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RESUMO

O transtorno do espectro autista (TEA) é uma desordem deletéria na comunicagdo e interagao
social, que se manifesta no principio da infincia, e que apresenta diversas comorbidades
associadas. A prevaléncia do TEA vem crescendo exponencialmente na populagdo em diversas
regides do mundo, principalmente nas Ultimas trés décadas, despertando a preocupacao e o
interesse cientifico. A etiologia do autismo ainda ¢ desconhecida, porém, véarios estudos
conseguiram associar a influéncia do sobrepeso e obesidade materna a maiores riscos para o
desenvolvimento deste transtorno. Como osprimeiros sintomas sempre estao presentes no inicio
da infancia, a hipotese de perturbacdes no neurodesenvolvimento, na vida intrauterina, ¢ uma
provavel causa desse disturbio. A vida intrauterina ¢ um periodo sensivel ao
neurodesenvolvimento do feto, e a exposi¢do a determinados fatores neste periodo apresenta
efeitos negativos na prole. A obesidade ¢ uma doenga inflamatdria cronica, e apresenta efeitos
negativos a saude das gestantes e dos filhos, incluindo o aumento do risco para o
desenvolvimento do TEA. Perturbagdes oriundas da obesidade, como a alta glicemia ¢ a
inflamacdo cronica da gestante, podem afetar negativamente o neurodesenvolvimento dofeto,
ocasionando a ma formacao e interconexdo de estruturas cerebrais, e afetando a fisiologia do
sistema nervoso central (SNC). Para melhor compreender tais efeitos no
neurodesenvolvimento, estudos sobre os mecanismos bioquimicos da neuroinflamagdo e da
disfungao mitocondrial no periodo da vida intrauterina sao bastante convenientes, uma vez que
sdo eventos comumente presentes em pacientes autistas, € que podem apresentar papel
determinante na morfofisiologia do SNC e na etiologia do autismo. Nessa dissertagdo, o
objetivo foi caracterizar o perfil metabolico de camundongos fémeas alimentadas com uma
dieta rica em gordura, e a revisao de dois artigos com os titulos “Neuroinflammation in Autism
Spectrum Disorders: Exercise as a Pharmacological Tool” e “Obesity associated with Autism
Spectrum Disorders: Mitochondrial Dysfunction and Neuroinflammation as a links”.

Essa dissertacdo conclui que a obesidade materna ¢ um fator com grande probabilidade de gerar
perturbagdes na vida intrauterina, aumentando o risco de neuroinflamagdo e disfun¢do
mitocondrial na prole, e aumentando também a probabilidade do desencadeamento do autismo
na prole de gestantes obesas. Portanto, mais estudos sdo necessarios para atribuir a associagao
da neuroinflamacao e da disfun¢do mitocondrial como eventos chave na etiologia e/ou sintomas
do TEA.

Palavras-chave: autismo, obesidade materna, neuroinflamagao, disfungcao mitocondrial.



ABSTRACT

Autism spectrum disorders (ASD) are a complex neurodevelopmental disease that involves
disturbances in communication and social interaction. ASD is manifested early in childhood
and has several associatedcomorbidities. The prevalence of ASD has been growing all over the
world,specially in the last three decades, raising concern and scientific interest. Theetiology of
ASD is still unknown. However, several studies have associatedthe influence of overweight and
obesity with higher risk for the ASDdevelopment. As the first symptoms are always present in
early childhood, the hypothesis of neurodevelopmental disturbances in the intrauterine life isa
probable cause of this disorder. Intrauterine life is a sensitive period for fetal neurodevelopment,
and exposure to certain factors during this period has negative effects on the offspring. Obesity
is a chronic inflammatory disease and has negative health effects on pregnant women and
children, including an increased risk for ASD development. Disorders arising from obesity,
such as hyperglicemia and chronic inflammation in pregnancy, can negatively affect fetus
neurodevelopment, causing abnormal formation and interconnection of brain structures,
affecting the physiology of the central nervous system (CNS). To better understand these
deleterious effects, studies on the biochemical mechanisms of neuroinflammation and
mitochondrial dysfunction during the period of intrauterine life are very convenient, since they
are events commonly present in autistic patients, andthat can play a decisive role in the
patophysiology of the CNS and in ASD etiology. Our objective was to characterize the
metabolic profile of mice fedwith a high-fat diet, and to write two review articles entitled
“Neuroinflammation in Autism Spectrum Disorders: Exercise as a Pharmacological Tool” and
“Obesity associated with Autism Spectrum Disorders: Mitochondrial Dysfunction and
Neuroinflammation as a links”.

We conclude that maternal obesity is a risk factor for generating disturbancesin intrauterine life,
increasing the risk of neuroinflammation and mitochondrial dysfunction in the fetus, as key
events in the etiology and/or symptoms of ASD.

Keywords: autism, maternal obesity, neuroinflammation, mitochondrialdysfunction
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1. INTRODUCAO

1.1 TRANSTORNO DO ESPECTRO AUTISTA

O Transtorno do Espectro Autista (TEA), comumente conhecido como autismo, ¢ um
grupo de desordens do neurodesenvolvimento caracterizado por danos na comunicagdo
einteragdo social, interesses restritos e comportamentos repetitivos (Diagnostic Stat. Man.Ment.
Disord. 5th Ed., 2013). Os primeiros sintomas clinicos do autismo podem aparecerentre 2 e 6
meses de idade (JONES;KLIN, 2013).

Os sintomas do TEA variam de leves a severos (MAYES et al., 2012) ecom relagdo as
habilidades cognitivas, os portadores de TEA variam de extremamente dotados e ativos (GINN,
2011) a severamente prejudicados (RAO;LANDA, 2014), tornando a doenca uma complexa
condicdo com elevada heterogeneidade fenotipica (TOAL et al., 2010).

O termo autismo foi cunhado pelo psiquiatra suico Eugen Bleuler, em 1911, quando
se referiu a um nucleo de caracteristicas entre pacientes com esquizofrenia (BLEULER, 1950).
A insercdo do termo autismo para a denominac¢do de um grupo com caracteristicasatipicas, foi
feita pelo psiquiatra austriaco Leo Kanner, em 1943, ap6s a observagdo de 11 criangas, as quais
as caracterizou como sem predisposicao a sociabilidade (KANNER,1943).

A prevaléncia global do TEA esta estimada em cerca de 1.5% (LYALLet al., 2017).
Umestudo da prevaléncia para o autismo no Brasil foi realizado emAtibaia (SP) em 2011,
envolvendo 1470 criangas com idades entre 7 e 12 anos, e mostrou prevaléncia de 1/367
(PAULA et al., 2011). J& um estudo epidemiolédgico que utilizou dados secundarios de 6rgaos
de apoio a individuos autistas entre 2016 e 2017, relatou a prevaléncia estimada de 3.85 casos
de autismo a cada 10 mil habitantes na regido sul do Brasil. A cada 10 mil habitantes, o Estado
do Rio Grande do Sul apresentou estimativa de 3.31, o Estado de Santa Catarina apresentou
estimativa de 3.94, e o Estado do Parané apresentou estimativade 4.32 pessoas com autismo. A
maior prevalénciaficou entre individuos masculinos, 2.2vezes maior em comparagao ao género
feminino, e a faixa etdria com maior prevaléncia foi entre 5 e 9 anos de idade (BECK, 2017).

A prevaléncia para o TEA tem aumentado significativamente na ultimadécada nos
Estados Unidos (aproximadamente 2.5 vezes), apresentando uma incidéncia 4 vezes maior no
género masculino que no género feminino (MAENNER et al., 2020). Numeros da prevaléncia
para o TEA nos EUA divulgados em 2020 apontam para 1/54 em criangascom idade de 8 anos
de acordo com os critérios do Diagnostic and Statistic Manual of Mental Disorders,4th edi¢ao
(DSM-4 e DSM-5) (MAENNER et al., 2020). Nos paises europeus, aprevaléncia para o TEA

varia bastante, alcancando 1/87 entre criancas de 7 a 9 anos de idade na Italia de acordo com os
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critérios DSM-4 e CIE10 (Classificagdo Internacional de Enfermidades, 10* edigdo, OMS)
(NARZISI et al., 2018), 1/166 em criangas entre 6 ¢ 11 anos de idade de acordo com os critérios
CIE10 na Alemanha (BACHMANN; GERSTE; HOFFMANN, 2018), 1/125 entre todas as
criancas nascidasna Noruega entre 1999 e 2009 de acordo com os critérios CIE9e CIE10, e na
Espanha asprevaléncias foram de 1/64 em criangas com idades entre 3 e 4 anos e 1/100 em
criangcascom idade entre 10 e 11 anos (MORALES- HIDALGO et al., 2018). Um estudo feito
na cidade de Okaia-shi no Japdo, no qual aproximadamente 85% das criancas nascidas entre
2009 e 2012 foram avaliadas aos 6 anos de idade, apresentaram prevaléncia de 1/32
(SASAYAMA et al., 2020).

Poucos farmacos apresentam eficiacia contra os sintomas do autismo, sendo os
principais a Risperidona, e Aripiprazol, que tratam a irritabilidade, e Metilfenidato e

Atomoxetina, que tratam o déficit de atencao e hiperatividade (CUKIER; BARRIOS, 2019).

1.1.1 Caracterizacio do TEA
De acordo com a quinta e tltima edi¢do do DSM (Diagnostic and Statistic Manual of

Mental Disorders, 5* edicao) o autismo ¢ caracterizado por déficits persistentes em pelo menos
3 dos seguintes parametros: reciprocidade social e emocional; comportamentos de comunicagao
ndo verbais; desenvolvimento e manuten¢do de relagdes incomuns; falas e movimentos
repetitivos; manutencao excessiva de rotinas e padrdes de comportamentosverbais e ndo verbais
ou excessiva recusa a mudancas; fixacdo em interesses incomuns ealtamente restritos; hiper ou
hiporreatividade a estimulos sensoriais ou interesse extraordinario em aspectos apreciados do
meio ambiente.

Ainda de acordo com o DSM-5, ha diferentes niveis de severidade na manifestacao do
TEA entre individuos portadores desta desordem. Tais niveis, variam de 1 a 3 com relagdoaos
déficits na interacdo e comunicagdo social, € aoscomportamentos repetitivos e interesses
restritos. As principais caracteristicas destes déficits nos trés diferentes niveis de severidades

que compdem o TEA estdo resumidas a seguir na tabela 1.



Severidade nivel 1

Dificuldade

m

interagdes
sociais;

iniciar

Severidade nivel 2

Déficits mais acentuados

na conversagao;

Severidade nivel 3

Graves  prejuizos em

situagdes que necessitam

de interagdes  sociais

basicas;

interagdes sociais.

Respostas atipicas ou Limitado interesse em | Aberturas sociais muito
sem

concessdes para interagdes sociais; limitadas e escassas.
abertura

social;

Interesse diminuido nas Respostas atipicas  com

interagdes reduzido interesse em

sociais;

Tentativa de amizades

Dficits na interacao e comunicagao social

de
forma estranha
e
malsucedida.
Funcdes Comportamentos atipicos | Comportamentos atipicos
significativamen mais frequentes e | interferindo
te
8 comprometidas sensiveis a espectadores | negativamente de forma
+~—
]
5 2 & |e
g > . E dificuldades para alheios; muito  acentuada  na
*g E ‘= | alternar
N
o, a & | atividades; qualidade de vida;
=
£ 2
@) Problemas com | Manifestagdes em vastos | Dificuldade extrema em
organizacao e | ambientes; aceitar mudanc¢as e mudar
planejamento. o foco ou agdo.

Grande dificuldade para

mudar o foco ou a¢do.
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Tabela 1. Caracteristicas do déficit na interacdo e comunicag¢do social e dos comportamentos restritivos e

repetitivos entre diferentes niveis de severidade do TEA (Diagnostic Stat. Man. Ment. Disord. 5th Ed., 2013).
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1.1.2 Comorbidades associadas ao TEA
Além dos déficits comportamentais e sociais, o autismo estd geralmente associado

concomitantemente com outras disfun¢des neurologicas como epilepsia (EWEN et al., 2019),
disfuncdes do sono (FLETCHER et al., 2020), deficit cognitivo (GABRIELSEN et al., 2018), transtorno
do déficit de atengdo e hiperatividade (GODOYet al., 2020), ansiedade (POSTORINO et al., 2017),
esquizofrenia (ZHENG; ZHENG; ZOU, 2018) e transtorno obsessivo compulsivo (GADELKARIM et
al., 2019). Somando-se a isso, grande parte dos individuos com TEA costumam apresentar outras
condi¢des clinicas, como problemas gastrointestinais (COURY et al., 2012), dificuldades motoras
(AMENTet al., 2015), esclerose tuberosa (SPECCHIO et al., 2020), seletividade alimentar (CHISTOL
et al., 2018), dislipidemia (LUO et al., 2020), obesidade (TOSCANO et al., 2019), dentre outras,
sugerindo que possam haver mecanismos bioquimicos subjacentes sobrepostos no desencadeamento
destas comorbidades.

Portanto, o autismo ¢ uma condi¢ao debilitante nos ambitos da interacdoe comunicagao
social e de comportamentos repetitivos e estereotipados, que se manifesta logo no inicioda vida
e apresenta diversas comorbidades associadas que podem prejudicar significativamente a
qualidade de vida dos pacientes. O TEA ainda ndo possui cura, e estudos que abordem os
mecanismos envolvidos com o desencadeamento e os sintomas desta desordem sdo
fundamentais na busca de tratamentos que possam eliminar ou diminuir a severidade

sintomaticaapresentada no autismo.

1.2 ETIOLOGIA DO TEA
A etiologia do autismo permanece em debate dentro da comunidade cientifica,

havendo um crescente consenso de que seja uma condigdo desencadeada por complexas
interagdes ambientais e genéticas (GHIRARDI et al., 2019; HEGARTY et al., 2020; SHARON
etal., 2019; LE BELLE et al., 2014).

1.2.1 TEA, genética e epigenética
Alteragdes genéticas como o polimorfismo em base tUnica (SNPs) (SANTINI et al.,
2013),variacdes em um unico nucleotideo (SNVs) (DONG et al., 2014), variagdo no nimero
decopias (CNVs) (SANDERS et al., 2015), e mutagdes de novo (aquelas presentes nos
individuos mas ndo em seus progenitores) (FERNANDES et al., 2018), sdo comuns
entreindividuos autistas. Paralelamente a isso, a epigenética refere-se a mudancas na
expressdogénica comauséncia de modificagdes na sequéncia do DNA, compreendendo uma

maquinaria que regula a estrutura e a expressdo do DNA. Os mecanismos epigenéticos
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respondem a fatores ambientais (externos) e celulares (internos) (ROTHSTEIN; CAI
MARCHANT, 2009) e compreendem a metilagdo do DNA,modificacdes pds-traducdo de RNA
e histonas, que atuam regulando a expressdo génica. A interferéncia desse mecanismo
regulatério na expressao génica vem sendo associada a uma grande variedade de distirbios
(BRASA et al., 2016; HAERTLE et al., 2019; KUBOTA et al., 2019), incluindo o TEA
(ANDARI et al., 2020).

A interferéncia da genética e epigenética na modificagdo e expressao degenes chave durante o
neurodesenvolvimento, pode ter fundamental participagdono desencadeamentodo fenotipo
autista. A tabela (2) a seguir mostra exemplos dealteragdes genéticas, o localonde estas ocorrem,
e as fungdes destes genes in natura ou em associa¢do as mutagdes neles encontradas, as quais

podem ser observadas em frequéncia aumentada em individuos autistas:



Tipo de Alteraciao

Genética/Local

Transcritos

Funcao in natura ou alteracoes
associadas com a mutacio
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unico nucleotideo) no gene EIFAE
(SANTINI et al., 2013)

SNP (variagdes no DNA em um

Promotor do gene
EIF4E

Mutagdo associada com a desregulag@o do controle da

traducdo génica (hipocampo, estriado e cortex pré-
frontal). Aumento do receptor metabotropico de
glutamato (mGlur-LTD) no hipocampo e na densidade
dos espinhos dendriticos nos neur6nios piramidais do
cortex pré-frontal. Aumento na frequéncia do
potencial sinaptico inibitério (mIPSC) (cortex pré-
frontal, estriado e hipocampo) e de correntes
excitatorias pos-sinapticas. Diminuigdo no volume de
espinhos dendriticos e funcionamento anomalo na
plasticidade neuronal. Fendtipo comportamental e
social deficitério.

SNP no gene CNTNAP2 rs
7794745 (ZARE;
MASHAYEKHI; BIDABADI,

Proteina Andaime
CASPR2

Interagdes neurdnio-glia e canais de calcio em
axoOnios mielinizados

2017)
SNP no gene DCC (LI et al., Proteina receptora de | Desenvolvimento do Sistema Nervoso Central
2020) Netrin-1

SNV (variagdo em um unico

Proteina Lisina

Regulagdo da Cromatina e da regulacdo do Ciclo

al., 2014)

nucleotideo) no gene KMT2E Metiltransferase 2E Celular
(DONG et al., 2014)
SNV no gene RIMS1 (DONG et Proteina RIMS1 Regulagdo da exocitose da membrana sindptica e

liberagdo de neurotransmissores

Mutagdes de novo com CNV
(dnCNV) no gene GTF2I
(SANDERS et al., 2015)

Fator de Transcri¢ao
Geral II-1 ¢ BAP-135

Regula negativamente a entrada de calcio na célula, e
regulagdo do sistema imune, respectivamente

Mutagdes de novo com CNV
(dnCNV) no gene OXT (SEBAT
et al., 2007)

Horménio Ocitocina

Sensibilizagdo social, lactagdo, contragdes uterinas no
parto

Mutagdes de novo com CNV
(dnCNV) no gene GABRB3
(SANDERS et al., 2015)

Subunidade beta 3 do
receptor GABA

Sensibilidade ao neurotransmissor GABA

Mutagdes de novo com CNV
(dnCNV) no gene GTF2IRD2
(SANDERS et al., 2015)

Fator Geral de
Transcrigao I1-1

Regulacdo de Transcrigdo

SETD5 (FERNANDES et al.,
2018; GREEN; WILLOUGHBY;
BALASUBRAMANIAN, 2017)

Mutagdes de novo com CNV Proteina WBSCR16 Regulagédo de condensagdo de cromossomo 1
(dnCNV) no gene WBSCR16
(SANDERS et al., 2015)
Mutagdes de novo com CNV Receptor da Pode estar envolvido na montagem do receptor
(dnCNV) GABRAS (SANDERS subunidade alfa 5 do GABA-A e na imobilizagdo e acuimulo do receptor
et al., 2015) neurotransmissor GABA-A pela gefirina na sinapse

GABA
Mutagdes de novo com CNV Receptor da Sinalizagdo de Akt e via de apoptose. Regula a
(dnCNV) no gene GABRG3 subunidade alfa 3 do atividade do canal de cloreto e a atividade do receptor
(SANDERS et al., 2015) neurotransmissor GABA

GABA
Mutagdes de novo com CNV Proteina CDH13 Proteina de adesao calcio dependente. Regula o
(dnCNV) no gene CDH13 controle da migracdo celular, crescimento de
(SANDERS et al., 2015) neurdnios e guia axonios. Variantes associadas ao

comportamento agressivo

Mutagdes de novo no gene Proteina SETD5 Proteina reguladora da metilagdo da histona

H3k36me, associada a regulagéo na proliferagdo
neuronal e transmissdo sindptica. Variantes
associadas ao déficit intelectual

Tabela 2. Alteragdes genéticas e fungdes proteicas in natura ou associadas com os fenotipospolimorficos.
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Com relacdo as alteragdes epigenéticas, a tabela (3) a seguir mostra exemplos que
podemser observados em frequéncia aumentada em individuos autistas (ANDARI et al., 2020;

NAKAGAWA et al., 2020), juntamente com o fenotipo associado a estas alteragdes:

Local da Alteracdo Epigenética  Fenotipo Associado a Alteracao Epigenética

Metilagdo no sitio CpG 16 (intron 1 da | Déficits sociais, na linguagem e comunicagao.
regido MT2) do gene receptor de
ocitocina (OXTR) (ANDARI et al., 2020).

Metilacdo na regido do exon 1 de OXTR | Déficits na responsividade social e
(ANDART et al., 2020). hiperconectividade entre areas do estriado e cortex.

Altos niveis de metilagdo na regido do | Hiperconectividade entre regides cerebrais cortico-
intron 1 de OXTR (ANDARI et al., 2020). corticais.

Metilagao nas regides CpG 16 e CpG 5,6 | Negativamente  associadas a  conectividade
(exon 1 da regido MT2) (ANDARI et al, | funcional no estado de repouso entre areas

2020). independentes, como coértex cingulado posterior e
sulco temporal superior

Redugdo da acetilagdo na Lys'® da | Déficits na comunicagdo social, hiperatividade,
histona 4 (H4K16ac) (em casos em que | danos na proliferagdo neuronal.

ha haploinsuficiéncia do gene SETDS)
(NAKAGAWA et al., 2020).

Tabela 3. Alteragdes epigenéticas encontradas em individuos autistas e fenotipos associados.

1.2.2 Fatores ambientais associados ao TEA
A vida intrauterina ¢ extremamente sensivel a fatores externos, e muitosdeles podem

ter acdo determinante no neurodesenvolvimento e nodesencadeamento do autismo. Dentre os
fatores ambientais com manifestacdo navida intrauterina e que apresentam associagdo com o
autismo estdo a exposi¢do materna a polui¢do atmosférica (FRYE et al., 2020), nutri¢do materna
(LYALL et al., 2013), hipertensdo materna (CORDERO et al., 2019), diabetes materno
(XTIANG et al., 2018), exposi¢do materna a agrotoxicos (VONEHRENSTEIN et al., 2019),
ativacdo do sistema imune materno (HOLINGUE et al., 2020; PATEL et al., 2020), uso de
farmacos na maternidade (WIGGS et al., 2020) e obesidade materna (KRAKOWIAK et al.,
2012).

Individuos com disfun¢do mitocondrial sdo mais suscetiveis a perturbacdes
ambientais, muitas vezes resultando em regressao do neurodesenvolvimento (EDMONDS et
al., 2002). Um estudo de meta- andlise verificou que a regressao do neurodesenvolvimento
émais comum em individuosque apresentavam autismo e disfuncdo mitocondrial que em
individuos com autismo mas sem disfun¢ao mitocondrial (ROSSIGNOL; FRYE, 2012).

Em casos de exposi¢do pré-natal a altas concentragdes de poluicdo atmosférica,

representada por particulas no ar com diametro de 2.5um (PM»s) devariadas fontes, tal
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exposicao foi associada a déficits comportamentais associados ao autismo e danos na respiracao
mitocondrial com déficit na produgdo de ATP (FRYE et al., 2020).

A exposicao materna a dietas ricas em gordura, apresentaram maior associagao com a
presenca do fenotipo autista nos filhos (LYALL et al., 2013). Foi verificado em estudo que a
alta ingesta de gordura na maternidade alcangou maiores riscos para o desencadeamento do
autismo na prole, porém, a alta ingestaconcomitante de gorduras poliinsaturadas, como o ®-3,
apresentou efeito protetivo, reduzindo o risco para autismonos filhos em 53% (LYALL et al.,
2013). O 4cido a-linoleico também apresentou efeito protetivo, com a diminuicdodo desfecho
autista nos filhos chegando a 30% (LYALL et al., 2013).

Disfungdes gestacionais, como a hipertensdo, apresentaram associagdo positiva com o
fenotipo autista nos filhos em um estudo, com aumento do risco em 69% entre
gestanteshipertensas ajustadas para parametros como idade, etnia, fumo, escolaridade, IMC,
numero de filhos, regido residencial e diabetes, e aumento em 78% entre gestantes nao ajustadas
para os mesmos parametros (CORDERO et al., 2019).

Em um estudo sobre a exposicdo do diabetes tipo 1 na gestacdo, a cadal0 mil
nascimentos, 4.4 individuos desenvolviam o autismo durante a infancia (XIANG et al., 2018).
A incidéncia do autismo para diabetes tipo 2 a cada 10 milnascimentos foi de 3.6, para diabetes
gestacional foi de 2.9 e de 1.8 para gestacdessem diabetes (XIANG et al., 2018). Neste estudo,
os dados foram ajustados parapardmetros como idade no parto, escolaridade, renda familiar,
etnia e historico de comorbidade (doenga cardiaca, figado, pulmao, rins e cancer) (XIANG et
al.,2018).

Alguns compostos quimicos, como os organoclorados (encontrados nosagrotoxicos),
témcapacidade para atravessar a placenta durante a gravidez (YINet al., 2019) e perturbar
oneurodesenvolvimento com desregulacdo endodcrina, e nos sistemas imunitario € nervoso
(CHEVRIER et al.,  2008; KIMURA-KURODA; NAGATA; KURODA, 2007).
Um estudo mostrou que muitos tipos de agrotdxicos estao significativamenteassociados como
aumento no risco do desencadeamento do autismo quando as gestantes sdo expostas a tais
compostos (VON EHRENSTEIN et al., 2019). Esteestudo mostra que a exposi¢ao ao glifosato
aumentou o risco para o desenvolvimento de autismo nos filhos em 11%, em 15% para
exposicao ao clorpirifos, 14% para o diazinon e para a avermectina, 10% para o acefato, 8%
para o malathion, e 4% para o permetrin (VON EHRENSTEIN et al., 2019).

A ativagdo imune materna tem sido associada a problemas neuropsiquidtricos nos
filhos, especialmente relacionados a esquizofrenia (comorbidade comumente associada ao

TEA)(BROWN, 2006) e TEA (CHOI etal., 2016). Gestantes que foram expostas a rubéola
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(Rubella virus) tiveram alta expressdo de interleucina 8 (IL-8) e TNF-a no soro, e
prevaléncia de 20% no desencadeamento da esquizofrenia nos filhos, enquanto
gestantesexpostas aolnfluenza virus apresentaram aumento no risco de desencadeamento da
esquizofrenia nos filhos até sete vezes maior que a média da populagdo geral (BROWN,2006).
Dados de ativagdo imune materna em animais apresentaram maior incidéncia no
desencadeamento do fendtipo tipo autista na prole a partir do estimulo imunitario em roedores
gestantes através de injecdes com LPS (lipopolissacarideo constituinte de membrana de
bactérias) no 15° dia gestacional(LOMBARDO et al., 2018). Este estudo mostrou também a
alteracdo na expressdo gé€nica nas gestantes (4h apds injecdes com LPS), apresentando 6923
genes com expressao diminuida e 4981 genes com expressao aumentada (LOMBARDO et al.,
2018). Em outro estudo com modelos roedores de ativagdo imune materna inoculados
intraperitonealmente com poly (I:C) (substancia sintética andloga ao dsRNA, forte indutora de
interferon e que mimetiza infec¢aoviral), a prole apresentou maior probabilidade de desenvolver
comportamentos tipo autistas (CHOI et al., 2016). As gestantes apresentaram elevada expressao
deinterleucina 17 (IL-17), interleucina 6 (IL-6), fator de necrose tumoral (TNF-a),interleucina
1-B (IL-1P), e interferon-p (IFN-£) no soro, e a prole apresentou elevada concentrac¢do de IL-
17 no cérebro (CHOI et al., 2016).

