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RESUMO

ALPINO, Gabriela de Cassia Avila, M.Sc., Universidade Federal de Vicosa, janeiro de
2023. Efeito do kefir de leite na histomorfometria intestinal e acao cerebral em
camundongos knockout IL-10. Orientadora: Maria do Carmo Gouveia Peluzio.
Coorientadores: Mariana de Moura e Dias e Tiago Antonio de Oliveira Mendes.

A inflamacao intestinal contribui para o desequilibrio da microbiota intestinal, o que
prejudica a producao de metabdlitos utéis para o cérebro como os acidos graxos de
cadeia curta (AGCC). O kefir € uma bebida probiética, que se destaca por modular a
microbiota intestinal e favorecer metabdlitos neuroativos que melhoram a saude
cerebral. Contudo, os efeitos neuroprotetores do kefir e os mecanismos dos seus
metabdlitos sobre as fungbes cerebrais sdo pouco explorados, especialmente em
modelo de inflamacg&o intestinal (knockout IL-10). Neste estudo, investigou-se o
consumo do kefir sobre a neuroprotecdo em camundongos knockout IL-10 e revisou-
se 0s mecanismos do acido butirico, sobre as fungdes cerebrais. Fez-se ensaio in vivo
com camundongos C57BL-6 machos, divididos em quatro grupos com 5 animais em
cada: grupo selvagem e agua (WWT), que recebeu dieta comercial e agua filtrada,
grupo selvagem e kefir (KWT) que recebeu dieta comercial e kefir de leite, grupo
knockout IL-10 e agua (WKO), que consumiu dieta comercial e agua filtrada, grupo
knockout IL-10 e kefir (KKO), que consumiu dieta comercial e kefir de leite. Todos os
animais receberam 0,1 ml/dia de kefir ou de agua administrados por gavagem. Apds
a eutanasia, foram coletados os cérebros e intestinos delgados. Os tecidos cerebrais
foram homogeneizados para analise de citocinas, atividade antioxidante e, acidos
graxos de cadeia curta, enquanto os intestinos delgados foram utilizados para anéalises
histolégicas. O grupo KKO apresentou maior altura, area das vilosidades, e
profundidade de criptas no intestino delgado comparado ao WKO. O consumo de kefir
exibiu acdes neuroprotetoras diretas por aumentar AGCC e reduzir malondialdeido no
cerebro do grupo KKO. Entretanto, o consumo de kefir ndo reduziu o aumento das
citocinas inflamatorias no cérebro dos animais knockout IL-10. Investigou-se pela
primeira vez os efeitos do consumo de kefir de leite no cérebro de camundongos
induzidos a inflamacao intestinal utilizando modelo knockout IL-10 e verificou-se-se
sua capacidade neuroprotetora indireta por melhorar a histologia intestinal e direta por

favorecer os AGCC no cérebro. Além disso, os resultados reforcam o papel central da



IL-10 para a homeostase imunoldgica, incluindo a homeostase cerebral, o que permite
concluir que os efeitos neuroprotetores encontratos pelo consumo de kefir na
infamacao intestinal provavelmente serdo pronunciados na presenca de IL-10.
Observou-se também, por meio de dados da literatura, que os mecanismos
moleculares do butirato sobre as fungbes cerebrais envolvem pelo menos a

combinacgao da sinalizagdo do receptor acoplado a proteina G (GPCR) e epigenética.

Palavras-chave: Kefir. Intestino-microbiota-cérebro. Acidos graxos de cadeia curta.
IL-10. Neuroprotecéo.



ABSTRACT

ALPINO, Gabriela de Céassia Avila, M.Sc., Universidade Federal de Vigosa, January,
2023. Effect of milk kefir on intestinal histomorphometry and brain action in IL-
10 knockout mice. Advisor: Maria do Carmo Gouveia Peluzio. Co-advisers: Mariana
de Moura e Dias and Tiago Anténio de Oliveira Mendes.

Intestinal inflammation contributes to the imbalance of the intestinal microbiota, which
impairs the production of useful metabolites for the brain, such as short-chain fatty
acids (SCFA). Kefir is a probiotic drink, which stands out for modulating the intestinal
microbiota and favoring neuroactive metabolites that improve brain health. However,
the neuroprotective effects of kefir and the mechanisms of its metabolites on brain
functions are little explored, especially in a model of intestinal inflammation (IL-10
knockout). In this study, kefir consumption was investigated on neuroprotection in IL-
10 knockout mice and the mechanisms of butyric acid on brain functions were
reviewed. An in vivo study was carried out with male C57BL-6 mice, divided into four
groups with 5 animals each: wild type and water group (WWT), which received
commercial diet and filtered water, wild type and kefir group (KWT) which received
commercial diet and milk kefir, IL-10 knockout and water group (WKO), which
consumed commercial diet and filtered water, IL-10 knockout and kefir group (KKO),
which consumed commercial diet and milk kefir. All animals received 0.1 ml/day of kefir
or water administered by gavage. After euthanasia, brains and small intestines were
collected. Brain tissues were homogenized for analysis of cytokines, antioxidant
activity, and short-chain fatty acids, while small intestines were used for histological
analyses. The KKO group had greater height, villus area, and crypt depth in the small
intestine compared to the WKO group. Kefir consumption exhibited direct
neuroprotective actions by increasing SCFA and reducing malondialdehyde in the
brain of the KKO group. However, kefir consumption did not reduce the increase in
inflammatory cytokines in the brain of IL-10 knockout mice. The effects of milk kefir
consumption on the brain of mice induced intestinal inflammation were investigated for
the first time using an IL-10 knockout model, and its neuroprotective capacity was
verified indirectly by improving intestinal histology and directly by favoring SCFA in the
brain. Furthermore, the results reinforce the central role of IL-10 for immune

homeostasis, including cerebral homeostasis, which allows to conclude that the



neuroprotective effects found by kefir consumption on intestinal inflammation are
probably to be pronounced in the presence of IL-10. It was also observed, through
literature data, that the molecular mechanisms of butyrate on brain functions involve at

least the combination of G protein-coupled receptor (GPCR) signaling and epigenetics.

Keywords: Kefir. Gut-microbiota-brain. Short-chain fatty acids. IL-10. Neuroprotection.
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1. INTRODUCAO

O eixo intestino-microbiota-cérebro € um sistema complexo de comunicacao entre
o trato gastrointestinal (TGl), os microorganismos que o habitam, os sistemas nervosos
periférico e o sistema nervoso central (SNC) (MORKL et al., 2020).

Por meio de vias neuro-humorais complexas, os sinais do cérebro podem alterar
fungbes sensbrio-motoras e secretoras do intestino e inversamente, os sinais aferentes
viscerais originados no TGl podem modular funcdes cerebrais (DALILE et al., 2019).

A microbiota intestinal compreende a comunidade ecolégica de microorganismos
simbioticos, benéficos e patogénicos presentes no intestino que participam do
desenvolvimento e manutengao de 6rgaos e processos fisioldgicos, incluindo desde a
maturacéo do sistema imune neuronal ao desenvolvimento cognitivo e comportamento
do hospedeiro (CHEN et al., 2021; PEREIRA et al., 2021; ZENGELER & LUKENS, 2021).

O desequilibrio na composicao da microbiota intestinal, com o favorecimento dos
microorganismos patogénicos em relagdo aos benéficos e simbioticos, prejudica a
resposta imune da mucosa intestinal, aumenta a permeabilidade intestinal, as citocinas
inflamatorias e a translocacao de antigenos. Além disso, esse desequilibrio, presentes
nas doencas inflamatdrias intestinais, reduz os metabdlitos utéis para a saude cerebral
como 0s neurotransmissores € 0s acidos graxos de cadeia curta (AGCC), o que contribui
para a neuroinflamacao e/ou progresséo da neuroinflamacao instaurada (DE PALMA et
al., 2014; DALILE et al., 2019; KOWALSKI & MULAK, 2019).

Camundongos deficientes em interleucina 10 (IL-10) desenvolvem inflamacao
espontanea no intestino (enterocolite) devido aos déficits na regulagdo imunoldgica,
favorecendo a colonizagdo de microorganismos maléficos sobre 0os microorganismos
benéficos, que acomete com maior gravidade o célon e em menor grau o intestino
delgado (ZURITA-TURK et al., 2020).

Além da sua importante acao anti-inflamatéria de resposta imune na mucosa

intestinal, a IL-10 inibe a ocorréncia de inflamacéo sistémica devido a sua atividade
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imunosupressora etem papel central na regulacao negativa das cascatas inflamatérias
(ASADULLAH et al., 2003).

Neste contexto, destaca-se o kefir, uma bebida probidtica fermentada capaz de
modular a microbiota intestinal e estimular a producao de citocinas anti-inflamatérias, a
resposta imunomoduladora, além dos AGCC que melhoram a integridade da barreira
intestinal e a producdao de muco (PELUZIO et al.,, 2021). Em conjunto, essas agdes
previnem a translocacdo de antigenos para o liumen intestinal e consequentemente,
inibem a inflamacao sistémica e a neuroinflamacao através do aperfeicoamento de
defesa intestinal.

Dentre os AGCC, o acido butirico se destaca por sua ampla gama de funcdes que
influenciam o cérebro: aumento da expressao de proteinas de jungao epitelial e muco no
intestino, regulacao da resposta imune, producao e a liberacao periférica de horménios
glucagon-like peptide (GLP-1) and peptide YY (PYY) (CANTU-JUNGLES, RASMUSSEN,
AND HAMAKER 2019), reforcando a defesa intesinal e prevenindo indiretamente
alteracdes cerebrais.

Em adicdo, o butirato é capaz de influenciar diretamente o SNC ao atravessar a
barreira hematoencefalica (BHE) e regular sua integridade, o que esta fortemente
associado com o controle da passagem de moléculas e nutrientes da circulacao para o
cérebro, desempenhando um papel importante na homeostase cerebral (BRANISTE et
al., 2014; SILVA, BERNARDI, AND FROZZA 2020).

Além do kefir estimular a producao de AGCC através da sua microbiota probidtica,
essa bebida também é fonte de AGCC e outros componentes bioativos como os
expopolissacarideos (EPS), polipeptideos, acido latico e outros metabdlitos com funcéo
antimicrobiana (CHEN et al., 2022). Desse modo, o kefir aumenta a circulagdo sanguinea
de componentes bioativos, como os AGCC, que podem alcangar o cérebro.

Apesar dos conhecidos efeitos probioticos do kefir, sua facilidade de preparo e
baixo custo (PELUZIO et al., 2021), ndo h& estudos que avaliam os efeitos
neuroprotetores do consumo de kefir em modelos de risco para disfungdes cerebrais
como é o caso do knockout IL-10 que desenvolve inflamagéo intestinal. Entretanto, tem-

se evidéncias que o consumo de kefir melhora sintomas neurodegenerativos e/ou
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comportamentais em modelos de doencgas cerebrais instauradas (VAN DE WOUW et al.,
2021; CHEN et al., 2021).

Logo, torna-se relevante avaliar os efeitos neuroprotetores do kefir em modelo
knockout IL-10, considerado um modelo de risco para disfungdes cerebais, e 0s
mecanismos moleculares de seus metabdlitos envolvidos nas acdes cerebrais. Além de

investigar os mecanismos da IL-10 nas fung¢des cerebrais.

2. JUSTIFICATIVA

Esse trabalho possibilitou avaliar, pela primeira vez, os efeitos neuroprotetores do
consumo de kefir de leite em camundongos de risco para o desenvolvimento de
disfuncdes cerebrais (knockout IL-10), permitindo esclarecer a lacuna do conheciento
acerca dos possiveis efeitos preventivos do consumo de kefir de leite no cérebro de
camundongos knockout IL-10. Da mesma forma, determinar o impacto da auséncia da
IL-10 nos possiveis efeitos ativados pelo consumo de kefir no cérebro, e definir os

mecanismos moleculares do kefir, e do acido butirico, nas fungdes cerebrais.

