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You know I've been around for a while now 
Not sure if I have much left to prove 

Yeah, I do, haha 
I look at me now I'm thinking, "Damn" 

How proud of me I am 
What I did, it's nothin' to sneeze at 
Even if your allergies are bad […] 

Higher - Eminem  
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RESUMO 
Os tratamentos atuais para doenças neurodegenerativas (ND) são sintomáticos e 
não afetam a progressão da doença. Retardar esse avanço continua sendo uma 
necessidade crucial não atendida para os pacientes e suas famílias. Truncamento e 
e agregação de proteínas, metabolismo mitocondrial alterado, disfunção sináptica, 
estresse oxidativo, excitotoxicidade, neuroinflamação e morte celular são marcas de 
ND conhecidas por ativar a via de proteína quinases ativadas por mitógenos 
(MAPK), como a quinase N-terminal c-Jun (JNK). Nesse caso, os inibidores de JNK3 
podem desempenhar um papel importante na neuroproteção. Assim, no artigo de 
revisão “c-Jun N-Terminal Kinase Inhibitors as Potential Leads for New Therapeutics 
for Alzheimer's Disease”, o papel de JNK na doença de Alzheimer foi destacado e os 
tratamentos experimentais baseados em inibidores de JNK sintéticos são descritos e 
discutidos. No entanto, os produtos naturais também se mostraram eficazes no 
tratamento de ND, conforme discutido no capítulo do livro "Approaches for the 
treatment of neurodegenerative diseases related to natural products". Esta pesquisa, 
portanto, teve como objetivo avaliar os efeitos neuroprotetor, antiinflamatório e 
antioxidante de duas moléculas (FMU200 e luteolina-7-O-glucoside (LUT7OG)) nas 
linhagens celulares SH-SY5Y e RAW264.7. Células SH-SY5Y indiferenciadas e 
diferenciadas por ácido retinóico (RA) foram pré-tratadas com FMU200 ou LUT7OG 
e incubadas com 6-hidroxidopamina (6-OHDA) ou peróxido de hidrogênio (H2O2). A 
viabilidade celular e o efeito neuroprotetor foram avaliados com o ensaio MTT. A 
análise de citometria de fluxo foi realizada para discriminar a apoptose celular. A 
geração de espécies reativas de oxigênio (ROS) induzida por H2O2 ou 6-OHDA e o 
potencial de membrana mitocondrial (ΔΨm) foram avaliados pelos ensaios DCFDA e 
JC-1, respectivamente. A capacidade antioxidante de LUT7OG foi determinada por 
ensaios DPPH, FRAP, ORAC e a atividade da caspase-3 e o dano nuclear foram 
determinados após o tratamento com LUT7OG em células induzidas por 6-OHDA. A 
fosforilação de JNK foi avaliada por western blot após tratamento com FMU200 em 
células SH-SY5Y induzidas por H2O2. A liberação de TNF-α, IL-6 e IL-10 (efeito 
antiinflamatório) foi determinada em células RAW264.7 induzidas por LPS por ensaio 
ELISA. Em células SH-SY5Y indiferenciadas, FMU200 reverteu a neurotoxicidade 
induzida por 6-OHDA em cerca de 20%, enquanto LUT7OG aumentou a viabilidade 
celular em 13% após 24h. Em células diferenciadas por RA, o FMU200 reverteu a 
morte celular em aproximadamente 40% e 90% após 24 e 48h de tratamento, 
respectivamente, enquanto LUT7OG aumentou a viabilidade celular em 
aproximadamente 30% e 112% após 24 e 48h, respectivamente. FMU200 reduziu as 
células apoptóticas precoces e tardias, diminuiu os níveis de ROS, restaurou o ΔΨm 
e diminuiu a regulação do p-JNK após a exposição ao H2O2. LUT7OG mostrou uma 
alta atividade antioxidante e conferiu um efeito preventivo na despolarização da 
membrana mitocondrial, diminuiu a atividade da caspase-3 e inibiu a condensação 
nuclear e fragmentação contra a apoptose induzida por 6-OHDA. Em células 
RAW264.7 estimuladas por LPS, FMU200 e LUT7OG reduziram os níveis de TNF-α 
após um tratamento de 3h e aumentaram a IL-10 após 24h. Em resumo, nossos 
resultados mostram que FMU200 e LUT7OG protegem células de neuroblastoma 
SH-SY5Y contra apoptose induzida por 6-OHDA e H2O2 e protegem células de lesão 
celular dependente de JNK. Nossos resultados indicam que ambos os compostos 
podem ser úteis no tratamento de doenças neurodegenerativas. 
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ABSTRACT 
Current treatments for neurodegenerative diseases (ND) are symptomatic and do not 
affect disease progression. Slowing its advancement remains a crucial unmet need 
for patients and their families. Protein misfolding and aggregation, altered 
mitochondria metabolism, synaptic dysfunction, oxidative stress, excitotoxicity, 
neuroinflammation, and cell death are ND hallmarks known to activate the mitogen-
activated protein kinases (MAPK) pathway, such as the c-Jun N-terminal kinase 
(JNK) pathway. In this case, JNK3 inhibitors can play an important role in 
neuroprotection. As such, in the review article “c-Jun N-Terminal Kinase Inhibitors as 
Potential Leads for New Therapeutics for Alzheimer's Disease” the role of JNK in 
Alzheimer's Disease was highlighted and experimental treatments based on synthetic 
JNK inhibitors are described and discussed. However, natural products also have 
proved to be effective in treating ND, as discussed in the book chapter "Approaches 
for the treatment of neurodegenerative diseases related to natural products". This 
research, therefore, aims to evaluate the neuroprotective, anti-inflammatory and 
antioxidant effects of two molecules (FMU200) and luteolin-7-O-glucoside (LUT7OG)) 
with known JNK3 inhibitory activity in SH-SY5Y and RAW264.7 cell lines. 
Undifferentiated and retinoic acid (RA)-differentiated SH-SY5Y cells were pre-treated 
with FMU200 or LUT7OG and incubated with 6-hydroxydopamine (6-OHDA) or 
hydrogen peroxide (H2O2). Cell viability and the neuroprotective effect were assessed 
with MTT assay. Flow cytometric analysis was performed to discriminate cell 
apoptosis. H2O2 or 6-OHDA-induced reactive oxygen species (ROS) generation and 
mitochondrial membrane potential (ΔΨm) were evaluated by DCFDA and JC-1 
assays, respectively. Antioxidant capacity of LUT7OG was determined by DPPH, 
FRAP, ORAC assays and caspase-3 activity and nuclear damage were determined 
after LUT7OG treatment in 6-OHDA-induced cells. Phosphorylated JNK was 
evaluated by western blot after FMU200 treatment in H2O2-induced SH-SY5Y cells. 
Release of TNF-α, IL-6 and IL-10 (anti-inflammatory effect) was determined in LPS-
induced RAW264.7 cells by ELISA assay. In undifferentiated SH-SY5Y cells, 
FMU200 reverted the neurotoxicity induced by 6-OHDA in about 20%, while LUT7OG 
increased cell viability in 13% after 24h. In RA-differentiated cells, FMU200 reverted 
cell death in approximately 40% and 90% after 24 and 48h-treatment, respectively 
while LUT7OG increased cell viability in approximately 30% and 112% after 24 and 
48h, respectively. FMU200 reduced both early and late apoptotic cells, decreased 
ROS levels, restored mitochondrial membrane potential, and downregulated p-JNK 
after H2O2 exposure. LUT7OG showed a high antioxidant activity and conferred a 
preventive effect in mitochondria membrane depolarization, decreased caspase-3 
activity, and inhibited nuclear condensation and fragmentation against 6-OHDA-
induced apoptosis. In LPS-stimulated RAW264.7 cells FMU200 and LUT7OG 
reduced TNF-α levels after a 3h treatment and increased IL-10 after 24h. In 
summary, our results show that FMU200 and LUT7OG protects neuroblastoma SH-
SY5Y cells against 6-OHDA and H2O2-induced apoptosis and protect cells from JNK-
dependent cell injury. Our findings indicate that both compounds could be useful in 
the treatment of neurodegenerative disorders.  

Keywords: c-Jun N-terminal kinase (JNK); Therapeutic targets; Kinase inhibitors; 
Neuroprotective effect; Neurodegenerative diseases; Apoptosis; Oxidative stress. 
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KURZREFERAT 

Aktuelle Behandlungen für neurodegenerative Erkrankungen (ND) sind 
symptomatisch und beeinflussen nicht das Fortschreiten der Krankheit. Die 
Verlangsamung des Fortschreitens bleibt eine entscheidende, unerfüllte 
Notwendigkeit für die Patienten und ihre Familien. Proteinfehlfaltung und 
-aggregation, veränderter Mitochondrienstoffwechsel, synaptische Dysfunktion, 
oxidativer Stress, Exzitotoxizität, Neuroinflammation und Zelltod sind ND-
Kennzeichen, bekannt den Mitogen-aktivierten Proteinkinaseweg (MAPK) aktivieren, 
wie z. B. der c-Jun N-Terminal Kinase (JNK) Weg. In diesem Fall können die JNK3-
Inhibitoren eine wichtige Rolle bei der Neuroprotektion spielen. So wurde im Review-
Artikel "c-Jun N-Terminal Kinase Inhibitors as Potential Leads for New Therapeutics 
for Alzheimer‘s Disease" die Rolle der JNK bei der Alzheimer-Krankheit 
hervorgehoben und experimentelle Behandlungen auf Basis synthetischer JNK-
Inhibitoren beschrieben und diskutiert. Natürliche Produkte haben sich jedoch auch 
bei der Behandlung von ND als wirksam erwiesen, wie im Kapitel des Buches 
„Approaches for the Treatment of Neurodegenerative Diseases Related to Natural 
Products" diskutiert wird. Diese Forschung zielte daher darauf ab, die 
neuroprotektive, entzündungshemmende und antioxidative Wirkung von zwei 
Molekülen (FMU200 und Luteolin-7-O-Glucosid (LUT7OG)) in den Zelllinien SH-
SY5Y und RAW264.7 zu bewerten. Durch Retinsäure (RA) undifferenzierte und 
differenzierte SH-SY5Y-Zellen wurden mit FMU200 oder LUT7OG vorbehandelt und 
mit 6-Hydroxydopamin (6-OHDA) oder Wasserstoffperoxid (H2O2) inkubiert. Die 
Zelllebensfähigkeit und die neuroprotektive Wirkung wurden mit dem MTT-Versuch 
bewertet. Die Analyse der Durchflusszytometrie wurde durchgeführt, um die zelluläre 
Apoptose zu unterscheiden. Die durch H2O2 oder 6-OHDA induzierte Erzeugung von 
reaktiven Sauerstoffspezies (ROS) und das mitochondriale Membranpotential (ΔΨm) 
wurden im DCFDA- bzw. JC-1-Assays bewertet. Die antioxidative Kapazität von 
LUT7OG wurde durch DPPH, FRAP, ORAC-Versuche und die Caspase-3-Aktivität 
und der Kernschäden nach der Behandlung mit LUT7OG in 6-OHDA-induzierten 
Zellen bestimmt. Die JNK-Phosphorylierung wurde durch western blot nach der 
Behandlung mit FMU200 in H2O2-induzierten SH-SY5Y-Zellen untersucht. Die 
Freisetzung von TNF-α, IL-6 und IL-10 (entzündungshemmende Wirkung) wurde in 
LPS-induzierten RAW264.7-Zellen durch ELISA-Versuch bestimmt. In 
undifferenzierten SH-SY5Y-Zellen kehrte FMU200 die 6-OHDA-induzierte 
Neurotoxizität um etwa 20% um, während LUT7OG die Zelllebensfähigkeit nach 24H 
um 13% erhöhte. In den durch RA differenzierten Zellen hatte FMU200 den Zelltod in 
etwa 40% bzw. 90% nach 24 bzw. 48 h Behandlung zur Folge, während LUT7OG die 
Zelllebensfähigkeit nach 24 bzw. 48 H um etwa 30% bzw. 112% erhöhte. FMU200 
reduzierte sowohl frühe als auch späte apoptotische Zellen, verringerte den ROS-
Spiegel, stellte das mitochondriale Membranpotenzial wieder her und senkte p-JNK 
nach H2O2-Exposition. LUT7OG zeigte eine hohe antioxidative Aktivität und verlieh 
der mitochondrialen Membrandepolarisation eine präventive Wirkung, verringerte 
Kaspase-3-Aktivität und hemmte die kernnukleare Kondensation und 
Fragmentierung gegen 6-OHDA-induzierte Apoptose. In LPS-stimulierten RAW264.7-
Zellen reduzierten FMU200 und LUT7OG den TNF-α-Spiegel nach einer 3-stündigen 
Behandlung und erhöhten IL-10 nach 24 h. Zusammenfassend zeigen unsere 
Ergebnisse, dass FMU200 und LUT7OG die SH-SY5Y Neuroblastomzellen vor 6-
OHDA- und H2O2-induzierter Apoptose, und Zellen vor JNK-abhängigen 
Zellverletzungen schützen. Unsere Ergebnisse deuten darauf hin, dass beide 
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Verbindungen bei der Behandlung neurodegenerativer Erkrankungen nützlich sein 
können. 

Schlüsselwörter: c-jun N-terminale Kinase (JNK); Mitogen-aktivierte Proteinkinase 
(MAPK); Therapeutische Ziele; Kinase-Inhibotoren; Neuroprotektive Wirkung; 
Apoptose; Oxidativer Stress 
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Apresentação 

Esta Tese de Doutorado está organizada da seguinte forma: 

O Capítulo I apresenta uma introdução sobre o trabalho, a identificação do 

problema da pesquisa, os objetivos do trabalho, a justificativa da pesquisa e o  

referencial teórico utilizado como base para o projeto. 

Os resultados do presente estudo estão apresentados na forma de artigos 

científicos, nesse sentido, o Capítulo II refere-se a um manuscrito de revisão 

bibliográfica publicado em 18 de dezembro de 2020 no periódico International 

Journal of Molecular Sciences (IJMS). 

O Capítulo III contextualiza o processo de diferenciação da linhagem celular 

SH-SY5Y por meio do uso de RA.  

O Capítulo IV descreve os resultados obtidos com o inibidor de JNK sintético 

FMU200. O manuscrito foi publicado no periódico IJMS em 2 de abril de 2021.  

O Capítulo V inclui um manuscrito em preparação, cujos resultados referem-

se ao estudo do potencial neuroprotetor do flavonoide LUT7OG.  

O Capítulo VI aborda a análise e discussão dos resultados obtidos pela 

realização da pesquisa e apresenta as considerações finais e atividades futuras, 

aborda os objetivos alcançados e as considerações realizadas em relação à 

continuidade da pesquisa. 

Por último, a seção de Apêndices e Anexos encontra-se o protocolo de 

diferenciação de células SH-SY5Y desenvolvido para o presente trabalho, bem 

como contém um manuscrito publicado também no periódico IJMS em 14 de 

fevereiro de 2021, o qual foi resultado da colaboração com o Marine and 

Environmental Sciences Centre (MARE) do Instituto Politécnico de Leiria (Portugal). 
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Capítulo I 

 

Introdução; 

Objetivos; 

Referencial Teórico; 

.  
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1. INTRODUÇÃO 

De acordo com os relatórios divulgados pela WHO (World Health 

Organization), pessoas em todo o mundo estão vivendo mais. Em 2050, a população 

mundial com 60 anos ou mais deve totalizar 2 bilhões, contra 900 milhões em 2015. 

Hoje, 125 milhões de pessoas têm 80 anos ou mais. Já para a população com 80 

anos estima-se que haverão 434 milhões de pessoas nesta faixa etária em todo o 

mundo, sendo que 80% de todas as pessoas idosas viverão em países de renda 

baixa e média (AGEING AND HEALTH, [s. d.]). No Brasil, de acordo com o censo do 

IBGE realizado em 2010, a população total do território brasileiro era de pouco mais 

de 192 milhões de habitantes. Destes, mais de 11 milhões tinham de 60 a 69 anos e 

aproximadamente 9 milhões, mais de 70 anos. 

À medida que as populações estão crescendo e envelhecendo, a 

prevalência dos principais distúrbios neurológicos incapacitantes aumenta 

drasticamente (AGEING AND HEALTH, [s. d.]; GBD 2016 NEUROLOGY 

COLLABORATORS, 2019). De fato, no nível biológico, o envelhecimento resulta do 

impacto do acúmulo de uma ampla variedade de danos moleculares e celulares ao 

longo do tempo. Isso leva a uma diminuição gradual da capacidade física e mental, 

um risco crescente de doenças e, por fim, de morte (LÓPEZ-OTÍN et al., 2013; 

MELZER; PILLING; FERRUCCI, 2020; RUDZIŃSKA et al., 2020). Dentre as doenças 

associadas ao envelhecimento, destaca-se um tipo específico de demência, a 

doença de Alzheimer (DA). 

No ano de 2016 os distúrbios neurológicos foram a principal causa de 

DALYs (disability-adjusted life-years; a soma dos anos de vida perdidos [YLLs, years 

of life lost] e dos anos vividos com deficiência [YLDs, years lived with disability]) (276 

milhões) e a segunda principal causa de mortes (9 milhões). Identificou-se que, em 

quase 30 anos (1990 à 2016) o número absoluto de mortes aumentou em 39%, 

enquanto que o número de DALYs cresceu em 15%. Dados globais (195 países) 

indicaram que os quatro maiores contribuintes de DALYs neurológicos foram 

acidente vascular cerebral (42,2%), enxaqueca (16,3%), Alzheimer e outras 

demências (10,4 %) e meningite (7,9%) (GBD 2016 DEMENTIA COLLABORATORS, 

2019; GBD 2016 NEUROLOGY COLLABORATORS, 2019). Isso sugere que os 

governos enfrentarão uma demanda crescente por tratamento, reabilitação e 

serviços de apoio para distúrbios neurológicos. Além disso, a escassez de riscos 
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modificáveis estabelecidos para a maior parte das doenças neurológicas demonstra 

que novos conhecimentos são necessários para desenvolver estratégias eficazes de 

prevenção e tratamento.  

Já se passaram 114 anos desde o primeiro diagnóstico oficial de DA e um 

progresso considerável foi feito, mas alguns aspectos complexos permanecem 

obscuros. A DA é uma doença multifatorial, pois parece resultar de aspectos 

genéticos, epigenéticos, interatômicos e ambientais interagindo de maneiras 

diferentes, resultando em fenótipos altamente heterogêneos. Além disso, apesar da 

grande prevalência, até o momento não existe um tratamento que promova a cura 

da doença. De fato, nenhum dos fármacos disponíveis atualmente para o tratamento 

da DA é capaz de diminuir ou interromper a destruição neuronal e apesar de que 

244 novos fármacos foram testados entre 2002 e 2012, apenas um conseguiu 

avançar até a fase final – mas ainda aguarda por aprovação do FDA (ALZHEIMER’S 

ASSOCIATION, 2019; DRUG SAFETY AND AVAILABILITY | FDA).  

O alto índice de falha sugere que moléculas que possuam alvos terapêuticos 

diferentes deveriam ser exploradas (ALZHEIMER’S ASSOCIATION, 2019; FERRI et 

al., 2005; SCHNEIDER, Lon S et al., 2015; SERRANO-POZO et al., 2011). Nesse 

sentido, o alvo terapêutico de um fármaco pode ser, por exemplo, uma proteína cuja 

disfunção está relacionada a um processo patológico. Contudo, somente a 

identificação de alvos terapêuticos e o desenvolvimento de moléculas que interajam 

com tais alvos não é suficiente, uma vez que a determinação da toxicidade é 

essencial para identificar os efeitos adversos tanto durante o processo de validação 

e otimização das moléculas quanto após a aprovação e comercialização. Nesse 

sentido, por meio do uso de ferramentas biotecnológicas como estudos in vitro para 

determinar a citotoxicidade de novas moléculas, é possível identificar precocemente 

drogas candidatas que sejam inadequadas para o uso humano ou animal, 

permitindo economizar recursos financeiros. Já o uso de modelos experimentais in 

vitro de doenças (a partir de neurotoxinas, por exemplo) permite, até certo ponto, 

determinar alguns dos efeitos terapêuticos que ela possui. Além disso, a partir de 

resultados obtidos de ensaios in vitro, é possível determinar se aquela molécula 

candidata deverá ser modificada para atingir o ideal efeito in vitro, além avaliar a 

especificidade da molécula e identificar interações indesejáveis com proteínas "off-

target". 
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1.1 Tema 

Inibição de proteínas da via JNK3/p38 e doenças neurodegenerativas. 

1.2 Problema 

As moléculas FMU200 e luteolina-7-o-glicosídeo (LUT7OG) possuem 

potencial de inibir a apoptose em células de neuroblastoma (SH-SY5Y) via JNK3/

p38 em modelo in vitro de DA? 

1.3 Objetivos 

1.3.1 Objetivo Geral 

Identificar e investigar o potencial farmacológico de drogas candidatas frente 

ao processo de neurodegeneração na DA em modelo celular in vitro. 

1.3.2 Objetivos Específicos 

- Determinar a viabilidade de células de neuroblastoma SH-SY5Y e 

macrófagos RAW264.7 submetidas ao tratamento de inibidores de JNK3/p38;  

- Desenvolver e validar um protocolo de diferenciação de células SH-SY5Y 

por meio de RA; 

- Desenvolver e validar um modelo in vitro de neurodegeneração por meio de 

6-OHDA com células diferenciadas; 

- Analisar e Identificar o efeito neuroprotetor dos compostos em células de 

neuroblastoma SH-SY5Y diferenciadas e não diferenciadas quando expostas à 6-

OHDA; 

- Estudar dos mecanismos de morte celular em células de neuroblastoma 

SH-5YSY submetidas ao tratamento de inibidores de JNK3/p38 expostas a H2O2  por 

citometria de fluxo; 

- Analisar o ΔΨm em células de neuroblastoma SH-5YSY submetidas ao 

tratamento de inibidores de JNK3/p38 expostas a H2O2 por meio de citometria de 

fluxo e espectrofotometria de fluorescência por leitor de microplacas; 

- Avaliar a produção de ROS em células de neuroblastoma SH-5YSY 

submetidas ao tratamento de inibidores de JNK3/p38 expostas a H2O2 por método 

espectroanalítico de fluorescência;  
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- Analisar o potencial anti-inflamatório dos inibidores de JNK3/p38 em cultura 

de macrófagos RAW 264.7 através da dosagem de citocinas inflamatórias TNF-α, 

IL-6 e IL-10; 

- Identificar novos alvos e propor o mecanismo de ação dos compostos 

testados por meio da análise da expressão protéica de marcadores moleculares 

JNK, p-JNK e β-actina; 

1.4 Justificativa 

Apesar de ser uma doença conhecida há mais de cem anos, o tratamento 

atual parece ser mais paliativo ao restringir-se ao manejo dos sintomas ao retardar 

temporariamente o comprometimento cognitivo (BURKE et al., 2014; CUMMINGS et 

al., 2017; DEY et al., 2017; FRIEDLANDER, 2003; JOVICIC et al., 2015; 

TARAGANO et al., 1997). De acordo com a Food and Drug Administration (FDA) e a 

Alzheimer’s Association, existem cinco medicamentos aprovados para o tratamento 

da DA: Donepezila, galantamina, memantina, rivastigmina, além de uma associação 

entre memantina e donepezila (DRUG SAFETY AND AVAILABILITY | FDA, [s. d.]) 

[29]. Durante 20 anos, a tacrina foi um sexto medicamento disponível para o mesmo 

fim, mas seu uso está proibido desde 2013 devido à elevada hepatotoxicidade 

(TACRINE - DRUGBANK, [s. d.]). Isso significa que, de modo genérico, os sintomas 

da DA são passíveis de manejo, mas nenhum medicamento é capaz de retardar a 

progressão da doença nem impedir a morte das células neuronais, o que torna a DA 

incurável e fatal em todos os casos.  

Há ainda inúmeros pontos que permanecem incertos tanto em relação a 

fisiopatologia quanto ao tratamento da DA e isso resulta em um impacto no 

desenvolvimento de novas drogas. Apesar de cerca de 200 medicamentos estarem 

em fase 2 de análise, esses mostram um efeito clínico limitado e há controvérsia 

quanto à sua eficácia terapêutica. Além disso, nenhuma nova droga foi aprovada 

desde 2003 (BURKE et al., 2014; SCHNEIDER, Lon S et al., 2015). Nesse sentido, 

existem muitos alvos de fármaco potenciais e, até agora, não há alvos validados, 

exceto talvez para o sistema colinérgico (DEY et al., 2017; REVETT et al., 2013; 

SCHNEIDER, Lon S et al., 2015). 

De acordo com a clássica hipótese da via amiloidogênica, as alterações 

encontradas na DA são caracterizadas por acumulações extracelulares de placas 
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amiloides (PA), formadas de proteína β-amilóide (Aβ) e emaranhados neurofibrilares 

intracelulares (NFTs) compostos por proteínas τ hiperfosforiladas. Por conseguinte, a 

neurodegeneração na DA ocorre devido a um processamento anormal de proteínas 

precursoras de amiloides (APP) através da atividade da enzima de clivagem de APP 

do β-site 1 (BACE1) e presenilina 1 (PS1). Todos esses processos levam à produção 

de oligômeros Aβ tóxicos que se acumulam e levam a disfunção sináptica e 

perturbação da atividade de proteínas quinases, resultando em perda neuronal e 

demência (BURKE et al., 2014; BU; RAO; WANG, 2016; CRAFT et al., 2017; 

DAVIES; MALONEY, 1976; DRACHMAN; LEAVITT, 1974; KEREN-SHAUL et al., 

2017; MAEZAWA et al., 2011; MAYEUX, 2006; MCKEEVER et al., 2017). Contudo, 

embora a presença de Aβ seja necessária para um diagnóstico definitivo de DA, os 

agregados não são suficientes para causar declínio cognitivo (PILLAI et al., 2020; 

REVETT et al., 2013). Nesse caso, a disfunção sináptica, o estresse oxidativo e a 

excitotoxicidade, que induzem a ativação das vias de proteínas quinase ativadas por 

mitógenos (MAPK), como a via JNK (c-Jun N-terminal kinase), também são 

necessárias para provocar a perda progressiva de neurônios e sinapses, atrofia 

cerebral e aumento dos ventrículos cerebrais (POOLER; NOBLE; HANGER, 2014; 

ROSKOSKI, 2015; SAVAGE et al., 2002; SERRANO-POZO et al., 2013; 

TAKASHIMA, 2016; YARZA et al., 2015). Ou seja, a toxicidade decorrente dos 

eventos moleculares em resposta ao acúmulo de PA e NTF, induz a ativação da via 

JNK/p38, podendo levar à morte neuronal contribuindo para o dano neurológico e 

aparecimento dos sintomas clássicos da DA (BOGOYEVITCH et al., 2010; CHANG; 

KARIN, 2001; CLARKE et al., 2012; COFFEY, 2014; HAEUSGEN et al., 2009; 

JOVICIC et al., 2015; OKAZAWA; ESTUS, 2002; RAMAN; CHEN; COBB, 2007; 

YOON et al., 2012).  

Ou seja, considerando que inúmeras drogas candidatas que objetivavam 

impactar de alguma forma a via amiloidogênica foram reprovadas em ensaios 

clínicos de fases II e III (LIU, et al., 2019), e sabendo-se do envolvimento de JNK na 

propagação de sinais pró-apoptóticos nas vias extrínseca e intrínseca (GALEOTTI; 

GHELARDINI, 2012; KONDOH; NISHIDA, 2007; TOURNIER et al., 2000), a inibição 

de JNK3 vem sendo explorada como um possível alvo terapêutico (HEPP 

REHFELDT et al., 2020).  
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2. REFERENCIAL TEÓRICO 

2.1 Aspectos neuropsiquiátricos de transtornos demenciais: 
Doença de Alzheimer (DA) 

Em 1906, o Dr. Alois Alzheimer descreveu, pela primeira vez, uma doença 

incomum do córtex cerebral. Segundo o neurologista alemão, a paciente sofria de 

perda de memória, desorientação no tempo e no espaço, alucinações e disfunção da 

linguagem. Após a morte precoce da paciente, aos 55 anos de idade, o médico 

realizou um exame post-mortem no cérebro da paciente e notou que havia um 

afinamento no córtex cerebral, além da presença de placas e emaranhados dentro e 

fora dos neurônios (ALZHEIMER, 1907; SMALL; CAPPAI, 2006).  

Hoje, a "doença incomum" é conhecida como DA e é responsável por 

aproximadamente 60 a 70% dos casos de demência de início tardio. De acordo com 

a 5ª edição do Manual Diagnóstico e Estatístico de Transtornos Mentais (DSM-V, p. 

591), a demência caracteriza-se por uma síndrome com prejuízo de memória e de, 

pelo menos, uma outra capacidade cognitiva incapacitante, representando um 

declínio nos níveis de funcionamento intelectual e que não esteja presente 

exclusivamente durante um delirium. Entretanto, o termo demência é uma definição 

genérica para uma síndrome que acomete indivíduos em estágios finais da vida e 

que possui uma variedade de etiologias. Ou seja, a demência pode apresentar 

outros fatores etiológicos como no caso das demências do sistema lenticulo-estriatal 

que incluem as doenças de Huntinton (DH), Parkinson (DP), Wilson (DW), entre 

outras, bem como demências vasculares, demência hidrocefálica ou doença de 

Creutzfeldt-Jakob (DCJ), por exemplo. 

Os pesquisadores acreditam que a prevalência geral de DA em indivíduos 

com mais de 60 anos de idade é de 40,19% em todo o mundo (GBD 2016 

DEMENTIA COLLABORATORS, 2019). Há cinco anos, o relatório anual World 

Alzheimer Report de 2015 apontava que o percentual de indivíduos com mais de 60 

anos com diagnóstico de DA correspondia a 12,2% da população mundial na época. 

O mesmo relatório projeta um aumento desse percentual para 16,3% em 2030 e 

21,2% em 2050, prevendo que o número de casos quase dobraria a cada 20 anos 

(ALZHEIMER’S ASSOCIATION, 2017, 2019). 
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Clinicamente, a DA é dividida em DA 'de início tardio' ou 'esporádica' (LOAD) 

- que é a forma mais comum de DA - e DA 'de início precoce' ou 'familiar' (EOAD), 

que é responsável por 1-5% de todos os casos de DA e é causada por mutações 

hereditárias dominantes em genes como APP, PSEN1, PSEN2 e APOE (CUYVERS; 

SLEEGERS, 2016). Um diagnóstico definitivo de DA somente é possível por meio de 

autópsia, onde são identificadas alterações histopatológicas. Por outro lado, é 

possível deduzir um diagnóstico possível, provável ou ainda improvável de acordo 

com alguns critérios específicos (MCKHANN, et al., 1984; MCKHANN, et al., 2011). 

Sendo assim sintomas como prejuízo da aprendizagem de informações novas, 

lembrança deficiente de material remoto, nomeação e compreensão auditiva 

prejudicadas, deterioração das capacidades construtivas e visuo-espaciais, cálculo, 

abstração e julgamento deficientes podem indicar uma possível DA. Além disso, o 

paciente geralmente tende a demonstrar pouca ou nenhuma preocupação com as 

falhas cognitivas que apresenta. Ainda, é possível identificar a presença de 

alterações na personalidade, apatia, alterações do humor, ansiedade, irritabilidade, 

desinibição, distúrbios da atividade psicomotora, delírios, alucinações e alterações 

comportamentais abrangendo distúrbios do sono e distúrbios do apetite, 

comportamento sexual alterado, entre outros (DSM-V, p. 611-614; BRAAK; BRAAK, 

1997). 

Como uma doença neurodegenerativa progressiva, alguns sinais e sintomas 

como apraxia podem estar presentes em estágios iniciais da doença, enquanto que 

a agnosia, um sintoma facilmente associado a DA, inclusive por leigos, torna-se 

presente em estágios finais. De forma semelhante, a fluência verbal, habilidade de 

repetição e de leitura em voz alta são mantidas até os estágios finais da DA, assim 

como as funções motora e sensorial. Com o decorrer dos anos, já na fase final da 

doença, o paciente apresenta quase que uma total extinção da função intelectual, 

bem como uma perda progressiva da locomoção e coordenação motora, disfagia e 

incontinência. Devido a isso, é comum que pneumonias por aspiração, infecções do 

trato urinário, septicemias, em decorrência de úlceras de decúbito infectadas ou 

outras doenças independentes, relacionadas à idade como doenças 

cardiovasculares ou câncer, levem o paciente a óbito. Isso significa que o curso da 

doença é inexoravelmente progressivo e que, em geral, os pacientes sobrevivem 
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uma década do diagnóstico até a morte (DUTHIE; CHEW; SOIZA, 2011; HAAKSMA 

et al., 2017; MCCORMICK et al., 1994). 

2.1.1 Características etiológicas, anatomofisiopatológicas e 
moleculares da DA 

Apesar da etiologia da DA ainda não estar totalmente compreendida, autores 

apontam que tanto fatores genéticos quanto ambientais podem contribuir para a 

patogênese e progressão da doença (GOLDMAN et al., 2011; REVETT et al., 2013; 

SERRANO-POZO et al., 2013; WILLIAMSON; GOLDMAN; MARDER, 2009). Do 

ponto de vista genético, estudos de ligação indicam que um pequeno grupo de 

indivíduos com DA familiar possuem um padrão de herança autossômico dominante 

envolvendo majoritariamente três genes: APP (amyloid beta precursor protein), 

PSEN1 (presenilin 1) e PSEN2 (presenilin 2). Autores identificaram que alterações 

genéticas no gene APP levam ao aumento da capacidade de clivagem proteolítica 

da Aβ (β-amyloid protein). Entretanto, a maioria dos casos ainda parece estar ligada 

a mutações pontuais nos genes da família PSEN, especialmente PSEN1, 2 e 3 

(CROSS-DISORDER GROUP OF THE PSYCHIATRIC GENOMICS CONSORTIUM 

et al., 2013; GOLDMAN et al., 2011; IMBIMBO; LOMBARD; POMARA, 2005; 

REVETT et al., 2013). 

Ainda, outro gene amplamente associado a DA é o APOE (alipoprotein E). Em 

1993, foi possível estabelecer uma relação entre a APOE e a DA na qual identificou-

se não apenas uma maior presença do alelo ε4 do gene APOE em pacientes 

classificados como possíveis ou prováveis DA, em comparação com indivíduos 

controle (SAUNDERS et al., 1993), mas também que o risco conferido pela presença 

deste alelo aumenta de forma “dose-dependente”, ou seja, o risco de desenvolver 

DA aumenta de 20% a 90%, e a média de idade de início da doença diminui de 84 

para 68 anos, com a presença de dois alelos ε4 (CORDER et al., 1993). 

Embora esses achados sejam críticos na compreensão da patogênese 

biológica da DA, mutações genéticas são responsáveis por apenas 30 a 50% dos 

casos de DA de início precoce, o que, por sua vez, apenas representa entre 6 e 8% 

de todos os casos de DA (YANG; SONG; QING, 2017). Ou seja, a falta de ligação 

genética conclusiva, na maioria dos casos de DA, não só destaca a possível 
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existência de fatores de risco genéticos não identificados, mas também a 

importância dos fatores ambientais no desenvolvimento da patologia da doença.  

Nesse sentido, apesar de recentes evidências identificarem novos fatores 

ambientais como possíveis contribuintes para a DA (ACCORRONI et al., 2017; 

BENEDICTUS et al., 2017; CRAFT et al., 2017), certos fenômenos e modificações 

moleculares parecem ter suas consequências e influências diretas sobre a 

patogênese da DA melhor compreendidas até agora. Existem várias hipóteses 

descritivas sobre as causas da DA, incluindo a hipótese amilóide, hipótese de 

propagação de τ, hipótese colinérgica, hipótese mitocondrial, hipótese inflamatória e 

outras. A hipótese mais conhecida é a amiloidogênica, uma vez que descreve 

algumas características clássicas da DA (CASTELLO; SORIANO, 2014). Dentre 

elas, o depósito de placas amilóides (PA) e os emaranhados neurofibrilares (NFTs), 

duas características neuropatológicas comuns na DA. Outros autores defendem 

ainda que há um declínio importante de sinapses, o que explicaria melhor a relação 

entre as alterações cerebrais e o declínio cognitivo (CASTELLO; SORIANO, 2014; 

IMBIMBO; LOMBARD; POMARA, 2005; MOHANDAS; RAJMOHAN; RAGHUNATH, 

2009; REVETT et al., 2013; SERRANO-POZO et al., 2016; SWERDLOW, 2007; 

YANG; SONG; QING, 2017).  

As PA são agregados compostos por acúmulo de proteínas Aβ que, ao 

serem secretadas no espaço extracelular, conferem uma importante toxicidade nos 

neurônios circundantes. Por sua vez, a Aβ é formada a partir de proteína precursora 

β-amilóide (APP), por meio de duas clivagens subsequentes realizadas pelas 

secretases. Nesse sentido, esse acúmulo de Aβ ocorre basicamente devido a duas 

possíveis situações: produção elevada de APP (em consequência de expressão 

gênica aumentada) ou eliminação ineficiente de Aβ no cérebro (CASTELLO; 

SORIANO, 2014; IMBIMBO; LOMBARD; POMARA, 2005; MOHANDAS; 

RAJMOHAN; RAGHUNATH, 2009; POOLER; NOBLE; HANGER, 2014; REVETT et 

al., 2013; SAUNDERS et al., 1993; SERRANO-POZO et al., 2016; SWERDLOW, 

2007; YANG; SONG; QING, 2017). 

O gene APP está localizado no cromossomo 21 e seu mRNA (RNA 

mensageiro) pode sofrer splicing alternativo nos éxons 7 e 8, e produzir três 

isoformas principais, denominadas APP 695, APP 751 e APP 770. A isoforma de 695 

aminoácidos é predominantemente encontrada nos neurônios, e as isoformas de 
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751 e 770 aminoácidos são preferencialmente expressas de forma sistêmica, sendo 

que, no córtex cerebral humano, a proporção das diferentes isoformas de mRNA de 

APP é aproximadamente AРР 770:АРР 751:АРР 695 = 1:10:20, embora existam 

diferenças regionais. Constitucionalmente, a isoforma APP 751 contém um domínio 

adicional, denominado KPI (Kunitz-type protease inhibitor) em comparação a APP 

695. Já a isoforma APP 770, por sua vez, além de conter o domínio KPI também 

contém outro domínio composto por 19 aminoácidos chamado OX2. Finalmente, o 

domínio Aβ, presente em todas as isoformas, localiza-se parcialmente no meio 

extracelular (ectodomínio) e no espaço transmembranar. Esse domínio pode ainda 

apresentar de 40 a 43 resíduos de aminoácidos, sendo que a isoforma associada à 

doença de Aβ é Aβ42 e representa 5-10% da quantidade total de Aβ que é produzida 

(COFFEY, 2014; GOLDMAN et al., 2011; IMBIMBO; LOMBARD; POMARA, 2005; 

KANUNGO, 2017; MOHANDAS; RAJMOHAN; RAGHUNATH, 2009; POOLER; 

NOBLE; HANGER, 2014; SAUNDERS et al., 1993) (Figura 1).  

Figura 1. Representação esquemática das três principais isoformas da APP e seus 
principais domínios 

 

Fisiologicamente, a APP é processada proteoliticamente, sofrendo uma 

clivagem nos sítios de α ou β-secretases, para liberar grandes ectodomínios no meio 

extracelular, designados sAPPα ou sAPPβ, respectivamente. Ao ser clivada pela β-

secretase BACE1 (β-site amyloid precursor protein cleaving enzyme 1) na porção N-

terminal, inicia-se o processamento amiloidogênico (ou via amiloidogênica) na qual 

ocorre a liberação da sAPPβ, além de um fragmento C-terminal (CTF) de 99 

resíduos de aminoácidos, denominado C99. Esse fragmento C99, por sua vez, sofre 

uma segunda clivagem no sítio γ por γ-secretase, liberando um domínio intracelular 

Fonte: adaptado de Gabibov et al. (2013).
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AICD e pequenos fragmentos de Aβ contendo entre 39 e 43 resíduos de 

aminoácidos. As formas mais comuns desse peptídeo geralmente contêm 40 e 42 

aminoácidos, sendo designadas portanto, Aβ40 e Aβ42, respectivamente. Embora 

Aβ42 represente apenas de 5 a 10% da quantidade de Aβ total produzida, é a 

principal componente proteico das PA. Por outro lado, uma rota alternativa envolve o 

processamento não amiloidogênico de moléculas de APP que envolve a clivagem no 

sítio α, localizado dentro da região Aβ. Essa clivagem inicial é realizada por outro 

membro da família de enzimas secretases, a TACE/ADAM17 (tumor necrosis factor 

converting enzyme/α disintegrin and metalloproteinase 17), resultando na liberação 

de sAPPα, além de um CTF de 83 aminoácidos (C83). De forma semelhante, ocorre 

uma segunda clivagem de C83 por uma γ-secretase, o que resulta em uma proteína 

Aβ truncada e não tóxica na porção N-terminal, a chamada p3 (COFFEY, 2014; 

GOLDMAN et al., 2011; IMBIMBO; LOMBARD; POMARA, 2005; KANUNGO, 2017; 

MOHANDAS; RAJMOHAN; RAGHUNATH, 2009; POOLER; NOBLE; HANGER, 

2014; SAUNDERS et al., 1993; SWERDLOW, 2007; WILLIAMSON; GOLDMAN; 

MARDER, 2009) (Figura 2): 

Figura 2. Representação das vias amiloidogênica e não-amiloidogênica

 

Fonte: Adaptado de CHEN et al., (2017). 
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Nesse sentido, a manifestação clínica da DA é, portanto, associada a altos 

níveis de agregados Aβ amplamente distribuídos por todo o cérebro. Além disso, a 

Aβ demonstrou promover a agregação τ, sugerindo que a agregação de proteínas 

representa um iniciador e/ou promotor da doença. Como resultado, um alto nível de 

produção de Aβ está diretamente relacionado a outros eventos críticos, como 

formação de emaranhados, morte neuronal, perda ou disfunção sináptica. Além 

disso, Aβ também é relatado como responsável por conferir excitotoxicidade e ativar 

vias de sinalização relacionadas ao estresse (CASTELLO; SORIANO, 2014; LIU, et 

al., 2015; SAVAGE et al., 2002; SCHULZ et al., 2014; TAKAHASHI; NAGAO; 

GOURAS, 2017; TAKASHIMA, 2016). 

