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Apresentacao

Essa dissertacdo estd organizada em dois capitulos, conforme
detalhamento a seguir. O capitulo redigido especificamente para este documento
esta no idioma Portugués. O artigo que esta em fase de submissdo para
periddico, esta redigido no idioma Inglés.

O primeiro capitulo apresenta uma revisao dissertativa da literatura sobre
a Doenca de Alzheimer e sua fisiopatologia, bem como modelos de estudo e
perspectivas de tratamento, principalmente a partir de produtos naturais e a
planta Annona Crassiflora que contém alcaloides potenciais para a terapéutica.
Os conceitos fundamentais e alguns destaques de estudos publicados na

tematica desta dissertacao estao descritos neste capitulo.

O segundo capitulo é composto pelo artigo original intitulado “Evaluation
of Annona crassiflora alkaloidal fraction in the Drosophila melanogaster beta-
amyloid model and its mechanism investigation based on network
pharmacology”, que esta em processo de submisséo para a revista Bioorganic
chemistry, Qualis A2; Fator de Impacto 2019: 4.831



Capitulo | = Fundamentacgéao tedrica

1 Alzheimer
1.1 Conceito e histéria da doenca de Alzheimer

A doenca de Alzheimer foi descrita em 4 de novembro de 1906 no 37°
Encontro de Psiquiatras do Sudeste da Alemanha. O médico psiquiatra Alois
Alzheimer (figura 1) apresentou um trabalho intitulado “Eine eigenartige
Erkrankung der Hirnrinde” que pode ser traduzido para “Uma doenca peculiar
dos neurénios do cértex cerebral”, no qual é descrito um caso de uma mulher de
51 anos, Auguste Deter (ZILKA; NOVAK, 2006), que apresentou deficiéncia
cognitiva, perda de memdria e dificuldade em socializacdo como sintomas. Apos
a sua morte Alois pdde analisar o cérebro dessa paciente na escola médica de
Munique. Usando o método de coloracdo de prata, observou novelos fibrilares e
placas neuriticas. A partir desta neuropatologia e de sintomas descritos que se
direcionou os estudos posteriores para a patologia. Este evento ficou conhecido
como a descoberta da doenca de Alzheimer (HIPPIUS; NEUNDORFER, 2003).

Fonte: Hippius e Neundorfer, 2003



Figura 1. Alois Alzheimer, o médico psiquiatra que relatou e descreveu a doenca

de Alzheimer pela primeira vez.
1.2 Fisiopatologia
1.2.1 Fisiopatologia geral

A doenca de Alzheimer (DA) € caracterizada por uma perda progressiva
de sinapses e neurbnios no cortex cerebral. A nivel macroscopico, isto resulta
em um tipico padrdo simétrico de atrofia cortical que afeta os lobos temporais
mediais e 0s corticais motor, sensorial e visual primarios. Devido a esta alteragédo
estrutural no cérebro, os ventriculos laterais contendo liquido cefalorraquidiano
sao frequentemente encontrados maiores (DICKERSON; BAKKOUR; SALAT;
FECZKO et al., 2009).

As principais caracteristicas fisiopatologicas da DA sdo o aumento da
formacdo de placas amiloides no meio extracelular e neurofibrilas da proteina
tau (NT) no meio intracelular. A deposicdo de placas precede as alteracdes
neurofibrilares e neuriticas com origem aparente nos l6bulos frontal e temporal,
hipocampo e sistema limbico; ja as NT que formam o emaranhado neurofibrilar,
comecam nos lébulos temporais mediais e hipocampo, e progressivamente se
espalham para outras areas como visto na figura 2 (MASTERS; BATEMAN;
BLENNOW; ROWE et al., 2015). As NT sao formadas quando a proteina tau se
desliga dos microtubulos por excesso de atividade das quinases ou reducédo da
atividade das fosfatases, sofrendo assim uma hiperfosforilacdo (CHENG; BAlI,
2018). As NT sao caracterizadas por filamentos helicoidais emparelhados,
fibrilas de aproximadamente 10nm de diametro que se juntam numa
conformacao tridimensional helicoidal (CROWTHER, 1991). As NT provocam
neurodegeneracdo como consequéncia da perda da funcdo estrutural do
citoesqueleto, comprometendo o transporte axonal, gerando disfuncéo sinaptica
e morte neuronal. Além da perda de funcdo estrutural, também tém um efeito
toxico, desencadeando estresse oxidativo e processo inflamatorio (FANI,
AHMAD; IKRAM; GHANBARI et al., 2020; HOFFMAN; HANNEMAN; MORENO,
2020).
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Fonte: Masters; Bateman; Blennow; Rowe et al., 2015

Figura 2. Demonstracdo do desenvolvimento das placas amiloides e
emaranhados neurofibrilares ao longo da DA, em que na fase inicial se encontra
principalmente no I6bulo temporal e se intensifica em outras areas com o

progresso da doenga.

1.2.2 Via amiloidal

As placas amiloides estdo no meio extracelular e sdo formadas por
acumulo de peptideos beta amiloide (AB) que podem variar de 10 e 160mm de
tamanho. Existem dois tipos diferentes de placas amiloides: placas difusas e as
placas de nucleo denso. As placas de nucleo denso sao normalmente neuriticas,
rodeadas por neurites (axonios degenerados e dendritos). Encontram-se
abundantemente no cérebro dos pacientes com DA. Por outro lado, placas
difusas sdo normalmente encontradas no cérebro dos idosos cognitivamente
normais (MASLIAH; TERRY; MALLORY; ALFORD et al., 1990; ZHANG; LEI,
LIU; ZHANG et al., 2015). A estrutura das placas de nucleo denso consiste num
nacleo central em forma de estrela. As fibras estendem-se até a periferia, onde
sdo combinadas com astrocitos, microglias e neurdnios, também conhecidos
como neurites distroficas. Essas neurites distroficas de origem axonal ou
dendritica, na maioria dos casos contém filamentos helicoidais emparelhados,
bem como mitocondrias anormais abundantes e corpos densos de provavel
origem mitocondrial (OKAMOTO; YAMAGUCHI; HIRAI; SHOJI et al., 1989).



Placas difusas podem demonstrar uma leve atividade AB-imunorreativa sem um
nacleo fibrilar compacto claro (JOACHIM; MORRIS; SELKOE, 1989).

A formagao e deposicéo de placas amiloides no sistema nervoso central
(SNC) ocorre por meio da proteina precursora amiloide (PPA), quando a mesma
sofre uma clivagem anormal (UDDIN; KABIR; TEWARI; MAMUN et al., 2020). A
clivagem da PPA pode acontecer por duas vias principais, a via nao
amiloidogénica e a via amiloidogénica. A ndo amiloidogénica, também conhecida
como via fisioldgica, é a via mais recorrente, onde a PPA é clivada pela alfa-
secretase (a- secretase), e posteriormente clivada pela enzima gama-secretase
(y-secretase), gerando uma proteina precursora amiloide alfa soluvel (sPPAQq).
Ja na via amiloidogénica, a via menos comum, a clivagem da PPA é
realizada por outra enzima, a beta secretase (B-secretase), e depois pela y-
secretase, gerando o peptideo beta amiloide (AB), como visto na figura 3. A
liberacdo do fragmento AB no espacgo extracelular € seguido por agregacao
destes peptideos até a formacédo de placas amiloides. Esses fragmentos em
excesso no meio extracelular formam agregados com efeitos neurotoxicos e
neurodegenerativos (ANDREEVA; LUKIW; ROGAEYV, 2017; VARDY; CATTO;
HOOPER, 2005).
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Fonte: Vardy, Catto e hooper, 2005.




Figura 3. Processamento proteolitico da PPA, desencadeando a via

amiloidogénica e ndo amiloidogénica.

A formacgdo de placas amiloides é acompanhada pelo aumento de
espécies reativas de oxigénio e estresse oxidativo, 0 que aumenta ainda mais o
processo de deposicao de AR. Adicionalmente, com o envelhecimento ocorre um
comprometimento funcional da mitocondria, levando a piora deste processo de
estresse oxidativo, consequentemente, morte neuronal, assim entrando em um
ciclo de estresse oxidativo e inflamacéo caracterizando, dessa forma, um efeito
cascata (BARAGE; SONAWANE, 2015; DA MESQUITA; FERREIRA; SOUSA,;
CORREIA-NEVES et al., 2016). Esta neuroinflamacédo, também descrita na
fisiopatologia da DA e na hipdtese da cascata amiloidal, ocorre ao redor dos
depodsitos de AR, em que hd um aumento de mediadores inflamatérios, como
interleucinas IL-6 e IL-1p, fator de necrose tumoral TNF-a e também a presenca
de microglias, ativadas quando o tecido cerebral sofre qualquer tipo de dano,
atuando para remover ceélulas danificadas ou mortas deste tecido (DA
MESQUITA; FERREIRA; SOUSA; CORREIA-NEVES et al., 2016; SHIPPY;
ULLAND, 2020). Com a formacao das placas amiloides ha uma perda do nimero
de sinapses e, consequentemente, uma reducdo seletiva de neurbnios
colinérgicos nas vias do lobo frontal e hipocampo (PEI; DAVIES; ZHANG;
ZHANG, 2020).

