso de ativagdo do sistema glutamatérgico (LIPTON e
ROSENBERG, 1994). Portanto, Pagnussat e cols. (2015) afirmam que os receptores

A2a s80 necessarios e suficientes para desencadear o comprometimento da memoria.
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Nabbi-Schroeter (2018) sugeriu que a cafeina, um antagonista ndo seletivo dos
receptores de adenosina, pode proteger contra degeneracdo neuronal e morte
causada por AR, através do bloqueio do A2a. Observou-se que o0 antagonista do
receptor Azs tem um efeito protetor na DA ao impedir o0 acumulo de AB dentro e ao
redor dos vasos sanguineos cerebrais (CUPINO e ABEL, 2013; GAHR et al., 2013)
além de diminuir os niveis AB cerebral no modelo de DA revertendo o
comprometimento cognitivo (ARENDASH et al., 2009; CAO et al., 2009; CHU et al.,
2012).

Outro relato importante foi que o bloqueio do receptor A2a em cultivo de
neurénios de cerebelo foi capaz de prevenir a neurotoxicidade induzida pelo AR,
portanto, parece que a presenca desse receptor é essencial para a toxicidade desse
peptideo (DALL’LGNA et al.,, 2003). Essa dado € confiimado uma vez que
camundongos knockout para o receptor Axa apdés a administracdo de AB nao
apresentaram déficits de aprendizado ou sinaptotoxicidade, relacionando e
destacando a importancia desse receptor na fungéo cognitiva (CUNHA et al., 2005).
Ainda, existem outros mecanismos envolvidos no controle de neurodegeneracéo por
antagonozinar receptores Aza, através de processos nao-sinapticos conhecidos por
impactar na funcdo de memdéria e neurodegeneracdo, como a permeabilidade da
barreira sangue/cérebro (CHEN et al., 2008) ,acdo de fatores de crescimento (COSTA
et al., 2008) e modulacdo do metabolismo do colesterol (REISS et al., 2004).

Em amostras cerebrais post-mortem de pacientes com DA foi observado uma
diminuicdo de 40-60% na expressao do receptor A1 em regiées como hipocampo
(ULAS et al., 1993). Em contraste, outro estudo mais recente que utilizou amostras
post-mortem de cortex de pacientes com DA mostrou uma expressao aumentada de
A1 e Ao tanto nos estagios iniciais quanto nos avancados da doenca (ALBASANZ et
al., 2008). Embora exista dados contraditérios, a perda de receptores A1 parece estar
entre os fatores responsaveis pela morte celular na regido CAl1 do hipocampo
(RAHMAN et al., 2009).

Durante o processo patolégico da DA, o equilibrio dos receptores de adenosina
é alterado ocorrendo uma diminuicdo da expressdo do receptor A1 e aumento da
expressdo do receptor A2a, bem como perturbagbes nos processos de inibicdo e
excitacao celular, que acabam levando ao desenvolvimento da disfungcéo cognitiva

(LIU et al.,, 2019). Contudo, o equilibrio dos receptores de adenosina pode
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desempenhar um papel neuroprotetor. A ativagdo de receptores A1 e inibicado de
receptores Aza poderia ser uma importante estratégia para prevenir a
neurodegenracao e o declinio cognitivo na DA (YAN et al., 2014).

Até o momento ndo foram realizados ensaios clinicos em humanos para
investigar o potencial terapéutico de receptores purinérgicos e das ectoenzimas para
o tratamento da DA, entretanto encontra-se em andamento nos Estados Unidos (EUA)
um estudo clinico Fase Il para determinar a eficacia terapéutica da infuséo intravenosa
de ATP no metabolismo cerebral e no estado mental em pacientes com DA moderada
a grave (ClinicalTrials.gov: NCT02279511). Sendo assim, considerando a relevancia
das alteracdes encontradas nos componentes do sistema purinérgico relacionado a
DA, a modulagéo desses receptores e enzimas torna-se uma via interessante para a

pesquisa de novas alternativas terapéuticas para essa doenca neurodegenerativa.

2.4 Inosina

A inosina é um metabdlito proveniente da desamina¢do da adenosina em uma
reacdo catalisada pela enzima ADA no meio intra e extracelular, ou ainda pela
desfosforilagdo do IMP pela enzima 5’-nucleotidase (BARANKIEWICKZ e COHEN,
1985). A inosina pode ser degradada a hipoxantina e ribose 1-fosfato pela enzima
PNP, e a enzima xantina oxidase é responsavel pela conversdo da hipoxantina,
primeiro & xantina e por fim, gerando acido Urico (HASKO, SITKOVSKY e SZABO,
2004). O mecanismo de acdo da inosina, possivelmente, se da através da
sensibilizacdo dos receptores de adenosina Ai, A2a € As, com afinidades que
normalmente sdo inferiores as da adenosina. Ainda nao foi demonstrada na literatura
evidéncias da acéo da inosina nos receptores Azs (JIN et al., 1998; WEI et al., 2011,
WELIHINDA et al., 2016; WELIHINDA et al., 2018).

Em relacdo a estrutura quimica, a inosina apresenta formula molecular
C10H12N40s, possuindo uma ribose ligada a uma base nitrogenada (Figura 7). A
adenosina e a inosina sao similares em estrutura, diferindo apenas por um grupo
amina, porém a estabilidade é diferente, com tempo de meia-vida para adenosina em
10 segundos, e para a inosina em torno de 15 horas (VIEGAS et al., 2000). A inosina
guando atinge altas concentracfes dentro da célula pode ser encaminhada para o
meio extracelular através de transportadores especificos de nucleosideos,
concentrativos e equilibrativos (HASKO, SITKOVSKY e SZABO, 2004).
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Figura 7. Estrutura quimica da inosina. Fonte:autoria propria.

Estudos tém relatado que o tratamento com inosina pode ser considerado
seguro, sendo desprovido de efeitos colaterais significativos, mesmo apds um periodo
de tratamento prolongado (MARKOWITZ et al., 2009; KURICOVA et al., 2014; MUTO
et al., 2014). Nenhum efeito adverso foi relatado, inclusive em individuos que
consumiram inosina por até um ano (CHENG et al., 1990). Dessa forma, além da
interacado com receptores de adenosina tem sido postulado que a inosina € capaz de
promover suas acdes biologicas através do aumento da producdo de acido Urico,
inibicdo da poli (adp-ribose) polimerase, geracédo da neuroprotecao através do produto
de degradacdo ribose-1-fosfato e regulacdo positiva da proteina associada ao
crescimento 43 (GAP-43) em neurdnios resultando em crescimento axonal (HASKO,
SITKOVSKY e SZABO, 2004).

O papel imunomodulador da inosina foi descrito por Haskd e colaboradores
(2004), além de achados que demonstram que a inosina é potencialmente um fator
neurotréfico eficaz (MUTO et al.,, 2014) As atividades antioxidante, analgésica,
antidepressiva e anti-inflamatéria da inosina tem sido investigada em diversos
modelos experimentais de dor, inflamacdo, depressdo e encefalomielite
(NASCIMENTO et al., 2010; da ROCHA-LAPA et al., 2013; MUTO et al., 2014;
JUNQUEIRA et al., 2016; GONCALVES et al., 2016), porém ainda ndo explorada em
modelos de DA.

A administragdo oral de inosina na dose de 1,2 g/kg, duas horas apos lesdo
medular experimental e depois continuamente por 28 dias, afetou positivamente a
velocidade de recuperacdo da funcdo locomotora dos membros posteriores em
modelo de lesdo medular (KURICOVA et al., 2014). A inosina também foi capaz de
inibir as respostas poés-sinapticas do glutamato e reduzir a isquemia cerebral em

animais. O efeito protetor contra insultos relacionados a isquemia/reperfusao parece
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envolver a ativagao de receptores de adenosina Az (FARTHING, FARTHING e Xl,
2015). Esse estudo corrobora com o trabalho de Wu et al. (2008), no qual também
demonstraram neuroprotecdo induzida pela inosina contra isquemia/hipdxia in vivo.
Além disso, tem sido demonstrado que a inosina exerce um importante papel
relacionado a plasticidade neuronal, através da regulacdo da expressao de genes
envolvidos no crescimento, na reconexao e na reorganizacdo axonal via regulagao
positiva de GAP-43 (BENOWITZ et al., 1998; CHEN et al., 2002; ZAl et al., 2009) e da
ativacao da proteina MST3b (Mammalian sterile 20 like-quinase 3b), uma quinase que
participa da via de transduc¢éo de sinais e que regula o crescimento dos axoénios (KIM
et al., 2013; KURICOVA et al., 2014). Muto e colaboradores (2014), descreveram que
a administracdo de inosina via oral (dose de 330 mg/kg de peso corporal do animal) é
transportado para o cérebro, ativa os receptores de adenosina e desempenha seus
efeitos neuromoduladores e neuroprotetores.

O tratamento com inosina ja tem sido utilizado para evitar danos renais durante
cirurgia renal isquémica (FITZPATRICK et al.,, 1981), além de combinado com o
dimepranol acedobeno, formando a isoprinosina (inosina pranobex) que é utilizado
como imunoestimulante no tratamento de infeccbes virais respiratérias agudas
(BERAN, SALAPOVA, SPAJDEL, 2016). Com base em sua eficacia em uma
variedade de modelos pré-clinicos ja citados, a inosina passou por avaliagdo em
ensaios clinicos nos EUA para esclerose multipla (EM)
(https://clinicaltrials.gov/ct2/show/NCT00067327) e doenca de Parkinson (DP)
(http://clinicaltrials.gov/ct2/show/NCT00833690).

A administracdo oral de inosina (500 mg) foi avaliada em pacientes com EM em
um estudo duplo-cego randomizado de um ano de duracdo. Os resultados
demonstraram que o tratamento com inosina foi capaz de possibilitar uma melhora
clinica dos pacientes com EM, bem como aumentar os niveis de urato, molécula com
agao “scavenger’ de peroxinitrito (ONOO-) que, acredita-se, ser responsavel pelos
danos oxidativos que contribuem para a patogénese das doencas neurogenerativas
(MARKOWITZ et al., 2009).

A justificativa para ensaios clinicos que visam aumentar os niveis de urato é
que estes estdo inversamente correlacionados com o risco de DP (PAGANONI e
SCHWARZSCHILD, 2017). Schwarzschild e colaboradores (2014) realizaram um
estudo randomizado com adultos diagnosticados com DP inicial, tendo como

tratamento capsulas de 500 mg de inosina ingeridas trés vezes ao dia, como uma
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estratégia para retardar a progressao da incapacidade. Os resultados encontrados
foram a auséncia de efeitos adversos graves inaceitaveis (seguranca), tratamento
continuado sem evento adverso requerendo redugdo da dose (tolerabilidade) e
elevacao de urato no soro e liquido cefalorraquidiano. Esses resultados apoiam o
avanco para desenvolvimento mais definitivo da inosina como uma terapia potencial
de modificacdo da doenca, auxiliando a retardar a progressédo clinica da DP
(SCHWARZSCHILD et al., 2014).

Estudos recentes tem sido realizados com o objetivo de entender como a
modulacdo do sistema purinérgico, mais direcionado aos receptores adenosinérgico
A1 e Aoa, pode contribuir para a redugdo ou interrup¢cdo dos processos
neurodegenerativos relacionados a DA. Diante do exposto acima, e considerando que
0 mecanismo de acdo da inosina, possivelmente, se d& através da sensibilizacédo
desses receptores é plausivel concluir que a utilizagdo desse nucleosddeo torna-se
uma alternativa terapéutica interessante para ser avaliada em modelos de DA, uma
vez que esta ja apresentou efeitos promissores em estudos clinicos em outras

doencas neurodegenerativas como DP e EM.

2.5 Modelos experimentais

Os modelos experimentais utilizando animais na pesquisa pré-clinica sao
extremamente Uteis para o melhor entendimento fisiopatoldgico de doencgas, avaliagéo
dos mecanismos de acdo de farmacos e descoberta de alvos terapéuticos e
biomarcadores. A DA constitui um grande desafio para a pesquisa basica, pois possui
etiologia ainda nao esclarecida. Nesse sentido, houve a necessidade do
desenvolvimento de modelos experimentais no intuito de auxiliar o esclarecimento dos

mecanismos patofisioldgicos envolvidos (SJOBERG et al., 2017).

2.5.1 Modelo experimental de amnésia

Um dos modelos pré-clinicos para DA € o uso da escopolamina (SCO) como
agente indutor de amnésia. A SCO é uma amina terciaria da classe dos alcalbides da
beladona. Esse farmaco é um antagonista competitivo ndo-seletivo de mAChRs. Em
animais, a SCO é amplamente usada como modelo farmacoldgico experimental de
dano cognitivo, pois quando administrada de forma sistémica interfere na aquisicao
da memodria (MORE et al., 2016).

Os efeitos mais pronunciados da SCO sobre a memodria estdo associados a
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diminuicdo das funcdes colinérgicas centrais (GUTIERRES et al., 2012). Outros
possiveis mecanismos envolvidos nas acdes da SCO envolvem a diminuicdo da
oxidacao de glicose, um aumento da oxidacao cerebral e uma diminui¢cdo dos niveis
de ATP no cérebro (GUTIERRES et al., 2012). Além disso, Marisco e colaboradores
(2013) demonstraram que administracdo intraperitoneal (i.p.) de SCO (1 mg/Kg)
imediatamente ap0s treino da esquiva inibitéria foi capaz de reduzir a atividade das
enzimas NTPDase, CD73 e ADA em hipocampo e cértex cerebral de ratos, sugerindo
assim que o déficit cognitivo induzido pelo SCO também pode estar associado a

alteracdes na sinalizacdo purinérgica cerebral.

2.5.2 Modelo experimental de deméncia esporadica do tipo Alzheimer
A estreptozotocina (STZ) é um antibiético nitrosamida metilnitrosureia, que uma
vez metabolizada pela célula, gera nitrosureido, o qual causa fragmentacdo do DNA

celular, seguido da ativacdo da enzima de reparo, a poli-ADP-ribose-polimerase

(PARP), a qual consome NAD™ e favorece a formacéo de radicais livres que acabam
promovendo a morte celular (HOSOKAWA, DOLCI e THORENS, 2001).

Na pesquisa, a STZ geralmente é utilizada por via sistémica para indugdo de
modelos de diabetes (ZHUO et al., 2018). Quando administrada por via
intracerebroventricular (ICV) em animais induz alteragbes comportamentais,
neuroquimicas e patofisioldgicas semelhantes as encontradas na deméncia do tipo
Alzheimer (SALKOVIC-PETRISIC et al., 2013). O provavel mecanismo envolvido
nessas alteracdes esté relacionado as disfun¢des no metabolismo de glicose pela STZ
no SNC, uma vez que a administracdo ICV de STZ ndo causa comprometimento
sistémico na glicose, mas reduz o metabolismo deste monossacarideo em regides
cerebrais como cortex e hipocampo (LANNERT e HOYER, 1998).

Os mecanismos envolvidos na deméncia causada pela STZ ainda ndo séo
totalmente esclarecidos, porém uma das hip6teses € que a STZ entra nas células pelo
transportador de glicose 2 (GLUT-2) que esta localizado em regides especificas do
cérebro, explicando as semelhancas nas alteracdes hipocampais entre esse modelo
experimental e a DA (ARLUISON et al., 2004). A disfuncéo na sinalizagéo da insulina,
causada pela STZ sobre o receptor de insulina (RI) gera comprometimento da via
enzimatica GSK3, que estd aumentada atraves da fosforilagdo de proteinas, gerando

aumento da agregacdo dependendo de qual isoforma é modulada. Através da
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isoforma GSK3a gera o aumento do AR, e pela isoforma GSK3@, o aumento da
proteina Tau hiperfosforilada, ambos eventos criticos presentes na patogénese da DA
(SALKOVIC-PETRISIC e HOYER, 2007; SALKOVIC-PETRISIC et al., 2013). Além
disso, foi observado nesse modelo, que assim como no envelhecimento, ocorre uma
diminuicdo da densidade dos RI e da insulina cerebral, eventos estes que podem ser
associados ao declinio cognitivo (STOLK et al., 1997).

E bem estabelecido na literatura que esse modelo experimental causa déficit
cognitivo nos animais (DUELLI et al., 1994; GUTIERREZ et al., 2014; NAZEM et al.,
2015; PACHECO et al., 2018). Além do prejuizo na memoria, foi observado que a
administracdo de STZ foi capaz de induzir estresse oxidativo (PACHECO et al., 2018),
desequilibrio metabdlico e neuroinflamacdo (KRASKA et al., 2012). Além disso, uma
diminuicdo na atividade das enzimas NTPDase, 5'-nucleotidase e ADA em
sinaptossomas do cortex cerebral e hipocampo também tem sido observada nesse
modelo experimental de DA (DE OLIVEIRA et al., 2018).

