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RESUMO

A doenca de Huntington (DH) é uma doenca neurodegenerativa herdada de forma dominante e
causada por uma expansdo de repeticdo de bases de nucleotideos CAG no gene huntingtin,
resultando na sintese de uma proteina huntingtina mutante (mHTT). A triade sintomatoldgica da
DH inclui disfuncGes motoras, cognitivas e psiquiatricas. A primeira regido cerebral a apresentar
anormalidades é o estriado, sendo relatada uma degeneracdo de neurdnios GABAEérgicos em
estagio avancando da doenca. Outros achados, como perda de funcao de células gliais, bem como
uma ativacdo de astrocitos, contribuem para um fen6tipo neurotoxicona DH. Além disso, varios
eventos celulares e moleculares desempenham um papel importante na patologia da DH. Em
destaque estdo as possiveis altera¢cbes mitocondriais, uma vez que a mitocondria é uma organela
essencial para diversos processos celulares, como a producdo de ATP, metabolismo do calcio e
homeostase redox. Neste contexto, ja é bem estabelecido que doencas neurodegenerativas
apresentam disfuncdo mitocondrial, podendo alterar os processos envolvidos na dindmica
mitocondrial e nas interagOes dessa organela com outros constituintes celulares, em particular o
reticulo endoplasmatico (RE). Assim, no presente estudo um modelo experimental animal para a
DH induzido pela administracdo intraperitoneal do &cido 3-nitropropibnico (3-NP, 20 mg/kg)
durante 3 dias consecutivos, investigamos parametros chave relacionados a mitocéndria no
periodo de 7, 14, 21 e 28 dias ap6s inducdo. Nossos resultados mostraram alteracdes na
homeostase redox em estriado, com aumento da peroxidacdo lipidica 28 dias ap6s a
administracdo de 3-NP, e diminuicdo de defesas antioxidantes enzimaticas e ndo-enzimaticas em
diferentes tempos. Também observamos disfuncdo do metabolismo bioenergético, com reducédo
do estado 3, estado 4 e ndo-acoplado em 7 dias apds a administracdo de 3-NP, aumento dos
estados 4 e ndo acoplado e capacidade de reserva em 28 dias, e diminuicdo da atividade dos
complexos da cadeia respiratéria em 7 e 28 dias. Observamos alteraces na dindmica
mitocondrial através do aumento da expressao proteica da mitofusina 1 (MFN1) em 7, 14 e 28
dias, uma importante proteina para a fusdo mitocondrial, sugerindo uma resposta compensatoria
ao insulto oxidativo. Além disso, nossos resultados sugerem que em 28 dias apds a
administracdo 3-NP ocorreram alteracbes na interacdo mitocéndria-RE, com o aumento do
contetdo proteico de canal anidnico voltagem dependente 1 (VDACL) e da proteina reguladora de
glicose 75 kDa (GRP75). Também houve um aumento inicial observadono contetudo da proteina
sinaptofisina, seguido de diminuicdo, sugerindo uma resposta transitéria da atividade sinaptica,
buscando a manutencao da neurotransmissdo normal. Nossos achados mostram que um prejuizo
grave na funcdo mitocondrial, com alteracdo na dindmica mitocondrial, homeostase do célcio e
redox, bem como um dano na interacdo mitocdndria-RE o0s quais estdo envolvidos na
fisiopatologia do dano estriatal observado na DH.

Palavras-chave: Acido 3-nitropropionico, déficits metabdlicos, disfuncdo mitocondrial, doenca
neurodegenerativa, estriado.



ABSTRACT

Huntington's disease (HD) is a dominantly inherited neurodegenerative condition caused by a
CAG nucleotide base repeat expansion in the huntingtin gene, resulting in the production of a
mutant huntingtin protein (mHTT). The symptomatologic triad of HD confers motor, cognitive
and psychiatric dysfunctions. In the initial stage, patients present with abnormalities in the
striatum caused by mHTT, whereas degeneration of GABAergic neurons is observed in an
advanced stage of the disease. Other findings, such as glial cells dysfunctions, particularly
reactive astrocytes, contribute to a neurotoxic phenotype in HD. On the other hand, several
cellular and molecular events have been shown to play a role in HD pathology. In this scenario,
mitochondrial dysfunction has a key role since mitochondria are essential organelles for various
cellular processes, such as ATP production, calcium metabolism and redox homeostasis.
Furthermore, it is suggested that disrupted mitochondrial dynamics and alterations in the
interactions of mitochondria with other cellular constituents, in particular the endoplasmic
reticulum (ER), are common findings in neurodegenerative diseases. Thus, in the present study
an experimental animal model for HD induced by intraperitoneal administration of 3-
nitropropionic acid (3-NP, 20 mg/kg) for 3 consecutive days, we investigated key parameters
related to mitochondria in the period of 7, 14, 21 and 28 days after induction. Our results
showed changes in redox homeostasis in striatum, with an increase in lipid peroxidation 28
days after 3-NP treatment, and a decrease in defenses enzymatic and non-enzymatic
antioxidant at different periods after 3-NP exposure. We also observed bioenergetic
dysfunction, with reduced state 3, state 4 and non-coupled at 7 days, augmented state 4 and
non-coupled state and reserve capacity at 28 days, and decreased activity of the respiratory
chain complexes at 7 and 28 days. We observed changes in mitochondrial dynamics through
increased protein expression of mitofusin 1 (MFN1) at 7, 14, and 28 days, an important
protein for mitochondrial fusion, suggesting a compensatory response to 3-NP induced
oxidative insult. Furthermore, our results demonstrated that, at 28 days after 3-NP
administration, alterations in mitochondria-ER interactions occurred, with increased protein
content of voltage-dependent anion channel 1 (VDACL1) and 75 kDa glucoseregulated protein
(GRP75). Additionally, an initial increase of synaptophysin protein content followed by a
reduction of this content was seen, indicating a transient response aiming the maintenance of a
normal neurotransmission. Our findings show that impaired mitochondrial function, with
changes in mitochondrial dynamics, calcuim and redox homeostasis, as well as disturbances in
mitochondria-endoplasmic reticulum interactions are involved in the pathophysiology of
striatal damage seen in DH.

Keywords: 3-Nitropropionic acid, metabolic deficits, neurodegenerative disease, striatum,
mitochondrial dysfunction.
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1. INTRODUCAO
1.1. Doenga de Huntington

A doenca de Huntington (DH) é uma doenga genética de carater autossdmico
dominante, causada por uma repeticéo dos trés nucleotideos citosina, adenina e guanina (CAG),
no gene huntingtin (HTT) localizado no cromossomo 4, levando a producdo de uma proteina
huntingtina mutante (MHTT) (McColgan e Tabrizi, 2018). A DH tem uma prevaléncia que varia
de 10,6 a 13,7 individuos por 100.000 nas populac¢Bes ocidentais, ao passo que na populacao
oriental tem uma incidéncia muito menor, de 1 a 7 por milhdo. Essa discrepancia entre
prevaléncias esta relacionada com as diferencas genéticas no gene HTT, onde as repeticdes de
CAG mais longas estdo presentes em popula¢fes com alta incidéncia (Bates et al., 2015;
Morrison, Harding-Lester e Bradley, 2011) .

A progressdo da DH ocorre na maioria dos casos na faixa etaria da meia idade, ou seja,
cerca de 40 anos. Contudo, em aproximadamente 5% dos relatos de casos, o surgimento dos
primeiros sinais e sintomas em pacientes ocorre na infancia ou juventude, sendo caracterizada
uma DH juvenil (Quarrell et al., 2013). Relatos também mostram que pode haver inicio tardio
da doenca, por volta dos 70-80 anos de vida, cujo desenvolvimento € considerado insidioso
(Snowden, 2017).

A DH é uma doenca degenerativa cerebral, resultando no acimulo da proteina mHTT,
que é neurotoxica e leva a morte neuronal massiva (Snowden, 2017). A regido cerebral mais
vulneravel é o estriado, pois apresenta proeminente perda celular e atrofia nas regides do
caudado e putdmen. Ao longo do curso da doenca a atrofia cerebral atinge outras regides,
resultando em uma perda de conectividade e funcédo entre o estriado e as outras partes do cérebro
(Snowden, 2017). A triade de sintomas caracteristicos da doenga sdo disfungdes motoras,
cognitivas e psiquiatricas (Goh et al., 2018).

A mHTT é encontrada em diversas células do sistema nervoso dos pacientes
diagnosticados com DH, e a alteracdo neuronal ja descrita com relacdo a toxicidade da mHTT
é a degeneracdo de neurdnios GABAEérgicos no estriado em estagio avancado da doenca
(Vonsattel e DiFiglia, 1998). Além disso, exames neuropatoldgicos em tecidos de pacientes
com DH demonstrou astrogliose, com um aumento significativo no nimero de astrocitos
reativos (Gray, 2019; Vonsattel et al., 1985).

Os pacientes com DH apresentam disturbios motores, com movimentos involuntarios,

distonia, coreia, rigidez e distarbios orais. Os transtornos cognitivos observados incluem
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disfuncéo executiva e apatia, que podem ocasionar problemas comportamentais e psiquiatricos,
tais como, depressédo, ansiedade, psicose, irritabilidade e agitacdo. Outras complicagdes, mais
relacionadas com a progresséo tardia da DH, também sdo relatadas, como disturbios do sono,
perda de peso e problemas de degluticdo, podendo resultar em engasgo (Loi et al., 2018;
Papoutsi et al., 2014).

A diferenca no fendtipo clinico da doenca pode estar relacionada com a expanséo da
repeticdo de CAG, como foi observado em um estudo na DH juvenil, em que individuos com
uma alta ou baixa expansdo demonstraram diferencas na progressao da doenca. Os pacientes
com alta taxa de expansdo apresentam sintomas mais criticos, como um comprometimento
graveda marcha, atraso na fala e convulsdes. Por outro lado, um aumento no comportamento
obsessivo ocorreu de forma mais significativa em pacientes com baixa taxa de expansao
(Fusilli et al., 2018).

Achados de ressonancia magnética demonstraram que a regido do estriado é a primeira
a apresentar perda de volume total, comparando pacientes com DH e individuos que néao
apresentavam a doenca. Foi possivel observar um desgaste extenso em toda a regido cortical,
com preservacdo relativa da parte frontal anterior e regides temporais laterais (Tabrizi et al.,
2009). Quando correlacionadas as mudancgas estruturais com as avaliacBes clinicas, o
hipocampo nédo pareceu apresentar uma relagdo significativa com as manifestagdes clinicas ou
com a carga genética (idade x [comprimento de repeticdo e CAG-35,5]) presente na DH
(Coppen et al., 2016).

A proteina huntingtina (HTT) esté associada com diversas organelas, incluindo nucleo,
reticulo endoplasmatico (RE), complexo de Golgi e mitocdndria (Zuccato, Valenza e Cattaneo,
2010). Além disso, a HTT apresenta interacdo com outras proteinas, como o canal aniénico
voltagem dependente 1 (VDACL), localizado na membrana externa da mitocéndria, podendo
ser uma regido fisica de contato entre mitocondria e HTT. O receptor de inositol-1,4,5-trifosfato
(IP3R), localizado na membrana do RE, também mostrou interagir com a HTT (Giacomello,
Hudec e Lopreiato, 2011).

Apesar da descoberta da mutacéo genética da DH ter ocorrido ha mais de 20 anos, o
tratamento ainda é focado no manejo sintomatico. Os sintomas motores, como a coreia,
caracterizada por movimentos involuntarios arritmicos, rapidos e abruptos, responde a
medicamentos que reduzem a neurotransmissdo dopaminérgica (Wyant, Ridder e Dayalu,
2017). Para a sintomatologia psiquica, inibidores seletivos da recaptacdo da serotonina e

inibidores da recaptacao da serotonina-norepinefrina séo considerados opg¢des de tratamento de
7



primeira linha (Stahl e Feigin, 2020).

Observacdes em pacientes demonstraram que a disfuncdo neuronal ocorre antes do
desenvolvimento de sinais motores, que sdo utilizados para o diagnostico clinico na DH. Dessa
forma, a sintomatologia clinica apresentada € secundaria a disfuncdo ou perda neuronal
progressiva (Tabrizi et al., 2009). Tal observacédo pode colaborar para o direcionamento futuro
de intervencdes terapéuticas. Contudo, até o presente momento ndo ha a elucidacdo do
mecanismo exato subjacente a morte dos neurénios do estriado, bem como ainda ndo ha uma

terapia eficaz para prevenir a progressdo da DH (Yang et al., 2020).

1.2. Modelo animal induzido com &cido 3-nitropropiénico

O éacido 3-nitropropiénico (3-NP) é uma toxina produzida pelo metabolismo do 3-
nitropropanol em varias espécies de fungos, como Apergillus flavus, Astragalus, Arthirinium e
a partir de plantas indigofera. E importante ressaltar que o 3-NP possui a capacidade de permear
a barreira hematoencefalica (Danduga et al., 2018). Essa toxina tem sido amplamente estudada
como modelo de inducdo experimental para a DH em animais de laboratorio, pois leva ao
aparecimento de sintomas semelhantes encontrados em pacientes diagnosticados com a doenca.
Isso se deve principalmente ao aparecimento de lesdes bilaterais na regido do estriado no
cérebro induzidas pelo 3-NP (Chakraborty et al., 2014), além da perda neuronal na regido
cortical, disfuncdo motora e cognitiva, dano oxidativo, liberacdo de citocinas pro-inflamatérias,
alteracdes na neurotransmisséo, deplecéo de ATP e apoptose neuronal (Liu et al., 2018).

Uma hipdtese para a seletividade do 3-NP em determinadas regides cerebrais esta
relacionada com areas mais sensiveis ou com elevada expressdo de receptores glutamatérgicos
do tipo N-metil-D-aspartato (NMDA) (Borlongan, 1997), pois a administracdo de 3-NP
resulta em uma despolarizacdo da membrana com ativacdo desses receptores (Centonze et al.,
2006). Neste contexto, estudos in vivo e in vitro demonstraram que a administracdo de
antagonistas de receptores NMDA atenuam os efeitos causados pela indugdo do 3-NP
(Domenici et al., 2018).

Jé foi relatado que o 3-NP causa disfuncdo mitocondrial por diferentes vias moleculares,
levando a geracdo de espécies reativas de oxigénio (EROs) e consequente dano oxidativo.

Estudos demonstraram que a indug¢do de DH por 3-NP leva ao desequilibrio entre oxidantes e

antioxidantes enzimaticos e ndo enzimaticos, com niveis elevados de peroxidagédo lipidica

(LPO) e de oxido nitrico (NO) no estriado, acompanhado de diminui¢cdo no conteudo de



glutationa reduzida (GSH) e inibicdo da atividade das enzimas catalase (CAT), superdxido
dismutase (SOD), glutationa peroxidase (GPx) e glutationa redutase (GR) (Abdelfattah et al.,
2020).

Déficits locomotores e comportamentais sdo caracteristicas em modelos de DH,
indicando degeneracdo estriatal. Ja foi evidenciada em modelos da DH em roedores com
inducdo por 3-NP uma supressdo na atividade locomotora central e periférica (Sayed et al.,
2019). Através da inibicdo da atividade da enzima succinato desidrogenase (SDH) do complexo
I, o 3-NP prejudica o metabolismo energético, que também pode causar degeneracdo dos
neuronios estriatais (Jamwal e Kumar, 2016), Outros trabalhos ainda demonstraram que o0 3-
NP induz a ativacdo de vias de sinalizacdo relacionadas a proteinas MAPK e ao fator nuclear

de transcricdo kappa B (NF-kB) na microglia (Yang et al., 2020).

