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Resumo

O eixo microbiota-intestino-cérebro foi recentemente reconhecido como um modulador
chave de disturbios neurolégicos, incluindo o Transtorno do Espectro Autista (TEA).
Evidéncias crescentes sugerem que a microbiota intestinal desempenha papel critico
nos sintomas gastrointestinais e déficits comportamentais em individuos autistas. Nesse
sentido, a administragao de psicobidticos (probidticos e prebidticos) tem sido investigada
como uma terapia promissora no tratamento do TEA. Objetivo: Avaliar o efeito de
psicobidticos na composicdo e metabolismo da microbiota intestinal de criancas com
TEA usando o Simulador do Ecossistema Microbiano Humano (SEMH®), bem como na
microbiota intestinal e déficits comportamentais em um modelo animal de TEA.
Métodos: Inicialmente, foi avaliada a sobrevivéncia de cepas probiodticas
(Limosilactobacillus (L.) reuteri e Bifidobacterium (B.) longum) em cultura pura e
combinadas com Vivinal® GOS sob condigdes gastrointestinais simuladas e, em seguida,
o impacto dos probioticos (L. reuteri + B. longum), prebiotico (GOS) e simbiotico (L.
reuteri + B. longum + GOS) na microbiota intestinal e no metabolismo de criangas com
TEA usando o SEMH®. A analise da composicdo da microbiota intestinal das amostras
do SEMH® foi realizada por PCR em tempo real e sequenciamento do gene 16S rRNA.
O metabolismo microbiano foi determinado pela produgéo de amdnia e acidos graxos de
cadeia curta (AGCC). Finalmente, foi investigada se a administracdo do GOS afetou a
composigdo da microbiota e o comportamento em um modelo genético de autismo
(Cntnap2”). A composi¢éo da microbiota dos animais foi avaliada pelo sequenciamento
do gene 16S rRNA e os comportamentos associados ao TEA foram determinados por
testes de hiperatividade e de comportamentos social e repetitivo. Resultados: Os
probidticos L. reuteri + B. longum combinados com GOS apresentaram elevada
resisténcia gastrointestinal, sugerindo que o GOS tem um efeito protetor. De acordo com
o estudo no SEMH®, o tratamento probiético aumentou a abundancia relativa de
Lactobacillus, enquanto o tratamento prebidtico aumentou a abundéncia relativa de
Bifidobacterium e diminuiu a abundancia relativa de Lachnoclostridium. As mudancgas
observadas no metabolismo microbiano foram associadas ao aumento das
concentragdes de AGCC e niveis reduzidos de amdnia, particularmente nos tratamentos
prebidtico e simbiotico. No estudo em modelo animal, foi observado que o tratamento
com GOS nado modulou a composicdo da microbiota. No entanto, melhorou
significativamente o comportamento social no modelo animal Cntnap2”. Concluséo: Os
tratamentos probidtico, prebidtico e simbidtico resultaram na modulagédo positiva da
microbiota intestinal e atividade metabdlica de criangas com TEA usando o SEMH®. Além
disso, os resultados mostraram que o GOS melhorou os déficits sociais em um modelo
animal de autismo.

Palavras-chave: Autismo; Probidtico; Microbiota intestinal; Prebiético; Eixo microbiota-
intestino-cérebro.
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Abstract

The microbiota-gut-brain axis has been recently recognized as a key modulator of
neurological disorders, including the Autism Spectrum Disorder (ASD). Increasing
evidence suggests that the gut microbiota plays a crucial role in gastrointestinal
symptoms and behavior deficits in autistic individuals. Thus, the administration of
psychobiotics (probiotics and prebiotics) has been investigated as a promising therapy
for the treatment of ASD. Objective: To evaluate the effect of psychobiotics on gut
microbiota composition and metabolism of children with ASD using the Simulator of the
Human Intestinal Microbial Ecosystem (SHIME®), as well on gut microbiota composition
and behavior deficits in a mouse model for ASD. Methods: Initially, the survival of
probiotic strains (Limosilactobacillus (L.) reuteri and Bifidobacterium (B.) longum) in pure
culture and combined with Vivinal® GOS under simulated gastrointestinal conditions was
evaluated, followed by the impact of probiotics (L. reuteri + B. longum), prebiotic (GOS)
and synbiotic (L. reuteri + B. longum + GOS) on the gut microbiota and metabolism of
children with ASD using the SHIME®. The analysis of the gut microbiota composition of
samples from the SHIME® was performed using real-time PCR and 16S rRNA gene
sequencing. Microbial metabolism was determined by the production of ammonium and
short-chain fatty acids (SCFAs). Finally, it was investigated whether administration of
GOS affected microbiota composition and behavior in a genetic model of autism
(Cntnap2”). Gut microbiota composition was evaluated using 16S rRNA gene
sequencing and ASD-related behaviors were determined by hyperactivity, and social and
repetitive behavior tests. Results: The probiotics L. reuteri + B. longum combined with
GOS showed elevated gastrointestinal resistance, suggesting that GOS has a protective
effect. According to the SHIME® study, probiotic treatment increased the relative
abundance of Lactobacillus, while the prebiotic treatment increased the relative
abundance of Bifidobacterium and decreased the relative abundance of
Lachnoclostridium. The changes observed in microbial metabolism were associated with
increased concentrations of SCFAs and reduced ammonium levels, particularly in the
prebiotic and synbiotic treatments. In the animal model study, it was observed that
treatment with GOS did not modulate the microbiota composition. However, GOS
significantly improved social behavior in the Cntnap2” mice. Conclusion: The probiotic,
prebiotic, and synbiotic treatments resulted in a positive modulation of the gut microbiota
and metabolic activity of children with ASD using the SHIME®. In addition, the results
showed that GOS improved social deficits in a mouse model of autism.

Keywords: Autism; Probiotic; Gut microbiota; Prebiotic; Microbiota-gut-brain axis.
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Introducao

O trato gastrointestinal humano abriga uma comunidade dindmica e complexa de
microrganismos, conhecida como microbiota intestinal, que coevoluiu com o hospedeiro
para desenvolver uma relagdo simbidtica (1). A colonizagdo da microbiota ocorre nos
primeiros anos de vida e gradualmente se desenvolve em um ecossistema diverso ao
longo da vida adulta. O desenvolvimento e a maturagdo da microbiota intestinal sdo
influenciados por diferentes fatores que variam desde o tipo de parto (cesariana versus
vaginal) ao uso de antibidticos, genética do hospedeiro e dieta (2,3) (Figura 1). Estudos
tém revelado que a microbiota intestinal desempenha papel chave em varias fungoes
fisioldgicas do hospedeiro, incluindo a homeostase metabdlica e nutricional, a maturagao
e fungéo do sistema imunoldgico e a manutengao da integridade da barreira intestinal
(5-7). Além disso, foi demonstrado que a microbiota intestinal tem um impacto
significativo extra intestinal, como na neurofisiologia € no comportamento (8,9).

Evidéncias crescentes sugerem uma interagéo entre a microbiota intestinal e o
sistema nervoso central (SNC) conhecida como eixo microbiota-intestino-cérebro (10-
13). A comunicacgéo ao longo do eixo microbiota-intestino-cérebro descreve como os
sinais a partir do cérebro podem influenciar atividades motoras, sensoriais e secretoras
do trato gastrointestinal, e, por sua vez, como as mensagens viscerais do trato
gastrointestinal podem influenciar a fungao cerebral (14). Esta comunicagéo bidirecional
atua, principalmente, por meio de mecanismos endocrinos, imunes e neurais que
envolvem o SNC e o sistema nervoso entérico (SNE) (12,15). No entanto, os
mecanismos precisos ainda ndo estdo completamente elucidados. As vias de
comunicagao entre a microbiota e o cérebro incluem a ativagdo do nervo vago, sistema

imunoldgico, eixo hipotalamo-pituitaria-adrenal (HPA), o metabolismo do triptofano e a
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producdo de neurotransmissores e metabdlitos microbianos que influenciam direta e

indiretamente o cérebro (Figura 2).

GENETICA DO
HOSPEDEIRO

ATIVIDADE
FiSICA

LOCALIZAGAO
GEOGRAFICA

ESTRESSE

TIPO DE
PARTO

Figura 1. Fatores que influenciam a microbiota intestinal.
Fonte: Adaptado de Long-Smith et al. (4).

O nervo vago representa a principal via neural que conecta o intestino e o
cérebro. As fibras do nervo vago inervam as camadas musculares e mucosas do trato
gastrointestinal, detectam sinais sensoriais e, em seguida, retransmitem esses sinais
para o SNC (16). A transmissao de sinais microbianos ocorre por meio da mediagéo de
células enteroendécrinas ou pela ativagao de mecanorreceptores ou quimiorreceptores
no epitélio intestinal, desencadeados por estimulos quimicos como hormoénios,

neurotransmissores e metabdlitos produzidos pela microbiota intestinal (17,18).
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Figura 2. Mecanismos de comunicagdo do eixo microbiota-intestino-cérebro.

O estresse pode ativar a resposta do eixo HPA que envolve a sintese e liberagéo
de cortisol. O cortisol regula as respostas de sinalizagdo neuroimune que, por sua vez,
afetam a integridade da barreira intestinal. Hormdnios do estresse, mediadores
imunoldgicos e neurotransmissores do SNC podem ativar células neuronais do SNE e
das vias aferentes do nervo vago, e alterar a composicéo da microbiota intestinal (19).

A microbiota intestinal produz varios metabdlitos e neurotransmissores, alguns
dos quais estao envolvidos na fisiologia do cérebro e comportamento. Estudos
demonstraram que certas bactérias sao capazes de produzir neurotransmissores como

15



noradrenalina, dopamina e acido gama-aminobutirico (GABA), o que implica os
microrganismos como mediadores de moléculas de sinalizagdo usadas pelo sistema
nervoso (15,20-22). Também foi demonstrado que a microbiota intestinal influencia
indiretamente a neurotransmissdo serotoninérgica ao regular a disponibilidade do
triptofano, o precursor da serotonina (23,24). Os acidos graxos de cadeia curta (AGCC),
principais metabdlitos produzidos pela fermentagdo bacteriana de fibras dietéticas no
colon, podem influenciar a fisiologia do cérebro e comportamento através da ligagao e
ativagao dos receptores de acidos graxos livres (FFARs) que sdo expressos no nervo
vago, bem como participar da produc¢ao de neurotransmissores no cérebro, regulando a
expresséo de enzimas envolvidas em sua biossintese (25,26).

O sistema imunoldgico € um importante mediador da interagao entre a microbiota
intestinal e o cérebro por meio da producédo de citocinas. As citocinas podem ser
produzidas por células do sistema imunolégico ou acessar o SNC por meio de transporte
direto através da barreira hematoencefalica (BHE). Infec¢des, doengas autoimunes e
lesbes podem alterar a integridade da BHE, aumentando assim a acessibilidade do
cérebro a produtos microbianos no sistema circulatério (27). Além disso, a ativagéao
central de receptores de reconhecimento padrao (PRRs) por produtos bacterianos, como
peptidoglicano (PGN) e lipopolissacarideo (LPS), pode afetar diretamente o
desenvolvimento do cérebro e o comportamento (28,29).

O eixo microbiota-intestino-cérebro foi reconhecido como um modulador chave
de disturbios neuroldgicos, incluindo o transtorno do espectro autista (TEA) (30-32). O
TEA é um transtorno do neurodesenvolvimento de manifestacio precoce caracterizado
por comprometimentos na comunicagcdo e nas interacdes sociais e pela presenca de
padrdes restritos e repetitivos de comportamento (33). Estima-se que o TEA afeta uma
em cada 54 criangas nos Estados Unidos com maior prevaléncia em meninos (34).
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Evidéncias sugerem que fatores genéticos e ambientais estdo associados com a
etiologia do TEA. As comunidades bacterianas intestinais situam-se na intersegéo do
hospedeiro e do meio ambiente e podem influenciar diretamente a sadde humana. A
disbiose da microbiota intestinal esta associada com alteracbes na composicédo e
atividade metabdlica das bactérias intestinais, resultando na reducdo de bactérias
comensais e/ou no aumento da abundancia de bactérias patogénicas, que podem estar
associados a manifestagbes neurocomportamentais e sintomas gastrointestinais em
individuos autistas (31,35-37).