1.2.3 Via colinérgica

Ao prejudicar seletivamente estes grupos de neurénios colinérgicos no
hipocampo, cértex frontal, amigdala, nacleo basal e septo medial, ocorre déficit
de funcdes importantes em processos de aprendizagem, concentracdo e
memoria. Assim, a via colinérgica tornou-se uma das primeiras teorias propostas
na tentativa de explicar a doenca de Alzheimer, proposta ha mais de 30 anos
(LIU; XIE; MENG; KANG, 2019). O sistema colinérgico €& constituido
principalmente por duas enzimas, a colina acetiltransferase (ChAT) e a
acetilcolinesterase (AChE) responsaveis pela biossintese da acetilcolina (ACh)
e pela hidrélise da mesma, respectivamente, aléem dos receptores colinérgicos

nicotinicos e muscarinicos.



No neurdnio pré-sinaptico, pela acdo da enzima colina ChAT, ocorre a
biossintese da ACh a partir de colina e o cofator acetil-CoA. Apés sintetizada,
ACh é transportada em vesiculas pelo ax6nio através de estimulo elétrico e
liberacédo de Ca?* intracelular pelos canais de célcio dependentes de voltagem
(CCDV). Esse impulso tera que atingir as extremidades do ax6nio da célula pré-
sinaptica, para entao ocorrer a liberacdo de ACh no espaco sinaptico (PEREDA,
2014). Entéao, a ACh pode ligar-se reversivelmente aos receptores colinérgicos,
nicotinicos e muscarinicos, produzindo outro estimulo elétrico no 6rgao efetor
(CARLSON; KRAUS, 2020), processo esquematizado na figura 4.

Neuronio pré-sinaptico

Ca?*

NAChR & ’
MAChR CCDV
* o / ® o
CNES
(s
e®e

Neuronio pos-sinaptico
® Acetilcolina

B Peptideo AP
Fonte: Adaptado de Hassan; Abbas; Seo; Shahzad et al., 2018

Figura 4. Neurotransmissdo colinérgica a partir da biossintese da
acetilcolina no neurdnio pré-sinaptico, que com o aumento do Ca?* intracelular
pelos canais de célcio dependentes de voltagem (CCDV) é liberada para a fenda

sinaptica e assim agir em seus receptores muscarinicos e nicotinicos (MAChRs



e NAChRs). Na doenca de Alzheimer também ir4 ocorrer a interacao do peptideo

AB comprometendo a neurotrasmissao.

Quando a ACh ativa os receptores muscarinicos (MAChRS) no sistema
nervoso periférico, ela estimula o relaxamento de vasos sanguineos periféricos,
regulacdo da frequéncia cardiaca, e a constricdo das vias respiratorias entre
outros. No sistema nervoso central, ela € responsavel por fungdes cognitivas
como concentracao, aprendizado, e modulacéo do estresse, dentre outros. No
sistema nervoso central, a inervacao colinérgica que atua através de NAChRs
(receptores nicotinicos da acetilcolina) regula processos como a excitabilidade
celular, liberacdo do transmissor, e integracdo neuronal, que Sao cruciais para
as funcdes fisiologicas (CARLSON; KRAUS, 2020). Apds o término do estimulo
no receptor colinérgico, a ACh sofre uma reacao de hidrélise, catalisada pela
enzima AChE, formando acetato e colina. Esta Ultima pode ser reutilizada para
biossintese de ACh no neurénio pré-sinaptico, e assim inicia um novo ciclo de
biossintese da acetilcolina. Falhas em qualquer dessas etapas de
neurotransmissao colinérgica interfere na acao biolégica proporcionada pela
ativacdo dos receptores colinérgicos, o que pode causar alteracdes
neuropatolégicas observadas em pacientes com Alzheimer, como por exemplo,
reducao da liberacéo de acetilcolina na regido de sinapse neuronal, decréscimo
da densidade de receptores muscarinicos, deficiéncias no transporte axonal e
problemas de recaptacdo da colina para o neurdnio pré-sinaptico (MANUEL;
LOMBARDERO; LAFERLA; GIMENEZ-LLORT etal., 2016; OLIVEIRA; EDSALL;
WOODS; BATES et al., 2019).

A disfuncao colinérgica é uma das principais alteracfes patoldgicas na
DA, embora a perda neural seja causada pela toxicidade das placas beta-
amiloides e emaranhados neurofibrilares, existe uma relacdo entre
comprometimento cognitivo e a diminuicdo da transmissdo colinérgica no
cérebro com DA, mas por si s6 a relagdo néo estabelece a causalidade definitiva
da doenca de Alzheimer (KNAKKER; OLAH; TRUNK; LENDVAI et al., 2021). A
AChE é uma enzima classificada como serina hidrolase, que € encontrada na
superficie de eritrocitos e tecido muscular, mas predominantemente no SNC
(TRANG; KHANDHAR, 2020). O principal papel biol6gico da acetilcolinesterase
é a hidrolise rapida da acetilcolina terminando a transmisséo colinérgica. Além
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disso, verificou-se que a AChE tem também uma funcdo ndo colinérgica nas
fases iniciais de DA. A AChE liga-se ao peptideo AB, e acelera a sua
polimerizacdo em oligbmeros e fibrilas (GARCIA-AYLLON; SMALL; AVILA;
SAEZ-VALERO, 2011). Assim, a sua inibicdo ainda € uma das estratégias mais
bem sucedidas no refor¢o da transmissdo colinérgica e se faz necessario mais
estudos para conseguir menores efeitos adversos e uma acdo em diferentes
alvos, como ja demonstrado em Drosophila melanogaster (BEG; JYOTI; NAZ;
RAHUL et al., 2018; WESTFALL; LOMIS; PRAKASH, 2019).

1.3 Modelo experimental
1.3.1 Drosophila melanogaster como modelo

A mosca da fruta, Drosophila melanogaster, € um organismo bastante
simples e tem sido amplamente utilizado para estudar doengas humanas e suas
patologias para identificar os seus genes relacionados (BOLUS; CROCKER;
BOEKHOFF-FALK; CHTARBANOVA, 2020). Uma analise do genoma de D.
melanogaster demonstrou que mais de 75% dos genes relacionados com
doencas humanas tém ortélogos em D. melanogaster (REITER; POTOCKI,
CHIEN; GRIBSKOV et al., 2001). O uso de moscas como modelo simula as
principais caracteristicas dos genes humanos, doencas neurodegenerativas,
como DA, doencga de Parkinson e doenga de Huntington (BOLUS; CROCKER;
BOEKHOFF-FALK; CHTARBANOVA, 2020). Estes modelos apresentam
diversas vantagens; o cérebro da mosca é constituido por mais de 300.000
neurdnios além de mostrar semelhancgas com cérebros de mamiferos em termos
de funcdes e componentes do tipo celular. Sdo organizados em areas
separadas, e cada uma com funcbes especializadas como a memoria, a
aprendizagem, viséo e olfato. As moscas, comparadas a outros modelos como
roedores, sdo de baixo custo e facil manutencao, além de ter um ciclo de vida

curto com um tempo de geracao de aproximadamente 10 dias (Figura 5).
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Maclw/ Fémea
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2-3 dias 0 g
1 di'a/
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Fonte: Adaptado de Ong; Yung; Cai; Bay et al., 2015

Figura 5. Desenvolvimento de um ovo fértil para uma mosca adulta
durante um periodo de 10 dias. Apés a eclosdo, as larvas passam por trés
estagios antes de atingirem a pupa. Durante a pupa, ocorre uma metamorfose

para a mosca adulta.

