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RESUMO

O eixo microbiota-intestino-cérebro ou eixo intestino-cérebro simples (GBA) é uma rede de
comunicacdo bidirecional complexa e interativa que liga o intestino ao cérebro. Alteracdes na
composicao do microbioma intestinal tém sido associadas a disfuncdo do GBA, inflamacéo do
sistema nervoso central (SNC) e degeneracdo dopaminérgica, como as que ocorrem na doenca
de Parkinson (DP). Além da inflamacdo, sabe-se que a ativacdo da microglia cerebral
desempenha um papel central no dano aos neurdnios dopaminérgicos. A inflamacéo é atribuida
ao efeito toxico da a-sinucleina agregada, no cérebro de pacientes com DP. Foi sugerido que o
desdobramento incorreto da a-sinucleina pode comegar no intestino e se espalhar "semelhante
ao prion", através do nervo vago para o tronco cerebral inferior e, finalmente, para o
mesencéfalo, conhecido como hipotese de Braak. Nesta revisdo, discutimos como 0 eixo
microbiota-intestino-cérebro e as influéncias ambientais interagem com o sistema imunoldgico
para promover um estado pré-inflamatorio que estd envolvido na iniciacdo e progressdo de
proteinas a-sinucleina mal dobradas e no inicio do desenvolvimento precoce ndo - sintomas
motores da DP. Além disso, descrevemos um modelo bidirecional especulativo que explica
como a glia entérica esta envolvida na iniciacdo e disseminacdo da inflamacdo, ruptura da
barreira epitelial e desdobramento incorreto da a-sinucleina, finalmente atingindo o sistema
nervoso central e contribuindo para os processos neuroinflamatérios envolvidos com o néo -
sintomas motores da DP. Palavras-chave: doenca de Parkinson; eixo intestino-cérebro; glia
entérica; neuroinflamacéo.

Palavras-chave: Doenca de Parkinson. Rotenona; Eixo microbiota-intestino-cérebro; Glia
entérica.



ABSTRACT

The microbiota-gut-brain axis or simple gut-brain axis (GBA) is a complex and interactive
bidirectional communication network linking the gut to the brain. Alterations in the
composition of the gut microbiome have been linked to GBA dysfunction, central nervous
system (CNS) inflammation, and dopaminergic degeneration, as those occurring in Parkinson’s
disease (PD). Besides inflammation, the activation of brain microglia is known to play a central
role in the damage of dopaminergic neurons. Inflammation is attributed to the toxic effect of
aggregated a-synuclein, in the brain of PD patients. It has been suggested that the a-synuclein
misfolding might begin in the gut and spread "prion-like", via the vagus nerve into the lower
brainstem and ultimately to the midbrain, known as the Braak hypothesis. In this review, we
discuss how the microbiota-gut-brain axis and environmental influences interact with the
immune system to promote a pro-inflammatory state that is involved in the initiation and
progression of misfolded a-synuclein proteins and the beginning of the early non-motor
symptoms of PD. Furthermore, we describe a speculative bidirectional model that explains how
the enteric glia is involved in the initiation and spreading of inflammation, epithelial barrier
disruption, and a-synuclein misfolding, finally reaching the central nervous system and
contributing to neuroinflammatory processes involved with the initial non-motor symptoms of
PD.

Keywords: Parkinson’s disease. Gut-brain axis. Enteric glia. Neuroinflammation.
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1 INTRODUCAO

1.1 Alfasinucleinopatias

A doenca de Parkinson (DP), a atrofia de maltiplos sistemas (AMS) e a deméncia
com corpos de Lewy (DCL) estéo incluidas em um grupo de doengas neuroldgicas denominada
alfasinucleinopatias, que sdo caracterizadas como distdrbios marcados clinicamente por
parkinsonismo e patologicamente pela deposicéo de alfasinucleina em neurénios e células da
glia (MCCANN et al., 2014). A patologia subjacente a esses distdrbios comeca anos antes que
as sindromes clinicas que constituem os critérios diagndsticos atuais estejam totalmente
presentes. Esta fase pode se manifestar com varios sinais ou sintomas (PALERMO et al., 2020).
Individuos com wuma suposta alfasinucleinopatia subjacente e sinais ou sintomas
presumivelmente atribuiveis a isso sdo denominados prodrémicos (BERG et al., 2021). Além
dos individuos na fase prodrémica, alguns individuos sdo assintométicos, mas correm risco de
desenvolver alfasinucleinopatias devido a predisposicdo genética ou outros fatores de risco
(NUSSBAUM, 2018). Ainda nesse sentido, entre as alfasinucleinopatias, as caracteristicas dos
individuos que eventualmente desenvolverdo a DP sdo mais bem caracterizadas, essas
caracteristicas podem ser consideradas em trés grandes categorias: fatores de risco, sinais e
sintomas e biomarcadores.

Em se tratando de fatores de risco, ha duas categorias principais: fatores de risco
ambientais e fatores de risco bioldgicos. Os fatores de risco ambientais para DP incluem o
traumatismo craniano (TC) e exposic¢do constante a pesticidas e solventes organicos (PEZZOLI;
CEREDA, 2013; ASCHERIO; SCHWARZSCHILD, 2016). Ainda nesse sentido, a vida rural,
o trabalho no campo, assim como o consumo de agua de pogo também estdo correlacionados
com o aumento do risco de DP (NOYCE et al., 2012). Por outro lado, os principais fatores de
risco bioldgicos para alfasinucleinopatias incluem sexo masculino — os homens tém um risco
duas vezes maior em comparacdo com as mulheres — e gendtipo, em que fatores genéticos
explicam aproximadamente 30% do risco de DP (BERG et al., 2015; ASCHERIO;
SCHWARZSCHILD, 2016).

Os sinais e sintomas prodrémicos da alfasinucleinopatia pode ser conceituado como
uma sindrome com uma ampla gama de manifestacdes predominantemente ndo motoras
(NOYCE et al., 2012), muitas vezes semelhantes, mas de menor gravidade, aquelas observadas
na doenca totalmente manifestada. Os sintomas de disautonomia pode estar entre as primeiras

manifestacdes de alfasinucleinopatia (POSTUMA et al., 2013), possivelmente devido ao
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envolvimento precoce do nervo vago e intestinos com a patologia de alfasinucleina (BERG et
al., 2021; HORSAGER et al., 2020). A constipagdo, que é definida por uma frequéncia de
evacuacdes espontaneas de menos de uma vez a cada 2 dias, € uma caracteristica do prédromo
de todas as alfasinucleinopatias e um dos sintomas ndo motores mais frequentes da doenca de
Parkinson, presente em 61,4% dos pacientes (YU et al., 2018). Em pesquisas realizadas
anteriormente, constatou-se que a constipacdo estava correlacionada com a duragdo e a
gravidade da DP (KROGH et al., 2008) e a frequéncia e a gravidade da constipacdo aumentaram
a medida que a DP progredia (EDWARDS et al., 1993).

Por fim, os biomarcadores constituem um componente central nos critérios de
pesquisa para 0s sinais e sintomas prodromicos da DP. Recentemente, surgiram varios
biomarcadores que provavelmente serdo de grande utilidade para diagnosticas precocemente 0s
prédromos da alfasinucleinopatia, sdo eles: tomografia computadorizada por emissdo de foton
unico de transportador de dopamina (SPECT), alfasinucleina no liquido cerebroespinal (LCE)
ou tecidos periféricos, aumento da atividade muscular durante o0 sono com movimento rapido
dos olhos (REM) e alentecimento da atividade de fundo no eletroencefalograma (EEG)
(CHAHINE, 2022).

1.2 Doenga de Parkinson

A doenca de Parkinson (DP) consiste em uma doenca neurogenerativa, cronica,
progressiva e incapacitante, caracterizada pela perda progressiva de neurénios dopaminérgicos
na parte compacta da substancia nigra (SNpc), pela deple¢do do neurotransmissor dopamina
(DA) no nucleo estriado (YU et al., 2018) e pela presenca de corpos de Lewy no tronco
encefalico. Os sintomas motores tornam-se evidentes quando 60% a 80% dos neurénios SNpc
sdo perdidos (HIRSCH; GRAYBIEL; AGID, 1988). A doenca afeta milhdes de pessoas em
todo o mundo e é a segunda condicdo neurodegenerativa mais prevalente (HIRTZ et al., 2007)
depois da doenca de Alzheimer. Anteriormente, acreditava-se que a DP era caracterizada apenas
por sintomas motores extrapiramidais, que incluiam bradicinesia, rigidez, tremor de repouso e
instabilidade postural.

Atualmente, a DP afeta milhdes de pessoas em todo o mundo e o nimero de
individuos afetados pode dobrar até 2030. Estima-se que a doenca de Parkinson afete 0,3% da
populacdo em paises industrializados e pode variar de acordo com a faixa etaria, de modo que,
em pessoas com menor de 60 anos, varia de 0,13% a 1,6% e atinge 0 maximo de 9% para
individuos com mais de 80 anos (NERIUS; FINK; DOBLHAMMER, 2017). Ainda nesse
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sentido, ha uma predominancia em homens, correspondendo a 2%, e em mulheres,
correspondendo a 1,3%, com 40 anos ou mais, quando contabilizados 0s riscos concorrentes
(ELBAZ et al., 2002). Estima-se que a incidéncia seja de 15 a 17 casos por 100.000 pessoas
por ano (TYSNES; STORSTEIN, 2017; TWELVES; PERKINS, COUNSELL, 2013).
Nenhuma area do mundo esta imune a doenca de Parkinson.

No que diz respeito aos achados clinicos da DP, podemos organiza-los em sinais e
sintomas motores, ndo-motores e pré-motores. Os quatro sintomas motores cardinais da doenca
de Parkinson séo tremor de repouso, rigidez, bradicinesia e instabilidade. O tremor diz respeito
a uma oscilagdo ritmica em torno de uma articulacdo em repouso, assimétrico, contralateral, e,
frequentemente, consiste no primeiro sintoma motor da DP e acomete 90% dos pacientes em
algum momento do curso da doenca (OBESO et al., 2017). A rigidez refere-se a resisténcia da
movimentacdo de um segmento do corpo quando deslocado passivamente, coativando
musculos agonistas e antagonistas, referido, clinicamente, como sinal da roda denteada. A
bradicinesia esté relacionada a redu¢do na amplitude e na velocidade dos movimentos que pode
ocorrer durante o inicio e a continuacdo movimento, consistindo no sinal mais importante no
diagnostico de uma sindrome parkinsoniana (BERARDELLI et al, 2001). Por fim, a
instabilidade postural ocorre com a evolucdo do curso da doenca, em torno de uma década apds
o diagnéstico inicial.

Ainda nesse sentido, os sintomas ndo motores da DP incluem:

a) sintomas ndo-motores neuropsiquiatricos (depressdo, ansiedade, apatia,
psicose, anedonia alucinacdes, abulia, transtorno do deficit de atencéo e ataques
de panico);

b) sintomas ndo-motores cognitivos (disfuncdo executiva, perda de memédria e
deméncia), sintomas ndo-motores autondmicos (hipotensdo ortostatica,
constipacdo, incontinéncia fecal, nausea, vémito, sialorreia, incontinéncia
urinéria, disfuncao sexual, alteracdo dos reflexos cardiacos, disfuncéo olfatdria,
disfuncéo gastrointestinal e disfagia);

c) sintomas ndo-motores do sono (insbnia, sonoléncia, sonoléncia diurna
excessiva, sindrome das pernas inquietas, ataques de sono, transtorno
comportamental do sono REM e sonhos vividos);

d) sintomas n&o-motores sensoriais (anosmia, dor, ageusia, dorméncia e
parestesia) (ZESIEWICZ, 2019).
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Por sua vez, os sintomas pré-motores sao definidos como sintomas que antecedem
os sintomas motores da doenca de Parkinson e incluem constipagdo, anosmia, transtorno

comportamental do sono REM e depresséo.

1.3 Etiologia da Doenga de Parkinson

A doenca de Parkinson é caracterizada por um distdrbio heterogéneo, multifatorial,
com fatores genéticos e ambientais participando da sua fisiopatogenia (LAES; HARDY;
REVESZ, 2009).

1.3.1 Genética da Doenca de Parkinson

Embora a DP seja geralmente uma doenca idiopatica, hd& uma minoria de casos (10-
15%) que relatam um histérico familia, em que cerca de 5-10% tém heranca mendeliana
(DENG; WANG; JANKOVIC, 2017). Os genes que foram encontrados potencialmente
causando DP recebem um nome “PARK” na ordem em que foram identificados. Até o
momento, 23 genes PARK foram ligados & DP. As mutacfes nos genes PARK demonstram
heranca autossomica dominante (por exemplo, SCNA, LRRK2e VPS32) ou heranca
autossdmica recessiva (por exemplo, PRKN, PINK1 e DJ-1) (SCHULTE; GASSER, 2011) sdo
resumidas na Tabela 1. O avanco da pesquisa genética com sequenciamento genético de todo
0 exoma deve fornecer dire¢des futuras nas causas genéticas da doenca de Parkinson, incluindo

uma maior compreensao das etiologias patogenéticas (MAZZULLI et al., 2011).

Tabela 1. Genes PARK envolvidos na doenca de Parkinson Familiar

PARK1 SNCA AD Alfasinucleina Variando de DP classica a

PARK4 casos de inicio precoce com
deméncia, disfungdo autond-
mica e progressdo rapida

PARK2 PRKN AR Parkin RBR E3 DP de inicio precoce,
ubiquitina proteina progressédo lenta, muitas vezes
ligase com caracteristicas de distonia

PARKS5 UCHL1 AD Ubiquitina C-terminal ~ DP classico - apenas uma
hidrolase L1 familia, achados ndo

replicados desde entéo
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PARK®6 PINK1 AR PTEN induzida DP de inicio precoce,
quinase putativa 1 progressao lenta
PARKY DJ-1 AR Desglicase associada DP de inicio precoce,
ao parkinsonismo progresséo lenta
PARKS LRRK2 AD Quinase rica em DP classica com deméncia
leucina de repeticdo 2 menos frequente e progressdo
mais lenta
PARKY9 ATP13A2 AR ATPase 13A2 Inicio precoce (adolescéncia),
transportadora de parkinsonismo atipico com
cations deméncia, espasticidade e
paralisia supranuclear
(sindrome de Kufor-Rakeb)
PARK1l  GIGYF2 AD GRB10 interagindo DP Cléssica
com proteina GYF 2
PARK13 HTRA2 AR HtrA serina peptidase ~ DP Classica
2
PARK14  PLA2G6 AR Enzima fosfolipase A2 Inicio precoce com
independente de célcio  caracteristicas atipicas
(parkinsonismo de distonia)
PARK15  FBXO07 AR Proteina F-box 7 Inicio precoce com
caracteristicas atipicas
(sindrome palido-piramidal)
PARK17  VPS35 AD Proteina 35 associada  DP Classica
a classificacéo de
proteina vacuolar
PARK18  EIF4G1 AD Fator de iniciacdo de PD Classica
traducdo eucariotica 4
gama 1l
PARK19 DNAJC6 AR HSP40 Auxilina DP de inicio precoce,
progressao rapida
PARK20  SYNJ1 AR Sinaptojanina 1 Parkinsonismo com distonia e
declinio cognitivo
PARK21  DNAJC13 AD Endocitose 8 mediada  DP Cléssica
por receptor (RME-8)
PARK?23 VPS13C AR Proteina 13C associada DP de inicio precoce,

a classificacdo de
proteina vacuolar

progressao rapida

AD: autossdmica dominante, AR: autossdmica recessiva, DP: doenca de Parkinson.

Fonte: (adaptado de Blauwendraat, 2020).
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1.3.2 Fatores Ambientais na Doenca de Parkinson

Acredita-se amplamente que as exposi¢des ambientais contribuem em grande parte
para a maioria da DP esporadica de inicio tardio, sozinha ou por meio de interagdes com fatores
genéticos. A pesquisa sobre os gatilhos e modificadores ambientais para o desenvolvimento da
DP é de suma importancia, pois a DP esporadica de inicio tardio tem um curso arrastado que
pode levar décadas para se desenvolver e, no momento do diagnostico, as alteracdes
neurodegenerativas sdo muito avancadas para desacelerar, parar ou até mesmo reverter. Ainda
nesse sentido, apesar dos avancos genéticos no tocante as bases genéticas para a DP esporadica
de inicio tardio, os achados genéticos explicam apenas parcialmente os casos de DP e ndo
podem se estender facilmente para a prevencdo dessa doenca neuroldgica (CHEN, 2018).

O interesse em saber se tais exposicdes podem contribuir para o desenvolvimento
da doenca de Parkinson foi despertado pela associagdo entre 1-metil-4-fenil-1,2,3,6-
tetrahidropiridina (MPTP) e parkinsonismo durante a década de 1980 (MAZZULLI et al.,
2011). Nas ultimas duas décadas, os cientista identificaram indmeros fatores ambientais
associados ao risco de desenvolver DP (CHEN, 2018; ASCHERIO, 2016), alguns dos fatores
ambientais e exposi¢des toxicas que podem estar associados a doenca de Parkinson incluem
pesticidas (rotenona e paraquat) (TANNER et al., 2011; COSTELLO et al., 2009); metais
pesados (manganés, chumbo e cobre); &gua de poco; marcenaria; traumatismo craniano (FANG
et al., 2012); outras substancias, incluindo bifenilos policlorados, tricloroetileno,
percloroetileno e tetracloreto de carbono; e vida rural. A exposicdo a toxinas, incluindo
mondxido de carbono, vestigios de metais, solventes organicos e cianeto também foi apontada
como fator de risco ambiental. Alternativamente, acredita-se que o fumo, o uso de ibuprofeno
e aingestdo de cafeina reduzam o risco de doencas, embora mais estudos estejam em andamento
(TAYLOR; COOK; COUNSELL, 2007; OBESO, 2017).

Para a maioria dessas associacdes, hipdteses bioldgicas plausiveis foram propostas.
Entretanto, a inferéncia causal para esses achados epidemiologicos tem sido muito dificil. Alem
de dados experimentais inconsistentes e, por vezes, limitados, para a maioria das observagoes
epidemioldgicas, a causalidade reversa é uma explicacdo potencial viavel, ou seja, que o
desenvolvimento da DP antes do diagnostico clinico muda o estilo de vida e 0 comportamento,
em vez do contrario, com excecdo para certos pesticidas. Por exemplo, achados
epidemiolégicos sobre a rotenona e o paraquat (TANNER et al., 2011; COSTELLO et al.,
2009) sdo apoiados por fortes evidéncia experimentais, por essa razao esses produtos quimicos

sdo amplamente utilizados para gerar modelos experimentais de roedores para pesquisas pre-
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clinicas e terapéuticas de DP (LE; SAYANA; JANKOVIC, 2014). Por essa razao, apesar da
sua importancia e do acumulo de evidéncias cientificas, a compreensdo da contribuicdo dos

fatores ambientais para a DP ainda esta em fase inicial.