Alguns medicamentos apresentam associa¢do com o desencadeamento de autismo nos
filhos quando utilizados durante a gestagdo. Um caso tipico sdo os medicamentos anti-
convulsdao que apresentam em sua composicao o acido valproico, que se mostrou forte indutor
de autismo na prole (aumento em130% no risco) quando utilizado pelas maes noperiodo
gestacional (WIGGS et al., 2020).

A obesidade materna também tem se mostrado um bom preditor para o
desenvolvimentode autismo nos filhos, apresentando risco elevado para o TEA nos filhos
(KRAKOWIAKet al., 2012), além de diversos aspectos negativos aosquais estd associada.
Estudos sobre obesidade materna e sua associagdo com o TEA mostram que a condi¢dao de
obesidadeno periodo gestacional pode aumentaro risco para autismo nos filhos em até seis vezes

(KONG et al., 2018).

1.3 ALTERACOES MORFOFISIOLOGICAS NO TEA
Individuos autistas (humanos e roedores) geralmente apresentam mudangas

neurofisiolégicas e neuroanatdmicas em regidoes do cérebro envolvidas na cognicao,
comportamento ¢ emogdes (KOJIMA et al., 2019; POSTEMA et al., 2019; STERNBERG,
2006; STOODLEY et al., 2017; WEGIEL et al., 2010;SCHOEN et al., 2019; OWEN et al.,
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2018; AMARAL et al., 2017; SACCO; GABRIELE; PERSICO, 2015; SHAFRITZ et al.,
2008; AZMITIA et al, 2011; MARKRAM; RINALDI; MARKRAM, 2007). Alguns

exemplos dessas alteracdes podem ser observados natabela (4) a seguir:



Tipo de Alteragoes

Assimetria morfolégica (POSTEMA et al.,

2019).

Estruturas Cerebrais

Diminui¢do do cortex lateral esquerdo e aumento do

cortex lateral direito.
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Aumento no volume (SCHOEN et al., 2019;
OWEN et al., 2018).

Talamo, estriado, area ventricular e globo palido.

Aumento na conectividade* (STOODLEY et
al., 2017). (camundongos)*

RCrusl e: areas corticais, matéria branca, 16bulo
parietal inferior esquerdo.

Aumento na espessura/volume (POSTEMA et
al., 2019; SACCO; GABRIELE; PERSICO,
2015; AMARAL et al., 2017).

Frontal superior, frontal médio rostral, orbitofrontal
medial, temporal inferior, giro cingulado e giro
fusiforme. Volume cerebral total.

Baixa ativacdo (SHAFRITZ et al., 2008).

Cortex parietal, frontal e estriado (associados a baixa
capacidade cognitiva), cortex cingulado anterior e
cortex parietal posterior (associado ao aumento na
severidade nos comportamentos repetitivos.

Baixa densidade (Neurdnios Piramidais e
células Purkinje) (WEGIEL et al., 2010).

Ventriculos laterais, corno temporal e hipocampo
(CA1) e cerebelo.

Camada de neurdnios granulares fragmentada
(migracio neuronal anormal) (WEGIEL et al.,
2010).

Giro denteado.

Displasia (WEGIEL et al., 2010).

Nodulos subependimarios (ventriculos laterais),
l6bulo floculonodular (cerebelo), vermis (com
desorganizacdo de células Purkinje) e hipocampo
(CAl).

Displasia multifocal (com perda de organizagio
vertical e horizontal, anormal formagao de

camadas celulares e perda de orientagdo dos
neurdnios) (WEGIEL et al., 2010).

Neocortex, cortex entorrinal, corno Ammonis, e giro
denteado.

Displasia floculonodular (WEGIEL et al., 2010).

Cerebelo (com fina camada granular no labirinto).

Diminui¢do no volume (KOJIMA et al., 2019;
OWEN et al., 2018).

Matéria cinza, cortex cingulado posterior, precuneus
e matéria branca.

Espessamento (WEGIEL et al., 2010).

Camada de células subependimarias.

Hiperfuncao (MARKRAM;
MARKRAM, 2007).

RINALDI;

Amigdala (associada a déficits no processamento de
estimulos sensoriais.

Hipoplasia (WEGIEL et al., 2010).

Cerebelo (com baixa densidade de células Purkinje) e
ntcleo denteado (com convolugao reduzida).

Heterotopia (migracio neuronal anormal)
(WEGIEL et al., 2010).

Cerebelo, hipocampo, regido subcortical da matéria
branca do giro cingulado anterior, matéria branca
cerebelar, e vermis.

Inibicdo na atividade*. (STOODLEY et al.,
2017).
(camundongos)*

RCrusl.

Menor densidade de axonios mielinizados (LIU
et al., 2020; OWEN et al., 2018).

Cortex orbitofrontal e corpo caloso.

Menor espessura (AZMITIA etal., 2011).

Neurdnios da amigdala, hipocampo e cortex.

Neuronios pequenos e pobremente
diferenciados (WEGIEL et al., 2010).

Nucleo caudado.

Numerosos nédulos (WEGIEL et al., 2010).

Camada de células subependimaria.

Reducio na densidade (WILLIAMS et al., 1980;
LIU et al., 2020).

Dendritos apicais de neurdnios piramidais no
neocortex, corpo caloso, € axénios mielinizados no
cortex orbitofrontal.

Tabela 4. Tipos de alteragdes morfoldgicas encontradas em cérebros de autistas.
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Estas diversas alteracdes em estruturas cerebrais provavelmente tém intima relacao
com a fisiologia cerebral e a severidade dos sintomas apresentadospor pacientes autistas, e
talobservacdo pode ser de grande utilidade na busca pornovos tratamentos terapéuticos

quevisem atenuar os sintomas do autismo.

1.3.1 Alteracoes moleculares e fisiologicas em autistas
Alguns mecanismos moleculares também tém sido sugeridos como provaveis

envolvidosna patofisiologia do autismo. Estes mecanismos incluem mudangas em
proteinassinapticas (neuroliginas, neurexinas, proteinas scaffold pos sindpticas e proteinas
deadesao) (CAST et al., 2020; ZHANG et al., 2018; HALI et al., 2020; WANG et al.,
2018;BURROWS et al., 2017; AMAL et al., 2020; BOZDAGI et al., 2010; SCHOEN et
al.,2019; HEISE et al., 2018; LAZARO et al, 2019; KIM et al, 2017),
neurotrofinas(GHAFOURI-FARD et al., 2020; SKOGSTRAND et al, 2019),
neurotransmissores e seus transportadores (DICARLO et al., 2019; GARBARINO et al., 2019),
e neuroinflamagdo (VARGAS et al., 2005). A observagdo destas alteracdes pode auxiliarna
busca por tratamentos terapéuticos dos sintomas do autismo, e algumas delas

estdorepresentadas na tabela (5) a seguir:

Ocorréncia

Tipo de Alteracoes

Moléculas Envolvidas/ Alteracoes

Associadas

(BOZDAGI et al., 2010)

Aumento na Serotonina (sangue) Humanos

concentracio Transportadores de serotonina Humanos

(ABDULAMIR; ABDUL- (sangue)

RASHEED; ABDULGHANI, :

2018: GHAFOURLFARD o al. BDNF, neurotrofina (sangue) Humanos (criangas)
2020)

Diminui¢ao na | BDNF (sangue), associada a alteragdes Humanos (recém-
concentracio morfologicas no neurodesenvolvimento nascidos)

(SKOGSTRAND et al., 2019)

Haploinsuficiéncia Shank 3 (proteina pods-sindptica que Modelos roedores de

recruta componentes como mGlu e
AMPA). Haploinsuficiéncia: associada a
reducdo em sinais excitatorios no
hipocampo, redugdo na transmissiao
mediada por AMPA, déficit na
plasticidade e interagdes sociais.

autismo

Neuroinflamagao
(VARGAS et al., 2005)

Ativacdo de microglia e astroglia (cortex
e cerebelo), aumento na expressdo de
citocinas no liquido cefalorraquidiano,
cortex e cerebelo.

Humanos

Tabela S. Tipos de alteracdes moleculares e fenotipicas encontradas em autistas.
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E possivel observar também alteracdes genéticas em individuos com autismo, e suas

Tipo de

alteracao

Proteinas afetadas e fenétipo associado

associagdes com alteragdes moleculares e fisiologicas em modelos animais tipo autistas

geneticamente manipulados, conforme estd demonstrado na tabela (6) a seguir:

Ocorréncia

Variantes Proteinas pré-sindpticas neurexinas, variantes 2 e 3 (NRXN2 Humanos

genéticas rs12273892 e NRXN3 rs12879016) associadas com o fendtipo

(WANG et | autista).

al., 2018;

ZHANG et | Proteinas pds-sinapticas neuroliginas, variante 3 (NL-3 R451C), Humanos e modelos roedores
al., 2018; | associada a danos sociais no comportamento. de autismo

BURROWS

etal., 2017; Shank2-/- e Shank3 of-/- associadas com baixos niveis de Modelo roedor de autismo
HEISE et al., | receptores de glutamato no estrido e talamo.

2018;

AMAL etal., | Proteina pds-sinaptica Shank-3 mutada levou ao aumento de Modelo roedor de autismo
2020; fosforilagdo nas proteinas Synapsinl ¢ CREB, as quais afetam a

BOZDAGI mobilizagdo de proteinas sindpticas e transcricdo génica,

et al., 2010; | respectivamente.

SCHOEN et

al., 2019; Cntn4-/- (nocautes para o gene da proteina contactina 4, proteina Modelo roedor de autismo
HEISE etal., | de adesdo associada ao ax6nio, que modula a plasticidade

2018; sinaptica), apresentaram baixos niveis de receptores de glutamato no

KIM et al., cortex e hipocampo, ¢ aumento destes no estriado. Reducdo de

2017; receptores GABA no hipocampo ¢ tdlamo.

DICARLO

etal., 2019). | CNTNAP2 KO - severa reducdo na excitagdo e inibicdo sindptica Modelo roedor de autismo

em neurdnios piramidais do cortex pré-frontal medial, aumento
na conectividade entre cortex somatossensorial e cortex pré-
frontal (disfungdes na poda sinaptica).

Mutagdes em CNTNAP2 e Atg7 induzem alteragdes na conexao
sindptica e na autofagia microglial, e estdo associados com a
diminuicdo de sinapses ¢ de espinhos neurais, aumento da
atividade inibitéria em neurdnios do cortex pré-frontal, aumento
no nimero de espinhos dendriticos no cortex e desregulacdo na
atividade de poda sinaptica.

Variante no transportador de dopamina (DAT T356) mostrou
falha na recaptagdo de dopamina na fenda sinaptica no estriado,
aumento no peso corporal, comportamentos repetitivos,
hiperativos e danos sociais.

Modelo roedor de autismo

Modelo roedor de autismo

Tabela 6. Variacdes genéticas e associagdes moleculares e fenotipicas encontradas em autistas.

Em conjunto, as alteragdes estruturais no cérebro e em mecanismos fisioldgicos e

moleculares estdo possivelmente envolvidas na manifestacao dos sintomas do autismo, as quais
devido a complexidade em combinagdes possiveis, podem ser associadas com a heterogeneidade

fenotipica dos sintomas do TEA.
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1.4 NEUROINFLAMACAO
A neuroinflamagdo estd presente na maioria das condigdes patologicas do SNC,

ecompreende um grande aspecto de respostas biologicas a perturbagdes, como danos cerebrais,
infeccdes, e doencas neurodegenerativas. A neuroinflamagdo ¢ caracterizada pela ativacao de
células imunes residentes responsaveis pela defesa e manutencdo do SNC, microglia e
astrocitos, que interpretam sinais bioldgicos de alerta e propagam respostas fisiologicas de
defesa. Estes sinais podem ser oriundos de condigdes de obesidade (SAMARA et al., 2020),
podendo ativar a neuroinflamacdo no feto em casos de obesidade gestacional, como pode ser
observado em alguns modelos animais de obesidade gestacional (ERBAS et al., 2018; BILBO;
TSANG, 2010).

Entre as principais moléculas sinalizadoras da neuroinflamacao estdo ascitocinas e as
espécies reativas de oxigénio (EROs) (LI et al., 2018; YU et al., 2016; ISHIHARA et al.,2015).
As principais fontes de EROs no SNC sdo a cadeia transportadora de elétrons, a NADPH
oxidase, a lipooxigenase, a ciclooxigenase, e processos ndo enzimaticos como a auto-oxidag¢ao
de noradrenalina e dopamina (LJUBISAVLIJEVIC, 2016).

As citocinas, moléculas que promovem quadros inflamatérios, sdo proteinas
pleiotropicas que coordenam respostas fisiologicas de defesa nas células dos tecidos, incluindo
o tecido nervoso (DEVERMAN; PATTERSON, 2009). Citocinas como TNF-a, IL-1f3, IFN-I, e
IL-17 sdo importantes na ativagaode células como microglia e astrécitos (LI et al., 2018; YU et
al., 2016; MENDIOLA; CARDONA, 2018; MUHAMMAD, 2020). Com a estimulagao
destas células imunes, ambas microglia e astrdcitos alteram sua morfologia paraum fenotipo de
ativagdo reativo, para combater osdanos locais e promover a protecdo do SNC (SCUDERI et
al., 2013).

Microglia sdo macrofagos nativos do SNC. Elas surgem do saco vitelino que coloniza
0 SNC em desenvolvimento, sao de vida longa e autorrenovaveis (GINHOUX et al., 2010; TAY
etal., 2017). A microglia possui fun¢do de mielinizagdo e manutenc¢ao das células progenitoras
de oligodendrocitos (HAGEMEYER et al., 2017), também na poda sinaptica(PAOLICELLI et
al., 2011), e controla o crescimento e o posicionamento celular guiando circuitos neuronais
durante o neurodesenvolvimento (SQUARZONI et al., 2014). A microglia tem um papel
fundamental no SNC por responder a mudangas patoldgicas fagocitando e removendo
detritos (VILHARDT, 2005), secretando citocinas, prostaglandinas, 6xido nitrico, e ativando
astrocitos para promover a inflamagéo e a manutencio do SNC (PASCUAL et al., 2012; BRAS
et al.,, 2020; QIU; WANG; CHEN, 2019). A microglia apresenta morfologia variada,

dependendo da regido, género, idade, tipo tecidual, tipo de estimulo ou dano local (ARCURI et
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al., 2017). As células da microglia possuem o soma alongado na regido da matéria branca
cerebral, e o soma arredondado com ramificagdes radiais na matéria cinza. Em regides
circunventriculares e perivasculares, sao mais compactas, forma na qual sao mais vigilantes no
monitoramento do SNC (NIMMERJAHN; KIRCHHOFF; HELMCHEN, 2005).

Quando ativada, a microglia muda para um formato ameboide e propaga o sinal
neuroinflamatdrio através de citocinas como TNF-q, IL-6, IL-1P e IFN-y para asdemais regides
do cérebro (figura 1), mediando respostas fisiologicas (KONSMAN; PARNET; DANTZER,
2002).

Microglia

Microglia Citocinas
ativada pro-
inflamatorias

4__""_ ™ + TNF-u
« IL-1Pp
* IFN-y
+ IL-6

Figura 1. Ativag@o microglial em seu formato ameboide. Fonte: Adaptado do livro

The Secret Language of Cells, de Jon Lieff.

Entretanto, a ativagdo microglial prolongada e exagerada pode levar a danos no tecido
nervoso e causar perdas de conexoes sinapticas (RODRIGUEZ;KERN, 2011), além de efeitos
neurodegenerativos (FRAKES et al., 2014). Em razdo desse alto poder em respostas
imunologicas, as células da microglia estdo sob forte regulacdo anti- inflamatéria, feita por
hormdnios, neuropeptideos e citocinas, como IL-10, TGF-, proteinas ativadas por mitdgenos
(MAP) cinase fosfatase (MKPs) e supressor de sinalizacdo de citocinas (SOCS), além de
glicocorticoides secretados pelas glandulas adrenais (GLEZER; SIMARD; RIVEST, 2007;
GLEZER; RIVEST, 2004). As células da microglia expressam intimeros receptores de
reconhecimento de padrdo (PRRs), incluindo diversos membros da familia dos Toll-like
receptors (TLRs) (OLSON; MILLER, 2004), enquanto os astrocitos expressam um limitado
repertorio de PRRs, compoucos representantes dos receptores da familia dos TLRs (FARINA
et al., 2005), sendo portanto, células menos reativas que a microglia.

Astrocitos tém papel no controle da sinaptogénese (STOGSDILL et al.,2017), na
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manuten¢do sindptica (CHUNG et al., 2013), no reparo neuronal (ENGLISH et al., 2020),
guiam a migragdo e o desenvolvimento de axonios e neuroblastos (POWELL; GELLER, 1999),
removem neurotransmissores (KHAKH; SOFRONIEW, 2015), participam da sinalizagao
neuromodulatoria para controlar a atividade e o comportamento dos circuitos neuronais (MA
et al.,2016), além de promover sobrevivéncia e crescimento celular (BAUER; RAUSCHKA;
LASSMANN, 2001). Em mamiferos, os astrocitos correspondem de 20 a 40% do numero total
de células no cérebro (HERCULANO- HOUZEL, 2014). Os astrécitos fibrosos e
protoplasmadticos apresentam morfologias diferentes, e sdo os dois maiores tipos astrogliais
encontrados na medula espinhale no cérebro, respectivamente (EMSLEY; MACKLIS, 2006;
RODNIGHT; GOTTFRIED, 2013). Os processos astrogliais (prolongamentos celulares) sao
nomeados de acordo com seus tamanhos e localizagdes, como ramos, ramificagdes, processos
perissinapticos de astrocitos (PAPs) e pés finais (KHAKH; SOFRONIEW, 2015). Astrocitos
apresentam uma remodelagem estrutural nos PAPs que pode ser rapida (dentro de poucas
horas), para proporcionar alteracdo na cobertura de neutrofilos em resposta a estimulos
comportamentais, como estimulagdo osmotica, estresse e parto (THEODOSIS, 2002). Apesar
de apresentarem menor repertorio que a microglia de PRRs, os astrocitos também possuem
atividade neuroinflamatoria, podendo atingir a forma reativa, por exemplo, através de
sinalizagdo microglial (LIDDELOW et al.,, 2017), mediante fibrindlise e exposicdo ao
plasminogénio (PONTECORVI et al.,2019), entre outras formas. A imunomarcacdo da
proteina acidica fibrilar glial (GFAP) (que marca a presenca do principal filamento dos
astrocitos), € utilizada com frequéncia para detectar astrdcitos reativos em modelos animais de
patologias neurologicas (BURDA; SOFRONIEW, 2014; CEYZERIAT et al., 2018). Diversas
doengas neurodegenerativas (BOOTH; HIRST; WADE- MARTINS, 2017; KHAKH et al.,
2017; SIMPSON et al., 2010), infecgoes virais (PORTIS et al., 1995; VITKOVIC; DA
CUNHA, 1995), doengas desmielinizantes inflamatérias (OHAMA et al., 1990), e danos
cerebrais traumaticos (CERVOS- NAVARRO; LAFUENTE, 1991) apresentam astrogliose
reativa. Quando ativos, os astrocitos passam a secretar diversas citocinas pro-inflamatorias,
como TNF-a, IL-1pB, e quimiocina ligante 2 (CCL2)(PONTECORVI et al., 2019). Quando os
astrocitos sofremdiferenciacdo para a forma reativa (apOs ativacdo) eles perdem suas
habilidades benéficas e comecam a expressar fungdes neurotoxicas, ativando sinalizacdo que

promove morte neuronal (LIDDELOW et al., 2017).

1.4.1 Neuroinflamac¢io em individuos autistas
A neuroinflamagao ¢ um evento frequente entre individuos com TEA (TETREAULT
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etal., 2012; VARGAS et al., 2005), e pode ter importante relevancia no desencadeamento desta
desordem. O cérebro ¢ extremamente sensivel a perturbacdes, € a presenca da neuroinflamagao
em periodos criticos, como a vida intrauterina, pode gerar insultos com consequéncias deletérias
relevantes no neurodesenvolvimento (GARAY; MCALLISTER, 2010; BILBO; TSANG,
2010).
A ativacdo de microglia e astrdcitos foram observados em amostras post-mortem de cerebelo,
giro cingulado, cortex, cortex pré-frontal, cortex pré- frontal medial, e hipocampo de individuos
autistas (LAURENCE; FATEMI, 2005; MORGAN et al.,, 2010;VARGAS et al., 2005;
TETREAULT et al., 2012; KERR et al., 2016). A alta expressdo de citocinas, como a proteina
quimiotaticade mondcitos 1 (MCP-1), interleucina-6 (IL- 6), interleucina 17 (IL-17), e fator de
necrose tumoral alfa (TNF-a) foram observadas em amostras cerebrais de humanos ¢ em
modelos animais de autismo (FREYA; MANNELLAB, 2000; FRITHIOFF-BAJSOE et al.,
2020; ITO et al., 2008; OHTOMO; IWATA; ARAL2018; T.C.; D.; L., 2009; VARGAS et al.,
2005; WEI et al., 2011). Analises post-mortem em cérebros de individuos autistas mostraram
a ativacdo de astrocitos no cerebelo, cortex frontal medial e parietal, giro cingulado, cortex
frontal e cerebelar (LAURENCE; FATEMI, 2005; VARGASet al., 2005). Astrogliose e
microgliose na regido do cerebelo foi intimamenteassociada com a presenca de macrofagos e
mondcitos, € com a degeneracdo de células granulares, Purkinje e axonios (VARGAS et al.,
2005). Altos niveis decitocinas pré-inflamatérias IL-6, IL-10, MCP-3, eotaxin, eotaxin2,
MCP-1,citocina derivada de macréfago (MDC), quimiocina [8, peptideo ativador de
neutrofilo (NAP-2), linfécito quimioatraente-§ (BLC), leptina e osteoprotegerina também foram
encontrados no giro cingulado anterior (ACG) (VARGAS et al.,2005). A citocina anti-
inflamatéria TGF-B1 foi encontrada em altos niveis em tecidos de cerebelo e giro cingulado
anterior de individuos autistas, e a ativagao deastrocitos foi fortemente associada com o aumento
nos niveis de IL-6 e MCP-1no cerebelo, giro cingulado anterior e giro frontal medial (VARGAS
et al., 2005). Analises no liquido cefalorraquidiano (LCR) mostrou a presenga de astrogliose
reativa no SNC de criancas com autismo (ROSENGREN et al., 1992). Analises neste liquido em
autistas também mostraram aumento nos niveis de citocinas pré-inflamatoérias como IL- 6,
IFN-y, IL-8, proteina inflamatéria de macrofago 18 (MIP1 ), NAP-2, proteina indutora de
interferon- y 10 (IP-10), e angiogenina, bem como do fator indutor de mesoderme (MIF),
fator decrescimento endotelial vascular (VEGF), PARC, FGF-4, FGF-9, IGFBP3, IGFBP4
(VARGAS et al., 2005) e TNF-o (CHEZ et al., 2007).

Uma acentuada microgliose foi encontrada em amostras post-mortem de cerebelo de

individuos autistas (VARGAS et al., 2005), e no cortex frontal a microgliose foi acompanhada
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por um aumento na densidade e no volume microglial somal, com a massacerebral total
negativamente associada com a densidade microglial no cortex pré-frontal (MORGAN et al.,
2010).

O aumento na densidade microglial em individuos autistas foi relatado
simultaneamentecom ativagdo microglial na regido do cortex (TETREAULT et al., 2012).

Resultados contraditorios também foram encontrados, como os relatados por Fatemi e
colaboradores, onde em analises post-mortem em cérebros de individuos autistas uma
significante diminuicdo nos marcadores de ativacdo de astrocitos foi encontrada,
emborasimultaneamente a um significativo aumentona astrogliose reativa no cértex frontal
(FATEMI et al., 2008).

Modelos de roedores com indugdo da ativagdo do sistema imune no periodo
gestacional, mostraram a ativagdo de linfocitos Th17, com alta expressdode citocinas pro-
inflamatoérias (IL17,1IL6,IL1B, TNF-a) (CHOI etal., 2016). Essa ativagdo imune materna induziu
processos neuroinflamatérios na prole e o aumento significativo do risco para o
desenvolvimento de comportamentos tipo autista nos filhos (CHOI et al., 2016).

Portanto, estudos em humanos e modelos animais mostram a associacaode perturbacdes
na gestacdo, como a ativagdo imune materna, € a presen¢a de neuroinflamag¢do na prole. Ha
também a notavel incidéncia de neuroinflamacao em individuos autistas (SUZUKI etal., 2013;
VARGAS et al., 2005), sugerindo que possa haver uma estreita relacdo entre o sistema
imunitario e o desenvolvimento e/ou severidade do TEA. Mecanismos neuroinflamatorios com
alta expressao de citocinas podem estar por tras do neurodesenvolvimento anormal, como
sugerem Deverman e Patterson (DEVERMAN; PATTERSON, 2009). Com base nisso, €
provavel que a neuroinflamacao esteja também presente no neurodesenvolvimento dos autistas,
periodo que estd situado majoritariamente na vida intrauterina e quando o sistema nervoso
central ¢ extremamente sensivel a insultos (figura 9). Uma melhor compreensdo da influéncia
da neuroinflamag¢do e de seus principais atores no periodo do neurodesenvolvimento pode

ajudar a esclarecer a etiologia e/ou sintomas do TEA.

1.5 MITOCONDRIA
A mitocondria € composta por duas membranas (interna e externa), matriz

mitocondrial, e cristas mitocondriais (figura 2). A membrana externa ¢ permeavel a pequenas
moléculas e ions que circulam no citoplasma celular, através de canais transmembanares
formados por proteinas integrais de membranas chamadas porinas. A membrana interna ¢

praticamente impermedavele seletiva a maioria de moléculas e ions, incluindo protons (H"). Na
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membrana interna estdo localizadas as cristas mitocondriais, que sdo sequenciais dobramentos
desta membrana onde estdo localizados os cinco complexos mitocondriais (nomeados dela V).
Sao nestes complexos mitocondriais que ocorre o transporte de elétrons oriundos de processos
metabolicos celulares que fornecem energia para a fosforilagio do ADP em ATP. Encontram-
se presentes na matriz mitocondrial as enzimas da -oxidacdo de 4cidos graxos, enzimas da
oxidacdo de aminoacidos, enzimas do ciclo do 4cido citrico, o complexo piruvato
desidrogenase, DNA mitocondrial, ribossomos, ADP, ATP, Pi e diversos intermedidrios
inorganicos (NELSON; COX, 2014).

Além de ser a mais importante fonte de ATP celular (molécula altamenteenergética), as
mitocondrias também sdo responsaveis por importantes fungdes celulares, como a homeostase
do calcio (Ca*") e a regulagdo da apoptose (KOWALTOWSKI et al., 2019; LEE et al., 2016).

(a)

ATP-sintase
(FF3) Membrana externa

Cristas

Membrama intermna
Impeaerrmeaavel & maloria das
pequenas mMmolaculas e lons,
incluindo H*

Cormteéme

- Transportadores de alétrons
da cadsia respiratora
(complexos )

- ADP-ATP-translocase

- ATP-sintase (F_F,;)

- Outros transportadores de
mearmbrana

Comnteénm:
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Piruvaro-
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Figura 2. As estruturas mitocondriais (NELSON; COX, 2014).

