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RESUMO

A doenca de Parkinson (DP) é classificada como uma doenca neurodegenerativa crénica
e progressiva que induz ao comprometimento motor e ndo motor. O estresse oxidativo é
um fator que contribui para a DP, desse modo os antioxidantes sdo um coadjuvante para
o0 tratamento da doenca. Os carotenoides tém sido bastante investigados como agentes
quimiopreventivos, funcionando como antioxidantes em sistemas bioldgicos. O f-
caroteno, um potente antioxidante, € um dos principais carotenoides com atividade de
pré-vitamina A. Como o B-caroteno tem carater hidrofébico a nanoencapsulacéo se torna
uma alternativa promissora para aumentar sua solubilidade em &gua e absorcéo,
protegendo da degradacdo e melhorando a biodisponibilidade. O objetivo do estudo foi
investigar um possivel efeito neuroprotetor de nanoparticulas carregadas de B-caroteno
sobre alteracGes comportamentais e bioquimicas causadas pela exposi¢cdo de Drosophila
melanogaster a rotenona. Foram utilizadas moscas de ambos 0s sexos com 2 a 4 dias de
idade, onde avaliamos a concentragdo-resposta do B-caroteno livre e das nanoparticulas
carregadas de P-caroteno, apds 7 dias de tratamento foram avaliados os testes
comportamentais geotaxia e open-field. Logo apds definir a concentracdo que nao causa
toxicidade avaliamos o efeito das nanoparticulas carregadas de [(-caroteno na co-
exposicdo com rotenona por 7 dias. As moscas foram divididas em quatro grupos:
(controle); (nanoparticulas carregadas de B-caroteno 20 uM); (Rotenona 500 puM) e
(nanoparticulas carregadas de -caroteno 20 UM e Rotenona 500 pM). Apos aexposicdo
as moscas foram avaliadas na porcentagem de sobrevivéncia, geotaxia, open-field,
fototaxia aversiva e consumo alimentar. Tambem foi avaliada a atividade da AChE,
estresse oxidativo e viabilidade celular. A exposicdo das moscas as nanoparticulas
carregadas de f-caroteno melhoraram a atividade locomotora e a sobrevivéncia, além
disso atenuou o dano na atividade da AChE, reduziu o estresse oxidativo e aumentou as
enzimas antioxidantes CAT e SOD. Com isso, concluimos que as nanoparticulas
carregadas de f-caroteno atenuam o dano e a neurotoxicidade causada pela rotenona, e

que pode ser usado como uma alternativa tal como coadjuvante no tratamento da DP.

Palavras-chave:  Nanotecnologia;  Mosca-da-fruta;  Parkinson;  antioxidantes;

carotenoides.



ABSTRACT

Parkinson's disease (PD) is classified as a chronic and progressive neurodegenerative
disease that induces motor and non-motor impairment. Oxidative stress is a factor that
contributes to PD, therefore, antioxidants are a complement to the treatment of the
disease. Carotenoids have been extensively investigated as chemopreventive agents,
functioning as antioxidants in biological systems. B-carotene, a potent antioxidant, is one
of the main carotenoids with pro-vitamin A activity. As -carotene has a hydrophobic
character, nanoencapsulation becomes a promising alternative to increase its solubility
and absorption in water, protecting from degradation and improving bioavailability. The
aim of the study was to investigate a possible neuroprotective effect of nanoparticles
loaded with B-carotene on the behavioral and biochemical changes caused by the
exposure of Drosophila melanogaster to rotenone. Flies of both sexes with 2 to 4 days of
age were used, where we evaluated the response-concentration of free p-carotene and p3-
carotene-loaded nanoparticles, after 7 days of treatment the behavioral tests of geotaxy
and open field were evaluated. Right after defining the concentration, that does not cause
toxicity; we evaluated the effect of p-carotene-loaded nanoparticles in coexposure with
rotenone for 7 days. The flies were divided into four groups: (control); (B-carotene-loaded
nanoparticles 20 uM); (500 UM Rotenone) and (B-carotene-loaded nanoparticles 20 uM
and 500 UM Rotenone). After exposure, the flies were evaluated for survival percentage,
geotaxis, open field, aversive phototaxy and food consumption. AChE activity, oxidative
stress and cell viability were also evaluated. Flies' exposure to B-carotene-loaded
nanoparticles improved locomotor activity and survival, in addition to mitigating damage
to AChE activity, reducing oxidative stress and increasing the antioxidant enzymes CAT
and SOD. Thus, we conclude that B-carotene-loaded nanoparticles attenuate the damage
and neurotoxicity caused by rotenone and that they can be used as an alternative adjuvant

in the treatment of PD.

Keywords: Nanotechnology; fruit fly; antioxidants; carotenoids; Parkinson’s disease.
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APRESENTACAO

No item INTRODUCAO e REVISAO BIBLIOGRAFICA esta descrita uma
breve revisdo de literatura sobre os temas abordados nesta dissertacao seguida pelo item
OBJETIVOS.

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a forma
de artigo cientifico, os quais sdo apresentados no item MANUSCRITO CIENTIFICO.
As secOes: Introducdo, Materiais e Métodos, Resultados, Discussdo, Conclusdo e
Referéncias Bibliogréaficas, encontra-se no proprio artigo e representa a integra deste
estudo. O manuscrito estd estruturado de acordo com as normas da revista cientifica
“Comparative Biochemistry and Physiology - Part C: Toxicology & Pharmacology ” para
a qual sera submetido.

Os itens CONCLUSOES E PERSPECTIVAS encontram-se no final desta
dissertacdo e apresentam interpretacfes e comentarios gerais sobre o artigo contido neste
trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacdes que

aparecem nos itens introducao e revisao bibliogréfica.



1. INTRODUCAO

Doenca de Parkinson (DP), descrita pela primeira vez em 1817 pelo médico inglés James
Parkinson (TEIVE, 1998), é um distarbio neurologico progressivo, principalmente pela
degeneracéo das células (neurdnios) da camada ventral da parte compacta da substancia negra
(SN) e do lécus ceruleus. A caracteristica patoldgica da DP é a acumulacdo de inclusdes
citoplasmaticas filamentosas consistindo principalmente em agregagdes de a-sinucleina, que é
uma proteina de 140 aminoacidos enriquecida em terminais nervosos pré-sinapticos (IWAI et
al., 1995). A fosforilagdo e a fibrilagdo da a-sinucleina levam a formacéo de corpos de Lewy e
induzem a morte dos neurénios (GORBATYUK et al., 2008; LUK; LEE, 2014; VOLPICELLI-
DALEY et al, 2011). A doenca também afeta o sistema da dopamina (DA), um
neuromodulador essencial no sistema nervoso central dos mamiferos que esta envolvido na
atencdo, controle do movimento, motivacdo e cognicdo (SHALTIEL-KARYO et al., 2012). A
DP ¢ definida principalmente por seus sintomas motores, incluindo tremor, bradicinesia e
acinesia, mas pode demonstrar uma série de sintomas ndo motores, como declinio cognitivo,
depressdo, ansiedade, distarbios do sono e disautonomia (HAYES, 2019). Em geral, a evolucao
da DP possui quatro estagios, no inicial, podem ocorrer sintomas leves como tremores
unilaterais, alteracdo na postura e expressdes faciais. No estagio intermediario, sdo comuns
dificuldades para caminhar em linha reta e manter o equilibrio. No estagio avancado, observa-
se rigidez e bradicinesia (lentiddo dos movimentos). No estagio final ocorre o
comprometimento dos movimentos fisicos, o paciente geralmente € incapaz de ficar em pé ou
caminhar (LEES; HARDY; REVESZ, 2009). Estima-se que a doenca afeta 1 milh&o de pessoas
nos Estados Unidos e 4 milhdes de pessoas em todo o mundo (DEXTERA; JENNER, 2013).
N&o ha cura para a DP e os tratamentos permanecem sintomaticos com agentes que aumentam
a concentragdo de neurénios dopaminérgicos como a levodopa (BOURQUE; MORISSETTE;
DI PAOLO, 2019), e que podem causar efeitos colaterais como alucinacbes, delirios,
sonoléncia, distonia e principalmente discinesias (HAYES, 2019).

Dado o papel do estresse oxidativo na patogénese da DP, o potencial das moléculas
antioxidantes como estratégia preventiva contra a DP ganhou grande interesse (HEMMATI-
DINARVAND et al., 2019 . Sugere-se que os carotenoides da dieta, pigmentos vegetais
lipofilicos presentes na natureza, proporcionam beneficios a saude na diminuicdo do risco de
doencas cronicas (JOHNSON, 2002). E estabelecido que os carotenoides tém importantes

funcgdes bioldgicas, incluindo atividade antioxidante, regulacdo da transcricdo de genese a



capacidade de melhorar a funcéo imunolégica (COOPERSTONE; SCHWARTZ, 2016). Entre
os carotenoides, o B-caroteno € um dos mais extensivamente estudados devido aos seus
beneficios relacionados & saude, incluindo atividades anti-inflamatorias e antioxidantes
(LIANG et al., 2013). O B-caroteno € o Unico carotenoide que apresenta dois radicais p-ionona,
que ao romper-se forma duas moléculas de pro-vitamina A (AMBROSIO; CAMPOS; FARO,
2006). Devido sua natureza lipofilica, encapsular o B-caroteno € um método util para protecao
contra degradacdo e assim melhorar sua absorcdo (ZHOU et al., 2018). Para alcancar
biodisponibilidade oral suficiente de drogas, uma das estratégias mais promissoras é
desenvolver sistemas de entrega oral com o uso de nanoparticulas transportadoras que sao feitas
de polimeros biocompativeis e biodegradaveis (GRUNE et al., 2010). As principais vantagens
das nanoparticulas sdo sua capacidade de proteger o material encapsulado e estabilidade no
trato digestivo, facilitando a captacéo celular e liberacdo controlada de drogas no local alvo
(DES RIEUX et al., 2006).

A nanoencapsulagio do p-caroteno pode representar um aumento na sua
biodisponibilidade e absorcao, sendo uma alternativa para o tratamento de doencas, como a DP.
Com isso o estudo sobre o efeito de nanoparticulas carregadas de -caroteno na DP, tem como
objetivo melhorar a sobrevivéncia, atividade locomotora e minimizar os efeitos do estresse
oxidativo em Drosophila melanogaster expostas a rotenona, Assim, € importante determinar 0s
efeitos das nanoparticulas carregadas de -caroteno, um possivel candidato no tratamento da

DP e seus mecanismos de acao.



2. REVISAO BIBLIOGRAFICA

211 Doencga de Parkinson

Adoenca de Parkinson (DP) é uma doenca no qual se encontra uma complexa desordem
neuroldgica. A primeira descri¢cdo detalhada da DP foi feita hd quase dois séculos, mas a
conceituacdo da doenca continua a evoluir (TEIVE, 1998). Em sua esséncia, é uma doenca
neurodegenerativa com morte precoce proeminente de neurdnios dopaminérgicos (BILGIC;
HANAGASI; EMRE, 2010). A deficiéncia de dopamina (DA) resultante dentro dos ganglios
da base leva a um distarbio do movimento caracterizada por sintomas motores parkinsonianos
classicos (BARNHAM; MASTERS; BUSH, 2004). A presenca de inclusdes citoplasmaticas
chamadas de corpos de Lewy em neurdnios, do I6cus ceruleus, do nicleo motor dorsal do vago
e do cortex cerebral é considerada o marcador biol6gico da doenca (KALIA; LANG, 2015).
Esses agregados proteicos insolUveis formam fibrilas e sdo constituidos principalmente pela
proteina a-sinucleina (SCHULZ-SCHAEFFER, 2010).