Assim, um conjunto de proteínas quinases pertencentes a família da MAPK 

(mitogen-activated protein kinase), denominadas JNK (c-Jun N-terminal kinases) e 

p38, ganhou notoriedade ao ser apontado como mediador central do dano 

excitotóxico no SNC adulto (ZEKE et al., 2016) e, desde então vem sendo explorado 

como um possível alvo terapêutico.  

2.2 Proteínas quinases ativadas por mitógenos: JNK/p38 

A grande família das proteínas quinases ativadas por mitógenos (MAPK) pode 

ser considerada como a principal propagadora de sinais extracelulares da 

membrana plasmática para o núcleo. Dentre elas, as três subfamílias mais 

conhecidas são as ERK (extracellular signal-regulated kinase), JNK e p38. Enquanto 

que a via ERK é ativada majoritariamente em resposta a um estímulo mitótico, as 

vias JNK e p38 são ativadas por estressores celulares (Figura 3) (KANUNGO, 2017; 

MITTAL et al., 2014). 
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Figura 3. Rota de sinalização das MAPK 

 
 Fonte: Rehfeldt et al. (2020). 

Constituindo o início da cascata de sinalização extrínseca das MAPK, as 

MAPKKK (Mitogen-Activated Protein Kinase Kinase Kinases) podem ser moduladas 

por interações entre proteínas ou por modificações covalentes. Podem ser ativadas, 

de acordo com o estímulo percebido por GTPases como Ras (Raf) ou GTPases da 

família Rho (MLK3 ativada por Cdc42 e MEKK1 ativada por RhoA), ubiquitinação do 

receptor de IL-1 para sinalização de TAK1, auto-ubiquitinação de MEKK1 ou, ainda, 

fosforiladas por uma MAPKKKK como PAK, GCK e HPK, envolvidas no controle de 

interação de MAPKKK com outras proteínas. Essa diversidade na regulação de 

MAPKKK permite a ativação de MAPK em resposta a um grande número de 

estímulos (KHEIRI et al., 2018; KHOLODENKO; BIRTWISTLE, 2009; KIM; CHOI, 

2010; RAMAN; CHEN; COBB, 2007; SHUAIB et al., 2016; YUE; LÓPEZ, 2020).  
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Uma vez que a célula identifica um desses estímulos, é iniciado uma via de 

sinalização apoptótica podendo esta ser extrínseca, iniciada por TNF, TRAIL, Aβ, 6-

OHDA (6-hydroxydopamine), UV (radiação ultra-violeta), por exemplo, ou intrínseca, 

mediada por eventos mitocondriais, como a liberação do citocromo C e ativação de 

caspases. Entretanto, embora as vias das MAPK possuam diversas interligações 

que, por vezes dificultam a separação das vias, JNK e p38 particularmente 

destacam-se das demais MAPKs uma vez que podem ativar sinais pró-apoptóticos 

por duas formas distintas: 1) via extrínseca, na qual há uma ativação de fatores de 

transcrição específicos, como c-Jun, ATF-2 ou p53 que aumentarão a expressão de 

genes pró-apoptóticos; 2) via intrínseca por modulação da atividade de proteínas 

mitocondriais pró e anti-apoptoticas (COFFEY, 2014; KANUNGO, 2017; MITTAL et 

al., 2014; YUE; LÓPEZ, 2020). 

De uma forma geral, a ativação da JNK que ocorre via MAPKK (via 

extrínseca) é uma das vias mais complexas, uma vez que envolve o recrutamento 

de um grande número de MAPKKK. Ou seja, MAPKKK, como MEKKs (MAP/ERK 

Kinase-Kinases), ASKs (Apoptosis Signal-regulating Kinases) e MLKs (Mixed-

Lineage Kinases) são capazes de ativar MAPKKs como MKK4 e MKK7 levando à 

apoptose. Entretanto, para a ativação da JNK, ainda é necessária uma interação 

entre proteínas scaffold JIP 1-3 e o complexo “HPK1-MLK1-MKK4/7-JNK” que 

confere uma modificação estrutural nesse complexo para a correta fosforilação de 

JNK. Além de JIP 1-3, outras proteínas como POSH também são fundamentais para 

ancoragem ao complexo, uma vez que parecem facilitar a interação entre GTP-Rac1 

e as proteínas subsequentes conforme pode ser observado na Figura 4 abaixo 

(AHMED et al., 2020; HEPP REHFELDT et al., 2020; HERLAAR; BROWN, 1999; 

SILVERS; BACHELOR; BOWDEN, 2003; WHITMARSH, 2006; YUE; LÓPEZ, 2020). 
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Figura 4. Rota de sinalização da JNK 

  

Fonte: Zeke et al. (2016). 

Após a dissociação do complexo, a JNK ativada é translocada para o núcleo 

celular, onde irá fosforilar c-Jun que, por sua vez, é capaz de interagir com JunB, 

JunD, c-Fos e ATF, constituindo assim o fator de transcrição AP-1 que modulará 

sinais intracelulares e, finalmente, ativará caspases, culminando em um estímulo 

apoptótico (AKHTER et al., 2015; BOGOYEVITCH et al., 2004; GOURMAUD et al., 

2015; HANAWA et al., 2008; SCHROETER et al., 2003; YARZA et al., 2015). Por 

outro lado, a partir da via intrínseca JNK é capaz de fosforilar e ativar diretamente 

proteínas relacionadas com a apoptose, como BAX e BMF, também levando a 

ativação das caspases. Por outro lado, JNK também é responsável por fosforilar e 

inibir as proteínas anti-apoptóticas DP5-HRK, Bcl-2 e Bcl-xL, intensificando o 

estímulo apoptótico (SAVAGE et al., 2002; YARZA et al., 2015). Além disso, um dos 

eventos mitocondriais cruciais que iniciam a apoptose é a liberação do citocromo C 

para a o citoplasma e embora o mecanismo preciso pelo qual a JNK medeia a 

liberação do citocromo C não seja totalmente compreendido, JNK mostrou ser 
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criticamente necessário para a liberação do citocromo C das mitocôndrias durante a 

apoptose induzida por UV, uma vez que em modelos knockout JNK1-/- não foi 

possível identificar a liberação do citocromo C em resposta à radiação UV 

(TOURNIER et al., 2000). 

Por outro lado, em resposta a estímulos apropriados como citocinas, os 

resíduos de treonina e tirosina da p38 podem ser fosforilados por três MKKs. A 

MKK6 pode fosforilar os quatro membros da família p38, enquanto o MKK3 ativa 

p38α, p38γ e p38δ, mas não p38β. Tanto MKK3 quanto MKK6 são altamente 

específicos para p38 MAPKs. Além disso, p38a também pode ser foforilado por 

MKK4 (ativador da via JNK) (HENSLEY et al., 1999; MUNOZ; AMMIT, 2010; 

ZARUBIN; HAN, 2005; ZHU, X et al., 2000). Dessa forma, a ativação da também 

p38a pode ocorrer por duas vias distintas: a) via MKK4, regulada por Rac/cdc42 e; 

b) via MKK3/MKK6, que pode ser ativada por TNF-α. A partir da ativação da p38, um 

grande número de proteínas citosólicas podem ser fosforiladas, incluindo a proteína 

τ e proteínas da família Bcl-2. Além disso, várias quinases ativadas pela via p38 

MAPK estão envolvidas no controle da expressão gênica, uma vez que MSK 1 e 2 

podem fosforilar e ativar fatores de transcrição tais como CREB, ATF1, NF-κβ, p65 e 

STAT (Figura 5) (CLARKE et al., 2012; CUADRADO; NEBREDA, 2010; 

DHANASEKARAN; JOHNSON, 2007; HERLAAR; BROWN, 1999; RAMAN; CHEN; 

COBB, 2007). 
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Figura 5. Rota de sinalização de p38 

  

 Fonte:.Young (2013). 

2.2.1 JNK3 

O genoma humano contém três genes relacionados a JNK: JNK1 (ou 

Mitogen-activated protein kinase 8 [MAPK 8]), JNK2 (ou Mitogen-activated protein 

kinase 9 [MAPK 9]), e JNK3 (ou Mitogen-activated protein kinase 10 [MAPK 10]) e, 

em geral, codificam proteínas com aproximadamente 400 aas, contendo um domínio 

canônico de fosforilação Ser/Thr. Foram identificados 10 isoformas de JNK, sendo 

que quatro delas são resultado de splicing alternativo de JNK1 e o restante consiste 

em variações de JNK2 e JNK3, o que provoca diferenças na afinidade com os 

fatores de transcrição nucleares ATF2 (CREB2), ELK1 e Jun (Figura 6) (KANDEL; 

DUDAI; MAYFORD, 2014; MCKEEVER et al., 2017; MITTAL et al., 2014; OKAZAWA; 

ESTUS, 2002; ZHOU, et al., 2015; ZHOU, et al., 2016). 
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Figura 6. Diferenças estruturais entre as proteínas JNK 1, 2 e 3 e suas respectivas 
isoformas 

  

 Fonte: adaptado de Coffey (2014). 

Tanto o gene JNK1 quanto o JNK2 são expressos em todos os tecidos do 

corpo humano, enquanto que o JNK3 se restringe quase que exclusivamente ao 

SNC. Entretanto, de uma forma geral, animais knockout para os genes JNK 

apresentam variados níveis de defeitos a nível de SNC (Figura 7): 

Figura 7. Padrão de expressão de JNK 1, 2 e 3 na região telencefálica e cerebelar 

 

 

 Fonte: adaptado de Coffey (2014). 

Uma vez identificada a especificidade de expressão de JNK3 no SNC, 

estudos objetivaram elucidar a participação da via da JNK em processos 
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fisiopatológicos. Nesse sentido, foi demonstrada uma maior expressão de JNK 

fosforilada em cérebros de pacientes com DA post-mortem, além da presença de Aβ 

(KILLICK et al., 2014; ZHU, et al., 2001; ZHU, et al., 2001). Posteriormente outros 

estudos identificaram que JNK3, mais especificamente, é altamente expressa e 

ativada no tecido cerebral e líquido cefalorraquidiano em pacientes com DA, além de 

estar estatisticamente correlacionada com o nível de declínio cognitivo 

(GOURMAUD et al., 2015; TAKAHASHI; NAGAO; GOURAS, 2017). 

De fato, em 2012, um estudo demonstrou que a ativação de JNK3 é essencial 

para a fisiopatologia da DA por manter um feedback positivo de produção de Aβ42. 

Ou seja, a Aβ42 ativa AMPK, inibindo a rota mTOR, levando ao estresse oxidativo 

que, por sua vez, ativa JNK3. Uma vez ativada, a pJNK3 promove o processamento 

de APP ao fosforilar a proteína na posição T668P, o que induz a internalização de 

APP, facilitando sua clivagem/fosforilação diretamente, favorecendo a produção de 

Aβ42, dando novamente início ao ciclo. A partir desse estudo, foi demonstrado que 

JNK3 é a principal quinase promotora de fosforilação de APP em T668, uma vez que 

camundongos knockout JNK3-/- demonstraram redução dramática nos níveis de 

Aβ42, bem como número maior de células neuronais e melhor função cognitiva 

(YOON et al., 2012). Posteriormente, outros estudos reforçaram essa hipótese ao 

demonstrar que os peptídeos Aβ são capazes de induzir a ativação de JNK, além de 

aumentar os níveis de JNK após o tratamento in vitro com Aβ em culturas celulares 

como C57BL/6 de ratos e em células de neuroblastoma SH-SY5Y (Figura 8) (YARZA 

et al., 2015). 
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Figura 8. Rotas envolvendo JNK e a fisiopatologia da DA 

  

Fonte: Yarza et al. (2016). 

2.2.2 p38 

A p38 é um polipeptídeo de 38 kDa que pode ser encontrado em 4 isoformas 

(α, β, γ, δ) e é fortemente ativado por estresses ambientais e citocinas inflamatórias. 

As quatro MAPKs p38 são codificados por diferentes genes e possuem diferentes 

padrões de expressão tecidual, sendo que a p38α é expressa em níveis 

significativos na maioria dos tipos de células, enquanto que as outras parecem ser 

expressas de maneira mais específica como por exemplo a expressão de p38β no 

cérebro, p38γ no músculo esquelético e p38δ nas glândulas endócrinas (CLARKE et 

al., 2012; CUADRADO; NEBREDA, 2010; DHANASEKARAN et al., 2007; 

HERLAAR; BROWN, 1999; LIU et al., 2015; RAMAN; CHEN; COBB, 2007; ZHU et 

al., 2001). 

A micróglia compreende células imunocompetentes e fagocíticas residentes 

que representam entre 10% e 20% de todas as células do SNC (KEREN-SHAUL et 

al., 2017; MAEZAWA et al., 2011; MAPHIS et al., 2015). Sabe-se que essas células 
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atuam como sensores de danos neuronais e são responsáveis pela reparação de 

tecidos e de regeneração neural. No contexto da DA, ao receber algum estímulo 

estressor, como a deposição de Aβ, a micróglia é ativada na tentativa de minimizar 

os danos tóxicos dos oligômeros, resultando em neuroinflamação (MAPHIS et al., 

2015). Uma vez ativada, a microglia produz diversos mediadores inflamatórios, como 

IL-1β, IL-6, TNFα, PGE2, NO, BDNF, os quais, conforme supracitado, possuem a 

capacidade de ativar a via p38. De fato, estudos indicam que a microglia ativada 

pode contribuir para a patologia da DA através da produção de IL-1, ativação do 

p38-MAPK neuronal e alterações sinápticas e do citoesqueleto (MAEZAWA et al., 

2011; MAPHIS et al., 2015) hiperfosforilação de τ, favorecimento para a agregação 

de NTFs (CASTELLO; SORIANO, 2014; KANUNGO, 2017; LI et al., 2003; POOLER; 

NOBLE; HANGER, 2014; REVETT et al., 2013), entre outros, (Figura 9), o que 

confirma sua participação da DA e, assim, torna-se um alvo terapêutico importante. 

Figura 9. Papel da p38 na fisiopatologia da DA 

 

 

Fonte: Han et al. 2012 
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2.3 Propostas terapêuticas embasadas em compostos sintéticos 

Em 1974, Drachman e Leavitt sugeriram que a memória estava relacionada 

ao sistema colinérgico e dependia da idade (DRACHMAN; LEAVITT, 1974), uma 

noção que ainda hoje é considerada válida. Ao mesmo tempo, dois grupos britânicos 

demonstraram, independentemente, que a patologia da DA estava associada a uma 

perda grave de neurônios colinérgicos centrais, mais precisamente, a gravidade da 

demência foi correlacionada com a extensão da perda colinérgica no núcleo basal 

de Meynert (BOWEN et al., 1976; DAVIES; MALONEY, 1976). A hipótese colinérgica 

levou ao desenvolvimento de fármacos durante os anos 80 e 90, e continua a 

fornecer uma base para os atuais esforços de desenvolvimento, com moduladores 

de receptores nicotínicos neuronais e outras moléculas que possuem efeitos sobre a 

função colinérgica como agonistas muscarínicos e nicotínicos, agonistas parciais e 

moduladores alostéricos de receptor de 5-hidroxitriptamina (5-HT) (BURKE et al., 

2014; DRACHMAN; LEAVITT, 1974; FUSTER-MATANZO et al., 2013; SCHNEIDER, 

et al., 2015). Ou seja, embora outros alvos terapêuticos sejam investigados, o 

desenvolvimento de drogas tem sido mais influenciado pela hipótese colinérgica e 

pela hipótese da cascata amiloide, principalmente essa última. De fato, a hipótese 

de cascata amilóide dominou o desenvolvimento de drogas nas últimas duas 

décadas e apresenta diversos alvos, entre elas a inibição de ativação de proteínas 

quinases (SCHNEIDER, et al., 2015). 

Apesar de que a atividade normal da rota JNK é essencial para o 

neurodesenvolvimento e regeneração neuronal, uma ativação excessiva desta rota é 

capaz de induzir apoptose em neurônios. Assim, técnicas que permitem a inibição 

específica de JNK têm sido desenvolvidas e apontadas como agentes 

neuroprotetores, podendo ser utilizados no tratamento não apenas na DA, mas 

também de outras patologias externas ao SNC (CHILMONCZYK et al., 2017; 

CLARKE et al., 2012; COFFEY, 2014; HAEUSGEN et al., 2009; MULLER et al., 

2007). 

A partir disso, compostos químicos foram sintetizados com diferentes 

proteínas-alvo mas que culminassem no mesmo efeito final: inibição de JNK.  Nesse 

sentido, dentre essas diferentes “classes” de inibidores, pode-se citar os inibidores 

competitivos de ATP, dentre os quais encontra-se o composto amplamente explorado 
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SP600125 (Anthra[1,9-cd]pyrazol-6-(2H)-one). Modelos in vivo e in vitro de DA 

demonstraram que SP600125 previne a morte de neurônios induzida pela produção 

de βAPP. Além disso, outros estudos demonstraram que in jeções 

intracerebroventriculares de SP600125 melhoraram aspectos neurológicos 

relacionados à DA em modelos animais. Entretanto, tal composto oferece uma 

especificidade limitada, uma vez que, além de inibir JNK, inferfere em outras 

quinases como MKK4 e MKK7, além de proteínas não relacionadas a via da JNK, 

como SGK, S6K1 (p70 ribosomal protein S6 kinase), AMPK, CDK2, CK1d e 

DYRK1A. Além do grupo que compreende a SP600125, ainda existem a classe de 

inibidores de MLK que, por down-regulation, modulam a sinalização de JNK e, 

portanto, conferem atividades antiapoptóticas e neuroprotetoras. Em culturas 

celulares primárias, compostos como K252a e CEP1347 inibiram a morte neuronal 

induzida por Aβ, sendo que, esse último, inclusive, chegou a fase de estudos 

clínicos. Entretanto, não apresentou um desempenho suficientemente satisfatório 

para prosseguir para os testes seguintes (BOGOYEVITCH et al., 2010; CHOI, et al., 

1999; GALEOTTI; GHELARDINI, 2012; HEPP REHFELDT et al., 2020; 

LEHMENSIEK et al., 2006; PRAUSE et al., 2016; TAN et al., 2006). 

2.3.1 Piridinilimidazois tetra-substituídos: FMU200 

Os imidazois tetra-substituídos são conhecidos como inibidores duplos de 

JNK3 e p38 (DAVIS et al., 2011; DUONG; LEE; AHN, 2020; MUTH et al., 2017; 

ROSKOSKI, 2016; WU et al., 2020).  Nesse sentido, compostos derivados foram 

preparados e avaliados em um ensaio para quantificar sua capacidade de inibir 

ambas as quinases JNK3 e p38a (MUTH et al., 2017). A partir da identificação da 

faixa nanomolar, foi possível identificar os valores de IC50 para as moléculas. Dentre 

várias identificadas, o FMU200 (compound 7, Figura 10, (MUTH et al., 2017)) 

apresentou excelentes solubilidade e estabilidade metabólica podendo servir como 

ferramentas úteis para estudos pré-clínicos.  
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Figura 10. Estrutura do composto FMU200 

 

  

Fonte: Adaptado de MUTH et al., (2017)  

2.4 Propostas terapêuticas embasadas em compostos derivados 
naturais 

Conforme explorado nos tópicos acima, inúmeras moléculas sintéticas 

apresentam características terapêuticas interessantes. Entretanto, uma ampla gama 

de compostos naturais vem sendo investigada, por demonstrar efeitos benéficos no 

tratamento de doenças (GRIMMIG et al., 2017; NEWMAN; CRAGG, 2016; SILVA et 

al., 2019, 2021, 2018). Dentre esses compostos, destaca-se a classe dos polifenóis, 

os quais compreendem metabólitos secundários de origem vegetal, envolvidos na 

defesa de plantas contra agentes patogênicos e danos causados por radiação UV  

(TREUTTER, 2005).  

Os compostos naturais contendo polifenóis são amplamente reconhecidos por 

desempenhar efeitos em múltiplos pontos críticos da fisiopatologia de doenças 

neurodegenerativas, incluindo efeitos antioxidantes, propriedades de neutralização 

de radicais livres, modulação de sinalização celular, comprimento de telômero e das 

proteínas de sirtuína (BU; RAO; WANG, 2016; JAYASENA et al., 2013). Ainda, mais 

especificamente relacionada à DA, compostos fenólicos possuem atividade anti-

amiloidogênica ao inibir a formação de fibrilas Aβ e desestabilizar fibrilas Aβ pré-

formadas por ligação direta a Aβ monomérico ou agregados maduros. Ou seja, os 

compostos que convertem fibrilas Aβ maduras em agregados menores ou não 

tóxicos e evitam a regeneração de intermediários de agregação tóxicos (Figura 11) 

(ALBARRACIN et al., 2012; ATANASOV; WALTENBERGER; PFERSCHY-WENZIG, 
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2016; BAKHTIARI et al., 2017; BU; RAO; WANG, 2016; CHEN, et al., 2016; 

FERNÁNDEZ-PACHÓN et al., 2009; GUZZI et al., 2017; JAYASENA et al., 2013; 

KERIMI; WILLIAMSON, 2018; WILLIAMS; SPENCER, 2012).  

Figura 11. Proposta de mecanismo de ação anti-amiloidogênica dos flavonoides 

  

Fonte: Williams e Spencer, 2012. 

Além disso, os mecanismos moleculares envolvidos no efeito de 

neuroproteção também podem estar envolvidos na regulação da expressão de 

genes apoptóticos. De fato, os resultados de um estudo realizado com células de 

neuroblastoma SH-SY5Y demonstraram que o composto polifenólico encontrado no 

chá verde diminuiu a expressão dos genes pró-apoptóticos Bax, Bad, inibidor do 

ciclo celular Gadd45, Fas e TRAIL. No entanto, a expressão de Bcl-2 e Bcl- x não foi 

afetada (LEVITES et al., 2002). 

2.4.1 Luteolina e luteolina-7-o-glicosídeo (LUT7OG) 

Quimicamente, os polifenóis incluem uma grande variedade de biomoléculas 

que contém vários grupos hidroxil, em um ou mais anéis aromáticos. Esse grupo de 

moléculas, em especial os flavonoides, desempenham diversos efeitos benéficos 

para a saúde. De fato, ervas contendo flavonoides vêm sendo utilizadas desde o 

início da antiga medicina tradicional chinesa (IAKOVLEVA et al., 2015). Com mais de 
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8000 fitoquímicos distintos, os flavonoides podem ser divididos ainda em sub-

classes, de acordo com suas estruturas químicas em chalconas, flavonas, flavonóis, 

flavanonas, flavanóis, antocianinas, isoflavonas, entre outros (CROFT, 1998; HEIM; 

TAGLIAFERRO; BOBILYA, 2002; SHASHANK; ABHAY, 2013; TREUTTER, 2005).  

Pertencente à classe das flavonas, a luteolina, tem sido alvo de estudos 

acerca de moléculas naturais com potencial terapêutico. A luteolina é um dos 

flavonoides mais comuns presentes em plantas comestíveis e seus potenciais 

benefícios no SNC incluem diminuição da inflamação e do dano axonal ao prevenir a 

migração de monócitos através da barreira hematoencefálica (BBB) (BAKHTIARI et 

al., 2017; HEIM; TAGLIAFERRO; BOBILYA, 2002; RASOOL et al., 2014). Estudos 

pré-clínicos mostraram que essas flavonas possuem uma variedade de atividades 

farmacológicas, incluindo anti-inflamatória, antioxidante, anti-proliferativa anti-

angiogênica e anti-metastática. Além disso, a luteolina suprimiu a produção de 

citocinas pró-inflamatórias em macrófagos bloqueando as vias de sinalização de NF-

kβ e ativador proteína 1 (AP1) e inibiu a produção de óxido nítrico e eicosanóides 

pró-inflamatório. A Luteolina também diminuiu a liberação de TNF e superóxido em  

indizido por lipopolissacarídeo (LPS) em culturas de células microgliais e reduziu a 

produção de IL-6 induzida por LPS na microglia cerebral in vivo (DIRSCHERL et al., 

2010; KANG et al., 2004; KERIMI; WILLIAMSON, 2018; RAMASSAMY, 2006). 

Entretanto, em geral, essas flavonas são encontrados naturalmente 

hidroxilados, metoxilados e/ou glicosilados. O açúcar ligado geralmente é glicose ou 

ramnose. O número de açúcar é geralmente um, mas pode ser dois ou três e 

existem várias posições de substituições no polifenol. A glicosilação influencia as 

propriedades químicas, físicas e biológicas dos flavonoides e na sua absorção pelo 

intestino delgado. Por exemplo, se os compostos fenólicos contêm uma molécula de 

açúcar, como glicose, galactose, serão absorvidos através do intestino delgado pela 

enzima citosólica β-glicosidase/lactase e florizina hidroxilase. A absorção também 

está relacionada à especificidade dos transportadores (CHOI, et al., 2014; 

RAMASSAMY, 2006). Nesse sentido, a forma glicosilada da luteolina, a luteolina-7-

o-glicosídeo (LUT7OG) está representada na Figura 12, a seguir. 
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Figura 12. Estrutura química da LUT7OG 

 

Fonte: PubChem (2021). 

Contudo, apesar de alguns estudos terem avaliado os efeitos da LUT7OG in 

vitro, o número de estudos que avaliou a molécula isolada ou moléculas sintéticas 

mimetizas ainda é muito limitado e os resultados apresentados são divergentes 

(IAKOVLEVA et al., 2015; KIM; CHIN; CHO, 2017), reforçando a necessidade de 

mais estudos explorando as capacidades farmacológicas em sua totalidade. Além 

disso, de acordo com estudos prévios (GOETTERT et al., 2010), a LUT7OG foi 

capaz de interagir e inibir JNK3 in vitro, conforme demonstrado na Figura 13 abaixo 

e, portanto trata-se de uma molécula cujo potencial ainda não foi explorado em sua 

totalidade. 
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Figura 13. Interação entre LUT7OG e o sítio ativo de JNK3 

 

Fonte: Goettert et al. 2010. 
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Abstract: Alzheimer’s Disease (AD) is becoming more prevalent as the population lives longer.
For individuals over 60 years of age, the prevalence of AD is estimated at 40.19% across the world.
Regarding the cognitive decline caused by the disease, mitogen-activated protein kinases (MAPK)
pathways such as the c-Jun N-terminal kinase (JNK) pathway are involved in the progressive loss of
neurons and synapses, brain atrophy, and augmentation of the brain ventricles, being activated by
synaptic dysfunction, oxidative stress, and excitotoxicity. Nowadays, AD symptoms are manageable,
but the disease itself remains incurable, thus the inhibition of JNK3 has been explored as a possible
therapeutic target, considering that JNK is best known for its involvement in propagating pro-apoptotic
signals. This review aims to present biological aspects of JNK, focusing on JNK3 and how it relates to
AD. It was also explored the recent development of inhibitors that could be used in AD treatment
since several drugs/compounds in phase III clinical trials failed. General aspects of the MAPK family,
therapeutic targets, and experimental treatment in models are described and discussed throughout
this review.

Keywords: c-Jun N-terminal kinase (JNK); brain diseases; therapeutic targets; kinase inhibitors

1. Introduction

In 1906, Dr. Alois Alzheimer described for the first time an unusual disease of the cerebral cortex.
According to the German neurologist, the patient whose brain he examined was a woman who had
been su↵ering from memory loss, disorientation in time and space, hallucinations, and language
dysfunction. She eventually died at 55 years of age. During a post-mortem examination of the
patient’s brain, he noted that the cortex was thinner than average, and he also observed the presence
of abnormalities such as plaques and tangles in and outside the brain cells [1,2]. Today, the ‘unusual
disease’ is known as Alzheimer’s Disease (AD), and, as the population lives longer, diseases such as
AD are becoming more prevalent. Researchers believe the overall prevalence of AD in individuals over
60 years of age is 40.19% across the world [3]. Five years ago, the annual World Alzheimer Report of
2015 pointed out that the percentage of individuals over 60 years old diagnosed with AD corresponded
to 12.2% of the world population at that time. The same report projected an increase in that percentage
to 16.3% in 2030 and 21.2% in 2050, anticipating that the number of cases would almost double every
20 years [4,5].
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It has been 114 years since the first o�cial AD diagnosis and considerable progress has been
made, but some complex aspects remain unclear. AD is a multifactorial disease as it appears to be a
result from genomic, epigenetic, interatomic, and environmental aspects interacting in di↵erent ways,
resulting in highly heterogeneous phenotypes. Clinically, AD is divided into ‘late-onset’ or ‘sporadic’
AD (LOAD)—which is the most common form of AD—and ‘early-onset’ or ‘familiar’ AD (EOAD),
which accounts for 1-5% of all AD cases and is caused by dominantly inherited mutations in genes
including APP, PSEN1, PSEN2, and APOE [6]. Genetic evidence indicates that heritability to LOAD is
58-79%, while for EOAD is thought to be over 90%. Recently, over 50 loci were identified and linked to
LOAD reinforcing the role of multiple pathways and cellular events, such as immunity, endocytosis,
cholesterol transport, ubiquitination, amyloid-�, and ⌧ (tau) processing [7].

There are several descriptive hypotheses regarding the causes of AD including the amyloid
hypothesis, ⌧ propagation hypothesis, cholinergic hypothesis, mitochondrial hypothesis, inflammatory
hypothesis, and others. The most well-known hypothesis is the amyloidogenic one since it describes
some classical AD hallmarks [8]. One of these hallmarks is originated from abnormal processing of
amyloid precursor protein (APP), a single-pass transmembrane protein that is normally present in
neurons and cleaved by several secretases. In AD, APP follows the amyloidogenic pathway where it is
cleaved by �-site APP-cleaving enzyme 1 (BACE1) to originate amyloidogenic C-terminal derivatives
(sAPP�) [9], which are cleaved by �-secretase, generating APP intercellular domain (AICD) and
�-amyloid peptides (A�), including A�42. These toxic oligomers can accumulate in neurites and
disrupt the synaptic function. It is believed that disconnected terminals create neurites around A�42
deposits, originating the neuritic plaques (NP) [10]. A second common finding in AD are intracellular
neurofibrillary tangles (NFTs) composed of poorly soluble hyperphosphorylated ⌧ protein. ⌧ protein
is a microtubule-associated protein normally synthesized by neuronal cell bodies and transported
to axons, where it interacts with tubulin to assure microtubule stability. If there are perturbations in
the cytoskeleton, it can compromise both the function and viability of the neurons. Even after cell
death, it is still possible to observe the extracellular NFTs left behind [11,12]. It was believed that NP
and NFTs acted independently, but recent evidence points to a complex relationship where they act
synergistically towards neurodegeneration [13]. High levels of A� aggregates and NFTs distributed
mainly throughout the hippocampus lead to critical events. Those molecular and morphological
abnormalities are the hallmarks of brain injury observed in dementia and are likely to develop over a
period of at least decades before the symptomatic phase. A study found significantly higher levels
of total ⌧ (T-⌧) in cerebrospinal fluid 34 years before the symptomatic onset of AD, while changes
in cognitive aspects were detected 10 to 15 years prior to the symptomatic phase [14]. In addition,
the distinct pattern of plasma levels of ⌧ phosphorylated at Thr217 could discriminate AD from other
neurodegenerative diseases and are therefore gaining attention as a potential biomarker for AD [15–17].

While A� is a necessary feature to diagnose AD in a patient, aggregates are not su�cient to
cause cognitive decline [18,19]. In this case, synaptic dysfunction, oxidative stress, and excitotoxicity,
which induces the activation of mitogen-activated protein kinases (MAPK) pathways such as the
JNK (c-Jun N-terminal kinase) pathway, are also necessary to provoke progressive loss of neurons
and synapses, brain atrophy, and augmentation of brain ventricles [20–25]. Considering that JNK
is best known for its involvement in propagating pro-apoptotic signals via extrinsic and intrinsic
pathways [26–28], the inhibition of JNK3 has been explored as a possible therapeutic target. Nowadays,
AD symptoms are manageable, but the disease itself remains incurable. According to the U.S. Food and
Drug Administration (FDA) and the Alzheimer’s Association, no drug available today for AD is able to
slow down the progression of the disease nor stop the neuron cells from dying, which makes AD fatal in
all cases. On the other hand, there are five FDA-approved drugs to manage AD nowadays: Donepezil,
galantamine, memantine, rivastigmine, and an association of memantine and donepezil [29]. Tacrine
used to be a sixth drug available for the same purpose, but it was discontinued in 2013, after having
gained approval 20 years earlier, because of increased hepatotoxicity [30]. When considering the
failure of several drugs/compounds in phase III clinical trials that focused primarily on the amyloid



Int. J. Mol. Sci. 2020, 21, 9677 3 of 31

hypothesis [31], it becomes clearer that new targets should be explored. This review presents the role
of JNK3 in AD pathogenesis and explores the recent development of inhibitors that could be used in
AD treatment. In this sense, we first describe the general aspects of the MAPK family. Next, we discuss
the biological aspects of JNK, focusing on JNK3 and how it relates to AD. Subsequently, we explore
therapeutic targets and experimental treatment in models.

2. General Aspects of Mitogen-Activated Protein Kinases (MAPKs) Family

Kinases are considered the largest protein family in the human proteome, and approximately 2% of
eukaryotic genes encode kinase superfamily members [32]. These enzymes catalyze the transference of
the �-phosphate from ATP to serine, threonine, or tyrosine amino acid residues of a downstream protein
substrate, creating a communication cascade that is fundamental to eukaryotic cells. Over 500 kinases
were identified in humans. The so-called ‘human kinome’ is divided into typical kinases and atypical
kinases. The 478 typical kinases possess a well-defined architecture that is similar across all members,
while the 40 atypical kinases (the ‘dark kinome’) are poorly understood [33]. Most typical kinases are
dually phosphorylated at serine and threonine residues and, as a result, are called Ser/Thr kinases.
Kinases are clustered according to similarities at the kinase domain, which results in di↵erent kinase
groups/families. According to evolutionary conservation data, the CMGC kinase group is an ancient
group made up by nine highly conserved families found in most eukaryotes [34]. This group was
named after the initials of some of its key members: cyclin-dependent kinase (CDK), MAPK, glycogen
synthase kinase (GSK), and CDK-like kinases (CLK).

The MAPK family is considered the main propagator of extracellular signals from the cell
membrane to the nucleus as they catalyze the transfer of the �-phosphate from ATP to serine or
threonine residues of various substrates [35], including transcription factors, which regulate the
expression of specific sets of genes, and thus mediate a specific response according to the stimulus
received by cells [36–39]. Among the MAPK family, fourteen members share both structures and
biochemical properties. Depending on those characteristics, each member is grouped in one of the
seven di↵erent MAPK subfamilies. The extracellular signal-regulated kinases 1/2 (ERK1/2), ERK5,
JNK, and p38 subfamilies can be activated by dual phosphorylation of threonine and tyrosine residues
(known as ‘tripeptide motif’ or ‘Thr-X-Tyr motif’) at the activation loop site (also called ‘A-loop’)
and activate the pathway by propagating the phosphorylation in downstream kinases. Those four
subfamilies follow a classical three-tiered signaling pathway that is highly conserved in eukaryotic
organisms, where each phosphorylation of a MAPK is carried out by specific upstream kinases.
Usually, MAPKKK (MAP3K) receives a variety of inputs and transmits them to downstream kinases
MAPKK (MAP2K), which activates MAPK (Figure 1) [40–42]. On the other hand, ERK3/4, ERK7/8,
and NLK (nemo-like kinase) compose the ‘atypical’ MAPK subfamilies that do not follow the same
dual-phosphorylation and three-tiered module pattern. However, since the focus of this paper is on
‘typical’ MAPK—specifically in JNK—the ‘atypical’ MAPK will not be reviewed in detail and will be
referred to as appropriate. A detailed review of their dynamics can be checked elsewhere [40,41].

MAP3K activates more than one MAP2K, and MAP2K can phosphorylate more than one MAPK.
The cross-talking is important to signal integration and coordination but may also represent an obstacle
in therapy since it is likely to be involved in drug resistance in cancer, for example [43]. Although the
MAPK pathways have several interconnections that sometimes hinder the separation of these pathways,
the JNK and p38 pathways are both activated by cellular stressors, such as cytokines for example,
and are frequently associated with cellular death and inflammation [36,39,44]. On the other hand,
both JNK and p38 can mediate anti-apoptotic events as well and do not always work ‘as a team’,
since recent evidence suggests negative regulation of p38 over JNK in some cellular contexts [45].
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Figure 1. Schematic representation of the typical mitogen-activated protein kinases (MAPK) pathway,
composed of three levels (three-tier module) and four subfamilies: extracellular signal-regulated
kinases (ERK) 1/2, p38, c-Jun N-terminal kinase (JNK), and ERK5. Each subfamily regulates di↵erent
phenotypes. While the canonical ERK subfamily (ERK1/2) responds to mitotic stimuli and controls
cellular di↵erentiation and proliferation, JNK and p38 are activated by stressor stimuli and are involved
in apoptosis. Since the ERK5 subfamily responds to both mitotic and stressor stimuli, being associated
with cell survival, it is presented in a special subfamily.

2.1. JNK3 (and p38), Apoptosis and AD: The Perfect Storm

2.1.1. JNK Participates in Both Intrinsic and Extrinsic Pathways of Apoptosis

JNK is a MAPK activated by pro-inflammatory cytokines or exposure to environmental stress
and is best known for its role in programed cell death [46]. The term ‘apoptosis’ was suggested in
1972, and it describes a regulated cell death process that requires a complex molecular program of
self-destruction where cells retain plasma integrity and some level of metabolic activity until the
outcome [47]. Apoptotic processes are divided into extrinsic and intrinsic pathways, and a detailed
review of this topic is available elsewhere [47,48]. Here we will discuss general aspects that involve
the role of JNK in apoptosis, as illustrated in Figure 2.

The intrinsic pathway is activated by extracellular or intracellular perturbations usually found in
AD, such as oxidative stress and microtubular alterations caused by NTFs [12,49]. This pathway is
controlled by members of the Bcl-2 family, which is divided into three groups known as pro-apoptotic
pore-formers (Bax, Bak, and Bok), pro-apoptotic BH3-only proteins (Bad, Bid, Bik, Bmf, Hrk, Noxa,
Puma, etc), and anti-apoptotic proteins (Bcl-2, Bcl-XL, Bcl-W, Mcl-1, Bfl-1) [50]. The Bcl-2 family is
under the control of JNK and p38 [45], and a significant part of them can transit between cytosol
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and organelles. In response to a deleterious stimulus, the JNK-mediated phosphorylation of 14-3-3
protein at the Ser184/186 site induces the translocation of pro-apoptotic proteins (Bax and Bad) from
the cytoplasm to the mitochondria. However, it was reported that JNK can directly phosphorylate
Bad at Ser128, Bim at Ser65, and Bid at Thr59, inducing the pro-apoptotic activity, and inhibiting
anti-apoptotic proteins, since Bad, Bim, and Bmf inhibit Bcl-2 antiapoptotic e↵ect [48,49,51]. JNK also
phosphorylates Bcl-2 and Mcl-1, blocking their anti-apoptotic activity. This pathway is also known as
the ‘mitochondrial pathway’ since the relocation of pro-apoptotic proteins causes mitochondrial outer
membrane permeabilization (MOMP), allowing the cytosolic release of pro-apoptogenic factors that
normally reside in the mitochondrial intermembrane space, such as cytochrome c and Smac/DIABLO.
Cytochrome c then associates with Apaf-1, pro-caspase 9 (CASP9), (and possibly other proteins) to form
an apoptosome, which activates CASP9. When activated, CASP9 catalyzes the proteolytic activation of
CASP3 and CASP7 (known as ‘executioner caspases’), which handle cell demolition during intrinsic
and extrinsic apoptosis pathways. In this sense, both pathways can induce caspase activation that
causes the morphological and biochemical features commonly seen during apoptosis, including DNA
fragmentation and phosphatidylserine exposure [52]. However, both the pathways usually operate
independently, since Bid, a pro-apoptotic Bcl-2 family member, can be cleaved by CASP8, promoting
cytochrome c release [49].