Considerando que um modelo de doenga necessita mimetizar a causa, as
principais lesdes e os sintomas presentes em uma ordem cronoldgica semelhante a
doenca em questdo, entre os modelos disponiveis para DA, o modelo STZ-ICV é
considerado, em termos de ordenacdo temporal dos eventos patoldgicos, um dos
modelos mais compativeis. Assim, esse modelo se torna uma alternativa aos modelos
convencionais transgénicos, principalmente no que se refere & mimetizar os
componentes patofisiol6gicos, como a neuroinflamacéo crénica (NAZEM et al., 2015),
0 estresse oxidativo (PACHECO et al., 2018) e as alteracGes no sistema purinérgico
(DE OLIVEIRA et al., 2018), pois mesmo apo6s décadas de pesquisa, a DA permanece
um desafio, sendo necessaria a utilizacdo de todas as abordagens disponiveis para

sua melhor compreenséao.
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3 Objetivos

3.1 Objetivo geral
Investigar os efeitos do tratamento com inosina em parametros

comportamentais, bioquimicos e inflamatérios em modelos experimentais da DA.
3.2 Objetivos especificos

a) Em ratos tratados com inosina e submetidos a um modelo de déficit de meméria

induzido por SCO foram avaliados em cértex cerebral e hipocampo:

- O efeito da inosina nas fases de aquisicao e consolidacdo da memodria através do
teste de esquiva inibitoria;

- Par@metros de estresse oxidativo como niveis de EROs, nitrito, conteudo ti6lico total,
substancias reativas ao acido tiobarbitarico (TBARS) e atividade das enzimas CAT,
SOD e GPx;

- Atividade das enzimas AChE, BUChE e Nat,K*- ATPase.

b) Em ratos submetidos a um modelo de deméncia esporadica do tipo Alzheimer

induzido por STZ e tratados com inosina foram avaliados 0s seguintes parametros:

- Memdria através dos testes de esquiva inibitéria, reconhecimento de objetos e
labirinto em Y e atividade Atividade locomotora através do teste do campo aberto;

- PardAmetros de estresse oxidativo como niveis de EROs, nitrito, conteudo tidlico total,
de TBARS e atividade das enzimas CAT, SOD e GPx em cértex cerebral e hipocampo;
- Expressdo génica e atividade das enzimas ChAT e AChE em cortex cerebral e

hipocampo;

_ Atividade das enzimas Nat,K*-ATPase, Ca*’- ATPase, magnésio (Mg*)- ATPase
em cortex cerebral e hipocampo;

- Densidade dos receptores A1 e A2a em cortex cerebral e hipocampo;

- Expressao génica do BDNF e do TrkB em em cértex cerebral e hipocampo;

- Niveis de citocinas IL-4 e IL-10 em cortex cerebral e hipocampo;

- Os niveis de glicose, colesterol, uréia e acido urico em soro;

- Imunoreativatidade para a proteina GFAP;

- Analise histologica do hipocampo.
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4 Resultados

Os resultados que fazem parte desta tese estao apresentados sob a forma de
um artigo e dois manuscritos. As sec¢des materiais e métodos, resultados, discusséo
e referéncias encontram-se no proprio artigo € manuscritos, e representam a integra
deste estudo.

Os itens discussdo e conclusdo que se encontram no final dessa tese
apresentam interpretacfes e comentarios gerais sobre os artigos contidos nesse
trabalho.

As referéncias sdo apenas de citagcbes que aparecem nos itens introducao,
reviséo de literatura e discusséo da tese.

O artigo e os manuscritos estdo estruturados de acordo com as revistas as

quais foram publicados ou submetidos.
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4.1 Manuscrito 1
Protective effects of inosine on memory acquisition and consolidation in a rat
model of scopolamine-induced cognitive impairment: Involvement of

cholinergic signaling, redox status, and ion pump activities

Submetido ao periddico Pharmacology, Biochemistry and Behavior
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Abstract

This study investigated the effects of inosine on memory acquisition and consolidation,
cholinesterases activities, redox status and Na*, K*-ATPase activity in a rat model of
scopolamine-induced cognitive impairment. Adult male rats were divided into four
groups: control (saline), scopolamine (1 mg/kg), scopolamine plus inosine (50 mg/kg),
and scopolamine plus inosine (100 mg/kg). Inosine was pre-administered for 7 days,
intraperitoneally. On day 8, scopolamine was administered pre (memory acquisition
protocol) or post training (memory consolidation protocol) on inhibitory avoidance
tasks. The animals were subjected to the step-down inhibitory avoidance task 24 hours
after the training. Scopolamine induced impairment in the acquisition and consolidation
phases; however, inosine was able to prevent only the impairment in memory
consolidation. Also, scopolamine increased the activity of acetylcholinesterase and
reduced the activity of Na*, K*-ATPase and the treatment with inosine protected
against these alterations in consolidation protocol. In the animals treated with
scopolamine, inosine improved the redox status by reducing the levels of reactive
oxygen species and thiobarbituric acid reactive substances and restoring the activity
of the antioxidant enzymes, superoxide dismutase and catalase. Our findings suggest
that inosine may offer protection against scopolamine-induced memory consolidation
impairment by modulating brain redox status, cholinergic signaling and ion pump
activity. This compound may provide an interesting approach in pharmacotherapy and
as a prophylactic against neurodegenerative mechanisms involved in Alzheimer’s

disease.

Keywords: memory, oxidative stress, acetylcholinesterase activity, Na*, K*-ATPase

activity
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1 Introduction

Memory is a process that has several stages, including acquisition and
consolidation (Abel and Lattal, 2001). Memory acquisition can be understood as the
entry of information in the system and depends on long-term potentiation (LTP)
mechanisms. In contrast, the consolidation of information is the retention and
conservation of the information obtained through the recurrent reactivation of LTP
(Dudai, Karni and Borni, 2015). Alzheimer’s disease (AD) is a neurodegenerative
disorder characterized by progressive memory loss with deficits in acquisition and
consolidation (Moulin et al., 2004) and is recognized by the World Health Organization
as a global public health priority. Until now, no curative therapies have been developed
to treat patients with Alzheimer’s disease (Lane et al., 2018). In order to evaluate new
therapeutic strategies, given the current therapeutic limitations, research using
experimental models in preclinical research is useful (Singh, 2020). Among
experimental pharmacological models (induced by scopolamine or corticosterone),
environmental (induced by aluminum and noise stress) and physiological (natural
aging) the most significant results of cognitive impairment were observed in rats
injected with scopolamine (Haider, Tabassum and Perveen, 2016).

It is well established that cognitive impairment in Alzheimer's disease is
associated with neurochemical alterations in the cholinergic system, redox status, and
ion pump activities (Teixeira et al., 2020). The involvement of the cholinergic system
in pathology of AD is well established, with a reduction of cholinergic neurons in the
brain coding regions of memory, hippocampus and cerebral cortex (Stanciu et al.,
2020). It has been shown that oxidative stress is a factor associated with alterations in
Na*, K*- ATPase as well in other mechanisms involved in the development and
progression of AD (Tonnies and Trushing, 2017; Amato, Terzo and Mule, 2019;
Teixeira et al., 2020). Besides, the Na*, K*-ATPase plays a crucial role in the
maintenance of cellular ionic homeostasis and changes in the activity of this enzyme
directly affect cellular signaling, neuronal activity, and memory process (Moseley et al.,
2007; Pacheco et al., 2018, Teixeira et al., 2020). Thereby, alterations in Na*, K*-
ATPase have been described in both animal models and patients with AD (Hatori et
al., 1998; Gutierres et al., 2014; laniski et al., 2016; Ohnishi et al., 2015).

Inosine, a product of the breakdown of adenosine, is normally present in the

body and has a good tolerability profile in humans even when taken at high doses. It
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has been shown that inosine has potent antioxidant, anti-inflammatory, and
neuroprotective properties in models of depression (Kaster et al., 2013) and
Parkinson’s disease (Cipriani et al., 2014). Besides, inosine has been found to have
beneficial effects on improvement off memory in old female rats (Ruhal and Dhingra,
2018) and a model of sporadic dementia-like AD (Teixeira et al., 2020). This action has
been associated in part to the activation of adenosine receptors or the production of
metabolite uric acid (Haskd, Sitkovsky and Szabo, 2004; Welihinda et al., 2016; Doyle
et al., 2018). Therefore, this study aimed to evaluate the effect of inosine on acquisition
and consolidation memory in a rat model of scopolamine-induced cognitive
impairment. In addition, we also evaluated some neurochemical markers such as redox
status, cholinesterases, and Na*, K*-ATPase activities in the cerebral cortex and

hippocampus, which are important brain regions involved in cognitive function.

2 Materials and Methods

2.1 Chemical

Inosine, scopolamine, acetylthiocholine iodide, Coomassie brilliant blue G,
ouabain, dichloro-dihydro-fluorescein diacetate (DCFH-DA), 5,5’-dithiobis-(2-
nitrobenzoic acid; DTNB), and adenosine triphosphate were purchased from Sigma
Aldrich Chemical Co. (3300, S 2" ST #3306, St. Louis, MO, 63118, USA). All other

reagents used in the detailed experiments were of analytical grade and the highest

purity.

2.2 Pretreatment with inosine and the memory acquisition and consolidation
protocol

The animals were kept in cages under standard conditions of temperature (23
+ 1 °C), relative humidity (45-55%), and lighting (12-h light/dark cycle) and had free
access to a standard rodent diet and water ad libitum. Eighty male Wistar rats weighing
between 300 and 350 g were divided into two sets of experiments. Forty animals were
used in the protocol of memory acquisition, and forty animals were used for the
memory consolidation protocol. In both protocols, the animals were subdivided into
four groups: control (C), scopolamine, scopolamine plus inosine 50 mg/kg
(scopolamine + inosine 50 mg/kg) and scopolamine plus inosine 100 mg/kg
(scopolamine + inosine 100 mg/kg).
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The rats were treated for 7 days once daily (around 9 a.m.) with inosine at doses
of 50 mg/kg or 100 mg/kg of their body weight. Scopolamine was dissolved in saline
and injected intraperitoneally at a dose of 1 mg/kg according to the following protocols:

Memory acquisition protocol: to assess memory acquisition, on day 8, the
animals received scopolamine 1 h pre-training. The test session occurred 24 h after
training.

Memory consolidation protocol: to assess memory consolidation, on day 8, the
animals received scopolamine 1 h post-training. The test session also occurred 24 h

after training. More detail on the protocols can be seen in Figure 1.
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Figure 1. Protocol design. The animals were pretreated with inosine (50 or 100 mg/kg) for 7 days. On
day 8, scopolamine (SCO) was administered before (memory acquisition protocol) and after training
(memory consolidation protocol) on the inhibitory avoidance tasks. Then, 24 h after the training, the

animals were subjected to the step-down inhibitory avoidance task.

These protocols were determined based on other studies that also used
scopolamine to induce memory alterations (Gutierres et al., 2012; Wong-Guerra et al.,
2019). It should be noted that the doses of inosine used in this study were equal to or
lower than those shown in the literature, in which inosine showed antioxidant and anti-
inflammatory activity with memory evaluation in traumatic brain injury and aging
protocols (Dachir et al., 2014; Ruhal and Dhingra, 2018).
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2.3 Inhibitory avoidance test

The rats were subjected to a single training session in a step-down inhibitory
avoidance apparatus, which consisted of a 25 x 25 x 35-cm box with a grid floor whose
right portion was covered by a 7 x 25-cm platform that was 2.5-cm high. The rats were
placed gently on the platform facing the rear left corner, and when a rat stepped down
with all four paws on the grid, a 3-s 0.5-mA electrical stimulation was applied to the
grid. Then, 24 h after the training, the animals were subjected to the step-down
inhibitory avoidance task. Test step-down latency was taken as a measure of retention
(latency in seconds), and a cut-off time of 300 s was established (Gutierres et al.,
2012). After the test, the animals were euthanized, and their brain and blood were

collected for biochemical assays.

2.4 Cholinesterases activities in the brain and serum

The cerebral cortex and hippocampus were homogenized on ice in a glass
potter with 10 mM Tris HCI (pH 7.4). The protein content was determined using the
Coomassie blue method using bovine serum albumin as the standard. The
acetylcholinesterase enzymatic assay was determined as previously described
(Ellman et al., 1961). The reaction system was composed of 10 mM DTNB, 100 mM
phosphate buffer (pH 7.5), and the enzyme (40-50 ug of protein) was pre-incubated for
2 min. The reaction was initiated by the addition of 0.8 mM acetylthiocholine iodide,
and the absorbance was read in a spectrophotometer at 412 nm. All samples were
tested in duplicate, and the enzyme activity was expressed in pmol acetylthiocholine
iodide/h/mg of protein.

Butyrylcholinesterase activity in serum was determined using a modified version
of the method in Ellman et al. (1961). The method is based on the formation of 5,5'-
dithiobis-acid nitrobenzoic measured at 412 nm. The reaction was initiated by adding
(0,8mM) butyrylthiocholine iodide. Butyrylcholinesterase activity was expressed in

pmol butyrylthiocholine iodide/h/mg of protein.

2.5 Oxidative stress parameters in the brain

The hippocampus and cerebral cortex were homogenized in ten volumes (1:10 w/v)
with sodium phosphate buffer (pH 7.4) containing KCI (10 mM). The homogenates
were centrifuged at 3500 rpm for 10 min at 4°C. The pellet was discarded, and the

supernatant was used for the measurements. The samples were stored at -80°C until
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they were used. The protein content was determined using the Lowry method (1951)

with bovine serum albumin as the standard solution.

2.5.1 Reactive oxygen species assay

Reactive oxygen species formation was determined in accordance with the
method in Ali et al. (1992). In this assay, the oxidation of DCFH-DA to fluorescent 2°,7’-
dichlorofluorescein (DCF) was measured to detect intracellular reactive species. DCF
fluorescence intensity emission was recorded at 525 and 488 nm excitations 30 min
after the addition of DCFH-DA to the medium. The results are expressed as pmol DCF/

mg of protein.

2.5.2 Nitrite levels

The nitrite content was determined using the Griess reaction, in accordance with
the method in Huang et al. (2009). Briefly, 50 uL of the sample plus 50 uL of
sulphanilamide in 5% phosphoric acid were incubated for 10 min at room temperature.
Next, 50 pL of N-(1-naphthyl) ethylenediamine dihydrochloride (0.1 %) was added, and
the mixture was incubated for 10 min at room temperature. Absorbance at 540 nm was
measured. A sodium nitrite solution was used as the reference standard, and the

results are expressed as pmol NOz2™ /mg of protein.

2.5.3 Thiobarbituric acid reactive substance assay

The thiobarbituric acid reactive substance levels were determined by
Esterbauer and Cheeseman (1990). The samples were mixed with trichloroacetic acid
15% and centrifuged. The supernatant was mixed with thiobarbituric acid (0.67%) and
incubated in a dry block at 100°C for 30 min. The thiobarbituric acid reactive substance
levels were determined by the absorbance at 535 nm and reported as nmol of

thiobarbituric acid reactive substances/mg of protein.

2.5.4. Total sulfhydryl content assay

The total sulfhydryl content was determined in accordance with the method
described by Aksenov and Markesbery (2001). Samples were added to the phosphate-
buffered saline (pH 7.4) containing ethylenediaminetetraacetic acid (1 mM). The
reaction was started by the addition of DTNB and incubated for 60 min in the dark. The

reduction of DTNB by thiols became oxidized, generating a yellow derivative. The
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result was measured spectrophotometrically at 412 nm. The results were reported as

nmol DTNB/mg of protein.

2.5.5 Superoxide dismutase activity

The superoxide dismutase activity was measured in accordance with the
method described by Misra and Fridovich (1972). This assay is based on the inhibition
of superoxide dependent adrenaline auto-oxidation to adrenochrome. The
intermediate in this reaction is superoxide, which is scavenged by superoxide
dismutase and is measured with a spectrophotometer adjusted at 480 nm. The specific

activity of superoxide dismutase was reported as units/mg of protein.

2.5.6 Catalase activity

Catalase activity was measured in accordance with the method described by
Aebi (1984). The decomposition of H202 was continuously monitored with a
spectrophotometer at 240 nm for 180 s at 37°C. One unit of the enzyme was defined
as 1 nmol of hydrogen peroxide consumed per min. The specific catalase activity was

reported as units/mg of protein.