O ciclo de vida da Drosophila melanogaster desde o desenvolvimento de
um ovo fértil até uma mosca adulta, é de um periodo de 10 dias quando mantidas
a 25 °C. Depois de eclodido, as larvas passam por trés fases antes de atingirem
a pupa. Durante a fase de pupa, ocorre a metamorfose para uma mosca adulta.
Estes estoques de moscas sdo particularmente vantajosos devido a ampla
bateria de ferramentas genéticas que foram desenvolvidas para a sua
investigagdo. O sistema GAL4/UAS € um bom exemplo. Permite a expressao
espaco-temporal de um gene alvo tal como o gene humano, que se relaciona
com DA (CAYGILL; BRAND, 2016). Neste sistema, o ativador de transcricdo de
levedura GAL4 liga-se ao intensificador UAS e inicia a transcricdo. Varios
recursos publicos fornecem grandes colec¢des de linhagem de condutor de tecido
ou tipo de celular especificos do GAL4, bibliotecas de linhagens para RNAI e

transgénicas. A Drosophila melanogaster possui numerosos componentes
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moleculares relacionados com processamento PPA: APPL (proteina precursora
beta-amiloide, relacionada a PPA humana), Bace (enzima de clivagem do sitio
beta de PPA, relacionada a BACE1 humana também conhecida como
secretase). No entanto, a APPL ndo contém a sequéncia geradora do (3 amiloide
e A nao foi encontrado em condi¢des fisiologicas (ROSEN; MARTIN-MORRIS;
LUO; WHITE, 1989). Mesmo assim, uma abordagem vem sendo utilizada para
gerar moscas como modelo de AD. A abordagem consistiu na reconstituicdo do
sistema PPA/secretase humano em D. melanogaster, em que Greeve et al.
produziram moscas transgénicas tanto para BACE1 quanto para PPA humana.
Deste modo, a mosca passou a dispor de um mecanismo de clivar corretamente
a PPA humana, capazes entdo de replicar o processamento e a producao de
PPA e peptideos amiloides (GREEVE; KRETZSCHMAR; TSCHAPE; BEYN et
al., 2004). Neste modelo, houve a expressdo sistémica, levando a uma
diminuicao do tempo de vida e a defeitos no desenvolvimento de veias das asas
das moscas. Quando os transgenes eram expressos no olho, foi observado o
depoésito de placas na retina, associandas a degeneracdo da retina e dos
neurénios subjacentes no olho (GREEVE; KRETZSCHMAR; TSCHAPE; BEYN
et al., 2004). Também pode-se direcionar a expressdo para 0 SNC,
demonstrando efeitos neurodegenerativos (CHAKRABORTY; VEPURI;
MHATRE; PADDOCK et al., 2011). Este modelo relativamente complexo,
baseado em PPA, é muito Util para a avaliacdo dos moduladores do metabolismo
de BACE ou PPA, e todo o metabolismo envolvido na consequéncia dos AB
gerados (CHENG; SONG; DU; GAUR et al., 2020; DISSEL; KLOSE; DONLEA;
CAO et al., 2017; KONG,; LI; FU; WAN et al., 2016).

1.3.2 Método de rede de interagcbes

Além do modelo animal, métodos computacionais ganharam grande
aporte para auxiliar nos experimentos, direcionando ou confirmando dados
obtidos experimentalmente (HASSAN; ABBAS; SEO; SHAHZADI et al., 2018). E
para o Alzheimer ndo € diferente, desde modelagem molecular, docking,
dindmica e andlise de rede (HASSAN; SHAHZADI; ALASHWAL; ZAKI et al.,
2018; WANG; TAN; TAN; YU, 2019; YOUSSIF; HAGGAG; ELSHAMY; RABEH
et al., 2019).
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Ao se utilizar a andlise em rede, e mais especifica, uma farmacologia em
rede, varias aplicacbes estdo disponiveis, por exemplo descobrir qual
experimento realizar para um conjunto de compostos. Partindo de moléculas
identificadas, em plantas e seus extratos, pode-se predizer in silico os alvos e
dessa relacéo de alvos-compostos construir uma rede de interacdo. Essa rede
alvos-compostos pode conter informacdes valiosas como vias metabdlicas,

processos biolégicos e doencas associadas (SHI; LI; XIE; ZHOU et al., 2020).

Outra forma de se utilizar esta metodologia, seria para avaliar somente
uma doenca especifica. Em que construindo uma rede de interacdo proteina-
proteina, com aquelas proteinas conhecidas relacionadas a doenca, pode-se
acrescentar outras informacdes para a doenca com uma visao geral. Além disso,
tem a possibilidade da associagédo de redes, por exemplo, a rede de alvos de
compostos com a rede especifica da doenca, podendo assim obter relacdes
diretas dos compostos com esta doenca (GE; HE, 2020). A ultima funcionalidade
para o uso desta metodologia é a validacdo ou elucidacdo do mecanismo
biolégico, tanto para confirmar um experimento ja realizado ou para direcionar

novos experimentos a partir do mecanismo mostrado (WU; HU, 2020).

O método de rede vem sendo muito utilizado para descobertas de alvos
dos compostos bioativos presentes nas plantas usadas como chas e outras
formulacbes pela medicina tradicional chinesa (MTC). O conhecimento
associado as divesas plantas utilizadas na MTC tem proporcionado, pela
abordagem de rede, e que contém diversas plantas muito bem descritas, bem
como os chés utilizados popularmente, o que rendeu a desvendar 0 mecanismo
de acdo para doencas neurodegenerativas bem como a elucidacdo de novas
aplicabilidades.(LUO; LU; YAN; XIAO et al., 2020; WANG; ZHOU; HAN; ZHAI et
al., 2020; ZENG,; LI; SIU; JIN et al., 2019).

Como a DA é uma doenca multifatorial, € de extrema importancia
considerar a complexidade de sua fisiopatologia. Com a metodologia de rede
pode se ter uma visao generalizada do mecanismo de acéo e direcionamento de
futuros estudos para facilitar a descoberta de um tratamento eficaz (WANG; TAN;
TAN; YU, 2019; ZENG; LI; SIU; JIN et al., 2019; ZHANG; YI; YANG; HUANG et
al., 2020).
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1.4 Tratamento

Atualmente, nado se tem tratamento para DA capaz de oferecer cura
efetiva da doencga, mas sim uma resolucao sintomatica buscando atenuar os
sintomas e/ou a evolugdo da doencga, intervendo na formagao de fragmentos
insolaveis de peptideo AR; recuperagdo cognitiva com inibicdo da AChE e a
modulacao de receptores colinérgicos; e receptores N-metil-D-aspartato (NMDA)
(BENEK; KORABECNY; SOUKUP, 2020). No que tange o tratamento para
estabilizacdo da DA, sdo utilizadas varias abordagens, como: drogas anti-
inflamatdrias, terapias anti-amiloides, uso de agonistas muscarinicos
antioxidantes, moduladores da transmisséo de glutamato e agentes capazes de
alterar o processo de fosforilacdo da proteina tau (BACHURIN; BOVINA;
USTYUGOV, 2017; CAO; HOU; PING; CAI, 2018). Os farmacos atualmente
aprovados pelo FDA sé&o: donepezil, rivastigmina, galantamina e memantina
(BENEK; KORABECNY; SOUKUP, 2020). A memantina € o Unico antagonista
de receptores NMDA com uma inibi¢do de forma moderada e ndo competitiva, o
gue ameniza a toxicidade do glutamato e gera uma agao protetora ao tecido
cerebral (ROBINSON; KEATING, 2006). Devido ao seu mecanismo que evita o
influxo excessivo de Ca?* para dentro do citoplasma dos neuroénios, ela tem sido
aplicada nos estagios moderados a graves da DA (PARSONS; DANYSZ;
DEKUNDY; PULTE, 2013; ROBINSON; KEATING, 2006).

O donepezil € um inibidor da AChE com inibicdo reversivel nédo
competitiva que melhora significativamente os sintomas da DA. (KUMAR;
SHARMA, 2020). Contudo, ao utilizar o sistema citocromo P450 na sua
metabolizacdo, favorece o desenvolvimento de interagbes medicamentosas,
sendo entéo indicado o seu uso com cautela (KAGAWA; YAMAMOTO; UENGO;
MAEDA et al., 2020).

A rivastigmina, também inibidor da AChE, é uma droga derivada da

fisostigmina, com inibicdo pseudoirreversivel da AChE e butirilcolinesterase
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(BChE), o que prolonga ndo sé a atividade desta droga no organismo mas
também os beneficios desse tratamento. E uma droga que apresenta boa
atividade e tolerancia por parte dos portadores da DA e ndo envolve o sistema
citocromo P450 na sua metabolizacao, reduzindo a possibilidade de ocorrerem
interagcbes medicamentosas com outras drogas, melhorando a cognicdo e
gerando efeitos neuroprotetores nesses pacientes (HAAKE; NGUYEN;
FRIEDMAN; CHAKKAMPARAMBIL et al., 2020; RAY; MALONEY;
SAMBAMURTI; KARNATI et al., 2020).

O dultimo deles, A galantamina, tem origem natural e é um alcaloide
terciario extraido de varias espécies de Amarillidaceae, caracterizado como um
inibidor competitivo e reversivel da AChE. Além dessa inibicdo, demonstra baixa
hepatotoxicidade e uma acdo moduladora de receptores nicotinicos (HAAKE;
NGUYEN; FRIEDMAN; CHAKKAMPARAMBIL et al., 2020; LILIENFELD, 2002).