O transporte de elétrons nos complexos mitocondriais, mecanismo denominado cadeia
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transportadora de elétrons (CTE) (figura 3), ¢ abastecido poraceptores universais de elétrons,
nucleotideos de nicotinamida (NAD" ou NADP™") ou nucleotideos de flavina (FMN ou FAD),
que captam elétrons de vias catabdlicas e os entregam para as desidrogenases dos complexos I e
IT (NELSON;COX, 2014). O complexo I, também chamado de NADH desidrogenase, catalisa
a transferéncia de elétrons da coenzima NADH para a ubiquinona (UQ), forma oxidada da
coenzima Q. O complexo II, também chamado de succinato desidrogenase, possui quatro
subunidades proteicas, ¢ ¢ completamente codificado pelo DNA nuclear sem necessitar do
DNA mitocondrial. Este complexo envolve a participagdo de um FAD ligado a succinato
desidrogenase, dois centros ferro-enxofre, e um citocromo b650 (DI DONATO, 2000). Os

elétrons da coenzima FADH?2 (forma reduzida) sdo transferidos para a UQ. Em seguida, a

ubiquinona transfere os elétrons dos complexos I e II para o complexoIll, denominado
citocromo ¢ oxidorredutase. O complexo IIl apresenta onze subunidades, trés das quais
apresentam centros-redox para a transferéncia de elétrons. Estas trés subunidades estdo
representadas pelo citocromo b, um citocromo cl, e um centro ferro-enxofre (SARASTE,
1990). A ubiquinona ¢ entdo desprotonada a semiquinona (UQHe¢), sendo os elétrons
transferidos do complexo III para o citocromo c, que flui no espago intermembranas e cede os
elétrons para o complexo IV (citocromo C oxidase), que possui quatorze subunidades. Estes
elétrons sdo atraidos e entregues entdo ao oxigénio, formando H2O (BIOENERGETICS 3
NICHOLLS, D. G., AND FERGUSON, S. J., ACADEMIC PRESS, LONDON, 2002).

Assim que os elétrons sdo transferidos do complexo I para a UQ, quatro H*
saobombeados para o espago intermembranas. Este mecanismo se repete no complexo trés, com
quatro H" bombeados para o espago intermembranas, seguido do bombeamento de apenas 2H"
do complexo IV para o espaco intermembranas quando os elétrons sdo transferidos da citocromo

c oxidase parao oxigénio (NELSON; COX, 2014).
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Figura 3. Os complexos mitocondriais. Os complexos I e III recebem elétrons e bombeiam para o
espago intermembranas 4 H*, enquanto o complexo IV bombeia apenas 2H*. As coenzimas Q transportam os
elétrons na membrana mitocondrial interna entre os complexosl e 11, e a citocromo C carrega os elétronsentre os

complexos III e IV (NELSON; COX, 2014).

1.5.1 Espécies reativas de oxigénio

As mitocondrias sdo as maiores geradoras de espécies reativas de oxigénio (EROs),
que sao subprodutos da cadeia transportadora de elétrons (CTE), e sintese de ATP. As EROssao
moléculas com radicais livres (elétrons desemparelhados no orbital de valéncia) nos 4tomos de
oxigénio, que em excessocausam danos nos componentes celulares devido a avidez por
estabilidade(emparelhamento dos elétrons no orbital de valéncia) (TURRENS, 2003). As EROs
sdo provenientes em sua maioria da produg¢do de energia apartir da glicose (BECERRA
DEPABLOS; AREVALO GONZALEZ, 2000), e podem desencadear quadros
neuroinflamatorios quando geradas em grandes quantidades (ISHIHARA et al., 2015). A
formag¢do de EROs acontece quando elétrons sdo transportados na cadeia respiratoria para
moléculas de oxigénio presentes na matriz, formando o superoxido (O2¢), o qual € considerado
o precursor das demais EROS formadas nas células (ORRENIUS; GOGVADZE;
ZHIVOTOVSKY, 2007). A grande maioria das EROs formadas pelas mitocondrias se originam
dos complexos I e III (figura3) da CTE (ORRENIUS;GOGVADZE; ZHIVOTOVSKY, 2007).
Em condigdes fisiologicas normais, as EROs estdo envolvidas com o metabolismo
energético, fagocitose, sinalizagdo celular, sobrevivéncia celular, crescimento celular, defesa e

imunidade. Porém, quando em excesso, apresentam efeitos toxicos como a peroxidacdo de
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lipidios, danos em proteinas, membranas, carboidratos, DNA mitocondrial € DNA nuclear
(MERTENS et al., 1995; TANG et al., 2007; CASTILHO et al., 1994; AMIN; BANO, 2018;
LUNA; ESTEVEZ, 2018; MAKELA et al., 2017; URSAN; ODNOSHIVKINA; PETROV,
2020).

As EROs mais comuns sao a hidroxila (HO¢), o superoxido (O2¢7), a peroxila (ROO2¢)
a alcoxila (ROO»), o oxigénio singleto (102), o peroxido de hidrogénio (H202), e o 4cido
hipocloroso (HCIO) (BARREIROS; DAVID; DAVID, 2006). Cerca de 1 a 2% do oxigénio
total consumido pelas mitocondrias sdo convertidos a superdxido (O2+) (CADENAS;
DAVIES, 2000). O radical HO* € 0 mais toxico ao organismo, uma vez quesua meia-vidaé muito
curta e dificilmente pode ser sequestrado pelas defesas antioxidantes devido a sua alta
reatividade. No DNA, por exemplo, as hidroxilas atacam tanto as bases nitrogenadas quanto a
desoxirribose (figura 4). O ataque ao agucar pode ser realizado por abstracdo de um dos atomos
de hidrogénio, o que geralmente leva a ruptura da cadeia de DNA (HALLIWELL, 1999).

Ja o peroxido de hidrogénio (H202) € gerado in vivo pela dismutagio do 4nion radical

super6xido(O2¢) por enzimas oxidasesou pela f-oxidagdo de acidos graxos.
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Figura 4. Estruturas quimicas de alguns produtos de oxidagdo do DNA. Ataques por moléculas de

hidroxila(HO+) (HALLIWELL, 1999).

Para combater e minimizar estes efeitos deletérios da oxidacdo causadapor altos niveis de
EROs, as células apresentam defesas antioxidantes, que sdo produzidas pelo corpo ouingeridas

da dieta (BARREIROS; DAVID; DAVID, 2006). O desequilibrio, onde as defesas
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antioxidantes celulares sdo insuficientesfrente ao montante gerado de EROs, ¢ chamado de
estresse oxidativo. Um exemplo de defesa, sdo as enzimas superoxido dismutase (SOD), que
convertem o O2¢” em peroxido de hidrogénio (H202). O H202 ¢ uma espécie muito menos
reativa, sendo eliminada em grande parte por enzimas antioxidantes como catalases e
glutationas peroxidases (figura 5) (BARREIROS; DAVID; DAVID, 2006). As glutationas
formam um grupo antioxidante, apresentando representantes como a glutationa (GSH),
glutationas peroxidases (GSH-PX) e glutationas redutases (GR). A glutationa peroxidase
apresenta selénio em seu dominio de cisteina, sendo este elemento essencial para o seu
funcionamento enzimatico (ROTRUCK et al., 1973). A glutationa redutase (GR) ndo age
diretamente sobre radicais livres, e sim reduzindo as glutationas oxidadas (GSSG) em suas
formas reduzidas novamente (GSH), utilizando NADPH (figura5) (MEISTER; ANDERSON,
1983).

O,+e —— OF

Oxigénio y ’ Superoxido
203 + 2 HY, » Op + HO,
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Superodxido dismutase hidrogénio ‘
H209 e e H:O + ',ﬁoz
Catalase
H O, + 2 GSH 2 H,O + GSSG
Glutationa | Gluta_t(llona Glutationa
peroxidase "
Glutationa
GSH redutase GSSG
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Figura 5. Modelo esquematico simplificado das enzimas antioxidantes SOD, catalasee glutationa
(peroxidase e redutase). Tais enzimas metabolizam as espécies reativas de oxigénio, minimizando os efeitos
deletérios que essas moléculas apresentam a nivel mitocondrial e celularquando geradas em grandes quantidades.
A glutationa redutase nao age diretamente nas EROs, mas tem papel antioxidante reduzindoa GSSG a sua forma

ativa, utilizando NADPH.
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1.5.2 Disfun¢io mitocondrial
Em condicdes fisioldgicas normais, a atividade mitocondrial gera EROs, que sao

importantes na sinalizacdo de moléculas e na fisiologia celular, mas que em excesso geram
toxicidade celular com o desbalanco redox (estresseoxidativo), caracteristico da disfuncao
mitocondrial.

A primeira evidéncia de disfun¢do mitocondrial foi observada porErnster, em 1959,
quando observou mitocondrias de células musculares esqueléticas de individuos com taxas
metabolicas basais muito elevadas (150 a 170%) (ERNSTER; IKKOS; LUFT, 1959).
Disfun¢@o mitocondrial resulta em diminui¢do na geragdo de ATP (ZHANG et al.,2019), com
déficit na atividade dos complexos da cadeia respiratoria (CHAUHAN et al., 2011), aumento
na geracdo de EROs e na oxidacdo de componentes mitocondriais e celulares, os danificando
(CHERAGHI et al., 2019).

O envelhecimento também ¢ um importante fator para a disfun¢do mitocondrial, uma
vezque causa reducdo na biogénese mitocondrial, que ¢ uma etapa de renovacdo
dasmitocondrias, e redu¢cdo também na mitofagia, etapa que elimina proteinas mitocondriais
mutantes e com modificacdes estruturais, asquais prejudicam suas funcdes (CHISTIAKOV et
al., 2014).

As membranas mitocondriais e 0 mtDNA sao alvos recorrentes da acdo oxidativa de
EROs devido as suas proximidades com os sitios de geracdo de EROs e de fatores como o
elevado contetido de acidos graxos poliinsaturados nasmembranas mitocondriais (alvoscomuns
de EROs) e a auséncia de histonas no mtDNA. Além disso, a quantidade de mutacdes no
mtDNA ¢ maior em comparacdo ao DNA nuclear também devido ao menor numero de
mecanismos eficientes de reparo nas mitocondrias (MANDAVILLI; SANTOS; VAN
HOUTEN, 2002).

A exata razdo pela qual ocorre a disfuncdo mitocondrial permanece desconhecida.
Porém, alguns fatores estdo fortemente associados com a disfun¢do mitocondrial, como
obesidade (MA et al., 2014), dieta hipercalérica (GAO et al.,2010), raios UV (SU et al., 2018),
xenobioticos (NIRANJAN; BHAT; AVADHANI, 1982), entre outros. Estes fatores, estdao
intimamente associados com mutagdes no mtDNA (TANG et al., 2007) ou DNA nuclear
(DORISON et al., 2020), mutagdes em proteinas mitocondriais (CHEN et al., 2012), aumento
de EROs e danos oxidativos em proteinas (AMIN; BANO, 2018; LUNA; ESTEVEZ, 2018),
carboidratos (MAKELA et al., 2017), lipidios e membranas (CASTILHO et al., 1994;
URSAN; ODNOSHIVKINA; PETROV, 2020), os quais levam a alteracdes na fisiologia

celular. As principais disfungdes mitocondriais estdo relacionadas com a desregulagdo na
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homeostase do calcio (Ca?") (importante fator na geracdo do potencial de membrana)
(KOWALTOWSKI et al., 2019), déficit energético (N.J. et al., 1993), aumento de EROs
(estresse oxidativo) e apoptose (figura 6) (RIZWANet al., 2020).

Disfuncéo

Mitocondrial
Desregulacéo da Mu'ta(;éo do :B.cdmulo de
homeostase do Ca?* DNA proteinas hoopse
mitocondrial mutantes

)
ATP
Disfungdes a nivel celular

Figura 6. Esquema simplificado de disfungdo mitocondrial. As condigdes mitocondriais como a
desregulacdo da homeostase do calcio, mutagdes no mtDNA e acimulo deproteinas mutantes, levam a um aumento
de EROs (estresse oxidativo) e déficit no aporte energético celular. Em conjunto, estes fatores podem levar a

disfungdes na fisiologia celular e apoptose celular.

Portanto, a disfuncdo mitocondrial apresenta como importantes caracteristicas a
diminuicdo na oferta de ATP, aumento de apoptose celular, e a geragdo excessiva de EROs. As
EROS sao oriundas principalmente da metaboliza¢do da glicose (principalmente quando ha
excesso de ingesta calorica)(BECERRA DEPABLOS; AREVALO GONZALEZ, 2000), e sdo
substancias
com alto potencial para causarem danos em estruturas ¢ moléculas celulares, intimamente
associadas a condi¢des de obesidade (MA et al., 2014), e que podem desencadear quadros

neuroinflamatérios (ISHIHARA et al., 2015).



43

1.5.3 Disfuncio mitocondrial no cérebro de autistas

Perturbagdes nos sistemas mitocondriais desencadeiam diversos efeitos negativos,
muitas vezes resultando em disfung¢des celulares. O cérebro é um tecido com altissima demanda
energética, e a presenca de disfungdo mitocondrial € critica em seu funcionamento, estando
associada a diversas doengas neurologicas e neurodegenerativas (CAMPUZANOet al., 1997;
MORAIS et al., 2009; PEDROSet al., 2014).

A disfun¢ao mitocondrial também esta presente no cérebro de individuos autistas, e
tém sido sugerida como tendo um papel na etiopatologia do autismo (GIULIVI et al., 2010).
Foram relatadas alteragdes no metabolismo bioenergético, em proteinas implicadas na dindmica
mitocondrial, em proteinas dos complexos respiratorios mitocondriais, bem como em proteinas
antioxidantes em amostras post-mortem de cerebelo, cortex pré- frontal, lobo frontal, e cortex
temporal, parietal e occipital de individuos autistas (N.J. etal., 1993; CHUGANI et al., 1999;
GU et al., 2013).

Evidéncias sugerem que a disfun¢cao mitocondrial e o estresse oxidativopodem afetar o
aporte energético do cérebro em desenvolvimento, e ativar uma cascata de eventos que podem
contribuir com a etiologia do autismo (ROSE et al., 2012; CHAUHAN et al., 201 1;CHAUHAN;
AUDHYA; CHAUHAN, 2012).

A disfun¢do mitocondrial e a anormal bioenergética em individuos comautismo foi
relatada ha mais de 30 anos atrés, por Coleman e Blass (COLEMAN;BLASS, 1985). Depois
disso, muitos estudos com individuos autistas também relataram a presenca de disfungdo
mitocondrial (BENNURI; ROSE; FRYE, 2019; D.A.; R.E., 2012; GIULIVI etal., 2010;
GOLDENTHAL et al., 2015; LEGIDO; JETHVA; GOLDENTHAL, 2013; YUI; SATO;
IMATAKA, 2015).

Um estudo baseado num grande numero amostral estimou que a disfuncao
mitocondrial pode estar presente em mais de 80% das criangas com autismo (GIULIVI et al.,
2010). Outros autores reportam a prevaléncia dadisfuncdo mitocondrial em criangas com
autismo, variando de 30 (ROSSIGNOL;FRYE, 2012) a até mais de 50% (FRYE, 2012). Estudos
de espectroscopia de ressonancia magnética t€ém mostrado alteragdes nos metabdlitos
relacionados a bioenergética no cérebro de pacientes com autismo (N.J. et al., 1993). O cortex
frontal de individuos com autismo apresenta um estado energético hipermetabolico, o qual pode
ser relacionado com anormalidades neurofisiologicas e neuropatologicas no autismo (N.J. et al.,
1993). Foi observadauma redugao nos niveis defosfocreatina no cortex pré-frontal de cérebros

de autistas, indicando o alto uso deste composto para a geracdo de ATP, sugerindo falha na
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geracdo de energia nos mecanismosda respiracao mitocondrial (N.J. et al., 1993). Individuos
com autismo apresentaram baixos niveis de N-acetil- aspartato no cerebelo, e altos niveis de
lactato no plasma, que €consistente com alteracdes metabodlicas encontradas em criangas com
autismo (CHUGANI et al.,1999). Uma revisdo sistematica com meta-analise de espectroscopia
de ressonancia magnética de prétons (IH-MRS) em pacientes com autismo revelou a
diminui¢do na concentragdo de N-acetil-aspartato na matéria cinza e matéria branca docérebro
(IPSER et al., 2012). Altos niveis de creatina foram observados na matéria cinza de individuos
com autismo, com aumento especifico no lobo temporal (IPSER et al., 2012). Foi também
observada a diminui¢@o nos niveis decreatina no lobo occipital de criangas com autismo (IPSER
et al., 2012). Nao foram encontradas diferencas para N- acetil-aspartato ou creatina nos lobos
frontais (IPSER et al., 2012).

Foi observado que as atividades dos complexos da cadeia transportadora de elétrons da
mitocondria, bem como a atividade da enzima piruvato desidrogenase (determinada
pelareducdo de NAD" a NADH) ficou reduzida no cortex frontal post-mortem de individuos
com autismo (GU et al., 2013). Em criancas com autismo, foi observada a redugdo nos niveis
de proteina doscomplexos Il e V no cerebelo, do complexo I no cortex frontal, e dos complexos
IL, IIT e V no cortex temporal, enquanto nenhum dos cinco complexos da CTE ficou alterado
nos cortices parietal e occipital (CHAUHAN et al., 2011). Estes dados sugerem que a expressao
de complexos da cadeia transportadora de elétrons estd diminuida nas regides cerebrais frontal,
temporal e no cerebelo de criangas com autismo, podendo levar a um metabolismo energético
deficitario nestas regides.

Foi também demonstrado um alto nivel de estresse oxidativo no lobo temporal e area
de Brodmann de individuos com autismo (PALMIERI et al., 2010). A expressao do carreador
mitocondrial aspartato/glutamato e a atividade da citocromo c¢ oxidase estavam ambas
aumentadas em pacientes autistas, indicando uma ativagdo do metabolismo mitocondrial
(PALMIERI et al., 2010).

Foi observado em criangas com autismo um aumento no mtDNA para os genes ND1,
ND4 e CytB (que codificam subunidades dos complexos I e III). A taxa ND4/ND1 apresentou
uma significante diminui¢do em 44% do grupo autista, e a taxa CytB/NDI apresentou uma
significante diminui¢ao em 33% do grupo autista, mostrando dele¢des genéticas em individuos
com autismo (GU etal., 2013).

Aumentos significativos nos radicais livres e nos niveis de hidroperdxidos lipidicos
(resultantes da oxidacdo de 4cidos graxos) foram detectados nos lobos parietal, occipital, no

cortex frontal e no cerebelo de individuos com autismo (CHAUHAN et al., 2011).
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Alteragdes em enzimas importantes para o metabolismo redox também tém sido
encontradas em individuos com autismo. Glutationa peroxidase, Glutationa-S-transferase e
glutamato cisteina ligase t€ém sido encontradas em concentragdes diminuidas no cortex,na area
de Brodmann 22 e no cerebelo de individuos com autismo (CHAUHAN; AUDHYA;
CHAUHAN, 2012; ROSE etal., 2012). As atividades das enzimas superoxido dismutase (SOD)
e superdxidodismutase 2 (SOD2) foram encontradas diminuidas e alto nivel de estresse
oxidativo foi observado no lobo temporal de individuoscom autismo (TANG et al., 2013).

Portanto, diversos estudos apontam para a presenga de disfungao mitocondrial em
diversas arcas do cérebro de individuos autistas (PALMIERI et al., 2010; GU et al.,
2013;CHAUHAN et al.,, 2011). Estas alteragdes podem ser de alta relevancia no
neurodesenvolvimento, periodo no qual perturbagdes podem ter graves consequéncias a longo
prazo em carater morfofisioldgico e neurologico. Evidéncias de disfun¢des mitocondriais no
cérebro de individuos com TEA (figura 7) (PALMIERI et al., 2010; GUet al., 2013; CHAUHAN
et al.,2011) colocam o foco para a importancia de mais estudos sobre a disfungdo mitocondrial
no neurodesenvolvimento (vida intrauterina), periodo considerado chave no desencadeamento
do TEA. Maiores estudos neste pardmetro seraode grande importancia para tentar esclarecer as
possiveis associagcoes da disfun¢do mitocondrial na morfologia e fisiologia do cérebro em
desenvolvimento, bem como a associacao da disfuncao mitocondrial cerebral com a etiologia,

sintomas e severidade do autismo.
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DISFUNGAO MITOCONDRIAL NO CEREBRO DE AUTISTAS

4
!

Atteraces na Fisiologia Cerebral

Figura 7. Disfuncdo mitocondrial associada a altera¢des na fisiologia cerebral no cérebro de autistas.

1.6 OBESIDADE
Obesidade ¢ definida como um actimulo anormal e excessivo de tecidoadiposo, que

resulta de um balango energético positivo continuado (WORLD, 2016). A obesidade ¢ um fator
de risco para muitas doengas, incluindo ndo apenasdoencas cardiovasculares e metabolicas, mas
também doencgas neuroldgicas e psiquidtricas (WORLD, 2016). A Organizacdo Mundial de
Satde considera a obesidade como o maior problema de saude publica do mundo devido as
comorbidades associadas, cunhando o termo “globesidade” (DATA, 2011). A obesidade ¢
classificada de acordo com o indice de massa corporal (IMC), uma razao entre o peso corporal
(quilogramas) e a altura ao quadrado (metros). OIMC classifica o peso corporal em categorias

de peso, como mostra a tabela (7) a seguir:
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Abaixo do Peso Sobrepeso Obesidade Classe Obesidade Obesidade
| Classe 2 Classe 3

IMC < 18.5kg/m? | 18.5kg/m? < | 25kg/m?< 30kg/m? < IMC < | 35kg/m*<IMC | IMC > 40

IMC <|IMC < | 34.9kg/m? <39.9kg/m?

24.9kg/m? 29.9kg/m?

Tabela 7. Classificagdo do indice de Massa Corporal (IMC) (WORLD, 2016).

Em 2016, foi estimado que mais de 1.9 bilhdes de pessoas acima de 18 anos
apresentavam sobrepeso, e destes, 650 milhdes estavam obesos (WORLD, 2016). Ainda de
acordo coma OMS, foi estimado que em 2019 cerca de 38 milhdes de criangas estavam com
sobrepeso ou obesidade. De acordo com o IBGE (Instituto Brasileiro de Geografia e
Estatistica), o Brasil atualmente contacom 60,3% da populacdo adulta acima do peso (IMC >
25).

A obesidade ¢ considerada uma doenca cronica de baixo grau inflamatdrio. O aumento
do tecido adiposo ocorre tanto em numero quanto no tamanho das células, com desregulagao
em sua fun¢do secretoria e hormonal (JOet al., 2009). O aumento em adipocitos viscerais €
fortemente associado com danos no metabolismo da glicose, hiperinsulinemia e resisténcia a
insulina(figura 8) (HOFFSTEDT et al., 2010). Esse aumento no volume do tecido adiposo
induz a liberagdo de citocinas pro-inflamatoérias, gerando um estado inflamatdrio cronico
responsavel por alteragdes metabdlicas (figura §) MCARDLE et al., 2013; STRASSER, 2017).
Simultaneamente a expansdo do tecido adiposo, ocorre o recrutamento e a infiltragdo de
macrofagos, que sdo ativados liberandocitocinas pro-inflamatorias, as quais induzem a
inflamacao cronica (figura 8) (HAN et al., 2020).

A ativacao dos macréfagos ocorre através de dois estados de polarizagdo: M1 e M2,
os quais dependem pricnipalmente de citocinas e das proteinas expressas nas membranas
(VOGEL et al., 2014). A maturagdo no estado M1 ocorre através da exposicao dos macrofagos
a citocinas Thl, como IFN-y, IL-2 e também LPS (GOERDT et al., 1999). Estes macrofagos
M1 secretam citocinas pré-inflamatorias, sendo as principais: IL-6, TNF-a e [L-13 (GOERDT
et al.,, 1999). A polarizagdo dos macréfagos no estado M2 ocorre principalmente através de
sua exposicao a citocinas como IL-4, GM-CSF e IL- 13(BRAUNE et al., 2017). Macrofagos
M2 tém funcdo de reparo tecidual e secretam citocinas anti-inflamatérias como IL-10 e IL-

IRA, além de secretarem fator de crescimento transformador  (TGF-B) (BOURLIER et al.,
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2012). O recrutamento dos macrofagos e sua polarizacao fenotipica tem um forte papel noestado
inflamatoério, alémde regular a sensibilidade a insulina (JIA; MORGAN- BATHKE; JENSEN,
2020), a angiogénese (PANG et al., 2008), e a adipogénese(LEE; PETKOVA; GRANNEMAN,
2013).

Um estudo com modelos roedores de obesidade induzidos por dieta hiperlipidica,
apontou que os reguladores transcricionais mais expressos nestesanimais foram o IFN-y, o
TLR-4, e o TNF-a (BAE et al., 2021). Algumas rotas apresentaram destaque nestes animais
expostos a dietas hiperlipidicas, como a sinalizacdo de extravasamento de leucocitos,
sinaliza¢do de células Natural Killer, maturacdo de células dendriticas, sinaliza¢ao de IL-10,
produgdo de 6xidonitrico e EROs em macrofagos, sinalizagao 13K em linfocitos B, sinalizagdo
Toll-like Receptor, e sinalizacdo de receptor de células B (BAE et al., 2021).Entre os tipos
celulares mais expressos em animais com exposicao a dieta hiperlipidica, estiveram o0s
macrofagos, células dendriticas, Natural Killer, e neutréfilos, sugerindo que a inflamagao via
IFN-y, uma das moléculas mais expressas durante obesidade induzida por dieta hiperlipidica,
esta envolvida na resposta imune inata principalmente através do imunometabolismo dos
macrofagos (BAE et al., 2021). H4d também  notoria participagdo hormonal associada ao
imunometabolismo em quadros de obesidade (PALHINHA et al., 2019).

A leptina ¢ um hormonio secretado pelos adipocitos e codificada pelo gene da
obesidade (OB), que tem receptores amplamente expressos no sistemacardiovascular em
células endoteliais (WADA et al., 2014). A leptina estdassociada a desregulagcdo metabdlica,
podendo causar adipogénese em célulaspré-adipdcitos de uma maneira mTOR dependente
(PALHINHA et al., 2019), alémde promover inflamacdo com alta expressdo de proteina C
reativa (a qual foisignificativamente atenuada com inibicao da via ERK1/2) (SINGH et al.,
2007)e aumento na expressdo de citocinas pro-inflamatdrias TNF-o e IL-6 em célulasestromais
derivadas de tecido adiposo e em pré-adipdcitos (PALHINHA et al., 2019). Um estudo em
roedores demonstrou que a lipdlise induzida por agentes inflamatdrios ocorre em diferente via
que a lipolise oriunda de sinais adrenérgicos ou hormonais em adipocitos (FOLEY et al., 2021).
Bloqueando a atividade da quinase da proteina 1 requisidora de Inositol (IRE-1), foi suficiente
para bloquear a lipdlise em células adiposasdesencadeada por sinais de multiplos ligantes
inflamatérios, como componentes bacterianos e varios tipos de citocinas(FOLEY et al., 2021).
Além disso, a lipdlise via IRE-1 nos adipdcitos foi independente de alteragdes na concentragao
de insulina, sugerindo que o estado inflamatério induz lip6lise mesmo em células resistentes a
insulina (FOLEY et al., 2021). A inibi¢do da atividade da IRE-1 também foi capaz de bloquear

a ativacao da via NF-kB e a secrecdo de IL-6, expondo também estes pontos regulatérios do
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imunometabolismo obesogénico (FOLEY et al., 2021).
O aumento exponencial na prevaléncia da obesidade mundial e as inumeras
comorbidadesassociadas a esta condi¢ao, tornou a obesidade o maior problema de saude publica

no mundo (WORLD, 2016).