3. REVISAO BIBLIOGRAFICA

3.1 Eixo intestino-microbiota-cérebro

O eixo intestino-microbiota-cérebro constitui um sistema bidirecional de
comunicacao entre o TGl e o SNC. Este eixo compde o SNC, sistema nervoso entérico,
sistema nervoso autbnomo (nervo vago), neuroendocrino e neuroimune, bem como a
microbiota intestinal (GRENHAM et al. 2011). Os mecanismos envolvidos na transmissao
de sinal nesse eixo sao complexos e ainda nao totalmente elucidados, mas incluem as

vias nervo vago, neuroenddcrinas, imunes e metabdlicas (Figura 1).
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Figura 1 - Eixo intestino-microbiota-cérebro (Autor, 2023)
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A microbiota pode produzir compostos neuroativos, como os neurotransmissores: GABA (acido gama-
aminobutirico), noradrenalina, dopamina e serotonina, aminoacidos (triptofano) e metabdlitos microbianos
(acidos graxos de cadeia curta). Esses metabdlitos podem interagir com o sistema imunolégico do
hospedeiro, influenciar o metabolismo e/ou afetar fungdes neuronais através das vias aferentes do nervo
vago, células do sistema nervoso entérico e por vias humorais. A microbiota intestinal também pode
influenciar a integridade da barreira intestinal e da barreira hematoencefalica por estimular a produgéo de
proteinas de juncao (zonulina, ocludina e claudina). Dentro do sistema nervoso, 0 estresse e a produgao
de citocinas podem ativar o eixo Hipotalamo- pitutaria-adrenal (HPA), estimulando a secre¢cao de horménios
como o hormobnio do receptor de corticotropina (CRH), desencadeando a liberagdo do hormonio
adrenocorticotréfico (ACTH), que entdo inicia a sintese e liberacdo de cortisol. O cortisol, por sua vez,
regula as respostas de sinalizacdo neuroimune e inflamatérias, o que afeta a integridade da barreira
intestinal, mediadores imunoldgicos e neurotransmissores, levando a alteragdes no ambiente intestinal e
na composi¢ao da microbiota.

O nervo vago € uma via chave de comunicagao entre o cérebro e a microbiota

intestinal (Figura 1). Bravo et al. (2011) demonstraram que os animais vagotomizados
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perderam o0s efeitos cerebrais induzidos pelo Lactobacillus rhamnosus. Da mesma
forma, Li et al. (2018) demonstraram que animais vagotomizados tiveram a saciedade
induzida por metabdlitos microbianos anulada.

A microbiota intestinal também regula a producao de neurotransmissores como a
serotonina via regulacédo de triptofano (Figura 1). Bifidobacterium infantis demonstrou
elevar os niveis plasmaticos de triptofano e, assim, influenciar a transmissao central de
serotonina (5HT) (DESBONNET et al., 2010). Além da via do triptofano, a microbiota
intestinal regula a producao de serotonina via produgcdo de AGCC e pela metabolizacao
de acidos biliares produzidos no figado (VAN DE WOUW et al., 2017; GAO et al., 2019).

Apesar de mais de 90% da serotonina ser produzida a nivel intestinal, ela ndo é
capaz de atravessar a BHE e agir diretamente no SNC. O impacto da serotonina intestinal
nas funcdes cerebrais é mais indireto com a transmissdo de sinais para neurbnios
extrinsecos e intrinsecos presentes no intestino (sistema nervoso entérico), promog¢ao do
peristaltismo intestinal, motilidade, secrecdo, vasodilatacdo e absor¢do de nutrientes,
favorecendo o ambiente intestinal e consequentemente o0 eixo microbiota-intestino-
cérebro (O’MAHONY et al., 2015; AGUS et al., 2018). Ainda, o metabolismo microbiano
do triptofano afeta a disponibilidade do triptofano periférico, que é capaz de atravessar a
BHE e interferir nos niveis de serotonina central via Triptofano Hidroxilase 2 (TpH2),
gerando beneficios relacionados ao bem estar (GAO et al., 2019).

Além da serotonina, a sintese e liberagdo de outros neurotransmissores de
bactérias foi relatado: Lactobacillus e Bifidobacterium spp podem produzir acido g-
aminobutirico (GABA); Escherichia, Bacillus e Saccharomyces spp podem produzir
noradrenalina; Candida, Streptococcus, Escherichia e Enterococcus spp podem produzir
serotonina; Bacillus podem produzir dopamina; e Lactobacillus podem produzir
acetilcolina (DINAN & CRYAN et al., 2016) (Figura 1).

A microbiota intrestinal é um fator crucial para o desenvolvimento e fungcédo do
sistema imunolégico periférico, incluindo sistema neuroimune através do
desenvolvimento, maturagdo e ativacao da micrdglia, célula imune inata do cérebro
(ABDEL-HAQ et al., 2019). Alteragdes na fungdo da micréglia estdo associadas ao

estresse, disturbios comportamentais e neurodegenerativos, 0 que sugere que a
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microbiota intestinal pode influenciar doencas neuroldgicas através de efeitos mediados
por micréglia (BOLLINGER et al., 2017; SAMPSON et al., 2016).

Da mesma forma, o estresse social também influencia a microbiota intestinal.
Observa-se entao, reducao de Bacteroides spp e Lactobacillus spp, enquanto nota-se o
aumento dos géneros Clostridium, o que podem contribuir em alteracées na funcao imune
e déficits no neurodesenvolvimento (MOLINA-TORRES et al., 2019). Além disso, estudos
mostram que eventos estressores no inicio da vida como separacdo maternal em ratos
podem programar suscetibilidade ao estresse e disturbios psiquiatricos da prole na idade
adulta em resposta a hiperativagdo do eixo Hipotalamo-pitutaria-adrenal (HPA) (VAN
BODEGOM et al., 2017).

Tal eixo é considerado o principal sistema neuroenddcrino de regulacdo ao
estresse que resulta na producdo de cortisol e desempenha um papel relevante no eixo
intestino-microbiota-cérebro (Figura 1). Condicdes patoldégicas que sao influenciadas
pelo estresse fisico e/ou psicolégico desregulam o eixo HPA, e consequentemente, o eixo
intestino-microbiota-cérebro, por exemplo na inflamagao intestinal (DINAN & CRYAN,
2016).

A microbiota intestinal e o cérebro também interagem através do sistema imune
via circulacao de citocinas (HSIAO et al., 2013) (Figura 1). As citocinas produzidas no
intestino podem alcancgar a circulagao sanguinea e chegar até ao cérebro. Sob condigbes
fisiologicas normais € improvavel que atravassem a BHE, mas evidéncias crescentes
sugerem que a desintegridade da BHE condiciona a sinalizagao das citocinas, capaz de
influenciar areas cerebrais como o hipocampo. Em adigédo, algumas citocinas como
interleucina (IL) 1 e IL-6 ativam o eixo HPA, ocasionando a liberacdo de cortisol,
reforcando a complexidade de interagées microbiota intestinal-sistema imune-cérebro
(DINAN & CRYAN, 2016).

Os AGCC sao produtos metabdlicos essenciais da microbiota intestinal e, dentre
eles destacam-se o butirato, propionato e o acetato. Os AGCC exercem uma série de
efeitos benéficos ao hospedeiro que incluem acdes neuroprotetoreas e
imunorreguladoras (XIONG et al. 2022). A nivel intestinal os AGCC aumentam a

producao de proteinas de junc¢ao e de muco, e regulam a imunidade da mucosa intestinal,
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por interagirem diretamente com células imunes no intestino via receptor acoplado a
proteina G (GPCR) (DALILE et al., 2019) (Figura 1).

Todas essas acbes em conjunto, reforcam a defesa intestinal e previnem a
inflamacao sistémica indiretamente, por melhorar a integridade da barreira epitelial
intestinal e evitar a translocacao de bactérias e/ou produtos bacterianos, que podem, por
sua vez, reduzir a neuroinflamagéao no cérebro.

A nivel cerebral, os AGCC regulam a integridade da BHE, através da modulacao
da expressao das proteinas de juncao no cérebro (Figura 1), o que esta estreitamente
relacionado com a passagem controlada de substancias da circulagdo para o cérebro
(BRANISTE et al., 2014; SILVA, BERNARDI, AND FROZZA 2020). Além disso, os AGCC
sdo capazes de atravessar a BHE e agir diretamente na regulagcdo neuroimune e anti-
inflamatdria no cérebro através de uma combinacao de mecanismos que incluem ligacao
com os GPCRs e provavelmente como inibidor de histonas desacetilases (HDACi), um
mecanismo epigenético (DALILE et al., 2019).

As proteinas de juncdo compreendem difentes familias de proteinas
transmembranares expressas nos tecidos endoteliais como claudina, ocludina, molécula
de adesao juncional-A (JAM-A) e proteinas intercelulares como zonulinas e cingulina
(SUZUKI, 2020). Claudinas 5 (cldn5), claudina 12 (cldn 12), zonulina-1 (zo-1) e zonulina-
2 (z0-2) parecem ser expressas em todos os tecidos endoteliais, inclusive no intestino e
cérebro (DANEMAN & PRAT, 2015).

No intestino, as proteinas de jungdo regulam a permeabilidade paracelular e
fornecem uma barreira fisica contra as moléculas inflamatérias intestinais, reforcando a
integridade da barreira epitelial intestinal. Essa bareira participa fortemente da imunidade
inata intestinal e depende da interacdo de outros componentes como a camada de muco,
imunoglobulina A (IgA) e peptideos antimicrobianos (SUZUKI, 2020). A integridade
prejudicada dessas permite translocagéo de antigenos como o lipopolissacarideo (LPS),
resultando em ativacao forcada de células imunes e inflamacédo em diferentes tecidos,
incluindo o cérebro, podendo levar a neuroinflamacgéao (SUZUKI, 2020).

Da mesma forma, as proteinas de juncdo unem células epiteliais da BHE, criando
polaridade epitelial e uma barreira paracelular de alta resisténcia que protege o SNC
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contra o sistema imune periférico e moléculas do sangue (DANEMAN & PRAT, 2015). A
integridade prejudicada dessas proteinas no cérebro facilita a passagem de moléculas
indesejadas ao SNC, levando a ativacao neuroimune e neuroinflamacao de forma mais
direta (DANEMAN & PRAT, 2015).

A neuroinflamacao é um conjunto de respostas imunolégicas do SNC, diferindo de
varias maneiras da inflamacao periférica, principalmente no que diz respeito as principais
células envolvidas (micréglia e astrocitos) (LYMAN et al., 2014). A superativagéao e
desregulacdo da micrdglia gera alteracées morfolégicas e aumento na producao de
citocinas pré-inflamatérias como IFN-y, IL-6, e TNF-a, espécies reativas de oxigénio e
nitrogénio, que podem levar a morte neuronal, perda da integridade da BHE e
neuroinflamagéao crénica (BLOCK, ZECCA AND HONG, 2007).

Neuroinflamacdo € uma condicdo comum a patologia de varias doencas
neurodegenerativas como Doenca de Alzheimer (LYMAN et al., 2014). Além das doencas
neurodegenerativas, estudos em animais e em humanos tem demonstrado que o0s
desafios imunolégicos gerados pela neuroinflamagdo podem induzir comportamento
depressivo e ansioso (RAISON, CAPURON AND MILLER, 2006).

A microbiota intestinal pode influenciar a neuroinflamacao através da expressao
das proteinas de juncao. Por exemplo, animais germ-free apresentaram reducdo da
expressao de ocludina e claudina-5 no hipocampo, cértex frontal e corpo estriado,
caracterizando aumento da permeabilidade da BHE comparado com ratos de microbiota
saudavel (BRANISTE et al., 2014). A colonizacdo com micoorganismos livres de
patégenos aumentou a expressao de ZO-1, ocludina e claudina 5, restabelecendo a
integridade da BHE (BRANISTE et al., 2014).

Estudos em animais e humanos indicam que a microbiota intestinal também
influencia a depresséo, ansiedade, memoria e outras fungdes cerebrais através de uma
série de mecanismos que abrangem o eixo intestino-microbiota-cérebro (GRENHAM et
al.,2011; KELLY etal.,2016; SUN et al., 2019; CAPUCO et al., 2020). Esses mecanismos
incluem a producdo de metabdlitos e compostos neuroativos, ativacdo do sistema

nervoso autdnomo (sistema nervoso entéricoe nervo vago), do eixo hipotalamo-hipofise-
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adrenal, do sistema neuroendécrino e do sistema neuroimune explorados acima (MORKL
et al., 2020; MORAIS, SCHREIBER AND MAZMANIAN, 2021).

A microbiota intestinal constitui uma cole¢dao de microorganismos que residem de
forma comensal e simbidtica no limem intestinal, e inclui bactérias, arqueas, fungos,
virus e outros microorganismos (DOMINGUEZ-BELLO et al., 2019). O microbioma
intestinal constitui 95% do microbioma humano, e a propor¢cao de genes microbianos para
genes hospedeiros é 150:1 (BHATTACHARJEE & LUKIW, 2013; TSE, 2017). Em adicéo,
mais de 99% da microbiota intestinal é composta por bactérias anaerdbicas, com cerca
de 100 trilhées de bactérias e mais de 1000 espécies descritas, o que representa 10
vezes mais o numero de células sométicas do corpo humano (BHATTACHARJEE &
LUKIW, 2013; TSE, 2017).