A DP tem sido considerada a segunda doenca neurodegenerativa mais comum depois da
Doenga de Alzheimer (SPILLANTINI et al., 1998). Sua incidéncia é rara antes dos 50 anos,
mas aumenta com a idade, atingindo aproximadamente 1% da populacdo na faixa dos 60-70
anos e cerca de 4% da populacdo com mais de 80 anos de idade (ELBAZ et al., 2016). No
Brasil, a prevaléncia é estimada em cerca de 3,3% em pessoas com idade acima de 65 anos
(BARBOSA et al., 2006). Sendo que a prevaléncia e a incidéncia aumentam quase
exponencialmente com o avancar da idade, com o pico ap6s os 80 anos de idade
(PRINGSHEIM et al., 2014). Esta tendéncia tem importantes implicacfes na saide pois, com
o0 envelhecimento da populacdo e aumento da expectativa de vida em todo 0 mundo, o nimero
de pessoas com a doenga devera aumentar em mais de 50% (KALIA; LANG, 2015).

Outros fatores de risco tambem estdo correlacionados como: a exposi¢do a pesticidas,
traumatismo craniano, uso de B-bloqueadores, tabagismo, uso de drogas anti-inflamatorias nao
esteroidais, uso de blogueadores dos canais de calcio e consumo de alcool (IRANZO et al.,
2013).

212 Manifestag0es clinicas

Devido a grande reserva funcional do sistema dopaminergico, os principais sintomas da



DP sO se tornam aparentes quando ha uma extensa degeneracdo da via nigrostriatal
(DEUMENS; BLOKLAND; PRICKAERTS, 2002). O tremor de repouso geralmente ocorre
nas partes distais de um dos membros superiores. Tremores nos labios, na cabeca e nas pernas
podem ocorrer, mas s&o menos comuns (SCHENCK; BOEVE; MAHOWALD, 2013). Os
tremores podem aumentar enquanto o paciente caminha e experimenta situacdes estressantes,
sendo que 0s mesmos desaparecem durante o sono ou a realizacdo de algum movimento
voluntario (SAMII; NUTT; RANSOM, 2004). Alguns pacientes podem também relatar a
sensacdo de tremor interno ndo associado a ocorréncia de tremor visivel (SCHENCK; BOEVE;
MAHOWALD, 2013).

A bradicinesia consiste na dificuldade de planejamento, inicio e execucdo de
movimentos. Esta relacionada também a dificuldade para desempenhar diferentes atividades
simultaneamente ou em sequéncia. Geralmente, esses sintomas ficam evidentes na dificuldade
do paciente em realizar atividades cotidianas ou podem apresentar reducdo da gesticulacéo, da
expressdo facial, do piscar e do movimento dos bracos ao caminhar (VALLS-SOLE;
VALLDEORIOLA, 2002).

A rigidez é caracterizada pela resisténcia na realizacdo de um movimento, sendo
conhecida como o fendmeno de “"engrenagem™ presente em movimentos de flexdo, extensdo ou
rotacdo de um membro. Pode ser acentuada pela realizacdo de movimento pelo membro
contralateral e em membros que apresentam tremor de repouso (PROCHAZKA et al., 1997).

A instabilidade postural esta geralmente associada com os estagios mais tardios da doenca
e compromete atividades diérias dos pacientes, como caminhar, girar o corpo e levantar-se. Em
funcdo da dificuldade em manter o equilibrio postural, os pacientes estdo sujeitos a quedas e
consequentes fraturas (MORRIS et al., 2000).

A progressdo da DP é caracterizada por uma piora nas caracteristicas motoras, que
inicialmente podem ser administrados com terapias sintomaticas, no entanto, como a doenca
avanca, ha um surgimento de complicacfes relacionadas com a longo prazo sintomatico ao
tratamento, incluindo flutuagbes motoras e ndo motoras, discinesia e psicose (HELY et al.,
2005).

Essas complicacdes relacionadas ao tratamento se apresenta como um desafio quanto
ao manejo clinico do estagio avancado da DP (NALLS et al., 2014). Em estagio avangado,
caracteristicas motoras e ndo motoras sdo proeminentes e incluem sintomas motores axiais,
como instabilidade postural, congelamento da marcha, quedas, disfagia, disfuncdo da fala
(GOLDMAN et al., 2012). Os sintomas tipicos da DP estéo ilustradas abaixo na figura 1.



Sintomas tipicos da Doenc¢a de Parkinson
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Figura 1- Sintomas tipicos da Doenca de Parkinson

Fonte: pagina_https://goobjoog.com/english/interrupting-parkinsons-disease/
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213 Patogénese

A caracteristica patoldgica da DP é uma diminuic¢do nas projecdes do sistema nervoso
central (SNC) para os nucleos caudado e putamen (neoestriado), devido a morte acentuada da

populacédo de neurénios dopaminérgicos daquele nucleo (Figura 2) (DARDEN, 2007).
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Figura 2 - Morte neuronal na DP. A) via nigroestriatal normal; B) o0 esquema mostra a via nigroestriatal de um
paciente com DP.

Fonte: (DARDEN, 2007)

InclusBes fibrilares no citoplasma dos neurdnios dopaminérgicos remanescentes,
conhecidas como corpos de Lewy, sdo as marcas citopatoldgicas da doenca. Os sinais clinicos
tornam-se evidentes quando cerca de 80% da DA estriatal e cerca de 60% da populacdo de
neurdnios dopaminérgicos sdo perdidos (BERG et al., 2014). Os corpos de Lewy ndo estdo
confinados na substancia negra (SN) e podem ser vistos em outras regides, assim como em
patologias diversas, tanto no SNC (cortex, amigdala, locus ceruleos, nicleo vagal) quanto no
sistema nervoso periférico (DARDEN, 2007).

Estudos patologicos relacionados a neurodegeneracdo na DP sugerem um conjunto de
achados caracteristicos. Primeiro, a perda de neurdnios dopaminérgicos associada a DP tem
uma caracteristica distinta do padrdo visto no envelhecimento normal. Na DP, a perda celular

esta concentrada nas porcGes caudal e ventrolateral do SNC, enquanto que durante o



envelhecimento normal, a por¢do dorsomedial da SN é a regido mais afetada (PROCHAZKA
et al., 1997). Segundo, o grau da perda de terminais neuronais no estriado é maior do que a
perda de neurdnios na SN. Terceiro, 0 mecanismo fisioldgico de remocdo da DA parece ser
mais dependente de seu transportador no estriado do que no cértex pré-frontal, onde outros
transportadores monoaminérgicos e a enzima catecol-O-metiltransferase (COMT)
desempenham um papel maior no termino das acbes da DA(DARDEN, 2007). Adicionalmente,
observa-se no estriado uma drastica reducdo nos niveis de DA, seus metabolitos - acidos
homovanilico e 3,4-dihidroxifenilacético - e receptores (SHIMOHAMA et al., 2003).

Embora a marca patologica da DP seja a perda de neurbnios dopaminérgicos, este
processo degenerativo se estende para outras populaces neuronais. A neurodegeneracdo e a
formacdo de corpos de Lewy sdo também observadas nos sistemas de neurotransmissdo
noradrenérgico (locus coeruleus), serotoninérgico (nlcleo da rafe) e colinérgico (nucleo basal
de Meynert, nacleo motor dorsal do nervo vago), assim como no cOrtex cerebral (especialmente
os cortices cingulados e entorrinal), bulbo olfatério e no sistema nervoso autbnomo (DARDEN,
2007). De todos esses sitios, acredita-se que a neurodegeneracdo observada em estruturas do
hipocampo e nos inputs corticais colinérgicos contribuem de maneira especialmente relevante
para 0s quadros de deméncia elevada, observada especialmente quando a DP se manifesta em
pacientes mais idosos (GOLDMAN et al., 2012).

Resultados de meta-analise de dados de associacdo do genoma completo, identificaram
um polimorfismo de nucleotideo Unico dentro da regido do antigeno leucocitario humano que
afeta o risco do desenvolvimento da DP, sugerindo susceptibilidade genética relacionada ao
sistema imunoldgico (NALLS et al., 2014).

214 Dopamina

No sistema nervoso central (SNC) existem neurdnios que liberam neurotransmissores
diferentes como a serotonina, GABA, glutamato, DA e outros (REIS et al., 2009). A DA foi
identificada como um potencial neurotransmissor no cérebro no final da década de 1950 por
Carlsson (CARLSSON, 1959). Logo depois, verificou-se que a DP era acompanhada por uma
diminuicdo dramatica no conteddo de DA do nudcleo de putdmen e caudado (GIRAULT,;
GREENGARD, 2004). Os corpos celulares dos neurénios da DA que inervam o nucleo caudado
e 0 putdmen estdo localizados na SN, enquanto os dos neurdnios que inervam o estriado ventral
e 0 cortex pré-frontal tém uma localizagdo mais medial na &rea tegmentar ventral (GIRAULT;
GREENGARD, 2004). Os corpos celulares da SN sdo responsaveis pela producdo e descarga



de DA no estriado (JUAREZ OLGUIN et al., 2016). A DA desempenha mltiplas fungdes no
cérebro, sendo que o papel da DA na modulacdo do comportamento e cognicdo; Movimento
voluntario; motivacdo; punicdo e recompensa; inibicdo da producdo de prolactina; dormir;
sonhar; humor; atencéo; memdria de trabalho; e aprendizado (CALABRESI et al., 2007).

A neurotransmissao dopaminérgica ocorre através de sinapses, a DA liga-se a receptores
DA pos-sinapticos ou pré-sinapticos ou a ambos. Essa ligacdo, independentemente do receptor,
gera um potencial elétrico na célula pré-sinaptica (MULLER, 2014). No caso de receptores DA
pos-sinapticos, o sinal é propagado para o neurdnio poés-sindptico, enquanto, no caso de
receptores DA pré-sinapticos, o sinal pode excitar a célula pré-sinaptica ou inibi-la (JUAREZ
OLGUIN et al., 2016). Os receptores pré-sinapticos com potencial inibitorio, também
conhecidos como auto receptores, inibem a sintese e a liberacdo de neurotransmissores e,
portanto, funcionam para manter os niveis normais d¢ DA (JUAREZ OLGUIN et al.,
2016). Apos realizar sua funcdo sinéptica, o DA é retomado no citosol pelas células pré-
sinapticas atraves das acdes dos transportadores DA de alta afinidade (DAT) ou dos
transportadores de monoamina da membrana plasmatica de baixa afinidade (SCHMITT,;
ROTHMAN; REITH, 2013). A neurotransmissdo dopamineérgica esta ilustrada na figura 3

abaixo.
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Figura 3 — Neurotransmissao dopaminérgica.