2.6 Total ATPase and Na*, K*-ATPase activity assays in the brain

The cerebral cortex and hippocampus were homogenized in Tris HCI (10 mM;
pH 7.4) and centrifuged at 3500 rpm for 10 min at 4°C. The supernatant was used as
previously described by Carvalho et al. (2012). Total ATPase activity was assayed in
an incubation medium consisting of 30 mM of Tris HCI (pH 7.4), 50 mM of NaCl, 5 mM
of KCI, 6 mM of MgClz, 3 mM of adenosine triphosphatase, and 50 pl of brain
supernatant. The absorbency concentration range for proteins in the hippocampus and
cortex was 0.8-1.0 in the final volume of 300 pl. Controls to correct for non-enzymatic
substrate hydrolysis were performed by the addition of sample preparations after the
reactions were stopped with trichloroacetic acid. The reaction was started by the
addition of adenosine triphosphatase and was stopped after 30 min of incubation by
the addition of 10% trichloroacetic acid.

Na*, K*-ATPase activity was assayed in the incubation reaction mixture
containing 6 mM of MgClz, 50 mM of NaCl, 5 mM of KCI, 0.1 mM of
ethylenediaminetetraacetic acid, and 30 mM of Tris HCI (pH 7.4). After 10 min of pre-
incubation at 37°C, the reaction was initiated by the addition of adenosine triphosphate
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to a final concentration of 3 mM and incubated for 30 min. The control experiments
were conducted with the addition of 1 mM of oubain. The specific Na*, K*-ATPase
activity was calculated by subtracting the ouabain-insensitive activity from the overall
activity (in the absence of ouabain). The enzyme’s activities are expressed in nmol of

Pi/min/mg of protein.

2.7 Statistical analysis

The inhibitory avoidance task results did not pass the normality test. Therefore,
a non-parametric distribution was assumed. Thus, the data were analyzed using the
non-parametric extension of a one-way analysis of variance and the Kruskal-Wallis
test. The data are expressed as the median + interquartile range.

The results of training in the inhibitory avoidance task and biochemical
parameters were analyzed by a one-way analysis of variance, followed by Tukey’s
post-hoc test. These data are expressed as the mean + standard error of the mean.
GraphPad Prism version 5.0 (Intuitive Software for Science, San Diego, CA, USA) was
used to perform the statistical analysis. A P-value of <0.05 was considered statistically

significant.

3 Results

3.1 Inosine protects memory consolidation impaired by scopolamine

None of the treatments showed a significant alteration in training latency in both
protocols (Figure 2A and 2C). Administration of scopolamine, both before and after
training, induced impairment in the acquisition and consolidation of cognition (Figures
2B and 2D). Scopolamine reduced the latency time in both the acquisition (H=15.55;
P=0.0014 Figure 2B) and consolidation (H=16.61; P=0.0009 Figure 2D) protocols, as
evaluated by the inhibitory avoidance tasks. Pretreatment with inosine at doses of 50
mg/kg (H=16.61, P<0.05) and 100 mg/kg (H=16.61; P<0.001) was capable of

preventing only memory deficit in the consolidation protocol (Figure 2D).



58

Inhibitory Avoidance Task

Acquisition Consolidation

w
o
]
@
g

N
2

204

_|

Training Latency (s) -
Training Latency (s) O

|
H

c sco | c sco
[ Inosine 50 mg/kg
3 Inosine 100 mg/kg

w

Acquisition Consolidation
300+

200 | |
*

100- [ |

3004

w
[=]
2

Test Latency (s}
g

Test Latency (s) O

c sco ¢ SCo

Figure 2. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) for 7 days on
impairment of memory (acquisition and consolidation) induced by scopolamine (SCO) (1 mg/kg). The
data represent the latency (in seconds) of all the animals in the inhibitory avoidance tasks. Bars
represent the mean + standard error of the mean. # P<0.01 represents a significant difference compared
to the control group (C) group. *P<0.05 and *** P<0.001 represents a significant difference compared to

the scopolamine group (n=9-10).

3.2 Inosine prevents cholinergic enzyme alterations induced by scopolamine

No alterations were observed in the acetylcholinesterase activity in either the
hippocampus (F3,16=1.39 P>0.05) or cerebral cortex (F,16=1.35 P>0.05) in the
memory acquisition protocol in any of the groups evaluated (Figure 3 A and B). In the
consolidation memory protocol, scopolamine induced an increase in
acetylcholinesterase activity in the hippocampus (F,16) = 26.2 P<0.05) and cerebral
cortex (F3,16)= 9.8 P<0.05) when compared to the control group (Figures 3 C and D).
Inosine 50 and 100 mg/kg treatment prevented this change in both the hippocampus
and cerebral cortex (P<0.001).
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Figure 3. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) for 7 days on the
acetylcholinesterase activity in the hippocampus (A) and cerebral cortex (B) in a protocol of memory
acquisition. The hippocampus (C) and cerebral cortex (D) of the rats submitted to the memory protocol
consolidation. Bars represent the mean + standard error of the mean. # P<0.05 represents a significant
difference compared to the control (C) group. **P<0.01 and *** P<0.001 represents a significant

difference compared to the scopolamine group (n=5). One-way analysis of variance, Tukey’s test.

Regarding the activity of the enzyme butyrylcholinesterase in serum, the results
also showed that scopolamine induced an increase in this enzyme activity in both the
acquisition (F3,16)= 4.81 P<0.05) and consolidation (F3,16)= 3.52 P<0.05) protocols
compared to the control group. Pretreatment with inosine was capable of preventing
the alterations induced by scopolamine in butyrylcholinesterase activity in only the

animals submitted to the memory acquisition protocol (P<0.05; Figure 4).
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Figure 4. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) over 7 days on the
butyrylcholinesterase activity in the serum of animals submitted to the memory acquisition or
consolidation protocol. Bars represent the mean + standard error of the mean. # A P-value of <0.05
represents a significant difference compared to the control (C) group. * A P-value of <0.05 represents a
significant difference compared to the scopolamine group (n=5). One-way analysis of variance, Tukey’s

test.

3.3 Inosine prevents brain oxidative stress induced by scopolamine

In the memory acquisition protocol, scopolamine induced an increase in the levels
of reactive oxygen species in the hippocampus (F(3,15)= 14.75 P<0.01) and cerebral
cortex (F(3,15)= 10.64 P<0.01) compared to the control group. Inosine in both doses
was used to prevent this effect (Figure 5 A and E). No significant changes were
observed in the hippocampus regarding the level of sulfhydryl content (F(3,15)= 0.6740
P=0.5240), thiobarbituric acid reactive substance (F(3,18)= 0.363 P=0.7802), and
nitrite (F(3,17)= 0.880 P=0.4751) in any of the groups (Figures 5 B, C and D).

In the cerebral cortex, inosine (100 mg/kg) increased the sulfhydryl content in
animals that received scopolamine before training (F(3,17)= 17.05 P<0.001; Figure
5F). Inosine (50 and 100 mg/kg) also prevented the increase in thiobarbituric acid

reactive substance levels (F(3,16)=13.61 P<0.001) in the cerebral cortex induced by
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scopolamine in the memory acquisition protocol. However, no changes were observed
in the nitrite levels (F,15= 0.9933 =0.4290) in this brain structure in any of the evaluated

groups (Figures 5 G and H)
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Figure 5. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) over 7 days on the
reactive oxygen species levels (A and E), total sulfhydryl content (SH - B and F), thiobarbituric acid
reactive substances (C and G), and nitrite levels (D-H) in the hippocampus and cerebral cortex of rats
in the memory acquisition protocol. Bars represent the mean + standard error of the mean. #P<0.05 and
# P<0.01 represents a significant difference compared to the control (C) group. *P<0.05, **P<0.01, and
*** P<0.001 represents a significant difference compared to the scopolamine group (n=4-5). One-way

analysis of variance, Tukey’s test.

A decrease in superoxide dismutase activity was observed in the hippocampus
(F@3.15)= 7.43 P<0.001) and cerebral cortex (Fs,15)= 3.48 P<0.05) in a protocol of deficit

memory acquisition induced by scopolamine compared to the control group (Figures 6



62

A and C). Only changes in superoxide dismutase activity in the hippocampus were
prevented by inosine (Figure 6 A). Scopolamine induced a decrease in catalase activity
only in the cerebral cortex (F3,17=5.97 P<0.001) compared to the control group. This
change was prevented only in the animals that received inosine (100 mg/kg). No
catalase activity changes were observed (F,17)= 2.53 P=0.098) in the hippocampus in

any of the groups (Figure 6 B).
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Figure 6. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) over 7 days on the
superoxide dismutase and catalase activities in the hippocampus (A and B) and cerebral cortex (C and
D) of rats in the memory acquisition protocol. Bars represent the mean + standard error of the mean.
#P<0.05 and # P<0.01 represents a significant difference compared to the control (C) group. *P<0.05
represents a significant difference compared to the scopolamine group (n=4-5). One-way analysis of

variance, Tukey'’s test.

Regarding the memory consolidation protocol in the hippocampus, an increase
in the reactive oxygen species (F@.15=16.5 P<0.001) and nitrite levels (F,15= 19.60
P<0.0001), and a decrease in sulfhydryl content (F@3.16= 19.60 P<0,001) in the
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scopolamine group compared to the control group was observed (Figures 7 A, C, and
D). Inosine treatment was capable of preventing these changes, particularly the 100
mg/kg dose. Scopolamine induced an increase in the levels of thiobarbituric acid
reactive substances in the hippocampus (F@3,15=11.09 P<0,0001). Inosine was not
capable of preventing this change (Figure 7C).

In the cerebral cortex, the administration of scopolamine after training
increased the reactive oxygen species (F@a,16= 6.36 P<0.001), thiobarbituric acid
reactive substances (F@19=12.82 P<0.001), and nitrite levels (F@,15= 5.81 P<0.05)
compared to the control group (Figures 7 E, G, H). Inosine in both doses prevented
the alterations in reactive oxygen species and thiobarbituric acid reactive substance
levels but not in the nitrate levels in the cerebral cortex. No alterations were observed
in the sulfhydryl levels in the cerebral cortex (F,18=2.20 P=0.129) in any of the groups
evaluated (Figure 7F).

The antioxidant enzyme results in the memory consolidation protocol showed
that in the hippocampus, scopolamine induced a decrease in the superoxide
dismutase (F(3,18)= 7.23 P<0.05) and catalase (F(3,16)=12.35 P<0.001) activities
compared to the control group (Figures 8 A and B). Similar results were also observed
in the cerebral cortex. Scopolamine administered after training decreased the
superoxide dismutase (F(3,18)= 7.22 P<0.01) and catalase (F(3,17)= 4.27 P<0.05)
(Figure 8 C and D) activities in this brain structure. Inosine prevented the alterations
induced by scopolamine in antioxidant enzymes activities in both the hippocampus and

cerebral cortex (Figure 8).
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Figure 7. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) over 7 days on the
reactive oxygen species levels (A and E), total sulfhydryl content (SH - B and F), thiobarbituric acid
reactive substances (C and G), and nitrite levels (D-H) in the hippocampus and cerebral cortex of rats
in the memory consolidation protocol. Bars represent the mean + standard error of the mean. #P<0.05,
# P<0.01 and ##P< 0.001 represents a significant difference compared to control (C) group. *P<0.05,
**P<0.01, and *** P<0.001 represents a significant difference compared to the scopolamine group (n=4-
5). One-way analysis of variance, Tukey’s test.
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Figure 8. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) over 7 days on the
superoxide dismutase and catalase activities in the hippocampus (A and B) and cerebral cortex (C and
D) of rats in the memory consolidation protocol. Bars represent the mean + standard error of the mean.
#P<0.05 and ## P< 0.001 represents a significant difference compared to the control (C) group. *P<0.05,
**P<0.01 and *** P<0.001 represents a significant difference compared to the scopolamine group (n=4-

5). One-way analysis of variance, Tukey’s test.

3.4 Inosine prevents an imbalance in ion pump activities in the memory
consolidation protocol

We also observed that scopolamine reduced the total adenosine triphosphatase
activity in the hippocampus (F@17)=7.79 P<0.001) and cerebral cortex (F,16)= 9.88
P<0.001) compared to the control group in the memory consolidation protocol (Figures
9 A and C). Inosine in both doses reversed these adenosine triphosphatase activity
changes in the hippocampus and cerebral cortex (Figures 9 A and C). Scopolamine
also induced a decrease in sodium-potassium adenosine triphosphatase activity in the
hippocampus (F@,15=17.22 P<0.001). Inosine pretreatment reversed these changes
(Figure 9B). No alterations were observed in sodium-potassium adenosine

triphosphatase activity (F,19) = 1.59 P=0.2557; Figure 9D).
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Figure 9. Effect of pretreatment with inosine (50 or 100 mg/kg, intraperitoneally) over 7 days on the total
adenosine triphosphatase (A and B) and sodium-potassium adenosine triphosphatase (C and D)
activities in the hippocampus and cerebral cortex of animals submitted to the memory consolidation
protocol. Bars represent the mean + standard error of the mean. #P<0.05 and ## P<0.001 represents a
significant difference compared to the control (C) group. *P<0.05 and **P<0.01 represents a significant

difference compared to the scopolamine group (n=4-5). One-way analysis of variance, Tukey’s test.

4 Discussion

This study investigated the protective effects of inosine at different stages of
memory (acquisition and consolidation) in a rat model of cognitive deficit induced by
scopolamine. Scopolamine is a common model used to study dementia, as it can
cause memory and cognitive deficits. Although the cognitive changes induced by
scopolamine do not mimic all that occur in AD, this model produces impaired cognition,
which is considered the main symptom of this neurodegenerative disease (Gilles and
Erthlé, 2000; Haider, Tabassum and Perveen, 2016). However, the scopolamine
model is considered a reliable tool to study the effects of compounds or components

involved in different phases of memory, having its validation as a pharmacological
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model for cognitive impairment in animals recognized (Klinkenberg and Blokland,
2010; Haider, Tabassum and Perveen, 2016; Tang, 2019). Our findings demonstrate
the protective effect of inosine only in the memory consolidation phase.

Scopolamine, a non-selective muscarinic receptor antagonist, impaired
memory acquisition and consolidation in our study. These findings are in agreement
with other studies (Gutierres et al., 2014; Da Silva et al., 2017; Ozawa et al., 2019;
Ponne et al., 2019; Wong-Guerra et al.,, 2019). AD is known to be predominantly
characterized by deficits in new memory acquisition. However, impairment in memory
consolidation has also been described, and it has been reported that these memory
steps depend on the same neuroanatomical regions, the hippocampus and cerebral
cortex (Moulin et al., 2004).

Considering that the cholinergic neurotransmitter system is important in memory
(Deutsch, 1971; Schneider, 2001) one of the first mechanisms evaluated in this study
was the central and peripheral cholinesterase activities. Previous studies have related
that the scopolamine model (1 mg/kg) decreased the acetylcholine level to <74% in
the brain of male Wistar rats, significantly increased the activities of
acetylcholinesterase and butyrylcholinesterase (Tang, 2019). We found an increase in
the acetylcholinesterase activity in both the hippocampus and cerebral cortex only the
memory consolidation protocol, which may be associated with the direct effect of
scopolamine on the blockage on muscarinic receptors. Interestingly, inosine prevented
this enzyme alteration in both brain regions. These findings are in accordance with
previous studies from our research group, which showed that inosine treatment (50
and 100 mg/kg) over 25 days prevented the acetylcholinesterase alterations in the
hippocampus and cerebral cortex of a rat model of sporadic dementia type AD
(Teixeira et al., 2020). These findings suggest that inosine may contribute to increase
in acetylcholine neurotransmitters in the synaptic cleft, which is a suitable mechanism
for improving memory. The therapeutic strategies have been based on increasing the
levels of this neurotransmitter because cholinesterase inhibition has continued to play
a pivotal role in the management of symptoms and possibly slowing the rate of
progression of AD (Schneider et al., 2001; Haake et al., 2020). Serum
butyrylcholinesterase activity is high in patients with AD (Rao, Gumpeny and Das,
2007; Mushtaqg et al., 2014). Note that the serum is a relatively non-invasive and
reliable clinical sample, serum butyrylcholinesterase activity can be used as a

biomarker to detect dementia and systemic inflammation associated with
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neurodegenerative diseases (Mushtaq et al., 2014; Ha, Mathew and Yeong, 2020). In
our study, scopolamine induced an increase in the serum butyrylcholinesterase activity
in both the memory acquisition and consolidation protocols, however inosine prevented
the alterations only the acquisition protocol. We emphasize that the dual inhibition of
central and peripheral cholinesterase enzymes by inosine may be important for treating
cholinergic deficit in neurodegenerative diseases associated with amnesic effects.