1.5 Produtos naturais e Annona crassiflora

Como a galantamina, produtos naturais s&o utlizados em diversas
abordagens terapéuticas e tém se destacado na DA por geralmente
apresentarem mais de um grupo ativo em suas moléculas, o que é uma
vantagem em doencas multifatoriais como a DA. Varias substancias de origem
natural tém sido estudadas com potencial farmacolégico anti-Alzheimer entre
eles: alcaloides, flavonoides, terpenos, cumarinas, polifendis e outros
(ANDRADE; RAMALHO; LOUREIRO; PEREIRA, 2019). Os alcaloides
apresentaram uma notavel atividade inibitéria da AChE bem como outros
beneficios ao Alzheimer como efeito neuroprotetor, antioxidante e inibidor da
morte celular induzida por peptideos AR (NG; OR; IP, 2015). Neste mesmo
estudo foram demonstradas diversas espécies vegetais com potencial
terapéutico, incluindo aquelas pertencentes a familia Papaveraceae,
Amarillidaceae e Solanaceae. Somado a isso, um estudo recente mostrou uma
planta da familia Annonaceae com alto potencial por conter diversos alcaloides,
a Annona crassiflora (BASBOSA, 2018).
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Fonte: Arruda e Pastore, 2019

Figura 6. A planta Annona crassiflora Mart. A, Arvore; B, Tronco; C, Tronco e
ramos; D, Folhas; E, Botbes de flor; F, Flor; G, Flor com pétalas; H, Fruto ndo
maduro; |, Fruto maduro; J, Seccéo transversal de fruta; K, Polpa; L, Sementes.

Annona crassiflora Mart. (figura 6) € uma espécie nativa do Cerrado, ou
savana brasileira, e seu fruto € popularmente conhecido como marolo ou
araticum (EGYDIO; VALVASSOURA; SANTOS, 2013; PIMENTA; SILVA;
ZUFFELLATO-RIBAS; KOEHLER, 2014). Pertencente a familia Annonaceae,
que inclui cerca de 27 géneros e 290 espécies, integrando a fruta do Conde
(Annona squamosa), a Graviola (Annona muricata) e o préprio Marolo ou
Araticum (Annona crassiflora Mart.) (ALMEIDA; PROENCA; RIBEIRO, 1994).
Essas plantas geralmente sdo consumidas in natura e sdo encontradas em areas
rurais (ALMEIDA; PROENCA; RIBEIRO, 1994). Muitas espécies dessa familia
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sdo utilizadas na medicina popular, além de que tém sido estudadas com o
objetivo de caracterizar as diversas classes de compostos, isolar e obter fracdes
enriquecidas a fim de avaliar as suas propriedades farmacolégicas (FORMAGIO;
VIEIRA; VOLOBUFF; SILVA; et al., 2015).

O uso popular da Annona crassilfora vai desde combate a piolhos, picada
de cobra, bem como atividade inseticida, antimicrobiana e antirreumatica
(SILVA; RABELO; ENOQUE, 2015). Também ja foram realizadas avaliacdes
biologicas dos extratos das diferentes partes da planta, que comprovam as
atividades: antioxidante e inibicdo de enzimas como alfa amilase (JUSTINO;
PEREIRA; VILELA; PEIXOTO et al., 2016). Os metabdlitos secundarios ja
identificados mostram uma variedade de compostos fendlicos (JUSTINO;
PEREIRA; VILELA; PEIXOTO et al.,, 2016), mas o principal avaliado neste
trabalho sdo os alcaloides (BASBOSA, 2018). A familia Annonaceae ja
apresenta um histérico de alcaloides que demonstraram as atividades como
antimicrobianas, antitumoral, citotoxicas e antimalaricas (LUCIO; ALMEIDA; DA-
CUNHA; TAVARES et al., 2015). Mas os alcaloides presentes na casca do fruto
de A. crassiflora, ainda foram poucos explorados, desde isolados com inibicao
da lipase, e acdo antinociceptiva e inflamatoria pela estefalagina (JUSTINO;
BARBOSA; NEVES; SILVA et al., 2020) como de inibicdo da acetil colinesterase
in vitro (BARBOSA, 2018), sendo ja identificado outros alcaloides como
liriodenina, aterospermidina, dehidroroemerina, dehidroestefalagina e xilopina.
Essa fracdo alcaloidal ainda pode ser melhor explorada dado o seu potencial

terapéutico.
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Capitulo 11

Artigo em processo de submissao a revista “Bioorganic Chemistry”

Avaliacéo da fracédo alcaloidal de Annona crassiflora no modelo beta-
amiloide de Drosophila melanogaster e investigacdo de seu mecanismo
com base na farmacologia em rede

Resumo
Estudos da Annona crassiflora mostraram o potencial de seus metabdlitos e uso

terapéutico, dentre esses metabdlitos os alcaloides foram identificados na casca
do fruto de A. Crassiflora. Os alcaloides sdo conhecidos por seu papel na
terapéutica de varias doencas e estdo sendo investigados aqui usando um
modelo de Drosophila melanogaster da doenca de Alzheimer e uma abordagem
in silico de farmacologia em rede. A abordagem de rede foi usada para
prospectar todo o potencial da fracdo alcaloidal da A.crassiflora. Assim, este
trabalho visa buscar possiveis alvos humanos para esses alcaldides, e a partir
dos alvos encontrados avaliar o efeito do tratamento da fragdo alcaloide no
modelo de Alzheimer utilizando D. melanogaster e predizer seu mecanismo de
acao. A previsao de alvos foi realizada com as plataformas Swisstarget prediction
e targetnet. Apds a predicdo dos alvos, usamos STRING 11.0 para prever as
interacOes entre os alvos. A elucidacdo das doencas potenciais que podem ser
relacionadas foi feita com a plataforma DAVID 6.8, sendo que uma das doencas
previstas foi o Alzheimer. Os inibidores da actilcolinesterase (AChE) séo
atualmente o principal tratamento para Alzheimer, e a AChE foi um dos alvos
previstos para a fracdo alcaloidal relacionado ao Alzheimer. Este alvo foi
confirmado pela inibicdo in vitro de sua atividade. Um gendtipo de D.
melanogaster, que expressa APP e BACE humana, analisando assim a via
amiloidal da doenca, foi usado para testar a fracdo alcaloidal avaliando sua
intervencdo na funcdo motora com testes comportamentais e também a
atividade da AChE in vivo. Observamos uma melhora no comportamento motor
e uma diminuicdo na atividade da acetilcolinesterase. Em seguida, avaliamos
gual mecanismo que afetou as moscas e para acessar o impacto no Alzheimer,
analisamos uma rede com alvos ortdlogos de D. melanogaster usando a
ferramenta de previsdo de ortdlogos DRSC (Integrative Ortholog), mostramos
outras vias relacionadas ao Alzheimer, como as de inflamacéo, de estresse
oxidativo e de funcdo cognitiva. Esses resultados sugeriram a AChE como alvo
e mostraram a perspectiva de potencial da fracao alcaloidal de A. crassiflora que
poderia participar em vias distintas, podendo ser utilizada em estudos futuros
sobre a doenca de Alzheimer.

Palavras chaves: Farmacologia em rede, Annonaceae, Doenca de Alzheimer e
Alcaloide
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Evaluation of Annona crassiflora alkaloidal fraction in the Drosophila
melanogaster beta-amyloid model and its mechanism investigation based

on network pharmacology

Abstract

Studies from Annona crassiflora has shown the potential of its metabolites and
therapeutic use. One of these metabolites were alkaloids, which have been
identified in the A. crassiflora fruit peel and were known for its role in the
therapeutics of several neuronal diseases, therefore we aim to investigate these
alkaloids using a Drosophila melanogaster model of Alzeheimer disease and an
approach of pharmacology in silico network to harness the full potential of the
alkaloid fraction of A. crassiflora. Thus, this work aims to search possible human
targets for these alkaloids, and from the found targets, evaluate the effect of the
alkaloid fraction treatment on an Alzheimer model using D. melanogaster and
predict its mechanism of action. Swisstargetprediction and targetnet platforms
were used for predicting targets. After the interaction between these targets, we
use STRING 11.0, to predicted the interactions. The elucidation of potential
diseases that may be affected was done with DAVID 6.8 platform. One of the
predicted diseases was Alzheimer's. Cholinesterase inhibitors are currently the
main treatment for Alzheimer's, and AChE was a predicted target for the
alkaloidal fraction and, confirmed in vivo an in vitro inhibition of its activity. A
genotype of D. melanogaster, which expresses human APP and BACE, leading
to the amyloidal pathway, was used to test the alkaloidal fraction by evaluating
its motor function intervention with behavioral tests and acetylcholinesterase
activity in vivo as well. We observed an improvement in motor behavior and a
decrease in acetylcholinesterase activity. After that, we evaluated which
mechanism affected D. melanogaster and to access the impact on Alzheimer's,
we analyze a network with D. melanogaster ortholog targets using the DRSC
prediction tool. Using Integrative Ortholog, and this network, we showed other
pathways related to Alzheimer's, such as inflammation, oxidative stress, and
cognitive function. These results suggested acetylcholinesterase as a target and
showed a prospect of a potential of the A. crassiflora alkaloidal fraction that could
participate in distinct pathways, and then used for future studies on Alzheimer's
disease.