1.4 Eixo Microbiota-Cérebro-Intestino na Doenca de Parkinson

A inflamacéo aguda, infeccao ou desafios metabolicos podem induzir gliose reativa
que pode ter efeitos sobre a neurodegeneracdo e mudangas na funcdo neuromuscular. Isto
mostra que a glia entérica (EGC) reage ao ambiente nocivo para proteger o sistema nervoso de
danos, geralmente aumentando a expressdo de GFAP e S100B, associados a resposta
neuroinflamatdria mediada pela glia (SEGUELLA et al., 2019). Além disso, a gliose entérica
reativa também pode ser desencadeada na auséncia de estimulos inflamatorios, por neurénios
sensoriais e neurdnios entéricos (DEVALLE et al., 2018).

Neste contexto, a gliose reativa induz um processo de neuroinflamacédo que leva a
plasticidade neuronal, perturbando a motilidade intestinal e produzindo dor visceral em
distdrbios gastrointestinais funcionais e organicos (Spencer; Hu, 2020), bem como, pela
liberacdo de déxido nitrico (NO), contribuindo para a disbiose intestinal (TURCO et al., 2014;
SEGUELLA; SARNELLI, ESPOSITO, 2020). Entretanto, o sistema nervoso entérico (ENS)
em pacientes com DP ainda ndo demonstrou estar correlacionado com perda neuronal nem
neurodegeneracdo (Litvak; Byndloss; Baumler, 2018) e isto poderia ser devido a interacdo de
mecanismos intrinsecos de neuroprotecao, em células intestinais dentro do ENS, ou ao fato de
que a inflamac&o induzida pelos loops fisiopatoldgicos propostos nao séo suficientes para gerar
perda neuronal nem para superar 0 mecanismo neuroprotetor, como os efeitos anti-inflama-
torios do nervo vago, que € mediado pelos EGCs (LANGNESS et al., 2017). Além disso, essa
causalidade especifica precisa ser investigada mais detalhadamente em pacientes com DP.

Os EGCs podem desempenhar um papel importante nos disturbios gastrointestinais
relacionados a DP, assim como no desenvolvimento e progressdo da doenca central. Além de
suas funcdes troficas e estruturais, 0s AECTSs sdo cruciais para o controle homeostatico de uma
ampla gama de atividades gastrointestinais (BENVENUTI et al., 2020). Os AECT séo o tipo
celular equivalente de astrocitos no SNC e compartilham com eles muitas propriedades
neurotroficas e neuroimunomoduladoras (CAPPOCCIA et al., 2016).

Varios estudos mostraram que 0 EGC expressa o complexo de histocompatibilidade
Il (MHC II), associado a apresentacdo de antigenos a células imunes inatas e adaptativas,

respondendo a estimulos prejudiciais através de TLR-2 e TLR-4, protegendo o hospedeiro
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contra patdgenos e controlando o eixo neuroimune (CHOW; GRUBISIC; GULBRANSEN,
2021). Curiosamente, celulas T periféricas CD4+ que adquirem um fenétipo pré-inflamatério
(como Thl e Th17) por estimulacdo da glia entérica, podem cruzar o BBB e dar origem a
inflamacéo central, que € um achado comum em distdrbios neurodegenerativos no SNC
(SOLLEIRO-VILLAVICENCIO; RIVAS-ARANCIBIA, 2018). Também foi demonstrado que
0 EGC inibe diretamente as atividades anti-inflamatérias de Treg e Th2, demonstrando seu
potencial para induzir infecgdes cronicas (SOLLEIRO-VILLAVICENCIO; RIVAS-
ARANCIBIA, 2018).

A ativacdo da glia entérica por uma resposta inflamatéria aguda comega com a
liberagdo de ATP por canais de panexina 1, de neurdnios entéricos estimulados por mediadores
neuronais, de outros neurdnios ativados, como a neuroquinina A (NKA), substancia P (SP), ou
ATP. A ativacdo de P2Y1Rs, em EGC, por ATP, induz a producéo de connexina 43 (Cx43) e
ATP, que ativa mais EGC, perpetuando o processo de gliose entérica reativa. Além disso, 0
ATP, liberado pela glia entérica, liga-se ao receptor neuronal P2X7, promovendo morte
neuronal e neuroinflamacdo (BROWN et al., 2016).

Além disso, a suprarregulacdo do oxido nitrico sintase, aumentando a producéo de
NO, foi observada nesta condigéo de inflamagé&o, tendo-se mostrado interromper a transmisséo
neuromuscular purinérgica no célon inflamado, que ressoa com o fen6tipo glial reativo e a
dismotilidade PD (ROBERTS et al., 2013). Entretanto, NO também desempenha um papel
essencial na fisiologia GI (BROWN et al., 2016), apresentando um importante desafio sobre
como reduzir as consequéncias prejudiciais da gliose reativa na ENS, sem comprometer as
fungoes fisiologicas. Além disso, no CNS, foi demonstrado que o a-Synuclein aumenta o
estresse oxidativo (OS), desencadeando a apoptose neuronal e aumentando o OS, o que
intensifica ainda mais a agregacdo anormal da alfasinucleina (TRAVAGLI; BROWNING;
CAMILLERI, 2020).

A liberacdo de fatores de crescimento pro-inflamatérios de citocinas e outras
moléculas de sinal imunomodulador, como éxido nitrico (NO), pelos EGCs reativos, amplifica
0 ambiente pré-inflamatdrio (que ocorre quando a homeostase é perturbada), aumenta os danos
da barreira intestinal e induz mudancas neuroquimicas (CHOW; GULBRANSEN, 2017). Além
disso, essa neuroinflamagdo foi correlacionada com o inicio de um estado inflamatorio, que
envolve o desenvolvimento de gliose entérica reativa, neuroplasticidade, disfungdes sinapticas
e, como mostraram estudos clinicos, o desenvolvimento de dismotilidade intestinal e dor nos
estagios iniciais da DP (SEGUELLA, GULBRANSEN, 2021).
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Sobre o papel imunomodulador da glia entérica, foi especificamente demonstrado
que citocinas gliais, tais como IL-1pB e IL-6, aumentam a excitabilidade neuronal, e CXCL2,
CXCL10, IL-22 e 1L-23 podem afetar a sensibilidade neuronal, induzindo respostas
imunoldgicas locais. Alem disso, também através da sinalizacdo dependente de Cx-43, ha uma
producdo do fator estimulante da col6nia de macrdfagos glial (M-CSF), que estabelece um
fendtipo pro-inflamatdério nos macrofagos musculares, contribuindo para a sensibilidade
neuronal e dor persistente, como ilustrado na Figura 1 (MURAKAMI; OHTA; ITO, 2008).

Figura 1. Algas patoldgicas bidirecionais gliais envolvidas no desdobramento incorreto da alfasinucleina. Disbiose
intestinal dindmica, translocacgdo bacteriana, ativacdo de macréfagos, recrutamento de linfécitos, imunossupressao
indireta (pela diminuigdo de bactérias SCFA) e a prépria dishiose, bem como outros fatores ambientais, produzem
um estado pro-inflamatorio, que pode induzir o desdobramento incorreto da alfasinucleina. Quando ativadas pela
inflamacdo ou pelas cepas de alfasinucleina mal dobradas, as células gliais entéricas reativas iniciam e propagam
um estado pré-inflamatério que promove a ruptura das juncdes estreitas, sintomas prodrémicos da DP e, ao longo
dos anos, a ascenséo e disseminacgdo do nervo vago pelo SNC, promovendo uma ativacdo difusa da microglia do
SNC. Vale ressaltar que esse processo também é mediado por outros processos de regulacao que, ao tentar manter
a homeostase, previnem a inflamacéo exacerbada e a perda neuronal, diferente do que ocorre no SNC, que avangam
para a neurodegeneracéo.
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Neste contexto, corpos de Lewy, neurite e a suraprregulacéo da proteina LRRK-2,
uma enzima cinase associada a um risco aumentado de DP, foram encontrados na glia entérica
com marcadores pré-inflamatorios (CLAIREMBAULT et al., 2015). Alem disso, a ativagdo
glial pela agregacdo de alfasinucleina e a inducdo de alfasinucleina mal dobrada, pela glia
entérica ativada, indica um dos "loops patoldgicos"” criados pela inflamacéo na DP (DEVOS et
al., 2013). Curiosamente, um estudo observou que, no cérebro e antes da neurodegeneracao, a
inflamacdo dos neurdnios ¢ mediada pela microgliose, em locais distantes de inclusbes de
alfasinucleina, sendo ativada de forma difusivel, algo correlato a capacidade dos EGCs, ndo
apenas para induzir a neuroinflamacao, mas também para induzir um estado reativo em outras
células da glial, independentemente da ativacao da alfasinucleina. Como resultado do aumento
da expressdo da LRRK-2 e do desdobramento da alfasinucleina no intestino, a alfasinucleina
migra, via transporte associado aos microttbulos, em neurbnios até o nervo vago, para o nucleo
motor dorsal no tronco cerebral (Houser; Tansey, 2017), acumulando-se na area nigrostriatal e
predispondo a neurodegeneragdo PD (SEGUELLA; SARNELLI; ESPOSITO, 2020).

Curiosamente, sugere-se que uma resposta glial inicial, percebida pelos marcadores
pré-inflamatorios relacionados a glial entérica no colon de pacientes com DP, esta presente no
inicio da patologia da DP (Clairembault et al., 2015), sendo inversamente ativada durante a
progressao da doenca, diminuindo ao longo do curso do tempo da patologia, como no cérebro,
a ativacdo microglial tende a aumentar. Além disso, foi feita uma ligacdo direta entre as
influéncias ambientais (toxinas) e alfasinucleina dobrando e espalhando para os neurdnios
intestinais. As células enteroenddcrinas (EECs) sdo células quimiossensoriais eletricamente
excitaveis, localizadas no revestimento da mucosa intestinal, responsaveis pela producéo de
horménios, imunidade GI, motilidade, funcdo de barreira, horménio de crescimento e secrecéo
de insulina (YU et al., 2020). As células enterocromafins, um tipo de CEE, secretam 5-HT em
reacao a forcas mecanicas, sendo responsaveis por 95% do corpo 5-HT (BANSKOTA,; GHIA,;
KHAN, 2019).

As EECs tém uma borda de escova apical e projecbes de membrana basal tipo
axdnio chamadas neuropodes, que sdo responsaveis pela comunicacdo neuronal com o0s
neurdnios (sinapse) e a glia (contato direto). Curiosamente, os EECs tém semelhangas com
células neuronais, tais como receptores de neurotrofina, e proteinas pré e pos-sinapticas,
incluindo a-sinucleina, que implicam ECG como um nicho para a proteinopatia em resposta a
sinais luminosos (BOHORQUEZ et al., 2014; BOHORQUEZ et al., 2015).
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A alfasinucleina expressa em EECs foi descoberta como sendo mais abundante no
intestino delgado do que no célon, provavelmente devido & maior exposicdo a toxinas e
patdgenos no primeiro, e ndo no segundo. Além disso, os EECs estdo em contato direto com os
neurdnios e o EGC, via conexdo neuropodular, espalhando o alfasinucleina dobravel, via
contato célula a célula e ativacdo Rab35 (Rodrigues et al., 2022) diretamente aos neurénios
intestinais e, em seguida, ao nervo vago 110 (Chandra et al., 2017), estabelecendo uma conexao
entre o contetdo luminal e o nervo vago. A difusdo do alfasinucleina dos neurdnios para 0s
EECs também foi demonstrada, como sendo ainda mais eficiente do que a via oposta.
Entretanto, ainda ndo ¢ conhecida a importancia deste fluxo bidirecional de a-synuclein na DP,
como foi descrito como o mecanismo da alfasinucleina mal dobrada, comecgando nas EECs e
avancando para ENS e CNS, mas também o contrario (RODRIGUES et al., 2022; CHANDRA
et al., 2017; SHERWIN et al., 2019). Além disso, as condicdes inflamatdrias que alteram a
homeostase intestinal, aumentam a permeabilidade intestinal, induzindo a sindrome do
"vazamento intestinal”. Além disso, a taquicinina, a substancia P e a neuroquinina A também
demonstraram aumentar a permeabilidade paracelular, contribuindo para o "escape intestinal”
apresentado nos disturbios inflamatérios (RENZI et al., 2000; O'CONNOR et al., 2004).

1.5 Papel da glia entérica na inflamacéao e na fisiopatologia gastrointestinal na Doenca de

Parkinson

Os processos inflamatorios e a ativacdo da microglia cerebral sdo conhecidos por
desempenharem um papel central nos danos dos neurénios dopaminérgicos e estdo implicados
na patogénese da DP. Estes processos inflamatorios tém sido atribuidos ao efeito tdxico do
agregado de alfasinucleina, no cérebro de pacientes com DP. Entretanto, as evidéncias também
implicam em disbiose que pode levar ao aumento da permeabilidade das barreiras intestinais e
hemato-encefalicas, aumentando a entrada de substancias produzidas por microbiota no SNC
(BAIZABAL-CARVALHO; ALONSO-JUAREZ, 2020; ELFIL et al., 2020; TOLEDO et al.,
2022; TILOCCA et al., 2020).

As evidéncias sugerem que os danos oxidativos derivados da inflamacéo e a
toxicidade induzida pela citocina podem desempenhar um papel significativo nos danos
neuronais associados a DP. Além disso, foram relatadas alteragdes inflamatorias no ENS, no
nervo vago e nas células da glial. E notavel que a presenca de sintomas gastrointestinais
(constipacéo, disfagia e hipersalivacdo), dishiose e escape intestinal tém sido observados em

pacientes com DP, varios anos antes do inicio clinico da doenca. A restauracdo do microbioma
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intestinal em pacientes com DP pode alterar a progressao clinica da DP (DUTTA et al., 2019;
PAVAN et al., 2022).

Alteracdes no microbioma gastrointestinal (GM) provocam a méa administracdo e
agregacdo anormal de alfasinucleina no intestino. A sinucleina anormal o ndo ¢ eliminada
através de mecanismos fisioldgicos e € transportada para o sistema nervoso central (SNC),
através do nervo vago. Os niveis anormais do agregado de alfasinucleina na substéncia nigra
pars compacta, ndo so levam a formacdo de corpos Lewis eosinofilicos, no citoplasma, e
disfuncdo mitocondrial, nos neurénios dopaminérgicos, mas também levam a estimulacédo de
uma resposta inflamatdria na microglia.

Estas mudancas patoldgicas aumentam o estresse oxidativo (OS), o que desencadeia
a apoptose das células nervosas, uma caracteristica da DP. Este aumento no OS oxida e
intensifica ainda mais a agregacao anormal de alfasinucleina, eventualmente formando um loop
de feedback positivo (LEI et al., 2021). Inflamagé&o intestinal cronica e integridade da barreira
intestinal prejudicada tém sido observadas em pacientes humanos com DP e modelos de
camundongos de DP. Estas observacdes levaram a hipotese de que um microambiente intestinal
alterado é um potencial desencadeador do processo de DP, em um hospedeiro geneticamente
suscetivel (CHEN; LIN, 2022).

A microbiota intestinal de pacientes com DP mostra mudangas Unicas, que podem
ser usadas como primeiros biomarcadores de doengas. A microbiota intestinal e seus
metabolitos foram sugeridos para serem envolvidos na patogénese da DP, regulando a
neuroinflamacao, funcdo de barreira e atividade de neurotransmissores (WANG et al., 2021).
Estudos recentes encontraram as alteragcdes da microbiota intestinal em pacientes com DP e a
relevancia clinica dessas alteracdes, indicando a relacdo subjacente entre o microbioma
gastrointestinal (GM) e a DP. A disbiose intestinal pode influenciar a progresséo e o inicio da
DP, através do aumento da permeabilidade intestinal, agravando a neuroinflamacao, agregando
niveis anormais de alfasinucleina, aumentando o estresse oxidativo e diminuindo a producédo
de neurotransmissores. Além disso, respostas inflamatorias elevadas, originadas do intestino,
desempenham um papel crucial no inicio e progressdo da DP, que esta intimamente associada
a GM (GUO; CHEN, 2022; ZHU et al., 2022).

O trato gastrointestinal (GI) é dotado de uma rede nervosa peculiar 0 ENS e ¢
dedicado ao controle fino das fungdes digestivas. O trato gastrointestinal desempenha um papel
essencial na digestdo, absorcédo e sistema imunoldgico da mucosa dos alimentos, e abriga um

grande nimero de micro-organismos. E estimulado por milhdes de neurbnios que
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compreendem o ENS, que interage com o microbioma intestinal, o sistema imunologico
intestinal e o sistema endocrino (NATALE et al., 2021; GENG et al., 2022).

O ENS controla as principais funcbes gastrointestinais e € caracterizado
principalmente por dois plexos ganglionares localizados na parede intestinal: o plexo
mioentérico e o plexo submucoso. O ENS abriga um alto nimero e diversidade de neur6nios
entéricos e células gliais, que geram circuitos neuronais para regular a fisiologia intestinal
(GRUNDMANN et al., 2019).

O pé cruzado entre esta unidade neuronal-endotelial e a microbiota desempenha um
papel fundamental na modulacdo da permeabilidade da barreira epitelial, no desenvolvimento
intestinal e na resposta imune (LUO et al.,, 2021). Embora o ENS funcione de forma
amplamente autbnoma, como parte do sistema nervoso periférico (SNP), ele esta conectado ao
SNC, atraves do GBA. Tanto no SNC quanto no SNP, o fator de crescimento endotelial vascular
(VEGF) medeia os efeitos neuroprotetores e neurodegenerativos (HECKING et al., 2022).

Assim, o circuito entérico desempenha um papel central na homeostase intestinal
(FUNG; VANDEN BERGHE, 2020). O ENS € uma porta de comunicacao bidirecional entre o
cérebro e o intestino, principalmente através do nervo vago. A exposicdo ambiental desempenha
um papel central tanto na composicdo quanto na fungdo do microbioma intestinal e pode
contribuir para a suscetibilidade a disturbios neurodegenerativos, tais como a DP. A marca
neuropatoldgica da DP é o aparecimento generalizado de agregados de alfasinucleina, tanto no
sistema nervoso central quanto no periférico, incluindo o ENS (SANTOS et al., 2019).