1.3. Fungéo mitocondrial

Mitocondrias sdo organelas responsaveis pela coordenacdo da homeostase bioenergética
e celular, controlando a produgdo de energia na forma de ATP, principalmente através da
fosforilacdo oxidativa (OXPHOS). As mitocondrias também tém papel fundamental na
homeostase intracelular do calcio (Ca?*), juntamente com outras organelas, como o RE, e
participam de diferentes vias de sinaliza¢do de apoptose, bem como na B-oxidacdo de acidos
graxos, na esteroidogénese, no metabolismo de aminoé&cidos, na biossintese do heme, na
gliconeogénese e cetogénese (Formosa e Ryan, 2018; Tomar e Elrod, 2020).

Os neurdnios apresentam uma alta demanda energética, consumindo a maior parte do
ATP gerado para manter a atividade neural, como a neurotransmissao e a plasticidade sinéptica.
Desta forma, a disfuncdo mitocondrial € um processo comumente relacionado a varios
distdrbios neurodegenerativos, como a DH a partir da mHTT e também através da inducéo
experimental em modelo animal pelo 3-NP (Figura 1). Além disso, as mitocéndrias
participam da defesa neuronal, sinalizagdo downstream e morte neuronal, destacando a sua
importancia nos neurénios e tecidos cerebrais (Farshbaf; Ghaedi, 2017; Bravo- Sagua et al.,
2017; Carmo et al., 2018).
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Figura 1- Disfuncdo mitocondrial causada pela proteina huntingtina mutante (mHTT) e pelo
acido 3- nitropropidnico (3-NP). Adaptado de Chaturvedi e Beal, 2013.

O crescente interesse na investigacdo sobre mitocondrias como alvo terapéutico para
um amplo espectro de doengas humanas apresenta um grande numero de estudos pré-clinicos,

demonstrando os beneficios de varios agentes farmacol6gicos com relacdo a diferentes aspectos

funcionais da mitocéndria (Webb, Sideris e Biddle, 2019). No entanto, ainda ndo ha aplicacéo
clinica de um composto direcionado para as mitocdndrias aprovado pelos 6rgdos de
regulamentacdo. Um dos motivos para essa dificuldade de aplicagdo clinica é resultante do
escasso conhecimento sobre os mecanismos precisos de como esses compostos alteram as
fungdes mitocondriais, sendo na regulacdo de funcgdes fisiologicas béasicas, bem como na
fisiopatologia de doengas. A interagdo dessa organela com outros compartimentos celulares,

como o RE, nicleo e o lisossomo também precisa ser melhor elucidada (Javadov; Kozlov;
Camara, 2020).

1.3.1. Homeostase redox
Em condigdes fisiologicas, EROs e espécies reativas de nitrogénio (ERNSs) sdo
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produzidas como resultado do metabolismo, tendo papéis essenciais em diversos processos
celulares, como na divisdo celular, sinalizagcdo, homeostase e autofagia. A homeostase redox
tem por funcéo tanto a producdo, quanto eliminacéo dessas espécies, coordenando assim o bom
funcionamento celular (Féo e Rego, 2021).

As mitocondrias sdo consideradas as principais fontes de producdo de EROs,
principalmente durante a producdo de ATP, onde uma pequena parte dos elétrons que escapam
da cadeia respiratdria interagem com moléculas de oxigénio produzindo radicais livres. Uma
dessas especies reativas é o superdxido (O27), que pode reagir com outras biomoléculas além
de formar peroxido de hidrogénio, hidroperoxil, entre outros (Kumar e Ratan, 2016). Um
desequilibrio redox envolve a desregulacdo de vérias defesas antioxidantes, como enzimas e
proteinas, paralelamente ao aumento na producdo de radicais livres (Sbodio, Snyder e Paul,
2019).

Marcadores de dano oxidativo, como oxidacdo de proteinas, peroxidacdo lipidica e

danos ao DNA ja foram relatados em células e tecidos de modelos de DH, bem como em
amostras de pacientes (Paul e Snyder, 2019). A glutationa esta envolvida na manutencao redox,
atuando como um doador de elétrons em reac6es oxidorredutoras, mantendo o equilibrio entre
glutationa reduzida (GSH) e glutationa oxidada (GSSG) para constituir um ambiente controlado
de homeostase redox (Ushioda e Nagata, 2019). A administracdo sisttmica de 3-NP em
modelos animais ja demonstrou altera¢oes significativas em importantes marcadores de estresse
oxidativo, como reducdo nos niveis de GSH e na atividade de enzimas antioxidantes, bem como
aumento de LPO, contribuindo para o dano estriatal (Suganya e Sumathi, 2017).

Em condi¢des estressantes, o catabolismo do heme celular para mondxido de carbono,
ferro e biliverdina é mediado pela enzima heme oxigenase-1 (HO-1). H& um consenso sobre
os efeitos benéficos da regulacdo positiva de HO-1 no cérebro. Ao converter o heme pro-
oxidante em antioxidantes, biliverdina e bilirrubina, as enzimas HO-1 e biliverdina redutase

podem ajudar a restaurar a homeostase redox tecidual (Shipper et al., 2018).

1.3.2. Metabolismo energético

Em células humanas grande parte das rotas metabolicas que produzem ATP e
equivalentes reduzidos ocorre na mitocéndria, a Unica organela celular que possui genoma
préprio, o DNA mitocondrial (mtDNA), o qual é responsavel por codificar algumas proteinas

essenciais para a formacao dos complexos proteicos necessarios para o fluxo de elétrons que,
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em conjunto, constituem a cadeia respiratéria (Wallace, 2015).

A OXPHOS é o processo de transferéncia de elétrons através da cadeia respiratoria,
mais especificamente pelos complexos proteicos que tem a capacidade de aceitar e doar
elétrons, inseridos na membrana mitocondrial. Os complexos | e Il transferem elétrons para a
ubiquinona a partir de NADH e FADH:, respectivamente, sendo reduzida a ubiquinol. O
ubiquinol transfere os elétrons para o complexolll, que entdo os transfere para o citocromo c.
Finalmente, o complexo IV transfere os elétronsdo citocromo ¢ para o0 oxigénio, reduzindo-o a
H20 (Nelson; Cox, 2018).

O fluxo de elétrons pelos complexos I, 111 e IV resulta em um bombeamento de prétons
pela membrana interna da mitocondria, gerando assim uma diferenca na concentracdo de
prétons entre a matriz mitocondrial, mais alcalina, com relacdo ao espaco intermembrana. Com
isso, é formado um gradiente de prdtons que fornece energia para a sintese de ATP pela ATP-
sintase a partir de ADP e Pi (Bagkos, Koufopoulos e Piperi, 2014; Lippe et al., 2019).

O excesso de mitocdndrias disfuncionais ocasiona um desequilibrio celular, visto que
diversas funcdes fisiologicas ndo ocorrem sem ATP, tais como reac¢fes enzimaticas, processos
de transcricdo, de traducdo e de expressdo de genes e proteinas, bem como biossintese, liberacao
e captacdo de neurotransmissores (Picard et al., 2018).

Déficits no metabolismo energético cerebral e na captacdo de glicose sdo relatados em
doencas neurodegenerativas, demonstrando que ha uma ligagdo entre a disfuncdo mitocondrial
e 0 dano neurolégico (Garabadu et al., 2019). No caso da DH, estudos clinicos e em modelos
animais examinaram a interacdo entre o metabolismo da glicose prejudicado com o
desenvolvimento da doenca, porém h& a necessidade de uma melhor comprovagdo de como
ocorre essa associagdo (Montojo, Aganzo e Gonzélez, 2017).

Estratégias terapéuticas que viabilizam sobrevivéncia neuronal na DH podem promover
modulacdo através do metabolismo energético. A morte neuronal na DH pode correr através do
bloqueio irreversivel da enzima succinato desidrogenase (complexo 11) da cadeia respiratoria,
resultando em sobrecarga de radicais livres, com perda de potencial de membrana e consequente
reducdo na producdo de ATP, levando a uma falha na bioenergética e apoptose neuronal
(Ahmed et al., 2021).

1.3.3. Dinadmica mitocondrial

As mitocondrias sdo organelas dinamicas, cruciais em eventos de biogénese,

remodelagéo e renovacdo. Os processos de fusdo e fissdo participam dessa atividade e em
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conjunto ajudam a manter forma, tamanho e nimero de mitocondrias, garantindo assim a

qualidade dessas organelas celulares (Garza-Lombo et al., 2020).

A fusdo mitocondrial é mediada por proteinas GTPase relacionadas a dinamina, sendo
elas a mitofusina 1 (MFN1) e 2 (MFN2), presentes ha membrana externa da mitocéndria. A
MFN2 possui uma funcéo celular adicional, também sendo encontrada em locais de contato
entre a mitocondria e 0 RE. Com relagdo a membrana interna, a GTPase proteina da atrofia
Optica 1 (OPA1) completa o sistema de fusdo, e diversas isoformas dessa proteina sao
encontradas em diferentes tecidos. A proteina OPA1 também € fundamental para manter a
arquitetura normal das cristas mitocondriais, garantindo o funcionamento adequado do
transporte de elétrons na membrana interna da mitocondria (Dorn, 2019; Whitley, Engelhart e
Hoppins, 2019).

Diversos fatores coordenam a fissdo, e dentre os mais estudados estdo a proteina
relacionada a dinamina 1 (DRP1), uma grande GTPase necessdria para a constricao
mitocondrial, estimulada por cardiolipina, e a dinamina-2 (DNM2), que executa a cisao final.
Estudos demonstram que a DNMZ2 ¢ dispensavel para o processo de fissdo mitocondrial quando
esse evento ocorre em células nocautes para DNM2, em que a DRP1 possui capacidade de
constricdo e de corte da membrana (Kamerkar et al., 2018).

Alteracdes na fissdo mitocondrial ja foram relatadas na DH, pois um aumento na
fragmentacdo mitocondrial dependente de DRP1 foi observado em cultura de células estriatais
de animais mutantes. AvaliacGes através de microscopia também demonstraram aumento na
fissdo mitocondrial em cultura estriatais de mutantes para DH em relagdo ao grupo controle. O
aumento na atividade de DRP1 foi proposto como um potencial mecanismo de fissdo

mitocondrial subjacente na DH (Cherubini, Lopez-Molina e Gines, 2020).

1.3.4. Interacdo entre mitocondria e reticulo endoplasmatico

O RE é uma importante organela envolvida na homeostase celular e no controle de
qualidade de proteinas, mediando a sintese e exportacdo de proteinas e glicoproteinas.
Alterac6es no RE podem ocasionar acimulo de proteinas, resultando em um processo chamado
de estresse de RE, sendo esse um contribuinte chave conhecido para a neurodegeneracéo (Jiang,
Chadwick e Lajoie, 2016b; Jiang, Chadwick e Lajoie, 2016a). Também envolvido no
metabolismo de lipideos e carboidratos, assim como no armazenamento de Ca?*, o RE é rico

em proteinas responsaveis pela homeostase do Ca?*, como calreticulina, calnexina e as
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proteinas reguladoras de glicose 75 kDa (GRP75) e 78 kDa (GRP78). Desequilibrios celulares,
como alterages na homeostase do Ca?" e no estado redox, também podem comprometer a
capacidade do RE de manter o controle de qualidade do dobramento de proteinas (Stankov,
Stanimirov e Mikov, 2013; Veeresh et al., 2019).

Nos sitios de contato entre RE e mitocondria ocorrem eventos redox, possuindo grande
significado tanto para a fisiologia celular quanto para doengas, pois determinam o balanco
metabdlico de geracdo de energia. O mecanismo mais conhecido que influencia esse balango é
a transferéncia de Ca2*. Neste particular, ja foi descrito que a transferéncia de Ca®* do RE para
a mitocéndria ocorre em um contato formado pelas proteinas IP3R (proteina do RE) e VDAC
(proteina mitocondrial). Neste contato, ha ainda a participacdo da GRP75, que ancora a proteina
IP3R & VDAC (Fan e Simmen, 2019). Por outro lado, a interagdo entre RE e mitocondria, e até
mesmo entre outras organelas, precisa ser melhor investigada, considerando o envolvimento de

diversas proteinas nos sitios de contato.

1.3.5. Estresse de reticulo endoplasmatico

A ativacdo da resposta a proteinas mal dobradas (do inglés, unfolded protein response,
UPR) é mediada por trés vias de estresse de RE, a proteina-1 que requer inosol (IRE1), o
fatorde transcricdo de ativacdo 6 (ATF6), e a quinase do RE similar a proteina quinase R
(PERK), PERK, ATF6 e IRE1 possuem dois dominios: um no limen do RE, que é ativado pelo
acumulo de proteinas mal dobradas, e outro no citosol, que ativa efetores de sinalizacdo a
jusante. Quando a capacidade da UPR é excedida, eventos pro-apoptoticos sdo desencadeados,
como a regulacdo positiva de genes responsaveis pela morte celular. A proteina CHOP
(proteina homologa C/EBP, também chamada DDIT3), é estimulada pelos componentes da
UPR, e a superexpressdo desses genes induz apoptose por proteinas da familia BCL-2 (Xiang et
al., 2017;Xu, Bailly-Maitre e Reed, 2005).

A CHOP tem funcgéo reguladora em diversos processos celulares, além dos eventos
apoptoticos, tais como autofagia, inflamacdo, diferenciacdo e proliferacdo celular. Em
condigdes basais, ou seja, ndo estressoras, apresenta como localizagdo, principalmente, o
citoplasma. Quando em condic@es de estresse, a CHOP ¢ translocada para o ndcleo, resultando
em uma ligacdo ao DNA, permitindo assim a regulacao da expressao de genes (Chiribau et al.,
2010; Yang et al., 2017). Ja a GRP78 é a proteina chaperona mais bem estudada, e quando
ocorre um aumento de proteinas deformadas no RE, ela dissocia-se dos sensores

transmembranares e inicia o processo de UPR (Muneer, Mozammil e Khan, 2019). Proteinas
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mal dobradas e estresse de RE sdo caracteristicas de diversas doengas neurologicas com alta
incidéncia na populacdo humana, como doenca de Parkinson, Alzheimer e DH (Vidal et al.,
2011).

Estudos usando diferentes modelos para a DH apresentaram um desequilibrio na
homeostase do RE, com ativacéo de varios mecanismos como resposta ao estresse para manter
a qualidade celular. O direcionamento de estudos para aprimorar o entendimento da UPR e de
outras vias de estresse de proteinas mal dobradas em DH é uma abordagem promissora para o

desenvolvimento de tratamentos mais eficazes (Jiang, Chadwick e Lajoie, 2016b).

1.4. Justificativa

Estudos em modelos animais e amostras de tecido de pacientes ja& demonstraram que
disfuncéo bioenergética mitocondrial e produgdo aumentada de radicais livres estdo envolvidas
na patogénese da DH. No entanto, outras fun¢Ges mitocondriais importantes para a homeostase
celular, tais como a dindmica e as interacfes dessa organela com outros constituintes celulares,
em particular o RE, precisam ainda ser melhor investigadas nessa doenca. Considerando essas
observacOes, no presente estudo investigamos diferentes processos mitocondriais em um
modelo animal para a DH induzido pela administracdo de 3-NP, a fim de contribuir para o
entendimento da fisiopatologia dessa doenca e auxiliar no estabelecimento de novas estratégias

terapéuticas que poderdo melhorar o prognostico de vida dos individuos afetados.
2. OBJETIVOS

2.1. Objetivo geral

Investigar a respiracdo, a dindmica (fusao e fissdo) e a biogénese mitocondrial, além de
estresse de RE, interacdes das membranas associadas as mitocondrias (MAMS) e parametros
de estresse oxidativo no estriado de ratos Wistar submetidos a injecdo de 3-NP como um
modelo da DH.