Keywords: Network Pharmacology, Annonaceae, Alzheimer’s Disease and Alkaloid
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Abstract

Studies from Annona crassiflora has shown the potential of its metabolites and
therapeutic use. One of these metabolites were alkaloids, which have been identified in
the A. crassiflora fruit peel and were known for its role in the therapeutics of several
neuronal diseases, therefore we aim to investigate these alkaloids using a Drosophila
melanogaster model of Alzheimer disease and an approach of pharmacology in silico
network to harness the full potential of the alkaloid fraction of A. crassiflora. Thus, this
work aims to search possible human targets for these alkaloids, and from the found
targets, evaluate the effect of the alkaloid fraction treatment on an Alzheimer model using
D. melanogaster and predict its mechanism of action. Swisstargetprediction and targetnet
platforms were used for predicting targets. After the interaction between these targets, we
use STRING 11.0, to predicted the interactions. The elucidation of potential diseases that
may be affected was done with DAVID 6.8 platform. One of the predicted diseases was
Alzheimer's. Cholinesterase inhibitors are currently the main treatment for Alzheimer's,
and AChE was a predicted target for the alkaloidal fraction and, confirmed in vivo an in
vitro inhibition of its activity. A genotype of D. melanogaster, which expresses human
APP and BACE, leading to the amyloidal pathway, was used to test the alkaloidal fraction
by evaluating its motor function intervention with behavioral tests and
acetylcholinesterase activity in vivo as well. We observed an improvement in motor
behavior and a decrease in acetylcholinesterase activity. After that, we evaluated which
mechanism affected D. melanogaster and to access the impact on Alzheimer's, we analyze
a network with D. melanogaster ortholog targets using the DRSC prediction tool. Using
Integrative Ortholog, and this network, we showed other pathways related to Alzheimer's,
such as inflammation, oxidative stress, and cognitive function. These results suggested
acetylcholinesterase as a target and showed a prospect of a potential of the A. crassiflora
alkaloidal fraction that could participate in distinct pathways, and then used for future

studies on Alzheimer's disease.

Keywords: Network Pharmacology, Annonaceae, Alzheimer’s Disease and Alkaloid
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1. Introduction
Alzheimer’s disease (AD) is a neurological disorder and part of

neurodegeneration related to age. With the aging population growing and the treatment
being highly costly, researchers have drawn the attention for this issue driving these
research area [1]. The molecular mechanisms are still not fully elucidated but is known
the role of genetic and environmental factors [2]. Factors that involve pathways related
to mitochondrial dysfunction or amyloid-p plaques formation lead to oxidative stress and
signaling to defective protein quality-control, degradation pathways, and maladaptive
immune responses [3, 4]. Those factors result in an extremely variable and complex

disease that makes the treatment and use of models difficult.

D. melanogaster is an organism model that can be use to simulate the disease state
and its conceptions, that could present the tau pathway or amyloidal, which explain two
theories of the AD mechanism. The model of the amyloidal pathway has two human
proteins responsible for generating the disease [-Secretase (BACE-1) and amyloid

precursor protein (APP) [5].

In addition, many studies with the D. melanogaster model has been done to the
tough mission to reach a treatment or a complement for current treatment [6, 7]. The FDA
approves two kinds of medicines, acetylcholinesterase inhibitors and NMDA receptor
antagonists. However, these drugs bring only temporary relief for the patients beside

causing adverse effects [8].

Natural products play an important role in the search for a treatment for
Alzheimer's disease. One of the most studied are alkaloids, mainly because of
acetylcholinesterase inhibitory activities [9]. In addition, alkaloids can act in other ways,
such as inflammation and cognitive dysfunction [10]. Among the natural products rich in
alkaloids, the Annonaceae family has been the best characterized by the diversity and
abundance of alkaloids [11]. In one of these species, Annona crassiflora, the peel of its
fruit has been the subject of studies by our group. Liquid-liquid partitioning of its
ethanolic extract yielded a fraction in the dichloromethane solvent where alkaloids have

been isolated and characterized [12].

This study aimed to evaluate de potential of the A. crassiflora alkaloidal fraction
(AF) for neurological disorders by network pharmacology approach and confirm the
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effect in D. melanogaster AD model, which includes the acetylcholinesterase inhibitory

activity, behavior, and mechanism that could act either.

2. Materials and methods
2.1 Alkaloid fraction acquisition

2.1.1 Plant material

The fruits of Annona crassiflora Mart. were collected in the northern region of the
state of Minas Gerais from the natural resources of the Cerrado Biome in March 2015,
located in Presidente Olegario city. The plant was identified by André Vito Scatigna of
the Institute of Biology of the Federal University of Uberlandia, and the voucher
(HUFU68467) was deposited in the herbarium of the institute. The bark was stored at -
20°C until the moment of extractions and analysis, and no oxidation of the plant material

was observed.
2.1.2 Ethanolic Extraction

To obtain the ethanolic extract of the peel of the A. crassiflora fruit, the
maceration process was used, in which 1.0 kg of peel was used for 5.0 L of ethanol 98%
(proportion of 1/5 m/v). This macerated material remains immersed for decantation for
six days on average, after this process, the material with the extractives was filtered and
the remaining solvent was removed in a rotaevaporator (Buchi Rotavapor R-210, Flawil,
Switzerland) with pressure reduced and temperature of 40°C. The residue of the plant
material has been macerated and its metabolites extracted twice more. The extract
obtained was frozen and lyophilized for water removal (L101, Liobras, SP, Brazil) [12].

2.1.3 Liquid-Liquid Partitioning

The freeze-dried extract was used for liquid-liquid fractionation to obtain a
separation of the present metabolites according to the polarity of the solvent used. The
20g mass of the extract was dissolved in 200 mL of a methanol:water solution (9:1) to
continue the fractionation. In the fractioning process, solvents were used in increasing
order of polarity being hexane and dichloromethane. In this order, 200 mL of each solvent
was added. Then the solvent was removed from each fraction in a rotaevaporator (Buchi
Rotavapor R-210, Flawil, Switzerland), then frozen and lyophilized (L101, Liobras, SP,
Brazil). This present work used only the fraction of dichloromethane containing alkaloids:
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stephalagine, liriodenine, atherospermidine, dehydroaporheine, dehydrostephalagine and
xylopine that was shown in a previous study by our group [13]. This dichloromethane
fraction was quoted as an alkaloidal fraction (AF) for subsequent tests. AF, was diluted
in DMSO 0.3%, in increasing order of concentration, 0.4, 0.8 and 1.2 mg / mL and
indicated as C1, C2, and C3, respectively, for in vivo tests. For the in vitro test AF was

serially diluted to obtain an 1C50 value.
2.2 Drosophila melanogaster

In this work, genetically modified flies (Drosophila melanogaster) that expresses
human BACE-1 and APP proteins were used. This genotype was obtained from the
crossing between two strains acquired through the Bloomington stock bank:
P{w[+mW.hs]=GawB}elav[C155],{w[+mC]=UASmMCD8::GFP.L}Ptp4E[LLA4],P{ry[+t
7.2]=hsFLP}1,w[*] (BL#5146) and
w[1118];P{w[+mC]=UASBACEL.Exel}7b,P{w[+mC]=UASAPP.695.Exel}1/TM6B,T
b[1] (BL#33797) the fly obtained from this crossing will then be the AD (AD-like)
genotype fly used for control and also all treatment groups. Additional flies as a non-
Alzheimer's control (Elav-Gal4/+), which would be the cross of (BL#5146) with w11l
(BL# 3605) were used, because it maintains the same genetic background as the AD-like

control. All flies were kept at 25°C with a 12/12h light and dark circadian cycle.
2.3 In silico analysis
2.3.1 Target prospection and ortholog for Drosophila melanogaster

The alkaloids structures and information were collected from PubChem
(http://pubchem.ncbi.nim.nih.gov) and KNApSAcK
(http://www.knapsackfamily.com/KNApSAcK_Family/). The molecules in SMILES
format were used to predict proteins target with SwissTargetPrediction
(http://www.swisstargetprediction.ch/) and TargetNet web server
(http://targetnet.schdd.com/ home/index/) that predict targets for the active compounds
that have not collected targets in SymMap databases by prob > 0.6. After that, we decided
to work with D. melanogaster model, to understand the mechanism of action, we
evaluated which targets in this model could have an effect, using the DRSC prediction
tool - Integrative Ortholog (https://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl) which
selected the orthologs targets with best diopt scores based on the previously predicted

targets.
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2.3.2 Network preparation

The protein-protein interactions (PPI) of each target for the two organisms, H.
sapiens and D. melanogaster were generated from STRING database which provides both
experimental and predicted interaction information following the systematic detection of
shared selective signals across genomes, automated text-mining of the scientific literature
and co-expression analysis [17]. The interactions with a probabilistic association
confidence score > 7 were selected in this

study. All networks were constructed using Cytoscape v3.8.2 [18].
2.3.3 GO analysis

Gene Ontology (GO) enrichment analysis were performed using the online
functional annotation and enrichment tool DAVID [19]. GO terms with -log10 p value >
1.5 were considered statistically significant. All the data was visualized by REViGO
platform [20].

