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APRESENTACAO

Drosophila melanogaster consolidou-se ao longo das ultimas décadas como um dos
principais organismo modelo no estudo de processos biologicos complexos, incluindo o
funcionamento do sistema nervoso e suas disfunc¢des. Entre as diversas aplicacoes desse modelo
estdo os estudos voltados para doencas neurodegenerativas e para os mecanismos de nocicepgao
e dor cronica. Processos como agregacdo proteica, disfuncdo sindptica, estresse oxidativo e
alteracdes na excitabilidade neuronal podem ser reproduzidos e investigados em Drosophila,
possibilitando a caracterizacdo de eventos iniciais e progressivos da neurodegeneragdo. De
forma complementar, a mosca também tem se mostrado um modelo robusto para o estudo da
nocicepg¢ao, permitindo a investigag@o de circuitos sensoriais, canais i0nicos € vias moleculares
envolvidas na deteccao e modulagao de estimulos nocivos.

Além de seu valor como modelo mecanistico, Drosophila melanogaster destaca-se
como uma ferramenta eficiente para a avaliacao de intervengdes terapéuticas e uma plataforma
para triagem de biomoléculas com caracteristicas bioativas. O interesse crescente por compostos
derivados de produtos naturais reflete a busca por abordagens alternativas ou adjuvantes as
terapias convencionais, especialmente em contextos nos quais ha limitagdes de eficacia ou
efeitos adversos relevantes. A utilizagdo da Drosophila melanogaster permite a triagem
funcional desses compostos e a andlise de seus efeitos em multiplos niveis biologicos,
oferecendo subsidios importantes para estudos posteriores em modelos vertebrados.

Diante desse panorama, esta tese tem como objetivo geral explorar o potencial
de Drosophila melanogaster como modelo experimental para o estudo de fenotipos associados
a doencas humanas, com énfase em neurodegeneracao e nocicep¢ao, bem como na investigagao
de estratégias terapéuticas baseadas em biomoléculas naturais. O Capitulo I apresenta a
fundamentacgdo teorica, abordando os critérios para o uso da Drosophila como organismo
modelo, seu historico e caracteristicas gerais, além de apresentar como ¢ possivel reproduzir
fenotipos de doengas humanas, e a reproducao dos principais mecanismos envolvidos em
neurodegeneragdo e dor. O Capitulo I corresponde a um artigo cientifico ja publicado, cujo
objetivo foi avaliar o efeito neuroprotetor de fracdes derivadas do kefir em um modelo

amiloidogénico da Doenga de Alzheimer em Drosophila melanogaster. O Capitulo



III corresponde a um artigo cientifico também publicado, cujo objetivo foi propor e validar um
modelo genético de Drosophila melanogaster para o estudo da dor cronica, e analisar o

potencial analgésico de canabidiol.



Capitulo I

Fundamentac¢ao Tedrica




1. Organismo Modelo

De acordo com a defini¢do da Nature Education, organismo modelo ¢ um organismo
adequado para estudar um trago especifico, doenga ou fendmeno (1). No contexto da pesquisa
biologica ¢ comum o uso de cultura de células, animais invertebrados e até mesmo animais
vertebrados como ferramentas experimentais para explorar os processos bioldgicos associados
a uma hipotese cientifica. No entanto, para ser considerado organismo modelo, este deve ser
padronizado e otimizado de modo que as descobertas feitas a partir desse organismo possam ser
generalizadas e aplicadas a outros grupos (2).

Para entender como esses organismos servem como modelo, ¢ util considerar duas
dimensdes criticas: o ‘“‘escopo representacional” e o “alvo representacional”. O escopo
representacional refere-se a extensdo com que os resultados obtidos em um organismo
experimental podem ser projetados para um grupo mais amplo, variando desde uma Unica
espécie, como o Homo sapiens, grupos maiores como mamiferos ou animais em geral, ou até
todos os seres vivos. A amplitude desse escopo esta diretamente ligada aos critérios de sele¢dao
do organismo modelo e a questdo cientifica a ser investigada. Em geral, a validade dessa
projecao depende de pressupostos externos ao projeto, mas € um aspecto central para a pesquisa.
(3). O alvo representacional por sua vez diz respeito aos fendmenos que se deseja investigar por
meio do organismo experimental. Fenomenos, nesse contexto, sdo 0s conceitos € processos
definidos pelos pesquisadores como objeto de estudo, podendo ser tanto observaveis quanto
teoricos. Assim, qualquer processo bioldgico, como metabolismo ou expressao génica, pode ser
considerado um alvo representacional (3).

O conceito de organismo modelo considera também o grau de conservagdo evolutiva
entre as espécies. Para que um conhecimento obtido a partir de algum organismo possa ser
transferivel a outro, principalmente se o outro for um organismo mais complexo, espera-se que
vias biologicas subjacentes ao fendmeno estudado sejam, ao menos em parte, conservadas (4).
O nivel de conservacao necessario € o quanto esses achados podem ser transpostos dependem
diretamente da pergunta de pesquisa formulada.

Espera-se que os organismos definidos como modelo apresentem caracteristicas como
pequeno porte, alta fertilidade e ciclos reprodutivos de curta duragdo, além de serem passiveis
de manipulag@o por abordagem genéticas diretas como alteragdes gendmicas, e indiretas como

os mecanismos de regulacao da expressao genica (5). De modo geral, organismos modelo sdao
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estaveis sob condicdes laboratoriais, podem ser categorizados em diferentes linhagens e
possuem genomas bem caracterizados, o que os torna ferramentas viaveis e reprodutiveis para
a pesquisa (6). Os critérios modernos de selecdo de modelos incluem também uso de
ferramentas genomicas e as possibilidades de edicdo génica a partir de técnicas como RNAI,
CRISPR, entre outras, que permitem a geracdo de modelos capazes de atender as demandas
cientificas especificas (7).

No entanto, os organismos modelos ndo atendem universalmente a todos esses critérios,
a exemplo de primatas, que ndo necessariamente possuem pequeno porte ou curto tempo de
geracdo, mas ainda assim ocupam um papel importante na pesquisa cientifica (8). Modelos
vertebrados como primatas, roedores, € peixes-zebra apresentam maior complexidade do
sistema nervoso € maior proximidade evolutiva com os seres humanos, incluindo caracteristicas
como maior diversidade neuronal, maior grau de regionalizacdo encefalica, presenca de
estruturas homologas a regides cerebrais e conservacao de vias de neurotransmissao (9).

Em contraste, modelos invertebrados como nematoides e insetos, oferecem vantagens
experimentais, incluindo menor tamanho, ciclos de vida mais curtos e elevada maleabilidade
genética, contudo, apresem limitagcdes importantes como menor nimero de neurdnios, menor
grau de regionalizagdo do sistema nervoso central e circuitos neurais menos numeroso € com
menor nivel de integragdo, o que pode restringir a comparabilidade direta com o sistema nervoso
de humanos. Ainda assim, invertebrados como insetos, plandrias € moluscos tem sido
amplamente utilizados na neurociéncia desde o inicio do século XX, por permitirem a
identificacdo de genes e o estudo de circuitos neurais de forma mais acessivel e controlada,
frequentemente inviavel em vertebrados de reprodugao mais lenta (9,10).

E por fim, o conceito de organismo modelo passa também por uma camada adicional de
complexidade: a validagdo. A validagdo de organismos modelos constitui principio fundamental
e transversal a diferentes areas da pesquisa biomédica, no entanto, no campo da neurociéncia,
especialmente na area de psiquiatria, esse processo assume particular relevancia devido a
complexidade dos fenotipos investigados. Validar um organismo significa avaliar o quanto ele
realmente responde a pergunta de pesquisa proposta (11). Para isso, considera-se a capacidade
do modelo de antecipar fendmenos esperados de uma patologia conhecida, sua utilidade pratica
para investigar processos bioldgicos, moleculares e comportamentais ligados ao problema em

questao, e o grau de semelhanca entre o modelo e o fendmeno real. Um organismo ¢ considerado

5



adequado quando atende, ainda que parcialmente, a critérios como a reprodugao do fenotipo de
interesse, a correspondéncia entre os mecanismos bioldgicos do modelo e da condicdo estudada
e a capacidade de prever resposta a intervencdes (11,12).

A escolha do organismo a ser utilizado em uma pesquisa cientifica, vai além dos critérios
bioldgicos. Importa também o alinhamento com principios éticos fundamentais, entre os quais
se destacam os 3Rs (reduction, replacement and refinement) em portugués: reducao,
substituicdo e refinamento — propostos por Russel € Burch em 1959 (13). A reducdo envolve o
uso de estratégias experimentais e andlises estatisticas que permitem otimizar o nimero de
animais necessarios, além de incentivar a divulga¢do de resultados negativos para evitar a
repeticdo de experimentos desnecessarios € promover o compartilhamento transparente de
informacdes. A substituicdo refere-se a adogdo de métodos alternativos, como testes in vitro,
predi¢des in silico ou o uso de organismos filogeneticamente mais simples, sempre que possivel.
Por fim, o refinamento diz respeito ao aprimoramento continuo das técnicas e procedimentos,
visando reduzir o desconforto, a dor e o estresse dos animais, garantindo o bem-estar e cuidados
veterinarios adequados (10).

Diversas legislagdes internacionais, como a Lei de Bem-Estar dos Animais de
Laboratorio e a Politica de Saude Publica dos Estados Unidos (14), a Lei de Animais e
Procedimentos Cientificos do Reino Unido (15) e a Diretiva 2010/63 da Uniao Européia (16),
estabelecem que os pesquisadores devem justificar o uso de animais, minimizar a dor e
implementar critérios rigorosos de avaliacdo humanitéria, garantindo o bem-estar animal. No
Brasil, o 6rgdo responsavel por regulamentar, normatizar e fiscalizar o uso ético de animais em
pesquisa cientifica e ensino ¢ 0 CONCEA (Conselho Nacional de Controle de Experimentacao
Animal), que estabelece diretrizes nacionais, reconhece métodos alternativos e exige que todas
as instituicdes mantenham comités de ética para revisao e acompanhamento dos projetos (17).

Modelos vertebrados normalmente exigem revisao ética detalhada e licencas especificas,
enquanto o uso de invertebrados costuma ser submetido a uma carga regulatéria menor. Apesar
do menor rigor legislativo para invertebrados, ¢ fundamental que os pesquisadores sigam os
principios éticos na conducdo de seus trabalhos, assegurando respeito e responsabilidade em
todas as etapas da pesquisa (16). Essa postura ética ¢ especialmente relevante considerando que
organismos modelos ndo sdo utilizados apenas para desvendar processos bioldgicos

fundamentais, mas também desempenham papel central na investigacdo de doencas humanas
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complexas e de relevancia para a saude publica, cujos mecanismos fisiopatologicos e
abordagens terapéuticas ainda ndo estdo completamente esclarecidos, como diversos tipos de
cancer, doengas neurodegenerativas, e outras patologias cronicas (18).

Entre os principais organismos modelos validados, a Drosophila melanogaster emergiu
como um dos sistemas experimentais mais versateis, a partir do qual se obteve informagdes
importantes sobre genética, neurociéncia e doencas humanas, com vantagens que vao desde os
aspectos bioldgicos até as questdes praticas de manutengdo e manejo, € continua até os dias de

hoje sendo aplicada em pesquisas bioldgicas (19).

2. Drosophila melanogaster

2.1 Historico

O uso da D. melanogaster como organismo modelo em genética, teve inicio no comego
do século XX. Em 1910 Thomas H. Morgan identificou o primeiro mutante de olhos brancos,
e, em apenas cinco anos, seu grupo desenvolveu a teoria cromossdmica da heranga e elaborou
0s primeiros mapas genéticos ao analisar a segregacao da prole (20) e demonstrar com esses
trabalhos pioneiros que os genes estdo localizados nos cromossomos. Posteriormente, em 1927,
Hermann Muller comprovou que a exposicao a raios-x pode induzir mutacdes hereditarias, um
marco fundamental para a genética experimental, e em 1935, os mapas dos cromossomicos
politénicos permitiram a localizagdo citologica precisa dos genes, facilitando estudos de
mapeamento genético (21). Essas descobertas foram reconhecidas internacionalmente,
rendendo Prémio Nobel a Morgan em 1933, a Muller em 1946, e mais tarde a Lewis, Nusslein-
Volhard e Wieschaus em 1995, por suas contribui¢des na elucidagdo de genes homeoticos e
mecanismos de padroniza¢do embriondria (22).

Além da genética, D. melanogaster tornou-se também um modelo fundamental para
estudos em neurociéncias. Trabalhos classicos de Chun-Fan Yin e colaboradores demonstraram
que a proteina CREB (proteina de ligagao ao elemento de resposta ao AMP ciclico), desempenha
papel central na formacdo de memoria de longo prazo em moscas, por meio de experimentos
que envolveram tanto a inibi¢ao quanto o aumento de sua funcdo, com efeitos diretos sobre o
desempenho em testes de memoria (23,24). Esses achados evidenciam que mecanismos

moleculares essenciais para aprendizagem sao conservados evolutivamente. Nesse contexto,



embora D. melanogaster seja considerada um organismo simples do ponto de vista anatomico
e organizacional, apresenta complexidade suficiente em seus circuitos neurais e vias
moleculares para permitir a investigacdo de processos cognitivos fundamentais. Essa
combinacao torna o modelo particularmente valioso, pois, possibilita a elucidagao de principios
biologicos bésicos em sistemas mais acessiveis, frequentemente investigados primeiro em
organismos simples antes de serem estudados em modelos mais complexos, como os mamiferos
(25).

A consolidagdo de mais de um século de estudos genéticos e moleculares em drosofila
culminou com o sequenciamento completo de seu genoma (26) em 2000, um marco que validou
a aplicagdo de estratégias de sequenciamento em organismos eucarioticos multicelulares (27).
A identificacdo e anotagdo sistematica de seus genes estabeleceram a base para investigagdes
em genética funcional, e um aprofundamento em biologia do desenvolvimento e neurociéncia.
Mais recentemente, em 2024 a publicagdo do primeiro conectoma completo do cérebro adulto
da mosca, descrevendo cerca de 140.000 neurdnios e mais de 50 milhdes de sinapses, ampliou
esse potencial ao possibilitar a andlise global de circuitos neurais, o0 mapeamento de vias
sensoriais € motoras e a identificagdo de neurdnios integrados de alta conectividade (rich-club

neurons), permitindo a comparagdo de principios organizacionais entre espécies (28).

2.2 Caracteristicas gerais

Sua classificagdo taxondmica a posiciona no dominio Eukarya, caracterizando-se por
possuir células eucaridticas sem parede celular; pertence ao reino Animalia, sendo capaz de
perceber e responder a estimulos; integra a classe Insecta, ordem Diptera, familia Drosophilidae,
género Drosophila e espécie Drosophila melanogaster (29). Possui quatro pares de
cromossomos (2n = 8), sendo o primeiro par 0s Cromossomos sexuais, € 0s outros trés
cromossomos autossdmicos (30). Tem seu genoma completamente sequenciado (26), e
aproximadamente 14.000 genes codificantes de proteinas (31).

Tem um tamanho pequeno, (2-3 milimetros), trés pares de patas, um par de asas, um par
de halteres, olhos compostos com centenas de omatidios que garantem uma visdo ampla e
detecgdo rapida de movimento. Apresenta dimorfismo sexual visivel em adultos, sendo possivel
a diferenciacdo entre machos e fémeas a partir de caracteristicas como tamanho, formato da

por¢do terminal do abdomen, presenca de apéndice sexual em machos e outros aspectos (32).



Outra caracteristica importante, € que favorece seu uso em pesquisa ¢ a facilidade de
manutengdo, incluindo um baixo custo, com dietas a base de fuba, puré de batata, banana e
outros, e um alto rendimento na grande maioria das linhagens, nas quais fémeas podem ovipor
dezenas de ovos por dia (33). Possui um ciclo de vida curto, que favorece, entre tantas coisas, o
estudo de aspectos relacionados ao envelhecimento e de patologias associadas a esse processo,
além de gerar informag¢des em um menor tempo. A duragdo do ciclo e desenvolvimento da
mosca pode ser influenciado por condi¢cdes ambientais principalmente por temperatura. Quando
mantidas a 25 °C, 60% humidade e 12h ciclo de claro e escuro, apresentam em média um tempo
de desenvolvimento de 10-12 dias, e sua expectativa de vida varia entre 60 e 90 dias apds eclosao
(apos se tornar um individuo adulto) a depender também de seu background genético (34)

Durante seu desenvolvimento, a mosca passa por duas fases principais distintas com
planos corporais completamente diferentes: a larva e o adulto (35) (Figura 1). O ciclo se inicia
com o desenvolvimento embrionario que ocorre dentro da membrana do ovo apds o processo
de fertilizagao e formagao do zigoto, que entdo posteriormente eclode em larva. O periodo larval
se divide em trés estagios L1, L2 e L3, seguido pela transformagdo em pupa, e apds 3-4 dias
emerge como adulto (36). Durante o desenvolvimento larval tem-se a diferenciacdo e separacao
dos discos imaginais, conjuntos de células que formarao estruturas especificas em adultos, como
os discos de asa, olhos, e outros 0rgaos; a metamorfose ocorre na fase de pupa quando as

estruturas larvais se desintegram e o corpo do adulto ¢ construido a partir desses discos (37).
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Figura 1. Ciclo de vida da Drosophila melanogaster. Fonte: Ong et. al. (2015)(38).



Os estagios do desenvolvimento da mosca oferecem aplicagdes experimentais distintas.
Embrides podem ser utilizados para estudos de desenvolvimento inicial, toxicidade e regulagao
génica, além de ser uma etapa excelente para inser¢do de genes exogenos, e producdo de
organismos geneticamente modificados (OGMs). Ja as larvas, especialmente no estagio L3,
podem ser usadas para pesquisas em neurodesenvolvimento, metabolismo, toxicidade,
favorecidos pela simplicidade de seus circuitos neuronais ¢ a facilidade de manipulagdo. Pupas
permitem o estudo de metamorfose, morte celular programada e remodelacao tecidual, enquanto
adultos sdo essenciais para investigacao de envelhecimento, comportamentos relativamente
mais complexos, doencgas neurodegenerativas e toxicidade (39,40). A escolha do estagio e sua

aplicacao na pesquisa, vai depender do objetivo e da pergunta proposta.