Figure 2. Schematic representation of JNK role in intrinsic and extrinsic apoptosis.

The extrinsic pathway initiates when perturbations on the extracellular environment are detected
by cell-surface death receptors (or ‘dependence receptors’) and therefore is also known as ‘death-receptor
pathway’. Death receptors include Fas (known as CD95 or APO-1), tumor necrosis factor receptor
(TNFR), TNF-related apoptosis-inducing ligand (TRAIL), and others [53]. The dual role of Fas in both
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apoptotic and anti-apoptotic signaling is under debate. In animal models, repetitive and coordinated
activation of Fas improved spatial memory and increased adult neurogenesis in the hippocampus,
indicating that Fas could be involved in neuroprotection rather than neurodegeneration in mild cognitive
impairment (MCI) [53–56]. However, depending on the cellular context, these receptors activate CASP8
and propagate the apoptotic signal by direct cleavage of CASP3 and Bid, converging to the mitochondrial
pathway. On the other hand, the extrinsic pathway can be activated according to the stimulus perceived
by MAP3K, such as transforming growth factor-�-activated kinase 1 (TAK1), mammalian MAP/ERK
kinase kinase 1 (MEKK1), MEKK4, apoptosis signal-regulating kinase 1 (ASK1), and mixed-lineage
kinase (MLK), by GTPases like Ras (Raf) or GTPases of the Rho family (Cdc42-mediated MLK3
activation and RhoA-mediated MEKK1 activation) or, further, phosphorylated by a MAP4K, such as
p21-activated kinase (PAK), germinal center kinase (GCK), and homeodomain-interacting protein
kinase (HPK), involved in the control of MAP3K interaction with other proteins. This diversity in
MAP3K regulation allows the activation of MAPK in response to many stimuli and one of the most
complex pathways since it involves the recruitment of a large number of MAP3K [23,26,44,57–65].
MAP3Ks activate the most important MAP2K substrates in the JNK pathway, such as MKK4 and MKK7.
Next, JNK is dually phosphorylated on the Thr-X-Tyr motif on Thr-221 by MKK7 and Tyr-223 by MKK4,
preferentially. However, for JNK activation, an interaction between sca↵old proteins JNK-interacting
protein (JIP) 1-3 and the ‘ASK1-MKK4/7-JNK’ complex still provides a structural modification in
this complex for the correct phosphorylation of JNK, which results in Bid cleavage. Besides JIP
1-3, other proteins such as POSH (plenty of SH3s) are also critical for complex anchoring since they
appear to facilitate an interaction between GTP-Rac1 and subsequent proteins [23,26,44,59,61,66–71].
Then, JNK phosphorylates transcription factors, which induces the expression of pro-apoptotic proteins
and decreases the expression of anti-apoptotic proteins. The major JNK target is the transcription
factor AP-1, which is a complex formed by members of Jun, Fos, ATF, and MAF protein families.
JNK phosphorylates ATF2 at the NH2-terminal activation domain on Thr69 and Thr71 residues,
increasing ATF2 transcriptional activity. JNK phosphorylates the �-domain on the NH2-terminal region
of c-Jun on Ser63 and Ser73, which increases c-Jun transcriptional activity. JunD is a poor substrate,
while JunB binds to JNK (2-fold less when compared to c-Jun) but is not a substrate. The �-domain in
the NH2-terminal region (present in c-Jun) is required for the phosphorylation but poorly conserved
within the other two members (JunD and JunB) of the Jun family of transcription factors. Deletion
of the �-domain domain blocks the phosphorylation by JNK, indicating it could be a potential target.
Besides the fact that the combination of the components of AP-1 might vary, each isoform displays
di↵erences in binding a�nity to the JNK substrates [23,39,63,69,72,73]. While binding of JNK2�1 and
JNK2�2 to ATF2 is 2-fold greater than the binding to c-Jun, binding of JNK2↵1 and JNK2↵2 to c-Jun
is 2-fold greater than ATF2 [74]. Another substrate for JNK is p53, another protein responsible for
increasing the expression of pro-apoptotic proteins in stress-induced cell death. To induce this death
signal, JNK phosphorylates p53 at Thr81, allowing p53 to form a dimer with p73. This p53-p73 complex
induces the expression of pro-apoptotic genes such as puma and bax. On the other hand, p53 can trigger
the MOMP as well in a transcription-independent manner by activating pro-apoptotic Bcl-2 proteins
(Bax or Bak) or by inactivating anti-apoptotic Bcl-2 proteins (Bcl-2 and Bcl-X1). Other transcription
factors were reported as JNK substrates and could also induce apoptosis in di↵erent stress situations,
indicating that JNK pathway activation is context-specific and cell type-specific [45].

2.1.2. JNK Isoforms: Are They All the Same Thing?

The human genome contains three genes known as JNK1 (MAPK8), JNK2 (MAPK9), and JNK3
(MAPK10), which encode several JNK isoforms via alternative splicing of mRNA. In 1994, JNK1 isoform
was isolated from a fetal brain cDNA library [45], while a second isoform, JNK2, was isolated from
HeLa [75] and Jurkat [76] cDNA libraries. In 1996, while screening adult brain cDNA libraries, a group
confirmed the two previously identified isoforms and found eight new sequences that corresponded to
novel JNK isoforms [74]. For both JNK1 and JNK2, four isoforms were identified for each enzyme, a
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total of eight isoforms. These alternative sequences show di↵erences in COOH-termini and protein
kinases subdomains IX and X. For JNK3, two isoforms with di↵erent COOH-termini but the same IX
and X subdomains were identified as well. The major di↵erence between JNK3 and the other JNK is an
extended NH2-terminal region fused in-frame to the conserved methionine residue that serves as the
NH2-terminus of the other JNK. The isoforms are listed in the following table (Table 1):

Table 1. c-Jun N-terminal kinase (JNK) isoforms described by Gupta et al. (1996).

JNK1 JNK2 JNK3
2

1↵1 2↵1 3↵1
1↵2 1 2↵2 1 3↵2 1

1�1 2�1
1�2 2�2

1 Canonical isoform of each JNK. 2 A third JNK3 isoform was later described by another research group [77] but is
not listed in the present table. This third isoform lacks the first 38 amino acids. Furthermore, according to UniProt
database, another 68 potential JNK3 isoforms were mapped in silico [78]. The three JNK3 isoforms are 81.68%
identical between each other, while JNK3↵1 and JNK3↵2 are 89.87% identical.

The expression of multiple JNK isoforms is fundamental to generate tissue-specific responses to
the activation of JNK. Although all three isoforms and their upstream activators are indispensable to
neurodevelopment; several human tissues express both the JNK1 and JNK2, while JNK3 expression is
limited to a specific subset of neurons in the nervous system. Somehow JNK3 appears to be associated
with multiple neuropsychiatric conditions, such as epileptic encephalopathy [79] and anxiety induced
by hepatic encephalopathy [80]. It was reported in the literature that JNK3 knockout in mice (JNK3-/-)
leads to significant SNC-associated defects and embryonic death [81]. A weak expression was found in
other tissues in both pathological and physiological conditions [82].

2.1.3. Brain Regions Normally A↵ected in AD Are the Same Regions Where JNK3 Expression Was
Identified. Is It a Coincidence?

One of the first pieces of evidence that fed the hypothesis associating JNK3 and AD was described
15 years ago [83] when it was demonstrated that the expression of JNK3 is co-located with ALZ-50
antigen in brains in AD hippocampal sections. This co-occurrence indicates the presence of both
JNK3 expression and abnormally phosphorylated ⌧ protein, which is a precursor for the formation of
NTF [11,12,84]. At that time, researchers showed for the first time the presence of JNK3 in specific
tissues. Northern blot assay performed using mRNA from heart, placenta, lung, liver, skeletal muscle,
kidney, pancreas, and testis identified a weak hybridization in kidney and testis tissues, while other
tissues showed no hybridization. In addition, analysis of JNK3 mRNA by both Northern blot and in situ
hybridization in post-mortem brain samples of neurotypical individuals ranging from 35 to 56 years
old found JNK3 expression in a particular subset of pyramidal neurons in CA1, CA4, and subiculum
regions of the hippocampus and layers III and V of Brodmann’s areas 4, 10, and 17 of the neocortex.
JNK3 was also identified in the cerebellum, striatum, and brain stem, and a weak signal was detected
in the spinal cord as well. There was no expression of JNK3 found in white matter that lacks neuronal
cell bodies [83].

The clinical presentation of AD indicates that neuronal death and dysfunction a↵ect specific brain
regions that are critical to memory functioning, learning, and cognitive performance [84]. As discussed
on the previous topics, a perturbation in these brain networks occurs because of di↵erent aspects
including cytoskeletal abnormalities in neurons due to NFT and NP, the presence of A� plaques in
regions responsible for receiving inputs from other regions causing synaptic interruption, reductions
of neurotransmitters, loss of neurons, and local glial inflammatory reactions usually associated with
plaques. Those regions include the basal forebrain, cholinergic system, hippocampus, entorhinal
cortex, limbic cortex, and neocortex, and di↵erent researchers demonstrated that AD patients showed
an anatomic alteration in their brains via MRI such as hippocampal atrophy, with subsequent temporal
atrophy and ventricular expansion [85]. Those relationships suggest some possible correlations of the
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architectonic distribution of neurodegenerative damage and brain circuits involved in the control of
certain social and emotional behaviors and are summarized in Table A1.

By mapping 39 cortical areas of 11 brain samples from AD patients, one study revealed that
higher levels of NFT were found in the limbic penallocortex (area 28), subiculum and CA1 zones
of the hippocampus (area 51), basal nucleus of the amygdala (areas 11, 12, and 24), anterior insula
(areas 38 and 35), non-primary association cortex (areas 32, 46, 40, and 39), posterior parahippocampal
cortex (areas 37 and 36), primary sensory association cortex (areas 7, 18, 19, 22, 21, and 20), agranular
cortex (areas 44, 45, 8, 6, and 4), and primary sensory cortex (areas 41 and 42). The distribution of NFT
appeared to be more selective to limbic and temporal lobes than frontal, parietal, or occipital lobes,
while there were more neuritic plaques (NP) in temporal and occipital lobes [84]. Still, when considering
atrophy in well-defined brain structures and AD symptoms, areas with higher expression of JNK3
are also in evidence. Research found regions of decreased gray matter volume associated with
neuropsychiatric behaviors in patients with mild AD. Delusion symptoms were associated with
decreased gray matter density in the left frontal lobe (medial frontal gyrus/area II and inferior frontal
gyrus/area 45), in the right frontoparietal cortex (inferior frontal gyrus/area 45 and inferior parietal
lobule/area 40) and the left claustrum. Apathy, which is often seen in early AD and may be present
even before noticeable memory deficits, was associated with gray matter density loss in the anterior
cingulate (area 24) and frontal cortex bilaterally (inferior frontal gyrus/area 47, middle frontal gyrus/area
9, superior frontal gyrus/area 10) the head of the left caudate nucleus and in bilateral putamen (nucleus
lentiform), and agitation was associated with decreased gray matter values in the left insula (area 13),
and the anterior cingulate cortex bilaterally (area 24). Those findings suggest that AD symptoms are
associated with neurodegeneration in specific neural networks supporting personal memory, reality
monitoring, processing of reward, interoceptive sensations, and subjective emotional experience [86].

The expression profile of JNK3 suggests it is expressed by cells in specific brain regions commonly
a↵ected in AD patients. More recently, studies have emphasized the role of JNK3 in neurodegenerative
diseases like AD. In this sense, studies on post-mortem brain samples have shown a greater expression
of phosphorylated JNK3 in AD patients besides the presence of A� [87–89]. Further studies have
identified that JNK3 is highly expressed and activated in brain tissue and cerebrospinal fluid in patients
with AD, besides being statistically correlated with the level of cognitive decline [90,91]. In fact,
in 2012, one study showed that the activation of JNK3 is essential for the pathophysiology of AD by
maintaining positive feedback on A�42 production [92]. The A�42 activates AMPK, inhibiting the
mTOR route, leading to oxidative stress, which activates JNK3. Once activated, JNK3 promotes the
processing of APP by phosphorylating the protein at position T668P, which induces the internalization
of APP, facilitating its cleavage/phosphorylation directly, favoring the production of A�42, restarting
the cycle. From this study, JNK3 was shown to be the main kinase promoter of APP phosphorylation
in T668, since JNK3-/- knockout mice showed a dramatic reduction in A�42 levels, and higher numbers
of neuronal cells, and better cognitive function.

At the epigenetic level, unique patterns of methylation in CpG and CpH sites of enhancers
were observed, suggesting that epigenetic control of these enhancers is involved in AD and neuronal
dysfunction. Even though the CpH methylation decreases with age, it was accelerated in AD.
In samples of the prefrontal cortex of individuals diagnosed with AD, JNK3 (MAPK10) showed
enhancer hypomethylation [93]. This finding, therefore, corroborates with other researchers that
found overexpression of JNK3 in specific brain areas and reinforces the role of JNK3 in inducing
some AD hallmarks. In the middle temporal gyrus, it was found that JNK3 (MAPK10), Bcl-2 family
members (Bid, BAK1), and multiple caspases (CASP8, CASP3, CASP7) for example, were also
hypomethylated in patients with AD, suggesting an upregulation of apoptotic pathways in AD
neurons [94]. Human-induced pluripotent stem cell-derived neurons carrying isogenic apoE3/3
transplanted to apoE4/4 knock-in mouse hippocampus showed dysregulation of many pathways
involved in cell stress, such as apoptosis. It was revealed that JNK3 (MAPK10) was the gene implicated
in the largest number of dysregulated pathways [95].
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The overall importance of JNK signaling in brain development results from the multitude of
basal functions such as regulating region-specific neuronal death or migration and neuronal polarity,
neuronal regeneration, learning, and memory, for example [44]. On the other hand, JNKs are expressed
in microglia, astrocytes, and oligodendrocytes as well as in neurons [96,97], and despite having di↵erent
roles, microglia and neurons ‘communicate’ often, and one way to do so is via JNK signaling axis [98]
showing its fundamental role in both pathological events such as neuroinflammation and physiological
processes like regeneration.

2.1.4. JNK and p38 Working Together towards Chaos

Despite glial cells having been reported to induce deregulation in mitochondria and
endoplasmic reticulum dysfunction resulting in bioenergetic and Ca2+ homeostasis disruption [99],
neuroinflammation is critical for AD since it appears to modulate the disease progression [100,101].
The integration of the immune system and the central nervous system was recently reviewed [102].
In AD, the neuroinflammation relies on innate immune responses mediated by microglia [103].
The microglia, a subtype of neuroglial cells, comprise resident immunocompetent and phagocytic cells
originated from yolk sac-derived erythro-myeloid progenitors that gain CNS-surveilling properties
during early fetal development, and are not replaced by circulating bone marrow-derived cells
throughout their lifespan [104,105], and represent 8%-20% of all CNS cells [106–108]. On the other hand,
they share some phenotypic traits and innate immunological functions with peripheral macrophages
since they express major histocompatibility complex (MHC) antigens, and T and B cell markers, but di↵er
from other tissue macrophages due to their tight regulation by the CNS microenvironment [109].
Among other functions, the key role of the microglia consists of the regulation of inflammation,
synaptic connectivity, programed cell death, wiring and circuitry formation, phagocytosis of cell debris,
and synaptic pruning and sculpting of postnatal neural circuits [110]. Research identified a correlation
of specific expression patterns in microglia from the brain cortex and AD risk variations, indicating
that neuroinflammation may have a more important role in AD than in other neuropsychiatric
diseases [99]. It was revealed that inflammatory pathways are also linked to rapid cognitive decline
in the mild cognitive impairment stage of AD [18]. Thus, a link between some AD hallmarks and
neuroinflammation continues to grow stronger. It was reported that microglia from animals carrying
the "4 allele of the apoE gene are deficient in clearing A� aggregates [95]. Despite the major function of
apoE being associated with cholesterol transportation, it is usually related to increasing A� clearance
by promoting migration and activating phagocytosis in microglia, and mutations are associated with
EOAD [103]. However, it was suggested that Presenilin1 also modulates A� clearance [111].

In the pre-clinical stages of AD, the microglia play a protective role by phagocyting and depredating
toxic A� aggregates. On the other hand, as the disease progresses, the A� clearance by microglia
appears to decrease due to overstimulation [100,101,108,112]. In other words, after some point,
microglia cells appear to gradually lose their phagocytic phenotype. In vivo AD models corroborate
this hypothesis, since it was found that microglia decrease the expression of their A�-binding
receptors and A�-degrading enzymes while maintaining the ability to produce pro-inflammatory
cytokines [113]. For a time, it was believed that the microglia under physiological conditions
(so-called ‘resting microglia’) could switch into a reactive morphology, being called ‘activated
microglia’ through activation of macrophage polarization in which it could acquire an M1 or an
M2 phenotype. The M1 phenotype is associated with pro-inflammatory induction, similar to
activated peripheral macrophages and Th cells, while the M2 phenotype is associated with an
anti-inflammatory state [110,114]. Recently, this categorization has been under discussion because it is
di�cult to fully characterize the ‘pro-inflammatory’ phenotype of microglia in neurological diseases,
and the classification appears to be too restrictive, which hinders research progress [115]. For further
information about the role of microglia in neurodegenerative diseases, please check the following
references [116,117].
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Despite the controversy, it is widely accepted that in the past two decades, neuroinflammation has
been considered an important component of the disease pathogenesis. As mentioned above, microglia
may contribute to neurodegeneration e↵ects since it reacts to A�, for example. One mechanism of A�

clearance in the brain is the uptake and degradation of those aggregates by the microglia-mediated
by Toll-like receptors (TLRs) TLR2 and TLR4, for example. After a stimulus, the microglia produce
several inflammatory mediators, such as IL-1�, IL-6, TNF-↵, prostaglandin E2 (PGE2), nitric oxide
(NO), brain-derived neurotrophic factor (BDNF), which can activate the JNK pathway. The major
contribution of JNK to neuroinflammation is via its transcription factor, AP-1, which regulates
pro-inflammatory genes such as COX2, NOS2, TNF-↵, CCL2, and VCAM-1 [74]. The CCL2 level in
cerebrospinal fluid (CSF) is comparable to the hippocampal volume in predicting a rapid cognitive
decline in MCI, a preclinical phase of AD [18]. ATF2, another JNK substrate, is also associated
with pro-inflammatory genes. The activation of JNK contributes to AD pathophysiology through
pro-apoptotic and pro-inflammatory e↵ects.

On the other hand, studies indicate that microglia may contribute to the pathology of AD
through the production of IL-1, activation of neuronal p38-MAPK, and synaptic and cytoskeletal
alterations [107,108], which manages the aggregation of NTFs [8,19,22,36,118], which confirms their
participation in AD, and thus become an important therapeutic target. p38 is a 38 kD polypeptide MAPK
found in 4 isoforms (↵, �, �, �) and it is strongly activated by environmental stresses and inflammatory
cytokines [119,120]. Similar to JNK, phosphorylated p38 was found especially in the CA2 and the
subiculum, but at the CA1 in the hippocampus as well [121], and near NP and NTF in post-mortem
brains of AD patients [35,122,123]. In response to A�, NTF, or oxidative stress, also a common feature
in AD brains, JNK and p38 induce NF-k�, synaptic excitotoxicity, and neuroinflammation [123–127].
Corroborating these findings, it was demonstrated that NJK14047 (selective p38↵/� inhibitor) reduced
NOS, COX-2, TNF-↵, and IL-1� in vitro, decreased microglia activation in vivo [128], and improved
cognitive functions in an AD mouse model [129]. This could be explained by the fact that p38↵
expression stimulates BACE1 and, therefore, the A� generation, but also induces dysfunctional
autophagy in neurons [129]. Evidence suggests that patients with neurodegenerative diseases such as
AD might also benefit from p38 MAPK inhibitors [130]. Besides, p38 might modulate (at some point)
psychiatric symptoms observed in AD such as depression [131]. The prevalence of major depression
in demented patients is 32% [132], in AD patients is over 20% [131], while the lifetime prevalence of
depression is 10.8% [133]. Evidence showed that IL-1� and TNF-↵ increased the serotonin transporter
(SERT) activity (and therefore decreased synaptic availability of serotonin) via p38 activation in vitro
and in vivo [134,135]. LPS-treated mice showed increased SERT activity and depressive-like behavior,
but when the animals were treated with SB203580, increased serotonin uptake and depressive symptoms
were no longer observed [135].

Other studies showed that neuronal deletion of p38↵ had neither impact on the hippocampal and
cortical development nor on learning and memory skills, motor coordination, and muscle function.
On the other hand, the animals showed increased anxiety behavior and higher levels of JNK activation
on the CA1, CA3, and dentate gyrus. Inhibition of JNK using SP600125 or D-JNKi, however, decreased
JNK activation in vitro and ex-vivo and reverted the anxiety-like behavior induced by deletion of p38↵
in vivo. This suggests that the specific activation of the p38↵ isoform is necessary to control behavioral
states related to anxiety through JNK inhibition in CNS since other isoforms did not decrease JNK
levels in both in vivo and in vitro models [136]. It opens an interesting discussion because the selective
inhibition of p38 could induce anxiety symptoms principally needs to be taken into account when
dealing with elderly individuals.

2.1.5. JNK Structure

Similar to other kinases, JNK presents 11 subdomains (I-XI) in a conserved arrangement of
two lobes, the C-terminal lobe and the N-terminal lobe that are connected through a catalytic site
(the ATP-binding site) and signature sequences that contribute to proper stabilization [137,138].
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In the N-lobe, at the subdomain I, between the �1 and �2-strands there is a glycine-rich sequence
Gly-X-Gly-X-X-Gly-X-X (also called ‘G-loop’, residues Gly71 to Val78) that comprises the ATP-binding
site and is followed by a valine residue at the �2-strand that makes a hydrophobic contact with
the adenine of ATP. The subdomain II contains Lys43 at the �3-strand that forms a salt bridge with
a glutamate residue from subdomain III. So, the third subdomain is composed of a ↵C-helix and
contains Glu111 that interacts with Lys43 (subdomain II) in the active conformation, as the salt bridge
couples with ATP. Subdomain IV contains a �4-strand, which contributes to the structure of the N-lobe,
while subdomain V contains a hydrophobic �5-strand in the N-lobe and an ↵D-helix in the C-lobe.
The sequence between �5-strand and ↵D-helix links the N-lobe and the C-lobe. At the subdomain V,
there is a gatekeeper residue (Met146) that is positioned deep inside the ATP-binding pocket and is
between two hydrophobic regions [139]. This residue takes part in the protein conformation structure
and determines the size of the binding pocket. The subdomain VIa contains the ↵E-helix that parallels
the ↵F-helix from subdomain IX. In the C-lobe, the subdomain VIb influences catalytic reactions as it
contains the catalytic loop (‘C-loop’) with a conserved HDR motif (His187-Arg188-Asp189). Asp189
forms a hydrogen bond with Tyr223 and is the catalytic base that accepts the hydrogen removed
from the hydroxyl group being phosphorylated. Subdomain VII contains the activation segment,
which starts with a DFG motif (Asp207-Phe208-Gly209). This motif is particularly important to activate
the protein. When Phe208 is inside the hydrophobic pocket created by residues from the C lobe and N
lobe, the conformation is called ‘DFG-in’. On the other hand, if Phe208 is outside the hydrophobic
pocket (called ‘DFG-out’ conformation) the enzyme is inactivated as Asp207 can no longer properly
orient Mg2+ to the active site, and as a result, the transference of phosphate from ATP to the substrate is
disrupted [140]. Subdomain VIII contains the threonine and tyrosine residues whose phosphorylation
activates JNK (called ‘TYP motif’, Thr221-Pro222-Tyr223), the ‘APE motif’ (Ala231-Pro232-Glu233),
and the p+1 loop (Arg227-Arg230), which is between TYP and APE motifs. The region between
the DFG motif (subdomain VII) and APE motif (subdomain VIII) is referred to as the activation
loop (A-loop, Ser217-Thr226). Once Thr221 and Tyr223 are phosphorylated, the protein changes its
conformation so that the activation loop is oriented to render the active site cleft accessible; DFG and
HDR motifs are properly positioned for catalysis and the p+1 loop can interact with the substrate.
Subdomain IX contains mostly the hydrophobic ↵F-helix and aspartate, while subdomains X and XI
contain ↵-helices involved in binding substrate proteins [42,141,142]. The so-called D-recruiting site
(DRS) is also important to properly coordinating the binding structure and comprises the docking
groove (residues 145 to 169), the ED site (residues 196 to 204), and a common docking motif (D-motif)
(residues 359 to 372). Figure 3 illustrates a two-dimensional view of JNK3 structure and important
regions linked to either JNK signaling or JNK conformation.

Figure 3. Two-dimensional structure of JNK3. Key structure elements are colored as shown in legend.
Figure generated with Protter.
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organic compounds do not cross the blood–brain barrier (BBB), which is fundamental when dealing
with drugs supposed to act at the SNC. This is a crucial issue and must be taken into account in
this case.

Figure 4. (A–D) Structural superposition of JNK3 (PDB code: 3OY1, chain A, represented in red) and
ERK1 (PDB code: 2ZOQ, chain A, represented in green); (E–H) Structural superposition of JNK3 (PDB
code: 3OY1, chain A, represented in red) and p38↵ (PDB code: 1A9U, chain A, represented in green).
Figure generated by iPBA.
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As previously mentioned, the CMGC kinase group shares many similarities within their kinase
domain, especially at the catalytic subunit, which catalyzes the transfer of the �-phosphate from ATP
to serine or threonine residues of protein substrates [35]. These identical or very similar domains make
it a challenging task to develop selective inhibitors. Potential kinase inhibitors may fail in clinical trials
because they bind to multiple targets due to structural similarity. In this case, a deeper understanding
of the kinase target of each drug is required to develop successful treatment strategies, although some
o↵-target e↵ects are beneficial once drug repurposing is particularly interesting [143].

Regarding structure, the homologous region of JNK3 (Phe48-Glu397) is similar to other MAPK
(45% identical in amino acid sequence to ERK2 and 51% identical to p38). However, some segments,
such as the A-loop region, show a high structure variance between JNK, p38, and ERK. In JNK3,
the activation loop is 10 amino acids long, so the A-loop of JNK3 is four residues shorter than ERK
and two residues longer than p38. Additionally, the residue between two phosphorylation sites at the
Thr-X-Tyr motif is proline in JNK3 (Thr221-Pro222-Tyr223), and therefore, for JNK, the Thr-X-Tyr motif
is also called TPY motif. For p38, glycine is present, whereas in ERK it is glutamate. ERK and p38 lack a
12 amino acid sequence at the C-terminal domain that is present in all JNK isoforms’ (residues 283-328).
These variations cause changes in the protein structure and impact the drug specificity. Figure 4 (A–D)
shows the superposition of JNK3 (represented in red) and ERK1 (represented in green), while Figure 4
(E–H) presents a superposition of JNK3 (red) and p38 (green).

On the other hand, JNK has three isoforms and several studies already pointed out that it is
particularly challenging to design highly selective JNK3 inhibitors because it shares 77% amino acid
sequence identity with JNK2 and 75% identity with JNK1 as well. The sequence identity at the
ATP binding pocket is 98% identical between all three JNK isoforms. The ATP binding region has
been explored as a potential target, but since this is a highly conserved region, drugs targeting the
ATP binding pocket lack specificity. On the other hand, the hydrophobic region is an interesting
‘place’ to explore JNK selectiveness but is ‘protected’ by a gatekeeping amino acid residue. The open
conformation of the gatekeeper Met146 also contributes to selectivity.

The presence of a leucine residue (Leu144) within the binding pocket could explain the selectiveness
of JNK2/JNK3 isoforms over JNK1, which presents an isoleucine residue (Ile106) in the same position.
The presence of Leu144 provides the proper accommodation of the naphthalene ring into the selectivity
binding pocket, which is not possible in other MAPKs. Another study confirmed this finding when
it suggested that Leu144 located within the hydrophobic pocket of JNK3 was responsible for the
selectivity [144]. On the other hand, the selectivity of JNK3 over JNK2 is explained by the presence of
isoleucine and methionine residues (Ile92 and Met115) in the JNK3 isoform, while the JNK2 isoform
presents valine and leucine residues in the same position (Val54 and Leu77). A recent study suggested
that hydrophobic interactions with other amino acids, such as valine and glycine, are also necessary to
confer a selective inhibition of JNK3 [144].

Crystallographic structures solved by X-ray of the JNK3 protein are useful for
understanding the interaction between ligand and target. The three-dimensional structure
of JNK3 bound to an inhibitor with in vitro CNS-like pharmacokinetic properties is
shown in Figure 5A. A more detailed interaction between the ligand and JNK3 amino
acids is represented in Figure 5B. Experimental studies determined that the molecule
5-[2-(cyclohexylamine)pyridin-4-yl]-4-naphthalene-2-yl-2-(tetrahydro-2H-pyran-4-yl)-2,4-dihydro-3H-
1,2,4-triazol-3-one (referred to as 589) preferably inhibits JNK3 (IC50 = 0.016 µM) and JNK2
(IC50 = 0.097 µM) over JNK1 [145].

Despite the ligand appearing to be highly selective to JNK2/3, the ligand molecule was designed
to possibly treat AD, and therefore, it must show high biological activity and low toxicity. Authors
demonstrated that early ADMET (absorption, distribution, metabolism, excretion, and toxicity)
profiling in drug discovery drastically decreases the fraction of pharmacokinetics-related failure in
clinical trials [146,147]. In this case, in silico methods can predict the ADMET profiling from a molecular
structure, saving time and resources. Another important aspect is that approximately 98% of small
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Figure 5. (A) Overview of the three-dimensional structure of the JNK3 interacting with its ligand
(PDB code: 3OY1); (B) 2D protein-ligand interaction plot for 3OY1, emphasizing the interactions
between the ligand and the residue Met149. The hydrogen bond (at atom level) is shown in dashed
lines. Amino acids that do not interact with the ligand via hydrogen bond are shown in green.
Water molecules are not shown. Plot automatically generated by ProteinsPlus using the PoseView tool
based on the 2Ddraw library.

3. Therapeutic Proposal

In 1974, Drachman and Leavitt suggested that memory was related to the cholinergic system and
depended on age [148], a notion that is still considered valid today. At the same time, two British
groups independently demonstrated that the pathology of AD was associated with a severe loss
of central cholinergic neurons, more precisely, the severity of dementia was correlated with the
extent of cholinergic loss in the basal nucleus of Meynert [149,150]. The cholinergic hypothesis led to
the development of drugs during the 1980s and 1990s and continues to provide a basis for current
development e↵orts with modulators of neuronal nicotinic receptors and other molecules that have
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e↵ects on cholinergic function such as muscarinic and nicotinic agonists, partial agonists, and allosteric
modulators of 5-hydroxytryptamine (5-HT) receptor [148,151–153]. So, although other therapeutic
targets are being investigated, the cholinergic hypothesis and the amyloid cascade hypothesis have
influenced drug development more profoundly, especially by the latter. The amyloid cascade hypothesis
has dominated drug development in the past two decades and presents several targets, including
inhibition of protein kinase activation [152]. In fact, among the di↵erent hypotheses for AD, like amyloid
hypothesis, neurotransmitter hypothesis, tau propagation, mitochondrial cascade, neurovascular,
exercise, inflammatory, and virus, the first cited was the most strongly tested one in clinical trials until
2019 (22.3%), followed by the neurotransmitter hypothesis, with 19.0% of trials [31].

Despite having been a known disease for over a hundred years, the current treatment of AD
seems to be more palliative by restricting itself to the management of symptoms by temporarily
delaying cognitive impairment [4,49–54]. However, there are still many points that remain uncertain
concerning the pathophysiology and the treatment of AD, impacting the development of new drugs.
There are currently four drugs approved by the FDA and used clinically, totaling five therapies,
the fifth being a combination of two drugs. Clinical treatments are mainly divided into two categories:
Acetylcholinesterase inhibitors (AChEIs), represented by donepezil, and N-methyl-D-aspartic acid
(NMDA) receptor antagonist, represented by memantine [93]. Unfortunately, only the symptoms are
treated because the drugs are regulators of neurotransmitters with no significant e↵ect on the progression
of AD. Therefore, it is necessary to seek alternative strategies to treat AD given the limited progress of
therapy in phase III clinical trials and the fact that no new drugs have been approved since 2003 [49,55].
About 200 drugs are in phase II of analysis, albeit they show a limited clinical e↵ect, and there is a
controversy regarding their therapeutic e�cacy. There are many potential drug targets, and so far,
there are no validated targets, except perhaps for the cholinergic system [53,55,56]. The ‘normal’ JNK
pathway is essential for neurodevelopment and neuronal regeneration, albeit excessive activation
of this route can induce apoptosis in neurons. Thus, techniques that allow specific inhibition of
JNK have been developed and identified as neuroprotective agents, which can not only treat AD
but also other pathologies external to the CNS [44,61,81,154–156]. Evidence shows that JNKs can
be therapeutic targets in several conditions [157], including Parkinson’s disease [158] and AD [159],
obesity and insulin resistance [160,161], rheumatoid arthritis [162], asthma [163–165], vascular disease,
and atherosclerosis [166]. Given its performance in various biological and pathological processes,
di↵erent approaches are used to pharmacologically block JNK activity.

In the human body, there are hundreds of kinases, and several of them are somehow involved in
di↵erent conditions, including AD, and therefore, they constitute an interesting molecular target [167].
The first small molecule kinase inhibitor, Imatinib (Gleevec, Novartis), was FDA-approved in 2001 to
treat leukemia. As of June 2020, there are now 61 FDA-approved kinase inhibitors and a simple search
for the term ‘kinase inhibitor’ on the ClinicalTrials.gov website revealed 6464 trials, reinforcing its
relevance. Most kinase inhibitors comprehend the ATP-competitive inhibitor types. Within this group,
type I inhibitors bind to the active DGF-in conformation of the kinase, while type II inhibitors bind to
the inactive conformation of the kinase (DFG-out) in a such way that the A-loop blocks the substrate
from binding to the enzyme [140,168–171]. These compounds have a heterocyclic ring that mimics the
interaction of the purine ring of the ATP and occupies the adenine binding region of the ATP-binding
pocket, while other parts of the molecule occupy adjacent hydrophobic regions [168]. Compared
to type I, type II inhibitors have more selectivity as there is higher heterogeneity among inactive
conformation states but less a�nity to active kinases [172,173]. Aminopyrazoles, aminopyridines,
aminopyrimidines, indazoles, pyridine carboxamides, benzothien-2-ylamides, and benzothiazol-2-yl
acetonitriles are some small molecules already reported as ATP-competitor JNK inhibitors [157,174].

One of the first molecules to be explored was SP600125 (PubChem ID 8515), a pan-JNK inhibitor
with IC50 values for JNK1, JNK2, and JNK3 of 40, 40, and 90 nM, respectively. In vivo and in vitro
models of AD demonstrated that SP600125 prevents neuronal death induced by �APP production.
Besides, other studies showed that intracerebroventricular injections of SP600125 improved AD-related
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neurological aspects in animal models. However, such a compound o↵ers limited specificity. SP600125
helped in understanding the role of JNK in many physiological and pathological conditions, and despite
still being broadly used in research, the lack of specificity confers variable degrees of responses and
toxicity profiles. Along with all three JNK isoforms, it inhibits upstream kinases of the JNK pathway
such as MKK4 and MKK7 but also interferes with the signaling of proteins not directly related to the
classical JNK pathway, such as SGK, S6K1 (p70 ribosomal protein S6 kinase), AMPK, CDK2, CK1d,
and DYRK1A, a total of at least 13 other kinases [175] [176]. Tanzisertib (Celgene) (PubChem ID
11597537) is a pan-JNK inhibitor developed based on the SP600125 structure with reported inhibition
of JNK3 activity (PBD ID 3TTI) [177]. This molecule, also known as CC-930, was the first orally
active molecule discovered and was being investigated in phase II clinical trials for treating idiopathic
pulmonary fibrosis (NCT01203943) and discoid lupus erythematosus (NCT01466725). Trials were
discontinued in 2012 due to increased hepatotoxicity [178,179]. Bentamapimod (also known as
AS602801 or PGL5001, PubChem ID 10195250) is another orally active pan-JNK inhibitor (PregLem
SA). This ATP-competitive molecule with an IC50 of 80 nM, 90 nM, and 230 nM for JNK1, JNK2,
and JNK3, respectively, demonstrated a su�cient safety and toxicity profile in phase I and II clinical
trials for inflammatory endometriosis (NCT01630252) [180,181]. In combination with enzalutamide,
treatment with Bentamapimod showed antineoplasic activity in a prostate cancer model in vitro [182].
CC-401 (PubChem ID 10430360), developed by Celgene, is a pan-JNK inhibitor derivate from SP600125
with an inhibition constant (Ki) ranging from 25 to 50 nM with 40-fold selectivity for JNK than other
kinases. The compound entered a phase I clinical trial (NCT00126893) to determine the optimal dosing
for individuals with high-risk myeloid leukemia, but the trial was discontinued [183,184]. However,
type I and type II inhibitors bind to the same ATP-binding site, which is a highly conserved domain
within the MAPK family [33]. In this case, the design of a specific kinase inhibitor capable of blocking
a single kinase by either type I or type II mechanisms of action is a considerable challenge. Since lack
of specificity is a disadvantage, non-ATP-competitive inhibitors are thought to be more selective than
ATP-competitive inhibitors. While type III inhibitors bind to catalytic sites close to the ATP-binding
site, type IV binds to a catalytic site distant from the ATP-pocket. Similarly, in primary cell cultures,
compounds such as K252a and CEP1347 inhibited A�-induced neuronal death, the latter even reaching
the stage of clinical studies. However, it did not perform satisfactorily enough to proceed to the
following tests [23,27,36,61,66–68,70,90,92,156,185–192]

Type IV kinase inhibitors do not target allosteric regions outside the ATP-binding site or the
catalytic site. Instead, they inhibit the enzymatic activity by either blocking the access to upstream
activators or by preventing the phosphorylation of some downstream substrates while preserving the
biological function of other important substrates. They target allosteric sites at the C-lobe, N-lobe,
or allosteric pockets at the kinase domain superficies [193]. Type IV JNK inhibitors disrupt the
interaction between JIP-1 and �-arrestin-2 with JNK, which is essential for the function and regulation
of JNK signaling, providing critical tools for manipulating the ‘signalosome’ and the cellular response
to di↵erent stimuli [183]. In this sense, blocking JIP1-JNK could be an alternative to treat neurological
diseases because even though knockout of JIP-1 did not a↵ect APP transport or A� production [194],
it interacts with the APP intracellular domain [195]. Still, JIP-1 inhibition prevented apoptosis in
sympathetic neurons [196], and transgenic mice with less JIP-1-mediated JNK activation showed
enhanced long-term synaptic plasticity, which is linked to learning and memory skills [197]. In this
sense, brimapitide (also known as XG-102, AM-111, or D-JNKI1, PubChem ID 315661186) (Auris
Medical AG/Xigen SA) is a cell-permeable peptide and comprises 20 amino acids of the JNK-binding
domain JIP-1/IB1 (JBD20) conjugated to a carrier peptide derived from HIV-TAT48-51 [176] and is a very
strong and selective inhibitor in JNKs, and di↵ers from all common chemical inhibitors, inhibiting JNK1,
JNK2, and JNK3 with Ki values of 3.3 M, 430 nM and 540nM [183]. In this sense, it is a peptide that
inhibits the JNK-JIP interaction (type IV JNK inhibitor) with a reported anti-apoptotic e↵ect in cochlear
neurons [198] that was also evaluated in labyrinthitis [199] and acute inflammatory bowel disease
in vivo models [200]. The e�cacy of intratympanic administration of this agent in the treatment of



Int. J. Mol. Sci. 2020, 21, 9677 17 of 31

severe idiopathic sudden sensorineural hearing loss underwent phase II (NCT00802425) and III clinical
trials (EudraCT 2013-002077-21/NCT02561091 and NCT02809118) revealing promising results [201,202].
Phase I (NCT01570205) aimed to determine the safety, tolerability, and pharmacokinetics of a single
intravenous infusion to treat inflammatory conditions, while the clinical e�cacy of a subconjunctival
injection with a sterile ophthalmic solution containing brimapitide for treatment of ocular inflammation
and pain associated with cataract surgery underwent a clinical trial of phase III (NCT02508337 and
NCT02235272), revealing a similar anti-inflammatory e↵ect when compared with dexamethasone eye
drops [203,204]. Figure 6 shows the mechanism of action of JNK inhibitors under clinical trials.

Figure 6. Schematic representation of the mechanism of action of JNK inhibitors.