A DA é sintetizada no citoplasma e transportada em vesiculas secretoras pela acdo de um antiportador de prétons
ndo-seletivo de monoaminas (VMAT), que é impulsionado pelo gradiente eletroquimico criado por uma ATPase
de prétons. Com estimulacéo da célula nervosa, a DA ¢é liberada na fenda sinaptica, onde o neurotransmissor pode
estimular receptores dopaminicos pos-sinapticos e auto receptores dopaminicos pré-sindpticos. A DA é
transportada para fora da fenda sinaptica pelo transportador de DA (DAT) seletivo acoplado ao Na+. A DA
citoplasmética é retransportada para dentro das vesiculas secretoras pelo VMAT ou degradada pela enzima
monoamina oxidase (MAO).

Fonte: (DAVID G. STANDAERT E JOSHUA M. GALANTER, 2010).

A perda neuronal na SN compacta é cerca de 45% na DP, ao contrario de uma pessoa
normal que é de 4,7% no processo de envelhecimento e consequentemente leva ao nédo
suprimento de DA para os neur6nios dopaminérgicos o que na via direta dos ganglios da base
reduz a atividade das areas motoras do cortex cerebral, diminuindo os movimentos voluntarios
(CHINTA; ANDERSEN, 2005). Quando o efeito da DA é diminuido a DP tende a manifestar-
se, pois a falta da mesma resulta no aumento global da acetilcolina levando a um desequilibrio

entres estes neurotransmissores e ativando o processo de contragéo muscular, que ocorre
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quando ha uma reducdo de 25% da atividade dos neurbnios dopaminérgicos (ESKOW
JAUNARAJS et al., 2015). A degeneracdo da via nigrostriatal na DP esta associada ao estresse
oxidativo (INDEN et al., 2011). Como consequéncia a natureza expansiva do dano
oxidativo inclui disfungdo mitocondrial, auto-oxidagcdo de DA, agregacdo de - sinucleina,
ativacdo de células gliais e alteraces na sinalizacdo de célcio e ferro (JUAREZ OLGUIN et
al., 2016).

215 Aenzima acetilcolinesterase (AChE)

A acetilcolina (ACh) é um neurotransmissor bastante difundido por todo o sistema
nervoso. Os neurbnios colinérgicos estdo relacionados com importantes fungdes como o alerta,
o controle motor, o aprendizado e a memodria, e todas essas acdes exercidas pela ACh estdo
prejudicadas quando h& deficiéncias na secrecdo desse neurotransmissor (VINUTHA et al.,
2007).

A enzima acetilcolinesterase (AChE) é responsavel por hidrolisar o neurotransmissor
ACh nas sinapses colinérgicas. Nestas sinapses a ACh atua transmitindo a mensagem de um
neurénio a outro (PEREZ-LLORET; BARRANTES, 2016). Na fenda sinaptica a AChE ¢é
responsavel por degradar a ACh, uma molécula simples que possui um grupo éster e uma amina
quaternaria (COLOVIC et al., 2013). No neurdnio pré-sinaptico, a ACh é sintetizada a partir da
colina e acetilcoenzima A (Acetil-CoA), sob catélise da colina acetiltransferase. Apds sua
formacdo, ela é armazenada em vesiculas, onde fica depositada até que haja um estimulo que
resulte em sua liberacdo na fenda sinaptica. A partir desse ponto, a ACh se liga no receptor pos-
sinaptico propagando a informacéo. Apds transmitir a mensagem, a molécula da ACh se desliga
do receptor pds-sinaptico e volta a fenda sinaptica, onde ela sofre hidrolise catalisada pela
AChE, dando origem a acido acético e a colina conforme a figura 4 (ARAUJO; SANTOS;
GONSALVES, 2016).

Colina
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@ Acetiltransferase 0 @
COA)I\ fe HO/\/N(CH3)3 5 )]\O/\/N(CH?’)_;’

Acetilcoenzima A  Colina AChE ACh

Figura 4 — Sintese e hidrélise da acetilcolina (ACh)

Fonte: (ARAUJO; SANTOS; GONSALVES, 2016).



11

Além disso, estudos demonstram que ROS podem inibir a atividade da AChE, que por
sua vez afeta a neurotransmissao nas sinapses colinérgicas (MUTHULAKSHMI et al., 2018;
RODRIGUEZ-FUENTES et al., 2015; SCHALLREUTER et al., 2004). Quando 0s organismos
s&o expostos a pesticidas organofosforados como a rotenona, desencadeia a produgéo de ROS
com isso causa alteragOes na atividade da AChE (RAHIMI; NIKFAR; ABDOLLAHI, 2006;
SHADNIA et al., 2005; SRAIN; RUDOLPH, 2010).

216 Estresse Oxidativo

O desequilibrio redox, proveniente tanto do processo inflamatorio, quanto dos demais
mecanismos fisiopatologicos envolvidos na DP, especialmente da disfuncdo mitocondrial,
promove um quadro de estresse oxidativo, caracterizado por aumento na formacao de espécies
reativas e redugdo nos niveis de antioxidantes endégenos (DEXTERA; JENNER, 2013; LEE
MOSLEY et al., 2006; SANDERS; GREENAMYREN, 2013).

Os radicais livres sdo espécies quimicas, altamente instaveis e extremamente reativas,
que, por terem um numero impar de elétrons no seu orbital externo, sdo avidos por interagir
com outras substancias em busca de um elétron para atingir a estabilidade. Em sistemas
biol6gicos, a maioria destes radicais sdo as ROS, sendo as mais comuns o radical anidnico
superdxido e o radical hidroxila (COTINGUIBA et al., 2013).

As células possuem sistemas de defesa antioxidantes enzimaéticos, que tem por
finalidade catalisar reacdes para neutralizar as espécies reativas de oxigénio e radicais livres,
produzidos durante 0 metabolismo da respiracdo aerobica e oxidacdo de substrato, sendo a
primeira linha de defesa da célula contra 0 excesso das espécies reativas de oxigénio que tem a
acdo detoxificadora dos agentes oxidantes, antes que eles causem lesGes (Barbosa, 2010). As
defesas antioxidantes enzimaticas sao constituidas pela superoxido dismutase (SOD), a catalase
(CAT), aglutationa reduzida (GSH) e a glutationa peroxidase (GPx). Essas enzimas sdo capazes
de neutralizar os agentes oxidantes e manté-los em niveis adequados no organismo
(BYSTROM; GUZMAN; RIVELLA, 2014; URBANSKA et al., 2014).

A SOD e a CAT sdo enzimas que desempenham um papel importante na desintoxicacdo
intracelular, protegendo o organismo contra o dano oxidativo de componentes celulares, como
lipidios, proteinas e acidos nucléicos (ROCHA et al., 2018). A SOD faz parte do mecanismo
de defesa bioldgica antioxidante e converte os radicais superoxido em H,O,. Uma deficiéncia

na atividade da SOD tem sido relacionada a doencas humanas, como esclerose lateral
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amiotrofica, cancer, catarata e DP (DORAN et al., 2017). CAT est4 presente em todos 0s
organismos aerobicos vivos e uma das suas funcdes é decompor o H20, em agua e oxigénio
(PANDEY; NICHOLS, 2011).

Danos oxidativos mediados por radicais livres ocorrem em varios locais das celulas,
como a peroxidacdo de lipidica da membrana celular, resultando na geracdo de produtos
toxicos, incluindo malondialdeido (MDA) (YORITAKA et al., 1996). Niveis elevados de
MDA, substancia reativa ao &cido tiobarbitarico (TBARS) foram encontrados na SN na DP
(FLOOR; WETZEL, 2002; YORITAKA et al., 1996). O envolvimento das espécies reativas de
oxigénio na progressdo da DP levou a investigacdo sobre a utilizacdo potencial de antioxidantes
no tratamento dessa doenca (ZHOU; HUANG; PRZEDBORSKI, 2008). Uma vez que
atividades reduzidas de enzimas antioxidantes e antioxidantes ndo enzimaticos podem ser
responsaveis pela progressdo da DP (CHEN et al., 2009; DICKSON et al., 2009), a figura

abaixo demonstra o dano celular induzido pelo estresse oxidativo.
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Figura 5- Dano Celular induzido por estresse oxidativo.

Dano celular induzido por estresse oxidativo: oxidacao de proteinas, peroxidagdo lipidica, dano ao DNA, disfuncéo
mitocondrial e perturbacdo do reticulo endoplasmatico.
Fonte: (TRAMUTOLA & CASCELLA, 2020).
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217 Tratamento

Os tratamentos farmacolégicos atuais ndo tém a capacidade de impedir a progressao da
doenca. O seu objetivo passa por aliviar os sintomas, tentando melhorar a qualidade de vida dos
pacientes (CONNOLLY; LANG, 2014). As opc¢des de tratamento disponiveis passam por: uma
combinacdo de Levodopa (ou L-DOPA, o farmaco mais eficaz) e carbidopa/benserazida;
inibidores da monoaminoxidase B (IMAO-B); inibidores da catecol-O-metil-transferase
(ICOMT); anticolinérgicos e amantadina (BAILA; AT, 1999).

A maioria dos pacientes faz uso da levodopa, considerada o padrdo ouro no tratamento
da DP (EMBORG, 2004). A levodopa ¢ uma amina precursora de DA, oralmente ativa e
absorvida no intestino delgado, sendo logo descarboxilada pela enzima dopa descarboxilase e
apenas uma pequena dose chega inalterada no SNC. A meia vida plasmatica da levodopa é
muito curta, ndo passando de 90 minutos (CURTZE et al., 2015). Assim, uma alta dose é
requerida para que haja efeito, o que leva a vémitos e nduseas nos pacientes. Para bloquear os
efeitos periféricos da DA e aumentar a biodisponibilidade da levodopa, ela € coadministrada
com a carbidopa ou a benzerazida, que sdo inibidores da descarboxilase do acido amino
aromatico (FUNKIEWIEZ et al., 2003).

Apesar destes efeitos, a levodopa reduz os sintomas motores da DP, no entanto, ndo
diminui outros sintomas, nem impede a degeneracdo nigroestriatal (SINGH; PILLAY;
CHOONARA, 2007). A terapia com a levodopa é altamente efetiva durante os primeiros
estagios do tratamento, no entanto, a longo-prazo causa discinesias que € caracterizada por
diversos tipos de movimentos musculares anormais, involuntarios, excessivos, diminuidos ou
ausentes (BARGIOTAS; KONITSIOTIS, 2013).

Apesar da pesquisa farmacoldgica intensiva e dos avancos realizados nas Ultimas
décadas, os tratamentos disponiveis ndo alteram a progressdo do processo neurodegenerativo
da DP. A maioria dos pacientes ira ainda sofrer eventualmente durante o tratamento, com
complicagdes motoras que sdo dificeis de controlar e significantemente diminuem a qualidade
de vida, sendo, portanto, necessaria a descoberta de estratégias neuroprotetoras para diminuir

ou parar a progressdo da doenga.