2.3 Conservaciao biologica: Drosophila melanogaster ¢ Homo sapiens

E fato que existe uma grande diferenca entre moscas e humanos que se d4 inicialmente
quanto ao filo (artrépodes x cordatas), porém, apesar disso, aspectos evolutivos sdo conservados
entre os grupos, os quais se destaca o fato de que o sistema nervoso de ambos compartilha uma
logica organizacional conservada (41). Embora o sistema nervoso de drosoéfila seja
anatomicamente e funcionalmente mais simples, esse sistema ¢ subdividido em centros
funcionais especializados, responsaveis por processamento de informagdes sensoriais,
coordenagdo motora, regulacdo da memoria e aprendizado associativo assim como em humanos
(42).

Nas moscas, estruturas como lobo dptico, lobo antenal, corpos de cogumelo e complexo
central fazem um paralelo com o sistema visual, olfativo, cognitivo e circuito motor encontrado
em vertebrados (43) (Figura 2). Além do cérebro, a drosofila possui um cordao nervoso ventral
(CNV), uma estrutura organizada de forma segmentar que funciona como um centro de

integracao motora e sensorial, servindo como um analogo funcional da medula espinhal humana
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Figura 2. Representacio comparativa do cérebro de Homo sapiens e Drosophila melanogaster. As
cores evidenciam as estruturas com fungdes semelhantes. Fonte:

https://droso4schools.wordpress.com/organs/.

O CNV contém ganglios segmentares fundidos que coordenam a locomocao, os reflexos
e a integracdo sensoOrio-motora por meio de motivos de circuitos conservados, incluindo
geradores de padrdes centrais (44). Semelhantemente, a medula espinhal humana ¢ organizada
em unidades segmentares repetidas associadas aos nervos espinhais e dermatomos, derivados
da segmentacdo embrionaria dos somitos (45) (Figura 3). Apesar das diferencas na anatomia
externa, tanto moscas quanto humanos compartilham uma arquitetura neural interna regulada
por uma rede de genes homologos, com destaque para os genes Hox, que desempenham papel
central no estabelecimento da identidade segmentar ao longo do eixo anteroposterior em ambos

0s grupos (46).
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Figura 3. Representacio comparativa do sistema nervoso de Homo sapiens e Drosophila

melanogaster. Fonte: https://droso4schools.wordpress.com/organs/.

A nivel celular e molecular, os mecanismos fundamentais que regulam a fungdo e
degeneracao neuronal sdo altamente conservados entre as duas espécies (47,40). Processos
essenciais como transmissdo sindptica, gera¢do de potencial de acdo, transporte axonal,
homeostase mitocondrial, homeostase de calcio, autofagia e morte celular programada operam
por meio de vias semelhantes em ambos os organismos (47,48). Além disso, o sequenciamento
do genoma da D.melanogaster, revelou que aproximadamente 60-70% dos genes humanos
associados a doencas, possuem ortdlogos funcionais na mosca. Quanto a semelhanga a nivel
proteico, a similaridade global de sequéncia de aminoacidos entre proteinas homo6logas humanas
e de moscas ¢ em média em torno de 40%, mas esse nimero aumenta substancialmente quando
se considera apenas os dominios funcionais conservados, atingindo cerca de 80-90% de
similaridade (26).

Essa base bioldgica compartilhada permite que a D. melanogaster modele aspectos
chaves de distarbios neuroldgicos humanos, abrangendo desde a neurodegeneracao até
disfuncdo locomotora, incluindo comprometimento da memoria e déficit cognitivo. A aplica¢ao
de ferramentas genéticas para manipulacao do genoma da mosca permite ampliar ainda mais a

usabilidade de moscas na pesquisa (19).
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As abordagens de engenharia genética como integragdo mediada por elemento P ou
PhiC31, edicao do genoma baseada em CRISPR/Cas9, RNAi1 (RNA de interferéncia) e mutagdes
induzidas quimicamente, sao exemplos de técnicas que permitem a inser¢ao de genes humanos,
reproducdo de mutagdes associadas a doengas, silenciamento de genes enddgenos das moscas,
ou ainda, controle da expressdo génica de maneira temporal e espacial como por exemplo a
partir do uso do sistema UAS-GAL4 (19). Essas técnicas permitem a geragdo de modelos
genéticos altamente controlados que contenham aspectos chaves de patologias humanas como,
distrofia muscular (49), cancer (50), epilepsia (51), esclerose lateral amiotrofica (52), doenga de
Huntington (53), doenca de Parkinson (54), diabetes (55), obesidade (56), doenga de Alzheimer
(57) e até mesmo dor (58) entre outro, fornecendo informagdes importantes para a compreensao
e elaboragdo de tratamentos.

Apesar disso, € preciso reconhecer limitacdes importantes ao translacionarmos achados
em D. melanogaster para humanos. A mosca ndo possui um cortex estratificado, apresenta um
nimero muito menor de neurdnios € possui um cérebro mais compacto e especializado, sem a
extensa integracdo multimodal caracteristica dos sistemas mamiferos (28). Consequentemente,
certos processos cognitivos, emocionais € sociais ndo podem ser totalmente replicados em
insetos, e distirbios humanos complexos que envolvem redes corticais superiores excedem a
capacidade de representacao do sistema nervoso da mosca (59,47).

Isso ndo desqualifica a D. melanogaster como um excelente organismo modelo,
considerando que ¢ uma plataforma altamente eficiente para triagem experimental e expressao
génica, permitindo a manipulacao precisa e a dissecagdo de mecanismos moleculares e circuitos
neurais conservados, envolvidos na fun¢do neural e em doengas. Nesse contexto, seu uso pode
ser ainda mais amplificado quando associados a modelos vertebrados complementares, que
permitem capturar niveis adicionais de complexidade estrutural e comportamental do cérebro
humano, ampliando o potencial translacional dos achados obtidos em sistemas mais simples

(60).
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2.4 Drosophila melanogaster como modelo de doenc¢a de Alzheimer

2.4.1 Doenca de Alzheimer

2.4.1.1 Caracteristicas gerais

A Doenca de Alzheimer (DA) ¢ a forma mais prevalente de deméncia, sendo responsavel
por aproximadamente 60-70% dos casos em todo o mundo, e um grande desafio de satide
publica devido ao seu impacto social e econdmico com gastos estimados em 1,3 trilhdes de
ddlares anuais em 2020, com proje¢des de aumento significativo nas proximas décadas (61).
Trata-se de uma patologia neurodegenerativa, progressiva e multifatorial, fortemente associada
ao envelhecimento e caracterizada por alteracdes neuropatoldgicas, e sua forma mais comum e
prevalente atinge individuos com mais de 65 anos e € chamada de tardia (62).

Apesar da idade ser um fator de risco associado ao desenvolvimento da doenga, a DA
também pode acontecer em sua forma precoce, também conhecida como familiar, atingindo
pessoas entre 40 — 60 anos de idade e responséavel por 10% dos casos (63). Essa forma patologica
¢ principalmente determinada por fatores genéticos, em que os pacientes afetados normalmente
tém ao menos um familiar de primeiro grau também afetado e hereditariedade autossomica
dominante presente, atingindo geracdes sucessivas de uma familia (63,64).

Estima-se que existem mais de 32 milhdes de pessoas diagnosticadas com DA no mundo
(65), com projecdes de crescimento desse numero associado ao aumento da expectativa de vida,
podendo atingir 78 milhdes de individuos em 2030 (66). No Brasil, os nimeros também sao
expressivos, 8,5% dos idosos com 60 anos ou mais apresentam algum tipo de deméncia, e 60-
70% desses casos sdo DA (67).

O desenvolvimento da DA inicia-se com alteracdes moleculares e celulares
assintomaticas que precedem os sintomas classicos (62). O estagio clinico inicial ¢ geralmente
caracterizado pela perda de memoria recente, com evolugdo atingindo fungdes cognitivas como
fala, atencdo, perda de habilidade espacial, déficit motor e capacidade de utilizagdo de objetos
didrios. Além disso pode apresentar também alteracdes comportamentais ¢ de humor como
agressividade, irritabilidade, alucinacdes, hiperatividade, apatia e retraimento social (62,68).

A DA ¢ caracterizada pela reducdo de sinapses e perda expressiva de neuroénios em
regides como cortex cerebral e hipocampo, regides essenciais para fungdes cognitivas como

linguagem e memoria (69). Além disso, a doenga ¢ marcada por neuroinflamacao, um processo
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que envolve a ativacdo prolongada de microglias e astrdcitos, que passam a liberar citocinas
pro-inflamatdrias e mediadores oxidativos (70). Essa resposta inflamatoria ndo ¢ apenas uma
consequéncia da patologia, mas também um fator contribuinte para a sua progressao.

Paralelamente, o aumento do estresse oxidativo ¢ a disfun¢ao mitocondrial também
atuam nesse cendrio patologico (71). A redugdo da produgdo de ATP e falhas nos sistemas de
controle mitocondrial tornam as células cerebrais mais vulneraveis, intensificando ambos, a
resposta inflamatoria e o estresse oxidativo, esse ultimo se da pelo desequilibrio redox e tem
como consequéncia o dano a proteinas, lipidios e acidos nucleicos, favorecendo a morte
neuronal (71,62).

Devido a sua complexidade, diversas hipoteses foram propostas para explicar a
fisiopatologia da Doenca de Alzheimer (72), entre elas se destacam a hipotese colinérgica (73),
hipdtese glutamatérgica (74), e as pioneiras: hipotese tau (75), que enfatiza a formagao de
emaranhados neurofibrilares decorrentes da hiperfosforilagio da proteina tau, e a hipodtese
amiloide (76), que descreve a formagdo de placas senis a partir do processamento da proteina

precursora amiloide (APP).

2.4.1.2 Hipotese Amiloide

Historicamente, a hipotese amildide ¢ uma das precursoras para explicar a cascata
patogénica da DA, sugerindo que a deposicdo de peptideos B-amiloide (AP) desempenha um
papel iniciador em parte substancial dos casos, influenciando etapas subsequentes como
disfunc¢do sinéptica, alteragdes gliais e neurodegeneragao (77). Essa hipotese tem como centro
o processamento da APP, uma glicoproteina transmembranar do tipo I, e com fungdes
fisiologicas como atuacdo no crescimento e diferenciagdo neuronal, adesdo celular,
neuroplasticidade e manutencao da homeostase (78).

A proteina APP ¢ codificada pelo gene APP, e possui trés isoformas de diferentes
tamanhos (APP770, APP751 e APP695). A isoforma APP695 ¢ encontrada principalmente no
cérebro, mais especificamente em neurdnios, enquanto as outras isoformas sao encontradas em
menor nivel e localizadas majoritariamente em astrécitos e células periféricas (79). Essa
proteina ¢ inicialmente sintetizada no reticulo endoplasmatico e posteriormente transportadas
para o complexo de Golgi, onde ocorre sua maturagao antes de ser direcionada para a membrana

citoplasmatica ou para compartimentos endossomais (80)
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O processamento da APP pode se dar por duas vias: a ndo amiloidogénica e a
amiloidogénica (80). Na via ndo amiloidogénica, a APP ¢ inicialmente clivada pela enzima a-
secretase na posi¢do do aminodacido 17, gerando os fragmentos SAPPa e o C-terminal (C83). O
fragmento C83 ¢ posteriormente clivado pelo complexo y-secretase, originando peptideos nao
patogénicos (P3) e o dominio intracelular AICD (APP intracelular domain) (81)

J& na via amiloidogénica, a primeira clivagem ¢ realizada pela enzima [-secretase
(BACE), gerando os fragmentos sAPP- e C99. O fragmento C99 ¢é subsequentemente clivado
por y-secretase, clivagem essa que pode ocorrer em mais de um sitio, e tem como resultado os
chamados peptideos B-amildide, além do fragmento AICD (81). Devido a possiblidade de
clivagem do C99 em diferentes sitios, tem-se a formagdo de peptideos AP com variagdes de
tamanho, no entanto as formas AP4o e AP42 sdo as mais abundantes (79). Entre essas, a forma
AP42 ¢ a mais hidrofobica e apresenta maior propensdo a oligomerizagdo. O actmulo
extracelular de APz leva a formacdo das placas senis, induzem neurotoxicidade e promovem

disfuncdo sinaptica além de ativagdo de microglia e da resposta imune (82) (Figura 4).
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Figura 4. Representacio esquemitica das duas principais vias de processamento da APP. A
esquerda, a via ndo amiloidogénica demonstra a clivagem da APP pela a-secretase dentro da regido do
peptideo A, gerando os fragmentos sAPPa e C83, posteriormente processado pela y-secretase em P3 e

AICD. A direita, a via amiloidogénica ilustra a clivagem inicial pela B-secretase, formando sAPPp e
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C99, seguida pela acdo da y-secretase, que gera os peptideos B-amiloide (AB40/AB42) e o dominio
intracelular AICD. Fonte: Nicolas & Hassan (2014) (83).

2.4.1.3 Componentes genéticos da Doenca de Alzheimer

Evidéncias apontam um componente genético relevante na suscetibilidade a DA, embora
fatores ambientais e estilo de vida também contribuam para o risco (84). O Alzheimer
familiar/precoce esta associado a mutagdes autossdmicas dominante nos genes APP. PSENI e
PSEN2. O gene APP se encontra localizado no brago longo do cromossomo 21 e codifica a
proteina precursora de amiloide (APP). J& os genes PSENI e PSEN2 localizados nos
cromossomos 14 e 1 respectivamente, codificam subunidades cataliticas do complexo -
secretase, enzima responsavel pela clivagem final da APP na via amilodogénica (85).

As principais muta¢des patogénicas em APP geralmente ocorrem em regides proximas
ao sitio de clivagem das secretases. A mutagdo classica KM670/671NL, ¢ uma mutagao
missense, localizada no éxon 16 e proxima ao sitio de clivagem da B-secretase, promove o
aumento da eficiéncia dessa clivagem inicial, elevando a quantidade total de substrato
disponivel para a y-secretase, e consequentemente a producao global de AP (86,87). J4 mutacdes
como V717, localizada no dominio transmembrana préximo ao sitio de clivagem da y-secretase,
alteram a orientacdo da APP dentro do sitio catalitico, deslocando o ponto de clivagem e
favorecendo a geracao de AB42 em razao de APB40 (88).

Os genes PSEN1 e PSEN2 também sdo importantes no processo patologico da DA. Esses
genes codificam as proteinas presenilina-1 e 2 (PSEN1 e PSEN2) respectivamente, que fazem
parte do nucleo catalitico do complexo y-secretase (89). As presinilinas possuem multiplos
dominios transmembrana e contém residuos cataliticos de acido aspartico que formam o sitio
ativo da enzima, de modo que as proteinas nao apenas participam estruturalmente do complexo
mas também sdo importantes para determinar a posi¢do e eficiéncias das clivagens realizadas
dentro do dominio transmembrana da APP (89,90).

Mutacdes patogénicas nos genes PSENI e PSEN2 prejudicam a estabilidade
conformacional do complexo y-secretase-substrato, reduz a eficiéncia de clivagem e como
consequéncia, provocam a liberagdo antecipada do peptideo em sua forma prematura, e com
maiores comprimentos como AB1-42 e AB1-43, espécies com maior hidrofobicidade como

anteriormente mencionado (89).
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Além das formas familiares associadas a mutagdes raras de alta penetrancia, a Doenga
de Alzheimer esporadica, particularmente a de inicio tardio, apresenta uma base genética mais
complexa e multifatorial. Nesse contexto, o gene APOFE constitui o principal fator genético de
risco conhecido. Localizado no cromossomo 19, o APOE codifica a proteina APOE
(apolipoproteina E) envolvida no transporte e metabolismo de lipidios no sistema nervoso
central, sendo expressa predominantemente em astrocitos e, em menor grau, em microglias,
onde desempenha papel fundamental na manuten¢ao da homeostase neuronal (91,92).

O gene APOE apresenta trés alelos principais na populacdo humana (€2, €3 e €4), os
quais diferem entre si por substituigdes de aminoacidos que resultam em alteragdes estruturais
e funcionais da proteina. O alelo €4 estd fortemente associado ao aumento do risco para DA e a
antecipacao da idade de inicio da doenga, enquanto o alelo €2 pode exercer efeito parcialmente
protetor. Importante destacar que a presenca do alelo €4 nao € deterministica, mas atua como
um fator de susceptibilidade (91,92).

Do ponto de vista mecanistico, as diferentes isoformas de APOE modulam multiplos
processos centrais a fisiopatologia da DA. Evidéncias indicam que a isoforma APOE4 estéd
associada a menor eficiéncia na depuracao de peptideos B-amiloides, favorecendo sua agregagao
e deposicdo no parénquima cerebral. Adicionalmente, diferencas conformacionais entre as
isoformas afetam a interagcdo com receptores lipoproteicos, a plasticidade sinaptica, a
integridade da barreira hematoencefalica e a resposta inflamatoria mediada por células gliais,
contribuindo para um ambiente cerebral mais vulneravel a neurodegeneracao (93).

Dessa forma, enquanto mutacdes em APP, PSENI e PSEN2 atuam diretamente na
produg¢do do peptideo B-amiloide nas formas familiares da doenca, o APOE tem papel
predominante como um modulador de risco na DA de inicio tardio, influenciando a dinamica
de agregacdo, clearance e toxicidade do AP, bem como processos neuroinflamatérios e

metabdlicos (91,94).

2.4.2 Modelos amiloidogénicos de Drosophila melanogaster

A utilizagdo de D. melanogaster como organismo modelo em estudos relacionados a
Doenga de Alzheimer (DA), consolidou-se nas ultimas décadas principalmente devido a
combinagdo entre conservacdo evolutiva, facilidade de manipulagdo e reprodutibilidade

experimental. Embora a mosca ndo desenvolva espontaneamente a patologia, ¢ possivel
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reproduzir com certa fidelidade mecanismos centrais da neurodegeneracdo associada a DA,
como agregacao proteica, estresse oxidativo, alteracdes sinapticas e morte neuronal progressiva
associada ao envelhecimento, o que com seu curto ciclo de vida, a torna ainda mais favoravel
para esse tipo de estudo (95,96).