The protective action in diseases of the nervous system has been tested in several experimental
models, having the ability to interfere in AD, more specifically with phosphorylation of APP in cortical
neurons [183,205,206]. In this sense, it may be a promising drug since it is currently under clinical trials
(phase III) but has also shown improved cognitive function, reduced cell death, and pro-inflammatory
markers after six months of treatment in an in vivo model of AD [207]. On the other hand, kinase
inhibitors that target sites outside the ATP-binding site show low a�nity and a dissociation constant
(KD) in the micro or millimolar range, and this case, the half-life is too rapid (ranging in a microsecond
time scale). Additionally, �-arrestin-2, an important sca↵olding protein from the JNK3 cascade in the
CNS, represents the possibility of developing a specific inhibitor of JNK3 to combat neurodegenerative
disorders. Considering that JNK3 is highly expressed in CNS, it is important to note that although
�-arrestin-2 can bind to all JNK isoforms through the common binding motif linked to the N terminal
of JNK3; it leads to its specific activation without a↵ecting JNK1 and 2 activity. �-arrestin can also
contribute to the regulation of synaptic receptors since they are important adapters that link receptors
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to the clathrin-dependent pathway of internalization [183,208,209]. In addition, type V combines an
ATP-competitive ligand to a secondary binding ligand. In this multi-target profile, type V inhibitors
have higher potency and selectivity [210]. Molecules that form an irreversible covalent bond with
the catalytic site are known as type VI inhibitors [193,211,212]. There are no types III, V, and VI JNK
inhibitors under clinical trials. Figure 7 shows the main JNK3 small molecules explored so far with a
promising future as therapeutic proposals for AD.

Figure 7. Cont.
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Figure 7. Summary of small molecules of JNK inhibitors used in neurological models that could be
used as approaches to develop new Alzheimer’s disease (AD) therapeutics [157,185–192,213–217].
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4. Conclusions and Perspectives

The heterogeneity of AD, the lack of extensive knowledge about the pathophysiology of AD,
and the restricted therapeutic approaches open opportunities for candidate drugs to treat AD in a more
e↵ective manner. The high failure rate of the aforementioned test drugs may be because of failing to
explore the correct targets.

In this context, JNK3/p38 inhibitors represent an interesting therapeutic alternative since results
from post-mortem immunohistochemical studies revealed a significant increase in pJNK and pp38
in the frontal cortex of the brains of patients with AD compared to the brains of control subjects,
for example. Already, p38 activates microglia in response to neurotoxic molecules and increases
the production of pro-inflammatory cytokines, but shreds of evidence suggest that JNK and p38 are
important to AD’s pathophysiology, and the selective p38 inhibitors might not be suitable, especially
for elderly and/or anxious individuals. On the other hand, there are some examples of JNK inhibitors
tested in vitro and with good results. Despite some molecules being considered not suitable for human
use, these inhibitors proved useful in elucidating the role of JNK signaling in neurodegeneration.
The key challenge is to improve research in this field and develop orally active molecules that can
cross the BBB without generating major side e↵ects.
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Appendix A

Table A1. Summary of brain areas and systems commonly a↵ected in AD patients and the major
consequences according to Arnold et al. (1991), Firth et al. (2019), and Bruen et al. (2008).

A↵ected Area/System Major Consequence

Entorhinal cortex
Memory impairmentsHippocampus

Medial temporal cortex

Neocortex Deficits in higher cognitive functions, such as language,
calculation, problem-solving, and judgement

Basal forebrain cholinergic system Contributes to memory and attention deficits

Limbic cortex

Behavioral and emotional disturbances
Amygdala
Thalamus

Monoaminergic system
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Capítulo III 

Diferenciação celular em células de neuroblastoma SH-SY5Y. 
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Diferenciação celular 
A linhagem celular de neuroblastoma humano SH-SY5Y é um modelo 

experimental in vitro amplamente utilizado. São caracterizadas morfologicamente por 

corpos celulares semelhantes a neuroblastos, não polarizados, com poucos 

processos truncados. As células tendem a crescer em aglomerados e podem formar 

aglomerados celulares à medida que as células parecem crescer umas sobre as 

outras (Figura 14).  

Figura 14. Células SH-SY5Y não diferenciadas.  

 
As células tendem a crescer em aglomerados (seta preta) e podem formar grupos de células 
arredondadas umas sobre as outras (seta vermelha). Fonte: da autora (2021). 

As células SH-SY5Y não diferenciadas proliferam continuamente, expressam 

marcadores neuronais imaturos e não possuem marcadores neuronais maduros 

(PÅHLMAN et al., 1984). As células indiferenciadas são consideradas as que mais 

assemelham-se aos neurônios catecolaminérgicos imaturos (LOPES, et al., 2010; 

XIE; HU; LI, 2010). Apesar das células SH-SY5Y diferenciadas e não-diferenciadas 

terem sido usadas em modelos experimentais, autores sugerem que as células 

devem ser diferenciadas, uma vez que as células indiferenciadas são provenientes 

de um tumor metastático e continuamente sofrem divisão, tornando difícil prever o 
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efeito de agentes protetores contra neurotoxinas (XIE; HU; LI, 2010). De fato, 

diferenças nos perfis de expressão gênica, capacidade antioxidante, síntese de 

neurotransmissores e outros aspectos fenotípicos foram observados entre células 

diferenciadas e indiferenciadas (KORECKA et al., 2013; KRISHNA et al., 2014; 

LUCHTMAN; SONG, 2010). Nesse sentido, células SH-SY5Y podem ser 

"direcionadas" para uma variedade de fenótipos neuronais maduros (colinérgicos, 

adrenérgicos ou dopaminérgicos), conforme as condições de cultivo (XIE; HU; LI, 

2010). Um dos métodos mais comumente implementados e melhor caracterizados 

para indução de diferenciação em células SH-SY5Y é através da adição de RA ao 

meio de cultura celular. O RA é um derivado da vitamina A conhecido por inibir a 

proliferação celular e induzir a diferenciação celular (MELINO et al., 1997).  

Normalmente, o RA é administrado a uma concentração de 10 µM por um 

mínimo de 3-5 dias em meio sem soro ou com baixo teor de soro para induzir a 

diferenciação (CHEUNG et al., 2009; SHIPLEY; MANGOLD; SZPARA, 2016; XIE; 

HU; LI, 2010), embora variações nas concentrações de cada componente também 

tenham sido relatadas. Nesse sentido, diferentemente das células não diferenciadas, 

as células SH-SY5Y diferenciadas tornam-se morfologicamente mais semelhantes 

aos neurônios primários com processos longos distribuídos aleatoriamente 

(neuritos). A diferenciação de células SH-SY5Y também induz uma diminuição na 

taxa de proliferação (PÅHLMAN et al., 1984) (Figura 15).  
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Figura 15. Células SH-SY5Y diferenciadas. 

As células não se agrupam e têm um corpo celular com formato mais piramidal (seta 
vermelha). Neuritos começam a se estender (seta preta). Fonte: da autora (2021). 
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O método de diferenciação selecionado para experimentos in vitro deve ser 

determinado pelo fenótipo desejado após a diferenciação. Em resposta ao 

tratamento com RA, as células SH-SY5Y diferenciam-se principalmente em um 

fenótipo de neurônio colinérgico, conforme evidenciado pela expressão aumentada 

da atividade da colina-acetiltransferase (ChAT) e do transportador vesicular de 

monamina (VMAT) (LOPES, et al., 2010; PRESGRAVES et al., 2004). Após a 

diferenciação, observou-se um aumento na expressão de genes envolvidos com a 

defesa antioxidante (CHEUNG et al., 2009; DE BITTENCOURT PASQUALI et al., 

2016; KUNZLER et al., 2017; SCHNEIDER, et al., 2011), além de um aumento na 

fosforilação oxidativa (FORSTER et al., 2016). Este perfil modificado de expressão 

gênica reflete diretamente na capacidade das células de se recuperarem do estresse 

oxidativo causado pela 6-OHDA (CHEUNG et al., 2009).  

6-OHDA é uma toxina catecolaminérgica amplamente utilizada como modelo 

experimental in vitro da doença de Parkinson. É formada a partir da dopamina na 

presença de Fe2+ e H2O2 e seu principal mecanismo de neurotoxicidade depende de 

dois eventos principais. O primeiro depende da auto-oxidação de 6-OHDA, no qual o 

dano celular é resultado de ROS derivadas de 6-OHDA. De fato, 6-OHDA é 

rapidamente oxidada por oxigênio molecular para formar H2O2, ânions superóxido 

(O2●-) e radicais hidroxila (OH-) (COHEN; HEIKKILA, 1974). Portanto, nos ensaios 

usamos a 6-OHDA como indutor de apoptose, adicionamos 0,2% de ácido ascórbico 

à reação para evitar a rápida auto-oxidação da 6-OHDA. Foi relatado que a 

presença de ácido ascórbico (AA) diminuiu o consumo de O2 e a quantidade de 

H2O2, indicando que o AA reduziu a taxa de auto-oxidação de 6-OHDA (SOTO-

OTERO et al., 2000). Inclusive, é provável que um efeito semelhante ocorra in vivo 

uma vez que os antioxidantes disponíveis no tecido cerebral podem ser suficientes 

para prevenir a rápida oxidação de 6-OHDA. Isso fornece suporte para a teoria de 

que a toxicidade de 6-OHDA ocorre por um mecanismo secundário e alternativo no 

qual 6-OHDA promove a inibição dos complexos mitocondriais I e IV (GLINKA, Y; 

GASSEN; YOUDIM, 1997). 

Para confirmar esta maior resistência, um controle positivo de doxorrubicina (10 

µM) foi incluído. O mecanismo de ação da doxorrubicina é através do bloqueio 

específico da atividade da enzima topoisomerase II, que está envolvida na 

replicação do DNA durante a mitose e não interfere no estresse oxidativo e, portanto, 
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não afeta o dano causado pela 6-OHDA. A doxorrubicina é um antineoplásico da 

classe das antraciclinas amplamente utilizada para o tratamento de vários tumores 

sólidos. Ao intercalar-se com o DNA induz a quebra da dupla fita e, portanto, a morte 

celular. Além disso, pode inibir a enzima topoisomerase II (CHEN, X; JI; CHEN, 

2002; FORNARI et al., 1994). 

O protocolo de diferenciação das células SH-SY5Y por meio de RA 

(APÊNDICE 1) mostrou-se eficaz na obtenção de células diferenciadas e 

fenotipicamente mais semelhantes a células neuronais maduras. Já o modelo in vitro 

de doença neurodegenerativa com células SH-SY5Y diferenciadas induzidas por 6-

OHDA desenvolvido no presente estudo contribuiu adequadamente para a execução 

dos ensaios in vitro e para estudos na busca de potenciais moléculas potencias para 

o tratamento de doenças neurodegenerativas. 
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Abstract: Current treatments for neurodegenerative diseases (ND) are symptomatic and do not
affect disease progression. Slowing this progression remains a crucial unmet need for patients and
their families. c-Jun N-terminal kinase 3 (JNK3) are related to several ND hallmarks including
apoptosis, oxidative stress, excitotoxicity, mitochondrial dysfunction, and neuroinflammation. JNK
inhibitors can play an important role in addressing neuroprotection. This research aims to evaluate the
neuroprotective, anti-inflammatory, and antioxidant effects of a synthetic compound (FMU200) with
known JNK3 inhibitory activity in SH-SY5Y and RAW264.7 cell lines. SH-SY5Y cells were pretreated
with FMU200 and cell damage was induced by 6-hydroxydopamine (6-OHDA) or hydrogen peroxide
(H2O2). Cell viability and neuroprotective effect were assessed with an MTT assay. Flow cytometric
analysis was performed to evaluate cell apoptosis. The H2O2-induced reactive oxygen species (ROS)
generation and mitochondrial membrane potential (DYm) were evaluated by DCFDA and JC-1 assays,
respectively. The anti-inflammatory effect was determined in LPS-induced RAW264.7 cells by ELISA
assay. In undifferentiated SH-SY5Y cells, FMU200 decreased neurotoxicity induced by 6-OHDA in
approximately 20%. In RA-differentiated cells, FMU200 diminished cell death in approximately 40%
and 90% after 24 and 48 h treatment, respectively. FMU200 reduced both early and late apoptotic
cells, decreased ROS levels, restored mitochondrial membrane potential, and downregulated JNK
phosphorylation after H2O2 exposure. In LPS-stimulated RAW264.7 cells, FMU200 reduced TNF-↵
levels after a 3 h treatment. FMU200 protects neuroblastoma SH-SY5Y cells against 6-OHDA- and
H2O2-induced apoptosis, which may result from suppressing the JNK pathways. Our findings show
that FMU200 can be a useful candidate for the treatment of neurodegenerative disorders.

Keywords: 6-hydroxydopamine; hydrogen peroxide; apoptosis; mitochondrial membrane potential;
neurodegenerative diseases; oxidative stress

1. Introduction
In neurodegenerative disorders (ND), such as Alzheimer’s disease (AD), it is common

that neurons start degenerating during a prolonged preclinical period, where individuals
are by definition asymptomatic and cognitively normal [1]. In recent years, researchers
have put more effort into understanding neurodegenerative diseases and investing in
patient management based on molecular approaches with potential disease-specific and/or
disease-modifying treatments specifically targeting neuroprotection. Neuroprotection
can be characterized as a substantial and lasting slowdown in the disease’s progression
associated with a delay in neuronal degeneration [2]. While a few drugs can improve the
patient’s quality of life, there is neither a cure nor a disease-modifying drug for treating
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AD and the disease inevitably progresses, making AD fatal in all cases. According to
the U.S. Food and Drug Administration (FDA) and the Alzheimer’s Association, there
are only five FDA-approved drugs to manage AD nowadays: donepezil, galantamine,
memantine, rivastigmine, and a combination of memantine and donepezil [3] (Figure 1).
The limited number of drugs and the failure of several drugs/compounds in phase III
clinical trials (focused primarily on the amyloid hypothesis) [4] indicates that new targets
should be explored.

In this sense, it is known that cell perturbations provoked by �-amyloid peptides (A�),
neurofibrillary tangles, and oxidative stress, for example, can culminate in the activation of
mitogen-activated protein kinase (MAPK) pathways, such as the JNK (c-Jun N-terminal
kinase) pathway, best known for its involvement in propagating pro-apoptotic signals via
extrinsic and intrinsic pathways [5,6]. Studies on post-mortem brain samples have shown
a greater expression of phosphorylated JNK3 in AD patients in addition to the presence of
(A�) [7], while further studies have identified JNK3 to be highly expressed and activated
in brain tissue and cerebrospinal fluid in patients with AD, in addition to being statistically
correlated with the level of cognitive decline [8,9].

On the other hand, mitochondria are considered the major source of reactive oxygen
species (ROS) in the cell and the accumulation of ROS-associated damage in DNA, proteins,
and lipids, and may cause progressive cell dysfunctions and, in consequence, apoptosis.
For this reason, authors have recognized mitochondria as a critical organelle for various
pathological conditions and aging. It was also shown that mitochondrial JNK signaling
can impact mitochondrial physiology [10] likewise, and the culmination of oxidative stress
in the mitochondria is the dissipation of mitochondrial membrane potential (MMP) and
subsequent release of cytochrome c [11,12]. Therefore, the inhibition of JNK3 has been
explored as a possible therapeutic target.

Kinase inhibitors are not a novel type of treatment [13,14]. This issue has been widely
discussed over the last two decades and a review conducted by Koch et al. in 2015 [15]
acknowledged the need for JNK isoform-specific inhibitors. The authors gave a detailed
description of the available inhibitors’ chemical characteristics, but also pointed out the
complexity of developing new drugs. Since then, some inhibitors cited in the paper have
advanced to clinical trials or showed promising results in recent animal model studies.
However, other compounds did not advance as much, especially due to a lack of specificity.
Recently, the role of JNK3 in Alzheimer’s disease was reviewed [16]. The authors also
pointed to JNK3 inhibitors explored so far with a promising future as therapeutic proposals
for AD.

Although JNK3 is present in specific tissues such as the brain, heart, placenta, lung,
liver, skeletal muscle, kidney, pancreas, and testis, over 500 kinases were identified in
humans [17]. The structure of many MAPKs is very similar. JNK3 shares 77% and 75%
amino acid sequence identity with JNK2 and JNK1, respectively. The sequence identity
at the ATP-binding pocket is 98% identical between all three JNK isoforms [18]. The
selectivity of JNK3 inhibitors is often pointed out to be problematic. Even though many
JNK3 inhibitors are cited in the literature, most of them display very weak JNK3 selectivity
and/or cannot properly inhibit the phosphorylation of JNK3 substrates [15,16,19]. In this
sense, cysteine-directed covalent inhibitors possess an ability to control kinase selectivity
using both non-covalent and covalent recognition of the kinase and the ability to exhibit
prolonged pharmacodynamics [20]. FMU200 is a tetrasubstituted imidazole that forms
a covalent bond with JNK3 described by Muth et al., 2016. This compound binds to the
Cys-154 of JNK3 and shows a picomolar inhibitory effect for JNK3 and a 120-fold preference
compared to the IC50 value of p38↵, for example (IC50 JNK3: 0.3 nM). Within the JNK
group, at 0.1 µM, FMU200 inhibits JNK1 activity by 16%, JNK2 by 73%, and JNK3 by 80%;
at 0.5 µM FMU200, the residual activity of JNK1, JNK2, and JNK3 are 16%, 5% and, 4%,
respectively [21]. Based on this molecule’s interesting inhibitory profile, this study aimed
to explore the neuroprotective, anti-inflammatory and antioxidant potential of FMU200 in
an in vitro model of neurodegenerative disease.
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Figure 1. Mechanism of action of FDA-approved drugs and the role of JNK in AD. The A� monomers are generated by
amyloid precursor protein (APP) cleavage, and subsequently released from neurons. The monomers sequentially assemble
into A� oligomer aggregates, and ultimately into amyloid plaques. The A� oligomers can alter mitochondria function and
induce ROS production, dissipation of DYm, caspase-3 activation, and ATP reduction. Additionally, A� oligomers activate
the JNK pathway, thereby aggravating synaptic dysfunction. As a result, phosphorylated JNK induces dissipation of DYm,
cytochrome c release, and the activation of transcription factors such as AP-1 or c-Jun, which leads to apoptosis. However,
JNK directly phosphorylates Tau and induces the amyloidogenic pathway, contributing to the formation of neurofibrillary
tangles (NFTs) and amyloid plaques, respectively, causing the gradual loss of cholinergic neurons in Alzheimer’s disease
(AD). The main pharmacological actions of donepezil, galantamine and memantine (acetylcholinesterase/cholinesterase
inhibitors (AChEI)) are believed to occur as the result of acetylcholinesterase activity inhibition. By blocking breakdown
of ACh, the cholinergic transmission is enhanced, and the symptoms of AD are relieved. Additionally, in response to A�

aggregation, microglia release pro-inflammatory cytokines (TNF-↵, IL-6) that activate astrocytes and induce apoptotic
signals in neurons via TLR-JNK activation. The excessive activation of the NMDA receptor by glutamate results in
excitotoxicity and Ca2+-dependent cell death. Memantine (N-methyl-D-aspartic acid (NMDA) receptor antagonist) inhibits
calcium influx into cells that is normally caused by chronic NMDA receptor activation by glutamate. This leads to the
improvement of Alzheimer’s dementia symptoms, demonstrated by increased cognition and other beneficial central nervous
system effects [22–24]. #: represents decrease; " represents increase.
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2. Results
2.1. The Cytotoxic and Neuroprotective Effect of FMU200 in Undifferentiated and
RA-Differentiated SH-SY5Y Cells

The pharmacological inhibition of the MAPK pathway is a common research method
used to understand mechanisms of cellular functions and fundamental processes [25,26].
A number of pharmacological inhibitors have been developed to block MAPKs either
directly or indirectly, by targeting upstream regulators. In this case, we included an p38
inhibitor (SB203580) [27] and a JNK inhibitor, SP600125 [28] in our analysis. According to
previous studies, SP600125 (10 µM) was considered cytotoxic in different cell lines such as
four different leukemia cell lines (U937, K562, HL60, and THP-1) [29], NphA2 cells [30],
while SB203580 and SP600125 at 20 µM did not alter cell viability neither in MCF7 cells [31]
nor in JEG-3 cells [32]. However, it is known that distinct cell lines respond differently to
cytotoxic compounds. Among 1353 compounds tested in 13 different cell types, SH-SY5Y
was classified as the second most sensitive cell line to compound-induced toxicity. Overall,
SH-SY5Y cells were more sensitive to compound-induced toxicity than SK-N-SH cells,
the parental cell line of the SH-SY5Y cells [33]. Since there are conflicting results whether
SP600125 and SB203580 are cytotoxic or not, and due to the highly heterogeneous cellular
response to both SP600125 and SB203580, we started our concentration screening with a
10 µM concentration for all three compounds (FMU200, SP600125, and SB203580).

In this case, the first set of analyses examined the impact of FMU200, SP600125 and
SB203580 on cell viability. The results, as shown in Figure 2A, indicate that in SH-SY5Y
cells, FMU200 at 10 µM reduced cell viability by 24.33% (p < 0.05). At 1 µM, FMU200
reduced cell viability by only 14.75% (p > 0.05). SB230580 at 10 µM reduced cell viability
by 35.5% (p < 0.001), while SP600125 at 10µM reduced viability by 34.3% (p < 0.001). Since
all three compounds (FMU200, SP600125, and SB203580) showed statistically significant
cytotoxicity to SH-SY5Y cells at 10 µM, we did not use this concentration in further assays.

6-OHDA is a highly reactive and oxidizable molecule being rapidly and non-
enzymatically oxidized by molecular oxygen to form hydrogen peroxide (H2O2). However,
the presence of ascorbic acid (AA) decreased O2 consumption and H2O2 amount indicating
that AA reduced the autoxidation rate of 6-OHDA [34]. Therefore, 6-OHDA was stabilized
with 0.02% AA before being added to cells.

Undifferentiated and RA-differentiated SH-SY5Y neuroblastoma cells were pretreated
with 1 and 0.1 µM of FMU200 for 1 h prior to 6-OHDA exposure and incubated for 24 or
48 h. Cell viability was examined with an MTT assay. For undifferentiated cells, 6-OHDA
reduced cell viability by 81.65% (after 24 h) and by 68.42% (after 48 h) when compared
to control (p < 0.001). Similarly, when compared to control, treatment with FMU200 at
both concentrations also decreased cell viability. However, if compared to the 6-OHDA
group, after 24 h, FMU200 at 1 µM and 0.1 µM increased cell viability by 18.29% (p < 0.001)
and 18.9% (p < 0.001), respectively (Figure 2B). After 48 h treatment, FMU200 at 1 µM and
0.1 µM increased cell viability by 17.86% and 5.92%, respectively (Figure 2C).

For RA-differentiated cells, the cells were incubated with 10µM RA for 10 days to
induce neuronal differentiation before exposure to FMU200 and 6-OHDA. After 24 h,
6-OHDA decreased cell viability by 23.84% when compared to control (p < 0.001). Treat-
ment with FMU200 at 1 µM and 0.1 µM did not show any significant difference when
compared to control. On the other hand, FMU200 at 1 µM increased cell viability by
37.87%, while FMU200 at 0.1 µM increased cell viability by 32.83% (when compared to
6-OHDA, p < 0.001) (Figure 2D). After 48 h, 6-OHDA decreased cell viability by 36.54%
(p < 0.05) when compared to control. When compared to 6-OHDA, treatment with FMU200
at 1 µM increased cell viability by 91.04% (p < 0.001), while FMU200 at 0.1 µM increased
cell viability by 82.54% (p < 0.001) (Figure 2E).
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Figure 2. (A) Cytotoxicity induced by FMU200 on SH-SY5Y cell viability after a 24 h incubation period in SH-SY5Y cells 

(% of control); the neuroprotective effect of FMU200 against 6-OHDA (stabilized with 0.02% of ascorbic acid) induced 

neurotoxicity in undifferentiated SH-SY5Y cells and RA-differentiated SH-SY5Y cells. SH-SY5Y cells were pretreated with 

different concentrations of FMU200 for 1 h, prior to 6-OHDA exposure. Undifferentiated cells were incubated for (B) 24 h 

Figure 2. (A) Cytotoxicity induced by FMU200 on SH-SY5Y cell viability after a 24 h incubation period in SH-SY5Y cells
(% of control); the neuroprotective effect of FMU200 against 6-OHDA (stabilized with 0.02% of ascorbic acid) induced
neurotoxicity in undifferentiated SH-SY5Y cells and RA-differentiated SH-SY5Y cells. SH-SY5Y cells were pretreated with
different concentrations of FMU200 for 1 h, prior to 6-OHDA exposure. Undifferentiated cells were incubated for (B) 24 h
and (C) 48 h. Cells were differentiated in 10-µM retinoic acid (RA) and the effect was also evaluated in RA-differentiated
cells after (D) 24 h and (E) 48 h. The results are the mean ± SEM of at least three experiments in triplicates. Statistical
calculations were performed by ANOVA via the Tukey post hoc test. Statistical significance values were *** p < 0.001;
** p < 0.01; * p < 0.05 (vs. control); ### p < 0.001; ## p < 0.01; # p < 0.05 (vs. 6-OHDA). Negative control (untreated cells) was
considered to be 100% viable and is represented by the red dashed line. Doxorubicin was used as positive control; DMSO
0.1% was used as vehicle.
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2.2. Response to H2O2: Apoptosis, ROS Production and MMP
Apoptosis is an important event in neurodegeneration and flow cytometry-based

apoptosis assays have proved to be especially useful as they offer an individual cell-based
method of analysis. In this case, to further characterize H2O2-induced cell death, we
performed flow cytometric analysis of SH-SY5Y cells using annexinV-PE and 7-AAD,
which has been used to determine early apoptosis and necrosis/late apoptosis. Figure 3
shows the percentage of early apoptosis (FL2 positive/FL3 negative) and necrosis/late
apoptosis (FL2 positive/FL3 positive) was increased in SH-SY5Y cells challenged with
10 µM of H2O2. Cells pretreated with FMU200 at 1 µM and 0.1 µM showed fewer annexinV-
PE-positive/7-AAD-positive cells and fewer annexinV-PE-positive/7-AAD-negative cells.

Reactive oxygen species (ROS) are involved in both physiological and pathological
processes and mitochondria are widely accepted as the major site for ROS formation. The
mitochondrial membrane potential (DYm) reflects the functional metabolic status of mi-
tochondria. Mitochondrial dysfunction with a loss of mitochondrial membrane potential
(MMP) is also a critical event in neuronal degeneration. JC-1 dye can selectively enter
mitochondria and reversibly change color from red to green as the membrane potential
decreases. In flow cytometric analysis of JC-1 fluorescence, healthy cells with high mito-
chondrial DYm, JC-1 spontaneously forms complexes known as J-aggregates with intense
red fluorescence. On the other hand, in apoptotic or unhealthy cells with low DYm, JC-1
remains in the monomeric form, which shows only green fluorescence (Figure 4A).

However, since SH-SY5Y cells are required to be in suspension, we also determined
the DYm and ROS production with fluorescence microplate reader since trypsinization may
induce oxidative stress [35,36]. In this case, in order to determine if the inhibitor FMU200
had an impact on JNK-mediated physiological responses, such as loss of MMP and ROS
generation induced by H2O2, cells were treated as previously described and incubated with
JC-1 dye to monitor the MMP. The samples were analyzed by detecting the red fluorescence
and green fluorescence ratio. Exposure of SH-SY5Y cells to H2O2 decreased the ratio of red
fluorescence/green fluorescence by 40.57% compared with control (p < 0.001). However,
co-treatment with FMU200 at 1 µM and 0.1 µM increased MMP by 52.79% and 22.08%,
respectively (p < 0.001) (Figure 4B).

The 20-70-Dichlorodihydrofluorescein diacetate (DCFH-DA) is one of the most widely
used techniques for directly measuring the redox state of a cell. In order to determine if
FMU200 could protect cells against oxidative stress caused by H2O2, cellular ROS formation
was quantified by the DCFDA assay. Cells were pretreated with FMU200 at 1 µM and
0.1 µM prior to H2O2 exposure (6 h). Treatment with H2O2 increased ROS production by
108.9% when compared to control. However, after treatment with FMU200 at 1 µM, ROS
production was decreased by 51.08%, while FMU200 at 0.1 µM decreased ROS production
by 38.73%. There was no significant difference between FMU200 (1 µM), NAC (5 mM), and
the control group, indicating a possible antioxidant effect of FMU200 (Figure 4C).
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Figure 3. Effects of co-treatment with H2O2 and FMU200 after 6 h. (A) FL-2 (Annexin V-PE) vs. FL-3 (7-AAD) dot plots for
untreated cells (control), cells treated with 10 µM H2O2 only, cells pretreated with 1 µM FMU200, and cells pretreated with
0.1 µM FMU200 for 1 h before H2O2 exposure; (B) percentage of dead cells (cells stained with both 7-AAD and Annexin
V-PE); (C) percentage of early apoptotic cells (cells stained with Annexin V-PE only). The data are expressed as the means of
three independent experiments together with the standard error of the mean (mean ± SEM). Statistical calculations were
performed by ANOVA via the Tukey post hoc test. Statistical significance values were ** p < 0.01; * p < 0.05 (vs. control).
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Figure 4. (A) Representative flow cytometric analysis showing that FMU200 inhibited H2O2-induced DYm depolarization
monitored by JC-1 dye; (B) changes of mitochondria stained with JC-1 were also detected using a fluorescence microplate
reader. The ratio of red fluorescence to green fluorescence of the control was defined as 100%; (C) intracellular ROS
levels were measured by DCF-DA staining in SH-SY5Y cells after H2O2.-induced damage. Data are expressed as relative
fluorescence unit (RFU) per cell. The data are expressed as the means of three independent experiments together with the
standard error of the mean (mean ± SEM). Statistical calculations were performed by ANOVA via the Tukey post hoc test.
Statistical significance values were *** p < 0.001 (vs. control); ### p < 0.001; ## p < 0.01; # p < 0.05 (vs. H2O2).

2.3. JNK Inhibition by FMU200
The IC50 value for JNK3 of FMU200 was previously determined by ELISA assay [21,37].

The authors performed a screening among 410 kinases to investigate the selectivity profile
of FMU200 among the kinome and revealed that, in addition to JNK, only three other
kinases were inhibited by FMU200 (CK1�, MAPKAPK2, and TIE2), and the covalent bond
to Cys154 of JNK3 was confirmed by liquid chromatography�mass spectrometry (LC�MS).
The relevance of covalent binding to Cys154 was previously reported with another potent
JNK3 inhibitor (JNK-IN-7) [20]. However, additional virtual simulations suggest that
FMU200 may form hydrogen bonds to residues Met149, Asn152, and Gln155, as shown in
Figure S1. It was reported that indenoquinoxaline-derived JNK inhibitors, such as IQ-3,
were H-bonded mainly with Asn152, Gln155, or Met149 residues of JNK3 indicating that
these residues play an important role in enzyme binding activity and selectivity. In this case,
it was demonstrated that at 0.1 µM, FMU200 inhibits JNK2 by 73% and JNK3 by 80%, while
at 0.5 µM, the residual activity of JNK2 and JNK3 are 5% and 4%, respectively [21]. The
representative data acquired via Western blot of JNK inhibition are shown in Figure 5A. Our
results indicate that a pretreatment (1 h) with FMU200 (at 1 µM or 0.1 µM) followed a 24 h
treatment with H2O2 decreased the phosphorylated JNK (p-JNK) to total JNK (p-JNK/JNK)
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ratio by 60.75% and 29.49%, respectively (p < 0.001) (Figure 5B), and downregulated p-JNK
expression by 54.12% and 37.5%, respectively (p < 0.001) if compared to cells treated with
H2O2-only (Figure 5C), confirming the inhibitory activity of FMU200.
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Figure 5. FMU200 inhibited JNK phosphorylation in SH-SY5Y H2O2-stimulated cells. (A) Represen-
tative Western blots of total and phosphorylated JNK (p-JNK) showing both JNK isoforms (p46 and
p54) and �-actin; (B) densitometry ratios of p-JNK to total JNK; (C) densitometry for p-JNK protein
levels normalized to �-actin. *** p < 0.001; ** p < 0.01 (vs. control); ### p < 0.001 (vs. H2O2).

2.4. Anti-Inflammatory Effect
As presented in Figure 2A, FMU200 showed moderate cytotoxicity at 10 µM in SH-

SY5Y cells. As a result, we determined the cytotoxic effect in RAW264.7 cells at lower
concentrations (Figure 6A). No significant reduction in cell viability was found compared
with control.

After determining the effects of FMU200 on cell viability ROS production and mi-
tochondrial function, we evaluated proinflammatory cytokines, such as IL-6 and TNF-↵,
which are thought to be involved in mediating neuroinflammation and inducing neuronal
death in various neurodegenerative diseases [38,39]. Additionally, JNK and ROS are also
associated with pro-inflammatory events [40].
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Figure 6. (A) Cytotoxicity induced by FMU200 on RAW264.7 cell viability after a 24 h incubation period; negative control
(untreated cells) was considered to be 100% viable and is represented by the red dashed line. Doxorubicin was used as
positive control; DMSO 0.1% was used as vehicle; (B) IL-6 was determined after 12 h of treatment; (C) TNF levels after 3 h
and (D) after 24 h of treatment. IL-10 was evaluated (E) after 24 h; and after (F) 48 h of treatment. Mean ± SEM of at least
three experiments. *** p < 0.001; ** p < 0.01 (vs. control); ### p < 0.001; ## p < 0.01; # p < 0.05 (vs. LPS or doxorubicin).
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In the present study, an inflammatory model was successfully established using LPS-
stimulated RAW264.7 cells, and therefore, we investigated the effect of FMU200 on the
levels of IL-10, IL-6, and TNF-↵ in LPS-stimulated RAW264.7 cells. TNF-↵ is the earliest
endogenous mediator of an inflammatory reaction, and IL-6 is a major pro-inflammatory
cytokine that plays an important role in the acute-phase response of inflammation [41].
Both cytokines can be used as markers of neuroinflammation [42]. To detect its effect over
pro-inflammatory cytokines, we pretreated RAW264.7 cells with FMU200 for 1 h, and then
exposed these cells to LPS (1 µg/mL) for different time period. IL-6, a pro-inflammatory
cytokine was determined after 12 h of co-treatment with LPS and FMU200 at different
concentrations. It was revealed that FMU200 did not influence IL-6 levels (Figure 6B).
The results demonstrated that after 3 h of LPS stimulation of RAW264.7 cells, treatment
with FMU200 at 1 µM and 0.1 µM reduced TNF-↵ levels by 32.73% and 33%, respectively
(Figure 6C). After 24 h, FMU200 at 1 µM and 0.1 µM decreased TNF-↵ levels by 25.56%
and 27.05%, respectively (Figure 6D). Additionally, we evaluated levels of IL-10, an anti-
inflammatory cytokine. Since the secretion of IL-10 is delayed and always follows that of
proinflammatory factors with a latency period [43], we collected the supernatant after 24
and 48 h. After 24 h, FMU200 at 1 µM and 0.1 µM increases IL-10 levels (91.37%, p < 0.01
and 63.05%) (Figure 6E), but after 48 h, FMU200 at 1 µM and 0.1 µM appears to promote a
discrete increase (8.89 and 11.32%, respectively) (Figure 6F), but not statistically significant.

3. Discussion
The human neuroblastoma cell line SH-SY5Y is widely used as an in vitro experi-

mental model of ND. The undifferentiated SH-SY5Y cells proliferate continuously, express
immature neuronal markers, and lack mature neuronal markers [44]. Undifferentiated cells
are considered the ones that most resemble immature catecholaminergic neurons [45,46].
Here, we tested whether pretreatment with FMU200 could protect cells against 6-OHDA-
induced apoptosis. 6-OHDA is a catecholamine analog that can be formed from dopamine
in the presence of Fe2+ and H2O2. It is a substrate for monoamine oxidase (MAO), and
competes with dopamine for dopamine �-hydroxylase and COMT reactions, involved in
norepinephrine biosynthesis and dopamine degradation, respectively. However, the more
cytosolic dopamine, 6-OHDA is more likely to occur, especially if dopamine metabolism is
affected by MAO or COMT inhibitors, drugs used in Parkinson’s disease treatment [47].

The main mechanism of neurotoxicity of 6-OHDA relies on two major events. The
first one relies on the autoxidation of 6-OHDA where the cell damage is a result of 6-
OHDA-derived ROS. Indeed, it is known that 6-OHDA is a highly reactive and oxidizable
catecholamine analog that is rapidly and non-enzymatically oxidized by molecular oxy-
gen to form hydrogen peroxide (H2O2), superoxide anions (O2

�), and hydroxyl radicals
(OH�) [48]. In all assays, we used 6-OHDA as an apoptosis inducer, and, additionally,
we added 0.02% of ascorbic acid to the mixture to avoid rapid 6-OHDA autoxidation [34].
Additionally, it is likely that this effect occurs in vivo since the antioxidants available might
be sufficient to prevent rapid oxidation of 6-OHDA, supporting a secondary and alternative
route 6-OHDA toxicity: the inhibition of brain mitochondrial complexes I and IV [47].

Several studies indicated that 6-OHDA is a potent inhibitor of complex I and IV in the
brain’s mitochondria [47,49,50], inhibiting the mitochondrial respiratory chain complexes
mediated by non-radical interactions. Glinka et al. reported that mitochondrial complex
I inhibition induced by 6-OHDA is not prevented by antioxidants, and cell death (and
therefore neurodegeneration) is caused by ATP depletion [47,51]. It is known that complex
I is the main entry point of electrons into the respiratory chain and its inhibition results
in the blockade of most of the oxidative metabolic reactions within mitochondria [52],
providing support for the theory. Deficiency in complex I of the ETC has been described
in PD [53,54] and AD patients [55,56], while decreased complex IV activity and ATP pro-
duction [57,58] were reported in animal models of AD. In other words, in neurons, one of
the 6-OHDA effects is complex I and IV inhibition, causing ATP levels to decrease, facili-
tating apoptosis. In mice hepatocytes, acetaminophen decreased ATP levels (similarly to



Int. J. Mol. Sci. 2021, 22, 3701 12 of 26

6-OHDA in neurons), while pretreatment with SP600125 prevented a decline in ATP levels,
suggesting that JNK translocates to mitochondria and inhibits mitochondrial bioenergetics
(at least in part) by triggering mitochondrial permeability transition [59,60]. A similar effect
was observed in isolated brain mitochondria, where JNK directly induced mitochondrial
permeability transition [61]. Here, we report that FMU200 reduced 6-OHDA-induced
cell death in undifferentiated SH-SY5Y cells after 24 and 48 h treatments. Although our
results cannot confirm or discard the possibility, it is reasonable to think that FMU200 (like
SP600125 treatment in hepatocytes) could prevent a decrease in ATP levels, contributing to
the decreased cell death we observed in our MTT assays. We suggest further analysis in
order to confirm (or not) the effect of FMU200 over ATP levels.

However, SH-SY5Y cells can be “oriented” to a variety of mature neuronal pheno-
types (cholinergic, adrenergic, or dopaminergic), depending on the culture conditions [45].
One of the most commonly implemented and best-characterized methods for inducing
differentiation in SH-SY5Y cells is through the addition of retinoic acid (RA) to the cell
culture medium. RA is a derivative of vitamin A known to inhibit cell proliferation and
induce cell differentiation [62]. Normally, RA is administered at a concentration of 10 µM
for a minimum of 3–5 days in a serum-free or low-serum medium to induce differentia-
tion [45,63,64], although small variations in the media are reported. In this sense, other
than non-differentiated cells, differentiated SH-SY5Y cells become morphologically more
similar to primary neurons with long processes randomly distributed (neurites). Differ-
entiation of SH-SY5Y cells also induces a decrease in the rate of proliferation [44]. The
differentiation method selected for in vitro experiments must be determined by the desired
phenotype after differentiation. In response to RA treatment, SH-SY5Y cells differentiate
mainly into a cholinergic neuron phenotype, as evidenced by the increased expression
of choline acetyltransferase (ChAT) and vesicular monoamine transporter (VMAT) activ-
ity [46,65]. After differentiation, cells begin to upregulate genes involved in antioxidant
defense. This modified gene expression profile directly reflects the cells’ ability to recover
from the oxidative stress caused by 6-OHDA [63]. To confirm this greater resistance, a
second positive control with doxorubicin (10 µM) was included. When interleaved with
the DNA, doxorubicin induces the breaking of the double-strand and, therefore, cell death.
In addition, it can inhibit the enzyme topoisomerase II [66,67]. According to our results,
FMU200 promoted a neuroprotective effect in RA-differentiated cells after 24 h, but the
most prominent effect was observed after 48 h.