218 Drosophila melanogaster como modelo animal para DP

A mosca-das-frutas Drosophila melanogaster, tornou-se uma ferramenta muito usada

para investigar processos bioldgicos ao longo dos 100 anos (KASTURE et al., 2018). O ciclo
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de vida da Drosophila melanogaster consiste em quatro estagios: ovo, larva, pupa e mosca. A
duracéo do ciclo de vida depende da temperatura e é concluida em cerca de dez dias quando as
moscas sdo mantidas a 25 °C (KASTURE et al., 2018). Drosophila enrigueceu bastante nossa
compreensédo da biologia e da medicina humanas. Devido ao seu ciclo de vida muito curto, a
disponibilidade de ferramentas genéticas ricas e sofisticadas, a facilidade de manutencéo e a
maior (ou mais) importante relacdo custo-beneficio, a Drosophila incorpora um organismo
modelo “ideal” (KASTURE et al., 2018).

Acredita-se que aproximadamente 65% dos genes que causam doencgas humanas tenham
um homologo funcional em Drosophila melanogaster (CHIEN, 2002; YAMAMOTO et al.,
2014) e uma fragdo significativa desses homdlogos é expressa em tecidos de Drosophila que
desempenham a funcdo do tecido humano equivalente (CHINTAPALLI; WANG; DOW,
2007).

A complexidade reduzida e a facilidade de estudar o sistema nervoso
da Drosophila permitem uma avaliagdo aprofundada da fungdo dos genes e das redes
neuronais. Muitos ensaios diferentes foram desenvolvidos para avaliar a fungé@o neuronal. Estes
incluem testes de audicdo, v0o, aprendizado e memoria e ritmos diurnos, bem como, inimeros
testes comportamentais altamente especificos (BRANSON et al., 2009; INAGAKI,
KAMIKOUCHI; ITO, 2010; MCGUIRE; DESHAZER; DAVIS, 2005; SIMON; DICKINSON,
2010). Nas ultimas duas décadas, Drosophila tem sido cada vez mais utilizada para modelar
disfuncbes neurolégicas, incluindo a neurodegeneracdo (UGUR; CHEN; BELLEN, 2016).

A mosca adulta possui estruturas que desempenham as fungdes equivalentes do coracao,
cérebro, pulméo, rim, intestino e aparelho reprodutor dos mamiferos. O cérebro da mosca adulta
é bastante notavel. Mais de 100.000 neurénios formam circuitos discretos que mediam
comportamentos complexos, incluindo ritmos circadianos, sono, aprendizado e memoria,
namoro, alimentacdo, agressdo, limpeza e de voo. A resposta das moscas a muitos
medicamentos que atuam no sistema nervoso central é semelhante aos efeitos observados nos
sistemas de mamiferos (ANDRETIC et al., 2008; BAINTON et al., 2000; MCCLUNG; HIRSH,
1998; NICHOLS; SANDERS-BUSH, 2002; ROTHENFLUH; HEBERLEIN, 2002; SATTA,
DIMITRIEVIC; MANEV, 2003; WOLF; HEBERLEIN, 2003).

A Drosophila melanogaster apresenta deficiéncias motoras associadas a DP
(PENDLETON et al., 2002), O cérebro da Drosophila possui cerca de 127 neur6nios
dopaminérgicos, estes estdo espalhados por oito grupos por hemisfério, compostos por 4 a 13
neuronios individuais (Figura 6 e 7) (MAO; DAVIS, 2009). Aadicdo da mosca ao processo de
descoberta de novas drogas, melhora a taxa de descoberta a custos reduzidos, para identificar
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potencialmente novos alvos terapéuticos (PANDEY; NICHOLS, 2011). Com isso, a Drosophila

melanogaster estd sendo empregada como modelo animal de doencas humanas que afetam o

sistema nervoso, como a DP (HIRTH, 2010).

Figura 6 - Drosophila melanogaster (A) e cérebro de mosca adulta (B, C).

A): Imagem de fémea adulta (esquerda) e masculina (direita) Canton-S Drosophila melanogaster; (B): Vista

anterior do cérebro de mosca adulta carregando proteina transportadora de serotonina. (C): neurdnios

dopaminérgicos.
Fonte: (KASTURE et al., 2018).
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Figura 7 - Distribuicdo de neurdnios dopaminérgicos (A) no cérebro de moscas adultas.

Os neurdnios dopaminérgicos estdo distribuidos em varios aglomerados no cérebro da mosca. PAM: medial

anterior protocerebral; PAL.: lateral anterior protocerebral; LPP: Protocerebro lateral posterior; PPM: medial
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posterior protocerebral; T1: toracico 1; SOG: Ganglio subesofagico; PLP: protocerebro lateral posterior; ADMP:
protocerebro dorsomedial anterior; ALP: protocerebro lateral anterior; LP: protocerebro lateral; PMPM: medial
posterior medial posterior; SEL: lateral subesofagico; DSC: Projecao contralateral, serotonina imunorreativa,
deutocerebral; MEV: ganglio subesofagico medial; PMPD: protocerebro medial posterior dorsal; IP: Protocerebral
medial inferior. Ponto vermelho: neurdnios dopaminérgicos PPL1 (A). Ponto preto: corpos celulares
dopaminérgicos (A).

Fonte: (KASTURE et al., 2018)

219 Rotenona

A rotenona é um composto lipofilico de ocorréncia natural, derivado principalmente das
raizes e caules das espécies Lonchocarpus e Derris, possui uma formula molecular de
Ca3H2206 € um peso molecular de 394,42 (GUPTA; MILATOVIC, 2014). E o mais potente
composto da familia dos rotenoides. A rotenona atua como um forte inibidor do complexo | da
cadeia respiratéria mitocondrial (BEAL, 2001). O mecanismo de a¢do compreende a inibicéo
da transferéncia de elétrons dos centros ferro-enxofre do complexo | para a ubiquinona, levando
a um bloqueio da fosforilacdo oxidativa com sintese limitada de ATP (GUPTA; MILATOVIC,
2014). Além disso, a transferéncia incompleta de elétrons para o oxigénio pode levar a
formacdo de ROS (LI et al., 2003). Essa producdo de ROS é induzida pela rotenona, com um
dano presumido dos componentes da mitocondria, incluindo o DNA mitocondrial, que pode
eventualmente levar a apoptose (FATO et al., 2009). Além dos efeitos no complexo | da cadeia
respiratoria mitocondrial, varios estudos demonstraram que a rotenona inibe a montagem de
microttbulos independentemente de uma etapa especifica que requer energia, através da ligacdo
da tubulina, resultando em parada mitotica e inibigdo da proliferacdo celular (BRINKLEY et
al., 1974; MARSHALL; HIMES, 1978; SRIVASTAVA; PANDA, 2007). Devido a esse
mecanismo de acdo e a alta lipofilicidade, a rotenona atravessa facilmente as membranas
biologicas, incluindo a barreira hematoencefdlica (BETARBET; SHERER; TIMOTHY
GREENAMYRE, 2002; UVERSKY, 2004).

A rotenona tornou-se interessante para a pesquisa da DP. A funcdo mitocondrial
defeituosa, principalmente a diminuigdo da atividade do complexo | e 0 aumento do estresse
oxidativo, foi demonstrada em um subconjunto de pacientes com DP (SCHAPIRA, 2008;
SCHAPIRA et al., 1990). Devido ao seu importante papel na polaridade neuronal, transporte
axonal e plasticidade sinaptica, a disfuncdo dos microtubulos também pode desempenhar um
papel na progressdao da DP (CAPPELLETTI et al, 2015; MILLECAMPS; JULIEN,

2013). Além disso, foi demonstrado que a exposicdo a rotenona se correlaciona com a
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ocorréncia de varios sintomas semelhantes @ DP em humanos (TANNER et al., 2011). A
administracao cronica de rotenona causou degeneracao seletiva de neurbénios dopaminérgicos
nigrais com caracteristicas histopatologicas de DP e sintomas locomotores semelhantes a DP
em modelos animais (BETARBET et al., 2000). Este modelo contribui para elucidar
mecanismos patogénicos da neurodegeneracdo na DP, com os papéis de estresse oxidativo,
apoptose, disfuncdo mitocondrial, inflamacdo e comprometimento das vias de degradacdo de
proteinas (BOVE; PERIER, 2012).

2110 Nanoparticulas carregadas de p-caroteno

O B- caroteno € 0 membro mais proeminente do grupo de carotenoides, corantes naturais
que ocorrem na dieta humana (BRITTON; LIAAEN-JENSEN; PFANDER, 2008). Como
tetraterpendide, consiste em 40 4tomos de carbono em uma estrutura central de ligag6es duplas
conjugadas substituidas por anéis 2- B- ionona. Devido ao seu sistema estendido de 9 ligac6es
duplas totalmente conjugadas, o - caroteno mostra um pico de absorcao principal no espectro
visivel com um maximo em 450 nm, responsavel pela cor laranja ao vermelho do composto
(TOMITA et al., 2002). O all-trans-B-caroteno € o precursor mais adequado e importante para
a vitamina A (KRINSKY; JOHNSON, 2005). Isso se deve principalmente a sua estrutura
simetrica, porque o all-trans-p-caroteno € o unico carotendide capaz de produzir 2 moléculas
de all-trans-retinol ap6s a clivagem oxidativa da ligacdo carbono-carbono central 15,15', que é
catalisada pela p-caroteno monooxigenase (OLSON; NAGAO, 1994). Estrutura quimica e

clivagem do B-caroteno se encontra na figura 8 abaixo.
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Figura 8 - Estrutura quimica e clivagem do B-caroteno.

Fonte: (AMBROSIO; CAMPOS; FARO, 2006).

Por razdes estruturais ¢ com base em dados experimentais, o B-caroteno foi designado
como antioxidante (BRITTON; LIAAEN-JENSEN; PFANDER, 2008; BURTON; INGOLD,
1984; KRINSKY; JOHNSON, 2005; STAHL; SIES, 2005). Devido a sua estrutura Unica e
eficacia de clivagem, o B-caroteno € o carotenoide provitamina A mais eficiente (GRUNE et
al., 2010). Pois o composto tem a capacidade de eliminar o oxigénio molecular singlete no qual
elimina as espécies reativas de oxigénio (GRUNE et al., 2010).

Estudos epidemiol6gicos tém revelado que um aumento no consumo de carotenoides na
dieta estd correlacionado com a diminuigdo do risco de muitas doencgas degenerativas
(MAYNE; TAYLOR, 1996; STAHL,; SIES, 2005; WATZL et al., 2005; ZHANG; OMAYE,
2001). EI-Agamey et al. (2004), demonstrou no estudo em animais in vitro que o - caroteno
pode prevenir danos oxidativos, contrariando os efeitos dos radicais livres, que podem estar
envolvidos no processo patoldgico de muitas doencas cronicas.