Considerando as duas hipoteses iniciais da fisiopatologia de DA, hipotese tau e hipotese
amiloide, € possivel reproduzir recortes de ambas em moscas de formas separadas ou conjunta.
A expressao de tau (MAPT) humana em droséfila provou-se suficiente para induzir
neurodegeneracao progressiva, demonstrando que a toxicidade tau-associada pode ocorrer
independentemente da formagdo de placas amildides (97). Além disso, estudos em moscas,
permitiram a elucidag¢do do papel das quinases como a GSK-3beta, na hiperfosforilacdo de tau
e na modulagdo de sua toxicidade (98).

Os modelos amiloidogénicos baseiam-se na expressao de elementos-chave associados a
via amiloidogénica da DA. Os principais sdo construidos a partir da inser¢do da proteina
precursora de amiloide (APP) e da enzima B-secretase (BACE), ou ainda pela expressado direta
do peptideo AB1-42 (99,100,101). Apesar da drosofila possuir um gene ortdlogo endogeno de
APP, chamado Appl (APP-like), cuja fungdo estd relacionada ao crescimento axonal e
plasticidade sinaptica , ainda assim, ndo produz naturalmente o peptideo A, isso porque além
de nao possuir um equivalente de BACE, a sequéncia de APP e APPL divergem-se nas posigdes
que constituem os peptideos AP (95). Sendo assim a forma mais eficiente de produzir um
modelo para estudos dessa via ¢ a partir da construgdo de transgénicos, inserindo sequéncias dos
genes humanos. Quando se expressa a combinacdo APP + BACE, o processamento da APP
ocorre inicialmente pela BACE transgénica, ¢ em seguida, pela y-secretase enddgena, que €
capaz de realizar a acdo catalitica no sitio correspondente (99), sendo esse um modelo que
permite ndo apenas modelar a via amiloidogénica mas também, testar compostos com potencial
terapéutico com diferentes alvos. Ja os modelos que expressam AB42 constituem um modelo
mais direto, mas em ambos os casos, usa-se frequentemente o sistema UAS/GAL4 para a

construgdo (102).

2.4.2.1 Sistema UAS/GAL4
O sistema UAS-GAL4 foi originalmente descoberto em leveduras Saccharomyces

cerevisiae (103) mas expresso em drosofila pela primeira vez em 1993 (104). Trata-se de um
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sistema bindrio no qual o fator de transcricdo GAL4 reconhece e ativa sequéncias regulatorias
UAS (Upstream Activating Sequence) posicionadas a montante do gene alvo (105).

Em D. melanogaster modelo de DA, esses elementos sao mantidos inicialmente
separados, de modo que seja possivel manter linhagens com genes cujos produtos podem ser
letais, toxicos ou que reduzem a viabilidade da mosca quando expresso (106). Linhagens
contendo GAL4 sdo chamadas de driver e podem expressa-lo sob o controle de promotores
tecido-especificos ou estagio dependentes, enquanto linhagens responder carregam o gene de
interesse sob controle do UAS (107). O cruzamento dessas linhagens resulta na ativacao dos
genes de interesse apenas nas células onde o driver estiver ativo, permitindo uma modelagem

precisa (Figura 5).
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Figura 5. Representacio esquemitica do sistema UAS/GAL4 em Drosophila melanogaster. O
cruzamento entre uma linhagem driver (GAL4) e uma linhagem responder (UAS-gene de interesse)
resulta em progénie com expressao tecido-especifica do gene de interesse mediada pela interagdo entre

GAL4 e a sequéncia UAS. Fonte: Kim, S (2026) BioRender (108).
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Frequentemente nos modelos de DA, as linhagens responders possuem UAS-
BACE,UAS-APP ou UAS-AB1-42, enquanto os drivers mais comuns sdo elav-Gal4 (pan-
neuronal), e GMR-GAL4 (olho) (102). A escolha do driver e do responder e qual a combinacao
a ser utilizada, depende diretamente do objetivo da pesquisa. Diferentes combinagdes podem
gerar fenotipos e possibilidades de andlises distintas, que variam entre foco em analise

estrutural, comportamental, além de considerar os aspectos de reprodutibilidade e

letalidade/toxicidade (109).

2.4.2.2 Modelo GMR; Ap1-42

Embora a DA afete primariamente o sistema nervoso central, diversos modelos de
drosofila utilizam o olho composto como tecido-alvo para a expressao de AB1-42 (102), por
meio do driver GMR-GALA4. O elemento GMR (Glass Multiple Reporter) ¢ um componente
regulatorio constituido por multiplos sitios de ligacao para o fator de transcrigao Glass. O gene
glass codifica uma proteina do tipo zinc-finger que atua como regulador terminal do
desenvolvimento do olho em drosoéfila, sendo essencial para a diferenciagdo e manutengdo da
identidade neuronal dos fotorreceptores durante a formagao do epitélio ocular (110).

Durante o desenvolvimento do disco imaginal ocular, o fator Glass ¢ expresso
predominantemente em fotorreceptores e células associadas, onde ativa programa génicos
necessarios para a organizagao dos omatidios e a maturagdo funcional do tecido neuronal do
olho (110). A partir desse principio, o drive GMR-GAL4 foi construido ao acoplar o fator de
transcricdo Gal4 a sequéncias regulatérias responsivas a Glass, resultando em expressao robusta
ao epitélio neuronal do olho, especialmente os fotorreceptores (102,111).

O cruzamento de GMR-GAL4 com uma linhagem UAS- AB1-42 gera entdo uma prole
cuja expressao de AB1-42 estd sob controle de GAL4 e com direcionamento ao tecido ocular,
resultando em fenotipos chamados de “rough eye” ou olho enrugado, caracterizado pela
desorganizacdo omatidica, fusdo estrutural, perda de simetria e formagdo de vacuolos como
sinais de neurodegeneracdo (95). Esse modelo oferece vantagens metodologicas importantes
como facilidade de anélises quantitativas de expressdo do peptideo f-amildide, e possibilidade
de analise de feno6tipo com adultos a partir do primeiro dia po6s eclosao (112,113).

Esse modelo, no entanto, ndo tem o foco primario de reproduzir déficits cognitivos, mas

reproduz mecanismos celulares fundamentais da neurotoxicidade associada ao AP como
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agregacdo proteica e degeneragdo neuronal (114). O epitélio ocular atua como um bioensaio
neuronal informativo permitindo a avaliacdo dos efeitos moduladores de intervengdes
experimentais como possiveis tratamentos, em um tecido acessivel e ndo essencial a
sobrevivéncia (47). Além das alteragdes observadas na retina, modelos GMR;AP1-42
apresentam sinais de neurodegenera¢do em outras areas como lobo Optico, particularmente na
regido medular (113). Isso se da pela organizacao do sistema visual da mosca, os fotorreceptores
localizados na retina projetam seus axoOnios para regides mais profundas do cérebro
estabelecendo sinapses com neurdnios pos-sindpticos do lobo optico.

Dessa forma, retina, lamina e medula constituem um circuito neuronal continuo,
funcional e anatomicamente integrado (115,116). A presenca de vacuolos na medula reflete
processos neurodegenerativos anterégrados e disfun¢do do transporte axonal, fendmenos
descritos em modelos de neurodegeneracao e consistentes com eventos iniciais observados em
DA, no qual a perda sinaptica precede a morte neuronal (117). As avaliagdes fenotipicas nesse
modelo incluem, portanto, quantificacdo do nivel organizacional dos omatidios na estrutura
externa, quantificagdes de vacuolos, quantificagdo de peptideos AP, avaliacdo de niveis de

expressao génica, entre outros (113).

2.5 Abordagens terapéuticas na Doenc¢a de Alzheimer

Tradicionalmente, os tratamentos para a DA se concentra em sintomaticos, medicacdes
como os inibidores de colinesterase, Donezepil, Rigvastigmina e Galantamina, e os antagonistas
do receptor NMDA como a memantina sao alguns dos exemplos (118,119). Apesar desses
medicamentos proporcionarem beneficios na cogni¢do e funcionamento diario dos pacientes,
ndo sdo capazes de modificarem o processo neurodegenerativo subjacente (120). Com os
avangos das pesquisas, na ultima década, observou-se uma mudanca nas abordagens
terapéuticas que se voltaram para o desenvolvimento de modificadores patoldgicos,
particularmente aqueles direcionados a via amiloide (119,121). Paralelamente, estratégias ndo
farmacologicas como estimulacdo cognitiva, atividade fisica, apoio psicossocial, sdo
amplamente recomendadas para melhorar a qualidade de vida (122)

As terapias direcionadas a via amiloidogénica visam reduzir a carga cerebral de
peptideos AP, seja diminuindo sua producdo, impedindo sua agregacdo, ou facilitando sua

eliminagdo (123). Os anticorpos monoclonais anti- AP, como o Aducanumac, o Lecanemad ¢ o
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Donanemad foram projetados para se ligarem seletivamente a espécies agregadas de Ap,
incluindo oligdmeros e fibrilas, facilitando sua remog¢ao por meio da fagocitose mediada pela
microglia (124,125,126). Inibidores de B-secretase também foram desenvolvidos focados em
reduzir a producao de AP, no entanto a falha em ensaios clinicos de fase avancada e a eficacia
limitada levantaram algumas preocupagdes (127).

O Aducanumab foi o primeiro anticorpo monoclonal aprovado pela FDA (Food and
Drug Administration) em 2021 ap6s demonstrar redu¢ao de placas amiloides em ensaios de fase
3, no entanto os beneficios clinicos continuam controversos (128). O Lecanemab foi capaz de
diminuir significativamente o declinio cognitivo e funcional em pacientes com DA precoce
(129), e 0 Donanemab desacelerou a progressao da doenga também em pacientes com sintomas
precoces e comprometimento cognitivo leve (130). No entanto, essas terapias foram associadas
a anormalidade de imagem relacionadas ao amiloide, incluindo edema vasogénico e micro-

hemorragias, exigindo monitoramento cuidadoso (131,132).

2.5.1 Probioticos no tratamento de Alzheimer

Além das terapias convencionais e direcionadas a via amilodogénica, destaca-se também
o potencial dos probidticos como tratamentos adjuvantes para a DA (133), principalmente por
meio da modulagdo do eixo intestino-cérebro. Esse eixo representa uma via bidirecional de
comunicacao que envolve mecanismos celulares e moleculares e alteragdes na composi¢ao da
microbiota intestinal podem influenciar a neuroinflamacgao, o estresse oxidativo, e a integridade
da barreira hematoencefalica no contexto de doencas neurodegenerativas (134).

Nesse contexto, os probidticos podem atuar por multiplos mecanismos. Entre eles,
destacam-se a modulacdo da resposta imune, a producdo de metabolitos microbianos, como
acidos graxos de cadeia curta, que exercem efeitos neuroprotetores e regulam a funcdo da
barreira hematoencefalica; e a influéncia sobre a permeabilidade intestinal, contribuindo para a
manutengdo da homeostase sistémica. Além disso, evidéncias sugerem que a microbiota pode
modular a sinalizagdo neural por meio do nervo vago, impactando diretamente a funcao cerebral
(135,136).

Estudos clinicos e pré-clinicos indicam que a suplementagdo probidtica, particularmente
com cepas de Lactobacillus e Bifidobacterium, melhoram o desempenho cognitivo, reduzem as

citocinas inflamatdrias e aumentam a capacidade antioxidante em pacientes com DA leve a
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moderada (137,133,138,139,140,141). Além de mostrar que animais e pacientes que receberam
probioticos, apresentaram sinais de melhoras nos parametros avaliados tais como diminuigao da
agregacdo de placas senis e restauracdo de vias proteoliticas neuronais, promovendo uma

atenuacgao dos niveis de declinio cognitivo (142).

2.5.1.1 Kefir

Entre os probidticos conhecidos e com ampla aceitabilidade, tem-se o Kefir, e
popularmente conhecido como uma bebida fermentada. Kefir ¢ uma colonia de bactérias e
leveduras que vivem em simbiose formando uma estrutura com aspecto granuloso, e que quando
ambientada em leite ou dgua executam o processo de fermentagdo gerando entdo a bebida que
pode ser utilizada no dia a dia. Sua composi¢ao pode ser alterada por fatores ambientais, porém,
diferentes estudos indicam que em sua composicdo, predominam bactérias dos géneros
Lactobacillus e Lactococcus e leveduras dos géneros Saccharomyces e Kluyveromyces (143).
As bactérias presentes no Kefir desempenham um importante papel no processo de fermentagao,
e a depender de seu substrato, pode gerar como produtos proteinas e peptideos bioativos com
funcdes bioldgicas distintas (144,145,146).

Trabalhos como o de Batista et. a/ (147) descreve como o Kefir in natura e suas fragdes
metabdlicas atenuam o fenotipo de Alzheimer, e de modo complementar o trabalho de Malta et.
al (146) apresenta resultados semelhantes, porém, investigando o efeito de fragcdes peptidicas,
ambos em moscas modelo de Alzheimer construidas a partir do cruzamento de elavGal4 x UAS-
BACE,UAS-APP, incluindo a predicdo do potencial de interacdo desses peptideos com alvos
relevantes da via amiloidogénica, como a BACEI1, peptideo AP e enzima acetilcolinesterase.
Em conjunto esses estudos compde a base experimental desta linha de pesquisa, e evidenciam
uma progressdo metodoldgica de abordagens computacionais a validacdo em modelos in vivo
de produtos derivados do kefir.

Para além de suas caracteristicas como modulador da microbiota, o kefir e seus derivados
apresentam capacidade antioxidante e anti-inflamatoria, o que refor¢a ainda mais sua aplica¢do
mesmo que como estratégia coadjuvante, em tratamentos para a Doenca de Alzheimer (148).
Uma abordagem baseada no uso de fragdes e moléculas especificas oriundas do kefir, em

preferéncia ao uso in natura, constitui uma escolha pertinente que permite uma melhor
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reprodutibilidade experimental, reduz varia¢des de composi¢do e pode facilitar o processo de
dosagem (144,143).

Embora ensaios clinicos de larga escala ainda sejam necessarios para padronizacao de
formulagao, dosagem e avaliagdo de eficacia a longo prazo, estratégias baseadas em probiodticos
representam intervengdes auxiliares acessiveis, de baixo custo e biologicamente seguras, sem
relatos consistentes de efeitos colaterais, além de sustentarem uma abordagem multimodal para

o tratamento da Doenca de Alzheimer (133).

2.6 Drosophila melanogaster como modelo para nocicep¢io
2.6.1 Dor e Nocicepcao

2.6.1.1 Conceitos fundamentais e processos neurais da nocicep¢ao

Dor ¢ classificada como uma experiéncia sensorial € emocional subjetiva resultante da
atividade neural e desencadeada por estimulos potencialmente prejudiciais, € nocicep¢ao se
refere aos processos fisiologicos responsaveis pela deteccao, transdugdo e transmissao desses
estimulos (149,150). Essa distingao ¢ importante para compreensao de que nocicepgao pode
ocorrer sem percepgao de dor, e dor pode surgir na auséncia de lesdo tecidual detectavel. A
intensidade da percepc¢do da dor depende nao apenas de nociceptores, mas também dos sistemas
moduladores descendentes e das redes limbicos-corticais que integram emogao, expectativa e
memoria, que sao bases que fundamentam a analgesia placebo e a hiperalgesia impulsionada
emocionalmente (151).

Os processos fisiologicos da nocicepgao iniciam-se com a deteccdo de um estimulo
nocivo a partir dos nociceptores periféricos, que sdo neurdnios sensoriais primarios localizados
na raiz dorsal e nos ganglios trigeminais, com terminagdes nervosas livres nos tecidos como
epitelial, muscular, e também presente nas articulagdes, ossos e visceras (152). Estruturalmente,
sdo divididos em fibras A-§ (delta) e A-p (beta) mielinizadas, responsaveis por mediar a dor
rapida e aguda, e fibras C ndo mielinizadas, que medeiam a dor lenta, ardente e difusa (153).
Funcionalmente, os nociceptores podem ser diferencialmente subdivididos a depender do tipo
de informac¢ao que transmitem, como mecanorreceptores de alto limiar (estimulagdo mecanica
intensa), receptores térmicos, quimicos, polimodais (respondem a mais de um tipo de estimulo
lesivo) e receptores silenciosos. Em condi¢des inflamatorias, a especificidade modal pode ser

alterada, e pode ocorrer a amplificagdo sensorial e a hipersensibilidade (154).
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Figura 6. Representacdo esquematica das vias de transmissiao sensorial periférica para a medula
espinhal. Diferentes estimulos periféricos, incluindo sinais mecanicos, térmicos, quimicos e
desencadeados por lesdo tecidual, sdo detectados por fibras aferentes sensoriais do tipo C, Ad e A-B, que
diferem em diametro, mielinizagdo e velocidade de condugdo. Essas fibras projetam-se para diferentes
laminas do corno dorsal da medula espinhal, onde ocorre o processamento inicial das informacgdes

sensoriais e nociceptivas. Fonte: Sunzini et. al (2023) (155), com modificag¢des.

A detecgao inicial ocorre quando estimulos mecanicos, térmicos ou moleculares ativam
receptores especificos na membrana do nociceptor. (71). Uma vez detectado o estimulo, segue-
se para a etapa de transdugdo onde canais sensoriais como TRPV (que detectam estimulos
térmicos e quimicos), convertem a energia do estimulo recebido em correntes elétricas
despolarizante, permitem a entrada de cations e geram um potencial receptor que, se atingem o
limiar de excitagdo, ativam os canais de sddio voltagem-dependentes e geram um potencial de
acdo aferente (150) . Quando o limiar ¢ atingido, o potencial de acao propaga-se ao longa das

fibras A-6 e C até a medula espinhal, caracterizando a etapa de transmissao.