2.4 In vitro assays
2.4.1 Cholinesterase inhibition

The effect of the AF under the activity of acetylcholinesterase was measured with
the modified Ellman colorimetric assay [14, 15]. We added in a microplate, 25 uL of
each solution of AF in serial dilution, 25 pL of acetylthiocholine iodide solution 1 mM
in water, 50 pL of Tris-HCI buffer 50 mM pH 8,0 (buffer A), 125 uL of DTNB 3 Mm
diluted in buffer A containing 0.1 M NaCl and 0.02 MgCl-2 and 25 pL of the enzyme
acetylcholinesterase (AChE) at 0.2 U/mL of buffer A containing 0.1% BSA. The
absorbance reading was performed at 405nm for 20 min with a 30 sec interval. (Molecular
Devices, Menlo Park, CA, USA)

2.5 In vivo assays
2.5.1 Motility evaluation

The fly motility test was performed based on the RING methodology (rapid
interactive negative geotaxis), which consists of geotaxis as an innate response of the flies
to escape when subjected to an impact against the base of a tube [16]. The flies were
tested in transparent vials of dimensions 9.5 cm high by 2.3 cm in diameter, which were

allocated in supports and after a 30 min acclimation period, the support containing the
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vials was beaten and then evaluated how many flies climbed beyond the 5 cm demarcation
strip of the vial. The test was performed five times in triplicate, with at least ten flies each
vial, for each treatment and control group. The trial was performed at 15 days after
hatching. The whole process was analyzed with the Quicktime® software. As a final

result, the percentage of flies that passed the demarcation range was calculated.
2.5.2 Cholinergic activity

The activity of acetylcholinesterase in vivo was evaluated according to the
modified Ellman colorimetric assay [14]. The homogenized was prepared in proportion
of one head to 10 pL of phosphate buffer pH 7,4. In which 5 uL of the homogenized was
added, 20 pL of acetylthiocholine iodide solution 1 mM in water, 20 puL of Tris-HCI
buffer 50 mM pH 8.0 (buffer A), 20 uL of DTNB 3 mM diluted in buffer A containing
NaCl 0.1 M and MgCl> 0.02 M, and 195 pL of deionized water. Subsequently, the reading
was taken at 405nm for 20 min with a 30 sec interval. (Molecular Devices, Menlo Park,
CA, USA)

2.5.3 Toxicity

In order to define the behavior of the AF, its toxicity to flies with the AD genotype
was evaluated. The newly hatched flies were separated into vials containing thirty flies
for each vial. These flies were subjected to the same treatment as the other in-vivo tests,
being treated with the concentrations of the previously tested C1, C2 and C3, the vehicle
at 0,3% and water for control. The treatment was performed for a period of 18 days, in
which the number of deaths in each treatment group was quantified and the result was

presented in survival percentage.
2.6 Statistics

Results are presented as mean + S.E.M. Kolmogorov-Smirnov and Shapiro-wilk
test were used to check the normal distribution of samples and the data were analyzed by
one-way analysis of variance (ANOVA) followed by tukey post hoc test and unpaired t-
test for parametric analysis. For non-parametric analysis, Krukal-Wallis followed by dunn
post hoc test were used. All graphs were generated and statistical analyses were
performed using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA). P values

lower than 0.05 were considered significant.

32



A

attention deficit disorder conduct disorder oppositional defiant disorder.

3. Results

3.1 Target prediction and network for Homo sapiens

For each of the six alkaloids it was estimated which would be their human protein
targets. From two prediction platforms, 79 targets were found which are described in the
supplementary material S1. Fig. 1A shows the top 20 related diseases related with the
targets according with DAVID database, most of which involve neurological disorders.
Among the 3 main diseases is AD, which involves 24 targets out of 79 predicted. These
predicted targets were also used to create a network between the targets and the previously
observed AD-related target alkaloids, shown in Fig. 1B with red edges. With that, we

started to evaluate the biological process involved.
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Fig 1. (A) Main 20 diseases related with PPI target network. Y-axis, the name of
diseases, X-axis, the number of target genes related to the diseases. (B) PPI targets

network with gray edges and alkaloid-targets network related to AD with red edges.
3.2 GO enchantment analysis

The targets biological process was analyzed using the DAVID database. GO
enchantment showed important biological processes related to AD. These include
regulation of behavior, aging, chemical synaptic transmission and inflammatory response,
highlighted in Fig. 2. And all the biological process can be viewed in supplementary

material S2. These data confirmed the potential for relationship with AD, which led to
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the search for an in vitro confirmation and in a biological model, in which D.

melanogaster was investigated.
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Fig 2. GO analysis of Homo sapiens targets. The Y-axis shows the semantic space X and
the X-axis represents the Log10 p-value. Darker color corresponds to a smaller 1og10 p-

value.
3.3 Acetylcholinesterase inhibition in vitro

The enzymatic assay for acetylcholinesterase inhibition showed that the AF
present an IC50 value of 25.7 pg/mL. Comparing to the control rivastigmine with an IC50
of 443.6 pug/mL, has a higher inhibition capacity than the positive control used, as seen in
the fig. 3.
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Fig 3. Analysis of the inhibition of the enzyme acetylcholinesterase by the AF and the
rivastigmine control. Values expressed in percentage of inhibition of the
acetylcholinesterase and concentration able to inhibit 50% of the enzyme activity. Values
expressed as mean * standard error. Note: The same letters in each column mean no

significant difference (p < 0.05).
3.4 Motility assay

To evaluate the fly motility, the RING trial was done with flies 15 days after
hatching. with 15 days the vehicle had no difference, but the treatments showed a dose-
dependent effect on the behavior in which the flies treated with the higher concentration

showed a higher motility when compared to the control, as showed in fig. 4.
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Fig 4. Evaluation of the motility of flies with untreated AD genotype (AD-like) and
treated with the vehicle and with the alkaloidal fraction at C1, C2 and C3 concentrations.
Values expressed as a percentage of fly motility. The same letters in each column mean

no significant difference (p < 0.05).

3.5 Acetylcholinesterase activity in-vivo

In addition to subjecting the flies to a motility test, an evaluation of the activity of
acetylcholinesterase in the homogenate of these flies was carried out. The data in Fig.5
show that there was a reduction in the AChE activity of AD-like flies treated with the
alkaloid fraction in the C1 concentration equivalent to 0.4 mg / mL of AF.
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Fig 5. Evaluation of the AChE activity of control flies with Alzheimer genotype (AD-
like) and flies without the Alzheimer genotype (Elav-Gal4 / +). AD-like flies treated with
vehicle and with the alkaloidal fraction (AF) at C1- C3 concentrations. The same letters

in each column mean no significant difference (p < 0.05).
3.6 Toxicity

To evaluate the toxicity of the treatment to the flies with the AD genotype (AD-
like) with the alkaloidal fraction (AF) obtained from the ethanolic extract of A.
crassiflora, the survival rate was observed, as mentioned above. After 18 days of flies
hatching, it was found that those treated with the highest concentrations of AF (C2 and
C3) had more deaths when compared to untreated AD-like flies. On the other hand, AD-

like flies treated with the lowest concentration of AF (C1) or only with the vehicle showed
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no difference in relation to the survival rate of the untreated AD-like group, suggesting
that AF in lower concentration as well as vehicle are not toxic to the survival of D.
melanogaster (Fig. 6).
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Fig 6. Toxicity test (% survival) of flies with AD genotype (AD-like) untreated and
treated with the vehicle and the alkaloidal fraction (AF) at C1-C3 concentrations. Values
expressed as percentage of fly survival. The same letters in each column mean no
significant difference (p < 0.05).