After confirming the neuroprotective effect of FMU200 in both undifferentiated and
RA-differentiated SH-SY5Y cells, we aimed to understand the mechanism of action of
FMU200 and the nature of the effects of FMU200 over different events related to JNK sig-
naling and ROS production that usually precedes apoptosis. It is important to note that in
subsequent tests (intracellular levels of ROS and the potential of mitochondrial membrane
(DYm)), we used undifferentiated SH-SY5Y cells stimulated by H2O2. We opted for using
undifferentiated cells as our experimental model because the differentiation process pro-
motes a series of modifications that could mask or interfere with our results. RA treatment
has been shown to promote the survival of SH-SY5Y cells by activating the phosphatidyli-
nositol 3-kinase/Akt signaling pathway and by positive regulation of the anti-apoptotic
Bcl-2 protein [68,69]. In addition, some studies show that RA-differentiated cells are less
vulnerable than undifferentiated cells to common agents used to induce cell death includ-
ing 6-OHDA, 1-methyl-4-phenyl-1,2,3, 6-tetrahydropyridine (MPTP), or its metabolite, ion
1-methyl-4-phenyl-pyridinium (MPP+) than undifferentiated cells [63]. Additionally, we
evaluated the effect of FMU200 over H2O2-induced cell injury in the following assays be-
cause (a) H2O2 is the most stable ROS, (b) it transits through cell membranes easily, (c) one
of the subproducts of 6-OHDA degradation is H2O2 [34,47,48], (d) in N18 cells, the damage
to cell structure and function induced by 6-OHDA and H2O2 was similar [70], (e) H2O2
acts as both extracellular and intracellular messenger [71–73] and; (f) the JNK pathway
plays a pivotal role in cell death of several cell types and the activation of JNK3 appears
to be essential for the pathophysiology of many neurodegenerative diseases, and H2O2 is
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widely used as general oxidative stress in vitro model of neurodegenerative diseases [74].
In this case, previous evidence suggested that FMU200, a tetrasubstituted imidazole, forms
a covalent bond with JNK3, inhibiting its phosphorylation and downstream activation. Our
Western blot analysis is consistent with Muth et al., 2016, indicating a downregulation in
p-JNK. In this case, our study supports evidence from previous observations that pointed
to a decrease in JNK3 activity. JNK is widely associated with cell death and participates
in both extrinsic and intrinsic pathways. In the intrinsic pathway, JNK phosphorylates
transcription factors inducing the expression of pro-apoptotic proteins and decreases the
expression of anti-apoptotic proteins. The major JNK target is the transcription factor
AP-1, which is a complex formed by members of Jun, Fos, ATF, and MAF protein families.
JNK phosphorylates ATF2 at the NH2-terminal activation domain on Thr69 and Thr71
residues, increasing ATF2 transcriptional activity. However, JNK mediates apoptosis not
only through its effects on gene transcription but also through transcriptional-independent
mechanisms involved in the intrinsic pathway of cell death. The activation of JNK can
simultaneously change the mitochondrial membrane potential (MMP) and the release of
cytochrome c, which induces apoptosis via the intrinsic pathway. Since the JNK pathway
and ATF2 transcriptional activity can be activated by ROS, it was hypothesized if FMU200
had any effect on ROS production.

Cells constantly generate reactive oxygen species (ROS) during aerobic metabolism.
Due to the brain’s high metabolic rate, it consumes almost 25% of the body’s total intake of
glucose and 20% of the total oxygen uptake during ATP production. During this process,
ROS are also generated as a result of the activity of the electron transport chain (ETC) during
oxidative phosphorylation and, as a result, the brain tissue is particularly susceptible to
oxidative stress [73,75]. Several events have been associated with neurodegeneration
such as synaptic dysfunction, excitotoxicity, and oxidative stress. Indeed, because of its
high metabolic rate combined with a limited capacity of cellular regeneration, the brain
is particularly sensitive to oxidative damage. The damage caused by reactive oxygen
species in specific brain regions was associated with AD, mild cognitive impairment (MCI),
Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) [76–80]. In other words,
there is evidence linking ROS and the pathophysiology of several neurodegenerative
diseases. However, randomized trials evaluated the effects of antioxidants in AD patients,
providing conflicting results [81,82]. Higher levels of ROS activate cell death processes [71]
and, in this case, antioxidant therapy appears to be insufficient to promote significant
improvements, supporting the need for exploring novel targets.

ROS and JNK are highly interconnected, and previous studies reported that treatment
with a JNK3 inhibitor (compound 9l or SR-3562) had shown potent inhibition of ROS
generation following JNK activation in HeLa cells [10] and INS-1 cells [83]. Here, we
demonstrated that FMU200 (at 1 and 0.1 µM) was also able to decrease ROS production,
corroborating with studies previously published that evaluated other JNK inhibitors. In
addition, SR-3562, like FMU200, prevented ROS formation in a similar way to NAC, a
generic antioxidant [10]. In this case, it appears that JNK activation (by H2O2) induces ROS
generation, while the inhibition of JNK by FMU200 decreases ROS production. To provide
further support to our results, the radical-trapping antioxidant properties of FMU200
should be evaluated.

Any increase in mitochondrial ROS production depends on the metabolic state of
this organelle and a correlation between mitochondrial membrane potential (DYm) and
reactive oxygen species (ROS) production [60,84,85] has been demonstrated. In mitochon-
drial disorders, decreased DYm and activity of the respiratory chain are observed with
a simultaneous increase in ROS production [86,87]. Additionally, DYm depolarization is
generally correlated to neuronal death [54,88]. Mitochondrial depolarization induced by
JNK was evaluated in Huh7 and HepG2 cells [89]. Heslop and colleagues demonstrated
that mitochondrial dysfunction is mediated by JNK activation, while the JNK inhibition
by JNK inhibitor VIII and SP600125 prevented mitochondrial dysfunction and blocked
JNK translocation to the mitochondria. By preventing the JNK translocation to the outer
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mitochondrial membrane, a decrease in ROS production [90] was observed. In human
melanoma cells, JNK activation was necessary for DYm change and cell apoptosis [91] and
treatment with SP600125 prevented both the loss of DYm and the increase in apoptosis by
inhibiting JNK activation in different cell types [92–95]. One possible explanation for these
findings is that JNK plays a significant role in apoptosis via the intrinsic pathway (also
known as the ‘mitochondrial pathway’), which is activated by extracellular or intracellular
perturbations usually found in AD, such as oxidative stress. In response to a deleterious
stimulus (such as ROS), JNK phosphorylates 14-3-3 protein and induces the translocation
of pro-apoptotic proteins (Bax and Bad) from the cytoplasm to the mitochondria, the major
source of ROS in cells. However, it was reported that JNK can directly phosphorylate Bad,
Bim, and Bid inducing their pro-apoptotic activity while inhibiting anti-apoptotic proteins.
Once translocated to the mitochondria, JNK increases ROS formation in 80%, especially
by complex I [10]. In the present study, FMU200 attenuated H2O2-induced production of
intracellular ROS and inhibited H2O2-induced depolarization of DYm, which are important
molecular markers for reflecting the mitochondria oxidative stress status. These results
connect the JNK pathway directly with mitochondrial-dependent apoptosis, suggesting
that mitochondria are an important target organelle of FMU200 and may be essential for its
neuroprotective action (Figure 7).
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phosphorylated Tau or 6-OHDA causes an DYm depolarization and, consequently, JNK pathway activation [89,96,97].
In addition to complex I inhibition, 6-OHDA also inhibits complex III [47], while A� is reported to inhibit the complex
IV [97]. A defective oxidative phosphorylation results in excessive ROS production, which activates the JNK pathway.
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Despite its major contribution to the pathophysiology of neurodegenerative diseases
through pro-apoptotic signals, JNK can also promote pro-inflammatory effects [98]. In
AD, for example, neuroinflammation relies on an innate immune response mediated by
microglia [99]. After a stimulus, the microglia produce several inflammatory mediators,
such as IL-1�, IL-6, TNF-↵, prostaglandin E2 (PGE2), nitric oxide (NO), brain-derived
neurotrophic factor (BDNF), which can activate the JNK pathway. The major contribution
of JNK to neuroinflammation is via its transcription factor, AP-1, which regulates proin-
flammatory genes such as COX2, NOS2, TNF-↵, CCL2, and VCAM-1 [100], and evidence
suggests that ROS production induced by TNF-↵ is JNK-dependent [101,102]. In this case,
we identified that FMU200 decreased TNF-↵ release in RAW264.7 cells after a 3 h treatment,
but there was a smaller reduction in TNF-↵ after 24 h. In general, authors report a decrease
in proinflammatory cytokines along with an increase in anti-inflammatory cytokines in
LPS-induced RAW264.7 cells treated with SP600125 [103–106]. The cytotoxicity of differ-
ent concentrations of LPS was evaluated in RAW264.7 cells by Tong et al. According to
their results, LPS at a maximum concentration of 1.25 µg/mL was not cytotoxic, (which
provides support for the LPS concentration we used) and cytokine release (TNF-↵ and
IL-6) was dose-dependent to LPS concentration. In this case, it should be mentioned that
in our study cells were pretreated with LPS at higher concentrations compared to other
studies (1 µg/mL vs. 0.5 µg/mL [103,106] vs. 0.1 µg/mL [104,105]. Furthermore, in these
studies, LPS-stimulated RAW264.7 cells were exposed to concentrations of SP600125 of
10 µM [103,106] and 20 µM [104]. Since data from our initial screening with SH-SY5Y
(Figure 2A) indicated increased cytotoxicity of SP60125 at 10 µM, we cannot perform a
direct comparison. It is important to bear in mind the possible bias in these conflicting
responses. On the other hand, other previous work reported that RAW264.7 cells treated
with SP600125 reduced c-Jun activation but did not impact IL-1�, IL-6, and TNF-↵ at
mRNA and protein levels [107].

In addition to TNF-↵, IL-6 levels were also evaluated. Apparently, FMU200 has no
impact over IL-6. Although IL-6 is understood as a pro-inflammatory interleukin, it is
a pleiotropic cytokine with a multitude of functions [108]. The authors showed that the
cytokine signaling suppressor 3 (SOCS-3) is a key regulator for the pro-inflammatory action
of IL-6 and anti-inflammatory of IL-10, and, in the absence of SOCS-3, IL-6 induces an
anti-inflammatory response [109]. In fact, a higher amount of SOCS-3 mRNA was found in
post-mortem analysis of AD patients [110]. Furthermore, a 20 year cohort observed a corre-
lation of cognitive impairment and higher or increasing levels of IL-6 over the years [111].
On the other hand, the hypothesis that IL-6 attenuates the neurotoxic effects of NMDA on
cholinergic neurons has been discussed for almost 30 years [112–115]. Excessive stimulation
caused by glutamate in NMDA receptors causes a phenomenon known as “excitotoxicity”
and induces cell death through JNK activation [116,117]. It is noteworthy that meanwhile,
one of the drugs used for treating AD is an NMDA receptor antagonist [118] and that
treatment with JNK inhibitors such as D-JNKI1, SP600125 or TAT-JNK-III protects against
glutamate excitotoxicity and cell death in vivo and in vitro [119–121]. In addition, chronic
exposure to exogenous IL-6 prevented neuronal death and an increase in NMDA-induced
caspase-3 activity. Both AG490 (JAK2 inhibitor) and PD98059 (ERK inhibitor) blocked the
protection of IL-6 against a decrease in neuronal vitality induced by NMDA and increased
activation of caspase-3 [122,123]. Still, recently, it was demonstrated that the inhibition
of IL-6 could contribute to the worsening of depressive disorders [124] which are more
prevalent in the elderly population and, even more so, in the elderly population with
some neurodegenerative disease [125–127]. In this sense, it can be inferred that the neuro-
protective effect of IL-6 depends on the concentration of IL-6 and the degree of neuronal
damage. It is hypothesized that total blockage of the IL-6 production is not beneficial in
the treatment of neurodegenerative diseases. In this case, an IL-6 modulation through JNK
inhibition is preferable. Such a modulatory effect could be achieved through treatment
with FMU200, since treatment with SR3306, a selective inhibitor of JNK2/3, reduced the
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expression of SOCS-3 in in vivo models [128]. The fact that in the present study IL-6 levels
were not affected by FMU200 can therefore be understood as an ambiguous result.

Levels of a second interleukin were also evaluated. IL-10 is known to inhibit se-
cretion of pro-inflammatory cytokines (IL-1↵, IL-1�, IL-6, TNF-↵) induced by LPS or
IFN-� [129,130]. In the present study, pretreatment with FMU200 (1 and 0.1 µM) increased
levels of IL-10 after 24 h compared to the group treated with LPS only, while after 48 h
no effect on IL-10 levels was observed. RAW264.7 cells stimulated with 1 µg/mL LPS
(the same concentration we used), SP600125 at 2 µM apparently had a minimal effect over
IL-10 [131]. Despite IL-10 being known to inhibit pro-inflammatory cytokines, an increase
in IL10 expression in several animal models of AD provoked a decrease in A� phagocytosis
by microglia and exacerbated A� deposits, leading to cognitive impairment. On the other
hand, blocking IL-10 promotes a reduction in IL-10/STAT3 signaling, and seems to increase
microglial phagocytic activity [132,133]. It is important to emphasize that higher IL-10
levels were found in patients with AD [134–137].

Neurons, microglial cells and macrophages, for example, are also known to express
TLR receptors (especially TLR2, 4 and 9) and these receptors are overexpressed in patients
with Alzheimer’s or Parkinson’s diseases, and in various experimental models of these
diseases [138]. In addition, there is a consensus that the activation of TLR receptors triggers
the JNK pathway. Despite the deleterious effects of TLR receptor activation, it is known
that IL-10 synthesis depends, in part, on TLR activation. It has been shown that TLR
stimulation leads to MAPK activation, which then modulates IL-10 production. On the
other hand, the inhibition of ERK, p38 or JNK in LPS-stimulated macrophages led to a
significant reduction in IL-10 [138–144]. In addition, transcription factors activated by
JNK such as ATF-1, MAF, NF-k� (p65), JUN, CREB, have been described to regulate IL-10
expression [145]. Such observations could partially explain the results we observed after
48 h, since FMU200, as a JNK inhibitor, may be negatively modulating IL-10 expression.
Finally, it is evident that there is a complexity in the regulation of cytokines through
positive and negative feedback cycles and that strict control is essential to achieve a balance
between an effective immune response and immunopathology. Collectively, these results
suggest that the rebalancing of innate cerebral immunity and the promotion of “beneficial
neuroinflammation” may be more effective than a generalized anti-inflammatory therapy
for AD. Although the classification of cytokines as “pro” or “anti-inflammatory” is widely
adopted in the literature and interesting from a didactic point of view, it is a reductionist
characterization and should be avoided since the beneficial or harmful actions of IL-10 and
IL-6 depend on a broader context.

Despite the promising potential of FMU200, there are two major limitations in this
study that could be addressed in future research. First, the primary focus of our study was
to unravel the effect of FMU200 over JNK3-related apoptosis in in vitro models of neurode-
generative diseases and, therefore, the mechanisms underlying the anti-inflammatory effect
of FMU200 were not totally explored. Thus, the evaluation of inflammatory mediators such
as iNOS and COX-2, as well as, growth factors (i.e., neurotrophins), transcription factors
(i.e., Nrf2), and cell receptors (i.e., TLR4) would be of extreme value to fully elucidate the
anti-inflammatory mechanisms of FMU200, especially based on co-culturing systems with
neuron and microglia-derived cells, for example. Second, although FMU200 is highly selec-
tive to JNK3, some of the reported effects might also be due to the inhibition of off-target
kinases. The clinical implications of this study are unclear at this point, but based on our
observations, we highly suggest further analysis with FMU200 in order to fully elucidate
its mechanism of action and further explore its beneficial effects.

4. Materials and Methods
4.1. Cell Lines and Reagents

Dulbecco’s modified Eagle medium (DMEM) (D5523), F12 (N6760), heat-inactivated
fetal bovine serum (FBS) (F4135), 6-hydroxydopamine hydrobromide (6-OHDA) (162957), 3-
[4,5-dimethylthiazol-2]-2,5 diphenyltetrazolium bromide (MTT) (M5655), penicillin (P3032),
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streptomycin (S9137), LPS (from Escherichia coli, O111:B4, L2630), trypsin-EDTA (T4049),
20,70-Dichlorofluorescin diacetate (DCFDA) (D6883), Protease Inhibitor Cocktail (P8340),
and 3-3’-diaminobenzidine (DAB) (D8001) were purchased from Sigma-Aldrich™
(St. Louis, MO, USA). DMEM (1200-058) used to culture RAW264.7 cell line and enzyme-
linked immunosorbent assay (ELISA) kits for TNF-↵, IL-6, and IL-10 were obtained
from Gibco®, Invitrogen Life Science Technologies (Grand Island, NY, USA). All-
trans-retinoic acid (ATRA) (SC200898) and the primary antibodies for total JNK (D-2),
phospho-JNK (Thr183/Tyr185) (G-7), and �-actin (C-4) were purchased from Santa Cruz
Biotechnology, (Dallas, TX, USA). Spectrophotometer-based analyses were performed
using SpectraMax® i3 (Molecular Devices, San Jose, CA, USA). 5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining is from Molecular Probes
(Eugene, OR, USA). PE Annexin V Apoptosis Detection Kit I was purchased from BD
Biosciences (USA). Secondary antibodies for anti-mouse IgG, HRP-linked, (7076) and anti-
rabbit IgG, HRP-linked (7074) were bought from Cell Signaling Technology (Danvers,
MA, USA). SH-SY5Y (ATCC© CRL-2266™) and RAW264.7 cell line (ATCC© TIB-71™)
was acquired from American Type Culture Collection (ATCC). FMU200 and the MAPK
inhibitors (SP600125 and SB203580) were synthesized by research of Prof. Dr. Stefan Laufer
with a high purity grade (�95%).

4.2. Cell Culture Methods
4.2.1. SH-SY5Y Cell Line

Undifferentiated human SH-SY5Y neuroblastoma cells were cultured in DMEM mixed
with F12 (1:1) and supplemented with 10% (v/v) FBS and 1% streptomycin/penicillin
under controlled conditions in a 95% humidified atmosphere, at 37 �C and 5% CO2. The
culture medium was replaced every two days until the cells reached confluence 4–5 days
after the initial seeding. For subculture, SH-SY5Y cells were dissociated with trypsin-EDTA
(0.25%), split into a 1:3 ratio. Cells were grown to 80% confluence before treatment. Culture
conditions were performed according to ATCC recommendations.

4.2.2. SH-SY5Y Differentiation Protocol
To differentiate the SH-SY5Y cells, we adapted a previously described protocol and

exposed cells to 10 µM of ATRA for 10 days [45].

4.2.3. RAW264.7 Cell Line
RAW264.7 cells were cultured in DMEM supplemented with 10% (v/v) of FBS and

1% of streptomycin/penicillin. The medium was replaced every 2 to 3 days. Subculturing
was carried out with a cell scraper at a 1:4 split ratio. All procedures were made following
ATCC recommendations.

4.3. Determination of Cell Viability and Neuroprotection Potential by MTT Assay
4.3.1. MTT Assay and Cytotoxicity of FMU200

Cell viability was assessed using the colorimetric MTT assay. SH-SY5Y (differentiated
and undifferentiated) and RAW264.7 cells were seeded in 96-well dishes and left overnight
in the incubator for proper attachment. Cells were exposed to different concentrations
(10–0.1 µM) of FMU200 for 24 or 48 h. At the end of the incubation period, MTT reagent
was applied to each well at a final concentration of 5 mg/mL and the plate was placed in
a humidified incubator at 37 �C with 5% of CO2 for a further 3 h period. Formazan salts
were dissolved in DMSO and the colorimetric determination of the reduction of MTT was
determined at 570 nm wavelength using the spectrophotometer SpectraMax® i3. Control
cells treated with maintenance media were considered to be 100% viable.
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4.3.2. Neuroprotection Potential
To investigate the neuroprotective potential of the compound, SH-SY5Y (differentiated

and undifferentiated) cells were seeded at a density of 2 ⇥ 104 per well in a 96-well
dish and left in the incubator overnight. Next, the medium was replaced with different
concentrations (1 or 0.1 µM) of FMU200 for 30 min before adding 100 µM of 6-OHDA
stabilized with 0.02% of ascorbic acid to avoid auto-oxidation of 6-OHDA. After 24 or 48 h,
the treatment was removed, and MTT (5 mg/mL) was added for 3 h. Following the MTT
removal, DMSO was used to dissolve the formazan salts and the OD was evaluated at
570 nm using a spectrophotometer (SpectraMax®).

4.4. Apoptosis Assay by Flow Cytometry
PE Annexin V versus 7-aminoactinomycin D (7-AAD) staining was performed

and analyzed by flow cytometry. Briefly, cells were plated into 6-well culture dishes
(3 ⇥ 105 cells/well) and left overnight for attachment. The next day, cells were pretreated
for 1 h with different concentrations of FMU200. Following the 1 h pretreatment, apoptosis
was induced with H2O2 for an additional 5 h. After 6 h of incubation, cells were harvested,
washed with cold PBS 1X, and suspended in 1⇥ binding buffer at a concentration of
1 ⇥ 106 cells/mL. Then, 100µL of the cell suspension were added to a tube, treated with
5 µL of PE Annexin V and 5 µL of 7-AAD, and incubated for 15 min at room temperature in
the dark, according to the manufacturer’s instructions. The fluorescence was immediately
determined by a flow cytometer (Accuri C6, BD Biosciences, San Jose, CA, USA) using FL-2
and FL-3 filters.

4.5. Mitochondrial Membrane Potential (MMP) Assay
Cells were seeded in 96-well plates and left in the incubator overnight. Next, SH-SY5Y

cells were treated with H2O2 (100 µM) for 6 h, in the absence or presence of FMU200
(0.1 or 1 µM). After the appropriate period of exposure, cells were washed with PBS 1X
and incubated with JC-1 at 37 �C for 30 min. Then, the reagent was gently removed, and
cells were washed with PBS 1X. 100µL/well of PBS 1X was added and the fluorescence
was measured at 540/570 nm (red fluorescence) and 485/535 nm (green fluorescence)
using a fluorescence microplate reader SpectraMax® i3. Mitochondrial membrane po-
tential was estimated by measuring the fluorescence of free JC-1 monomers (green) and
JC-1 aggregates in mitochondria (red) and the results were expressed as the ratio of the
aggregates/monomers of JC-1 in the percentage of control. Mitochondrial depolarization
was indicated by a decrease in the polymer/monomer fluorescence intensity ratio. We
included carbonyl cyanide m-chlorophenyl hydrazone (CCCP) as a positive control.

4.6. ROS Production
ROS production was measured by fluorogenic dye H2-DCFDA, which is oxidized by

intracellular ROS. Cells seeded in 96-well plates were treated with FMU200 at different
concentrations (0.1 or 1 µM) and 10 µM H2O2 for 6 h. Following treatment, cells were
washed with PBS (1X) and incubated with carboxyH2DCFDA for 1 h at 37 �C. Next, the
fluorescent compound was detected by a fluorescence microplate reader with excitation
and emission of 495 and 529 nm, respectively.

4.7. Western Blot
SH-SY5Y cells were pretreated (1 h) with FMU200 at 0.1 or 1 µM before H2O2 exposure

(24 h). Cells were washed with PBS and then harvested with radioimmunoprecipitation
assay buffer (RIPA) [150 mM NaCl, 50 mM Tris-HCl, 0.5% NP-40, 0.1% sodium dodecyl sul-
fate (SDS), 1 mM EDTA, pH 7.4] supplemented with protease inhibitors and phosphatase
inhibitors (NaF and Na3VO4). Cells were incubated with lysis buffer at 4 �C for 30 min
while rocking gently. Cells were scraped from the culture surface and transferred to a micro-
centrifuge tube. The cell lysate was centrifuged at 14,000⇥ g for 15 min to remove cellular
debris. Protein concentrations of total cell lysates were measured by Lowry assay [146]. For
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Western blot analysis, proteins were resolved by SDS-PAGE, and transferred to nitrocellu-
lose membranes. Membranes were incubated with TBST buffer (1X TBS, 0.1% Tween-20
with 5% w/v non-fat dry milk [NFM] or 5% bovine serum albumin [BSA], pH 7.4) for 2 h.
For phospho-Western blots, membranes were blocked with TBST buffer containing 5% BSA
(BSA/TBST buffer) rather than non-fat milk (NFM/TBST buffer). The membranes were
incubated with primary antibodies specific for total JNK, phospho-JNK (Thr183/Tyr185), or
�-actin at dilutions of 1:300 in BSA/TBST or NFM/TBST buffer. Membranes were washed
three times for 5 min in 1X TBST. Membranes were incubated with secondary antibodies in
the BSA/TBST or NFM/TBST buffer at 1:3000 for HRP-conjugated antibody (anti-mouse
IgG, HRP-linked) and the reaction was revealed with DAB [147]. Densitometry analysis
was performed with the ImageJ gel analysis plug-in as described elsewhere [148].

4.8. Cytokine Determination in RAW264.7 Cell Line
The evaluation of the anti-inflammatory potential of FMU200 was performed as

previously described [149]. In summary, RAW264.7 cells were seeded at a density of
5 ⇥ 105 cells/well in a 24-well plate. After adherence time, cells were pretreated with
FMU200 for 1 h before LPS (1 µg/mL) was added. The supernatant was collected at
different times. To evaluate TNF-↵ release, samples of supernatant were collected after 3
and 24 h of treatment. For IL-6 analysis, samples were collected after 12 h of treatment. For
IL-10, samples were analyzed after 24 and 48 h of treatment. All samples were frozen at
�80 �C until the analysis. The ELISA assay was performed according to the manufacturer’s
instructions. The absorbances were measured at 450 and 570 nm using a spectrophotometer
(SpectraMax® i3). Values of 570 nm were subtracted from those of 450 nm to remove
background interference. TNF-↵, IL-6 and IL-10 standard curves were used to quantify the
release from each cytokine.

4.9. Statistical Analysis
The statistical analysis was performed on GraphPad Prism 6.0 software using ANOVA.

The results are expressed in mean ± standard error of the mean (SEM). A p < 0.05 was
considered statistically significant.

5. Conclusions
The present study supports our hypothesis that the neuroprotective effects of FMU200

were mediated by mitochondrial protection, a reduction in oxidative stress conditions,
inflammation, apoptosis, and inhibition of the JNK pathway as proposed in Figure 8. It is
possible that the inhibition of JNK by FMU200 prevents apoptotic death by downregulating
p-JNK but also decreasing mitochondrial disruption, as shown in Figure 7. In conclusion,
considering the role of JNK3 in ND’s, the limited number of pharmacologic therapies in
AD, the use of kinase inhibitors in treating other diseases, and the results of our report,
FMU200 demonstrated to be a promising molecule and should be considered in further
and more complex researches.
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Figure 8. Proposed overall mechanism of action of FMU200. FMU200 blocked the phosphorylation of JNK and, therefore, 
inhibited apoptosis. Regarding the mitochondria, the direct effect of FMU200 was to reduce ROS production and prevent 
ΔΨm depolarization. As an indirect result, FMU200 contributed to reduce mitochondrial dysfunction, oxidative stress, 
and (possibly) to energetic failure. In a microglia model, FMU200 was able to reduce TNF-α production, and induce IL-10 
(after 24 h), which contributes to modulate the neuroinflammation. 

Figure 8. Proposed overall mechanism of action of FMU200. FMU200 blocked the phosphorylation of JNK and, therefore,
inhibited apoptosis. Regarding the mitochondria, the direct effect of FMU200 was to reduce ROS production and prevent
DYm depolarization. As an indirect result, FMU200 contributed to reduce mitochondrial dysfunction, oxidative stress, and
(possibly) to energetic failure. In a microglia model, FMU200 was able to reduce TNF-↵ production, and induce IL-10 (after
24 h), which contributes to modulate the neuroinflammation.
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Abstract: Luteolin is one of the most common flavonoids present in edible plants and its potential benefits to 
the central nervous system include decreased microglia activation, neuronal damage and antioxidant 
properties. The aim of this research was to evaluate the neuroprotective, antioxidant and antiinflammatory 
effect of luteolin-7-O-glucoside (Lut7). Undifferentiated and retinoic acid (RA)-differentiated SH-SY5Y cells 
were pretreated with Lut7 and incubated with 6-hydroxydopamine (6-OHDA). Cytotoxic and neuroprotective 
effects were determined by MTT assay. Antioxidant capacity was determined by DPPH, FRAP, ORAC assays. 
ROS production, mitochondrial membrane potential (ΔΨm), caspase–3 activity and nuclear damage were also 
determined in SH-SY5Y cells. TNF-α, IL-6 and IL-10 releases were evaluated in LPS-induced RAW264.7 
cells by ELISA assay. In undifferentiated SH-SY5Y cells, Lut7 increased cell viability after 24h, while in RA-
differentiated SH-SY5Y cells Lut7 increased cell viability after 24 and 48h. Lut7 showed a high antioxidant 
activity when compared with synthetic antioxidants. In undifferentiated cells Lut7 conferred a preventive 
effect in mitochondria membrane depolarization induced by 6-OHDA exposition, decreased caspase-3 activity, 
and inhibited nuclear condensation and fragmentation against 6-OHDA-induced apoptosis. In LPS-stimulated 
RAW264.7 cells Lut7 reduced TNF-α levels after a 3h treatment and increased IL-10 levels after 24h. In 
summary, our results show that Lut7 could be a viable alternative to clinical treatment of neurodegenerative 
diseases. 

Keywords: 6-hydroxydopamine; Apoptosis; Mitochondrial membrane Potential; Neurodegenerative diseases; 
Oxidative stress; Cell Culture Techniques; Neurodegenerative Disorders; Neuroprotective Effect; Biological 
Products. 

  

1. Introduction

Neurodegenerative diseases (ND) are composed of distinct and heterogeneous disorders characterized 
by progressive and selective loss of neurons which reflects directly on the major phenotype of the disease. 
Usually, prevalence and symptom worsening are intimately related to age, and, since the global population is 
getting older the need for a treatment for ND and better understanding of the entire pathophysiology are urgent. 
In fact, the World Health Organization (WHO) estimates that by 2040, ND such as Alzheimer's disease (AD) 
and other types of dementia and conditions that compromises motor function like Parkinson’s disease (PD) or 
amyotrophic lateral sclerosis (ALS) will be the second most prevalent cause of death, after cardiovascular 



diseases [1] . However, due to the heterogeneity of NDs, the development of an efficient disease-modifying 
treatment may be tricky [2] and synthetic drugs frequently evaluated in in vitro models and clinical trials 
provide poor results due to uncountable reasons. 

Luteolin, a phytochemical that belongs to the flavone class of polyphenols is one of the most common 
flavonoids present in edible plants and its potential benefits to the CNS include decreased microglia activation 
and neuronal damage [3–5]. However, the glycosylated form of luteolin, known as Cyranoside or Luteolin-7-O-
glucoside (Lut7) (PubChem ID 5280637) was reported as a selective JNK3 inhibitor, five times more selective 
for JNK3 than luteolin [6]. The overall importance of JNK signaling in brain development relies on basal 
functions such as regulating region-specific neuronal death or migration and neuronal polarity, neuronal 
regeneration, learning and memory for example. In fact, embryonic death occurs in mice lacking either MKK4 
or MKK7 genes or JNK1, JNK2 and JNK3 genes [7]. In humans, both JNK1 and JNK2 genes are expressed in 
all tissues, whereas JNK3 is restricted almost exclusively to the CNS. Further studies have identified that JNK3 
is highly expressed and activated in brain tissue and cerebrospinal fluid in patients with AD and was found to be 
statistically correlated with the level of cognitive decline [8,9], while the JNK3 inhibition led to significant 
reduction of Aβ plaque burden, cell death markers and the release of pro-inflammatory cytokine in AD in vivo 
models [10]. Additionally, evidence suggests that patients with neurodegenerative diseases such as AD might 
benefit with a natural product-based therapy [11]. 

The effect of herbal extracts containing Lut7 as a majoritary compound was extensively explored 
in the literature. However, it is not possible to confirm that those reported effects are a result of the 
Lut7 activity or if other components are mediating the observed effects. Studies evaluating the effect 
of isolated Lut7 are less common. In this sense, the aim of this research was to evaluate the effects of Lut7 in 
an in vitro human neuronal stress model induced by 6-hydroxidopamine (6-OHDA) in both undifferentiated and 
differentiated SH-SY5Y cells.

2. Materials and methods

2.1 Cell lines and reagents 
Dulbecco’s modified Eagle medium (DMEM) (D5523), F12 (N6760), heat-inactivated fetal bovine serum 

(FBS) (F4135), 6-hydroxydopamine hydrobromide (6-OHDA) (162957), 3-[4,5-dimethylthiazol-2]-2,5 
diphenyltetrazolium bromide (MTT) (M5655), Penicillin (P3032), Streptomycin (S9137), LPS (from 
Escherichia coli, O111:B4, L2630), Trypsin-EDTA (T4049), 2ʹ,7ʹ-Dichlorofluorescin diacetate (DCFDA) 
(D6883), Caspase-3 Activity Fluorimetric kit (CASP3F), 2,4,6-Tris(2-pyridyl-s-triazine (TPTZ) (T125) were 
purchased from Sigma-Aldrich™ (St. Louis, MO, USA). DMEM (1200-058) used to culture RAW264.7 cell 
line and enzyme-linked immunosorbent assay (ELISA) kits for TNF-α, IL-6, and IL-10 were obtained was 
acquired from Gibco®, Invitrogen Life Science Technologies (Grand Island, NY, USA). All-trans-retinoic acid 
(ATRA) (SC200898) were purchased from Santa Cruz Biotechnology, (Dallas, TX, USA). PE Annexin V 
Apoptosis Detection Kit I was purchased from BD Biosciences (USA). Spectrophotometer analysis was 
performed using SpectraMax® i3 (Molecular Devices, San Jose, CA, USA). 5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining is from Molecular Probes (Eugene, OR, USA) and 
4,6-diamidino-2-phenylindole (DAPI) staining was obtained from Applichem (Darmstadt, Germany). 
Photographs for the DAPI probe were taken with a fluorescence microscope Zeiss, model Axio Vert. A1, 
(Oberkochen, Germany). SH-SY5Y (ATCC® CRL-2266™) and RAW264.7 cell line (ATCC® TIB-71™) were 
acquired from American Type Culture Collection (ATCC). Lut7 (26-S) from Extrasynthese (Genay, Cedex, 
France) was kindly donated by Dr. Stefan Laufer.  MAPK inhibitors (SP600125 and SB203580) were 
synthesized by research of Prof. Dr. Stefan Laufer with a high purity grade (≥95%).

2.2 Cell culture methods 

2.2.1 SH-SY5Y cell line. 

Undifferentiated human SH-SY5Y neuroblastoma cells were cultured in DMEM mixed with F12 (1:1) and 
supplemented with 10% (v/v) FBS and 1% streptomycin/penicillin under controlled conditions in a 95% 
humidified atmosphere, at 37 °C and 5% CO2. Culture medium was replaced every two days until the cells 
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reached confluence 4–5 days after the initial seeding. For subculture, SH-SY5Y cells were dissociated with 
trypsin-EDTA, split into a 1:3 ratio. Cells were grown to 80% confluence before treatment. Culture conditions 
were performed according to ATCC recommendations.

2.2.2 SH-SY5Y differentiation protocol 

To differentiate the SH-SY5Y cells we adapted a protocol previously described and exposed cells to 10 μM 
of ATRA for 10 days. The medium was changed every 4 days. 

2.2.3 RAW264.7 cell line 

RAW264.7 cells were cultured in DMEM supplemented with 10% (v/v) of FBS and 1% of streptomycin/
penicillin. The medium was replaced every 2 to 3 days. Sub-culturing was carried out with a cell scraper at a 1:4 
split ratio. All procedures were in accordance with ATCC recommendations. 

2.3 Determination of cell viability and neuroprotection potential by MTT assay

2.3.1 MTT assay and cytotoxicity of Lut7

  Cell viability was assessed using the colorimetric MTT assay [12]. SH-SY5Y (differentiated and 
undifferentiated) and RAW264.7 cells were seeded in 96-well dishes and left overnight in the incubator for 
proper attachment. Cells were exposed to different concentrations (10 - 0.1μM) of Lut7 for 24 or 48 hours. At 
the end of the incubation period, MTT reagent was applied to each well at a final concentration of 5 mg/ml and 
the plate was placed in a humidified incubator at 37 °C with 5% of CO2 for a further 3 hours period. Formazan 
salts were dissolved in DMSO and the colorimetric determination of reduction of MTT was determined at 570 
nm wavelength using the spectrophotometer SpectraMax® i3. Control cells treated with maintenance media 
were considered to be 100% viable.  

2.3.2 Neuroprotection potential

 Neuroprotection effect was assessed using the colorimetric MTT assay with adaptations as previously 
described [12,13]. To investigate the neuroprotective potential of the compound SH-SY5Y (differentiated and 
undifferentiated) cells were seeded at a density of 2x104 per well in a 96-well dish and left overnight in the 
incubator. Next, the media was replaced with different concentrations (1 or 0.1 μM) of Lut7 for 30 minutes 
before adding 100 μM of 6-OHDA stabilized with 0,02% of ascorbic acid to avoid auto-oxidation of 6-OHDA. 
After 24 or 48 hours, the treatment was removed, and it was added MTT (5 mg/mL) for 3 hours. Following the 
MTT removal, DMSO was used to dissolve the formazan salts and the OD was evaluated at 570 nm using a 
spectrophotometer (SpectraMax®).

2.4 Determination of antioxidant activity
The antioxidant activity determined by using different methodologies as described previously [14]. The 

analysis included: (a)  2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging ability [15]; (b) oxygen radical 
absorbance capacity (ORAC) [16]; and (c) ferric reducing antioxidant power (FRAP) assays [17] with few 
adaptations as described by Silva et al. 2021. [14].

2.5 Mechanisms of cell recovery after 6-OHDA-induced damage induced by Lut7

2.5.1 Mitochondrial Membrane Potential (MMP) assay

Cells were seeded in 96-well plates and left overnight in the incubator. Next, SH-SY5Y cells were treated 
with 6-OHDA (100 μM) for 6 h, in the absence or presence of Lut7 (0.1 or 1 μM). After the appropriate period 
of exposure, cells were washed with PBS 1X and incubated with JC-1 at 37°C for 30 min. Then, the reagent was 
gently removed, and cells were washed with PBS 1X. 100 μL/well of PBS 1X was added and the fluorescence 
was measured at 540/570  nm (red fluorescence) and 485/535  nm (green fluorescence) using a fluorescence 
microplate reader SpectraMax® i3. Mitochondrial membrane potential was estimated by measuring the 
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fluorescence of free JC-1 monomers (green) and JC-1 aggregates in mitochondria (red) and the results were 
expressed as the ratio of the monomers/aggregates of JC-1 in percentage of control. 

2.5.2 ROS production

The levels of reactive oxygen species (ROS) were determined using the oxidations sensitive fluoroprobe 5-
(and-6)-carboxy-2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) as previously described [18] 
with modifications. In brief, SH-SY5Y cells were treated with Lut7 at different concentrations (0.1 or 1 μM) 
and 100 μM 6-OHDA for 6 h. Following treatment, cells were washed with PBS (1X). Then, 20 μM 
carboxyH2DCFDA dissolved in serum-free medium was added to the cells. After 1h at 37 ºC the fluorescence 
was read at 527 nm, with an excitation wavelength of 495 nm. All experiments were performed at least three 
times.

2.5.3 Caspase 3 activity

This activity was assessed using the Caspase-3 Activity Fluorometric kit, according to manufacturer's 
instructions. SH-SY5Y cells were cultured in 6-well plates and treated with 6-OHDA (100 μM) for 6 h in the 
presence or absence of Lut7 (0.1 or 1 μM). Caspase-3 activity was calculated by the slope of the linear phase of 
the fluorescence resulting from the rhodamine 110 accumulation and expressed in arbitrary fluorescence units 
per mg protein per minute (∆ fluorescence (a.u.)/mg protein/min).

2.5.4 DAPI staining

The nucleic condensation was determined by 4,6-diamidino-2-phenylindole (DAPI) staining. SH-SY5Y 
cells were cultured in 6-well plates and treated with 6-OHDA (100 μM) for 24 h in the presence or absence of 
Lut7 (0.1 or 1 μM). The cells were fixed in paraformaldehyde (4%) for 30 min. After this time, it was removed, 
and cells incubated in Triton X-100 (0.1%) for 30 min. Then, Triton X-100 was removed, followed by the 
addition of DAPI (1 μg/mL) solution. After a 30 min reaction, DAPI was removed, and 1 mL PBS (pH 7.4) was 
added to each well. Then, the cells were observed through an Axio Vert. A1 fluorescence microscope (Zeiss).

2.6 Cytokine determination in RAW264.7 cell line 
RAW264.7 cells were seeded at a density of, 5x105 cells per well in a 24-dish plate. After adherence time, 

cells were pretreated for 1 hour before LPS (1μg/mL) was added. The supernatant was collected at different 
times. To evaluate TNF-α release, samples of supernatant were collected after 3 and 24 hours of treatment. For 
IL-6 analysis, samples were collected after 12 hours of treatment. For IL-10, samples were analyzed after 48 
hours of treatment. All samples were frozen at -80ºC until the analysis. The ELISA assay was performed 
according to the manufacturer's instructions. The absorbances were measured at 450 nm and 570 nm using a 
spectrophotometer (SpectraMax® i3). Values of 570 nm were subtracted from those of 450 nm to remove 
background interference. TNF-α, IL-6 and IL-10 standard curves were used to quantify the release from each 
cytokine by the cells.

2.7 Statistical analysis

The statistical analysis was performed on GraphPad Prism 6.0 software using ANOVA. The results are 
expressed in mean ± standard deviation mean (SEM). A p<0.05 was considered statistically significant.

