e
UNIVERSIDADE DE BRASILIA
CAMPUS UNIVERSITARIO DARCY RIBEIRO

FACULDADE DE MEDICINA
PROGRAMA DE POS-GRADUACAO EM PATOLOGIA MOLECULAR

VICTOR LUNA PICOLO

Impacto da dieta rica em lipidios nas fungdes mitocondriais cerebrais € no

comportamento de peixe-zebra: papel do envelhecimento

BRASILIA

2025



e
UNIVERSIDADE DE BRASILIA
CAMPUS UNIVERSITARIO DARCY RIBEIRO

FACULDADE DE MEDICINA
PROGRAMA DE POS-GRADUACAO EM PATOLOGIA MOLECULAR

VICTOR LUNA PICOLO

Impacto da dieta rica em lipidios nas fungdes mitocondriais cerebrais € no

comportamento de peixe-zebra: papel do envelhecimento

Tese de doutorado apresentada a Faculdade de
Medicina da Universidade de Brasilia como
parte dos requisitos para obtencao do titulo de

doutor em Patologia Molecular

Area de Concentragdo: Bioquimica.

Orientadora: Prof*. Dr*. Andreza Fabro de Bem

Co-orientador: Prof. Dr. Daniel Mendes Pereira Ardisson de Aratjo

BRASILIA

2025



Ficha catalografica elaborada automaticamente,
com os dados fornecidos pelo(a) autor(a)

Luna Picolo, Victor

Impacto da dieta rica em lipidios nas fungdes
mitocondriais cerebrais e no comportamento de peixe-zebra:
papel do envelhecimento / Victor Luna Picolo; orientador
Andreza Fabro de Bem; co-orientador Daniel Ardisson-Aratjo.
Brasilia, 2025.

86 p.

Tese (Doutorado em Patologia Molecular) Universidade de
Brasilia, 2025.

1. Neurociéncia. 2. Metabolismo. 3. Envelhecimento. 4.
Peixe-zebra. 5. Comportamento. I. Fabro de Bem, Andreza,
orient. II. Ardisson-Aradjo, Daniel, co-orient. III. Titulo.




VICTOR LUNA PICOLO

Impacto da dieta rica em lipidios nas fun¢des mitocondriais cerebrais e no

comportamento de peixe-zebra: papel do envelhecimento

Tese de doutorado apresentada a Faculdade de
Medicina da Universidade de Brasilia como parte
dos requisitos para obtengdo do titulo de doutor em

Patologia Molecular

Area de Concentracao: Bioquimica.

BANCA EXAMINADORA
Prof Dra. Andreza Fabro de Bem, Universidade de Brasilia — Presidente
Prof Dr. Felipe von Glehn Silva, Universidade de Brasilia
Prof Dra. Ana Carolina Luchiari, Universidade Federal do Rio Grande do Norte
Dr. Mauro Eugénio Medina Nunes, Universidade Federal do Pampa

Prof. Dr. Rafael Barrera Salgueiro, Universidade de Brasilia - Suplente

BRASILIA

2025



Dedico esta tese a0 meu pai e minha mae com quem

compartilho o mérito de todas as minhas conquistas.



AGRADECIMENTOS

Aos meus pais, minha eterna gratidao. Vocés sdo o alicerce do meu ser, oferecendo
apoio e incentivo em cada passo, tanto na minha trajetoria pessoal quanto profissional.

A professora Andreza Fabro de Bem, deixo meu sincero agradecimento por cada
oportunidades geradas, por sua paciéncia e compreensao. Seu apoio foi imprescindivel para
que eu pudesse crescer ¢ me desenvolver ao longo destes anos.

Agradeco também a todos os professores e colegas que, com dedicacdo e generosidade,
contribuiram para o sucesso deste trabalho. Em especial, as companheiras de bancada,
Whitney Ribeiro Santos e Leticia Alves Tavares, ao professor Jair Trapé Goulart, pelos
ensinamentos e apoio constantes; ¢ ao professor Cesar Koppe Grisolia, cuja acolhida abriu
as portas do seu laboratdrio e cujo apoio constante serviu como exemplo e inspiragdo para
boas praticas cientificas.

Minha gratiddo ao meu colega e amigo Wembley Vilela, que esteve presente tanto nos
momentos de alegria quanto nos dificeis, oferecendo conselhos e ouvindo atento todas
minhas milhdes de reclamagoes.

Aos funcionarios da Universidade de Brasilia, agradeco por tornarem possivel a
realizagdo deste trabalho, direta ou indiretamente, com sua dedicagao e eficiéncia.

E, finalmente, agradego as agéncias de fomento CNPq, CAPES e FAPDF pelo suporte
financeiro.



Sumario

RESUMO ..ttt ettt ettt e st et e e st e st e s e eneesseenseeste s e ensesneenseensens 8
ABSTRACT ...ttt et ettt et ettt s bt ettt e s et e bt e esaeenees 9
LISTA DE ABREVIATURAS ...ttt 10
LISTA DE FIGURAS DA REVISAO BIBLIOGRAFICA .........cccovovieeeeeeeeeeeeeeeeeenn: 11
1. REVISAO BIBLIOGRAFICA ......c.ovriumreiriinrireeisseeesessisseses s 12
1.1.  Padrdes alimentares e impactos para a saide humana ............cccccveeeeveeeeieeeennennne 12
1.1.1.  Papel da dieta sobre as alteragdes metabolicas...........cceecvverieeiienieenieennnnnn. 12
1.1.2. Papel da dieta no desenvolvimento de neuropatologias............cccceeeeuveennnee. 14

A o

1.2.  Modelos animais na investigacao das alteragdes metabolicas e neuroldgicas

INAUZIAAS PEIA QICTA .....vveeeeiiieciie ettt e e e e sbe e e eabe e eereeeeaaeeens 16
1.2.1. Peixe-zebra como modelo de obesidade ¢ disfungdes metabdlicas.............. 18
1.2.2.  Peixe-zebra como modelo de neuropatologias ...........ccccceeveerriieniieieenen. 21

1.3.  Dieta desbalanceada x envelhecimento: Efeito sinergético observado em humanos
€ MNOAECIOS ANTIMALS ...eeeuviieeiiieeiiieeeieeeeiee et e et e e eeeestaeestaeeeteeessaeessseeesssesessseeensseeensseenns 22

1.3.1.  Mecanismos moleculares e fisiologicos dos efeitos da dieta hiperlipidica e

do envelhecimento sObre 0 CNS ..o e 24
1.3.1.1. Efeito do envelhecimento e da dieta hiperlipidica sobre a disfungao
MIEOCONATIAL ...t ettt et 26

JUSTIFICATIVA ...ttt ettt sttt et esaeenne s 29

OBUIETIVOS ...ttt ettt sttt et e sbe et et naeeae s 30

MANUSCRITO SUBMETIDO ......cooiiiiiiiiiniiniieiieeeeeesee ettt 31

CONCLUSOES E PERSPECTIVAS FUTURAS .......oooviiieeeeeeeeeeeeeeeeese e 67

REFERENCIAS BIBLIOGRAFICAS .....couuuvimiirriieeiieeesesisseseseisesessesssesssss e 69

ANEXOS ...ttt ettt a ettt e e a et e ettt e teeaeenae et 84

7.1. Artigo publicado cOmMO PrIMEIr0 QULOT ......cc.eeviruierieriiniiiiecientenie e 84
7.2.  Apresentacao do trabalho em eventos cientifiCos..........ccceevvveeriieercieeencieeeiee e, 84

7.3.  Certificado do comité de ética de uso animal.........coeeeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenn. 87



RESUMO
Envelhecimento e habitos alimentares ndo saudaveis prejudicam, de forma independente e
sinérgica, a homeostase do sistema nervoso central (SNC), aumentando a suscetibilidade a
distarbios neuroldgicos e comportamentais. A mitocondria desempenha um papel critico na
manuten¢do da sobrevivéncia e atividade neuronal, representando um fator central na
patogénese das doengas neurodegenerativas. Aqui, utilizamos o peixe-zebra como modelo
para investigar como o envelhecimento e a dieta hiperlipidica (DH) afetam a bioenergética
cerebral e o comportamento. Peixes-zebra machos jovens (4—6 meses) e envelhecidos (17—
22 meses) foram alimentados por 14 dias com uma dieta padrao ou uma DH a base de gema
de ovo de galinha cozida. As mitocondrias do cérebro foram avaliadas por meio de
respirometria de alta resolug@o, microscopia eletronica de transmissdo (MET) e qRT-PCR.
A DH prejudicou a saude metabolica de ambos os grupos, promovendo ganho de peso,
aumento do comprimento abdominal e elevagdo dos niveis de glicemia em jejum. O
envelhecimento intensificou os efeitos deletérios da DH sobre o comportamento: peixes-
zebra envelhecidos e alimentados com DH exibiram comportamento tipo ansioso no teste do
tanque novo e comprometimento cognitivo no teste do labirinto em T. Notavelmente, a DH
ndo teve efeito significativo sobre o comportamento agressivo, independentemente da idade.
Os efeitos da DH sobre a funcionamento mitocondrial variou conforme a idade: enquanto a
funcdo bioenergética cerebral declinou nos peixes jovens, os animais envelhecidos
apresentaram uma tendéncia oposta. A analise por MET revelou um actimulo aumentado de
mitocondrias fragmentadas no grupo DH, indicando possivel disfungdo mitocondrial. O qRT-
PCR demonstrou aumento na expressao de genes envolvidos na cadeia de transporte de
elétrons, especialmente nos peixes envelhecidos. Concluindo, nossos achados demonstram
uma vulnerabilidade promovida pelo envelhecimento aos efeitos da DH sobre pardmetros

neurocomportamentais e mitocondriais.

Palavras-chaves: Dieta hiperlipidica, Envelhecimento, Peixe-zebra, Metabolismo Cerebral,

Fung¢ao Mitocondrial, Cogni¢ao



ABSTRACT
Aging and unhealthy eating habits independently and synergistically disrupt central nervous
system (CNS) homeostasis, increasing susceptibility to neurological and behavioral
disorders. Mitochondria play a critical role in maintaining neuronal survival and activity,
representing a central player in the pathogenesis of neurodegenerative diseases. Here, we
used zebrafish as a model to investigate how aging and a high-fat diet (HFD) affect brain
bioenergetics and behavior. Young (4—6 months) and aged (17-22 months) male zebrafish
were fed either a standard diet or an HFD based on boiled chicken egg yolk for 14 days.
Brain mitochondria were evaluated using high-resolution respirometry, transmission electron
microscopy (TEM), and qRT-PCR. HFD impaired the metabolic health of both young and
aged animals, promoting weight gain, increased abdominal length, and elevated fasting
glucose levels. Aging intensified the HFD detrimental effects on behavior: aged HFD-fed
zebrafish displayed increased anxiety-like behavior in the novel tank test, and impaired
cognitive performance in the T-maze test. Notably, HFD had no significant effect on
aggressive behavior regardless of age. Mitochondrial responses to HFD differed by age:
while cerebral bioenergetic function declined in young fish, aged animals showed an opposite
trend. TEM analysis revealed increased accumulation of fragmented mitochondria in HFD
group, indicating potential mitochondrial dysfunction. RT-qPCR showed upregulation of
genes involved in the electron transport chain, especially in aged zebrafish. In conclusion,
our findings demonstrate an age-dependent vulnerability to the effects of HFD on both

neurobehavioral and mitochondrial parameters.

Keywords: High fat diet, Aging, Zebrafish, Brain metabolism, Mitochondrial function,

Cognition
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1. REVISAO BIBLIOGRAFICA

1.1.  Padrdes alimentares e impactos para a saide humana

Nos ultimos 40 anos observamos intensa modificacao dos padrdes alimentares da populagao
em todo o mundo, com aumento exponencial da produgdo e consumo de alimentos
ultraprocessados. Esses alimentos sdo altamente palatdveis e caracterizados pela sua pobreza
nutricional, contendo baixo teor de fibras, proteinas, vitaminas e minerais, com alta concentragao
caloricas, e de agucares e gorduras (Monteiro et al., 2019). Esse novo padrdo alimentar estd
associado a uma piora na qualidade e na expectativa de vida das populagdes, por conta do aumento
da suscetibilidade a diversas doencas (de Miranda et al., 2021; Gomes Gongalves et al., 2023). O
preco acessivel e a praticidade de consumo dos alimentos ultraprocessados permitiram a sua
incorporagdo generalizada no dia a dia de individuos de todas as classes sociais, inclusive em paises
pobres e em desenvolvimento (Ferreira et al., 2024; Popkin et al., 2012). Calcula-se que esse tipo
alimento colabora para metade do consumo diario de energia em paises de alta renda (Baraldi et
al., 2018; Moubarac et al., 2017), enquanto em paises de média renda, o valor chegue a um terco

(Da Costa Louzada et al., 2018; Marrén-Ponce et al., 2018).

O consumo excessivo de agucares e/ou gorduras causam prejuizo a saude, impactando a
homeostase de diversos 6rgdos e sistemas do nosso corpo e propiciando o desenvolvimento de
doengas como a obesidade, doencas cardiovasculares, sindrome metabolica, dislipidemia, esteatose
hepatica, diabetes, alguns tipos de canceres, bem como doengas neurologicas e psiquidtricas (de
Miranda et al., 2021; Pagliai et al., 2021). Assim, as alteragdes nos padrdes alimentares tém se
tornado um preocupante fator para a satide publica mundialmente, sendo uma das principais causas

da epidemia de obesidade e de suas comorbidades (Popkin et al., 2012; Vandevijvere et al., 2015).

1.1.1. Papel da dieta sobre as alteracdes metabolicas

O desbalanco entre os macronutrientes, bem como o persistente consumo de calorias em
excesso terd impacto sobre a satde metabolica do individuo, sobretudo através do aumento da
adipogénese. As disfun¢des metabolicas, por sua vez, t€ém sido um tema central de estudo, por seu

efeito generalizado na satde, estando a associada a processos patogé€nicos (Saklayen, 2018). O
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aumento na incidéncia de diferentes patologias, reduz a qualidade e expetativa de vida, impactando
o envelhecimento sauddvel e promovendo maior gasto com saude publica, com impacto na
capacidade produtiva do pais (Lobstein et al., 2023). Por exemplo, individuos com sindrome
metabolica possuem o dobro de risco de desenvolver doengas cardiovasculares dentro de 5-10 anos,

enquanto que os risco para diabetes mellitus quintuplica (Alberti et al., 2009).