Ll &
18,5kg < IMC < 24.9kg IMC > 30kg
C:> <:> MACROFAGOS
SUPERNUTRICAQ " '
O " , * HIPERNSULINEMIA
‘ + RESISTENCIAA INSULINA
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(OBESIDADE)  CITOCINAS PRO INFLAMATORIAS
e kabdp INFLAMAGAO CRONICA

Figura 8. Obesidade e inflamagdo cronica. O excesso alimentar gera o aumento do tecido adiposo
branco (obesidade) em tamanho e numero de células. Quando isso ocorre, o tecidoadiposo branco sinaliza o
recrutamento e ativagdo de macrofagos para o local, os quais secretam inumeras citocinas pro
inflamatorias,gerando um estado de inflamacdo cronica. Estas citocinas estdo associadas a hiperinsulinemia,

resisténcia a insulina e intolerancia a glicose.

1.6.1 Obesidade materna
A obesidade e o sobrepeso na gravidez aumentaram significativamente, principalmente

nas ultimas trés décadas, ganhando contornos pandémicos e se tornando um dos principais
fatores de risco evitdveis para diversos problemas de sautde (WORLD HEALTH
ORGANIZATION, 2018). Sao preditores importantes para resultados adversos na satide tanto
em gestantes quanto na prole(WHO, 2015).

De acordo com a OMS, no ano de 2016 a média na Europa para obesidade (IMC > 30)
entre mulheres com 18 anos ou mais foi de 24.5% (WHO,2017). Ainda de acordo com a OMS,
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paises americanos apresentaram crescente alta nas prevaléncias para sobrepeso e obesidade em
mulheres com 18 anos ou mais, obtendo médias de 30.4% na Costa Rica, 31% no Chile, 25.4%
no Brasil, 32.8% no México, e 29% na Argentina no ano de 2016 (WHO, 2017).

De acordo com o Ministério da Satde do Brasil, ha poucos estudos sobrea prevaléncia
do sobrepeso e obesidade no periodo gestacional. O mais recente, foi realizado entre os anos de
1991 e 1995, apontando prevaléncia de 19.2% para sobrepeso e 5.5% para obesidade

(obesidade_sobrepeso_pre_gestacionais.pdf (saude.gov.br)).

No periodo entre 1990 e 2004, o Reino Unido aumentou em trés vezes aprevaléncia
parasobrepeso e obesidade no periodo pré-gestacional, apresentando18.9% das gravidas acima
do peso (KANAGALINGAM et al., 2005). Portugal triplicou também a prevaléncia para
mulheres com obesidade com 18 anos ou mais entre 1975 (6.8%) € 2016(21.2%) (WHO, 2017).

Muitos problemas durante a gestacao e parto estdo fortemente associados ao sobrepeso
e obesidade da gestante, como a gravidez prolongada (gestagdes que atingem entre 40 e
42semanas) (USHA KIRAN et al., 2005), diabetes gestacional (YAO etal., 2020), complicacdes
no parto (com aumento de internacdes, contracdes irregulares ou ausentes) (ZHANG;
TROENDLE, 2004), eaumento na incidéncia de cesariana (CHU et al., 2007). Entre as
complicagdes pds-parto associadas as gestantes com sobrepeso ou obesidade, encontram-se
ainda a pré-eclimpsia (JAASKELAINEN et al, 2019), tromboembolismo
(O’SHAUGHNESSY et al., 2019), infec¢ao puerperal (OPQIEN et al., 2007), hipertensao
(FERNANDEZ ALBA et al., 2018), problemas cardiovasculares (DIKAIOU et al., 2020), e
hemorragia pos-parto (DALBYE et al., 2021). Em um estudo realizado no Brasil, mulheres com
sobrepeso ou obesidade na gestacdo apresentaram 23% mais chances de desenvolverem
depressao pos parto em comparagdao a mulheres com peso normal (FRAGA; THEME-FILHA,
2020).

Um estudo com meta-analise comparou gestagdes entre mulheres de peso normal com
obesas, € mostrou que nas gestantes obesas as chances para anomalias congénitas estiveram
aumentadas em 87% para defeitos no tubo neural, 224% para espinha bifida, 130% para defeitos
cardiovasculares, 120% para anomalias no septo, 123% para fenda palatal, 120% para fenda
labio-palatal,148% para atresia anus-retal, e 168% para hidrocefalia (STOTHARD et al., 2009).
Outro estudo, analisou 1.2 milhdes de filhos tnicos de maes com diferentes classificagdes de
peso, € mostrou que para quaisquer mas formacdes congénitas, maes abaixo do peso e as de
peso normal tiveram risco de 3.4%, com sobrepeso tiveram 3.5%, com obesidade classe I
tiveram 3.8%, obesidade classell tiveram 4.2%, ¢ obesidade classe III tiveram 4.7% de risco.

Entre as mas formagdes congénitas observadas neste estudo, as mais frequentes foram a
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cardiaca (1.6%), seguidapor 6rgao genital (0.5%), 1abios (0.4%), sistema urinario(0.3%) e olhos
(0.2%) (PERSSON et al., 2017).

A obesidade materna tém alto potencial para causar danos no sistema nervoso central
daprole e causar déficits comportamentais (BILBO; TSANG, 2010). Criancas nascidas de
gestacdes com sobrepeso ou obesidade materna apresentam maior risco para uma ou mais
disfungdes do neurodesenvolvimento, com incidéncia de 15% observada em um estudo
realizado nos Estados Unidos (BITSKO et al., 2016). Além disso, sobrepeso e obesidadena
gravidez estdo relacionados com efeitos negativos na infancia, como tristeza, medo, raiva
(RODRIGUEZ, 2010), déficit em habilidades intelectuais (NEGGERS et al., 2003),
dificuldades psicossociais (JO et al., 2015), transtorno do déficit deatencdo e desordem de
hiperatividade (RODRIGUEZ et al., 2008), atraso no desenvolvimento e problemas
comportamentais (SANCHEZ et al., 2018). Sobrepeso e obesidade gestacional implicam em
déficits neurolodgicos na prole, aqual apresenta disfungdes cognitivas, comportamentais e
emocionais, estando o autismo entre as desordens mais comuns associadas (SANCHEZ et al.,
2018).

Krakowiac e colaboradores foram os primeiros a associarem as condi¢des metabdlicas
dagestante que ndo apenas as restritas ao diabetes tipo 2 ediabetes gestacional, com o aumento
do risco para o desenvolvimento de transtorno de espectro autista. Avaliaram também a
influéncia da obesidade e hipertensdo na gestacdo, e observaram o aumento do risco para
autismo em filhosde maes obesas em 67% (KRAKOWIAK et al., 2012).

Um estudo com meta-anélise, com base em 32 artigos incluindo regides como Noruega,
Holanda, Reino Unido, Dinamarca, Suécia, Australia, e EstadosUnidos, encontrou associacao
significativamente positiva entre obesidade materna e o desenvolvimento do autismo
(SANCHEZ et al., 2018). Este estudo,que contou com tamanho amostral variando de 62 a
333.057 criangas por estudo, mostrou que gestantes com sobrepeso (25 < IMC < 30)
apresentaram 17% maior probabilidade de ter filhos com qualquer neurodesenvolvimento
adverso em comparacdo a gestantes de peso normal (SANCHEZ et al., 2018). Esta
probabilidade, aumentou para 51% quando analisou gestantes obesas (IMC >30).Gestantes com
sobrepeso (25 <IMC <30) tiveram 10% mais chances de ter filhos autistas, e as gestantes obesas
(IMC = 30) apresentaram 36% mais chances, ambas em comparagdo com gestantes de peso
normal (18.5 <IMC <24.9) (SANCHEZet al., 2018).

Em um estudo feito na Australia entre 1989 e 1991, foram analisados os tragos autistas
nos filhos ja adultos (entre 19 e 20 anos) de gestantes (VARCIN; NEWNHAM;
WHITEHOUSE, 2019). As 2900 gestantes (com idades entre 16 €20 anos) foram agrupadas de
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acordo com o IMC individual, que variou entre abaixo do peso, peso normal, sobrepeso,
obesidade classe I ¢ obesidade classe II. A avaliagdo dos tragos autistas nos filhos destas
gestantes foi feita utilizando o Quociente de Espectro Autista (AQ), um questiondrio que
mensura os tragos autistas na populacao geral. Através do questionario, o estudo apontou
significativa associagcdo do aumento do IMC das gestantes com a presenga de tragos autistas em
seus filhos em idade adulta (VARCIN; NEWNHAM; WHITEHOUSE, 2019). Num outro
estudo realizado na Finlandia, 23.747 gestantes que tiveram filhos entre 2004 e 2014,
apresentavam no inicio da gravidez (entre as primeiras7 e 10 semanas) obesidade severa (IMC >
35) (KONGet al., 2018). Elas tiveram chances aumentadas em mais de 6 vezes de ter filhos com
autismo (6.49), em comparagao a gestantes de peso normal (KONG et al., 2018).

O excessivo ganho de peso na gestagdo também tem se mostrado um fator de risco para
o autismo. Um estudo chinés apontou associagao do excesso deganho de peso gestacional com
risco 32% maior de ter filhos com autismo (SHENet al., 2018). Este estudo utilizoucritérios pré-
estabelecidos para classificar o ganho de peso gestacional normal de acordocom o respectivo
IMC de cada gestante, sendo de 15 a 22kg para gestantes abaixo do peso, de 13 a 21kg para
gestantes de peso normal, de 10 a 18kg para gestantes com sobrepeso, e de 9.5 al7kg para
gestantes obesas. Ganhos de peso abaixo desses intervalos foram considerados insuficientes, e
acima, excessivos. (SHEN et al., 2018).
Windham e colaboradores analisaram dois fatores, ganho de peso na gestagao e IMC pré-
gestacional (sobrepeso e obesidade materna), utilizando as diretrizes do Instituto de
Medicina/Faculdade de Medicina de Obstetras e Ginecologistas para avaliar os ganhos de pesos
individuais recomendados durante a gravidez. Ganhos de peso considerados normais para cada
grupo de gestantes foram entre 12.6kg e 18.1kg para mulheres abaixodo peso (IMC <
18,5kg/m?), entre 11.3kg e 15.8kg para mulheres de peso normal (18,5kg/m? < IMC <
24,9kg/m), entre 6.8kg e 11.3kg para mulheres com sobrepeso (25kg/m? < IMC < 29,9kg/m?),
e entre 4.9kg e 9kg para mulheres obesas (30kg/m? <IMC) (COMMITTEE OPINION NO.
548: WEIGHT  GAIN  DURING PREGNANCY, 2013). Entre gestantes com perfis
ajustados para variaveis comoidade, etnia, educa¢do, paridade e fumo, o sobrepeso pré-
gestacional foi associado com 25% mais chances de gerar filhos autistas que em gestantes de
peso normal, e obesas pré-gestacionais tiveram 37% mais chances. Sem o ajuste para essas
variaveis, o sobrepeso gestacional teve 40% maior probabilidade e a obesidade gestacional
apresentou 72% maior probabilidade de gerar filhos com autismo (WINDHAM et al., 2019).
Foi feita também a associacdo dicotdmica para ganho de peso gestacional e grupos de IMC

(normal, sobrepeso e obesidade) com a probabilidade de gerar filhos com autismo. Essa
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dicotomia mostrou queasgestantes com sobrepeso e obesidade (IMC > 25kg/m?) mostraram
maiores chances de terem filhos com autismo comparadas com as gestantes de IMC normal
(18.5kg/m? < IMC < 24.9kg/m?) (WINDHAM et al., 2019). As maiores probabilidades de gerar
filhos com autismo estiveram presentes nas gestantes com sobrepeso ou obesas com ganhos
depeso no intervalo de 15.8kg a 19.9kg e nas gestantes que ganharam acima de 19.9kg durante
a gestacdo, com 117% e 90% de chances aumentadas respectivamente (WINDHAM et al.,
2019). Foi observada também uma forte associagao dos intervalos de ganho de peso gestacional
de 15.8kg a 19.9kg e acima de 19.9kg, para filhos autistas sem disfuncdo intelectual, com
probabilidades aumentadas em 162% e 200% respectivamente(WINDHAM et al., 2019). Além
disso, foi também possivel observar que a cada ganho de peso excedido em 2.25kg ao
clinicamente recomendado, as chances de gerar filhos com autismo aumentavam em 6%
(WINDHAM et al., 2019).

Em outro estudo com meta-analise, levantando dados de regides como Estados Unidos
(n= 83.201), Suécia (n= 333.057) e Noruega (n= 92.909), foi encontrada uma associagao
positiva entre sobrepeso e obesidade gestacional coma incidéncia de autismo nos filhos (WANG
et al., 2016). O sobrepeso aumentouas chances de gerar filhos com autismo em 28%, e a
obesidade em 36%. Foi encontrada também uma relacao dose-resposta, onde cada incremento
de Skg/m*no IMC materno aumentaram as chances da incidéncia do autismo nos filhos em16%
(WANG et al., 2016).

Ha também uma associacdo entre hiperglicemia intrauterina e o TEA, sendo que um
estudo com meta-analise envolvendo 12 trabalhos de gestantes com diabetes mellitus, mostrou
0 aumento do risco em 50% para a presenga do fenotipo autista nos filhos (XU et al., 2014).

A ma nutricdo na gravidez também ¢ um fator que apresenta relagdo com o
desenvolvimento do fenotipo tipo autista na prole, como pode ser observada em estudo com
modelo roedor de gestagdo exposto a dieta hipoproteica (BATISTA; GIUSTI- PAIVA;
VILELA, 2019). A prole de gestantes expostas a dieta hipoproteica na gestacao apresentou na
lactagao menos comportamentos de vocalizacdo, e na adolescéncia, danos no comportamento
social e comportamentos estereotipados (BATISTA; GIUSTI- PAIVA; VILELA, 2019). Além
disso, um estudo apontou que gestantes abaixo do peso (IMC < 18,5kg/m?) apresentaram 43%
maior probabilidade de terem filhos comautismo em relacao a gestantes de peso normal (18,5
< IMC < 24,95kg/m?) (GETZ et al., 2016). Estes estudos mostram que h4 uma nitida associagio
do IMCmaterno (com destaque para o sobrepeso e obesidade), e também do ganho excessivo
de peso gestacional e dahiperglicemia intrauterina com o aumento da probabilidade do

desencadeamento dotranstorno de espectro autista nos filhos.
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1.6.2 Obesidade materna e disfun¢iao mitocondrial na prole
A disfun¢@o mitocondrial ¢ uma condicao possivel de ser herdada (transgeracional) em

condi¢des de estresse gestacional, como a obesidade materna e a alta ingesta caldrica durante a
maternidade (LETTIERI-BARBATO et al., 2017; MAREIet al., 2020; FEREYet al., 2019;
SERAFIM et al., 2021).

A prole de camundongos (C57BL/6J) que recebeu dieta hipercalorica durante a
gestacdo apresentou em células do tecido adiposo subcutineo menor massa mitocondrial, com
significante menor expressdo de subunidades enzimaticas do ciclo do acido citrico e do
mecanismo de fosforilacdo oxidativa (OxPHOS) (LETTIERI-BARBATO et al., 2017). Foi
observada também nestes animais, a diminui¢do da enzima citrato sintase, bem como a
diminui¢do na expressao de genes de mtDNA que codificam subunidades dos complexos I, IV
e V, além da diminui¢do do consumo de oxigénio ¢ da razio NAD'/NADH (LETTIERI-
BARBATO et al., 2017).

Camundongos com obesidade materna induzida por dieta hiperlipidica apresentaram
disfungdo mitocondrial nos odcitos, com anormalidades nas estruturas mitocondriais e alta
concentracdo de espécies reativas de oxigénio (EROs) (MAREI et al., 2020). Foi observado
também um aumento no contetdo de mtDNA nas células, sugerindo falha na mitofagia
(MAREI et al., 2020). Camundongos com obesidade induzida por dieta hiperlipidica e alto teor
de sacarose tiveram filhotes com disfun¢do mitocondrial em células cardiacas (FEREY et al.,
2019). Os oo6citos destes animais apresentaram falhas na mitofagia e transmitiram mitocondrias
danificadas para seus filhotes (FEREY et al., 2019).As mitocondrias cardiacas dos filhotes
apresentaram diminui¢d@o no consumo de oxigénio (FEREY et al., 2019). Filhotes de ovelhas
provenientes de maes obesas também apresentaram disfun¢do mitocondrial, com significativa
diminui¢do nas atividades dos complexos mitocondriais I, I, III e IV em células hepaticas
(SERAFIM et al., 2021).

Estes estudos (SERAFIM et al., 2021; FEREY et al., 2019; MAREI et al., 2020;
LETTIERI-BARBATO et al., 2017) mostram que as condigdes metabolicas da gestante e a
hiperglicemia intrauterina produzem efeitos deletérios na atividade mitocondrial de suas proles
em tecidos periféricos e oocitos. E possivel que disfungdes mitocondriais sejam também
encontradas no SNC da prole de maes obesas, e que estas possam ser correlacionadas com
desordens neurologicas, como o TEA. Entretanto, mais estudos sobre a influénciada obesidade
materna no desencadeamento de disfungdo mitocondrialno SNC daprole sdo necessarios para

estabelecer tal associagao.
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1.6.3 Obesidade materna e comportamentos tipo autista
em modelos animais

Em um modelo animal (roedor) de disfungdo metabdlica gestacional induzido por alto
consumo de frutose, foi possivel observar mudangas morfofisiologicas e metabolicas nos animais
gestantes e respectivas proles (ERBAS et al., 2018). Entre as mudancas, foram observados o
figado gorduroso nas gestantes, ¢ o aumento significativo de colesterol e triglicerideos no
plasma de suas proles (ERBAS et al., 2018). Testes para analises de comportamentos tipo
autistas na prole das gestantes expostas ao alto consumo de frutose na gestacao, revelaram déficit
na interagdo social e na atividade motora, e presenga de comportamento estereotipado nos
machos, sem prejuizos para as fémeas (ERBAS et al.,2018). Entretanto, ambos os géneros foram
negativamente afetados em testes de aprendizagem e memoria. Analises bioquimicas revelaram
que ambos os géneros também apresentaram altos niveis de TNF-a em relagdo aos controles,
porém, apenas os filhotesmachos apresentaram niveis diminuidos de fator de crescimento
neuronal (NGF), neuregulin 1 (NRGI), acido glutamico descarboxilase 67 (GAD67), e acido
hidroxi indolacético (SHIAA) (ERBAS et al., 2018). A reducdo na densidade neuronal em
neurdnios piramidais (regido CA1 do hipocampo) foi observada apenas em filhotes machos,
embora uma importante astrogliose nas regides CA1 e CA3 foi observada em ambos os géneros
(ERBAS et al., 2018). Estudos com roedores modelos de obesidade gestacional induzidopor
dieta hipercalérica mostraram aumento do comportamento ansioso nesses animais atraves de
testes classicos de comportamento (BILBO; TSANG, 2010; TOZUKA et al., 2010; WHITE;
PURPERA; MORRISON, 2009). Os animais também apresentaram expressdo elevada de
citocinas pro-inflamatorias no cérebro (BILBO; TSANG, 2010; WHITE; PURPERA;
MORRISON, 2009) e alteragdes morfoldgicas nos neuroénios do hipocampo, com diminuigao
no tamanho e numero de dendritos (TOZUKA et al., 2010). A prole oriunda de gestantes com
obesidade induzida por dieta hiperlipidica apresentou também ativacaomicroglial e alta
expressdo delL1B no hipocampo (BILBO; TSANG, 2010).

Estes estudos em modelos animais de obesidade gestacional e alta ingesta calorica
(ERBAS et al., 2018;BILBO; TSANG, 2010; TOZUKA et al., 2010; WHITE; PURPERA,;
MORRISON, 2009), mostram que a obesidade e a hiperglicemia intrauterina sdo contextos de
risco para o desencadeamento de neuroinflamagio e de comportamentostipo autista na prole. E
muito provavel que o desencadeamento do TEA seja intermediadopor eventos
neuroinflamatérios na prole ainda na vida intrauterina como evento de perturbagdo no

neurodesenvolvimento, mediante estimulo da obesidade gestacional (figura 9) (ou outros
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estimulos que possam perturbar a gestacao).
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Figura 9. Neuroinflamag@o na vida intrauterina. Perturbagdes na gestacdo como infeccdes, estresse e
obesidade podem desencadear a secregdo de citocinas pr6 inflamatorias na gestante. Essas citocinas podemchegar
ao feto via placenta, e ativar células imunes, desencadeando um estado neuroinflamatorio no periododo

neurodesenvolvimento.

Portanto, varios estudos em humanos (WINDHAM et al., 2019); (SHENet al., 2018);
(VARCIN; NEWNHAM; WHITEHOUSE, 2019); (XU et al.,2014). foram capazes de
associar significativamente o aumento do IMC pré-gestacional, o ganhoexcessivo de peso
durante a gestacao e a hiperglicemia intrauterina, com a maior incidéncia do fendtipo autista nos
filhos destas gestantes. Em paralelo, estudos emanimais mostraram a associagdo positiva da
obesidade materna e hiperglicemia intrauterina com a ativagdo do sistema imune materno € a
presenga de neuroinflamagdo na prole (ERBAS et al., 2018); (BILBO; TSANG, 2010;
TOZUKA et al., 2010; WHITE; PURPERA; MORRISON, 2009), resultando no aumento da

probabilidade para o desenvolvimento de comportamentos tipo autistas na prole.
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Esta relagdo positiva do IMC materno e da hiperglicemia intrauterina com o desfecho
autista nos filhos alerta para a importancia do estado nutricionale manuten¢do de um IMC
saudavel (18,5kg/m? < IMC < 25kg/m?) durante a gestagdo como medida de prevencdo ao

desenvolvimento do transtorno de espectro autista nos filhos.

2. JUSTIFICATIVA
Além das deficiéncias nos ambitos da comunicagdo ¢ intera¢do social, e dos

comportamentos repetitivos e estereotipados, o autismo geralmente acometeos individuos
simultaneamente a outras inimeras disfun¢des que podem comprometer significativamente a
qualidade de vida.

O transtorno do espectro autista apresentou um crescimento significativo em algumas
regides do mundo nas ultimas décadas, € vem por essarazao, requerendo cada vez maioratencao
da comunidade cientifica, seja para o diagnostico dos casos ou para os possiveis mecanismos
envolvidos com a etiologia e seus sintomas.

Como se manifesta logo nos primeiros meses de vida dos individuos, leva as criangas
a atravessarem a infancia com muitas dificuldades nas amizades, no circulo de
convivénciasocial, na aprendizagem, na escola, na alimentagdo, e at¢ em seus momentos
individuais, quando acometidos por comportamentos repetitivos ou obsessivos compulsivos. E,
portanto, uma desordem dissociativa no ambito psicossocial. De acordo com a severidade
manifestada, pode acarretar muitos prejuizos durante a infancia, periodo no qual o individuo
inicia a sua conexao com o mundo, constréi suas percepcdes de realidade, empatia,
sociabilidade, respeito, e tantas outras que sdo essenciais para a formagdo da psique e da
sociabilidade.

A obesidade ¢ uma doenca cronica cada vez mais comum, € apresenta uma associacao
com o desencadeamento do autismo quando presente durante a gestacdo. A crescente oferta em
opgdes cotidianas que oferecem redugdo no esforco fisico, otimizagdo do tempoe/ou aumento
do conforto (como elevadores,tele entregas; opcdes sedentérias de lazer - video games, servigos
de streaming;e a alimentacao caldrica de rapido preparo e baixo custo - ultraprocessados), tem
agradado um numero cada vez maior de pessoas que flertam com a comodidade,contribuindo
com o aumento da prevaléncia do sobrepeso e obesidade. Os efeitos negativos do sobrepeso e
obesidade comprometem a qualidade de vida das pessoas com comorbidades como diabetes,
dislipidemia, doencas cardiovasculares, entre muitas outras.

O sobrepeso e a obesidade gestacional também tiveram suas frequéncias muito

aumentadas nas tltimas décadas, e t€ém relacdo com maleficios para a saude de gestantese prole.
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Dentre os efeitos negativos na prole, algumas podem ter impacto extremamente negativo na
qualidade de vida, como as falhas na cogni¢do, na comunicagdo, e interagdosocial, repercutindo
em muitos danos ao longo de toda a vida.

Portanto, o TEA tem etiologia desconhecida, e buscando elucidar essa e outras
questdes, o presente estudo procurou compreender melhor como a disfungdo mitocondrial no
SNCe a neuroinflamagdo possam estar envolvidas nodesencadeamento do TEA. Foi ainda
objetivo deste trabalho estabelecer a relagdo destes fatores com o sobrepeso/obesidade
gestacional, contribuindo assim com uma visd@o mais apurada sobre a etiologia e/ou sintomas
do TEA. A melhor compreensdo da relagdo do sobrepeso/obesidade gestacional com
mecanismos que possam aumentar a probabilidade do desenvolvimento do TEA (ouagravar
sintomas) na prole, poderd direcionar a prevencdo de habitos que, no periodo gestacional,

possam favorecer o desencadeamento do TEA.

3.HIPOTESE
A obesidade e o sobrepeso sdo condigdes nutricionais associadas a mecanismos de

neuroinflamacdo e de disfun¢do mitocondrial, os quais podem desencadear distirbios
neurolégicos em periodos extremamente sensiveis para o neurodesenvolvimento, como
operiodo gestacional. Procurando elucidar melhoros sintomas e/ou a etiologia do autismo, e
objetivando também a busca de héabitos de prevencdo do autismo, essa dissertacdo tevecomo
foco a revisdo de estudos envolvendo o sobrepeso e a obesidade gestacional como fatores
desencadeadores na prole de mecanismos de neuroinflamacao e disfun¢do mitocondrial (em
especial no sistema nervoso central), possiveis mecanismos patoldgicos (ou mesmo,

etiologicos) do autismo.

4. OBJETIVO GERAL

Caracterizar o modelo de obesidade materna induzida por dieta hiperlipidica
relativamente ao ganho de massa corporal e desenvolvimento de tolerancia a glicose.
Revisar a literatura com relagdo ao transtorno de espectro autista como disturbio

neuroinflamatorio e de disfun¢ao mitocondrial.

4.1 OBJETIVOS ESPECIFICOS

e Estabelecer um modelo animal de obesidade
gestacional (camundongos C57Bl1/6J) induzida por dieta
hiperlipidica;
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e Verificar o contexto de obesidade das gestantes
obesasatravés de acompanhamento glicémico, peso corporal,
mensuragdo da ingesta alimentar, e mensuracdo de
triglicerideos e tecido adiposo brancovisceral;

e Revisar a literatura com relacdo a obesidade
materna e sua associacao com o aumento do risco para TEA na

prole associado a eventos neuroinflamatorios;

e Revisar a literatura com relacdo a disfun¢ao
mitocondrialno SNC comomecanismo neuropatoldgico do

TEA.