2.2. Objetivos especificos
i.  Avaliacdo darespiracdo mitocondrial: parametros respiratorios estado 3, estado 4 e a razéo

de controle respiratorio (RCR) medidos pelo consumo de oxigénio;

ii. Avaliagdo de atividades enzimaticas da cadeia respiratoria mitocondrial: atividades dos

complexos II-111, 11+ SDH e 1V;
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Vi.

Vii.

Avaliacdo de estresse oxidativo: medida de substancias reativas ao acido tiobarbiturico
(TBA-RS), das concentragdes de glutationa reduzida (GSH), e da atividade das enzimas
antioxidantes glutationa peroxidase (GPx), glutationa redutase (GR), glutationa S-
transferase (GST), superoxido dismutase (SOD) e catalase (CAT);

Avaliacdo da fusdo e fissdo mitocondrial: determinacdo do conteldo proteico da
mitofusina 1 e proteina 1 relacionada a dinamina (DRP1);

Avaliacdo da sinalizacdo sob condi¢des de estresse: Avaliagdo do contetdo proteico de
heme oxigenase- 1 (HO-1);

Avaliacdo do estresse de RE: determinagdo do contetido da proteina regulada por glicose
de 78 kDa (GRP78);

Avaliacdo da integridade das membranas associadas a mitocondria (MAMS):
determinacdo do conteudo proteico das proteinas marcadoras de MAMs: canal de &nion
dependente de voltagem 1 (VDACL; proteina mitocondrial) e proteina de 75 kDa regulada
por glicose (GRP75; proteina citosélica de choque térmico que liga e regula tanto IPR3

quanto VDAC1);
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ABSTRACT

Huntington’s Disease (HD) is a neurodegenerative disorder caused by a CAG nucleotide base repeat expansion in
the huntingtin gene, leading to the accumulation of a mutant protein huntingtin (mHTT). mHTT has been shown
to be neurotoxic, resulting in neuronal death principally in the striatum, but during the progression of the disease
other brain regions are affected. Treatment for HD is limited and based on management of symptoms. Therefore,
in the present study we used an HD animal model developed with 3-nitropropionic acid (3-NP) administration in
Wistar rats to better elucidate mechanisms of neurodegeneration observed in HD. We evaluated parameters of
mitochondrial function and interaction of mitochondria with endoplasmic reticulum (ER) in the striatum 7, 14, 21,
and 28 days after administration of 3-NP. Our results showed that 3-NP induced disturbances in redox homeostasis
with increased of malondialdehyde (MDA) levels in 28 days, and reduced of glutathione (GSH) concentration in
21 and 28 days, also decrease the activities of the antioxidant enzymes glutathione peroxidase (GPx), glutathione
reductase (GR), superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase (GST). Moreover,
impairment of mitochondrial respiration, with reduction of respiratory chain complex activity in 7 and 28 days. In
addition, we found a reduce of state 3, state 4, and non-coupled in 7 days, but in 28 days we observed an increase
state 4, non-coupled, and reserve capacity. Furthermore, 3-NP impaired mitochondrial dynamics and interactions
between ER and mitochondria by increasing protein expression of mitofusin-1 (MFN1) in all times tested, voltage-
dependent anion-selective channel 1 (VDAC-1) in 28 days and chaperone glucose-regulated protein 75 (GRP75)
in 28 days. Finally, 3-NP induced a loss of the synaptic protein synaptophysin in 28 days, indicating impairment
of neuronal viability. In conclusion, it may be presumed that mitochondrial dysfunction plays a key role in the

pathophysiology of striatum abnormalities observed in HD.

KEYWORDS: Huntington’s disease; 3-Nitropropionic acid; Striatum; Redox homeostasis; Mitochondria;

Bioenergetics; Mitochondria-endoplasmic reticulum interactions.
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INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by an expansive
CAG repeat in the huntingtin gene (HTT), leading to massive neuronal loss in striatum. HD is characterized by a
combination of motor, cognitive, and psychiatric symptoms, as well as atrophy of the basal ganglia and cerebral
cortex . The HTT product, the huntingtin protein, has many functions in human neurons and is associated with
various organelles, such as nucleus, endoplasmic reticulum (ER), Golgi complex and mitochondria 2. In addition,
the huntingtin protein interacts with other proteins, like the voltage-dependent anion-selective channel (VDAC)
located in the outer mitochondrial membrane, that can be a physical contact site between mitochondria and
huntingtin protein 3.

Although the pathogenic mechanism of HD remains elusive, preventing the development of new effective
therapeutics, mitochondrial dysfunction and oxidative stress has been demonstrated to contribute to HD pathology.
Both processes have a critical role in the disease's neuropathogenesis and progression, and may modulate
pathomechanisms that drive many features of the HD “. Alterations in bioenergetics were described in HD, by
reduced complex Il and Il activities 5, and inhibition of the succinate dehydrogenase enzyme caused by 3-
nitropropionic acid (3-NP) ©. Furthermore, intraperitoneal administration of 3-NP in rats induced striatal lesions,
resulting in neurochemical and behavioral features that mimic the alterations observed in HD patients 7. Therefore,
the 3-NP induced HD model has a great potential to cause similar symptomatology and molecular alterations seen
in affected individuals 8.

Another potential mechanism evidenced to participate in HD pathophysiology is ER stress. Different
cellular and animal models of HD suggest a correlation between HD and ER stress °. The origin of this alteration
has similar features in various multifactorial neurodegenerative diseases, and recent data demonstrate the toxic
consequences of protein misfolding and aggregation in HD on the ER stress induction *°. In this regard, it should
be considered that the interaction sites between mitochondria and ER have a great importance to normal cellular
physiology, as well as for neurodegenerative diseases such as HD, since redox events may occur in their contact
sites, which are fundamental to the metabolic balance of ATP generation .

Therefore, the present study investigated redox homeostasis and mitochondrial bioenergetics, as well as
mitochondrial processes that have not been investigated in HD so far, as mitochondrial dynamics and
communication between mitochondria and ER in striatum of rats receiving 3-NP administration, a well stablished
HD animal model. We expect our results may contribute to the understanding of HD pathophysiology and

contribute for the develop of new therapeutic strategies for this disorder.

MATERIAL AND METHODS

Chemicals
All chemicals were of analytical grade and purchased from Sigma (St. Louis, MO, USA) unless otherwise

stated. 3-NP solution was prepared on the same day of the experiments.

Animals and ethical approval
Wistar rats (120 - 150g) were obtained from the Center for Reproduction and Experimentation of
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Laboratory Animals (CREAL) of the Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil. The
animals were maintained on a 12:12-h light/dark cycle (lights on 07:00 am—-07:00 pm) in air-conditioned constant
temperature (22 = 1 °C) colony room, with free access to water and a 20% (w/w) protein commercial chow
(SUPRA, Porto Alegre, RS, Brazil).

The experimental protocol was approved by the local Ethical Committee for the Care and Use of
Laboratory Animals of the Universidade Federal do Rio Grande do Sul (# 34695). The experiments followed the
“Guide for the Care and Use of Laboratory Animals” (National Institutes of Health, publication no. 80-23, revised
2011), the Directive 2010/63/EU and the International Guiding Principles for Biomedical Research Involving
Animals. All efforts were made to minimize the number of animals used and their suffering.

3-Nitropropionic acid (3-NP) administration

Thirty-five-day-old female Wistar rats were used because animals of this age correspond to the period
of life in which symptomatology is clearly seen in the affected patients 2. The animals received an
intraperitoneal (i.p) administration of 3-NP (20 mg/kg body weight; 1 injection per day) or PBS (control) for a
period of three consecutive days 3. The animals were euthanized 7, 14, 21 or 28 days after the last 3-NP

injection.

Tissue preparation

The brain was rapidly removed and placed on a Petri dish on ice, and the striatum was dissected. For the
evaluation of redox homeostasis parameters, the striatum was homogenized in nine volumes (1:10, w/v) of 20 mM
sodium phosphate buffer, pH 7.4, containing 140 mM KCI. Homogenates were centrifuged at 750 x g for 10 min
at 4 °C 4. The pellet was discarded and the supernatant containing mitochondria and other cell organelles was
used to measure the biochemical parameters. Protein content was quantified for data normalization according to
Lowry et al 5.

For the evaluation of respiratory chain complexes activities, the striatum was homogenized (1:20, w/v) in
SET buffer (250 mM sucrose, 2.0 mM ethylenediaminetetraacetic acid (EDTA), and 10 mM Trizma base), pH 7.4,
and centrifuged for 10 min at 800 x g. The supernatants were kept at -80 °C until the biochemical analysis. In
addition, striatum crude homogenates were prepared for the determination of respiratory parameters at an
approximate protein concentration of 3 mg.mL™", as described by Makrecka-Kuka et al %6,

For western blot analysis, striatum was homogenized in a RIPA buffer containing protease and
phosphatase inhibitors (1 mM sodium orthovanadate, 1 mM aprotinin, and 1% protease inhibitor cocktail) and
centrifuged at 10,000 x g for 10 min at 4 °C. Supernatant protein concentrations were determined by the method
of Lowry et al. [14], then the samples were denaturated in 4x Laemmli buffer (250 mM Tris, 8 % SDS, 40 %
glycerol, and 0.002 % bromophenol blue, pH 6.7) and 10 % 2-mercaptoethanol. These samples were then heated

at 98 °C for 10 min and used for western blotting.

Lipid peroxidation
Lipid peroxidation was estimated by measuring malondialdehyde (MDA) levels according to the method

described by Yagi 17 with slight modifications. One hundred microliters of tissue supernatants were treated with
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200 pL of 10% trichloroacetic acid and 300 pL of 0.67% thiobarbituric acid in 7.1% sodium sulfate and incubated

for 2 h in a boiling water bath. After cooling, the mixture was extracted with 400 pL of butanol. Fluorescence of
the organic phase was read at 515 and 553 nm as excitation and emission wavelengths, respectively. A calibration
curve was performed using 1,1,3,3-tetramethoxypropane and subjected to the same treatment as supernatants.

MDA levels were expressed as nmol MDA/mg protein.

Antioxidants defenses

Nonenzymatic antioxidant defenses were determined by measuring reduced glutathione (GSH)
concentration. GSH concentration were measured according to Browne and Armstrong 8. One hundred eighty-
five microliters of 100 mM sodium phosphate buffer, pH 8.0, containing 5 mM EDTA, and 15 pL of o-
phthaldialdehyde (1 mg/mL) were added to 30 uL of sample (0.3—-0.5 mg of protein) previously deproteinized with
metaphosphoric acid. After incubating this mixture at 25 °C in a dark room for 15 min, the fluorescence was
measured using excitation and emission wavelengths of 350 and 420 nm, respectively. A calibration curve was
prepared with standard GSH (0.001-1 mM) and the concentrations were calculated as nmol GSH/mg protein.

The activities of the following antioxidant enzymes were also measured: glutathione peroxidase (GPx),
glutathione reductase (GR), superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase (GST).
The specific activity was calculated and expressed as U/mg protein.

GPx activity was measured according to Wendel *° using tertbutyl hydroperoxide as substrate. The
enzyme activity was determined by monitoring the NADPH disappearance at 340 nm in a medium containing 100
mM potassium phosphate buffer/1 mM EDTA, pH 7.7, 2 mM GSH, 0.1 U/mL GR, 0.4 mM azide, 0.5 mM tert-
butyl hydroperoxide, 0.1 mM NADPH, and tissue supernatants.

GR activity was measured according to Carlberg and Mannervik % using GSSG and NADPH as
substrates. The enzyme activity was determined by monitoring the NADPH disappearance at 340 nm in a medium
with 200 mM sodium phosphate buffer, pH 7.5, containing 6.3 mM EDTA, 1 mM GSSG, 0.1 mM NADPH, and
tissue supernatants.

SOD activity was assayed according to Marklund ' and is based on the capacity of pyrogallol to
autooxidize, a process highly dependent on superoxide, which is a substrate for SOD. The inhibition of
autoxidation of pyrogallol occurs in the presence of SOD, whose activity can be then indirectly assayed
spectrophotometrically at 420 nm. The reaction medium contained 50 mM Tris buffer/1 mM EDTA, pH 8.2, 80
U/mL CAT, 0.38 mM pyrogallol, and tissue supernatants.

CAT activity was assayed according to Aebi 2> by measuring the absorbance decrease at 240 nm in a
reaction medium containing 20 mM H;0», 0.1 % Triton X-100, 10 mM potassium phosphate buffer, pH 7.0, and
tissue supernatants.

GST activity was measured according to Guthenberg and Mannervik 2 with slight modifications. GST
activity was determined by the rate of formation of dinitrophenyl-S- glutathione at 340 nm in a medium containing
50 mM potassium phosphate, pH 6.5, 1 MM GSH, 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) as substrate, and

tissue supernatants.

Mitochondrial respiratory parameters
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Oxygen consumption was measured in striatum crude homogenates (2 mg tissue-mL ") through substrate-
uncoupler inhibitor titration (SUIT) protocol 6. NADH-linked substrates (5 mM pyruvate, 0.5 mM malate and 10

mM glutamate) were first added to the chamber, followed by 500 uM ADP (state 3 respiration PMG), in addition,
10 mM of succinate (FADH,-linked substrate) was added (state 3 respiration PMG + S). To evaluate state 4
respiration, 1 pg.mL™! oligomycin was added to the chamber. Next, 1.5 uM CCCP (three pulses of 0.5 uM) was
titrated to determine electron transfer system (ETS) capacity (hon-coupled respiration PMG + S). One micromolar
rotenone (complex | inhibitor) was used to obtain the non-coupled respiration stimulated by succinate (non-
coupled respiration S). Finally, antimycin A was added to the chamber for the determination of residual oxygen
consumption (ROX). The reserve capacity was obtained through the difference between non-coupled respiration
PMG to State 3 PMG + S. All parameters were corrected by ROX. The real-time oxygen fluxes were calculated

using DatLab7 (Oroboros Instruments) and expressed as pmol O flux-s™' -mg protein™'.

Respiratory chain complex activities

The activities of the various complexes of the respiratory chain were measured in the homogenates of the
striatum in the presence of approximately 30 pg of protein. Succinate-2,6-dichloroindophenol (DCIP)-
oxidoreductase (complex Il) and succinate: cytochrome c oxidoreductase (complex II-1I1) activities were
determined according to Fischer et al 2. The cytochrome c oxidase (complex 1V) was assayed according to Rustin

et al 2. The activities of the respiratory chain complexes were calculated as nmol.min~!.mg protein™'.