A disfuncao metabolica pode ser observada a partir de diversas caracteristicas, como aumentos
dos niveis sanguineos de colesterol, triglicerideos e glicose, maior circunferéncia abdominal,
resisténcia sistémica a hormonios como insulina e leptina, pressdo sanguinea alterada e inflamacao
sistémica. Assim, diferentes organizagdes tém se empenhado para desenvolver critérios
diagnosticos para a sindrome metabolica, variando pouco entre si. Esse entendimento foi unificado
pela associacdo American Heart Association/National Heart, Lung and Blood Institute
(AHA/NHLBI) (Alberti et al., 2009) a partir da observagao de trés dos cinco critérios seguintes:
(1) elevagdo da adiposidade visceral, (2) da glicemia em jejum, (3) da pressdao sanguinea, (4) dos

triglicerideos e (5) reducdo do HDL.

O calculo da incidéncia da sindrome metabodlica é complicado devido a variagdo dos critérios
diagndsticos, bem como da relagdo com outras doengas como obesidade e diabetes, dificultando a
precisdo do diagnostico. Entretanto, acredita-se que a sindrome metabolica alcance niveis
pandémicos, atingindo mais de um ter¢o da populacdo Estado-Unidense e um quarto da populagado
mundial (NCHS, 2012). Junto com a redug¢do da pratica de atividade fisica, o consumo de dietas
desbalanceadas ¢ considerada o principal fator do aumento exorbitante de casos de sindrome
metabolica (Saklayen, 2018). Alguns dados epidemioldgicos apontam que maus habitos
alimentares ¢ um fator ainda mais relevante que o sedentarismo (Casazza et al., 2009; Hu, 2013).
Em um estudo prospectivo envolvendo 120.877 participantes analisados por 12-20 anos, observou-
se que os habitos alimentares tiveram o dobro do efeito no ganho de peso, quando comparado com
a pratica de atividade fisica (Mozaffarian et al., 2011). Em um estudo com 6.385 participantes,
observou-se uma associagao linear entre o consumo de alimentos ultraprocessados e a incidéncia
de sindrome metabolica. Pessoas com ingestao caldrica oriunda de ultraprocessados maior do que
71% apresentaram uma prevaléncia de sindrome metabdlica 28% maior que os individuos que
consumiam menos de 40% de suas calorias em alimentos ultraprocessados (Martinez Steele et al.,

2019).
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Importante notar que dificilmente a sindrome metabolica se apresentar sozinha, sendo
considerada uma comorbidade de doengas como obesidade, diabetes e hipertensao (Monteiro et al.,
2019). Por exemplo, a adiposidade visceral, avaliada através da circunferéncia abdominal, ¢ um
dos principais critérios diagndsticos da sindrome metabolica e possui papel central na ativagao de
mecanismo patogénicos, como inflamagao sistémica e alteragdes endocrinas. Ao mesmo tempo,
essa mesma caracteristica ¢ tipica da obesidade (Matsuzawa et al., 2011). Assim, para entender o
impacto das alteragdes alimentares na salide metabdlica ¢ importante ressaltar a tendéncia de
aumento dos casos de obesidade, diabetes mellitus, dentre outras doencas associadas ao consumo
de dietas desbalanceadas. No caso da obesidade, calcula-se que a incidéncia entre 1990 e 2022
tenha duplicado em adultos e quadruplicado em criangas, atingindo 16% da populagdo mundial em
2022 (World Health Organization, 2024), enquanto que a diabetes afetou 415 milhdes de pessoas
em 2015 (9% da populacdo). No mesmo ano, estima-se que com 5 milhdes de mortes e 12% do
gasto mundial com satde estivesse associada com a diabetes (IDF, 2015; Schwingshackl et al.,

2017).

1.1.2. Papel da dieta no desenvolvimento de neuropatologias

Habitos alimentares saudaveis sdo essenciais para manter a satide do sistema nervoso central e
prevenir neuropatologias no curto prazo, bem como ao longo do envelhecimento. Um estudo
recente analisou os componentes da dieta de mais de 180.000 participantes, agrupando-os de
acordo com o equilibrio entre os tipos de alimentos. Observou-se que consumir uma dieta
balanceada promoveu melhores escores de bem-estar e saude cerebral, como demonstrado pela
reducdo de sintomas depressivos, ansiosos, de estresse, de comportamento autodestrutivo e
traumas. Houve também reducao da suscetibilidade ao desenvolvimento de esquizofrenia, doenca
de Alzheimer e de Parkinson, acidente vascular cerebral e transtorno de humor bipolar. A cognigao
foi avaliada por meio de seis testes, dos quais quatro demonstraram o impacto negativo das dietas
desbalanceadas. Além disso, uma dieta equilibrada promoveu a manuten¢do do volume de diversas
areas cerebrais, incluindo areas relacionadas com a cogni¢ao e o processamento de emogdes. Tudo
i1sso foi acompanhado por alteragdes metabodlicas que afetam diretamente o SNC, demonstrando
como a dieta ¢ capaz de influenciar o funcionamento do SNC de forma generalizada e profunda,

geralmente associada com alteragdes metabdlicas sistémicas (R. Zhang et al., 2024).
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No Brasil um estudo longitudinal avaliou os hébitos alimentares de 10.775 participantes por 6-
10 anos. Durante esse periodo a cogni¢do foi avaliada a cada 2-3 anos por meio de seis testes
diferentes. Individuos com piores hédbitos alimentares tiveram um aumento de 28% na taxa de piora
na cognic¢do global ao longo do tempo, enquanto o declinio das fung¢des executivas foi 25% maior
(Gomes Gongalves et al., 2023). O consumo de alimentos ultraprocessados foi associado com
alteragdes comportamentais e psiquidtricas em humanos, como o desenvolvimento de sintomas

depressivos (Adjibade et al., 2019).

Estudos com modelos animais apontam que as alteragdes metabolicas induzidas pela dieta tem
papel fundamental nas alteragdes do SNC (de Bem et al., 2021), o que em humanos pode explicar
a maior suscetibilidade a doengas psiquiatricas, neurodegenerativas e déficit cognitivo. A
predisposicdo genética a doencas metabolicas ¢ considerada como um fator de risco para o
desenvolvimento de doencas psiquiatricas como depressao, transtorno de déficit de atengao,
ansiedade e esquizofrenia (Gao et al., 2024). Um estudo de metanélise demonstrou a relagdo das
disfuncdes metabdlicas com o agravamento do quadro de desordem bipolar e o pior desempenho
cognitivo (Giménez-Palomo et al., 2022). Em outro estudo envolvendo mais de 2200 individuo,
observou-se uma correlacdo entre quadros de depressdo atipica e a resisténcia a leptina,
caracteristica comum da obesidade e do consumo cronico de dietas desbalanceada. O efeito foi
maior considerando-se a adiposidade corporal, destacando-se o papel da disfungdo metabolica na
satide mental (Milaneschi et al., 2017). O consumo de dietas desbalanceadas estd associado com o
aumento da agressividade e da ansiedade em humanos (Choy, 2023), sendo mais observado em
individuos obesos e com disfungdes metabolicas (Cerniglia et al., 2018; Lindberg et al., 2020). Tais
alteragdes comportamentais e de humor podem ser geradas pelo efeito pro-inflamatorio da dieta,
que ird impactar localmente o cérebro (Maes et al., 2008). Corroborando esses resultados, um
estudo com 336 participantes demonstrou a associagdo de maior comportamento agressivo com o
consumo de dieta desbalanceada e maior circunferéncia abdominal, bem como menores niveis de

triptofano circulante e de serotonina no cérebro (Abiri et al., 2023).

Cabe ressaltar que alguns estudos em humanos apontam para um relag@o bidirecional entre os
habitos alimentares e sintomas psiquiatricos, comportamentais e/ou cognitivos (Gao et al., 2024;
Maksyutynska et al., 2024). Ocorre que os sintomas psiquiatricos e cognitivos podem impelir maus

habitos alimentares, o que por sua vez promove o agravamento dos sintomas neurologicos. Esse
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fenomeno ¢ chamado por alguns autores como sindrome do metabolismo-humor, no qual as
alteragdes metabdlicas induzidas pela dieta ira ativar mecanismos como desregulacdo do humor e
dos sistemas de reguladores de saciedade aumentando a suscetibilidade ao consumo de dietas
desbalanceadas, formando desta forma um ciclo (Mansur et al., 2015). Da mesma forma, observou-
se uma relagdo bidirecional entre a diabetes e a incidéncia/ gravidade de progressao da depressao,
o que foi acompanhado por importantes marcadores de alteragdo neurologica, i.e. neuroinflamagao,
alteragdes estruturais do hipocampo e desregulagdes autondmicas e neuro-hormonais

(Semenkovich et al., 2015).

A aplicagdo de protocolos com intervengdes dietéticas permite elucidar o impacto da dieta sobre
o SNC através da modulacdo de parametros metabolicos. Attuquayefio et al. demonstrou que esse
efeito pode ocorrer de forma extremamente rapida. 102 individuos jovens e sauddveis foram
orientados a consumir um café da manha padrao ou um rico em gordura saturada e agticar durante
4 dias. Esse curto periodo de dieta desbalanceada prejudicou a memoria dependente do hipocampo
de forma proporcional ao aumento dos niveis de glicose circulante (Attuquayefio et al., 2017). Em
outro estudo, os habitos alimentares de 52 criangas com 7-9 anos foram avaliados. O consumo de
acidos graxos ndo saturados se correlacionaram negativamente com o desempenho cognitivo
dependente do hipocampo, demonstrando a vulnerabilidade do SNC a dieta mesmo em tenra idade
(Baym et al., 2014). Alteracdes metabolicas também estdo associadas a maior incidéncia e
gravidade da progressdo de doengas neurodegenerativas ao longo do envelhecimento (Procaccini
et al., 2016), enquanto que a melhora nos parametros metabodlicos podem reduzir os sintomas da

doenca de Alzheimer (Watson et al., 2005).

1.2. Modelos animais na investigacdo das alteracdes metabdlicas e neurolégicas induzidas
pela dieta

Ainda ndo se compreende totalmente como a dieta impacta o sistema nervoso central, pois uma
série de mecanismos e processos neurofisiologicos estdo envolvidos, como a neuroinflamagao e,
especialmente, a disfun¢do mitocondrial (McGrattan et al., 2019; Spencer, D’ Angelo, et al., 2017a).
Modelos animais, sobretudo roedores, sao amplamente utilizados para entender como cada um
desses mecanismo sdo ativados e relacionam entre si. Um crescente corpo de evidéncias sugere

que alteracdes metabdlicas sistémicas induzidas pela dieta, como aumento de lipidios e glicose
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circulantes, fatores pro-inflamatdrios e distarbios endodcrinos, impactardo localmente o sistema
nervoso central, ativando mecanismos moleculares e celulares no cérebro (de Bem et al., 2021; Y.
Zhang et al., 2024). Consequentemente, a sobrevivéncia e o funcionamento neuronal sdo afetadas,
promovendo o aparecimento de sintomas como déficits cognitivos, agressividade e comportamento

tipo ansioso e depressivo (Evans et al., 2024; Tan & Norhaizan, 2019).

Nesse contexto, diversos protocolos de dietas desbalanceadas sao descritos em modelos
animais, com o objetivo de determinar a relacdao causalista entre os maus héabitos alimentares e
parametros neuroldgicos e comportamentais. As dietas hiperlipidica (DH) sdo bastante aplicadas,
evidenciando os efeitos deletérios da ingesta excessiva de lipideos no SNC. Camundongos
alimentados com DH por 12 semanas desenvolveram resisténcia a insulina e hiperglicemia
associado a prejuizos cognitivos avaliado pelo labirinto aquatico de Morris. O impacto na cognicao
foi relacionado com altera¢des no hipocampo, incluindo inflamagao e acimulo de proteinas Tau-
fosforilada (p-Tau) e amiloide- e estresse oxidativo com efeito na peroxidagdo lipidica. O
tratamento com metformina, um farmaco hipoglicemiante utilizados no tratamento de diabetes, foi
eficaz em reduzir as disfungdes metabolicas e alteragdes hipocampais, resultando em uma melhora
cognitiva em roedores (FangFang et al., 2017). Resultados similares foram obtidos com ratos
alimentados com DH, demonstrando o potencial da metformina em combater as alteragdes
metabolicas, e prevenir as expressdo de citocinas e marcadores de ativacdo glial no hipotalamo,
hipocampo, cortex pré-frontal e amidala (Mandwie et al., 2021). Corroborando esses resultados, o
tratamento com metformina em humanos com prejuizos cognitivos associados a hiperglicemia

também promoveu melhora cognitiva (Lin et al., 2018).

As alteragdes metabolicas em camundongos alimentados com DH (i.e. aumento de peso,
resisténcia a insulina e hiperglicemia), também foi associada com desenvolvimento de sintomas
tipo ansioso e depressivo. Conjuntamente, houve desregulagdo da sinalizagdo insulinica e do
metabolismo de glicose no cérebro, bem como ativagdo de mecanismos neuroinflamatorios. O
controle farmacolégico da inflamacdo foi capaz de remediar o comportamento tipo ansioso
induzido pela dieta (Dutheil et al., 2016). Em outro estudo, o consumo de DH por ratas fémeas
promoveu o comportamento tipo ansioso nos testes do campo aberto e no campo claro/escuro. Em
associagdo, houve alteracao na expressao de genes relacionados a sinalizacdo de glicocorticoide e

a processos inflamatdrios no hipocampo, demonstrando que as alteragdes comportamentais podem
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estar relacionadas a mecanismos de sinalizag@o de estresse no hipocampo (Sivanathan et al., 2015).
Corroborando esses dados, camundongos alimentados com DH apresentaram maior agressividade

e ansiedade, bem como aumento dos niveis séricos de glicocorticoides (Buchenauer et al., 2009).