Destaca-se que a microbiota intestinal protege o hospedeiro contra
microorganismos patogénicos e neutraliza os efeitos de toxinas e/ou outras drogas. Além
disso, fornece metabdlitos e vitaminas essenciais para o hospedeiro, 0 que gera uma
fonte de energia adicional para os colondcitos e facilita a absorcao de ions e moléculas
(ZHENG et al., 2021). A microbiota também esta relacionada aos processos tréficos
(crescimento e diferenciacao) de linhagens celulares epiteliais, o que é fundamental para
o desenvolvimento e a maturacdo do sistema imunoldgico iniciado na vida fetal
(ZENGELER & LUKENS, 2021).

A eubiose, estado de equilibrio e diversidade entre os microorganismos que
compbe a microbiota intestinal, fornece metabodlitos benéficos ao hospedeiro,
colaborando com a manutengdo da homeostase imunoldgica, integridade da barreira
epitelial intestinal, barreira hematoencefalica e desenvolvimento e manutengéo
neuroimune (IEBBA et al., 2016; FROHLICH et al., 2016).

Ja a disbiose, estado de desequilibrio gerado por grandes mudangas no ambiente
microbiano intestinal, apresenta metabdlitos ndo saudaveis e esta associada a diversos
desfechos imunolégicos comprometedores (WEISS & HENNET, 2017). Dentre eles,
destaca-se a patbégenese das doencas inflamatorias intestinais e doencgas cerebrais,
incluindo a depressao (CAPUCO et al., 2020.)



21

A disbiose leva a liberacao de proteinas amildides, lipopolissacarideos e outros
marcadores proé-inflamatérios, que ativam vias de sinalizagdo inflamatoérias, aumentam a
permeabilidade do intestino e da BHE, contribuindo para a neuroinflamacéo e o
aparecimento de sintomas depressivos (TON et al., 2020a, CAPUCO et al., 2020).

O desequilibrio entre as bactérias intestinais pode ser influenciado por varias
causas como translocacao ou crescimento de grupos bacterianos patogénicos, uso de
antibiéticos, idade, estrese, ma alimentacdo, sedentarismo e comprometimento
imunolégico (IEBBA et al., 2016).

3.2 Acidos graxos de cadeia curta na saude cerebral

Os AGCC séo 4cidos graxos saturados de comprimento que variam de um a seis
atomos de carbono e sao produzidos principalmente a partir da fermentacao colénica de
fibras dietéticas e polissacarideos complexos a base de plantas (PARKER; FONSECA &
CARDING, 2020). Entre os AGCC, o acetato, propionato e butirato sdo encontrados em
maior abundancia no célon, na razdo molar de aproximadamente 60:25:15,
respectivamente (GANAPATHY et al., 2013). Outros AGCC, como formato, valerato e
caproato sdo produzidos em menor quantidade (MACFARLANE & MACFARLANE,
2003).

Mais de 95% dos AGCC sao absorvidos pelos colonécitos principalmente via
transportadores de monocarboxilato (MCTs) dependentes de H+ ou transportadores de
monocarboxilato dependentes de sodio (SMCTs), expressos em abundancia nas células
endoteliais, gerando ATP e energia para essas células em individuos saudaveis
(SCHONFELD & WOJTCZAK, 2016). Portanto, apenas uma pequena porcido de AGCC
atinge o sistema hepatico através da veia porta e sdo metabolizados pelos hepatécitos
(CHAMBERS 2019).

Em fracdo reduzida, chegam a circulacédo periférica nas propor¢oes 22—-42 uM
(acetato), 0,9-1,2 uM (propionato) e 0,3-1,5 yM (butirato) onde podem alcangar outros
tecidos periféricos como o cérebro (GONZALEZ et al., 2018). Além disso, uma parcela
menor dos AGCC produzido no reto pode contornar o figado e atingir diretamente a



22

circulagdo sistémica através da veia iliaca interna (VAN DER BEEK et al. 2017;
MCLOUGHLIN et al. 2017).

Os AGCC atuam como ligantes enddgenos de receptores transmembranares
GPCRs, renomeados como free fatty acids receptors (FFARs), que ativam diferentes
respostas locais e podem alcancar a sinalizagao cerebral através da ativacao direta com
o nervo vago. De maneira intracelular, os AGCC afetam a expressao génica,
especialmente como HDACi (DALILE et al., 2019).

Os AGCC podem influenciar o eixo intestino-cérebro direta ou indiretamente por
meio de vias imunes, enddcrinas, vagais e outras vias humorais (Figura 2). Através da
via imune, os AGCC interagem localmente com células imunes intestinais, como
monocitos e neutréfilos, através dos receptores (FFARs) ou inibindo as histonas
desacetilases. Por sua vez, esses processos podem influenciar a imunidade da mucosa
intestinal e a funcao de barreira (DALILE et al., 2019).

Figura 2 - Potenciais vias de interacdo dos AGCC com o cérebro (Dalile et al., 2019)
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Perifericamente, os AGCC interagem com uma variedade de células imunes
através da regulacao, recrutamento, diferenciacao e ativacdo de macréfagos e outras
células imunes, influenciando a estrutura, funcdo e ativagdo da microglia. Por
influenciarem o funcionamento da micrdglia, os AGCC afetam a emocao, a cognicdo e a
fisiopatologia de distarbios neurolégicos (DALILE et al., 2019). Por interagirem
diretamente com as células imunes, os AGCC também influenciam a inflamacao
sistémica por regularem a produgao central de citocinas inflamatérias como TNF-a e a
quimiotaxia dessas células (RODRIGUES et al., 2016) (Figura 2).

O propionato regula a populagédo de células Treg e, consequentemente, reduz a
reacao imune sistémica, melhorando a neurodegeneracao e outras doencas crénicas
(DUSCHA et al., 2020). Alteragbes nas células Treg desempenham um papel
fundamental em doencas neuroinflamatérias autoimunes, como a Esclerose Multipla
(EM) (KLEINEWIETFELD & HAFLER, 2014). Administracao oral de acido propionico (PA)
em individuos com EM desempenhou efeitos imunomoduladores benéficos, além do
efeito neuroprotetor sugerido pela maior disponibilidade de PA no liquido
cefalorraquidiano, alteragdo na etrutura da substancia cinzenta e melhores resultados
clinicos (DUSCHA et al., 2020).

Através da via enddcrina, o butirato promove a sintese dos horménios intestinais
GLP-1 e o PYY nas células enteroendécrinas (LIU et al., 2018). Esses hormonios
possuem sinalizagdo com o cérebro através da circulagao sistémica ou vias vagais que
resultam em efeitos anorexigenos (XIONG et al. 2022). Esses horménios podem, por
sua vez, influenciar aprendizagem, memoria e humor em camundongos (CANTU-
JUNGLES, RASMUSSEN AND HAMAKER 2019; LIU et al. 2018).

Os AGCC também sao capazes de modular os niveis de fatores neurotréficos no
cérebro e melhorar fungées cerebrais. Zheng et al. (2021) revelaram que a deficiéncia de
acetato a longo prazo diminuiu os niveis da proteina SYP, marcadora de sinaptogénese
associada a memodria e aprendizado no hipocampo de ratos. A suplementagéo de acetato
ou o transplante fecal da microbiota reestabeleceu os niveis de proteina SYP no
hipocampo dos animais (ZHENG et al., 2021). Esse resultado indica que a deficiéncia de
acetato, a longo prazo, como um fator de risco para o declinio cognitivo.
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O propionato afetou as regides do SNC implicadas na recepcao de sinais da area
portal através das vias vagais e espinais. Especificamente, este estudo descobriu que a
administracdo de propionato promoveu a ativacao neuronal em diferentes areas do
complexo vagal dorsal e em regides do cérebro como hipotalamo e nucleo paraventricular
(DE VADDER et al., 2014).

O butirato de s6dio aumentou os niveis de fatores neurotréficos cerebrais como
BDNF (brain derived neurotrophic factor) e fatores neurotréficos derivado de células da
glia (GDNF) no hipocampo de roedores com infec¢des cerebrais. Esses beneficios foram
associados com melhora no aprendizado e memoria (BARICHELLO et al. 2015; DA
SILVA et al. 2012).

Além disso, os AGCC podem contribuir para a sintese de serotonina (Figura 2).
Acetato e butirato promoveram a transcrigcdo da enzima triptofano hidroxilase 1 (enzima
limitante para a sintese de 5-HT na mucosa intestinal) em um modelo de células
enterocromafins humana, sugerindo que os AGCC podem estar crucialmente envolvidos
na producdo entérica de 5-HT e, possivelmente aumentar os niveis de triptofano
circulante e, consequentemente, a sintese de serotonina central (REIGSTAD et al.,
2015).

Butirato e os outros AGCC podem atravessar a BHE provavelmete por meio de
transportadores monocarboxilatos localizados nas células endoteliais e influenciam a
integridade da BHE inibindo vias associadas com respostas inflamatérias (Figura 2).
Camundongos germ-free apresentaram expressao reduzida das proteinas como claudina
e ocludina, levando aumento da permeabilidade da BHE. Apds a recolonizagdo com
Clostridium tyrobutyricum, produtora de butirato, ou apds a administracdo de butirato de
s6édio os camundongos recuperaram a integridade da BHE por regular positivamente a
expressao das proteinas de jungéo epitelial (BRANISTE et al., 2014).

Semelhante a esse resultado, o tratamento de um modelo in vitro de células
endoteliais cerebrovasculares protegeu a BHE contra rupturas induzidas por LPS nas
proteinas de jung&o ocludina, claudina-5 e ZO-1 (HOYLES et al., 2018). Ainda, estudos

demonstram que apds injuria cerebral, a administragédo intravenosa ou intraperitoneal de
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butirato de sédio é capaz de prevenir a disrupcdo da BHE e promover a neurogénese (LI
et al., 2016; LIU et al., 2018).

Em camundongos, o acetato captado pela BHE alterou os niveis dos
neurotransmissores glutamato, glutamina e GABA no hipotalamo e aumentou a
expressao do neuropeptideo anorexigeno, favorecendo a reducao do apetite e do peso
corporal (FROST et al., 2014). Estas observacdes sugerem que o acetato tem um papel
direto na regulacédo central do apetite. Além disso, niveis mais baixos de acetato foram
observados em pacientes depressivos e estao associados com reducao do acido butirico
(CAPUCO et al., 2020).

Dentre os AGCC, o butirato se destaca nos estudos de psicobiologia,
principalmente na sua forma farmacolégica como butirato de soédio (NaB). O NaB regula
a expressao génica no cérebro por meio da sua acdo como HDACI, resultando em
diversos efeitos benéficos para a saude cerebral que vao desde regulacdo no
funcionamento da micréglia em doengas neurodegenerativas até melhoras de sintomas
comportamentais e cognitivos (MATT et al., 2018).

Finalmente, como ja mencionado, os AGCC exercem uma série de efeitos locais
que melhoram a defesa e saude intestinal. Os AGCC aumentam a integridade da barreira
epitelial intestinal por regular positivamente a expressdo das proteinas de juncao
(ocludina, zonulina e claudinas), aumentar a resisténcia elétrica transepitelial (TEER), a
produgao de muco, a mobilidade e a imunidade do TGl (DALILE et al., 2019; LEWIS et
al., 2010) (Figura 2). Essas agdes locais protegem contra a inflamagao por aprimorar a
barreira intestinal e conter a translocagdo de bactérias e/ou fragmentos bacterianos,
evitando ativacao neuromine e sendo crucial para a saude cerebral (HOOGLAND et al.,
2015; VARATHARAJ & GALEA, 2017).

3.3 Kefir

O Kefir de leite € um produto fermentado obtido a partir da fermentacéo do leite
pelos graos de kefir e é tradicionalmente produzido pela inoculagado dos graos de kefir
com o leite de vaca, resultando em uma com pH &cido, variando de 3,3 a 5,5, levemente
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carbonatada e com pequeno teor de alcool (ISMAIEL, GHALY AND EL-NAGGAR, 2011)
(Figura 3). Como produto lacteo fermentado, a microbiota natural do kefir &€ composta por
varios géneros principalmente as bactérias acido-laticas (BAL), acido-acéticas, leveduras
e Lactobacillus spp sendo geralmente um género dominante (GAROFALO et al. 2020;
ZENG et al. 2022).