3. Results

3.1. Cytotoxic and neuroprotective effect of Lut7 in undifferentiated and RA-differentiated SH-SY5Y cells

The first set of analyses examined the impact of Lut7 on cell viability. The results, as shown in Figure 1A, 
indicate that in SH-SY5Y cells, Lut7 at 10 µM reduced cell viability by 33% (p = 0.002). At 1 µM and 0.1 µM 
did not appear to influence cell viability.

http://sciwheel.com/work/citation?ids=10635911&pre=&suf=&sa=0


Figure 1. (a) Cytotoxicity induced by Luteolin-7-O-glucoside (Lut7) on SH-SY5Y cell viability after a 24-h 
incubation period in SH-SY5Y cells; Neuroprotective effect of Lut7 against 6-OHDA (stabilized with 0.02% 
of ascorbic acid) induced neurotoxicity on undifferentiated SH-SY5Y cells and RA-differentiated SH-SY5Y 
cells. SH-SY5Y cells were pre-treated with different concentrations Lut7 for 1 hour, prior to 6-OHDA 
exposure. Undifferentiated cells were incubated for (b) 24 hours and (c) 48 hours. Cells were differentiated in 
10-μM retinoic acid (RA) and the effect was also evaluated in RA-differentiated cells after (d) 24 hours and (e) 
48 hours. The results are the mean ± SEM of at least three experiments in triplicates. Statistical calculations 
were performed by ANOVA via the Tukey post hoc test. Statistical significance values were *** P<0.001; ** 
P<0.01; * P<0.05 (vs. control); ### P<0.001; ## P<0.01; # P<0.05 (vs. 6-OHDA). Doxorubicin was used as 
positive control; DMSO 0.1% was used as vehicle.

After the viability assay, the capacity of undifferentiated SH-SY5Y cells to recover from the 6-
OHDA stimuli was evaluated using an MTT assay. For this assay specifically, cells were pretreated 
with Lut7 for 1h before 6-OHDA treatment. The exposition of SH-SY5Y cells to 6-OHDA (100 µM) led 
to a reduction of cell viability after 24 hours incubation when compared to negative control. However, 



when cells treated with Lut7 at 0.1 µM showed an increase of 13% (p = 0.017) in cell viability when 
compared to cells treated with 6-OHDA only (Figure 1 B). We also verified if the effect of Lut7 
persisted after 48h but the results were not statistically significant (Figure 1C). 

After differentiation, cells start to upregulate genes involved with antioxidant defense. This 
modified profile of gene expression reflects directly in the capacity of cells to recover from the 
oxidative stress caused by 6-OHDA. To confirm this higher resistance, one positive control of 
Doxorubicin (10 μM) was included. The mechanism of action of doxorubicin is by specifically 
blocking the activity of enzyme topoisomerase II, which is involved in DNA replication during 
mitosis and does not interfere in oxidative stress and, therefore, doesn’t impact the damage caused by 
6-OHDA. In this sense, we differentiated SH-SY5Y cells for 10 days before the MTT assay. RA-
differentiated SH-SY5Y cells pretreated with Lut7 at 1 and 0.1 μM increased cell viability in 27.4 and 
27.1%, respectively (p<0.001) (Figure 1D). Surprisingly, after 48 hours of treatment, RA-differentiated 
SH-SY5Y cells pretreated with Lut7 at 1 μM showed an increase in cell viability of 112% (p<0.001), 
while a pretreatment with Lut7 at 1 μM increased cell viability in 67.5% (<0.001) (Figure 1E).

3.2 Lut7 presented an important antioxidant activity

To evaluate the antioxidant activity of Lut7, we used three different approaches. We used a) 
ORAC method to evaluate the presence of antioxidant molecules with the ability to neutralize the 
peroxyl radicals; b) DPPH assay to determine the capacity of Lut7 to scavenge the radical DPPH and; 
c) FRAP to determine the Lut7 capacity of reducing ferric ions.  The results of antioxidant activities 
are presented in Table 1 and Figure 2.

Table 1. Antioxidant activity of Lut7 and BHT (butylated hydroxytoluene) (used as a standard). The values in 
the table represent the mean ± SEM from 3 independent experiments. a radical scavenging activity (IC50 µg/
mL); b The difference between the absorbance of test sample and the blank reading was calculated and expressed 
as µM of FeSO4 per gram of compound; c ORAC values were expressed as Trolox equivalents by using the 
standard curve calculated for each assay. Results presented in µM of Trolox equivalent (TE)/g of compound.

Figure 2. DPPH assay of Lut7.

Samples
Assay

DPPHa FRAPb ORACc

Lut7 6.80
(0.76 – 0.90)

19,570.78 ± 291.48 8,804.19 ± 409.99

BHT >100 2,821.50 ± 63.03 143.70 ± 23.36



We observed that Lut7 presented the highest potential of scavenging DPPH radical with an IC50 of 
6.80 µM (0.76 – 0.90) with a 95% confidence interval when compared to the standard BHT (IC50 > 100 
µM). In the ORAC method Lut7 showed the highest antioxidant activity, 8,804.19 ± 409.99 µmol of 
Trolox/ g compound when compared with BTH (143.70 ± 23.36 µmol of Trolox/g compound). Lut7 
also revealed to be effective in reducing ferric ions (19,570.78 ± 291.48 µM FeSO4/g of compound) 
when compared with a synthetic antioxidant. 

3.3 Lut7 protects against cellular hallmarks associated with ND

Some hallmarks of the apoptotic cell death include the activation of caspases, the disruption of 
mitochondrial membrane potential and DNA fragmentation. These same events are also present 
during neurodegenerative diseases. To verify if the neuroprotective effect demonstrated by Lut7 on 
the viability of SH-SY5Y cells was associated with ND hallmarks, we performed different in vitro 
assays on cells treated with neurotoxin 6-OHDA in the absence or presence of Lut7 (Figure 3). 

Figure 3. Effect of Luteolin-7-O-glucoside (Lut7) on SH-SY5Y cells after 6-OHDA (100 µM) exposition for 
6 hours. (A) Effect on ROS production; (B) Effect on MMP and; (C) caspase-3 activity. The values in each 
column represent the mean ± standard error of the mean (SEM) from 3 to 4 experiments. Symbols represent 
statistically significant differences (p<0.05, ANOVA, Dunett’s test) when compared to: * untreated cells 
(control). # to 6-OHDA

Firstly, we measured ROS production to evaluate the ability of Lut7 to prevent the condition of 
oxidative stress induced by the neurotoxin. As expected, after exposing SH-SY5Y cells to 6-OHDA 



(100 µM, 6 hours) we observed a two-fold increase in ROS levels when compared to vehicle. 
However, Lut7 does not appear to influence ROS production after 6-OHDA exposure (Figure 3A). 

Secondly, we determined the MMP in order to measure the mitochondrial dysfunction and to 
understand if the neuroprotective effects of Lut7 were mediated by biological events that usually take 
place on mitochondria. Treatment with 6-OHDA at 100 µM for 6 hours induced a depolarization of 
the MMP in SH-SY5Y cells when compared to vehicle. After treating cells with Lut7, on the other 
hand, we observed a preventive effect against the depolarization of MMP. In this sense, Lut7 at 1 µM 
reverted the 6-OHDA-induced depolarization in 320% (139.2 ± 7.07% of vehicle,  p<0.001), while Lut7 
at 0.1 µM showed a similar but less intense effect, with 192% decrease in monomers/aggregates ratio 
of JC-1 (297.2 ± 17.1% of vehicle, p<0.001) (Figure 3B).

Thirdly, Caspase-3 activity was measured to understand if the Lut7 had capability to prevent the 
cell death mediated by apoptosis when exposed to the neurotoxin 6-OHDA. Compared to the 6-
OHDA group, Lut7 at 1 promoted a discrete decrease in caspase-3 activity in 57.55% but not 
statistically significant. Lut7 at 0.1, on the other hand, led to an increase in caspase-3 activity of 121.8% 
(p = 0.007) (Figure 3C).

Finally, to understand if Lut7 had the ability to prevent the DNA fragmentation induced by 6-
OHDA treatment, the integrity of SH-SY5Y DNA was evaluated by DAPI staining. Cell death by 
apoptosis was investigated through fluorescence microscopy as shown in Figure 4.

Figure 4. Nuclear morphology of SH-SY5Y cells stained with DAPI probe. SH-SY5Y cell stained with DAPI 
showing the anti-apoptotic effect of the Lut7 (0.1 or 1 µM) against neurotoxicity mediated by 6-OHDA (100 
µM; 24hours). The fragmentation pattern is an indicator of apoptosis. * the images are representative of one 
experiment.

We exposed SH-SY5Y cells to 100 µM of 6-OHDA for 24 hours and observed nuclear condensation 
and fragmentation, characteristic features of apoptosis. However, it was possible to verify that Lut7 
inhibited apoptosis due to nuclear condensation and fragmentation induced by 6-OHDA.

3.4 Effects of Lut7 on LPS-induced cytokine production



Cytokines play a crucial role in the inflammatory response but before evaluating the effect of Lut7 
over cytokine release, we determined its cytotoxic effect over the RAW267.4 cell line. Since Lut7 at 10 
µM reduced cell viability in SH-SY5Y, we evaluated the cytotoxic effect of Lut7 at 1 and 0.1 µM in 
RAW264.7 cells. At both concentrations, no significant reduction in cell viability was found compared 
with control (Figure 5A). After confirming Lut7 was not cytotoxic, we evaluated proinflammatory 
cytokines (IL-6 and TNF-α), and an antiinflammatory cytokine  (IL-10). 

In this sense, RAW264.7 cells were pretreated with Lut7 at 1 μM or 0.1 μM for 1h. Then, 1μg/
mL of LPS was added to each well and the supernatant was collected on different times. According to 
our results, the effect of Lut7 over IL-6 was discrete. Lut7 at 1 μM decreased in 1.56% (p>0.99), while 
Lut7 at 0.1 μM increased in 8.43% (p>0.99) (Figure 5B). As illustrated in Figure 5C, after 3 hours, cells 
pretreated with Lut7 at 1 μM showed a decreased TNF-α levels in 30.97% (p<0.01), while treatment 
with Lut7 at 0.1 μM decreased TNF-α levels in 43.02% (p<0.001). Figure 5D shows the TNF-α levels 
after 24h. Lut7 at 1 μM and 0.1 μM promoted a discrete decrease in TNF-α levels (21.69% and 28.92%, 
respectively), but the differences between groups did not meet conventional levels of statistical 
significance (p = 0.21 and 0.08, respectively). To investigate the IL-10 release, which is delayed, we 
collected the supernatant after 24 and 48 hours of treatment. After 24h, Lut7 at 1 μM increased IL-10 
in 37.58% (p = 0.38), while Lut7 at 0.1 μM increased in 96.9% (p<0.001) (Figure 5E). However, these 
effects were not sustained for a 48h period of time, as Lut7 at 1 μM increased in 7.39% (p>0.99) and 
Lut7 at 0.1 μM increased in 4.3% (p>0.99) (Figure 5F). 



Figure 5. (A) Cytotoxicity induced by Luteolin-7-O-glucoside (Lut7) on RAW264.7 cell viability after a 
24-h incubation period; (B) IL-6 was determined after 12 hours of treatment; (C) TNF-α levels after 3 
hours and (D) after 24 hours of treatment. IL-10 was evaluated (E) after 24 hours; and after (F) 48 hours 
of treatment. Mean ± SEM of at least three experiments. *** P<0.001; ** P<0.01; * P<0.05 (vs. control); 
### P<0.001; ## P<0.01; # P<0.05 (vs. LPS). Doxorubicin was used as positive control; DMSO 0.1% was 
used as vehicle.



4. Discussion

Pre-clinical studies reported that luteolin, a flavonoid present in many fruits and vegetables, has 
anti inflammatory and antioxidative properties [19–22]. However, the impact on neuroprotection 
using the RA-differentiated SH-SY5Y cell line has been poorly explored. Despite both differentiated 
and undifferentiated SH-SY5Y cells have been used in experiments as suitable in vivo models of NDs, 
authors suggest that cells should be differentiated since undifferentiated cells are prevenient from a 
metastatic tumor and continuously undergo division, making it difficult to predict the effect of 
protective agents against neurotoxins. Indeed, differences in gene expression profiles, antioxidant 
capacity, synthesis of neurotransmitters and other phenotypic aspects have been observed between 
differentiated and undifferentiated cells [23–25]. Those findings suggest that SH-SY5Y cell line may 
respond to the 6-OHDA stimuli differently, depending on whether they are differentiated or not.

In undifferentiated SH-SY5Y cells, our findings do not support a significant neuroprotection effect. 
These results are similar to a previous study where Lut7 also did not show statistically difference in 
cell viability when SH-SY5Y cells were incubated with an amyloidogenic molecule [26]. On the other 
hand, on RA-differentiated cells, Lut7 showed an important protective effect against 6-OHDA-
induced damage, probably due to its increased ability of expressing genes related to antioxidant 
defenses. This is consistent with what has been found in previous study where RA-induced 
differentiation of SH-SY5Y cells has been related with resistance to oxidants, possibly due to 
modulation of ROS production and oxidative stress responses [27–30]. This result ties well with 
previous studies wherein intensified oxidative phosphorylation in differentiated SH-SY5Y was 
observed [31]. 

Here, by three separate methodologies, we demonstrate that Lut7 has a high antioxidant capacity. 
This potential is especially interesting as neuron cells have a high metabolic rate, continuously 
generating reactive oxygen species (ROS) during aerobic metabolism as a result of electron transport 
chain (ETC) action during oxidative phosphorylation. As a consequence, brain tissue is particularly 
susceptible to oxidative stress [32,33]. Several events have been associated with neurodegeneration 
such as synaptic dysfunction, excitotoxicity, and oxidative stress. Indeed, because of its high 
metabolic rate combined with a limited capacity of cellular regeneration, the brain is particularly 
sensitive to oxidative damage. 

The neurotoxin 6-OHDA is a potent inhibitor of complex I and causes direct oxidative 
damage through superoxide and hydrogen peroxide production and indirect damage after suffering 
auto-oxidation, generating even more ROS [34–37]. In order to evaluate the ROS production and the 
capacity of Lut7 to promote cell recovery after 6-OHDA-induced damage, we used undifferentiated 
SH-SY5Y cells due to their less antioxidant scavenging capacity. Our findings revealed that Lut7 did 
not affect ROS production. Another study reported that Lut7 did not interfere on hepatitis B virus-
induced intracellular ROS accumulation in HepG2 cells [38]. However, in contrast to our results, some 
previous studies reported that Lut7 decreases ROS  in many cell lines or in vivo models. Our 
divergent findings may be a result of the concentration of Lut7 we used in our experiments and/or 
the cell line used. Palombo et al. (2016) evaluated ROS production in IL-22 or IL-6-stimulated human 
keratinocytes (HEKn cells). At 20 µM, Lut7 treatment reduced ROS generation [39]. Similarly, in 
HUVEC cells (human umbilical vein endothelial cells) Lut7 at 20 µM reduced ROS generation and 
downregulated genes involved in inflammation [40]. 

A correlation between mitochondrial membrane potential (∆Ψm) and reactive oxygen species 
(ROS) production has been demonstrated [41–43]. Additionally, ∆ψm depolarisation is usually 
correlated with neuronal death [44,45] . In this case, our results indicate that Lut7 reverted the 6-
OHDA-induced ∆ψm depolarisation. Similarly, although ROS levels were not affected by Lut7, 
HepG2 cells normalized ROS-induced MMP damage [38]. The MMP recovery mediated by Lut7 we 
observed in SH-SY5Y cells after 6-OHDA-induced cell injury was similar to another previous study 
with cisplatin-induced HK-2 cells (human proximal tubule cell line). According to Nho et al. (2018), 
Lut7 decreased cell death, promoted a recovery in MMP and abolished caspase-3 activity [46]. Here, 
we also identified an decrease in caspase-3 activity induced by Lut7 in SH-SY5Y cells exposed to 6-
OHDA. In H9c2 cells (rat cardiomyoblast cell line), Lut7 pretreatment reduced apoptosis, intracellular 
ROS, chromatin condensation and DNA damage, and reverted mitochondrial dysfunction induced by 
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doxorubicin [47]. Another study reported similar results in H9c2 cells (reduction of apoptosis, ROS 
generation and mitochondrial dysfunction) but also showed downregulation of caspase-3, p-ERK1/2, 
p-JNK and p-P38 inhibition, and p-ERK5 activation in angiotensin II-induced cells  [48].

It was reported that mitochondrial dysfunction is mediated by JNK activation, while the JNK 
inhibition by SP600125 prevented both the loss of ∆ψm and the increase in apoptosis by inhibiting 
JNK activation in different cell types [49–52]. One possible explanation for these findings is that JNK 
plays a significant role in apoptosis via the intrinsic pathway (also known as the 'mitochondrial 
pathway'), which is activated by extracellular or intracellular perturbations usually found in AD, such 
as oxidative stress. In response to a deleterious stimulus (such as ROS) JNK phosphorylates 14-3-3 
protein and induces the translocation of pro-apoptotic proteins (Bax and Bad) from the cytoplasm to 
the mitochondria, the major source of ROS in cells. The translocation of these pro-apoptotic proteins 
induces mitochondrial outer membrane permeabilization (MOMP), allowing the cytosolic release of 
pro-apoptogenic factors that normally reside in the mitochondrial intermembrane space, such as 
cytochrome c and Smac/DIABLO [53,54]. Cytochrome c then associates with Apaf-1, pro-caspase 9 
(CASP9), (and possibly other proteins) to form an apoptosome, which activates CASP9. When 
activated, CASP9 catalyzes the proteolytic activation of CASP3 and CASP7 (known as ‘executioner 
caspases’), which handle cell demolition during intrinsic and extrinsic apoptosis pathways. However, 
DNA damage can also activate JNK. p53 is another JNK substrate that induces  expression of pro-
apoptotic genes (puma, fas and bax), leading to apoptosis in a mitochondrial-independent manner. On 
the other hand, p53 can trigger the MOMP as well in a transcription-independent manner by 
activating pro-apoptotic Bcl-2 proteins (Bax or Bak) or by inactivating anti-apoptotic Bcl-2 proteins 
(Bcl-2 and Bcl-X1) [55,56]. 

Recently, the role of JNK3 in Alzheimer’s disease (AD) was reviewed and reported synthetic 
JNK3 inhibitors explored so far with a promising future as therapeutic proposals for AD [57]. 
Luteolin-7-O-glucoside, a polyphenol, also showed important JNK3 selectivity. The IC50 for JNK3 
was reported to be as low as 2.45 ± 0.1 µM, while the IC50 for p38α was 87.1 ± 2.1 µM, indicating a 35-
fold increase of selectivity to JNK3 over p38 . Authors hypothesized that the selectivity for JNK3 is a 
result of the interaction of Lut7 and the residues Asn152, Gln155, Asn 194 and Ser 193 of JNK3 [6]. 
According to our results, it is possible that the main mechanism of Lut7 in preventing mitochondrial-
dependent apoptosis is by inhibiting JNK3.  

Both toxic protein accumulation and oxidative stress are main hallmarks of NDs and contribute to 
neuroinflammation, further worsening the disease. Previously studies had already reported that 
luteolin suppressed the production of proinflammatory cytokines in macrophages by blocking kappa 
B (NFkB) and activator protein 1 (AP1) nuclear signaling pathways and inhibited the production of 
nitric oxide and proinflammatory eicosanoids and also decreased the release of TNF-α and 
superoxide after LPS induced in microglial cell cultures and reduced the production of LPS-induced 
IL-6 in cerebral microglia in vivo and in vitro [58,59]. In CNS, it decreased inflammation and axonal 
damage by preventing monocyte migration through the blood-brain barrier (BBB)[3–5]. Since both 
microglia cells and RAW264.7 cell line are capable of expressing major histocompatibility complex 
(MHC) antigens, as well as T and B cell markers and share other phenotypic traits and innate 
immunological functions with other mononuclear phagocytes, we also demonstrated that Lut7 can 
reduce TNF-α after 3 hours, as well as IL-10 after 24 hours. In the past two decades, 
neuroinflammation has been considered an important component of the NDs pathogenesis. It is well 
established that the CNS is composed of distinct kinds of cells that perform specific roles in brain 
homeostasis and therefore, may contribute differently to the worsening of symptoms or progression 
of ND.

A previous study reported that pretreatment with Lut7 suppressed the induction of nitrite, ROS, 
PGE2, and TNF-α in a dose-dependent manner in IL-1β-stimulated rat primary chondrocytes [60], 
suggesting that Lut7 has a potent anti-inflammatory effect. Additionally, Lut7 inhibited the IL-1β-
induced nuclear accumulation of NF-κB subunit p65 by suppressing phosphorylation and 
degradation of IκB-α and significantly inhibited the IL-1β-induced phosphorylation of ERK, JNK, and 
p38 MAPK in a dose-dependent manner [60].
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In summary, our results show that Lut7 protected SH-SY5Y cell line against 6-OHDA-induced 
damage after 24 hours, protected differentiated SH-SY5Y cells against neurotoxicity induced by 6-
OHDA after 24 and 48 hours. Although we did not observe a difference in ROS production, Lut7 
protected SH-SY5Y cells against 6-OHDA-induced mitochondrial and nuclear damage and reduced 
caspase-3 activity. In the RAW264.7 cell line, we demonstrated that Lut7 decreases TNF-α and 
increases IL-10. Together with previous data [6],  our results provide support to the hypothesis that 
the mechanism of action of Lut7 is based on JNK3 inhibition as shown in Figure 6. Several questions 
remain unanswered and we believe this is an interesting topic for future work.



Figure 6. Proposed overall mechanism of action of Lut7.  
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5. DISCUSSÃO 

Devido ao aumento da prevalência de doenças neurodegenerativas 

associado a um número muito restrito de terapias farmacológicas, a necessidade de 

novas alternativas terapêuticas é evidente. Além disso, o papel fundamental de 

JNK3 no progresso da doença tem sido reforçado por meio de diversos estudos, o 

que torna JNK3 um alvo terapêutico interessante. Por outro lado, segundo Rehfeldt 

et al., 2020, o desenvolvimento de moléculas com seletividade para JNK e, mais 

ainda, para JNK3, é um desafio a ser superado. Além disso, sabe-se que durante a 

investigação dos efeitos de drogas candidatas sobre hallmarks de doenças 

neurodegenerativas, outro grande desafio é o acesso ao tecido humano viável do 

SNC, seja por questões práticas ou éticas. Nesse sentido, durante a Convenção 

sobre Diversidade Biológica, também conhecida como "ECO-92", estabeleceu-se de 

acordo com o Art. 2o que: 
"Biotecnologia significa qualquer aplicação tecnológica que utilize sistemas 
biológicos, organismos vivos, ou seus derivados, para fabricar ou modificar 
produtos ou processos para utilização específica” (BRASIL, 1998). 

Nesse sentido, o processo de descoberta e desenvolvimento de 

medicamentos depende de desenhos experimentais estrategicamente eficientes de 

ensaios in silico, in vitro e in vivo para discernir quais benefícios podem ser 

oferecidos por uma nova molécula e quais os efeitos colaterais indesejáveis que 

poderão ocorrer. Assim, a biotecnologia fornece meios necessários que permitem 

que uma nova droga seja extensivamente testada e aperfeiçoada antes de entrar em 

testes clínicos.  

Estudos prévios sugeriram que, dentre centenas de quinases, a molécula 

sintética FMU200 e o flavonoide LUT7OG possuíam uma seletiva atividade inibitória 

para JNK3 (GOETTERT et al., 2011, 2010; MUTH et al., 2017). No caso do imidazol 

tetrasubstituído FMU200, autores observaram uma seletividade 120 vezes maior 

para JNK3 (IC50 JNK3: 0,3 ± 0,03 nM), em comparação a p38 (IC50 p38: 36 ± 4,38 

nM) (MUTH et al., 2017). De forma semelhante, LU7OG também demonstrou uma 

seletividade 35 vezes maior para JNK3 (IC50 JNK3: 2,45 ± 0,1 µM; IC50 p38: 87,1 ± 

2,1 µM) (GOETTERT et al., 2010). Assim, tendo em vista a significativa contribuição 

de JNK3 na fisiopatologia das doenças neurodegenerativas conforme apresentado 

no Capítulo I, ambas as moléculas possuíam suporte teórico que justificasse os 

ensaios aqui realizados. Nesse sentido, nos Capítulos IV e V deste estudo 
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objetivamos demonstrar a capacidade neuroprotetora de FMU200 e de LUT7OG, 

respectivamente, em um modelo experimental in vitro de doença neurodegenerativa, 

utilizando células SH-SY5Y diferenciadas e não-diferenciadas, bem como elucidar o 

mecanismo de ação das referidas moléculas, além de verificar suas ações frente a 

alguns hallmarks associados a doenças neurodegenerativas.  

Após a determinação das concentrações não-tóxicas realizou-se ensaios de 

neurotoxicidade/neuroproteção. Em nosso modelo in vitro de neurodegeneração (em 

células SH-SY5Y não-diferenciadas), observamos que o pré-tratamento com 

FMU200 ou LUT7OG protegeu as células contra a apoptose induzida por 6-OHDA. 

Vários estudos indicaram que 6-OHDA é um inibidor potente do complexo I e IV nas 

mitocôndrias do cérebro (GLINKA, Y; GASSEN; YOUDIM, 1997; GLINKA, Y; 

TIPTON; YOUDIM, 1998; GLINKA, Y Y; YOUDIM, 1995), inibindo os complexos da 

cadeia respiratória mitocondrial. Glinka et al. (1997) relataram que a inibição do 

complexo mitocondrial I induzida por 6-OHDA não é revertida com o uso de 

antioxidantes. Dessa forma, infere-se que a morte celular (e, portanto, a 

neurodegeneração) é causada pela depleção de ATP (GLINKA, Y; GASSEN; 

YOUDIM, 1997; GLINKA, Y; TIPTON; YOUDIM, 1996). Sabe-se que o complexo I é 

a principal porta de entrada de elétrons na cadeia respiratória e sua inibição resulta 

no bloqueio da maioria das reações metabólicas oxidativas dentro das mitocôndrias 

(SHARMA; LU; BAI, 2009), o que fornece suporte para essa teoria. De fato, a 

deficiência no complexo I da cadeia transportadora de elétrons (ETC) foi descrita em 

pacientes com DP (NORAT et al., 2020; TYSNES; STORSTEIN, 2017) e com DA 

(MANCZAK et al., 2004; WANG, Wenzhang et al., 2020), enquanto que em modelos 

animais de DA foi relatado diminuição da atividade do complexo IV e de produção de 

ATP (DU; SHIDU YAN, 2010; PARKS et al., 2001). Ou seja, nos neurônios, um dos 

efeitos da 6-OHDA é a inibição dos complexos I e IV, fazendo com que os níveis de 

ATP diminuam, levando à apoptose. Em hepatócitos de camundongos, o 

paracetamol diminuiu os níveis de ATP (de forma semelhante à 6-OHDA nos 

neurônios), enquanto um pré-tratamento com SP600125 evitou o declínio nos níveis 

de ATP, sugerindo que JNK se transloca para mitocôndrias e inibe a bioenergética 

mitocondrial (pelo menos em parte) ao desencadear a transição de permeabilidade 

mitocondrial (HANAWA et al., 2008; ZOROV; JUHASZOVA; SOLLOTT, 2014). Efeito 

semelhante foi observado em mitocôndrias cerebrais isoladas, nas quais JNK  
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induziu diretamente a transição de permeabilidade mitocondrial 

(SCHROETER et al., 2003).  

Embora nossos resultados não possam confirmar ou descartar a 

possibilidade, é possível que FMU200 e LUT7OG possam prevenir uma diminuição 

nos níveis de ATP induzida pela inibição dos complexos mitocondriais provocada por 

6-OHDA, contribuindo para a diminuição da morte celular que observamos em 

nossos ensaios de MTT. Sugerimos análises adicionais para confirmar se FMU200 e 

LU7OG possuem algum efeito sobre os níveis de ATP em células SH-SY5Y. 

Após verificarmos a capacidade neuroprotetora dos diferentes compostos, 

realizamos os ensaios com o objetivo de entender o mecanismo de ação de 

FMU200 e LUT7OG.  Foram avaliados os efeitos de cada composto em diferentes 

eventos que precedem a apoptose e que estejam envolvidos com a sinalização de 

JNK, como a formação de ROS e o estresse oxidativo. As células geram 

constantemente ROS durante o metabolismo aeróbico. Devido à alta taxa 

metabólica do cérebro, ele consome quase 25% da ingestão total de glicose do 

corpo e 20% da ingestão total de oxigênio durante a produção de ATP. Durante esse 

processo, as ROS também são geradas como resultado da atividade da ETC 

durante a fosforilação oxidativa e, como resultado, o tecido cerebral é 

particularmente suscetível ao estresse oxidativo (HAMANAKA; CHANDEL, 2010; 

MURPHY, 2009). Vários eventos têm sido associados à neurodegeneração, como 

disfunção sináptica, excitotoxicidade e estresse oxidativo. Na verdade, devido a sua 

alta taxa metabólica associada a uma capacidade limitada de regeneração celular, o 

cérebro é particularmente suscetível ao dano oxidativo. Os danos causados por 

ROS em regiões cerebrais específicas foram associados com DA, comprometimento 

cognitivo leve (MCI), doença de Parkinson (DP) e esclerose lateral amiotrófica (ALS) 

(ANDERSEN, 2004; BUTTERFIELD et al., 2002; DEXTER et al., 1989; PEDERSEN 

et al., 1998; ZABEL et al., 2018). De fato, existem evidências que associam ROS e a 

fisiopatologia de várias doenças neurodegenerativas, no entanto, ensaios clínicos 

randomizados que avaliaram os efeitos de antioxidantes em pacientes com DA 

forneceram resultados conflitantes (GALASKO et al., 2012; POLIDORI; NELLES, 

2014). Ou seja, níveis mais elevados de ROS ativam processos de morte (LEE; HE; 

LIOU, 2021) porém, neste caso, a terapia antioxidante parece ser insuficiente para 

promover melhorias significativas, apoiando a necessidade de explorar novos alvos. 
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É importante ressaltar que nos ensaios subsequentes nos quais foram 

avaliados os níveis intracelulares de ROS e o ΔΨm, o modelo experimental utilizado 

foi o de células SH-SY5Y não diferenciadas estimuladas por H2O2. A opção de 

utilizarmos o modelo experimental com células não diferenciadas ocorreu pelo fato 

de que o processo de diferenciação promove uma série de modificações com 

potencial de interferir nos resultados. Foi demonstrado que o tratamento com RA 

promove a sobrevivência das células SH-SY5Y por meio da ativação da via de 

sinalização fosfatidilinositol 3-quinase/Akt (PI3K/Akt) e da regulação positiva da 

proteína Bcl-2 anti-apoptótica (ITANO et al., 1996; LÓPEZ-CARBALLO et al., 2002). 

Além disso, alguns estudos mostram que as células diferenciadas por RA são menos 

vulneráveis à morte celular induzida por toxinas como 6-OHDA, 1-metil-4-

fenil-1,2,3,6-tetra-hidropiridina (MPTP), ou seu metabólito, íon 1-metil-4-fenil-piridínio 

(MPP+) do que as células não-diferenciadas (CHEUNG et al., 2009). Já o uso de 

H2O2 como indutor de lesão celular ocorreu pelos seguintes motivos: (I) H2O2 é o 

ROS mais estável, (II) transita facilmente através das membranas celulares, (III) um 

dos subprodutos da auto-oxidação de 6-OHDA é H2O2 (COHEN; HEIKKILA, 1974; 

GLINKA, Y; GASSEN; YOUDIM, 1997; SOTO-OTERO et al., 2000), (IV) em células 

N18, o dano à estrutura celular e função induzida por 6-OHDA e H2O2 foi semelhante 

(VROEGOP; DECKER; BUXSER, 1995), (V) H2O2 atua como mensageiro 

extracelular e intracelular (HAMANAKA; CHANDEL, 2010; LEE; HE; LIOU, 2021; 

STARKOV, 2008) e; (VI) a via JNK desempenha um papel fundamental na morte 

celular de vários tipos de células e a ativação de JNK3 parece ser essencial para a 

fisiopatologia de muitas doenças neurodegenerativas e H2O2 é amplamente utilizado 

como modelo in vitro de estresse oxidativo geral de doenças neurodegenerativas 

(WHITTEMORE et al., 1995).  

ROS e JNK estão altamente interligados e estudos anteriores relataram que o 

tratamento com um inibidor de JNK3 (composto 9l ou SR-3562) mostrou uma 

inibição potente da geração de ROS após a ativação de JNK em células HeLa 

(CHAMBERS; LOGRASSO, 2011) e células INS-1 (KAMENECKA et al., 2010). Aqui, 

demonstramos que FMU200 e LUT7OG também foram capazes de diminuir a 

produção de ROS, corroborando com estudos publicados anteriormente. Além disso, 

o SR-3562, assim como o FMU200 e LUT7OG, evitou a formação de ROS de forma 

semelhante ao NAC, um antioxidante genérico (CHAMBERS; LOGRASSO, 2011). 

http://sciwheel.com/work/citation?ids=144816,10536567&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=144816,10536567&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=144816,10536567&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=144816,10536567&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=144816,10536567&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=2202138&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=2202138&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=2202138&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=4870079,71976,3702237&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=4870079,71976,3702237&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=4870079,71976,3702237&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=4870079,71976,3702237&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=1609433&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=10441236,1545283,549712&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=10441236,1545283,549712&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=3060070&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=3060070&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=3060070&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=10450664&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=2700059&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=2700059&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=2700059&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=10450664&pre=&suf=&sa=0


138

Nesse caso, parece que a ativação de JNK por H2O2 induz a geração de ROS, 

enquanto que a sua inibição por FMU200 ou por LUT7OG diminui a produção de 

ROS induzidos por H2O2.  

Análises realizadas pelo grupo parceiro do MARE (Marine and Environmental 

Sciences Centre) do Instituto Politécnico de Leiria (IPL) o flavonoide LUT7OG 

demonstrou uma capacidade antioxidante significativa. Estudos pré-clínicos 

relataram que a luteolina, que é um flavonoide presente em muitas frutas e vegetais, 

possui propriedades antiinflamatórias e antioxidantes (KIM; CHIN; CHO, 2017; 

MANSURI et al., 2014; NABAVI et al., 2015; RAHAL et al., 2014). Por outro lado, em 

células SH-SY5Y não diferenciadas estimuladas com 6-OHDA, LUT7OG não afetou 

a produção de ROS. Outro estudo relatou que LUT7OG não interferiu no acúmulo de 

ROS intracelular induzido pelo vírus da hepatite B em células HepG2 (CUI et al., 

2017). Em células H9c2, o pré-tratamento com LUT7OG reduziu a apoptose, ROS 

intracelular, condensação da cromatina e dano ao DNA, e reverteu a disfunção 

mitocondrial induzidos por doxorrubicina (YAO et al., 2016). Outro estudo relatou 

resultados semelhantes em células H9c2, nos quais observou-se redução da 

apoptose, da geração de ROS e na disfunção mitocondrial (CHEN, et al., 2018). 

Contudo, quando avaliada a despolarização Δψm induzida por 6-OHDA em células 

tratadas com SH-SY5Y evidenciou-se que LUT7OG restabeleceu o ∆Ψm. Estudos 

prévios relatam efeitos semelhantes em outros modelos experimentais in vitro. Em 

células HK-2 induzidas por cisplatina (linhagem celular derivada do túbulo proximal 

humano) LUT7OG diminuiu a morte celular, promoveu uma recuperação em Δψm e 

aboliu a atividade da caspase-3 (NHO et al., 2018). A redução na atividade de 

caspase-3 também foi observada nos ensaios realizados em Portugal. 

No presente estudo, entretanto, demonstramos que tanto FMU200 quanto 

LUT7OG atenuaram a produção de ROS intracelular induzida por H2O2 e inibiram a 

despolarização de ΔΨm induzida por H2O2. Esses resultados conectam a via JNK 

diretamente com a via intrínseca de apoptose, além de sugerir que as mitocôndrias 

são importantes organelas-alvo para os compostos e que tais organelas podem ser 

essenciais para sua ação neuroprotetora. Qualquer aumento na produção de ROS 

mitocondrial depende do estado metabólico desta organela e foi demonstrada uma 

correlação entre o ΔΨm e a produção de ROS (KORSHUNOV; SKULACHEV; 

STARKOV, 1997; TURRENS, 2003; ZOROV; JUHASZOVA; SOLLOTT, 2014). Em 
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doenças mitocondriais, a diminuição do ΔΨm e da atividade da cadeia respiratória 

são observadas com um aumento simultâneo na produção de ROS (KIM; 

RODRIGUEZ-ENRIQUEZ; LEMASTERS, 2007; MARCHI et al., 2012). Além disso, a 

despolarização Δψm está geralmente correlacionada com a morte neuronal 

(CONNOLLY et al., 2018; NORAT et al., 2020). A despolarização mitocondrial 

induzida por JNK foi avaliada em células Huh7 e HepG2 (HESLOP et al., 2020). 

Heslop et al. (2020) demonstraram que a disfunção mitocondrial é mediada pela 

ativação de JNK, enquanto a inibição de JNK pelo inhibitor VIII de JNK e SP600125 

preveniu a disfunção mitocondrial e bloqueou a translocação de JNK para a 

mitocôndria. Ao impedir a translocação de JNK para a membrana mitocondrial 

externa, foi observada uma diminuição na produção de ROS (LUCERO; SUAREZ; 

CHAMBERS, 2019). Em células de melanoma humano, a ativação de JNK foi 

necessária para a mudança de ΔΨm e apoptose celular (SHIEH et al., 2010) e o 

tratamento com SP600125 evitou o dissipamento de Δψm e o aumento da apoptose 

ao inibir a ativação de JNK em diferentes linhagens de células (CHAUHAN et al., 

2003; CHE et al., 2013; FAN et al., 2019; WANG, et al., 2018). Uma possível 

explicação para esses achados é que JNK desempenha um papel significativo na 

apoptose por meio da via intrínseca (também conhecida como 'via mitocondrial'), 

que é ativada por perturbações extracelulares e intracelulares geralmente 

encontradas na DA, como o estresse oxidativo. Em resposta a um estímulo deletério 

(como ROS), JNK fosforila a proteína 14-3-3 e induz a translocação de proteínas 

pró-apoptóticas (Bax e Bad) do citoplasma para a mitocôndria, a principal fonte de 

ROS nas células. No entanto, foi relatado que JNK pode fosforilar diretamente Bad, 

Bim e Bid induzindo sua atividade pró-apoptótica enquanto inibe proteínas anti-

apoptóticas. Uma vez translocado para a mitocôndria, o JNK aumenta em 80% a 

formação de ROS, principalmente pelo Complexo I (CHAMBERS; LOGRASSO, 

2011). A translocação dessas proteínas pró-apoptóticas induz a permeabilização da 

membrana externa mitocondrial (MOMP), permitindo a liberação citosólica de fatores 

pró-apoptogênicos que normalmente residem no espaço intermembranar na 

mitocôndria, como citocromo c Smac/DIABLO (HANAWA et al., 2008; SCHROETER 

et al., 2003). O citocromo c então se associa com Apaf-1, pró-caspase 9, (e 

possivelmente outras proteínas) para formar um apoptossoma, que ativa Caspase-9. 

Quando ativada, a Caspase-9 catalisa a ativação proteolítica de Caspase-3 e 
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Caspase-7 (conhecido como 'caspases executoras'), que lidam com a demolição 

celular durante as vias de apoptose intrínseca e extrínseca. No entanto, o dano ao 

DNA também pode ativar JNK. O p53 é outro substrato JNK que induz a expressão 

de genes pró-apoptóticos (puma, fas e bax), levando à apoptose de forma 

independente da mitocôndria. Por outro lado, o p53 também pode desencadear o 

MOMP de uma maneira independente da transcrição, ativando proteínas Bcl-2 pró-

apoptóticas (Bax ou Bak) ou inativando proteínas Bcl-2 anti-apoptóticas (Bcl-2 e Bcl-

X1) (ROOS; KAINA, 2006; YUE; LÓPEZ, 2020).  

Na via intrínseca de apoptose, JNK fosforila fatores de transcrição que 

induzem a expressão de proteínas pró-apoptóticas e diminui a expressão de 

proteínas anti-apoptóticas. O principal alvo de JNK é o fator de transcrição AP-1, que 

é um complexo formado por membros das famílias de proteínas Jun, Fos, ATF e 

MAF. Conforme mencionado no início da presente discussão, LUT7OG foi apontado 

como um inibidor de JNK3 (IC50 2,45 ± 0,1 µM) e inúmeros estudos dão suporte a 

essa evidência mostrando que LUT7OG inibe p-ERK1/2, p-JNK e p-P38 e ativa p-

ERK5 (CHEN, et al., 2018). Entretanto, por se tratar de uma molécula nova, tais 

dados ainda não haviam sido descritos para o inibidor FMU200. Nesse caso, nossa 

análise de western blot é consistente com Muth et al., 2017, indicando uma 

regulação negativa em p-JNK. Neste caso, nosso estudo suporta evidências de 

observações anteriores que apontaram para uma diminuição na atividade de JNK3. 