Mesmo no curto prazo, a dieta hiperlipidica impacta o SNC promovendo déficit cognitivo e
alteracdes comportamentais. Apenas 3 dias de DH ja foi capaz de ativar mecanismo de
neuroinflamagdo e apoptose no hipocampo de camundongos, em associagdo com disfungdes
metabolicas (Nakandakari et al., 2019), demonstrando como o hipocampo ¢ vulneravel e
rapidamente afetado pela dieta. Estudo do nosso grupo de pesquisa mostrou que a cognicao e a
permeabilidade da barreira hematoencefalica em camundongos foi afetada na primeira semana de
ingestdo de DH. Sinais de neuroinflamagao, disfuncdo mitocondrial e densidade sindptica reduzida
no hipocampo foram verificados apds 4 semanas de DH. O tratamento com anti-inflamatério
periférico, Infliximab (neutralizador de TNF- o), foi capaz de prevenir o prejuizo cognitivo e o
desenvolvimento de comportamento tipo depressivo (de Paula et al., 2021). Em outro estudo, ratos
alimentados com DH por 20 dias apresentaram aumento sérico de insulina, leptina e triglicerideo,
além de aumento de massa corporal total e de tecido adiposo branco. Detectou-se marcadores de
neuroinflamagdo e estresse oxidativo no hipocampo, o que foi acompanhado de déficit cognitivo
no teste de realocacao de objeto apos 5 dias de dieta, enquanto ndo foi observado efeito no teste de
reconhecimento do objeto. Tal resultado demonstra a vulnerabilidade do hipocampo aos efeitos da
dieta, tendo em vista que o teste de reconhecimento de objeto depende menos do hipocampo e mais
de outras areas cerebrais, quando comparado com o teste de realocacdo do objeto, que depende

majoritariamente do hipocampo (Beilharz et al., 2014).

1.2.1. Peixe-zebra como modelo de obesidade e disfuncdes metabdlicas

O peixe-zebra ja ¢ um modelo animal bem consolidado no estudo de diversas doencas
humanas como a obesidade, distirbios metabdlicos e doengas neurologicas (Angom & Nakka,
2024; Faillaci et al., 2018; Kalueff et al., 2014). O potencial translacional do peixe-zebra ¢
possibilitado pelas semelhangas com os mamiferos do ponto de vista anatomico, fisiologico e
genético (Zang et al., 2018a). O peixe-zebra possui 70% dos genes humanos e cerca de 82% dos
genes associados com patologias humanas (Howe et al., 2013). Além disso, o animal possui

diversas vantagens, como o pequeno tamanho corporal, ciclo de vida curto, rdpida maturacao
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sexual com grande produgdo de ovos e facilidade, baixo custo para manuten¢do em biotério e
facilidade de manuseio em laboratério (Bradford et al., 2017; Choi et al., 2021; figura 1). O peixe-
zebra também ¢ uma ferramenta poderosa na triagem e desenvolvimento de farmacos, bem como
para a avaliagdo dos efeitos de substancias presentes no ambiente. Isso € possibilitado pela
facilidade de exposi¢do as substancias na dgua, a possibilidade de se trabalhar com um grande N
amostral e pelo desenvolvimento embriondrio rapido e visivel a olho nu, o que permite avaliar o

efeito no desenvolvimento embrionario (Yoganantharjah & Gibert, 2017; figura 2).

Zebrafish Monkey
eSmall size, large number of eggs, short eMetabolic physiology and anatomy similar to
growth cycle humans

eAdult fish farming is simple
eObesity-like and T2DM-like models
|t shares 87% genetic homology with
humans

eConserved biochemistry

eDistinct physiology and anatomy

eGenetic identity close to that of humans
eTranslational relevance

ePossible to conduct blood sampling,
endoscopy and serial laparoscopic biopsies
eSmall number of animals, high maintenance
costs, ethical issues

eLong production cycle and weak fecundity

The advantages and
disadvantages of four typical
animal models

Rodent

eNumerous models of obesity and T2DM
Pig ° , eThey are widely distributed, reproduce
*Operative fecity is strong - 2 quickly, are available in large quantities and are
eEvaluation of medical devices/surgical by relatively cheap
techniques: Biological artificial pancreas, eMetabolic phenotyping technology available
bariatric surgery o Cost-effffective and multiparity
eTechnology maturity: gene modification ePancreatic islet architecture distinct from
technology humans
«Costly and specialized facilities required eMonogenic models are not representative of
eLong life cycle most human diseases
eCost more than small animals *The way we carry weight is different

Figura 1. Vantagens e desvantagens dos principais modelos animais no estudo de doengas metabélicas. O uso
de diferentes modelos animais permite abordagens experimentais diversas e a avaliagdo de mecanismos conservados
filogeneticamente. O peixe-zebra é considerado um modelo relativamente novo e ainda pouco explorado, apesar de
contar com vantagens Unicas em relagdo aos modelos classicos como transparéncia corporal, rapido ciclo de vida e
facilidade de manipulagdo genética. Imagem copiada de (Cao et al., 2023) sob licenga Creative Commons Attribution

4.0 International.
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Figura 2. Comparativo do desenvolvimento embrionario entre diferentes espécies. O peixe-zebra possui um
desenvolvimento embriondrio bastante rapido, com o fim da organogénese ocorrendo 30 horas apés a fertilizagdo.
Durante esse processo o animal possui transparéncia corporal e visivel por meio de estereomicroscéopio facilitando a
aplicacao de técnicas de microscopia. Imagem copiada de (Cao et al., 2023) sob licenca Creative Commons Attribution
4.0 International.

A aplicacao do peixe-zebra no estudo da obesidade e alteragdes metabdlicas € possibilitado
pela semelhangas fisiologica e celular do tecido adiposo branco ¢ marrom, bem como dos 6rgaos
chaves para o estudo dessas condigdes (Cao et al., 2023; Seth et al., 2013). H4 conservacao de
mecanismos celulares e bioquimicos associados com o metabolismo de glicose, colesterol e
lipideos (Elo et al., 2007; Oka et al., 2010) e das vias de sinalizacdo da homeostase energética e da
sinalizagdo neuroenddcrina da saciedade (Gut et al., 2017; Nishio et al., 2012). Além disso, o
desenvolvimento embrionério externo e a transparéncia corporal nas primeiras semanas de vida
permitem a facil aplicagdo de métodos de microscopia com marcadores de lipideo para avaliar o
desenvolvimento do tecido adiposo e o metabolismo e transporte de lipideo (Anderson et al., 2011;
Flynn et al., 2009).

Os resultados obtidos com o peixe-zebra no estudo da obesidade e alteragdes metabolicas
se assemelham aos dos mamiferos (Cao et al., 2023; Gut et al., 2017; Oka et al., 2010), inclusive
em relacdo ao resultado de abordagens farmacologicas e terapéuticas para tratar ou prevenir tais
condigdes (Asaoka et al., 2013; Misselbeck et al., 2019; Nakayama et al., 2018, 2020). O consumo
de DH baseado em gema de ovo por 8 semanas levou a um aumento nos niveis de glicose,
triglicerideos e colesterol circulantes, além do aumento da adiposidade geral e visceral (Landgraf

et al.,, 2017). Uma dieta semelhante foi aplicada por nosso grupo por apenas duas semanas,
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promovendo aumento de peso, do index de massa corporal e do comprimento abdominal, um

indicativo de adiposidade visceral (Picolo et al., 2021).

1.2.2. Peixe-zebra como modelo de neuropatologias

O sistema nervoso central do peixe-zebra possui conservacao em relacdo aos mamiferos
tanto do ponto de vista morfologico, fisioldgico e celular, permitindo seu uso como modelo de
estudo de diversas neuropatologias. Estdo presentes todos o0s neurotransmissores,
neuromoduladores, bem como seus receptores (Soussi-Yanicostas, 2022). Ha estruturas homologas
as principais areas cerebrais dos mamiferos relevantes para o estudo da cogni¢do, memoria e
regulacdo do humor/ comportamento, como o palio dorso-lateral (Northcutt, 2006; Portavella et
al., 2002), palio medial (Braford, 1995) e o palio dorsal (Mueller et al., 2011), que sao homoélogos
ao hipocampo, a amidala e ao isocortex, respectivamente. A disposi¢ao dos tipos neuronais em cada
regido do cérebro se assemelha ao observado em mamiferos, formando conexdes e circuitos
neuronais semelhantes. (Alsop & Vijayan, 2009; Panula et al., 2006). O sistema serotoninérgico ¢
formado por neur6nios em areas como o hipotalamo, talamo nucleo da Rafe anterior, cerebelo e
glandula pineal (Lillesaar, 2011), e estd associado com locomogao (Brustein et al., 2003; Gabriel
et al., 2009), comportamento tipo ansioso (Bencan et al., 2009; Sackerman et al., 2010) e
comportamento agressivo (Jones & Norton, 2015; Teles et al., 2013). O sistema dopaminérgico
também € conservado no peixe e possui papel do controle motor (Anichtchik et al., 2004; Flinn et
al., 2008). Neuronios histaminérgicos no hipocampo, amidala e hipotadlamo estao associados com
regulacdo da memoria, comportamento tipo ansioso e estado de alerta/vigilia (Peitsaro et al., 2003).

Ha conservagdo funcional e celular das células da neuroglia, incluindo a microglia,
astrocitos e oligodendrdcitos, que estdo envolvidas em processos neuropatologicos semelhantes
aos humanos. Por exemplo, a resposta da microglia a moduladores centrais e sist€émicos €
semelhante aos mamiferos, resultando em processos neuroinflamatdrios considerados centrais na
patogénese de doencas neurodegenerativas e psiquiatricas (Zabegalov et al., 2021). Desta forma, o
peixe-zebra tem permitido descobertas e avangos no estudo de neuropatologias como, depressao,
transtornos de ansiedade e de agressividade (Bally-Cuif & Vernier, 2010; Kyzar et al., 2013;
Maximino et al., 2010), distirbios de memoria e aprendizado (Michael Stewart & V. Kalueff,
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2012), doengas neurodegenerativas (Kanoh et al., 2024; Panula et al., 2006), além de ser uma
excelente ferramenta para a triagem de substancias neuroativas (Kalueff et al., 2014).

O peixe-zebra vem se mostrando um excelente modelo para se avaliar os efeitos das
alteragdes metabolicas sobre o SNC. Sao descritos tanto modelos genéticos como protocolos de
intervengdo dietéticas que promovem mudangas metabolicas como aumento de colesterol e
triglicerideos circulantes, aumento de massa gorda, esteatose hepdtica, alteracdes enddcrinas,
incluindo resisténcia a insulina e leptina e inflamacao sistémica. Em resposta, ocorre a ativagao de
mecanismos neuropatolégicos como disfungdo da barreira hematoencefalica, estresse oxidativo,
neuroinflamagdo, resisténcia hormonal central, e prejuizos a plasticidade neuronal (Ghaddar &
Diotel, 2022).

Diversas protocolos de dieta desbalanceadas sao descritos e aplicados em peixe-zebra,
gerando resultados semelhantes aos observados em roedores (Angom & Nakka, 2024; Seth et al.,
2013). No nosso trabalho anterior, demonstramos que apenas 2 semanas de uma DH a base de gema
de ovo pode provocar comportamento agressivo e ansioso e cognicao prejudicada em peixe-zebra
adulto (Picolo et al., 2021). Em outro estudo, apos consumir uma DH a base de banha por 8
semanas, os peixes-zebra desenvolveram déficit cognitivo associado a modulagao cerebral de genes
responsaveis pela defesa antioxidante, integridade da barreira hematoencefélica, funcdo neuronal,
apoptose e metabolismo de amiloide- 3 (Meguro et al., 2019). O consumo de dieta rica em glicose
e colesterol por 19 dias promoveu uma robusta resposta pro-inflamatoria sist€émica, além de
aumento dos niveis séricos de glicose, triglicerideos e colesterol total. Em associagdo, houve
estimulacdo do comportamento tipo ansioso com aumento de marcadores de inflamagao e apoptose
no cérebro (J. Wang et al.,, 2020). Peixe-zebra obesos superalimentados por 4 semanas
apresentaram vazamento da barreira hematoencefélica, neuroinflamacdo, estresse oxidativo
cerebral e neurogénese prejudicada. Uma abordagem terapéutica a base de extrato de planta foi
capaz de reverter esses efeitos em associagdo com uma melhora nos parametros metabolicos

(Ghaddar et al., 2020).

1.3. Dieta desbalanceada x envelhecimento: Efeito sinergético observado em humanos e
modelos animais

Com o aumento consideravel da expectativa de vida nos ultimos anos, houve um

envelhecimento mundial da populagdo sobretudo em paises desenvolvidos, acompanhado de
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impactos relevantes aos sistemas de saude. Entre 1990 e 2017, a propor¢do de pessoas com mais
de 65 anos cresceu de 6,1% para 8,8% e estima-se que em 2050 chegue a 16% (Cheng et al., 2020).
Com o envelhecimento, uma série de processos fisiologicos, celulares e biomoleculares sio
prejudicados (Lopez-Otin et al., 2013; figura 3) promovendo um prejuizo generalizado a satde e
aumentando a predisposi¢ao a doengas como diabetes, hipercolesterolemia e hipertensao e doengas

neuroldgicas como deméncia e doengas neurodegenerativas e psiquiatricas (Prince et al., 2015).

Figura 3. Processos fisiologicos e celulares afetados pelo envelhecimento. A predisposicio a doencas pelo
envelhecimento estd associada com o prejuizo de uma série de processos fisiologicos e celulares, como o acumulo de
mutagdes genéticas, aumento da morte e quiescéncia celular, desregulagdo de processos celulares vitais e disfungdes
metabolicas e hormonais. Essas mudangas ocorrem de forma generalizada, afetando o funcionamento dos diversos
tipos celulares, bem como todos os 6rgdos e sistemas do nosso corpo. Imagem copiada de (Lopez-Otin et al., 2013)

sob licenca Creative Commons Attribution 4.0 International.

Os impactos do envelhecimento na saide sdao acentuados pelo consumo de dietas
desbalanceadas. Ambos sdo fatores independentes para o desenvolvimento de disfungdes

metabolicas em humanos, apresentando efeito sinergético quando associados (Stout et al., 2017).
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Estudos com modelos animais demonstram que através das alteracdes metabdlicas, tanto o
consumo de dietas desequilibradas como o envelhecimento desencadeiam processos deletérios
semelhantes no cérebro de humanos, como disfuncdo da barreira hematoencefalica, estresse
oxidativo, neuroinflamac¢ao, plasticidade sinaptica prejudicada e, especialmente, disfuncao
mitocondrial. Desta forma, a sobreposicdo dos fatores ird afetar mais severamente o SNC,
aumentando ainda mais a propensao a doengas neuroldgicas e psiquiatricas. Pesquisa recente com
gémeos demonstrou que os habitos alimentares podem retardar ou acelerar o processo de
envelhecimento biologico geral (Ravi et al., 2025). Fendmeno semelhante ¢ observado localmente
no cérebro, ja que o consumo de DH pode levar a um envelhecimento prematuro do cérebro, com
a instauracdo precoce de marcadores de neuropatologias como a doenca de Alzheimer, i.e.
neuroinflamac¢ao, acumulagao de amiloide- B (Butler et al., 2020; McGrattan et al., 2019; Spencer
et al., 2019) e aceleragao do processo de poda sinaptica através da hiperativacdo do sistema

complemento (Mackey-Alfonso et al., 2024).