Alteracbes na composicdo da microbiota intestinal tém sido relatadas em
individuos com TEA, entretanto, € importante ressaltar que ha pouco consenso sobre
uma assinatura precisa da microbiota para o TEA. Tomova et al. (38) mostraram redugéo
da razédo Bacteroidetes/Firmicutes em criangas autistas, enquanto Zhang et al. (39)
observaram resultado oposto. Géneros como Desulfovibrio e Clostridium,
frequentemente associados a patologias, foram encontrados em maior abundancia na
microbiota de criangas com TEA em comparagéo a criangas neurotipicas (40,41). Por
outro lado, os géneros Bifidobacterium, Prevotella e Veillonella foram encontrados em
menor abundancia na microbiota de criancas autistas (35,42-44).

Sintomas gastrointestinais como dor abdominal, diarreia, constipagdo e
flatuléncia foram caracterizados como comorbidades comuns em individuos com TEA
(45,46). Curiosamente, foi relatado que os sintomas gastrointestinais estao fortemente
associados a gravidade do TEA (47,48). De fato, criangas autistas que apresentam
problemas gastrointestinais muitas vezes exibem comportamentos significativamente
mais elevados de irritabilidade, ansiedade e isolamento social (49).

Nesse sentido, a modulacdo da microbiota intestinal é uma estratégia
potencialmente interessante que pode alterar comportamentos influenciados pelo SNC

17



(9,50). Assim, a administragdo de psicobidticos vem sendo apontada como uma
promissora abordagem terapéutica na reducdo de sintomas gastrointestinais e
comportamentais associados ao TEA (51-53). Os psicobioticos foram inicialmente
definidos como probidticos que, quando ingeridos em quantidades adequadas,
produzem efeitos psiquiatricos positivos na psicopatologia (54). Sarkar et al. (55)
propuseram a inclusdo de prebidticos na definicdo de psicobidticos, uma vez que os
prebioticos produzem alteragbes especificas na composi¢ao e atividade microbiana do
colon, como o crescimento de bactérias comensais. Os psicobidticos podem atuar na
regulagéo dos neurotransmissores e proteinas, incluindo GABA, serotonina e glutamato
que desempenham papéis importantes no controle do comportamento, fungdes
cognitivas, aprendizagem e processos de memoria (56).

Especificamente, os probidticos sdo microrganismos vivos que, quando
administrados em quantidades adequadas, conferem beneficios a salide do hospedeiro
(57). As bactérias probidticas mais frequentemente estudadas séo Bifidobacterium spp.
e Lactobacillus spp.. Os efeitos benéficos atribuidos aos probidticos incluem a
modulagdo da composi¢cdo da microbiota intestinal, inibicdo de potenciais patdégenos as
células epiteliais do colon, estimulagao do sistema imunoldgico e manutengao da fungéo
da barreira epitelial intestinal (57-59). Os probiodticos também atuam na regulagéo do
eixo microbiota-intestino-cérebro. A administracdo de Lactobacillus rhamnosus JB-1
mostrou redugcdo de comportamentos semelhantes a ansiedade e depressdao em
camundongos. Além disso, esse microrganismo alterou a expressdo de receptores
GABA no cérebro (60). Bercik et al. (61) mostraram que o Bifidobacterium longum
NCC3001 melhorou o comportamento semelhante a ansiedade em camundongos com
colite infecciosa.

A administragdo de probidticos também tem sido investigada como estratégia
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para melhorar os sintomas relacionados ao TEA. Hsiao et al. (62) demonstraram que a
administracao de Bacteroides fragilis em modelo animal de ativagdo imune materna,
caracterizado por exibir comportamentos semelhantes ao autismo, melhorou a
integridade da barreira intestinal e reduziu significativamente déficits comportamentais
como ansiedade e comportamento repetitivo. Além disso, foi demonstrado que a
administragao do probidtico Lactobacillus reuteri reverteu déficits sociais associados ao
TEA e restaurou niveis de ocitocina - hormonio que influencia o comportamento social -
em modelo animal (63). Em um estudo clinico, a suplementagdo com probiéticos por 4
meses, compreendendo cepas de Lactobacillus, Bifidobacterium e Streptococcus,
normalizou a razédo Bacteroidetes/Firmicutes e as contagens de Desulfovibrio spp. e
Bifidobacterium spp. na microbiota fecal de criangas autistas (38). Shaaban et al. (51)
mostraram que criangas com TEA tratadas por 3 meses com um coquetel probidtico
(Bifidobacterium longum, Lactobacillus acidophilus e Lactobacillus rhamnosus)
apresentaram melhora nos sintomas comportamentais e gastrointestinais associados ao
TEA. Embora essas observagdes clinicas sejam promissoras, devem ser interpretadas
com cautela, uma vez que estudos clinicos sdo atualmente limitados.

Os prebidticos, por sua vez, sado considerados substratos utilizados
seletivamente por microrganismos hospedeiros que conferem beneficios a saude (64).
Inulina, fruto-oligossacarideos (FOS) e galacto-oligossacarideos (GOS) sao os
prebidticos mais documentados na saude humana (65). Os principais efeitos dos
prebidticos estao relacionados com o impacto na composi¢ao e atividade da microbiota
intestinal, estimulando o crescimento de bactérias comensais como Bifidobacterium e
Lactobacillus, bem como a produgéo de AGCC (66).

Estudos também mostram que os prebidticos podem apresentar efeitos
neuroendécrinos. Os prebidticos FOS e GOS mostraram efeito ansiolitico e
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antidepressivo em camundongos com estresse crénico que foi associado a alteragdes
na composi¢cao da microbiota intestinal e produgdo de metabdlitos (67). Schmidt et al.
(68) demonstraram que a intervencdo prebidtica com Bimuno® (B-GOS®) por trés
semanas diminuiu os niveis de cortisol salivar em individuos saudaveis, sugerindo que
a administragdo de prebidticos pode modular o eixo HPA. O efeito da intervencéo
prebidtica também foi investigada no contexto do TEA. O prebidtico B-GOS® teve um
impacto positivo na composigéo e no perfil metabdlico da microbiota intestinal usando
um modelo de fermentacao in vitro inoculado com amostras fecais de criangas autistas
(69). Posteriormente, esses pesquisadores mostraram que a combinagado de uma dieta
livre de gluten e caseina com o B-GOS® resultou na melhora do comportamento social
em criangas com TEA (53).

Ja os simbidticos sdo definidos como uma “mistura compreendendo
microrganismos vivos e substrato(s) utilizado(s) seletivamente por microrganismos
hospedeiros que confere beneficio a saude do hospedeiro” (70). Em um estudo duplo-
cego, controlado por placebo, Wang et al. (71) mostraram que a intervengao com
probidticos (Bifidobacterium infantis Bi-26, Lactobacillus rhamnosus HNOO1,
Bifidobacterium lactis BL-04 e Lactobacillus paracasei LPC-37) + FOS melhorou os
sintomas do TEA em criancas autistas e foi eficaz na modulacdo da composicao da
microbiota intestinal e na producdo de AGCC. Apesar dos resultados desse estudo
serem promissores, o efeito da administragdo de simbidticos nas disfungdes
gastrointestinais e comportamentais do TEA tem sido pouco explorado.

Recentemente, o transplante da microbiota fecal (TMF) também vem sendo
investigado como uma terapia potencial para individuos com TEA. Em um estudo clinico,
18 criangas com TEA tratadas com TMF durante 8 semanas apresentaram melhora nos
sintomas gastrointestinais e comportamentais associados ao autismo (72). Além disso,
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mudangas importantes na microbiota intestinal dos mesmos participantes, incluindo
aumentos significativos na diversidade bacteriana e abundéancia relativa de
Bifidobacterium e Prevotella, foram mantidas no estudo de acompanhamento de 2 anos
apos a interrupgao do tratamento com TMF (73). No entanto, € importante reconhecer
que os estudos apresentaram limitacdes quanto ao tamanho da amostra e desenho
experimental. Embora a replicagao e validagao desses achados em uma populagado mais
ampla e heterogénea sejam necessarias, esses estudos forneceram evidéncias
preliminares promissoras para demonstrar que a microbiota pode de fato ser uma
abordagem viavel como estratégia de tratamento para o TEA.

Os estudos da microbiota intestinal podem ser realizados utilizando modelos in
vitro ou in vivo. Os modelos de fermentagcido in vitro permitem estudar de forma
representativa a microbiota intestinal humana sob condigdes ambientais controladas.
Além disso, podem monitorar a composicdo e atividade microbiana, fornecendo
informagbes sobre as etapas do processo de fermentagdo nas diferentes regides
consecutivas do colon (74,75). Essa abordagem permite explorar a influéncia de uma
ampla variedade de fatores sobre a microbiota intestinal, como componentes dietéticos
(probidticos e prebidticos), patdogenos microbianos, produtos farmacéuticos e
substancias toéxicas (76). Nos ultimos anos, nosso grupo vem desenvolvendo varias
pesquisas utilizando o Simulador do Ecossistema Microbiano Humano (SEMH®) como
ferramenta de avaliagdo da microbiota intestinal, incluindo o impacto do Enterococcus
faecium CRL 183 (77) e da pectina citrica combinada com Bifidobacterium longum BB-
46 (78) na microbiota intestinal, bem como o efeito prebiético do FOS (79), bebida
“‘multifuncional” de leite cabra fermentado (80) e sorvete probiético (81) na microbiota
intestinal.

Estudos in vivo, em animais ou humanos, constituem uma abordagem
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representativa para investigar as interagbes entre a microbiota e o hospedeiro. Os
modelos animais sao importantes ferramentas em pesquisas relacionadas ao TEA, uma
vez que podem exibir endofendtipos neuropatolégicos e comportamentais semelhantes
ao autismo (82). Varios modelos animais tém sido utilizados para explorar as multiplas
vias de comunicagdo entre a microbiota intestinal e o cérebro, e mostrar como a
sinalizagdo quimica, neuronal e imune podem influenciar fenétipos semelhantes ao TEA
(62,63,83,84). Sgritta et al. (85), por exemplo, mostraram que o Lactobacillus reuteri
reverteu déficits sociais em varios modelos animais de TEA, incluindo modelos
geneéticos, ambientais e idiopaticos. Esses achados apoiam a ideia de que terapias
microbianas podem melhorar endofenétipos especificos associados ao TEA.

Em conjunto, essas evidéncias destacam que estratégias baseadas na
microbiota estdo emergindo como promissoras abordagens terapéuticas na reducéo de
sintomas associados ao TEA. Dessa maneira, o objetivo do presente trabalho foi avaliar
o efeito de psicobidticos na composicdo e metabolismo da microbiota intestinal de
criangas com TEA usando o SEMH®, bem como na microbiota intestinal e déficits

comportamentais em um modelo animal de TEA.
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Capitulo 1.