Os EGCs sdo necessarios para a manutencdo da homeostase do tecido intestinal.
Além disso, a proteina glial do acido fibrilar (GFAP) (um astrdcito e biomarcador de EGC) e
0os EGC regulam a salde da barreira epitelial intestinal e produzem moléculas
imunorreguladoras que regulam o reparo do tecido e a defesa do hospedeiro. Tanto os EGCs
guanto a barreira epitelial intestinal (IEB) mostraram ser alterados na PD (PROGATZKY;
PACHNIS et al., 2022; THOMASI et al., 2022).

Com o avanco da idade, a composicdo da microbiota no intestino muda, em
comparacdo com os controles (YATSUNENKO et al., 2012), uma condi¢cdo chamada
inflamac&o, que é uma inflamac&o cronica de baixo grau associada com o envelhecimento. E
caracterizada pela presenca de infeccOes latentes com virus (por exemplo: citomegalovirus) e
aumento dos niveis circulantes de marcadores inflamatorios, como TNF-a, IL-6 e proteina C
reativa (FRASCA; BLOMBERG, 2018). Dessa forma, o fenétipo inflamatério da microbiota
idosa pode participar da patogénese da DP, que também esta associada as mudangas dietéticas

e aos efeitos cumulativos dos pesticidas, contribuindo para a ativacdo de varias cascatas
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inflamatorias no ENS, CNS e nervo vago, e resultando no acimulo de alfasinucleina
(YATSUNENKO et al., 2012; FRASCA; BLOMBERG, 2016; DUTTA et al., 2019).

A disbiose do microbioma esta associada ao aumento de bactérias potencialmente
nocivas, que podem comprometer a integridade da barreira intestinal e o0 BBB, através da
producdo bacteriana de endotoxinas (por exemplo, lipopolissacarideo ou LPS) que podem
danificar as células epiteliais intestinais, alterar a resposta imunoldgica e iniciar vias pro-
inflamatdrias. Curiosamente, em ratos, foi demonstrado que o LPS induziu uma cepa
estruturalmente distinta de fibrilas de auto-renovacéo alfasinucleina, que € capaz de iniciar um
padrdo de sinucleinopatia semelhante as formas observadas na DP (BANKS et al., 2015;
GHOSH et al., 2020; KIM et al., 2018).

Neste contexto, como ja mencionado, uma grande meta-analise correlacionou um
padrdo especifico de disbiose intestinal, na DP, como disbiose, sendo a alteracdo na
configuracdo estrutural e/ou funcional da microbiota intestinal que perturba a homeostase
intestinal. Esta condicdo poderia ser causada nao apenas por alteracdes na dieta, mas também
pela exposicao a antibioticos, toxinas, crescimento excessivo de bactérias, estados de doenga e
envelhecimento em si, surgindo tanto como causa da agregacao de alfasinucleina, quanto como
consequéncia disso. Portanto, infec¢des GI cronicas poderiam induzir um aumento de o-
synuclein, suficiente para provocar a patologia PD (SOMMER; BACKHED, 2013;
STOLZENBERG, 2018).

Estudos recentes consideram a glia entérica como uma populacdo de neuroglia
periférica que esta associada aos neurdnios entéricos, em todo o trato digestivo, estando
envolvida na regulagdo dos reflexos entéricos, através da comunicagdo bidirecional entre a glia
entérica e 0s neurdnios, € na comunicacao entre 0s neurdnios extrinsecos e intrinsecos que
inervam o trato digestivo (GRUBISIC et al., 2018; SEGUELLA; GULBRANSEN, 2021).
Embora os EGCs compartilhem a mesma origem genética (das células progenitoras bipotenciais
da crista neural), as células gliais sdo fenotipicamente diferentes, pois adaptam suas funcdes,
devido aos sinais no microambiente (por exemplo, microbiota diferente). Para manter a
homeostase local, elas adquirem certos subtipos fenotipicos, como a glia da mucosa
(BOESMANS et al., 2022).

O principal papel da glia entérica € manter a homeostase do ENS, especialmente no
que diz respeito a acdo nos reflexos entéricos neuronais e na neuroinflamacéo. Esta forte
interacdo € demonstrada nas jungdes neurbnio-glia, onde a comunicacdo bidirecional €
estabelecida. Foi comprovado que, além de neuroglia recebendo neurotransmissores de

neurdnios entéricos, eles também sdo capazes de produzir gliotransmissores, tais como ATP e
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GABA, e mediadores como PGEZ2, capazes de ativar vias ascendentes de excitagcdo ou suprimir
vias descendentes inibitorias, atraves da interacdo de receptores (BROWN et al., 2016).

Os ECGs formam uma rede que comunica o plexo e todas as camadas da parede do
intestino. Similar aos astrociticos, eles atuam como um sincicio funcional, promovendo a
propagacdo de ondas de calcio, em resposta a uma variedade de estimulos neurotransmissores,
tais como ATP, serotonina (5-HT), ou Acetilcolina (Ach), devido as juncBes de fendas
hemicanal connexin-43 (BOESMANS et al., 2015). Acrescentando a esta no¢do, 0 EGC néo so6
desempenha um papel na neurotransmissdo neuronal, através da degradacéo ou sequestro de
neurotransmissores  liberados por sinapses, mas também produz precursores
neurotransmissores, por exemplo, L-arginina ou glutamina (VALES; TOUVRON;
LANDEGHEM, 2018).

Outros experimentos mostram os efeitos protetores da glial derivada da s-
nitrosoglutationa (GSNO), como importante modulador da homeostase intestinal, apds a
ablacdo da glia entérica em camundongos transgénicos. Ele tem o potencial de inibir a
permeabilidade intestinal pela expressdo da actina prejuncional e proteinas associadas a funcéo
tight-junction, mantendo assim a funcéo de barreira mucosa. GSNO também esteve envolvido
no retardo da inflamac&o intestinal pela diminui¢do do acimulo de TNF-o mRNA intestinal,
apos a delecdo da glia entérica, como observado ap6s a ablacdo da glia entérica em ratos
transgénicos (SAVIDGE et al., 2007).

Ao abordar o papel da glia entérica na neurogénese, estudos que testam a
proliferacdo epitelial intestinal, apds danos induzidos pela mucosa, sugerem o papel protetor da
glia entérica. Em um cenario pés-colite, a glia expressou fatores de proliferacdo, tais como
PLP1- e Sox2, que estimulam o crescimento do neur6nio entérico e sua capacidade de conduzir
processos de cura. Além disso, a influéncia da glia entérica na arborizacao axonal dos neurénios
também foi observada, especialmente em relacédo a sinalizacdo do receptor purinérgico P2Y1
(P2Y1R). Assim, os neurdnios cultivados sem células gliais entéricas mostraram uma
diminuicdo consideravel tanto na estrutura axonal quanto na densidade de sinapse, 0 que
implica na necessidade de fatores derivados da glial para a modulagdo do circuito neuronal
(BELKIND-GERSON et al., 2017; BERRE-SCOUL et al., 2017).

Finalmente, a interacdo astrocitico-glia bidirecional contribui para a sensibilidade a
dor abdominal e medeia as respostas pré-inflamatorias. Este mecanismo envolve a producéo de
glial connexin-43 e fator estimulante da colénia de macréfagos (M-CSF), modificando assim o

fendtipo do macrofago sobre a camada muscular. Tal processo estimula a migracdo e a atividade



28

durante a colite e possibilita a hipersensibilidade visceral na inflamagéo intestinal crénica
(GRUBISIC et al., 2020).

Como a glia entérica contribui para a manutencdo da homeostase intestinal, estas
células estdo intrinsecamente envolvidas em mecanismos que regulam a neuroplasticidade e as
respostas imunes (ROSEMBERG; RAO, 2021). Assim, elas estdo em constante
"sensoriamento™ do ambiente extracelular, por receptores que disparam cascatas de transducao
de sinal intracelular, mediadas por Ca+2 e cCAMP (WANG et al., 2021). Diferente da ativacédo
constante normal dos EGC, sempre que ocorre uma perturbacdo fisiopatoldgica, eles ativam um
"estado reativo", alterando sua composicdo molecular, estrutura e/ou fungdo. Esta funcéo
depende do tipo, da gravidade da les&o, do subtipo glial e dos sinais especificos recebidos.

Além disso, mudangas no EGC podem alterar a atividade glial pelo ganho e perda
de funcgbes, que podem ser benéficas ou prejudiciais para o ambiente ao redor e células nao
neuronais (SEGUELLA; GULBRANSEN, 2021). A gliose entérica reativa pode ser induzida
sempre que houver uma perturbacéo fisiopatoldgica, o que resulta em aumento da fungdo pro-
inflamatéria e leva a hipertrofia e proliferacdo celular progressiva (SEGUELLA;
GULBRANSEN, 2021), sendo muitas vezes considerada uma resposta deletéria, como

resultado de uma tentativa de manter a homeostase (DELVALLE et al., 2018).

1.6 Perfil da Microbiota e Disbiose na Doenga de Parkinson

A DP ¢é uma doenca neurodegenerativa cronica caracterizada pela deposi¢cdo da
proteina alfasinucleina (corpos de Lewy) em neurénios dopaminérgicos da substancia nigra que
contribuem para o desenvolvimento de sintomas motores (bradicinesia, tremores, rigidez,
marcha anormal) e ndo motores (complicacBes gastrointestinais e urinogenitais, disfuncéo
olfativa e comprometimento cognitivo). A disfuncdo olfativa (hiposmia) é comum na DP e
muitas vezes prediz o diagnostico por anos, refletindo o depésito precoce de corpos Lewy, a
marca histologica da DP, no bulbo olfativo (Fullard; Morley; Duda, 2017), e é considerado um
preditor util da progressao da DP (HE et al., 2020). Além disso, as manifestaces de 1G também
precedem o aparecimento dos sintomas motores e o diagnostico de doengas, dando suporte ao
papel potencial que o microbioma-GBA pode desempenhar nos mecanismos patoldgicos
subjacentes a DP (KLANN; DISSANAYAKE; GURRALA, 2022; TAN; LIM; LANG, 2022;
CHAKRABARTI et al., 2022; SCHAEFFER et al., 2020).
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A DP mostra um processo neurodegenerativo multifocal que influencia vérias
estruturas neuronais além da substancia nigra, uma das quais é a ENS. A presenca de disfuncao
gastrointestinal, mesmo antes do inicio dos sintomas motores, indica que o deposito de
salfainucleina pode comecar no ENS e depois se propagar para 0 SNC (MENG et al., 2019).

A microbiota intestinal regula a fisiologia da IG em parte através de interacfes com
0 ENS. As alteragBes no microbioma intestinal ocorrem com disturbios no controle neural
entérico em condicBes fisiopatologicas. Trabalhos recentes (Vicentini et al.,, 2021)
demonstraram o papel da microbiota intestinal na regulacdo da estrutura e funcdo do trato
gastrointestinal, em um modelo de deplecéo bacteriana induzida por antibioticos (Abx) em
camundongos. Estes resultados mostraram que a microbiota € essencial para a manutencdo da
integridade do ENS, regulando a sobrevivéncia neuronal entérica e promovendo a neurogénese.
Os determinantes moleculares da microbiota, LPS e acido graxo de cadeia curta (SCFA),
regulam a sobrevivéncia neuronal entérica, enquanto o SCFA também estimula a neurogénese.

Pode haver mais de 10 milhGes de casos confirmados de DP no mundo todo, até
2040, e estudos recentes descobriram que a microbiota intestinal pode desempenhar papéis-
chave na progressdo de uma ampla gama de doencas, incluindo a DP (FAN; SHENG; ZHANG,
2022). Assim, uma meta-analise recente foi realizada para avaliar as diferencas da microbiota
intestinal entre pacientes com DP e controles saudaveis (HCs), através de diferentes regides
geogréficas. Os resultados mostraram niveis significativamente menores de abundancia de
Prevotellaceae, Faecalibacterium e Lachnospiraceae, em pacientes com DP, em comparacao
com os controles. Niveis significativamente mais altos de abundancia de Bifidobacteriaceae,
Ruminococcaceae, Verrucomicro-biaceae e Christensenellaceae também foram encontrados
em pacientes com DP. Esta microbiose intestinal relacionada & DP pode levar ao
comprometimento do processo de producdo de SCFAs, metabolismo lipidico, funcdo
imunorregulatoria e permeabilidade intestinal, que contribuem para a patogénese da DP (SHEN
etal., 2021).

Outra meta-andlise recente reanalisou os dez conjuntos de dados microbiologicos
de 16S atualmente disponiveis para investigar se existem alterages comuns na microbiota
intestinal de pacientes com DP em coortes. Foram encontradas alteragdes significativas no
microbioma associado a DP, enriquecimento dos géneros Lactobacillus, Akkermansia e
Bifidobacterium e deplecdo de bactérias pertencentes a familia Lachnospiraceae e ao género
Faecalibacterium, ambos importantes produtores de SCFAs, surgiram como as alteragdes mais

consistentes no microbioma intestinal da DP. Esta dishiose pode resultar em um status pro-
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inflamatorio que pode estar ligado aos sintomas recorrentes da IG que afetam os pacientes com
DP (ROMANO et al., 2021).

Outro trabalho observou que quinze géneros estavam associados a DP, em nivel de
significancia microbioldgica, representando trés grupos de micro-organismos co-ocorrentes. O
cluster 1 foi composto de patdgenos oportunistas, e todos foram elevados na DP. O grupo 2 era
de bactérias produtoras de SCFA, e todos foram reduzidos na DP. O grupo 3 era de probioticos
carboidratos-metabolizadores, e foi elevado na DP (WALLEN et al., 2020). Os metabolitos
derivados de microbiota e seus receptores, além do sistema imunolégico, mantém a homeostase
metabdlica, essencial para equilibrar a utilizacdo e a ingestéo de nutrientes. SCFAS, tais como
butirato, acetato e succinato, sdo produzidos devido ao processo de fermentacéo de bactérias no
intestino (MIRZAEI et al., 2021).

Além disso, uma reducdo significativa foi encontrada em butirato, acetato e
propionato, nas fezes dos pacientes com DP, bem como uma reduc&o significativa nas bactérias
produtoras de SCFASs. Pensa-se que uma diminui¢cdo no SCFA pode induzir mudangas no ENS
e levar a distlrbios gastrointestinais, na DP. O impacto da microbiota intestinal ndo esta
limitado ao intestino, mas sua interagdo com o hospedeiro produz metabdlitos ativos, que
podem ser transportados pela circulacdo sanguinea para desempenhar papéis importantes em
outros lugares. SCFAs, como importantes produtos ativos das bactérias intestinais, tém
demonstrado exercer efeitos anti-inflamatdrios e imunomoduladores e podem desempenhar
papéis ativos como moléculas sinalizadoras no desenvolvimento de varias doencas intestinais
e extraintestinais. Desta forma, a modulacdo da microbiota intestinal e de substancias ativas do
metabolismo tornou-se gradualmente um método terapéutico popular para muitas doengas de
6rgdos além do intestino, incluindo a DP.

Como resultado, o perfil da disbiose DP poderia contribuir para um estado pro-
inflamatdrio, que reforca a progressdo da doenca com a inflamacdo intestinal, justifica, em
parte, os sintomas gastrointestinais e se correlaciona com o erro de sinucleina a. Desta forma,
é possivel que as mudancgas na microbiota sejam tanto um produto da patologia da DP, quanto
um fator potencial para o aparecimento e progressao da doenga, como representado na Figura
2 (SCHEPERJANS et al., 2015; KESHAVARZIA et al., 2015; LIN et al., 2019).
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Figura 2. Modelo bidirecional da iniciacdo e progressdo do desdobramento incorreto da alfasinucleina. O
surgimento complexo do desdobramento incorreto da alfasinucleina no intestino parece ocorrer em uma variedade
de processos: influéncias ambientais (pesticidas, tabagismo, traumatismo craniano, infeccdes crbnicas), interacdes
epitelial-mucosa (agravadas por DII, HIV e HSV1), neuroglia interagdes imunes (agravadas por
imunosenescéncia, inflamacdo e autoimunidade adquirida com a idade) e predisposicdo genética (como em
LRRK2, PINK1, HLA, SNCA e GBA). Além disso, propfe-se que essas interagdes possam ocorrer de forma
bidirecional, mediadas ambiental e geneticamente, ndo sendo claras as especificidades de cada uma, pois seus
componentes fisiopatologicos tendem a se fundir e progredir em 'loops' moleculares.

nervo vago
u—synuclan% Sobreposici da fisi patologi
\of : (IBD, HIV, HSV1)

Risco genético
] (LRRK2, PINK 1, HLA, SNCA, GBA)

Lamina propia_

_ v E S T 3 Risco ambeintal
b S s W OOO (pesticidas, tabagismo,

b ‘ il trauma craniano, infecges cronicas)
7 -
r Envelhecimento

X +
(imunessenescéncia, 'inflammageing’,
Gut lumen

autoimunidade adquirida)

FORMAS FORMAS PATOLOGICAS
FISIOLOGICAS DA

00 = AR e

Bacteria Toxinas  Virus P-LPS Glia entérica Células Neurdnios
enteroendécrinas  entéricos Mono-, dir, Oligomers Fibrilas Corpos de
com neuropods Tetramer amildides Lewy
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2 OBJETIVOS

2.1 Geral

Avaliar as alteragcdes morfologicas, neuroquimicas e funcionais, periférica e central,

no eixo cérebro-intestino (ECI), bem como alteragdes comportamentais em um modelo de

doenca de Parkinson induzido pela inje¢ao intraperitoneal de rotenona em ratos Wistar.

2.2 Especificos

Induzir a doenca de Parkinson por meio de injecdo intraperitoneal de rotenona
em ratos Wistar machos;

avaliar as alteracbes comportamentais em um modelo de doenca de Parkinson
induzido por injecéo intraperitoneal de rotenona;

avaliar as alteracdes histopatologicas no intestino delgado proximal, nervo vago
e cérebro de ratos Wistar submetidos ao modelo experimental de DP induzido
por rotenona;

avaliar a expressdo génica e proteica de marcadores de células gliais centrais e
periféricas (GFAP) através de imuno-histoquimica;

avaliar a expressdo génica e proteica de marcadores neuronais centrais e
periféricos (S100) através de imuno-histoquimica;

verificar a expressdo de alfasinucleina no tecido do intestino e fazer
colocalizacdo (dupla marcacdo) com GFAP e um marcador neuronal (S100);
correlacionar as alteracbes encontradas no sistema nervoso entérico com as

alteracdes encontrados no sistema nervoso central.
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3 DESENVOLVIMENTO

Por se tratar de pesquisa envolvendo animais, o projeto de pesquisa referente a esta
dissertagdo foi submetido a apreciacdo da Comissdo de Etica no Uso de Animal (CEUA) do
Nucleo de Pesquisa de Desenvolvimento de Medicamentos (NPDM) da Universidade Federal
do Ceard, tendo sido aprovado sob numero de protocolo 48/2017 (Anexo A).