5. MATERIAIS E METODOS
Animais

Camundongos fémeas C57B1/6J, com 8 semanas de idade, obtidas do Biotério Central
doCentro de Ciéncias Bioldgicas da Universidade Federal de Santa Catarina foram mantidos
em ambiente controlado (22°C £ 1°C, ciclo claro/escuro de 12h) com agua e comida ad libitum.
Os animais foram alojados em caixas contendo cerca de 3cm de maravalha cobrindo todo o
fundo, e a limpeza das caixas foi realizada semanalmente, sempre com atroca da maravalha. As
garrafas de 4gua também eram higienizadas com cloro diluido em 4gua. Todos os protocolos
experimentais foram aprovados pelo Comité de Etica em PesquisaAnimal (CEUA 5004220419)
da Universidade Federal de Santa Catarina (Brasil). Os experimentos foram realizados em
conformidade com o Conselho das Comunidades Europeias, Diretiva de 24 de Novembro de
1986 (86/609 / CEE).

Para os experimentos com o objetivo de coleta de tecido e sangue, os animais foram
anestesiados com pentobarbital sodico (50mg/kg de massa corporal, i.p.). Uma vez que
aanestesia foi assegurada, os camundongos foram pesados e as amostras de sangue
foramcoletadas. Os experimentos e extracdes detecido sempre foram realizados entre 8 e 10

horas da manha.

Modelo Experimental de Obesidade Induzida por Dieta

A partir de 8 semanas de idade os animais foram divididos em dois grupos
aleatoriamente,o grupo controle foi alimentado com uma dieta padrao, e o grupo hiperlipidico

foi alimentado com dieta hiperlipidica (HFD). A composi¢ao das dietas esta representada na
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tabela 8. Ambas as dietas foram disponibilizadas ad libitum. A dieta padrao (controle) era
composta de 4% de lipidios, enquanto a dieta hiperlipidica apresentou 36% de lipidios,
principalmente lipideos saturados. A massa corporal dos animais, bem como a quantidadede
ingestdo de alimento foi mensurada (através de pesagem) antes do inicio da dieta, e

semanalmente até o final do experimento.

Dieta Controle Dieta HFD
g/100g %kcal g/100g %kcal
Proteinas 20 80 20 80
Carboidratos | 62 248 45 180
Lipidios 4 36 35 315
keal/100g - 364 - 575

Tabela 8. Composicao de macronutrientes das dietas.

Acasalamento
Ao final das 12 semanas de exposi¢do as dietas (padrdo e hiperlipidica)os animais

(fémeas C57BIl/6]) foram alocados juntamente com machos C57Bl/6J, para que
pudessemacasalar e gerar os filhotes, os quais seriam objeto de analises comportamentais e
bioquimicas para este presente estudo. A alocacdo dos camundongos machos foi feita em caixas
contendo duas fémeas. Durante todo o acasalamento, o qual teve duracdo de 15 dias, os animais
permaneceram recebendo o mesmo tipo dietético tal qual iniciaram o experimento. Apos os 15
dias, os machos foram retirados das caixas contendo as fémeas,para que estas pudessem gestar

os filhotes com menor estresse.

Teste de tolerancia a Glicose
A avaliagdo de tolerancia a glicose foi medida pelo teste intraperitoneal de tolerancia a

glicose (ipGTT). No dia do teste ipGTT, os animais foram aclimatados na sala do experimento
e mantidos em jejum por 6h, com livre acessoa agua. A glicose sanguinea foi medida
imediatamente antes, 15, 30, 45, 60 e 120minutos apos uma injecao intraperitoneal de glicose
(2,0 g / kg de massa corporal). A area sob a curva para os niveisde glicose foi calculada

utilizando a regra trapezoidal para dados GTT. A medigao da glicemia foirealizada com coletade
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sangue através de corte minimo na extremidade finalda cauda do animal, e mensurada através
de fitas reativas (Roche®) e aparato de leitura (Accu-check Active Roche, Mannheim,

Alemanha).

Medicao de Triglicerideos Plasmaticos
O sangue para a mensuragdo dos triglicerideos foi coletado apoés a decapitacao dos

animais, previamente anestesiados. Os niveis séricos de triglicerideos foram determinados
usando um kit comercial (Trigliceridio Labtest200ml, PRONTOLAB) seguindo as instrugdes
do fabricante. A medida dos triglicerideos foi realizada em triplicatas e a absorbancia foi lida no
equipamento MULTILEITORA INFINITE M200 TECAN do Laboratério Multiusuario de
Estudos em Biologia da Universidade Federal de Santa Catarina (LAMEB/UFSC).

Analise Estatistica
Os resultados foram expressos como média + erro padrio da média. A andlise

estatisticados dados foi feita utilizando o software GraphPad Prism 5 ®, utilizando o teste ¢ de

student. As diferencas entre os grupos foram consideradas significativas quando p < 0,05.

6. RESULTADOS
O estudo tinha como objetivo inicial obter um modelo animal de obesidade gestacional

(com camundongos C57Bl/6J), verificando a influéncia da obesidade gestacional no
desencadeamento do autismo na prole. Testescomportamentais, comumente utilizados para
analises de comportamentos tipo autistas em animais, seriam realizados na prole das gestantes
magras € obesas, comparando os resultados que seriam obtidos entre os animais oriundos de
gestantes em diferentes estados nutricionais quanto a parametros cognitivos, de ansiedade,
comportamentos obsessivos compulsivos, e de interagdo social. Por fim, analises bioquimicas
seriam realizadas nas gestantes e proles para verificar quais 0s possiveis mecanismos
bioquimicos poderiam estar alterados nos animaisao longo dos experimentos. Estas analises
envolveriam o acompanhamento glicémico dos animais, mensuracgao de ativagdoda microglia, a
coleta do soro para mensuracao de triglicerideos, e a coleta de tecidos cerebrais dos animais
(cortex, estriado e hipocampo) para a mensuragdo de monoaminas, citocinas, neurotrofinas
(BDNF) e enzimas do metabolismo de neurotransmissores (comoa monoamina oxidase b). No
entanto, devido a pandemia da covidl9, apenas o manejo inicial € os primeiros testes nos

animais foram realizados, e serdo aqui reportados.
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6.1 EVOLUCAO DO GANHO DE PESO CORPORAL E
INGESTA ALIMENTAR

Semanalmente foi avaliado o ganho de massa corporal dos animais. Foiobservado que
osanimais que foram alimentados com dieta hiperlipidica (HFD, n=6) t€m maior tendéncia para
ganhar maior massa corporal em comparacdo aosanimais tratados com dieta padrao(controles,
n=7), demonstrado na figura 10 (ae b).

Relativamente a ingesta alimentar (kcal), ndo foram observadas diferencas estatisticas
entre os grupos controle e HFD. Foi possivel ainda observar que quando os animais sdo
expostos pela primeira vez a dieta hiperlipidica hd um grande aumento no consumo alimentar,
no entanto apds esseperiodo inicial, os animais consomem a mesma quantidade em comparagado

ao grupo tratado com dieta controle (figura 10 c).

a Massa corporal G ingesta alimentar (Kcal)
304 Acawémnm - Controle
; HFD ;
) " . 200+ Acasalamenio
CES : = ! -e- Controle
T ; < = HFD
s =
= ]
g 2 ! =
o 3 @
! £
' =
g 15+ 1 =
: 8
X o
: £
. 10, s S e R i P i —— i t—t———i—t =
Basal 2 3 4 6 6 7 8 9 1011121314 1234567891011121314
semanas semanas
b Massa corporal final
30+ p=0,0613
&
T 20
e
S
=]
Q
@ 10-
[}
"~
=
04
& &

Figura 10. Mensuragdo da massa corporal e ingesta alimentar. a) Evolucdo semanal do ganho de peso
dosanimais dos grupos controle (n=7) e HFD (n=6). b) Massa corporal final, referente aos dois grupos (controlee
HFD) ao término das 12 semanas de tratamento dietético. c)Ingesta alimentar semanal (em kcal) dos animais

controle e HFD.
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6.2 EFEITO DA DIETA HIPERLIPIDICA NO GANHO DO TECIDO ADIPOSO
BRANCO VISCERAL E TECIDO ADIPOSO MARROM

A obesidade ¢ definida como excesso de tecido adiposo. As diferencgas individuais na
relagdo entre a quantidade de massa magra (muscular) e de massagordurosa (tecido adiposo)
torna muitas vezes o peso corporal dos animais um parametro pouco confiavel para mensurar a
obesidade nos animais. Assim, ao final do experimento (fim do periodo de amamentagao), as
maes foram sacrificadas e foi quantificado o tecido adiposo brancovisceral e o tecido adiposo
marrom.

Observamos que os animais do grupo HFD (n=2) apresentaram, conforme mostra a
figura 11a, maior teor de tecido adiposo branco, embora sem diferenca estatistica, do que os
animais que receberam dieta controle (n=2). Os animais tratados com dieta hiperlipidica

apresentaram uma tendéncia de aumento(p = 0,0685) no tecido adiposo marrom (figural 1b).
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Figura 11. Quantificacdo de tecido adiposo branco visceral (WAT) (n=2)
e marrom (BAT) (n=2). Tecidos coletados e mensurados apds 17 semanas do inicio

dos tratamentosdietéticos.

6.3 EFEITO DA DIETA HIPERLIPIDICA NA INTOLERANCIA AGLICOSE E

NOS TRIGLICERIDEOS
O teste de tolerancia a glicose ¢ utilizado para verificar a disfuncdo metabdlica nos
animais, a qual esta associada aos efeitos do consumo de dietas hipercaloricas como as dietas

ricas em gorduras saturadas. Apds 8 semanas de consumo de dieta hiperlipidica ndo houve
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diferenca significativa comparativamente aos animais do grupo controle em relagdo a tolerancia
a glicose (figura 12a). O mesmo foi observado ao fim de 12 semanas(figura 12b). No entanto,
¢ possivel observar ao fim de 12 semanas de consumo de dieta hiperlipidica que o decaimento
glicémico ¢ mais demorado no grupo HFD (n=6)frente ao grupo controle (n=7) (figura 12b).
Isso demonstra que o maior tempo de exposi¢do dos animais a dieta hiperlipidica agrava a
dificuldade celular nestes animais em assimilara glicose inoculada na corrente sanguinea,

comprometendo o metabolismo de forma mais acentuada.
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Figura 12. Teste de tolerancia a glicose (ipGTT). Decaimento da glicose observados aos tempos: 0, 15,
30,45, 60 e 120 minutos em dois momentos distintos do experimento: @) ao final de 8 semanas de tratamentos
dietéticos; e b) ao final de 12 semanas de tratamentos dietéticos. Grupo dieta HFD (n=6) representado emvermelho, e

grupo dieta controle (n=7) representado em preto.

A avaliacdo da dislipidemia através da quantificacdo de triglicerideos nosoro ¢ um bom
parametro bioquimico para analisar o perfil metabolico dos animais. Conforme mostra a figura
13, os animais que receberam a dieta hiperlipidica (n=2) apresentaram niveis superiores de
triglicerideos no soro em comparagdo aos animais de dieta controle (n=2), sugerindo uma
disfungdo metabolica nos animais que receberam dieta hiperlipidica. A hiperlipidemia ¢
consequéncia do excesso de tecido adiposo (obesidade), que reflete a disfungao metabodlica dos

animais tratados com dieta hiperlipidica.
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Figura 13. Quantificacdo de triglicerideos. As absorbancias (em preto, o grupo controle e vermelho, o
grupo HFD) foram analisadas no multileitor de placas INFINITE M200 TECAN, utilizando o software integrado

Magellan. Grupo dieta HFD (n=2) representado em vermelho, e grupo dieta controle (n=2) representado em preto.

7. CONCLUSAO
Foi possivel observar que os animais tratados com dieta hiperlipidica (HFD)

apresentaram tendéncia maior para ganho de massa corporal frente aos animais tratados com
dieta controle, bem como maior tendéncia para teor de tecidoadiposo branco viscerale tecido
adiposo marrom. Os animais HFD apresentaramtambém maior dificuldade na captagdo da
glicose, verificada pelo decaimento glicémico lento no ipGTT frente ao grupo controle, € maior
teor de triglicerideos no sangue, denotando a tendéncia para disfungdo metabolica.

Em artigo anexo neste estudo “Neuroinflammation in Autism Spectrum Disorders:
Exercise as a Pharmacological Tool” (TOSCANO et al., 2021) foi revisada a associa¢do da
neuroinflamag¢do com a obesidade e a ativagdo dosistema imune periférico como mecanismos
subjacentes envolvidos com o agravamento dos sintomas do TEA. Como medida terapéutica,
foi proposta a inclusdo de programas de atividades fisicas aos pacientes autistas, as quais estao
associadas em vasta literatura por melhoras em pardmetros do espectro autista, como as
interagdes sociais, danos motores, cogni¢do, ansiedade, e comportamentos repetitivos e
estereotipados. Portanto, os exercicios fisicos podem ser recomendados como alternativa
terapéutica ndo invasiva, com boas perspectivas de resposta significativa na melhora da
qualidade de vida dos pacientes comTEA.

O segundo artigo de revisdo anexo neste estudo “Obesity associated with autism

spectrumdisorders: mitochondrial dysfunction and neuroinflammation asa links” (artigo em
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fase de preparacdo para submissdo), mostra que a obesidade e o consumo de dietas
hiperlipidicas estdo associadas ao desenvolvimento de processos neuroinflamatorios e
dedisfungdo mitocondrial no SNC em modelos animais e humanos. Tais processos
neuroinflamatoérios e de disfungdo mitocondrial sao frequentemente encontrados em individuos
autistas, sugerindo que o estado nutricional obeso pode ser um agravante dos sintomas do
autismo, propondo que a manuten¢do de um IMC saudavel (18,5 < IMC < 24,9), bem como a
baixa ingesta de dietas hiperlipidicas podem ser bons fatores na prevencao dos sintomas mais
graves das comorbidades associadas ao autismo, bem como na atenuacao de suas manifestagdes

comportamentais tipicas.

8. PERSPECTIVAS FUTURAS
A hipétese inicial deste estudo era a de que a obesidade materna, como fator de

perturbagdo intrauterina, pudesse gerar na prole (camundongos C57BL/6J) a presenca de
comportamentos tipo autista em associacdo a mecanismos neuroinflamatodrios (ativacao de
microglia e libera¢do de citocinas IL-17, IL-6 e IL-1pB), além de alteragdo na expressdo de
monoaminas (serotoninae dopamina) e de enzimas de seu metabolismo (monoamina oxidase
B), e no aumento da neurotrofina BDNF. Com o advento da pandemia Sars-Cov- 2 (covid19)
e com a impossibilidade da realizacdo de experimentos, o trabalho mudou seu foco para a
revisdo de mecanismos de neuroinflamacao e disfuncdo mitocondrial, e suas associagdes no
desencadeamento de comportamentos tipo autista na prole de gestantes obesas.

Portanto, como proximos passos para a continuidade deste estudo, poderdo ser
desenvolvidos os seguintes aspectos experimentais para a associagdode parametros bioquimicos
com o possivel fenotipo autista que venha a ser desencadeado na prole:

e Avaliagdo bioquimica das gestantes logo ap6s o parto e de metade da
prole gerada,com a analise de estruturas cerebrais (hipocampo,estriado e cortex pré-
frontal) com relagdo a ativagdo de microglia (anti- Ibal), e expressao de citocinas (IL-
17, IL1B e IL-6);

e Testes comportamentais na prole com 12 semanas
de vida

(teste de cruz elevada,marble buryng, campo aberto, teste de interacao social, splash
test) para mensurarcomportamentos tipo autista (ansiedade, memoria, transtorno
obsessivo compulsivo, danos na interagao social, déficit motor);

e Avaliagdo bioquimica da prole apds testes comportamentaiscom relag@o

a neuroinflamacdo (andlise da ativagdo de microglia e expressdo de citocinas IL-
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17,IL-6 e IL1p no hipocampo, estriado e cortexpré-frontal;

e Anadlise da expressdo de monoaminas (serotonina de dopamina), e da
expressao de enzimas que metabolizam monoaminas (monoamina oxidase A e B);

e Andlise da expressdao de BDNF no cérebro (hipocampo, estriado e
cortex pré- frontal) da prole antes dos testes comportamentais (metade da prole) e
apos os testes (a outra metade);

e Avaliacdo da funcdo mitocondrial no cérebro da prole através da

respirometria celular (hipocampo, estriado e cortex pré-frontal).
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We are very grateful for the positive, constructive,
and helpful comments of the reviewers. The reviewers
pointed out some issues that were not clearly explained in
the previous version of our manuscript, and new topics were
added to improve the manuscript. The manuscript is now
corrected in the present revised version. Hopefully, we

addressed all the reviewers” concerns.

Reviewers’ comments:

Reviewer #1: This manuscript reviews various
aspects of autism spectrum disorder (ASD), including
neuroinflammation and exercise interventions. The topic is
interesting and highly relevant to this journal. Whilst
generally clearly written, there are aspects thatcould be
improved, as detailed below.

1. A bit more in-depth discussion could be added to
more substantially address the roleof neuroinflammation in
the pathogenesis of ASD and the therapeutic potential of
exercise and physical activity.

R: We agreed with the reviewer’s comment, and we

added a more detailed discussion inthe revised manuscript.

2. It would be more helpful if they can be more
precise when they were describing particular topics and

issues. Examples include: “decrease in stereotypical



behavior” - to what extent? “Improvement of social
interaction” - in what kind of scenarios and with which
measures?

R: We agree with the reviewer’s comment, and

added a more detailed explanation in therevised manuscript.

3. The authors mentioned that maternal immune
activation could increase likelihood of ASD in offspring. Is
there any published research showing children from
exercised mothers showed less chance of having ASD? This
would be one way to better tie the neuroinflammation and

exercise sections.

R: This is a very interesting point raised by the reviewer.
Unfortunately, no published research showing children
from exercised mothers showed less chance of having
ASD toour best knowledge. However, parental health
and lifestyle influence embryonic development and
susceptibility to disease in the offspring by
transgenerational epigenetic mechanisms (Goli and
Yazdi, 2021; Yeshurun and Hannan, 2019). Non-
genetic inheritance of acquired traits associated with
parental environmental exposures, mainly this
transgenerational modulation of phenotypic traits, is
directly relevant to psychiatric disorders. A positive
environment, such as physical exercise, environmental
enrichment, or other enhanced motor, sensory, and
cognitive stimulation. Three months of exercise training
in humans was found to modify the DNA methylation
profile in their sperm, specifically in genes that are
related to several brain disorders, including autism,
schizophrenia, and Parkinson’s disease, suggesting that
the effects of exercise can be epigenetically inherited
(Denham et al., 2015)

Regarding paternal influence, it was demonstrated
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that offspring of exercised fathers displayed higher levels of
memory ability and lower level of brain-derived
neurotrophic factor, suggesting an intergenerational effect
of physical activity on cognitive benefit, which may be
associated with hippocampal epigenetic programming in
offspring (Goli and Yazdi, 2021).

Some studies use animal models showing that
maternal exercise during gestation has beneficial effects in
developing neural circuits and the offspring’s well-being. In
an animal model of prenatal stress, which has been
associated with increased vulnerability to psychiatric
disturbances such as autism, the authors show that voluntary
exercise appeared to have a neuroprotective effect, with an
improvement in motor control and a decreased dopamine
cell loss in substantia nigra (Mabandla et al., 2009).

The role of voluntary exercise in modulating
behavioral and synaptic abnormalities n
neurodevelopmental disorders was studied in a mouse
model of a neurodevelopmental disorder induced by
maternal immune activation (Andoh et al., 2019). It was
observed that voluntary wheel running ameliorates the
abnormalities in sociability, repetitiveness, and anxiety.
Exercise activates a portion of dentate granule cells,
normalizing the density synapses, excessive in the MIA-
affected offspring. Deficits induce the synaptic surplus in the
MIA offspring in synapse engulfment by microglia,
normalized by exercise throughmicroglial activation (Andoh
etal., 2019).

In a diet-induced obesity model, maternal exercise
during gestation can completely mitigate metabolic
impairment in adult offspring in mice (Laker et al., 2021).
Maternal obesity results in hypermethylation of the Pgc-1a
promoter at CpG-260, which can be abolished by maternal
exercise (Laker et al., 2021).
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However, there is an urgent need for more research
exploring transgenerational epigenetic effects in animal
models and human populations for ASD development,
giving special attention to the role of exercise. These future
studies may identify epigenetic mechanisms as potential
contributors to the “missing heritability” observed in
genome-wide association studies of psychiatric illnesses and
other human disorders, facilitating the development of novel
strategies to predict, prevent consequences on offspring

health andpsychiatric disorders in particular.

4. The authors could better address the role of
epigenetics in ASD, which is relevant to both
neuroinflammation and exercise. Whilst the primary
literature may be too large to address here, there are a
number of relevant reviews:

R: We agree with the reviewer’s suggestion, and
included a new section in the manuscript entitled

“Epigenetics in the etiology of ASD”.

5. The authors should better address the literature
on environmental enrichment (which enhances both
cognitive stimulation and physical exercise) on both
preclinical andclinical ASD and disorders with autistic
features.

R: The reviewer raises a good point. We included a
new section in the manuscript about Environmental
enrichment.

Reviewer #2: The paper is very interesting as it
focuses on a rather novel, but potentiallyimportant aspect for
the therapeutic framework of Autism Spectrum Disorder,
that is the link between contributive factors for the
etiopathogenesis of this condition and possible innovative

treatments that could be adapted to the individuals, with
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manifold positive outcome expected to occur. However,
there are several issues identified in this work, preventing it

to be published without a substantial revision.

1. First of all, throughout the manuscript there are
several redundancies, making the paperhard to be logically
followed. As such, also the quality of English language and
grammaris quite low and should be significantly improved.
Careful proofread should be performed, checking and
correcting the several typos present in the paper.

Also, the logical flow between the factors
contributing to ASD and the physical activity as a novel

treatment method should be better stated.
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R: We agree with the reviewer’s comment. We revised all the

manuscript

2. In the Introduction, the inclusion of recent
epidemiological data (see Maenner et al., 2020 for example)

1s desirable.

R: These were corrected in the manuscript, and the reference was

added.

3. The discussion about the factors somewhat
contributing to the burden of autism worldwide should also
include a part describing the lack of vitamin D as possible
furtherfactor, and the hyper/hypo-sensoriality, since it was

mentioned earlier on, but not properlyfaced.

R: We agree with the reviewer’s comment. Changes were made as

suggested.

We added to the manuscript a brief explanation
about the vitamin D deficiency in pregnant women as a risk
factor for ASD.

4. Finally, a stronger take-home message should

be included. There is no real recommendations about how to



use physical activity as a mean to improve clinical features
of subjects with ASD, whether it would be feasible for any
ASD individual, independently from their age, IQ and
clinical characteristics.

R: We agree with the reviewer’s comment and a
take-home message was added in the manuscript as
suggested.

Minor:- Highlights seem to be incomplete

(especially point 2)R: We corrected the highlights.

Highlights:
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0 Neuroinflammation is involved in the etiology of Autism

Spectrum Disorder.

0 Microglia activation is detected in postmortem samples of

ASD subjects

0 Maternal immune activation induces the development of

autism spectrum disorder.

0 Exercise improves autism symptomatology and associated

comorbidities.

0 Structured and personalized exercise should be used to

managed ASD symptoms.



Abstract:

The worldwide prevalence of ASD is around 1%.
Although the pathogenesis of ASD is not entirely
understood, it is recognized that a combination of genetic,
epigenetics, environmental factors and immune system
dysfunction can play an essential role in its development. It
has been suggested that autism results from the central
nervous system derangements due to low-grade chronic
inflammatory reactions associated with the immune system
activation. ASD individuals have increased microglial
activation, density, and increased proinflammatory
cytokines in the several brain regions.

Autism has no available pharmacological
treatments, however there are pedagogical and
psychotherapeutic ~ therapies, and  pharmacological
treatment, that help to control behavioral symptoms. Recent
data indicate that exercise intervention programs may
improve cognitive and behavioral symptoms in children
with ASD. Exercise can also modify inflammatory profiles
that will ameliorate associated metabolic disorders.

This review highlights the involvement of
neuroinflammation in ASD and the beneficial effects of
physical exercise on managing ASD symptoms and

associated comorbidities.

Keywords: Autism  Spectrum  Disorders,
Neuroinflammation, Microglia, Metabolic Disorders,

Exercise, Cytokines
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not entirely understood, it is recognized that a combination of genetic, epigenetics,

environmental factors and immune system dysfunction can play an essential role in its

development. It has been suggested that autism results from the central nervous system
derangements due to low-grade chronic inflammatory reactions associated with the

immune system activation. ASD individuals have increased microglial activation,

density, and increased proinflammatory cytokines in the several brain regions.

Autism has no available pharmacological treatments, however there are pedagogical and

psychotherapeutic therapies, and pharmacological treatment, that help to control

behavioral symptoms. Recent data indicate that exercise intervention programs may

improve cognitive and behavioral symptoms in children with ASD. Exercise can also

modify inflammatory profiles that will ameliorate associated metabolic disorders.

This review highlights the involvement of neuroinflammation in ASD and the beneficial

effects of physical exercise on managing ASD symptoms and associated comorbidities.
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However, the brain in ASD adults may be normal or decreased compared to children with
ASD (Ha et al., 2015).

ASD diagnosis is completed according to the fifth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5). Clinical signs emerge in childhood and persist

into adulthood. ASD is characterized by deficits mainly in social communication and
interaction, nonverbal  communication, skills in developing, maintaining, and
understanding relationships, and the presence of a restricted and/or repetitive pattern
ofbehavior (Figure 1) (American Psychiatric Association, 2014). A high prevalence of
sensory symptoms has been documented, with reports ranging from 60 to 96% of children

with ASD exhibiting some degree of atypical responses to sensory stimuli (Baranek et

al., 2013; Dunn et al., 2002). Sensory differences may contribute to many higher-order
cognitive and social deficits associated with ASD [see review (Robertson and Baron-
Cohen, 2017)]. Patients must have evidence of two of four subdomains of repetitive or
restricted behaviors such as insistence on sameness, highly restricted or fixed interests,
hypersensitivity or hyposensitivity, and stereotyped behavior (American Psychiatric
Association, 2014).

In 2015 was estimated 52 million cases of ASD in the world, equivalent to a prevalence of one
in 132 people (Baxter et al., 2015). Autism is more common in males than females,

with a 3:1 ratio (Loomes et al., 2017). In the US, the prevalence of ASD is one in 54
children aged 8 years, with a 4.3 times higher prevalence among boys than girls (Maenner

et al., 2020). The prevalence of ASD dramatically increased in the last years, caused by

how environmental factors interact with the underlying genetics to change brain
development in ASD (Loke et al., 2015; Vogel Ciernia and LaSalle, 2016).