Effect of probiotic, prebiotic, and synbiotic on the gut microbiota of autistic

children using an in vitro gut microbiome model
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Abstract
Imbalances in gut microbiota composition occur in individuals with autism spectrum
disorder (ASD). The administration of probiotics, prebiotics, and synbiotics is emerging
as a potential and promising strategy for regulating the gut microbiota and improving
ASD-related symptoms. We first investigated the survival of the probiotics
Limosilactobacillus (L.) reuteri and Bifidobacterium (B.) longum alone, mixed and
combined with a galacto-oligosaccharide (GOS) under simulated gastrointestinal
conditions. Next, we evaluated the impact of probiotics (L. reuteri + B. longum), prebiotic
(GOS), and synbiotic (L. reuteri + B. longum + GOS) on gut microbiota composition and
metabolism of children with ASD using an in vitro fermentation model (SHIME®). The
combination of L. reuteri, B. longum, and GOS showed elevated gastrointestinal
resistance. The probiotic, prebiotic, and synbiotic treatments resulted in a positive
modulation of the gut microbiota and metabolic activity of children with ASD. More
specifically, the probiotic treatment increased the relative abundance of Lactobacillus,
while the prebiotic treatment increased the relative abundance of Bifidobacterium and
decreased the relative abundance of Lachnoclostridium. Changes in microbial
metabolism were associated with increased short-chain fatty acid concentrations and

reduced ammonium levels, particularly in the prebiotic and synbiotic treatments.

Keywords: Limosilactobacillus reuteri; Galacto-oligosaccharide; Bifidobacterium

longum; SHIME®; Microbiota modulation; Autism spectrum disorder.
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1. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized
by impairments in social interaction and communication, as well as restricted and
repetitive behaviors (American Psychiatric Association, 2013). The prevalence of ASD
has increased in recent years, representing a serious public health problem (Lyall et al.,
2017; Xu et al., 2019). The World Health Organization (WHO) (2021) estimates that one
in 160 children worldwide has ASD. The etiology of ASD is believed to involve a
combination of genetic and environmental risk factors (Fattorusso et al., 2019; Tordjman
et al., 2014). Several findings support the role of gut microbiota as an interface between
environmental and genetic risk factors associated with ASD (Vuong & Hsiao, 2017).
Gastrointestinal (Gl) symptoms are common comorbidities in individuals with ASD and
include constipation, diarrhea, and abdominal pain (Chaidez et al., 2014; Holingue et al.,
2018). Additionally, increased susceptibility to intestinal inflammation (McElhanon et al.,
2014) and altered gut permeability (de Magistris et al., 2010) have been documented in
individuals with ASD.

A growing body of evidence shows that changes in the gut microbiota can impact
immune, metabolic, and nervous system development and function via the microbiota-
gut-brain axis, supporting the idea of a bidirectional communication system linking gut
and brain (Carabotti et al., 2015; Cryan et al., 2019; Martin et al., 2018; Morais et al.,
2021). The gut microbiota is known to play an important role in maintaining normal Gl
tract functions and immune homeostasis. The occurrence of Gl symptoms in autistic
individuals suggests gut microbiota involvement in the Gl pathophysiology of ASD (Strati
et al., 2017; Vuong & Hsiao, 2017).

Individuals with ASD harbor an altered gut microbiota relative to neurotypical
individuals. The bacterial genus Bifidobacterium has been found in lower abundance in
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the gut microbiota of autistic children compared to neurotypical controls (Adams et al.,
2011; De Angelis et al., 2013; Wang et al., 2011). More specifically, Wang et al. (2020)
reported a significantly lower relative abundance of B. longum in children with autism.
Fecal microbiome profiling has shown a higher abundance of Clostridium and
Desulfovibrio species in subjects with ASD (Finegold et al., 2010; Parracho et al., 2005;
Song et al., 2004). Imbalances in the gut microbiota of autistic individuals may also
contribute to an altered production of metabolites such as short-chain fatty acids
(SCFAs). Increased levels of propionic acid in the stools of children with ASD have also
been reported (Wang et al., 2012). The intraventricular administration of propionic acid
to animals has been shown to result in some ASD-like behaviors (MacFabe et al., 2011;
Thomas et al., 2012). Propionic acid is a major SCFA produced by ASD-associated Gl
bacteria such as Clostridia, Bacteroides, and Desulfovibrio (MacFabe, 2015). Although
altered gut microbiota is often seen in autistic individuals, a consensus among studies
has not yet been established.

Gut microbiota modulation is a potential strategy either to reduce the abundance
of harmful microorganisms and related metabolites that may negatively alter central
nervous system (CNS)-driven behaviors or to increase the abundance of microorganisms
and metabolites that may support normal CNS-driven behavior (Sharon et al., 2016;
Sherwin et al., 2019). Thus, the administration of pro- and prebiotics is emerging as a
non-invasive therapeutic alternative for treating neurological disorders, including ASD
(Abdellatif et al., 2020; Grimaldi et al., 2018; Hsiao et al., 2013; Santocchi et al., 2020).
The L. reuteri ATCC 23272 has improved despair and anxiety-like behaviors in
chronically stressed mice (Marin et al., 2017). Studies have found that treatment with the
probiotic species L. reuteri has reversed social deficits in several mouse models of autism
(Buffington et al., 2016; Sgritta et al., 2019). Moreover, the bacteria B. longum, a well-
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documented probiotic, has been shown to protect against autoimmune diseases such as
inflammatory bowel disease and to normalize anxiety-like behavior induced by chronic
gut inflammation in mice (Bercik et al., 2011; Zhang et al., 2017). The oral administration
of B. longum to rats under “stressed” conditions revealed that the treatment influenced
the functioning of the hypothalamic-pituitary-adrenal axis and reduced the anxiolytic
behavior (Haas et al., 2020).

Prebiotics, specifically galacto-oligosaccharides (GOSs), have also shown
potential to manage ASD symptoms and comorbidities. Specifically, Grimaldi et al. (2017)
found significant changes in gut microbiota composition and metabolism after treatment
with the prebiotic B-GOS® using an in vitro gut model system inoculated with fecal
samples from autistic children. The authors subsequently reported that a combination of
a gluten- and casein-free diet with the prebiotic B-GOS® resulted in an improvement in
social behavior symptoms of children with ASD (Grimaldi et al., 2018).

In vitro gut fermentation models are excellent tools for assessing the microbiota
and Gl environment under controlled conditions (Van de Wiele et al., 2015). Research
using Gl simulators is an essential complement to in vivo studies and provides insights
into different steps of the fermentation process by allowing a dynamic sampling over time
in different consecutive regions of the colon (Venema & Van den Abbeele, 2013). The
Simulator of the Human Intestinal Microbial Ecosystem (SHIME®) is a dynamic in vitro
system that simulates the different parts of the Gl tract and thus enables the study of gut
microbiota composition and metabolites production, as well as the potential effects of pro-
and prebiotics on the gut microbiota (Bianchi et al., 2018; Molly et al., 1994; Pham &
Mohajeri, 2018; Rodrigues et al., 2020).

Taken together, these findings highlight that administration of pro- and prebiotics
may be a promising approach for modulating the gut microbiota and improving ASD-
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related symptoms. Thus, the current study sought to evaluate the survival of the probiotic
strains of L. reuteri and B. longum alone, mixed and combined with GOS in simulated Gl
conditions and to then evaluate the impact of select treatment on the gut microbiota
composition and metabolism of children with ASD using an in vitro fermentation model

(SHIME®).

2. Material and methods
2.1. Cultures and substrate

The prebiotic Vivinal® GOS was supplied by FrieslandCampina Ingredients
(Vinhedo, Brazil). Limosilactobacillus reuteri ATCC 23272 (André Tosello Foundation,
Campinas, Brazil) and Bifidobacterium longum BB-46 (Christian Hansen, Valinhos,
Brazil) were purchased as fresh cultures and stored at —80 °C in De Man, Rogosa and
Sharpe (MRS) broth (Merck, Germany) and glycerol.

These probiotics were activated in MRS broth at 37 °C for 16 h. The cultures were
centrifuged, washed, and resuspended in sterile saline solution (NaCl 0.85%).
Populations of L. reuteri were determined by plating on MRS agar after 48 h of anaerobic
incubation at 37 °C. Populations of B. longum were determined by plating on MRS agar
with the addition of sodium propionate (3 g/L) (Sigma-Aldrich, USA) and lithium chloride

(2 g/L) (Merck, Germany), followed by anaerobic incubation at 37 °C for 72 h.

2.2. Survival of L. reuteri and B. longum in simulated Gl conditions

The survival of probiotic strains was assessed as previously described by Buriti,
Castro, and Saad (2010), with minor modifications (Table 1). Briefly, each probiotic strain
(alone, mixed and combined with GOS) in NaCl solution (0.85% w/v) was transferred to
sterilized flasks. Pepsin from porcine gastric mucosa (3 g/L) (Sigma-Aldrich, USA) and
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amano lipase G from Penicillium camemberti (0.9 mg/L) (Sigma-Aldrich, USA) were
added to the samples, and the pH was adjusted to 2.0-2.5 using a 1 N HCI solution
(Merck, Germany). The flasks were incubated at 37 °C and shaken at 150 rpm in a
metabolic water bath (Dubnoff MA-095, Marconi, Brazil) for 2 h to simulate the gastric
phase. Next, bovine bile (10 g/L) (Sigma-Aldrich, USA) and porcine pancreatin (1 g/L)
(Sigma-Aldrich, USA) were added to the samples, and the pH was adjusted to 4.5-5.5
using an alkaline solution (150 mL of 1 N NaOH, 11.16 g of PO4H:Na-2H0, and distilled
water up to 1 L). The flasks were incubated at 37 °C and shaken at 150 rpm for 2 h to
simulate enteric phase I. Finally, bile and pancreatin were adjusted to maintain the
concentrations of 10 g/L and 1 g/L, respectively, and the pH was increased to 6.5-7.5
using the same alkaline solution. The flasks were incubated again at 37 °C and shaken
at 150 rpm for 2 h to simulate enteric phase Il, thus completing the 6 h of assay. Samples
were collected before the assay (0 h) and after each phase of the assay (2 h, 4 h, and 6
h) in triplicate to enumeration of colony-forming unites (CFU) of L. reuteri and B. longum.

Additionally, the survival rate proposed by Guo et al. (2009) was calculated using
the following equation:

Survival rate (%) = (log CFU N+ / log CFU No) x 100

where N, = the total viable count of probiotic strains after exposure to in vitro
simulated Gl conditions (6 h) and N, = the total viable count of probiotic strains before

exposure to in vitro simulated Gl conditions (0 h).

2.3. SHIME® model
The SHIME® is an in vitro Gl system consisting of five double-jacketed vessels
set up in sequence to simulate the stomach, small intestine, ascending colon (AC),

transverse colon (TC), and descending colon (DC) (Molly et al., 1994). The system was
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maintained at 37 °C under anaerobic conditions sustained by sealing the vessels and
applying nitrogen flow. The pH and retention time of each vessel was controlled to match
the physiological conditions of the colon regions as previously described by Possemiers

et al. (2004).