Corroborando esse entendimento, um estudo envolvendo 8630 pessoas demonstrou que o
consumo de gordura saturada aumentou o risco de desenvolver doenca de Alzheimer e deméncia
em 39% e 105%, respectivamente, com desenvolvimento precoce de sintomas associados com as
alteragdes metabodlicas induzidas pela dieta (Ruan et al., 2018). Curiosamente, intervengdes
dietéticas podem aliviar ou até reverter sintomas e alteragdes neurologicas associadas ao

envelhecimento, demonstrando a forte relacdo entre envelhecimento e dieta (Lobo et al., 2022).

1.3.1. Mecanismos moleculares e fisiologicos dos efeitos da dieta hiperlipidica e do
envelhecimento sobre o CNS

O hipocampo e a amigdala cerebral sdo areas em destaque na avalia¢do dos efeitos da dieta e
do envelhecimento sobre o0 CNS, pois desempenham papel fundamental nos processos de memoria,
aprendizado e regulacdo do humor, sdo altamente vulneraveis as alteragdes induzidas pela dieta e
pelo envelhecimento e, desta forma, estdo associados aos sintomas observados (Mulati et al., 2021;
Zhuang et al., 2022). Curiosamente, Spencer (2017;2019) demostrou que tanto a memoria
dependente do hipocampo quanto da amigdala foi prejudicada pelo consumo de DH por ratos
idosos, mas ndo em ratos jovens. Além disso, o declinio cognitivo foi acompanhado por

neuroinflamagdo, conforme indicado pelo aumento de IL-1b e marcadores de ativagdo da microglia
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(Ibal e cd11b) nos idosos. Ja a aplicagdo de um antagonista do receptor de IL-1b reverteu as
alteragdes cognitivas e mitocondriais, demonstrando a maior vulnerabilidade de individuos idosos
ao consumo de DH (Spencer et al., 2019; Spencer, D’Angelo, et al., 2017a). Ratos idosos
alimentados com DH apresentam prejuizo do mecanismo de potenciagdo de longo prazo, o que €
associado com a incidéncia de processos neuroinflamatérios especialmente no hipocampo. Quando
tratados com um antagonista do receptor de IL-1 também houve uma recuperacio da cogni¢do e
uma normaliza¢do dos parametros neurologicos (Gonzalez Olmo et al., 2023). Em outro estudo,
observou-se o efeito sinergético do envelhecimento e do consumo de DH no desenvolvimento de
comportamento tipo ansioso e de déficit cognitivo, associado com uma maior ativagao microglial.
Uma andlise protedmica do hipotdlamo demonstrou que tanto o envelhecimento como o consumo
de DH alteraram vias relacionadas com a sinalizagdo metabdlica e com processos
neurodegenerativos (Evans et al., 2024). Butler (2020) realizou uma andlise lipidica do hipocampo
e amidala de ratos jovens e idosos consumindo uma dieta padrdo ou um DH por apenas 3 dias.
Observou-se que o curto periodo de consumo de DH promoveu um desbalango pro-inflamatério
do perfil lipidico nas duas areas cerebrais analisadas. Esse efeito foi potencializado pelo
envelhecimento, conjuntamente com a maior ativacdo microglial e o aumento de citocinas

inflamatoérias no cérebro dos ratos idosos consumidores de DH (Butler et al., 2020).

Ha apenas dois estudos com peixe-zebra onde se avaliou a associagdo entre o envelhecimento
e o consumo de dietas desbalanceadas. Connaughton (2016) demonstrou que peixes-zebra mais
velhos possuem maior propensdo a desenvolver aumento de glicemia sérica quando exposto a uma
dieta hiperglicémica. Esse resultado se assemelha ao observado em mamiferos, onde individuos
mais velhos sdo mais propensos a alteragdes metabolicas induzidas pela dieta (Connaughton et al.,
2016). Outro estudo demonstrou que as alteragdes metabolicas induzidas por dieta hipercalorica
foram responsaveis pelo estabelecimento precoce de mecanismos relacionados ao envelhecimento,
1.e. alteragdes do ciclo circadiano e do tempo de sono, maior comportamento tipo ansioso, escoliose
e reducdo da neurogénese, impactando mais severamente os animais mais velhos (Stankiewicz et
al., 2017). Esse modelo tem se mostrado viavel para o estudo dos efeitos do envelhecimento sobre
o funcionamento do SNC e o desenvolvimento de neuropatologias associados com a idade (Kanoh
et al., 2024). Ha conservagdo de processos neuropatologicos observados no envelhecer como a
disfungdo mitocondrial, quiescéncia celular, alteragdo metabdlica e enddcrina, disfuncdo da

comunicagdo celular e alteragdes epigenéticas (Van houcke et al., 2021; X. Wang et al., 2021).
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1.3.1.1. Efeito do envelhecimento e da dieta hiperlipidica sobre a disfun¢ao mitocondrial

A disfuncdo mitocondrial possui papel central em diversas patologias do SNC associadas ao
envelhecimento (figura 4). Considerando a alta demanda energética do cérebro, a capacidade
mitocondrial ¢ critica para o funcionamento e sobrevivéncia das células neuronais (Tan &
Norhaizan, 2019) e é considerada um fator limitante para a sinaptogénese e plasticidade neuronal
(Benard et al., 2007; Li et al., 2004). Além disso, o estresse oxidativo gerado por mitocondrias
disfuncionais tem um impacto severo na homeostase cerebral, uma vez que esse tecido ¢
especialmente vulneravel a insultos oxidativos (Cobley et al., 2018). Desta forma, a mitocondria
tem sido efetivamente utilizada como alvo terapéutico de diversas neuropatologias como a doenca
neurodegenerativas (Kurz et al., 2010). Por exemplo, a deficiéncia de Pinkl em peixe-zebra ¢
considerado um modelo viavel da doenca de Parkinson, com desenvolvimento de disfungao
mitocondrial. Através da triagem de firmacos neuroativos neste modelo, demonstrou-se que a
manuten¢do da homeostase mitocondrial pdde retardar a neurodegeneracao (Soman et al., 2017; Y.

Zhang et al., 2017).
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Figura 4. Impacto do envelhecimento sobre a homeostase mitocondrial. A disfungdo mitocondrial exerce um
papel central nas patologias associadas com a idade. A gravidade e a velocidade em que se desenvolve a disfuncéo
mitocondrial ao longo da vida esta associada com fatores genéticos, bem como fatores ambientais, como a dieta.
Diversos mecanismo descritos estdo por tras da desregulagdo do funcionamento dessa importante organela. Por sua
vez, a homeostase da mitocondria é essencial para a regulagdo de processos celulares vitais ¢ garantir o bom
funcionamento dos tecidos e 6rgdo. Imagem adaptada de (Lopez-Otin et al., 2013) sob licenca Creative Commons

Attribution 4.0 International.

O envelhecimento e o consumo de dietas desbalanceadas podem desencadear disfungdo
mitocondrial por diversos mecanismos em comum ou diversos (Chistiakov et al., 2014). Por
exemplo, o acimulo de mutagcdes no DNA mitocondrial ao longo dos anos pode reduzir a
capacidade energética, aumentar a producdo de ROS e influenciar processos apoptoticos nos
neurdnios (Kauppila et al., 2017; Terman et al., 2010). No cérebro de peixe-zebra, ha um acumulo
progressivo de mutagdo no DNA mitocondrial a partir de 12 meses de idade (Shimoda et al., 2014;
Zhu & Coffman, 2017). Somando-se a isso, pode ocorrer prejuizos ao processo de mitofagia,
levando ao acumulo de mitocondrias disfuncionais, redu¢do da capacidade bioenergética, aumento
do dano oxidativo e da apoptose (Cavallini et al., 2007; Masiero & Sandri, 2010). Um mecanismo
em comum entre o envelhecimento € o consumo de DH ¢ o prejuizo do monitoramento
mitocondrial em relagdo aos substratos disponiveis na célula e sobre as demandas energéticas
celulares (Lopez-Otin et al., 2013; Tsilingiris et al., 2021). Desta forma, pode haver uma
desregulagdo da flexibilidade metabdlica mitocondrial impactando a homeostase bioenergética

celular e estresse oxidativo (Jergensen et al., 2017; Muoio, 2014).

Camundongos alimentados com DH que desenvolveram alteragdes metabolicas como
resisténcia central a insulina e hiperglicemia, apresentaram prejuizo da integridade mitocondrial
com indu¢do de processos pro-apoptdticos. Camundongos idosos alimentados com DH também
apresentaram comprometimento da mitofagia e acimulo de mitocondrias danificadas, o que nao
foi observado nos animais mais jovens alimentados com DH (Galizzi et al., 2021). Em outro estudo,
camundongos alimentados com DH apresentaram declinio cognitivo associado a disfuncao
mitocondrial no hipocampo. Houve uma redugdo da capacidade mitocondrial € maior producao de
espécies oxidativas nos estados C1-LEAK, CI-OXPHOS e C1+C2-OXPHOS. Apos a intervengao

com exercicios, houve uma normalizagdo de todos esses parametros em associagdo com uma
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melhora nos parametros metabdlicos (H. S. Park et al., 2018). Curiosamente, ratos resistentes ao
desenvolvimento de alteragcdes metabolicas induzidas pela dieta e/ou envelhecimento também
possuem maior capacidade de manter a homeostase mitocondrial, demonstrando que a perturbagao

mitocondrial € promovida pelas mudangas metabolicas (Ma et al., 2014).

O peixe-zebra tem sido amplamente aplicado no estudo do papel da disfun¢do mitocondrial
no desenvolvimento de neuropatologias, demonstrando a conservacdo do funcionamento
mitocondrial e da sua relagdo com mecanismos patogénicos (Otsuka & Matsui, 2023). Entretanto
ainda ndo ha estudo com peixe-zebra mostrando o papel da disfungdo mitocondrial nas alteracdes
do SNC induzidas pela dieta e/ou pelo envelhecimento. Neste estudo, buscamos aproveitar o
potencial inexplorado dos zebrafish para avaliar a interagdo do consumo de dietas ricas em gorduras
e o envelhecimento sobre a cogni¢do, comportamento e pardmetros mitocondriais de zebrafish
jovens e idosos. Avaliamos a fungdo mitocondrial no cérebro para entender seu papel nas mudangas
neurocomportamentais, usando uma abordagem de respirometria de alta resolugdo e quantificago

da expressdo génica dos complexos da cadeia transportadora de elétrons.
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2.  JUSTIFICATIVA
A piora dos habitos alimentares nos tltimos anos representa um grave problema de satide
publica mundial pois ¢ fator de risco para obesidade, sindrome metabdlica e doencgas
neurodegenerativas como a deméncia e a doenca de Alzheimer. A situagdo ¢ agravada pelo atual

processo de envelhecimento da populagdo mundial, aumentando a susceptibilidade a essas doengas.

E bem estabelecido na literatura que o consumo de dietas desbalanceadas prejudica o
funcionamento do SNC, entretanto pouco se entende como exatamente isso ocorre, tendo em vista
que varios mecanismos neuropatologicos estdo envolvidos, formando uma complexa rede de
interagdes. Ja foi observado também o efeito sinergético da interacdo entre envelhecimento e maus
habitos alimentares na piora dos pardmetros metabdlicos e neuroldgicos. Modelos animais de
intervencdo dietética sdo amplamente aplicados para elucidar esse tema, sendo que diversos
protocolos de dieta hiperlipidica (DH) ja foram descritos, demonstrando o impacto da ingestdo

excessiva de lipideos no SNC.

Dentre esses, o peixe-zebra foi muito pouco explorado e possui grande potencial para
ampliar o conhecimento, complementando os dados obtidos com modelos animais classicos. O
peixe-zebra possui alta similaridade com mamiferos sendo bem estabelecido como modelo de
estudo de obesidade, disfungdes metabdlicas, neuropatologias, dentre outras doengas humanas.
Porém, poucos estudos avaliaram o efeito da DH sobre pardmetros neurocomportamentais de
peixe-zebra, sobretudo quando associado com o envelhecimento. Desta forma, o atual trabalho
contribui para estabelecer o peixe-zebra como modelo de estudo e aproveitar as potencialidades e
peculiaridades deste animal para avaliar mecanismos por tras do impacto ao SNC induzido pela
dieta e pelo envelhecimento, com énfase no metabolismo mitocondrial como mecanismo

neuropatogénico.
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3. OBJETIVOS
Objetivo geral
Avaliar o efeito da dieta hiperlipidica a base de gema de ovo em parametros morfo-
metabolicos, comportamentais € cognitivos em peixe-zebra adulto jovem (4-6 meses de vida) e
idoso (17- 22 meses de vida). Investigar o papel da bioenergética mitocondrial como mecanismo

associado as alteracdes comportamentais induzidas pela dieta desbalanceada.

Objetivos especificos

Avaliar o efeito da ingestdo de DH em peixe-zebra adulto jovem (4-6 meses de vida) e idoso (17-
22 meses de vida) sobre os seguintes parametros:

a) Morfo-metabolicos: ganho de massa corporal, comprimento abdominal e glicemia em
jejum;
c) Comportamentais: avaliacdo da locomocdo e do comportamento tipo ansioso através do

teste do tanque novo, do desempenho cognitivo através do teste do labirinto em “T” e da
agressividade através do teste de agressividade induzida por espelho

d) Bioenergéticos do encéfalo: avaliacdo do consumo de oxigénio no encéfalo dos animais por
meio de respirometria de alta resolu¢cdo em Oroboros em animais adultos jovens e idosos;

e) Anadlise da expressao de genes da cadeia transportadora de elétron no encéfalo dos animais
por qRT-PCR.

f) Andlises ultraestruturais do encéfalo por meio de microscopia eletronica de transmissao.
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Como parte integrante desta tese, as secdes de Materiais e métodos, de Resultados e de
Discussdao serao apresentadas abaixo na forma do manuscrito intitulado “Aging Increases
Susceptibility to High-Fat Diet-Induced Neurobehavioral and Mitochondrial Dysfunction in
Zebrafish”, que estd submetido e em analise na revista “Progress in Neuropsychopharmacology
& Biological Psychiatry” (Fator de impacto: 5,3).