Genetic alterations associated with ASD may be a consequence of single-gene mutations

or copy number variations (such as duplications, large deletions, inversions, and
translocations of chromosomes) (Garcia-Forn et al., 2020). In particular, the perinatal
environment has attracted much attention for its implications on brain development and
functions. Environmental risk factors that affect ASD neurodevelopment and result in
long-term alterations in brain physiology include neonatal hypoxia (Modabbernia et al.,
2016), maternal obesity (Windham et al., 2019), valproate use during pregnancy
(Christensen et al., 2013), maternal diabetes (Xiang et al., 2015), and advanced maternal

and paternal age (Gao et al., 2020). Another important risk factor for ASD is the reduced
levels of vitamin D in pregnant women and their infants and toddlers (Magnusson et al.,

2016; Vinkhuyzen et al., 2018). Also, obese subjects have vitamin D deficiency (around
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35% higher than lean subjects) (Pereira-Santos et al., 2015), suggesting that both
associated maternal obesity and vitamin D deficiency can increase the risk of offspring
Children with ASD may be suffering from autoimmune disorders (Ormstad et al., 2018).
Associated with the immune system activation, it has also been suggested that autism
results from the central nervous system derangements due to chronicinflammatory

This mini-review focused on neuroinflammatory mechanisms involved in the biogenesis
of autism spectrum disorders and a special attention was given to the exercise as a

pharmacological tool for managing ASD symptoms.

2. Physiopathology of Autism Spectrum Disorders
Autism results from alterations in the central nervous system's development, which
change the brain's physiology and behavior. The physiopathology of autism remains
unclear, but it likely involves several systems connectivity, neural, biochemical,
neuroanatomical, cellular, and molecular features.
Brain areas involved in emotional control, social interactions, and motor coordination are
compromised in subjects with ASD. Postmortem samples from ASD subjects show
abnormalities in brain regions, particularly in the cerebellum, hippocampus, cortex,
brainstem, and other subcortical areas.
Meta-analyses studies suggest consistent neuroanatomical changes both in grey-matter
(such as the amygdala, hippocampus, and precuneus) and in white-matter structures
arcuate and uncinate fasciculi) (Bourgeron, 2015; Eissa et al., 2018; Mann et al., 2020;

Mei et al., 2020; Varghese et al., 2017). The medial prefrontal cortex, superior temporal
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sulcus, temporo parietal junction, amygdala, and fusiform gyrus are hypoactive regions in

markers of neuronal overgrowth and an increase in the neuronal dendritic spine in young

children diagnosed with ASD compared to control brain tissue (Hutsler and Zhang, 2010).

Replicating some of the neuropathological features seen in postmortem studies, a common

finding in animal models of ASD is the altered density of dendritic spines (Varghese et

al., 2017). The lateral nucleus of amygdala had reduced neuronal cells (Schumann and

Amaral, 2006).

It has been documented, by electroencephalography, relevant differences in the timing of

the responseyt‘o auditory, visual, and tactile input in ASD subjects. Increased cortical

representation of the visual periphery in ASD subjects was reported, suggesting early
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hyper-responsiveness (Frey et al., 2013). The neural responses to tactile stimulation are

related to tactile hyper-responsiveness. In contrast, slightly later neural responses are

related to tactile hypo-responsiveness and may involve higher-level processes such as
attention, allocation, and assignment of emotional valence (Cascio et al., 2015). Using

functional magnetic resonance imaging, different spatial activation patterns across

cortical areas of the brain were observed as being responsible for these earlier and later

sensory processing stages (Schauder and Bennetto, 2016).

Other modifications reported in ASD subjects include a significant increase in
the neuropil in the frontal cortex and the anterior cingulate gyrus, reduced dendritic branching

The genetic component is undoubtedly involved in the pathogenesis of ASD,
with hundreds of genes linked to this pathology. However, each gene contributes to only a tiny
percentage of the affected population. Recent large-scale genetic studies have highlighted
hundreds of genes that have a role in synaptic function and development as risk factors
for ASD pathogenesis (Bourgeron, 2015; Sanders et al., 2015).

Neuroligins (NLGNs) are well-characterized neuronal, post-synaptic, cellular
adhesion molecules that mediate synaptic formation and function. NLGNs are composed of
five family members in humans (NLGNI, 2, 3, 4X, and 4Y). Mutations in genes encoding

NLGN3 and NLGN4 are associated with autism (Cast et al., 2021; Jamain et al.,
2003; Kopp et al., 2020; Yan et al., 2005). More recently, a nonsense variant of NLGN2 in a
human was associated with a neurobehavioral phenotype including anxiety, autism,
hyperphagia, and obesity (Parente et al., 2017). Expression levels of NLGN2 influence
the balance between excitatory and inhibitory neuronal signals, and dysregulation in this
balance is associated with neurobehavioral disturbance, including autism (Bang and
Owczarek, 2013; Rubenstein and Merzenich, 2003; Steffen et al., 2021). Alterations in
several neurotransmitters are implicated in the development of ASD, including serotonin,
dopamine, noradrenaline, GABA, and glutamate (Quaak et al., 2013). For instance,
serotonin is involved in sleep, sensory perception, and appetite, which are often disrupted

in ASD (Janusonis, 2014).
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3. Epigenetics in the etiology of ASD

The difficulty in understanding the etiology and pathophysiological mechanisms of ASD
development arises from the complexity and highly interdependent interactions across
body systems.

Epigenetics is a mechanism that alters gene activity without changing the
DNA sequence, leading to genomic modifications that are heritable during cell division

(Waddington, 2011). Epigenetics is critical for the normal development and functioning

of the human brain, representing an essential mechanism by which the environment can

act on the genome leading to persistent changes in gene expression/ function. However,

when epigenetics occurs improperly, they can induce significant adverse health and

behavioral effects. Epigenetics modifications can influence and regulate gene activity

both at the transcriptional and translational levels. The most characterized epigenetic
changes are DNA methylation and post-translational modifications of histones (Vogel

Ciernia and LaSalle, 2016). Epigenetic mechanisms generally result in the silencing or

expression of genes, and therefore their occurrence during development can have a

significant impact on the individual’s behavior. Epigenetic alterations can affect the

expression of neuronal proteins, hormonal receptors, and cytokines, and therefore have

long-term consequences on the brain.

These factors rAlegatively impact brain development during fetal life and have

been found to be associated with ASD development.
Maternal immune activation during prenatal development induces epigenetic alterations

in the brain [DNA methylation (Basil et al., 2014), histone methylation (Connor et al.,

2012), and miRNA expression (Hollins et al., 2014)], which is correlated with autism.
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For instance, microglia from the offspring of dams with allergic asthma displays

hypermethylation of pro-inflammatory genes associated with autism (Vogel Ciernia et

al., 2018). Maternal overnutrition during pregnancy modulates the epigenome in

offspring and increases ASD susceptibility (Banik et al., 2017). Also, obesity as a chronic
pro-inflammatory condition is a risk factor for developing neurologic diseases and altered

behavior such as ASD (Zheng et al., 2017). It potentially might set a selective epigenetic

program in offspring. However, the effect of maternal high-fat diet consumption during

gestation and its role on epigenetics modulation of immunity for ASD development has

not been completely identified yet.

Genome-wide alterations in DNA methylation in ASD brain samples have shown

preliminary evidence to support the role of epigenetics in autism. DNA methylation in
neurodevelopmental genes (such as PRRT1, TSPAN32, SPI1, IRF8, TNF-a, ITGB2,

NRXNTI1, SH3, and SHANK3) encode proteins involved in the formation of synapses and

the immune system. These are often changed in the dorsolateral prefrontal cortex,

temporal cortex, cerebellum, and anterior cingulate gyrus of ASD subjects (Ladd-Acosta

et al., 2014; Nardone et al., 2014; Nardone et al., 2017). Also, methylated genes involved

in microglial cell specification and synaptic pruning during brain development were the
most affected (De Rubeis et al., 2014; Nardone et al., 2017). It was also detected in
al., 2017). The offspring of the autoimmune ASD mice model showed hypermethylated
DNA regions in several transcription factor motifs critical for early microglial

development and immune activation, and the cytokines IL-6, IL4, IL-8, and Jak-STAT,

TNF, and mTOR signaling (Vogel Ciernia et al., 2018).

104


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/epigenome

22

52

57

10

59
60
61
62
63
64
65

105

Altogether, data support the hypothesis that environmental factors occurring in-utero,

especially those with stress or inflammatory-related component, can alter epigenetic

programming, in term of DNA methylation, contributing to neurodevelopmental and

behavioral deficits in the off spring.

4. The role of maternal immune activation in the etiology of ASD

Multiple prenatal exposures, especially infection, have been linked to an increased
risk of ASD in offspring. Perinatal brain development, especially during the first weeks of
neonatal life, is particularly susceptible to abnormal immune activation consequences
with detrimental consequences on brain development and, consequently, being important
in the etiology of neuropsychiatric conditions such as ASD (Deverman and Patterson,
2009; Tsafaras et al., 2020) (Figure 2).

Clinical and preclinical studies have suggested a link between maternal immune
activation during pregnancy and the development of autism spectrum disorders
(Atladottir et al., 2009; Atladéttir et al., 2010; Brown et al., 2014; Choi et al., 2016; Lee
et al., 2015; Rudolph et al., 2018). An emerging human diagnostic marker for ASD is

detecting increased IL-6 concentrations in the umbilical cord plasma and elevations in

several other cytokines (Madsen-Bouterse et al., 2010).

hat could cross the placenta and alter fetal brain development (Braunschweig et al., 2012; Dalton
et al., 2003; Zimmerman et al., 2007).

Severe bacterial or viral infections in pregnancy are similarly associated with an increased risk
of ASD in children (Atladottir et al., 2010). Increasing maternal levels of C-reactive

protein were significantly associated with autism in offspring, suggesting that maternal
inflammation may significantly impact ASD development (Brown et al., 2014). Increase
concentrations of IFN-y, IL-4, and IL-5 in the maternal serum of during midgestation

were significantly associated with a 50% increased risk of ASD (Goines et al., 2011).

Increasing the plasma level of cytokines in the mother can cross the placental and blood-



59
60
61
62
63
64
65

brain barrier to trigger cytokine expression in the brain.

In preclinical studies with rodent models, it has been observed that prenatal
lipopolysaccharide (LPS) injections induce activation of the immune system with
alterations in synaptic plasticity, white matter development, and in social, cognitive, and
motor behaviors of offspring (Choi et al., 2016; Fernandez de Cossio et al., 2017; Foley
et al., 2015; Urakubo et al., 2001). In detail, LPS injection in E16 pregnancy rats induces
an increase in IL-1pB, IL-6, and TNF-a in the placenta and amniotic fluid. An increase in
TNF-a was also observed in the fetal brain (Urakubo et al., 2001). Maternal immune
activation induced by LPS injection in E17 mice induces an increased number of
pyramidal and granular cells in the hippocampus, as well as the shrinkage of pyramidal
cells, impaired distinct forms of learning and memory, but not motor function or

exploration in the adult offspring (Golan et al., 2005). Specifically, IL-17 seems to have
Maternal nutrition directly affects offspring's health. There is a significant vitamin D

deficiency in pregnant women and their infants and toddlers, and it is associated with the

current increase in ASD. Vitamin D has anti-inflammatory effects, reducing the risk and

severity of inflammatory cytokines in the brain. The lowest vitamin D levels during the

first trimester of pregnancy were associated with a fourfold risk of ASD in the offspring

(Chen et al., 2016; Vinkhuyzen et al., 2018). Calcitriol (Vitamin D) has anti-autoimmune

effects, increases T-regulatory cells, protects neural mitochondria, and can be used to
alleviate neuroinflammation (Huang et al., 2015). Obesity is also a risk factor for vitamin
D deficiency.

Obesity is considered a low-grade chronic inflammatory disease. Rates of maternal
obesity have risen due to more significant numbers of obese pregnant women and excess
weight gain during pregnancy. Maternal obesity influences the health of both the mother
and child. A clear association between maternal obesity and cognitive function, mental
health, and increased risk of autism spectrum disorder in the offspring may be influenced
by additional biological or social factors (Contu and Hawkes, 2017; Hatanaka et al.,
2017). Large cohort studies from Canada, the US, and the UK observed that children born
to obese mothers were more likely to be diagnosed with autism (Bilder et al., 2013; Dodds
et al., 2011; Krakowiak et al., 2012). High-fat diet-fed dams generate offspring with

increased anxiety- and depression-related behaviors and decreased cognitive functions,
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correlated with microglial activation and increased expression of proinflammatory
cytokines in the amygdala and hippocampus (Bilbo and Tsang, 2010). Maternal high-fat
inflammatory cytokines, leptin, and insulin in obese mothers severely influence fetal

brain development (Estes and McAllister, 2015; Rivera et al., 2015). The effect of

gestational programming by high-fat diet consumption sets a pro-inflammatory profile is

partially dependent on an epigenetic program of immunity, promoting brain structural
abnormalities in the offspring.

In conclusion, acute or chronic maternal immune activation
alters proinflammatory cytokine levels in the fetal environment,
impacting neuroinflammation mechanisms, developing brain, and consequently

ASD development.

5. Neuroinflammation in Neurodevelopment Disorders

The complexity and high interactions across body systems during the course and

development of ASD make it difficult to clarify this disorder's etiology. However, several

studies hypothesized that chronic inflammation and neuroinflammation during early brain

development could cause behavioral and cognitive impairments, impacting the etiological
pathway of ASD (Ashwood et al., 2011; Liao et al., 2020; Sciara et al., 2020) (Figure 2).

Inflammation and dysregulation of the immune system are clinical features of ASD

(Ashwood et‘z;l., 2011; Ashwood and Wakefield, 2006). Elevated plasma levels of pro-

inflammatory cytokines such as IL-1p, IL-6, IL-17, IL-12p40, and TNF-a were found in

3 to 9-year-old children with ASD (Inga Jacome et al., 2016b). The plasma cytokine levels

were also correlated with the severity of ASD symptoms, meaning that increasing

cytokine levels were associated with more impaired communication and aberrant

behaviors (Ashwood et al., 2011; Inga Jacome et al., 2016a). Peripheral inflammatory
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markers can also predict comorbidities in autism, as well as reinforce and aid informed

decision-making in ASD (Inga Jacome et al., 2016a), highlighting the role of chronic

inflammation in ASD etiology.
The inﬂamma;tory process associated with ASD is extended to the central nervous system

as neuroinflammation. Neuroinflammation is a well-orchestrated inflammatory response

within the brain or spinal cord, mediated by various groups of glial cells, particularly

astrocytes and microglial cells. The inflammatory mediators, namely cytokines,

chemokines, reactive oxygen species, and secondary messengers, are mainly produced by

microglia, astrocytes, and peripherally derived immune cells (DiSabato et al., 2016).
Astrocytes and microglia act in concert as a surveillance system in the central nervous

system, ensuring efficiency of the inflammatory processes against pathogens without

disrupting homeostasis under physiological conditions. Astrocytes are the most abundant

cells in the central nervous system, with essential roles in support neuronal function,

transport of substances across the blood-brain barrier, energy storage, regulation of

neurotransmission, and the immune regulation of the brain. Astrocytes can maintain brain

homeostasis in response to metabolic alterations by sensing nutrients, hormones, and

other metabolites (Meldolesi, 2020). Microglial cells contribute to immune surveillance
in the central nervous system. Microglia can acquire various phenotypes that determine
the consequences of the inflammation, controlling the balance between promotion and
suppression in neuroinflammation. Microglia are responsible for regulating the majority
of cytokine levels in extracellular areas of neighboring neurons and astrocytes (Eroglu
and Barres, 2010). Both microglia and astrocytes modify their morphology to rapidly
adapt to brain changes, influencing each other with a series of stimulatory signals, such
as cytokines, and ATP, to initiate an immune response (DiSabato et al., 2016). As a
disturbing process occurring at early brain development stages, chronic
neuroinflammation can be involved in the biogenesis of behavioral and cognitive
impairments. Neuroinflammation plays a role in developing and maintaining the dendritic
spines in glutamatergic and GABAergic neurotransmission (Alabdali et al., 2014; El-
Ansary and Al-Ayadhi, 2014). Cytokines can impact the length, location, and
organization of dendritic spines on excitatory and inhibitory neurons and recruit and

impact glial cell function around the neurons (Eroglu and Barres, 2010), with
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consequences on the development that may ultimately contribute to the ASD behavioral
and cognitive symptoms.
ASD children had increased numbers of circulating monocytes, essential precursors for
macrophages, dendritic, and microglial cell activation (Rodriguez and Kern, 2011;
Sweeten et al., 2003). Additionally, evidence of immune system activation, including an
abnormal CD4:CD8 T cell ratio, a high number of DR+ (activated) T cells, high urinary
neopterin levels, and increased cytokine production, has been reported in autistic children
(Sweeten et al., 2003). Immunoreactivity of astrocytes was detected in brain regions of
ASD subjects. A significant increase in GFAP was observed in the postmortem superior
37
frontal cortex, parietal cortex, prefrontal cortex, and cerebellum (Edmonson et al., 2014;
Laurence and Fatemi, 2005). GFAP levels are also increased in fresh-frozen brain tissue
of the cerebellum, middle frontal gyrus, and anterior cingulate gyrus from ASD subjects
(Vargas et al., 2005).
Samples from cerebrospinal fluid, blood, and postmortem brain tissue from ASD patients
have shown an imbalance in the immune cell with changes in response patterns, the
presence of autoantibodies, increased levels of proinflammatory cytokines (Businaro et
al., 2016; Masi et al., 2015; Nadeem et al., 2019), decreased levels of anti-inflammatory
brain sections of the dorsolateral prefrontal cortex, with markedly morphological
alterations of microglia including enlargement of soma, retraction, and thickening of
processes, and extension of filopodia (Morgan et al., 2010). This study also shows an
increase in microglial cell density in the gray-matter and an increased somal volume of
microglia in the white-matter of ASD subjects (Morgan et al., 2010). Amygdala also
shows strong signs of excessive microglia activation; however, an evident heterogeneity
activation profile within the ASD cohort was detected (Morgan et al., 2014).
Changes in microglia density can be accompanied by changes in microglia phenotype and
morphology, which correlate with specific functions and indicate the brain's
pathophysiological state. Six structurally and functionally microglial phenotypes were
quantified using an unbiased stereological approach in the postmortem human temporal
cortex (immuno-stained with Ibal) of ASD subjects, showing a decreased density of
ramified microglia. However, an increased density of primed microglia in ASD subjects
compared with controls, whereas no group difference in the total density of all microglial
phenotypes was found (Lee et al., 2017). Positron emission tomography and a radiotracer

for microglia were used to identify brain regions associated with excessively activated
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microglia and distribution patterns in the whole brain of men diagnosed with ASD
(Suzuki et al., 2013). The authors identify increased microglia activity in the cerebellum,

fusiform gyri, and the anterior cingulate and orbitofrontal cortices (Suzuki et al., 2013).

Microglial-specific markers TREM2, DAP12, and CX3CR1, were detected with
a higher expression in the prefrontal cortex of autistic people compared to matched
controls. The expression of TREM2 was the highest of all microglial markers in brain
tissue from ASD patients (Edmonson et al., 2014). However, in the postmortem
cerebellum, the expression of microglial markers TREM2, DAP12, CX3CR1, and AIF1

was lower in autism tissue than in control tissue (Edmonson et al., 2014).
Corroborating the neuroinflammatory profile of microglia activation in postmortem brain
of ASD subjects is the higher levels of proinflammatory cytokines (such as IL-18, IL-6,
IL-8, INF-y, and TNF-a) detected in both brain specimens and blood of autistic patients
compared with controls (Li et al., 2009; Vargas et al., 2005; Wei et al., 2011). The middle
frontal gyrus of ASD patients showed an increase TGF- 1, increased MCP-1, IL-6, and
IL-10 in the anterior cingulate gyrus, and only MCP-1 was increased in CSF (Vargas et
al., 2005). However, in the dorsolateral prefrontal cortex of ASD subjects, there are no
changes in characteristic markers of microglial activation, such as IL-6, IL-1 3, and TNF-
o (Chana et al., 2015). Elevated levels of TNF-a are associated with disrupted pineal
melatonin release and sleep dysfunction in ASD (da Silveira Cruz-Machado et al., 2021).
It is proposed that circadian dysregulation in ASD is intimately linked to amplified
activation of the Th1 pathway rather than activation of the Th2 pathway (Li et al., 2009).

In a mouse model of autism, the increased levels of IL-6 were associated with neuro-
anatomical abnormalities (Wei et al., 2012a; Wei et al., 2012b). Both excitatory and
inhibitory synapse formation and transmission are changed by increased levels of 1L-6, as well
as the shape, length, and distribution pattern of dendritic spines (Wei et al., 2012a).

These observations suggest that innate neuroimmune reactions may play a
pathogenic role in ASD.

Altogether, these studies demonstrate abnormal microglial-specific gene expression
in autistic brains, indicating that microglial activation patterns may play a pathogenic role
in ASD development. Future therapies might involve drugs that modify neuroglial

responses in the brain. While the precise influence of peripheral cytokines on the central
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nervous system immune environment in ASD has yet to be elucidated, neuroimmune
alterations can be responsible for the phenotypic heterogeneity and severity observed in
patients with autism. Indeed, many of the ASD features seem to have different severity
levels also depending on changes in immune responses, confirming the intimate bond

between neurodevelopment and immune processes

S. Benefits of Exercise in ASD
Physical exercise is a non-pharmacological intervention with well-documented beneficial
effects both in healthy people and in people with metabolic and neuropsychiatry
disorders, such as depression, anxiety, schizophrenia, dementia,
and other neurodegenerative diseases (Chen et al., 2020; Zhao and Jiang, 2020). Currently,
no drugs are available to cure autism. However, ASD treatment requires integrated
approaches, such as pedagogical and psychotherapeutic interventions
and pharmacological treatment, to control specific behavioral symptoms, such as self- and
hetero-aggression, hyperactivity, stereotyped behavior, and insomnia.
From the 1970s, the first studies related to the positive effects of the intervention with
physical exercise, as an adjunct treatment, for the population with ASD (Figure 3) (Best
and Jones, 1974). Systematic reviews and meta-analysis studies have shown the existence
of a positive relationship between physical exercise and the reduction of stereotypical
behavior (Petrus et al., 2008; Toscano et al., 2018a), as well as, reduction deficits in social

interaction (Bremer et al., 2016) in ASD subjects. However, in some studies the

description of the exercise interventions models for the ASD population are still not clear

in specific details such intensity, volume and frequency of exercise (Bremer et al., 2016;

Lang et al., 2010; Sowa and Meulenbroek, 2012), as well as in the diagnostic category of
ASD (Fragala-Pinkham et al., 2008; Fragala-Pinkham et al., 2011; Hinckson et al., 2013).

Besides the beneficial effect of exercise in ASD, there are no specific recommendations

for the characteristics of the exercise intervention programs as well as procedures to

motivate the adherence and participation of ASD subjects in physical exercise programs.

Studies have proposed that limited levels of physical activity, motor skills and fitness,

particularly in children and adolescents with ASD, may accentuate social and emotional
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deficits and the associated comorbidities (Bandini et al., 2013; Batey et al., 2014; Bremer
et al., 2016; Curtin et al., 2014; Tyler and MacDonald, 2014). More specifically, children

with poor motor coordination spent significantly less time doing moderate to vigorous
physical activity (measured over seven days using accelerometry), and physical exercise

reduces physical motor deficits in children with developmental coordination disorder
(Batey et al., 2014). Exercise improves psychopathological protile and cognitive tunction,

and also decrease of behavioral stereotypy (by recording the frequency of predetermined
child-specific stereotypic behaviors from baseline recordings) and aggressive behaviors
(Bremer et al., 2016; Oriel et al., 2011; Tan et al., 2016).

Intervention studies with aerobic physical exercises, aquatic and terrestrial, have shown
a reduction in stereotyped behaviors (Bahrami et al., 2016; Celiberti et al., 1997; Kern et
al., 1984; Kern et al., 1982; Levinson and Reid, 1993; Liu et al., 2016; Rosenthal-Malek
and Mitchell, 1997; Watters and Watters, 1980). In a controlled trial to assess the impact

of exercise on stereotypic behaviors, Bahrami et al. (2012) found significant reductions
n stereotypié‘behavior (using the Gilliam Autism Rating Scale — 2nd ed.) following

martial arts intervention (60 min session, four days/week during 14 weeks) (Bahrami et

al., 2016). Similarly, a significant reduction in stereotypic behavior (using Aberrant

Behaviour Checklist — Community) was observed with horseback riding intervention

(60min session/week/ 10 consecutive weeks) (Gabriels et al., 2012). Both studies
reported an effect size of 0.9. Intervention studies using jogging (1-5 sessions/week, 20

min/session for a total of 10 sessions) significantly reduces stereotypic behaviors

(measured b}; the frequency of child-specific behaviors, such as body rocking, biting self,

hand flapping, etc.), with an effect size of 3.0 (Rosenthal-Malek and Mitchell, 1997).

Physical exercise intervention programs based on coordination and strength exercises (40

min/session, two sessions/week for 40 weeks) showed a decrease in the accumulated

number of item for social interaction, attention deficit, reactivity, verbal stereotypes
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motor stereotypes, and sleep disturbances in children and adolescents with ASD (accessed
by the Autistic Traits Assessment Scale) (unpublished results).
It appears to exist an association between the reduction of primary behavioral symptoms

and improvements in the academic responses, observed by the increase in the frequency
of correct academic answers given and a significant increase in the number of work tasks

performed (Kern et al., 1984; Rosenthal-Malek and Mitchell, 1997). Interventions with

15-min jogging increased about 7.5% the time spent engaged in academic tasks
(Nicholson et al., 2011; Oriel et al., 2011). These results can be explained

by the improvements in attention (especially in the dorsolateral prefrontal cortex)
and changes in neurotransmitters' concentration (Zhang et al., 2020).

activity (horseback riding) significantly improves social responsiveness and social
interactions, measured by parent-reports (Bass et al., 2009; Ward et al., 2013). Also,

horseback riding intervention significantly improves adaptive behavior (evaluated by

Vineland A(idptive Behaviour Scales — Interview Edition, Survey Form), including

communication, social, and daily living skills (Gabriels et al., 2012). Long-term Kata

techniques training (1 session/day, four days/week for 14 weeks) also has beneficial

effects in social dysfunction of children with ASD, accessed by the Gilliam Autism

Rating Scale, with a large effect size of 1.4 (Movahedi et al., 2013). Similar reductions in
behavioral symptoms were observed using yoga and dance interventions (8 sessions 45

min/session), accessed by Behavioural Assessment System for Children (Rosenblatt et

al., 2011). Recently, it has been shown that a mini-basketball training program

(40min/session, five sessions/ week) for 12 consecutive weeks had an improvement in

social communication (lower scores, assessed by Childhood Autism Rating Scale) in

children with ASD (Cai and Yu, 2020). This study shows that white matter integrity of

the exercise §8oup showed higher fractional anisotropy in the body of corpus callosum,
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corona radiate and left superior fronto-occipital fasciculus (Cai and Yu, 2020).
The impact of exercise intensity is not well understood in the literature (Bremer et al.,
2016). In a systematic review with meta-analysis, identified that an average frequency of
three times per week, with the duration per session that could vary from 15 to 90 min per
session and exercise programs ranging from 8 to 48 weeks had positive effects in ASD
symptomatology (Ferreira et al., 2019). An intervention study with a small group of
children with ASD showed that interventions with short 10-minute sessions, light to
moderate intensity, induce better responses in reducing stereotyped behaviors than more
prolonged and intense sessions (Schmitz Olin et al., 2017).
Sleep disorders occur in 44—83 % of these children with ASD (Shui et al., 2018). Studies
have shown that ASD children with better physical activity levels have less difficulty
falling asleep and fewer sleep disorder patterns, improving the overall sleep quality,
reported by parents and by completing the Children’s Sleep Habits
Questionnaire (Wachob and Lorenzi, 2015).
Obesity has a high prevalence in children and adolescence with ASD, mainly caused by
sedentary behavior resulting from the symptomatology profile, developmental
coordination disorders, sleep disorders, and the continuous use of psychotropic
medications (Bandini et al., 2013; Curtin et al., 2014; Tyler and MacDonald, 2014). Both
obesity and neuropsychiatric disorders are characterized by low-grade systemic
inflammation and neuroinflammation in several brain regions (Martins et al., 2019).
Persistent low-grade inflammation interferes with the regulation and consequent function
of neurotransmitters related to emotions (Barha et al., 2017; Hodes et al., 2014). Physical
exercise reduces body mass, with improvements in obesity, in children with ASD.
capacity and monthly caloric expenditure coupled with a decrease in body mass index
(Pitetti et al., 2007). ASD individuals that endorsed in an intervention study playing an
active video game for six weeks, 30 minutes on four days a week, have a reduced body
mass and body mass index, with minimal changes to waist-to-hip ratios, triceps skinfolds, and
stress and anxiety (Strahan and Elder, 2015). Physical activity program based on

coordination and strength exercises for 48 weeks, 30-minutes on two days a week with
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moderate level showed improvements in the metabolic profile (high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol, and total cholesterol). However, no
changes in body mass in children with ASD were observed (Toscano et al., 2018b).