2.3.1. Short-term SHIME® run

The most promising treatment selected from the simulated GI conditions assay
(Section 2.2) was evaluated on gut microbiota composition and metabolism of a child with
ASD using the SHIME® as an in vitro batch incubation model. In this experiment, the fecal
sample was obtained from a 4-year-old autistic child who had not used antibiotics,
probiotics, or prebiotics in the 6 months prior to the study. The autistic child was classified
with mild autism according to the Childhood Autism Rating Scale (CARS). The fecal
inoculum was prepared using an aliquot of 20 g of the fecal sample diluted in 200 mL of
phosphate buffer (0.05 mol/L of monosodium phosphate, 0.05 mol/L of disodium
phosphate, and 0.1% sodium thioglycolate - pH 6.5) and homogenized in a stomacher
(model 130, Nova Etica, Brazil) for 10 min. Next, the diluted fecal sample was centrifuged
for 15 min at 3000 rpm, and 40 mL of supernatant was added to the vessel representing
the AC (Possemiers et al., 2010). The fecal inoculum was stabilized over a 2-week period
in a carbohydrate-based medium to allow the microbiota to adapt to the colon conditions
(control period). After stabilization, the SHIME® run included a treatment period. In the
treatment period, 108 CFU/mL of L. reuteri and B. longum, as well as 5 g of GOS were
added to the system and incubated for 72 h (Figure 1). Colon samples were taken during
batch incubation (0, 24, 48, and 72 h) to analyze metabolic activity and microbiota

composition.
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2.3.2. Long-term SHIME® run

The fecal inoculum was prepared as previously described by Possemiers et al.
(2010). The AC, TC, and DC of the SHIME® were inoculated with fecal samples from
three children with ASD between 4 and 5 years of age who had not used antibiotics,
probiotics, or prebiotics in the 6 months prior to the study. The autistic children were
classified with mild-severe autism according to the CARS. The experimental protocol was
performed in the SHIME® for 7 weeks. After fecal inoculation, a 2-week stabilization
period was performed to allow the microbial community to adapt to each colon condition
(Control 1). After stabilization, 1-week treatments were consecutively administered to the
system with a pause of 1 week between each treatment to stabilize the microbiota
(Control 2 and Control 3). Based on the results of the short-term SHIME® run, a probiotic
treatment (L. reuteri + B. longum), a prebiotic treatment (GOS), and a synbiotic treatment
(L. reuteri + B. longum + GOS) were administered to the system. The probiotic cultures
(108 CFU/mL of each strain), the prebiotic GOS (2.5 g), as well as the synbiotic (108
CFU/mL of each strain + 2.5 g of GOS) were administered with the carbohydrate-based
medium twice a day. Samples from the AC, TC, and DC were collected at the end of each
experimental period to analyze metabolic activity and microbiota composition. The

SHIME® experiment was performed in duplicate (Figure 2).

2.4. Quantitative real-time PCR (qPCR)

The bacterial composition in the in vitro colonic model was assessed using
quantitative real-time PCR (qPCR). The DNA was extracted using a QlAamp Fast DNA
Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions
and then quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, USA). Next, gPCR was performed using Power SYBR Green Master Mix
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(Applied Biosystems, USA), with analysis in a 7500 Real-Time PCR System (Applied
Biosystems, USA). Specific primers were selected to detect bacteria of interest that might
be involved in ASD pathogenesis and are shown in Table 2. The gPCR reaction had a
final volume of 20 L, which consisted of 1 yL of DNA template, 10 yL of SYBR Green,
and primers at a final concentration of 0.5 yM. Each sample was analyzed in duplicate.
Amplification conditions were 50 °C for 2 min, 95 °C for 10 m, followed by 40 cycles at
95 °C for 15 s and 60 °C for 60 s. The relative abundance of each bacterial group was
computed according to the comparative Cr method proposed by Schmittgen and Livak
(2008), where ACt = (Cr bacterial group — Cruniversal bacteria), using universal bacteria

as a normalizer.

2.5. 16S rRNA gene sequencing

Samples were collected from the AC, TC, and DC and were then lyophilized and
stored at —80°C until prepared for sequencing. Bacterial genomic DNA was extracted
using the DNeasy PowerLyzer PowerSoil kit (Qiagen, Valencia, USA) according to the
manufacturer's instructions. The 16S rRNA V3-V4 regions were amplified by two-step
PCR and sequenced on the MiSeq platform (lllumina) using the 300 bp paired-end
protocol. The primers used to amplify the V3-V4 regions of the 16S rRNA gene were 319
F - 806 R. The 16S rRNA gene read pairs were demultiplexed in FASTQ files and
trimmed. The bioinformatic analysis of the sequences was performed in the Quantitative
Insights Into Microbial Ecology (QIIMEZ2) program, version 2019.7. The DADA2 method
was implemented to detect and correct sequencing noises, remove chimeric sequences,
and group the sequences into operational taxonomic units (OTUs). To classify the

sequences according to their taxonomic information, the g2-feature-classifier plugin was

33



used based on the VSEARCH alignment method (Rognes et al., 2016) with the SILVA

v132 database (Quast et al., 2013) and with a sequence identity percentage of 97%.

2.6. Ammonium and SCFAs

Ammonium levels were determined using a specific ion meter (model HI 4101,
Hanna Instruments, USA) combined with an ammonia ion selective electrode (Orion 95-
12 model, Thermo Fisher Scientific, USA). An aliquot of 0.2 mL of an ammonia ionic
strength adjustor solution (Orion) was added to each 10 mL of the sample, and the
ammonium level was measured in triplicate (Bianchi et al., 2014).

To analyze the SCFAs, 2 mL samples were centrifuged at 14000 rpm for 5 min,
and 300 uL of the supernatant was diluted in 1700 L of ultrapure water. Next, 1 g of
NaCl was added, as well as 100 pL of crotonic acid (700 mg/L), 70 pL of isobutanol (1
g/L), and 200 pL of 2 M H2SOs. The SCFAs were analyzed using a GC-2010 gas
chromatograph (Shimadzu, Kyoto, Japan) equipped with a split/splitless injector, a flame
ionization detector, and a CombiPAL autosampler for headspace analysis. The SCFAs
were separated using a HP-INNOWax column (30 m x 0.25 mm x 0.25 ym) (Agilent
Technologies, USA). Hydrogen was used as the carrier gas at a flow rate of 1.45 mL/min.
The temperature of both the injector and detector was 240 °C (Adorno et al., 2014). The

analysis was performed in triplicate.

2.7. Statistical analysis

Data were presented as mean + standard deviation (SD). The paired t-test, one-
way analysis of variance (ANOVA), and Tukey’s test were used to analyze the results,
with p < 0.05 considered statistically significant. Statistical analysis was performed using
GraphPad Prism software, version 8.0 (La Jolla, USA). The 16S rRNA gene sequencing
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analyses were conducted in RStudio, version 3.2.4 (R Core Team, 2018) utilizing the
phyloseq package (McMurdie, Holmes, & Watson, 2013) to import sample data and
calculate alpha and beta diversity metrics. The significance of categorical variables was
determined using the non-parametric Wilcoxon test for two category comparisons or the
Kruskal-Wallis test when comparing three or more categories. Principal coordinate plots
relied on the PERMANOVA test to estimate p values (Fierer et al., 2010). The p values
were adjusted for multiple comparisons using the FDR algorithm (Benjamini et al., 2001).
Correlation analysis between microbial groups and the metabolism products was
performed using Spearman correlation test using the cor.mtest function from the corrplot

stats package (Wei & Simko, 2021).

3. Results
3.1. Survival of L. reuteri and B. longum under simulated Gl conditions

We first verified the survival of L. reuteri and B. longum alone, mixed and
combined with GOS in in vitro adverse Gl conditions, which were specifically established
as low pH, the presence of pepsin and pancreatin, and tolerance to bile salts (Table 3).
Survival of all probiotic strains decreased significantly over the course of the gastric and
enteric | and Il phases. We also observed pronounced reductions in the L. reuteri and B.
longum survival during enteric phases | and Il, which was likely due to the presence of
bile salts and pancreatin affecting cell membranes and impacting the viability of these
microorganisms. Moreover, survival of most of the probiotic strains combined with GOS
was higher than in the pure cultures. This finding suggests that GOS has a protective
effect. The highest survival rates were exhibited by L. reuteri when combined with GOS
(74%), by L. reuteri when combined with B. longum and GOS (71%), and by B. longum
when combined with L. reuteri and GOS (68%) (Table 3). The effects of probiotics are
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known to be strain-specific. Thus, we hypothesized that the use of different probiotic
strains in combination could be more effective than a single strain. In this sense, a
combination of two probiotic strains with a prebiotic could lead to a broader range of
bacterial stimulation in the colon. Based on the viability results, the combination of L.
reuteri + B. longum + GOS was selected for further analysis using the SHIME® in a short-

term run.

3.2. Microbiota composition and metabolic activity in short-term SHIME® run

Changes to microbiota composition over the incubation periods with the synbiotic
treatment were analyzed using qPCR that targeted specific bacterial groups (Figure 3).
We observed that the relative abundance of Bifidobacterium spp. and of the Lactobacillus
group increased significantly while the Clostridium difficile and the Clostridium
perfringens group decreased slightly but not significantly over the course of the incubation
period. The Desulfovibrio desulfuricans group significantly decreased for 48 h of
incubation and was then found to be higher at 72 h, with no significant difference relative
to O h.

The effect of the synbiotic treatment on the saccharolytic and proteolytic
fermentation of the gut microbiota was also evaluated based on the production of SCFAs
and ammonium, respectively (Figure 4). A significant increase in acetic and propionic
acid production was observed over the course of the incubation periods (Figure 4A).
Butyric acid was also analyzed (data not shown), but the results were below the detection
limit. Ammonium concentrations significantly decreased over the course of the incubation
periods (Figure 4B). The promising results from this step of the study provided a good
starting point for further investigations into the effect of synbiotic on the gut microbiota of
ASD children in a long-term SHIME® run.
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3.3. Microbiota composition in long-term SHIME® run

The microbiota composition and microbial community structure were analyzed
using 16S rRNA gene sequencing. The microbiota was mainly represented by the phyla
Firmicutes, Actinobacteria, Bacteroidetes, and Proteobacteria in the three colon regions
during the control periods (Figure 5). Changes were seen in the relative abundance of
the main phyla following the treatment administration. The probiotic treatment increased
the relative abundance of Firmicutes and decreased Actinobacteria and Bacteroidetes
abundance in the three colon regions. Also, an increase in Verrucomicrobia phylum
abundance was observed in the TC and the DC (Figure 5). The increase in Firmicutes
phylum abundance observed was largely the result of the increase in Lactobacillaceae
family abundance, as well as of the decrease in Bifidobacteriaceae and Bacteroidaceae
family abundance in the three colon regions (Figure 6).

The prebiotic and synbiotic treatments increased Actinobacteria abundance and
decreased Bacteroidetes and Verrucomicrobia abundance in the three colon regions. In
addition, the prebiotic treatment decreased Firmicutes abundance in the TC and the DC,
while the symbiotic treatment increased Firmicutes abundance in the same colons
(Figure 5). The prebiotic and synbiotic treatments also increased Bifidobacteriaceae
family abundance and decreased Bacteroidaceae abundance in the three colon regions.
Additionally, Lactobacillaceae abundance decreased in the prebiotic treatment and
increased in the synbiotic treatment (Figure 6).

More specifically, we evaluated whether the treatments changed the main genera
found in the microbiota of children with ASD (Figure 7). The probiotic treatment
significantly increased Lactobacillus abundance. Akkermansia, Blautia, and Desulfovibrio
abundance increased, while Bifidobacterium, Bacteroides, Lachnoclostridium,
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Veillonella, and Prevotella abundance decreased with no significant difference. The
prebiotic treatment significantly increased Bifidobacterium abundance, as well as Blautia
and Veillonella abundance, though not significantly. In contrast, Lachnoclostridium
abundance significantly decreased while the Lactobacillus, Akkermansia, Desulfovibrio,
Bacteroides, and Prevotella abundance decreased with no significant difference. Finally,
the synbiotic treatment increased Bifidobacterium, Lactobacillus, Akkermansia, and
Blautia abundance while Bacteroides, Lachnoclostridium, Desulfovibrio, Prevotella, and
Veillonella abundance decreased with no significant difference (Figure 7). These results
reinforce the idea that the different treatments evaluated can modulate the microbiota of
children with ASD in different ways.