Os graos de kefir siao massas gelatinosas e possuem formato irregular, variando
de 0,3 a 3,5 cm de diametro (AL-MOHAMMADI et al., 2021). Esses graos apresentam
uma composicdo complexa e especifica de microorganismos probidticos, incluindo
diferentes espécies de BAL e bactérias 4cido-acéticas como Lactobacillus, Lactococcus,
Leuconostoc, Pediococcus, Carnobacterium e Acetobacter e leveduras, que vivem em
simbiose em uma matriz de polissacarideos (kefiran) (ARSLAN, 2015; CHEN, WANG
AND CHEN, 2008; MAGALHAES et al., 2011).

Figura 3 — Graos de kefir e bebida fermentada
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Fonte: Disponivel em:‘ https://s1.static.BrasiIescoIa.uoI.com.br/imq/2019/09/qraos—de-kefir.ipq/. Acesso
em:16 fev. 2023.

Os graos de kefir também fermentam outros tipos de leite, incluindo os de origem
vegetal, além de sucos de frutas (AL-MOHAMMADI et al., 2021). A composicéo e
conteudo da microbiota dos gréaos de kefir ou da bebida variam de regido para regiao de


https://s1.static.brasilescola.uol.com.br/img/2019/09/graos-de-kefir.jpg/
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acordo com o produto e a cultura utilizados para iniciar a fermentagédo (PRADO et al.,
2015).

Evidéncias crescentes comprovam que o kefir tem uma variedade de acdes
probidticas e, além de modular a microbiota intestinal, tem acdo imunomoduladora,
hipoglicemiante, hipotensiva, hipolipemiante, antibacteriana, anticancerigena, anti-
inflamatoria, cardioprotetora e neuroprotetora (PELUZIO et al., 2021; CHEN et al., 2022).

Probiéticos sdo microorganismos vivos que, quando ingeridos em quantidades
adequadas, conferem beneficios a saude (FAO/WHO, 2002). Esses microorganismos
modulam o microbioma intestinal, contribuindo para o estado de eubiose, aumento da
populacao de bactérias produtoras de AGCC e outros metabélitos saudaveis, melhora da
funcéo imune e defesa intestinal (MARKOWIAK-KOPEC & SLIZEWSKA, 2020; CHEN et
al., 2022).

Lactobacillus paracasei, cepa isolada do kefir, demonstraram tolerar o ambiente
acido gastrointestinal e, aderir ao epitélio intestinal onde sao capazes de produzir lactato,
que é utilizado pelas bactérias para producao de AGCC e outros metabdlitos saudaveis
(BENGOA et al., 2018). Akar et al. (2021) demonstraram que o tratamento com o kefir
mudou a composicao da microbiota fecal, aumentou a expressao de ocludina e claudina-
1 nointestino, o que foi associado com melhora de funcao de barreira intestinal e reducéao
de marcadores inflamatérios como NF-kB em ratos alimentados com uma dieta rica em
frutose (AKAR et al., 2021).

Em relacdo a modulagdo da microbiota intestinal, o kefir ou suas cepas
demonstraram melhorar a composicdo da microbiota intestinal por aumentar as
concentracdes de familias benéficas como Lactobacillus, Lactococcus e Bifidobacterium
e reduzir as concentragcdes de Proteobacteria e Enterobacteriaceae, familias
consideradas patogénicas (KIM et al., 2015). Esse efeito pode ser atribuido a uma
combinacdo de fatores como inibicdo direta de patdgenos por acidos e producéo de
bacteriocina, além da exclusdao competitiva de patdogenos na mucosa intestinal (AL-
MOHAMMADI et al., 2021).

Além dos efeitos relacionados a microbiota probiética, o kefir, como produto
fermentado, é composto pelos seus préprios metabdlitos e componentes bioativos como
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os AGCC, EPS, peptideos bioativos, fendis, alcoois, acidos organicos, vitaminas,
bacteriocinas e outros componentes que também possuem agao probiodtica com atividade
antiinflamatéria, antioxidante, hipocolesterolémica, anti-hipertensiva, anticancerigena, e
antidepressiva (AL-MOHAMMADI et al., 2021; TALIB et al., 2019).

Medrano et al. (2020) descobriram que a fermentacdo de kefiran induziu
acidificacao através da producao de acidos organicos, principalmente acido acético apos
24 horas de fermentacao, acido propidnico apds 48 horas de fermentagdo e aumento
significativamente o acido butirico ap6s 48 horas de fermentacdo, o que inibiu a
proliferacao de células tumorais de cancer de colon.

Seo et al. (2018) descobriram que o EPS produzido pela fermentacao do kefir teve
efeito de reduzir a doenca inflamatéria intestinal. Além disso, a administracao oral de kefir
aumentou o numero de produtores de IgA na lamina prépria intestinal, reforcando a
imunidade do intestino (VINDEROLA et al., 2005).

Os peptideos do kefir inibiram a sinalizagdo do NF-Kb e a produgéo de citocinas
inflamatérias como IFN-y, IL-1 B, IL-6, TNF-a, ao passo que aumentou a producgao de IL-
10, uma citocina antiinflamatéria (CHEN, et al., 2019; TON et al., 2020b). Em adicao,
Lactobacillus rhamnosus RC007, cepa probidtica isolado do grao de kefir, aumentou a
razao de citocinas antiinflamatérias e pré-inflamatéria (IL-10/ TNF- a) no fluido intestinal
de camundongos apés 10 dias de tratamento (DOGI et al., 2016).

O kefir também demonstrou aumentar a atividade de enzimas antioxidantes
(superoxido dismutase, catalase e gluatationa peroxidase) e diminuir espécies reativas
de oxigénio (EROS) (ALl et al., 2020; BARBOZA et al., 2018). Desse modo, o kefir € um
produto com capacidade de proteger as células contra as EROS, preservando lipideos,
carboidratos, proteinas e acidos nucleicos, evitando o processo de apoptose celular
(PEREIRA et al., 2021).

Os efeitos positivos do kefir sobre a modulagdo da microbiota intestinal e
inflamacéo intestinal tem sido associados principalmente com as a¢des antimicrobianas,
producdo de AGCC e acdo imunoreguladora intestinal, e ndo associados em relagéo a
estabilidade da microbiota do kefir visto a sua dificuldade de padronizacdo. Portanto, é
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comum o estudo de cepas isoladas do kefir como mencionados acima, mas ha poucos

estudos sobre a interacéo entre o kefir e outros sitios de interagcdo como o cérebro.

3.4 Kefir: um psicobiodtico

Evidéncias clinicas sugerem que a reducao da disbiose representa uma hip6tese
de atuacao do kefir na prevencao e no tratamento adjuvante de doencas e disturbios
neurodegenerativos e/ou comportamentais. De fato, alguns estudos associam o consumo
do kefir com aumento de bactérias benéficas, melhora de variaveis cognitivas,
inflamatorias, neuroimnues, neuroendécrinas e comportamentais (GUVEN et al., 2015;
NOORI et al., 2014; SUN et al., 2019; VAN DE WOUW et al., 2021).

A suplementacao de Lactobacillus kefiranofaciens (ZW3), resultou em melhora do
comportamento depressivos e ansioso via metabolismo do triptofano, protecédo do eixo
HPA e inibi¢cdo da inflamagao em animais induzidos ao estresse (SUN et al., 2019b). Além
disso, 0 ZW3 aumentou os microorganismos com agao antiinflamatéria e antioxidante
como Actinobacteria, Bacteroidetes, Lachnospiraceae, Coriobacteriaceae,
Bifidobacteriaceae e Akkermansia, e reduziu 0s niveis de microorganismos associados
a doencas e ao estresse como Proteobacteria nas fezes dos ratos (SUN et al., 2019b).

Semelhantemente, Noori et al. (2014) indicaram que o kefir tem o potencial de
proteger contra a depressao, ansiedade e comprometimento cognitivo em um modelo
animal induzido pela cessac¢ao da nicotina. Além disso, a administracdo de 150 mg/kg de
peptideos do kefir dissolvidos em agua exibiram atividade antidepressiva que foi
associada com a regulacao positiva de BDNF no hipocampo de camundongos, além do
aumento dos niveis de serotonina (CHEN et al., 2021). O kefir também melhorou
comportamentos repetitivo, de recompensa, sinalizacdo serotoninérgica, déficits
induzidos e aumentou a prevaléncia de Lactobacillus reuteri, cepa que confere uma série
de beneficios ao metabolismo e imunidade do hospedeiro, além de estar associada a
producdo de GABA, neurotransmissor inibitério do SNC e com efeitos anti-depressivos
(VAN DE WOUW et al., 2020).
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Além disso, o consumo de kefir (0.2 ml) por trés semanas reduziu deficiéncias
comportamentais e melhorou a imunorregulacao periférica através da modulagéo do eixo
intestino-microbiota-cérebro em modelo de camundongo de TEA, sugerindo que o
consumo de kefir pode ser uma estratégia viavél para modular sintomas especificos do
TEA (VAN DE WOUW et al., 2021)

A suplementacdo do kefir por 90 dias reduziu espécies reativas de oxigénio,
levando a atenuacdo da oxidacdo de proteinas, citocinas inflamatérias e processo
apoptotico em pacientes com Alzheimer, ao mesmo tempo que melhorou variaveis
cognitivas (TON et al., 2020).

Neste sentido, o kefir pode modular aspectos do eixo intestino-microbiota-cérebro
através das propriedades bioativas que podem atingir o cérebro sistematicamente ou
através da modulacdo da microbiota intestinal e seus metabdlitos, capazes de interagir
via nervo vago e outras vias humorais.

Desse modo, o kefir se apresenta como um psicobiético, que € toda intervencéao
direcionada a microbiota que influencia a relagdo microbiota-cérebro (SARKAR et al.,
2016). Apesar do kefir se incluir na definicao de psicobiético, segundo nosso
conhecimento, ndo ha estudos que avaliam o efeito do seu consumo sobre a
neuroprotecao preventiva em modelo de inflamacéao intestinal.

Como supracitado, a inflamagédo intestinal € um fator de risco para a
neuroinflamagé&o por promover alteragcdées no eixo intestino-microbiota-cérebro. Portanto,
torna-se relevante investigar se o consumo de kefir previne possiveis danos cerebrais

nesse modelo.

3.5 Interleucina 10 e inflamacao intestinal

A IL-10 é uma citocina produzida por varios tipos de células imunes, incluindo os
linfécitos T CD4+, T CD8+, linfécitos B, macréfagos, neutréfilos, células dendriticas,
natural killers entre outras (SABAT et al., 2010).

Essa interleucina funciona como um inibidor chave central das fun¢bes das células

apresentadoras de antigenos e, portanto, suprime as respostas das células T efetoras
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desencadeando respostas antiinflamatérias (LIU, TONKONOGY AND SARTOR, 2011;
MISHIMA et al., 2019).

Animais deficientes em IL-10 e/ou do receptor de IL-10 (IL-10-R) desenvolvem
espontaneamente inflamacao no intestino delgado e/ou grosso (enterocolite) podendo
desenvolver doenca de Chron, colite ulcerativa e outras doencas inflamatérias intestinais
(ASSEMAN et al., 1999).

A IL-10 é uma das citocinas anti-inflamatérias mais relevantes na formacao das
respostas imunes da mucosa intestinal. De fato, a IL-10 pode modular a produgao de IgA,
que tem como papel proteger a barreira intestinal através da modulacao da comunidade
microbiaana residente, restringindo o crescimento de patégenos bacterianos e
aumentando a imunidade protetora do hospedeiro via exclusdo imunolégica (DORON et
al. 2021).

Camundongos knockout IL-10 desenvolvem colite ulcerativa mediada por
Th1/Th17 na presenca da microbiota intestinal residente (BERG et al., 1996; YEN et al.,
2006). Ja a administracao de IL-10 recombinante previne o aparecimento da enterocolite
experimental, melhora a funcao de barreira intestinal e inibe a producao de citocinas pro-
inflamatérias pela microbiota (BERG et al., 1996; WU et al., 2016). Esses resultados
sugerem que a IL-10 previne a disbiose e a inflamacé&o intestinal que, por sua vez, pode
previnir a inflamagéao sistémica e a neuroinflamacgéo.