In both the memory acquisition and consolidation protocols, we observed
scopolamine-induced changes in the redox status in the hippocampus and cerebral
cortex, as demonstrated previously (Ishola et al., 2019; Wong-Guerra et al., 2019). In
the acquisition protocol, the oxidative changes were more pronounced in the cerebral
cortex, while in the consolidation protocol, both brain structures were similarly affected
by scopolamine. According Qu et al., (2017) the scopolamine (1 mg / kg, ip)
administered half an hour before the start of behavioral tests also reduced the levels
and activities of glutathione (GSH), Glutathione peroxidase (GSH-Px) and superoxide
dismutase in the hippocampus of male Wistar rats and the cognitive impairment
induced in this animal model is associated with oxidative stress in the brain as it impairs
the cellular antioxidant defense mechanism. In this sense, we observed that
scopolamine caused a reduction in superoxide dismutase and catalase in both
protocols and treatment with inosine was able to restore the enzymatic antioxidant
defenses. Allied to scopolamine itself, suppression of antioxidant enzyme activities can
lead to high levels of free radical accumulation in the cell, such as reactive oxygen
species (ROS) (Tang, 2019), can lead to apoptosis and mitochondrial dysfunction,
resulting in cognitive deficit (Haider, Tabassum and Perveen, 2016). The stress
oxidative is an important factor associated with reticulum stress, nuclear DNA damage,
membrane destabilization, calcium homeostasis imbalance, protein oxidation, and
consequent neuronal damage with effects in memory mechanisms (Tonnies and
Trushina, 2017; Da Silva et al., 2017; Amato, Terzo and Mule 2019). The increased of
ROS was also observed in our study, in both protocols, and inosine was able to restore
redox balance in hippocampus and cerebral cortex.

The effects of inosine in modulating the brain redox status have also been shown in
another study from our research group in a model of AD (Teixeira et al., 2020). In
addition, it is possible that the inosine degreasing product, urate (Venkatesan et
al., 2016), activates the Nrf2 pathway, is a transcription factor that activates the
endogenous antioxidant defense pathways and the production of antioxidant enzymes,
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once that scopolamine treatment negatively regulates this pathway in the hippocampus
(Zhang et al., 2013).

The antioxidant effect of inosine, reinforced in the results found in this work, can
explain, as least in part, the prevention found in ATPase and Na*, K*-ATPase activities,
and improvement in memory consolidation. Oxidative stress is an important factor
contributing to changes in Na+, K+-ATPase, and reduction of this enzyme activity is
related to memory decline (Zhang et al., 2013, Gutierres et al., 2014). The reduction in
Na* ,K*-ATPase activity impairs the ionic gradient, affecting many functions in the
nervous system, such as the uptake of various neurotransmitters (Zhang et al., 2013).
Thus, the modulation of Na*, K*-ATPase enzyme has become an important therapeutic
tool to control intracellular ion homeostasis and maintain neuronal membrane potential
in neurodegenerative disease protocols (Arnaiz and Ordieres, 2014; Da Silva et al.,
2017).

Although inosine exerts protective effects in neurochemical parameters in both
memory phases, mechanisms other than oxidative stress, cholinergic signaling, and
ion pump activities may underlie the different actions of inosine in memory
consolidation and acquisition. Other studies also showed the potential of inosine in
memory improvement in old rats (Ruhal and Dhingra, 2018) and an experimental
model of AD induced by streptozotocin (Teixeira et al., 2020). Although we did not
explain the exact mechanism involved in the inosine effects on different memory
phases, some hypotheses may be postulated such as the involvement of adenosine
receptors. Some studies have reported that the effects of inosine in experimental brain
diseases can be attributed to the activation of adenosine receptors such as A1, A2a
(Kaster et al., 2013), and As (Shen et al, 2005). Pagnussat et al. (2015) showed that
the selective blockade of A2a prevented the impairment of short-term memory induced
by scopolamine. Kim and Riu (2008) investigated the effects of adenosine A2a agonists
on memory phases, using passive avoidance and a Morris water maze, and found that
activation of this receptor impairs memory acquisition, but not consolidation or retrieval.
Interestingly, preliminary results from our research group have demonstrated that
inosine treatment for 25 days decreases the immunocontent of A2a receptors in the
brain in a model of AD (data not published). Thus, it is plausible that the effects of
inosine on the adenosine receptors are involved in the differences observed between

memory acquisition and consolidation.
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5. Conclusion

Our study showed that inosine might offer protection from memory consolidation in
a rat model of scopolamine-induced cognitive impairment. Inosine modulated
neurochemical mechanisms in the hippocampus and cerebral cortex occur during both
memory phases. Therefore, inosine may provide a novel approach for the treatment of

diseases associated with cognition impairment.
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Inosine prevent the dysfunction in memory consolidation.
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Abstract

Rationale Inosine is anaturally occurring purine nucleoside formed by adenosine breakdown. This nucleoside is reported to exert
potent effects on memory and leaming, possibly through its antioxidant and anti-inflammatory actions.

Objective The objective is to evaluate the effects of inosine on the behavioral and neurochemical parameters in a rat model of
Alzheimer’s disease (AD) induced by streptozotocin (STZ).

Methods Adult male rats were divided into four groups: control (saline), STZ, STZ plus inosine (50 mg/kg), and STZ plus
inosine (100 mg/kg). STZ (3 mg/kg) was administered by bilateral intracerebroventricular injection. The animals were treated
intraperitoneally with inosine for 25 days. Memory, oxidative stress, ion pump activities, acetylcholinesterase (AChE), and
choline acetyltransferase (ChAT) activities and expression were evaluated in the cerebral cortex and hippocampus.

Results The memory impairment induced by STZ was prevented by inosine. An increase in the Na*, K*-ATPase, and Mg-
ATPase activities and a decrease in the Ca®*-ATPase activity were induced by STZ in the hippocampus and cerebral cortex, and
inosine could prevent these alterations in ion pump activities. Inosine also prevented the increase in AChE activity and the
alterations in AChE and ChAT expression induced by STZ. STZ increased the reactive oxygen species, nitrite levels, and
superoxide dismutase activity and decreased the catalase and glutathione peroxidase activities. Inosine treatment conferred
protection from these oxidative alterations in the brain.

Conclusions Our findings demonstrate that inosine affects brain multiple targets suggesting that this molecule may have thera-
peutic potential against cognitive deficit and tissue damage in AD.
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Introduction

Alzheimer’s disease (AD) is the most frequently observed
age-associated neurodegenerative disease that is clinically
characterized by a progressive memory decline and cognitive
capacity (Chen 2018). The pathological hallmarks of AD in-
clude -amyloid deposition and neurofibrillary tangles con-
taining hyperphosphorylated tau protein (Jeong 2017;
Sonntag et al. 2017). The main risk factors for this disease
include age, genetic aspects, lifestyle, and environmental as-
pects. The majority of cases manifest as a late onset sporadic
form; however, a subgroup of patients suffers from the famil-
ial or early onset (<65 years) form of AD. In the last few
years, biochemical studies devoted to elucidating the mecha-
nisms involved in AD pathophysiology have showed that
chronic neuroinflammation, mitochondrial damage, brain en-
ergetic metabolism dysfunction, oxidative stress, and alter-
ations in brain enzymes are directly related to neurodegener-
ation (Chen 2018).

Oxidative damage has been suggested as a possible mech-
anisminvolved in AD initiation and progression (Gumusyayla
et al. 2016; Huang et al. 2016). An imbalance between the
production and detoxification of reactive species could dam-
age biological structures affecting crucial brain enzymes such
as acetylcholinesterase (AChE) and Na*, K*-ATPase. AChE
is responsible for hydrolyzing the neurotransmitter acetylcho-
line at cholinergic synapses (Soreq and Seidman 2001). Apart
from its catalytic function, AChE also functions in postsynap-
tic differentiation, cellular adhesion, and neurite extension
(Soreq and Seidman 2001). Na*, K"-ATPase is a ubiquitous
plasma membrane enzyme responsible for generating action
potentials by establishing Na* and K* concentration gradients
across the plasma membrane, which are essential for cellular
and body ion homeostasis (Lores Amaiz and Ordieres 2014).
Dysfunctions in both AChE and Na*, K*-ATPase have been
associated with an impaired process of learning and memory
(Zhang et al. 2013; Pacheco et al. 2018).

Inosine is a naturally occurring purine nucleoside formed
by the breakdown of adenosine. Previous studies have indi-
cated that inosine exerts potent effects on the neural system
(Markowitz et al. 2009; Kuricova et al. 2014; Muto et al.
2015). Inosine improved the learning and memory of aged
rats possibly through its antioxidant and anti-inflammatory
effects (Ruhal and Dhingra 2018). In addition, the beneficial
effects of inosine associated with plasticity, neuroprotection,
and immunomodulation are also demonstrated in a variety of
preclinical models (Hasko et al. 2004; Mabley et al. 2009;
Kuricova et al. 2014; Muto et al. 2015). Considering the neu-
roprotective actions of inosine, we evaluated the effects of this
compound against streptozotocin-induced memory deficits in
rats. The modulatory role of inosine in oxidative stress param-
eters and brain enzyme activities and expression was also
analyzed in the cerebral cortex and hippocampus of rats.
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Material and methods
Chemicals

Inosine, streptozotocin (STZ), acetylthiocholine iodide
(AcSCh), Coomassie Brilliant Blue G, ouabain, dichloro-
dihydro-fluorescein diacetate (DCFH-DA), 5,5-dithiobis (2-
nitrobenzoic acid) (DTNB), and adenosine triphosphate
(ATP) were purchased from Sigma Chemical Co. (St. Luis,
MO, USA). All other reagents used in the detailed experi-
ments were of analytical grade and the highest purity.

Animals

Forty adult male Wistar rats (2-month old) weighing 300
350 g were provided by the Central Animal House of the
Federal University of Pelotas. Animals were kept in cages
under standard temperature (23 + 1 °C), relative humidity
(45-55%), and lighting (12-h light/dark cycle) conditions.
The animals had ad libitum access to standard rodent pelleted
diet and water. All animal procedures were approved by the
ethical committee of the Federal University of Pelotas
(4808/2017).

Intracerebroventricular injection of streptozotocin

The animals were anesthetized with ketamine (75 mg/kg) and
xylazine (10 mg/kg). The head was positioned in the stereo-
taxic apparatus, and a midline sagittal incision was made in
the scalp. The stereotaxic coordinates for the lateral ventricle
were measured accurately as anterio-posterior — 0.8 mm, lat-
eral 1.5 mm, and dorso-ventral — 4.0 mm relative to the breg-
ma and ventral from the dura with the tooth bar set at 0 mm
(Herman and Watson 1987). Through the skull hole, a 28-
gauge Hamilton syringe of 10 uL attached to a stereotaxic
apparatus and piston of a syringe was lowered manually into
each lateral ventricle. STZ was dissolved in a citrate buffer
(pH 4.5) and administered by bilateral intracerebroventricular
(icv) injection (5 uL). Control rats group received an icv in-
jection with the same volume of citrate buffer.

Inosine treatment

The animals were divided in four experimental groups (n= 10
each): (I) control (C), (II) STZ, (IIT) STZ + inosine 50 mg/kg,
and (IV) STZ + inosine 100 mg/kg. The animals of groups I1,
I1I, and IV received bilateral icv injection of STZ whereas
those of group I received only citrate buffer. After 3 days of
the surgical procedure, the animals of groups III and IV were
treated with inosine (50 mg/kg or 100 mg/kg) by the intraper-
itoneal route (ip). Inosine was dissolved in saline solution and
administered to the animals for 25 days (Fig. 1). The animals
of the groups I and II received only saline solution by the ip
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Experimental protocol

Approval by the Ethics Committee
Protocol number 4808/2017

Inosine (50 mg/kg/day or 100 mg/kg/day) or vehicle (i.p)
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Fig. 1 Scheme of the protocol used to induce the experimental model of sporadic dementia of Alzheimer’s type in rats and treatment with inosine (50 or

100 mg/kg)

route for 25 days. The inosine dose was chosen based on
previous studies indicating neuroprotection (Dachir et al.
2014; Ruhal and Dhingra 2018).

Behavioral evaluation
Open-field test

Twenty-five days after surgical procedure, the locomotor be-
havioral tests were performed using an open-field apparatus as
described previously by Pacheco et al. (2018). The open-field
test was realized in an apparatus consisting of a box with the
floor of the arena divided into 16 equal squares (18 x 18 cm)
and placed in a sound-free room. Animals were placed in the
rear left square and were allowed to freely explore during
5 min. The number of squares crossed with all paws
(crossing) was counted manually. The apparatus was cleaned
up with a 40% alcohol solution and dried after each individual
rat session. This test was performed to identify motor disabil-
ities that might influence the other behavioral tests performed.

Y-maze test

Spatial recognition memory was evaluated in the apparatus
that had three arms: start arm, in which rats were placed to
start to explore (always open); novel arm, which was blocked
during training session, but open during the test session; and
other arm (always open). In the training session, the animal
was placed in the apparatus on the start arm and was free to
explore only the start arm and other arm for 5 min. The novel
arm remained blocked throughout the training session. After
24 h, the test session was performed with an open novel arm
and the animal could freely explore all three arms over a 5-min

period. The apparatus was cleaned with 40% ethanol after
each session. The time spent in each arm was determined,
and the results were expressed as the number of entries and
time spent on the arms (Dellu etal. 1997; Pacheco et al. 2018).

Inhibitory avoidance task

The animals were submitted to the task of inhibitory avoid-
ance as described by Gutierres et al. (2014). Briefly, the rats
were subjected to a single training session in a step-down
inhibitory avoidance apparatus, which consisted of a 25 x
25% 35 cm box with a grid floor whose right portion was
covered with a 7 x 25 cm platform, 2.5 cm high. The rats were
placed gently on the platform facing the rear left corner, and
when the rat stepped down with all four paws on the grid, a
0.5-mA shock was applied to the grid for 3 s. Twenty-four
hours after the training, the animals were tested in a step-down
inhibitory avoidance task. The test step-down latency was
taken as a measure of retention, and a cutoff time of 300 s
was established.

Tail flick

The tail flick test was performed to evaluate the nociceptive
threshold of rats, using an automatic analgesiometer. On the
first day, the rats were familiarized with the tail flick appara-
tus. On the second day, the animals were subjected to the tail
flick test. Rats were placed on the apparatus, and the light
source was positioned below the tail. This test determines
the latency of the animal in withdrawing its tail when it
reaches the nociceptive threshold. The tail flick test was per-
formed in triplicate not exceeding the time of 10 s in the
apparatus to avoid tissue damage (Gamaro et al. 2011). After
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the behavioral tests, the animals were subjected to euthanasia
and their brain and blood were collected (Fig. 1). The hippo-
campus, cerebral cortex, and serum were obtained and used
for biochemical determinations.

Acetylcholinesterase activity

The brain structures were homogenized on ice in a glass potter
with 10 mM Tris-HCI solution (pH 7.4). The protein content
was determined using the Coomassie Blue method with bo-
vine serum albumin as the standard. The AChE enzymatic
assay was performed as previously described by Ellman
et al. (1961). The reaction system comprising 10 mM
DTNB, 100 mM phosphate buffer (pH 7.5), and the enzyme
(40-50 ng of protein) was pre-incubated for 2 min. The reac-
tion was then initiated by adding 0.8 mM AcSCh, and the
absorbance was read on a spectrophotometer at 412 nm. All
samples were tested in duplicate, and enzyme activity was
expressed in pmol AcSCh/h/mg of protein.

mRNA expression of AChE and choline
acetyltransferase enzyme genes

mRNA expression of AChE and choline acetyltransferase
(ChAT) enzyme genes of hippocampus and cerebral cortex
samples of rats was performed by quantitative real-time poly-
merase chain reaction (QRT-PCR). Briefly, RNA was isolated
and extracted by adding TRIzol reagent to samples, and RNA
content was measured for later steps. RNA was further treated
with DNAse and then submitted to reverse transcription to
c¢DNA by using the iSCript cDNA synthesis kit, containing
the iScript reverse transcriptase enzyme. At last, gene expres-
sion was performed by using the QuantiFast SYBR Green
PCR Kit and cDNA of each sample. To normalize the analy-
sis, the (3-actin gene was used as the housekeeping control as
previously described (Assmann et al. 2018). Primer sequences
(5"-3") used for qRT-PCR: (3-actin, forward (TGTGACGT
TGACATCCGTAAAG), and reverse (GGCAGTAA
TCTCCTTCTGCATC) AChE, forward (GAATCTTT
GCTCAGCGACTTATG) and reverse (AGGTTCAG
GCTCACGTATTG:; ChAT, forward (GAGACCTCATCTGT
GGAGTTTG), and reverse (GGCCTCTAGCTCTTTCCTTT
Q).