The alpha diversity analysis showed that all of the treatments (probiotic, prebiotic,
and synbiotic) reduced richness and diversity, as evidenced by the Chao1 and Shannon
indices relative to the controls (Figures 8A and 8B). In addition, richness and diversity
indices decreased significantly in the AC relative to the TC and DC (Figures 8C and 8D).
The beta diversity analysis based on the Bray-Curtis dissimilarity revealed significant
differences in the microbial community between the treatments (p = 0.013), as well as
between the colon regions (p = 0.003) (Figure 9A). Moreover, weighted UniFrac distances
revealed significant differences between the treatments (p = 0.013) (Figure 9B), while un-
weighted UniFrac distances exhibited no differences (p = 0.537) (Figure 9C). Taken
together, the beta diversity analyses revealed differing microbial profiles between the
treatments, indicating changes in the microbial community structure caused by

treatments in all three colon regions.
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3.4. Microbial metabolism in long-term SHIME® run

Metabolic activity involving SCFAs and ammonium production is shown in Figure
10. The probiotic treatment decreased acetic acid concentrations and increased butyric
acid concentrations in all regions of the colon. Specifically, acetic acid decreased
significantly in the AC while butyric acid significantly increased in the TC. In addition,
propionic acid concentrations decreased in the AC and increased slightly in the TC and
the DC with no significant difference. The prebiotic and synbiotic treatments increased all
SCFA concentrations in the three regions of the colon. More specifically, the prebiotic
and synbiotic treatments significantly increased butyric acid concentrations in the AC and
the DC. Acetic acid concentrations also increased significantly in the TC and the DC in
the prebiotic treatment and in all three regions in the synbiotic treatment (Figures 10A-
10C). In the probiotic treatment, ammonium concentrations increased in the AC with no
significant difference and decreased significantly in the TC and the DC. On the other
hand, both prebiotic and synbiotic treatments significantly decreased ammonium
concentrations in all three regions of the colon (Figure 10D).

Correlation analysis was performed to identify associations between the main
bacterial genera in the microbiota of children with ASD and the production of ammonium
and SCFAs (Figure 11). Ammonium production negatively correlated with
Bifidobacterium, Veillonella, and Agathobacter (p < 0.05) and positively correlated with
Akkermansia, Bacteroides, Desulfovibrio, Parasutterella, and Subdoligranulum (p <
0.05). Butyric acid positively correlated with Bifidobacterium, Blautia, Prevotella,
Agathobacter, and Subdoligranulum (p < 0.05), while acetic acid positively correlated with
Bifidobacterium (p < 0.05). Propionic acid negatively correlated with Enterobacter and
positively correlated with Subdoligranulum (p < 0.05). Interestingly, the Lachnoclostridium
genus was negatively correlated with all SCFA production (p < 0.05) (Figure 11).
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4. Discussion

The ability to survive adverse conditions in the Gl tract is a key requirement for
probiotics to exert their beneficial effects on the colon (Food and Agriculture Organization
of the United Nations [FAO] & WHO, 2002). Survival of most of the probiotic strains
combined with GOS was found to be higher than in the pure cultures, suggesting that
GOS has a protective effect. According to Hernandez-Hernandez et al. (2012), the use
of prebiotic ingredients may be a good alternative to support the growth of probiotic
strains and improve their survival through the Gl tract. Krasaekoopt and Watcharapoka
(2014) reported that the presence of GOS in the microencapsulation of Lactobacillus
acidophilus (LA 5) and Lactobacillus casei (LC 01) provided protection and enhanced the
viability of these probiotics in a simulated digestive system. Our results indicate that GOS
combined with L. reuteri + B. longum increased the probiotics’ ability to resist the
simulated GI conditions.

The gut microbiota has been suggested to play a potential role in ASD. Individuals
with ASD have been found to have differences in gut microbiota composition relative to
neurotypical individuals (De Angelis et al., 2013; Finegold et al., 2010; Kang et al., 2019;
Liu et al., 2019; Strati et al., 2017; Zhang et al., 2018). The frequent occurrence of Gl
symptoms and evidence of immune imbalances in these individuals also suggest the
involvement of the microbiota in ASD (Onore et al., 2012; Vuong & Hsiao, 2017). In
addition, cellular components produced by gut bacteria, such as peptidoglycan,
lipopolysaccharide, and flagellin, are recognized by pattern-recognition receptors (PRRs)
on epithelial and immune cells. They produce cytokines, hormones, and other molecular
signals, which serve as neurotransmitters within the CNS (Cerdo et al., 2017). Microbiota-
based strategies have demonstrated the potential to regulate CNS-driven behaviors
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(Sherwin et al., 2019; Vuong et al., 2017). Preclinical and clinical studies have shown that
the administration of pro- and prebiotics can be a potential therapeutic strategy for
treating neurological disorders such as ASD (Buffington et al., 2016; Grimaldi et al., 2018;
Hsiao et al., 2013; Sgritta et al., 2019; Tomova et al., 2015). More specifically, Grimaldi
et al. (2017) investigated the influence of the prebiotic B-GOS® on an in vitro gut model
system inoculated with feces from autistic children. B-GOS® administration positively
modulated the bacterial populations and metabolic profile, which showed an increase in
the abundance of Bifidobacterium, as well as higher acetate and butyrate levels. Similar
results were also observed in our study, in which the abundance of Bifidobacterium
increased following prebiotic and synbiotic treatments.

Lower Bifidobacterium and Blautia levels have been reported in individuals with
ASD (Inoue et al., 2016; Wang et al., 2011). We observed that Lactobacillus abundance
increased following probiotic treatment, and Bifidobacterium and Blautia abundance
increased after the prebiotic and synbiotic treatments. The increase in these genera can
be considered positive, since lower levels of beneficial bacteria seen in ASD individuals
may be involved in the pathogenesis of the disease (Liu et al., 2019). It is known that
some species of Bifidobacterium produce gamma-aminobutyric acid (GABA) (Srikantha
& Mohajeri, 2019), which is involved in the metabolism of glutamate, an excitatory
neurotransmitter in the brain (Shen, 2013). Consequently, glutamate concentrations
negatively correlate with the severity of the anxiety, social, and behavioral disorders
typical of ASD (Horder et al., 2018; Iglesias-Vazquez et al., 2020; Wieronska et al., 2011).
Blautia plays an important role in preventing inflammation by upregulating intestinal
regulatory T cells and producing SCFAs (Liu et al., 2021). In addition, Lactobacillus can
contribute to the regulation of intestinal epithelial functions by maintaining the epithelial
barrier and enhancing protective immune responses (Yan & Polk, 2020). Bacteria such
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as Desulfovibrio and Clostridium are often present in higher numbers in autistic subjects
than in controls and are related to the severity of ASD symptoms (Finegold et al., 2017;
Luna et al, 2017; Tomova et al., 2015). Desulfovibrio is known to produce
lipopolysaccharide (LPS) and hydrogen sulfide, which could be toxic to intestinal cells
under certain circumstances (Finegold et al., 2010). The role of Clostridia in ASD has
been also explored. Kandeel et al. (2020) emphasized the potential correlation between
gut colonization by Clostridia and the probability of developing or exacerbating ASD in
children, demonstrating that Clostridium may play a potential role in the etiology of ASD.
Some Clostridium species have also been correlated with constipation in ASD and could
produce pro-inflammatory exotoxins (Strati et al., 2017). Our results showed a decrease
in Clostridium perfringens and Desulfovibrio desulfuricans group over the course of the
synbiotic treatment in the short-term SHIME® run, a decrease in the genus Desulfovibrio
in the prebiotic and synbiotic treatments, and a decrease in Lachnoclostridium in all
treatments administered in the long-term SHIME® run. According to Yutin and Galperin
(2013), the Lachnoclostridium genus is a new proposed classification for several
Clostridium species. We also observed a decrease in the Bacteroides genus in all
treatments. Bacteroides has been reported to be abundant in ASD subjects and is related
to the production of propionic acid, which, at elevated levels, can induce an inflammatory
response seen in ASD cases (Abdelli et al., 2019; De Angelis et al., 2013; Macfabe,
2015). Taken together, our results suggest that the treatments evaluated in this study
may reduce populations of these ASD-associated bacteria.

Changes in the gut microbiota composition can result in altered metabolic profiles,
impacting the nutrients and microbial metabolites bioavailability (Sharon et al., 2014,
2019). Lower concentrations of SCFAs have been found in the gut microbiota of autistic
children; these levels may be partly related to lower saccharolytic fermentation by

42



beneficial bacteria, to prolonged transit time due to constipation or common Gl disorders
in ASD, and/or to increased gut permeability (Adams et al., 2011). Williams et al. (2011)
also reported impaired carbohydrate digestion and transport as well as mucosal dysbiosis
in the gut of autistic children. Our study showed more evident results in the production of
SCFAs following the administration of prebiotic and synbiotic treatments. Vivinal GOS®
is a prebiotic of the galacto-oligosaccharide type, considered a substrate that is used
selectively by host microorganisms, generally associated with the stimulation of beneficial
bacteria. This substrate is fermented by intestinal bacteria resulting in the production of
metabolites such as SCFAs (Gibson et al., 2017). The increase in SCFA production by
prebiotic and synbiotic treatments applied herein can be considered positive, since some
studies have shown that children with ASD exhibit lower SCFA concentrations relative to
neurotypical children (Adams et al., 2011; De Angelis et al., 2013; Grimaldi et al., 2017).
This is likely due not only to a compromised microbiota characterized by changes in
composition (such as reduced levels of Bifidobacterium) (Adams et al., 2011), but also to
reduced metabolic activity of intestinal bacteria. In line with our findings, Grimaldi et al.
(2017) showed that administering B-GOS® in an in vitro model simulating the gut of
autistic children increased acetate and butyrate concentrations. More recently, Wang et
al. (2020) observed a significant increase in SCFAs in children with ASD after an
intervention combining probiotics and fructo-oligosaccharide.

SCFAs are the main metabolites produced in the colon by bacterial fermentation
of dietary carbohydrates and play a crucial role in intestinal health, serving as a source
of energy for the colon’s epithelial cells (Koh et al., 2016). Additionally, SCFAs are
microbial metabolites that can cross the blood-brain barrier and affect CNS functions,
brain development, and behavior (Dalile et al., 2019; Macfabe, 2015; Silva et al., 2020).
Interestingly, we observed that increases in Bifidobacterium and Blautia abundance were
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positively correlated with acetic and butyric acid production, while a decrease in
Lachnoclostridium abundance was negatively correlated with SCFA production, results
which are considered positive. Bifidobacterium and Blautia play an important role in
SCFA production (Liu et al, 2021; Riviere et al., 2016), while the genus
Lachnoclostridium has been associated with ASD, specifically in subjects with Gl
symptoms (Luna et al., 2017).

Proteolytic activity in the gut can produce potentially toxic metabolites such as
ammonia. Wang et al. (2012) observed higher fecal ammonia concentrations in children
with ASD, while other studies have reported elevated plasma ammonia levels in children
with ASD (Clark-Taylor & Clark-Taylor, 2004; Filipek et al., 2004). Since most ammonia
enters the blood from the Gl tract (Felipo & Butterworth, 2002), higher fecal ammonia
concentrations in ASD may translate into higher plasma levels (Wang et al., 2012). When
present in high concentrations, ammonia can negatively impact the morphology of
epithelial cells in the colon and increase gut permeability (Davila et al., 2013; Hughes et
al., 2008). Our results showed significant decreases in ammonium concentrations
following the treatments administered in both the short- and long-term SHIME® runs.
Decreases in ammonium may be largely attributed to the reduced Bacteroides and
Desulfovibrio abundance and increased Bifidobacterium abundance observed after the
administration of the probiotic, prebiotic, and synbiotic treatments. Though several
studies have investigated the relationship between microbial metabolites and ASD, the

mechanisms involved in this association have not been fully elucidated.