Apesar de sua principal contribuição para a fisiopatologia das doenças 

neurodegenerativas ser por meio de sinais pró-apoptóticos, o JNK também pode 

promover efeitos pró-inflamatórios (WAJANT, 2002). Além disso, o estresse oxidativo 

e a neuroinflamação crônica são dois fatores patológicos-chave intimamente 

relacionados e que atuam no desenvolvimento e agravamento das doenças 

neurodegenerativas. Na DA, por exemplo, a neuroinflamação depende de respostas 

imunes inatas mediadas pela microglia (SHI; HOLTZMAN, 2018). Após um estímulo, 

a microglia produz vários mediadores inflamatórios, como IL-1β, IL-6, TNF-α, 

prostaglandina E2 (PGE2), óxido nítrico (NO), fator neurotrófico derivado do cérebro 

(BDNF), que podem ativar a via de JNK. A principal contribuição de JNK para a 

neuroinflamação é por meio de seu fator de transcrição, AP-1, que regula genes pró-

inflamatórios como COX2, NOS2, TNF-α, CCL2 e VCAM-1 (GUPTA et al., 1996) e as 
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evidências sugerem que a produção de TNF-α induzida ROS é dependente de JNK 

(KAMATA et al., 2005; VENTURA et al., 2004).  

Embora as linhagens celulares microgliais BV2 (derivada de murinos) e 

HMO6 (derivada de humanos) sejam frequentemente utilizadas em modelos 

experimentais in vitro de doenças neurodegenerativas (TIMMERMAN; BURM; 

BAJRAMOVIC, 2018), a linhagem de macrófagos murinos RAW264.7 também é 

capaz de expressar antígenos do complexo principal de histocompatibilidade (MHC), 

bem como marcadores de células T e B e compartilham outras características 

fenotípicas e funções imunológicas inatas com as linhagens BV2 e HMO6 

(BERGHAUS et al., 2010; SAXENA; VALLYATHAN; LEWIS, 2003; TACIAK et al., 

2018; TAYLOR et al., 2005). Além disso, o uso de LPS em modelos experimentais in 

vitro e in vivo de doenças neurodegenerativas é bem estabelecido (BATISTA et al., 

2019; HOOGLAND et al., 2015). De fato, a linhagem RAW264.7 estimulada com 

LPS foi um modelo desenvolvido e implementado com sucesso em nosso laboratório 

e por grupos parceiros (SILVA et al., 2021).  

Estudos anteriores já haviam relatado que a luteolina suprimiu a produção de 

citocinas pró-inflamatórias em macrófagos, por meio do bloqueio de NFkB e AP1, da 

inibição da produção de óxido nítrico e eicosanóides pró-inflamatórios, diminuiu a 

liberação de TNF-α e IL-6 e superóxido em células de microglia cerebral in vivo e in 

vitro após indução com LPS (JANG; KELLEY; JOHNSON, 2008; ZHANG et al., 

2017). No SNC, a luteolina diminuiu a inflamação e o dano axonal ao impedir a 

migração de monócitos através BBB (blood-brain barrier) (BAKHTIARI et al., 2017; 

HEIM; TAGLIAFERRO; BOBILYA, 2002; RASOOL et al., 2014). Nesse sentido, 

avaliamos o potencial anti-inflamatório de FMU200 e LUT7OG por meio da dosagem 

de duas citocinas pró-inflamatórias (TNF-α e IL-6) e uma citocina anti-inflamatória 

(IL-10). 

Nesse caso, identificamos que FMU200 e LUT7OG diminuíram a liberação de 

TNF-α em células RAW264.7 após um tratamento de 3 horas, mas não reduziram os 

níveis TNF-α após 24 horas. Contrariamente ao que identificamos no presente 

estudo, os autores relatam uma diminuição nas citocinas pró-inflamatórias, 

juntamente com um aumento de citocinas anti-inflamatórias em células RAW264.7 

induzidas por LPS e tratadas com SP600125 (LAI et al., 2013; PARK et al., 2018; 

TONG et al., 2020; YIM et al., 2018). No entanto, deve-se ressaltar que em nosso 

http://sciwheel.com/work/citation?ids=10450510,172203&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=10450510,172203&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=10450510,172203&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=10450510,172203&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=10450510,172203&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=5666741&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5666741&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=1281721,5486334,164982,10545913&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=7012246,4908352&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=7012246,4908352&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=7012246,4908352&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=7012246,4908352&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=7012246,4908352&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=7012246,4908352&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=10512657&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=10512657&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=10512657&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=9514626,9514625&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=9514626,9514625&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=9514626,9514625&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=9514626,9514625&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=3952384,1967653,3502414&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=3952384,1967653,3502414&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=3952384,1967653,3502414&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=3952384,1967653,3502414&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=3952384,1967653,3502414&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=3952384,1967653,3502414&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=10453832,1303261,10453918,10454021&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0


142

estudo as células foram pré-tratadas com, no máximo, 1 µM de SP600125 e 

posteriormente exportas a 1µg/mL de LPS. Por outro lado, estudos semelhantes que 

apontam uma significativa redução na produção de TNF-α após 24 horas trataram as 

células RAW264.7 com concentrações de SP600125 de 10 a 200 vezes maior (10 a 

20 µM) e induziram as células com concentrações de LPS entre 50 e 90% inferiores 

(0,5 e 0,1µg/mL) (PARK et al., 2018; TONG et al., 2020) (LAI et al., 2013; YIM et al., 

2018). Uma vez que não avaliamos o efeito de SP600125 a 10 µM, não podemos 

fazer uma comparação direta. 

A citotoxicidade de diferentes concentrações de LPS foi avaliada em células 

RAW264.7 por Tong et al. De acordo com seus resultados, LPS a uma concentração 

máxima de 1,25 µg/mL não foi citotóxico, (o que fornece suporte para a 

concentração de LPS que usamos) e que a liberação de citocinas (TNF-α e IL-6) foi 

dose-dependente da concentração de LPS. Outro fator potencialmente interferente é 

o sorotipo de LPS utilizado em cada estudo. Conforme descrito nos materiais e 

métodos, no presente estudo utilizou-se LPS do sorotipo O111:B4, o qual 

demonstrou uma maior e mais potente ativação de AP-1 e, consequentemente, 

maior estimulação de mRNA de TNF-α e IL-6 e de expressão proteica de IL-1β em 

animais (MIGALE et al.2015). Nesse sentido, é importante considerar alguns vieses 

relacionados a metodologia utilizada. 

Além de TNF-α, a interleucina IL-6, um produto de linfócitos T e B ativados, 

monócitos e fibroblastos e macrófagos ativados também foi avaliada. Embora 

entenda-se a IL-6 como uma interleucina pró-inflamatória, esta  é uma citocina 

pleiotrópica com uma infinidade de funções (CARLSON et al., 1999). Inclusive, 

demonstrou-se que o supressor de sinalização de citocinas 3 (SOCS3) é um 

regulador chave para a ação pró-inflamatória de IL-6 e anti-inflamatória de IL-10 e 

que, na ausência de SOCS-3, IL-6 induz uma resposta anti-inflamatória (YASUKAWA 

et al., 2003). De fato, uma quantidade superior de mRNA de SOCS-3 foi encontrada 

em análises post-mortem de pacientes com DA (WALKER; WHETZEL; LUE, 2015). 

Ainda, corroborando com os dois estudos mencionados, uma coorte com duração de 

20 anos, observou que há uma maior probabilidade de comprometimento cognitivo 

em indivíduos com níveis elevados ou crescentes de IL-6 ao longo dos anos 

(WICHMANN et al., 2014).  
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Por outro lado, a hipótese de que IL-6 atenua efeitos neurotóxicos de NMDA 

em neurônios colinérgicos já é discutida há quase 30 anos (ERTA; QUINTANA; 

HIDALGO, 2012; PIZZI et al., 2004; TOULMOND et al., 1992; YAMADA; HATANAKA, 

1994). O excesso de estímulo provocado pelo glutamato em receptores NMDA 

provoca um fenômeno conhecido como "excitotoxicidade" e induz a morte celular por 

meio da ativação de JNK (HOQUE et al., 2019; YANG, et al., 1997). Destaca-se que 

a memantina, um dos fármacos disponíveis para o tratamento da DA, é um 

antagonista de receptores NMDA (JOHNSON; KOTERMANSKI, 2006) e que o 

tratamento com inibidores de JNK como D-JNKI1, SP600125 ou TAT-JNK-III 

protegeram contra a excitotoxicidade do glutamato e a morte celular in vivo e in vitro 

(CENTENO et al., 2007; KIM, et al., 2016; MARCELLI et al., 2019). Além disso, a 

exposição crônica à IL-6 exógena evitou a morte neuronal e o aumento da atividade 

de caspase-3 induzidas por NMDA. Tanto AG490 (inibidor de JAK2) quanto 

PD98059 (inibidor de ERK) bloquearam a proteção de IL-6 contra a diminuição da 

vitalidade neuronal induzida por NMDA e o aumento da ativação da caspase-3 

(JUNG; KIM; CHAN, 2011; WANG, et al., 2009). Ainda, recentemente, demonstrou-

se que a inibição de IL-6 poderia contribuir para o agravamento de transtornos 

depressivos (KNIGHT et al., 2021) que são mais prevalentes na população idosa e, 

mais ainda, na população idosa que possui alguma doença neurodegenerativa 

(DAFSARI; JESSEN, 2020; LIM, et al., 2018; SNOWDEN et al., 2015). Nesse 

sentido, infere-se que o efeito neuroprotetor da IL-6 depende da concentração de 

IL-6 e do grau de lesão neuronal. Hipotetiza-se que bloqueio total da produção de 

IL-6 não seja benéfica no tratamento de doenças neurodegenerativas, sendo 

preferível uma modulação de IL-6 por meio da inibição de JNK e que tal efeito 

modulatório poderia ser alcançado por meio do tratamento com FMU200 ou 

LUT7OG, uma vez que o tratamento com SR3306, um inibidor seletivo de JNK2/3, 

reduziu a expressão de SOCS-3 em modelos in vivo (GAO; HOWARD; LOGRASSO, 

2017). Ou seja, o fato de que, no presente estudo, os níveis de IL-6, após 12 horas 

de tratamento, não foram afetados por FMU200 ou LUT7OG pode ser entendido 

como um resultado ambíguo.  

Ainda, avaliou-se níveis de uma segunda interleucina. Sabe-se que a IL-10 

inibe a secreção da secreção de citocinas pró-inflamatórias (IL-1α, IL-1β, IL-6, TNF-

α), quimiocinas (IL-8) e fatores de crescimento e desenvolvimento (GM-CSF e G-
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CSF) induzida por LPS ou IFN-γ (MOSSER; ZHANG, 2008; OUYANG; O’GARRA, 

2019). No presente estudo demonstrou-se que tratamento com FMU200 (1 e 0,1 µM) 

e LUT7OG (0,1 µM) aumentaram  níveis de IL-10 após 24 horas em comparação 

com o grupo tratado apenas com LPS, enquanto que após 48 horas nenhum efeito 

nos níveis de IL-10 foi observado.  

Entretanto, um aumento na expressão de IL-10 em vários modelos animais de 

DA reduziu a fagocitose de Aβ pela microglia e exacerbou os depósitos de Aβ, 

levando a um comprometimento cognitivo. Por outro lado, o bloqueio de IL10 

promove uma  redução da sinalização IL-10/STAT3, o que parece aumentar a 

atividade fagocítica microglial (CHAKRABARTY et al., 2015; GUILLOT-SESTIER et 

al., 2015). É importante ressaltar os achados são consistentes com um aumento nos 

níveis de IL-10 encontrados em pacientes com DA  (LOEWENBRUECK et al., 2010; 

LOPES; SPARKS; STREIT, 2008; MA, et al., 2005; ZHENG; ZHOU; WANG, 2016).  

Sabe-se que neurônios, células microgliais e macrófagos expressam 

receptores TLR (especialmente TLR2, 4 e 9) e que estes receptores estão 

superexpressos em pacientes com DA, PD e em vários modelos experimentais 

destas doenças (FIEBICH et al., 2018). Além disso, é consenso de que a ativação 

destes receptores desencadeia a via de JNK. Apesar dos efeitos deletérios da 

ativação do receptor TLR, sabe-se que a síntese de IL-10 depende, em parte, da 

ativação de TLR. Evidenciou-se que a estimulação de TLR leva a ativação de MAPK 

que então modula a produção de IL-10. Por outro lado, a inibição de ERK, p38 ou 

JNK em macrófagos estimulados por LPS leva a uma significativa redução na 

produção de IL-10 (CHANTEUX et al., 2007; FIEBICH et al., 2018; FOEY et al., 

1998; JARNICKI et al., 2008; KIM, et al., 2008; MA, et al., 2001; SARAIVA et al., 

2005). Além disso, fatores de transcrição ativados por JNK como ATF-1, MAF, NF-kβ 

(p65), JUN, CREB, foram descritos como regulatórios da expressão de IL-10 

(SARAIVA; O’GARRA, 2010). Inclusive, LUT7OG inibiu a acumulação nuclear da 

subunidade p65 de NF-κB e inibiu significativamente a fosforilação induzida por 

IL-1β de ERK, JNK e p38 MAPK em uma dose forma dependente (LEE, et al., 2020). 

Tais observações poderiam explicar, em parte, nossos resultados para IL-10 após 48 

horas, uma vez que FMU200 e LUT7OG, enquanto inibidores de JNK, podem estar 

atuando na modulação de IL-10.  
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É evidente a existência de uma complexidade na regulação das citocinas por 

meio de ciclos de feedbacks positivo e negativo e que o controle rígido é essencial 

para atingir um equilíbrio entre uma resposta imunológica eficaz e a imunopatologia. 

Coletivamente, esses resultados sugerem que o reequilíbrio da imunidade inata 

cerebral e a promoção da "neuroinflamação benéfica" podem ser mais eficazes do 

que a terapia anti-inflamatória generalizada para a DA. Apesar da classificação de 

citocinas como "pró" ou "anti-inflamatórias" ser amplamente adotada na literatura e 

de ser interessante sob um ponto de vista didático, trata-se de uma caracterização 

reducionista e que deve ser evitada visto que as ações benéficas ou maléficas de 

IL-10 e IL-6 dependem de um contexto mais abrangente.  

De maneira geral, os resultados apresentados nos capítulos IV e V dessa 

Tese indicam que tanto FMU200 quanto LUT7OG apresentam potencial efeito 

neuroprotetor, antioxidante e (até certo ponto) antiinflamatório em diferentes 

modelos de neurodegeneração. Dessa forma, por meio dos dados aqui 

apresentados, podemos propor que esses efeitos podem ocorrer em resposta a 

inibição de JNK3. 

Além disso, conforme apresentado no Capítulo II desse estudo, todos os 

protocolos desenvolvidos e validados configuram-se como ferramentas úteis para 

uma avaliação mais ampla e complexa dos efeitos de diferentes drogas in vitro. 

Destaca-se que tais protocolos podem ser replicados pelos demais alunos e que, 

mediante adaptações, poderão ser utilizados em outras linhagens celulares. Ainda, 

além de fornecer ferramentas que possibilitam uma maior diversidade de ensaios 

realizados nos laboratórios da Univates, contribuiu para explorar um maior número 

de recursos oferecidos por equipamentos já disponíveis na instituição e diminuir sua 

ociosidade. 



146

6. CONCLUSÃO 

A partir dos dados obtidos no presente estudo, conclui-se que o inibidor 

sintético de JNK3, FMU200 é uma molécula altamente promissora uma vez que: (I) 

não apresentou efeito citotóxico nas linhagens celulares  SH-SY5Y e RAW264.7 nas 

concentrações de 1 e 0,1 µM; (II) apresentou um efeito neuroprotetor frente à 

apoptose induzida por 6-OHDA e H2O2 nas concentrações de 1 e 0,1 µM; (III) inibiu a 

formação de ROS intracelulares após estímulo com H2O2; (IV) preveniu uma 

alterações ΔΨm após dano celular induzido por H2O2; (V) inibiu a fosforilação de 

JNK e reduz a razão entre p-JNK/JNK total e; (VI) reduziu os níveis de TNF-ɑ (após 

3 horas) enquanto que induzem a liberação de IL-10 em um tratamento de 24 horas 

em células RAW264.7 estimuladas por LPS.  

Além disso, o presente estudo amplia as informações acerca dos efeitos in 

vitro de LUT7OG uma vez que observamos que essa molécula: (I) não apresentou 

efeito citotóxico nas linhagens celulares SH-SY5Y e RAW264.7 nas concentrações 

de 1 e 0,1 µM; (II) apresentou um efeito neuroprotetor frente à apoptose induzida por 

6-OHDA em células SH-SY5Y não diferenciadas e, pela primeira vez na literatura, 

em células SH-SY5Y diferenciadas por RA; (III) desempenhou um efeito 

neuroprotetor frente à apoptose induzida por H2O2 nas concentrações de 1 e 0,1 µM; 

(IV) inibiu a formação de ROS intracelulares após estímulo com 6-OHDA e H2O2; (V) 

preveniu uma alterações ΔΨm após dano celular induzido por 6-OHDA e H2O2; (VI) 

reduziu os níveis de TNF-ɑ (após 3 horas) enquanto que induzem a liberação de 

IL-10 em um tratamento de 24 horas em células RAW264.7 estimuladas por LPS; 

(VII) possui uma elevada capacidade antioxidante; (VIII) preveniu a condensação e 

fragmentação do DNA após dano celular induzido por 6-OHDA e; (IX) reduziu a 

atividade de caspase-3 após dano por 6-OHDA.  

Finalmente, embora FMU200 e LUT7OG sejam altamente seletivos para 

JNK3, alguns dos efeitos observados no presente estudo podem ter ocorrido devido 

à inibição de alvos "off-target". Portanto, é imprescindível que tanto FMU200 quanto 

LUT7OG sejam submetidos ao maior número possível de ensaios de forma que os 

resultado obtidos in vitro correspondam o máximo possível com a realidade. Dessa 

forma, sugerimos que futuramente seja realizada uma análise mais aprofundada 

com ambos os compostos a fim de elucidar completamente seus mecanismos de 

ação. Além disso, ressalta-se que as implicações clínicas dos resultados aqui 
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relatados não são claras neste momento, mas, com base em nossas observações 

sugerimos que estudos futuros realizem uma triagem ADME (acrônimo para 

Absorção, Distribuição, Metabolização e Eliminação) pré-clínica, uma vez que um 

composto com características farmacocinéticas favoráveis têm maior probabilidade 

de se mostrar eficaz e seguro em testes in vivo e testes clínicos. Nesse sentido, a 

biotecnologia foi e, continuará sendo uma ferramenta valiosa que permite a 

eliminação precoce de drogas candidatas não adequadas e a exploração 

abrangente das potencialidades dos compostos mais promissores contribuindo na 

prospeção e rastreamento de moléculas promissoras para o tratamento de doenças 

neurodegenerativas.  
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ANEXOS E APÊNDICES 

Anexo 1 - Instructions for Authors 

Disponível em: <https://www.mdpi.com/journal/ijms/instructions>.  

Acesso em: 9 de março de 2021. 
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Apêndice 1 - Protocolo de Diferenciação celular (SH-SY5Y) 



 

 

1. PREPARO DE ATRA: 

Obs. 1: procurar realizar a pesagem o mais rápido possível evitando que o frasco fique muito                
tempo aberto  → ATRA oxida-se facilmente em contato com O 2; 

Obs 2.: sempre que possível, manipular ATRA com luzes apagadas e/ou barrar a entrada de luz                
externa com cortinas → ATRA é fotossensível; 

1.1.Materiais : ATRA ( All-trans-retinoic Acid ), papel alumínio,      
balança de precisão, espátula, eppendorf estéril, DMSO,       
vórtex/agitador de tubos, álcool, papel, parafilme, luvas, máscara,        
jaleco. 

1.2.Procedimento: 

1.2.1. Vestir jaleco, colocar máscara e calçar luvas; 

1.2.2. Com um pedaço de papel embebido em álcool, realizar         

uma limpeza rápida da balança de precisão; 

1.2.3. Colocar o eppendorf estéril na balança, apertar botão        

TARA; 

1.2.4. Com a espátula proceder com a pesagem de ATRA         

(quantidade para uma solução estoque); 

1.2.5. Após a pesagem envolver o eppendorf em papel alumínio. 

 

Laboratório de Cultura de Células – Área de Farmacologia de Produtos Naturais 

 

 

Programa de Pós-Graduação em Biotecnologia 

 

PROTOCOLO: DIFERENCIAÇÃO CELULAR SH-SY5Y (ATRA) 

Versão 2019/B 

Feito por: 

Stephanie 

Rehfeldt 
 



1.2.6. Após a pesagem, já no Laboratório de Cultura de Células,          

espirrar álcool 70% no eppendorf contendo ATRA (não        

retirar o papel alumínio) e no frasco de DMSO         

FILTRADO e inseri-los na capela de fluxo; 

1.2.7. Ressuspender o conteúdo pesado de ATRA em       

quantidade adequada de DMSO FILTRADO. 

1.2.8. Homogeneizar bem utilizando o vórtex/agitador de tubs; 

1.2.9. Lacrar o eppendorf em parafilme, envolver em papel        

alumínio, identificar e armazenar a -20°C por até 6         

semanas. 

1.2.9.1. Dica: é preferível fazer alíquotas com volumes menores em         

uma quantidade maior de eppendorf, assim evita-se o        

contato frequente com O 2 e luz. 

1.3. Cálculo de molaridade 

 m MM  x V )M =  ÷ (  

M = Molaridade ou Concentração Molar (mol/L) 
m = massa (g) 
MM = Massa ou Peso Molecular (g/mol) 
V = volume (L) 
 

Exemplo 1. Qual o volume de DMSO necessário para uma solução estoque de 10 mM a                
partir de 5 mg de ATRA? 

, 1 M  0, 05 g 300, 3 g/mol volume)0 0 =  0 ÷ ( 4 ×   

volume =  

Exemplo 2. Para uma solução estoque de 10 mM com volume final de 1 mL, qual a                 
massa de ATRA a ser pesada? 

, 1 M  m (300, 3 g/mol 0, 001 L)0 0 =  ÷  4 ×  0  

IMPORTANTE: 
10 mM = 0,01 M 
5 mg = 0,005 g 
1 mL = 0,001 L 



 

2. MANIPULAÇÃO  E DIFERENCIAÇÃO SH-SY5Y 

Obs.: processos iniciais estão descritos de forma resumida. Para maiores detalhes consultar protocolos             
específicos de Descongelamento de Células e Repique/Passagem. 

2.1.Materiais : solução estoque de ATRA ( All-trans-retinoic Acid ) a        
10 mM, papel alumínio, meio de cultura DMEM LOW         
GLUCOSE + F12, soro bovino fetal (SBF), solução de NaCl          
0.9% estéril., descarte, álcool 70%, pipetas e ponteiras, placa de          
Petri e tubos falcon. 

2.2.Descongelamento SH-SY5Y e passagens iniciais: 

2.2.1. Ligar o fluxo; 

2.2.2. Limpar as paredes internas e a superfície da área de          
trabalho com álcool 70% em sentido único; 

2.2.3. Após a limpeza, ligar a lâmpada germicida por 15 a 30           
minutos; 

2.2.4. Em uma placa de Petri, preparar meio para        
descongelamento ;  

2.2.5. Após 24 horas, realizar troca de meio. Dessa vez, utilizar          
meio de manutenção . 

2.2.6. Assim que atingir confluência, realizar primeira passagem       
(P1) com meio de manutenção 

2.2.7. Quando células em P1 atingirem 90% de confluência,        
dividir as células em pelo menos duas placas de Petri. Em           
uma das placas poderá ser iniciado o processo de         
diferenciação e a outra deverá ser mantida até o final dos           
experimentos conforme esquema abaixo: 



 

 

2.2.8. Assim que uma das placas atingir mais de 90% de          
confluência em Placa de Petri inicia-se a diferenciação        
(DIA 0).  

2.3. Cronograma para diferenciação  

DIA 0 (início): 

- Retirar meio antigo; 
- Lavar 2x com solução fisiológica; 
- Adicionar meio para diferenciação (qsp 10 mL) 

* envolver placa em papel alumínio (deixar espaço para “respirar”) e colocar na estufa. 

DIA 6 (troca de meio): 

- Retirar meio antigo; 
- Lavar DELICADAMENTE com solução fisiológica 1x; 
- Adicionar meio para diferenciação (10 mL) 

* envolver a placa novamente em papel alumínio e devolver para estufa. 



 

DIA 10-12 (células diferenciadas): 

- Retirar meio antigo; 
- NÃO LAVAR COM SOLUÇÃO FISIOLÓGICA; 
- Prosseguir com tripsinização (monitorar o desprendimento das células), 

inativação de tripsina com SFB, centrifugação e plaqueamento para 
MTT, por exemplo. 

 

2.4. Utilização de células diferenciadas em experimentos 
2.4.1. Relação Número de células x Placa  

 

2.4.2. Ensaios em placas de 96 poços: 
- Cultivar e diferenciar células em placa de Petri. Para transferir as células para a 

placa de 96 poços deve-se usar tripsina (CUIDADO). 
- Para MTT:  2x104 células/poço; 

2.4.3. Ensaios em placas de 6 poços: 
- Cultivar as células em placa de Petri e transferir células não diferenciadas para a 

placa do ensaio 
- Iniciar a diferenciação na própria placa após confluência >90% 
- Após 10-12 dias de diferenciação as células estarão aptas a experimentação. 
- Para WB/Citocinas: Plaquear aprox. 1x10 5 células/poço e aguardar 

confluência. 

Tipo de placa Número de células 
para confluência 

(aprox.) 

Área útil Volume de 
trabalho 

96 poços 3x104 0,32 cm2 300 µL 

24 poços 2,5x105 1,9 cm2 0,5-1 mL 

12 poços 5x105 3,8 cm2 1-2 mL 

6 poços 1,2x106 9,5 cm2 1-3 mL 

Placa de Petri 
(100 mm Petri dish) 

7,5x106 60 cm2 10 ml 

“Garrafinha” 
(T-25 flask) 

3x106 25 cm2 5-7 mL 

“Garrafão” 
(T-75 flask) 

9x106 75 cm2 10-15 mL 



Obs. 1: o protocolo poderá ser iniciado com células a partir de P2 e deverá ser realizado nas células até                    
P8. Após P8, deverá ser descongelada uma nova alíquota.  

Obs 2.: uma vez diferenciadas, as células não retornarão ao estado “não-diferenciado”. Ou seja, uma               
vez diferenciadas deverão ser utilizadas em experimento imediatamente e, caso “sobrem” células            
diferenciadas, essas deverão ser descartadas. 

3. MEIOS DE CULTURA  
3.1. PREPARO DE DMEM LOW GLUCOSE + F12 (qsp 250 

ml): 
- DMEM Low glucose (Sigma) - 2,16g 
- F12 (Sigma) - 1,225g 
- NaHCO3 (Sigma) - 0,925g 
- HEPES (Sigma) - 0,925g 
- Streptomycin (Sigma) - 0,025g 
- Penicilin (Sigma) - 0,015g 

 

DICA 1: 
Fazer meio em pequenas quantidades e com maior frequência; 
De preferência utilizar meio de cultura em até 2 semanas após preparado. 
 
DICA 2: 
pH entre 7,35 - 7,45 (após filtrado) 
 

3.2. MEIO PARA DESCONGELAMENTO 
- 20% SFB 
- DMEM Low Glucose + F12  

 

3.3.MEIO DE MANUTENÇÃO 
- 10% SFB 
- DMEM Low Glucose + F12 

 

3.4.MEIO DE DIFERENCIAÇÃO 
- 1% SFB 
- DMEM Low Glucose + F12  
- 10 µM ATRA 
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Anexo 2 - “Loliolide, a New Therapeutic Option for Neurological Diseases? In 
Vitro Neuroprotective and Anti-Inflammatory Activities of a Monoterpenoid 

Lactone Isolated from Codium tomentosum" 

 Trabalho em colaboração com o MARE do Instituto Politécnico de Leiria 

(Portugal): Publicado em 2021 no periódico International Journal of Molecular 

Sciences (Fator de Impacto: 4,556).
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Abstract: Parkinsons Disease (PD) is the second most common neurodegenerative disease worldwide,
and is characterized by a progressive degeneration of dopaminergic neurons. Without an effective
treatment, it is crucial to find new therapeutic options to fight the neurodegenerative process,
which may arise from marine resources. Accordingly, the goal of the present work was to evaluate the
ability of the monoterpenoid lactone Loliolide, isolated from the green seaweed Codium tomentosum,
to prevent neurological cell death mediated by the neurotoxin 6-hydroxydopamine (6-OHDA) on
SH-SY5Y cells and their anti-inflammatory effects in RAW 264.7 macrophages. Loliolide was obtained
from the diethyl ether extract, purified through column chromatography and identified by NMR
spectroscopy. The neuroprotective effects were evaluated by the MTT method. Cells’ exposure to
6-OHDA in the presence of Loliolide led to an increase of cells’ viability in 40%, and this effect
was mediated by mitochondrial protection, reduction of oxidative stress condition and apoptosis,
and inhibition of the NF-KB pathway. Additionally, Loliolide also suppressed nitric oxide production
and inhibited the production of TNF-↵ and IL-6 pro-inflammatory cytokines. The results suggest
that Loliolide can inspire the development of new neuroprotective therapeutic agents and thus,
more detailed studies should be considered to validate its pharmacological potential.

Keywords: antioxidant activity; inflammation; marine natural products; neuroprotection; NF-KB
pathway; oxidative stress; Parkinson’s disease; seaweeds

1. Introduction
Parkinson�s Disease (PD) is a chronic and progressive disorder of the central nervous

system that affects about 6 million people worldwide. It is the most common neurode-
generative disease in aged people [1]. To date, the existent therapies only succeeded in
relieving the clinical symptoms, but do not havecapacity to effectively deter the disease
progression. Therefore, it is important to find new therapeutic agents that act not only to
relieve symptoms, but also to slow down/block the disease progression [2]. Although the
etiology of PD remains unclear, the death of dopaminergic (DA) neurons during PD
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progression is known to be associated with oxidative stress, mitochondrial dysfunction,
and neuroinflammation [3,4]. Oxidative stress is the resulting condition of an imbalance
between antioxidant defenses and the generation of oxidative species. Although numerous
factors contribute for an increase of oxidative species production, the generation of reactive
oxygen species (ROS) due to mitochondrial dysfunction is thought to be a main trigger
of oxidative stress. If ROS production is not managed, these reactive species lead to a
cascade of events resulting in neuronal cell death [4–7]. On the other hand, in PD is also
observed an increase of the dopamine (DA) and nitric oxide (NO) metabolism, which,
allied to reduced levels of endogenous antioxidant enzymes such as Catalase (CAT), glu-
tathione peroxidase (GPx) and superoxide dismutase (SOD), also result in neuronal cell
death [8,9]. Dopamine is an unstable molecule that undergoes auto-oxidation originating
dopamine quinones and free radicals. These are metabolized by both A and B forms of
monoamine oxidase (MAO), regulated through the oxidative metabolism of MAO-A that,
with aging and neurological disorders increases MAO-B levels, becoming the predominant
enzyme involved in dopamine metabolization [10]. One of the products of dopamine
-MAO-B mediated metabolism is H2O2 that reacts with Fe(II) originating hydroxyl radicals
(•OH), which target nigral dopaminergic neurons, promoting their loss [4]. Other sources
of free radicals include the NO metabolism, which, when overexpressed, dysregulate
the complexes I and IV of the mitochondrial electron transport chain, prompting ROS
generation [11].

In an attempt to manage oxidative stress damage, several secondary defensive path-
ways are activated, including the release of inflammatory mediators such as the cytokines
TNF-↵, IL-1�, IL-6, resulting in inflammation [12,13]. Although inflammation is a protec-
tive strategy to promote tissue repair, chronical inflammation results in cellular damage,
and when in the brain, neuronal cell loss, being also considered one of the main triggers
of PD development [14,15]. On the other hand, there also occurs the release of the anti-
inflammatory cytokine IL-10, which plays a critical role in the balance of immune responses,
and thus can be a valuable biomarker in PD investigation [16]. In fact, a previous study
reported the ability if IL-10 to decrease the number of activated microglia mediating a
protective effect against the loss of dopaminergic neurons in the brains of a LPS-induced
PD mouse model [17]. The increase of peripheral concentrations of IL-6, IL-1�, TNF-↵,
IL-2 and IL-10 cytokines was already observed PD patients [18].

The nuclear factor NF-KB is a protein complex that regulates cytokines production,
playing a crucial role in the regulation of inflammation and apoptosis involved in the brain
programming of systemic aging, as well as in the pathogenesis of several neurodegenera-
tive diseases, including PD [19]. In an oxidative condition, NF-KB initiates the transcription
of proinflammatory genes coding cytokines and proteolytic enzymes. However, NF-KB fac-
tor is composed by different dimers that can have either protective or noxious effects.
For example, p50/RelA dimers induce pro-apoptotic and c-Rel-containing dimers exert
neuroprotective actions [19]. Studies in another PD model also reported dopaminergic
neuron loss in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-mouse model sug-
gesting that RelA upregulation may play a role in dopaminergic neuron degeneration
when RelA is subexpressed [20]. On the other hand, studies in deficient mice for c-Rel
subunit verified that this subunit can exert pro-survival effects, suggesting that a reduction
in the protective function of c-Rel may render dopaminergic neurons more vulnerable to
aging [19]. As a result, current research has been focused in finding substances that act to
prevent mitochondrial dysfunction, oxidative stress, and inflammation for the development
of more efficient therapies.

With increasing evidence of marine-derived molecules’ pharmacological effects, it
is extremely relevant to understand their potential to be explored as novel PD therapeu-
tics. Twenty-nine compounds isolated from marine organisms such as bacteria, fungi,
seaweeds, sponges, corals, mollusks, sea cucumber and conus already demonstrated poten-
tial for PD therapeutics; however, only five compounds have entered in clinical trials [3].
Among marine organisms, seaweeds have shown to be relevant producers of bioactive
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compounds with neuroprotective potential [21–23] on several in vitro and in vivo PD mod-
els, including ↵-synuclein-, MPTP-, and 6-OHDA, revealing capacity to inhibit apoptosis,
mitochondrial abnormalities and ROS production [24–26].

Codium tomentosum Stackhouse (Chlorophyta) is a green seaweed belonging to the
Codiaceae family. This seaweed is native from the North East Atlantic Ocean, from British
Isles southwards to Azores and Cape Verde and can be found on exposed rocks, and in deep
rock pools on the lower shore [27]. Although it is a common seaweed on several coastlines
all over the world, the existing studies with C. tomentosum metabolites are limited to fatty
acids, organic acids, phenolics, and volatiles composition [28], and its bioactive potential
mainly screened on crude extracts, including antioxidant, antigenotoxic, antimicrobial, an-
titumorigenic, neuroprotective, and hypoglycemic studies [22,29–32]. Recently, we studied
the neuroprotective effect of the C. tomentosum fractions, which revealed capacity to recover
the 6-OHDA-induced neurotoxicity, decreasing ROS production, mitochondrial dysfunc-
tion, and Caspase-3 activity [22]. Accordingly, the study presented here aims to isolate
the compounds responsible for the activities mediated by C. tomentosum fractions. In the
genus Codium sp. were already identified several sterols namely, decortinol, sodecorti-
nol, decortinone, clerosterol and 3-O-�-D-galacto- pyranosyl clerosterol [33]. However,
according to our knowledge, this study reveals for the first time the presence of Loliolide
in C. tomentosum species.

Loliolide is an ubiquitous monoterpenoid lactone, firstly described in 1974, and iso-
lated from plants and animals [34]. It was also found in marine ecosystems in dif-
ferent brown seaweeds, such as Sargassum horneri [35], Sargassum ringgoldianum subsp.
coreanum [36], and Undaria pinnatifida [37], revealing antioxidant, anti-fungal, antibacterial
and anti-cancer properties [34–36].

The present work is focused on the neuroprotective and anti-inflammatory potential
of Loliolide obtained from C. tomentosum, and its underlying mechanisms of action, open-
ing alternative research possibilities for the development of new PD therapeutic agents.

2. Results
2.1. Bioguided Fractionation of Codium tomentosum Extracts
2.1.1. Extraction and Fractionation of Codium tomentosum Seaweed

Codium tomentosum was subjected to several fractionation steps resulting in three
fractions (S1–S3) as illustrated in Figure 1.

2.1.2. Antioxidant Activity of Codium tomentosum Fractions
The extraction yields, as well as the antioxidant capacity of each fraction (S1–S3)

assessed through 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) scavenging activity and
ferric reducing antioxidant power (FRAP) assays, are summarized in Table 1.

Table 1. Extraction yields and antioxidant activity of Codium tomentosum fractions.

Fraction Yield DPPH a FRAP b

S1 0.31% >200 82.01 ± 0.97

S2 0.03% >200 8.54 ± 2.66

S3 28.98% >200 6.07 ± 0.16

BHT - 143.70 ± 23.26 2821.50 ± 63.03
a radical scavenging activity (EC50 µg/mL); b µM FeSO4/g extract; EC50 values were determined for a 95%
confidence interval.

As shown in Table 1, the highest extraction yields were achieved with water (S3—28.98%),
while lower yields were obtained with ethyl acetate (S2—0.03%).

Concerning the antioxidant activities, none of the fractions demonstrated potential
to reduce the DPPH radical. In the FRAP assay, S1 fraction revealed the highest efficiency
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to reduce ferric ions (82.01 ± 0.97 µM FeSO4/g extract), while the lowest activity was
displayed by fractions S2 and S3 (8.54 ± 2.66 and 6.07 ± 0.16 µM FeSO4/g extract, respec-
tively). However, when compared with synthetic antioxidant butylated hydroxytoluene
(BHT), fraction S1 did not show a relevant antioxidant activity.

Int. J. Mol. Sci. 2021, 22, 1888 4 of 22 
 

 

 
Figure 1. Extraction and fractionation flowchart of the green seaweed Codium tomentosum. 

2.1.2. Antioxidant Activity of Codium tomentosum Fractions 

The extraction yields, as well as the antioxidant capacity of each fraction (S1–S3) as-
sessed through 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) scavenging activity and fer-
ric reducing antioxidant power (FRAP) assays, are summarized in Table 1. 

Table 1. Extraction yields and antioxidant activity of Codium tomentosum fractions. 

Fraction Yield DPPH a FRAP b 
S1 0.31% >200 82.01 ± 0.97 

S2 0.03% >200 8.54 ± 2.66 

S3 28.98% >200 6.07 ± 0.16 

BHT - 143.70 ± 23.26 2821.50 ± 63.03 
a radical scavenging activity (EC50 µg/mL); b µM FeSO4/g extract; EC50 values were determined for 
a 95% confidence interval. 

Figure 1. Extraction and fractionation flowchart of the green seaweed Codium tomentosum.

2.1.3. Neuroprotective Potential of Codium tomentosum Fractions
The neuroprotective effects of C. tomentosum fractions (100 µg/mL; 24 h) were evalu-

ated on neuroblastoma cell line (SH-SY5Y) exposed to the neurotoxin 6-OHDA (100 µM).
Cell viability was estimated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay, and the results are presented in Figure 2.
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presence of 6-OHDA (100 µM) on SH-SY5Y cells. (�) 6-OHDA. The values in each column represent
the mean ± standard error of the mean (SEM) of 3 or 4 independent experiments. Symbols represent
significant differences (ANOVA, Dunnett’s test, p < 0.05) when compared to: * vehicle and # 6-OHDA.

The exposure of SH-SY5Y cells to 6-OHDA (100 µM) for 24 h led to a reduction
of cell viability of about 41% (59.69 ± 3.23% of viable cells) when compared to vehicle
(100.00 ± 4.15% of viable cells). However, when SH-SY5Y cells were treated with 6-OHDA
in the presence of C. tomentosum fractions (100 µg/mL), two samples exhibited capacity to
prevent cell death in 15% and 40%, namely S3 and S1. The latter was selected for further
purification processes.

2.2. Isolation and Structural Elucidation of Codium tomentosum Bioactive Compounds
Since fraction S1 attenuated the neurotoxicity induced by 6-OHDA, it was sub-

fractionated by column chromatography aiming the isolation of the bioactive compound(s)
having attained 10 sub-fractions (Figure 1). Sub-fraction F6 afforded the monoterpene
lactone Loliolide, the structure of which was established by nuclear magnetic resonance
(NMR) spectroscopy. The obtained 13C and 1H chemical shifts and structural assignments
(Table 2) are in accordance with the literature [38].

Table 2. Nuclear magnetic resonance (NMR) data (400 MHz, CDCl3) of Loliolide isolated from
Codium tomentosum.