Western blot analysis

Equal amounts of protein (30 pg/well) were fractionated by SDS-PAGE and electroblotted onto
nitrocellulose membranes. After verifying protein loading and electroblotting efficiency through Ponceau S
staining, the membrane was blocked in Tween-Tris-buffered saline (TTBS: 100 mM Tris-HCI, pH 7.5, 0.9 %
NaCl, and 0.1 % Tween-20) containing 5 % albumin. Membranes were then incubated overnight at 4 °C with the
primary antibodies anti- heme oxygenase-1 (ab13248), anti-mitofusin-1 (MFN1) (ab57602), anti-dynamin-related
protein 1 (DRP1) (ab56788), anti-GRP75 (ab2799), anti-VDAC1 (ab154856), anti-GRP78 polyclonal antibody
(ab21685), and anti-synaptophysin (ab8049) from Abcam, Cambridge Science Park Cambridge, UK; separately
in TTBS, at different working dilutions as suggested by the manufacturers, and finally washed with TTBS. Anti-
rabbit or anti-mouse 1gG peroxidase-linked secondary anti-body (1:10,000; Santa Cruz®, sc-2030 and sc-2031,
respectively) was then incubated with the membranes for an additional 2 h, following by washed again, and the
immunoreactivity was detected by enhanced chemiluminescence. Densitometric analysis was performed with
ImageJ software. Blots were developed to be linear in the range used for densitometry. All results were expressed

as a ratio relative to the B-actin (1:20,000, Protein tech Group, Inc., HRP-conjugated 60008) internal control.

Statical analysis

The data were analyzed using Student’s t test for unpaired samples or one-way analysis of variance
(ANOVA) followed by the post hoc Tukey multiple range test when the F value was significant, using the
GraphPad 8.0.2 software. Only significant values are shown in the text. Differences between groups were rated

significant at P < 0.05. All data presented here are the result of three or more independent experiments, performed
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in duplicate or triplicate, and the mean was used for statistical analysis. Data were expressed as mean + SD
forabsolute values.

RESULTS

3-NP disturbs redox homeostasis in rat striatum

Oxidative stress is defined as an unbalance between reactive oxygen species (ROS) production and the
antioxidant enzymes . The brain is vulnerable to oxidative stress, especially due to its high oxygen consumption
that leads to ROS 27. We initially evaluated the effect of 3-NP administration, which consists of an animal model
of HD, on MDA levels in the striatum of rats euthanized 7, 21 and 28 days after the injection. We verified that 3-
NP increased MDA levels only 28 days after 3-NP injection, as compared to control animals that received PBS [P
<0,01] (Fig. 1A).

GSH is an important non-enzymatic antioxidant defense, acting as a cofactor of essential antioxidant
enzymes and scavenging free radicals 2. GSH concentrations were then determined, and we observed decreased
GSH levels 21 days [P < 0.05] and 28 days [P < 0.05] after 3-NP administration (Fig. 1B). Moreover, we
investigated the effects of 3-NP on the activities of important antioxidant enzymes. As shown in Fig. 1, 3-NP
administration decreased activities of GPx in 7 days [P < 0.001], 21 days [P < 0.001], and 28 days [P < 0.001]
(Fig. 1C), SOD in 7 days [P < 0.05], 21 days [P < 0.05] and 28 days [P < 0.01] (Fig. 1E), as well as GST in 7 days
[P < 0.05], 21 days [P < 0.05] and 28 days [P< 0.01] (Fig. 1G). We also observed a decrease of GR activity in
striatum only at 21 days after 3-NP administration [P < 0.05] (Fig. 1D), whereas a reduction in CAT activity was
observed at 21 days [P < 0.05], and 28 days [P < 0.05] (Fig. 1F).

3-NP alters mitochondrial respiration in rat striatum

In the HD mice model, the respiratory capacity changes when comparing different brain regions and age-
related, using high resolution respirometry 2. In the next set of experiments, we determined whether 3-NP could
alter mitochondrial respiration 7 (Fig. 2) or 28 days (Fig. 3) after 3-NP treatment, using the SUIT protocol 6. We
evaluated mitochondrial respiration in striatum crude homogenates because this preparation presents full
mitochondrial functionality in an integrated cellular system, which is similar to an in vivo situation %. We verified
that 3-NP decreased state 3 in striatum 7 days after 3-NP administration when respiration was supported only by
NADH-linked substrates (pyruvate, malate and glutamate) [P < 0.01] (Fig. 2A) as well as with succinate (FADH,-
linked substrate) [P < 0.001] (Fig. 2B). 3-NP also decreased state 4 [P < 0.05] (Fig. 2C), non-coupled respiration
driven by PMG and succinate [P < 0.01] (Fig. 2D), whereas non-coupled respiration was also reduced only when
supported by succinate [P < 0.001] (Fig. 2E). Reserve capacity was not significantly altered (Fig. 2F).

On the other hand, state 3 respiration was not significantly changed in striatum 28 days after treatment
(Fig. 3). In contrast, non-coupled state [P< 0.05] (Fig. 3D) and state 4 [P< 0.01] (Fig. 3C) were augmented by 3-
NP when respiration was supported by PMG and succinate. Moreover, an increase in reserve capacity was
observed [P < 0.01] (Fig. 3F).

3-NP decreases respiratory chain complex activities in rat striatum
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Mitochondrial respiratory chain complexes play crucial role in regulating mitochondrial function 3%, We
then determined the activities of the respiratory chain complexes II, 111l and IV in striatum at 7 and 28 days after
3-NP administration. Figure 4 shows a decreased activity of complex Il in 7 days [P< 0.05] (Fig 4A), and 28
days[P< 0.01] (Fig. 4B), of complex II-Ill in 7 days [P< 0.01] (Fig. 4E), and 28 days [P< 001] (Fig. 4F). SDH
activitywas significantly decreased by 3-NP at both periods, 7 days [P< 0.001] (Fig. 4C), and 28 days [P< 0.05]
(Fig. 4D).Our results also demonstrated that complex IV activity was decreased only at 28 days [P< 0.01] (Fig
4H) after 3- NP last injection.

3-NP did not change heme oxygenase-1 levels in rat striatum

Considering the redox homeostasis alterations demonstrated above, we measured the protein levels of
heme oxygenase-1 (HO-1), an important antioxidant enzyme whose expression is modulated during oxidative

stress 3233, Figure 5 shows that 3-NP did not change the content of this enzyme.

3-NP disrupts mitochondrial dynamics and ER-mitochondria crosstalk in rat striatum

Disturbances in mitochondrial dynamics and ER-mitochondria crosstalk are often associated with
bioenergetics impairment and oxidative stress 3%, Thus, we investigated the effects of 3-NP on MFN1 and DRP1
content, the main proteins implicated in mitochondrial fusion and fission, respectively, as well as VDAC1 and
GRP75, components of ER-mitochondria contacts, 7, 14 and 28 days after treatment. We found that 3-NP increased
MFNL1 protein levels in 7 days [P < 0.05], 21 days [P < 0.05], and 28 days [P < 0.05] (Fig. 6C and D), but did not
alter DRP1 levels (Fig. 6A and B), suggesting that mitochondrial fusion processes are increased. Regarding the
ER-mitochondria communication, 3-NP increased VDAC1 [P< 0.001] (Fig. 7A and B) and GRP75 [P< 0.05]
(Fig.7C and D) only 28 days after 3-NP administration. GRP78, a chaperone involved in ER stress and unfolded
proteinresponse (UPR) 3¢, was not altered by 3-NP (Fig. 7E and F).

3-NP alters synaptophysin levels in rat striatum

A striatal synaptic loss in HD is related with loss of striatal medium-sized spinous neurons .
Synaptophysin is the major integral membrane protein of synaptic vesicles %. Figure 8 depicts that 3-NP caused
variable effects on the of this protein depending on the period evaluated. At 7 days, we found that 3-NP increased
synaptophysin protein levels [P < 0.05], while at 14 days no significant changes were detected. On the other hand,

3-NP significantly reduced synaptophysin levels 28 days after treatment [P < 0.05] (Fig. 8A and B).

DISCUSSION

Neuropathological findings of HD include degeneration of basal ganglia, mainly the striatum, and cortical
atrophy. Although the mechanisms underlying the basal ganglia abnormalities are not totally established, mounting
evidence has shown that 3-NP administration in rats replicates biochemical, behavioral and striatum degeneration
similarly to HD patients . Therefore, in the present study we used 3-NP treatment in Wistar rats as HD model to
study the role of mitochondrial processes and functions in the neurodegeneration observed in this disorder.

We initially showed that 3-NP induced oxidative stress in striatum of rats at different ages, corroborating
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previous data demonstrating that this mechanism is involved in HD pathophysiology “%#1. Oxidative stress occurs

when the endogenous system has a reduced capacity to fight against the oxidative attack of target biomolecules

4243 3-NP inhibited the activity of the important antioxidant enzymes SOD, CAT, GPx, GST and GR. In addition,
lipid peroxidation, a process where free radicals, especially the peroxyl radical, oxidize polyunsaturated fatty acid
molecules #4, is also induced by 3-NP. Specifically, we found that 3-NP augmented MDA levels, a final product
of lipid peroxidation. Furthermore, GSH concentrations, the most abundant non-enzymatic antioxidant defense in
the brain, were decreased by 3-NP. The alterations on GSH levels seen in our model could be explained by iron
accumulation in the brain that is commonly seen in neurodegenerative diseases, such as HD, which may lead to
oxidative stress and degeneration . In this regard, an important regulator of the cellular production of iron from
heme is HO-1, a stress protein responsible for the degradation of heme to generate carbon monoxide, iron, and
biliverdin-IXo, which is further converted to bilirubin-IXa 6. Owing to this, we evaluated the effects of 3-NP on
the content of this enzyme, but we did not find a significant alteration. In contrast, previous study showed reduced
levels of HO-1 in another HD model based on the administration of quinolinic acid 4’. Besides the difference in
the substance used for the induction of the HD model (quinolinic acid versus 3-NP), another factor that may explain
these controversial results on HO-1 levels is that we injected 3-NP intraperitoneally whereas quinolinic acid was
injected directly into the striatum of rats.

ATP production deficiency and ROS accumulation are mechanisms that often a result from disturbances
in the expression or altered activity of mitochondrial respiratory chain complexes . Thus, we determined whether
3-NP could change mitochondrial oxygen consumption, evaluated by high-resolution respirometry, and respiratory
chain complex activities. We verified that 3-NP caused differential effects on mitochondrial respiration in striatum
of rats at 7 and 28 days after 3-NP treatment. We found a reduction of state 3 (ADP-stimulated), state 4 (non-
phosphorylating) and non-coupled (CCCP-stimulated) respiration supported by pyruvate, malate and glutamate or
succinate 7 days after 3-NP administration. However, at 28 days, we found that 3-NP increased state 4 and non-
coupled respiration, and reserve capacity. The increased state 4 respiration observed at 28 days could be explained
by an uncoupling effect induced by 3-NP treatment. In this regard, it has been shown that 3-NP augments RNA
transcript levels of the uncoupling protein-2 (UCP-2) in striatum adult rats “°. Moreover, it should be considered
that another study verified that the mitochondrial respiration was not altered in the vastus lateralis muscle from
individuals affected by HD with expansion mutation carriers °. Our results also demonstrated alterations in the
activities of respiratory chain complexes, with decreased activity of complexes I, II-111 and 1V, as well as of SDH
activity in both periods evaluated (7 and 28 days), corroborating previous findings showing a reduction of complex
IV activity in striatum and cerebral cortex of Huntington R6/2 transgenic mice 5. Our findings are also in line with
the classical inhibition of complex Il caused by 3-NP administration, that mimics the HD pathogenesis and has
been widely reported in human and animal models 5253, Although some of our findings are in line with studies in
the literature, it is also possible to observe controversial results and further studies are necessary to elucidate the
possible alterations on mitochondrial respiration in HD.

Liot and collaborators 5 evidenced that 3-NP has a dual mechanism that cause mitocondrial damage: the
first is an effect on mitocondrial bioenergetics resulting in ATP production impairment and ROS increase, and the
second event occurs through the activation of N-methyl-D-aspartate (NMDA) glutamatergic receptors, which
further participate in ROS rise and may induce mitochondrial fragmentation with consequent neuronal cell death
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54, Consistent with this study, we observed abnormal mitochondrial dynamics in our model with increased MFN1

content. However, no change was seen in DRP1. Many studies diverge from the significance of the fission/fusion

ratio in the pathogenesis of HD. In this regard, previous data showed high mRNA levels of MFN1 without changes
in protein content in striatum of end-stage Huntington R6/2 transgenic mice . On the other hand, elevated fission
has been suggested to be involved in HD since inhibition of DRP1 was shown to reverse the phenotype of
mitochondrial fragmentation and improve survival in HD mice 6. It is possible that these differential results
occurred due to the sustained elevation of truncated mutant huntingtin levels found in the transgenic mice
(permanent alteration), which does not occur in our chemical model based on 3-NP injection. Furthermore, it is
known that oxidative stress may modulate mitochondrial dynamics, so it may be speculated that ROS induced by
3-NP may change expression levels and cause post translational modifications in MFN1 %7,

Mitochondria are dynamic organelles and interact with other organelles. These contact sites between
organelles are called mitochondria-associated membranes (MAMS). The best communication characterized so far
is that occurring between mitochondria and ER, responsible for a variety of processes, including Ca®* flux %8,
Therefore, we evaluated the content of two proteins involved in this communication, namely VDAC1 and GRP75,
as well as of GRP78, an ER stress marker. We found that 3-NP augmented the levels of VDAC1 and GRP75,
which can act as a compensatory mechanism to increase calcium transfer from ER to mitochondria as a
consequence of the reported activation of NMDA receptor provoked by 3-NP 5°. However, GRP78 content was
not modified. These data indicate a disruption of mitochondria-ER crosstalk, but more studies are necessary to
clarify whether Ca?* transfer between mitochondria-ER is modified in this animal model of HD.

Finally, we verified variable effects of 3-NP on synaptophysin levels at different periods. We initially
verified an increase in synaptophysin levels at 7 days followed by a reduction at 28 days after the administration
of 3-NP. These findings imply that there is an initial adaptive response of neurons in order to cope with the toxic
effects elicited by 3-NP followed by a significant reduction of synaptophysin levels, which could be related to a
late stage of HD progression, with synapse degeneration and reduced neuronal viability. Thus, our results show

that the periods evaluated provide an overview of the worsening trend of symptoms induced by 3-NP.