Esta dissertacdo de Mestrado baseia-se no Artigo 37° paragrafo 7 do Regimento
Interno de 21 de margo de 2018 do Programa de Pds-Graduagdo em Ciéncias Morfofuncionais
da Universidade Federal do Ceard, que regulamenta o formato alternativo para dissertacfes de
Mestrado e teses de Doutorado. Este capitulo consta de uma cépia do artigo cientifico de autoria
do candidato, redigido de acordo com as normas da revista cientifica escolhida para publicacédo
(“Ageing Research Reviews”) Impact Factor (2017-2018 = 11.788) (Anexo B).
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ABSTRACT

The microbiota-gut-brain axis or simple gut-brain axis (GBA) is a complex and interactive
bidirectional communication network linking the gut to the brain. Alterations in the
composition of the gut microbiome have been linked to GBA dysfunction, central nervous
system (CNS) inflammation, and dopaminergic degeneration, as those occurring in Parkinson’s
disease (PD). Besides inflammation, the activation of brain microglia is known to play a central
role in the damage of dopaminergic neurons. Inflammation is attributed to the toxic effect of
aggregated a-synuclein, in the brain of PD patients. It has been suggested that the a-synuclein
misfolding might begin in the gut and spread "prion-like", via the vagus nerve into the lower
brainstem and ultimately to the midbrain, known as the Braak hypothesis. In this review, we
discuss how the microbiota-gut-brain axis and environmental influences interact with the
immune system to promote a pro-inflammatory state that is involved in the initiation and
progression of misfolded a-synuclein proteins and the beginning of the early non-motor
symptoms of PD. Furthermore, we describe a speculative bidirectional model that explains how
the enteric glia is involved in the initiation and spreading of inflammation, epithelial barrier
disruption, and a-synuclein misfolding, finally reaching the central nervous system and
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contributing to neuroinflammatory processes involved with the initial non-motor symptoms of
PD.

Keywords: Parkinson’s disease; gut-brain axis; enteric glia; neuroinflammation.

INTRODUCTION

The gut-brain axis (GBA) is an interactive network, linking the gut to the brain and
involves bidirectional communication between the gastrointestinal system (GIS) and the central
nervous system (CNS). The gut microbiome is a pivotal component of the GBA, and alterations
in its composition have been linked to GIS dysfunction, CNS inflammation, and dopaminergic
degeneration. The gut microbiome might influence CNS homeostasis through the modulation
of the immune system (Ghezzi et al., 2022, Gubbert et al., 2022, Soni et al., 2022).

The afferent vagus nerve is the main retrograde signaling system, bringing information
from the gut to the brain. The efferent vagus nerve, however, has a cholinergic anti-
inflammatory activity that promotes the balance between the tumor necrosis factor-a (TNF-ao)
and other cytokines secreted by macrophages in response to stress signals in the gut (Moustafa
et al., 2021). Also, it has been described that GBA is regulated by the microbiome, through
immunological, neuroendocrine, and neural mechanisms. And disturbances in this axis are
responsible for gastrointestinal manifestations, subsequent motor symptoms, and PD
pathogenesis itself (Dogra et al., 2022).

The GBA describes a bidirectional interplay within the enteric environment, between
the intestinal epithelium, the mucosal immune system, and the microbiota, with the enteric
nervous system (ENS) (Dowling et al., 2022). The ENS, the intrinsic innervation of the GIS is
a vast network of neurons and glia. Through its complex circuitry and neuronal diversity, the
ENS is capable of functioning autonomously, but it is modulated by inputs from the CNS. The
communication between the ENS and CNS is bidirectional, participates together in the crosstalk
of the gut microbiota and the GBA (Chanpong et al., 2021). The enteric glial cells (EGCs) are
one of the major cell types of neural crest lineage, distributed in the gastrointestinal tract. EGCs
represent an integral part of the ENS and significantly outnumber ENS neurons. Recent
evidence revealed that EGCs could possess multiple immune functions and, thereby, may
participate in the immune homeostasis of the gut (Liu; Yang, 2022). The ENS is involved in
the control of local gastrointestinal functions, through neuronal circuits (Gulbransen and
Sharken, 2012).

The EGC is a population of peripheric neuroglia in association with the bodies and
neurites of enteric neurons, in all extensions of the gastrointestinal tract. In general, neuroglia
has homeostatic functions in the CNS, which is consistent with the known functions of EGCs
on the ENS. Recent studies demonstrated that EGCs are the most dynamic components of ENS
signalization due to their bidirectional and rapid transit that regulates enteric reflexes and the
communication between intrinsic and extrinsic groups of neurons that innervate the GI tract
(Yuand Li, 2014).

Inside the ENS, neurons and glial cells are strongly compacted in ganglia that are
interconnected by nervous fibers, containing axons of intrinsic (enteric) and extrinsic
(sympathetic and parasympathetic) neurons. Enteric glia surrounds the enteric synapses and
shares a lot of morphological, molecular, and electrophysiological characteristics with the
astrocytes (Devos et al., 2013).

Furthermore, the function of ENS is mediated by two important cellular groups: the
enteric neurons and the enteric glial cells (EGC). The enteric neurons are involved in intestine
contractility (Furness et al., 2014), while the EGC, have specific transcriptional features (Rao
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et al., 2015; Ibiza et al., 2016). EGC display, besides mechanical support, neurotransmitter,
immune and homeostatic functions in the gut and are also involved in epithelial barrier integrity,
proliferation and differentiation of epithelial cells' and intestinal defense (Capocciaetal., 2015).
However, despite those important functions, their impacts on the development and progression
of PD were not well investigated (Bassoti et al., 2007; Liu et al., 2021).

The pathophysiology of PD consists of the aggregation of intracellular amyloid
inclusions in neuronal bodies (Lewy bodies — LB) and neurites (Lewy neuritis — LN), of
aggregated a-synuclein. Many factors are responsible for structural changes of a-synuclein,
such as lipids interaction and membranes (Drobny et al., 2021). Also, modifications such as
phosphorylation, oxidation, and nitration were demonstrated to accelerate a-synuclein
aggregation (Zhang et al., 2019). Despite continuous progress in investigating the disease, the
exact mechanisms responsible for its initiation and progression remain unclear. However, the
bidirectional communication of the commensal bacteria that influence neurodevelopment was
demonstrated to influence susceptibility, the onset of the non-motor symptoms, and the progress
of PD (Mennozi et al., 2021; Chao et al., 2020).

The gastrointestinal symptoms occur in the prodromal phase, in almost all PD patients,
at a given moment, due to the deposition of Lewy bodies in the ENS (misfolded a-synuclein
proteins) and are described as being one of the most debilitating non-motor symptoms of this
disease.

In the last years, a growing body of evidence proposed that the oxidative stress derived
from the inflammation process and the toxicity derived from cytokines could influence the
degeneration of the substantia nigra and the progression of PD (Helander and Fandricks, 2014).
The role of inflammation in the development of the physiopathology of PD is sustained by the
occurrence of activated microglia infiltration and T lymphocytes, and by the presence of pro-
inflammatory cytokines, like tumor necrosis factor (TNF-a), interferon-gamma (IFN-gamma),
interleukin-6 (IL-6) and interleukin-1 beta (IL1-beta), in the brain and the cerebrospinal fluid
of PD patients. As many of the cytokines involved in PD are expressed in high levels in glial
cells, probably, glial dysregulation is critically involved in neuroinflammation in PD patients
(Yoo and Mazmanian, 2017).

Inflammatory processes that sustain conditions in the intestine could promote systemic
inflammation and neuroinflammation (Kwon and Koh, 2020). Studies demonstrated that PD
patients presented inflammation and oxidative stress in the intestine. In this context,
biochemistry alterations that suggest glial dysregulation were shown to occur with enteric cells
in PD (Devos et al., 2013; Trichka and Zou, 2021).

In this review, we discuss the neuron-glia interactions, the role of ENS focusing on
EGC, and microbiota, and how these complex factors interact with the immune system to
promote a pro-inflammatory state that is involved in the initiation and progression of misfolded
a-synuclein proteins and the beginning of the early non-motor symptoms of PD, directly
correlating to the gut-brain axis. Furthermore, we describe a speculative bidirectional model
that explains how the enteric glia may be involved in gut inflammation, epithelial barrier
disruption, and a-synuclein misfolding, contributing to the initial pathogenesis of PD.

MICROBIOTA PROFILE AND DYSBIOSE IN PARKINSON DISEASE (PD)

PD is a chronic neurodegenerative disease characterized by the deposition of misfolded
alpha-synuclein protein (Lewy bodies) in dopaminergic neurons of the substantia nigra which
contribute to the development of motor (bradykinesia, tremors, stiffness, abnormal gait) and
non-motor symptoms (gastrointestinal and urinogenital complications, olfactory dysfunction,
and cognitive impairment). Olfactory dysfunction (hyposmia) is common in PD and often
predates the diagnosis by years, reflecting early deposition of Lewy bodies, the histologic
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hallmark of PD, in the olfactory bulb (Fullard et al., 2017), and is considered a useful predictor
of PD progression (He et al., 2020). In addition, GI manifestations also precede the onset of
motor symptoms and disease diagnosis, lending support to the potential role that the
microbiome—-GBA might play in the underlying pathological mechanisms of PD (Klann et al.,
2022; Tan et al., 2022; Chakrabarti et al., 2022; Peterson et al., 2020; Schaeffer et al., 2020).

PD shows a multifocal neurodegenerative process that influences several neuronal
structures aside from the substantia nigra, one of which is the ENS. The presence of Gl
dysfunction, even before the onset of motor symptoms, indicates that a-synuclein deposition
may start in the ENS and then propagates to the CNS (Meng et al., 2019).

The intestinal microbiota regulates GI physiology in part through interactions with the
ENS. Alterations in the gut microbiome occur with disturbances in enteric neural control in
pathophysiological conditions. Recent work (Vicentini et al., 2021) demonstrated the role for
the gut microbiota in regulating the structure and function of the Gl tract, in a mouse model of
antibiotic (Abx)-induced bacterial depletion. These results showed that the microbiota is
essential for the maintenance of ENS integrity, by regulating enteric neuronal survival and
promoting neurogenesis. Molecular determinants of the microbiota, LPS, and short-chain fatty
acid (SCFA), regulate enteric neuronal survival, while SCFA also stimulates neurogenesis.

There might be more than 10 million confirmed cases of PD worldwide, by 2040, and
recent studies have found that gut microbiota may play key roles in the progression of a wide
range of diseases, including PD (Fan et al., 2022). Thus, a recent meta-analysis was performed
for evaluating the gut microbiota differences between patients with PD and healthy controls
(HCs), across different geographical regions. The results showed significantly lower abundance
levels of Prevotellaceae, Faecalibacterium, and Lachnospiraceae, in patients with PD,
compared to controls. Significantly higher abundance levels of
Bifidobacteriaceae, Ruminococcaceae, Verrucomicro-biaceae, and Christensenellaceae were
also found in patients with PD. These PD-related gut microbiota dysbiosis might lead to the
impairment of the SCFAs-producing process, lipid metabolism, immunoregulatory function,
and intestinal permeability, which contribute to the pathogenesis of PD (Shen et al., 2021).

Another recent meta-analysis re-analyzed the ten currently available 16S microbiome
datasets to investigate whether common alterations in the gut microbiota of PD patients exist
across cohorts. Significant alterations were found in the PD-associated microbiome, enrichment
of the genera Lactobacillus, Akkermansia, and Bifidobacterium and depletion of bacteria
belonging to the Lachnospiraceae family and the Faecalibacterium genus, both important
SCFAs producers, emerged as the most consistent PD gut microbiome alterations. This
dysbiosis might result in a pro-inflammatory status which could be linked to the recurrent Gl
symptoms affecting PD patients (Romano et al., 2021).

Another work observed that fifteen genera were associated with PD, at a microbiome-
wide significance level, representing three clusters of co-occurring microorganisms. Cluster 1
was composed of opportunistic pathogens, and all were elevated in PD. Cluster 2 was SCFA-
producing bacteria, and all were reduced in PD. Cluster 3 was carbohydrate-metabolizing
probiotics, and was elevated in PD (Wallen et al., 2020). Microbiota-derived metabolites and
their receptors, beyond the immune system, maintain metabolic homeostasis, essential for
balancing the utilization and intake of nutrients. SCFAs, such as butyrate, acetate,
and succinate, are produced due to the fermentation process of bacteria in the gut (Mirzaei et
al., 2021).

Furthermore, a significant decrease has been found in butyrate, acetate, and propionate,
in the stools of PD patients, as well as a significant reduction in SCFAs-producing bacteria. It
is thought that a decrease in SCFA may induce changes in ENS and lead to gastrointestinal
disorders, in PD. The impact of the gut microbiota is not limited to the intestine, but its
interaction with the host produces active metabolites, which can be transported by the blood
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circulation to play important roles elsewhere. SCFAs, as important active products of gut
bacteria, have been shown to exert anti-inflammatory and immunomodulatory effects and can
play active roles as signaling molecules in the development of various intestinal and
extraintestinal diseases. In this way, modulation of the intestinal microbiota and metabolism-
active substances has gradually become a popular therapeutic method for many diseases of
organs beyond the gut, including PD (see Cao et al., 2022, for a review).

As a result, the PD profile of dysbiosis could contribute to a pro-inflammatory state,
which reinforces the progression of the disease with intestinal inflammation, justifies, in part,
the gastrointestinal symptoms and correlates with the a-synuclein misfolding. In this way, it is
possible that the changes in the microbiota are both a product of PD pathology, as well as a
potential factor for the onset and progression of the disease, as represented in figure 1
(Scheperjans et al., 2015; Keshavarzia, 2015; Lin et al., 2019).
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Figure 1. Bidirectional model of a-synuclein misfolding initiation and progression. The complex emergence
of a-synuclein misfolding in the gut seems to occur in a variety of processes: environmental influences (pesticides,
cigarrete smoking, head injury, chronic infections), epithelial-mucosa interactions (worsened by IBD, HIV and
HSV1), neuro-glia immune interactions (worsened by immunosenescence, inflammaging and age-acquired
autoimmunity) and genetic predisposition (such as in LRRK2, PINK1, HLA, SNCA and GBA). Furthermore, it is
proposed that these interactions can occur in a bidirectional way, environmentally and genetically mediated, not
being clear the specificities of each, as their physio-pathological components tend to merge and progress in
molecular ‘loops’. (P-LPS: pathological lipopolissacarides; IBD: intestinal bowel disease; HIV: human
immunodeficiency; HSV1: human herpes virus; LRKK2: leucine-rich repeat kinase 2; PINK-1: PTEN-induced
kinase 1; HLA: human leukocyte antigen; SNCA: a-synuclein producing gene; GBA: beta-glucocerebrosidase
producing gene). (Figure created by the authors using BioRender (https://app.biorender.com/biorender-templates).

ROLE OF ENTERIC GLIA AND INFLAMMATION IN PD GASTROINTESTINAL
PATHOPHYSIOLOGY

Inflammatory processes and the activation of brain microglia are known to play a central
role in the damage of dopaminergic neurons and are implicated in the pathogenesis of PD. These
inflammatory processes have been attributed to the toxic effect of aggregated a-synuclein, in
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the brain of PD patients. However, evidence also implicates dysbiosis that may lead to increased
permeability of the intestinal and blood-brain barriers, enhancing the entrance of microbiota-
produced substances into the CNS (Baizabal-Carvallo et al., 2020; Elfil et al., 2020; Toledo et
al., 2022; Tilocca et al., 2020).

Evidence suggests that inflammation-derived oxidative damage and cytokine-induced
toxicity may play a significant role in the neuronal damage associated with PD. Furthermore,
inflammatory changes have been reported in the ENS, the vagus nerve, and glial cells. It is
noteworthy that the presence of Gl symptoms (constipation, dysphagia, and hypersalivation),
dysbiosis, and leaky gut have been observed in PD patients, several years before the clinical
onset of the disease. The restoration of the gut microbiome in patients with PD may alter the
clinical progression of PD. (Dutta et al., 2019; Pavan et al., 2022).

Changes in the gastrointestinal microbiome (GM) cause misfolding and abnormal
aggregation of a-synuclein in the intestine. Abnormal a-synuclein is not eliminated via
physiological mechanisms and is transported into the central nervous system (CNS), via the
vagus nerve. The abnormal levels of a-synuclein aggregate in the substantia nigra pars
compacta, not only lead to the formation of eosinophilic Lewis Bodies, in the cytoplasm, and
mitochondrial dysfunction, in dopaminergic neurons, but also lead to the stimulation of an
inflammatory response in the microglia.

These pathological changes increase oxidative stress, which triggers nerve cell
apoptosis, a characteristic of PD. This increase in OS further oxidizes and intensifies abnormal
aggregation of a-syn, eventually forming a positive feedback loop (Lei et al., 2021). Chronic
gut inflammation and impaired intestinal barrier integrity have been observed in human PD
patients and mouse models of PD. These observations led to the hypothesis that an altered gut
microenvironment is a potential trigger of the PD process, in a genetically susceptible host
(Chen and Lin, 2022).

The gut microbiota of patients with PD shows unique changes, which may be used as
early biomarkers of disease. The gut microbiota and its metabolites have been suggested to be
involved in the pathogenesis of PD, by regulating neuroinflammation, barrier function, and
neurotransmitter activity (Wang et al., 2021). Recent studies have found the gut microbiota
alterations in PD patients and the clinical relevance of these changes, indicating the underlying
relationship between GM and PD. Gut dysbiosis can influence the progression and onset of
PD, via increasing intestinal permeability, aggravating neuroinflammation, aggregating
abnormal levels of a-synuclein fibrils, increasing oxidative stress, and decreasing
neurotransmitter production. Additionally, elevated inflammatory responses, originating from
the gut, play a crucial role in the initiation and progression of PD, which is closely associated
with GM (Guo et al., 2022; Zhu et al., 2022).

The gastrointestinal (Gl) tract is provided with a peculiar nervous network the ENS and
is dedicated to the fine control of digestive functions. The Gl tract plays an essential role in
food digestion, absorption, and the mucosal immune system, and is home to a huge number of
microorganisms. It is innervated by millions of neurons that comprise the ENS, which interacts
with the gut microbiome, the intestinal immune system, and the endocrine system (Natale et
al., 2021; Geng et al., 2022).

The ENS controls gastrointestinal key functions and is mainly characterized by two
ganglionated plexus located in the gut wall: the myenteric plexus and the submucous plexus.
The ENS harbors a high number and diversity of enteric neurons and glial cells, which generate
neuronal circuitry to regulate intestinal physiology (Grundmann et al., 2019).