Em seguida, a conclusdo da tese, perspectivas futuras e a bibliografia utilizada sera
apresentada em texto a parte nas segdes seguintes.

4. MANUSCRITO SUBMETIDO

Manuscrito intitulado “Aging Increases Susceptibility to High-Fat Diet-Induced
Neurobehavioral and Mitochondrial Dysfunction in Zebrafish”, submetido e sobre anélise na
revista “Progress in Neuropsychopharmacology & Biological Psychiatry” (Fator de impacto: 5,3).

Aging Increases Susceptibility to High-Fat Diet-Induced Neurobehavioral and
Mitochondrial Dysfunction in Zebrafish

Victor L. Picolo*™", Leticia A. Tavares*®, Whitney R. Santos?, Nathasha P. Lopes®"", Ethiane R. dos
Santos®", Wembley R. Vilela*", Paula Q. Bellozi*¢, Jair T. Goulart*, Cesar K. Grisoliaé, Daniel
Ardisson-Araujo®, Andreza F. de Bem®"&h*

? Laboratory of Bioenergetic and Metabolism, Institute of Biological Sciences, University of
Brasilia, Brasilia, Brazil

® Graduate Program in Molecular Pathology, School of Health Sciences, University of Brasilia,
Brasilia, Brazil

¢ Laboratory of Insect Virology, Department of Cellular Biology, Institute of Biological Sciences,
University of Brasilia, Brasilia, Brazil

¢ Laboratory of Molecular Pharmacology, School of Health Sciences, University of Brasilia,
Brasilia, Brazil

fDepartment of Physiological Sciences, Institute of Biological Sciences, University of Brasilia,
Brasilia, Brazil

£ Department of Genetics and Morphology, Institute of Biological Sciences, University of Brasilia,
University Campus Darcy Ribeiro, Brasilia, Brazil

"'National Institute of Science and Technology on Neuroimmunomodulation, Manguinhos, Rio de
Janeiro, Brazil

* Correspondence to: de Bem, Andreza
E-mail address: debemandreza@gmail.com; andrezadebem(@unb.br



mailto:debemandreza@gmail.com
mailto:andrezadebem@unb.br

32

Abstract

Aging and unhealthy eating habits independently and synergistically disrupt central nervous system
(CNS) homeostasis, increasing susceptibility to neurological and behavioral disorders.
Mitochondria play a critical role in maintaining neuronal survival and activity, representing a
central player in the pathogenesis of neurodegenerative diseases. Here, we used zebrafish as a
model to investigate how aging and a high-fat diet (HFD) affect brain bioenergetics and behavior.
Young (4-6 months) and aged (17-22 months) male zebrafish were fed either a standard diet or an
HFD based on boiled chicken egg yolk for 14 days. Brain mitochondria were evaluated using high-
resolution respirometry, transmission electron microscopy (TEM), and qRT-PCR. HFD impaired
the metabolic health of both young and aged animals, promoting weight gain, increased abdominal
length, and elevated fasting glucose levels. Aging intensified the HFD detrimental effects on
behavior: aged HFD-fed zebrafish displayed increased anxiety-like behavior in the novel tank test,
and impaired cognitive performance in the T-maze test. Notably, HFD had no significant effect on
aggressive behavior regardless of age. Mitochondrial responses to HFD differed by age: while
cerebral bioenergetic function declined in young fish, aged animals showed an opposite trend. TEM
analysis revealed increased accumulation of fragmented mitochondria in HFD group, indicating
potential mitochondrial dysfunction. RT-qPCR showed upregulation of genes involved in the
electron transport chain, especially in aged zebrafish. In conclusion, our findings demonstrate an
age-dependent vulnerability to the effects of HFD on both neurobehavioral and mitochondrial

parameters.

Keywords: High fat diet, Aging, Zebrafish, Brain metabolism, Mitochondrial function, Cognitive

behavior

HIGHLIGHTS:
* High-fat diet impaired metabolic parameters in both young and aged zebrafish.
* Behavioral deficits induced by HFD—such as anxiety and cognitive decline—were observed only
in aged zebrafish.
* Brain mitochondrial responses to HFD were age-specific, with divergent bioenergetic outcomes.

* HFD enhanced transcription of electron transport chain genes, especially in aged zebrafish brains.
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ABBREVIATION:

ADP, Adenosine diphosphate; ATP, Adenosine triphosphate; CNS, Central nervous system;
CCCP, Carbonyl cyanide 3-chlorophenylhydrazone; HFD, High fat diet; Oligo, Oligomycin;
MIAT, Mirror-induced aggression test; NTT, Novel tank test; PM, Pyruvate and malate; ROT,
Rotenone; SD, Standard diet; Succ, Succinate; SV, Synaptic vesicle; TMT, T-maze test

1. INTRODUCTION

The worsening of dietary habits observed in the last 40 years is associated with a severe impact
on public health system, acting as a major cause of obesity epidemic and its comorbidities (Popkin
et al., 2012; Vandevijvere et al., 2015). In parallel, the global population has undergone a process
of aging in the last decades. Between 1990 and 2017, the proportion of people over 65 years old
grew from 6.1% to 8.8%, and it is estimated that by 2050 this proportion will reach 16% (Cheng et
al., 2020). Both aging and unhealthy diets act independently and synergistically to promote the
development of metabolic and neurological diseases (Lopez-Otin et al., 2013; Stout et al., 2017).
Poor nutritional patterns may accelerate systemic aging processes, including cellular senescence
and telomere attrition (Mundstock et al., 2015; Ravi et al., 2025), ultimately contributing to
premature brain aging and the early appearance of neuropathological features such as
neuroinflammation, beta-amyloid accumulation (Butler et al., 2020; McGrattan et al., 2019;
Spencer, Korosi, et al., 2017), and enhanced synaptic pruning (Mackey-Alfonso et al., 2024).

Recent evidence has reinforced the role of poor dietary habits and obesity as major determinants
of brain dysfunction, particularly in the context of aging. A large-scale longitudinal study by Zhang
et al. (2025) provided compelling evidence that both the degree and duration of obesity exposure
significantly impact neurocognitive function in middle-aged and older adults. The authors
identified a progressive pattern of brain deterioration associated with increasing obesity severity,
marked by widespread alterations in brain morphology and functional connectivity. These
structural and functional brain changes were accompanied by varying degrees of cognitive decline,
especially in reasoning, visuomotor speed, and working memory (D. Zhang et al., 2025).
Supporting this, a Brazilian longitudinal study by Gomes Gongalves et al. (2023), showed that
unhealthy eating habits, including high consumption of ultra-processed foods, were associated with
a 28% acceleration in the rate of global cognitive decline and a 25% greater decline in executive

functions (Gomes Gongalves et al., 2023).
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Similar results have been consistently reproduced in animal models using various protocols of
unbalanced diets, such as high-fat diets (HFD), demonstrating that diet-induced metabolic
alterations can trigger pathological events in the brain, including blood-brain barrier dysfunction,
oxidative stress, neuroinflammation, impaired synaptic plasticity, and mitochondrial dysfunction
(de Bem et al., 2021; Y. Zhang et al., 2024)). Moreover, it has been shown that aged animals are
more vulnerable to HFD-induced metabolic changes, resulting in a more pronounced impact on the
central nervous system (CNS). Aged rodents fed with HFD are more prone to develop memory
impairments dependent on hippocampal and amygdalar function (Spencer, D’Angelo, et al.,
2017b), as well as psychobehavioral alterations, such as increased anxiety-like behavior (Evans et
al., 2024).

Proper mitochondrial function is essential for maintaining CNS homeostasis, as the brain is
both highly energy-demanding and particularly vulnerable to oxidative stress generated by
dysfunctional mitochondria (Cobley et al., 2018; Tan & Norhaizan, 2019). Mitochondria play a
central role in CNS pathologies, and both aging and HFD consumption can impair mitochondrial
homeostasis through overlapping or distinct mechanisms (Chistiakov et al., 2014), including
accumulation of mitochondrial DNA mutations (Kauppila et al., 2017; Terman et al., 2010),
defective mitophagy (Cavallini et al., 2007; Masiero & Sandri, 2010), and reduced metabolic
flexibility and substrate sensing (Jorgensen et al., 2017; Tsilingiris et al., 2021). These alterations
ultimately disrupt both metabolic and functional homeostasis in the CNS. The combination of aging
and HFD can thus synergistically exacerbate mitochondrial dysfunction, promoting the
accumulation of damaged mitochondria and further impairing cellular bioenergetics (Galizzi et al.,
2021). Notably, interventions that restore systemic metabolic parameters have been shown to
prevent cognitive and behavioral deficits, at least in part, through the enhancement of
mitochondrial function (H.-S. Park et al., 2018).

Zebrafish is a well-established model for studying obesity, metabolic disorders (Angom &
Nakka, 2024; Gut et al., 2017), and various neuropathologies (Kalueff et al., 2014; Otsuka &
Matsui, 2023). A previous study from our group demonstrated that zebrafish fed a HFD develop
metabolic alterations alongside behavioral changes, including cognitive decline, anxiety-like
behavior, and increased aggressiveness (Picolo et al., 2021). Moreover, HFD-induced cognitive
deficits in zebrafish have been linked to redox imbalance, blood-brain barrier disruption, neuronal

dysfunction, apoptosis, and alterations in amyloid-f metabolism (Meguro et al., 2019), supporting
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the notion of conserved pathogenic mechanisms between fish and mammals. Hallmarks of aging,
such as cellular senescence, metabolic alterations, and neuroendocrine changes, are also present in
zebrafish (Van houcke et al., 2021; X. Wang et al., 2021), and the impact of aging on CNS function
has been extensively characterized in this model (Kanoh et al., 2024), including the contribution
of mitochondrial dysfunction to age-related neuropathologies (Otsuka & Matsui, 2023).
Interestingly, pharmacological modulation of mitochondrial function has been shown to effectively
prevent neurodegeneration in zebrafish models of Parkinson’s disease (Soman et al., 2017; Y.
Zhang et al., 2017), highlighting the relevance of this model for investigating mitochondria-
targeted therapeutic strategies.

However, there is limited evidence in the literature addressing the interaction between aging
and unbalanced diets in zebrafish. One study reported that aged zebrafish are more susceptible to
diet-induced hyperglycemia (Connaughton et al., 2016), while another demonstrated that metabolic
alterations induced by a high-calorie diet led to the early onset of aging-related features, including
disruptions in circadian rhythm and sleep duration, increased anxiety-like behavior, scoliosis, and
reduced neurogenesis (Stankiewicz et al., 2017). In this study, we investigated the mechanisms
underlying the impact of HFD consumption and aging on zebrafish brain metabolism and behavior.
We hypothesize that HFD-induced brain alterations are exacerbated by aging, particularly

cognitive impairments, through the disruption of cerebral mitochondrial function.

2. MATERIALS AND METHODS

2.1. Animals

Short-fin zebrafish were maintained in a recirculating water system (ZebTec, Tecniplast,
Buguggiate, Varese, Italy) at the Department of Genetics and Morphology, University of Brasilia,
until the start of the experimental protocol. Environmental conditions were kept constant with the
water temperature at 27 + 1°C, conductivity of 650 = 100 uS/cm, pH 7.0 £+ 0.5%, oxygen saturation
0f 95%, and a 12:12 light-dark cycle. During this period, the fish were fed twice a day with a 1:1
mix of Tetra Colorbits and TetraMin dry food. At the appropriate age for testing, young and aged
male fishes (4-6 months old and 17-22 months old) were transferred to 4-liter static water
aquariums (10 animals per aquarium). Water quality was monitored using a kit for detecting toxic

ammonia (Labcon Test) and changed every 2 days. Only male zebrafish was used on experiments
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to avoid hormonal interference and since female fish can direct excess caloric intake to

reproductive processes (Landgraf et al., 2017)

2.2. Experimental protocol

The experimental protocol was divided into 2 independent experiments: first, using young
adults, and then using aged adults. In each protocol, fishes were divided into 2 experimental groups
based on the diet type: Standard Diet (SD), receiving 7.5 mg/fish/day of Tetra ColorBits dry food
(6.5% fat, 47.5% protein; 4.9 cal/mg) and high-fat diet (HFD) group, receiving 5 mg/fish/day of
ColorBits, supplemented with 15 mg/fish/day of boiled chicken egg yolk. Fishes were fed once a
day for two weeks, between 2 and 3 PM. One hour after feeding, any excess food was removed to
maintain water quality and ensure that both groups had a similar feeding window (Fig. 1A). Fish
were weighed twice a week during the experimental protocol and underwent behavioral tests on
days 14 and 15. On day 16, the animals were anesthetized by immersion in room-temperature
tricaine 0,2% (MS-222; Sigma-Aldrich), photographed laterally for morphometric measurements
and blood was collected from caudal incision for glycemia measurement. Then, euthanasia was
performed by immersion in ice-cold water, and the brain was removed for mitochondrial analysis.
(Fig. 1A). All procedures were conducted in accordance with the Ethics Committee for Animal
Use of the University of Brasilia (CEUA- UnB: 040/2020).

2.3. Morphometabolic evaluation

Zebrafish (Young: n= 16-20 per group; aged: n= 31-48 per group) were individually weighed
twice a week, using a precision balance. After euthanasia, body length and abdominal length were
determined by photographing fish next to a ruler and the dimensions were measured using Imagel
software (NIH, Bethesda, USA). Fasting blood glucose was evaluated immediately after caudal
excision using a commercial glucometer (G-Tech, Minas Gerais, Brazil).

2.4. Behavioral tests

Behavioral tests were conducted between 9 AM and 3 PM, alternating between the
experimental groups to avoid time-related bias. Fish were tested in a fasting state to avoid
experimental divergences related to satiety. The novel tank test (NTT; Young: n=19-20 per group;
aged: n=30-32 per group) and the mirror-induced aggression test (MIAT; Young: n= 20 per group;
aged: n= 31-32 per group) were conducted in 20 cm height x 15 cm width x 18 cm length tanks
with 4 liters of the ZebTec system water. The T-maze test (TMT; Young: n= 16-20 per group;
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aged: n= 14-23 per group) was conducted in a "T"-shaped tank with three arms (30 cm length x 10
cm X height x 10 cm width, each arm). NTT and MIAT were conducted on the same day, while
TMT was conducted on the following day. Behavior was recorded using a webcam positioned
frontally (for NTT) or above (for TMT and MIAT) the aquariums. The videos were analyzed using
AnyMaze software (Stoelting CO, USA). The analysis of behavioral experiments was conducted
by an observer blinded to the experimental groups to minimize bias.