O efeito protetor tem sido associado a sua capacidade antioxidante, protegendo células
e tecidos de danos oxidativos (SIES; STAHL, 1995). Além disso, 0s carotenoides
demonstraram ter a capacidade anti-inflamatéria (MITCHELL; PAIVA; HEATON, 1999; WU
etal., 2015). Yang et al. (2017), prospectivamente relacionou o consumo de 3-caroteno na dieta
com a capacidade antioxidante e o risco reduzido de DP em duas coortes de base populacional
(38.937 mulheres e 45.837 homens). Os resultados sugeriram que 0 uso constante de

suplementos antioxidantes, como o [3-caroteno, pode exercer um efeito protetor na DP atraves
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da reducdo do dano oxidativo, neutralizando o efeito das ROS. Ono e Yamada (2007),
avaliaram as atividades antifibrilogénicas e desestabilizadoras de fibrilas in vitro do p-caroteno
e vitamina A, impedindo a degeneracdo dos neurdnios na DP. Etminan (2005), estudaram o
efeito da ingestdo de B-caroteno no risco de DP por meio de uma meta-anélise de estudos
observacionais, mas eles ndo conseguiram destacar nenhum efeito protetor do [-caroteno,
provavelmente devido ao pequeno numero de estudos que incluiram dados sobre a ingestao
alimentar de esse carotenoide. Kim et al. (2017), observou que o0s niveis séricos de alguns
carotenoides como, a-caroteno, B-caroteno e licopeno, eram mais baixos em pacientes com DP.
Como o B-caroteno possui capacidade hidrofébica e é oxidado quando exposto a presenca de
oxigénio, luz e calor (GUL et al., 2015; KOHNO et al., 2016), alguns processos tecnolégicos,

como a nanoencapsulacdo podem exercer influéncia positiva na
biodisponibilidade e estabilidade de carotenoides (NWACHUKWU; UDENIGWE; ALUKO,
2016). Em um estudo as nanoparticulas de B-caroteno demonstraram protecdo contra danos
celulares no organismo e, portanto, potencializam seus sistemas enddgenos de defesa
antioxidante (GST, SOD e CAT) (ROCHA et al, 2018). Com isso, as técnicas de
encapsulamento oferecem solucGes possiveis para aumentar a biodisponibilidade, a
solubilidade em &gua e a estabilidade dos carotenoides hidrofébicos como demonstrado na
figura 9 abaixo (RASCON et al., 2011; SUTTER; BUERA; ELIZALDE, 2007). E assim sendo
possivel investigar o efeito das nanoparticulas carregadas de [3-caroteno nos danos causados
pela DP, pois o B-caroteno pode ser Util para melhorar a memoria e sugere seu potencial no

tratamento de doencas neurodegenerativas (HIRA et al., 2019).
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Figura 9 - Nanoparticulas de B-caroteno dispersas em agua (esquerda) e B-caroteno disperso em dgua (direita).
Fonte: (ROCHA et al., 2018)
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3. JUSTIFICATIVA

Com o0 aumento da expectativa de vida da populacdo idosa, existe um aumento no
nimero de casos de doencas neurodegenerativas como a DP, por isso, € necessario 0
desenvolvimento de novas opcOes terapéuticas que tenham como objetivo a prevengéo e
tratamento da doenca, ou pelo menos amenize os sintomas. Diante disto, € importante
estudarmos os efeitos terapéuticos de nanoparticulas carregadas de [-caroteno, pois ainda ndo
existem dados suficientes na literatura que associem as nanoparticulas carregadas de p-caroteno
e os danos da DP, além de demonstrar os mecanismos envolvidos no possivel efeito

farmacoldgico do carotenoide.
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4. OBJETIVOS

411 Objetivo geral
Investigar um possivel efeito neuroprotetor de nanoparticulas carregadas de B-caroteno
sobre alteragfes comportamentais e neuroquimicas causadas pela exposicdo de Drosophila

melanogaster a rotenona.

412 Objetivos especificos

e Avaliar o efeito do B-caroteno na forma livre e na forma de nanoparticulas sobre o
comportamento motor de Drosophila melanogaster;

e Analisar possiveis alteracdes motoras em Drosophila melanogaster apds exposicao a
rotenona e tratamento com nanoparticulas carregadas de B-caroteno;

e Auvaliar a taxa de sobrevivéncia e consumo alimentar da Drosophila melanogaster apds
exposicdo a rotenona e ao tratamento com nanoparticulas carregadas de -caroteno;

e Avaliar a atividade da acetilcolinesterase (AChE) e dos indicadores de estresse
oxidativo no corpo e na cabeca em Drosophila melanogaster submetidas as
nanoparticulas carregadas de -caroteno e a rotenona.

e Avaliar a viabilidade celular no teste de reducdo de resazurina no corpo e na cabecaem
Drosophila melanogaster submetidas as nanoparticulas carregadas de p-caroteno e a
rotenona.
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5. MANUSCRITO CIENTIFICO

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a forma de artigo
cientifico. Os itens Materiais e Meétodos, Resultados, Discussdo e  Referéncias
Bibliogréaficas, encontram-se no préprio artigo. O artigo estd disposto na forma que serd
submetido na revista “Comparative Biochemistry and Physiology - Part C: Toxicology &
Pharmacology .

Manuscrito:
“p-carotene-loaded nanoparticles reverse neuromotor damage and oxidative stress in a

model of Parkinson's disease in Drosophila melanogaster”
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Abstract

Parkinson's disease (PD) is a progressive neurodegenerative disorder that exhibits
motor symptoms, which are accompanied by the loss of dopaminergic neurons and
Lewy body aggregation, which can be triggered by the action of free radicals. B-
carotene is a carotenoid found in yellow-orange fruits and vegetables and is an
important exogenous antioxidant that has two B-ionone radicals, which decompose to
form two pro-vitamin A molecules, where they inhibit free radical-mediated chain
reactions and this can be a mechanism to repair the damage caused by PD. Therefore,
nanoencapsulation of B-carotene improves efficiency and absorption, increasing its
aqueous solubility, protecting it from degradation, controlling release and improving
bioavailability. Thus, it is important to investigate a possible neuroprotective effect of
[-carotene-loaded nanoparticles caused by exposure of Drosophila melanogaster to
rotenone. Flies of both sexes, from 2 to 4 days old, were divided into four groups: (1)
standard diet (control); (2) a diet containing either rotenone (500 uM); (3) B-carotene-
loaded nanoparticles (20 uM); (4) B-carotene-loaded nanoparticles and rotenone
exposed for 7 days. After the exposure to those diets, survival test, behavioral assays
(geotaxis, open field and aversive phototaxis), food consumption and ex vivo analyzes:
acetylcholinesterase (AChE) activity, reactive species levels (ROS), thiobarbituric acid
reactive substances (TBARS), catalase (CAT), superoxide dismutase (SOD), protein
thiol (PSH) and non-protein thiol (NPSH) content and resazurin were performed. The
flies' exposure to B-carotene-loaded nanoparticles managed to reverse the deficits
induced by rotenone, such as improving motor function and mortality and attenuating
cholinergic deficits. In addition, B-carotene-loaded nanoparticles also reduced the

levels of ROS and TBARS and restored the activity of the antioxidant enzymes SOD
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and CAT after exposure to rotenone. The results obtained showed that -carotene-
loaded nanoparticles have antioxidant action and are effective in reducing the toxicity

induced by rotenone in Drosophila melanogaster.

Keywords: carotenoids; geotaxis; nanoencapsulation; neuroprotective; rotenone.
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1 Introduction
Parkinson's disease (PD) is the second most common neurodegenerative
disease, its prevalence increases with age, affecting people over 60 years (TYSNES;
STORSTEIN, 2017). Described by James Parkinson in 1817, PD is a chronic
neurodegenerative disease characterized by the loss of dopaminergic neurons in the
substantia nigra, which leads to decreased levels of dopamine in the striatum and
disrupted motor control. Neuronal eosinophilic inclusions known as Lewy bodies and
aggregation of alpha-synuclein protein are hallmarks of the disease (RAZA; ANJUM,;
SHAKEEL, 2019). Many other neuronal cell populations are also affected and account
for the presence of non-motor symptoms. The main pathophysiological mechanisms
of disease, include mitochondrial dysfunction, oxidative stress and changes in the
dopaminergic and cholinergic system (OBESO et al.,, 2010; ZHU et al., 2008).
Evidence has shown reduced activity of AChE resulting in increases in the AChE
availability in the synaptic cleft in neurodegenerative disorders such as PD (ZHU et al.,
2008). Although substantial efforts have been made to understand the pathogenesis
of PD, detailed molecular and cellular mechanisms remain largely unknown (SONG et

al., 2017).

The main treatment of PD is drug therapy and its main objective is to increase
dopaminergic activity in the basal ganglia (MARCHI et al., 2013). Levodopa was the
first effective drug for PD and is still the most used. Because it is the immediate
precursor to dopamine, it can cross the blood-brain barrier and allow the depleted
number of dopaminergic neurons to produce more dopamine and relieve symptoms
(HADDAD et al.,, 2018). The symptoms tend to increase over time due to the

progression of the degenerative process on the substantia nigra and with this come
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the side effects of the drug such as hallucinations, delusions, drowsiness, dystonia and

especially dyskinesias, which often limit the dose that can be taken (HAYES, 2019).

Thus, new strategies are needed aiming treatment to reduce the progression of
symptoms. Once symptomatic treatment is needed, new pharmacological strategies
should produce functional improvement with minimal adverse effects. However, the
new therapeutic options are not intended to propose a unique way to treat patients with
PD, but to contribute to those that already exist. With potential antioxidant and anti-
inflammatory effects, carotenoids receive special attention in studies related to PD
(KIM et al., 2017; LEE; KIM; LEE, 2011; ZHANG et al., 2002). So, it has been
suggested that oxidative and inflammatory damage play an important role in the
progression of neurodegenerative diseases such as PD (DEXTERA; JENNER, 2013).
In addition, the level of carotenoids in the serum of PD patients is reduced compared

to normal individuals (KIM et al., 2017).

B-carotene, the main carotenoid present in the human diet, is found in yellow-
orange fruits and vegetables and known for its antioxidant activity that allows
eliminating free radicals due to the structure of conjugated double bonds (GRUNE et
al., 2010 ELLIOTT, 2005; RODRIGUEZ-AMAYA, 2010). In humans, B-carotene
regulates the cell proliferation and differentiation and acts on intracellular
communications (GUDAS; WAGNER, 2011). In this sense, higher intake of B-carotene
is associated with better cognitive performance in older subjects (JAMA et al., 1996)
and with lower PD risk in both women and men (MIYAKE et al., 2011; YANG et al.,
2017). Furthermore, an important property of B-carotene is to present two 3-ionone
radicals, which decompose to form two pro-vitamin A molecules (ELLIOTT, 2005;

RODRIGUEZ-AMAYA, 2010). Interestingly, the dopaminergic system, which
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constitutes a well-documented pathway involved in PD is one of the targets of vitamin

A action in the CNS (BORRELLI; CHAMBON, 1999).

Despite numerous properties, its structure, composed of double bonds
conjugated with a center of symmetry, results in a highly hydrophobic character,
decreasing its solubility in water (KOHNO et al., 2016). Thus, technological
approaches are needed to improve the solubility and bioavailability of B-carotene in
hydrophilic media (NWACHUKWU; UDENIGWE; ALUKO, 2016). The nano-
encapsulation techniques offer possible solutions to increase the water solubility,
stability and bioavailability of hydrophobic carotenoids (RASCON et al., 2011;

SUTTER; BUERA,; ELIZALDE, 2007).