The crosstalk between this neuronal-glial-endothelial unit and microbiota plays a
pivotal role in modulating the epithelial barrier’s permeability, intestinal development, and
immune response (Luo et al., 2021). Although the ENS functions largely autonomously, as
part of the peripheral nervous system (PNS), it is connected to the CNS, via the GBA. In both
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the CNS and PNS, vascular endothelial growth factor (VEGF) mediates neuroprotective and
neurodegenerative effects (Hecking et al., 2022).

Thus, the enteric circuitry plays a central role in intestinal homeostasis (Fung & Vanden
Berghe, 2020). The ENS is a gateway for bidirectional communication between the brain and
the gut, mostly through the vagus nerve. Environmental exposure plays a pivotal role in both
the composition and function of the gut microbiome and may contribute to susceptibility to
neurodegenerative disorders, such as PD. The neuropathological hallmark of PD is the
widespread appearance of a-synuclein aggregates, in both the central and peripheral nervous
systems, including the ENS (Santos et al., 2019).

EGCs are required for the maintenance of gut tissue homeostasis. In addition, glial
fibrillar acid protein (GFAP) (an astrocyte and EGC biomarker) and EGCs regulate the health
of the intestinal epithelial barrier and produce immunoregulatory molecules that regulate tissue
repair and host defense Both EGCs and IEB were shown to be altered in PD (Progatzky et al.
2022; Thomasi et al., 2022).

With advancing age, microbiota composition in the gut changes, compared with controls
(YYatsunenko et al., 2012), a condition named inflammaging, which is a low-grade chronic
inflammation associated with aging. It’s characterized by the presence of latent infections with
viruses (e.g.: cytomegalovirus) and increased circulating levels of inflammatory markers, like
TNF-0, IL-6, and C-reactive protein (Frasca and Blomberg, 2018). In that way, the
inflammatory phenotype of elderly microbiota may participate in the pathogenesis of PD, which
is also associated with dietary changes and the cumulative effects of pesticides, contributing to
the activation of various inflammatory cascades in the ENS, CNS, and vagus nerve, and
resulting in the accumulation of a-synuclein (Yatsunenko, 2012; Frasca & Blomberg, 2016;
Dutta et al., 2019).

Dysbiosis of the microbiome is associated with the increase of potentially harmful
bacteria, which can compromise the gut barrier integrity and the BBB, through bacterial
production of endotoxins (e.g., lipopolysaccharide or LPS) that can damage the intestinal
epithelial cells, alter the immune response and initiate proinflammatory pathways. Interestingly,
in mice, LPS was demonstrated to induce a structurally distinct strain of self-renewing a-
synuclein fibrils, which is capable of initiating a pattern of synucleinopathy similar to the forms
observed in PD (Banks et al., 2015; Ghosh et al., 2020; Kim et al., 2018).

In this context, as already mentioned, a large meta-analysis correlated a specific pattern
of gut dysbiosis, in PD, as dysbiosis, being the alteration in structural and/or functional
configuration of the gut microbiota that disrupts gut homeostasis. This condition could be
caused not only by dietary alterations, but also by antibiotic exposure, toxins, bacteria
overgrowth, disease states, and aging itself, emerging both as the cause of a-synuclein
aggregation and as a consequence of this. Therefore, chronic Gl infections could induce an
increase of a-synuclein, sufficient to provoke PD pathology (Sommer & Béckhed, 2013;
Kroemer & Wong, 2018).

Recent studies consider enteric glia as a population of peripheral neuroglia that is
associated with enteric neurons, throughout the digestive tract, being involved in the regulation
of enteric reflexes, through bidirectional communication between enteric glia and neurons, and
in the communication between extrinsic and intrinsic neurons that innervates the digestive tract
(Grubisic et al., 2018; Seguella and Gulbransen, 2021). Although EGCs share the same genetic
origin (from the bipotential progenitor cells of the neural crest), glial cells are phenotypically
different, as they adapt their functions, due to cues in the microenvironment (e.g. different
microbiota). To maintain local homeostasis, they acquire certain phenotype subtypes, such as
the mucosal glia (Boesmans et al., 2022).

The major role of enteric glia is to maintain ENS homeostasis, especially regarding the
action in neuronal enteric reflexes and neuroinflammation. This strong interaction is
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demonstrated in neuron-glia junctions, where bidirectional communication is established. It
was proven that, besides neuroglia receiving neurotransmitters from enteric neurons, they are
also able to produce gliotransmitters, such as ATP and GABA, and mediators like PGEZ2,
capable of either activation of ascending excitatory pathways or suppression of inhibitory
descendant pathways, through receptor interaction (Brown et al., 2016).

ECGs form a network that communicates the plexus and all the layers of the gut wall.
Similar to astrocytes, they act as a functional syncytium, promoting the propagation of calcium
waves, in response to a variety of neurotransmitters stimuli, such as ATP, serotonin (5-HT), or
Acetylcholine (Ach), due to connexin-43 hemichannel gap junctions (Boesmans et al., 2015).
Adding to this notion, EGC not only plays a role in neuronal neurotransmission, through the
degradation or sequestration of neurotransmitters released by synapses but also produces
neurotransmitter precursors, e.g., L-arginine or glutamine (\Valés et al., 2018).

Other experiments show the protective effects of the glial-derived s-nitrosoglutathione
(GSNO), as an important modulator of intestinal homeostasis, after the ablation of enteric glia
in transgenic mice. It has the potential to inhibit intestinal permeability by the expression of
prejunctional actin and tight-junction—associated proteins (zonula occludens-1 and occludin),
therefore maintaining the mucosal barrier function. GSNO was also involved in delaying
intestinal inflammation by decreasing intestinal TNF-o mRNA accumulation, after the deletion
of enteric glia, as observed after the ablation of enteric glia in transgenic mice (Savidge et al.,
2007).

When addressing the role of enteric glia on neurogenesis, studies testing intestinal
epithelial proliferation, after induced mucosal damage, suggest the protective role of enteric
glia. In a post-colitis scenario, glia expressed proliferation factors, such as PLP1- and Sox2,
which stimulate enteric neuron growth and its capability of conducting healing
processes. Moreover, the influence of enteric glia on axonal arborization of neurons was also
observed, especially regarding purinergic P2Y1 receptor (P2Y1R) signaling. Hence, neurons
cultivated without enteric glial cells showed a considerable decrease in both axonal structure
and synapse density, which implies the necessity of glial-derived factors for neuronal circuitry
modulation (Belkind-Gerson et al., 2017; Le Berre-Scoul et al., 2017).

Lastly, the astrocyte-glia bidirectional interaction contributes to abdominal pain
sensitivity and mediates proinflammatory responses. This mechanism involves the production
of glial connexin-43 and macrophage colony-stimulating factor (M-CSF), hence modifying the
macrophage’s phenotype over the muscularis layer. Such a process stimulates migration and
activity during colitis and enables visceral hypersensitivity in chronic intestinal inflammation
(Grubisic¢ et al., 2020).

As enteric glia contributes to gut homeostasis maintenance, these cells are intrinsically
involved in mechanisms that regulate neuroplasticity and immune responses (Rosemberg and
Rao, 2021). Thus, they are in constant ‘‘sensing’’ of the extracellular environment, by receptors
that trigger intracellular signal transduction cascades, mediated by Ca*? and cAMP (Wang et
al., 2022). Different from the normal constant activation of EGCs, whenever a
pathophysiological perturbation occurs, they activate a ‘‘reactive status’’, altering their
molecular composition, structure, and/or function. This function depends on the type, severity
of the injury, the glial subtype, and the specific signals received.

Also, changes in EGC can alter the glial activity by gain and loss of functions, which
can be beneficial or detrimental to the surrounding environment and non-neuronal cells
(Seguella, & Gulbransen, 2021). Reactive enteric gliosis may be induced whenever there is a
pathophysiological perturbation, which results in proinflammatory function increases and leads
to progressive cellular hypertrophy and proliferation (Seguella, & Gulbransen, 2021), often
being considered a deleterious response, as a result of an attempt to maintain homeostasis
(Delvalle et al., 2018).
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GUT-BRAIN AXIS IN PD

Acute inflammation, infection, or metabolic challenges can induce reactive gliosis that
can have effects on neurodegeneration and changes in neuromuscular function. This shows that
the enteric glia reacts to the harmful environment to protect the nervous system from damage,
usually increasing the expression of GFAP and S100B, associated with glia-mediated
neuroinflammatory response (Seguella et al., 2019). Furthermore, reactive enteric gliosis can
also be triggered in absence of inflammatory stimuli, by sensory neurons and enteric neurons
(Delvalle et al., 2018). In this context, reactive gliosis induces a process of neuroinflammation
that leads to neuronal plasticity, disturbing intestinal motility and producing visceral pain in
functional and organic gastrointestinal disorders (Spencer et al., 2020), as well as, by the release
of NO, contributing to gut dysbiosis (Turco et al., 2014; Seguella et al., 2020).

However, as discussed before, ENS in PD patients was yet not shown to be correlated
with neuronal loss nor neurodegeneration (Litvak et al., 2018) and this could be due to the
interaction of intrinsic mechanisms of neuroprotection, in gut cells within the ENS, or to the
fact that the inflammation induced by the proposed physiopathology loops are not sufficient to
generate neuronal loss nor to overcome neuroprotective mechanism, like the anti-inflammatory
effects of the vagus nerve, that is mediated by EGCs (Langness et al., 2017). Furthermore, this
specific causality needs to be further investigated in PD patients.

EGCs may play a major role in PD-related gastrointestinal disturbances, as well as in
the development and progression of the central disease. In addition to their trophic and
structural functions, EGCs are crucial for the homeostatic control of a wide range of
gastrointestinal activities (Benvenuti et al., 2020). EGCs are the equivalent cell type of
astrocytes in the CNS and share with them many neurotrophic and neuro-immunomodulatory
properties (Cappoccia et al., 2016).

Several studies had shown that EGC expresses the major histocompatibility complex Il
(MHC I1), associated with antigen presentation to innate and adaptive immune cells, responding
to harmful stimulations through TLR-2 and TLR-4, protecting the host against pathogens and
controlling the neuro-immune axis (Chow et al., 2021). Interestingly, peripheral CD4+ T cells
that acquire a pro-inflammatory phenotype (such as Th1l and Th17) by enteric glia stimulation,
can cross the BBB and give rise to central inflammation, which is a common finding in
neurodegenerative disorders in the CNS (Solleiro-Villavicencio et al., 2018). Also, EGC was
shown to directly inhibit Treg and Th2 anti-inflammatory activities, demonstrating its potential
to induce chronic infections (Solleiro-Villavicencio & Rivas-Arancibia, 2018).

The activation of enteric glia by an acute inflammatory response begins with the release
of ATP by pannexin 1 channels, from enteric neurons stimulated by neuronal mediators, from
other activated neurons, like neurokinin A (NKA), substance P (SP), or ATP. The activation of
P2Y1Rs, in EGC, by ATP, induces the production of connexin 43 (Cx43) and ATP, which
activates more EGC, perpetuating the enteric reactive gliosis process. Also, the ATP, released
by the enteric glia, bonds to the neuronal P2X7 receptor, promoting neuronal death and
neuroinflammation (Brown et al., 2016).

Furthermore, the upregulation of nitric oxide synthase, increasing the production of NO,
was observed in this condition of inflammation, having been shown to disrupt purinergic
neuromuscular transmission in the inflamed colon, which resonates with reactive glial
phenotype and PD dysmotility (Roberts et al., 2013). However, NO also plays an essential role
in Gl physiology (Brown et al., 2016), presenting an important challenge on how to reduce
detrimental consequences of reactive gliosis in the ENS, without compromising physiological
functions. In addition, in the CNS, a-synuclein was demonstrated to increase oxidative stress
(OS), triggering neuronal apoptosis and increasing the OS, which further intensifies abnormal
aggregation of a-synuclein (Travagli et al., 2020).
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The release of proinflammatory cytokines growth factors and other immunomodulatory
signal molecules, like nitric oxide (NO), by the reactive EGCs, amplifies the pro-inflammatory
environment (that occurs when homeostasis is disturbed), increases the intestinal barrier
damage, and induces neurochemical changes (Chow and Gulbransen, 2016). Furthermore, this
neuroinflammation was correlated with the initiation of an inflammatory state, that involves the
development of enteric reactive gliosis, neuroplasticity, synaptic dysfunctions, and, as clinical
studies have shown, the development of intestinal dysmotility and pain in the early stages of
PD (Seguella & Gulbransen, 2021).

About the immunomodulatory role of enteric glia, it was specifically shown that glial
cytokines, such as IL-1B and IL-6, enhance neuronal excitability, and CXCL2, CXCL10, IL-
22, and IL-23 may affect neuronal sensitivity, inducing local immune responses. In addition,
also through Cx-43 dependent signaling, there is a production of the glial macrophage colony-
stimulating factor (M-CSF), which establishes a pro-inflammatory phenotype in muscularis
macrophages, contributing to neuronal sensitivity and persistent pain, as illustrated in figure 2
(Murakami et al., 2008).
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Figure 2. Glial bidirectional pathological loops involved in a-synuclein misfolding.
Dynamic gut dysbiosis, bacterial translocation, macrophage activation, lymphocyte recruitment, indirect
immunosuppression (by the decrease in SCFA bacteria), and dysbiosis itself, as well as other environmental
factors, produce a pro-inflammatory state, which can induce the misfolding of a-synuclein. When activated by
inflammation or by the misfolded a-synuclein strains, reactive enteric glial cells initiate and propagate a pro-
inflammatory state that promotes tight junctions’ disruption, prodromal PD symptoms, and, along the years, the
vagus nerve ascension and spreading through the SNC, promoting a diffuse activation of SNC microglia. Of note,
this process is also mediated by other regulation processes that, in trying to maintain homeostasis, prevent
exacerbated inflammation and neuronal loss, which is different from what happens in the CNS, which advance to
neurodegeneration.

(Figure adapted from Seguella et al., 2021, using BioRender. https://app.biorender.com/biorender-templates)



https://app.biorender.com/biorender-templates

44

In this context, Lewy bodies, neuritis, and the upregulation of the LRRK-2 protein, a
kinase enzyme associated with an increased risk of PD, were found in enteric glia with
proinflammatory markers (Clairembault et al., 2015). Furthermore, the glial activation by the
aggregation of a-synuclein and the induction of a-synuclein misfolding, by the activated enteric
glia, indicates one of the ‘‘pathological loops’’ created by inflammation in PD (Devos et al.,
2013). Interestingly, a study observed that, in the brain and before neurodegeneration, the
inflammation of neurons is mediated by microgliosis, in distant sites of a-synuclein inclusions,
being activated in a diffusible seeding/spreading way, something correlating to EGCs’ capacity,
not only to induce neuroinflammation but also to induce a reactive state in other glial cells,
independently from a-synuclein activation. As a result of increased expression of LRRK-2 and
misfolded a-synuclein in the gut, a-synuclein migrates, via microtubule-associated transport,
in neurons up to the vagus nerve, to the dorsal motor nucleus in the brainstem (House et al.,
2017), accumulating in the nigrostriatal area and predisposing PD neurodegeneration (Seguella
et al., 2020).

Interestingly, it is suggested that an initial glial response, perceived by enteric glial-
related pro-inflammatory markers in the colon of PD patients, is present in the onset of PD
pathology (Clairembault et al., 2015), being inversely activated during the progression of the
disease, declining over the pathology time course, as in the brain, microglial activation tends to
increase. Additionally, a direct link between environmental influences (toxins) and a-synuclein
folding and spreading to gut neurons was made. Enteroendocrine cells (EECs) are electrically
excitable chemosensory cells, located in the gut mucosal lining, responsible for hormone
production, GI immunity, motility, barrier function, growth hormone, and insulin secretion (Yu
et al., 2020). Enterochromaffin cells, a type of EECs, secretes 5-HT in reaction to mechanical
forces, being responsible for 95% of body 5-HT (Banskota et al., 2019).

EECs have an apical brush border and axon-like basal membrane projections called
neuropods, that are responsible for neuronal communication with neurons (synapse) and the
glia (direct contact). Interestingly, EECs have similarities with neuronal cells, such as
neurotrophin receptors, and pre-and post-synaptic proteins including a-synuclein, that imply
ECG as a niche for proteinopathy in response to luminal signals (Bohorquez et al., 2014;
Bohorquez et al., 2015).

The a-synuclein expressed in EECs was discovered to be more abundant in the small
intestine than the colon, probably due to greater exposure to toxins and pathogens in the first,
rather than the latter. Also, EECs are in direct contact with the neurons and the EGC, via
neuropod connection, spreading the a-synuclein folding, via cell-to-cell contact and Rab35
activation (Rodrigues et al., 2022) directly to gut neurons and, then, to the vagus nerve (Chandra
et al., 2017), establishing a connection between the luminal content and the vagus nerve. The
spreading of a-synuclein from neurons to EECs was also demonstrated, as being even more
efficient than the opposite route. However, it is still not known the importance of this
bidirectional flow of a-synuclein in PD, as it was described as the mechanism of the a-synuclein
misfolding, starting in the EECs and progressing to ENS and CNS, but also the contrary
(Rodrigues et al., 2022; Chandra et al., 2017; Sherwinet et al., 2019). Moreover, inflammatory
conditions that alter gut homeostasis, increase intestinal permeability. by inducing the *‘leaky
gut’’ syndrome. Furthermore, tachykinin, substance P, and neurokinin A were also shown to
increase paracellular permeability, contributing to the ‘‘leaky gut’’ presented in inflammatory
disorders (Renzi et al., 2000; O’Connor et al., 2004).

ENVIRONMENTAL INFLUENCE IN PD

The gut microbiota is considered a potent modulator of intestinal, systemic, and CNS-
resident immune cells function, suggesting that gut-brain interactions may involve the host
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immune system (Fung et al., 2020). Activations of the immune system in the gut and the brain
are implicated in neuroinflammation responses and brain injury, as well as in neurogenesis and
plasticity (Salvo-Romero et al., 2020). Dysbiosis represents the most common non-motor
symptoms in Parkinson’s disease (PD). Thus, changes in gut microbiota, impairments of the
intestinal epithelial barrier (IEB), bowel inflammation, and neuroplasticity rearrangements of
the ENS could be involved in the pathophysiology of intestinal disturbances in PD. Evidence
from translational studies shows that morphological changes in the intestinal barrier and ENS
contribute to the pathophysiology of dysbiosis occurring in PD (Pellegrini et al., 2021).

Bowel inflammation, impaired intestinal epithelial barrier (IEB), and gut dysbiosis
could represent early Parkinson’s disease (PD) events. Descriptively, a recent study examined
the correlation among enteric a-synuclein, bowel inflammation, impairments of IEB, and
alterations of enteric bacteria, in a transgenic (Tg) model of PD, before brain pathology. Taken
together, early enteric a-synuclein accumulation contributes to compromise IEB, through the
direct activation of canonical caspase-1-dependent inflammasome signaling. These changes
could contribute both to bowel symptoms, as well as central pathology (Pellegrini et al., 2022).