Novel tank test (NTT)

The NTT assesses locomotor capacity and anxiety-like behavior in zebrafish. The test is based
on the natural tendency of zebrafish to stay in deeper areas of new environments and gradually
explore the upper zones (geotaxis) (Fontana et al., 2019; Kalueff et al., 2013). The fish were
transferred to a novel tank and kept isolated while being recorded for six minutes. The apparatus
was virtually divided into two horizontal areas of equal size (upper and lower areas). The total
distance traveled, absolute turning angle, and maximum speed were evaluated as parameters of
locomotor capacity. Anxiety-like behavior was evaluated by recording time spent in the top area,
immobility, latency to first enter the top area, and frequency of entrances into the top area (Fig. 2).
T-maze test (TMT)

The TMT assesses zebrafish cognitive capacity by evaluating their spatial memory in response
to a neutral episode (Moreira & Luchiari, 2022). The apparatus consists of a "T"-shaped tank with
three arms (30 cm length x 10 cm height x 10 cm width, each arm). The maze had a white floor
and black walls to minimize external visual interference, and visual cues were placed to help fish
distinguish arms. The TMT consists of training and testing phases, each lasting six minutes. In the
training, fish can explore the initial arm (the one where they are placed) and one lateral arm (old
arm), with the other lateral arm closed with a removable guillotine door (new arm). The testing
phase was performed after one hour, when fish were reintroduced to the maze, with all arms
accessible. The novel and old arm were alternated between the two lateral arms to minimize any
potential preference for one side (Fig. 3A).

The test is based on zebrafish natural preference to explore new environment over familiar
ones. Therefore, memory retention was assessed by the time spent in each arm and by calculating
a memory index derived from the exploration times of the novel arm (Tn) and the old arm (To),

using the formula: T./(Tn+T,). Since memory evaluation requires a proper exploration of all parts
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of the T-maze, two exclusion criteria were applied: immobility time higher than 150 seconds (50%
test time), and less than 10 seconds in any of the three arms.
Mirror-Induced Aggression Test (MIAT)

This test evaluates aggression by placing a mirror at a 22.5° with the tank. Zebrafish exhibit
aggressive behavior when confronted with their own reflection in a mirror, particularly when
isolated within an environment. The tank was virtually divided into proximal, central, and distal
areas, accordingly with the distance to the mirror, and the fishes were placed into the apparatus for
six minutes (Fig. 3C). The test was conducted immediately after the NTT in the same apparatus,
which promoted the habituation to the apparatus. Aggressive behavior was defined as high-energy
movements towards the reflection in the mirror, like an attack attempt. This behavior was evaluated
only in the proximal area of the tank, since it is where the reflection is more visible to the fish.
Time spent in each area of the apparatus, the total time of aggressive episodes, and the latency to
the first aggressive episode were assessed in the MIAT.

2.5. Brain oxygen consumption

Oxygen consumption was measured using high-resolution respirometry with an Oroboros
oxygraph (Oroboros 2k, Innsbruck, Austria) at 28°C. Following euthanasia, brains (Young: n= 11
per group; aged: n= 5-6 per group) per group were promptly transferred to a 5 mL Teflon-glass
homogenizer and homogenized in 200 pL of respiration buffer composed of 125 mM sucrose
(Sigma-Aldrich, Cat# S9378), 65 mM KCI, 2 mM K;HPO4 (Vetec, Cat# 225), 1 mM
MgCl, (Vetec, Cat# 149), 10 mM Hepes (Sigma-Aldrich, Cat# H4034), and 0.2 mM EGTA
(Sigma-Aldrich, Cat# E4378). A 100 pL sample was added to the 2 mL Oroboros chamber
containing respiration buffer with 1 mg/mL fatty acid-free BSA (Sigma-Aldrich, Cat# A7030).
Protein quantification was conducted via the Bradford method (M. Bradford, 1976).

The evaluation of different mitochondrial states was conducted by the sequential addition of
substrates and inhibitors of the respiratory chain: State 2 (dependent on complex 1) was assessed
after addition of Pyruvate 15 mM (Vetec, Cat# 1054) and Malate 7.5 mM (Sigma-Aldrich, Cat#
240176); State 3 (dependent on complex 1) was assessed after addition of ADP 500 uM (Sigma-
Aldrich, Cat# A2754); State 3 (dependent on complexes 1+2) was assessed after addition of
Succinate 1mM (Sigma-Aldrich, Cat# V900102); State 4 was assessed after addition of
Oligomycin 0.15 pg/mL (Sigma-Aldrich, Cat# O4876); maximum uncoupled respiration was
assessed after CCCP 0.3 uM titration (Sigma-Aldrich, Cat# C2759); and maximum uncoupled
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respiration (dependent on complex 2) was assessed after addition of Rotenone 0.5 uM (Sigma-
Aldrich, Cat# R8875). Residual respiration was assessed with Antimycin A 1 pM, and its value
was subtracted from the other states, allowing to evaluate the mitochondrial-derived oxygen
consumption. A second protocol was applied using aged zebrafish brain (n= 11 per group), to
evaluate complex 2-dependent mitochondrial metabolism. Substrates and inhibitors was added as
follow: State 2 was assessed after addition of Rotenone 0.5 uM and Succinate 1mM; State 3 was
assessed after addition of ADP 500 uM; State 4 was assessed after addition of Oligomycin 0.15
png/mL; maximum uncoupled respiration was assessed after CCCP 0.3 uM titration. Residual
respiration was assessed with Antimycin A 1 uM, and its value subtracted from the other states,
allowing to evaluate the mitochondrial-derived oxygen consumption.

2.6. Evaluation of mRNA expression of electron transportation system complexes

The expression of genes of ETS complexes was evaluated by Quantitative Reverse
Transcription PCR (qRT-PCR). The brains (Young: n= 3-4 per group; aged: n= 3-4 per group)
were macerated in Tris-EDTA (TE) buffer (10 mM Tris and 1 mM EDTA) at pH 8.0 and
centrifuged at 12,000 % g for 5 minutes. RNA was extracted using Trizol™ Reagent (Thermo Fisher
Scientific) according to the manufacturer's instructions, with a final volume of 20 ul of RNase-free
water. The extracted total RNA was then used for cDNA synthesis with GoScript™ Reverse
Transcriptase (Promega) following the manufacturer's instructions.

Following, qRT-PCR was performed to assess the transcription of nuclear-coded genes for ETC
complex subunits: ndufs2 (complex 1), sdha (complex 2), ucrcl0 (complex 3), cox4il, cox6al,
cox6c (complex 4) and atp5i (ATP synthase). Brain cDNA samples were diluted 1:10 and further
amplified by RT-qPCR performed on a QuantStudio™ 5 Real-Time PCR System (Thermo Fisher
Scientific) thermocycler, in a volume of 10 pl containing 2 x mix PowerUp™ SYBR™ Green
Master Mix (Applied Biosystems™; Cat# TX78744), 0.5 uM each of forward and reverse primers
(Table S1), passive reference Rox (Thermo Fisher Scientific; Cat# 12223012), and nuclease-free
water (Sigma-Aldrich, Cat# W4502). The optimized thermal profile was 95 °C for 5 min, followed
by 40 cycles of 95 °C for 10 s, 53 °C or 55° C for 10 s, and 72 °C for 15 s. A melting curve (from
55°C to 95°C) was generated at the end of each run to confirm the specificity of the assay. Data
acquisition was performed using the Quant dyeStudio™ Design & Analysis Software v1.5.2
software. The reference gene ef/a was used to normalize the relative transcriptional changes of

target genes, calculated using the 2/ 22Ct method (Livak & Schmittgen, 2001). The control
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expression levels were normalized to 1, and data were then expressed as fold changes relative to
the standard control.

2.7. Transmission electron microscopy of brain tissue

Immediately following euthanasia, the zebrafish encephalon was dissected and fixed in
Karnovsky’s solution (0.1 M sodium cacodylate buffer, pH 7.2, containing 2% glutaraldehyde, 2%
paraformaldehyde, 5 mM CaCl., and 3% sucrose) at 4 °C for 12 hours. Post-fixation was carried
out in 0.2 M sodium cacodylate buffer containing 2% osmium tetroxide and 1.6% potassium
ferricyanide for 1 hour. Tissues were subsequently stained in bloc with 0.5% aqueous uranyl acetate
for 2 hours, dehydrated through a graded acetone series (30—100%, 10 minutes per step), and
embedded in Spurr’s resin. Ultrathin sections (70 nm) were obtained using an ultramicrotome and
examined using a JEOL 1011 transmission electron microscope operated at 80 kV.

2.8. Statistical analysis

Data were analyzed using unpaired Student's t-test or Mann-Whitney test, depending on data’s
normality, assessed by the Kolmogorov—Smirnov test. Morphometabolic and mitochondrial
parameters were presented as mean + standard error of the mean (SEM), while behavioral data
were shown as violin plots with 1-3 quartiles, allowing for visualization of the full data distribution.
Statistical analysis was performed using GraphPad Prism 9®. Results were considered statistically

significant for p < 0.05.

3. RESULTS

3.1. Effect of HFD in young adult zebrafish
HFD induces an obesogenic phenotype in young adult zebrafish

Zebrafish aged 4-6 months exhibited phenotypic changes associated with obesity after
consuming a HFD based on egg yolk for two weeks (Fig. 1). There was no difference in the initial
body weight between the groups (Fig. 1C; tzs) = 1.259, p = 0.2164). However, zebrafish in the
HFD group showed significantly higher body weight starting from day 8 of the diet until the end
of the experimental protocol (Fig. 1C; day 8: tas) = 2.237, p = 0.0313; day 10: tzs) = 3.068, p =
0.0040; day 15: tzs)=2.507, p=0.0166). HFD-fed animals also displayed a significant increase in
abdominal length (Fig. 1D; t37) = 2.322, p = 0.0258), while body length remained unchanged
between groups (Fig. 1E; t37)=1.731, p =0.0918).
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Figure 1. HFD induces an obesogenic phenotype in young adult zebrafish. (A) Experimental design: Two
independent experiments were conducted with young (4-6 months) and aged (17-22 months) zebrafish. The animals
received either a standard diet (SD) based on commercial dry feed or a high-fat diet (HFD), that includes the SD
supplemented with boiled chicken egg yolk as a lipid source. During the two weeks on diet, body weight gain was
assessed using a precision scale and the remaining metabolic parameters were evaluated after this period. Behavioral
tests were performed on days 14 and 15, and the brain was extracted for molecular and bioenergetic analysis (day 16).
(B) Representative image of one individual from each experimental group after two weeks on the diet, showing
standard (red line) and abdominal (yellow line) lengths. (C) Body weight registered throughout the experiment. (D-E)
Abdominal length and standard length measured using ImageJ software. Data are shown as mean =+ standard error of
the mean and were analyzed by student t-test. *p < 0.05. n=19-20 per group.

HFD did not affect locomotion and anxiety-like behavior in young adult zebrafish
Locomotion and anxiety-like behavior were assessed by the novel tank test (Fig. 2). HFD intake
did not affect locomotor performance in young adult zebrafish, as indicated by similar values
between experimental groups for total distance traveled (Fig. 2A; tazsy = 1.591, p = 0.1199),
maximum speed (Fig. S1A; t3s) = 1.651, p = 0.1069), and absolute turning angle (Fig. S1B; tzs) =
1.091, p = 0.2819). No significant differences were observed between groups in the time in the top
area (Fig. 2B; U=128.5; p=0.1351), number of entrances into the top area (Fig. 2C; U=173;
p=0.4734), or the latency to first entry the top area (Fig. 2D; U=170; p=0.7674), which are the
major indicators of anxiety-like behavior. However, total immobility time was significantly higher
in the HFD group (Fig. S1C; U= 112; p= 0.0378), suggesting a potential increase in anxiety-like

behavior.



42

Novel tank test

Top area /

Bottomarea rew
60— 300
r— /2]
< g
|
2 40- S 200-
g [«R
© 8
- Q
o £
© 20+ - 1004
c £
B £
Q =
0 0-
200 600
" mEm SD
3 £ HFD
Q =] =
€ 3 150- _—
=5 2w 4004
: C
O o Q g
« 2 100 oS
[o] o '; g
t
g 2 9 200
€ S 50+ [T
= (1]
Z |
0- 0-

Figure 2. HFD did not affect locomotion and anxiety-like behavior in young adult zebrafish. The novel tank
apparatus was virtually divided into two horizontal areas. (A) The total distance traveled evaluated during the 6-
minutes behavioral test was used as a locomotion parameter. (B) Time in the top area, (C) number of entries into the
top area, and (D) the latency to first entry into the top area were used as anxiety-like behavior parameters. Data full
distribution is shown in violin plots with 1-3 quartiles and were analyzed by Student t-test or Mann-Whitney test. *p
< 0.05. n=19-20 per group.
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Figure S1. Effect of HFD on locomotion in young and aged adult zebrafish. Maximum speed and absolute turn
angle of (A-B) young and (D-E) aged adult zebrafish were evaluated as locomotory parameters in the novel tank test.
Immobility time of (C) young and (F) aged adult zebrafish was evaluated as a locomotory pattern parameter. Data full
distribution is shown in violin plot with 1-3 quartiles and were analyzed by student t-test or Mann-Whitney test. n=
20-32 per group. *p<0.05.

HFD did not affect cognition and aggressiveness in young adult zebrafish

Short-term spatial memory consolidation was assessed using the T-maze test (Fig. 3A). Time
spent in each arm of maze (Fig. 3A; initial: t33)=1.735, p =0.0922; novel: t@3)=1.381, p=0.1764;
old: t33)=0.3520; p= 0.7271) and the memory index value (Fig. 3B; t33) = 0.7828; p=0.4393) did
not vary between groups, demonstrating that HFD did not affect cognitive performance of young
adult zebrafish.

Also, aggressive behavior was not affected by HFD on the mirror-induced aggression test (Fig.
3C). Groups displayed similar values of time spent in each area of the apparatus (Fig. 3C; proximal:
t3g) = 1.178; p= 0.2463; central: tzg) = 0.983, p= 0.3316; distal: tzs) = 0.8068, p= 0.4248), of total
aggression time during the test (Fig. 3D; U= 190.5; p= 0.8046), and of the latency to the first
aggressive episode (Fig. S2A; U= 153,5; p=0.4392).
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Figure 3. HFD did not affect cognition and aggressiveness in young adult zebrafish. (A) Exploration time in each
arm of the T-maze during the testing phase. (B) Memory index calculated as the ratio of time spent in the novel arm
to the total time spent on both the novel and old arm. (C) Time in each area, and (D) total time of aggressive episodes
on MIAT. Data full distribution is shown in violin plots with 1-3 quartiles and were analyzed by Student t-test or
Mann-Whitney test. *p < 0.05. n= 16-20 per group (T-maze test) and n= 20 per group (aggressiveness test).
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Figure S2. Effect of HFD on aggressive behavior in young and aged adult zebrafish. Latency to first aggressive
episode in (A) young and (B) aged adult zebrafish. Data full distribution is shown in violin plot with 1-3 quartiles and
were analyzed by student t-test or Mann-Whitney. n= 19-32 per group.