3.7 Network and GO analysis for Drosophila melanogaster

In order to visualize the AF mechanism on D. melanogaster, a PPl with the
orthologs genes and respective proteins was performed, showed in fig. 7, and all the
targets analyzed on supplemental material S3. In addition to the biological processes
through GO analyses that may be influenced by the AD-like model of D. melanogaster
were predicted. In an effort to the mechanism related with AD biological processes were
highlighted in Fig. 8. Such as learning and related gene dop1R1, immune response with
main gene related Dredd, development of the nervous system with hop gene and the
response to oxidative stress with bsk. Others orthologs biological processes can be viewed

in the supplemental material S4
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4. Discussion
A. crassiflora has been used in traditional medicine as an antimicrobial and

antirheumatic agent and for the treatment of fever, wounds and venereal diseases [21-23].
Experimental studies have demonstrated several properties of the bioactive compounds
present in this species and especially in the fruit peel, such as antinociceptive and anti-
inflammatory and the ability to reduce liver oxidative stress induced by diabetes [12, 24].
Among these compounds, there are alkaloids characteristic of the family Annonaceae and
present in the A.crassiflora AF, evaluated here in the D. melanogaster model of AD for
neurological disorders. AD flies were treated with AF and evaluated for the effects of AF
on acetylcholinesterase activity and motility behavior. These alkaloids were also analyzed
using a network pharmacology approach. This approach has been used to discover targets

and complement the treatment of various diseases [25, 26].

The predicted targets for AF alkaloids involve neurotransmitter receptors in both
organisms, Homo sapiens and D. melanogaster, such as acetylcholine, serotonin and
dopamine receptors. For histidine receptors and adrenergic receptors, the predicted targets
were only for H. sapiens. Processes observed in GO analyzes (fig. 2) and reports in the
literature are related to these receptors, such as aging, behavior regulation and memory
[27, 28].

Acetylcholinesterase proved to be a potential target for AF in the target prediction
and network analysis. In the test of its in vitro inhibition by AF, the 1C50 value was 17.2
times lower for AF than the control rivastigmine value. Compared to another study using
alkaline fraction, it obtained a lower 1C50 [29]. In the assay with AD flies, the inhibitory
activity of AF on AChE activity in vivo was effective only in the treatment with the lowest
C1 concentration of 0.4 mg / mL of AF. The AF lowest concentration did not show
toxicity for D. melanogaster as observed for higher concentrations C2 and C3 (fig. 6).
That toxicity in higher concentration can be explained by the aporphine alkaloids toxicity
[30]

The alkaloids galantamine and rivastigmine, derived from phytochemicals, act on
the cholinergic pathway to treat AD and have been widely used and their relevance has
been reported [31]. The alkaloids liriodenine and xylopine present in A.crassiflora AF,
are known to have acetylcholinesterase inhibitory activity [32, 33]. Pro-cholinergic drugs,
which act as AChE inhibitors, blocking the reduction in the level of acetylcholine, have
been the standard treatment for AD. [34].
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When assessing motility in D. melanogaster with AD genotype, it was considered
that impaired motility is a common factor related to AD in addition to cognitive
dysfunction, and a marker for neurodegeneration [35]. This effect on motility was more
pronounced at the highest C3 concentration over 15 days when compared to flies in the
AD-like control group. It is speculated that this phenomenon is not due only to the
cholinergic pathway. Perhaps it could involve other mechanisms such as synaptic growth
at the neuromuscular junction, inflammatory process, oxidative stress, and development
of the nervous system, as demonstrated in the GO analysis of the biological process in D.

melanogaster (fig. 8) [36].

The main action of the immune system for D. melanogaster must be related to the
Caspase Dredd gene, predicted as a target. This caspase has a role in inflammation and
studies with the knockout of this gene have shown reduced neurodegeneration [37].
Another related gene is hop, which expresses the protein Tyrosine kinase JAK. The JAK
pathway is associated with the development of the nervous system and long-term memory
[38]. Also, according to the results of the GO analysis, another present mechanism
involves the stress activated protein kinase (JNK), encoded by the bsk gene. This pathway
contributes to cell death mediated by beta-amyloid peptide associated with oxidative
stress [39]. In addition, different alkaloids have demonstrated an influence on AD,
including the aforementioned pathways such as: modulation of neurotransmission [40],
protection against oxidative damage [41], decreased inflammation [42] and promotion of

neurogenesis [43].

This multi-target approach was used to complement the AF treatment data of AD
flies. Alzheimer's disease involves different approaches and pathways depending on the
stage of the disease [44]. For this, with the use of network pharmacology, it was possible
to show the potential of AF activity in flies with AD genotype, probably involving the

inflammation, oxidative stress and neurogenesis pathways.

In conclusion, the present study predicted alkaloids-target-disease interactions and
multi-target mechanisms of the A. crassiflora alkaloidal fraction in the treatment of AD
using the network pharmacology strategy, as well as validating the protective effect of
AF against the D. melanogaster AD model. Further studies are also necessary in order to
deepen the knowledge about the interaction pathways and mechanisms of action of the
alkaloids described for AF on AD, which may lead to the development of AF or its

alkaloids as a potential candidate for the treatment of patients with AD.
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SUPPLEMENTAL MATERIAL - S1. The information of 79 targets predicted

No. Gene name Protein name No. Gene name Protein name

1 ADRA2B Alpha-2B adrenergic receptor 40 NR3C2 Mineralocorticoid receptor

2 DRD5 D(1B) dopamine receptor 41 NOS2 Nitric oxide synthase

3 DRD4 D(4) dopamine receptor 42 NR2F2 Nuclear receptor subfamily 2

4 ADRA2A Alpha-2A adrenergic receptor 43 TYK2 Non-receptor tyrosine-protein kinase TYK2

5 HTR2A 5-hydroxytryptamine receptor 2A 44 CHRM2 Muscarinic acetylcholine receptor M2

6 DRD1 D(1A) dopamine receptor 45 HTR1D 5-hydroxytryptamine receptor 1D

7 DRD2 D(2) dopamine receptor 46 CLK4 Dual specificity protein kinase CLK4

8 DRD3 D(3) dopamine receptor 47 HRH1 Histamine H1 receptor

9 HTR5A 5-hydroxytryptamine receptor 5A 48 DYRK1A Dual specificity tyrosine-phosphorylation-regulated kinase 1A
10 SIGMAR1 Sigma non-opioid intracellular receptor 1 49 CHRM1 Muscarinic acetylcholine receptor M1

11 CASP9 Caspase-9 50 MAPK10 Mitogen-activated protein kinase 10

12 HTR1A 5-hydroxytryptamine receptor 1A 51 HTR1F 5-hydroxytryptamine receptor 1F

13 HTR2C 5-hydroxytryptamine receptor 2C 52 PTK2 Focal adhesion kinase 1

14 ADRA2C Alpha-2C adrenergic receptor 53 JAK2 Tyrosine-protein kinase JAK2

15 CHRM4 Muscarinic acetylcholine receptor M4 54 CYP3A4 Cytochrome P450 3A4

16 RIPK2 Receptor-interacting serine/threonine-protein kinase 2 55 ZAPT0 Tyrosine-protein kinase ZAP-70

17 HTRI1E 5-hydroxytryptamine receptor 1E 56 RET Proto-oncogene tyrosine-protein kinase receptor Ret
18 HTR7 5-hydroxytryptamine receptor 7 57 TEK Angiopoietin-1 receptor

19 AHR Aryl hydrocarbon receptor 58 RPS6KB1 Ribosomal protein S6 kinase beta-1

20 KCNH2 Potassium voltage-gated channel subfamily H member 2 59 MAOA Amine oxidase [flavin-containing] A

21 ADRA1D Alpha-1D adrenergic receptor 60 PTPRC Receptor-type tyrosine-protein phosphatase C
22 ADRA1A Alpha-1A adrenergic receptor 61 FLT3 Receptor-type tyrosine-protein kinase FLT3
23 ABCB1 ATP-dependent translocase ABCB1 62 HNF4A Hepatocyte nuclear factor 4-alpha

24 CYP1A2 Cytochrome P450 1A2 63 GSK3B Glycogen synthase kinase-3 beta

25 HTR1B 5-hydroxytryptamine receptor 1B 64 CDK2 Cyclin-dependent kinase 2

26 RORA Nuclear receptor ROR-alpha 65 MAPK9 Mitogen-activated protein kinase 9

27 TAAR1 Trace amine-associated receptor 1 66 PTPN7 Tyrosine-protein phosphatase non-receptor type 7
28 CLK1 Dual specificity protein kinase CLK1 67 EPHB4 Ephrin type-B receptor 4