The intestinal epithelial barrier (IEB) is crucial for gut homeostasis, promoting the
absorption of nutrients, while at the same time preventing the passage of pathogens and toxins.
IEB regulation is modulated by the external environment (microbiota) and by the internal
environment (immune cells, fibroblasts, or the enteric nervous system — ENS) (Neunlist et al.,
2013). In this context, ENS (neurons and glia) work to promote IEB homeostasis, after
infectious, chemical, or mechanical injuries, through regulation of paracellular or transcellular
permeabilities, intestinal epithelial cell proliferation (important for epithelial restitution), and
wound healing (Blikslager et al., 2007).

The paracellular permeability of the IEB is regulated by adherent junctions, desmosome,
and mainly by tight junctions, which are formed by transmembrane proteins, like claudin,
occludin, and tricellulin, connected to an actin cytoskeleton, via a high molecular weight protein
called the zona occludens (ZO-1, ZO-2, and ZO-3) (Clairembault et al., 2015). Two pathways
are involved in paracellular permeability. The first regulates the passage of small-sized solutes
(less than 4 A), which passes through an electrostatic selective filter, and the second regulates
the passage of large solutes, with no selective filtration, the ‘‘leaky’’ pathway (Watson et al.,
2005).

In this context, the increase in permeability of the IEB was also shown to be a common
feature, in a variety of inflammatory digestive diseases or inflammatory bowel diseases (Gassler
et al., 2001) and irritable bowel syndromes (Bertiaux-Vandaéle et al., 2011) and also reduced
expression and distribution of occluding, in the intestinal tissue (Clairembault et al., 2015).
Interestingly, there are associations between diseases of the Gl tract and the susceptibility to
develop PD. For example, the CARD15 gene, associated with Crohn’s disease, is overexpressed
in PD patients (Bialecka et al., 2007) and, in contrast, the LRRK2 gene, responsible for PD
mutation, was correlated as a major susceptibility gene for Crohn’s disease (Barrett et al., 2008).
Also, patients with irritable bowel syndrome have almost 50% more chances to develop PD
than people that do not have IBS (Lai et al., 2014).

Enteric neuron activation has been shown to lead to the reinforcement of IEB functions.
As a result, enteric neuromediators can produce different effects on IEB functions.
Acetylcholine can increase both paracellular and transcellular permeability (Cameron et al.,
2007), having this effect be prevented by administering muscarinic and nicotinic antagonists in
an animal model of maternal separation. Acetylcholine was also associated with stimulating
intestinal epithelial cell proliferation (Hirota et al, 2006). Substance P (SP), although playing a
role in increasing paracellular permeability 2, can also stimulate intestinal epithelial cell
proliferation, participating in the mucosa healing process (Turner et al., 2007).
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Finally, vasoactive intestinal peptide (VIP) is recognized as one of the main
neuromodulators involved in IEB maintenance (Neunlist et al., 2013). VIP reduces paracellular
permeability in a variety of intestinal epithelial cells, through the increased expression of ZO-
1 (Neunlist et al., 2003) and reduces the increased paracellular permeability induced by SP or
other inflammatory mediators (Conlin et al., 2009). In addition, VIP showed antiproliferative
effects on human intestinal epithelial cells. This result indicates the role of the ENS in the
homeostasis of IEB, in physiological and pathological states, explaining its importance in
wound healing and the harmful of extensive glial-reactive phenotype activation (by gut
dysbiosis, infections, and a-synuclein misfolding), that could induce neuronal inflammation
and neuronal loss. However, this type of inflammation seems not to be too strong in PD patients,
because it was not correlated with neuronal loss nor neurodegeneration, which could be due to
physiological neuroprotective programs, as that present in muscularis macrophages, aiming to
limit infection-induced neuronal loss.

EGCs might play an important role in IEB integrity, as shown by in vivo ablation of
EGCs induction of jejunoileitis and by the increase in paracellular permeability, in moderate
loss of enteric glial cells (Aubé et al., 2006). These effects are partially explained by the glia
role in the upregulation of protein expression, on the tight junctions, and by nitrosylation-
dependent pathways (Rao et al., 2017). The protective effect of S-nitrosoglutathione (GSNO),
a bioavailable source of NO, is from the prevention of bacterial invasion in intestinal epithelial
cells, however, its high concentration might induce barrier damage, as it acts as a NO donor
(Dijkstra et al., 2004). Glia also shows the release of barrier-enhancing factors in vitro, like
glial-cell-derived neurotrophic factor (GDNF), also present in the smooth muscle, which
prevents TNF-induced intestinal epithelial cell death and promotes neurogenesis and neuron
survival (Steinkamp et al., 2003).

However, recent findings indicate that mice can tolerate a large loss of enteric glia,
decreasing the notion of the crucial role of the enteric glial cells for IEB homeostasis. Although
the influence of intestinal epithelial cells in culture systems is clear, the essential role of EGC
for homeostatic function in vivo is still controversial (Seguella & Gulbransen, 2021).

In a recent study (Pellegrini et al., 2022) it was demonstrated that, in a genetic mouse
model (human A53T a-synuclein transgenic mice) of a-synuclein aggregation, the co-treatment
with LPS decreases SCFAs, increases mucosal glial activation and IL-1B production by
macrophage caspase-1-dependent inflammasome. The IL-1p decreases colonic ZO-1 and
occludin expressions, and induces neutrophil recruitment and IFN-y release, activating the
macrophage system, which cyclically produces more IL-1B. As a result, in the early stages of
genetic PD, enteric a-synuclein, by the activation of innate immune cells, impairs IEB and is
responsible for the increase of plasma levels of LPS.

Additionally, an important function was given to TLR-2, as it is expressed in glial cells,
enteric neurons, intestinal epithelial cells, and immune/inflammatory cells being involved in
the maintenance of the IEB integrity and the composition of the microbiota, as TLR-2 influence
ZO-1 distribution, increasing transepithelial resistance (Cario et al., 2004) and bacterial
translocation.

In such a way, it appears that the IEB, in PD patients, is impaired in a bidirectional way:
by the environmental factors that can cause inflammation and dysbiosis, altering the expression
of the tight junction, and by the production of IL-1p in the gut macrophages, induced by a-
synuclein. Recent reports show that these factors decrease ZO-1 and occluding, in PD patient’s
brain (Van ljzendoorn & Derkinderen, 2019), which resonates with other work (Pellegrini et
al., 2022) findings showing that peripheral immune/inflammatory responses, in a-synuclein
transgenic mouse models, induce inflammation in the gut and the brain.
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CONCLUSION

Although other pathogenic processes that involve enteric glia in the progression of
intestinal diseases are proposed to be associated with PD initiation and progression, no
conclusive finding on the critical role of the enteric glia is described in the literature. This
review showed how external mechanisms and genetically induced processes contribute to
generating and propagating a-synuclein misfolding, involved in enteric glia, and its capacity to
propagate inflammation, by activating other enteric glial cells and by contributing to neuronal
plasticity and pain, correlated to the early non-motor symptoms of PD. However, studies
demonstrating the importance of EGC to IEB homeostasis were not conclusive and further
research on in vivo IEB, in the EGC ablation model of induced PD, should be made to test the
strength of the proposed mechanisms.

Due to the evolutionary contact with pathogens, the gut is increasingly showing ways
how not only to tolerate external microbes but to thrive with them, for its neurodevelopment
and protection against external pathogens. In comparison to the brain, a sterile site, it seems to
have evolved better on how to prevent inflammatory damage and neuronal loss, at least to about
the observed a-synuclein inflammation that did not provoke neuronal loss in the gut. As a result,
the intrinsic neuroprotective mechanism in the gut may contain pathways that could also induce
neuroprotection in the brain, when in contact with external pathogens, and, as many of the
symptoms of PD and other neurodegenerative diseases arise due to neuroinflammation,
research on this intrinsic neuroprotective mechanism should be further stimulated. Therefore,
speculatively, it is logical to say that we can learn, with the gut, how to heal the brain and most
importantly, the gut microbiota can be considered a promising and therapeutic target for
neurodegenerative diseases such as PD.
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1. Introduction

Parkinson's disease (PD) is the second most common neurodegenerative disease
(Wirdefeldt et al., 2011), affecting more than 6.1 million people worldwide in 2016 (GBD
Global Collaborators, 2016), characterized by the progressive loss of dopaminergic neurons in
the compact part of the substantia nigra (SNpc), by depletion of the neurotransmitter dopamine
(DA) in the striatum nucleus (Yu et al., 2018) and by the presence of Lewy bodies in the
brainstem (Seidel et al., 2015), resulting in motor, premotor and non-motor symptoms. The
cardinal motor symptoms of bradykinesia, rest tremor, rigidity, and postural instability become
evident when 60% to 80% of SNpc neurons are lost (Hirsch et al., 1988; Rumesh et al., 2022);
however, in the new diagnostic criteria, there is integration of non-motor symptoms, which
include autonomic, affective, cognitive, and sleep impairments (Thaler et al., 2022).
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Environmental exposures are widely believed to contribute largely to most sporadic late
onset PD, alone or through interactions with genetic factors. Interest in whether such exposures
may contribute to the development of Parkinson's disease was sparked by the association
between 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and parkinsonism during the
1980s (Mazzulli et al., 2011). Over the past two decades, scientists have identified numerous
environmental factors associated with the risk of developing PD (Chen et al., 2018; Ascherio
etal., 2016), some of the environmental factors and toxic exposures that may be associated with
Parkinson's disease include pesticides (rotenone and paraquat) (Tanner et al., 2011; Costello et
al., 2009); heavy metals (manganese, lead, and copper); well water; carpentry; head trauma
(Fang et al., 2012); other substances, including polychlorinated biphenyls, trichloroethylene,
perchloroethylene, and carbon tetrachloride; and rural living. Exposure to toxins, including
carbon monoxide, trace metals, organic solvents, and cyanide has also been noted as an
environmental risk factor. Alternatively, smoking, ibuprofen use (Chen et al., 2005), and
caffeine intake are believed to reduce disease risk, although more studies are ongoing (Taylor
et al., 2007; Obeso et al., 2017).

Animal models are essential for experimental research and extensive efforts have been
made to establish such models that reproduce the main clinical features of PD in order to gain
a greater understanding of the pathophysiology of the disease and to trial new therapeutic
strategies (Lama et al., 2018). Currently, animal models of PD that are used in preclinical
research are obtained through the administration of neurotoxins such as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxydopamine (6-OHDA), rotenone, and paraquat,
or through the overexpression of genetically modified PD-related genes such as alphasynuclein
(Vingill et al., 2018). Neurotoxin models are well known to produce prominent
neurodegeneration of the nigrostriatal pathway open to examination of possible disease-
modifying therapeutic strategies (Fornai et al., 2005). The model using rotenone to reproduce
the PD model in animals became of great interest after the paper by the Greenamyre group in
2000 (Betarbet et al., 2000). This paper reported for the first time that systemic rotenone was
able to reproduce the two main neuropathological hallmarks of PD, the degeneration of
dopaminergic neurons of the SNpc and the presence of Lewy bodies, as well as certain
parkinsonian motor deficits. From this research, many research groups have actively used the
rotenone model worldwide.

Here, we developed a model of PD in rats with systemic, continuous, and chronic
exposure to rotenone, a well-characterized, high-affinity, and specific inhibitor insecticide of
complex I, one of five inner mitochondrial membrane enzyme complexes involved in
phosphorylation oxidation that readily crosses biological membranes, and does not depend on
the dopamine transporter for access to the cytoplasm.

2. Materials and Methods
2.1. Animals

Twenty male Wistar rats, weighing 100 to 240 g were used in this study. The colony
room was maintained at 21 £ 2 °C with a 12 h light/ dark schedule (light: 7 am until 7 pm), and
food and water were provided ad libitum throughout the experimental period.

2.2. Ethical Statement

All experimental protocols were approved by the ethics committee of the Universidade
Federal do Ceara (UFC) (CEUA: n° 9680310818) and all efforts were made to minimize animal
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suffering in accordance with the proposals of the International Ethical Guideline for Biomedical
Research (CIOMS, 1985).

2.3. Drugs

The following drugs were used: rotenone (Sigma-Aldrich®-USA), dimethyl sulfoxide
(DMSO0), Sunflower Oil (Cargill Agricola SA®-BR), apomorphine (Sigma- Aldrich®-USA),
Ketamine (Konig, Argentina) and Xylazine (Kdnig, Argentina). All other reagents used were
of analytical grade.

Rotenone was prepared daily, protected from light, being initially diluted in 100%
DMSO and then diluted in sunflower oil to reach a solution of 2.75 mg/mL in 98% sunflower
oil and 2% DMSO. The suspensions were passed through the vortex at each stage of the
preparation, such as when separating the doses and before administration to each rat.

2.4. Experimental Protocol

The rats were randomly divided into 2 groups. The control group (CTL; n=10) received
vehicle (98% sunflower oil and 2% DMSO, 1ml/kg) intraperitoneally (i.p.) and another
received rotenone (2.75mg/kg, i.p.), (ROT; n=48). Both groups were treated weekly (Monday
to Friday.) for 21 days. This protocol is an adaptation of the model proposed by Cannon and
colleagues (2009), in which intraperitoneal administration of rotenone during 21 consecutive
days causes low or no peripheral toxicity. The adaptation to a model with intervals between
applications aimed to decrease the mortality generated by rotenone.

Concomitant with the administration of rotenone, behavioral tests were performed on
days 0, 3, 7, 14 and 21 after the beginning of drug administration, in order to establish the
timeline of occurrence of such findings. For this, the rats were submitted to the open field test
and apomorphine challenge (rotarod) (Figure 1).

Tissue removal +
— histologic cuts
Paraformaldehyde
P Rotenone Rotenone Rotenone Rotenone Rotenone + XyIaZI_ne
administration administration administration administration administration administration + Ketamine
| | | | |
| | I I |
Day 0 Day 3 Day 7 Day 14 Day 21 Day 22

Behavioral Open field
tests
Rotarod

Figure 1. Experimental design. Male Wistar rats from the control (CTL; n = 10), and rotenone (ROT; n=10) groups
were submitted to open field and rotarod tests. Twenty-four hours after the last rotenone administration and the
behavioral test session, the rats were euthanized and the brains were removed for further analysis.

For the immunohistochemical analyses (n=10 per group), the rats were anesthetized
with Ketamine (100 mg/kg) and Xylazine (10mg/ kg) and perfused with 4% paraformaldehyde
in PBS (0.1 M phosphate buffer containing 0.9% saline, pH 7.4). The brains were removed,
fixed in 10% buffered formalin for 24 h and then cryoprotected in 30% sucrose in PBS at 40C,
subsequently histological sections were made on the cryostat (10um) mounted on silanized
slides for analysis of brain, vagal nerve and proximal bowel damages (TH, GFAP and iba-1).
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2.5. Behavioral tests
2.5.1. Open field

The exploratory activity of the animals was assessed by open field test on the day before
the start of rotenone treatment (day 0) and on days 3, 7, 14, and 21 after the start of rotenone
administration. The floor of the arena was divided into 9 equal quadrants. The rats were gently
placed in the center of the arena to explore for 5 min. The animals were returned to their home
cage immediately after the experiment finished. Crossings of quadrant lines and rearings were
counted and used as measures of locomotion and exploration.

2.5.2. Rotarod Test

To evaluate motor coordination, balance, grip strength, and motor learning ability for
smoothly walking, the rotarod test was performed using a rotarod apparatus MK-630B
(Muromachi Kikai, Tokyo, Japan) according to the instructions. Briefly, animals were placed
on a rotating cylinder, and a training session was performed at a constant speed of 4 rpm for 1
min. Mice were then subjected to the walking test on the accelerating spindle (4-20 rpm over
180 s), and the latency for rat falling off the cylinder was recorded. The rats that rotated
passively were recorded as having fallen. The trial was performed three times with a 30-min
interval between consecutive trials. Mean times of the test were recorded for each animal.

2.6. Body Weight

The animals were weighed daily until the 21th day of the experimental protocol and the
variation in body mass was determined, as previously described. The values obtained were
expressed as a weight variable in relation to the initial weight (Costa et al., 2020).

2.7. Immunohistochemical Analyses

Immunohistochemistry for GFAP, S100, IBA 1 was performed using the streptavidin-
biotin-peroxidase method (HSU; RAINE, 1981). Next, the tissues were dehydrated in alcohol
and then embedded in paraffin. After this procedure, serial cuts of 4 um were made using an
appropriate  microtome and placed on L-polylysine slides, suitable for performing
immunohistochemistry. The cuts were deparaffinized, hydrated in xylene and alcohol and
immersed in 0.1 M citrate buffer (pH 6.0), and (9.0. under heating in a water bath, for 30
minutes for antigen recovery at 95°C. After cooling, obtained at room temperature for 20
minutes, washings were performed with phosphate buffered solution (PBS), interspersed with
endogenous peroxidase blocking with 3% H202 solution (20 minutes). Then protein blocking
was performed with 5% BSA (bovine albumin) for 20 minutes. The sections were incubated or
even night with goat primary antibody GFAP (DAKO), S100 (DAKO) anti-IBA1 (Santa Cruz)
1:100 diluted in antibody diluent. After washing in PBS, an incubation with polymer HRP
(Dako) for 30 minutes. After washing again with PBS, staining with the chromogen
3,3'diaminobenzidine-peroxide (DAB) followed by counterstaining with Mayer's hematoxylin.
dehydration of samples and mounting of slides. were processed simultaneously as described
above, with the primary antibody being replaced with PBS-BSA 5.
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2.8. Morphological Analyses

After euthanasia, on day 23, the entire proximal intestine, brain and vagal nerve were
removed, washed with 0.9% saline. A portion of the segment was fixed in 10% buffered
formaldehyde, dehydrated and embedded in paraffin. Sections (5 pm thick) were obtained for
hematoxylin and eosin (HE) staining and subsequent evaluation using light microscope
(Olympus BH-2) at 200 x magnification, by an experienced observer, in a blinded manner.

2.9. Statistical analysis

Analyzes were performed using GraphPad Prism 6.0 Version for Windows (San Diego,
CA, USA). All results are expressed as means = SEM (standard errors of the mean). Behavioral,
weight gain and histological analyzes were analyzed using the non-parametric Mann-Whitney
test. The Spearman's correlation test was used for obtaining the r and the r-square (r2) values,
that demonstrates the influence of protein expression level (S100, GFAP and IBA1) of a given
protein in control and rotenone group, independently. For all analyses, the significance level
was set at P <0.05.