A deficiéncia de IL-10 também est4d associada a prejuizos na mitofagia
(degradacao seletiva das mitocondrias pela autofagia), dano mitocondrial, aumento na
producao de EROS e ativagao aberrante do inflamassoma apdés estimulagao do LPS (IP
et al.,2017). Esse resultado indica que a IL-10 previne a inflamacao intestinal, pelo menos
em parte, via promog¢ao da mitofagia para limitar a ativacéo do inflamassoma e respostas
inflamatorias (IP et al., 2017).

Autofagia é fundamental para a manutengao da homeostase intestinal, regulacao
da ecologia intestinal, aprimoracdo das respostas imunes intestinais e protecao anti-
microbiana (LARABI; BARNICH AND NGUYEN, 2020).

Ao contrario dos animais knockout de IL-10 com microbiota intestinal residente,
animais germ-free knockout de IL-10 ndo desenvolvem inflamagéo intestinal (BERG et
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al., 1996). Portanto, a sinalizagdo antiinflamatéria intestinal de IL-10 parece depender,
pelo menos em parte, da microbiota intestinal. De fato, a bactéria comensal Bacteroides
fragilis secreta a molécula imunorreguladora A que desencadeia ativacdo de células
FOXP3+ T reg produtoras de IL-10, protegendo camundongos da colite experimental
(SHEN et al., 2012).

Animais germ-free recolonizados por uma cepa de bactéria ndo patogénica
(Escherichia coli) responde inicialmente, de maneira rapida, com produgéo de citocinas
pré-inflamatérias como IFN-y (WU et al., 2016). Esta resposta progride para um perfil
imunolégico regulado com reducao de IFN-y, IL1B, IL6 na presenga da ativagao
bacteriana sustentada pela imunorregulacdo de IL-10 (WU et al.,, 2016). Logo, a
sinalizagao intestinal de IL-10 na presenga da microbiota saudavel ativa a homeostase
imunolégica, culminando na reducao de citocinas pré-inflamatérias (WU et al., 2016).

Portanto, a sinalizacao intestinal de IL-10 é um fator chave na supressao da
resposta imune efetora da mucosa do hospedeiro a componentes bacterianos residentes,
tornando peca fundamental para a homeostase imunolégica intestinal e sistémica. Além
disso, os probidticos parecem melhorar a expressao da IL-10 e seus efeitos de protecao

intestinal.

4. OBJETIVOS

4.1 Geral

Avaliar o efeito neuroprotetor do consumo de kefir de leite em camundongos
knockout de IL-10 e revisar os mecanismos moleculares do butirato, um metabdlito do

kefir, nas fungdes cerebrais.

4.2 Especificos

Avaliar o efeito do consumo de kefir:

eNa concentracdo de acidos graxos de cadeia curta (acético, propibénico, butirico) no

cérebro;
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eNa expressao das proteinas de juncao epitelial (ZO-1, ocludina, claudina-5) no cérebro;
e Na concentracao das citocinas (IL-1B, IL-4, IL-6, IL-10, IL-12, , IL17a, IFN-y) no cérebro;

eNa concentracdo das enzimas envolvidas no estresse oxidativo (super 6xido dismutase,

catalase e gluationa s transferase) no cérebro;
e Na concentracao da peroxidacgao lipidica (malondialdeido) no cérebro;
e Nas analises histoldgicas do intestino delgado.
Revisar os mecanismos moleculares do butirato:
e Produzido pela fermentacao bacteriana no célon nas funcdes cerebrais;

e Farmacoldgico (NaB) nas fungdes cerebrais.

5. MATERIAL E METODOS

5.1 Aspectos éticos

O presente projeto é parte integrante de um projeto guarda-chuva intitulado
“‘Resposta inflamatdria, antioxidante e alteragéo intestinal em modelo murino C57BL-6
consumindo kefir de leite desafiados com Salmonella enterica sorovar Typhimurium” que
foi previamente submetido a Comiss&o de Etica no Uso de Animais da Universidade
Federal de Vigosa (CEUA/UFV), sendo aprovado sob o niumero de protocolo 35/2020
(Anexo 7.1).

5.2 Material de trabalho

Foram utilizados tecidos cerebral e intestinal de 20 camundongos C57BL-6
selvagem e knockout IL-10. Ambos tecidos sdo de animais com oito semanas de idade
do género masculino obtidos no Biotério Central do Centro de Ciéncias Biol6gicas e da
Saude, da Universidade Federal de Vigosa (UFV), Minas Gerais.

5.3 Preparo do Kefir



Os graos de kefir utilizados no estudo foram obtidos de um domicilio, cidade
de Vigcosa, localizada na regido da zona da Mata Mineira, Minas Gerais, Brasil, no
qual tradicionalmente a familia fazia o seu consumo regularmente. A producao da
bebida kefir foi realizada no Laboratério de Bioquimica Nutricional - LABIN,
Departamento de Nutricdo e Saude, Universidade Federal de Vigosa (UFV).
Primeiramente, os graos foram ativados e cultivados diariamente durante algumas
semanas, a fim de se obter a quantidade necessaria para todo o ensaio
experimental (tratamento dos animais).

Em seguida, para a producao do kefir de leite, os graos foram separados em
porgbes de 20g, inoculados em recipiente de vidro estéril, na concentragcédo de 10%
m/v em leite de vaca integral (200mL), UHT. Este leite foi obtido do comércio local,
marca e lotes Unicos (Cotochés integral, lote MG1 AM 5), mantido em temperatura
ambiente, 25°C +2°C por 24 horas, sem agitacdo, em meio aerdbio (Figura 4).

Posteriormente, os graos que foram recuperados por tamisagem em peneira
de aco inoxidavel e lavados com agua destilada foram inoculados ao leite
novamente, repetindo as etapas descritas para uma nova producao de kefir. Na
sequéncia, o leite fermentado do kefir produzido, procedeu a maturacéo, sob
refrigeracdo a 7°C £ 2°C, por 24 horas, e em seguida, foram administrados

oralmente, via gavagem, para 0s animais experimentais.
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Figura 4 - Fluxograma de preparo do kefir de leite

Graos de Kefir

\

Inoculagéo de 20g dos grios de kefir

em 200 ml de leite de vaca integral UHT |~

Y

Fermentacao por 24h em temperatura
ambiente (25°C £ 2°C)

L 4

Tamisagemem peneira

— T~

Obtencéo do Leite fermentado de Kefir Obtenc¢do dos gréos de kefir

|

Maturagdo 24h em geladeira
(7°C £2°C)

|

Oferta aos animais, por gavagem na
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5.4 Desenho experimental

O experimento possui 4 grupos experimentais, com 5 animais cada, sendo
estes: grupo selvagem e agua (WWT), que recebeu dieta comercial e gavagem com
agua filtrada; grupo selvagem e kefir (KWT), que recebeu dieta comercial e gavagem
com kefir de leite; grupo knockout IL-10 e agua (WKO), que recebeu dieta comercial
e gavagem com agua filtrada; grupo knockout IL-10 e kefir (KKO), que recebeu dieta
comercial e gavagem com kefir de leite (Figura 5). Todos animais do grupo agua
receberam 0,1 ml/dia e todos os animais do grupo kefir receberam (0,1ml/dia -10°
UFC/ dia).

Os animais foram mantidos em gaiolas de polipropileno cobertas com grades
metalicas, em ambiente com temperatura (22 + 2°C) e umidade controladas (60-70%)
assim como ciclo claro/escuro de 12 horas. Além do tratamento de cada grupo, agua
filtrada e dieta comercial foram fornecidas ad libitum por 25 dias, periodo total do
desenho experimental.

Figura 5 - Delineamento experimental (Adaptado de Albuquerque et al., 2023 in
press)

C57BL-6 WT (n=10) m m, C57BL-6 IL10" (n=10) C57BL-6 WT (n=10) m m C57BL-6 IL10- (n=10)
i g

s
[ Il — e e Frozen at
C57BL-6 WT  C57BL-6 - 80°C
Day 1 Day 25 Day 26 (n=10)  IL107(n=10)
End of Euthanasia
Legend: treatment 5
gcpin = . @ @ Carnoy’'s
|:| Division of experimental groups * WWT (n=5): Water Wild Type solution
and initiation of treatment * KWT (n=5): Kefir Wild Type _
|:| Day 25: end of treatment * WKO (n=5): Water Knockout IL-10 C57BL-6 WT  C57BL-6
+ KKO (n=5): Kefir Knockout IL-10 (n=10)  IL10*(n=10)

I Euthanasia

O procedimento de eutandsia foi realizado no Laboratoério de Bioquimica
Nutricional (LABIN) do Departamento de Nutricdo e Saude da UFV, em ambiente
tranquilo e adequado, longe do alojamento e de outros animais experimentais.

A eutanasia foi realizada por uma equipe treinada e capacitada. Os animais
foram anestesiados de 3 a 5 minutos com Isoflurano, utilizando circuito simples com
fluxdmetro, acoplado a um cilindro de oxigénio (3% até 5% mistura de Isoflurano e
oXigénio).

Durante o procedimento da eutanasia, foram removidos o cérebro e intestino

delgado que foram pesados e congelados em ultra freezer -80°C para analises
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posteriores. O intestino delgado foi lavado e fragmentado em uma por¢ao armazenada
em solucdo de Carnoy para analises histolégicas. Todos os procedimentos foram
realizados com o objetivo de propiciar uma morte humanitaria aos animais, em
consonancia com as normas do Conselho Nacional de Controle de Experimentagéao
Animal (CONCEA).

5.5 Determinacao de acidos graxos de cadeia curta (AGCC)

Segundo metodologia adaptada de Siegfried e colaboradores (1984), os acidos
graxos foram extraidos de uma aliquota (100mg) de cérebro congelado. Para a
extracao, os tecidos foram homogenizados com agua ultra pura seguidos da adicao
de hidroxido de calcio, sulfato cuprico, agitacdo em vortex e congelamento. Em
seguida as amostras foram descongeladas e centrifugadas, o sobrenadante
reservado, adicionou-se acido sulfurico concentrado e novamente, com posterior
congelamento. Finalmente, descongelado e centrifugado, sendo entdo o
sobrenadante final filtrado em filtro (0,22mm) e acondicionado em vial.

Ap6s a extracdo, a quantificagdo das concentracées dos acidos graxos foi
realizada por meio de cromatografia liquida de alta eficiéncia (HPLC), em
cromatégrafo SHIMADZU (SHIMADZU do Brasil, Sao Paulo-SP), acoplado ao
detector ultravioleta (UV) modelo SPD-20A VP. Foi utilizado comprimento de onda de
210 nm, coluna HPX 87H (Aminex®), 300cm x 7,8mm e pré coluna de mesma fase
(Bio-Rad Laboratérios Brasil, Rio de Janeiro-RJ), fluxo da corrida 0,6 mL/minuto,
duragéo da corrida 50min, pressao na coluna de 75 KgF, temperatura do forno 32°C,
o volume injetado foi de 10 yL e a fase movel agua acidificada (0,005 M de &cido
sulfarico).

A obtencdo dos dados foi realizada através do software Lab Solutions,

Shimadzu Corporation (2013) e os dados foram expressos em pumol/g cérebro.

5.6 Determinacao da expressao génica de proteinas de juncao epitelial
5.6.1 Extracao do RNA

Para a extracdo do RNA de aliquotas (100mg) de cérebro, utilizou-se o
protocolo adaptado do reagente Trizol (Invitrogen®). Foi adicionado 1 ml de Trizol

(Invitrogen®) aos microtubos contendo as aliquiotas de cérebro que foram
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armazenados no nitrogénio liquido até serem colocados no homogenizador
TissuelLyser Il (Qiagen®) com beads de ago inoxidavel previamente higienizadas com
RNAse Away (Sigma®) durante 1 minuto, pausado nos 30 segundos para uso de
nitrégenio liquido, na frequéncia 28 (1/s). Apés a homogeinizacao do tecido cerebral,
as amostras foram incubadas por 10 minutos a temperatura ambiente.

Apé6s a incubacdo, as amostras foram centrifugadas a 12.000g, 4°C por 10
minutos. O sobrenadante transferido para novos microtubos de 1,5 mL. Em seguida,
foram acrescentados 200 uL de cloroférmio, agitou-se por 15 segundos manualmente
e incubou-se por 3 minutos a temperatura ambiente. As fases foram separadas por
centrifugacao a 12000 g, 4 °C por 15 minutos e a partir da fase aquosa, contendo o
RNA, foram retirados aproximadamente 400 uL de homogenato e transferidos para
outro tubo. O RNA foi precipitado mediante a adicao de 400 pL de isopropanol e apés
30 minutos de incubagéo a — 20°C, as amostras foram centrifugadas a 12000 g, 4 °C
por 10 minutos. O sobrenadante foi descartado e o precipitado de RNA foi lavado com
300 uL de etanol 75% e centrifugado novamente a 7500 g, 4 °C por 5 minutos.