Na*, K*-ATPase, Ca>*-ATPase, and Mg**-ATPase
activity assays

The cerebral cortex and hippocampus were homogenized in
Tris-HCI buffer (pH 7.4) and centrifuged at 3500 rpm for
10 min at 4 °C. Na*, K*-ATPase activity was measured in
the supernatant as previously described by Gutierres et al.
(2014). The reaction mixture contained 6 mM MgCl,,
50 mM NaCl, 5 mM KCl, 0.1 mM EDTA, and 30 mM Tris-
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HCL, pH 7.4. After 10 min of pre-incubation at 37 °C, the
reaction was initiated by addition of ATP to a final concentra-
tion of 3 mM and incubated for 30 min. Control experiments
were performed with the addition of 1 mM ouabain. The spe-
cific Na*, K*-ATPase activity was calculated by subtracting
the ouabain-insensitive activity from the overall activity (in
the absence of ouabain).

Total ATPase activity was assayed in an incubation medi-
um comprising 30 mM Tris-HC1 (pH 7.4), 50 mM NacCl,
5 mM KCl, 6 mM MgCl,, 3 mM ATP, and 50 uL of brain
samples in a final volume of 300 uL. Controls to correct for
non-enzymatic substrate hydrolysis were prepared by adding
sample preparations after the reactions were stopped with
TCA. To determine the Mg”*-ATPase activity, ouabain
(I mM) was added to the reaction medium. The reaction
was initiated by adding ATP and was stopped after 30 min
of incubation by the addition of 10% TCA. The Ca’*-ATPase
activity was determined by subtracting the activity measured
in the presence of Ca®* from that was determined in the ab-
sence of Ca®* (no added Ca>* plus 0.1 mM EDTA). The en-
zyme activities were expressed in nmol of Pi/min/mg of
protein.

Oxidative stress parameters

The hippocampus and cerebral cortex were homogenized in
10 volumes (1:10 w/v) of sodium phosphate buffer, pH 7.4
containing KCl. The homogenates were centrifuged at
3500 rpm for 10 min at 4 °C. The pellet was discarded, and
the supernatant was used for the measurements. The samples
were stored at — 80 °C until utilization. Protein content was
determined using the method by Lowry et al. (1951) with
bovine serum albumin as the standard solution.

Reactive oxygen species assay

Reactive oxygen species (ROS) formation was determined
according to Ali et al. (1992). In this assay, the oxidation of
DCFH-DA to DCF (fluorescent 2’,7'-dichlorofluorescein) was
measured for the detection of intracellular reactive species.
DCF fluorescence intensity emission was recorded at 525
and 488-nm excitation 30 min after the addition of DCFH-
DA to the medium. The results were expressed as mol DCF
per mg of protein.

Nitrite levels

Nitrite content was measured using the Griess reaction as de-
scribed by Huang et al. (2009). Briefly, 50 uL of sample plus
50 uL of sulfanilamide in 5% phosphoric acid was incubated
for 10 min at room temperature. Next, 50 uL of N-(1-
naphthyl) ethylenediamine dihydrochloride was added, and
the mixture was incubated for 10 min at room temperature.
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Absorbance at 540 nm was measured. A sodium nitrite solu-
tion was used as the reference standard, and the results were
expressed as pmol NO,/mg of protein.

Thiobarbituric acid reactive substance assay

Thiobarbituric acid reactive substance (TBARS) levels were
determined as described by Esterbauer and Cheeseman
(1990). The samples were mixed with 10% TCA and centri-
fuged. The supernatant was mixed with TBA (0.67%) and
incubated in a dry block at 100 °C for 30 min. TBARS levels
were determined by absorbance at 535 nm and reported as
nmol of TBARS per mg protein.

Total sulfhydryl content assay

The total sulfhydryl content was determined according to
Aksenov and Markesbery (2001). Samples were added to
PBS buffer (pH 7.4) containing EDTA. The reaction was ini-
tiated by the addition of DTNB and incubated for 60 min in
the dark. Reduction of DTNB by thiols generates a yellow
derivative. The result is measured spectrophotometrically at
412 nm. The results were reported in nmol TNB/mg of
protein.

Superoxide dismutase activity

Superoxide dismutase (SOD) activity was measured using the
method described by Misra and Fridovich (1972). This assay
is based on the inhibition of superoxide dependent adrenaline
auto-oxidation to adenochrome. The intermediate in this reac-
tion is superoxide, which is scavenged by SOD and is mea-
sured in a spectrophotometer adjusted at 480 nm. The specific
activity of SOD was reported as units per mg of protein.

Catalase activity

Catalase (CAT) activity was evaluated as described by Aebi
(1984). The decomposition of 30 mM H,0> in 50 mM potas-
sium phosphate buffer (pH 7.0) was continuously monitored
with a spectrophotometer at 240 nm for 180 s at 37 °C. One
unit of the enzyme is defined as the amount required to con-
vert 1 nmol of hydrogen peroxide per minute. Specific CAT
activity was reported as units/mg protein.

Glutathione peroxidase activity

For glutathione peroxidase (GPx) activity determination, a
commercial kit (RANSEL; Randox Lab, Antrim, UK) was
used. Absorbance was measured at 340 nm, and the GPx
activity was reported as units per mg of protein.

Biochemical parameters

Serum glucose, uric acid, and urea levels were determined
using commercially available diagnostic kits supplied by
Labtest (Labtest, MG, Brazil).

Statistical analysis

Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for means
comparison using GraphPad Prism version 5.0 program
(Intuitive Software for Science, Sdo Diego, CA, USA).
Differences with P <0.05 were considered statistically sig-
nificant in the analysis. All data were expressed as mean +
standard error (SEM).

Results
Inosine prevents memory deficits induced by STZ

In the inhibitory avoidance task, the latency time in the STZ
group was significantly decreased when compared with the
control group (Fi3-35 = 10.78, P <0.01) indicating memory
impairment. Treatment with inosine 50 and 100 mg/kg in-
creased the latency time when compared with that in the
STZ group, suggesting that inosine could restore the memory
deficits induced by this experimental model (Fig. 2). In Y-
maze test, STZ also decreased both the time spent (F(3-32, =
6.12, P< 0.01; Fig. 2a) and number of entries (F(3-32) = 7.36,
P < 0.001; Fig. 2b) into the novel arm. Inosine treatment in
both doses (50 and 100 mg/kg) effectively attenuated the spa-
tial memory deficits. As shown in Fig. 2, neither STZ nor STZ
plus inosine treatment altered the locomotor activity in the
open-field test (Fi3_34) =0.24, P >0.05) or the nociceptive
responses on the tail flick test (Fi3_j9) =2.40, P >0.05) ex-
cluding the possibility that the results of the inhibitory avoid-
ance task or Y-maze test are associated with nociception or
locomotor alterations.

Inosine restores the changes induced by STZ
on the activities and expression of enzymes
of the cholinergic system

In the cerebral cortex (F3-16,=9.69, P < 0.05) and hippocam-
pus (Fi3-16) = 14.02, P <0.05), STZ caused an increase in the
AChE activity when compared with the control group. Inosine
treatment at both doses (50 mg/kg and 100 mg/kg) was capa-
ble of preventing this alteration in the hippocampus. However,
in the cerebral cortex, only the dose of 100 mg/kg was effec-
tive against STZ-induced increase in the AChE activity
(Fig. 3). Figure 4 shows that STZ induced a decrease in the
ACHhE expression in the hippocampus and only treatment with
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50 mg/kg inosine could prevent this effect (F(3_;, =105.0,
P <0.001). In the cerebral cortex, a decrease in AChE expres-
sion was observed only in animals that received inosine (50 or
100 mg/kg) (F3_1;) =20.38, P <0.001) (Fig. 4). STZ de-
creased ChAT expression in the hippocampus (F3 sy =
31.20, P <0.001) and cerebral cortex (Fi3.15)=30.93, P <
0.001) when compared with the control group. Inosine treat-
ment prevented this alteration in both brain structures (Fig. 4).

Inosine restores ion pump activities
Total ATPase activity was significantly increased in the STZ
group in both the cerebral cortex (F(3_16, = 14.00, P <0.001)

and hippocampus (F(3_16 =8.42, P <0.05) in relation to the
control group. Treatment with inosine at both doses (50 and
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100 mg/kg) prevented this alteration (Fig. 5). STZ also in-
creased the Na*, K*-ATPase activity in cerebral cortex (F3_
16 =11.59, P <0.001) and hippocampus (F3_;6,= 12.96, P <
0.001) compared with the control group. Inosine could pre-
vent this enzyme alteration (Fig. 5). On the other hand, Ca®*-
ATPase activity was decreased in the cerebral cortex (F3-
16y =9.21, P <0.001) and hippocampus (F(3_1¢, = 8.16, P <
0.001) of animals treated only with STZ, and inosine
100 mg/kg was capable of preventing this change only in
the hippocampus. Finally, STZ also induced an increase in
the Mg-ATPase activity in the cerebral cortex (F3_16) =
21.32, P <0.001), which was prevented by inosine treatment
(50 and 100 mg/kg). No changes were observed in the Mg-
ATPase activity in the hippocampus in any experimental
group evaluated (F3-16) = 0.96, P= 0.4663) (Fig. 5).
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Fig. 3 Effect of inosine treatment
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Fig. 4 Effect of inosine treatment (50 or 100 mg/kg) on the expression of
acetylcholinesterase (AChE) and choline acetyltransferase (ChAT) in the
cerebral cortex and hippocampus of rats subjected to
intracerebroventricular injection with streptozotocin (STZ—3 mg/kg).
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(n =3-5 animals per group)
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(Fig. 6). STZ administration increased the TBARS levels in
the hippocampus (F5_16, = 11.72, P <0.001) and cerebral
cortex (F(3 a9y = 11.60, P <0.001) when compared with the
control group. Inosine was not able to protect against this
increase in TBARS levels. No significant changes were ob-
served in SH levels in the hippocampus (F3_2, =0.76, P =
0.76) or cerebral cortex (F(3.29y) =3.24, P =0.081) in any
experimental group evaluated.

In relation to antioxidant enzymes, the results showed
an increase in SOD (F3.20) =20.14) and a decrease in
CAT (F(3-20) =32.60) and GPX (F(3.20) = 25.80) activities
in the hippocampus of rats that were treated only with STZ
when compared with the control group (P <0.001). These
changes in the hippocampus were prevented by inosine
treatment (Fig. 7). In the cerebral cortex, SOD activity
was decreased only in the animals of the group STZ plus
inosine (100 mg/kg) (F;3-15) =3.70, P <0.05) when

@_ Springer

compared with other groups. STZ induced a decrease in
CAT (F(3.20) =15.90) and GPX (F (3.5, =7.94) activities
in the cerebral cortex compared with those in the control
group (P <0.05). Inosine at both doses prevented the al-
terations in CAT activity whereas only the dose of
50 mg/kg was effective at reverting the changes in GPX
enzyme activity (Fig. 7).

Inosine increase the uric acid levels in serum

The levels of uric acid in the serum were decreased in animals
that received STZ when compared with control group (F3-
200 =44.94, P <0.0001). Treatment with inosine at 100 mg/kg
could increase the levels of uric acid in serum (Fig. 8). No
significant changes were observed in glucose and urea levels
in any experimental group evaluated (Fig. 8).
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Fig. 6 Effect of inosine treatment
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Discussion therapeutic potential of compounds against the pathophysio-

In the present study, we evaluated the potential effects of dif-
ferent doses of inosine in preventing the memory deficits and
neurochemical alterations in an STZ-induced animal model of
AD.

Our results showed that STZ induced memory impairment
in rats corroborating the results of other studies (Gutierres
et al. 2014). It is well established that administration of STZ
in the brain generates alterations similar to those found in AD
such as mitochondrial abnormalities, oxidative stress, neuro-
nal cell damage, and learning and memory dysfunction (Grieb
2016; Gulyaeva et al. 2017). In addition, STZ alters the brain
glucose metabolism and induces desensitization of cerebral
insulin receptors (Griinblatt et al. 2007; Grieb 2016). Several
abnormalities also were observed in the brain glucose metab-
olism of patients with AD suggesting that a substantial decline
on energetic metabolism occurs before cognitive dysfunction
becomes evident (Ibanez et al. 1998; Mosconi 2005). Thus,
this model has been extensively used to investigate the

logical aspects of AD (Gutierres et al. 2014; Deshmukh et al.
2016; Pacheco et al. 2018; Martini et al. 2019).

Inosine at both doses used (50 and 100 mg/kg) was capable
of preventing the memory deficits induced by STZ evaluated
by inhibitory avoidance task and Y-maze test. The aversive
memory deficit and spatial memory impairment can be asso-
ciated with neurochemical changes observed in hippocampus
and cerebral cortex. In fact, alterations in these brain structures
have been well documented in both AD patients and experi-
mental models (Dekosky and Scheff 1990; Yao et al. 2010;
Gutierres et al. 2014; Pacheco et al. 2018).

The potential of inosine in improving memory has also
been described in other experimental conditions such as the
model of closed head injury (Dachir et al. 2014) and in older
female rats (Ruhal and Dhingra 2018). Data from literature
support that the beneficial effects of inosine in brain disorders
can be associated to the activation of adenosine receptors or
the production of its metabolite uric acid (Hasko et al. 2004;
Welihinda et al. 2016; Doyle et al. 2018). Although we did not
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Fig. 7 Effect of inosine treatment (50 mg/kg or 100 mg/kg) on
superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) in the hippocampus and cerebral cortex of rats
subjected to intracerebroventricular injection with streptozotocin
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define the precise mechanism of action for inosine in memory
improvement in the AD model, our results indicate that this
compound modulates pathways crucial for cognitive functions
such as cholinergic signaling, ion pump activities, and redox
status.

The neurotransmitter acetylcholine is associated with cog-
nitive, learning, and memory processes. Acetylcholine is syn-
thesized by the enzyme ChAT from choline and acetyl-CoA
and is posteriorly degraded by AChE at cholinergic synapses
(Deiana et al. 2011). Changes in ChAT and AChE have been
correlated with cognitive decline in patients and in experimen-
tal models of AD (Gutierres et al. 2014; Deshmukh et al.
2016; Sorial and Sayed 2017; Pacheco et al. 2018).

Our results suggest that the increase in AChE activity in-
duced by STZ in the cerebral cortex and hippocampus could
result in rapid acetylcholine degradation causing alterations in
cholinergic signaling. In addition, a decrease in ChAT expres-
sion could lead to decreased synthesis of acetylcholine and
low levels of this neurotransmitter in the brain. Besides,
ACHhE also has effects on neurogenesis, cell adhesion, and
synaptogenesis (Soreq and Seidman 200 1); we cannot exclude
that a decrease in AChE expression in the hippocampus by
STZ can affect these crucial process in the brain, thus contrib-
uting to memory deficits observed in the STZ group.

Data from literature show that although inosine improved
neuronal survival in the hippocampal CAl region, this com-
pound did not prevent the decrease in AChE activity in the
hippocampus and frontal cortex of old female rats (Ruhal and
Dhingra 2018). On the contrary, we observed that inosine
prevented the alterations in AChE activity and the expression
of cholinergic enzymes in an experimental model of AD.
Thus, our findings suggest that memory improved by inosine
can be explained, at least in part, by modulation of cholinergic
signaling in this pathological condition.

Our results showed that in hippocampus, the lower dose
of inosine used was more effective in increasing the AChE
and ChAT expression. Although we cannot yet explain the
exact mechanism responsible for this difference, it has
been demonstrated that inosine is capable of sensitizing
adenosine receptor A3 (Jin et al. 1997). Cinalli et al.
(2013) demonstrated that the interaction of inosine with
receptor A3 was able to modulate acetylcholine release at
the neuromuscular junction. Thus, we can suggest that one
of the mechanisms involved in the differences in relation to
inosine dose and effects in brain structures may be associ-
ated with A3 receptors. In addition, in the rat brain, the
hippocampus and the cerebellum show high levels of A3
mRNA while lower levels of these receptors were observed
in the cortex and amygdala (Dixon et al. 1996).

Na*, K*-ATPase, Ca>*-ATPase, and Mg?>*-ATPase are
enzymes responsible for generating and maintaining the
intracellular ion gradients (Benarroch 2011). Na*, K*-
ATPase maintains the Na™ and K* gradients that are

fundamental for neuronal excitability, membrane potential,
and signal transduction (Aperia 2007; Benarroch 2011). In
the present study, we observed an increase in the Na*, K*-
ATPase activity in the cerebral cortex and hippocampus of
rats that received only STZ. Previous studies from our lab-
oratory also related an increase in total Na*, K*-ATPase
activity and «l and «2/«3 isoforms in the brain after
28 days of STZ injection (Pacheco et al. 2018). Although
the exact mechanism responsible for this increase has not
been fully clarified, some studies have associated alter-
ations in Na*, K*-ATPase activity with oxidative stress
(Hitschke et al. 1994; Carvalho et al. 2015).