3. Results
3.1. Effect of rotenone on body weight in rats

Rotenone administration significantly decreased daily body weight on day 3 (CTL:
327.5+19.0g, ROT: 293.0+£36.3g) and from day 5 to day 19 compared to rats in the control
group (CTL 5: 336.5+21.4g, ROT 5: 296.5+22.7g; CTL 6: 346.5+19.8g, ROT 6: 310.0 + 26.4g;
CTL 7: 340.5+21.2g, ROT 7: 299.5+26.5g; CTL 8: 348.5+35.3g, ROT 8: 303.5+29.5g; CTL 9:
352.0+21.1g, ROT 9: 283.5+27.7g; CTL 10: 355.5+21.2g, ROT 10: 297.5+34.3g; CTL 11:
362.0+22.5g, ROT 11: 304.0+32.7g; CTL 12: 373.0+22.7g, ROT 12: 314.0+30.1g; CTL 13:
369.0+24.4g, ROT 13: 313.5+28.2g; CTL 14: 375.5+28.1g, ROT 14: 319.0+26.1g; CTL 15:
384.5+24.8g, ROT 15: 325.0+25.4g; CTL 16: 389.0+23.7g, ROT 16: 331.5+26.7g; CTL 17:
391.5+24.4g, ROT 17: 328.5+28.4g; CTL 18: 393.5+24.1g, ROT 18: 336.5+29.8g; CTL 19:
400.5+26.69, ROT 19: 343.5+28.4¢; p<0.05) (Figure 2). Taken together, these data showed that
rotenone administration reduced the body weight of the rats.
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Figure 2. Time-dependent changes in body weight show the difference between PD rotetone-injected rat and non-
rotenone injected rat. The rotenone administration reduced the body weight of the rats (*p < 0.05; **p < 0.01;
***p < 0.001; Mann-Whitney test).
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3.2. Effect of rotenone on behavioral performance in rats
3.2.1. Open field test

Exploratory activity was measured in an open field apparatus on the 20" day of the
experiment. Our data showed that the animals from the rotenone group exhibited reduced
exploratory activity, compared to the control group [number of crossings (p=0.004; Figure 3B)
and number of rearings (p=0.004; Figure 3C).
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Figure 3. Open field quadrants (left; A) and exploratory activity (B and C) from control (CTL; n=10) and rotenone
(ROT; n=10) groups. Exploratory activity is expressed as number of quadrants crossed (locomotion units) and
number of rearings. Animals that received rotenone application exhibited reduced exploratory activity compared
to the control group (*) (p<0,05; Mann Whitney).

3.2.2. Rotarod test

Motor activity was measured in the rotarod apparatus on the 20" day of the experiment.
Our data showed that the rats from the rotenone group exhibited a lower latency (p<0.001) and
a higher number of falls (p=0.004), compared to the control group (Figure 4). Taken together,
these data show that rotenone reduces the exploratory and motor activity in rats.
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Figure 4. Latency to fall and number of falls in the rotarod test from control (CTL; n=10) and rotenone (ROT;
n=10) groups. Rats that received rotenone application exhibited reduced motor activity, compared to the control
group (*) (p<0,05; Mann Whitney).

3.3. Effect of rotenone on immunoreactivity for IBA-1 in rats
Our data showed that the rats from the rotenone group exhibited a significant increase

in microgliosis, observed by iba-1 immunolabeling in the striatum (p=0.004) and segments of
intestines (p=0.019).
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Figure 5. Immunoexpressmn of IBA1 protelns in brain (A and B) and intestine segment (C and D). Segments of
the intestines and brain were collected and processed to perform immunohistochemistry for IBA-1. Worksheet of
the immunoexpression of IBA-1 proteins in the 2 groups of the experiment. The graphs represent the mean + SEM
of the percentage of the immunopositive area for IBA-1 in brain (E) and intestine (F) relation to the total area
(p<0,05; Mann Whitney).

3.4. Effect of rotenone on immunoreactivity for GFAP in rats
The results showed that animals receiving rotenone showed increased immunoreactivity
for GFAP, characteristic for astrogliosis, in the striatum (p=0.009) and intestinal segments

(p=0.015).
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Figure 6. Immunoexpression of GFAP proteins in brain (A and B) and intestine segment (C and D). Segments of
the intestines and brain were collected and processed to perform immunohistochemistry for GFAP. Worksheet of
the immunoexpression of GFAP (Fibrillar acid protein) proteins in the 2 groups of the experiment. The graphs
represent the mean + SEM of the percentage of the immunopositive area for GFAP in brain (E) and intestine
segment (F) relation to the total area (p<0,05; Mann Whitney).
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3.5. Effect of rotenone on immunoreactivity for S100 in rats

Animals receiving rotenone showed a significant decrease in immunolabeling for S100
when compared to the control group, in the striatum (p<0.001) and intestinal segments
(p=0.040).
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the intestines and brain were collected and processed to perform immunohistochemistry for S100. Worksheet of
the immunoexpression of S100 proteins in the 2 groups of the experiment. The graphs represent the mean + SEM
of the percentage of the immunopositive area for S100 in brain (E) and intestine segment (F) relation to the total
area (p<0,05; Mann Whitney).

3.6. Correlations of the S100, GFAP and IBA1 immuno expressions in control and rotenone rat
groups

By Spearman’s correlation analysis, we observed significant and positive correlations
to GFAP immunoexpression between brain and intestine segments in control mice group
(r=0.771; 12=0.745; p=0.003). It is also verified that the expression of GFAP in the brain
influences the expression of this protein in the intestine by 74.5% (r2 =0.745). This result
reinforces that GFAP work in a dependent manner as a cascade of events in health mice.
However, this association was not identified in the rotenone group (r=-0.371; 12=0.062;
p=0.235), showing the effect of this drug on the brain-intestine axis.

We did not identify significant correlations between S100 (Control: r=-0.018; p=0.951
/ Rotenone: r=0.000; p=1.000) and IBA1 (Control: r=0.116; p=10.720 / Rotenone: r =-0.029;
p=0.930) immunostaining between brain and intestinal segments, either in the control or
rotenone group.
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Figure 8. Spearman's correlation plot of GFAP immunoexpression in brain-intestine axis in control (A) and
rotenone (B) groups, independently. Correlation plots represent the correlation between the density of positive
GFAP cells in traditional chromogenic immunohistochemistry assay. Correlation analysis between the GFAP cell
densities showed significant positive correlations in brain and intestine segments in control grupo (A). There was
no evidence of GFAP correlation between brain and intestine in animals from the rotenone group (B). Data are
Spearman's correlation values with p < 0.05.

4. Discussion

There are no models that optimally reproduce PD, so each one has its benefits and
limitations when it comes to cellular, molecular and clinical aspects. Therefore, updating these
current models to better approximate the pathophysiology of the disease is fundamental. Here,
we describe an updated version of the rat model of PD (Betarbet et al., 2000; Cannon et al.,
2009) induced by chronic, continuous, systemic intraperitoneal rotenone administration (Figure
1) with involvement of the gut and brain.

Using animal models of environmental exposure, rats subjected to systemic
administration for 21 days of rotenone (2.75mg/kg) recapitulate the behavioral, cellular, and
molecular features of PD, including L-DOPA-responsive motor deficits, accumulation and
aggregation of alphasynuclein with Lewy body formation, systemic mitochondrial impairment,
oxidative stress, microglial activation (Alam et al., 2004; Betarbet et al., 2006; Sakai et al.,
1994), neurodegeneration, astrogliosis, and microgliosis. It is commonly proposed that the
cardinal signs of PD appear, the loss of dopaminergic neurons of the SNpc is around 50-70%
(Dauer et al., 2003; Ross et al., 2004).

PD is widely recognized as a hypokinetic dysfunction included in movement disorders
with slow and continuous loss of dopaminergic neurons in the SNpc (Wang et al., 2015).
However, numerous recent studies suggest that PD constitutes a heterogeneous systemic
disorder and PD patients present with both motor and non-motor symptoms (Hou et al., 2019;
Pfeiffer, 2016). Constipation is one of the most frequent non-motor symptoms in Parkinson's
disease (Sakakibara et al., 2003) with about 50% (Ashraf et al., 1997) to 80% (Verbaan et al.,
2007) of patients being affected with this condition. In a study by Savica et al. it was reported
that constipation may precede motor symptoms by up to 20 years and people with constipation
may have a relatively increased risk of developing PD (Lin et al., 2014). In previous studies, it
was evidenced that constipation was associated with the duration and severity of PD (Krogh et
al., 2008) and the frequency and severity of constipation increased as PD progressed (Edwards
et al., 1993). In our study, rotenone-treated animals had lower expression of neurons in the
enteric nervous system and the striatum nucleus (Figure 8). Studies highlight a relationship
between degeneration of neurons in the enteric nervous system and changes in intestinal
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contractility (Tasselli et al., 2013). In the gut, pro-inflammatory stimuli, including IL-1, IL-6,
and LPS, cause a pathological activation of enteric glia. As a consequence, the expression of
glial markers such as GFAP and S100 increase significantly triggering the release of pro-
inflammatory cytokines, glial cell-derived neurotrophic factors and other immunomodulatory
signaling molecules (Rihl et al., 2001) that may underlie the impaired gastrointestinal
functionality in PD.

There are no models that optimally reproduce PD, so each one has its benefits and
limitations when it comes to cellular, molecular and clinical aspects. Therefore, updating these
current models to better approximate the pathophysiology of the disease is fundamental. Here,
we describe an updated version of the rat model of PD (Betarbet et al., 2000; Cannon et al.,
2009) induced by chronic, continuous, systemic intraperitoneal rotenone administration (Figure
1) with involvement of the gut and brain.

Using animal models of environmental exposure, rats subjected to systemic
administration for 21 days of rotenone (2.75mg/kg) recapitulate the behavioral, cellular, and
molecular features of PD, including L-DOPA-responsive motor deficits, accumulation and
aggregation of alphasynuclein with Lewy body formation, systemic mitochondrial impairment,
oxidative stress, microglial activation (Alam et al., 2004; Betarbet et al., 2006; Sakai et al.,
1994), neurodegeneration, astrogliosis, and microgliosis. It is commonly proposed that the
cardinal signs of PD appear, the loss of dopaminergic neurons of the SNpc is around 50-70%
(Dauer et al., 2003; Ross et al., 2004).

Weight loss consists of a relatively common clinical finding among patients in all stages
of Parkinson's disease and it has been proposed that it may be a prodromal feature of PD
(Kistner et al., 2014; Logroscino et al., 2007; Chen et al., 2003). This weight loss has been
related mainly to female sex (Lorefalt et al., 2004), dopaminergic therapy (Bachmann et al.,
2009), dysautonomia (Umehara et al., 2017), and olfactory dysfunction (Sharma et al., 2012),
as well as greater severity of motor features (Sharma et al., 2014). In our study, rotenone-treated
animals had a severe reduction in body weight, especially from the fourth day of treatment
when compared to the control group, corroborating with the model induced by Alam et al.
(2002). The mechanisms underlying rotenone-induced weight loss are mainly related to
decreased intestinal transit and motility (Betarbet et al., 2000; Bu et al., 2019).

The motor symptoms of PD are attributed to the selective loss of striatal dopaminergic
neurons and are characterized by bradykinesia, rigidity, resting tremor, and postural instability
(DeMaagd et al., 2015). The onset of motor symptoms is usually unilateral and asymmetry
persists throughout the disease (Poewe et al., 2017). In our study, we observed significantly
reduced locomotor activity and postural changes in behavioral tests represented by exploratory
activity and rearing of the animals after 21 days of rotenone treatment when compared to the
control group. Similar findings are found in the work of Rocha et al. (2022) that showed that
chronic exposure to rotenone in mice reduced locomotor activity.

In our murine model of PD induced by systemic rotenone, histopathological
examination of treated animals revealed progressive activation of glial cells in the striatum and
gut. This activation was associated with neuronal loss, astrogliosis and microgliosis. Reactive
and dystrophic microglia appear before neurodegeneration in the context of PD (Doorn et al.,
2014). Microglial cells act as innate immune cells resident in the CNS, after which they
encounter pathogens or toxins, they rapidly convert from a resting M2 state to a pro-
inflammatory M1 state. These innate inflammatory immune responses have been found in PD
patients as increased levels of IL-1 beta, IL-6, and reactive microglia (Lecours et al., 2018). A
study employing chronic exposure of C547BI/6 mice to low levels of rotenone in the diet
reported increases in astrocyte-derived cytokine (Rocha et al., 2022). Similar to the responses
observed in microglia, there was an increase in astrocyte expression in the intestine and striatum
of rotenone-treated animals.



68

5. Conclusion

In this exploratory study, the experimental model of Parkinson's disease induced by
systemic, chronic, continuous (21 days) intraperitoneal administration of rotenone (2.75 mg/kg)
likely reproduces motor deficits, neurodegeneration, and neuroinflammation. In this sense, the
model reported here reproduces cellular, biochemical and behavioral features similar to PD,
representing a significant tool to investigate the interaction between the brain and gut and the
multiple mechanisms involved in the neurodegeneration underlying this neurological disease.
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4 CONCLUSOES GERAIS

Dentro dos limites deste estudo, pode-se concluir que:

1. A rotenona promove a reducdo da atividade exploratoria dos animais induzidos
com o modelo de Parkinson;

2. A rotenona promove a baixa laténcia e alto numero de quedas dos animais
induzidos com o modelo de Parkinson;

3. Arotenona aumentou a imunomarcacédo de IBA-1 nos animais com o modelo de
Parkinson;

4. A rotenona aumentou a imunomarcagdo de GFAP nos animais com o modelo de
Parkinson.

5. A rotenona diminui a imunomarcacdo de S100 nos animais com o modelo de

Parkinson.
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ANEXO B - Content of Author Guidelines

g Introduction

As the average human life expectancy has increased, so too has the impact of ageing and age-
related disease on our society. Ageing research is now the focus of thousands of laboratories
that include leaders in the areas of genetics, molecular and cellular biology, biochemistry, and
behaviour. Ageing Research Reviews (ARR) covers the trends in this field. It is designed to fill
a large void, namely, a source for critical reviews and viewpoints on emerging findings on
mechanisms of ageing and age-related disease. Rapid advances in understanding of
mechanisms that control cellular proliferation, differentiation and survival are leading to new
insight into the regulation of ageing. From telomerase to stem cells to energy and oxyradical
metabolism, this is an exciting new era in the multidisciplinary field of ageing research. The
cellular and molecular underpinnings of manipulations that extend lifespan, such as caloric
restriction, are being identified and novel approaches for preventing age-related diseases are
being developed. ARR publishes articles on focussed topics selected from the broad field of
ageing research, with an emphasis on cellular and molecular mechanisms of the aging process
and age-related diseases such as cancer, cardiovascular disease, diabetes and neurodegenerative
disorders. Applications of basic ageing research to lifespan extension and disease prevention

are also covered in this journal.

Types of article

Ageing Research Reviews (ARR) publishes critical reviews on emerging findings on
mechanisms of ageing and age-related disease and authors can submit articles in three formats:
Review article - provides an in-depth review of topics of interest to the journal's broad
readership.

Short review - focused on a timely aspect of a topic or review critical new findings. Submissions
are typically around 2500 words.

View point - a forum for authors to provide their own views on a topic and their vision of future

research directions. Submissions are typically 2000 word limit and no more than 3 Figures.
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Contact details for submission

For enquiries relating to the submission of articles, please visit this journal's homepage at
https://www.elsevier.com/locate/arr. You can track  accepted articles  at
https://www.elsevier.com/trackarticle and set up e-mail alerts to inform you of when an article's

status has changed, as well as copyright information, frequently asked questions and more.

Submission checklist

You can use this list to carry out a final check of your submission before you send it to the

journal for review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

* E-mail address

* Full postal address

All necessary files have been uploaded:

Manuscript:

* Include keywords

« All figures (include relevant captions)

« All tables (including titles, description, footnotes)

+ Ensure all figure and table citations in the text match the files provided

* Indicate clearly if color should be used for any figures in print
Graphical Abstracts / Highlights files (where applicable) Supplemental files (where
applicable)

Further considerations

« Manuscript has been 'spell checked' and ‘grammar checked'

+ All references mentioned in the Reference List are cited in the text, and vice versa

» Permission has been obtained for use of copyrighted material from other sources (including
the Internet)

« A competing interests statement is provided, even if the authors have no competing interests
to declare

 Journal policies detailed in this guide have been reviewed

» Referee suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.
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a Before You Begin

Ethics in publishing

Please see our information on Ethics in publishing.

Declaration of interest

All authors must disclose any financial and personal relationships with other people or
organizations that could inappropriately influence (bias) their work. Examples of potential
competing interests include employment, consultancies, stock ownership, honoraria, paid
expert testimony, patent applications/registrations, and grants or other funding. Authors must
disclose any interests in two places: 1. A summary declaration of interest statement in the title
page file (if double anonymized) or the manuscript file (if single anonymized). If there are no
interests to declare then please state this: 'Declarations of interest: none'. 2. Detailed disclosures
as part of a separate Declaration of Interest form, which forms part of the journal's official
records. It is important for potential interests to be declared in both places and that the

information matches. More information.

Submission declaration and verification
Submission of an article implies that the work described has not been published previously
(except in the form of an abstract, a published lecture or academic thesis, see 'Multiple,

redundant or concurrent publication' for more information), that it is not under consideration

for publication elsewhere, that its publication is approved by all authors and tacitly or explicitly
by the responsible authorities where the work was carried out, and that, if accepted, it will not
be published elsewhere in the same form, in English or in any other language, including
electronically without the written consent of the copyright-holder. To verify compliance, your

article may be checked by Crossref Similarity Check and other originality or duplicate checking

software.

Preprints
Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing
policy. Sharing your preprints e.g. on a preprint server will not count as prior publication (see

'‘Multiple, redundant or concurrent publication' for more information).
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Use of inclusive language

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to
differences, and promotes equal opportunities. Content should make no assumptions about the
beliefs or commitments of any reader; contain nothing which might imply that one individual
Is superior to another on the grounds of age, gender, race, ethnicity, culture, sexual orientation,
disability or health condition; and use inclusive language throughout. Authors should ensure
that writing is free from bias, stereotypes, slang, reference to dominant culture and/or cultural
assumptions. We advise to seek gender neutrality by using plural nouns (“clinicians,
patients/clients") as default/wherever possible to avoid using "he, she,” or "he/she.” We
recommend avoiding the use of descriptors that refer to personal attributes such as age, gender,
race, ethnicity, culture, sexual orientation, disability or health condition unless they are relevant
and valid. When coding terminology is used, we recommend to avoid offensive or exclusionary
terms such as "master”, "slave”, "blacklist" and "whitelist". We suggest using alternatives that
are more appropriate and (self-) explanatory such as "primary", "secondary", "blocklist" and
"allowlist". These guidelines are meant as a point of reference to help identify appropriate

language but are by no means exhaustive or definitive.