Finalmente, o precipitado, previamente seco em cabine de seguranca bioldgica,
foi dissolvido em 20 pL de agua livre de nuclease e incubado em banho seco na
temperatura de 55°C por 7 minutos. A concentragdo do RNA foi estimada através da
leitura no Qubit Flurometer (Thermo Fischer®) e a integridade foi avaliada em gel de
agarose a 1%.

5.6.2 Tratamento do RNA com Dnase

A fim de evitar possiveis contaminagbées com DNA gendmico, as amostras
foram tratadas com DNase livre de Rnase de acordo com as recomendacgdes do
fabricante (Promega®). Resumidamente, foram adicionados 1 pL de tampéo de
reagao, e 2 UL de Dnase para cada amostra de RNA a ser tratada (1-6 plL), sendo que
o volume da reacgao foi completado com agua nuclease free para um volume toral de
10 uL e elas foram incubadas a 37°C por 30 minutos e, posteriormente, inativadas
com a adicdo da DNase Stop Solution (1 pL) e foram incubadas por 10 minutos a
65°C. O tratamento foi confirmado por reacdes de amplificagdo (PCR) utilizando o
primer para o gene endégeno GAPDH.

5.6.3 Sintese de DNA complementar (cDNA)
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Para esta etapa, foi utilizado o Kit High Capacity™ cDNA reaction (Applied
Biosystems®), a partir do uso de Oligo dt primer como iniciadores da sintese.
Inicialmente, foi preparado o mix de reagentes, seguindo instrucdes conforme manual
do kit. Utilizou-se 10 yuL de amostira de RNA e 10 uL dos componentes do Kit,
totalizando 20 pL finais de reacdo. Para as condi¢cdes de ciclagem, foi utilizado o
equipamento 2720 Thermal Cycler (Applied Biosystems®). A ciclagem da reacao de
sintese de cDNA foi realizada inicialmente a temperatura de 25°C por 10 minutos
(etapa inicial), seguido de 37°C por 120 minutos (etapa da ativagdo da enzima
transcriptase reversa), finalizado por 85°C durante 5 minutos (etapa de inativacao da

enzima transcriptase reversa).

5.6.4 PCR em tempo real (qPCR)

As reagdes de PCR em tempo real foram realizadas em duplicata de acordo
com as recomendagdes do kit GoTag® gPCR and RT-gPCR Systems (Promega®).
Utilizou-se 2uL (100ng) do cDNA, 1uL (1uM) dos primers direto e reverso, especificos
para os genes da ocludina, zonulina 1 (ZO-1) e claudina-5, 5,0 uL do GoTaq gPCR
Master Mix 2x (Promega®) e 2 uL de agua nuclease free ,obtendo-se o volume final
de 10,0 pL. As reacdes foram realizadas em uma placa de 48 pocos utilizando-se o
equipamento StepOne Real-Time PCR System (Applied Biosystems®).

As condigbes utilizadas para a amplificagdo foram 95°C por 10 minutos, 40
ciclos de desnaturagédo a 95°C por 30 segundos, seguido de anelamento e extensao
a 60°C por 1 minuto. Apds os 40 ciclos, a temperatura foi aumentada gradualmente,
em incrementos de 1 °C, comeg¢ando em 60 °C até atingir o limite de 95 °C, resultando
na geragao de uma curva de melting.

A eficiéncia de amplificagéo para cada primer foi determinada pela curva padréao
através de uma diluicdo seriada de 1:2 de cDNA variando de 50ng a 0,78 ng e
calculada pela formula eficiéncia de PCR = (10¢"/slope) — 1) x 100. A curva padréo foi
utilizada para calcular os valores de quantidade relativa de cada amostra para cada
gene (MENDES et al., 2013)

As quantidades das amostras foram normalizadas pelo gliceraldeido 3-fosfato
desidrogenase (GAPDH).



40

Tabela — 1 Sequéncia de nucleotideos dos primers utilizados para gPCR no cérebro

Gene Sequéncia forwad Sequéncia reverse

GAPDH ACGGCCGCATCTTCTTGTGCA CGCCCAAATCCGTCCACACCGA
Claudina 5 GCTCTCAGAGTCCGTTGACC CTG CCC TTT CAG GTT AGC AG
Z0O-1 CCAGCTTATGAAAGGGTTGTTC TCCTCTCTTGCCAACTTTTCTC
Ocludina ATGTCCGGCCGATGCTCTC TTTGGCTGCTCTTGGGTCTGTAT

Fonte: Volynets et al. (2016)

5.7 Analise de citocinas

As concentragdes das citocinas IL-2, IL-4, IL-6, IL-10, IL-17a, interferon gama
(IFN-y) e fator de necrose tumoral alpha (TNF-a) foram avaliadas utilizando kit
Cytometric Bead Array (CBA)(BD™), segundo recomendacdes do fabricante, com
modificagdes, conforme descritas a seguir. Amostras do tecido cerebral foram
homogeinizadascom auxilio de um homogeneizador de tecido (IKA®, model T10
basic) em tampéao fosfato pH 7, mantidos no gelo e, posteriormente centrifugadas a
12000 g, 4 °C por 10 minutos .

O sobrenadante foi coletado. As beads foram diluidas com solugao diluente e
distribuidas em microtubos. Em cada microtubo foram adicionados 25 uL de amostra
e 25 uL da solucao detectora, seguido de incubagao por 2 horas na auséncia de luz.
Posteriormente, foi acrescentado 1 mL da solucdo de lavagem, seguido de
centrifugagdo sob refrigeragdo a 2000g por 5 minutos, e desprezado parte do
sobrenadante (aproximadamente 700 uL). O volume restante foi utilizado para leitura
no citdmetro de fluxo (aproximadamente 300 pL). Foi construida uma curva padrao
com dez pontos partindo da solu¢gdo mais concentrada, top standard. Os resultados
foram expressos em pg/g de tecido. Os dados foram processados no Software FCAP
Array verséo 3.0.

5.8 Analise das enzimas envolvidas no processo oxidativo

5.8.1 Catalase (CAT)

As aliquotas de cérebro foram homogeneizadas em tampéo fosfato (0,1M, pH
7), centrifugadas a 12000 g, 4 °C por 10 minutos e o sobrendante coletado. A atividade
da CAT foi determinada segundo metodologia de Aebi (1984), a partir do
sobrenadante pela taxa de decaimento do peroxido de hidrogénio (10 mmol/L),
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durante 60 segundos, com leitura em espectrofotobmetro (Multiskan Go, Thermo
Scientific®) a 240nm. Os resultados foram expressos em unidades (U) de CAT/mg de
proteina sendo a dosagem de proteina realizada pelo método de Lowry e
colaboradores (1951).

5.8.2 Superodxido Dismutase (SOD)

Com os mesmos sobrenadantes utilizados para a dosagem da CAT, foi
determinado a atividade da SOD, segundo Dieterich e colaboradores (2000). Essa
metodologia é baseada na capacidade da SOD em catalisar a reagao do superdxido
O:2 a perdéxido de hidrogénio, diminuindo assim a razao de auto oxidagao do pirogalol.
A analise foi realizada em triplicata, em espectrofotdmetro (Multiskan Go, Thermo
Scientific® , Finlancia) a 570nm. Os resultados foram expressos em U de SOD/mg de
proteina sendo a dosagem de proteina realizada pelo método de Lowry e
colaboradores (1951).

5.8.3 Glutationa S Transferase (GST)

A atividade da GST foi determinada segundo metodologia adaptada de Habig
e colaboradores (2002), baseando na habilidade da GST em metabolizar o 1-cloro-
2,4- dinitrobenzeno (CDNB) conjugando com a glutationa reduzida (GSH). A analise
foi realizada com os sobrenadantes anteriormente descritos para CAT e SOD,
acrescido de CDNB e GSH. A leitura foi realizada em espectrofotémetro (Multiskan
Go, Thermo Scientific® , Finlancia) a 340nm, durante 90 segundos. O coeficiente de
extincao molar de 9,6 mmol/cm foi usado para calcular a concentragdo da GST, sendo

essa expressa em nmol/min/mg de proteina da amostra.

5.9 Mensuracao da peroxidacao lipidica

A mensuracdo dos metabdlitos reativos ao &cido tiobarbiturico (TBARS) foi
realizada de acordo com metodologia adaptada de Buege e Aust (1978). O método
baseia-se na capacidade do malondialdeido (MDA), em condi¢des acidas e aquecido
com o TBARS, de formar um produto de coloracdo résea, que pode ser mensurado
em espectrofotdmetro (Multiskan Go, Thermo Scientific® , Finlancia) a 535nm.
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Amostras de cérebro (100 mg) foram homogeneizadas com PBS 50 mmol/L e
centrifugadas a 3500 rpm por 10 minutos. Ao sobrenadante resultante foi acrescido
solucado de TBARS, que contém acido tricloroacético e tiobarbitdrico. O mesmo foi
mantido em banho-maria a 100 °C por 10 minutos.

O coeficiente de extingdo molar 1,56 x 105 M/cm foi usado para o calculo da
concentracao de TBARS e a dosagem de proteina foi realizada por método de Lowry
e colaboradores (1951). A concentracédo final foi expressa em micromol/mg de
proteina.

5.10 Analises histoldgicas do intestino delgado

Fragmentos do intestino delgado foram removidos e armazenados, por no
minimo 24 horas, em solugdo de Carnoy em temperatura ambiente. Em seguida,
esses tecidos foram desidratados em gradiente crescente de etanol (70% até alcool
absoluto) e incluidos em parafina. Secgbes transversais e longitudinais de 5um de
espessura foram obtidas em micrétomo rotativo (RM2155, Leica® ), com auxilio de
navalhas de vidro e coradas em solugdo de Hematoxinlina e Eosina (HE).

Para a andlise morfométrica, imagens dos fragmentos histologicos foram
capturadas com objetiva de 10X diretamente no microscopio de luz (Primo Star 2012,
Zeiss® , Alemanha) por meio de uma camara de video Aixo ERc5s (Zeiss®,
Alemanha). Com o auxilio do software Image Pro-Plus® versao 4.5 (Media
Cybernetics) foram realizadas as seguintes medidas:

* Altura das vilosidades: foram selecionados 10 campos aleatérios por animal
e apenas as vilosidades com epitélio definido e conjuntivo visivel foram aferidas;

» Largura das vilosidades: nas mesmas vilosidades utilizadas na analise de
altura foram feitas 3 medidas (regido apical, média e basal), considerando-se o valor
médio dessas trés medidas;

* Profundidade das criptas: foram tomadas as medidas de 10 campos por
animal, sendo possivel ver a base e 0 apice (abertura) da cripta.

« Area da superficie da vilosidade foi calculada usando a seguinte equacao:

Area da superficie da vilosidade = 2r x vw x VL
2
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Onde vw € a média das trés medidas de largura da vilosidade e VL € a altura
da vilosidade (Agarwal et al., 2022).

5.11 Analises estatisticas

A andlise dos dados foi realizada primeiramente pelo teste de normalidade de
Shapiro-Wilk. Para comparacdo dos quatro grupos experimentais, em caso de
distribuicdo simétrica dos dados, foi utilizada a andlise de varidancia (One Way
ANOVA), seguida pelo teste complementar de comparacdes multiplas de Tukey. Em
contrapartida, para os dados com distribuicao assimétrica foi realizadoo teste de
Kruskal Wallis, seguido pelo teste complementar de comparagdes multiplas de
Dunn’s.

Todas as analises estatisticas foram realizadas no software GraphPad Prism
versao 8.3.0 compativel com o sistema operacional Windows 10 (San Diego,
Califérnia, USA) assumindo um p < 0,05.

Os resultados foram expressos em média + erro padrao da média, para os
dados paramétricos, e em mediana % intervalo interquartilico, para os dados nao

parameétricos.
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Beneficial effects of butyrate on brain functions: a view of epigenetics

Abstract

Brain functions are influenced by the presence, activity, and metabolism of the gut
microbiota through the gut-microbiota-brain (GMB) axis. The consumption of a fiber-
rich diet increases the content of short-chain fatty acids (SCFAs) from bacterial
fermentation in the colon. Among SCFAs, butyrate stands out because of its wide array
of biological functions, such as ability to influence brain functions. Pharmacologically,
sodium butyrate (NaB) regulates gene expression in the brain, where it has several
beneficial effects ranging from neurodegenerative diseases to behavioral disorders
through inhibitors of histone deacetylases (HDACis). In this context, we review the
mechanisms of action of the two types of butyrate on brain functions, with an emphasis
on the epigenetic approach. Both types of butyrate are potentially interesting for the
prevention and adjuvant therapy of neurological and psychological disorders due to
their neuroprotective functions. However, further studies are needed to investigate the

possible neuroepigenetic effects of butyrate derived from bacterial fermentation.