The Ca**-ATPase is essential for the control of calcium
intracellular signaling thus contributing to modulate to a
variety of functions such as cellular differentiation and
neurotransmitter release (Mata and Sepulveda 2010). Our
results suggest that inhibition of Ca®*-ATPase by STZ ad-
ministration could lead to dysregulation of cellular Ca**
homeostasis affecting many intracellular signaling path-
ways. In fact, a decrease in Ca®*-ATPase activity has been
documented in the brain of AD patients (Mata et al. 2011).
Further, we also showed an increase in Mg”*-ATPase in the
cerebral cortex suggesting that alterations in intracellular
Mg?* concentration also contribute to neurological and
memory dysfunctions associated with AD. Of particular
importance, Mg”* is an important cofactor for Na*, K*-
ATPase activity (Apell et al. 2017).

Inosine treatment was capable in regulating the ion pump
activities in the brain structures of the rat AD model. Studies
evaluating the effects of inosine in brain ATPase activities are
scarce; however, Darlington and Gann (2005) related the po-
tential of this compound in stimulating Na*, K*-ATPase ac-
tivity to be independent of adenosine receptors. Considering
that membrane-bound proteins are highly vulnerable to oxida-
tive stress (Hitschke et al. 1994; Zaidi and Michaelis 1999), it
is plausible to suggest that the antioxidant effect of inosine
may be related to the modulation of ion pump activities as
observed in our findings.

In fact, our results also demonstrated an increase in the
markers of oxidative damage such as ROS, nitrite, and
TBARS levels and a depletion in antioxidant enzyme activi-
ties such as catalase and GPX in both the hippocampus and
cerebral cortex. It is well described in literature that intra-
cerebroventricular administration of STZ induces oxidative
stress in the brain (Huang et al. 2016; Gulyaeva et al. 2017;
Pacheco etal. 2018). Abnormal production of reactive oxygen
and nitrogen species might lead to oxidative modification of
biomolecules and disruption of nerve terminal activity causing
alterations and loss of synapses (Agostinho et al. 2010). These
mechanisms may be correlated with the memory decline ob-
served and the enzyme alterations in the present study.

Inosine treatment showed antioxidant action against
STZ-induced oxidative stress. Inosine reduced the levels
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of ROS and nitrite and increased the activity of CAT and
GPx enzymes in the brain structures evaluated in the both
doses used (50 and 100 mg/kg). Ruhal and Dhingra (2018)
demonstrated that administration of inosine (100 and
200 mg/kg) for 15 days reduced lipid peroxidation and
nitrite levels and increased the levels of glutathione
reduction and superoxide dismutase activity in the
hippocampus and frontal cortex of aged female rats. On
the contrary of our results, Ruhal and Dhingra (2018)
showed that the inosine (50 mg/kg) failed to prevent alter-
ations in brain oxidative damage induced by age.

The antioxidant properties of inosine can be associated
with its action as a scavenger of free radicals. Gudkov
et al. (2006) reported that inosine could reduce the pro-
duction of hydrogen peroxide and hydroxyl radicals and
prevent radiation-induced oxidative DNA damage. Other
possible mechanisms involved in the antioxidant effect of
inosine may be associated with its metabolite, uric acid.

Uric acid is a natural antioxidant that may reduce oxi-
dative stress through its actions as a scavenger of
peroxynitrite and its derivatives (Squadrito et al. 2000;
Glantzounis et al. 2005). The antioxidant effect of uric acid
appears to be particularly important to prevent brain dam-
age in neurodegenerative diseases (Rentzos et al. 2006;
Andreadou et al. 2009; Koch and De Keyser 2006).
Considering that inosine is a precursor of uric acid, we
evaluated the levels of this molecule after inosine treat-
ment. In fact, inosine at the dose of 100 mg/kg was effec-
tive in increasing the uric acid levels in the serum of rats
suggesting that this mechanism might be involved in mem-
ory improvement. Corroborating with our hypothesis,
Euser et al. (2009) showed that high levels of uric acid
are associated with a decreased risk of dementia and better
cognitive function later in life.

In conclusion, our findings showed that inosine ameliorates
memory dysfunctions induced in an experimental model of
AD. This effect can be attributed to the interaction of inosine
with multiple molecular targets in brain regions involved with
cognitive functions, such as cholinergic enzymes, ion pump
activities, and redox status. However, more studies are re-
quired to evaluate inosine as a potential alternative for future
AD therapeutic strategies against AD.
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Abstract

Alzheimer’'s disease (AD) is a neurodegenerative pathology characterized by
progressive impairment of memory, associated with neurochemical alterations and
limited therapy. The aim of this study was to evaluate the effects of inosine on memory,
neuroinflammatory parameters, neurotrophic factors, expression of purinergic
receptors, and morphological changes in the hippocampus and cerebral cortex of rat
models of AD induced by streptozotocin (STZ). Male rats were divided into four groups:
| - control, Il - STZ, lll - STZ plus inosine (50 mg/kg), and IV - STZ plus inosine (100
mg/kg). The animals received intracerebroventricular injections of STZ or saline. Three
days after the surgical procedure, animals were treated with inosine (50 mg/kg or 100
mg/kg) for 25 days. Inosine was able to prevent memory deficits and decrease the
immunoreactivity of the brain A2A adenosine receptor induced by STZ. Inosine also
increased the levels of brain anti-inflammatory cytokines (IL-4 and IL-10), the
expression of BDNF and its receptors, and prevented the increase in cholesterol levels
and serum butyrilcholinesterase alterations induced by STZ. The morphological
changes in the molecular layer of the hippocampus were attenuated by treatment with
inosine 50 and 100 mg/kg in rats exposed to STZ. However, inosine was not capable
of preventing the increase in GFAP in animals exposed to STZ. In conclusion, our
findings suggest that inosine has therapeutic potential for AD treatment through the

modulation of different brain mechanisms involved in neuroprotection.

Keywords: inosine, hippocampus, memory, purinergic receptor, BDNF
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1. Introduction

Alzheimer's disease (AD) is characterized by progressive impairment of memory
and other cognitive skills. It is a neurodegenerative disease that predominantly affects
elderly people, with advanced age as the main risk factor; therefore, AD is a public
health problem due to life expectancy [1-3]. Several mechanisms have been proposed
to explain AD pathogenesis. Evidences have demonstrated that oxidative stress,
dysfunction in cholesterol metabolism, neuroinflammation, low levels of brain-derived
neurotrophic factor (BDNF), and alterations in cholinergic and purinergic signaling
contribute to neurodegeneration and cognitive deficits [4—11].

BDNF and its high affinity to tyrosine kinase receptors (TrkB) play an important
role in neuronal survival, cell differentiation, synaptic plasticity, and neuronal
maintenance [11-13]. BDNF is a neurotrophin with the ability to increase long-term
potentiation (LTP) in the hippocampal CA1 region, which is directly associated with
memory [14-16]. In fact, hippocampal and cortical post-mortem samples of AD patients
revealed a decrease in both BDNF and TrkB levels, indicating that deficits in BDNF
signaling contribute to neuronal damage in this pathological condition [17-21].

AD is also associated with chronic inflammation in the central nervous system
(CNS), characterized by an increase in the production of cytokines, chemokines,
inflammatory factors as well as infiltration of immune cells followed by
neurodegeneration [2, 22]. The activation of microglia and astrocytes, accompanied by
an increase in the production of pro-inflammatory cytokines, demonstrates a causal
relationship between pro-inflammatory cytokine production and cognitive dysfunction
[22]. Thus, astrogliosis and neuroinflammation appear to be integral components of
AD onset and progression, which together with cholinergic neuronal loss are common
findings in brain analyses of post-mortem patients [2,7,23].

The participation of adenosine receptors in cognitive processes has been
recognized over the years. Adenosine receptors such as A1 and A2A are located
mainly at synapses and mediate the physiological actions of adenosine. The brain
density of these receptors is affected by AD [24—27]. Al loss appears to be among the
factors related to cell death in the hippocampus, while an increase in A2A expression
has been associated with neurodegenerative processes and memory deficits [28, 29].
On this note, the pharmacological modulation of adenosine receptors is an important
target to be explored with the aim of preventing the action of signaling pathways

involved in neurodegeneration in AD [27,28].
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Inosine, an endogenous purine nucleoside, is formed by deamination of
adenosine by the enzyme adenosine deaminase and has been shown to have
neuroprotective, anti-inflammatory, and antioxidant properties [30,31]. Studies have
suggested that the biological actions of inosine may be mediated through adenosine
receptors or by the production of uric acid, an important peroxynitrite scavenger.
Therefore, the aim of this study was to evaluate the effects of inosine on short-term
memory, neuroinflammatory parameters, BDNF signaling, and expression of
purinergic receptors in the hippocampus and cerebral cortex of

rat models of AD induced by streptozotocin (STZ).

2. Material and Methods
2.1 Chemicals

Inosine, STZ, Coomassie Brilliant Blue G, sodium citrate, butyrylcholine,
hydrochloric acid, RIPA buffer, protease, and phosphatase inhibitors were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). All other reagents used in the detailed
experiments were of analytical grade and the highest purity. TRIzol reagent and DNase

I Amplification Grade were purchased from Invitrogen™ (Carlsbad, USA).

2.2 Animals

Adult male Wistar rats (60 days, 300-350 g) were provided by the Central
Animal House of the Federal University of Pelotas. The animals were kept in cages
under standard temperature (23 + 1 °C), relative humidity (45-55%), and lighting
conditions (12 h light/dark cycle), and free access to standard rodent pelleted diet and
water ad libitum. The Committee of Ethics and Animal Experimentation of the Federal
University of Pelotas, Brazil, under protocol number CEEA 4808-2017, approved all
animal procedures. The use of animals was in accordance with the Brazilian Guidelines
for the Care and Use of Animals in Scientific Research Activities (DBCA), which is in
agreement with the National Council of Control of Animal Experimentation (CONCEA).

2.2Intracerebroventricular (icv) injection of streptozotocin (STZ)

The animals were anesthetized with ketamine (75 mg/kg) and xylazine (10
mg/kg) for all surgical procedures. The head was placed in position in the stereotaxic
apparatus, and a midline sagittal incision was made in the scalp in each animal. The

stereotaxic coordinates for the lateral ventricle were measured accurately as anterio-
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posterior —0.8 mm, lateral 1.5 mm, and dorso-ventral —4.0 mm, relative to the bregma
and ventral from the dura with the tooth bar set at 0 mm [9, 32]. Through a skull hole,
the piston of a 28-gauge Hamilton® syringe of 10 uyL attached to a stereotaxic
apparatus was lowered manually into each lateral ventricle. The STZ groups received
bilateral intracerebroventricular (ICV) injection of STZ (3 mg/kg, body weight) dissolved
in citrate buffer (pH 4.4). The concentration was adjusted to deliver a 5 uL/injection at
the site. Animals in the control group received ICV injection of the same volume of

citrate buffer.

2.4 Inosine Treatment

The animals were divided into four experimental groups (n = 10 each): | —
Control (C), I = STZ, lll = STZ + inosine 50 mg/kg (STZ + Ino 50), and IV - STZ +
inosine 100 mg/kg (STZ + Ino 100). The animals ingroups II, lll, and IV received
bilateral ICV injection of STZ while animals in group | received only citrate buffer. Three
days after the surgical procedure, the animals in groups Il and IV were treated with
inosine (50 mg/kg or 100 mg/kg) and those in groups | and Il received saline
intraperitoneally (i.p.), as shown in figure 1. Inosine was dissolved in saline solution
and administered for 25 days. The weight of the animals was evaluated weekly during
the experimental period. Inosine dose was chosen based on previous studies

indicating neuroprotection [33, 34].

2.5 Behavioral procedure
2.5.1 Open-field test

Locomotor behavior was evaluated using an open-field apparatus after 27 days
of STZ injection. The open-field test was performed in an apparatus consisting of a box
with the floor of the arena divided into 16 equal squares (18 x 18 cm), placed in a
sound-free room. The number of quadrants crossed over a period of 5 min was the
parameter used to evaluate locomotor activity. This test was carried out to identify
motor disabilities, which might influence memory behavioral tests. The apparatus was
cleaned with 40% ethanol and dried after each individual animal session [9].
2.5.2 Object Recognition

Twenty-four hours after the open-field test, which was also used as habituation
to the apparatus, the animals underwent an object recognition test to evaluate short-
term memory. The task was performed on the 28th day after STZ injection. The
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animals were placed individually in a box with two identical objects (objects A and B)
for 5 min for freely exploration (training). After 2 h, the animals were put back in the
box for 5 min, and one of the previous objects (B) was replaced (object C). The time
spent exploring the new and familiar objects was recorded. The results were calculated
according to the recognition index = TC/ (TA + TC) [9]. After this test, the animals were
euthanized and each animal’s brain and blood were collected for analysis. The brain
structure samples were prepared and protein determination was performed according

to each specific technique.

2.6 Western blot analysis of Al, A2A and P2X7 immunoreactivity

The A1R, A2AR, and P2X7R receptor immunoreactivity in the hippocampal and
cortical membranes were evaluated by western blot analysis, as previously described
by Rebola et al. (2005) [24]. Samples of the hippocampus and cerebral cortex were
homogenized in ice-cold radioimmunoprecipitation assay buffer (RIPA buffer) with
1mM protease and phosphatase inhibitors and centrifuged at 12,000 rpm at 4°C for 10
min. The protein concentration was determined using a BCA Protein Assay Kit (Sigma-
Aldrich, EUA). The diluted samples were separated by sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes
(Amersham Biosciences, UK). After blocking, the membranes samples were incubated
overnight at 4°C with primary antibodies; A1l (dilution 1:800, Santa Cruz Biotechnology,
CA, USA), A2A (dilution 1:800, Santa Cruz Biotechnology, CA, USA), and
P2X7 (dilution 1:800, Santa Cruz Biotechnology, CA, USA) membranes were
incubated with anti-rabbit or anti-mouse secondary antibodies (dilution 1:10.000,
Santa Cruz Biotechnology, CA, USA) for 90 min at room temperature. The membranes
were incubated with an enhanced chemifluorescent substrate (Amersham
Biosciences) and analyzed with Amersham Imager 600 (GE Healthcare Life Sciences,
EUA). The membranes were reprobed and tested for -actin immunoreactivity, as a

control for protein concentration.

2.7 RNA extraction, cDNA synthesis, and quantitative real-time polymerase
chain reaction of BDNF and tyrosine receptor kinase B (TrkB)

Total MRNA was extracted from 50 to 100 mg of the hippocampus and cerebral
cortex tissue, using TRIzol reagent followed by DNase treatment with DNase |

Amplification Grade, to ensure minimum DNA contamination of the samples. The total
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RNA isolated was quantified, and its purity (260/280 and 260/230 ratios) was examined
using a NanoVue spectrophotometer (GE, Fairfield, CT, USA).
cDNA synthesis was performed using High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, UK) according to the manufacturer’s protocol.
For reverse transcription, 1 ug of total RNA was used in a reaction volume of 20 pL.
The amplification was performed with GoTag® qPCR Master Mix (Promega, Madison,
WI) using CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories Inc.,
CA, USA). The sequences of the primers used are listed in Table 1. The gPCR
conditions were as follows: 10 min at 95°C to activate the hot-start Tagq polymerase,
followed by 35 cycles of denaturation for 15 s at 95°C, primer annealing for 60 s at
60°C, and extension for 30 s at 72°C (fluorescence signals were detected at the end
of every cycle). Baseline and threshold values were automatically set using the Bio-
Rad CFX Manager software.
The number of PCR cycles required to reach the fluorescence threshold in each
sample was defined as the Ct value, and each sample was analyzed in duplicate to
obtain an average Ct. The 2-AACT method was used to normalize the fold change in

gene expression, using B-actin as a housekeeping gene.

2.8 Quantification of cytokines in brain

Hippocampus and cerebral cortex tissues were homogenized in 10 mM Tris—
HCI buffer (pH 7.4) on ice using a homogenizer. The homogenate was centrifuged at
14000xg for 30 min, and the supernatants were used for the analysis. The cytokines
were detected by an enzyme-linked immune sorbent assay (ELISA) using OptEIA kit
(Pharmingen, San Diego, CA, USA), according to the manufacturer’s instructions.
Standard curves allowed determination of cytokine concentrations in pg/mL. The
absorbance was read at 450 nm using a Power Wave X microplate scanning

spectrophotometer (BioTek Instruments, Inc.).