Although the molecular mechanisms involved in the beneficial effects of exercise remains
unknown, we could hypothesize that exercise improvements in body mass and in whole-

body metabolism could also improve inflammatory profile and neuroinflammation in

ASD children leading to the amelioration of the symptomatology.

On the other hand, obese individuals have a higher risk for developing neuropsychiatric

disorders such as depression. Depression is four times more prevalent in the ASD

population. The impairments associated with depression may be compounded by

additional psychiatric comorbidities, such as anxiety, which is also highly prevalent in

individuals with ASD (Hudson et al., 2019). Similar to ASD, depression is associated
with increased immune system activity, increased leukocyte function, and the release of
pro-inflammatory cytokines (IL-1, IL-2, IL-6, and TNF-a) (Colasanto et al., 2020; Liu et

al., 2020). It is widely accepted that exercise effectively treats mild to moderate

depression comparable to mains antidepressant medication and cognitive behavioral

therapy (for review, see (Bueno-Antequera and Munguia-Izquierdo, 2020). Exercise-

As reviewed throughout this manuscript, inflammation and neuroinflammation are
relevant biological factors that interact with genetic, external stimuli,and
neurophysiological mechanisms and can contribute to ASD development and

symptoms. Physical exercise stimulates several organs to secrete cytokines or
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metabolic hormones that act all body, including on the brain having pro-cognitive functions.

The exercise-stimulated cytokine release has essential roles in modulating neuronal

metabolism, neuroinflammation, and neuroplasticity underlying brain function changes(Bay
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and Pedersen, 2020; Murphy et al., 2020). It is well accepted that physical exercise has
beneficial effects for the management of several psychiatric disorders, promoting molecular
changes that induce an anti-inflammatory state over a chronic pro-inflammatory
condition in the periphery and central nervous system (Ignécio et al., 2019).

We could hypothesize that the beneficial effects of physical exercise over ASD
symptomatology and comorbidities could be trigger by a decrease in the neuroinflammatory

profile.

In summary, literature recognizes a wide range of benefits of exercise intervention

programs in the symptomatology in the ASD population. However, the molecular and
cellular mechanisms induced by exercise interventions need to be explored and

investigated. The available data are limited by small sample size and large variability in

the frequency of intervention sessions (Bremer et al., 2016; Ferreira et al., 2019; Sowa &

Meulenbroek, 2012; Tan et al., 2016). Additional research is necessary to better

understand which specific physical exercise interventions are more appropriate for the

population with ASD, considering the variability in the intensity of disorder's

symptomatology. It is recommended that specific exercise intervention protocols should

5.1 Environmental Enrichment
Physical exercise can have similar beneficial eff ects as enriched environments on brain

and behavior in humans and other animals (for review, see (Hillman et al., 2008)).

Environmental enrichment is a combination of complex inanimate and social stimulation

to reduce stereotypical behavior by counteracting boredom and engaging specific actions.

Environmental enrichment involves increasing novelty and complexity in environmental



conditions to enhance sensory, cognitive, and motor stimulation. One way to attempt one

of the components of environmental enrichment has been to provide animals with ad
libitum access to running wheels or treadmills to assess the effects of increased physical

activity alone. For humans, sensory integration is a preferred term for “environmental

enrichment”, involves different types of sensory and motor exercises on a daily basis. In

humans, enriching the children's environments is an attempt to increase social interactions

and cognition, promoting learning in a guided participation context (Ball et al., 2019).

In children, enriched physical education (specifically tailored physical activity games)

provide a unique form of enrichment that impacts children’s cognitive development
through motor coordination improvement, improving children’s physical activity habits

later in life (Pesce et al., 2016). Using animals, a comparison of enrichment, running, and

a combination of enrichment and running revealed that only mice with access to running
had increases in neurogenesis, neural number and survival, and neurotrophin levels
(Kobilo et al., 2011).

In neurodevelopment disorders, environmental enrichment and increased voluntary

physical exercise have generally been associated with sensory integration therapy and

enrichment can compensate for the deprivation of sensory/social/motor inputs caused by

dysfunctional sensory systems (Ball et al., 2019). Rett syndrome is an autistic spectrum

developmental disorder associated with mutations in the X-linked Mecp2 gene and severe

behavioral and neuropathological deficits. In a genetic animal model of Rett syndrome
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(MeCP2"™!T2™ mice), environmental enrichment and running wheel exercise reverses the
effect of MeCP2 deficit affective phenotype, normalized the hedonic response, and

ameliorates motor coordination, by partial normalization of HPA axis function (by

rescued basal serum corticosterone), and by an increase in the hippocampal BDNF protein

levels (Kondo et al., 2008; Kondo et al., 2016). Environmental enrichment also reduced

ventricular volumes, which correlated with improved locomotor activity (Nag et al.,
2009).

In an animal model of ASD (valproic acid exposed rats), physical exercise, multisensory
stimulation, and enriched housing were associated with improved anxiety-like behavior,

social and cognitive deficits as well as reduced repetitive/stereotypic behavior. In another

animal model of ASD, the BTBR T + Itpr3tf/J (BTBR) mice, environmental enrichment

improves systemic metabolism, learning/memory, anxious behavior, increased social

affiliation, and locomotor activity (Queen et al., 2020). In a genetic mouse model of ASD

(NL3R451C), environmental enrichment reduces body weight and increased social

techniques are commonly used to treat symptoms of ASD, and other developmental

disorders, to improve dysfunctional sensory processing (Aronoff et al., 2016; Woo et al.,

2015). Sensory integration using fine and gross motor activity is especially eff ective in

reducing hyperactivity and attentional deficit in school-age children when combined with

executive functioning therapy (Salami et al., 2017). Benefits of increased activity have
been shown without the other aspects of enriched environments in children with

neurodevelopment disorders. Still, at least one study (Salami et al., 2017) suggests that
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combination therapy, environmental enrichment, plus physical exercise is most

beneficial.

In summary, the etiology of ASD is associated with increased immune system activity,

astrogliosis, microglial activation, and the release of proinflammatory cytokines (IL-1,

IL-2, IL-6, and TNF-a) in the brain. The detailed effects of cytokines on neural immune

environment in ASD has yet to be elucidated, however these changes can be responsible

for the phenotypic heterogeneity and severity observed in patients with autism. Indeed,
many of the ASD features seem to have different severity levels also depending on

changes in immune responses, confirming the intimate bond between neurodevelopment
and immune processes

profile and neuroinflammation in ASD subjects leading to the amelioration of the

symptomatology.
6. Conclusion

In conclusion, the essential benefits of exercise for ASD symptoms highlight exercise

programs as a powerful complementary therapy to minimize symptoms among ASD

subjects. Using exercise activities improves motor performance and may indirectly affect
the core social communication impairments of individuals with ASDs by providing

greater opportunities for socialization with peers and better attentional focus. We strongly

recommend that structured and personalized exercise programs (combining components

of aerobic, resistance, flexibility, and neuromuscular training) should be included within
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the care plan for individuals with ASD, given the multisystem and systemic effects in the

ASD of exercise interventions.
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Figure 1: Etiology and symptoms of autism spectrum disorders. The etiology and
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genetic and environmental factors and immune dysfunction can be underlying ASD

development.

Figure 2: Neuroinflammation associated with autism spectrum disorders.
Maternal immune system activation is a risk factor that increases the chances of a
child develops ASD. The increased inflammatory cytokines and autoantibodies that
react to fetal brain tissue may change proper synaptic development in the offspring
and that are linked to behavioral abnormalities see in ASD, including repetitive

behaviors, stereotypes, anxiety and impaired behaviors.

Figure 3: Benefits of exercise in autism spectrum disorders.
Physical Exercise  intervention has a positive effect both in primary

symptoms of ASD as well as in comorbidities.
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Highlights:

Abstract: Autism and obesity are highly prevalent for mitochondrial dysfunction.
More specifically, obesity and autism are strongly associated with mitochondrial dysfunctions
in the CNS. There are some characteristics in common between autism and obesity, suchas the
activation of the immune system, the release of pro-inflammatory cytokines, the presence of
oxidative stress, neuroinflammation, morphophysiological alterations in the CNS, deficit in
areas such as memory, learning and cognition, among others.

Due this link between obesity, autism and mitochondrial dysfunction, this article set
out to review the underlying biochemical mechanisms of all these events, suggesting that the
triggering of some these biochemical mechanisms may occur through common routes, and
may be good targets in the treatment of the etiology and/or symptoms of these comorbidities.

The metabolic profiles of patients with ASD suggest a possible implication of
mitochondrial pathways.

In this review, we summarize the mechanism of mitochondria and its role in neurons,
and the consequence of mitochondrial dysfunction in ASDs. Deeper appreciation of the role

of mitochondria in ASDs pathology is required for developing new therapeutic approaches.

Keywords: Autism; Obesity; Mitochondrial Dysfunction; High-fat diet;

Neuroinflammation
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INTRODUCTION

Autism spectrum disease (ASD) are a group of neurodevelopmental disorders
characterized by deficits in communication and social interaction, restricted interests and
repetitive behaviors. ASD symptoms start to manifest at the beginning of childhood, being
present between 2 and 6 first months of age (Diagnostic Stat. Man. Ment. Disord. 5th Ed.,
2013). The symptoms of autism spectrum disease range from mild to severe (MAYES et al.,
2012).

The world prevalence of ASD is estimated in about 1.5% (LYALL et al., 2017a), with
a higher incidence in males in relation to females (MAENNER et al., 2020). The prevalenceof
ASD in Brazil is 1 in 367 in children aged between 7 to 12 years old (PAULA et al., 2011). In
2020, the United States prevalence of ASD was 1 in 54 children aged 8 (MAENNER et al.,
2020), showing a significantly increase in the last decade (about 2.5 times). In Europe the ASD
prevalence changes across different countries. In Italy, the prevalence is 1 in 87 in children
aged 7 to 9 years old, diagnosed according to DSM-IV and CIE10 (Classification of
International Illness, 10* Edition, WHO) criteria (NARZISIet al., 2018). In Germany, the
prevalence is 1 in 66 in children aged 6 to 11 years old (BACHMANN; GERSTE;
HOFFMANN, 2018). The prevalence in Norway is 1 in 125,and in Spain the prevalence is 1
in 64 in children aged 3 to 4 years old, and 1 in 100 in children aged 10 to 11 years old
(MORALES-HIDALGO et al., 2018).

ASD symptoms include motor impairments (AMENT et al., 2015), sleep disorders
(TZISCHINSKY et al., 2018) and food selectivity (CHISTOL et al., 2018). Moreover, ASD
can be associated with several comorbidities and associated disorders such as epilepsy (20%)
(TUCHMAN; RAPIN, 2002; EWEN et al., 2019) and gastrointestinal problems (9-91%)
(COURY et al., 2012). ASD is also associated a high prevalence of obesity and overweight
(TOSCANO et al., 2019) being estimated a prevalence of 42% for overweight and 21% for
obesity compared to the incidence in healthy children that have a prevalence of 26% for

overweight and 12% for obesity (CRIADO et al., 2018a).

The etiology of ASD is still unclear, but several studies suggest an interaction
between genetic and environmental components (GHIRARDI et al., 2019; HEGARTY et al.,
2020; SHARON et al., 2019).

Obesity is a disease characterized by a high and abnormal fat accumulation and is a

risk factor for metabolic disorders. Increase consumption of hypercaloric diets associated with
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sedentary behaviors are the most causes of obesity (ARLUK et al., 2003; WORLD, 2016).
Hypercaloric diet leads to an incomplete fat acids oxidation triggering a mitochondrial
dysfunction in different regions of the Central Nervous System (CNS) (CAVALIERE etal.,
2019; DIAZ et al., 2015; KOWALTOWSKI et al., 2019; LANGLEY et al., 2020;

TONIAZZO et al., 2019). We hypothesized mitochondrial dysfunction can be the
link factor in explaining the development of ASD, symptoms and associated comorbidities, in
which obesity is a potential aggravating factor in the severity of symptoms.

In this review we will highlight pathological mechanisms of obesity and
mitochondrial dysfunction and their association with the symptoms of autism, also trying to

understand which are the causes for the development of comorbidities associated with ASD.

1. AUTISM SPECTRUM DISORDERS

Autism spectrum disorders, also knew as autism, are characterized mainly by
repetitive and stereotyped behaviors, restricted interests, repetitive movements, deficits in
communication and social interaction, non-verbal communication behaviors and hyper or
hiporeactivity to sensory stimuli (Diagnostic Stat. Man. Ment. Disord. 5th Ed., 2013). ASD is
a complex disorder with high phenotypic heterogeneity (TOAL et al., 2010).

Autism can usually be associated concurrently to others neurological and psychiatric
dysfunctions like epilepsy (EWEN et al., 2019), sleep dysfunction (FLETCHER et al., 2020),
cognitive deficit, attention deficit and hyperactivity (GODOY et al., 2020), ZABLOTSKY;
BRAMLETT; BLUMBERG, 2020), and anxiety (POSTORINO et al.,

2017). ASD is also associated with food selectivity (specially refusing vegetables)
(CHISTOL et al., 2018; LUCARELLI et al., 2017), gastrointestinal dysfunctions (COURY et
al., 2012), dyslipidemia (LUO et al., 2020) and obesity (TOSCANO et al., 2019). ASD is a
disease with a multiple debilitating condition, involving multiple physiological systems. The
comprehension of mechanisms involved in the ASD and associated comorbidity is of great
relevance for setting targets and therapeutic treatments. Although the etiology of ASD is still a
matter of debate in the scientific community, it isalready acceptable that results from the
complex interaction between genetic, environmental factors, and immune system activation
(GHIRARDI et al., 2019; HEGARTY et al., 2020; SHARON et al., 2019; LE BELLE et al.,
2014).



142

Among the environmental factors that have association with ASD development are
maternal nutrition and obesity (SANCHEZ et al., 2018; LYALL et al., 2013), maternal
metabolic disorders (CORDERO et al., 2019; CURRAN et al., 2018; WAN et al., 2018;
KONG et al., 2018), maternal exposure to environmental pollution and pesticides (LYALL et
al., 2017b) and maternal immune system activation (GUMUSOGLU et al., 2017).

Several mechanisms are proposed to be involved in the pathophysiology of ASD,
including changes in synaptic proteins (neuroligins, neurexins, post synaptic scaffold proteins)
(CAST et al.,, 2020; ZHANG et al.,, 2018; HALI et al., 2020; AMAL et al., 2020),
neurotrophins (BARBOSA et al., 2020), neurotransmitors and their transporters (DICARLO
et al., 2019; GARBARINO et al., 2019), neurodevelopment disturbances through activation
of maternal immune system (ZERBO et al., 2015), and mitochondrialdysfunction in CNS
(CORRIGAN et al., 2012).

Neuroinflammation is a potential key factor for ASD symptoms and is a hallmark
event in ASD subjects. Furthermore, neuroinflammation is a process that can be triggered by
mitochondrial dysfunction events (ISHIHARA et al., 2015). Therefore, these two mechanisms
can be closely associated and have a direct connection with obesity.

Astrogliosis and microglia activation were observed in postmortem brain samples of
ASD subjects, being identified in cerebellum, cingulate gyrus, cortex, white matter and
hippocampus (LUCCHINA; DEPINO, 2014; VARGAS et al.,, 2005). Higher citokines
expression, MCP-1, TGF- B1, IL-1 B, IL-6 and TNF-a, was also observed in brain samples of
ASD subjects and in animal models of autism (HU et al., 2018). These data suggest the
presence of an inflammatory state in autistic individuals asa recurrent factor in the disease, also
suggesting that the activation of the peripheral and central immune systems may be involved
in the onset of autism.

Autistic individuals commonly present neuroanatomical, neurophysiological and
molecular changes in the brain regions involved in social behavior, memory, cognition and
emotions (CIESLIK et al., 2020; KOJIMA et al., 2019; POSTEMA et al.,, 2019;
STERNBERG, 2006; STOODLEY et al., 2017; WEGIEL et al., 2010). Changes in brain
connectivity (cerebellum, parietal lobo, cortex, cingulate cortex, temporal areas, orbitofrontal
cortex) (STOODLEY et al., 2017; POSTEMA et al., 2019), increased volumes (thalamus,
striated, ventricular area and pale globe) (SCHOEN et al., 2019; OWEN et al., 2018) and
decreased in gray matter, posterior cingulate cortex, precuneus and white matter (KOJIMA et

al.,2019; OWEN et al., 2018) are demonstrated in ASD individuals. Another important feature
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is the increased brain size of autistic individuals compared to age-matched controls (SACCO;
GABRIELE; PERSICO, 2015; AMARAL et al., 2017). Lower thickness of neurons from the

amygdala, hippocampus and cortex of

post-mortem brains of ASD individuals has also been reported (AZMITIA et al.,
2011). It was also demonstrated a reduction in the density of apical dendrites in pyramidal
neuronin the neocortex (WILLIAMS et al., 1980), as well as a lower density of myelinated axons
in the orbitofrontal cortex (LIU et al., 2020), and in corpus callosum (OWEN et al., 2018).
Autists also presented in postmortem brains dysplasia with thickening ofsubependymal cells
and subependymal nodules (indicating active neurogenesis), hippocampal, subcortical,
cerebellar and periventricular heterotopia (indicating abnormal neuronal migration), cerebral
multifocal dysplasia (result of distortion of the cytoarchitecture of neocortex, cortex,
Ammon’s horn and dentate gyrus (WEGIEL et al, 2010). Cerebellar and vermis
flocculonodular dysplasias and cerebellar hypoplasia were also found (WEGIEL et al., 2010).

Magnetic resonance images show that ASD subjects has lower activation of frontal
and parietal cortex, and striatum that were associated to lower cognitive capacity (SHAFRITZ
et al., 2008). Furthermore, the severity in repetitive behaviors were negatively associated to
the activation of the anterior cingulate gyrus and posterior parietal cortex, indicating that
executivedysfunctions may be associated with dysfunctions in these circuits (SHAFRITZ et
al., 2008).

Several molecular mechanisms have been implicated in ASD, such as changes in
neurotransmission, in neurotrophic factors and in synaptic proteins. Specifically, it was
demonstrated an increase in serotonin and serotonin transporters in blood samples from ASD
children, that was positively associated with the severity of ASD comorbidity (ABDULAMIR;
ABDUL-RASHEED; ABDULGHANI, 2018). The brain-derived

neurotrophic factor (BDNF) transcription was found higher in the peripheral blood of
ASD children compared to healthy control children (GHAFOURI-FARD et al., 2020).
However, in ASD newborns the levels of BDNF expression was found to be decreased
(SKOGSTRAND et al., 2019). These results suggest that the period in which theexpression of
BDNF is changed can be relevant to the pathophysiology of autism.

ASD pathophysiology is associated with mutations in synaptic proteins, such as
neurexins (NRXN2 rs12273892 and NRXN3 rs12879016 variants associated with the autistic
phenotype) (WANG et al., 2018), and neuroligins (BURROWS et al., 2017). Mutations in

neuroligin-3 decrease at synaptic transmission and induces deficits in socialbehavior both in
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humans and in animals models (BURROWS et al., 2017) (ZHANG et al., 2017).

Deficits in the Shank3, a postsynaptic protein, is well-characterized in ASD
subjects.These deficits in the Shank3 leads to changes in mobilization of synaptic vesicles
andconsequently causing deficits in synaptic function, that are related with impairments in
social interactions and communication (AMAL et al., 2020; BOZDAGTI et al., 2010). ASD
animal models, Shank2” and Shank3 af”, have changes in the glutamatergic and
GABAergic neurotransmission in striatum, thalamus, cortex and hippocampus (HEISE et al.,
2018). In animal models of ASD, it has been demonstrated a severe reduction in synaptic
excitation and inhibition in pyramidal neuron of medial prefrontal cortex (LAZARO etal.,
2019), increase in the connectivity between the somatosensory cortex and the cingulate
cortex, and decrease in the connectivity between the somatosensory cortex and the prefrontal
cortex, that indicates dysfunctions in synaptic pruning (KIM et al., 2017).Mutations in
CNTNAP?2 and atg7 genes (with adhesion functions of molecules and receptors in the central
nervous system and autophagic function, respectively), involved in ASD phenotypes, induces
changesin the synaptic connection and microglial autophagy, and are associated with
decreasedneural spines and synapses, increased activity on inhibitory neurons in the
prefrontalcortex region, increased dendritic spines in the cortex and dysregulation in synaptic
pruning activity, resulting in changes in connectivity between brain structures (KIM et al.,

2017).
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2. OBESITY

Obesity is defined as an abnormal and excessive accumulation of adipose tissue, that
results from positive energetic balance (WORLD, 2016). Obesity is a risk factor for several
diseases, including not only metabolic (HIGGINS et al., 2020; SHAH et al.,2016), but also
cardio-cerebrovascular diseases (CHEN et al., 2019), psychiatric diseases (WORLD, 2016),
and liver diseases (LI et al., 2020). Obesity is classified according to the body mass index
(BMI), a ratio of body weight (kilograms) per square of height (meter). The BMI classifies the
body weight in five categories: underweight (< 18.5 kg/m?); normal weight (18.5 to
24.9kg/m?); overweight (25 to 29.9kg/m?); and obesity (> 30 kg/m?). Obesity is frequently
divided into categories: class 1 (30 to 34.9kg/m?); class 2 (35 to 39.9kg/m?); and class 3 or
morbid obesity (> 40 kg/m?).

Since 1975, obesity rates has tripled worldwide, being estimated that in 2016more
than 1.9 billion people over 18 years old were overweight. Of these, 650 million were obese
(WORLD, 2016). It was estimated that in 2019, 38 million children under 5 years of agewere
overweight or obese (WORLD, 2016).

Obesity is considered a low grade inflammatory disease. The increase in the adipose
tissue occurs in cell size and number, and leads to changes in their secretory function, with
alterations in hormone and cytokines release (JO et al., 2009). The increase in adipose tissue
induces the release of pro-inflammatory cytokines, generating a chronic inflammatory state
responsible for metabolic alterations (MCARDLE et al., 2013; STRASSER, 2017).

Obesity and overweight are more prevalent in ASD individuals compared with
individuals without ASD (CRIADO et al., 2018b; TOSCANO et al., 2019; BRODER-
FINGERT et al.,2014; HILL; ZUCKERMAN; FOMBONNE, 2015). The increase in obesity
prevalence in ASD can be caused by many factors like genetic mutations, where greater
sensibility to bitter taste and food refusals (generally refusing fruits and vegetables) is
associated with the TASR38 genotype, commonly found in autistic individuals (RICCIO et
al., 2018), sedentary behaviors (MCCOY; MORGAN, 2020), sleep disorders and circadian
rhythm alterations (YAVUZ-KODAT et al., 2020).

The deposition of body fat occurs mainly in two places, in the subcutaneous adipose
tissue(SAT) and in the visceral adipose tissue (VAT), and the increased size of these adipose
cells is related to different metabolic dysfunctions (HOFFSTEDT et al., 2010). The increase

in visceral adipocytes 1is strongly associated with impaired glucose metabolism,
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hyperinsulinemia and insulin resistance (HOFFSTEDT et al., 2010).

Simultaneously with adipose tissue expansion, occurs the recruitment and infiltration
of macrophages (WEISBERG et al., 2003a). Recruited macrophages are activated and release
proinflammatory cytokines, that induces a low degree chronic inflammation (HAN et al.,

2020).

Once recruited to adipose tissue, the macrophages are activated to perform their
classic functions. The macrophage activation occurs through two polarization states: M1 and
M2,that depend mainly on cytokines, proteins expressed in the membrane and chemokines
(VOGEL et al., 2014). Maturation in the M1 state occurs through the exposure of macrophages
to Th1 cytokines such as IFN-y, IL-2 and LPS (GOERDT et al., 1999). Such M1 macrophages
secrete proinflammatory cytokines, the main being IL-6, TNF-ae IL-1p (GOERDT et al.,
1999). The polarization of macrophages in the M2 state occursmainly through their exposure
to IL-6, IL-4, GM-CSF and IL-13 (BRAUNE et al., 2017).M2 macrophages have a tissue repair
function and secrete anti-inflammatory cytokines such as IL-10 e IL-1RA, in addition to also
secreting the transforming growth factor (TGF)-B (BOURLIER et al., 2012). The recruitment
of macrophages and the polarization phenotype play a strong role in the inflammatory state, in
addition to regulating insulin sensitivity (JIA; MORGAN-BATHKE; JENSEN, 2020),
angiogenesis (PANG et al., 2008), adipogenesis (LEE; PETKOVA; GRANNEMAN, 2013)

and consequently in the glycemic homeostasis and metabolic profile.

T lymphocytes also have an important role at metabolic inflammation. In an animal
modelof diet-induced obesity, adipose tissue is infiltrated with lymphocyte TCD8", that are
important for the macrophages recruitment, and for M1 polarization, also being associated
with insulin resistance (NISHIMURA et al., 2009). The interaction of B lymphocytes with
fatty acids, activates the secretion of proinflammatory cytokines and IgG antibodies,inducing
the polarization of M1 macrophages, and the activation of T lymphocytes, establishing the
importance of B cells and adaptive immunity in insulin resistance with high-fat diets
consumption (WINER et al., 2011). Saturated fatty acids activate inflammatory pathways
through activation of Toll-like receptors (TLRs) in macrophage cells (SINDHU et al., 2020).
TLRs activation initiates a signaling cascade that activates NFxB and release of pro-

inflammatory cytokines and chemokines (BARTON; MEDZHITOV, 2003).
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2.1 NEUROINFLAMMATORY
PROCESS THROUGH OBESITY  STATE AND/OR
HIGH-FAT DIETS

Besides peripheral inflammation, high-fat diet consumption and obesity are also
associated with a central nervous system inflammation, also called, neuroinflammation
(THALER et al., 2012). The neuroinflammation is an important risk factor for
neurodegenerative disorders which are characterized by cognitive impairment and are
generally associated with altered neuronal connectivity and atypical synaptic plasticity
(KUMAR, 2018). When neuroinflammation is triggered by high-fat diet and obesity, is
associated with astrocytes and microglia activation, a weakened psychosocial profile, with
decreased cognition, deficit in memory, learning, communication, beyond impairments in
social behaviors, anxiety behaviors and mood disorders (DALVI et al., 2017; DOUGLASS et
al., 2017; WAISE et al., 2015).