Thus, it is important to investigate a possible neuroprotective effect of [3-
carotene-loaded nanoparticles on the behavioral damage caused by the exposure of

Drosophila melanogaster to rotenone, as well as possible mechanisms of action.

2. Materials and Methods

2.1 Chemicals
-carotene (97% purity, Sigma-Aldrich), was dissolved in canola oil immediately
before use. B-carotene in the form of nanoparticles was prepared in according to
(ROCHA et al., 2018). Polyvinylpyrrolidone nanoparticles (PVP, 40,000 g - mol - 1,
Sigma-Aldrich), Tween 80 (Dynamics) and ethanol (99.5%, Neon). Rotenone and
guinine hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). All

other reagents used were of analytical grade.
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2.2 Drosophila melanogaster stock

The experiments were performed using wild type Drosophila melanogaster
(Harwich strain) obtained from the National Species Center (Bowling Green, Ohio,
USA). The flies were reared and maintained for about 4 days in an incubator (BOD) in
a 25 + 1°C controlled temperature environment and 60-70% humidity with a 12/12 hour
light dark cycle. The flies were kept in glass jars containing 10 mL of standard food
containing cornmeal (76.59%), wheat germ (8.51%), sugar (7.23%), milk powder (7.23

%), salt (0.43%), antifungal (Nipagin) and a hint of dry yeast.

2.3. Experimental design

2.3.1 Experiment 1: Effect of B-carotene or B-carotene-loaded nanoparticles

on locomotor and exploratory activity

A concentration-response curve for 3-carotene was performed to evaluate the
effect on locomotor and exploratory activity and to define the concentration for
subsequent experiments. The flies of both sexes from 2 to 4 days of age, were divided
into ten groups (50 flies each) exposed to a standard diet (control group), a diet
containing canola oil at a final concentration of 0.5%, free nanoparticles (100 uM)
dissolved in water, p-carotene (2, 20 or 60 uM), dissolved in canola oil or B-carotene-
loaded nanoparticles, dissolved in water (2, 20 or 60 uM ) for 7 days. After the exposure
to the diet, the flies were submitted to negative geotaxis and open field tests to evaluate

locomotor and exploratory activity. The treatment schedule is depicted in Figure 1A.

2.3.2 Experiment 2: Effect of B-carotene-loaded nanoparticles on locomotor and
exploratory deficit induced by exposure to rotenone, percentage of survival, food

consumption, acetylcholinesterase (AChE) and oxidative stress indicators
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After experiment 1 determined that (B-carotene-loaded nanoparticles at a
concentration of 20 uM do not alter thelocomotor activity in Drosophila melanogaster,
we assessed whether this concentration of B-carotene-loaded nanoparticles protects
against the damage induced by rotenone. The flies were divided into four groups (50
flies each) exposed to a standard diet (control), B-carotene-loaded nanoparticles (20
MM), diet containing rotenone (500 uM), B-carotene-loaded nanoparticles (20 uM) plus
rotenone (500 uM) for 7 days. After exposure to the diet, the flies were subjected to
negative geotaxis and open field test, assess locomotor and exploratory activity and
aversive phototaxis to assess memory. In addition, the percentage of survival, during
7 days of exposure, and food consumption were evaluated. The concentration of
rotenone (500 uM) was selected based on a previous study (ARAUJO et al., 2015;
SUDATI et al., 2013). The diet treatment consisted of 1% w/v beer yeast, 2% w/v
sucrose, 1% w/v powdered milk, 1% agar w/v and 0.08% w/v methylparaben. The total
food medium in all groups contained a volume of 0.5% ethanol. After the behavioral
test, the flies were used to determine AChE activity, reactive oxygen species (ROS),
lipid peroxidation (TBARS), catalase (CAT), superoxide dismutase (SOD), protein thiol
content (PSH) and non-protein thiol (NPSH) and cell viability (resazurin) in the head

and body of Drosophila melanogaster. The treatment schedule is shown in Figure 2A.

2.4 In vivo assays

2.4.1 Survival Rate

The percentage of survival was evaluated daily for 7 days, where the number of live
flies per day was counted until the end of the experimental period, 500 flies were
included in each group; with the total number of flies representing the sum of ten

independent experiments (50 flies/each replicated treatment).
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2.4.2 Negative geotaxis assay

Test that evaluates the locomotor and climbing capacity of flies with some
modifications (FEANY; BENDER, 2000). In summary, after 7 days of treatment, 15 flies
from each group were briefly anesthetized with ice and placed individually in a vertical
glass test tube with a diameter of 1.5 cm. After 10 min. of recovery from ice exposure,
the flies were lightly tapped on the bottom of the tube. We measured the time taken by
each fly to reach the top of the column (6 cm) and the flies that remained at the bottom
were counted separately, with a maximum evaluation time of 120 seconds. The test
was repeated five times for each fly, with an interval of 1 min, and the data were

analyzed according to time.

2.4.3 Open field test

According to the method described by (CONNOLLY, 1966), and modifications
by (MUSACHIO et al., 2020), we evaluated the exploratory activity, in the open field
test with 15 flies from each group, each fly was kept in a Petri dish divided by squares
measuring 1x1 cm each, maintained for a recovery period of 10 min. before the start

of the test and the number of crosses was determined over a period of 60 seconds.

2.4.4 Aversive Phototaxy

The aversive phototaxy test was applied according to the methodologies
described by (LE BOURG; BUECHER, 2002; SEUGNET et al., 2009), with some
adaptations. The test was performed to assess the memory of the flies, considering
that cognitive impairment is established as a non-motor characteristic of PD (LEROI et
al., 2012). The test was developed based on the natural phototaxy instinct of the flies,

and the quinine repellent action, used as a negative reinforcement due to the dodge of
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the flies. First, it was observed whether the flies responded to light stimuli (phototaxy),
which is an important factor for the test. Then, individually, the flies were placed in a
dark cylindrical tube for one minute for adaptation. Subsequently, another tube (of the
same size) was attached, fully illuminated by a 150W lamp. If the fly remained on the
dark side, phototaxy impairment was found and it was excluded from the test. If the fly
went within a minute to the lighted side, phototaxy was proven and that fly would be
able to move on to the next step to complete the test. In the second moment, flies were
trained. Then, a filter paper moistened with 320 pyL of 10~' M quinine hydrochloride
solution was added to the clear side of the tube. The fly had up to 10 seconds to go
towards the light. This test was then repeated five times. At the end of the training, in
the sequence, the flies were placed back on the apparatus to assess whether the
training was effective, however, the quinine was removed from the lighted side. The
permanence of the flies on the dark side means that it was memorized that the light
repelled them. Six hours after training, each fly was evaluated in 5 attempts again in
the same way as before, and the number of times the fly avoided the lighted bottle was
recorded. This approval rate is recorded as 6 hours after conditioning, which is an

indicator of long-term memory.

2.4.5 Food consumption

Food consumption was assessed according to (LUSHCHAK et al., 2011) with
some adaptations. First, the four groups with 15 flies were left without food and water
for 30 min. Shortly after starvation, the flies were placed in the same food exposed
with 0.55 FCF Brilliant Blue dye (FD & C Blue Dye no. 1) for 2 hours. After the feeding
period, each group of flies was euthanized with ice and after that the head was

separated from the body. Then, 15 bodies of the flies of each group were homogenized
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in 200 yL of 20 mM HEPES, pH 7.5 and centrifuged at 14,288-x g for 15 min. The
supernatant was measured with a 629 nm microplate reader. The optical density of the
homogenates of the flies that consumed the diet without dye was used as a standard

curve.

2.5 Ex vivo assays

2.5.1 Sample Preparation

Immediately after the behavioral evaluations the flies were euthanized on ice
and homogenized in HEPES buffer (20 mM, pH 7.0), 10:1 (flies/volume pL) for 2 min.,
with or without head according to each analysis to be performed. The resulting
homogenate was then centrifuged according to each protocol analysis and the
supernatant fraction (S1) was used for the determination of enzymatic and non-
enzymatic indicators of oxidative stress, AChE activity and cell viability. The protein
content was measured colorimetrically using the Bradford method (BRADFORD, 1976)

and bovine serum albumin (1 mg/mL) was used as the standard.

2.5.2 Determination of acetylcholinesterase (AChE) activity

AChE activity was measured using the method described by (ELLMAN et al.,
1961). Twenty heads and 20 bodies from each group were homogenized in 200 uL
and 800 pL of HEPES buffer (20 mM, pH 7.0) respectively and centrifuged (78-x g for
10 min.) using acetylthiocholine iodide as a substrate in fly head and body
homogenates. Each sample was analyzed in triplicate. The hydrolysis rate of
acetylthiocholine iodide was measured at 412 nm for 2 min. spectrophotometrically

through the release of thiol compounds, which reacted with 5,5'-dithiobis-(2-
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nitrobenzoic acid) (DTNB), producing the colored product thionitrobenzoic acid. The

data were expressed in umol AcSCh/h/mg of protein.

2.5.3 Determination of reactive species (ROS) levels

The level of reactive species was determined by the spectrofluorometric
method, according to (PEREZ-SEVERIANO et al., 2004). Therefore, 10 flies per group
were euthanized on ice and the heads were homogenized in 500 pL of 10 mM Tris
buffer (pH 7.0). Subsequently, the head homogenate was centrifuged at 1,000-x g for
5 min. at 4 ° C and the supernatant was removed and used for quantification of the 2
', 7' -dichloroflurescein diacetate (DCF-DA) oxidation test. The fluorescence emission
of the DCF resulting from the oxidation of the DCF-DA was monitored after 1 h with an
excitation wavelength of 488 nm and an emission wavelength of 520 nm using a
fluorescence spectrometer. The results were expressed as a percentage of the
formation of the DCF control in arbitrary units (AU). The average of three to four

independent experiments was used (30 to 40 flies for each group).

2.5.4 Thiobarbituric acid reactive substance (TBARS) levels.

Lipid peroxidation was estimated by TBARS measurement and was expressed
in terms of malondialdehyde (MDA) content, according to the method described by
(OHKAWA,; OHISHI; YAGI, 1979). In this method, MDA, a final product of lipid
peroxidation, reacts with thiobarbituric acid (TBA) to form a colored complex. Briefly,
the heads of 20 flies from each group were homogenized in a 120 puL HEPES buffer
and the bodies were homogenized in a 400 uL HEPES buffer (pH 7.0) and centrifuged
at 78-x g for 10 min. (4°C). TBARS content was measured in a medium containing 50

pL of tissue homogenate from the head or body of the flies, 50 uL of 1.2% sodium
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dodecyl sulfate (SDS), 12 pL of acetic acid buffer (0.45 M, pH 3.4) and 125 pL of
thiobarbituric acid (TBA, 8%). The mixture was then heated to 95°C for 120 min. in a
water bath. After cooling to room temperature, absorbance was measured in the

supernatant at 532 nm. The results were calculated as nmol MDA/mg protein.