2.6.1.2 Canais de sodio voltagem-dependente
A geragdo e propagacao de potenciais de agdo sdo essenciais para a transmissao de sinais

nociceptivos ¢ dependem dos canais de sodio voltagem-dependentes (Nav). Existem nove
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subtipos de canais de sddio conhecidos, e entre eles, os canais Nav1.7, Nay1.8 e Nav1.9 tem um
papel preponderante na sinalizacdo nociceptiva (156).

O Nav1.7, € um canal codificado pelo gene SCN94 que ¢é expresso predominantemente
em neurdnios nociceptivos periféricos como os presentes nos ganglios da raiz dorsal, ganglios
trigeminais, epitélio olfativo e neurdnios do sistema simpatico (157). Sua principal fungdo ¢
regular o limiar dos potenciais de agdo, tornando os neurdnios mais propensos a dispararem
sinais elétricos quando submetidos a estimulos de baixa intensidade (158). A presenga de Nav1.7
nos nociceptores esta diretamente associada a percepcao da dor e alteragdes genéticas no SCN9A4
afetam diretamente a sensibilidade dessa percepcdo. Mutacdes de ganho de fun¢do podem
resultar em quadros de dor espontdnea ou crises intensas, como ocorre em quadros de
eritromelalgia e neuropatia de pequenas fibras, ja muta¢des de perda de fungao que reduzem ou
eliminam a func¢ao do Nav1.7 levam a incapacidade de sentir dor, embora ainda seja possivel a
percepcao de tato e pressao (159,160).

Navl1.8 ¢ codificado pelo gene SCNI/IA e ¢ fundamental na transmissao dos sinais
nociceptivos, diferentemente do Nav1.7 que também atua no sistema nervoso central, o Nav1.8
ndo participa de funcdes centrais, € € expresso principalmente em neurdnios sensoriais
periféricos, como ganglios de raiz dorsal e neuronios nodais (161,162). Quando os canais de
sodio se abrem nos neurdnios sensoriais primarios, ocorre um grande influxo de ions de sédio,
que levam a despolarizacdo da membrana e contribuem para a geracdo e manutengdo dos
potenciais de agdo, enquanto o Nav1.7 regula o limiar para o disparo desses potenciais, o Nav1.8
influencia principalmente a fase ascendente e a amplitude do sinal elétrico, e muta¢des de ganho
de funcdo em Nav1.8 estdo associadas a hiperexcitabilidade e dores neuropaticas (161,163).

Por fim, o canal Nav1.9, tem sua unidade funcional codificada por SCN11/A4, e ¢ expresso
principalmente em nociceptores sensoriais de musculos e visceras, além de neurdnios nos
ganglios de raiz dorsal e trigeminais como os anteriores (164,165), porém, diferente de Nav1.7
e Navl.8, o Nav1.9 apresenta uma ativagdo e desativacdo mais lenta, e gera correntes de sodio
prolongadas além de ndo estar diretamente envolvido na etapa de despolarizacao do potencial
de acdo (166). O fluxo de ions s6dio mediado por esse canal atua na amplificacdo de estimulos
abaixo do limiar, e exerce uma fun¢do fundamental de regulagdo do repouso celular. Apesar de
ainda existirem debates sobre o papel exato do Nav1.9, tem-se o consenso sobre a importancia

do mesmo para o inicio dos sinais nociceptivos e desenvolvimento da hiperexcitabilidade,
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principalmente em processos inflamatorios (156). Mutagcdes em SCN11A estdo relacionadas a
diferentes disturbios hereditarios como dor episodica familiar, insensibilidade congénita a dor e
neuropatia hereditaria, especificamente mutagdes de ganho de funcdo podem acarretar

excitabilidade neuronal anormal e descargas dolorosas excessivas (167).

2.6.2 Dor croénica

A dor cronica, definida como dor persistente ou recorrente por mais de trés meses (168),
é reconhecida como uma patologia e ndo apenas como um sintoma. E altamente prevalente em
adultos, mas também pode afetar outros grupos populacionais (169). Sua fisiopatologia envolve
a sensibilizagdo periférica persistente, na qual nociceptores permanecem ativados por longos
periodos, levando a expressdo sustentada de canais pro-nociceptivos que aumentam a
excitabilidade neuronal. Essa ativagdo continua pode ser desencadeada por lesodes, inflamagdes
ou alteracdes metabodlicas, resultando em uma resposta exacerbada (alodinia) e aumento da
intensidade da dor (hiperalgesia) (170). Os canais de sddio Nav1.7 representam um ponto central
nesse processo, principalmente por serem altamente expressos nos neurdnios periféricos e pelo
papel fundamental que exercem no disparo e na propagacao dos potenciais de acao (171).

O processo fisiopatologico envolve também a remodelacdo duradoura tanto na medula
espinhal quanto em regides supra medulares (172). A sensibilizac¢do central ¢ caracterizada pelo
aumento da transmissdo sindptica excitatoria, associada a uma maior liberacdo de
neurotransmissores excitatorios como glutamato, concomitante ao enfraquecimento do tonus
inibitdrio e redugdo da acdo de neurotransmissores inibitorios como GABA e glicina (173,174).
Além disso, ocorre a ativagdo da micrdglia e astrocitos, que passam a liberar mediadores como
o fator neurotréfico derivado do cérebro, quimiocinas e citocinas pro-inflamatorias, que atuam
alterando a plasticidade sinaptica e favorecendo a manutencdo do estado persistente de
hiperexcitabilidade neuronal (175).

Além das alteragdes periféricas e centrais que sustentam a dor cronica, ha paralelamente
uma disfuncdo progressiva dos sistemas inibitorios descendentes, cuja funcdo ¢ atuar na
modulagdo e supressdo da transmissdo nociceptiva a medula espinhal (176). O eixo formado
pela substancia cinzenta periaquedutal (SCP) e pelo bulbo rostral ventromedial (RVM — Rostral
Ventromedial Medulla), tem papel central nesse processo, pois, em condicdes fisiologicas, essas

estruturas liberam neurotransmissores como opioides endogenos, serotonina e noradrenalina,
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com o objetivo de reduzir a excitabilidade nos neuroénios do corno dorsal e limitar a percepgao
dolorosa (177,178).

No entanto, no contexto patolégico da dor, o eixo SCP-RVM pode sofrer uma mudancga
funcional, deixando de ser predominantemente inibitorio e atuando como facilitador, podendo
amplificar a transmissdo nociceptiva, aumentando a sensibilidade a dor e contribuindo para
estados persistentes (179,180). Essa alteracdo do eixo esta associada a ativagdo de circuitos
neuronais e gliais, a liberagdo de mediadores prd nociceptivos, e a redugdo da eficacia dos

mecanismos endogenos de analgesia (181).

2.6.3 Nocicepcao em Drosophila melanogaster

Nocicepgao ¢ a capacidade de detectar e responder a estimulos potencialmente danosos.
Em moscas, a nocicep¢do medeia comportamentos de fuga, com estereotipias associadas a
diferentes fases do desenvolvimento. A resposta fenotipica difere entre adultos e larvas, mas os
processos mecanisticos sdo consistentes (182,183). Em larvas, a nocicepg¢do envolve uma
sequéncia organizada de detec¢do periférica, transdugdo eletrofisiologica, transmissao
dependente de canais de sédio e integragdo central, que resulta em uma resposta motora
adaptativa (184). Os comportamentos de fuga mediados por nocicep¢do incluem rotagao
(rolling), flexdo do corpo ou contracdo das extremidades quando submetidas a situagdes de
calor, frio, pressao ou substancias quimicas nocivas, podendo um comportamento ser mais ou
menos ativado a depender do estimulo (183).

Larvas de terceiro instar (L3) possuem um sistema nervoso simples, com neuronios
sensoriais multidendriticos (md) sob a cuticula e um conjunto relativamente pequeno de
interneurdnios no cordao nervoso ventral. Os neurdnios md sao categorizados em quatro classes
(I-IV) e o envolvimento desses neurdnios também depende do tipo de estimulo recebido, se
mecanico, térmico ou quimico, e podem ter niveis de ativacdo distintos a depender da condi¢ao.
Em condi¢do de estimulo quimico nocivo, todos os tipos de md sdo necessarios para gerar uma
resposta completa, no entanto, os md de classe IV sdo mais fortemente ativados na presenca de
estimulos quimicos como 4cidos a exemplo do acido cloridrico (HCI) (185,186,184).

A transmissdo e processamento de um estimulo nocivo inicia-se com a detecgdo do
estimulo. Em drosoéfila um estimulo quimico ativa os canais sensoriais como TRPAI1, que

permite a entrada de cations e gera potenciais de receptor nas terminagdes dendriticas. Estes
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potenciais graduados precisam entdo ser amplificados e convertidos em potenciais de agao,
processo que depende dos canais de sodio voltagem-dependentes (187,188). Nos nociceptores
mdlIV, correntes de Na* sdo necessarias para que o sinal se propague ao longo do axdnio até o
sistema nervoso central, onde esses neur6nios fazem sinapses principalmente com
interneurdénios no CNV. A partir dessa integracdo central, a informagdo nociceptiva ¢
retransmitida para circuitos motores descendentes, culminando na ativacdo coordenada da
musculatura corporal e na execucdo de respostas comportamentais estereotipadas de escape

(189,190)

2.6.3.1 Canais de sodio voltagem-dependente em Drosophila melanogaster

Os canais de s6dio voltagem-dependente sdo componentes importantes da excitabilidade
neuronal, sendo responsaveis pela propagagao dos potenciais de agdo em neurdnios periféricos
e centrais. Diferente de vertebrados que apresentam uma familia expandida de genes
codificantes desses canais, em drosofila tem-se apenas o gene paralytic, conhecido como para
(191).

O gene para codifica a subunidade alfa de um canal de soédio-voltagem dependente
funcionalmente analogo aos canais Nayv de vertebrados (191). Estruturalmente, o canal Para
apresenta a arquitetura cldssica altamente conservada, composta por quatro dominios
homologos (DI-DIV), cada um contendo seis segmentos transmembranares (S1-S6). Os
segmentos S4 atuam como sensores de voltagem, enquanto os segmentos S5-S6 formam o poro

seletivo ao Na* (192) (Figura 7).
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Figura 7. Representacdo esquematica do canal de sédio voltagem dependente em Drosophila

melanogaster. Em algarismos romanos estao representados os dominios de I — [V e em niimeros indo-

arabicos estio representados os segmentos transmembranares. Fonte: Dong et. al. (2014) (193).
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Funcionalmente, o canal Para desempenha papel essencial tanto no sistema nervoso
periférico quanto central. Em neurénios sensoriais, como os nociceptores mdIV, a atividade dos
canais de sodios ¢ importante para conversao dos potenciais receptores graduados em potenciais
de acdo propagantes, € no sistema nervoso central, Para sustenta a transmissdo sinaptica
eficiente, a integragdo de circuitos e a coordena¢dao de comportamentos complexos (194).

Do ponto de vista translacional, o gene para ¢ amplamente utilizado como modelo

\

funcional para o estudo de canalopatias humanas associadas a canais de sodio, incluindo
epilepsia e disturbio de excitabilidade neuronal (195). Mutantes classicos como para®!,
carregam mutagdo de ganho de fungdo que aumentam a excitabilidade neuronal, reduzem o
limiar de disparo e conferem fendtipos comportamentais como hipersensibilidade e
comportamento bang-sensitive em moscas adultas (195). Essas alteracdes mimetizam, em nivel

funcional, mutacdes descritas em canais humanos como Nayl.7, Nayl.8 e Nayl.9

frequentemente associadas a sindromes de dor cronica e epilepsias genéticas (196,195).

2.6.4 Tratamentos farmacologicos para dor cronica

Devido as complexidades que envolvem a fisiopatologia da dor cronica, abordagens
terapéuticas costumadamente ndo se limitam a uma tunica classe de medicamento, o manejo
multimodal pode incluir diferentes estratégias farmacologicas que vao atuar em diferentes alvos
bioldgicos e pode combinar também estratégias ndo farmacologicas como fisioterapia,
psicoterapia e técnicas de reabilitacio a depender da area afetada, visando a melhora da
qualidade de vida do individuo afetado (197).

Entre as principais classes de medicamentos prescritos, tem-se os anti-inflamatérios nao
estereoidais (AINEs), utilizados principalmente em dores de origem inflamatéria, mas cuja
eficicia ¢ relativamente limitada e o uso prolongado pode causar efeitos adversos
gastrointestinais, renais e cardiovasculares. Os medicamentos como antidepressivos triciclicos
e inibidores de receptagdo de serotonina e noradrenalina, podem ser indicados em casos de dores
neuropaticas e nociplasticas, atuando na modulagdo descendente da dor (197,198).

Além disso, medicamentos com propriedades anticonvulsivas e opioides fazem parte das
possiveis indicagdes. Anticonvulsivantes como Gabapentina, Pregabalina agem reduzindo a
excitabilidade neuronal assim como a Carbamazepina, um medicamento de primeira linha para

neuralgia do trigémeo, mas que também ¢ empregado em outras condi¢cdes de dor neuropatica
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(199,200). No entanto, o uso desses farmacos estd associado a uma carga significativa de efeitos
colaterais que incluem sedagao e tontura, o que pode ser um limitante na tolerabilidade e adesao
ao tratamento (201,202).

Os opioides por sua vez, nao sdo opgdes primarias devido ao risco de dependéncia,
tolerancia e efeitos adversos, sendo comumente prescrito para condigdes de dor refrataria e
tratamentos oncoldgicos, mas ainda enfrenta controvérsias sobre seus beneficios (197). Dado
esse cenario, nos ultimos anos tem havido um crescente interesse em abordagens alternativas e
adjuvantes para o tratamento de dor. Terapias baseadas em produtos naturais, compostos com
vias alternativas de atuacdo se tornaram o centro de investigagdo e desenvolvimento, incluindo
abordagens ndo convencionais como uso de canabidiol e outros derivados de canabis. No

entanto, as evidéncias sobre eficicias ainda precisam ser mais elucidadas (203).

2.6.4.1 Canabidiol como potencial analgésico em dor cronica

O Canabidiol (CBD) ¢ um composto ndo psicoativo presente na planta Cannabis,
incluindo variedades tradicionalmente classificadas como Cannabis sativa e Cannabis indica, e
tem ganhado destaque como uma alternativa terapéutica potencial, sobretudo diante das
limitagdes e efeitos adversos associados a medicamentos tradicionais, como opioides ¢ AINEs
(204). Estudos clinicos e pré-clinicos sugerem que o CBD pode exercer a¢do analgésica ao
modular indiretamente o sistema endocanabinoide, uma vez que apresenta baixa afinidade direta
pelos receptores CB1 e CB2, mas influencia sua sinalizacdo por meio do aumento da
disponibilidade de endocanabinoides, principalmente pela inibi¢do de sua degradacdo e
receptacgao (205).

Além disso, o CBD atua sobre alvos moleculares nao candonicos como canais TRPs ¢
vias mediadas por receptores de adenosina, ampliando seus efeitos neuromodulatorios. Esses
mecanismos contribuem para a redugdo da excitabilidade neuronal, modulagdo da transmissao
nociceptiva e atenuagdo de processos inflamatorios, fatores centrais no desenvolvimento e
manutencdo da dor cronica (205). Ademais, o CBD apresenta propriedades antioxidantes e
ansioliticas, que podem atuar de forma complementar na diminui¢do da percep¢do dolorosa,
especialmente em quadros neuropaticos (205,206).

Uma revisdo sistematica conduzida por Mohammed ef al (2024) analisou 15 estudos

clinicos envolvendo pacientes com diferentes tipos de dor cronica, como fibromialgia, dor
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neuropatica, condi¢cdes musculoesqueléticas e doengas reumatoldgicas. A maior parte dos
trabalhos avaliados relatou melhora significativa da dor, com redug¢des variando entre cerca de
42 — 66% apods o uso de CBD isolados ou associado ao tetrahidrocanabinol (THC). Apesar das
diferencas metodolodgicas entre os estudos e das limitagdes decorrentes de amostras pequenas,
os autores apontam que o CBD demonstra potencial terapéutico relevantes, embora reforcem a
necessidade de cautela na interpretacdo dos resultados devido ao niimero ainda reduzido de
ensaios clinicos robustos (204).

O CBD também se destaca por apresentar um perfil de seguranca considerado favoravel
quando comparado com analgésicos convencionais. Os efeitos adversos relatados tendem a ser
leves ou moderados, como sonoléncia, fadiga, alteragdes gastrointestinais ¢ mudangas no
apetite, e eventos graves sdo raros. Diferentemente dos opioides, o CBD ndo est4 associado a
risco elevado de dependéncia, depressao respiratoria ou overdose, o que reforga seu potencial
como op¢ao complementar ou alternativa no manejo de dor (207). Apesar disso, questdes como
padronizacdo de doses, formas de administracdao, biodisponibilidade e possiveis interagdes
medicamentosas permanecem pouco esclarecidas, que sdo lacunas importantes que ainda

precisam ser resolvidas (208).

2.7 Drosophila melanogaster como plataforma de triagem de farmacos

Para além de suas vantagens genéticas e experimentais ja estabelecidas, drosofila
destaca-se como uma plataforma robusta para triagem de farmacos ao permitir a avaliagdo
integrada de eficacia e toxicidade em um organismo inteiro, preservando interacdes celulares e
sistémicas ausentes em modelos in vitro (209). A administragdo simples de compostos,
associados a possibilidade de ensaios em média e alta escala, favorece a identificacao precoce
de candidatos terapéuticos com melhor perfil farmacolégico, reduzindo custos e taxas de falha
em etapas posteriores do desenvolvimento pré-clinico (210). Esse aspecto € particularmente
relevante em triagem de farmacos para doencas complexas e multifatoriais como a Doenga de
Alzheimer e a dor cronica (211,212).