2.9 Butirilcholinesterase activity in serum (BuChE)

BuChE activity was determined using a modification of the method of Ellman
and col (1961) and was expressed in pmol BuSCh/h/mg of protein [35]. The method is
based on the formation of 5,5-dithiobis-acid nitrobenzoic measured at 412 nm, and the

reaction was initiated by adding 0.8 mM butyrylthiocholine iodide (BuSCh).
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2.10 Total cholesterol level
Serum cholesterol levels were determined using commercially available

diagnostic kits supplied by Labtest® (Labtest, MG, Brazil).

2.11 Morphological parameters
2.11.1 Hematoxylin and eosin (HE)

The specimens were fixed in 10% buffered formalin, processed, and included in
paraffin, and subjected to histological cut in a microtome set to a thickness of 4 um.
The cuts placed on matte sheets were heated in an oven at 80 °C for 1 h, deparaffinized
in xylol, rehydrated in ethyl alcohol staggered, and washed in distilled water. The slides
were placed in Harris hematoxylin dye for 5 min, washed in running water,
differentiated in acid-alcohol for 1 min, washed again in running water, and dipped in
1% lithium carbonate. Subsequently, the slides were placed in eosin dye for 3 min,
dehydrated in absolute alcohol, and placed in xylol for assembly with Entellan type
resin.

2.11.2 Immunohistochemistry for Glial Fibrillary Acid Protein (GFAP)

The brains were fixed in 10% buffered formalin, processed, and included in
paraffin, and subjected to histological cut in a microtome regulated to a thickness of 3
pm and placed on slides. The slides were heated in an oven at 75 °C for 2 h,
deparaffinized in xylol, and rehydrated in ethyl alcohol and then in distilled water for 5
min in PBS. Antigenic recovery was performed in a water bath for 20 min at 94 °C in
citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked with a 5% solution
of hydrogen peroxide in methanol for 20 min in the dark. Protein blocking was
performed with skimmed-milk powder diluted to 5% in PBS for 20 min. The cuts were
incubated overnight in a refrigerator at 2—8 °C, with the primary anti-GFAP antibody in
1:200 dilution. After incubation, the secondary IgGk light chain HRP antibody
conjugated at 1:200 dilution was applied and incubated for 1 h and 30 min at room
temperature, and the reaction was visualized with Liquid Dab (Dako, K3468) according
to the manufacturer's recommendations. After visualization, the slides were
counterstained in Harris' hematoxylin for 20 seconds and differentiated in 2%
ammoniacal water for 20 seconds. The cuts were dehydrated in absolute alcohol and
placed in xylol for the assembly of the slides in Entellan-type resin.

The quantification of GFAP was performed through optical density (OD) analysis
using an Olympus® BX 257 40 microscope coupled to a computer with the software
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Image Pro Plus® 6.3 (Media 258 Cybernetics). Images of each region were captured

per section.

2.12 Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test for means comparison using GraphPad Prism version 5.0
Program (Intuitive Software for Science, San Diego, CA, USA). P<0.05 was considered
statistically significant in the analysis. All data are expressed as mean + standard error
(SEM).

3. Results

3.1 Effects in body weight of animals

As can be seen in Figure 1, the animals treated only with STZ showed a
reduction in body weight in relation to the control group during all experimental periods
(P<0.001). However, only inosine (100 mg/kg) was capable of increasing the body

weight of the animals when compared to the STZ group.

3.2Inosine prevents memory deficits induced by STZ

In the object recognition task, the percentage of exploratory preference of the
new object of the STZ group was significantly lower than that of the control group (P<
0.01), indicating memory impairment. Treatment with inosine 100 mg/kg increased the
percentage of exploratory preference of the new object when compared with the STZ
group, demonstrating that inosine is capable of restoring memory deficits induced by
this experimental model (Figure 3). As shown in Figure 3, neither STZ nor STZ plus

inosine treatment altered locomotor activity in the open field test.

3.3 Inosine modulated the brain purinergic receptors

Concerning the density of receptors in the hippocampus, our results showed an
increase in immunoreactivity of A1 and A2A in the STZ group (P<0.05). Inosine (100
mg/kg) increased the levels of Al, and both inosine concentrations were effective in
decreasing the immunoreactivity of the A2A receptor when compared to the STZ group
(Figure 4). In the cerebral cortex, only an increase in A2A density was observed in the
STZ group (P<0.05), which was prevented by inosine (50 mg/kg). Inosine (100 mg/kg)

also increased the levels of Al in the cerebral cortex of the rats (P<0.05) (Figure 4).
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3.4 Inosine modulates expression of BDNF and TrkB receptor

In the hippocampus of the STZ group, a significant reduction in TrkB levels was
observed (P<0.05), while BDNF levels only demonstrated a tendency to decrease.
Interestingly, inosine at both doses was capable of increasing the mRNA levels of TrkB
and BDNF in the hippocampus (Figure 5). No changes were observed in the mRNA
levels of receptor TrkB or BDNF in the cerebral cortex (Figure 5). Surprisingly, our
results showed an increase in the mRNA levels of BDNF in the cerebral cortex when

the animals were treated with inosine at a dose of 100 mg/kg (Figure 5).

3.5 Inosine prevent alterations in levels of anti-inflammatory citokines

In figure 6, the results show that STZ reduced the levels of IL-4 and IL-10 in
both the hippocampus and cerebral cortex of rats (P<0.05). In the hippocampus, only
the treatment with inosine 100 mg/kg was capable of preventing these alterations. On
the other hand, in the cerebral cortex only the dose of inosine 50 mg/kg was effective
in increasing the levels of anti-inflammatory cytokines in both the brain structures
analyzed (Figure 6).

3.6 Inosine prevent alterations in BUChE activity and cholesterol levels

In serum, STZ caused an increase in BUChE activity and total cholesterol levels
when compared to the control group (P<0.05) (Figure 7). Inosine treatment at both

doses (50 and 100 mg/kg) prevented these serum alterations (Figure 7).

3.7 Morphological changes and immunoreactivity for GFAP in different regions
of the hippocampus of rats treated with inosine and submitted in a model of AD
induced by STZ

In figure 8, it can be seen that in the CA1 and DG regions, there is a change in the
morphology of the cells that make up the granular layer (see black arrows). In the
control group, the nuclei were rounded and large with a lighter chromatin with visible
nucleoli (see white arrows). In the STZ group, the heterogeneity of the cells was
smaller, the cytoplasm was not apparent, and nuclei had elongated or fusiform
morphology. In addition, the presence of “dark bodies” along the molecular layer, which
are characterized by cells with a more basophilic nucleus, greater dyeing by
hematoxylin, and an elongated morphology. These morphological changes in the
molecular layer were attenuated by treatment with inosine 50 and 100 mg/kg in rats

exposed to STZ.
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Figure 9 shows the immunoreactivity of GFAP in the CA1 (graph B), CA3 (graph
C), and DG (graph D) regions. There was an increase in immunoreactivity of GFAP in
CA1 (P>0.05, graph B), CA3 (P>0.05 graph C), and DG regions (P>0.05, graph D).
Inosine 50 and 100 mg/kg were not able to protect against the increase in GFAP

immunoreactivity.

4. Discussion

The STZ model is characterized by brain insulin resistance and represents a
sporadic non-transgenic AD model. This model reproduced the molecular and
behavioral characteristics of AD, such as memory deficits, neuroinflammation,
oxidative stress, cholinergic alterations, and glia activation [36—39].

Using the behavioral task of object recognition, our results showed that the STZ
group had less preference for the new object, confirming the memory deficits. Inosine
100 mg/kg was capable of preventing short-time memory dysfunctions induced by STZ.
This finding corroborated with another group study and the effect of inosine in
improving memory can be associated with the modulation of many neural pathways
such as oxidative stress, ion pump activities, and cholinergic signaling [34]. In addition,
in the present study, we also demonstrated that inosine is capable of modulating other
mechanisms involved in neuroinflammation, purinergic system, brain-derived
neurotrophic factor (BDNF) signaling, and cholesterol metabolism.

There are no known receptors specific for inosine; however, studies have
suggested that this nucleoside is capable of interacting with adenosine receptors.
Adenosine receptors have many roles in the brain, such as presynaptic and
postsynaptic neuromodulatory activities [27, 40]. However, in neurodegenerative
conditions, while Al has been described to have a neuroprotective effect, A2A plays a
crucial role in the neurodegeneration process [41]. In fact, Pagnussat et al. (2015) [42]
showed that activation of A2A is necessary and sufficient to decrease short-term
memory. On this note, an important finding of our study is the reduction of A2A
expression in the hippocampus and cerebral cortex by inosine, which can be directly
associated with memory improvement. Other studies have also demonstrated that
inosine prevents the positive regulation of A2A in experimental models of autoimmune
encephalomyelitis [43] and Parkinson’s disease [44]. Thus, our results corroborate with
previous data and allow us to propose that this purine can be an innovative and useful

tool for the prevention of inflammatory and neurodegenerative diseases.
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Another important result of this study was the effect of inosine in increasing the
expression of BDNF and its receptor, mainly in the hippocampus. BDNF through the
activation of its receptor (TrkB) plays a crucial role in the nervous system by providing
trophic support to neurons and by regulating synaptic transmission and plasticity, such
as long-term potentiation (LTP), an important pathway associated with memory [45].
Alterations in BDNF signaling have been described in AD, and in line of this, the
reestablishment of BDNF activity by inosine may be considered as a promising strategy
of preventing neurodegeneration.

There is an association between inflammatory markers and cognitive decline in
both animal models and patients with AD [46]. Previous studies have demonstrated a
relationship between early cytokine production and cognitive dysfunction and glial
activation, which, in turn, is accompanied by an increase in the production of pro-
inflammatory cytokines (TNF-a, IL-18, IL-6, IL-12) [47, 50]. In this study, we showed a
decrease in the levels of anti-inflammatory cytokines IL-10 and IL-4 in the STZ group.
In the brain, IL-10 is capable of promoting neuronal survival by blocking the effects of
proapoptotic cytokines, and limiting inflammation by reducing the synthesis of
proinflammatory cytokines and suppressing cytokine receptor expression/activation
[49]. In addition, IL-4 is very important to immunity and plays a critical role in brain
functions, such as homeostasis, neurogenesis, memory, and learning [47, 48]. Thus,
the increase caused by inosine in the levels of these brain anti-inflammatory cytokines
IS an important neuroprotective function that can explain, together with other results,
the improvement of memory and reduction in damage in the hippocampus histology.

Corroborating with the results described above, we also observed that STZ
induced an increase in BUChE activity and inosine in both doses prevented these
peripheral alterations. BUChE is a nonspecific cholinesterase able to hydrolyze
acetylcholine, as well as other choline esters. Acetylcholine receptors are prominently
expressed in immune cells and it is involved in the control of the production of many
pro- and anti-inflammatory cytokines [51-53]. Studies have suggested that serum
BuChE could be used as a possible marker of systemic inflammation [53] because an
increase in this enzyme activity reduces the tissue acetylcholine levels, leading to
disrupted cholinergic anti-inflammatory responses. Peripheral BuChE is an a-
glycoprotein synthesized in the liver and its serum level can be correlated with several
clinical conditions; for example, it is increased in patients with AD [54-56]. The STZ

model mimics this pathological condition [54]. Thus, it is plausible that a reduction in
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BuChE activity by inosine could increase the acetylcholine levels and contribute to the
anti-inflammatory activity of this nucleoside. The effects of inosine on cholinergic
signaling have also been reported in other studies [34].

In addition, an increase in GFAP was observed in both the hippocampus and
cerebral cortex in the STZ group. In pathological conditions, astrocytes become
reactive, leading to an upregulation of proinflammatory cytokines, which are associated
with neuronal damage [53]. Astrocyte reactivity is characterized by morphological
changes and overexpression of GFAP [57]. However, in our study, inosine was not
able to prevent GFAP overexpression induced by STZ.

Lastly, elevated cholesterol levels are correlated with a higher incidence of memory
impairment and dementia [58]. In fact, studies have investigated the potential
therapeutic effects of lipid-lowering agents such as statins in experimental models of
AD [59]. The relationship between lipid metabolism, especially cholesterol levels and
AD, has been associated with apolipoprotein E4 (apoE4). ApoE4 is an important
genetic risk factor for this neurodegenerative disease as it increases brain inflammation
[60]. Interestingly, our results showed that inosine at both doses (50 and 100 mg/kg)
was capable of preventing the increase in serum cholesterol levels induced by STZ.
The exact mechanism associated with inosine and lipid metabolism has not been
described in the literature, but recently Lima et al. (2020) [61] also demonstrated that
inosine decreases cholesterol levels in a hypercholesterolemic animal model. In
conclusion, our findings showed that inosine is capable of reestablishing memory
deficits and modulating inflammatory and neurotrophic factors and their activities. Also,
purinergic signaling is a promising alternative for AD therapeutics due to its multi-target

action as shown in our results.
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Table 1. Primers used for quantitative real-time polymerase chain reaction. Listed are the forward and
reverse primer sequences used to amplify each target gene as well as the GAPDH endogenous

control.

Primer Name Sequence
BDNF Forward 5’ CAATCGAAGCTCAACCGAAGAG ¥’
BDNF Reverse 5> AACCCGGTCTCATCAAAGCC 3’
TrkB Forward 5> CCAAGTTTGGCATGAAAGGTTTTG 3°
TrkB Reverse 5> GCAACAGTAGTCCCAGGAGTT 3°
[-actin Forward 5> ACCCGCGAGTACAACCTTCT 3

[-actin Reverse S’ATACCCACCATCACACCCTGG 3°
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EXPERIMENTAL PROTOCOL

Approval by the Ethics Committee

4808/2017
Inosine (50 mg/kg/day or 100 mg/kg/day) or vehicle (i.p)
I 25 days of treatment |
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Figure 1 - Schematic for induction of a rat model of AD induced by STZ (3 mg/kg) and intraperitoneal

(i.p.) administration of inosine (50 or 100 mg/kg) for 25 days.
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Figure 2 - Effects of treatment with inosine (50 or 100 mg/kg) on the body weight of animals submitted
in a model of AD induced by STZ (3 mg/kg). ** P<0.01 and *** P<0.0001 when compared with the control
group. # P<0.05 and ## P<0.01 when compared with the STZ group (n =10 per group).
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Figure 3 - Effects of treatment with inosine (50 or 100 mg/kg) in locomotor activity (using the open-field

apparatus) and short time memory (using the object recognition test) of rats submitted in a model of AD
induced by STZ (3 mg/kg). ** P<0.01 when compared with the control group. # P<0.01 when compared
with the STZ group (n=10 per group).
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Figure 4 — Effect of inosine (50 and 100 mg/kg) on the immunoreactivity of purinergic receptors Al and
A2A in the hippocampal and cortical membranes of rats submitted in a model of AD induced by STZ (3
mg/kg). *P <0.05 and *** P<0.001 compared with the control group. # P<0.01 and ## P<0.001 when
compared with the STZ group (n=4-5 per group).
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Figure 5 — Effects of treatment with inosine (50 or 100 mg/kg) on the rtPCR of expression of genes TrkB
and BDNF in the hippocampus and cerebral cortex of rats submitted in a model of AD induced by STZ
(3 mg/kg). ***P <0.001 when compared with the control group. # P<0.05, # P<0.01 and ## P<0.001
when compared with the STZ group (n=5-6 per group).
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hippocampus and cerebral of rats submitted in a model of AD induced by STZ (3 mg/kg). *P <0.05, **

P<0.01, and ™ P<0.001 when compared with the control group. # P<0.05 and # P<0.01 when compared
with the STZ group (n=4-5 animals each group).
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Figure 8- Histopathological changes by hematoxylin and eosin (H&E) staining in the CAl1, CA3, and
dentate gyrus (DG) regions of the hippocampus of rats treated with inosine (50 and 100 mg/kg, by i.p.)
submitted in a model of AD induced by STZ (3 mg/kg). (100X magnification). The square in the lower

right field represents an increase of 400X.
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Figure 9 - Immunoreactivity of glial fibrillary acid protein (GFAP, astrocyte marker) in the CA1, CA3, and
dentate gyrus (DG) (A) regions of the hippocampus of rats treated with inosine (50 and 100 mg/kg, by
i.p.) submitted in a model of AD induced by STZ (3 mg/kg). Graphs represent the mean + SEM of the
cell density (optical density) of GFAP marked cells in the three analyzed regions: CAl (graph B), CA3
(graph C), and DG (graph D). *P<0.05 when compared with the control group.
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5 Discusséo

Estudos prévios tém demonstrado que a inosina possui multiplas acodes
terapéuticas, em diferentes modelos experimentais, tais como imunomodulacéo,
neuroprotecdo e atividade antioxidante (HASKO; SITKOVSKY e SZABO, 2004,
MABLEY et al., 2009; NASCIMENTO et al., 2010; da ROCHA-LAPA et al., 2013;
MUTO et al., 2014; JUNQUEIRA et al., 2015; GONCALVES et al., 2016). Entretanto,
existem poucos trabalhos avaliando o papel desta purina na meméria (DACHIR et al.,
2014; RUHAL e DHINGRA et al., 2019) e cabe ressaltar ainda que até o presente
momento, ndo existe nenhum estudo avaliando os efeitos deste nuclesideo nos
modelos experimentais de DA usados nesta pesquisa.