5. Conclusions
The growing prevalence of ASD has encouraged researchers to develop

microbiota-based strategies to prevent and treat this disorder. Our results showed that

44



the combination of L. reuteri + B. longum + GOS exhibited elevated Gl resistance.
According to the SHIME® results, the probiotic, prebiotic, and synbiotic treatments
positively modulated the gut microbiota and metabolic activity of ASD children. More
specifically, probiotic treatment increased the relative abundance of Lactobacillus, while
the prebiotic treatment increased the relative abundance of Bifidobacterium and
decreased the relative abundance of Lachnoclostridium. The changes seen in microbial
metabolism were associated with increased concentrations of SCFAs and reduced

ammonium levels, particularly in the prebiotic and synbiotic treatments.
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Table 1. Treatments exposed to simulated gastrointestinal conditions

Probiotics alone, mixed and combined with GOS

Limosilactobacillus reuteri

Bifidobacterium longum

Limosilactobacillus reuteri + Bifidobacterium longum

Limosilactobacillus reuteri + GOS

Bifidobacterium longum + GOS

Limosilactobacillus reuteri + Bifidobacterium longum + GOS

Table 2. Primer sequences used in quantitative real-time PCR

Bacterial group

Oligonucleotide sequence

Reference

Bifidobacterium spp.

Lactobacillus group

Clostridium perfringens group

Clostridium difficile

Desulfovibrio desulfuricans group

Universal bacteria

F: 5-TCGCGTC(C/T)GGTGTGAAAG-3'
R: 5'-CCACATCCAGC(A/G)TCCAC-3'

F: 5-~AGCAGTAGGGAATCTTCCA-3'
R: 5'-CACCGCTACACATGGAG-3'

F: 5-ATGCAAGTCGAGCGA(G/T)G-3'
R: 5-TATGCGGTATTAATCT(C/T)CCTTT-3'

F: 5-TTGAGCGATTTACTTCGGTAAAGA-3'
R: 5'-CCATCCTGTACTGGCTCACCT-3'

F: 5-GGTACCTTCAAAGGAAGCAC-3'
R: 5'-GGGATTTCACCCCTGACTTA-3'

F: 5-ACTCCTACGGGAGGCAGCAG-3'
R: 5-ATTACCGCGGCTGCTGG-3'

Rinttila, Kassinen, Malinen,
Krogius, and Palva (2004)

Rinttila et al. (2004)

Rinttila et al. (2004)

Rinttila et al. (2004)

Rinttila et al. (2004)

Boon et al. (2003)

F: forward; R: reverse.
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Table 3. Population (log CFU/mL) and survival rate (%) of B. longum and L. reuteri alone, mixed and

combined with GOS under simulated gastrointestinal conditions

Treatments Initial time Gastric phase Enteric phase | Enteric phase Il '_Sal:;vé\;/?)l
B. longum 9.08% + 0.04 5.34%¢ + 0.08 4.72°+0.12 5.08%¢ + 0.04 56%
B. longum + GOS 9.14%2 £+ 0.09 6.178¢ £ 0.12 3.98%"+0.03 4.09% £ 0.09 45%
L. reuteri 9.22%2 + 0.05 7.315¢+0.03 5.24°° + 0.04 5.31°°+0.08 58%
L. reuteri + GOS 8.46"° + 0.08 7.218¢+ 0.04 5720+ 0.12 6.27°° + 0.08 74%
L. reuteri (combined with B. longum) 9.08%2 + 0.06 6.325¢ + 0.07 4.32% +0.07 4.33% +0.08 48%
B. longum (combined with L. reuteri) 9.19%2 + 0.04 6.278¢ £+ 0.05 5.28°° + 0.06 5.35° +0.08 58%
L. reuteri (combined with B. longum + GOS) 9.22%2 + 0.02 8.59% + 0.07 6.43% + 0.04 6.54%@ + 0.09 71%
B. longum (combined with L. reuteri + GOS) 9.21%42 + 0.04 8.26%° +0.16 6.31°2+ 0.05 6.27°° + 0.05 68%

B. longum: Bifidobacterium longum; L. reuteri: Limosilactobacillus reuteri; GOS: galacto-oligosaccharide. Initial time = 0 h; Gastric phase = 2
h; Enteric phase | = 4 h; Enteric phase 1l =6 h.

*Different upper-case letters on the same line indicate statistical difference according to Tukey’s post-test (p < 0.05). Different lower-case
letters on the same column indicate statistical difference according to Tukey’s post-test (p < 0.05).

tData are presented as mean + SD (n = 3).

CONTROL

(carbohydrate-based medium)

|

2 weeks

Oh 24h 48 h 72h

[

SYNBIOTIC
TREATMENT

(L. reuteri + B. longum + GOS +
carbohydrate-based medium)

Figure 1. Schematic representation of the experimental design used in the short-term SHIME®

run.
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Relative abundance

CONTROL 1 PROBIOTIC CONTROL 2 PREBIOTIC CONTROL 3 SYNBIOTIC
TREATMENT TREATMENT TREATMENT

l 4 > )
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N

Figure 2. Schematic representation of the experimental design used in the long-term SHIME® run.
Control 1 (carbohydrate-based medium); Probiotic treatment (L. reuteri + B. longum +
carbohydrate-based medium); Control 2 (carbohydrate-based medium); Prebiotic treatment (GOS
+ carbohydrate-based medium); Control 3 (carbohydrate-based medium); and Synbiotic treatment

(L. reuteri + B. longum + GOS + carbohydrate-based medium).
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Figure 3. Relative abundance (ACt) of bacterial groups in the microbiota of child with autism
spectrum disorder (ASD) using the SHIME® model over the course of synbiotic incubation periods
(n = 4). Data are presented as mean * SD. Different letters indicate statistical difference between

incubation periods according to ANOVA and Tukey’s post-test (p < 0.05).
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Figure 4. (A) Short-chain fatty acid and (B) ammonium concentrations in the microbiota of child
with autism spectrum disorder (ASD) using the SHIME® model over the course of synbiotic
incubation periods (n = 3). Data are presented as mean + SD. Different letters indicate statistical
difference between incubation periods according to ANOVA and Tukey’s post-test (p < 0.05).
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Figure 5. Relative abundance of different phyla in the microbiota of children with autism spectrum
disorder (ASD) using the SHIME® model over the course of the probiotic, prebiotic, and synbiotic
treatments. C1: Control 1 (control related to treatment 1); T1: Probiotic treatment (L. reuteri + B.
longum); C2: Control 2 (control related to treatment 2); T2: Prebiotic treatment (GOS); C3: Control
3 (control related to treatment 3); T3: Synbiotic treatment (L. reuteri + B. longum + GOS).
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Figure 6. Relative abundance of different families in the microbiota of children with autism
spectrum disorder (ASD) using the SHIME® model over the course of the probiotic, prebiotic, and
synbiotic treatments. C1: Control 1 (control related to treatment 1); T1: Probiotic treatment (L.
reuteri + B. longum); C2: Control 2 (control related to treatment 2); T2: Prebiotic treatment (GOS);
C3: Control 3 (control related to treatment 3); T3: Synbiotic treatment (L. reuteri + B. longum +
GOS).
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(control related to treatment 1); T1: Probiotic treatment (L. reuteri + B. longum); C2: Control 2

(control related to treatment 2); T2: Prebiotic treatment (GOS); C3: Control 3 (control related to

treatment 3); T3: Synbiotic treatment (L. reuteri + B. longum + GOS).
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Figure 8. Alpha diversity metrics of the microbiota of children with autism spectrum disorder (ASD)
using the SHIME® model. (A) Chao1 index (p = 0.985) and (B) Shannon diversity index (p = 0.889)
over the course of the probiotic, prebiotic, and synbiotic treatments. (C) Chao1 index (p < 0.001)
and (D) Shannon diversity index (p < 0.001) in the ascending, transverse, and descending colons.
C1: Control 1 (control related to treatment 1); T1: Probiotic treatment (L. reuteri + B. longum); C2:
Control 2 (control related to treatment 2); T2: Prebiotic treatment (GOS); C3: Control 3 (control

related to treatment 3); T3: Synbiotic treatment (L. reuteri + B. longum + GOS).
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Figure 9. Principal coordinates analysis (PCoA) of bacterial beta diversity based on (A) Bray-
Curtis dissimilarity, and (B) weighted and (C) unweighted UniFrac distances of the microbiota of
children with autism spectrum disorder (ASD). Control 1 (control related to treatment 1); T1:
Probiotic treatment (L. reuteri + B. longum); C2: Control 2 (control related to treatment 2); T2:
Prebiotic treatment (GOS); C3: Control 3 (control related to treatment 3); T3: Synbiotic treatment
(L. reuteri + B. longum + GOS).
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Figure 10. Short-chain fatty acid and ammonium concentrations in the ascending (AC), transverse

(TC), and descending (DC) colons inoculated with fecal microbiota from children with autism

spectrum disorder (ASD) over the course of the probiotic, prebiotic, and synbiotic treatments. (A-

C) short-chain fatty acid concentration (n = 4). (D) ammonium concentration (n = 6). Data are

presented as mean + SD. Asterisks (*) represent significant difference relative to controls

according to the paired t-test (*p < 0.05; **p < 0.01). C1: Control 1 (control related to treatment 1);

T1: Probiotic treatment (L. reuteri + B. longum); C2: Control 2 (control related to treatment 2); T2:

Prebiotic treatment (GOS); C3: Control 3 (control related to treatment 3); T3: Synbiotic treatment

(L. reuteri + B. longum + GOS).
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Impact of prebiotic on gut microbiota and social behaviors in a mouse model of

autism spectrum disorder
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Abstract
A large body of preclinical literature supports the notion of a bidirectional communication
system linking the gut and the brain, known as the microbiota-gut-brain axis. Recent
evidence indicates that gut microbes can modulate central nervous system (CNS)-driven
behaviors in a very powerful way. Thus, the administration of prebiotics, which support
gut microbes, has been investigated as novel non-invasive therapeutic alternative to treat
neurological disorders. The aim of this study was to evaluate the impact of the prebiotic
galacto-oligosaccharide (GOS) on the gut microbiota composition and behavioral deficits
in a genetic mouse model for autism spectrum disorder (Cntnap2” mice). Briefly, mice
were divided into 3 treatment groups: 1: Wild-type (WT) control mice; 2: Cntnap2” mice
treated with vehicle; 3: Cntnap2” mice treated with GOS. We measured whether the
different treatments: a) altered the gut microbiota composition by using 16S rRNA gene
sequence analysis, and b) reversed the autism symptoms (hyperactivity, social and
repetitive behaviors). Briefly, we found that the bacterial composition and phylogenetic
profile of the microbial communities differed significantly between WT and Cntnap2”
groups; however, GOS had no effect in modulating gut microbiota composition.
Additionally, we observed that Cntnap2” + vehicle mice showed hyperactivity symptoms
and impaired social behavior compared to WT mice. The GOS treatment significantly
improved social behavior but did not affect locomotor activity or repetitive behavior in a

genetic mouse model for autism.

Keywords: Autism; Microbiota-gut-brain axis; Galacto-oligosaccharide; Autism-like

behavior; Social deficits.

67



1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized
by deficits in communication and social interactions and the presence of stereotyped
behaviors (1). The etiology of ASD remains unclear, but the gut microbiota has been
suggested to play a role in ASD (2). Individuals with ASD often present gastrointestinal
dysfunction including increased intestinal permeability (3,4). Intriguingly, there is a
positive correlation between the severity of behavioural and gastrointestinal symptoms
(5,6), which suggests a communication between the gut and the brain (7).

Several studies report that the composition of the gut microbiota differs between
individuals with ASD and neurotypical individuals (8-12). Recent evidence indicates that
gut microbes have a very powerful influence on central nervous system (CNS)-driven
behaviours (13,14). More specifically, experiments in mouse models have shown that gut
microbes can modulate endophenotypes traditionally associated with brain-centered
disorders, including ASD (15-17). The Cntnap2” mice are considered a genetic mouse
model for ASD (18,19). Consistent with some of the behavioral abnormalities observed
in individuals with mutations in CNTNAP2, loss of Cntnap2 (contactin-associated protein-
like 2, which encodes the protein Caspr2) (20,21), in mice leads to social deficits and
hyperactivity (18,19,22-24).