Nesse contexto, a D. melanogaster tem sido amplamente empregada como uma
plataforma no pipeline translacional que faz a ponte entre achados em cultura de células e
ensaios em mamiferos, conectando e contribuindo com descobertas mecanisticas iniciais,

prévias a validacao pré-clinica em organismos mais complexos. Essa aplicabilidade ¢ ampliada
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pelo uso estratégico de diferentes estagios do ciclo de vida, com larvas e adultos oferecendo
janelas experimentais complementares. Ensaios em larva podem favorecer a detecc¢ao rapida de
efeitos agudos, enquanto os adultos sdo excelentes plataformas para andlise de exposi¢ao

cronica, fenotipo progressivo e desfechos dependentes da idade (18,213,214).
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Brazilian kefir fraction mitigates
the Alzheimer-like phenotype in
Drosophila melanogaster with
B-amyloid overexpression model
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Alzheimer’s disease (AD) is a progressive neurodegenerative condition and the primary form of
dementia among elderly people. The amyloidogenic hypothesis is the main theory that explains this
phenomenon and describes the extracellular accumulation of amyloid beta (AB) peptides. Model
organisms such as Drosophila melanogaster have been utilized to improve the understanding of

this disease and its treatment. This study evaluated the effects of peptide and metabolic fractions

of Brazilian kefir on a strain of D. melanogaster that expresses human A peptide 1-42 in the eye.

The parameters assessed included ommatidial organization, vacuole area, retinal thickness, and A
peptide quantification. The present study revealed that the fractions, particularly the peptidic fraction,
significantly reduced the vacuole area and increased the retina thickness in treated flies, indicating

an improvement in neurodegeneration phenotype. The peptidic fraction was also found to alter A
aggregation dynamics, inhibiting A fibril formation, as revealed by dynamic light scattering. This
study demonstrated that kefir fractions, particularly the peptidic fraction <10 kDa, have the potential
to regulate AP aggregation and alleviate neurodegeneration in a Drosophila melanogaster AD-like
model. These findings suggest that kefir fractions could be viable for the bioprospection of novel drug
prototypes for AD treatment, providing valuable insights into strategies targeting Ap aggregation and
neurodegeneration in AD.

Keywords Alzheimer’s disease, Drosophila melanogaster, Kefir fractions

Alzheimer’s disease (AD) is known to be a progressive neurodegenerative pathology associated with aging!.
Among the various hypotheses and mechanisms that explain this phenomenon, the amyloidogenic pathway
hypothesis is one of the most recognized?. This pathway describes the processing of the amyloid-beta precursor
protein (APP), which, when cleaved by the enzyme B-secretase (BACE) followed by y-secretase, produces
peptide fragments of 40 and 42 amino acids® that accumulate extracellularly, contributing to the formation of
so-called amyloid plaques**. This process is also associated with inflammatory processes® and is responsible for
the disruption of synapses and neuronal loss’.

In addition to amyloid plaque formation, tau aggregation plays a key role in the pathogenesis of Alzheimer’s
disease®. Tau proteins regulate the function of microtubules in neurons and typically contain 2 to 3 moles of
phosphates per mole of protein, but in AD brains they are found to be elevated’. When hyperphosphorylated,
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it can form neurofibrillary tangles in neurons, leading to dysfunction and cell death, and is correlated with
cognitive decline in Alzheimer’s patients®.

Due to its high incidence in the population and its devastating effects on affected patients’, ways to mitigate
these losses and symptoms have been constantly sought. One approach to better understand the underlying AD
mechanisms and test potential drugs is the use of model organisms'?. Several organisms can be used, including
invertebrates, fish, and mammals!!~!3, but the advantages of Drosophila melanogaster are well known, ranging
from ease of genetic manipulation and phenotypic inference!*~'°. The modeling of neurodegenerative diseases
has been carried out using eye-directed expression drivers, which offer a range of possibilities for analysis related
to neurodegeneration'’. Considering that one of the main features of AD is the production and extracellular
accumulation of amyloid beta (A), the overexpression of these human peptides in fruit flies allows the study
and screening of compounds'® that can alleviate the tissue damage, memory deficits, and other behavioral
outcomes caused by AP.

Several compounds and their effects have been investigated in studies of AD to understand how they
can be applied to the treatment of the disease!*~?2. When utilizing D. melanogaster, the first way to identify
the therapeutic potential of a compound is based on its ability to modify the neurodegenerative phenotype
presented in the model organism'®?3, and in previous studies, kefir and its compounds have been shown to have
this capacity’*?*. Kefir has gained prominence in the literature due to its health benefits. As a probiotic, it may
help modulate the intestinal microbiota, which directly impacts neurodegenerative and inflammatory processes
through the gut-brain axis?®?’. Studies in human and animal models have shown beneficial effects of kefir in
several forms: in natura®®?’, in its cell-free fraction®>!, in its metabolic** and peptide fractions®® and its purified
peptides®>33,

In our previous studies, Batista et al. (2021)?* treated flies with kefir in natura and metabolic fractions. The
author also describes obtaining the metabolic fraction from filtrations and using organic solvents in a liquid-
liquid partition to separate compounds of increasing polarity, as well as identifying these metabolites produced
during fermentation and identifying the main microorganisms present, based on a metabolome analysis and
16 S sequencing. The author describes the presence of compounds with antioxidant, anti-inflammatory, and
anti-BACE activity in all metabolic fractions which would explain the improvements seen in the AD-like
characteristics evaluated.

Meanwhile, Malta et al. (2022)* executed physical separation processes to obtain a fraction rich in peptides,
which were confirmed by a proteopeptidomic analysis. In this work, identification of peptides sequences and in
silico analysis were performed to predict the interaction of these peptides with the main targets present in the
model used: BACE, APP and Acetylcholinesterase enzyme (AchE).

The fractions obtained in both works were tested and were able to reduce the AD-like phenotype in flies
overexpressing both human BACE and APP?*?>. Here, we investigate the effect of peptide and metabolic
fractions on the neurodegenerative phenotype of D. melanogaster that overexpress the human AP 1-42 peptide
in the eye. The effects were analyzed through morphological and quantitative indicators, demonstrating that
these fractions may interact directly with AP 1-42 and can improve the AD-like phenotype.

Results

Model validation (scanning electron microscopy and quantitative analysis, histopathological
analysis and relative amyloid beta quantification)

First, the model was validated by comparing control (GMR-Gal4/+ and UAS-AB/+) and AD-like (GMR-
Gal4/4+;UAS-AB/+) genotypes. Morphological and quantitative analyses of the ocular surface (Fig. la-d),
histopathological analyses of the medulla (Fig. le-h) and retina (Fig. 1i-k), and relative quantification of beta-
amyloid (Fig. 11) were performed to validate the model.

The qualitative analysis was performed using images obtained by scanning electron microscopy (SEM) at
1200x magnification. A uniform distribution pattern of ommatidia was observed in the controls (Fig. 1a-b),
whereas this was not observed in the GMR-Gal4;UAS-A genotype (Fig. 1c). To quantify the level of disorder,
two hundred ommatidia per image were analyzed at 550X magnification, and the results revealed a significantly
higher level of disorder in the AD-like model (GMR-Gal4;UAS-Ap) than in the GMR-Gal4/+ (p <0.0001) and
UAS-APB/+ (p=0.0004) controls (Fig. 1d). The score obtained by the control groups shows normal ommatidial
organization, while the AD-like model has an equivalent to subtle rough, according to Iyer et al. (2016)*.
This result showed that the overexpression of AP peptide has a negative effect on ommatidium formation
and organization. Additionally, there was no significant difference between the negative controls, therefore
subsequent analyses were conducted using only GMR-Gal4/+ for comparison.

The histopathological analysis of retina and medulla sections from flies at 1-2 days post-eclosion (d.p.e.)
confirmed the results obtained with SEM. Vacuolar lesions and retinal integrity are considered markers for
neurodegeneration tissue damage in models using GMR-Gal4 as a driver strain. Therefore, the total area of
vacuoles in the medulla region (Fig. 1f-g) and the retinal thickness (Fig. 1i-j) were quantified. The GMR-
Gal4;UAS-AP flies exhibited more severe tissue damage, represented by a larger total vacuole area than the
control flies (p=0.008) (Fig. 1h) and a decrease in retinal thickness (Fig. 1k) (p=0.0009), potentially indicating
a neurodegenerative phenotype.

Using the Thioflavin T (ThT), the relative levels of AP were further quantified in flies at 1-2 d.p.e. (Fig.
11), and the results showed that the AD-like model flies exhibited a greater amyloid content compared to the
control flies (p <0.0001). Taken together, these results suggest that the overexpression of the AP peptide in D.
melanogaster eyes promotes a neurodegenerative phenotype.
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Fig. 1. Flies with the genotype GMR-Gal4/4;UAS-AB/+ showed a degenerative phenotype. Representative
SEM images obtained at 1200x magnification. (a) GMR-Gal4/+ (b) UAS-AB/+ (c) GMR-Gal4;UAS-Ap; white
arrows indicate disordered ommatidia (d) Phenotypic score determined through quantitative analyses using
the Flynotyper plugin on Image], flies GMR-Gal4;UAS-Ap presented a higher score than both the GMR-
Gal4/+ and UAS-Ap/+ controls (p <0.0001 and p =0.0004, respectively)n > 3.e) Representative 3-um paraffin
sections of the fly head GMR-Gal4/+, 40X magnification indicating the different parts of the visual system in
the optic lobe: retina (re), lamina (la), medulla (me), lobe (lo), and lobe plate (lop); the black arrow indicates
the regions analyzed for vacuolar lesions. f) GMR-Gal4/+ at 100X magnification. g) GMR-Gal4/+;UAS-AB/+
at 100X magnification; the black arrows indicate vacuolar lesions. h) Total vacuole area. There was a greater
area of vacuoles in the GMR-Gal4;UAS-AB fly than in the control genotype (p=0.0083) n=3. i) Representative
retinal thickness of GMR-Gal4/+, 100X magnification; the black arrow indicates the measured region. j)
Representative retinal thickness of GMR-Gal4/4+;UAS-AB/+, 100X magnification; the black arrow indicates
the measured region. k) Retinal thickness quantification. The GMR-Gal4;UAS-Ap flies presented a thinner
retina than the genotype control (p=0.0009) n=3. 1) Relative amyloid content in the GMR-Gal4;UAS-Ap flies
presented a greater amyloid content than the GMR/+ flies (p < 0.0001) triplicate of pool with 10 heads in each.
All data are shown as individual values, the mean + S.E.M. (two-tailed ANOVA and unpaired t test) and all
images are of flies at 1-2 days post-eclosion (d.p.e.).

Treatments

Toxicity assay (metabolite and peptidic fractions)

The toxicity of the fractions on the embryos and their effect on hatching rate were evaluated before parameters
related to the neurodegeneration phenotype were studied. The groups (n=100/ group) were divided into the
untreated (receiving water), vehicle group (receiving Tween 80 at 0.01%) and embryos treated with each fraction
(< 10kDa, EtAOc, DCM, Hex and, ButOH). The average hatching rate was 79.94% and analysis performed using
the Chi-Square test, showed no significant difference (p > 0.5) between the groups treated with the fractions and
the untreated controls and the healthy model group (GMR-Gal4/+).

Effects of the peptidic fraction from kefir on AD-like flies
To investigate the effects of kefir peptidic fraction < 10 kDa treatment on the AD-like model (GMR-Gal4/+;
UAS-AB/+), we initially evaluated the external structure of the eye (organization of ommatidia) in adult AD-
model flies treated with and without peptide fraction. No significant differences were detected (p=0.8799) (Fig.
2a).

However, the histological analysis of the group treated with the <10 kDa fraction showed a significant
decrease in the vacuole area (p=0.009) compared to the untreated control (Fig. 2b). Additionally, a significant
increase in retinal thickness (p=10.005) was observed despite no difference in external morphology (Fig. 2¢c).
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Fig. 2. Quantitative analysis of GMR-Gal4/+; UAS-AP/+ flies treated with the peptidic fraction.(a) Phenotypic
score determined through quantitative analyses using the Flynotyper plugin on Image]. Flies treated with the
fraction < 10 kDa did not present any significant difference compared with untreated controls (p > 0.5) n=>5.
(b) Total vacuole area. Flies treated with the < 10 kDa presented a significantly reduced total area of damage
(p=0.009) compared to control group n=3. (c) Retinal thickness. Flies treated with the < 10 kDa fraction
presented a greater retinal thickness (p=0.005) than did control flies n=3. (d) Relative amyloid quantification
through a thioflavin assay. Flies treated with the <10 kDa fraction presented a lower amyloid content than did
untreated flies (p =0.008) triplicate of pool with 10 heads in each. The data are shown as individual values, the
mean + S.E.M. (unpaired ¢ test).

Treatment with kefir peptide fraction < 10 kDa also significantly decreased the amyloid content (p=0.008)
compared to that in the untreated control group (Fig. 2d), indicating the potential of this fraction to interact with
AP peptides. Representative images of flies for all analyses are shown in Supplementary Figure (S1).

Metabolic fractions in eye structure and integrity

Histopathological analyses were conducted to assess eye structure and integrity. Phenotypic comparisons of
the external structure of the compound eye and the level of ommatidial organization showed no significant
difference among the four groups treated with metabolic fractions (EtOAc, DCM, Hex and ButOH), compared
to the control group treated with the vehicle. (p=0.1010) (Fig. 3a).

Another characteristic evaluated was the total vacuole area. Compared to the vehicle group, only the group
treated with the EtOAc fraction showed a significant reduction (p=0.023) potentially indicating a higher
integrity (Fig. 3b). Moreover, no significant differences in retinal thickness were found between the treated and
untreated control groups (Fig. 3¢) (p=0.8415).

Relative AP quantification through thioflavin assay showed that only the group treated with the EtOAc
fraction exhibited significantly greater relative levels of A (p <0.0001) compared to the untreated group (Fig.
3d).

Representative images of flies for all analyses are shown in Supplementary Figure (S1).

The < 10 kDa and EtAOc fractions alters the dynamic aggregation of AS peptides

The dynamics of AP peptide aggregate formation were analyzed at 0, 3, 6, and 24 h by analysis of the hydrodynamic
radius using dynamic light scattering (DLS). At three hours, a peak corresponding to the formation of
nanostructures in the 10,000 nm region was identified. By 6 h, nanostructures with sizes equal to or larger than
5,000 nm were observed, without a decrease in size up to the maximum size analyzed. At 24 h, the disappearance
of nanostructures between 5,000 nm and 10,000 nm was noted, with the formation of nanostructures above
11,000 nm indicating the aggregation of Ap fibrils (Fig. 4a-d).
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Fig. 3. Quantitative analysis of metabolic fraction-treated flies. (a) Phenotypic score determined through
quantitative analyses using the Flynotyper plugin on Image]. None of the treatment groups presented
significant differences compared with the control group (vehicle) (p > 0.5) n>3. (b) Total vacuole area.
Compared with control flies, only flies treated with the EtOAc fraction presented a reduced total area of
vacuoles (p=0.023) n=3. (c) Retinal thickness. None of the treatment groups presented significant differences
compared with the control group (vehicle) (p>0.5) n=3. (d) Relative amyloid quantification through ThT
assay; only flies treated with the EtOAc fraction presented a greater amyloid content than did the control
group (p <0.0001) triplicate of of pool with 10 heads in each. The data are shown as individual values, the
mean + S.E.M. (unpaired ¢ test).

When AP peptides were incubated with the < 10 kDa fraction, the compounds in this fraction modified the
dynamics of A aggregate formation. At 3 h, the peak in the 10,000 nm region was not observed in the spectra
of the treated samples. At 24 h, the <10 kDa fraction led to a reduction in the amount of AP nanostructures,
starting from the 11,000 nm region (untreated) to the 7,000 nm region in the treated samples (Fig. 4a-d).

Neurocytotoxicity of peptide fractions <10 kDa and EtOAc

The effects of peptide fractions<10 kDa and EtOAc on SHSY5Y cell viability were assessed. The peptide
fraction< 10 kDa demonstrated significant neurotoxicity at the highest concentration tested 0.5 mg/mL
(p=0.0099), with no significant effects observed at concentrations 0.25 and 0.1 mg/mL in comparison with the
untreated group (p=0.1360 and p =0.1548 respectively) (Fig. 5). In contrast, the EtOAc fraction significantly
reduced cell viability at the two highest concentrations tested 0.5 and 0.25 mg/mL, (p=0.0013 and p=0.0071
respectively), whereas the lowest concentration (0.1 mg/mL) did not produce a significant effect in viability
(p=0.1232) compared to untreated group (Fig. 5).

Preventive effect of kefir fractions < 10 kDa and EtOAc on Alzheimer’s disease-like culture
cell model

As a control, an AB-only group compared to an untreated group showed a significant decrease in viability
(p=0.0101). The peptide fraction <10 kDa showed no potential to inhibit AP peptide aggregation at either
concentration tested (p>0.5) (Fig. 6). However, the kefir fraction EtOAc showed inhibitory potential against Ap
peptide aggregation at both concentrations tested: 0.25 mg/mL treatment resulted in an 18% increase in viability
(p=0.0044) and 0.1 mg/mL resulted in a 20% increase in viability (p=0.0007) compared to the cell group treated
with A alone (Fig. 6).

Effects of kefir fractions < 10 kDa and EtOAc on Alzheimer’s disease-like culture cell model (treatment)

The < 10 kDa peptide fraction showed the potential to reverse established senile plaques at both concentrations
tested. Cells treated with the 0.25 mg/mL concentration increased cell viability by 15% (p=0.0017) and those
treated with the 0.1 mg/mL concentration increased cell viability by 7% (p=0.0116), both compared to the
control group treated with AP peptide alone. As for the treatment with the EtOAc fraction, cells treated at
a concentration of 0.25 showed no significant difference compared to the control group (p=0.2594), while
treatment at a concentration of 0.1 mg/mL significantly increased cell viability compared to the control group
treated with the A peptide alone (p=0.0033) (Fig. 7).
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Fig. 4. DLS measurements of AP aggregation. At the initial stage, minimal AP peptide aggregation is evident
at (a) 0 h, with the appearance of initial oligomers at (b) 3 h, characterized by an intensity peak at 10,000 nm
exclusive to the Ap-only solution. This trend continued at approximately (c) 6 h, when AP aggregates started
to form but remained absent in the Ap + < 10 kDa solution. However, at (d) 24 h, a visible change occurs with
the emergence of an intensity peak in the AR + < 10 kDa solution. This peak is shifted to the left compared to
that of the AB-only solution, indicating smaller oligomer sizes despite the presence of aggregation.
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Fig. 5. Cell viability of human neurons treated with EtOAc and <10kDa fractions. . Fraction <10 kDa at
concentration of 0.5 mg/mL significantly reduces viability compared to the untreated group (p = 0.0099). The
EtOAc fraction at a concentration of 0.5 and 0.25 mg/mL also significantly reduces the viability (p = 0.0013
and p = 0.0071 respectively). The data are shown as individual values, the mean + S.E.M. (unpaired ¢ test).