Keywords: Butyrate; gut-microbiota-brain axis; high-fiber diet; epigenetics; brain

disorders.
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Introduction

The gut-microbiota-brain (GMB) axis constitutes a bidirectional communication
system between the gastrointestinal tract (GIT) and the central nervous system (CNS).
This axis composes the CNS plus the enteric nervous, autonomic nervous (vagus
nerve), neuroendocrine, and neuroimmune systems as well as the gut microbiota
(Grenham et al. 2011).

The imbalance of gut microbiota can affect brain functions and it is associated
with neurological diseases such as Autism Spectrum Disorder, Parkinson's,
Alzheimer's Disease, and Depression (Fattorusso et al. 2019; Sun and Shen 2018; Liu
et al. 2020; Capuco et al. 2020). Although the exact routes of the GMB axis have not
been fully elucidated, changes in gut microbiota increase intestinal permeability,
inflammatory cytokines, translocation of antigens, and reduce useful metabolites for
brain health such as neurotransmitters and short-chain fatty acids (SCFAs), which
contribute to neuroinflammation (Sun and Shen 2018).

Therefore, studies on microbiota modulation using probiotics (Steenbergen et
al. 2015), prebiotics (Schmidt et al. 2015), a dietary fiber-rich diet (Cantu-Jungles,
Rasmussen, and Hamaker 2019), and SCFAs supplementation in animals (sodium
butyrate) have demonstrated control over inflammation, neuroprotection, and
improvement of behavioral symptoms (Kratsman, Getselter, and Elliott 2016).

Butyrate produced by bacterial fermentation in the colon exerts indirect
beneficial effects on the brain by improving the integrity of the intestinal barrier (Cantu-
Jungles, Rasmussen, and Hamaker 2019), regulating immune responses, and
stimulating the production and peripheral release of glucagon-like peptide (GLP-1) and
peptide YY (PYY) via G protein-coupled receptor (GPCRs) in enteroendocrine cells
(CEE) (Cantu-Jungles, Rasmussen, and Hamaker 2019; D’Souza et al. 2017). In
addition, butyrate can cross the blood-brain barrier (BBB) and probably acts as a
histone deacetylases inhibitor (HDACI). In the gut, butyrate can modulate the intestinal
function of macrophages and attenuate the production of pro-inflammatory cytokines
(NO, IL-6, IL-2) in response to lipopolysaccharide LPS through the HDACI, contributing
to systemic defense, including brain defense (Chang et al. 2014) (Figure 1).

On the other hand, sodium butyrate (NaB), the sodium salt form of butyrate, is
mostly used in pharmacological studies and has been shown to prevent neuronal cell

death, to improve neurological immunity and behavioral and cognitive patterns,
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besides improving learning and memory in mouse models of neurodegenerative
disease via the epigenetic mechanism histone deacetylase inhibition HDACI
(Kratsman, Getselter, and Elliott 2016; Bourassa et al. 2016). The current review
summarizes the mechanisms of action of the microbial metabolite butyrate and NaB

on brain functions with special attention to epigenetic mechanisms.
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Figure 1: Local action of butyrate produced from bacterial fermentation in the colon
Butyrate produced from microbial fermentation enhances intestinal barrier function by stimulating

mucus and tight junction, minimizing antigen translocation such as LPS and therefore inflammation.
Butyrate also regulates inflammation through G protein-coupled receptors on enterocytes and by
inhibiting histone deacetylases (HDACs) in intestinal macrophages. GPCR signaling in
enteroendocrine cells (EECs) induces the secretion of the hormones glucagon-like peptide (GLP-1)
and peptide YY (PYY) that have systemic action, including in the brain. GPCR, G protein-coupled
receptor; CEE, enteroendocrine cells; GLP-1, glucagon-like peptide; PYY, peptide YY; HDAC,
histone deacetylases; IL-6, interleukin 6; IL-12, interleukin 12; NO, nitric oxide; LPS,
lipopolysaccharide.

The Role of SCFAs: Focus on Butyrate
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SCFAs are saturated fatty acids that contain less than a range of six carbon
atoms and are mainly produced from the fermentation of dietary fibers by bacteria in
the gut. Additionally, SCFAs can also be generated from protein metabolism. Among
them, acetate (C2), propionate (C3), and butyrate (C4) are found in major abundance
in the colon at a molar ratio of approximately 60:25:15, respectively (Canani et al.
2011).

More than 90% of SCFAs are taken up by colonocytes mainly via H*-dependent
monocarboxylate transporters (MCTs) or sodium-dependent monocarboxylate
transporters (SMCTs) and used as energy for these cells, especially butyrate
(Schoénfeld and Woijtczak 2016; Silva et al. 2020). Therefore, only a small amount of
butyrate reaches the hepatic system through the portal vein and other SCFAs that have
not been used by colonocytes could be metabolized in the liver (Chambers, 2019).

In a smaller fraction, SCFAs reach the bloodstream and peripheral tissues (36%
acetate, 9% propionate, and 2% butyrate) (Boets et al. 2015). Moreover, a minor
portion of SCFAs in the rectum could bypass the liver and reach directly the systemic
circulation via the internal iliac vein (van der Beek and McLoughlin, 2017). SCFAs
activate cells through G protein-coupled receptors (GPCRs) such as GPR41 and
GPR43, which have been renamed the free fatty acid receptor FFRA3 and FFRAZ2,
respectively (King, Hittinger and Carroll 2003). Preferably, butyrate binds to FFRAS,
while acetate and propionate have more affinity to FFRA2 (Liu et al. 2018; Kimura et
al. 2011). FFRAZ2 is more expressed in immune cells, while FFRAS3 is in the colon,
kidneys, sympathetic nervous system, and blood vessels (Liu et al. 2018). FFRAS is
highly expressed in the sympathetic nervous system, thus knockout FFRAS3 mice show
reduced sympathetic ganglion activity (Kimura et al. 2011). Another butyrate binder is
GPR109A, whose signaling is involved in the inflammasome pathway in immune cells
in the colon, resulting in T-cell differentiation and IL-10 production (Singh et al. 2014).
Moreover, SCFAs have intracellular functions as regulators of histone acetylation and
methylation (Bourassa et al. 2016).

The role of SCFAs has shown a variety of biological effects on the host, such
as immunoregulatory, anti-inflammatory, anti-obesity, anti-diabetes, hepatoprotective,
cardioprotective, and neuroprotective actions (Xiong et al. 2022).

Among SCFAs, butyrate stands out for its metabolic, anti-inflammatory, and
antioxidant, immunomodulatory functions as well as anticancer and neuroprotective
effects (Liu et al. 2018; Chen and Vitetta 2018; Stilling et al. 2016). Furthermore,
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butyrate is the most potent SCFA in inhibiting HDAC activities. Many anticancer, anti-
inflammatory, and immunoregulatory activities have been found to be mediated
through HDAC inhibition, but the mechanisms of brain functions are not yet fully
elucidated (Xiong et al. 2022). The main pathway for butyrate synthesis is the acetyl-
CoA pathway that is fuelled by carbohydrates, especially non-digestible carbohydrates,
such as resistant starch and soluble fiber. Glutarate, 4-aminobutyrate, lysine, histidine,
cysteine, serine, and alanine are protein-fed pathways that lead to the formation of
butyrate to a minor extent (Louis and Flint 2017; Vital et al. 2017).

From the fermentation of dietary fibers by gut microbiota, monosaccharides will
enter the glycolysis pathway, obtaining pyruvate as a final product. Pyruvate will turn
into acetyl-CoA and be reduced to butyryl-CoA capable of following two paths to
generate butyrate (Figure 2). In the first pathway (A), butyryl-Coa A is phosphorylated
to form butyryl-phosphate and then to butyrate via the butyrate kinase (Louis and Flint
2017). In the second (B), the CoA is transferred to acetate by butyryl CoA: acetate CoA
transferase, leading to the formation of butyrate and acetyl-CoA (Trachsel et al. 2016).
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Figure 2: Microbial pathways of butyrate formation from carbohydrates

Redox reactions involving electron transport are represented by [H]. CO-A, Coenzyme-A; CO2, Carbon
Dioxide; H20, Water; H, Hydrogen; Pi, Inorganic Phosphate; ADP, Adenosine Diphosphate; ATP,
Adenosine Triphosphate
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A multitude of bacteria contribute to the butyrate pool in the human colon of
healthy individuals. The efficient production of butyrate is influenced by the microbiota
composition as a whole.

Vital et al. (2017) showed that most butyrate-producing families are
Lachnospiraceae and Ruminococcaceae belonging to the phylum Firmicutes, whereas
Porphyromonadaceae belonging to the phylum Bacteroidetes and other taxa were
observed to a lesser extent. Regarding the species, Faecalibacterium prausnitzii,
Oscillibacter, Clostridium XlIVa, and Eubacterium rectale/Roseburia spp were
detected, forming a global core community of butyrate producers (Mokhtari, Gibson
and Hekmatdoost 2017; Vital et al. 2017).

Faecalibacterium prausnitzii constitutes about one-fourth of all butyrate
producers that exhibit the acetyl-CoA pathway and are preferred in the presence of
riboflavin and reduced compounds such as cysteine and glutathione (Khan et al. 2012;
Vital et al. 2017).

In addition, acetate and lactate produced during fermentation are relevant
contributors to butyrate synthesis, hence a significant amount of the butyrate produced
is not derived from fiber by particular species, but by cross-feeding interactions within

the gut microbial ecosystem (Holscher 2017; Stilling et al. 2016).

Butyrate as an Endogenous Neuroendocrine Factor

Butyrate enhances the secretion of GLP-1 and PYY in the intestinal tract by
GPCRs activation on enteroendocrine cells (Liu et al. 2018). However, FFAR3-
deficient mice showed that FFARS plays a minor role in butyrate stimulation of GLP-1,
suggesting an additional mechanism for butyrate-mediated stimulation of GLP-1 (Lin
et al. 2012).

Serum GLP-1, PYY, and leptin regulate the short-term signal of satiety
suppressing appetite via brain signaling. In addition, GLP-1 and PYY act at a local level
through inhibiting gastric emptying and intestinal transit time and also stimulating
insulin secretion, playing an important anti-obesity effect (Xiong et al. 2022; Knudesn
et al. 2018; Liu et al. 2018).

In mice, GLP-1 binds to its brain receptors (GLP-1 R), exerting neurotrophic
effects by increased BBB integrity and apoptosis (Liu et al. 2017). The brain action of

GLP-1 is involved in learning, memory, and neuroplasticity improvement, reduction of
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b-amyloid plaques, and activation of microglia in a model of Alzheimer's and
Parkinson's Disease (Cantu-Jungles, Rasmussen, and Hamaker 2019; Liu et al. 2017).

Butyrate also affects satiety, food intake, and lipid oxidation, possibly by
increasing triglyceride uptake via activating brown adipose tissue in mice. These
results coincided with reduced orexigenic neuronal in the hypothalamus and neuronal
activity in the solitary nucleus tract and dorsal vagal complex in the brainstem (Li et al.
2018).

It is possible that butyrate also plays in these effects via the vagus nerve. It is
known that central endings of the vagus nerve innervate the brainstem, where signal
transmission to the hypothalamus can occur, thus forming a circuit to regulate satiety
(Schneeberger, Gomis, and Claret 2014). In addition, vagotomized animals had
butyrate-induced satiety neutralized (Li et al. 2018).

Butyrate Inhibits Neuroinflammation via Gut Modulation

Butyrate can stimulate the expression of the mucin-2 (MUC2) gene, which is
the main component of the mucus layer in the intestinal epithelium, enhancing
protection against pathogens on the mucosal surface (Knudsen et al. 2018; Willemsen
et al. 2003). Furthermore, butyrate modulates the expression of tight junctions
(occludins, claudins, and zonulin), minimizing paracellular permeability and improving
intestinal barrier integrity (Knudsen et al. 2018).