The administration of pro- and prebiotics as a strategy to modulate the microbiota-
gut-brain axis has been suggested as a potential therapeutic approach to ameliorate both
gastrointestinal and behavioural abnormalities associated with ASD (25-29). However,
more research is needed to determine the efficacy of these treatment strategies,
especially regarding prebiotics.

Prebiotics are defined as a substrate that is selectively utilized by host
microorganisms, usually associated with the stimulation of beneficial bacteria such as
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Bifidobacterium and/or Lactobacillus spp., conferring a health benefit. The prebiotics
most extensively documented to have health benefits in humans are the non-digestible
oligosaccharides fructans (fructo-oligosaccharides (FOS) and inulin) and galactans
(galacto-oligosaccharides (GOS)) (30). Many bacteria ferment these prebiotics to
produce short-chain fatty acids (SCFA), which can play a key role in neuro-
immunoendocrine regulation (31,32). Interestingly, mice fed with a combination of GOS
and FOS showed reduced stress-induced corticosterone release and depression-like and
anxiety-like behavior, suggesting that these changes could be mediated partially by
SCFAs (33). More importantly, Grimaldi et al. (26) reported a significant improvement in
anti-social behavior of children with ASD after a 6-week intervention of B-GOS® combined
with an exclusion diet.

Considering the current interest in the role of the gut microbiota in behavioral
neuroscience, investigations of how the prebiotics affect the microbiota-gut-brain axis can
help decipher how alterations in the microbiota can positively impact behavioral disorders
related to autism. Thus, in this study we investigated whether administration of GOS

affects behavior and microbiota composition in a genetic mouse model for ASD.

2. Material and methods
2.1. Animals

WT C57BL/6J and Cntnap2” (Cntnap2'™'7°*) mice were obtained from Jackson
Laboratories (Bar Harbor, ME) and colonies of these mice were maintained at Baylor
College of Medicine. Subject mice were separated by sex at weaning and housed at 2-4
mice per cage. All mice were kept on a 12 hr light/dark cycle and had access to food and

water ad libitum. Animal care and experimental procedures were approved by Baylor
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College of Medicine’s Institutional Animal Care and Use Committee in accordance with

all guidelines set forth by the U.S. National Institutes of Health.

2.2. Prebiotic treatment

The prebiotic galacto-oligosaccharide Vivinal® GOS was supplied by
FrieslandCampina Ingredients (Vinhedo, Brazil). GOS or phosphate buffered saline
(PBS) (vehicle) were added to the drinking water daily to minimize dosage variability. The
experimental group received prebiotic (0.3-0.4 g of GOS/mouse/day), while the control
group received equal volume of PBS. Mice consumed the treated water ad libitum during
the treatment period. Fecal sample collection and behavioral assays were initiated 4
weeks after the beginning of the treatment period (Figure 1). Treatment duration and
dosage were based on previous studies that showed behavioral and neurochemical

effects in rodents after treatments with prebiotics (33-35).

2.3. 16S rRNA gene sequence

Fresh fecal samples were collected from mice, snap frozen and stored at -80°C
until prepared for sequencing. 16S rRNA gene sequencing was performed by the Center
for Metagenomic & Microbiome Research at Baylor College of Medicine as previously
described (15,27). Methods were adapted from protocols developed for the NIH-Human
Microbiome Project (36,37). Bacterial genomic DNA was extracted using MO BIO
PowerSoil DNA Isolation Kit (MO BIO Laboratories). The 16S rDNA V4 region was
amplified by PCR and sequenced in the MiSeq platform (lllumina) using the 2x250 bp
paired-end protocol yielding pair-end reads that overlap almost completely. The primers
used for amplification contain adapters for MiSeq sequencing and single-end barcodes
allowing pooling and direct sequencing of PCR products. The 16S rRNA gene read pairs
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were demultiplexed based on the unique molecular barcodes, and reads were merged
using USEARCH v7.0.1090 (38), allowing zero mismatches and a minimum overlap of
50 bases. Merged reads were trimmed at first base with Q5. A quality filter was applied
to the resulting merged reads. Reads containing above 0.05 expected errors were
discarded. 16S rRNA gene sequences were clustered into Operational Taxonomic Units
(OTUs) at a similarity cutoff value of 97% using the UPARSE algorithm (39). OTUs were
mapped using an optimized version of the SILVA Database (40) containing only the 16S
v4 region to determine taxonomies. Abundances were recovered by mapping the
demultiplexed reads to the UPARSE OTUs. A custom script constructed a rarefied OTU
table from the output files generated in the previous two steps for downstream analyses

of alpha-diversity, beta-diversity, and phylogenetic trends.

2.4. Behavioral tests
All behavior tests were conducted on 7-11 week old mice. Mice were habituated
to the experimenter for 3 days prior to the start of the behavioral test. All tests were

conducted during the light cycle.

2.4.1. Open field

Mice were placed in an open arena (40 x 40 x 20 cm) and allowed to explore freely
for 10 minutes. Their position was continually monitored using the tracking software
AnyMaze. Distance traveled, speed, and time spent in the center of the arena were
recorded and automatically measured throughout the task. The center of the arena was

defined as the interior 20 x 20 cm area (27).
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2.4.2. Three-chamber social test

The three-chamber test was performed as previously described (15,27,41). Mice
were first habituated for a 10-minutes period in an empty 60 x 40 x 23 cm Plexiglas arena
divided into three interconnected chambers of equal size (left, center, right). Sociability
was evaluated during a second 10-minutes period in which the subject could interact
either with an empty wire cup (Empty) or a wire cup containing a stranger mouse (Mouse
1). The interaction time was determined by measuring the time the subject mouse spent
sniffing or climbing upon either the empty cup or the cup containing the stranger mouse.
Empty cup/stranger mouse placement in the left or right chamber during the sociability
test was alternated between trials in order to avoid bias. Preference for social novelty
was assayed in a third 10-minutes period, by introducing a second stranger mouse
(Mouse 2) into the previously empty wire cup. The time spent interacting with either
Mouse 1 or Mouse 2 was measured as mentioned above. Interaction time was recorded
using the automated AnyMaze software by trained, independent observers who were

blind to the treatment group.

2.4.3. Reciprocal social interaction

Mice were placed in a 25 x 25 x 25 cm Plexiglas arena with an unfamiliar
conspecific matched according to genotype, age, sex, and treatment. Trained,
independent observers recorded the time a pair of mice socially interacted, using the
AnyMaze software. Interactions included close following, touching, nose-to-nose sniffing,
nose-to-anus sniffing, and/or crawling over/under each other. The human observers were

blind to the treatment group (15,27).
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2.4.4. Self-grooming

The self-grooming behavior test was performed as previously described with
modifications (42). Mice were placed individually in a standard-sized cage and habituated
for a 5-minutes period. Following this habituation period, cumulative time spent grooming
all body regions was evaluated for a 10-minutes period. The self-grooming behavior was
recorded using the AnyMaze software by trained, independent observers who were blind

to the treatment group.

2.4.5. T-maze spontaneous alternation task

The spontaneous alternation task was performed as previously described (43,44).
Mice were placed in a black Plexiglas T-maze apparatus with walls 25 cm high and arms
30 cm long and 9 cm wide. A removable central partition was used during the sample
phase but not in the test phase of each ftrial. Guillotine doors were positioned at the
entrance to each goal arm. Both doors were raised at the beginning of the sample phase
and the mouse was placed at the end of the start arm facing away from the goal arms.
Each mouse was allowed to make a free choice between the two goal arms; after its tail
had cleared the door of the chosen arm, the door was closed, and the mouse was allowed
to explore the arm for 30 s. The mouse was then returned to the end of the start arm, with
the central partition removed and both guillotine doors raised, signaling the beginning of
the test phase. Again, the mouse was allowed to make a free choice between the two
goal arms. This sequence (trial) was repeated 10 times per day for two days with each
mouse. The percentage of alternation was averaged over the two days. Trials that were

not completed within 90 s were terminated and disregarded during analysis.
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2.4.6. Nest-building test

Mice were housed individually with food and water in home cages approximately
1 h before the dark phase. Nesting material (Nestlets), 5-cm pressed cotton square,
(Ancare, Bellmore, NY, USA) was placed in each cage. The weight and nest quality were
measured on the following morning. The nest quality was evaluated using 5-point nest-
rating scale: (1) Nestlet not noticeably touched; (2) Nestlet partially torn; (3) Nestlet
mostly shredded but often no identifiable nest site; (4) An identifiable but flat nest; (5) A
(near) perfect nest. Any unshredded material left (untorn Nestlet pieces) after a bout of
nesting also was weighed, providing a semi-independent objective assay of nesting

ability. The examiner was blind to the treatment group (45).

2.5. Statistical analysis

Data were presented as mean + SEM. Statistical analyses performed include one-
or two-way ANOVA with Bonferroni post hoc analysis to correct for multiple comparisons,
unless otherwise indicated. p values were presented in the figure legends. p < 0.05 was
considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
GraphPad'’s Prism 8 (La Jolla, CA) software was used to perform statistical analyses and
generate graphical data representations. The analyses for 16S rRNA gene sequencing
were conducted in RStudio 0.99.292, utilizing the phyloseq package (46) to import
sample data and calculate alpha and beta-diversity metrics. 16S rRNA gene sequencing
data was analyzed using Silva 115 and 123 (40). Analyses were performed on datasets
that were rarefied 1,000x, then averaged and rounded. Significance of categorical
variables were determined using the non-parametric Kruskal-Wallis test for three or more

categories comparisons. Principal coordinate plots employed the Monte Carlo
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permutation test to estimate p values. p values were adjusted for multiple comparisons

with the FDR algorithm (47).

3. Results
3.1. Microbiota composition

Individuals with ASD often present an altered gut microbiota composition (17,48).
To examine whether Cntnap2” mice display alterations on gut microbial composition and
if GOS treatment induces alterations on gut microbiota, we analyzed the bacterial
composition and community structure in the feces of Cntnap2” mice and wild-type (WT)
littermates by 16S rRNA gene sequencing. The bacterial composition as assessed by
weighted and unweighted UniFrac distances revealed that WT mice harbor an intestinal
microbial composition distinct from Cntnap2” mice (Figures 2A and 2B). By contrast,
there were no differences in alpha diversity, or within group variation, such as the number
of OTUs, Shannon Diversity, and Chao1 richness (Figure 3).

Analysis of differentially abundant taxa at the phylum level analysis showed some
differences between the groups (Figure 4). Firmicutes, Actinobacteria and Bacteroidetes
represented the most abundant phyla whereas Verrucomicrobia and Proteobacteria were
the least abundant in both WT and Cntnap2” mice. We observed a higher relative
abundance of Firmicutes in WT compared to Cntnap2” + vehicle mice while
Bacteroidetes was more abundant in Cntnap2” + vehicle mice. In addition, WT mice
showed elevated Verrucomicrobia relative abundance compared to Cntnap2” mice (p =
0.002). We also found that Cntnap2” + GOS mice showed higher levels of Proteobacteria
compared to Cntnap2” + vehicle mice (p = 0.046), whereas no significant difference in
WT mice was observed (Figure 4). These results suggest that the increase of
Proteobacteria levels is not related to the GOS treatment.
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3.2. Open field test

Attention-deficit hyperactivity disorder (ADHD) and anxiety are common
comorbidities of ASD (49,50). Open field test involves mapping an animal’s movement in
an open arena to measure locomotion and anxiety-related behavior (51). When we
assessed the locomotor activity in WT and Cntnap2” mice, we observed that Cntnap2”
+ vehicle mice were hyperactive compared to WT mice (p<0.05), as determined by both
parameters higher distance traveled and speed. Consistent with our results,
Pefiagarikano et al. (19) reported a high rate of hyperactivity symptoms in Cntnap2” mice
compared to WT. However, there was no significant effect of GOS administration on
locomotor activity levels in Cntnap2” mice. No significant changes in anxiety-related
behavior, as measured by the time spent in the center of the arena, were observed
comparing WT and Cntnap2” mice (Figure 5). Despite the administration of either FOS
+ GOS (33) and Sialyllactose (34) have been shown to reduce anxiety-like behaviors in
stress-induced mice, GOS did not significantly affect anxiety-like behaviors in the

Cntnap2” mice in our experiments.