2.5.5 Determination of catalase (CAT) activity

The activity of the catalase enzyme (CAT) was tested according to (AEBI, 1987),
with modifications according to (PAULA et al., 2014). Briefly, homogenates containing
20 heads and 20 bodies of flies from each group were centrifuged at 15,366-x g for 10
min. at 4°C. CAT activity was estimated by adding 30 uL of head or body sample to a
reaction mixture containing buffer phosphate (0.25 M/2.5 mM EDTA, pH 7.0), hydrogen
peroxide (10 mM, H202) and Triton X-100 (0.012%). The decomposition of H>O> was
monitored at 412 nm for 2 min. and the activity was expressed in U/mg of protein (1U
decomposes 1 pmol of H2O2/min. at pH 7.0 and 25°C) and was determined of four

independent experiments.

2.5.6 Determination of superoxide dismutase (SOD) activity

Superoxide dismutase (SOD) activity was determined by monitoring the
inhibition of quercetin auto-oxidation, according to (KOSTYUK; POTAPOVICH, 1989),
with modifications (FRANCO et al., 2009). The homogenates containing 20 heads and
20 flies from each group were centrifuged at 15,366-x g for 10 min. at 4°C. The sodium
phosphate buffer reaction mixture (0.025 M/0.1 mM EDTA, pH 10), N, N, N, N-
tetramethylethylenediamine (TEMED) was added (1 mL) along with 10 yL of sample
diluted in 90 pyL of HEPES buffer and 50 uL of quercetin were monitored at 406 nm for

2 min. to assess their autoxidation. They represent the average of the amount of
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protein required to inhibit quercetin oxidation by 50% at 26°C. The SOD activity was

expressed as U/mg protein.

2.5.7 Determination of thiol content

The determination of protein (PSH) and non-protein (NPSH) thiol content was
estimated based on spectrophotometry, according to (ELLMAN, 1959). To determine
the thiol content (PSH), the heads of 35 flies were homogenized in 350 uL of Tris buffer
(pH 8.0) and the bodies of 35 flies were homogenized in 1,400 uL of Tris buffer (pH
8.0). For the evaluation of non-protein thiol (NPSH), the 300 pL homogenate was
precipitated from the head or body with 100 uL of 0.5M PCA, followed by centrifugation
at 7840g (4°C for 5 min.). Subsequently, 50 pL of supernatant and 190 uL of 0.5 M
Tris/HCI buffer (pH 8.0) were used. For both tests, the absorbance was measured by
spectrophotometry at 412 nm after a 15 min. incubation with 10 pL of 5,5 'dithiobis-2-
nitrobenzoic acid (DTNB) 5 mM at room temperature (25°C). The results are shown as

a percentage of the control group.

2.5.8 Cell Viability Assessment

Cell viability assay was performed using samples from 10 fly heads and bodies
homogenized in 100 mL of 20 mM Tris buffer (pH 7.0) and centrifuged at 999-x g for
10 min. at 4°C. The supernatant was removed and 20 pL of the sample was added to
an acrylic microplate, together with 180 pyL of 20 mM Tris (pH 7.0) and 10 pL of
resazurin for 2 hours, readings were performed at 573 nm. This method consists of the
cells’ ability to reduce resazurin to resorufin, which is a fluorescent molecule, where it
assesses cell viability (FRANCO et al., 2009). The results were expressed as the

percentage of the control.
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2.6 Statistical analysis

The GraphPad Prism 7 software was used for statistical analysis and plotting
graphs. Statistical analyses were performed by one-way or two-way analysis of
variance (ANOVA), followed by Bonferroni’'s post hoc test, depending on the
experiment. Lifespan measurement was determined by comparing the survival curves
with a log-rank (Mantel-Cox) test. Values of P < 0.05 were considered statistically

significant. All data are expressed as the mean and S.E.M.

3. Results

3.1 Experiment 1

Figure 1 (B and C) shows the effect of the exposure to B-carotene (2, 20, 60 or
100 yM) or B-carotene loaded nanoparticles (2, 20 or 60 uM), for 7 days, on the
climbing time and crossing number in the geotaxis and open field test respectively of
Drosophila melanogaster. Statistical analysis (one-way ANOVA) did not show a
significant difference between groups for climbing time, however, it revealed that
exposure to B-carotene-loaded nanoparticles significantly increased the crossing
number [F9,40= 3.89; P<0.05]. Post hoc comparisons showed that B-carotene loaded
nanoparticles at the 2 and 60 uM concentrations improved locomotor and exploratory
activity in the open field test (Fig. 1C), compared to the control group. In addition, 3-
carotene loaded nanoparticles at the 60 uM concentrations improved locomotor and

exploratory activity, compared to the (-carotene (60 uM) group.

3.2 Experiment 2
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Figure 2 (B-G) shows the effect of the exposure to rotenone (500 uM), B-
carotene-loaded nanoparticles (20 yM) and the co-exposure to rotenone and [3-
carotene-loaded nanoparticles, for 7 days, on the survival percentage, climbing time
(geotaxis test) and crossing number (open field test), aversive phototaxy and Food
consumption of Drosophila melanogaster. Statistical analysis revealed that exposure
to rotenone, significantly decreased the percent survival of flies over experimental
period compared to the control group. However, B-carotene-loaded nanoparticles co-
exposure protected the flies against the rotenone-induced mortality (Fig. 2B).
Statistical analysis (two-way ANOVA) also revealed a significant effect for the
interaction factor (B-carotene-loaded nanoparticles versus rotenone) on the climbing
time [Fa,20= 11.20; P<0.05], the crossing number [F@24= 26.21; P<0.05] and the
aversive phototaxy [F(,8= 28.52; P<0.05; in the training] and [F(,8= 122.4; P<0.05; in
the 6 hours after conditioning]. Post hoc comparisons demonstrated that, 3-carotene-
loaded nanoparticles co-exposure protected the flies against the locomotor and
exploratory damage in the geotaxis (Fig. 2C) and open field test (Fig. 2D) and against
the long-term memory deficit induced by rotenone (Fig. 2 E and F). Statistical analysis
(two way ANOVA) did not show a significant difference between groups for Food

consumption of the flies (Fig. 2G).

3.3 Determination of AChE activity

Figure 3 (A and B) shows the effect of the exposure to rotenone (500 M), B-
carotene-loaded nanoparticles (20 yM) and the co-exposure to rotenone and [3-
carotene-loaded nanopatrticles, for 7 days, on AChE activity in the head and body of
Drosophila melanogaster. Statistical analysis (two-way ANOVA) revealed a significant

effect for the interaction factor (B-carotene-loaded nanoparticles versus rotenone) on
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AChE activity in the head [F(1,16) = 2.788; P<0.05], however, it did not show a significant
difference between groups in the body. Post hoc comparisons demonstrated that the
exposure to rotenone decreased AChE activity in the head. The co-exposure with [3-
carotene-loaded nanopatrticles protected the flies against the AChE activity decrease

induced by rotenone in the head (Fig. 3A).

3.4 Determination of oxidative stress indicators

Figures 4 (A-D) and 5 (A-H) show the effect of the exposure to rotenone (500
MM), B-carotene-loaded nanoparticles (20 uM) and the co-exposure to rotenone and
B-carotene-loaded nanoparticles, for 7 days, on oxidative stress indicators (ROS,
TBARS, CAT, SOD, NPSH and PSH) in the head and body of Drosophila
melanogaster. Statistical analysis (two-way ANOVA) revealed a significant effect for
the interaction factor (B-carotene-loaded nanoparticles versus rotenone) on oxidative
stress indicators: ROS [F(1,16)= 4.520; P<0.05], TBARS [F(1,16) = 13.73; P<0.05], CAT
[F,16) = 31.02; P<0.05] and SOD [F(1,20= 12.57; P<0.05] in the head and ROS [F(1,16)=
11.06; P<0.05], TBARS [F(.16= 8.729; P<0.05] and SOD [F(1.20= 33.80; P<0.05] in the
body. Post hoc comparisons demonstrated that (-carotene-loaded nanoparticles co-
exposure protected the flies against the ROS production and lipid peroxidation
increases and antioxidant enzymes decreases induced by rotenone in the head (ROS,
Fig. 4A; TBARS, Fig. 4C; CAT, Fig. 5A and SOD, Fig. 5C) and in the body (ROS, Fig.
4B; TBARS, Fig. 4D and SOD, Fig. 5D). Rotenone did not induce any alterations for

CAT in the body (Fig. 5B), NPSH and PSH in the head and body (Fig. 5 E-H).

3.5 Determination of cell viability by reduction resazurin
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Figure 6 (A-B) shows the effect of the exposure to rotenone (500 uM), B-
carotene-loaded nanoparticles (20 yM) and the co-exposure to rotenone and [3-
carotene-loaded nanopatrticles, for 7 days, on cell viability by the reduction of resazurin
in the head and body of Drosophila melanogaster. Statistical analysis (two-way
ANOVA) did not show a significant difference between groups for reduction of

resazurin.

4, Discussion

In the present study, we suggested the protector effect of B-carotene-loaded
nanoparticles on PD model induced by rotenone in Drosophila melanogaster. Our
results showed that B-carotene-loaded nanoparticles (2 and 60 uyM) per se improved
locomotor and exploratory activity in the open field test in Drosophila melanogaster,
compared to the control group, as well as, when compared to (3-carotene itself in its
non-encapsulated form (60 uM). This suggests a greater potential for 3-carotene in the
form of nanopatrticles. B-carotene is highly insoluble in the aqueous systemand prone
to degrade under various environmental conditions, which makes different delivery
systems, such as nanoparticles, necessary to protect B-carotene from degradation
(CHUACHAROEN et al., 2016). The nanoparticles can increase the solubility and
stability and decrease toxicity of bioactive compounds, improving their absorption and
consequently circulation in the central nervous system, which improves its biological
effects (BONIFACIO et al., 2014). In this sense, the better locomotor performance of
flies exposed to B-carotene-loaded nanoparticles in relation to control group may

suggest, at least in part, to be a consequence of an increase in bioavailability caused
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by the encapsulation of B-carotene. Corroborating studies that show greater

bioavailability of B-carotene after nanoencapsulation (ROCHA et al., 2018).

Our results showed that rotenone exposure decreased the survival rate, caused
locomotor damage in the geotaxis and open field tests, and also memory deficit in the
aversive phototaxy test in the flies. These behavioral changes are likely to be provoked
by rotenone-induced neurotoxicity, since alterations in AChE activity and oxidative
stress indicators (CAT, SOD, TBARS and ROS) were also observed in the head and
body of Drosophila melanogaster. It is known that rotenone can induce mitochondrial
dysfunction through inhibition of complex | of electron transport chain and increase the
ROS production, causing changes similar to DP. (RAMACHANDIRAN et al., 2007;
SCHULER; CASIDA, 2001; SWARNKAR et al., 2010). Impaired mitochondrial function
occasionally affects neurons, behavioral and accelerates the neurodegenerative
process (NAVARRO et al., 2002; ZEEVALK et al., 2005). Previous reports have shown
that the administration of rotenone has effects in rats that resemble human PD,
suggesting that rotenone is more suitable for establishing a model of PD (BETARBET

et al., 2000; SHERER et al., 2003).