Concomitantemente com o0 protoloco realizado para o artigo 1 realizamos o
estudo do manuscrito 1. O objetivo principal desse estudo (manuscrito 1) foi investigar
os efeitos neuroprotetores da inosina em diferentes estagios da memdria (aquisicao e
consolidacéo) utilizando a SCO com um indutor de ammeésia dos animais.

Os resultados obtidos no estudo do manuscrito 1 demonstram que a SCO
induziu um déficit tanto no protocolo de aquisicdo quanto no de consolidacdo da
memoria associado a um aumento de estresse oxidativo em hipocampo e cortex
cerebral. Além disso, no protocolo de consolidacéo foi observado também alteracdes
cerebrais nas enzimas AChE e Na*,K*-ATPase.

Embora a inosina tenha sido capaz de prevenir somente os déficits
relacionados a consolidacdo de memaria nos testes comportamentais, em relacao aos
parametros de estresse oxidativo pode-se perceber que ela foi efetiva em modular o
status redox em ambos protocolos. O efeito antioxidante da inosina também foi
relatado em estudo envolvendo envelhecimento (RUHAI e DHINGRA, 2018).
Conforme mencionando anteriormente esse efeito antioxidante pode ter associacéo
com a producdo de urato, a forma aniénica do &cido urico, no soro e no liquido
cefalorraquidiano (SCHWARZSCHILD et al., 2014). Os resultados encontrados nesse
manuscrito reforgcam a atividade antioxidante da inosina ao reduzir niveis de EROs e
reestabeler o equilibrio das enzimas antioxidantes CAT e SOD no hipocampo e no
cortex cerebral, duas regifes importantes relacionadas ao processamento da
memoria.

Observou-se ainda que a inosina, em ambas as doses, foi capaz de reduzir a
atividade da AChE, em hipocampo e cortex cerebral, somente no protocolo de

consolidacdo, modulando um importante componente do sistema colinérgico. Tendo
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em vista que o tratamento com a inosina atuou na fase de consolidacdo da memoria,
a atividade da Na*,K*-ATPase foi analisada devido a sua importante correlacdo com
a processos cognitivos. A SCO reduziu a atividade desta enzima conforme dados
prévios da literatura (ZHANG et al., 2013, GUTIERRES et al., 2014) e a inosina na
dose de 100 mg/kg foi capaz de reverter essa alteracdo. Os dados apresentados
nesse manuscrito estdo de acordo com os resultados apresentados no artigo 1 dessa
tese, demonstrando o efeito neuroprotetor da inosina em um modelo de ammésia
através da associacao da acao antioxidante, da modulacao de enzimas colinérgicas e
de bombas ibnicas.

Um dos objetivos principais deste trabalho foi investigar os efeitos
neuroprotetores da inosina utilizando a STZ com um indutor de déficit de memoria nos
animais, caracterizando assim, um modelo de deméncia esporadica do tipo Alzheimer.
Esse modelo tem sido bastante utilizado segundo dados da literatura, pois mimetiza
varias alterac6es neuroquimicas encontradas na DA (GRIEB, 2016). Os resultados
relativos a esse protocolo estdo dispostos no artigo 1 e no manuscrito 2. Utilizando
testes comportamentais como reconhecimento de objeto, Y maze e esquiva inibitéria
foi possivel constatar que a injecdo ICV de STZ causou prejuizo de memdéria nos
animais, corroborando com outros estudos prévios do grupo (GUTIERRES et al.,
2014; PACHECO et al., 2018). O déficit de memoria aversivo e comprometimento da
memodria espacial podem estar associados com altera¢des neuroquimicas observadas
no hipocampo e cortex cerebral. De fato, altera¢des nessas estruturas cerebrais foram
bem documentados em pacientes com DA e modelos experimentais que mimetizam
essa patologia (DEKOSKY e SCHEFF 1990; YAO et al., 2010; GUTIERRES et al.,
2014; PACHECO et al., 2018).

O tratamento com inosina nas duas doses utilizadas (50 e 100 mg/kg) foi capaz
de prevenir os déficits de memoria induzidos por STZ. O potencial da inosina na
melhora da memodria foi anteriormente descrito em outras condi¢cbes experimentais
como o modelo de traumatismo craniano (DACHIR et al., 2014) e em ratas idosas
(RUHAL e DHINGRA, 2018), porém, seu efeito ainda ndo era relatado em modelos de
DA. Com o objetivo de entender quais mecanismos poderiam estar envolvidos na
melhora da memoria, o artigo 1 analisou os efeitos do tratamento com inosina em
parametros de estresse oxidativo, atividade de colinesterases e de bombas idnicas

em hipocampo e cortex cerebral de ratos.
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Alteracdes na sinalizacdo colinérgica, especificamente ChAT e AChE foram
correlacionadas com declinio cognitivo em pacientes e em modelos experimentais de
DA (GUTIERRES et al., 2014; DESHMUKH et al., 2016; SORIAL e SAYED, 2017,
PACHECO et al., 2018). Neste contexto, nossos resultados demonstraram que o STZ
induziu um aumento da atividade da AChE associada a uma diminuicdo na expressao
de enzima de sintese de ACh, a ChAT. Essas modica¢des nas enzimas colinérgicas
poderia levar a uma diminui¢do dos niveis de ACh culminando com déficit cognitivo.
Cabe ressaltar, que ACh além de ser um importante neurotransmissor envolvido na
memoria também possui importantes acfes relacionadas a neurogénese, a
sinaptogénese e a atividade anti-inflamatoria (SOREQ e SEIDMAN, 2001; WANG et
al., 2003; SHYTLE et al., 2004). Sendo assim, nossos resultados demonstraram que
a inosina é capaz de proteger contra danos envolvidos na sinalizacdo colinérgica em
um modelo de DA e esse pode ser um dos mecanismos envolvidos com a melhora da
memoria observada nos resultados comportamentais.

Além disso, a inosina também foi capaz de reverter o aumento da Na*, K*-
ATPase induzida pelo STZ. Considerando que alguns estudos associam a alteracdes
da Na*, K*-ATPase com estresse oxidativo (HITSCHKE et al., 1994) é plausivel sugerir
gue o efeito antioxidante da inosina, observado também neste mesmo trabalho, pode
estar relacionado a modulacédo da atividade desta bomba de ions. Em relacdo a Ca?*-
ATPase os resultados obtidos demonstram que a administracdo de STZ causa a
reducdo na atividade desta enzima. De fato, uma diminuicdo na atividade de Ca?*-
ATPase foi documentada no cérebro de pacientes com DA (MATA et al., 2011). No
hipocampo, a inosina na dose de 100 mg/kg foi capaz de reverter essa alteracao.
Além disso, também mostramos um aumento na Mg2*-ATPase no cortex cerebral,
sendo que o tratamento com inosina em ambas as doses foi capaz de reverter essa
alteracdo enzimética.

No artigo 1 também demonstramos que o STZ induziu estresse oxidativo em
regioes cerebrais importantes para o processamento de memaria, como hipocampo e
cortex cerebral. E bem estabelecido que radicais livres podem causar danos a varios
componentes celulares. A producdo anormal de espécies reativas pode levar a
modificacdo oxidativa da biomoléculas e interrup¢do da atividade terminal nervosa
causando alteracdes e perda de sinapses contribuindo para o declinio de memoria
(CUNHA e AGOSTINHO, 2010). Observou-se que RUHAL e DHINGRA (2018)

evidenciaram o efeito antioxidante da inosina em modelo animal de envelhecimento,
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tanto em hipocampo quanto em cOrtex cerebral, principalmente na dose de 100mg/kg.
Um possivel mecanismo envolvido neste efeito benéfico da inosina pode estar
associado ao aumento do urato, a forma anidnica do acido Urico, no soro e no liquor
(SCHWARZSCHILD et al.,, 2014). O urato é uma importante defesa antioxidante
endogena contra danos oxidativos e nitrosativos, além de ser o produto final da via
purinérgica (CROTTY, ASCHERIO, and SCHWARZSCHILD, 2017). Além disso,
também foi demonstrado que o urato confere neuroprotecéo por meio da via Nrf2, um
fator de transcricdo que tem sido implicado como um regulador contra o0 estresse
oxidativo ao controlar a transcricdo de varios genes antioxidantes (ZHANG et al.,
2014). Ademais, estudos associaram 0s niveis de acido Urico a uma diminuicdo do
risco de deméncia e melhor funcdo cognitiva (EUSER et al., 2009). Dessa forma,
nossos resultados corroboram com a literatura, uma vez que a inosina demonstrou
atividade antioxidante em ambas as estruturas cerebrais analisadas nas doses de 50
e 100 mg/kg além de aumentar os niveis séricos de acido Urico, no grupo tratado com
inosina 100 mg/kg, indicando esses fatores como possiveis mecanismos para 0s
efeitos neuroprotetores observados.

No manuscrito 2, usando o mesmo modelo de deméncia esporadica do tipo
Alzheimer, o mesmo tempo de tratamento e as mesmas doses de inosina do artigo 1,
novos alvos neuroprotetores para este nucleosideo puderam ser evidenciados. Um
dos resultados mais importantes deste manuscrito 2 € o fato da inosina ter modulado
a expressao de receptores de adenosina A1 e Aza. A inosina ao ativar o receptor Az,
possivelmente pode inibir a liberacdo de glutamato, reduzir a ativacdo de receptores
NMDA, reduzir o influxo de calcio e também a excitotocicidade. Assim a inosina na
dose de 100 mg/kg foi capaz de ativar a expressao do receptor A1 tanto em hipocampo
guanto em cortex, eluciando mais uma via responsavel pelos efeitos bioldgicos do
tratamento.

No entanto, em condicdes neurodegenerativas como a DP, enquanto os
receptores Ai foram descritos com efeitos neuroprotetores, 0s receptores Aza tem um
papel crucial no processo de neurodegeneracao e neurotoxicidade (STOCKWELL,
JAKOVA e CAYABYAB, 2017). Na verdade, Pagnussat et al. (2015) mostraram que a
ativacao dos receptores Aza € necessaria e suficiente para diminuir a memaoria de curto
prazo. Nessa linha, um achado importante de nosso estudo € a reducao da expressao
dos receptores A2a no hipocampo e cortex cerebral pela inosina, efeito esse que pode

hY

estar diretamente associado a melhora da memoria. Assim, nossos resultados
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permitem concluir que a modulacao da inosina nos receptores A1 e A2a permite que
se alcance efeitos neuroprotetores e de prevencdo de neurotoxicidade,
respectivamente.

Outro mecanismo de acdo importante da inosina foi sobre a expressao do
BDNF e seu receptor. O BDNF e seu receptor especifico TrKB sédo altamente
expressos no hipocampo e esse fator tem um importante papel sobre a plasticidade
sinptica nessa regido. Essa plasticidade sinaptica € a base da aprendizagem e da
memoéria via LTP. SHIN e colaboradores (2014) apresentaram um peptideo com
atividade moduladora de BDNF, o tripéptido Neuropep-1. Nesse contexto, uma
abordagem para aumentar os niveis cerebrais de BDNF poderia ser o uso de purinas
como a inosina, visto que outras, guanosina e adenosina, ja apresentam atividade
neurotréfica descrita (DOYLE et al., 2018). Assim é plausivel sugerir que esse efeito
da inosina nos niveis de BDNF associado com aumentos de niveis de citocinas anti-
inflamatorias cerebrais (IL-4 e IL10) também sejam vias envolvidas na melhora da
memoéria observada no comportamento dos animais submetidos ao modelo de
deméncia esporadica do tipo Alzheimer.

Os resultados desta tese enfatizam a inosina como agente neuroprotetor para
modelos de DA através de modulacéo de vias cruciais para funcdes cognitivas. Cabe
destacar que as doses de inosina utlizadas nesse trabalho foram iguais ou inferiores
as demonstradas na literatura em que a inosina apresentou atividade antioxidante e
antiinflamatéria (DACHIR et al., 2014; RUHAL e DHINGRA, 2018).

Tendo em vista o conjunto de resultados apresentados nesta tese e mediante a
necessidade de ferramentas terapéuticas inovadoras para o tratamento da DA, surge
ainosina. Observa-se entéo, que esse nucleosideo apresenta resultados promissores
em diferentes modelos de deficit de memodria em modelos animais pré-clinicos. A
inosina tem se mostrado um composto efetivo em modular vias cruciais relacionadas
com a memaria, que se encontram alteradas na DA, apresentando um potencial multi-
alvo (Figura 8). Destaca-se também a importéancia da continuidade da investigagao da
utilizacdo da inosina como molécula neuroprotetora frente as alteracbes encontradas
na DA, visto que € imprescindivel a descoberta de agentes modificadores da doenca

na atualidade.
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Figura 8. Esquema das ac¢des multi-alvo da inosina. Fonte:autoria propria.

6 Concluséo

Esta tese demonstrou o efeitos da inosina em modelo de deméncia esporadica do
tipo Alzheimer através da atividade antioxidante, anti-inflamatéria bem como
modulacdo de receptores de adenosina (A1 e A2a), bombas ibnicas, enzimas
colinérgicas e fatores neurotroficos (BDNF). Além disso, os dados histologicos
demonstraram que este nucleosideo reduziu danos hipocampais e foi responsavél por
melhorar a memdéria dos animais em testes comportamentais de esquiva inibitoria,
reconhecimento de objetos e labirinto em Y.

Além disso, em um modelo de déficit de memoaria induzido por SCO, o0s animais
tratados com inosina apresentaram melhora da memdéria na fase especifica da
consolidacéo através da analise do teste comportamental de esquiva inibitoria.
Ademais, os achados encontrados nesse manuscrito 1 afirmam atividade antioxidante
da inosina, bem como potencial de modulacdo de enzimas colinérgicas.

Essas descobertas podem ser promissoras na busca de novas alternativas
terapéuticas coadjuvantes para o tratamento de patologias que apresentam déficit de
memoria, como a DA. Em suma, os resultados desta tese corroboram com as
evidéncias pré-clinicas e clinicas que indicam que a inosina pode ser um agente

terapéutico seguro, toleravel e eficaz para diminuir a intensidade e as consequéncias
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de lesdes celulares nervosas. Como relatado na discussédo acima, a inosina atua
através de uma variedade de mecanismos diferentes, 0 que potencializa seus efeitos
biolégicos. Considerando a natureza multifacetada, heterogénea, progressiva e
interativa da DA é cada vez mais urgente a necessidade de tratamentos multi-alvos,

assim como demonstra-se o potencial da inosina nesta tese.

7 Perspectivas

Considerando o envolvimento das alteracdes presentes nos componentes do
sistema purinérgico na DA, vale averiguar a densidade /expresséao por western blotting
dos receptores P2X7, P2X4, P2Y1 e P2Y2 no modelo de deméncia do tipo Alzheimer
e se o tratamento com inosina seria capaz de modular essas vias.

O peptidio beta amiléide é responsavel pela ativagcdo anormal das calpainas,
gue por sua vez contribuem para hiperfosforilacdo da Tau, através de CDK5 e
também para clivagem do TrKb que causa comprometimento neuromodulatério via
BDNF. Assim, outro mecanismo de acdo a ser analisado € se a inosina é capaz de
inibir as calpainas, proteases dependentes de calcio, pois um vez inibidas previnem
a neurodegeneracao, restauram a funcéo sinaptica e a memoria espacial.

Concluir as analises que ndo foram possiveis devido a pandemia COVID-19, como
por exemplo: avaliar as concentragdes dos componentes, nucleotideos e
nucleosideos, do sistema purinérgico no liquor coletado dos animais no protocolo de
deméncia esporadica do tipo Alzheimer, bem como verificar os possiveis mecanismos
envolvidos nos efeitos da inosina frente ao desafio com lipopolissacarideo em cultura

primaria de astrécitos.
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