29 MIF Macrophage migration inhibitory factor 68 CDC25B M-phase inducer phosphatase 2

30 CA6 Carbonic anhydrase 6 69 PLINS Perilipin-5

31 SLC6A4 Sodium-dependent serotonin transporter 70 ALOX15 Arachidonate 15-lipoxygenase

32 ABCG2 ATP-binding cassette sub-family G member 2 71 PIM1 Serine/threonine-protein kinase pim-1

33 ACHE Acetylcholinesterase 72 CES1 Liver carboxylesterase 1

34 BCL2A1 Bcl-2-related protein Al 73 RELA Transcription factor p65

35 CYP19A1 Cytochrome P450 19A1 74 CDC7 Cell division cycle 7-related protein kinase
36 CYP2C19 Cytochrome P450 2C19 75 ALPL Alkaline phosphatase

37 PTGS1 Prostaglandin G/H synthase 1 76 MAPKAPK?2 MAP kinase-activated protein kinase 2

38 TLR9 Toll-like receptor 9 77 GRM4 Metabotropic glutamate receptor 4

39 S1PR2 Sphingosine 1-phosphate receptor 2 78 CDK2 Cyclin-dependent kinase 2
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S2. Biological process under GO terms

Biological process -10g10 p- Protein name -log10 p-value
value
Response to drug (1)%‘260917 Response to toxic substance 4.386014601
Phospholipase C-a_ctlva_tlng G-protein 9.2508433 Regulation of smooth muscle contraction ~ 4.320357591
coupled receptor signaling pathway 57
Release of sequestered calcium ion into  9.2344259  Adenylate cyclase-inhibiting G-protein
L 4.224569522
cytosol 3 coupled receptor signaling pathway
G-protein coupled receptor signaling [ .
pathway, coupled to cyclic nucleotide 8.8655289 Adenylatg cycl_ase inhibiting serotonin 4.218460824
46 receptor signaling pathway
second messenger
Peptidyl-tyrosine phosphorylation 8'97764333 Response to histamine 4.218460824
Serotonin receptor signaling pathway 2'6821780 Cellular calcium ion homeostasis 4.19835689
8.2830350 Epidermal growth factor-activated
Protein autophosphorylation 9'7 receptor transactivation by G-protein 3.918708361
coupled receptor signaling pathway
7.9903750 Norepinephrine-epinephrine
Chemical synaptic transmission 3'6 vasoconstriction involved in regulation of ~ 3.918708361
systemic arterial blood pressure
Adenylate cyclase-activating 7.7354470  Negative regulation of epinephrine
- el ] 3.918708361
adrenergic receptor signaling pathway 38 secretion
Xenobiotic metabolic process 1.2222294 Activation of MAPK activity by 3.918708361
46 adrenergic receptor signaling pathway
Synaptic transmission, dopaminergic 6.5709476 Nega_tlve regulation of adenylate cyclase 3.830229706
91 activity
Behavioral response to cocaine 2.4263110 Regulathn of dopa_lm_lne uptake involved 3.69813673
1 in synaptic transmission
Vasoconstriction 6.0546413 Adenylate_ cycl_ase-mhlbltmg dopamine 369813673
85 receptor signaling pathway
-, . . . 5.9497901 . . .
Positive regulation of cell proliferation 13 Peptidyl-serine phosphorylation 3.592708494
Regulation of vasoconstriction F1)87 503965 Monoterpenoid metabolic process 3.523322173
Protein phosphorylation 262126249 Heterocycle metabolic process 3.523322173
Regulation of behavior 2'1343516 Inflammatory response 3.509557259
Behavioral fear response 870 734165 Negative regulation of blood pressure 3.479812737
Activation of MAPK activity 280 530615 Circadian rhythm 3.432704544
G-protein coupled receptor signaling 4.9999287 Regulation of locomotion 3.378470425
pathway 6
Response to amphetamine g79 542486 Aging 3.042083245
Positive regulation of vasoconstriction 35 977454 Prepulse inhibition 2.816244097
Positive regulation of ERK1 and ERK2 ~ 4.8497505 Cgrebr_al cortex GABAergic interneuron 1570985772
cascade 57 migration
Dopamine metabolic process §f439809 MAPK cascade 1.508661836
Regulation of dopamine secretion 4.6079319  Synapse assembly 1.506530968
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S3. The information of 53 D. melanogaster targets predicted

No.  Gene name Protein name No. Gene name Protein name

1 DoplR1 Dopamine receptor 1 28 Hr3 nuclear hormone receptor HR3

2 Dop2R Dopamine D2-like receptor 29 Nos Nitric oxide synthase

3 5-HT2A 5-hydroxytryptamine receptor 2A 30 svp Steroid receptor seven-up

4 Dredd Caspase-8 31 hop Tyrosine-protein kinase hopscotch

5 5-HT1A -hydroxytryptamine receptor 1A 32 mAChR-B Muscarinic acetylcholine Receptor, B-type
6 mAChR-A Muscarinic acetylcholine receptor DM1 33 mnb Minibrain (Mnb) Ser/Thr protein kinase
7 Raf Raf homolog serine/threonine-protein kinase phl 34 bsk Stress-activated protein kinase JINK

8 5-HT1B 5-hydroxytryptamine receptor 1B 35 Fak Focal Adhesion Kinase (FAK)

9 5-HT7 5-hydroxytryptamine receptor 7 36 Cyp9f2 Probable cytochrome P450 9f2

10 ss Spineless, isoform C 37 Shark Tyrosine-protein kinase shark

11 sei Putative potassium channel subunit homolog 38 tor Serine/threonine-protein kinase Tor
12 TyrRII Tyramine receptor Il 39 Sék Ribosomal protein S6 kinase

13 Oamb Octopamine receptor Oamb 40 Ptp69D Protein tyrosine phosphatase 69D

14 Mdr50 Multi drug resistance 50 41 Pvr PDGF-and VEGF-receptor related

15 Hr3 Probable nuclear hormone receptor HR3 42 Hnf4 Transcription factor HNF-4 homolog
16 Doa Serine/threonine-protein kinase Doa 43 sgg Protein kinase shaggy

17 spok Spookier 44 Cdk2 Cyclin-dependent kinase 2

18 mAChR-C Muscarinic acetylcholine Receptor, C-type 45 PTP-ER Protein tyrosine phosphatase-ERK

19 SerT Sodium-dependent serotonin transporter 46 twe Cdc25-like protein phosphatase twine
20 w Protein white 47 Lsd-1 Lipid storage droplet-1

21 Ace Acetylcholinesterase 48 CG6414 Carboxylic ester hydrolase

22 Debcl Death executioner Bcl-2 homologue 49 di Embryonic polarity protein dorsal

23 Cypdacl Probable cytochrome P450 4acl 50 CG5790 Uncharacterized protein

24 CG4009 Uncharacterized protein 51 Alpl Alkaline phosphatase

25 TI Protein toll 52 MAPK-Ak2 MAP kinase-activated protein kinase 2
26 Amy-p Alpha-amylase B 53 mGIuR Metabotropic glutamate receptor

27 ERR Estrogen-related receptor 54
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S4 Biological process under GO terms for D. melanogaster

Biological process -log10 p-value  Protein name -log10 p-value

Protein phosphorylation 11.71653 Actin filament organization 2.071696

Chemical synaptic transmission 6.068642 Adenylgte cyclase-l_nhlbl_tlng 2.00091
serotonin receptor signaling pathway

Serotonin receptor signaling pathway 5.18608 Protein phosphorylation 11.71653

Protein autophosphorylation 5.112525 Phosphollpase _C-actlvatmg serotonin 2.00091
receptor signaling pathway

Peptidyl-tyrosine autophosphorylation ~ 4.382416 Ovarian follicle cell development 1.96396

Regulation of hemocyte differentiation ~ 4.287047 Response to oxidative stress 1.96396

Innate immune response 3.784588 Positive regulation of cell size 1.955926

Hemopoiesis 3.709156 Cell adhesion 1.938671

Synaptic transmission, dopaminergic 3.063147 Defense response 1.905212

. . Dopamine receptor signaling

Hemocyte proliferation 2.881876 pathway 1.825886

Regulation of glucose metabolic 2.73204 Regulation of response to drug 1.825886

process

Male courtship behavior 2.704585 Regulation of cell shape 1.809699

Nervous system development 2.618084 _Synaptlc growth at neuromuscular 1.770369
junction

Immune response 2.610417 Negative regulation of JUN kinase 1.702013
activity

Heart development 2.521717 G-protein coupled acetylcholine 1702013
receptor signaling pathway

Learning 2.497055 Oogenesis 1.694556

Steroid hormone mediated signaling 2447294 Negative regulation of synaptic 1.673723

pathway growth at neuromuscular junction

Border follicle cell migration 2.386845 Lamellocyte differentiation 1.606168

Gastrulation 2.199412 Synapse assembly 1541114

Phototaxis 2.099175 Wing and notum subfield formation ~ 1.528052

Memory 2.099175 Negative regulation of 1528052
macroautophagy

Ventral cord development 2.071696
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