Interestingly, nanoparticles loaded with (3-carotene (20 uM) showed a protective
effect against increased mortality, locomotor damage and memory deficit induced by
rotenone in Drosophila melanogaster. In this sense, reduced levels of 3-carotene in
the serum of patients with PD indicate that carotenoids may be associated with
pathogenesis and the progression of PD (KIM et al., 2017). Previous studies revealed
that in treatment with 3-carotene it would be able to improve locomotor deficit in rats
with spinal cord injury (ZHOU et al., 2018). Furthermore, Food consumption of [3-

carotene is able to help decrease the risk of Alzheimer's disease (LI; SHEN; JI, 2012).



43
Epidemiological studies have shown a significant reduction in the risk of PD in
individuals that consume foods containing B-carotene compared to the control group
(MIYAKE et al.,, 2011). Based on this evidence, we believe that B-carotene has a

potential neuroprotective effect against neurodegenerative diseases, including PD.

Several studies show that PD is more than a motor disorder, but a set of
problems that also cover cognitive deficits and psychiatric disorders, that significantly
affect memory (DEGOS et al., 2018; GROGAN et al., 2018; LEROI, 2017). According
to (SEUGNET et al., 2009) flies in the intermediate stage of PD demonstrate persistent
short-term memory deficits. In the present study, B-carotene-loaded nanoparticles
managed to protect against the rotenone-induced memory deficit in the aversive
phototaxy test. This suggests that 3-carotene-loaded nanoparticles have a protective
capacity not only against motor damage, but also against non-motor damage induced

by rotenone, such as memory deficit.

The main report described in the present study was that B-carotene-loaded
nanoparticles avoided the rotenone-induced damage on AChE activity and oxidative
stress indicators in Drosophila melanogaster. The repair of these neurochemical
damages appears to be responsible for attenuated behavioral deficits after exposure

to B-carotene-loaded nanoparticles and rotenone.

The evidence suggested a significant role for cholinergic neurons in the
pathophysiology of neurodegenerative diseases (ZHANG et al., 2013). Acetylcholine
is a neurotransmitter present in the central nervous system, widely distributed in the
brain (ZHANG et al., 2013). The enzyme AChE hydrolyzes acetylcholine in choline and
acetate and regulate availability of the neurotransmitter in the synaptic cleft (VINUTHA

et al., 2007). In our study, B-carotene-loaded nanoparticles restored AChE activity in
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Drosophila melanogaster exposed to rotenone. The ability of bioactive compounds to
modulate AChE is important because this enzyme is related to several
neurodegenerative diseases (LI et al., 2017). AChE is a very susceptible enzyme that
can be inhibited due to increased generation of free radicals (HASAN et al., 2019). B-
carotene can modulate AChE activity due to its antioxidant property and may have the

ability to treat disorders related to neurodegeneration (HIRA et al., 2019).

Oxidative stress plays a central role in the pathogenesis and progression of PD
(ANGLADE, 1997), furthermore, it is able to favor the decrease in AChE activity (LIU
et al., 2017). It is known that high levels of ROS are found in the substantia nigra of
patients with PD and the antioxidant treatment is considered as a potential therapy for
the disease (CICCONE, 1998; DI MATTEO; ESPOSITO, 2003). The flies exposed to
B-carotene-loaded nanoparticles showed a significant decrease in the oxidative stress
(TBARS and ROS) induced by rotenone, as well as the restoration of antioxidant
enzymes (CAT and SOD), suggesting the potential antioxidant effect of B-carotene-
loaded nanoparticles against the deleterious effects of oxidative stress. Similarly, -
carotene attenuates the levels of free radicals, including ROS, NO and MDA in rats
with spinal cord injury (ZHOU et al., 2018). Previous research suggests that 3-carotene
exhibits antioxidant activity and anti-inflammatory capacity and that its effect is involved
in the molecular mechanisms against various diseases, due to the potential functions
on oxidative stress in the onset and progression of PD (HOSSEINI et al., 2010; WU et
al., 2015). The antioxidant activity of B-carotene can be attributed to its high number of
conjugated dienes, which act as potent inhibitors of free radicals (FIEDOR et al., 2005;

NISHINO; YASUI; MAOKA, 2017).
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Regarding food consumption, there was no significant difference between the
groups, demonstrating that the flies consume the same amount of food regardless of
the treatment added. This suggests that any effect obtained is due to neurochemical
changes caused by the compound present in each treatment and not due to the fact

that the fly consumes more or less the drug responsible for causing the damage.

In conclusion, our results revealed that nanoparticles loaded with -carotene
have the ability to protect against the locomotor damage and memory deficit induced
by rotenone, in which involve AChE activity restoration and oxidative stress inhibition.
These results suggest that $-carotene-loaded nanoparticles can be an alternative in
the development of new drugs for the treatment of PD or to be used synergistically with
drugs already established, potentiating the effect. However more research is needed
to investigate the role of B-carotene-loaded nanoparticles in the treatment of symptoms

of Parkinson's disease.
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Legends

Figure 1. (A) Experimental design of the B-carotene concentration-response curve.
Effect of exposure to B-carotene (2, 20, 60 or 100 uM) and [-carotene-loaded
nanoparticles (2, 20 or 60 uM) for 7 days, on behavioral assessments in Drosophila
melanogaster. (B) negative geotaxis; (C) open field. Data are mean + SEM, forn =5
in each group. * Indicates a significant difference (P <0.05) compared to the control
group. & Indicates a significant difference (P <0.05) of B-carotene-loaded nanoparticles

compared to the B-carotene group (60 uM).

Figure 2. (A) Experimental design. Effect of co-exposure of B-carotene-loaded
nanoparticles (20 uM) and rotenone (500 uM) for 7 days on (B) percentage of survival,
(C) negative geotaxis; (D) open field; (E and F) aversive phototaxy training and after 6
hours of conditioning; (G) food consumption in Drosophila melanogaster. Data are
mean + SEM, for n = 3-7 in each group. * Indicates a significant difference (P <0.05)
compared to the control group. # Indicates a significant difference (P <0.05) compared

to the rotenone group.

Figure 3. Effect of co-exposure of [-carotene-loaded nanoparticles (20 puM) and
rotenone (500 uM), for 7 days, on AChE activity in the (A) head and (B) body of
Drosophila melanogaster. Data are mean + SEM, for n = 5-4 in each group. * Indicates
a significant difference (P <0.05) compared to the control group. # Indicates a

significant difference (P <0.05) compared to the rotenone group.
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Figure 4. Effect of co-exposure of [-carotene-loaded nanoparticles (20 pM) and
rotenone (500 pM), for 7 days, on levels of reactive oxygen species (ROS) in the (A)
head and in the (B) body, and levels of lipid peroxidation by TBARS assay in the (C)
head and (D) body of Drosophila melanogaster. Data are mean + SEM, for n = 6-5 in
each group. * Indicates a significant difference (P <0.05) compared to the control

group. # Indicates a significant difference (P <0.05) compared to the rotenone group.

Figure 5. Effect of co-exposure of B-carotene-loaded nanoparticles (20 uM) and
rotenone (500 uM), for 7 days, on activity of CAT in the (A) head and (B) body; SOD in
the (C) head and (D) body; PSH protein in the (E) head and (F) body and of the non-
protein NPSH thiol in the (G) head and (H) body of Drosophila melanogaster. Data are
mean + SEM, for n = 5 in each group. * Indicates a significant difference (P <0.05)
compared to the control group. # Indicates a significant difference (P <0.05) compared

to the rotenone group.

Figure 6. Effect of co-exposure of [-carotene-loaded nanoparticles (20 puM) and
rotenone (500 uM), for 7 days, on cell viability by resazurin reduction in the head (A)

and body (B) of Drosophila melanogaster. Data are mean + SEM, for n = 5 in each

group.
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Figure 2
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Figure 4
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6. CONSIDERACOES FINAIS

Baseando-se nos resultados apresentados nesta dissertacdo, pode-se concluir que:

o As nanoparticulas carregadas de [-caroteno melhoraram atividade
locomotora da Drosophila melanogaster nos testes de geotaxia e campo aberto,

comparadas ao §-caroteno livre na curva de concentragdo-resposta.

o As nanoparticulas carregadas de p-caroteno na concentragdo de 20 uM
protegeram as moscas expostas a rotenona dos danos locomotores nos testes de geotaxia,
campo aberto e fototaxia aversiva, também foi observado melhora na taxa de

sobrevivéncia.

o Em relag&o ao consumo alimentar, ndo houve diferenca significativa entre
0S grupos, o que demonstra que as moscas consomem a mesma quantidade da dieta em
todos os grupos. Isso sugere que o efeito obtido é devido as alteragdes neurogquimicas
causadas pelo composto presente em cada tratamento e ndo pelo fato da moscaconsumir

mais ou menos a dieta.

o As moscas expostas a rotenona apresentaram inibicdo da atividade da
AChE, no qual afeta a neurotransmissdo nas sinapses colinérgicas causando déficits
cognitivos e funcionais, no entanto as nanoparticulas carregadas de [-caroteno
conseguiram atenuar esses déficits na atividade da AChE na cabeca da Drosophila
melanogaster, também diminuiram os niveis de ROS e TBARS tanto na cabega comono
corpo, e foram capazes de restaurar os niveis das enzimas antioxidantes na cabeca (CAT)

e na cabega e corpo (SOD).

o Inesperadamente ndo houve diferenca significativa na avaliacdo de PSH,
NPSH e na viabilidade celular nas moscas expostas a rotenona e as nanoparticulas

carregadas de [3-caroteno.

Nossos resultados sugerem que a exposic¢ao a rotenona causa danos locomotores

e aumento do estresse oxidativo assim como na DP. Com tudo, as nanoparticulas
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carregadas de B-caroteno melhoraram a taxa de sobrevivéncia, atividade locomotora,
atenuaram os déficits na atividade da AChE e protegeram contra 0s danos do estresse
oxidativo. Esses achados sugerem que as nanoparticulas carregadas de B-caroteno podem
ser uma alternativa no desenvolvimento de novos farmacos ja estabelecidos,
potencializando seu efeito. No entanto faz-se necessarios mais estudos para esclarecer o
papel das nanoparticulas carregadas de p-caroteno no tratamento dos sintomas da doenca

de Parkinson.
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7. PERSPECTIVAS

A partir dos resultados apresentados nessa dissertacdo, poderiamos realizar
estudos com o seguinte propdsito:

Avaliar a concentracdo de vitamina A na Drosophila melanogaster, apds a

exposicao a rotenona e as nanoparticulas carregadas de f-caroteno.

Considerar os mecanismos inflamatdrios envolvidos na DP, e a capacidade anti-

inflamatoria das nanoparticulas carregadas de -caroteno.

Verificar o possivel envolvimento da viado BDNF (homdlogo DNT1) relacionada
a DP na Drosophila melanogaster exposta a rotenona e das nanoparticulas carregadas de

[-caroteno.
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