CONCLUSION
Several studies in the literature diverge on which period after 3-NP administration better mimics HD

symptoms. In this context, studies evaluating behavioral and biochemical parameters at 14 days -2, 30 days ,
and 21 days after 3-NP injection 5 can be found. Despite of this, to our knowledge, this is the first study to show
that the communication of mitochondria with ER is possibly disturbed in HD, as a consequence of bioenergetic
dysfunction and oxidative stress. In conclusion, we evidence here a severe impairment of mitochondrial function
that possibly underlies the striatum degeneration observed in HD. Our data further show that the communication
of mitochondria with ER is an important intracellular function, contribuiting to the whole cellular homeostasis,

and may lead to the development of pharmacological strategies to improve the prognosis of HD patients.
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Figure 1. Effect of 3-nitropropionic acid (3-NP) on malondialdehyde (MDA) levels (A), reduced glutathione
(GSH) concentrations (B), and glutathione peroxidase (GPx) (C), glutathione reductase (GR) (D), superoxide
(SOD) (E), catalase (CAT) (F), and glutathione S-transferase (GST) (G) activities in rat striatum. Rats were
injected with PBS or 3-NP (20 mg/kg) and euthanized at 7 (7 d), 21 (21 d), and 28 days (28 d). Values are mean +
standard deviation for three to six independent experiments (animals) expressed as nmol/mg protein or U/mg
protein. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to control (one-way ANOVA as described in the text,

followed by Tukey’s multiple comparions test).
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Figure 2
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Figure 2. Effects of 3-nitropropionic acid (3-NP) on respiratory parameters in rat striatum using the substrate-
uncoupler inhibitor titration (SUIT) protocol. State 3 (ADP-stimulated) (A and B) and Non-coupled (CCCP-
stimulated) (C and D), State 4 (non-phosphorylating) (E), and reserve capacity (F). Pyruvate (5 mM), malate (0.5
mM) plus glutamate (10 mM) (A, B and C) and succinate (10 mM) (B, C and D) were used as substrates. Rats
were injected with PBS or 3-NP (20 mg/kg) and euthanized at 7 days (7 d). Values are means + standard deviation
for four to five independent experiments (N) expressed as pmol Oz. s™'. mg of protein™. One-way ANOVA is
described in the text. *P< 0.05, **P< 0.01, ***P< 0.001 compared to control (Tukey's range test).
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Figure 3
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Figure 3. Effects of 3-nitropropionic acid (3-NP) on respiratory parameters in rat striatum using the substrate-
uncoupler inhibitor titration (SUIT) protocol. State 3 (ADP-stimulated) (A and B) and Non-coupled (CCCP-
stimulated) (C and D), State 4 (non-phosphorylating) (E), and reserve capacity (F). Pyruvate (5 mM), malate (0.5
mM) plus glutamate (10 mM) (A and B) and succinate (10 mM) (B) were used as substrates. Rats were injected
with PBS or 3-NP (20 mg/kg) and euthanized at 28 days (28 d). Values are means + standard deviation for four to
five independent experiments (N) expressed as pmol O.. s*. mg of protein™. One-way ANOVA is described in the
text. *P< 0.05, **P< 0.01 compared to control (Tukey's range test).
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Figure 4
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Figure 4. Effects of 3-nitropropionic acid (3-NP) on the activity of the respiratory chain complexes Il (A and B),
SDH (C and D), II- 1l ((E and F) and 1V (G and H) in rat striatum. Rats were injected with PBS or 3-NP (20
mg/kg) and euthanized at 7 (7 d) and 28 days (28 d). Values are mean = standard deviation of four to five
independent experiments (animals) performed in triplicate and expressed as nmol.min~'.mg protein™'. Student’s t

test for unpaired samples is described in the text. *P< 0.05, **P< 0.01, ***P< 0.001 compared to control.
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Figure 5
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Figure 5. Effect of 3-nitropropionic acid (3-NP) on heme oxygenase-1(HO-1) protein levels in rat striatum (A and
B). Rats were injected with PBS or 3-NP (20 mg/kg) and euthanized at 7 (7 d), 14 (14 d), and 28 days (28 d).
Values are mean + standard deviation for six independent experiments (animals) expressed as arbitrary units,
normalized by the content of the protein B-actin. *P < 0.05 compared to control (one-way ANOVA as described

in the text, followed by Tukey’s multiple comparisons test and Student’s t test for unpaired samples).
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Figure 6. Effect of 3-nitropropionic acid (3-NP) on dynamin-related protein 1 (DRP1) (A and B) and mitofusin-1
(MFNZ1) (C and D) levels in rat striatum. Rats were injected with PBS or 3-NP (20 mg/kg) and euthanized at 7 (7
d), 14 (14 d), and 28 days (28 d). Values are mean =+ standard deviation for six independent experiments (animals)

expressed as arbitrary units, normalized by the content of the protein B-actin. *P < 0.05 compared to control (one-
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way ANOVA as described in the text, followed by Tukey’s multiple comparisons test and Student’s t test for

unpaired samples).
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Figure 7. Effect of 3-nitropropionic acid (3-NP) on voltage-dependent anion-selective channel 1 (VDAC-1) (A
and B), chaperone glucose-regulated protein 75 (GRP75) (C and D), and chaperone glucose-regulated protein 78
(GRP78) (E and F) levels in rat striatum. Rats were injected with PBS or 3-NP (20 mg/kg) and euthanized at 7 (7

d), 14 (14 d), and 28 days (28 d). Values are mean =+ standard deviation for six independent experiments (animals)
expressed as arbitrary units, normalized by the content of the protein p-actin. *P < 0.05, ***P< 0.001 compared

to control (one-way ANOVA as described in the text, followed by Tukey’s multiple comparisons test and

Student’s t test for unpaired samples).
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Figure 8
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Figure 8. Effect of 3-nitropropionic acid (3-NP) on synaptophysin (A and B) levels in rat striatum. Rats were
injected with PBS or 3-NP (20 mg/kg) and euthanized at 7 (7 d), 14 (14 d), and 28 days (28 d). Values are mean £
standard deviation for six independent experiments (animals) expressed as arbitrary units, normalized by the
content of the protein p-actin. *P < 0.05 compared to control (one-way ANOVA as described in the text, followed

by Tukey’s multiple comparisons test and Student’s t test for unpaired samples).
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1. DISCUSSAO

A DH, caracterizada pela primeira vez em 1872 por George Huntington como uma
coreia hereditaria, apresenta acimulo de mHTT como o principal mecanismo responsavel pelas
alteracBes neuronais, muitas vezes levando & morte celular. Dentre os efeitos ocasionados por
essa proteina mutada, podem ser citadas altera¢fes na transcricdo, na traducao e na transmissédo
sinaptica (Bates et al., 2015; McColgan e Tabrizi, 2018). Além disso, alguns mecanismos da
patogénese da DH estdo relacionados a fungdo mitocondrial, como alteracdo na homeostase do
Ca?*, dindmica mitocondrial, producdo em excesso de EROs, alteracBes na captacdo de
glutamato pelos astrocitos e plasticidade sindptica, com excitotoxicidade causada por ativacao
exacerbada de receptores NMDA pds-sinapticos (Jimenez-Sanchez et al., 2017). Dessa forma,
uma investigacdo mais ampla dos mecanismos neurotoxicos, em especifico aqueles
relacionados a mitocondria e sua interagdo com outras estruturas celulares, em destaque o RE,
pode contribuir para a elucidacdo de mecanismos patoldgicos ainda ndo detalhados e também
para o desenvolvimento de alternativas terapéuticas mais eficazes para o tratamento da DH.

Em nosso estudo visamos inicialmente o desenvolvimento de um modelo animal da DH
atraves da administracdo de 3-NP (20 mg/kg) durante trés dias consecutivos em ratos Wistar,
como descrito anteriormente por Sandhir et al. (2014). Os parametros foram entdo avaliados no
estriado dos animais em quatro diferentes tempos (7, 14, 21 e 28 dias) apds o término do
tratamento com 3-NP, o que possibilitou observar diferentes estagios de inducdo da doenca.
Verificamos que o 3-NP alterou a homeostase redox através da inducéo de peroxidacao lipidica,
pois observamos um aumento nos niveis de MDA 28 dias apds a administracdo de 3-NP, bem
como uma diminuicgdo substancial dos niveis de GSH, um antioxidante ndo enzimatico, em 21
e 28 dias ap06s o tratamento com 3-NP. Além disso, houve diminui¢do da atividade das enzimas
antioxidantes GPx, GST e SOD nos trés tempos avaliados (7, 21 e 28 dias), reducédo
daatividade da CAT em 21 e 28 dias, e diminui¢do da atividade da GR somente 21 dias ap0s
administracdo do 3-NP. Estes resultados sugerem uma grave alteracdo no sistema
antioxidante, de forma mais direcionada aos tempos mais prolongados de avaliacdo, ou seja,
em 21 e 28 dias. Para avaliar de maneira mais ampla o dano oxidativo causado pelo 3-NP,
medimos o contetdo de HO-1, uma importante enzima com expressdo modulada durante o
estresseoxidativo (Waza et al., 2018). No entanto, ndo foi encontrada diferenca significativa
no nivel dessa enzima.

Outro mecanismo importante estudado € o dano a cadeia respiratoria causado pelo 3-
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NP, que ocorre através da inibicdo da atividade da SDH do complexo Il (Jamwal e Kumar,
2016). Neste sentido, dados demonstram que a mitocondria contribui significativamente com a
producdo de celular de EROs. Considerando isso, avaliamos a atividade dos complexos da
cadeira respiratoria, bem como da enzima SDH, e foi possivel observar uma diminuicdo na
atividade dos complexos II, I1-111 e 1V, além da atividade da SDH, sugerindo um prejuizo no
metabolismo energético no estriado de animais submetidos ao 3-NP. Apesar de os complexos |
e 1l da cadeia respiratoria serem descritos como as principais fontes mitocondriais de EROs
(Larosa e Remacle, 2018), também ja foi descrito que o complexo Il quando inibido é capaz de
gerar EROs (Damiano et al., 2013). A producdo de EROs pelas mitocondrias defeituosas pode
ocorrer de forma mais exacerbada quando estimuladas por inibidores do complexo Il (Johri e
Beal, 2012), como 0 3-NP.

O mecanismo exato de geracdo de EROs pelo complexo Il ndo foi totalmente elucidado
(Hwang et al., 2014). Algumas hipoteses demonstram que a producdo de EROs é consequéncia
de uma dissociacdo do complexo 11, este sendo formado por quatro subunidades SDH (A, B, C
e D). Ja foi visto que uma queda de pH pode resultar na dissociacdo das subunidades SDHA e
SDHB das subunidades SDHC e SDHD, mas a atividade da SDH é mantida. Essa dissociacdo
do complexo Il leva a um aumento na formacdo de EROs e inducdo de morte celular via
estresseoxidativo (Grimm, 2013; Lagadic-Gossmann, Huc e Lecureur, 2004). Além disso,
Wilhelm e colaboradores (2014) demonstraram através do coeficiente de correlacdo de Pearson
que a atividade da SDH foi negativamente correlacionada aos niveis de EROs em estriado de
ratos em um modelo animal para DH induzido pelo 3-NP, com uma inibicdo da atividade de
SDH eaumento dos niveis de EROs. Dessa forma, é possivel concluir que o estresse oxidativo
causadopelos EROs gerados através de um dano a cadeia respiratéria mitocondrial desempenha
um papel fundamental no dano estriatal causado pelo 3-NP (Wilhelm et al., 2014).

Com o intuito de avaliar melhor o processo oxidativo mitocondrial, utilizamos uma
técnica de medida da respirometria de alta resolucdo feita no equipamento Oroboros. A
aplicacdo do protocolo SUIT com diferentes substratos e inibidores para os complexos da
cadeia respiratoria permitiu registrar dados e tracar um quadro integrado da fungdo mitocondrial
(Makrecka-Kuka, Krumschnabel e Gnaiger, 2015). Observamos diminui¢do na taxa de
consumo de Oz nos estados 3 e 4, e na respiracdo desacoplada, usando diferentes substratos
(piruvato, malato, glutamato e succinato) 7 dias apds o tratamento com 3-NP, sem alterar a
capacidade de reserva. Por outro lado, ao contrario do que foi detectado 7 dias ap0s o tratamento

com 3-NP, em 28 dias observamos um aumento no consumo de O no estado 4 e na respiragdo
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desacoplada, usando os mesmos substratos, além de um aumento na capacidade reserva. Esses
resultados sugerem um desacoplamento mitocondrial causado pelo 3-NP.

Outro estudo avaliou a respiragdo mitocondrial em cértex cerebral, figado, musculo
soleo e coragdo em modelo animal mutante para HD, também através de respirometria de alta
resolucdo, e demonstrou diferencas significativas na atividade complexo |1, capacidade méxima
desacoplada apos adicdo de FCCP e consumo de oxigénio ligado a producédo de ATP (O2ATP)
em cortex cerebral e figado dos animais mutantes. Ainda foi avaliada a respiracao
mitocondrialem musculo vasto lateral de pacientes com DH e ndo houve diferenca estatistica
entre portadores da mutacdo de expansdo da DH e os individuos controles (Buck et al., 2017).

Dessa forma, nossos resultados mostram que alguns pardmetros da respiracéo
mitocondrial estdo alterados de forma distinta nos diferentes estagios de progressdo do dano
causado pelo 3-NP. Mais estudos devem ser realizados para o melhor entendimento da
disfuncdo mitocondrial causada pelo 3-NP nos parametros respiratorios.

Para avaliarmos com maior propriedade uma importante caracteristica das mitocondrias,
a dindamica mitocondrial, quantificamos proteinas essenciais para esse processo, como a MFN1,
responsavel pela fusdo, e DRP1, principal proteina relacionada a fissdo mitocondrial. Os nossos
resultados demonstraram que o 3-NP altera o processo de fusdo, com um aumento significativo
de MFN1, sem mudancas em DRP1. Alteracdes nesses processos ja sdo relatados, mas com
certa divergéncia, em diferentes amostras, como tecidos de estriado de modelo animal para DH
e culturas celulares de linfoblastos de pacientes com DH (Hering et al., 2017).

O 3-NP jé foi descrito como um ativador do receptor NMDA (CENTONZE et al., 2006),
induzindo dois eventos como resposta ao dano causado por 3-NP em mitocondrias de neur6nios
corticais de ratos por microscopia de fluorescéncia 3D. O primeiro evento caracteriza-se por
um leve aumento de EROs, com uma queda dramaética e rapida de ATP, mas sem alteracdo na
morfologia mitocondrial. O segundo evento ap6s horas de exposicao resulta em uma ativacao
de receptores NMDA, com um dramatico aumento de EROs associado a fragmentacao
mitocondrial e morte de células neuronais (Liot et al., 2009). Nossos dados demonstram uma
um aumento na fusdo, podendo caracterizar uma resposta compensatoria, pois as mitocéndrias
alongadas apresentam maior eficiéncia na producdo de ATP, o que pode auxiliar na
recuperacdo ao dano causado pelo estresse oxidativo (Shutt e McBride, 2013). Especulamos

gue nossos achados ndo evidenciaram fragmentacdo mitocondrial, como no estudo supracitado,

45



porque 0 3-NP em nosso modelo estd sendo injetado intraperitonealmente nos animais,
diferentemente da exposi¢do direta de neurdnios ao composto toxico.

A comunicagdo mitocondria-RE desempenha importantes funcdes, principalmente na
coordenacio da funcdo dessas organelas em processos como a sinalizacio do Ca?* (Marchi et
al., 2018). Considerando isso, que o 3-NP leva a ativacao dos receptores tipo NMDA, também
presentes em mitocéndria de neurénios (NMDAmM) (Korde e Maragos, 2012), e que 0s niveis
de Ca?" tem importante influéncia na bioenergética mitocondrial (Korde e Maragos, 2021),
avaliamos importantes proteinas da comunicacdo mitocondria-RE, bem como de estresse de
RE. Foi observado um aumento do contetudo proteico de VDACL1 e GRP75 nos animais
avaliados 28 dias apds administracdo de 3-NP, porém ndo foi encontrada diferenca significativa
no conteido de GRP78. Esses achados sugerem uma alteracido no metabolismo do Ca?*. No
entanto, investigac6es adicionais precisam ser realizadas para melhor entender a alteracdo na
comunicacdo entre essas organelas, como a avaliacdo de IP3R, proteina do RE, e a transferéncia
de Ca?* propriamente dita.

Com o objetivo de melhor compreender o dano neuronal causado pelo 3-NP em
diferentes estagios da maturacao cerebral, avaliamos os niveis proteicos da sinaptofisina, uma
importante proteina para a atividade sinaptica. Observamos que em 7 dias apés tratamento com
3-NP ocorreu um aumento nos niveis de sinaptofisina. Além disso, ndo detectamos diferencas
no tempo de 21 dias apds administracdo de 3-NP, enquanto em 28 dias foi vista uma diminuicao
do conteudo dessa proteina no estriado. Assim, presumimos gque no estagio inicial do dano
causado pelo 3-NP ocorre um aumento de sinaptofisina como um mecanismo compensatorio
visando a manutencdo dos processos de sinapse, seguido de uma estabilizacdo da expressdo e
finalizando com uma resposta de declinio da densidade sinaptica, podendo ser essa transicao

uma caracteristica da neuropatologia da doenca.