Position
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2.3. Antioxidant Capacity of Loliolide
The antioxidant activity of Loliolide was evaluated by three different approaches,

namely, DPPH radical scavenging ability, oxygen radical absorbance capacity (ORAC),
and ferric reducing antioxidant power (FRAP) methods. It was found that Loliolide
did not present a noticeable DPPH radical scavenging ability (EC50 > 100 µM). Addi-
tionally, in the ORAC (24.22 ± 3.45 µmol TE/g) and FRAP (13.81 ± 1.36 µM FeSO4/g)
assays, this compound also has not shown capacity for reducing peroxyl radicals and
ferric ions, when compared with BHT (143.70 ± 23.36 µmol TE/g and 2821.50 ± 63.03 µM
FeSO4/g, respectively).

2.4. Bioactivity Evaluation of Loliolide on In Vitro Cellular Models
2.4.1. Cell Viability and Neuroprotective Effects of Loliolide on SH-SY5Y Cells

In a first approach, the possibility of Loliolide to induce cytotoxic effects on SH-SY5Y
cells was considered (Figure 3A). Subsequently, the neuroprotective effects of Loliolide (1, 5,
10, 50, 100 µM; 24 h) were evaluated in the presence of the 6-OHDA neurotoxin (Figure 3B).
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Figure 4. Parkinson’s disease hallmarks associated with neuroprotective effects of Loliolide (50–100 µM, 6 h) determined 
on SH-SY5Y cells. (A) ROS production; (B) Catalase activity; (C) Mitochondrial membrane potential; (D) ATP levels; (E) 
Caspase–3 activity. (+) with 6-OHDA and (−) without 6-OHDA. The values in each column represent the mean ± standard 
error of the mean (SEM) of 3 or 4 independent experiments. Symbols represent significant differences (ANOVA, Dunnett’s 
test, p < 0.05) when compared to: * vehicle and # 6-OHDA. 

Figure 3. (A) SH-SY5Y cells’ viability when exposed 24 h to Loliolide (1–100 µM). (B) Neuroprotective
effects of Loliolide (1–100 µM) on SH-SY5Y cells exposed to 6-OHDA after 24 h of incubation. (+) With
6-OHDA and (�) without 6-OHDA.The values in each column represent the mean ± standard error
of the mean (SEM) of 3 or 4 independent experiments. Symbols represent significant differences
(ANOVA, Dunnett’s test, p < 0.05) when compared to: * vehicle and # 6-OHDA.

The results suggest that Loliolide did not present cytotoxicity and exhibited high
neuroprotective effects against the 6-OHDA neurotoxin, leading to an increase of cell
viability of 23.70 ± 7.77% and 41.06 ± 6.31%, at 50 µM and 100 µM, respectively.

2.4.2. Effects of Loliolide on PD-Hallmarks
Several PD hallmarks associated with Loliolide neuroprotective effects on SH-SY5Y

cells were evaluated, namely ROS production, Catalase activity, mitochondrial membrane
potential (MMP), adenosine triphosphate (ATP) levels and Caspase-3 activity. These hall-
marks were evaluated on SH-SY5Y cells treated with 6-OHDA in the presence and absence
of Loliolide (50–100 µM), and results are presented in Figure 4.
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Figure 4. Parkinson’s disease hallmarks associated with neuroprotective effects of Loliolide (50–100 µM, 6 h) determined 
on SH-SY5Y cells. (A) ROS production; (B) Catalase activity; (C) Mitochondrial membrane potential; (D) ATP levels; (E) 
Caspase–3 activity. (+) with 6-OHDA and (−) without 6-OHDA. The values in each column represent the mean ± standard 
error of the mean (SEM) of 3 or 4 independent experiments. Symbols represent significant differences (ANOVA, Dunnett’s 
test, p < 0.05) when compared to: * vehicle and # 6-OHDA. 

Figure 4. Parkinson’s disease hallmarks associated with neuroprotective effects of Loliolide (50–100 µM, 6 h) deter-
mined on SH-SY5Y cells. (A) ROS production; (B) Catalase activity; (C) Mitochondrial membrane potential; (D) ATP
levels; (E) Caspase–3 activity. (+) with 6-OHDA and (�) without 6-OHDA. The values in each column represent the
mean ± standard error of the mean (SEM) of 3 or 4 independent experiments. Symbols represent significant differences
(ANOVA, Dunnett’s test, p < 0.05) when compared to: * vehicle and # 6-OHDA.

In all biomarkers, the effect of Loliolide in the absence of 6-OHDA was also evaluated,
and no significant differences were observed when compared to vehicle.

The exposure of cells to 6-OHDA (100 µM) lead to a marked increase of ROS levels
when compared to vehicle (Figure 4A). In the presence of Loliolide, both concentrations
induced a significant decrease of ROS levels. The Catalase activity, a stress condition
biomarker, was also evaluated representing a stequiometry of 1:1 with H2O2 levels. The ex-
posure to 6-OHDA led to an increase of Catalase activity of 24.00 ± 1.03%, when compared
with vehicle (Figure 4B). When in the presence of Loliolide, Catalase activity increased to
60.40 ± 3.72% at 100 µM. To understand if the neuroprotective effects of Loliolide were
mediated by mitochondrial events, the MMP and ATP levels were evaluated. In the cells ex-
posed to 6-OHDA it was verified a depolarization of the MMP of 206.80 ± 24.55%, accompa-
nied by a 23.36 ± 1.49% decrease of ATP levels, when compared with vehicle (Figure 4C,D).
The treatment with Loliolide prevented MMP distress; however, it did not stabilize the ATP
levels disrupted by 6-OHDA. Caspase–3 activity was determined to understand if the neu-
roprotective potential of Loliolide was mediated by apoptotic pathway. Figure 4E shows
that when SH-SY5Y cells are exposed to 6-OHDA, Caspase–3 activity is increased by about
200% when compared with the vehicle. On the other hand, the treatment with Loliolide
promoted a decrease of Caspase–3 activity of 110.1 ± 37.82% and 126.1 ± 48.95% at 50 µM
and 100 µM, respectively.

2.4.3. DNA Fragmentation and Nuclear Condensation
To understand if Loliolide had the ability to prevent the DNA damage and nuclear

condensation induced by 6-OHDA treatment, the integrity of SH-SY5Y cells DNA was
evaluated through the staining with DAPI probe, and the results are presented in Figure 5.



Int. J. Mol. Sci. 2021, 22, 1888 8 of 21

Int. J. Mol. Sci. 2021, 22, 1888 8 of 22 
 

 

In all biomarkers, the effect of Loliolide in the absence of 6-OHDA was also evalu-
ated, and no significant differences were observed when compared to vehicle. 

The exposure of cells to 6-OHDA (100 µM) lead to a marked increase of ROS levels 
when compared to vehicle (Figure 4A). In the presence of Loliolide, both concentrations 
induced a significant decrease of ROS levels. The Catalase activity, a stress condition bi-
omarker, was also evaluated representing a stequiometry of 1:1 with H2O2 levels. The ex-
posure to 6-OHDA led to an increase of Catalase activity of 24.00 ± 1.03%, when compared 
with vehicle (Figure 4B). When in the presence of Loliolide, Catalase activity increased to 
60.40 ± 3.72% at 100 µM. To understand if the neuroprotective effects of Loliolide were 
mediated by mitochondrial events, the MMP and ATP levels were evaluated. In the cells 
exposed to 6-OHDA it was verified a depolarization of the MMP of 206.80 ± 24.55%, ac-
companied by a 23.36 ± 1.49% decrease of ATP levels, when compared with vehicle(Figure 
4C,D). The treatment with Loliolide prevented MMP distress; however, it did not stabilize 
the ATP levels disrupted by 6-OHDA. Caspase–3 activity was determined to understand 
if the neuroprotective potential of Loliolide was mediated by apoptotic pathway. Figure 
4E shows that when SH-SY5Y cells are exposed to 6-OHDA, Caspase–3 activity is in-
creased by about 200% when compared with the vehicle. On the other hand, the treatment 
with Loliolide promoted a decrease of Caspase–3 activity of 110.1 ± 37.82% and 126.1 ± 
48.95% at 50 µM and 100 µM, respectively. 

2.4.3. DNA Fragmentation and Nuclear Condensation 

To understand if Loliolide had the ability to prevent the DNA damage and nuclear 
condensation induced by 6-OHDA treatment, the integrity of SH-SY5Y cells DNA was 
evaluated through the staining with DAPI probe, and the results are presented in Figure 
5. 

Figure 5 shows nuclear fragmentation and condensation of SH-SY5Y cells resulting 
from the exposure to 6-OHDA. The treatment with Loliolide (50 and 100 µM; 24 h) inhib-
ited nuclear condensation and DNA fragmentation. 
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concomitantly to Loliolide (100 µM) and 6-OHDA (100 µM) for 24 h. The DNA fragmentation pattern is an indicator of
apoptosis. Arrows point to nuclear fragmentation. The images are representative of one well of each situation tested.

Figure 5 shows nuclear fragmentation and condensation of SH-SY5Y cells resulting
from the exposure to 6-OHDA. The treatment with Loliolide (50 and 100 µM; 24 h) inhibited
nuclear condensation and DNA fragmentation.

2.4.4. Loliolide Effects on NF-KB p65 Translocation
Nuclear transcription factor-KB (NF-KB) is an apoptosis/inflammation regulator

present in human tissues, including brain. Thus, we tested if Loliolide affected the translo-
cation of this protein to the nucleus of neuronal cells. The expression levels of NF-KB p65
in cytosol and nucleus were studied by Western blot (Figure 6).

As shown in Figure 6A, the neurotoxicity induced by 6-OHDA led to an increase
of NF-B p65 expression in the nucleus accompanied by a decrease in the cytoplasm,
when compared with the vehicle (1.39 ± 0.19 and 1.53 ± 0.25, respectively). However,
when cells were treated with 6-OHDA in the presence of Loliolide, the nuclear NF-KB p65
levels were downregulated and cytoplasmic NF-KB p65 levels were upregulated. However,
at 100 µM, Loliolide exhibited significant ability to block the translocation of NF-B p65
factor from the cytoplasm to the nucleus, being also possible to observe an increased
expression levels of NF-B p65 factor, when compared with the nucleus levels. On the
other hand, in the treatment performed only with 6-OHDA an opposite effect was observed,
suggesting that NF-B p65 factor translocation inhibition may be associated with protective
effects of Loliolide against neuronal cell death mediated by 6-OHDA.
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2.5. Anti-Inflammatory Activity of Loliolide on RAW 264.7 Cells
In a first approach, Loliolide was tested for possible cytotoxic and inflammatory effects

on murine macrophages (RAW 264.7 cells). The anti-inflammatory potential of Loliolide
(50–100 µM; 24 h) was then determined on RAW 264.7 cells, in an inflammatory condition
mediated by lipopolysaccharides (LPS). The results are presented in Figure 7.
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Figure 7. Evaluation of cells’ viability and inflammation on RAW 264.7 cells for 24 h. (A) RAW 264.7 cells’ viability exposed to
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In Figure 7, it is possible to observe that Loliolide did not induce cytotoxicity on RAW
264.7 cells at 50 and 100 µM (Figure 7A). Furthermore, the treatment of RAW 264.7 cells
with Loliolide at 50 µM and 100 µM did not stimulate the NO production (Figure 7B) when
compared with the vehicle. On the other hand, the exposure to LPS stimulated the NO
production. However, when LPS-stimulated RAW 264.7 cells were treated with Loliolide at
50 µM and 100 µM the NO production decreased significantly (Figure 7C) when compared
with LPS situation.

2.6. Effects of Loliolide on the Pro-Inflammatory and Anti-Inflammatory Cytokines Levels
RAW 264.7 cells were exposed to LPS and Loliolide, and the levels of the pro-

inflammatory cytokines TNF-↵, IL-6, and anti-inflammatory IL-10 were determined by
ELISA. The results are depicted in Figure 8.
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Figure 8. Levels of pro-inflammatory cytokines on RAW 264.7 cells after exposure to Loliolide (50–100 µM) and to LPS
(1 µg/mL) for 18 h. (A) TNF-↵; (B) IL-6; (C) IL-10. (+) with LPS and (�) without LPS. The values in each column represent
the mean ± standard error of the mean (SEM) of 3 or 4 independent experiments. Symbols represent significant differences
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In response to LPS stimulation, the production of cytokines was significantly upreg-
ulated compared to the control, except IL-10. The treatment with Loliolide significantly
reduced the production of TNF-↵ by up to 305% and 238% at 50 µM and 100 µM, respec-
tively (Figure 8A). The treatment with Loliolide also significantly reduced the production
of IL-6 by up to 197% and 220% at 50 µM and 100 µM, respectively (Figure 8B). However,
it did not promote significant effects on the IL-10 levels (Figure 8C).
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3. Discussion
PD is the second most common neurodegenerative disease worldwide being char-

acterized by a progressive degeneration of nigrostriatal dopaminergic neurons [39,40].
Currently, the molecular mechanisms underlying the loss of these neurons still remain
vague; however, mitochondrial dysfunction, apoptosis, and neuroinflammation are thought
to play an important role in dopaminergic neurotoxicity in PD [4]. In all these biological
events, oxidative stress is the common underlying mechanism that leads to cellular dys-
function and cell death. Despite the efforts, PD treatment continues to be a major clinical
challenge, without an effective cure. Therefore, more studies are needed to understand the
pathomechanisms of PD to find effective neuroprotective agent(s).

In the present study, the antioxidant, neuroprotective and anti-inflammatory activity
of Loliolide isolated from C. tomentosum was evaluated. Regarding its antioxidant capacity,
three methods (DPPH, FRAP and ORAC) were assayed but in none Loliolide showed
significant antioxidant potential, which is in agreement with a previous work [41]. How-
ever, despite the weak antioxidant activity observed in chemical assays, when tested on
an in vitro cellular model exposed to UVA-B radiation, this compound inhibited the ROS
production and apoptosis [42].

The antioxidant activity of a compound should not be determined based on a unique
in vitro test since those have the limitation of targeting a specific oxidative species (e.g.,
alkoxy and peroxyl radicals, reactive nitrogen species, ROS) [43,44], disregarding all cellular
oxidative pathways players, and thus, may not reflect the antioxidant ability in more
complex models or in vivo. Since several studies have associated dopaminergic cell death
prevention with antioxidative mechanisms [45,46], in this work, the antioxidant potential
of Loliolide was screened in a PD cellular model. Neurotoxicity was induced by 6-OHDA,
a neurotoxic compound that selectively destroys dopaminergic and noradrenergic neurons
in the brain by instigating ROS production [47].

Marine-derived compounds have been previously reported to exhibit neuroprotective
effects against 6-OHDA neurotoxicity [23,48]. In this study, Loliolide revealed capacity to
promote SH-SY5Y cells recover from the damage induced by 6-OHDA. The results pre-
sented herein are consistent with previous studies. For instance, 11-dehydrosinulariolide,
a soft coral-derived compound, and Kappa-carrageenan, isolated from Hypnea musci-
formis seaweed, had capacity to protect SH-SY5Y cells against the neurotoxic effects of
6-OHDA [23,48]. Also, Yurchenko et al. (2018) [49] showed that metabolites isolated
from the marine fungi Penicillium sp., Aspergillus sp. and Aspergillus flocculosus protected
Neuro2a cells against the damaging effects of 6-OHDA. The death of dopaminergic neu-
rons occurs in the central nervous system (CNS), where the neurotransmitter dopamine is
synthesized and released into the substantia nigra [50]. Currently, it is known that 70% of
those dopaminergic neurons in CNS die along PD development; however, the symptoms
are not noticed due to compensatory mechanisms of the striatum body [51]. Although the
mechanisms responsible for inducing cell death in PD are not completely clarified, it is
known that the dopamine metabolism, oxidative stress, mitochondrial dysfunction and
neuroinflammation are involved in the death of dopaminergic neurons in CNS [4,52].
Iron (Fe(II)) plays an important role in oxidative changes in PD, being present in sev-
eral regions of the brain, mainly in dopaminergic neurons of the substantia nigra [53].
As a result, dopaminergic neurons are highly susceptible to Fenton’s reaction, in which
H2O2 is converted to hydroxyl radicals promoting oxidative stress, leading to apoptosis,
DNA damage and cellular death.

There many enzymes are able to decompose H2O2, including Catalase, glutathione
peroxidase and other peroxidases [54]. Catalase is a key detoxifying enzyme that uses H2O2
as substrate, decomposing it into water and oxygen, maintaining an optimum level of this
molecule in the cells [55]. Based on the results obtained in the present work, it was observed
that Loliolide was able to decrease the ROS production induced by 6-OHDA treatment and
stimulate Catalase activity. These results are in agreement with those previously reported
by Magalingam and co-workers [56] that also observed a significant increase of Catalase
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activity in PC-12 cells exposed to 6-OHDA in the presence of antioxidants, namely rutin
and isoquercitrin, when compared with 6-OHDA situation. Regarding 6-OHDA, it was ob-
served a slight increase of Catalase activity that can be explained by the cellular metabolism
response to the increase of ROS levels, such as H2O2, mediated by 6-OHDA treatment,
leading to a stimulation of enzyme activity in order to detoxify H2O2. On the other hand,
the weak antioxidant capacity of Loliolide and its ability to improve Catalase activity
suggest that its activity may not be directly related with the neutralization of ROS but with
the stimulation of the antioxidant defense machinery. This point of view is reinforced by
the results attained with Loliolide when tested at 100 µM, and it is possible to observe
that the highest increase of Catalase activity was accompanied by the highest decrease of
ROS levels.

Oxidative stress has been intimately linked to mitochondrial dysfunction. Mitochon-
dria are vitally important organelles involved in energy metabolism, generating over 90%
of our cellular energy in the form of ATP, through oxidative phosphorylation, and they
are involved in various other processes, including the regulation of calcium homeostasis,
and stress response [57]. As a consequence of these processes, mitochondria are also re-
sponsible for more than 90% of cellular ROS production [42], and are completely dependent
of an efficient antioxidant machinery to prevent oxidative stress. In clinical pathologies
such as PD, mitochondrial dysfunction is a characteristic abnormality. An increase of ROS
levels is detected, against which antioxidative defenses are overwhelmed [58]. Based on the
results presented here, it was verified that Loliolide prevented mitochondrial dysfunction,
decreased Caspase-3 activity and inhibited DNA fragmentation/condensation (apoptosis
morphological trait) disrupted by 6-OHDA. However, it did not exhibit capacity to recover
the ATP levels decreased by 6-OHDA treatment. Since Loliolide was able to decrease
the mitochondrial depolarization induced by 6-OHDA exposure, we hypothesize that it
would be necessary to increase the incubation time in order to be possible to observe a
potential increase of ATP levels. Nevertheless, further studies should be considered to
verify this hypothesis.

Several pieces of evidence show that the activation of the transcription factor NF-KB
is associated with oxidative stress-induced apoptosis and some researchers verified that
this transcription factor can play a role in PD when translocated from the cytoplasm to
the nucleus [59]. Under normal conditions, NF-B is bounded in the cytoplasm to the
inhibitor protein, IB↵, which sequesters NF-B in the cytosol, inactivating its transcription
factor by masking the nuclear localization signals of NF-B proteins. The activation of
NF-KB involves its dissociation from IB↵ followed by its translocation to nucleus, where it
directly binds to DNA sequences, inducing damage [60]. The present results showed
that Loliolide had capacity to inhibit NF-KB translocation from the cytoplasm to nucleus,
thus preventing DNA damage and apoptosis. Our results are in agreement with Alvariño
et al. [61], who reported that gracilin A, a marine-derivates have capacity to downregulate
the NF-B factor, prompted by H2O2 in microglia cells. Furthermore, due to the key role of
NF-KB factor in the response to oxidative stress and inflammation, the effects mediated by
Loliolide in the other biomarkers may be triggered through the translocation of this factor.

Chronic inflammation is characteristic of neurodegenerative diseases such as PD,
in which cytotoxic levels of NO and pro-inflammatory cytokines initiate neuronal cell death
pathways. Several studies reported that microglia activation could have a protective role
in neurodegenerative diseases [13,14]. Therefore, promoting anti-inflammatory cytokines
or limiting pro-inflammatory cytokines and NO production by macrophages/microglia
activation, can be beneficial for preventing inflammation [13]. The macrophages are known
to cross the leaky blood-brain barrier in PD to interact with microglia and stimulate the
secretion of inflammatory cytokines causing brain damage via neuroinflammation. Thus,
the uncontrolled release of inflammatory cytokines, such as TNF-↵ and IL-6, is a key event
for neurodegenerative diseases progression [62,63]. As a result, the proximity of microglia
with macrophages attracted increasing attention in relation to the onset and PD progression.
In this study, macrophages were exposed to LPS to induce inflammation [64] in the presence
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of Loliolide. It was verified that Loliolide prevented inflammation by decreasing NO
production and reducing TNF-↵ and IL-6 levels. The interleukin-10 (IL-10) is a potent
anti-inflammatory cytokine that plays a vital role in immunologic system, acting in acute
and chronic inflammation. Both up or downregulation of IL-10 cytokine will result in
serious immunologic disorders, including neurodegenerative diseases. Studies performed
with the brains of a PD mouse model induced with LPS evidenced that IL-10 cytokine
mediated a decrease of the number of activated microglia promoting a protective effect
regarding the loss of dopaminergic neurons [16]. In the present work, the treatment of
RAW 264.7 cells with LPS, in the presence/absence of Loliolide, did not induced significant
changes on IL-10 levels. Although the IL-10 generally mediated effects are able to oppose
the actions mediated by the pro-inflammatory cytokines, its activity is highly complex
in the immunoregulation that refines IL-10 production to a later stage when compared
to pro-inflammatory cytokines. Thus, it is possible that it would be necessary to prolong
cell exposure to both the inducer (LPS) and the protective agent (Loliolide) to detect this
protein production [65]. Accordingly, with the above-mentioned facts, and knowing that
p38 MAPK pathway plays a central role in the inflammation process, stimulating the release
of pro-inflammatory cytokines and activating NF-KB transcription factor, it is possible that
Loliolide effects may be also linked to p38 activity inhibition. However, additional studies
need to be accomplished to prove this hypothesis.

More recently, there are studies indicating that the development of chronic neuroin-
flammatory diseases can be influenced by intestinal inflammation. Gut bacteria can release
factors and metabolites into the blood that can readily cross blood–brain barrier (BBB) or
otherwise interact with barrier cells, changing its integrity, and transport rates, thus af-
fecting CNS regulation and functions [66]. Furthermore, metabolic products synthesized
by the microbiota when crossing the BBB trigger the inflammatory cascade, including
microglial activation and neuronal dysfunction leading to the death of neurons. More re-
cently, previous studies conducted with PD patients have shown evidence of an altered
intestinal microbiota, systemically releasing endotoxins such as lipopolysaccharides and
metabolic products facilitating their entry into the CNS promoting the activation of the
microglia inducing inflammatory responses, such as the release of pro-inflammatory cy-
tokines (IL1-↵, IL-�, IL-6 and TNF-↵), leading to the degeneration of dopaminergic neu-
rons [66,67]. Therefore, due to the anti-inflammatory properties exhibited by Loliolide,
as well as its ability to cross the BBB as described by Ahmed et al. [68], its application as a
dietary anti-inflammatory molecule can represent an excellent strategy to contribute for
PD therapeutics.

Loliolide showed capacity to protect neuronal cells from the damaging effects of
6-OHDA, neutralizing its cytotoxicity, preventing mitochondrial dysfunction, apopto-
sis and also showing high anti-inflammatory effects, inhibiting the NF-KB pathway, de-
creasing the levels of TNF-↵ and IL-6, thus blocking the inflammatory cascade.

Due to promising activities exhibited by Loliolide in the present work, further stud-
ies should be considered in order to fully depict the intracellular signaling pathways
underlying its neuroprotective and anti-inflammatory activities, including the study of
protein expression levels of other endogenous antioxidant enzymes (e.g., SOD, GSH-Px),
other apoptosis biomarkers (e.g., Caspases -9 and -8, Bax, cytochrome C) as well as the study
of others factors/proteins related with antioxidant, neuroprotective and anti-inflammatory
biological processes (e.g., COX, iNOS, PGE2, JAK, JNK, Nrf2/HO-1, ↵-synuclein expres-
sion). Furthermore, the establishment of more complex in vitro cellular models, such as
co-cultures and 3D cell models, as well as the development of smart delivery systems
such as nanoparticles for brain drug delivery will be essential to understand the really
therapeutic potential of Loliolide on PD.

In conclusion, the monoterpene lactone Loliolide, isolated from the green algae C. to-
mentosum, presented capacity to protect neuronal cells from the damaging effects of 6-
OHDA, neutralizing its cytotoxicity. Additionally, the studies here performed suggest that
this compound acts in several PD hallmarks, reducing oxidative stress, preventing mito-
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chondrial dysfunction, and blocking inflammatory pathways, thus preventing neuronal
cell death (Figure 9). This work highlights Loliolide as a promising compound for PD
therapeutics and, therefore, should be considered for additional detailed studies in more
complex models, aiming at further considerations for pre-clinical trials.
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4. Materials and Methods
4.1. Collection and Preparation of Codium tomentosum Samples

The green seaweed C. tomentum Stackouse, (1797) was collected in October 2016 at
Peniche coast, Portugal (39�37005” N, �9�38058” O) and transported to MARE-Polytechnic
of Leiria lab facilities. The seaweed was rinsed carefully with seawater and distilled water
to remove epiphytes, sand, and debris. Then, it was freeze-dried (Scanvac Cool Safe,
LaboGene, Lynge, Denmark), grinded, and stored in a cool place protected from light,
until further use.

4.2. Seaweed Extraction and Fractionation
The freeze-dried biomass of C. tomentosum (445.0 g) was extracted with methanol

(VWR-BDH Chemicals, Fontenay-sous-Bois, France) (in a biomass/solvent ratio of 1:40)
overnight, under constant stirring at room temperature. The methanol extract was concen-
trated until dryness under vacuum, at low temperature (30 �C) in a rotary evaporator (IKA
HB10, Staufen, Germany) and in a speed vacuum equipment (Concentrator Plus, Eppen-
dorf, Spain), affording the MeOH crude extract (112.3 g). Afterwards, it was suspended in
hot (80 �C) water (400 mL) and filtered (filter paper no. 4, VWR International, Alfragide, Por-
tugal). After cooling to room temperature, the aqueous phase was partitioned, firstly with
diethyl ether (5 ⇥ 200 mL), and then with ethyl acetate (3 ⇥ 200 mL). Organic phases were
dried with anhydrous Na2SO4, filtered (filter paper no. 4), and concentrated to dryness,
resulting in three fractions (S1–S3) (Figure 1).

The dried diethyl ether extract (346.0 mg) (S1) was fractionated by preparative col-
umn chromatography on silica gel 60 (0.06–0.2 mm, VWR, Leuven, Belgium) eluted with
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mixtures of n-hexane, ethyl acetate, and methanol (Fisher Scientific, Loughborough, UK)
of increasing polarity, affording a total of 10 fractions. Fractions were screened by thin
layer chromatography in TLC-plates ALUGRAM® Xtra Sil G/UV254, pre-coated with
silica gel 60 (Merck, Lisbon, Portugal), and those exhibiting the same chemical profile
were pooled. Fraction 6 (Hex: EA, 60:40, v/v) yielded the bioactive compound 1 (5.0 mg)
(Figure 1), the structure of which was attained by NMR spectroscopy.

4.3. Structural Elucidation of the Bioactive Compound
NMR spectra of 1D (1H, 13C APT) and 2D (COSY, HMBC, HSQC and NOESY) experi-

ments were acquired on a Bruker Advance 400 spectrometer with a frequency of 400 MHz
for 1H, and 100 MHz for 13C. Compound 1 was dissolved in 500 µL of CDCl3 (Sigma-
Aldrich, St. Louis, MO, USA). Chemical shifts are expressed in ppm and reported to the
residual solvent signals. Coupling constants (J) are expressed in Hertz (Hz).

4.4. Bioactivity Assays
Fractions S1–S3 and compound 1, from C. tomentosum, were subjected to a series

of in vitro biological assays, to evaluate their antioxidant, neuroprotective, and anti-
inflammatory potential.

4.4.1. Antioxidant Capacity
The antioxidant activity was evaluated according to Silva et al. [21] using differ-

ent approaches, namely, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging abil-
ity, oxygen radical absorbance capacity (ORAC), and ferric reducing antioxidant power
(FRAP) assays.

4.4.2. Cell Culture Maintenance
Neuroblastoma cell line (SH-SY5Y) was obtained from the German Collection of

Microorganisms and Cell Cultures GmbH (DSMZ) Bank (ACC 209). Cells were cultivated
at 37 �C and 5% CO2 with DMEM:F12 medium containing 1% antibiotic/antimycotic
(Amphotericin B, Penicillin and Streptomycin) (Biowest, Nuaillé, France) and 10% (v/v)
Fetal Bovine Serum (FBS) (Biowest, Riverside, MO, USA). Cells were seeded as follows:
4 ⇥ 104 cells/well, in 96-well microplates for cell viability and neuroprotection assays;
2 ⇥ 105 cells in 12-well culture plates for Catalase assay; 5 ⇥ 105 cells in 6-well culture
plates for Caspase–3 activity, nuclear morphological damage assessment, and NF-KB p65
translocation analysis.

4.4.3. Cell Viability and Neuroprotective Capacity on a PD Cellular Model
Effects on cell viability and neuroprotection assays were estimated using the MTT

(VWR, Solon, Ohio, USA) method, as described by Silva et al. [22]. SH-SY5Y cells were
exposed 24 h to 6-OHDA (100 µM) in absence (Vehicle) or presence of compound 1 at
concentrations of 1–100 µM. Then, 100 µL MTT (1.2 mM) were added to wells and cells
were incubated for 1 h at 37 �C. After this time, MTT was removed and 100 µL DMSO
was added. The resulting absorbance was read in a microplate reader (Bioteck, Epoch/2
microplate reader, Winooski, VT, USA) at 570 nm. The results were expressed in percentage
of control.

4.4.4. Parkinson’s Disease Hallmarks
ROS production: ROS levels were evaluated using the 5(6)-carboxy-20, 70-

dichlorofluorescein diacetate (carboxy-H2DCFDA) probe (Invitrogen, Bleiswijk, Nether-
lands) according to Alvariño et al. [69] with slight modifications. After incubation with com-
pound 1, cells were washed with ice-cold Phosphate-Buffer Saline (PBS) and C-H2DCFDA
(100 µL, 20 µM) was added, and incubated for 1 h at 37 �C. The resulting fluorescence was
read at 527 nm excitation and 590 nm emission wavelengths, and ROS levels presented in
percentage of control (non-treated cells).
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Catalase activity: This assay was assessed using the “Amplex ™ Red Catalase assay”
kit (Invitrogen, Renfrew, UK). In this assay, catalase first reacts with 40 µM H2O2 to produce
water and oxygen (O2). Next, the Amplex Red reagent reacts (1:1 stoichiometry) with
any unreacted H2O2 in the presence of horseradish peroxidase (HRP), producing a highly
fluorescent oxidation product, resorufin. Therefore, the signal from resorufin decreases as
catalase activity increases.

SH-SY5Y cells were cultured in 12 -well plates and exposed 6 h to 6-OHDA (100 µM)
in the absence (vehicle) and presence of compound 1 (50 and 100 µM). Cells were then
rinsed with ice-cold PBS, followed by the addition of 100 µL of lysis buffer (20 mM Tris-
HCl pH 7.4, 10 mM NaCl and 3 mM MgCl2), containing a protease inhibitor’ cocktail
(Roche, Mannheim, Germany). Following, cells were scrapped, incubated on ice for 15 min
and centrifuged at 1200⇥ g, 4 �C for 10 min. Cells lysates were processed according
to manufacturer’s instructions. H2O2 levels were determined in real time for 30 min at
37 �C. The fluorescence was read at 530 nm, with an excitation wavelength of 590 nm.
Catalase activity was calculated by the slope of the linear phase of the fluorescence resulting
from the resorufin oxidation, and the results were expressed in percentage of control.

Mitochondrial membrane potential (DYm): MMP was evaluated according to Silva
et al. [21] using JC-1 probe (Molecular Probes, Eugene, OR, USA). SH-SY5Y cells were ex-
posed 6 h to 6-OHDA (100 µM) in the presence or absence of compound 1. Cells were
washed with ice-cold PBS, and then, 200 µL of JC-1 (3 µM) were added prior to 15 min at
37 �C. Afterward, JC-1 was removed, and PBS was added. The monomers/aggregates forma-
tion were determined by fluorescence extrapolation at 530 nm emission (monomers)/590 nm
(aggregates) and 490 nm excitation wavelengths, for 30 min at 37 �C. MMP was calculated
through the ratio between monomers/aggregates formation and presented as percentage
of control.

Adenosine triphosphate (ATP) levels: The ATP levels were assessed using the “Lumi-
nescent ATP detection assay” kit (ABCAM, Cambridge, UK), according to the manufac-
turer’s instructions, and is based on the production of light derived from the reaction of ATP
with luciferase and luciferin. The emitted light is proportional to the ATP concentration
inside the cells.

SH-SY5Y cells were cultured in 96 -well plates and exposed 6 h to 6-OHDA (100 µM)
in the presence or absence of compound 1 (50–100 µM). Later, a detergent solution (50 µL)
was added and incubated for 5 min at room temperature, prior to the addition of 50 µL
of a substrate solution. After 5 min incubation at room temperature, the ATP levels were
measured by luminescence with a luminometer (BioTeck, Synergy H1 microplate reader,
Winooski, VT, USA). Results were expressed as percentage of control.

Caspase-3 activity: Caspase-3 activity was evaluated according to Silva et al. [21].
The cells were rinsed with ice-cold PBS, scrapped, and centrifuged at 3300⇥ g, for 5 min. Af-
ter, SH-SY5Y cells were incubated on ice for 20 min with lysis buffer and finally centrifuged
at 22,500⇥ g, 4 �C, for 20 min. Cells lysates were processed following the manufacturer’s
protocol “Caspase-3 fluorometric assay” (Sigma, St. Louis, MO, USA) and fluorescence
was read at 360 nm excitation and 460 nm emission wavelengths. Caspase–3 activity was
calculated through the curve slope and presented as percentage of control.

Nuclear morphological changes: 40,6-diamidino-2-phenylindole (DAPI) (Applichem,
Darmstadt, Germany) assay was conducted according to Lee et al. [70] with minor modifi-
cations [21] to determine nuclear morphological changes promoted by 6-OHDA. SH-SY5Y
cells were cultured in 6-well plates and exposed 24 h to 6-OHDA (100 µM) in the presence
or absence of compound 1 (50–100 µM). The cells were washed twice with ice-cold PBS
and fixed with 4% paraformaldehyde (Fisher Scientific, Loughborough, UK) in PBS for
30 min. Fixed cells were washed with PBS and permeabilized with 0.1% Triton X-100
(Sigma, St. Louis, MO, USA) in PBS for 30 min. After washing again with PBS, the cells
were stained with DAPI staining solution for 30 min at room temperature. The stained cells
were observed under a fluorescence microscope (Zeiss, Axio Vert. A1, Oberkochen, Ger-
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many) to confirm the presence of apoptotic signs, such as size-reduced nuclei, chromatin
condensation, intense fluorescence, and nuclear fragmentation.

Cytosolic and nuclear protein determination: SH-SY5Y cells were exposed to 6-OHDA
(100 µM) in the presence or absence of compound 1 (50–100 µM) for 6 h. The protein content
was determined according to Alvariño et al. [61], with slight modifications. Cells were
rinsed with ice-cold PBS and a hypotonic buffer was added: 20 mM Tris-HCl pH 7.4 (Biorad,
Hercules, CA, USA), 10 mM NaCl (Merck, Darmstadt, Germany) and 3 mM MgCl2 (Sigma,
Buchs, Stwitzerland), containing a phosphatase and protease inhibitor cocktail. After the
addition of the hypotonic buffer, the cells were incubated for 15 min on ice and centrifuged
at 1200⇥ g, for 15 min at 4 �C. The supernatant was collected (cytosolic fraction) and
the pellet was resuspended in a nuclear extraction solution: 100 mM Tris pH 7.4, 2 mM
Na3VO4 (Sigma, Karnataka, India), 100 mM NaCl, 1% Triton X-100 (Sigma, St. Louis, MO,
USA), 1 mM EDTA (Sigma, Taufkirchen, Germany), 10% glycerol (Fisher Chemical, Geel,
Belgium), 1 mM EGTA (Sigma, Buchs, Stwitzerland), 0.1% SDS (Biorad, Higashi-shinagawa
Shinagawa-ku, Tokyo, Japan), 1 mM NaF (Fischer Chemical, Loughborough, UK), 0.5%
deoxycholate (Sigma, Auckland, New Zealand), containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) (Sigma, Taufkirchen, Germany) and a protease inhibitor’ cocktail (Roche,
Mannheim, Germany). Lysates were incubated for 30 min on ice, with vortexing intervals
of 10 min. Then, samples were centrifuged at 14,000⇥ g, at 4 �C for 30 min, and the nuclear
fraction was obtained. Cytosolic and nuclear protein concentration was determined by the
Lowry method according to Waterborg and Matthews [71] with some modifications.

NF-KB p65 translocation analysis: NF-KB p65 translocation analysis was conducted
by Western blot as follows: electrophoresis was carried out in 10% sodium dodecyl sulfate
polyacrylamide gels (Biorad, Hercules, CA, USA) with 20 or 10 µg of cytosolic or nuclear
protein, respectively. After transferring the protein bands to polyvinylidene difluoride
(PVDF) membranes (Biorad, Hercules, CA, USA) using the Trans-Blot Turbo transfer
system (Biorad, Hercules, CA, USA), blocking was carried out with 5% skim milk (Panreac-
Applichem, Darmstadt, Germany), tris-buffered saline (TBS) containing Tween-20 (Biorad,
Hercules, CA, USA) for 1 h. Primary antibodies were added to the membranes and
incubated overnight at 4 �C with continuous agitation. After this time, the membranes
were washed with a mixture of tris-buffered saline with 0.1% Tween-20 (TBST), at room
temperature, and the membranes incubated with their respective enzyme-linked secondary
antibodies for 2 h at room temperature. The antibodies anti-NF-KB p65 (1:1000) (Santa Cruz
Biotechnology, Dallas, TX, USA) were used for the evaluation of protein expression and
the signal was normalized using anti-Lamin B1 (1:5000) (Santa Cruz Biotechnology, Dallas,
TX, USA) and anti-�-actin (1:5000) (Santa Cruz Biotechnology, Dallas, TX, USA) for nuclear
and cytosolic fractions, respectively. Protein bands were detected with “SuperSignal TM

West Pico Plus Chemiluminescent Substrate” (Thermo Scientific Inc., Rockford, IL, USA)
on a Chemidoc TM MP imaging System (Biorad, Hercules, CA, USA).

4.5. Anti-Inflammatory Proprieties on RAW 264.7 Cells
Cell culture maintenance: Murine macrophage cells (RAW 264.7) were obtained from

ATCC Bank (TIB-71). Cells were cultured at 37 �C with 5% CO2 on DMEM medium without
phenol red (Sigma, St. Louis, MO, USA), containing 1% antimycotic, 10% (v/v) fetal bovine
serum and 1% pyruvate sodium. The cells were seeded with 5 ⇥ 104 cells/well in 96-well
microplates for cell viability and NO production determination, and with 5 ⇥ 105 cells/well
in 12-well plates for interleukins levels determination.

4.5.1. Cell Viability and Nitric Oxide Production on Lipopolysaccharide (LPS)
Inflammation Model

In this assay, RAW 264.7 cells were subjected to an inflammatory condition mediated
by lipopolysaccharides (LPS) [72]. The inflammation status was estimated by the quantifi-
cation of NO levels, which are directly proportional to inflammation. RAW 264.7 cells were
pretreated with compound 1 (50–100 µM) for 1 h, and stimulated with 1 µg/mL LPS for
24 h. Cells’ viability was then determined by the MTT assay as previously described [73]
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and NO production determined using the Griess reagent (1% sulphanilamide (Alfa Aesar,
Karlsruhe, Germany) in phosphoric acid (2.5%) (Merck, Darmstadt, Germany) with 0.1%
naphtylethylenediamine dihydrochloride (Alfa Aesar, Ward Hill, MA, USA). The results
are expressed in percentage of control.

4.5.2. Measurement of Proinflammatory and Anti-inflammatory Cytokines Production
RAW 264.7 cells (5 ⇥ 105 cells/mL) were pre-incubated for 1 h with compound 1

(50–100 µM) prior to incubation with LPS (1 µg/mL) at 37 �C for 18 h. The concentration
of TNF-↵, IL-6 and IL-10 cytokines (Thermoscientific, Vienna, Austria) were assayed using
enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instructions.

4.6. Data and Statistical Analysis
The results are presented as mean ± standard error of the mean (SEM). The determi-

nation of EC50 was attained from sigmoidal dose–response variable-slope curves using the
GraphPad Prism V.8 software (GraphPad Software Inc., San Diego, CA, USA). One-way
analysis of variance (ANOVA) with Dunnett’s multiple comparison of group means was
employed to determine significant differences relatively to the control treatment. All data
were checked for normality (Shapiro-Wilk test) and homoscedasticity (Levene’s test). Com-
parisons concerning variables, which did not meet variance or distributional assumptions,
were carried out with Kruskal–Wallis non-parametric tests. At least three independent
experiments were carried out in triplicate for each assay.
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