Effect of HFD on brain mitochondrial function in young adult zebrafish

Mitochondrial oxygen consumption in the zebrafish encephalon was assessed using the
Oroboros high-resolution respirometry system. Our results revealed a pronounced HFD-induced
disruption in mitochondrial function, with a significant reduction in oxygen consumption observed
in 4 out of the 6 evaluated respiratory states compared to the standard diet (SD) group (Fig. 4A).
Specifically, HFD-fed fish showed decreased respiration in complex I-linked phosphorylation state
(Cl-state 3; ADP: #10) = 2.643, p = 0.0246), ATP synthase-inhibited leak respiration (C1+C2-state
4; oligomycin: t9) = 3.075, p = 0.0133), maximal respiratory capacity (CCCP: #i0) = 2.366, p =
0.0396), and complex II-linked maximal respiratory capacity (after rotenone; #10) = 2.686, p =
0.0229).

The mRNA levels of genes coding for the electron transport chain (ETC) subunits were
quantified by qRT-PCR using target-specific primers (Fig. 4B, Table S1). HFD significantly
increased the expression of ugcrcl0 (t4) = 3.731, p= 0.0203) and cox6al (t4) = 3.354, p=0.0285)
genes by 2.5- and 10.6-fold, respectively. On the other hand, the expression of ndufs2 (te)=1.073,
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p=0.1623), sdha (ts) = 0.1408, p= 0.8926), cox4il (te) = 1.532, p= 0.1763), cox6c¢ (t@) = 0.0384,
p=0.9706), atp5i (te) = 1.568, p=0.1680) did not differ between the experimental groups.
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Figure 4. Effect of HFD on brain mitochondria in young adult zebrafish. (A) Oxygen consumption was assessed
using the Oroboros oxygraph through the sequential addition of substrates and inhibitors, allowing mitochondrial
evaluation in different states: C1- state 2 (PM), C1- state 3 (ADP), C1+ C2- state 3 (Succ), Cl+ C2- state 4 (Oligo),
C1+ C2- maximun uncoupled capacity (CCCP), and C2- maximum uncoupled capacity (ROT). Data are expressed as
mean + standard error of the mean and were analyzed by Student t-test. (B) The mRNA transcripts were analyzed by
gRT-PCR using specific primers for each gene. The data were normalized by EF1a mRNA. *p <0.05. n=11 per group
(high resolution respirometry) and n = 3-4 per group (mRNA expression).

3.2. Effect of HFD in aged adult zebrafish
HFD induces an obesogenic phenotype in aged adult zebrafish

Aged adult zebrafish (17-22 months old) developed phenotypic changes associated with obesity
after two weeks on a HFD based on egg yolk (Fig. 1A). We found no difference in the initial body
weight between the experimental groups (Fig. 5A; t93=0.2704; p=0.7875). However, zebrafish fed
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the HFD showed significantly higher body weight from day 10 of the diet until the end of the
experimental protocol (Fig. 5A; day 10: t2)= 2,106; p= 0.0379; day 15: to1= 2.054; p= 0.0428).
Additionally, the HFD group exhibited increased blood glucose levels (Fig. 5C; t59=2,325; p=
0.0236) and greater abdominal length (Fig. 5D; U= 607.5; p=0.0138), whereas standard length did
not change between groups (Fig. SE; U= 800; p= 0.3683).
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Figure 5. HFD induces an obesogenic phenotype in aged adult zebrafish. (A) Body weight registered throughout
the experiment. (B) Representative images of the experimental groups after two weeks on the diet, showing standard
(red line) and abdominal (yellow line) lengths. (C) Blood glucose levels, (D) abdominal length and (E) standard length
measured using ImagelJ software. Data are shown as mean + standard error of the mean and were analyzed by student
t-test. *p<0.05. n=31-48 per group.

HFD did not impair locomotion but induced an anxiogenic effect in aged adult zebrafish

Locomotory capacity was not affected by HFD consumption on aged adult zebrafish, as
demonstrated by total distance traveled (Fig. 6A; te1) = 0.7557, p=0.4528), maximum speed (Fig.
S1D; U= 452; p=0.5500), and absolute turning angle (Fig. S1E; te1) = 1,611, p= 0.1124). HFD
induced an anxiogenic effect, indicated by reduction of the time spent in the top area (Fig. 6B;
U=334.5; p=0.0393), and of the number of entrances in the top area (Fig. 6C; U=368; p=0.0379),
and increased latency to first entry the top area (Fig. 6D; tus) = 2.529, p=0.0152). Immobility time
did not vary between groups (Fig. S1F; U=451.5; p= 0.6677).
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Figure 6. HFD did not impair locomotion but induced an anxiogenic effect in aged zebrafish. The novel tank
apparatus was virtually divided into two horizontal areas. (A) The total distance traveled evaluated during the 6-
minutes behavioral test was used as a locomotion parameter. (B) Time in the top area, (C) number of entries into the
top area, and (D) the latency to first entry into the top area were used as anxiety-like behavior parameters. Data full
distribution is shown in violin plots with 1-3 quartiles and were analyzed by student t-test or Mann-Whitney test. *p <
0.05. n=30-32 per group.

HFD induced cognitive decline but did not affect aggressiveness in aged adult zebrafish

T-maze test demonstrated that HFD consumption impairs spatial memory consolidation in aged
adult zebrafish (Fig. 7A). During the testing phase, HFD-fed animals spent significantly more time
exploring the familiar (old) arm (t34) = 2.184, p=0.0359) compared to the novel arm (Fig. 7A; tz4
=2.276, p=0.0293). Accordingly, the memory index was significantly reduced in the HFD group
(Fig. 7B; t@4) = 2.613, p=0.0133), indicating a deficit memory performance.
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HFD did not affect aggressive behavior in the MIAT. No significant differences were observed
between the experimental groups regarding the time spent in each tank zone (Fig. 7C; proximal:
te) = 0.1900. p= 0.8499; central: te1) = 0.6631, p= 0.5098; distal: te1) = 0.7038, p= 0.4842).
Similarly, there were no differences in total aggression time across the testing period (Fig. 7D; U=

440; p=0.4458), nor in the latency to the first aggressive episode (Fig. S2B; U= 368.5; p=0.0800).
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Figure 7. HFD induced cognitive decline but did not affect aggressiveness in aged zebrafish. (A) Exploration time
in each arm of the T-maze during the testing phase. (B) Memory index calculated as the ratio of time spent in the novel
arm to the total time spent on both the novel and old arm. (C) Time in each area, and (F) total time of aggressive
episodes on MIAT. Data full distribution is shown in violin plots with 1-3 quartiles and were analyzed by student t-
test or Mann-Whitney test accordingly with normality test result. *p < 0.05. n= 14-23 per group (T-maze test) and n=
31-32 per group (aggressiveness test).
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Effect of HFD on brain mitochondria in aged adult zebrafish

Aging differently affects mitochondrial function in the zebrafish brain. High-resolution
respirometry revealed that HFD increased mitochondrial oxygen consumption in the brains of aged
zebrafish (Fig. 8A), a finding confirmed by an additional assay evaluating complex II-dependent
respiration (Fig. S3). In the first oxygraph set (Fig. 8A), which assessed metabolism dependent on
both complex I and complex II. We observed an increase in the maximum respiratory capacity
(C1+C2) in the HFD upon CCCRP titration (t;s2) = 2.272; p = 0.0272). No significant differences
were observed between groups in the other mitochondrial respiratory states: pyruvate/malate (PM:
tis2) = 0.0850, p = 0.9325), ADP-stimulated respiration (t;s2) = 0.9653, p = 0.3389), succinate-
stimulated respiration (t52) = 1.080, p = 0.2850), oligomycin-induced LEAK (t;52) = 0.2304, p =
0.8187), and rotenone-inhibited state (ts2)= 0.7363, p = 0.4649). In the second oxygraph set (Fig.
S3), where complex [ was inhibited with rotenone to isolate complex II-dependent respiration, HFD
significantly increased oxygen consumption in state 3 following ADP addition (t0= 3.225, p =
0.0091) and in the maximum uncoupled state after CCCP titration (t(10) = 2.969, p = 0.0141). No
significant differences were observed in the states induced by rotenone + succinate (t(10) = 1.594, p
=0.1420) or by oligomycin (t10) = 1.464, p = 0.1739).

The mRNA transcriptions of genes related to subunits of ETC were quantified by qRT-PCR
using target-specific primers (Fig. 8B). HFD induced an increase in the expression of several ETC-
related genes, including ndufs2 (ts) = 3.013, p= 0.0297), cox4il (te) = 2.044, df=6; p= 0.0435),
cox6al (t5)=3.937, p=0.0110), and cox6c¢ (t5)= 0.2836, p=0.0364) by 31.5-, 180.6-, 148.2-, and
9.4-fold, respectively, when compared with the control group. While genes, sdha (t;s) = 1.810, p=
0.1301), ugcrci0 (te) = 1.667, p=0.1466), and atp5i (te) = 1.703, p=0.1395) were not significantly
affected by HFD.
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Figure 8. Effect of HFD on brain mitochondria in aged adult zebrafish. (A) Oxygen consumption was assessed
using the Oroboros oxygraph through the sequential addition of substrates and inhibitors, allowing mitochondrial
evaluation in different states: C1- state 2 (PM), C1- state 3 ( ADP), C1+ C2- state 3 (Succ), Cl+ C2- state 4 (Oligo),
C1+ C2- maximum uncoupled capacity (CCCP), and C2- maximum uncoupled capacity (ROT). Data are expressed as
mean =+ standard error of the mean and were analyzed by student t-test. (B) The mRNA transcripts were analyzed by
qRT-PCR using specific primers for each gene. The data were normalized by EFla mRNA. Data are expressed as
mean =+ standard error of the mean and were analyzed by student t-test. *p < 0.05. n = 5-6 per group (oximetry) and n
= 3-4 per group (mRNA expression).

To further investigate the cellular impact of HFD, we conducted ultrastructural analysis of the
brain using transmission electron microscopy (TEM). This analysis was performed exclusively in
aged fish, as preliminary observations indicated that young individuals did not exhibit substantial
structural alterations under the same dietary conditions. At low magnification (2.5K), mitochondria
appeared more abundant and exhibited a fragmented or fissioned morphology in HFD-treated

brains compared to controls (Fig. S4). At higher magnification (6K), control fish displayed
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mitochondria with well-defined cristae, intact membranes, and a dense matrix (Fig. 9A), while
HFD-fed individuals showed notable alterations, including heterogeneity in shape and size, with
abnormally arranged cristae (i.e. blurred or disorganized), absence of cristae in distinctive areas
and a vesiculated matrix appearance (Fig. 9B). Furthermore, ultrastructural evaluation revealed a
marked reduction in synaptic vesicle content in the HFD group (Fig. 9B, S1B) relative to the control

group (Fig. 9A, S1A).

sSD HFD

Figure 9. Effect of HFD on brain ultrastructural microscopy in aged zebrafish. Zebrafish brain ultrastructure was
analyzed by transmission electron microscopic. Images from brain of zebrafish that received SD or HFD are displayed
under magnification of 6K. White arrows indicate mitochondia and white block arrows indicate synaptic vesicles.
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Figure S3. Effect of HFD on C2-dependet mitochondrial metabolism in aged adult zebrafish. (A) Oxygen
consumption was assessed using the Oroboros oxygraph through sequential addition of substrates and inhibitors,
allowing mitochondrial evaluation in different states: C2- state 2 (Rot+ Succ), C2- state 3 (ADP), C2- state 4 (Oligo),
C2- maximum uncoupled capacity (CCCP). Data are expressed as mean + standard error of the mean and were analyzed
by student t-test. *p < 0.05. n= 11 per group.
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Figure S4. Effect of HFD on brain ultrastructural microscopy in aged zebrafish. Zebrafish brain ultrastructure
was analyzed by transmission electron microscopic. Images from brain of zebrafish that received SD or HFD are
displayed under magnification of 2.5K.

4. DISCUSSION
The global trend of population aging, combined with the worsening of dietary habits observed

in recent decades, represents a new and pressing public health concern that requires deeper
understanding. The coexistence of these conditions increases the risk of metabolic and neurological
dysregulations, as well as psychobehavioral disorders. In the present study, we investigated the
combined effects of age and diet by exposing young and aged zebrafish to either a standard diet or
a HFD for 14 days. Consistent with previously reported clinical observations, we found that aging
and HFD acted synergistically to promote CNS dysfunction, evidenced by anxiety-like behavior,
cognitive impairment, and disrupted brain mitochondrial homeostasis in aged obese zebrafish
while young obese zebrafish did not displayed an evident behavioral alteration.

Metabolic dysfunction induced by unbalanced diets, including HFD, is well-documented in
zebrafish (Gut et al., 2017; Landgraf et al., 2017; Picolo et al., 2021; Zang et al., 2018b). In this
study, we aimed to investigate whether the impact of HFD is more pronounced in aged fish.
Regarding metabolic changes, our data expands on previous findings by demonstrating an
obesogenic phenotype in zebrafish, regardless of whether they are young or aged. Increased body
weight was already evident by the beginning of the second week of treatment, along with a
significant increase in abdominal length in both age groups, indicating a greater accumulation of
white adipose tissue. This feature is considered the primary diagnostic criterion for metabolic
syndrome in humans (Alberti et al., 2009; Bigaard et al., 2005) and plays a key role in the
development of metabolic alterations, such as systemic inflammation and endocrine dysfunction

(Gomes Gongalves et al., 2023; Matsuzawa et al., 2011).
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In humans, genetic predisposition to metabolic diseases is considered as a risk factor for the
development of psychiatric disorders, such as depression, attention deficit disorder, anxiety, and
schizophrenia (Gao et al., 2024), underscoring the role of metabolic dysfunction in the development
of neuropathologies. Our findings align with previous evidence indicating that aging exacerbates
the brain's vulnerability to metabolic challenges induced by HFD, as evidenced by cognitive
impairment and anxiety-like behavior only in aged obese zebrafish but not in their younger
counterparts. Similarly, Spencer and D’Angelo et al. (2017) demonstrated that short-term HFD
served as a neuroinflammatory trigger in aged, but not young adult rats, resulting in marked
cognitive impairment. These impairments were paralleled by increased microglial activation, as
indicated by elevated Ibal and CD11b expression exclusively in aged animals, along with an
enhanced expression of MHCII and elevated IL-1B protein levels in hippocampus (Spencer,
D’Angelo, et al., 2017b). In another study, the inhibition of the IL-1p receptor reversed long-term
potentiation impairment induced by HFD only in older mice. The synergistic effect between aging
and HFD consumption was also observed in the development of anxiety-like behavior.
Additionally, both aging and HFD consumption altered pathways related to metabolic signaling
and neurodegenerative processes(Evans et al., 2024).