Discussion

The beneficial health effects promoted by kefir have been demonstrated in the literature across various applications
due to its biological activities®>>¢. Kefir’s use ranges from treating and recovering from dysbiosis on its own*’ to
serving as an adjuvant in the treatment of related diseases, including inflammatory®, neurodegenerative® and
metabolic syndrome?. The benefits of kefir have been demonstrated in both animal models*! and humans*>-¥’.
In previous works, our group demonstrated the positive effects of metabolic** and peptide* fractions in
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Fig. 6. Cell viability of human neurons co-treated with EtOAc and < 10 kDa peptidic fraction from kefir

and synthetic AP. Group that received A significantly decreased the cell viability compared to the untreated
group (p =0.0101). Only the treatments of synthetic peptide Ap pre-incubated with EtOAc fraction at the
concentration of 0.25 and 0.1 mg/mL showed an increased viability compared to the AB group (p =0.0044 and
p =0.0007 respectively). The data are shown as individual values, the mean +S.E.M. (unpaired ¢ test).
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Fig. 7. Cell viability of human neurons stimulated with synthetic AP aggregates then treated with EtOAc and
<10 kDa peptidic fraction from kefir. Cell incubated with A aggregates for 48 h then treated with <10 kDa
fraction at concentrations of 0.25 and 0.1 mg/mL had an increased in viability (p =0.0017 and p =0.0116
respectively) compared to the AP group. Cells treated with EtOAc fraction at 0.1 mg/mL also had an increase
in viability over the AP group (p =0.0033). The data are shown as individual values, the mean +S.E.M.
(unpaired ¢ test).

Alzheimer’s model flies overexpressing both human BACE and APP. In the present study, these findings were
investigated in a Drosophila melanogaster model in which only AP 1-42 was expressed.

Only the fractions and concentrations that showed the best results for the parameters evaluated in our previous
works were selected. As summarized by Batista et al.. 20214, the chosen metabolic fractions at the selected
concentrations had the highest capacity to reduce neurodegeneration indices, while Malta et al.. 2022%° identified
peptide sequences and predicted their interaction with B-secretase, AP peptide, and acetylcholinesterase.
Considering these possible interactions, a Drosophila melanogaster model with overexpression of the AB 1-42
peptide was chosen to validate these fractions against exclusively the human A peptide expressed in this model,
as the strain used lacks B-secretase, reducing potential interaction targets.

Alzheimer’s disease has been extensively studied in D. melanogaster model'>**->°. By using an eye driver
(GMR-Gal4) to express the human AB 1-42 peptide, a complex yet accessible model can be created*. The model
is easy to handle and phenotype, allowing for precise quantitative analysis of phenotypic parameters associated
with neurodegeneration processes®! .

First, the model was validated by crossing flies containing the UAS-AP 1-42 peptide with an eye driver
(GMR-Gal4). Other studies have also demonstrated similar alterations in neurodegeneration using an eye
driver!®54-%6, but relating our data to the findings in the literature was challenging due to the large number of
drivers and responders inserted in different positions in the genome, resulting in different phenotypes®’.

The peptidic fraction<10 kDa improved all evaluated parameters except the organizational level of
ommatidia, confirming the in silico prediction of Malta et al.. (2022)* that showed peptides in this fraction can
interact with AP plaques. As previously shown, this fraction contains many peptides that can interact with more
than one element of the amyloidogenic pathway. The fly model analyzed in this work infers that the interaction
between the fraction and AP peptides occurs and can alter the phenotype.

According to Batista et al.. (2021)%, in the APP-BACE expression model in the brain, all metabolic kefir’s
fractions decrease the neurodegeneration index (vacuole area). In this present study, only the EtOAc fraction
reduced the total area of vacuoles. The lack of similarity in results between both studies may be due to the
difference in the fly models used®’. This result shows that only the EtOAc can interact with beta-amyloid peptides,
while the other ones probably could inhibit the activity of beta-secretase enzyme or interact with the APP.
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The DLS measurements underscore the inhibitory effect of the <10 kDa fraction on AP aggregation,
confirming our previous in silico findings®. In this work, we provide the first experimental evidence that the
<10 kDa fraction can interact with AP plaques to promote dynamic aggregation changes. The DLS has been
used in studies of dynamic aggregation (or anti-aggregation) of AB**>°. However, additional pharmacological
investigations are necessary to confirm this inference.

As a proof of concept for the dynamic anti-aggregation effects of synthetic AP peptide by kefir fractions,
a human neuron cell culture Alzheimer’s-like model was employed. For preventive purposes, kefir fractions
were incubated with synthetic AP peptide monomers. In the treatment evaluation, synthetic AP peptide
monomers were first allowed to aggregate over 48 h, followed by their introduction to the neuron culture and a
subsequent 48-hour incubation to induce senile plaque formation. Post plaque formation, kefir fractions were
administered to assess their potential in mitigating plaque-induced toxicity. The results from the neuron cell
culture experiments agree with the dynamic light scattering (DLS) analysis and align with our previous findings
in a D. melanogaster model®.

To date, our research group has conducted in silico, in vitro, and in vivo studies, with the latter limited to
invertebrate models. For the first time, we have extended our analyses to a human neuron culture model. While
the results suggest positive effects of the kefir fractions tested, further research is warranted, especially in a
murine model of Alzheimer’s disease. It is also notable that, although DLS provided valuable insights into particle
size, aggregation, and sample homogeneity, it did not identify which species of AB42 kefir fractions stabilizes.
A more detailed characterization of these structures could provide valuable insights and should be addressed
in future research. Furthermore, it would be beneficial to investigate the biological pathways associated with
AB42 through techniques such as Western blot and immunostaining. This could elucidate whether kefir peptides
interact directly with AB42 or influence distinct pathways.

In conclusion, the outcomes of this study are consistent with previous findings reported by our research
group, further substantiating the interaction between peptides and amyloid beta. The evaluated kefir fractions
represent prospective candidates for the development of prototypes aimed at modulating amyloidogenic
processes in drug discovery.

Methods

Drosophila stock

The Drosophila strains used in this study included w!!® (BL#3605), UAS-AP (UAS-A betal-42 BL#64216), and
GMR-Gal4 (GAL4-ninaE. GMR BL#1104) strains obtained from the Bloomington Drosophila Stock Center. The
flies were maintained on Bloomington standard culture media at 25 °C under a 12:12 h light/dark cycle during
the expansion period.

To obtain flies with the desired genotype, virgin females from the UAS-Ap strain were crossed with GMR-
Gal4 males. The pairs were placed in an egg-laying medium, and the embryos were collected after 8 h of
oviposition. Parental controls were obtained from the crosses GMR-Gald with w'!!® as well as with UAS-Ap x
wll18 following the same procedures.

Treatment

For the treatment, kefir fractions were used with the same sample previously isolated as described by Malta
et al. 2022%° and Batista et al. 2021%%. The concentrations used were based on the best results of our previous
work and are: kefir peptide fraction <10 kDa at a concentration of 0.25 mg/mL and kefir metabolic fractions
at the following concentrations: Hex (hexane) 0.1 mg/mL, DCM (dichloromethane) 0.25 mg/mL, EtOAc (ethyl
acetate) 0.25 mg/mL, and ButOH (N-butanol) 0.25 mg/mL. After collection, the embryos were placed in vials
containing 1 g of enriched mashed potato medium and hydrated with 5 mL of treatment solution, along with a
group receiving the vehicle (Tween 80 0.01%) and untreated control (received medium with water only). After
48 and 72 h, 100 puL of treatment solution was added to the medium surface. Upon eclosion, flies aged 0-1 d.p.e.
(days post eclosion) were collected, phenotypically separated, and maintained in untreated media for 24 h for
subsequent analyses.

Eclosion assay

The eclosion assay was adapted from Rand et al.. 2014, Approximately 100 embryos from the performed
crosses were placed in a medium containing treatment solution, along with an untreated control group, and
48 and 72 h later, 100 pL of treatment solution was added to the medium surface. After 12 days, the number of
emerged adults in each vial was counted, and the eclosion percentage was calculated.

SEM - Scanning electron microscopy

Flies at 1-2 d.p.e. from all treatments and the control were euthanized, dehydrated in absolute ethanol for 48 h,
and then subjected to the critical point drying process. The samples were mounted on metal stubs covered with
carbon-conductive tape and coated with gold. Images were acquired at magnifications of 300, 550, and 1200x
using a Tescan VEGA 3 LMU electron microscope. The obtained images were analyzed using the Flynotyper
plugin, available at flynotyper.sourceforge.net, and integrated with Image] software for the quantification of
the organizational level of ommatidia, represented as a phenotypic score that ranges from 0 to 100, with higher
scores indicating more severe disorganization and damage.

Histopathological analysis

For histological analysis, five adult flies of the GMR-Gal4;UAS-A strain 1-2 days post eclosion were collected
from each control/treatment group, anesthetized with ethyl ether and fixed in Carnoy solution (6: 3: 1, 99%
ethanol, chloroform and glacial acetic acid) for 24 h and processed in 70% ethyl alcohol (2x), 80% ethyl alcohol
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(2x), 90% ethyl alcohol (2x), absolute ethyl alcohol (2x), and xylol (2x) for 15 min in each repetition and 60%
liquid paraffin (2x) for 30 min. The fly heads were embedded in paraffin, and the blocks were sectioned at 3 pm
thickness using a semiautomatic microtome (SLEE CUT5062).

The sections were hydrated, stained with hematoxylin and eosin, mounted and

photographed with a light photomicroscope. Medulla (optic lobe) of three or more adult flies was used to
calculate the neurodegeneration index and area of vacuolar lesions using the Image]J software.

Relative quantification of AB using ThT

To confirm the amyloidogenic pathway in AD-like model, relative amyloid levels were measured using Thioflavin
T (ThT), a benzothiazole dye that shows increased fluorescence when it binds to amyloid fibrils®!. The relative
quantification of A using ThT was previously standardized in?>%2. Flies aged 1-2 d.p.e. were collected from all
treatments and controls, euthanized in liquid nitrogen, and stored at -80 °C until the next steps. On the day of
the experiment, the heads were collected and homogenized in 1X PBS, and this entire process was carried out
on ice. The homogenate was then centrifuged for 2 min at 10,000 x g at 4 °C, and the supernatant was collected
and used for total protein quantification by the Bradford method; amyloid quantification was performed using
thioflavin T (ThT). A 2 pL sample was incubated in a 96-well black plate with 198 pL of 10 uM ThT filtered
solution for 20 min under agitation. Fluorescence was measured at 450 nm excitation and 482 nm emission
and normalized in several steps. First, the autofluorescence of ThT in the absence of protein homogenate was
subtracted as background. Then, the total fluorescence was adjusted according to the protein content of each
sample (pg). Finally, the fluorescence values were normalized to the GMR-Gal4/+ control group, which does not
express AP42, by dividing the fluorescence of each sample by the average fluorescence of the control group. For
this assay, 3 pools of 10 heads for each group were made and a quintuplicate technique was performed.

Synthetic AB preparation

The AP peptide was synthesized by AminoTech (Brazil) with a purity of 95%. Following the protocol described
by Ryan et al. (2013)%, the synthetic peptide was first dissolved in 10% ammonium hydroxide (w/v) at
a concentration of 0.5 mg/mL. It was then incubated at room temperature for 10 min, sonicated for 5 min,
aliquoted, and lyophilized. The lyophilized peptide was reconstituted in 60 mM NaOH, resulting in a stock
solution with a final concentration of 886 pM, and stored at -20 °C.

Dynamic light-scattering (DLS) measurement
The size of the AP aggregates generated in the presence or absence of the < 10 kDa was measured using a dynamic
light scattering instrument (LitesizerTM 500, Anton Paar).

All measurements were conducted at 25 °C with a detection angle of 90°. For this purpose, 1 uM A 1-42
in 1x PBS was incubated either alone or with 0.25 mg/mL of the <10 kDa fraction, and a solution containing
only the <10 kDa fraction at 0.25 mg/mL was used as a control. All samples were filtered through a 0.22 um
Millipore filter.

These three preparations were analyzed for their particle size at different time points (0, 3, 6, and 24 h). For
the readings, 2 mL of each sample was used, and the samples were kept at rest between measurements. The
intensity of the size distribution was obtained through analysis in Kalliope software.

Human cell culture
The cell line of human neuroblastoma was used, SH-SY5Y, donation from University of Siena, Italy, was
maintained at 37 °C in a humidified atmosphere, with 5% CO2. Cells were cultured in Dulbecco’s modified
Eagles medium (DMEM, Cultilab’) supplemented with 10% fetal bovine serum (FBS) (Cultilab’) and 1%
antibiotic (Vitrocell).

Treatment
Kefir fractions < 10 kDa and ethyl acetate (EtOAc) were diluted in 3 different concentrations (0.5, 0.25, 0.1 mg/
mL) and filtered through a 0.22 um Millipore filter.

Human neurotoxicity

Cells were plated in a 96-well plate at 10,000 cells per well in 100 pL. DMEM and kept in an incubator for 24 h for
adherence. At the end of this period, the treatments (kefir fractions) were added to the cells and each group was
treated at one concentration. Controls consist of untreated cells as a negative control group and positive controls
as treatment with 0.2% Triton-x.

At the end of the treatment period, cells were evaluated for cell viability using the AlamarBlue assay
(Invitrogen) by incubation with 10% (10 pl) resazurin at 37 °C for approximately 3 h. Resazurin is a non-
fluorescent blue dye that can be reduced intracellularly to resorufin, which has a highly fluorescent pink color
and is detected by colorimetric reading (absorbance at 570 and 600 nm).

Cell culture Alzheimer-like model (preventive)

The synthetic A peptide (stock solution 886 M) was first diluted to a final concentration of 1 M and then
filtered through a 0.22 um Millipore filter. To evaluate the efficacy of the treatment in inhibiting AP peptide
aggregation, the kefir fractions were mixed with the A peptide and incubated at 37 °C for 48 h. Cells were seeded
in a 96-well plate at a density of 5,000 cells per well, supplemented with 100 uL. DMEM/well and incubated for
24 h to allow for cell attachment. Subsequently, AP peptide and kefir fractions were applied to the cells, and
incubated for an additional 48 h, resulting in a total incubation time of 96 h. To ensure accurate comparisons, a
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positive control group consisting of untreated cells, a negative control group consisting of dead cells in DMEM
with 0.2% Triton-X, and a control group of untreated AP peptide were included.

Cell culture Alzheimer-like model (treatment)
Amyloid-beta peptide (886 pM) was diluted to a final concentration of 1 pM, filtered through a 0.22 pm
membrane for sterilization, and incubated at 37 °C for 48 h to induce peptide aggregation. Cells were seeded
in a 96-well plate at a density of 5,000 cells per well in 100 pL. DMEM and incubated for 24 h. After incubation,
AP peptide was then added to the cell culture, followed by an additional 48-hour incubation to facilitate the
formation of senile plaques.

After this second incubation period, the cells were treated with kefir fractions at the most effective
concentrations, and the incubation was extended for an additional 24 h to assess the potential of these treatments
to reverse pre-established senile plaques.

Statistical analysis

Data analysis was performed using GraphPad Prism 10. The normality of the data was assessed using the
D’Agostino and Pearson test. For normally distributed data, groups were compared using a t-test, and for
comparisons involving more than two groups, one-way ANOVA followed by Tukey’s multiple comparison test
was used. For data that did not follow a normal distribution, non-parametric tests such as the Mann-Whitney
U test (for two groups) or Kruskal-Wallis test followed by Dunn’s multiple comparison test (for more than two
groups) were applied. A significance level of p <0.05 was established for all tests.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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ABSTRACT

Background: Chronic pain, which is often unrelated to ongoing injury, is poorly understood and difficult to treat. Genetic stud-
ies have identified voltage-gated sodium (Na ) channels, particularly gain-of-function mutations such as L858F and R1150W in
human Na, 1.7, as involved in the development of chronic pain.

Methods: A chronic pain model was proposed in Drosophila using the para®s’ mutant. Behavioural chemical nociceptive assay
was conducted, and sensitivity was pharmacologically tested with carbamazepine and cannabidiol to assess the model's validity
for analgesic screening.

Results: Sequence alignment and 3D structural modelling revealed strong homology between human Na 1.7 and the para gene,
though no structural alterations were observed between the parabss1 allele and the wild-type allele. Functionally, para®s! larvae
exhibited enhanced sensitivity to chemical, nociceptive stimuli compared to w!!!¥ larvae. Furthermore, carbamazepine increased
response latency in w!!!$; however, para?! showed a time and dose-dependent response to this treatment. Oral administration
of cannabidiol significantly increased latency to chemical stimuli in both genotypes, supporting cannabidiol's modulatory role
in nociceptive circuits. These findings validate the para?*s! mutant as a tractable in vivo platform for chronic nociception studies
and pharmacological screening.