Uma resposta transitoria de eventos sinapticos ja foi relatada em neurdnios corticais de
um modelo animal de DH (R6/2), ocorrendo uma reducéo progressiva da atividade sinaptica
em um estagio mais avancado da DH. A observagdo demonstrou uma diminuicdo na frequéncia
de corrente pos-sinaptica excitatoria acompanhada por diminuigcdes nas proteinas chaves pré-
sinaptica e pds-sinaptica, sinaptofisina e PSD95, em animais mais velhos (11-15 semanas),
acompanhando o avan¢o do dano na DH. Quando avaliados animais mais jovens (3-4 semanas),
foram vistos niveis similares entre os animais R6/2 e os animais do grupo controle (Cepeda et
al., 2003).
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A HTT possui um papel importante na conectividade sinaptica, estando associada a
terminais pré- e pds-sindpticos (Jimenez-Sanchez et al., 2017). Neste particular, alteracbes na
funcdo sinaptica e na plasticidade ja foram descritos na DH (Smith-Dijak, Sepers e Raymond,
2019). Contudo, ainda é necessario estabelecer se o acimulo de mHTT o evento primario
responsavel pelas alteragdes sinapticas.

O 3-NP j& é bem estabelecido como um indutor quimico para modelos animais de HD
por causar danos que mimetizam a sintomatologia da doenca, porém os protocolos utilizados
diferem bastante com relacdo a tempo de administracdo e avaliacdo dos parametros (Brouillet,
2014; Ramaswamy, McBride e Kordower, 2007). Em nosso estudo, foi observado que o tempo
que melhor demonstra o estagio degenerativo da DH é o de 28 dias ap6s a administracdo de 3-
NP em uma concentracdo de 20 mg/kg, caracterizado por proeminente disfuncdo mitocondrial,
com prejuizo na homeostase redox e do célcio, dano na dindmica mitocondrial, bem como uma
degeneracdo sinaptica. A utilizacdo de compostos quimicos para mimetizar o padrdo de
neurodegeneracdo encontrada em pacientes DH é amplamente realizada, sendo o &cido
quinolinico (AQ) e o &cido cainico outros compostos administrados desde a decada de 1970

com o intuito de descobrir 0os mecanismos patogénicos da HD (Kosior e Leavitt, 2018).

Estudos com o acido cainico mostraram semelhanga com as lesdes encontradas na DH,
porém é considerado um modelo imperfeito de DH por apresentar significativa diminui¢do dos
niveis de somatostatina e perda de neurdnios da somatostatina (Flint Beal et al., 1985). Por
outro lado, as lesdes produzidas pelo acido quinolinico, agonista do receptor NMDA, fornecem
um modelo melhor da DH porque resultam em economia relativa de somatostatina e
neuropeptideo Y, apesar de deplecdes significativas de niveis de GABA e substancia P. Ja foi
demonstrado, no entanto, que na DH h& aumento nas concentracfes de somatostatina e
neuropeptideo Y (Beal et al., 1991). O modelo 3-NP parece ser confiavel para estudar a DH,
devido a capacidade deste composto em atravessar a barreira hematoencefalica, sendo possivel
a realizacdo de uma administracdo sisttmica. Com isso, tal modelo com 3-NP simula um
processo posterior de morte celular observado na DH, bem como o comprometimento

mitocondrial (Ramaswamy, McBride e Kordower, 2007).

2. CONCLUSAO

Nossos achados em conjunto evidenciam que a indugdo da DH em modelo animal

utilizando o 3-NP ocasiona um extenso dano mitocondrial, com agdo em diferentes processos,
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como a homeostase redox e do Ca?*, essa Ultima, em especial, sendo causada por alteracdes na

interacdo entre mitocondria e RE. Além disso, nossos dados demonstram um estado de

hiperfusdo mitocondrial sugerindo uma tentativa de adaptacdo ao estresse e uma resposta

sinaptica transitoria, buscando uma possivel sobrevida neuronal em resposta ao dano induzido

pelo 3-NP. Por fim, podemos sugerir também que a tentativa de reverter o dano induzido pelo

3-NP néo ocorre, mas sim um agravamento da lesdo com o decorrer do tempo.

3. PERSPECTIVAS

Vi.

Melhor avaliar a interacdo mitocdndria-RE através da quantificacdo de importantes
proteinas, como o IP3R, no modelo de indugdo de DH por 3-NP;

Melhor estudar as modificacdes pos-traducionais das proteinas que atuam na dinamica
mitocondrial, como DRP1;

Avaliar a homeostase do calcio em mitocdndrias isoladas de estriado apds a
administracao de 3-NP;

Avaliar os efeitos de antagonistas glutamatérgicos (por exemplo, MK-801) em
mitocdndrias isoladas e homogeneizado de estriado ap6s a administracao de 3-NP;
Avaliar o dano causado pelo 3-NP em cortex cerebral;

Avaliar o efeito protetor da administracdo de bezafibrato, um agonista de receptores

PPAR que induz biogénese mitocondrial, frente ao dano causado pelo 3-NP.
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whether statements are mandatory)

To be used for life science journals + articles with biological applications

Funding (information that explains whether and by whom the research was supported)
Conflicts of interest/Competing interests (include appropriate disclosures)

Ethics approval (include appropriate approvals or waivers)

Consent to participate (include appropriate statements)

Consent for publication (include appropriate statements)

Availability of data and material (data transparency)

Code availability (software application or custom code)

Authors' contributions (optional: please review the submission guidelines from the jornal
whether statements are mandatory)

Please see the relevant sections in the submission guidelines for further information as well as
various examples of wording. Please revise/customize the sample statements according to your
own needs.
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Text Formatting

Manuscripts should be submitted in Word.

* Use a normal, plain font (e.g., 10-point Times Roman) for text.

* Use italics for emphasis.

« Use the automatic page numbering function to number the pages.

* Do not use field functions.

+ Use tab stops or other commands for indents, not the space bar.

« Use the table function, not spreadsheets, to make tables.

* Use the equation editor or MathType for equations.

« Save your file in docx format (Word 2007 or higher) or doc format (older Word versions).
Manuscripts with mathematical content can also be submitted in LaTeX.

Headings

Please use no more than three levels of displayed headings.

Abbreviations

Abbreviations should be defined at first mention and used consistently thereafter.

Footnotes

Footnotes can be used to give additional information, which may include the citation of a
reference included in the reference list. They should not consist solely of a reference citation,
and they should never include the bibliographic details of a reference. They should also not
contain any figures or tables. Footnotes to the text are numbered consecutively; those to tables
should be indicated by superscript lower-case letters (or asterisks for significance values and
other statistical data). Footnotes to the title or the authors of the article are not given reference
symbols. Always use footnotes instead of endnotes.

Acknowledgments
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Acknowledgments of people, grants, funds, etc. should be placed in a separate section on the
title page. The names of funding organizations should be written in full.

REFERENCES

Citation

Reference citations in the text should be identified by numbers in square brackets. Some
examples:

1. Negotiation research spans many disciplines [3].

2. This result was later contradicted by Becker and Seligman [5].

3. This effect has been widely studied [1-3, 7].

Reference list

The list of references should only include works that are cited in the text and that have been
published or accepted for publication. Personal communications and unpublished works should
only be mentioned in the text. Do not use footnotes or endnotes as a substitute for a reference
list.

The entries in the list should be numbered consecutively.

« Journal article

Gamelin FX, Baquet G, Berthoin S, Thevenet D, Nourry C, Nottin S, Bosquet L (2009) Effect
of high intensity intermittent training on heart rate variability in prepubescent children. Eur J
Appl Physiol 105:731-738. https://doi.org/10.1007/s00421-008-0955-8

Ideally, the names of all authors should be provided, but the usage of “et al” in long author lists
will also be accepted:

Smith J, Jones M Jr, Houghton L et al (1999) Future of health insurance. N Engl J Med 965:325—
329

* Article by DOI
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Slifka MK, Whitton JL (2000) Clinical implications of dysregulated cytokine production. J Mol
Med. https://doi.org/10.1007/s001090000086

* Book

South J, Blass B (2001) The future of modern genomics. Blackwell, London

* Book chapter

Brown B, Aaron M (2001) The politics of nature. In: Smith J (ed) The rise of modern genomics,
3rd edn. Wiley, New York, pp 230-257

* Online document

Cartwright J (2007) Big stars have weather too. IOP Publishing PhysicsWeb.
http://physicsweb.org/articles/news/11/6/16/1. Accessed 26 June 2007

* Dissertation

Trent JW (1975) Experimental acute renal failure. Dissertation, University of California
Always use the standard abbreviation of a journal’s name according to the ISSN List of Title
Word Abbreviations, see ISSN.org LTWA

If you are unsure, please use the full journal title.

For authors using EndNote, Springer provides an output style that supports the formatting of
in-text citations and reference list.

Authors preparing their manuscript in LaTeX can use the bibtex file spbasic.bst which is
included in Springer’s LaTeX macro package.

TABLES

« All tables are to be numbered using Arabic numerals.

« Tables should always be cited in text in consecutive numerical order.

« For each table, please supply a table caption (title) explaining the components of the table.
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* ldentify any previously published material by giving the original source in the form of a
reference at the end of the table caption.
« Footnotes to tables should be indicated by superscript lower-case letters (or asterisks for
significance values and other statistical data) and included beneath the table body.
ARTWORK AND ILLUSTRATIONS GUIDELINES
Electronic Figure Submission
« Supply all figures electronically.
« Indicate what graphics program was used to create the artwork.
« For vector graphics, the preferred format is EPS; for halftones, please use TIFF format.
MSOffice files are also acceptable.
« Vector graphics containing fonts must have the fonts embedded in the files.
» Name your figure files with "Fig" and the figure number, e.g., Figl.eps.
Line Art
« Definition: Black and white graphic with no shading.
« Do not use faint lines and/or lettering and check that all lines and lettering within the figures
are legible at final size.
« All lines should be at least 0.1 mm (0.3 pt) wide.
« Scanned line drawings and line drawings in bitmap format should have a minimum resolution
of 1200 dpi.
* Vector graphics containing fonts must have the fonts embedded in the files.
Halftone Art
« Definition: Photographs, drawings, or paintings with fine shading, etc.
« If any magnification is used in the photographs, indicate this by using scale bars within the

figures themselves.
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* Halftones should have a minimum resolution of 300 dpi.

Combination Art

« Definition: a combination of halftone and line art, e.g., halftones containing line drawing,
extensive lettering, color diagrams, etc.

» Combination artwork should have a minimum resolution of 600 dpi.

Color Art

* Color art is free of charge for online publication.

« If black and white will be shown in the print version, make sure that the main information will
still be visible. Many colors are not distinguishable from one another when converted to black
and white. A simple way to check this is to make a xerographic copy to see if the necessary
distinctions between the different colors are still apparent.

« If the figures will be printed in black and white, do not refer to color in the captions.

« Color illustrations should be submitted as RGB (8 bits per channel).

Figure Lettering

* To add lettering, it is best to use Helvetica or Arial (sans serif fonts).

« Keep lettering consistently sized throughout your final-sized artwork, usually about 2-3 mm
(8-12 pt).

« Variance of type size within an illustration should be minimal, e.g., do not use 8-pt type on an
axis and 20-pt type for the axis label.

« Avoid effects such as shading, outline letters, etc.

* Do not include titles or captions within your illustrations.

Figure Numbering

« All figures are to be numbered using Arabic numerals.

» Figures should always be cited in text in consecutive numerical order.
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« Figure parts should be denoted by lowercase letters (a, b, c, etc.).

« If an appendix appears in your article and it contains one or more figures, continue the
consecutive numbering of the main text. Do not number the appendix figures,”Al, A2, A3, etc.”
Figures in online appendices (Electronic Supplementary Material) should, however, be
numbered separately.

Figure Captions

« Each figure should have a concise caption describing accurately what the figure depicts.
Include the captions in the text file of the manuscript, not in the figure file.

« Figure captions begin with the term Fig. in bold type, followed by the figure number, also in
bold type.

+ No punctuation is to be included after the number, nor is any punctuation to be placed at the
end of the caption.

« Identify all elements found in the figure in the figure caption; and use boxes, circles, etc., as
coordinate points in graphs.

« Identify previously published material by giving the original source in the form of a reference
citation at the end of the figure caption.

Figure Placement and Size

« Figures should be submitted separately from the text, if possible.

» When preparing your figures, size figures to fit in the column width.

« For large-sized journals the figures should be 84 mm (for double-column text areas), or 174
mm (for single-column text areas) wide and not higher than 234 mm.

« For small-sized journals, the figures should be 119 mm wide and not higher than 195 mm.

Permissions
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If you include figures that have already been published elsewhere, you must obtain permission
from the copyright owner(s) for both the print and online format. Please be aware that some
publishers do not grant electronic rights for free and that Springer will not be able to refund any
costs that may have occurred to receive these permissions. In such cases, material from other
sources should be used.

Accessibility

In order to give people of all abilities and disabilities access to the content of your figures,
please make sure that

« All figures have descriptive captions (blind users could then use a text-to-speech software or
a text-to-Braille hardware)

» Patterns are used instead of or in addition to colors for conveying information (colorblind
users would then be able to distinguish the visual elements)

« Any figure lettering has a contrast ratio of at least 4.5:1

ELECTRONIC SUPPLEMENTARY MATERIAL

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other
supplementary files to be published online along with an article or a book chapter. This feature
can add dimension to the author's article, as certain information cannot be printed or is more
convenient in electronic form.

Before submitting research datasets as electronic supplementary material, authors should read
the journal’s Research data policy. We encourage research data to be archived in data
repositories wherever possible.

Submission

« Supply all supplementary material in standard file formats.
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* Please include in each file the following information: article title, journal name, author names;
affiliation and e-mail address of the corresponding author.

 To accommodate user downloads, please keep in mind that larger-sized files may require very
long download times and that some users may experience other problems during downloading.
Audio, Video, and Animations

* Aspect ratio: 16:9 or 4:3

» Maximum file size: 25 GB

* Minimum video duration: 1 sec

« Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg, flv, mxf, mts, m4v, 3gp
Text and Presentations

 Submit your material in PDF format; .doc or .ppt files are not suitable for long-term viability.
« A collection of figures may also be combined in a PDF file.

Spreadsheets

« Spreadsheets should be submitted as .csv or .xlIsx files (MS Excel).

Specialized Formats

« Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica notebook), and
.tex can also be supplied.

Collecting Multiple Files

« It is possible to collect multiple files in a .zip or .gz file.

Numbering

« If supplying any supplementary material, the text must make specific mention of the material
as a citation, similar to that of figures and tables.

 Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the Animation

(Online Resource 3)", “... additional data are given in Online Resource 4”.
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» Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”.

Captions

« For each supplementary material, please supply a concise caption describing the content of
the file.

Processing of supplementary files

« Electronic supplementary material will be published as received from the author without any
conversion, editing, or reformatting.

Accessibility

In order to give people of all abilities and disabilities access to the content of your
supplementary files, please make sure that

 The manuscript contains a descriptive caption for each supplementary material

» Video files do not contain anything that flashes more than three times per second (so that users
prone to seizures caused by such effects are not put at risk)

ENGLISH LANGUAGE EDITING

For editors and reviewers to accurately assess the work presented in your manuscript you need
to ensure the English language is of sufficient quality to be understood. If you need help with
writing in English you should consider:

« Asking a colleague who is a native English speaker to review your manuscript for clarity.