3.3. Social behavior

Social deficits are one of the most salient features of individuals with ASD (1) and
Cntnap2” mice show impaired social behavior as previously reported (18). We first
assessed social behavior in WT and Cntnap2” mice using the three-chamber test for
sociability and social novelty. To test the sociability, we compared the time that the
experimental mouse spent interacting with either a stranger mouse (Mouse 1) or an
empty wired cup (Empty). We observed that WT mice displayed normal sociability as
reflected by their preferential interaction with the stranger mouse. Cntnap2” + vehicle
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mice showed no preference for the stranger mouse over the empty cup, indicating
impaired sociability. In contrast, Cntnap2” + vehicle mice displayed normal preference
for social novelty as they spent more time interacting with the novel mouse (Mouse 2)
than with the familiar one (Mouse 1). Interestingly, the treatment with GOS significantly
improved sociability in Cntnap2” mice (Figure 6A).

We also assessed reciprocal social interactions by recording the amount of time
a pair of mice, unfamiliar with each other, spent interacting in a neutral arena. We
observed that Cntnap2” + vehicle had fewer reciprocal social interactions when
compared to WT mice (p<0.05), indicating an impaired social behavior. Moreover, the
treatment with GOS reversed the social deficits in Cntnap2” mice (Figure 6B). Thus,
these results indicate that treatment with GOS reverses the social deficits in Cntnap2”
mice. Burokas et al. (33) showed that prebiotic administration had no effect for sociability
and preference for social novelty in WT mice but did rescue social deficits in a chronic
social defeat paradigm. In line with our results, previous studies have shown that
probiotics treatments, specifically treatment with the commensal bacterial species L.
reuteri could reverse social deficits in genetic, environmental, and idiopathic models of

ASD (15,27,28).

3.4. Self-grooming behavior, T-maze spontaneous alternation and nest-building
Along with deficits in social communication and interaction, repetitive behavior
comprises the defining core features of ASD (52). Repetitive behaviors are often seen in
some mouse models of ASDs (42,53). We assessed the repetitive behavior in mice using
two tests: spontaneous self-grooming and T-maze spontaneous alternation. First, we

measured the time that mice spent engaged in self-grooming behaviors. Our results
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showed that Cntnap2” + vehicle mice did not exhibit repetitive behaviors compared to
WT mice and GOS treatment did not show effect in Cntnap2” mice (Figure 7A).

Next, to test behavioral inflexibility in mice, we measured the willingness of mice
to explore a new environment in a T-maze as previously described by Johnson et al. (44).
While exploring the maze, mice normally tend to alternate between the two arms.
However, if the mice tend to repeatedly explore the same arm of the maze, it is an
indication of behavioral inflexibility. Our results showed that Cntnap2”- mice did not exhibit
deficits in spontaneous alternation (p>0.05) and GOS treatment did not influence the
inflexibility behavior (p>0.05) (Figure 7B).

Finally, we assessed mice for their ability to build nests. Nest building has been
reported as disrupted in mice with hyperactivity (54,55). However, we observed that
Cntnap2” + vehicle mice did not show significantly differences in nesting behavior
compared to WT mice and GOS treatment did not show effect in Cntnap2” mice (Figure

7C).

4. Discussion

Both genetic and environmental factors play a crucial role in the etiology of
neurodevelopmental disorders including ASD (56). Individuals with ASD often present an
altered microbiota composition (12,57,58). Indeed, while some subjects with ASD present
an increased Firmicutes/Bacteroidetes ratio (12,29), others show opposite results
(57,59). Differences on the profile of the microbial communities using several ASD mouse
model were also reported (15,16,27). Sgritta et al. (27) have not found significant
difference in abundance of Firmicutes/Bacteroidetes ratio in Shank3B” mice, but the
BTBR and VPA mice models showed an increased Bacteroidetes/Firmicutes ratio
compared to control mice. In our study, no major differences were observed at the phylum
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level for WT and Cntnap2” mice. Thus, further analyses are needed to elucidate the role
of the gut microbiota on the Cntnap2” model. Although many studies have explored the
composition of ASD-related microbiota, the results are still controversial. Possibly due to
variations in sampling strategies and methodologies employed or the broad phenotypical
variability of ASD in both children and animal models (12).

In addition to changes in gut microbiota composition, gastrointestinal issues may
contribute to ASD behavioral symptoms (60,17). In this sense, a growing body of
evidence supports the notion of a bidirectional communication system linking the gut and
the brain, known as the microbiota-gut-brain axis (17,61,62). More specifically,
experiments in mouse models have shown that gut microbes can modulate
endophenotypes traditionally associated with brain-centered disorders, such as anxiety-
like behavior and social deficits commonly reported in ASD individuals (15-17,27). Here,
we used the Cntnap2” genetic mouse model for ASD because it exhibits behavioral
abnormalities including social deficits and hyperactivity (18,19). We also found that
Cntnap2” mice displayed hyperactivity and social deficits when compared to WT mice in
addition to some changes in gut microbiota composition.

There is growing interest in profiling the gut bacteria to potentially treat autistic
symptomatology and comorbidities by modulating the gut microbiota by administering
pro- and prebiotics (48). Prebiotics are often used as modulators of the gut microbiota
and immune system (63). However, few studies have been focused on the effects of
prebiotics on the CNS (35,64) and behavior (34). Here, we showed that GOS treatment
significantly improved social deficits in Cntnap2” mice but did not modulate the gut
microbiota composition. In contrast with our results, several studies in humans and
animal models have reported that treatments with prebiotics could improve not only the
composition of gut microbiota but also complex behaviours (26,33,65). Although the
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precise mechanism by which prebiotics promote these effects has not been widely
explored, it is accepted that gut bacteria initiate signals that are transmitted from the gut
to the CNS mediated via neural, immune and metabolic routes (7,14).

Prebiotics can modulate the gut microbiota, serving as a substrate that is
selectively utilized by host microorganisms which in turn ferment them into SCFAs (30).
SCFAs are microbial metabolites that have shown neuroactive properties. These
metabolites can cross the blood-brain barrier and modulate CNS functions, brain
development and behavior (32,66). The SCFAs may be indirectly able of influencing brain
physiology and behavior through binding to and activating free fatty acid receptors
(FFARs) expressed on the vagus nerve (14). Burokas et al. (33) showed that the
prebiotics GOS and FOS were able to modulate stress-related behaviors in mice, which
was associated with alterations in gut microbiota composition and metabolite production.
These behavioral changes may have been partially mediated by SCFAs. Previous studies
have investigated SCFAs and their relation to ASD (8,57,65). Although the association
between these bacterial metabolites and ASD remains unclear, its role in ASD must be

considered for future research in humans and animal models of ASD.

5. Conclusion

Taken together, our results showed that GOS had no effect in modulating gut
microbiota but improved social deficits in a mouse model for ASD. This study suggests a
beneficial role of GOS for some behavioral symptoms associated with ASD. However,
additional preclinical and clinical studies will be necessary to evaluate the potential effects
of prebiotics in ASD and may help elucidate the mechanisms involved in the

communication of the microbiota-gut-brain axis.
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Figure 2. (A) PCoA of weighted UniFrac distances from the 16S rRNA gene sequencing dataset
from feces of WT, Cntnap2” + vehicle and Cntnap2” + GOS mice (n = 7-8 per group, p < 0.01,
R? = 0.286). (B) PCoA of unweighted UniFrac distances from the 16S rRNA gene sequencing
dataset from feces of WT, Cntnap2’- + vehicle and Cntnap2’- + GOS samples (n = 7-8 per group,
p <0.01, R2=0.383).
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****p < 0.0001). ns, not significant.
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Consideragoes Finais

O numero crescente de criangas autistas vem encorajando os pesquisadores a
desenvolverem novas estratégias para prevenir e tratar o TEA. Evidéncias do
envolvimento da microbiota intestinal em disturbios neurolégicos fornecem novas
possibilidades para o desenvolvimento de terapias promissoras no tratamento de
sintomas comportamentais associados ao TEA. Nesse sentido, estudos com o objetivo
de investigar os efeitos de pro- e prebidticos na composi¢ao e metabolismo da microbiota
intestinal e sua relagdo com diversas doengas neuroldgicas, incluindo o TEA, tém se
tornado mais frequentes.

Nosso estudo mostrou que os probidticos L. reuteri + B. longum combinados com
GOS apresentaram elevada taxa de sobrevivéncia quando submetidos as condi¢des
gastrointestinais simuladas in vitro, evidenciando um efeito protetor do prebiético GOS.
Essa etapa do estudo foi de extrema importancia, uma vez que a capacidade de
sobrevivéncia as condigbes adversas do trato gastrointestinal € um dos principais
requisitos para que os probiodticos exergam seus efeitos benéficos no célon.

A combinagéao de L. reuteri + B. longum + GOS foi entdo selecionada para ser
avaliada em estudos de curta e longa duragéo utilizando o SEMH®, um modelo coldnico
dinamico in vitro que simula as diferentes partes do trato gastrointestinal humano. Os
estudos no SEMH® permitiram avaliar os efeitos potenciais dos tratamentos com pro-,
pre- e simbidticos sobre a composicdo e os metabdlitos da microbiota intestinal de
criangas com TEA. Os tratamentos avaliados mostraram resultados positivos e
promissores na modulagdo da microbiota intestinal e metabdlitos microbianos de
criangas com TEA, estimulando a producdo de AGCC e diminuindo os niveis de amdnia.
Os tratamentos pre- e simbiotico, especificamente, mostraram resultados similares e
mais evidentes. Assim, hipotetizamos que o GOS, substrato utilizado seletivamente
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pelos microrganismos hospedeiros que, por sua vez, produzem AGCC, poderia
representar uma melhor estratégia para modular positivamente a microbiota, uma vez
que ele foi o ponto em comum entre os tratamentos. Portanto, os resultados desta etapa
do estudo foram a premissa para uma investigagdo mais aprofundada sobre a possivel
influéncia de prebidticos no TEA.

Além disso, visto que a administracdo de prebidticos, como uma possivel
estratégia no tratamento de disturbios neurologicos, ndo tem sido amplamente
explorada, investigamos se a administragdo de GOS afetou o comportamento e a
composigao da microbiota em um modelo animal de TEA. Observamos que o GOS
melhorou significativamente os déficits sociais, no entanto, ndo teve efeito na modulagéo
da microbiota.

Mais estudos sdo necessarios para avaliar e compreender os efeitos de pro- e
prebidticos, como potencial abordagem terapéutica, em diferentes modelos animais de
disturbios neuroldgicos levando em consideracao a complexidade do metagenoma para
entender a etiologia de diferentes comportamentos associados ao TEA. Além disso,
futuros ensaios clinicos devem também investigar as hipoteses pelas quais a microbiota
intestinal interfere nos comportamentos associados ao TEA, através da exploracdo dos
mecanismos envolvidos na comunicacdo do eixo microbiota-intestino-cérebro. Tais
investigacdes sdo necessarias ndo apenas para a reprodutibilidade das descobertas
utilizando diferentes abordagens, como sistemas in vitro, modelos animais e ensaios
clinicos, mas também para demonstrar o potencial terapéutico da modulagdo da
microbiota intestinal nos disturbios neurolégicos como o TEA. Por fim, descobertas
adicionais sobre o papel da microbiota intestinal no TEA podem auxiliar no
desenvolvimento de novas terapias que beneficiam a saude e o bem-estar geral de
individuos autistas.
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