Conclusions: The para®s’ mutant demonstrates heightened chemical nociception, resistance to carbamazepine and sensitivity
to cannabidiol, thereby validating it as a pertinent Drosophila model for chronic pain. This model facilitates the screening of
candidate analgesics targeting sodium channel dysfunctions in an in vivo setting, thereby demonstrating translational potential.
Significance Statement: This study proposes the Drosophila melanogaster para®®s! mutant as a valid and manageable in vivo
model for chronic nociception. By exhibiting selective hypersensitivity, resistance to conventional treatment and sensitivity to
cannabidiol, this model provides a cost-effective and ethically favourable platform for the preclinical screening of novel analge-
sics that target sodium channel dysfunctions. This study opens a new avenue for translational pain research and aligns with the
ongoing demand for alternative animal models in pain therapeutic development.
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1 | Introduction

Pain is a complex and multidimensional phenomenon. The
International Association for the Study of Pain (IASP) defines
it as “an unpleasant sensory and emotional experience asso-
ciated with actual or potential tissue damage” (Treede 2018).
This definition distinguishes pain, a conscious perspective,
from nociception, which is the neural process that detects and
transmits potentially harmful stimuli (Ang et al. 2017; Mitsi and
Zachariou 2016). Nociceptors, specialized peripheral neurons,
initiate this process by detecting noxious mechanical, thermal
or chemical inputs, and two main fibre types are involved:
thinly myelinated fibres, which convey sharp and localised pain
rapidly, and unmyelinated C fibres, which transmit dull and
diffuse pain more slowly (Basbaum et al. 2009; Campbell and
Meyer 2006; Tracey 2017).

Chronic pain, defined as persisting beyond 3 months, affects up
to 70% of older adults and often emerges independently of ongo-
ing tissue injury (Bennett et al. 2019; Breivik et al. 2006; Patel
et al. 2013). Its pathophysiology remains incompletely under-
stood, encompassing complex interactions between peripheral
and central sensitization, neuroimmune processes and individ-
ual genetic predisposition. Several genes implicated in neuro-
transmission and immune response are associated with chronic
pain susceptibility, including those encoding ion channels such
as voltage-gated sodium (Na,) and calcium channels (Ca,), and
mutations in these genes can alter nociceptor excitability, con-
tributing to development of chronic pain through channelopa-
thies (Bamps et al. 2021; Dohrn et al. 2019; Stenz et al. 2022).

Among sodium channels, Na 1.7 (encoded by SCN9A) plays a
central role in human pain physiology. Gain-of-function muta-
tions in Na 1.7 are associated with inherited erythromelalgia
and paroxysmal extreme pain disorder, whereas loss-of-function
mutations result in congenital insensitivity to pain (Cox
et al. 2006; Dib-Hajj et al. 2005). Because of this dual relevance,
Na, 1.7 is considered a key molecular determinant of nociception
and a major target for analgesic development.

Despite the availability of Nonsteroidal anti-inflammatory
drugs (NSAIDs), antidepressants, anticonvulsants and opioids
to alleviate pain, their efficacy is limited in chronic conditions
(Cohen et al. 2021; Park and Moon 2010). Carbamazepine, for
instance, is prescribed for trigeminal neuralgia and other neuro-
pathic conditions but is associated with notable adverse effects
(Guo et al. 2024; Wiffen et al. 2014).

These therapeutic limitations underscore the need for alterna-
tive strategies (Mohammed et al. 2024). Cannabidiol (CBD), a
non-psychoactive phytocannabinoid, has been reported to have
analgesic, anti-inflammatory and neuroprotective properties
(Mohammed et al. 2024). Preclinical and clinical studies suggest
its potential, but further investigation is necessary to clarify its
mechanisms and therapeutic value (Schwan et al. 2019).

To address both the need for reliable experimental models and
the exploration of novel treatments, we propose a Drosophila
melanogaster model of chronic nociception using the para®!
mutant. In flies, the para gene encodes the principal voltage-
gated sodium channel, functionally analogous to vertebrate

Na, channels. Two sodium-channel genes exist in the fly ge-
nome: Nal, the predominant neuronal isoform and Na, 2,
which remains poorly characterised (Liebeskind et al. 2011;
Zakon 2012). The para?s! mutant (L1699F) carries a gain-of-
function substitution that enhances neuronal excitability, low-
ers the seizure threshold and leads to the classical bang-sensitive
phenotype in adults (Kroll et al. 2015; Loughney et al. 1989;
Parker et al. 2011). This mutation also leads to hypersensitivity
and resistance to classical Na* channel blockers such as carba-
mazepine (Ganetzky 2000; Kroll et al. 2015; Parker et al. 2011).
Electrophysiological recordings from Xenopus oocytes express-
ing the mutant channel confirmed altered inactivation dy-
namics consistent with sodium-channel hyperactivity (Parker
et al. 2011). Due to the evolutionary conservation of sodium
channels between insects and mammals, this model represents
a promising platform for screening compounds that modulate
nociceptive pathways, especially those targeting persistent pain
states.

In this study, we aim to establish a model of chronic nociception
by integrating behavioural, pharmacological and comparative
structural analyses. We evaluate whether the gain of function
mutation in the para channel enhances nociceptive sensitivity
and whether pharmacological agents such as carbamazepine
and cannabidiol modulate this response. Moreover, through se-
quence and 3D structure analyses, we compare Drosophila para
with human Na_1.7 to assess their evolutionary and translational
relevance. As proof of concept, we also assess the effects of CBD,
providing initial insights into potential analgesic. While the pri-
mary focus is the proposal of an in vivo platform for studying
nociception, the inclusion of CBD tests may contribute to ex-
panding pharmacological perspectives for pain management.

2 | Methods
2.1 | Flies Stock

The para®! D. melanogaster strain was kindly provided by
Dr. Tanouye (University of California, Berkeley). The w!!!®
(BL #3605) was obtained from the Bloomington Drosophila
Stock Center. The flies were fed with standard cornmeal food
(Bloomington) ad libitum and kept at 25°C on a 12-h dark/
light cycle.

2.2 | Comparison of Human and Fly Sodium
Channels Using BLASTp

To explore the evolutionary relationship and structural con-
servation between human and Drosophila melanogaster so-
dium channels, particularly those involved in pain perception,
BLASTp alignments were performed to identify potential ho-
mologous regions. The human proteins analysed were SCN9A
(Na,1.7) (access number NP_002968.1), SCN10A (Na,1.8) (ac-
cess number NP_001280235.2) and SCN11A (Na,1.9) (access
number NP_001336182.1), all from the current genome version
GRCh38.p13.

The protein encoded by the para gene from Drosophila melano-
gaster (access number NP_001188627.1) current genome version
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6.32 was aligned against human protein using Protein BLAST:
Align two or more sequences using BLAST.

2.3 | Prediction of 3D Proteins Structures
and Alignments

To investigate whether specific gain-of-function mutations
in human and Drosophila melanogaster sodium channels
result in structural changes that could explain variations in
channel activity, we performed comparative protein model-
ling and structural alignment. The 3D structure models were
predicted using Swiss-Model (https://swissmodel.expasy.
org). Following the upload of protein sequences, the pro-
gram conducted a search for 3D templates. The best templates
were used for building 3D models. UCSF Chimera was used
to visualise and analyse the molecular structures (Pettersen
et al. 2004). The RaptorX was used for alignment of predicted
3D structures (Wang et al. 2011, 2013) and assess potential
conformational differences between the wild-type and mutant
channels.

2.4 | Chemical Nociception Test

The nociception test was adapted from Lopez-Bellido
et al. (2019). Solutions of HCI were generated ranging from 0.5%
to 9% (vol/vol) from HCI stock (Sigma: 37%) diluted in Milli-Q
water. Third instar larvae (n>15) were collected and placed in
a glass petri dish and allowed to explore for approximately 10s.
They were then exposed to a given solution by pipetting 1.5uL
onto the posterior end of the larvae. Larvae behavior was re-
corded and analysed using QuickTime Player 10.5 version. A
complete roll of 360° along the body axis within 10s of exposure
was scored as an aversive behavior. Other characteristic behav-
iors were not categorised.

2.5 | Carbamazepine Treatment

Third instar larvae were exposed to a preparation of in-
stant mashed potato (Yoki) hydrated with 2mL solution of
Carbamazepine at concentrations of 3 or 6 mg/mL.

Carbamazepine (300mg) was first dissolved in 1mL of ab-
solute ethanol then diluted in distilled H,O to 3 or 6mg/
mL. Two mL of each solution at the final concentration were
mixed with 2mg of instant mashed potato (Yoki) and placed
in a petri dish. The control group was fed with a preparation
containing only water, while the treatment group received the
Carbamazepine-enriched solution; third instar larvae were
added in the center of the preparations and kept at 25°C. The
larvae were then tested for chemical nociception using 2% HCl
as the noxious stimulus (n>15 per group) after 1 and 6h of
exposure to the treatment.

2.6 | Cannabidiol (CBD) Treatment

Third instar larvae were collected and fed a hydrated in-
stant mashed potato medium (Yoki) supplemented with CBD

(Mahara, Brazil) at a final concentration of 0.1 mg/mL, prepared
in a 3% PEG400 solution (vehicle). Control larvae were fed with
a solution containing only vehicle and food colouring, while
the treatment group received the CBD-enriched solution. Both
groups were maintained at 25°C and allowed to feed for 1h.
After feeding, larvae were tested for chemical nociception using
2% HCl as a noxious stimulus (n > 15 per group).

2.7 | Statistical Analysis

The D'Agostino and Pearson test was used for normality distri-
bution. Groups were compared by ¢-test (parametric) or Kruskal
Wallis test (non-parametric) with an established significance
level of p<0.05. Two-way and one-way analysis of variance
(ANOVA) with Bonferroni post hoc correction was used for mul-
tiple group comparisons. All analyses were performed using the
software GraphPad Prism 8.

3 | Results

3.1 | Comparation Mutation in Na, Proteins
Human and Drosophila melanogaster

To identify potential structural similarities between human
pain-related sodium channels and the Drosophila para channel,
we first compared their protein sequences and modelled their
structures. This analysis aimed to support the translational rele-
vance of using para mutants to study Na,-dependent nociception.

The sequence of human proteins Na 1.7, Na 1.8 and Na 1.9 was
compared to D. melanogaster by BLASTp to assess structural
changes in human and D. melanogaster Na, proteins. All identi-
fied mutations described in Table 1 promote a gain of function in
the protein and are associated with inherited pain syndromes or
other neurological conditions. While Na 1.8 and Na 1.9 did not
exhibit a conserved motif associated with para®s!, Na 1.7 dis-
played the highest query coverage with the para gene fly (95%).
Therefore, Na 1.7 and para®s! were selected for the prediction of
3D protein structures in D. melanogaster.

The Na 1.7 had 78.51% identity with the human sodium channel
protein type 2 subunit alpha PDB 6j8e.1.B. These templates were
used to predict the 3D model of para and para®s! for D. melan-
ogaster and Na 1.7 wild type, as well as two distinct models for
the mutation R1150W and L858F. The analysis of the overlap
among human 3D structures showed that the R1150W mutation
promotes a conformational change in a cytoplasmatic domain
(Figure 1A-C).

Specifically, our analysis indicates that this change involves
a structural rearrangement in cytoplasmic loops, which span
residues mainly SER490-SER695 and SER1004-THR1145.
The R1150W mutation, located adjacent to this region, ap-
pears to alter the spatial orientation of the C-terminal portion
of this loop, leading to its more exposed conformation in the
mutant channel. To support these structural comparisons,
we calculated the Root-Mean-Square Deviation (RMSD) be-
tween the models (Table 2). This analysis confirms that while
the overall fold between human Na 1.7 and Drosophila para
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TABLE1 | Comparative analysis of voltage-gated sodium channels (Nav) in Homo sapiens and Drosophila melanogaster.

Blast P against para
D. melanogaster

Sodium
Organism Channel Gene Mutation Query cover Identity
Homo sapiens Na 1.7 SCN9A Q10R I136V S211P F216S 1234T S241T 95% 43.85%
1245V N395K V400M G616R L823R
L848T G856D L858H L858F A863P
V872G Q875E L955Del P1308L V1316A
F14449V W1538R A1632T A1746G
Na 1.8 SCN10A L554P M650K A1304T G1662S 11706V 78% 47.83%
Na,1.9 SCN11A R222H R222S R225C I381T G699R 80% 43.92%
A808G L811P L1158P N1169S
V1184A 11293V L1302F
Drosophila Na 1.1 para L1699F or L1678F 100% 100%
melanogaster

Note: Human genes SCN9A, SCN10A, and v encode Na 1.7, Na 1.8, and Na 1.9 channels, respectively, all implicated in nociception and chronic pain. The Drosophila
homologue is the para gene, encoding the para sodium channel. Listed mutations represent known pathogenic or functionally relevant variants. BLASTp alignment
scores indicate the degree of sequence similarity between each human channel and the Drosophila para channel, expressed as query cover and identity percentage. The

para®s! mutation (L1699F or L1678F) is also noted.

is conserved, the L1699F mutation in para does not induce a
major structural alteration (RMSD =0.0 A), unlike the human
R1150W mutation.

In contrast, the L858F mutation did not promote any conforma-
tional changes (Figure 1A,G,E). For D. melanogaster, the overlap
of predicted 3D structures of the proteins from para (wild-type)
and para®*! showed that there are no structural differences be-
tween them.

3.2 | Validation of Chemical Nociception in
D. melanogaster w18

Before testing mutant strains, we confirmed a reliable chemi-
cal nociception assay in reference strain w!!’8, This step aimed
to define stimulus conditions that evoke nocifensive rolling
responses.

Our results showed that third instar larvae are very sensitive to
treatment with 9% HCI1 compared to 2% and 1% HCI (p <0.0001),
while no difference was found between treatment with 2% and
1% HCI (p=0.0798) (Figure 2). One hundred percent of larvae
responded within 3s, whereas only 50% responded by 6s follow-
ing treatment with 2% and 1% of HCI.

3.3 | para’*!is More Sensitive to Chemical
Nociception Than w!!!8

To determine whether the gain-of-function mutation in the para
gene affects chemical nociception, we next compared the be-
havioural responses of w8 and para®*! larvae to noxious HCI.
This experiment tested the hypothesis that increased sodium
channel excitability enhances sensitivity to chemical stimuli.

The para®! mutant third instar larvae, when exposed to the
noxious chemical stimulus, had a response time below 5s and

significantly lower than w!!#® flies (p <0.0001 for 1% HCI and
p=0.0008 for 2% HCI) (Figure 3A).

The accumulated response in percentage analyses (Figure 3B)
showed that 60% of the para®! third instar larvae tested showed
completed a 360° roll in 3s, while none of the w8 larvae had
the same behaviour at the same time (p<0.0001) when both
strains were treated with 1% HCI. When exposed to 2% HCI,
para®ss! larvae reached 60% response at 4s, while w8 required
6.5s to reach the same threshold (p=0.0008 one-way ANOVA
analysis). Significant differences were found through two-way
ANOVA analysis, at 5s (p=0.0026), 6, 7 and 8s (p<0.0001)
when comparing only w15, When para®*s! was compared across
time points, no significant differences were observed (p> 0.05).

3.4 | Differential Sensitivity of para?*s’ and w118
Larvae to Na* Channel Blocker

To evaluate whether the para®! mutation alters sensitivity to
sodium-channel blockade, both genotypes were treated with
carbamazepine (CBZ) and subsequently challenged with 2% HCl
in the chemical nociception assay (Figure 4A-D).

After 1h of exposure (Figure 4A), w'!!8 larvae treated with CBZ
3mg/mL and 6mg/mL showed an increase in latency com-
pared with untreated controls (p=0.0048) and (p=0.0060),
respectively; as determined by one-way ANOVA: F (2, 55) with
Tukey's post hoc test. The treatment groups exhibited mean
latencies of 14.89+8.46s (3mg/mL), 14.08+8.60s (6 mg/mL)
and 6.00+1.62s (untreated), with no significant difference be-
tween concentrations of CBZ (p>0.9999). When exposure was
extended to 6 h (Figure 4B), w!!!¥ larvae treated with 6 mg/mL of
CBZ showed a significant increase in latency compared with the
untreated group (p =0.0032) while no significant difference was
detected between untreated and 3mg/mL group (p=0.0929),
or between the two CBZ concentrations (p=0.6473) Kruskal-
Wallis H(2)=9.305 with Dunn's post hoc test.
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FIGURE1 | Predicted 3D models for Sodium channel. (A) Na,, 1.7 human wild type. (B) mutant Na, 1.7 human (R1150W). (C) overlay between e
Na,, 1.7 wild type (green) and mutant (R1150W) (yellow). (D) mutant NaV 1.7 human (L858F). (E) overlay between and Na,, 1.7 wild type (green) and
mutant (L858F) (orange). (F) 3D models of wild type para®s! Drosophila melanogaster sodium channel. (G) model for para®*s’ mutant of D. melano-

gaster (L1678F). Arrow and circles in A-C shows conformational differences.

TABLE 2 | Descriptive comparison between human Na 1.7 and
Drosophila para channel structures.

Root-mean-square

Structure alignment deviation (RMSD)
Human Na,, 1.7 X para wild type 4.57
Human Na,, 1.7 X para mutant bss 4.49
para Wild Type X para mutant bss 0.0
Human Na,, 1.7 X para wild 391

type X para mutant bss

Note: RMSD values were calculated to assess the structural similarity between
the human Na, 1.7 channel and Drosophila para channels (wild type and mutant
para®$?). Lower RMSD values indicate higher structural similarity. The para
wild type and mutant para?! structures showed complete overlap (RMSD =0.0),
while both displayed moderate deviations when compared to human Na_1.7.