« Visiting the English language tutorial which covers the common mistakes when writing in
English.

« Using a professional language editing service where editors will improve the English to ensure
that your meaning is clear and identify problems that require your review. Two such

services are provided by our affiliates Nature Research Editing Service and American Journal

Experts. Springer authors are entitled to a 10% discount on their first submission to either of
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these services, simply follow the links below.

English language tutorial

Nature Research Editing Service

American Journal Experts

Please note that the use of a language editing service is not a requirement for publication in this
journal and does not imply or guarantee that the article will be selected for peer review or
accepted.

If your manuscript is accepted it will be checked by our copyeditors for spelling and formal
style before publication.

ETHICAL RESPONSIBILITIES OF AUTHORS

This journal is committed to upholding the integrity of the scientific record. As a member of
the Committee on Publication Ethics (COPE) the journal will follow the COPE guidelines on
how to deal with potential acts of misconduct.

Authors should refrain from misrepresenting research results which could damage the trust in
the journal, the professionalism of scientific authorship, and ultimately the entire scientific
endeavour. Maintaining integrity of the research and its presentation is helped by following the
rules of good scientific practice, which include*:

* The manuscript should not be submitted to more than one journal for simultaneous
consideration.

* The submitted work should be original and should not have been published elsewhere in any
form or language (partially or in full), unless the new work concerns an expansion of previous
work. (Please provide transparency on the re-use of material to avoid the concerns about

textrecycling (‘self-plagiarism”).
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» A single study should not be split up into several parts to increase the quantity of submissions
and submitted to various journals or to one journal over time (i.e. ‘salami-slicing/publishing”).
« Concurrent or secondary publication is sometimes justifiable, provided certain conditions are
met. Examples include: translations or a manuscript that is intended for a different group of
readers.

* Results should be presented clearly, honestly, and without fabrication, falsification or
inappropriate data manipulation (including image based manipulation). Authors should adhere
to discipline-specific rules for acquiring, selecting and processing data.

* No data, text, or theories by others are presented as if they were the author’s own
(‘plagiarism’). Proper acknowledgements to other works must be given (this includes material
that is closely copied (near verbatim), summarized and/or paraphrased), quotation marks (to
indicate words taken from another source) are used for verbatim copying of material, and
permissions secured for material that is copyrighted.

Important note: the journal may use software to screen for plagiarism.

« Authors should make sure they have permissions for the use of software, questionnaires/(web)
surveys and scales in their studies (if appropriate).

* Research articles and non-research articles (e.g. Opinion, Review, and Commentary articles)
must cite appropriate and relevant literature in support of the claims made. Excessive and
inappropriate self-citation or coordinated efforts among several authors to collectively self-cite
is strongly discouraged.

« Authors should avoid untrue statements about an entity (who can be an individual person or a
company) or descriptions of their behavior or actions that could potentially be seen as personal

attacks or allegations about that person.

70



* Research that may be misapplied to pose a threat to public health or national security should
be clearly identified in the manuscript (e.g. dual use of research). Examples include creation of
harmful consequences of biological agents or toxins, disruption of immunity of vaccines,
unusual hazards in the use of chemicals, weaponization of research/technology (amongst
others).

« Authors are strongly advised to ensure the author group, the Corresponding Author, and the
order of authors are all correct at submission. Adding and/or deleting authors during the revision
stages is generally not permitted, but in some cases may be warranted. Reasons for changes in
authorship should be explained in detail. Please note that changes to authorship cannot be made
after acceptance of a manuscript.

*All of the above are guidelines and authors need to make sure to respect third parties rights
such as copyright and/or moral rights. Upon request authors should be prepared to send relevant
documentation or data in order to verify the validity of the results presented. This could be in
the form of raw data, samples, records, etc. Sensitive information in the form of confidential or
proprietary data is excluded. If there is suspicion of misbehavior or alleged fraud the Journal
and/or Publisher will carry out an investigation following COPE guidelines. If, after
investigation, there are valid concerns, the author(s) concerned will be contacted under their
given e-mail address and given na opportunity to address the issue. Depending on the situation,
this may result in the Journal’s and/or Publisher’s implementation of the following measures,
including, but not limited to:

« If the manuscript is still under consideration, it may be rejected and returned to the author.

« If the article has already been published online, depending on the nature and severity of the
infraction:

- an erratum/correction may be placed with the article
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- an expression of concern may be placed with the article

- or in severe cases retraction of the article may occur.

The reason will be given in the published erratum/correction, expression of concern or
retraction note. Please note that retraction means that the article is maintained on the platform,
watermarked “retracted” and the explanation for the retraction is provided in a note linked to
the watermarked article.

* The author’s institution may be informed

* A notice of suspected transgression of ethical standards in the peer review system may be
included as part of the author’s and article’s bibliographic record.

Fundamental errors

Authors have an obligation to correct mistakes once they discover a significant error or
inaccuracy in their published article. The author(s) is/are requested to contact the journal and
explain in what sense the error is impacting the article. A decision on how to correct the
literature will depend on the nature of the error. This may be a correction or retraction. The
retraction note should provide transparency which parts of the article are impacted by the error.
Suggesting / excluding reviewers

Authors are welcome to suggest suitable reviewers and/or request the exclusion of certain
individuals when they submit their manuscripts. When suggesting reviewers, authors should
make sure they are totally independent and not connected to the work in any way. It is strongly
recommended to suggest a mix of reviewers from different countries and different institutions.
When suggesting reviewers, the Corresponding Author must provide an institutional email
address for each suggested reviewer, or, if this is not possible to include other means of

verifying the identity such as a link to a personal homepage, a link to the publication record or
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a researcher or author ID in the submission letter. Please note that the Journal may not use the
suggestions, but suggestions are appreciated and may help facilitate the peer review process.
AUTHORSHIP PRINCIPLES

These guidelines describe authorship principles and good authorship practices to which
prospective authors should adhere to.

Authorship clarified

The Journal and Publisher assume all authors agreed with the content and that all gave explicit
consent to submit and that they obtained consent from the responsible authorities at the
institute/organization where the work has been carried out, before the work is submitted. The
Publisher does not prescribe the kinds of contributions that warrant authorship. It is
recommended that authors adhere to the guidelines for authorship that are applicable in their
specific research field. In absence of specific guidelines it is recommended to adhere to the
following guidelines™*:

All authors whose names appear on the submission

1) made substantial contributions to the conception or design of the work; or the acquisition,
analysis, or interpretation of data; or the creation of new software used in the work;

2) drafted the work or revised it critically for important intellectual content;

3) approved the version to be published; and

4) agree to be accountable for all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately investigated and resolved.

* Based on/adapted from:

ICMJE, Defining the Role of Authors and Contributors,

Transparency in authors’ contributions and responsibilities to promote integrity in scientific

publication, McNutt at all, PNAS February 27, 2018
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Disclosures and declarations

All authors are requested to include information regarding sources of funding, financial or
nonfinancial interests, study-specific approval by the appropriate ethics committee for research
involving humans and/or animals, informed consent if the research involved human
participants, and a statement on welfare of animals if the research involved animals (as
appropriate).

The decision whether such information should be included is not only dependent on the scope
of the journal, but also the scope of the article. Work submitted for publication may have
implications for public health or general welfare and in those cases it is the responsibility of all
authors to include the appropriate disclosures and declarations.

Data transparency

All authors are requested to make sure that all data and materials as well as software application
or custom code support their published claims and comply with field standards. Please note that
journals may have individual policies on (sharing) research data in concordance with
disciplinary norms and expectations.

Role of the Corresponding Author

One author is assigned as Corresponding Author and acts on behalf of all co-authors and ensures
that questions related to the accuracy or integrity of any part of the work are appropriately
addressed.

The Corresponding Author is responsible for the following requirements:

« ensuring that all listed authors have approved the manuscript before submission, including the
names and order of authors;

» managing all communication between the Journal and all co-authors, before and after

publication;*
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* providing transparency on re-use of material and mention any unpublished material (for
example manuscripts in press) included in the manuscript in a cover letter to the Editor;

» making sure disclosures, declarations and transparency on data statements from all authors
are included in the manuscript as appropriate (see above).

* The requirement of managing all communication between the journal and all co-authors
during submission and proofing may be delegated to a Contact or Submitting Author. In this
case please make sure the Corresponding Author is clearly indicated in the manuscript.
Author contributions

In absence of specific instructions and in research fields where it is possible to describe discrete
efforts, the Publisher recommends authors to include contribution statements in the work that
specifies the contribution of every author in order to promote transparency. These contributions
should be listed at the separate title page.

Examples of such statement(s) are shown below:

* Free text:

All authors contributed to the study conception and design. Material preparation, data collection
and analysis were performed by [full name], [full name] and [full name]. The first draft of the
manuscript was written by [full name] and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Example: CRediT taxonomy:

« Conceptualization: [full name], ...; Methodology: [full name], ...; Formal analysis and
investigation: [full name], ...; Writing - original draft preparation: [full name, ...]; Writing
review and editing: [full name], ...; Funding acquisition: [full name], ...; Resources: [full
name], ...; Supervision: [full name],....

For review articles where discrete statements are less applicable a statement should be included
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who had the idea for the article, who performed the literature search and data analysis, and who
drafted and/or critically revised the work.

For articles that are based primarily on the student’s dissertation or thesis, it is recommended
that the student is usually listed as principal author:

A Graduate Student’s Guide to Determining Authorship Credit and Authorship Order, APA
Science Student Council 2006

Affiliation

The primary affiliation for each author should be the institution where the majority of their
work was done. If an author has subsequently moved, the current address may additionally be
stated. Addresses will not be updated or changed after publication of the article.

Changes to authorship

Authors are strongly advised to ensure the correct author group, the Corresponding Author, and
the order of authors at submission. Changes of authorship by adding or deleting authors, and/or
changes in Corresponding Author, and/or changes in the sequence of authors are not accepted
after acceptance of a manuscript.

* Please note that author names will be published exactly as they appear on the accepted
submission!

Please make sure that the names of all authors are present and correctly spelled, and that
addresses and affiliations are current. Adding and/or deleting authors at revision stage are
generally not permitted, but in some cases it may be warranted. Reasons for these changes in
authorship should be explained. Approval of the change during revision is at the discretion of
the Editor-in-Chief. Please note that journals may have individual policies on adding and/or
deleting authors during revision stage.

Author identification
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Authors are recommended to use their ORCID ID when submitting an article for consideration
or acquire an ORCID ID via the submission process.

Deceased or incapacitated authors

For cases in which a co-author dies or is incapacitated during the writing, submission, or
peerreview process, and the co-authors feel it is appropriate to include the author, co-authors
should obtain approval from a (legal) representative which could be a direct relative.
Authorship issues or disputes

In the case of an authorship dispute during peer review or after acceptance and publication, the
Journal will not be in a position to investigate or adjudicate. Authors will be asked to resolve
the dispute themselves. If they are unable the Journal reserves the right to withdraw a
manuscript from the editorial process or in case of a published paper raise the issue with the
authors’ institution(s) and abide by its guidelines.

Confidentiality

Authors should treat all communication with the Journal as confidential which includes
correspondence with direct representatives from the Journal such as Editors-in-Chief and/or
Handling Editors and reviewers’ reports unless explicit consent has been received to share
information.

COMPLIANCE WITH ETHICAL STANDARDS

To ensure objectivity and transparency in research and to ensure that accepted principles of
ethical and professional conduct have been followed, authors should include information
regarding sources of funding, potential conflicts of interest (financial or non-financial),
informed consent if the research involved human participants, and a statement on welfare of

animals if the research involved animals. Authors should include the following statements (if
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applicable) in a separate section entitled “Compliance with Ethical Standards” when submitting
a paper:

« Disclosure of potential conflicts of interest

* Research involving Human Participants and/or Animals

* Informed consent

Please note that standards could vary slightly per journal dependent on their peer review policies
(i.e. single or double blind peer review) as well as per journal subject discipline. Before
submitting your article check the instructions following this section carefully. The
corresponding author should be prepared to collect documentation of compliance with ethical
standards and send if requested during peer review or after publication. The Editors reserve the
right to reject manuscripts that do not comply with the above-mentioned guidelines. The author
will be held responsible for false statements or failure to fulfill the abovementioned guidelines.
CONFLICTS OF INTEREST / COMPETING INTERESTS

Authors are requested to disclose interests that are directly or indirectly related to the work
submitted for publication. Interests within the last 3 years of beginning the work (conducting
the research and preparing the work for submission) should be reported. Interests outside the 3-
year time frame must be disclosed if they could reasonably be perceived as influencing the
submitted work. Disclosure of interests provides a complete and transparent process and helps
readers form their own judgments of potential bias. This is not meant to imply that a financial
relationship with an organization that sponsored the research or compensation received for
consultancy work is inappropriate.

Interests that should be considered and disclosed but are not limited to the following:
Funding: Research grants from funding agencies (please give the research funder and the grant

number) and/or research support (including salaries, equipment, supplies, reimbursement for
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attending symposia, and other expenses) by organizations that may gain or lose financially
through publication of this manuscript.

Employment: Recent (while engaged in the research project), present or anticipated
employment by any organization that may gain or lose financially through publication of this
manuscript. This includes multiple affiliations (if applicable).

Financial interests: Stocks or shares in companies (including holdings of spouse and/or
children) that may gain or lose financially through publication of this manuscript; consultation
fees or other forms of remuneration from organizations that may gain or lose financially;
patentes or patent applications whose value may be affected by publication of this manuscript.
It is difficult to specify a threshold at which a financial interest becomes significant, any such
figure is necessarily arbitrary, so one possible practical guideline is the following: "Any
undeclared financial interest that could embarrass the author were it to become publicly known
after the work was published."

Non-financial interests: In addition, authors are requested to disclose interests that go beyond
financial interests that could impart bias on the work submitted for publication such
asprofessional interests, personal relationships or personal beliefs (amongst others). Examples
include, but are not limited to: position on editorial board, advisory board or board of directors
or other type of management relationships; writing and/or consulting for educational purposes;
expert witness; mentoring relations; and so forth. Primary research articles require a disclosure
statement. Review articles present an expert synthesis of evidence and may be treated as an
authoritative work on a subject. Review articles therefore require a disclosure statement.Other
article types such as editorials, book reviews, comments (amongst others) may, dependent on
their content, require a disclosure statement. If you are unclear whether your article type

requires a disclosure statement, please contact the Editor-in-Chief.
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Please note that, in addition to the above requirements, funding information (given that funding
is a potential conflict of interest (as mentioned above)) needs to be disclosed upon submission
of the manuscript in the peer review system. This information will automatically be added to
the Record of CrossMark, however it is not added to the manuscript itself. Under ‘summary of
requirements’ (see below) funding information should be included in the ‘Declarations’ section.
Summary of requirements

The above should be summarized in a statement and placed in a ‘Declarations’ section before
the reference list under a heading of ‘Funding’ and/or ‘Conflicts of interests’/’Competing
interests’. Other declarations include Ethics approval, Consent, Data, Material and/or Code
availability and Authors’ contribution statements. Please see the various examples of wording
below and revise/customize the sample statements according to your own needs. When all
authors have the same (or no) conflicts and/or funding it is sufficient to use one blanket
statement. Examples of statements to be used when funding has been received:

« Partial financial support was received from [...]

* The research leading to these results received funding from [...] under Grant Agreement
Nol[...].