Neuroinflammation is a common mechanism both in obesity/high-fat diet
consumption and in ASD (KIM et al., 2018; LUCCHINA; DEPINO, 2014). This
neuroinflammation can be associated in obese animal models and ASD animal models with
low cognitive performance (SAMARA et al, 2020; ALABDALI; AL-AYADHI; EL-
ANSARY, 2014), as well as with impairments in memory and learning processes (MARKO
et al., 2015; WILLIAMS; GOLDSTEIN; MINSHEW, 2005; ALABDALI; ARNORIAGA
RODRIGUEZ et al., 2019; DE LUCA et al., 2016).

The activation of microglia is a hallmark during the neuroinflammatory process.
Activated microglia secretes proinflammatory cytokines, make phagocytosis, and present
antigens to protect brain under toxic stimulus (JHA; LEE; SUK, 2016). Although it is not yet
clear how the peripheral immune response communicates with central immune response, the
systemic inflammation (such as caused by obesity) induces damage in the blood brain barrier
(RANSOHOFF et al., 2015) which are associated with lymphocytes penetration, cytokine
release and the activation of microglia in the central nervous system,causing neuroinflammation
and neuronal dysfunction (VARATHARAJ; GALEA, 2017).Moreover, the interaction of B-
lymphocytes with fatty acids induces immune dysfunction, with the secretion of IgG
proinflammatory antibodies (WINER et al., 2011)that adhere and activate microglial cells (Y1
etal., 2012).

Many animal models have been used to better understand the mechanisms by which

the diet modulates the inflammatory response and what impacts are generated on the CNS of
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these animals.

In mice, obesity induced-neuroinflammation is associated with activation of
microglia, neuronal stress in mediobasal hypothalamus (MBH), and altering the impact of
saturatedfat on leptin responsiveness through microglia (VALDEARCOS et al., 2014).

Saturated fatty acids bind in Toll-like receptor 4 (TLR4) and trigger the secretion of
inflammatory cytokines through the IKK- NFkB pathways and leading to the hypothalamic
inflammation (neuroinflammatory process), beyond, insulin and leptin resistance (MARIC;
WOODSIDE; LUHESHI, 2014; VALDEARCOS et al., 2014). In the hypothalamus, the
neuroinflammatory process is associated with the long-term weight gain, lipotoxicity and
associated comorbidities (VALDEARCOS et al.,, 2014). The short- term (1-3 days)
consumption of high-fat diet is enough to induce hypothalamicneuroinflammation (WAISE
et al., 2015; THALER et al., 2012; DALVI et al., 2017; YIet al, 2012). This
neuroinflammation associated with obesity was also observed inprefrontal cortex leading
impairments in motor and exploratory behavior in addition to apattern of depression in
behavioral tests (VENIAMINOVA et al., 2020). This phenotypeis also found in individuals
with ASD (LICARI et al., 2020; HOLLOCKS et al., 2019). Hippocampal neuroinflammation,
with an increase in the number and size of reactiveastrocytes, was demonstrated in rats fed
on a high-fat and high-fructose diet for 7 days.These animals also had a reduction in
dendritic arborization and in the number ofdendritic spines in hippocampal CA1 region
(CALVO-OCHOA et al., 2014). Hippocampal neuroinflammation is also associated with
deficits in long term potentiation(LTP) and a decrease in synaptic density (VALCARCEL-
ARES et al., 2019).

In experiments with rodents fed for 1 month with high-fat diet and high sucrose diet,
wasobserved hippocampal inflammation with high levels of TNF-a, IL-1p and oxidative
stress, and animals presented worsening memory in hippocampal-dependent recognitiontasks

(BEILHARZ; MANIAM; MORRIS, 2014). Compulsive and anxious behavior was

also detected in high-fat diet animals, and this was associated microglia activation,
increased TNF, IL-6 levels, and increase in nitrite levels in the prefrontal cortex and
hippocampus (GOMES et al., 2018).

In another study, was used a mice model with obesity induced by high-fat diet to
demonstrate that 4-1BB receptors (present in T cells, adipocytes and endothelial cells) and
their 4-1BBL ligands (highly expressed in macrophages and antigen presenting cells) are

involved in activation of s and microglia (KIM et al., 2018). After being activated, astrocytes
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and microglia produce inflammatory mediators (TNF-o, MCP-1, e IL-6) causing
neuroinflammation in the hypothalamus. It was found that astrocytes and microglia exposed
to factors such as LPS, FFA, high glucose and ATCM, increased the levels of 4-1BB
transcripts in both glial cells. Levels of TNF-a, MCP-1, and IL-6 were also increased, with
increased secretion of MCP-1 and IL-6 in both cells (KIM et al., 2018).

It was found in mice feed for 20 weeks on a high-fat diet that there was a decrease in
mitochondrial respiratory function in the hippocampus, an increase in ROS levels, an increase
in apoptosis in the hippocampus and insulin resistance (PARK; CHO; KIM, 2018). This
suggests that obesity induced by a high-fat diet causes damage to mitochondrial function in

the brain concomitantly with damage to memory function (PARK; CHO; KIM, 2018).

A study showed that mice fed with western diet presented decreased expression of
serotonin transporter (SERT) and neuroinflammation with a high number of activated
microglia in the prefrontal cortex (VENIAMINOVA et al., 2020). These animals also showed
impairments in motor and exploratory behavior, in addition to a pattern of despair in
behavioral tests (VENIAMINOVA et al., 2020). The deficiency in the motor pattern and
the despair behavioral (typical behavior found in more anxious individuals) are also found in

ASD animals (LICARI et al., 2020; HOLLOCKS et al., 2019).

In a study where rodents received a highly palatable diet (high levels of sucrose), they
showed high levels of protein damage in the frontal cortex (indicated by decreased amounts
of tryptophan and tyrosine) and a higher grade of anxiety in behavioral tests compared with
control diets (SOUZA et al., 2007). Another study also shows that rodentswith diet induced
obesity showed cognitive deficits concomitantly with neuroinflammation and ROS in the

hippocampus (TUCSEK et al., 2014a).

Analysis in the hippocampus of rats fed 7 days on a high-fat/high-frutose showed an
increase in the number and size of reactive astrocytes, a decrease in the hippocampal weight,
areduction in dendritic afforestation and in the number of dendritic spines in the CA1 region of
the hippocampus(CALVO-OCHOA etal., 2014). In an experiment with rodents fed for 1 month
on a high-fat diet and high sucrose content, they presented worsening memory of hippocampal-
dependent recognition, presenting hippocampal inflammation with high levels of TNF-aand
IL-1p mRNA and oxidative stress in the hippocampus (BEILHARZ; MANIAM; MORRIS,
2014). Another study with young and old groups of mice fed with high-fat dietalso showed a
deficit in the memory of hippocampal-dependent recognition (VALCARCEL-ARES et al.,
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2019). Moreover, the mice showed a deficit in long term potentiation (LTP) and a decrease in
synaptic density in the radiated stratum of the hippocampus (VALCARCEL-ARES et al.,
2019).

Mice fed with a high-fat diet for 5 months showed a reactive astrogliosis in the
striatum and in the substantia nigra, decreased dopaminergic neurons in the substantia nigra,
decreased density of dendritic spines in the substantia nigra and decreased peroxisome

proliferator activation receptor (PPAR) (KAO et al., 2020).

Studies with chronic exposure of mice to highly refined carbohydrates showed that
theseanimals presented compulsive and anxious behavior in behavior tests, associated with
neuroinflammation and activation of microglia and an increase in nitrite levels in the prefrontal
cortex and hippocampus (GOMES et al., 2018). The expression of iNOS was increased in the
prefrontal cortex and there was an increase in the levels of TNF, IL-6 andleptin in the

hippocampus (GOMES et al., 2018).

3. HIGH-FAT DIET INDUCED OBESITY AND
MITOCHONDRIAL DYSFUNCTION IN THE CNS OF
ANIMALS MODELS

Mitochondria are the organelles that provide energy to cells through ATP synthesis
and the oxidative phosphorylation (OXPHOS), and for this reason they have a fundamental
role in the CNS that requires high energy demand for their normal functioning. They are the
primary sources and also targets of ROS, and the accumulationof ROS causes oxidative stress
and dysfunction in the mitochondrial structures due to thehigh potential for damage that ROS
presents (HARMAN, 1972).

The obesity and high consumption of hyperlipidic diets leads to a significant increase
of ROS (TUCSEK et al., 2014b). High levels of ROS cause oxidative stress and are toxic to
mitochondria, being a common event in individuals with ASD (ROSE et al., 2012). ROS cause
aggressions in the structure of mitochondria, such as mutations and deletionsin mtDNA that
lead to morphophysiological dysfunctions in the mitochondria (NAPOLI;WONG; GIULIVI,
2013). Mutations in mtDNA and the insufficient presence of repair mechanisms (antioxidant
enzymes) also generate high levels of ROS (FLEMING et al., 1982; LINNANE et al.,1989),

and the high levels of these oxy-molecules generate mutations in mtDNA, creating a vicious
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cycle of ROS development and mitochondrial dysfunction (MANDAVILLI; SANTOS; VAN
HOUTEN, 2002).

Several studies have demonstrated mitochondrial dysfunction as one of the cellular
mechanisms that occurs in neurologic and neurodegenerative diseases associated with the high
consumption of hyperlipidic diets and obesity, being also associated with increased oxidative
stress (ADAV; PARK; SZE, 2019; LEE et al., 2018; VARGA et al., 2018; GUERRA et al.,
2019; CARRARO et al., 2018; CUNARRO et al., 2018).

The energy demand in the brain is very high compared to other tissues, and small
changes in energy synthesis can lead a large impact on the brain (JOSHI; MOCHLY-ROSEN,
2018). Mitochondria produce large amounts of energy at the presynaptic level, which is largely
used for exocytosis and reuptake of neurotransmitters into synaptic vesicles, while at the post-
synaptic level a large content of energy produced is used for membrane excitability and
functioning of the ion channels (LORES-ARNAIZ et al., 2016). Mitochondrial dysfunction in
cells of the nervous system induces reduction in the quality of synaptic transmission and
consequently failures in cognitive process due to low energy supply (REDDY; BEAL, 2008).
Therefore, mitochondrial malfunction in CNS cells presents a high risk for the development

of the pathophysiological state, typical of neurologic and neurodegenerative disorders.

Several studies in rodents show processes of mitochondrial dysfunction, such as
changes in biogenesis, dynamics, signaling, respiration and morphology in the CNS induced
by hyperlipidic diets (figure I) (CARRARO et al., 2018; CAVALIERE et al., 2019;
LANGLEY et al., 2020; DESMOULINS et al., 2019; DIAZ et al., 2015; TONIAZZO etal.,
2019; CARVALHO et al, 2012; GAO et al, 2010; SRIPETCHWANDEE;
CHATTIPAKORN; CHATTIPAKORN, 2018). Moreover, high-fat diets induce significant
effects on ATP production and gene expression levels of relevant antioxidant enzymes (figure

1) (REUTZEL et al., 2021).
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Figure 1. Obesity and high fat diets induce to mitochondrial dysfunction in CNS.

Mice with a high-fat diet consumption for 18 weeks showed increase inflammation
and oxidative stress and a decrease in mitochondrial oxidative capacity both in all the brain
cortex and their synaptosomal fraction (CAVALIERE et al., 2019). In the cerebral cortex,
using the substrates succinate or pyruvate, mitochondrial state 3 respiration decreased in the
HFD mice with no changes in state 4. The maximal FCCP-stimulated respiration was reduced
in the HFD mice (CAVALIERE et al., 2019). In spinal cord cells of mice fed a high-fat diet
for 12 weeks, it was observed a reduction in mitochondrial respiration (LANGLEY et al.,
2020). Using a cell culture of mouse oligodendrocytes treated with a saturated fatty acid,
palmitate (PA, 100uM por 24h), was observed a decrease in the baseline consumption of
oxygen linked to ATP, and no effect on the leakage of protons in cells treated with PA
(LANGLEY et al., 2020), reinforcing the hypothesis that saturated fatty acid has a negative

effect on cellular respiration. Saturated fatty acids alsoinduce morphological changes in
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mitochondria (smaller mitochondria, increased mitochondrial fragmentation) (LANGLEY et
al., 2020). Mice fed a high-fat diet for 20 weeks showed deficits in hippocampus dependent
memory and insulin resistance, associated with a decrease in mitochondrial respiratory
function, an increase in ROS levels, and an increase in neuronal apoptosis in the hippocampus
(PARK; CHO; KIM, 2018). In rodents fed a high-calorie diet for 5 weeks, Toniazzo and
collaborators analyzed the activity of the electron transport chain in the hypothalamus
(TONIAZZO et al., 2019); female mice hada decreased activity in complexes I and II and
showed an increase in complex IV activityand male mice had a reduction in complex IV
activity. This study showed a gender specific heterogeneous mitochondrial dysfunction
influenced by HFD feeding (TONIAZZO et al., 2019). These authors and also showed that
females fed a high-fat diet had a lower mitochondrial mass (TONIAZZO et al., 2019).

In rats fed for 3 weeks with high-fat and high-sucrose diet was observed in
hypothalamicneurons a decrease in oxygen consumption in states 2 (in the presence of
succinate, only) and 3 (in the presence of ADP) of mitochondrial respirationand a decrease in
the e respiratory chain coupled to the ADP phosphorylation (DESMOULINS et al., 2019). No
changes were found in the protein quantification for mitochondrial complexes which suggests
that the decrease in oxygen consumption was related to the decrease in mitochondrial activity
(DESMOULINS et al., 2019).

Mitochondrial dynamics, fusion and fission are also changed in animal models of

diet- induced obesity (CARRARO et al., 2018; LANGLEY et al., 2020). It was observed a

decrease in the expression of the mitochondrial fusion protein, mitofusin-2 (MFN2)
in the mice hypothalamus after 24h of high-fat diet consumption (CARRARO et al., 2018).In
cultured hypothalamic neurons treated with palmitic acid (250uM/12h) and palmitoleicacid
(250uM/24h), it was also observed a decrease in MFN2 expression levels (DIAZ etal., 2015).

Hypothalamic ER stress is a proposed mechanism for the development of leptin
resistance, and a decreased in mitochondria-ER contacts in anorexigenic pro-
opiomelanocortin  (POMC) neurons was observed in diet-induced obesity mice
(SCHNEEBERGER et al., 2013). Ablation of MFN2 in POMC neurons induces loss of
mitochondria-ER contacts, defective POMC processing, ER stress-induced leptin resistance,

hyperphagia, reduced energy expenditure and obesity (SCHNEEBERGER et al., 2013).

In hippocampus of high-fat diet fed animals, it was observed a decrease in the number
of neurons, as well as damaged mitochondria and extended cisterns of the endoplasmic

reticulum (ALKANet al., 2021). It was also observed an increased in the oxidative stress
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parameters (increase in SOD, CAT, LPO and MPO activity) (ALKANet al., 2021).

The consumption of high-fat diets induces a significant increase in ROS production
(BARAZZONI et al., 2012; MORO et al., 2016; RUIZ-RAMIREZ et al., 2011; SVERDLOV
et al., 2015, 2016). Highly palatable diet (high levels of sucrose) increasesthe amount of
protein oxidation in frontal cortex and induce anxiety-like behavior in rats(SOUZA et al.,
2007). Another study also shows that rodents with diet induced obesity had cognitive deficits
associated with neuroinflammation and increased ROS production in the hippocampus
(TUCSEK et al., 2014). In a model of high-fat/high-frutose diet, it was demonstrated an
increase in oxidative stress in the frontal cortex (BATANDIER et al., 2020).

These results point to a strong association between the high-fat/high-calorie diets
induced obesity with the development of mitochondrial dysfunction in the animal CNS.
Therefore, suggesting that the obesity and the high intake of this dietary quality can
significantly negatively influence individuals who present a pathophysiological condition in
the CNS cells, at the risk of aggravating neurophysiological dysfunctions and consequently

the severity of the symptoms presented.

S. THE LINK BETWEEN OBESITY INDUCED BY HIGH FAT DIET,
MITOCHONDRIAL DYSFUNCTION AND NEUROINFLAMMATORY PROCESSES

Mitochondrial dysfunction is associated with production of many key factors during
inflammation and other energy-dependent disturbances, where ROS production can overcome
cellular antioxidant capacity and cause cellular oxidative damage (CHAN, 2006). Due to this
mitochondrial role in inflammation, many studies have found an association of mitochondrial
dysfunction in brain with several neurological and neurodegenerative disorders (CLAY;
SILLIVAN; KONRADI, 2011; GIRARD et al., 2012; RAJASEKARAN et al., 2015; SU et
al., 2011; YUI; SATO; IMATAKA, 2015).

One of the ways in which HFD-induced obesity promotes alterations in mitochondrial
and neuroinflammatory mechanisms is through the mitochondrial uncoupling protein Ucp2,

as demonstrated by Kim et al (KIM et al., 2019).

In rodent models of HFD-induced obesity, was shown that the expression of mRNA
levels of the Ucp2 was increased in a time-dependent manner in the hypothalamus of these
animals, as well as increased expression of proinflammatory cytokines such IL1-f3, IL-6, TNF-

a and the microglial activation marker Cx3crl (KIM et al., 2019). It was also observed in
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microglia in the arcuate nucleus of the hypothalamus of animals exposed to HFD, an increase
in the number of mitochondria and a decrease in mitochondrial size also in a time-dependent
manner (KIM et al., 2019). The mitochondrial fission protein Drpl was found with increased
levels in microglia of animals exposed to HFD in the cortex and hypothalamus, also in a time-
dependent manner (KIM et al., 2019). To evaluate the influence of Ucp2 on the alteration of
the mitochondrial morphology of the arcuate nucleus (hypothalamus) exposed to HFD, a
knockout mice model for the Ucp2 (Ucp2X©) protein was used and it was observed that these

Ucp2K©

animals had greater mitochondrial size and mitochondrial density lower in a time-
dependent manner when exposed to HFD compared to wild animals exposed to HFD or SD
(KIM et al., 2019). Furthermore, wild mice exposed to HFD showed increased levels of the
mitochondrial fission protein Drpl in the cortex and hypothalamus, while Ucp2X© animals
showed no differences in the expression of this protein when exposed to HFD or SD (KIM et
al., 2019). Therefore, the Ucp2 protein influences mitochondrial dynamics (fission) through

exposure to the HFD, influencing mitochondrial density and size in these mice.

The arcuate nucleus microglia size was observed increased in wild mice exposed to
HFD compared to standard diet wild group, and an attenuated effect with respect to microglial

size was found in Ucp2K©

mice exposed to HFD (KIM et al., 2019). Regarding the expression
of inflammatory cytokines IL-6, IL-1B, TNF-a and also the neuronal stress marker Hsp72,
these showed higher levels in the wild group exposed to HFD than in the other groups that
received standard diet or HFD (wild or knockouts), evidencing a time-dependent role in the

inflammatory signaling of the Ucp2 protein triggered by the HFD (KIM et al., 2019).

The Ucp2X© mice also had lower body weight and lower white adipose tissue content
when exposed to HFD than wild mice exposed to standard diet or HFD, and also higher
glucose tolerance and higher insulin sensitivity than the other groups of animals (KIM et al.,
2019), also showing an obesogenic role and in the metabolic profile of the Ucp2 protein.

2K0 animals when

Immunoreactivity in POMC neurons (hypothalamus) was found in Ucp
analyzed through reactivity C-Fos (a marker for neuronal activation), and a greater sensitivity
to leptin was also detected in Ucp2X© animals in POMC neurons through pSTAT3 when
exposed the HFD compared to wild-type HFD group, inducing a decrease in food intake in the

Ucp2X© group (KIM et al., 2019).

The mitochondrial protein Drp1 also plays a role in neurodevelopment, as can be seen
through the generation of Drp1”~ and Drp1*~ mutant mice, where it was noticed that the Drp1-

"is lethal for embryos, and Drpl™~ mutants showed thinning in the neural tube cell layer and
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highly elongated or swollen peroxisomes (ISHIHARA et al., 2009). TUNE positive cells have
also been found in neuroepithelium of embryos mouse knockouts (Drp17°), in addition to
reduced forebrain, expanded subdural space, ventricular dilatation, white matter hypoplasia
(brain stem and cerebellum) and reduced cortex and of the basal ganglia (ISHIHARA et al.,
2009). Knockout mice (Drp17") also showed lower expression and arborization of neurites, in
addition to an important reduction in the synaptophysin (marker of synapses) and

mitochondrial aggregation in the forebrain (ISHIHARA et al., 2009).

Together, these data report possible consequences of mitochondrial dysfunction on
neurodevelopment, and the link between mitochondrial dysfunction and neuroinflammatory

Processes.

6. AUTISM AND MITOCHONDRIAL
DYSFUNCTION IN THE CNS

Many individuals with autism report the presence of mitochondrial dysfunction
(BENNURI; ROSE; FRYE, 2019; D.A.; R.E., 2012; GIULIVI et al., 2010; GOLDENTHAL
etal., 2015; LEGIDO; JETHVA; GOLDENTHAL, 2013; YUL; SATO;IMATAKA, 2015).

Studies involving children with autism report a prevalence of mitochondrial
dysfunctionfrom 30 (ROSSIGNOL; FRYE, 2012) to up to 50% (FRYE, 2012). The high
prevalenceof mitochondrial dysfunction in autistic individuals has made many recent studies
investigating the presence of mitochondrial dysfunction in the CNS of these individuals (N.J.
et al., 1993; GU et al., 2013; ANITHA et al., 2013; CHAUHAN; AUDHYA; CHAUHAN,
2012; ROSE et al., 2012; TANG et al., 2013; IPSER et al., 2012; CORRIGAN et al., 2012;
INAN et al., 2016).

Was found a reduction in the levels of phoshpocreatine in prefrontal cortex cells of
individuals with autism, indicating the high use of this compound for the generation of ATP,
suggesting failure in the generation of energy in the mechanisms of mitochondrial respiration
(NJ. etal., 1993). The low levels of phosphocreatine found were associated with low language

performances in these individuals (N.J. et al., 1993).

In cells of the frontal cortex the result in the activities of mitochondrial complexes of
the electron transport chain (ETC) in individuals with autism shows a reduction in all

complexes (I, IL, III, IV and V) of the chain compared to the healthy control subjects (GUet al.,
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2013). Was showed a decrease in the activity of mitochondrial complexes I (in 31%of the
autistic group compared to the healthy control group) and V (in 36% of the autisticgroup
compared to the healthy control group) in the frontal cortex (GU et al., 2013). Autistic

individuals also showed a tendency towards a reduction in the activities of the

other complexes but without significance in relation to the control group. In 43% of
the individuals with autism, there was a reduction in activities in complexes I and/or V, and
14% of the autistic individuals showed a reduction in the activities of all mitochondrial

complexes in the frontal cortex (GU et al., 2013).

Western blot analyzes showed a reduction in the levels of complex III and V of the
respiratory chain in the frontal cortex of autistic children compared to healthy age- matched
controls (CHAUHAN et al., 2011). In the temporal cortex there was a reductionin the levels of
complex II, III and V in children with autism compared to the control group (CHAUHAN et
al., 2011). Was found also an increase in free radicals and oxidativestress measured by the
LOOH product levels (resulting from the oxidation of fatty acids) in theparietal, occipital,
temporal and frontal cortex, and also in the cerebellum (CHAUHAN et al., 2011).

Another study carried out in postmortem brains showed by qPCR a reduction in 11
complex I genes, 5 complex II and IV genes and 7 complex V genes in autistic individuals
compared to control individuals (ANITHA et al., 2013). In total, 11 genes from the electron
transport chain in the anterior cingulate gyrus, 12 genes in the motor cortex and19 genes in

the thalamus were significantly less expressed (ANITHA et al., 2013).

The activity of the enzyme pyruvate dehydrogenase (PDH) was also reduced in 35%
of individuals with autism compared to healthy individuals, where the activity of PDH was
determined by the reduction of NAD" to NADH (GU et al., 2013). These subjects with ASD
also show an increase in mtDNA for the ND1, ND4 and CytB genes (GU et al., 2013).

The levels of the glutathione enzyme and the GSH/GSSG rate were reduced in the

cortex,Brodman Area 22 and cerebellum of autists compared to healthy individuals

(CHAUHAN; AUDHYA; CHAUHAN, 2012; ROSE et al., 2012). In another study
was showed that the activity of the enzymes superoxide dismutase (SOD) and superoxide
dismutase 2 (SOD2) was reduced and there was a high level of oxidative stress in the temporal

lobe of autistic individuals compared to healthy control subjects (TANG et al., 2013).

The ND4/ND1 rate showed a significant decrease in 44% in the autistic group
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comparedto the control group, and the CytB/NDI1 rate showed a significant decrease in 33%
in theautistic group, reporting genetic deletions in individuals with ASD (GU et al., 2013).

There was a significant divergence in gene expression between an autistic group
compared to healthy control group, with 22 of the divergent genes found in the anterior
cingulate cortex (ACQ), 15 in the motor cortex (MC), and 12 in the thalamus (THL) (ANITHA
et al., 2012). These genes that showed divergent expression have functions inmembrane
polarization and potential, mitochondrial transport, small molecule transport,expression of
mitochondrial target proteins, outer and inner membrane translocations proteins,
mitochondrial fusion and fissions proteins, mitochondrial location and apoptosis. Most of
these evaluated genes showed a decrease in their expression in the autistic group compared to

the control group (ANITHA et al., 2012).

In a sutdy that used knockout mice for the mitochondrial ETC enzyme Cox10 of
parvalbumine neurons in the cortex brain, was found that mice deficient for this enzyme
showed significant weight loss (INAN et al., 2016). In a test to evaluate the reobase, it was
noted that the neurons of the knockout mice failed to sustain the triggering of the membrane
potential in 20mV injections with 500ms of duration compared to the controlmice (INAN et
al., 2016). Longer current injections indicated greater fatigue of mutated neurons compared to
control neurons as well, where the number of action potentials achieved by knockout neurons
was significantly lower than in wild neurons (INAN et al.,2016). Excitability was also shown

to be altered between groups, with the mutant group

showing greater excitability than the control group (INAN et al., 2016). These
knockout animals also showed less engagement in the social interaction test compared tothe

control animals, suggesting that such animals show deficit in social interaction behavior

(INAN et al., 2016).

Some studies have shown a decrease in the metabolite N-acetyl-aspartate (NAA), a
marker of mitochondrial dysfunction, in the parietal cortex, cerebellum and anterior cingulate
gyrus in individuals with autism (IPSER et al., 2012; CHUGANI et al., 1999), and also
differences in the levels of this metabolite between autistic children and adults (CORRIGAN
et al., 2012).
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