In contrast, para®! larvae exhibit a distinct temporal profile.
After 1h of CBZ exposure (Figure 4C) the 3mg/mL group
showed a significant increase in latency compared with un-
treated controls (p=0.0021), whereas 6 mg/mL did not differ
from untreated (p>0.9999) Kruskal-Wallis H(2)=11.37 and
Dunn’s post hockey test. Mean latencies were 4.42+2.15s (un-
treated), 5.58+2.34s (3mg/mL) and 4.73+1.92s (6 mg/mL).
However, after 6h of exposure (Figure 4D), para’! larvae
treated with 6 mg/mL CBZ exhibited a significant increase in
latency compared with both untreated and 3mg/mL-treated
groups (p=0.0011 and p=0.0024, respectively), and no dif-
ference was detected between untreated and 3 mg/mL groups
(p>0.9999) according to one-way ANOVA, F(2,63)=6.92
and Bonferroni's post hockey test. The mean latencies were
2.81+0.83s (untreated), 3.10+2.05s 3mg/mL) and 5.50 £2.13 s
(6mg/mL).
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FIGURE 2 | Validation of a chemical nociception assay using different concentrations of hydrochloric acid in Drosophila melanogaster larvae.
(A) w8 Jarvae treated with 9% HCI showed significantly increased responsiveness compared to those treated with 2% or 1% HCI (p <0.0001). No
significant difference was observed between the 1% and 2% HCI groups (p =0.0798). One-way ANOVA test was performed. (B) Accumulated dose-
dependent HCI response. Boxes represent the interquartile range, with the horizontal line indicating the mean. The whiskers represent the minimum
and maximum values, respectively. Data are presented as individual data points for each group (n>15 larvae per group).
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FIGURE 3 | para® exhibit increased sensitivity to chemical nociception compared to w!’8, (A) Mean response times to 1% and 2% HCI were
significantly shorter in third-instar para?*! larvae compared to w!!!8. Statistical analysis using two-way ANOVA revealed p <0.0001 for 1% HCl and
p=0.0008 for 2% HCI. (B) Cumulative percentage of larvae displaying a full 360° nociceptive rolling response over time. When exposed to 1% HCI,
60% of parab! larvae responded within 3s, whereas w!!® larvae showed no response at this time point (p <0.0001). Under 2% HCI exposure, 60% of
the para?! responded within 4s, while w!!!8 larvae only reached that threshold by 6.5s (p =0.0008). Each box represents the interquartile range, with
the horizontal line indicating the mean. The whiskers represent the minimum and maximum values, respectively. Data are presented as individual
data points (n>15 larvae per group).

3.5 | Cannabidiol (CBD) Significantly Increased 4 | Discussion
Chemical Nociception Latency in w!!1® and
parabss! Mutant The study of pain in animals raises ethical, philosophical and

technical challenges. Ethically because the animal must be
Finally, to explore whether cannabidiol (CBD) could attenuate tested awake and is subject to discomfort; philosophically,
chemical nociception in flies, we tested both genotypes under pains as a subjective experience cannot be fully captured in
CBD exposure. After 1h of treatment, both w'!!8 and para®*! lar-  non-human organisms, given that its emotional dimension is
vae treated with CBD increased the latency time compared to ve- uniquely human. In animal models, we can only evaluate the
hicle. In w8 larvae, CBD treatment significantly increased the nociceptive response (Le Bars et al. 2001), the neural process
nociceptive latency compared to the vehicle group (p=0.0007 that detects and reacts to potentially harmful stimuli. Some re-
unpaired t-test), with an average latency of 6.63 +3.83s versus views have discussed the large number of animals used as mod-
2.57+1.47s in the control group. This represents a 2.58-fold els for chronic pain (Coderre and Laferriére 2020; Mogil 2009),
increase, or a 158% increase in latency time. Similarly, parab! mainly focusing on mammalian systems. Few reviews have ad-
larvae response increased in latency (p <0.0001 Mann Whitney dressed invertebrate models (Abboud et al. 2021; Burrell 2017).
test), from 3.46 +1.67s in the vehicle group to 12.26 £5.49s in
the CBD group, equivalent to a 3.54-fold increase and a 254% In this study, we propose the para®! mutant as a promising
increase (Figure 5A,B). genetic model for investigating nociceptive sensitization in
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FIGURE 4 | Time- and dose-dependent effects of carbamazepine on chemical nociception in w8 and para®! larvae. (A) In w8 third-instar
larvae, exposure to carbamazepine (CBZ) at concentrations of 3mg/mL and 6 mg/mL for 1h significantly increased nociceptive response latency
compared to untreated controls (p=0.0048 and p=0.0060, respectively; one-way ANOVA with Tukey's post hoc test). No significant difference
was observed between concentrations (p>0.9999). (B) After 6 h of exposure, only the 6 mg/mL group remained significantly different from controls
(p=0.0032; Kruskal-Wallis test), while the 3mg/mL group showed no significant change (p=0.0929). (C) In para®s! larvae, treatment for 1h with
3mg/mL CBZ significantly increased latency compared to untreated controls (p =0.0021), whereas 6 mg/mL had no effect (p>0.9999); latency at
3mg/mL was higher than at 6mg/mL (p=0.0031) (Kruskal-Wallis test). (D) After 6h, the 6mg/mL treatment significantly increased latency com-
pared to both untreated (p =0.0011) and 3mg/mL groups (p =0.0024) one-way ANOVA. Each box represents the interquartile range, with the hori-
zontal line indicating the mean; whiskers show the minimum and maximum values. Data are presented as individual data points (n>10 larvae per

group).

Drosophila melanogaster. A comparative analysis of human
sodium channels (Na 1.7, Na 1.8 and Na 1.9) and the para
gene in flies revealed a high degree of homology with Na 1.7,
which is strongly associated with human pain syndromes (Cox
et al. 2006). Three-dimensional structural modelling further
demonstrated that the human Na 1.7 R1150W mutation induces
conformational changes, while no such structural alteration
was observed in para?®!, suggesting that its gain of function
mechanism occurs through altered channel dynamics rather
than major folding changes. Although our behaviour assays
addressed acute responses, the persistent hyperexcitability
of parabs! closely parallels mechanisms underlying chronic

nociception. Behaviorally, para®s! larvae exhibited increased
sensitivity to chemical stimuli but not thermal ones, compared
to w8, When treated with CBZ, a sodium-channel blocker,
w!18 had an increased nociceptive latency after 1 and 6h of
treatment with both tested concentrations, and para®s! larvae
displayed a biphasic response: a mild increase in latency after
1h at 3mg/mL but not at 6 mg/mL, followed by the opposite pat-
tern after 6 h, when only the higher dose produced a significant
effect. This temporal inversion likely reflects the altered kinet-
ics of sodium-channel inactivation previously described for par-
abss! (Parker et al. 2011). Similarly, CBD significantly prolonged
latency in both strains, supporting its analgesic potential and
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FIGURES5 | Cannabidiol (CBD)increases chemical nociception latency in both w!'8 and parabssl larvae. (A) w'!#8 third-instar larvae treated with
CBD for 1h showed a significant increase in latency of nociceptive responses compared to vehicle controls (p=0.0007; unpaired t-test). (B) para®ss!

larvae treated with CBD showed a robust increase in response latency (p <0.0001; Mann Whitney test). Each box represents the interquartile range,

with the horizontal line indicating the mean. The whiskers represent the minimum and maximum values, respectively. Data are presented as indi-

vidual data points (n>10 larvae per group).

further validating the model for the pharmacological screening
of candidate analgesics.

Drosophila melanogaster is a well characterised model for no-
ciception studies. The anatomical and physiological aspects of
class I-IV neurons are well described (Karim and Moore 2011)
and these neurons are responsible for mediating nociception
in larvae (Cheng et al. 2010; Xiang et al. 2010; Yan et al. 2013).
The first gene related to nociception in D. melanogaster was
named painless and characterised in 2003, which encodes a non-
selective cation channel in the TRPA family that is responsible
for thermal and mechanical nociception (Tracey et al. 2003).
Its human orthologue, TRPA1, is likewise a key pain mediator
(Souza Monteiro De Araujo et al. 2020).

Another important class of channels related to pain is the Nat
channel family, and to our knowledge, there is no previous in-
formation about the modulation of nociception by Na* channels
in D. melanogaster, supporting the novelty of our findings.

Drosophila melanogaster has two genes encoding Na*t chan-
nels (Na,1 and Na 2) in its genome, each in single copy
(Liebeskind et al. 2011). There is little information in the liter-
ature about Na 2 in invertebrates. Thus, Na 1 is the predom-
inant sodium channel gene in invertebrates (para gene in D.
melanogaster), and the orthologous Na, channel in vertebrates
is Na 1 (Zakon 2012).

In the human genome, 9 different genes encode Na,1 chan-
nels. The genes SCN1A to SCNAS5A encode Na 1 to Na 1.5,

and the genes SCN8A to SCN11A encode Na 1.6 to Na 1.19,
respectively (Catterall 2014). Of particular interest are Na, 1.7
(SCN9A), Na 1.8 (SCN10A), and Na 1.9 (SCN11A), which are
predominantly expressed in peripheral sensory neurons and
are directly associated with inherited human pain syndromes.
Gain-of-function mutations in Na 1.7 have been implicated
in inherited erythromelalgia, causing severe burning pain in
the extremities (Dib-Hajj et al. 2005). Similarly, mutations in
Na 1.8 have been identified in patients with painful neuropa-
thy and shown to increase sensory neuron excitability (Faber
et al. 2012). Na 1.9 mutations have been linked to familial ep-
isodic pain syndromes characterised by recurrent episodes of
intense pain (Halbritter et al. 2013). The human Na 1.7, Na 1.8
and Na, 1.9 proteins were analysed in this work for compar-
ison with para in D. melanogaster because variants in these
genes have been associated with human Mendelian pain dis-
ease (Bennett et al. 2019).

In our work, we found that the molecular 3D models proposed
in this work show no difference between protein from wild type
allele (para) compared to mutant para®s!. We found similar re-
sults for human mutant Na,, 1.7 (L858F) compared to human
wild type Na,, 1.7, though the same mutational change of L to
F the position on the protein is different. This human mutation
(dbSNP rs80356476) has an autosomal dominant pattern of in-
heritance which is a gain of function and it promotes a hyper-
polarizing shift in channel activation and an increase in the
amplitude of the response to slow, small depolarizations (Han
et al. 2006) similar to para®! on electrophysiology (Parker
et al. 2011) and 3D modelling.
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The human mutant Na,, 1.7 (R1150W) is encoded by the SCN9A
gene with mutation (dbSNP rs6746030) and it has an autoso-
mal dominant pattern of inheritance with gain of function.
This analysis was included in the present work due to its high
frequency in the population (5.24% to 15.17%) according to
PHARMAGKB (https://www.pharmgkb.org/, accessed in May
2021). This variation promotes a problem in the inactivation of
Na, 1.7v(R1150W) compared to the wild type and its mutation
is related to more pain sensitivity in osteoarthritis, postampu-
tation and sciatica (Reimann et al. 2010). Here, we demonstrate
that the mutation R1150W in Na 1.7 3D provokes a conforma-
tional change in the 3D model structure, and it could be related
to the increase in pain sensitivity.

After predicting the 3D protein structures, we validate the re-
producibility of the chemical nociception assay using w'!!%, the
reference strain most widely used in D. melanogaster research
(Ferreiro et al. 2018). The responses of third instar larvae ex-
posed to HCI solution were consistent with those previously
reported (Lopez-Bellido et al. 2019). However, responses of
para®s! larvae displayed markedly enhanced sensitivity to the
same chemical stimulus compared to w!!’8, which carries the
wild type of para allele. This hypersensitive phenotype is con-
sistent with the well-characterised gain of function mutation
in the para sodium channel (L1699F) (Parker et al. 2011). The
para®s! mutation (L1699F) was originally characterised as a
gain of function variant that enhances neuronal excitability
and lowers the seizure threshold (Kroll et al. 2015; Loughney
et al. 1989). Parker (Parker et al. 2011) demonstrated that flies
carrying the Na,1-1L1699F transgene exhibited increased
recovery time (from 38 to 49s) and reduced seizure thresh-
old (from 19.1 to 12.1V) compared with controls, confirming
that the L1699F substitution drives the hyperexcitable para?s!
phenotype.

It is important to note that, although the para®s! mutation
is best known for producing seizure-like activity and bang-
sensitive paralysis in adult flies (Parker et al. 2011; Song and
Tanouye 2006), such phenotypes have not been observed in lar-
vae under standard laboratory conditions. In our assays, para®s!
larvae exhibited normal locomotion prior to stimulation and
consistently performed the characteristic nocifensive rolling
behaviour in response to chemical stimuli, a rapid, coordinated
360° rotation mediated by class IV multidendritic nociceptors
(Babcock et al. 2009; Tracey et al. 2003). This rolling response
is highly stereotyped (Boivin et al. 2023; Sulkowski et al. 2011)
and distinct from the spasmodic convulsions and transient pa-
ralysis reported in adult bang-sensitive mutants, indicating that
the behavioural responses described here reflect nociceptive ac-
tivation rather than seizure activity.

The resulting neuronal hyperexcitability likely underlies the
increased responsiveness of para?®! larvae to noxious chemical
stimuli. Although the para®s! mutation is located at a differ-
ent site from human Na 1.7 variants (Cox et al. 2006; Dib-Hajj
et al. 2005; Faber et al. 2012), these mutations share a common
outcome: increased sodium channel activity and heightened
sensory excitability. The para gene, orthologous to mammalian
SCN1A-SCNYA genes, has been implicated in both seizure and
nociceptive pathways, reinforcing its relevance as a model for
sodium channel-driven sensory dysfunction. Our approach thus

represents a mutant-based, rather than humanised model, that
captures the shared pathophysiological principle of ion-channel
hyperexcitability. Future genetic engineering targeting residues
homologous to Na 1.7L858 or R1150 could further refine this
system into a more precise model of human pain-related sodium
channelopathies.

Carbamazepine (CBZ) is a Nat channel blocker (Kennebidck
et al. 1995) widely used in the treatment of epilepsy (Beydoun
et al. 2020) and chronic pain (Szok et al. 2019). As expected,
CBZ modulated nociception in the w8 strain in 1h of treat-
ment. However, CBZ was already tested in the para®! strain at
the concentrations of 0.002-0.1 mg/mL and showed no results
in altering the seizure phenotype (Reynolds et al. 2004), and
therefore, para®s! was treated as a refractory treatment strain.
Because of this, we tested doses higher than those previously
reported in a short time (1 and 6 h) to avoid toxicity. The para?s!
larvae responded to the lower concentration after 1h of treat-
ment, and after 6h, only the highest concentration promoted
some significant effect in increasing the latency, however, the
delayed and dose-dependent response to carbamazepine in par-
abss! does not undermine the model's validity; rather, it mirrors
the pharmacoresistance observed in human sodium-channel
gain-of-function disorders such as SCN9A-linked erythrome-
lalgia and neuropathic pain (Baker and Nassar 2020; Dib-Hajj
et al. 2013; Fischer et al. 2009). We propose the use of this com-
pound as a positive control in experiments with para®*! strain as
a chronic nociception model for screening of new drugs.

Cannabidiol (CBD) has recently gained significant attention in
pain management, leading to a growing body of research fo-
cused on cannabis-based medical treatments. It is known that
CBD promotes inactivation of the Na 1.7 channels (human)
(Huang et al. 2023). Oral administration of CBD oil significantly
increased response latency in both D. melanogaster models eval-
uated, indicating a reduction in nociceptive sensitivity. These
findings suggest that CBD may modulate nociceptive pathways
involving para channels, supporting the suitability and efficacy
of the fruit fly models employed in this study for investigating
CBD-mediated pain mechanisms.

Although Drosophila melanogaster lacks clear orthologs of the
canonical cannabinoid receptors CB1 and CB2 found in mam-
mals, several studies suggest that phyto cannabinoids such as
cannabidiol (CBD) can modulate neuronal activity through al-
ternative mechanisms (Candib et al. 2024; Clarke et al. 2021).
In the absence of classical endocannabinoid signalling, CBD
may exert its effects by interacting with other molecular targets,
including voltage-gated sodium channels, transient receptor
potential (TRP) channels, and regulators of oxidative or inflam-
matory homeostasis. Notably, para encodes the sole voltage-
gated sodium channel in Drosophila, which shares functional
and pharmacological similarities with mammalian Na, chan-
nels (BSC1A family) (Ravenscroft et al. 2023; Tapia et al. 2021).
Thus, it is plausible that CBD's antinociceptive effects in para®ss!
mutants arise from its capacity to modulate sodium channel ac-
tivity, either directly or indirectly, rather than through canoni-
cal cannabinoid receptors pathways. Consistent with this view,
endocannabinoid-related compounds have been reported to in-
fluence sodium channel function and excitability in Drosophila
and other models (Jacobs and Sehgal 2020), supporting a
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https://www.pharmgkb.org/

noncanonical route through which CBD may regulate nocicep-
tive responses.

In this work, we provide functional and pharmacological evi-
dence supporting the use of the D. melanogaster para?s! mutant
as a model for chronic nociception. Building on previous elec-
trophysiological characterizations of the para channel (Parker
et al. 2011), our results expand its application beyond seizure
susceptibility, demonstrating that the same gain of function mu-
tation confers enhanced chemical nociceptive sensitivity. The
increased responsiveness to noxious stimuli, combined with the
delayed effect of carbamazepine and the modulation by canna-
bidiol, highlight the translational potential of this model for ex-
ploring sodium channel related pain mechanisms.

Despite the relevance of these findings, this study has limita-
tions. Our comparative and structural analyses revealed a
strong sequence and domain conservation between para and
human Na 1.7. However, we acknowledge that functional elec-
trophysiological validation was not performed in this study.
Demonstrating that human Na 1.7 can rescue para mutant
phenotypes would indeed provide direct evidence of functional
equivalence. Future work incorporating electrophysiological
and genetic rescue approaches will be critical to further validate
para mutants as translational models for human pain-related so-
dium channelopathies.

Second, the focus on a single nociceptive assay may limit the
generalizability of the model to other pain modalities. The
effects of CBD are promising; however, the mechanism by
which it modulates the para channel in flies requires further
investigation. Although our study focused on the behavioural
manifestations of para hyperactivity in nociceptive contexts,
employing targeted RNAi in pan-neuronal or sensory-neuron
drivers (e.g., elav-Gal4, ppk-Gal4) will be instrumental in re-
fining circuit-specific contributions to nociceptive hypersensi-
tivity in para®s’ larvae. Finally, even though para®ss! serves as
an effective model for gain-of-function channelopathy, future
studies employing site-directed mutagenesis (e.g., via CRISPR/
Cas9) to create mutations in Drosophila that directly corre-
spond to residues associated with human pain, such as L858F
and R1150W in Na, 1.7, would represent a powerful next step
in creating even more accurate, translatable models of specific
human pain syndromes.

In conclusion, our data supports the use of para?! as a genetic
model for chronic nociception in D. melanogaster. The model is
sensitive to chemical stimuli, resistant to conventional sodium
channel blockers and responsive to cannabidiol, offering a ro-
bust in vivo platform for screening novel analgesics targeting
sodium channel dysfunction.
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