* This study was funded by [...]

* This work was supported by [...] (Grant numbers [...]and [...]

Examples of statements to be used when there is no funding:

* The authors did not receive support from any organization for the submitted work.

+ No funding was received to assist with the preparation of this manuscript.

* No funding was received for conducting this study.

* No funds, grants, or other support was received.

Examples of statements to be used when there are interests to declare:
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» Financial interests: Author A has received research support from Company A. Author B has
received a speaker honorarium from Company Wand owns stock in Company X. Author C is
consultant to company Y.

Non-financial interests: Author C is an unpaid member of committee Z.

« Financial interests: The authors declare they have no financial interests.

Non-financial interests: Author A is on the board of directors of Y and receives no
compensation as member of the board of directors.

« Financial interests: Author A received a speaking fee from Y for Z. Author B receives a salary
from association X. X where s/he is the Executive Director.

Non-financial interests: none.

« Financial interests: Author A and B declare they have no financial interests. Author C has
received speaker and consultant honoraria from Company M and Company N. Dr. C has
received speaker honorarium and research funding from Company M and Company O. Author
D has received travel support from Company O.

Non-financial interests: Author D has served on advisory boards for Company M, Company
N and Company O.

Examples of statements to be used when authors have nothing to declare:

« The authors have no relevant financial or non-financial interests to disclose.

« The authors have no conflicts of interest to declare that are relevant to the content of this
article.

« All authors certify that they have no affiliations with or involvement in any organization or
entity with any financial interest or non-financial interest in the subject matter or materials
discussed in this manuscript.

» The authors have no financial or proprietary interests in any material discussed in this article.
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Authors are responsible for correctness of the statements provided in the manuscript. See also
Authorship Principles. The Editor-in-Chief reserves the right to reject submissions that do not
meet the guidelines described in this section.

RESEARCH INVOLVING HUMAN PARTICIPANTS, THEIR DATA OR BIOLOGICAL
MATERIAL

Ethics approval

When reporting a study that involved human participants, their data or biological material,
authors should include a statement that confirms that the study was approved (or granted
exemption) by the appropriate institutional and/or national research ethics committee (including
the name of the ethics committee) and certify that the study was performed in accordance with
the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments
or comparable ethical standards. If doubt exists whether the research was conducted in
accordance with the 1964 Helsinki Declaration or comparable standards, the authors must
explain the reasons for their approach, and demonstrate that an independent ethics committee
or institutional review board explicitly approved the doubtful aspects of the study. If a study
was granted exemption from requiring ethics approval, this should also be detailed in the
manuscript (including the reasons for the exemption).

Retrospective ethics approval

If a study has not been granted ethics committee approval prior to commencing, retrospective
ethics approval usually cannot be obtained and it may not be possible to consider the manuscript
for peer review. The decision on whether to proceed to peer review in such cases is at the
Editor's discretion.

Ethics approval for retrospective studies
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Although retrospective studies are conducted on already available data or biological material
(for which formal consent may not be needed or is difficult to obtain) ethics approval may be
required dependent on the law and the national ethical guidelines of a country. Authors should
check with their institution to make sure they are complying with the specific requirements of
their country.

Ethics approval for case studies

Case reports require ethics approval. Most institutions will have specific policies on this subject.
Authors should check with their institution to make sure they are complying with the specific
requirements of their institution and seek ethics approval where needed. Authors should be
aware to secure informed consent from the individual (or parent or guardian if the participant
IS a minor or incapable) See also section on Informed Consent.

Cell lines

If human cells are used, authors must declare in the manuscript: what cell lines were used by
describing the source of the cell line, including when and from where it was obtained, whether
the cell line has recently been authenticated and by what method. If cells were bought from a
life science company the following need to be given in the manuscript: name of company (that
provided the cells), cell type, number of cell line, and batch of cells. It is recommended that
authors check the NCBI database for misidentification and contamination of human cell lines.
This step will alert authors to possible problems with the cell line and may save considerable
time and effort. Further information is available from the International Cell Line Authentication
Committee (ICLAC).

Authors should include a statement that confirms that an institutional or independent ethics
committee (including the name of the ethics committee) approved the study and that informed

consent was obtained from the donor or next of kin.
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Research Resource Identifiers (RRID)

Research Resource Identifiers (RRID) are persistent unique identifiers (effectively similar to a
DOI) for research resources. This journal encourages authors to adopt RRIDs when reporting
key biological resources (antibodies, cell lines, model organisms and tools) in their manuscripts.
Examples:

Organism: Filipltmla(KOMP)Wtsi RRID:MMRRC_055641-UCD

Cell Line: RST307 cell line RRID:CVCL_C321

Antibody: Luciferase antibody DSHB Cat# LUC-3, RRID:AB_2722109

Plasmid: mRuby3 plasmid RRID:Addgene_104005

Software: ImageJ Version 1.2.4 RRID:SCR_003070

RRIDs are provided by the Resource Identification Portal. Many commonly used research
resources already have designated RRIDs. The portal also provides authors links so that They
can quickly register a new resource and obtain an RRID.

Clinical Trial Registration

The World Health Organization (WHO) definition of a clinical trial is "any research study that
prospectively assigns human participants or groups of humans to one or more health-related
interventions to evaluate the effects on health outcomes”. The WHO defines health
interventions as “A health intervention is an act performed for, with or on behalf of a person or
population whose purpose is to assess, improve, maintain, promote or modify health,
functioning or health conditions” and a health-related outcome is generally defined as a change
in the health of a person or population as a result of an intervention. To ensure the integrity of
the reporting of patient-centered trials, authors must register prospective clinical trials (phase

Il to 1V trials) in suitable publicly available repositories. For example www.clinicaltrials.gov
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or any of the primary registries that participate in the WHO International Clinical Trials
Registry Platform.

The trial registration number (TRN) and date of registration should be included as the last line
of the manuscript abstract. For clinical trials that have not been registered prospectively, authors
are encouraged to register retrospectively to ensure the complete publication of all results. The
trial registration number (TRN), date of registration and the words 'retrospectively registered’
should be included as the last line of the manuscript abstract.

Purely observational trials will not require registration.

Standards of reporting

Springer Nature advocates complete and transparent reporting of biomedical and biological
research and research with biological applications. Authors are recommended to adhere to the
minimum reporting guidelines hosted by the EQUATOR Network when preparing their
manuscript.

Exact requirements may vary depending on the journal; please refer to the journal’s Instructions
for Authors.

Checkilists are available for a number of study designs, including:

Randomised trials (CONSORT) and Study protocols (SPIRIT)

Observational studies (STROBE)

Systematic reviews and meta-analyses (PRISMA) and protocols (Prisma-P)
Diagnostic/prognostic studies (STARD) and (TRIPOD)

Case reports (CARE)

Clinical practice guidelines (AGREE) and (RIGHT)

Qualitative research (SRQR) and (COREQ)

Animal pre-clinical studies (ARRIVE)
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Quality improvement studies (SQUIRE)

Economic evaluations (CHEERS)

Summary of requirements

The above should be summarized in a statement and placed in a ‘Declarations’ section before
the reference list under a heading of ‘Ethics approval’.

Examples of statements to be used when ethics approval has been obtained:

« All procedures performed in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable ethical standards. The study was
approved by the Bioethics Committee of the Medical University of A (No. ).

» This study was performed in line with the principles of the Declaration of Helsinki. Approval
was granted by the Ethics Committee of University B (Date.../No. ).

« Approval was obtained from the ethics committee of University C. The procedures used in
this study adhere to the tenets of the Declaration of Helsinki.

» The questionnaire and methodology for this study was approved by the Human Research
Ethics committee of the University of D (Ethics approval number: ).

Examples of statements to be used for a retrospective study:

« Ethical approval was waived by the local Ethics Committee of University A in view of the
retrospective nature of the study and all the procedures being performed were part of the routine
care.

« This research study was conducted retrospectively from data obtained for clinical purposes.
We consulted extensively with the IRB of XYZ who determined that our study did not need

ethical approval. An IRB official waiver of ethical approval was granted from the IRB of XYZ.
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* This retrospective chart review study involving human participants was in accordance with
the ethical standards of the institutional and national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable ethical standards. The Human
Investigation Committee (IRB) of University B approved this study.

Examples of statements to be used when no ethical approval is required/exemption granted:

« This is an observational study. The XYZ Research Ethics Committee has confirmed that no
ethical approval is required.

* The data reproduced from Article X utilized human tissue that was procured via our Biobank
AB, which provides de-identified samples. This study was reviewed and deemed exempt by our
XYZ Institutional Review Board. The BioBank protocols are in accordance with the ethical
standards of our institution and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards.

Authors are responsible for correctness of the statements provided in the manuscript. See also
Authorship Principles. The Editor-in-Chief reserves the right to reject submissions that do not
meet the guidelines described in this section.

INFORMED CONSENT

All individuals have individual rights that are not to be infringed. Individual participants in
studies have, for example, the right to decide what happens to the (identifiable) personal data
gathered, to what they have said during a study or an interview, as well as to any photograph
that was taken. This is especially true concerning images of vulnerable people (e.g. minors,
patients, refugees, etc) or the use of images in sensitive contexts. In many instances authors will
need to secure written consent before including images.

Identifying details (names, dates of birth, identity numbers, biometrical characteristics (such as

facial features, fingerprint, writing style, voice pattern, DNA or other distinguishing
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characteristic) and other information) of the participants that were studied should not be
published in written descriptions, photographs, and genetic profiles unless the information is
essential for scholarly purposes and the participant (or parent/guardian if the participant is a
minor or incapable or legal representative) gave written informed consent for publication.
Complete anonymity is difficult to achieve in some cases. Detailed descriptions of individual
participants, whether of their whole bodies or of body sections, may lead to disclosure of their
identity. Under certain circumstances consent is not required as long as information is
anonymized and the submission does not include images that may identify the person. Informed
consent for publication should be obtained if there is any doubt. For example, masking the eye
region in photographs of participants is inadequate protection of anonymity. If identifying
characteristics are altered to protect anonymity, such as in genetic profiles, authors should
provide assurance that alterations do not distort meaning.

Exceptions where it is not necessary to obtain consent:

« Images such as x rays, laparoscopic images, ultrasound images, brain scans, pathology slides
unless there is a concern about identifying information in which case, authors should ensure
that consent is obtained.

* Reuse of images: If images are being reused from prior publications, the Publisher will assume
that the prior publication obtained the relevant information regarding consent. Authors should
provide the appropriate attribution for republished images.

Consent and already available data and/or biologic material

Regardless of whether material is collected from living or dead patients, they (family or
guardian if the deceased has not made a pre-mortem decision) must have given prior written
consent. The aspect of confidentiality as well as any wishes from the deceased should be

respected.
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Data protection, confidentiality and privacy

When biological material is donated for or data is generated as part of a research project authors
should ensure, as part of the informed consent procedure, that the participants are made aware
what kind of (personal) data will be processed, how it will be used and for what purpose. In
case of data acquired via a biobank/biorepository, it is possible they apply a broad consente
which allows research participants to consent to a broad range of uses of their data and samples
which is regarded by research ethics committees as specific enough to be considered
“informed”. However, authors should always check the specific biobank/biorepository policies
or any other type of data provider policies (in case of non-bio research) to be sure that this is
the case.

Consent to Participate

For all research involving human subjects, freely-given, informed consent to participate in the
study must be obtained from participants (or their parent or legal guardian in the case of children
under 16) and a statement to this effect should appear in the manuscript. In the case of articles
describing human transplantation studies, authors must include a statement declaring that no
organs/tissues  were obtained from prisoners and must also name the
institution(s)/clinic(s)/department(s) via which organs/tissues were obtained. For manuscripts
reporting studies involving vulnerable groups where there is the potential for coercion or Where
consent may not have been fully informed, extra care will be taken by the editor and may be
referred to the Springer Nature Research Integrity Group.

Consent to Publish

Individuals may consent to participate in a study, but object to having their data published in a

journal article. Authors should make sure to also seek consent from individuals to publish their

89



data prior to submitting their paper to a journal. This is in particular applicable to case studies.
A consent to publish form can be found here. (Download docx, 36 kB)

Summary of requirements

The above should be summarized in a statement and placed in a ‘Declarations’ section before
the reference list under a heading of ‘Consent to participate’ and/or ‘Consent to publish’. Other
declarations include Funding, Conflicts of interest/competing interests, Ethics approval,
Consent, Data and/or Code availability and Authors’ contribution statements. Please see the
various examples of wording below and revise/customize the sample statements according to
your own needs.

Sample statements for **Consent to participate':

Informed consent was obtained from all individual participants included in the study.

Informed consent was obtained from legal guardians.

Written informed consent was obtained from the parents.

Verbal informed consent was obtained prior to the interview.

Sample statements for “Consent to publish”:

The authors affirm that human research participants provided informed consent for publication
of the images in Figure(s) 1a, 1b and 1c.

The participant has consented to the submission of the case report to the journal.

Patients signed informed consent regarding publishing their data and photographs.

Sample statements if identifying information about participants is available in the article:
Additional informed consent was obtained from all individual participants for whom identifying

information is included in this article.
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Authors are responsible for correctness of the statements provided in the manuscript. See also
Authorship Principles. The Editor-in-Chief reserves the right to reject submissions that do not
meet the guidelines described in this section.

Images will be removed from publication if authors have not obtained informed consent or the
paper may be removed and replaced with a notice explaining the reason for removal.

AFTER ACCEPTANCE

Upon acceptance of your article you will receive a link to the special Author Query Application
at Springer’s web page where you can sign the Copyright Transfer Statement online and
indicate whether you wish to order OpenChoice, offprints, or printing of figures in color. Once
the Author Query Application has been completed, your article will be processed and you will
receive the proofs.

Copyright transfer

Authors will be asked to transfer copyright of the article to the Publisher (or grant the Publisher
exclusive publication and dissemination rights). This will ensure the widest possible protection
and dissemination of information under copyright laws.

Offprints

Offprints can be ordered by the corresponding author.

Color illustrations

Online publication of color illustrations is free of charge. For color in the print version, authors
will be expected to make a contribution towards the extra costs.

Proof reading

The purpose of the proof is to check for typesetting or conversion errors and the completeness
and accuracy of the text, tables and figures. Substantial changes in content, e.g., new results,

corrected values, title and authorship, are not allowed without the approval of the Editor. After
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online publication, further changes can only be made in the form of an Erratum, which will be
hyperlinked to the article.

Online First

The article will be published online after receipt of the corrected proofs. This is the official first
publication citable with the DOI. After release of the printed version, the paper can also be cited
by issue and page numbers.

OPEN CHOICE

Open Choice allows you to publish open access in more than 1850 Springer Nature journals,
making your research more visible and accessible immediately on publication. Article
processing charges (APCs) vary by journal — view the full list Benefits:

* Increased researcher engagement: Open Choice enables access by anyone with an internet
connection, immediately on publication.

» Higher visibility and impact: In Springer hybrid journals, OA articles are accessed 4 times
more often on average, and cited 1.7 more times on average*.

« Easy compliance with funder and institutional mandates: Many funders require open access
publishing, and some take compliance into account when assessing future grant applications. It
is easy to find funding to support open access — please see our funding and support pages for
more information.

*) Within the first three years of publication. Springer Nature hybrid journal OA impact
analysis, 2018.

Copyright and license term — CC BY Open Choice articles do not require transfer of copyright
as the copyright remains with the author. In opting for open access, the author(s) agree to

publish the article under the Creative Commons Attribution License

92