Author contributions

For transparency, we encourage authors to submit an author statement file outlining their
individual contributions to the paper using the relevant CRediT roles: Conceptualization; Data
curation; Formal analysis; Funding acquisition; Investigation; Methodology; Project
administration; Resources; Software; Supervision; Validation; Visualization; Roles/Writing -
original draft; Writing - review & editing. Authorship statements should be formatted with the

names of authors first and CRediT role(s) following. More details and an example.

Changes to authorship

Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made
only before the manuscript has been accepted and only if approved by the journal Editor. To
request such a change, the Editor must receive the following from the corresponding author:
(a) the reason for the change in author list and (b) written confirmation (e-mail, letter) from all
authors that they agree with the addition, removal or rearrangement. In the case of addition or

removal of authors, this includes confirmation from the author being added or removed.


https://www.elsevier.com/authors/journal-authors/policies-and-ethics/credit-author-statement
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Only in exceptional circumstances will the Editor consider the addition, deletion or
rearrangement of authors after the manuscript has been accepted. While the Editor considers
the request, publication of the manuscript will be suspended. If the manuscript has already been

published in an online issue, any requests approved by the Editor will result in a corrigendum.

Article transfer service

This journal uses the Elsevier Article Transfer Service to find the best home for your
manuscript. This means that if an editor feels your manuscript is more suitable for an alternative
journal, you might be asked to consider transferring the manuscript to such a journal. The
recommendation might be provided by a Journal Editor, a dedicated Scientific Managing

Editor, a tool assisted recommendation, or a combination. If you agree, your manuscript will be
transferred, though you will have the opportunity to make changes to the manuscript before the
submission is complete. Please note that your manuscript will be independently reviewed by

the new journal. More information.

Copyright
Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement' (see more information on this). An e-mail will be sent to the corresponding author

confirming receipt of the manuscript together with a 'Journal Publishing Agreement' form or a
link to the online version of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for
internal circulation within their institutions. Permission of the Publisher is required for resale
or distribution outside the institution and for all other derivative works, including compilations
and translations. If excerpts from other copyrighted works are included, the author(s) must
obtain written permission from the copyright owners and credit the source(s) in the article.

Elsevier has preprinted forms for use by authors in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to complete

a 'License Agreement' (more information). Permitted third party reuse of gold open access

articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More

information.
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Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

Retained author rights
As an author you (or your employer or institution) retain certain rights; for details you are
referred to: https://www.elsevier.com/authorsrights

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research
and/or preparation of the article and to briefly describe the role of the sponsor(s), if any, in study
design; in the collection, analysis and interpretation of data; in the writing of the report; and in
the decision to submit the article for publication. If the funding source(s) had no such

involvement, it is recommended to state this.

Funding body agreements and policies

Elsevier has established agreements and developed policies to allow authors whose articles
appear in journals published by Elsevier, to comply with potential manuscript archiving
requirements as specified as conditions of their grant awards. To learn more about existing
agreements and policies please visit https://www.elsevier.com/fundingbodies.

US National Institutes of Health (NIH) voluntary posting (** Public Access™) policy.

As a service to our authors, Elsevier will deposit to PubMed Central (PMC) author manuscripts
on behalf of Elsevier authors reporting NIH funded research. This service is a continuation of
Elsevier's 2005 agreement with the NIH when the NIH introduced their voluntary 'Public
Access Policy.'

The service will help authors comply with the National Institutes of Health (NIH) revised
"Public Access Policy," effective April 7, 2008. The NIH's revised policy requires that NIH-
funded authors submit to PubMed Central (PMC), or have submitted on their behalf, their peer-
reviewed author manuscripts, to appear on PMC no later than 12 months after final publication.
Elsevier will send to PMC the final peer-reviewed manuscript, which was accepted for
publication and sent to Elsevier's production department, and that reflects any author-agreed
changes made in response to peer-review comments. Elsevier will authorize the author

manuscript's public access posting 12 months after final publication. Following the deposit by
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Elsevier, authors will receive further communications from Elsevier and NIH with respect to
the submission.

Authors are also welcome to post their accepted author manuscript on their personal or
institutional web site. Please note that consistent with Elsevier's author agreement, authors
should not post manuscripts directly to PMC or other third party sites. Individual modifications
to this general policy may apply to some Elsevier journals and society publishing partners.

As a leading publisher of scientific, technical and medical (STM) journals, Elsevier has led the
industry in developing tools, programs and partnerships that provide greater access to, and
understanding of, the vast global body of STM information. This service is an example of
Elsevier willingness to work cooperatively to meet the needs of all participants in the STM

publishing community.

Open access
Please visit our Open Access page for more information.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career

researchers throughout their research journey. The "Learn" environment at Researcher
Academy offers several interactive modules, webinars, downloadable guides and resources to
guide you through the process of writing for research and going through peer review. Feel free
to use these free resources to improve your submission and navigate the publication process

with ease.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a mixture
of these). Authors who feel their English language manuscript may require editing to eliminate
possible grammatical or spelling errors and to conform to correct scientific English may wish

to use the English Language Editing serviceavailable from Elsevier's Author Services.

Submission
Our online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used

in the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your
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article for final publication. All correspondence, including notification of the Editor's decision

and requests for revision, is sent by e-mail.

Referees
Please submit the names and institutional e-mail addresses of several potential referees. For
more details, visit our Support site. Note that the editor retains the sole right to decide whether

or not the suggested reviewers are used.

Additional information
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g Preparation

Queries
For questions about the editorial process (including the status of manuscripts under review) or

for technical support on submissions, please visit our Support Center.

Peer review

This journal operates a single anonymized review process. All contributions will be initially
assessed by the editor for suitability for the journal. Papers deemed suitable are then typically
sent to a minimum of two independent expert reviewers to assess the scientific quality of the
paper. The Editor is responsible for the final decision regarding acceptance or rejection of
articles. The Editor's decision is final. Editors are not involved in decisions about papers which
they have written themselves or have been written by family members or colleagues or which
relate to products or services in which the editor has an interest. Any such submission is subject
to all of the journal's usual procedures, with peer review handled independently of the relevant
editor and their research groups. More information on types of peer review.

Use of word processing software

It is important that the file be saved in the native format of the word processor used. The text
should be in single-column format. Keep the layout of the text as simple as possible. Most
formatting codes will be removed and replaced on processing the article. In particular, do not
use the word processor's options to justify text or to hyphenate words. However, do use bold
face, italics, subscripts, superscripts etc. When preparing tables, if you are using a table grid,
use only one grid for each individual table and not a grid for each row. If no grid is used, use
tabs, not spaces, to align columns. The electronic text should be prepared in a way very similar

to that of conventional manuscripts (see also the Guide to Publishing with Elsevier). Note that

source files of figures, tables and text graphics will be required whether or not you embed your
figures in the text. See also the section on Electronic artwork.
To avoid unnecessary errors you are strongly advised to use the 'spell-check’ and ‘grammar-

check' functions of your word processor.
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Article structure

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be
numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering).
Use this numbering also for internal cross-referencing: do not just refer to 'the text'. Any
subsection may be given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed

literature survey or a summary of the results.

Discussion
This should explore the significance of the results of the work, not repeat them. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and discussion

of published literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may

stand alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a
subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1,

etc.

Essential title page information

« Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

« Author names and affiliations. Please clearly indicate the given name(s) and family name(s)
of each author and check that all names are accurately spelled. You can add your name
between parentheses in your own script behind the English transliteration. Present the
authors' affiliation addresses (where the actual work was done) below the names. Indicate

all affiliations with a lower-case superscript letter immediately after the author's name and
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in front of the appropriate address. Provide the full postal address of each affiliation,
including the country name and, if available, the e-mail address of each author.

» Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. This responsibility includes answering any
future queries about Methodology and Materials. Ensure that the e-mail address is given
and that contact details are kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article
was done, or was visiting at the time, a 'Present address' (or 'Permanent address’) may be
indicated as a footnote to that author's name. The address at which the author actually did
the work must be retained as the main, affiliation address. Superscript Arabic numerals are

used for such footnotes.

Highlights

Highlights are mandatory for this journal as they help increase the discoverability of your article
via search engines. They consist of a short collection of bullet points that capture the novel
results of your research as well as new methods that were used during the study (if any). Please

have a look at the examples here: example Highlights.

Highlights should be submitted in a separate editable file in the online submission system.
Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 characters,

including spaces, per bullet point).

Abstract

A concise and factual abstract is required. The abstract should be approximately 100-200 words.
The abstract should state briefly the purpose of the research, the principal results and major
conclusions. An abstract is often presented separately from the article, so it must be able to
stand alone. For this reason, References should be avoided, but if essential, then cite the
author(s) and year(s). Also, non-standard or uncommon abbreviations should be avoided, but if

essential they must be defined at their first mention in the abstract itself.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention to the
online article. The graphical abstract should summarize the contents of the article in a concise,
pictorial form designed to capture the attention of a wide readership. Graphical abstracts should

be submitted as a separate file in the online submission system. Image size: Please provide an
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image with a minimum of 531 x 1328 pixels (h x w) or proportionally more. The image should
be readable at a size of 5 x 13 cm using a regular screen resolution of 96 dpi. Preferred file

types: TIFF, EPS, PDF or MS Office files. You can view Example Graphical Abstracts on our

information site.

Keywords

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling
and avoiding general and plural terms and multiple concepts (avoid, for example, ‘and’, 'of'). Be
sparing with abbreviations: only abbreviations firmly established in the field may be eligible.

These keywords will be used for indexing purposes.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references
and do not, therefore, include them on the title page, as a footnote to the title or otherwise. List
here those individuals who provided help during the research (e.g., providing language help,

writing assistance or proof reading the article, etc.).

Formatting of funding sources

List funding sources in this standard way to facilitate compliance to funder's requirements:
Funding: This work was supported by the National Institutes of Health [grant numbers xxxx,
yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United
States Institutes of Peace [grant number aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and awards.
When funding is from a block grant or other resources available to a university, college, or
other research institution, submit the name of the institute or organization that provided the
funding.

If no funding has been provided for the research, it is recommended to include the following
sentence:

This research did not receive any specific grant from funding agencies in the public,

commercial, or not-for-profit sectors.

Footnotes
Footnotes should be used sparingly. Number them consecutively throughout the article. Many

word processors can build footnotes into the text, and this feature may be used. Otherwise,
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please indicate the position of footnotes in the text and list the footnotes themselves separately
at the end of the article. Do not include footnotes in the Reference list.

Artwork

Electronic artwork

General points

» Make sure you use uniform lettering and sizing of your original artwork.

» Embed the used fonts if the application provides that option.

« Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol, or use fonts that look similar.

» Number the illustrations according to their sequence in the text.

» Use a logical naming convention for your artwork files.

 Provide captions to illustrations separately.

+ Size the illustrations close to the desired dimensions of the published version.

» Submit each illustration as a separate file.

» Ensure that color images are accessible to all, including those with impaired color vision.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given
here.

Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint,
Excel) then please supply 'as is' in the native document format. Regardless of the application
used other than Microsoft Office, when your electronic artwork is finalized, please 'Save as' or
convert the images to one of the following formats (note the resolution requirements for line
drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.
TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi.

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a

minimum of 500 dpi.
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Please do not:

» Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically
have a low number of pixels and limited set of colors;

» Supply files that are too low in resolution;

« Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF)
or MS Office files) and with the correct resolution. If, together with your accepted article, you
submit usable color figures then Elsevier will ensure, at no additional charge, that these figures
will appear in color online (e.g., ScienceDirect and other sites) in addition to color reproduction

in print. Eurther information on the preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure.
A caption should comprise a brief title (noton the figure itself) and a description of the
illustration. Keep text in the illustrations themselves to a minimum but explain all symbols and
abbreviations used.

Tables

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results

described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and
personal communications are not recommended in the reference list, but may be mentioned in
the text. If these references are included in the reference list they should follow the standard

reference style of the journal and should include a substitution of the publication date with
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either 'Unpublished results' or 'Personal communication'. Citation of a reference as 'in press'
implies that the item has been accepted for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed.
Any further information, if known (DOI, author names, dates, reference to a source publication,
etc.), should also be given. Web references can be listed separately (e.g., after the reference list)

under a different heading if desired, or can be included in the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing
them in your text and including a data reference in your Reference List. Data references should
include the following elements: author name(s), dataset title, data repository, version (where
available), year, and global persistent identifier. Add [dataset] immediately before the reference
so we can properly identify it as a data reference. The [dataset] identifier will not appear in your

published article.

Preprint references

Where a preprint has subsequently become available as a peer-reviewed publication, the formal
publication should be used as the reference. If there are preprints that are central to your work
or that cover crucial developments in the topic, but are not yet formally published, these may
be referenced. Preprints should be clearly marked as such, for example by including the word
preprint, or the name of the preprint server, as part of the reference. The preprint DOI should

also be provided.

References in a special issue
Please ensure that the words 'this issue’ are added to any references in the list (and any citations

in the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support Citation Style
Language styles, such as Mendeley. Using citation plug-ins from these products, authors only

need to select the appropriate journal template when preparing their article, after which citations


https://citationstyles.org/
https://citationstyles.org/
https://www.mendeley.com/reference-management/reference-manager/

99

and bibliographies will be automatically formatted in the journal's style. If no template is yet
available for this journal, please follow the format of the sample references and citations as

shown in this Guide. If you use reference management software, please ensure that you remove

all field codes before submitting the electronic manuscript. More information on how to remove

field codes from different reference management software.

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the year of
publication;

2. Two  authors: both  authors' names and the year of  publication;
3. Three or more authors: first author's name followed by 'et al." and the year of publication.
Citations may be made directly (or parenthetically). Groups of references can be listed either
first alphabetically, then chronologically, or vice versa.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).... Or, as
demonstrated (Jones, 1999; Allan, 2000)... Kramer et al. (2010) have recently shown ...'

List: References should be arranged first alphabetically and then further sorted
chronologically if necessary. More than one reference from the same author(s) in the same
year must be identified by the letters 'a’, 'b’, 'c’, etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article.
J. Sci. Commun. 163, 51-59. https://doi.org/10.1016/].S¢.2010.00372.

Reference to a journal publication with an article number:
Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2018. The art of writing a scientific article.
Heliyon. 19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:
Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.

Reference to a chapter in an edited book:

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in:


https://service.elsevier.com/app/answers/detail/a_id/26093/
https://service.elsevier.com/app/answers/detail/a_id/26093/
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Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New
York, pp. 281-304.

Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK.
http://www.cancerresearchuk.org/aboutcancer/statistics/cancerstatsreport/ (accessed 13 March
2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for Japanese
oak wilt disease and surrounding forest compositions. Mendeley Data, v1.
https://doi.org/10.17632/xwj98nb39r.1.

Reference to software:

Coon, E., Berndt, M., Jan, A., Svyatsky, D., Atchley, A., Kikinzon, E., Harp, D., Manzini, G.,
Shelef, E., Lipnikov, K., Garimella, R., Xu, C., Moulton, D., Karra, S., Painter, S., Jafarov,
E., & Molins, S., 2020. Advanced Terrestrial Simulator (ATS) v0.88 (Version 0.88). Zenodo.
https://doi.org/10.5281/zenod0.3727209.

Journal abbreviations source

Journal names should be abbreviated according to the List of Title Word Abbreviations.

Video

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article
are strongly encouraged to include links to these within the body of the article. This can be done
in the same way as a figure or table by referring to the video or animation content and noting
in the body text where it should be placed. All submitted files should be properly labeled so
that they directly relate to the video file's content. In order to ensure that your video or animation
material is directly usable, please provide the file in one of our recommended file formats with
a preferred maximum size of 150 MB per file, 1 GB in total. Video and animation files supplied
will be published online in the electronic version of your article in Elsevier Web products,
including ScienceDirect. Please supply 'stills" with your files: you can choose any frame from

the video or animation or make a separate image. These will be used instead of standard icons
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and will personalize the link to your video data. For more detailed instructions please visit
our video instruction pages. Note: since video and animation cannot be embedded in the print

version of the journal, please provide text for both the electronic and the print version for the

portions of the article that refer to this content.

Data visualization
Include interactive data visualizations in your publication and let your readers interact and
engage more closely with your research. Follow the instructions here to find out about available

data visualization options and how to include them with your article.

Supplementary material

Supplementary material such as applications, images and sound clips, can be published with
your article to enhance it. Submitted supplementary items are published exactly as they are
received (Excel or PowerPoint files will appear as such online). Please submit your material
together with the article and supply a concise, descriptive caption for each supplementary file.
If you wish to make changes to supplementary material during any stage of the process, please
make sure to provide an updated file. Do not annotate any corrections on a previous version.
Please switch off the "Track Changes' option in Microsoft Office files as these will appear in
the published version.

Research data

This journal requires and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research
data refers to the results of observations or experimentation that validate research findings. To
facilitate reproducibility and data reuse, this journal also encourages you to share your
software, code, models, algorithms, protocols, methods and other useful materials related to
the project.

Below are a number of ways in which you can associate data with your article or make a
statement about the availability of your data when submitting your manuscript. When sharing
data in one of these ways, you are expected to cite the data in your manuscript and reference
list. Please refer to the "References" section for more information about data citation. For more
information on depositing, sharing and using research data and other relevant research

materials, visit the research data page.
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Data linking

If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles on
ScienceDirect with relevant repositories, giving readers access to underlying data that gives
them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can directly
link your dataset to your article by providing the relevant information in the submission system.

For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your

published article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC:
734053; PDB: 1XFN).

' After Acceptance

Online proof correction

To ensure a fast publication process of the article, we kindly ask authors to provide us with their
proof corrections within two days. Corresponding authors will receive an e-mail with a link to
our online proofing system, allowing annotation and correction of proofs online. The
environment is similar to MS Word: in addition to editing text, you can also comment on
figures/tables and answer questions from the Copy Editor. Web-based proofing provides a
faster and less error-prone process by allowing you to directly type your corrections, eliminating
the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All
instructions for proofing will be given in the e-mail we send to authors, including alternative
methods to the online version and PDF.

We will do everything possible to get your article published quickly and accurately. Please use
this proof only for checking the typesetting, editing, completeness and correctness of the text,
tables and figures. Significant changes to the article as accepted for publication will only be
considered at this stage with permission from the Editor. It is important to ensure that all

corrections are sent back to us in one communication. Please check carefully before replying,
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as inclusion of any subsequent corrections cannot be guaranteed. Proofreading is solely your

responsibility.

Offprints

The corresponding author will, at no cost, receive a customized Share Link providing 50 days
free access to the final published version of the article on ScienceDirect. The Share Link can
be used for sharing the article via any communication channel, including email and social
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