The consumption of unbalanced diets in humans is associated with accelerated overall aging
processes, affecting the CNS locally (Ravi et al., 2025). In a study involving 8,630 individuals,
consumption of saturated fats increased the risk of Alzheimer's disease and dementia by 39% and
105%, respectively, with diet-induced metabolic alterations associated with the early development
of symptoms (Ruan et al., 2018). Furthermore, elevated BMI demonstrates a positive association
with brain atrophy (Gustafson et al., 2004), constituting a significant risk factor for dementia
(Whitmer et al., 2008) and doubling the likelihood of developing Alzheimer's disease (Anstey et
al., 2011). On the other hand, improvements in dietary habits have neuroprotective effects in
humans, particularly in older individuals (Hadem et al., 2019), being effective in managing
dementia (Wahl et al., 2016) and improving mood alterations (Redman & Ravussin, 2011), in
association with enhanced metabolic health.

The synergistic impact of aging and poor dietary habits on the CNS stems from the fact that
both factors promote the activation of pathological mechanisms in the brain. Among these,
mitochondrial dysfunction stands out due to its critical importance for the basic functioning and

survival of neuronal cells (Tan & Norhaizan, 2019), being a limiting factor for synaptogenesis and
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neuronal plasticity (Benard et al., 2007; Li et al., 2004). Moreover, mitochondrial dysfunction plays
a central role in the pathogenesis of various neurological and psychiatric disorders, activating
processes such as oxidative stress, neurodegeneration, and neuroinflammation (Cobley et al., 2018;
Penna et al., 2020). Consequently, mitochondria have been effectively used as therapeutic targets
for various neuropathologies, including neurodegenerative diseases (Kurz et al., 2010). For
example, the effect of mitochondrial dysfunction induced by Pinkl deficiency in zebrafish was
evidenced as a viable Parkinson’s disease model. Through the screening of neuroactive drugs, it
was demonstrated that the maintenance of mitochondrial homeostasis could delay
neurodegeneration (Soman et al., 2017; Y. Zhang et al., 2017).

Neurobehavioral alterations, such as cognitive deficits, anxiety-like behavior, and depressive
symptoms, are often accompanied by mitochondrial changes (de Paula et al., 2021). Herein we
performed a detailed evaluation of brain mitochondria in zebrafish using three complementary
approaches: high-resolution respirometry to assess mitochondrial metabolism, gene expression of
respiratory chain components, and ultrastructural mitochondrial microscopy. Our data reveals an
age-dependent effect of HFD on brain mitochondrial metabolism. In young animals, HFD led to a
reduction in cerebral bioenergetic capacity, including decreased oxidative phosphorylation and
maximum respiration. In contrast, aging zebrafish exhibited an upregulation of brain mitochondrial
oxygen consumption in response to HFD. The HFD-induced increase in mitochondrial metabolism
in aged fish was further confirmed using a protocol dependent exclusively on complex II, by
inhibiting complex I with rotenone.

Alterations in brain mitochondrial metabolism have been reported in rodent models of obesity
and are frequently associated with neuronal dysfunction, reduced synaptic density, and cognitive
decline. Several mechanisms may underlie these effects, including impaired bioenergetics,
mitochondrial calcium imbalance, activation of apoptotic signaling pathways (via caspases and
cytochrome c), and increased oxidative stress. The oxidative damage to mitochondrial components,
including electron transport chain complexes, may further compromise mitochondrial function and
integrity, leading to lower ATP production and exacerbated oxidative stress (Freeman et al., 2014).
Central resistance to metabolic hormones like insulin may also contribute to the dysregulation of
pathways responsible for mitochondrial activation and maintenance. Interestingly, physical
exercise has been shown to reverse mitochondrial impairments, ameliorate cognitive deficits, and

suppress apoptosis in HFD-fed mice (H.-S. Park et al., 2018).
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There are several explanations for the increased mitochondrial metabolism observed in aged
zebrafish fed with HFD. Mitochondria are highly dynamic organelles capable of monitoring
available energy sources to prioritize one metabolic pathway over others. For instance, the -
oxidation or pyruvate oxidation pathways derived from glycolysis may be activated while others
are inhibited (Tsilingiris et al., 2021). Unbalanced diets may interfere with the mitochondrial
substrate-sensing process, reducing the metabolic flexibility. Consequently, metabolic pathways
could become overstimulated, increasing substrate flux into mitochondria and promoting
hyperactivation of the ETC with higher production of reactive oxygen species (ROS), without an
improvement in ATP production (Jergensen et al., 2017; Muoio, 2014).

Another explanation involves the process of mitophagy, which is impaired by aging and is
closely associated with the development of age-related neuropathologies, including
neurodegenerative diseases (Nixon, 2013). Unbalanced diets also impact the mitophagy process,
more severely in older individuals, leading to a higher accumulation of dysfunctional mitochondria.
These mitochondria appear in a more fragmented morphology due to disrupted mitochondrial
dynamics, which are also synergistically impacted by aging and HFD consumption (Galizzi et al.,
2021). Consequently, mitochondrial accumulation may promote an apparent increase in
mitochondrial metabolism under experimental conditions, without reflecting a genuinely improved
bioenergetic status within the cellular environment. Supporting this hypothesis, ultrastructural
microscopy revealed a higher number of mitochondria in HFD brains, with a more fragmented
morphology. TEM analysis also demonstrated that the HFD reduced the number of synaptic
vesicles (SV). This phenomenon may be related to mitochondrial dysfunction, given that this
organelle plays a central role in neural plasticity and neurotransmission (Todorova & Blokland,
2017). Proper mitochondrial functioning is essential for maintaining SV homeostasis through
calcium regulation (Walters & Usachev, 2023) and bioenergetic support (Palikaras & Tavernarakis,
2020). Thus, inhibition of the ETC in the brain is expected to impact the regeneration of SV and
their release into the synaptic cleft (Ivannikov et al., 2013).

Interestingly, we observed a HFD-induced increase in the expression of ETC genes, more
pronounced in older animals. All genes evaluated are localized and expressed in the cell nucleus,
and its expression is finely regulated to meet cellular bioenergetic demands (Cogliati et al., 2018).
It is worth noting that there are few studies evaluating the expression of such genes in response to

unbalanced diets in zebrafish. Controversially, those studies report reductions in ETC genes
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expression in the brain (Selfridge et al., 2015), skeletal muscle (Sparks et al., 2005), and white
adipose tissue (M.-S. Choi et al., 2015). Selfridge et al. evaluated mitochondrial regulation and
function in the brain in response to two HFD: one ketogenic, which was metabolically beneficial,
and the other obesogenic. They reported increase in transcripts of CREB, PGCla, and NRFS2 in
response to both HFD, highlighting the activation of mitochondrial biogenesis pathways
responsible for mRNA transcription for the ETC. However, they also observed a reduction in
COX4I1 mRNA with the obesogenic diet and a reduction in mtDNA with both HFDs, indicating
lower mitochondrial content. The authors suggest that increased mitophagy, which occurs in
response to HFD-induced mitochondrial dysfunction, might explain these findings (Selfridge et al.,
2015).

Our ultrastructural findings align with previous reports showing that HFD induces prominent
alterations in aged animals. In HFD mice, glial cells related to blood-liquor crosstalk, exhibited
remarkable ultrastructural anomalies, including altered alignment, reduced junctions, degenerating
organelles, and higher content of lipid droplets, lysosomes, and autophagosomes (Severi et al.,
2021). Authors found that the mitochondria were very heterogeneous in shape and size, and
presented swellings and internal alterations, including abnormally arranged cristae, absence of
cristae in distinctive areas and, sometimes, the presence of myelin-like structures. This cellular
event is characterized by progressive changes in mitochondrial morphology: they first enlarge, the
cristae disappear, and lastly, the organelle appears empty. Moreover, a high-fat diet (HFD) could
likely disrupt neurotransmitter vesicle dynamics, potentially reducing the availability of vesicles
for release and impair synaptic transmission, which could be related to the change in fish behavior.
Supporting these findings, Yoon et al. (2019) reported that HFD leads to downregulation of
multiple mRNAs associated with neurogenesis and synaptic function, as well as changes in non-
coding RNA profiles, suggesting that diet exerts multifaceted control over neural gene expression
and plasticity (Yoon et al., 2019).

Therefore, the increase in mRNA transcripts observed in our study may be related to the
activation of biogenesis pathways as a compensatory mechanism for increased mitophagy and
mitochondrial bioenergetic impairment. However, future experiments are needed to confirm these
hypotheses and elucidate possible underlying mechanisms. Our data suggests an age-dependent
HFD effect on mitochondrial parameters, which has been scarcely explored in the literature and

could pave the way for new insights and the development of therapeutic approaches.
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5. CONCLUSION

Here we described for the first time the synergetic impact of aging and HFD consumption in
neurobehavioral parameters of zebrafish, as evidenced by cognitive impairment and anxiety-like
behavior of aged animals fed with HFD. We describe an age-specific effect of HFD on
mitochondrial homeostasis on zebrafish encephalon, with a reduction of its function in young
animals and an increase in aged animals. We hypothesize that this increase is associated with an
accumulation of dysfunctional mitochondria, since mitophagy process is synergistically impaired
by aging and HFD consumption. Another possibility is that both factors work together to disrupt
mitochondrial substrate screening, leading to ETC overload and hyperactivation. We also observed
a robust increase in mRNA transcription for proteins integrating the ETC complexes, which may
represent a compensatory mechanism to reestablish cellular bioenergetic, mainly in aged
individuals, which were more affected by HFD consumption. This study underscores the
translational value of zebrafish as a model for investigating the intersection between diet, aging,
and brain health, which can be further explored to evaluate the role of mitochondrial dysfunction
on neurological alteration, and to help develop future therapeutic approaches to avoid neurological

complications.
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5. CONCLUSOES E PERSPECTIVAS FUTURAS

O agravamento dos habitos alimentares observados nos ultimos 40 anos esta associado a
um impacto severo no sistema publico de saude, atuando como uma das principais causas da
epidemia de obesidade e de suas comorbidades (Popkin et al., 2012; Vandevijvere et al., 2015),
além de aumentar a incidéncia de doencas neuroldgicas e psiquidtricas (de Miranda et al., 2021;
Pagliai et al., 2021). Esse problema ¢ ainda mais acentuado pela recente tendéncia de
envelhecimento da populagdo global, e a combina¢do desses fatores acelera o processo de
envelhecimento (Ravi et al., 2025), resultando em um agravamento precoce dos parametros
neurologicos e maior suscetibilidade a doengas do SNC (Ruan et al., 2018).

O impacto no SNC promovido pela associagdo entre envelhecimento e consumo de DH foi
amplamente estudado em modelos de roedores (Evans et al., 2024; Spencer et al., 2019). Em
contraste, este € o primeiro estudo a descrever esse fendomeno no modelo de peixe-zebra, o que
representa um avango na area com novas oportunidade de experimentagdes e descobertas.

Demonstramos pela primeira vez o impacto da DH no desenvolvimento da obesidade e das
alteracdes metabolicas em peixe-zebra envelhecidos, o que também ocorreu nos animais jovens.
Além disso, a DH induziu comportamentos tipo ansioso € comprometimento cognitivo apenas nos
animais mais velhos, demonstrando que o envelhecimento aumenta a vulnerabilidade do SNC ao
consumo de dietas desbalanceadas também em peixe-zebra.

As analises mitocondriais evidenciaram um efeito relacionado a idade: redugdo na
bioenergética mitocondrial nos animais mais jovens, enquanto nos mais velhos ocorreu um
aumento. Ademais, o aumento na transcri¢gdo de mRNA das subunidades formadoras da CTE foi
detectado em ambas as faixas etarias, embora de forma muito mais robusta nos animais
envelhecidos. Esses achados reforgam o papel central da disfungdo mitocondrial no
desenvolvimento de neuropatologias, evidenciando o efeito diferencial da associacdo entre
envelhecimento e o consumo de dietas desbalanceadas.

Por fim, estabelecemos na Universidade de Brasilia um novo modelo experimental para
investigar as alteragdes metabodlicas, neurocomportamentais e mitocondriais induzidas pela
associacdo entre envelhecimento e consumo de DH em peixe-zebra. Junto com isso,
desenvolvemos a infraestrutura necessarias para realizar diversas andlises comportamentais na
nossa Universidade.

Concluindo, este estudo refor¢a o potencial translacional do peixe-zebra reafirmando a
conservagao de mecanismos patologicos, € abre novas possibilidades para avaliar como o SNC ¢
impactado e para o desenvolvimento de futuras abordagens que visem mitigar os impactos
neurologicos.
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Figura 4. Resumo grafico dos resultados obtidos. O efeito sinergético entre o envelhecimento e o consumo de dietas
desbalanceadas foi investigado através da exposi¢do de peixe-zebra adulto jovem (4-6 meses de idade) e adulto
envelhecido (17-22 meses de idade) a uma dieta hiperlipidica (DH) por duas semanas. A DH promoveu um fenétipo
obesogénico semelhante em ambas as faixas de idade, porém os animais envelhecidos foram mais suscetiveis as
alteragdes comportamentais e cognitivas induzidas pela dieta, como demonstrado por maior comportamento tipo
ansioso e por comprometimento cognitivo. A DH também promoveu alteragdes mitocondriais no cérebro diferente em
cada intervalo de idade, demonstrando uma interagdo entre o envelhecimento e o consumo de dietas desbalanceadas
na ativacao de mecanismo neuropatologicos e a maior vulnerabilidade de individuos mais velhos as alteragdes do
sistema nervoso central induzida pela dieta.
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