The mechanisms involved in these processes include the activation of AMP-K
(5' adenosine monophosphate-activated protein kinase) protein and inhibition of
HDACs (Stilling et al. 2016; Peng et al. 2009). These actions reinforce the role of
butyrate in intestinal and systemic defense through the prevention of antigen
translocation and chronic low-grade inflammation. Increased intestinal permeability
and chronic low-grade inflammation are part of the phenotype of several
neurodegenerative diseases (Sun and Shen 2018; Cantu-Jungles, Rasmussen, and
Hamaker 2019). Thus, butyrate could prevent neuroinflammation due to improved
intestinal and systemic defenses.

Human and animal studies have demonstrated the anti-inflammatory
effect of butyrate by suppressing the pro-inflammatory cytokines IFN-y, TNF-a, IL-1,
IL-6, and IL-8, whereas IL-10 and TGF-f are up-regulated in response to butyrate (Liu
et al. 2018; Elce et al. 2017; Chen et al. 2018). In addition, increasing evidence points
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to butyrate as a regulator of activation of the peroxisome proliferator-activated receptor
y (PPAR-y), a transcription factor antagonist of pro-inflammatory NF-kB (Liu et al.
2018; Hamer et al. 2008; Alex et al. 2013). The regulation of PPAR-y may be due to
the inhibiting effect of histone deacetylases by butyrate. Moreover, butyrate interacts
with immune cells and the vagus nerve via GPCRs (Silva, Bernardi, and Frozza 2020).
These anti-inflammatory effects of butyrate can also indirectly contribute to the

inhibition of neuroinflammation.

Butyrate and Brain Physiology

As previously mentioned, butyrate can cross the BBB and directly act on the
brain (van de Wouw et al. 2017; Gagliano et al. 2014). Further to crossing BBB,
butyrate and other SCFAs regulate its integrity, which is tightly associated with the
controlled passage of molecules and nutrients from the circulation to the brain, playing
a central role in CNS homeostasis (Braniste et al. 2014; Silva et al. 2020).

Germ-free mice feature increased BBB permeability compared to pathogen-
free mice with normal gut microbiota. Colonization of Clostridium tyrobutyricum, a
butyrate-producing or oral gavage administration of NaB restored BBB permeability in
germ-free mice, indicating that butyrate plays a significant role in the integrity of the
BBB. Concurrently, there was an increase in the acetylation of histones in the brain
and in the expression of proteins that integrate a BBB (occludins and claudins)
(Braniste et al. 2014). Therefore, butyrate is a molecule with the potential to interact
directly with the CNS, thus the impact of a butyrate-producing fiber-rich diet on brain
functions has been explored in recent years.

Sherry et al. (2010) demonstrated that the pectin-rich diet (10%) improved brain
immunity and anti-inflammatory activity in mice-induced inflammation via LPS
compared to the cellulose diet group. These results showed that consumption of
soluble fiber (pectin) exerted neuroprotection and faster recovery to LPS compared to
the insoluble fiber (cellulose) group. The authors associated the increase in butyrate
from a pectin-rich diet with neuroimmune and anti-inflammatory outcomes.

Long-term consumption of fructooligosaccharide (FOS) and glucomannan
(GM), non-digestible oligo and polysaccharides, improved cognitive decline and played
a rejuvenating effect on SAMP8 mice, model of aging acceleration. Bifidobacterium

levels were significantly higher in the FOS and GM groups, and there was an
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improvement in the anti-inflammatory and antioxidant response of the FOS and GM
groups compared to the AIN93 diet group (Nakamura et al. 2014). The authors suggest
increasing the SCFAs in FOS and GM groups and their participation in cognitive and
rejuvenating results.

Matt et al. (2018) investigated the effects of a diet rich in soluble fiber (inulin) on
neuroinflammation in adult and aged mice over four weeks. A decrease in the
expression of inflammatory genes in microglia as IL-1B, IL-1rn, IL-6, NIrp3, TIr4, and
TNF- a besides an increase in cecal acetate, butyrate, and total SCFAs to the control
were identified. Moreover, we found alterations in epigenetic regulatory genes in
response to a fiber-rich diet. The authors propose that the neuroprotective actions
found by inulin are correlated with the increase in butyrate through a combination of its
mechanisms.

A recent study demonstrated that a diet rich in fiber (fructans derived from agave
tequilan) restores intestinal alteration in a mouse model of Alzheimer's. They observed
an increase in butyrate-producing bacteria and fecal butyrate concentration in the
fructans group compared to the standard diet and antibiotic groups (Cuervo-Zanatta et
al. 2022). This condition resulted in improved working and spatial memory and reduced

anxiety.

Sodium Butyrate in the Treatment of Brain Disorders: An Epigenetic View

Epigenetic modifications alter the chromatin structure and regulate the cell gene
transcription, without changing the nucleotide sequence. The three most studied
epigenetic mechanisms involved in the pathophysiology of several chronic diseases
are histone acetylation, DNA methylation, and non-coding microRNAs. These
modifications are dynamic and occur according to the activity of various enzymes,
which can be influenced by a series of metabolites and environmental factors (Alenghat
2015).

Histone acetylation in the gene promoter region is generally associated with the
activation of gene transcription. This process causes chromatin loosening by
weakening the electrostatic bonds between histones, allowing transcriptional factors to
easier access the DNA and promoting transcription (Bourassa et al., 2016). Acetyl
groups are incorporated into histone lysine residues by histone acetyltransferases
(HATs) enzymes and removed by histone deacetylases (HDACs). Reduced HAT
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activity and, consequently, lower overall histone acetylation and transcriptional
dysfunction are observed in many neurodegenerative diseases (Sleiman et al. 2009).
Thereby, HDAC inhibitors have become potential therapeutic candidates for
neurological conditions due to their histone acetylation function and alteration in gene
transcription patterns.

NaB is a widely known and frequently used HDAC inhibitor in psychobiology
(Matt et al. 2018; Shukla and Tekwani 2020; Ferrante et al. 2003). Intraperitoneal
administration of NaB prolonged the survival of mice with Huntington's Disease (HD)
R6/2 model, improving motor performance and gross brain weight and preventing
striatal neuron atrophy and death (Ferrante et al. 2003). At the same time, there was
an increase in brain acetylation of histones H3 and H4 in addition to the expression of
a- and B-globulins and MAPK phosphatase 1 in the group treated with NaB, which was
attributed to one of the mechanisms involved in the neuroprotective effects.

Matt et al. (2018) demonstrated that NaB decreased the expression of the IL-13
gene in the microglia and hippocampus of adult and aged mice submitted to LPS, with
a pronounced effect in the elderly group. Other studies with elderly animals show that
the effects of butyrate are more responsive in this group (Blank et al. 2015; Walsh et
al. 2015). It is believed that there are differences in chromatin changes in the brain
between adult and elderly animals treated with HDACi (Castellano et al. 2012).
Furthermore, the effects of butyrate may be more pronounced in the elderly due to its
ability to neutralize age-related aspects of metabolic dysfunction (Matt et al.,2018).

NaB also promoted the activation of anti-inflammatory genes of IL 10-STAT3
signaling while suppressing the transcription of pro-inflammatory genes such as TNF-
a, Stat1, Nos2, IL-6, and Irf1 in the microglia of ischemic model mice (Patnala et al.
2017). This neuroprotective effect was mediated by H3K9ac, indicating acetylation at
the 9th lysine residue of histone 3 (Peterson and Laniel 2004). Generally, H3K9ac is
associated with gene activation, but in this study it was also associated with the
suppression of inflammatory genes in microglia, which allows considering the
therapeutic behavior of this cell to NaB.

H3K9ac could increase the expression of phosphatidylinositol 3-kinases (PI3K)
in the microglia of rodents treated with NaB (Saw et al. 2020). P13K is a family of
enzymes involved in the induction and maintenance of long-term potentiation (LTP) in
the hippocampus and synaptic plasticity (Horwood et al. 2006; Man et al. 2003). Saw
et al. (2020) confirmed that P13K is epigenetically regulated and affects the expression
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of BDNF levels, a key molecule involved in synaptic transmission and neuroplasticity
(Saw et al. 2020).

In a Parkinson's Disease model, NaB attenuated motor deficits, increased
dopamine levels in the cerebral striatum, attenuated oxidative stress,
neuroinflammation and increased global acetylation of histone 3 and BDNF levels
(Sharma, Taliyan, and Singh 2015). Similarly, NaB prevented apoptosis of
dopaminergic cells (Kidd and Schneider 2010) and DNA damage (Paiva et al. 2017)
in vitro.

NaB also improved learning and memory in models of brain infections and
toxicity (Barichello et al. 2015; Silva et al. 2012). These benefits are associated with
increased levels of neurotrophic factors such as BDNF and glial-derived neurotrophic
factor (GDNF) in the rodent hippocampus, which are epigenetically modulated
(Barichello et al. 2015; Intlekofer et al. 2013). Moreover, Alzheimer's models also
answered by improving memory with NaB administration mediated by its epigenetic
effect as an inhibitor of histone deacetylases (Govindarajan et al. 2011; Fernando et
al. 2020).

There is still evidence that NaB acts on DNA methylation. In an animal model of
depression, the antidepressant effect was associated with an increase in TET1
dioxygenase (DNA methylation stability enzyme) and BDNF in the NaB group (Wei et
al. 2014). The authors believe that the increment in TET1 is associated with increased
BDNF levels since it is regulated epigenetically.

As mentioned, BDNF is a brain neurotrophic factor that promotes neuroplasticity
and neurogenesis. It is suppressed in several models of psychiatric disorders such as
depression (Liu et al., 2017; Saw et al., 2020; Wei et al., 2014). Furthermore, BDNF is
regulated by more than one type of epigenetic modification, noting that gene regulation
depends on complex and dynamic molecular interactions.

Finally, NaB has been shown to attenuate social behavior deficits and improve
neurobiology in animals with Autism Spectrum Disorder (ASD) (Kratsman, Getselter,
and Elliott 2016; Takuma et al. 2014). ASD is possibly the mental disorder most
correlated to the gut microbiota (Adams et al. 2011). Evidences from animals and
humans suggest that perturbation of gut microbiota and its metabolites are part of the
genesis and development of ASD (Adams et al. 2011; Srikantha and Mohajeri 2019;
Fattorusso et al. 2019).

Alteration of gut microbiota is related to the temperament of autistic children,
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decreased nutrient absorption, and increased intestinal permeability in the host. The
prevalence of Firmicutes such as the genus Clostridium and a decline of Bifidobacteria
among autistics is observed, which appears to be independent of diet (Srikantha and
Mohajeri 2019; Fattorusso et al. 2019). At the cellular level, ASD is characterized by
reduced neuroinhibitory signaling (e.g., GABAergic) (Braat and Kooy 2015).

Kratsman et al. (2015) demonstrated that NaB improves inhibitory signaling by
decreasing the expression of excitatory genes and inducing the expression of inhibitory
genes in the frontal cortex of autistic mice. These results were found even at low doses
of NaB (100 mg/kg) that are not able to induce quantifiable differences in frontal cortex

histone acetylation, but still attenuate social deficits of this model.

Dietary Fibers Modulates Gut Microbiota and Butyrate Production

According to the Codex Alimentarius, the definition of dietary fiber comprises
carbohydrate polymers that are not hydrolyzed by the endogenous enzymes in the
small intestine of humans and thus include resistant starch, arabinoxylan, beta-glucan,
inulin, and others (Codex Alimentarius, 2010).

Some dietary fibers can also be classified as prebiotic. Prebiotics are defined
as “a substrate that is selectively utilized by host microorganisms conferring a health
benefit” (ISAAP 2016). The prebiotic effect of dietary fiber is associated with the growth
of beneficial bacteria in the large intestine and the production of SCFAs and other
beneficial metabolites to the host.

The large intestine has all conditions for bacterial growth: warm, moist, and
anaerobic environment filled with feed residues that flow at a relatively low speed,
denoting the essential site for butyrate production (Knudsen et al., 2018). The most
important determinants of microbial degradation are the amounts and types of fibers
that will enter the large intestine. For example, insoluble fibers, such as cellulose, found
mainly in leafy vegetables, are naturally less fermentable when compared to soluble
fibers, which are easily found in whole grains and fruits (Titgemeyer et al. 1991;
Holscher 2017).

However, some insoluble fiber components are fermented by colonic bacteria
due to the diversity of their genomic repertoire, which is higher than that of their host,
capable of encoding complex carbohydrate catabolic enzymes (Flint et al. 2012;

Knudsen et al. 2018). An in vitro study on a model of the human colon showed that a
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fiber mix (20 mg) containing insoluble and soluble fractions of different dietary fibers
increased butyrate production and had a bifidogenic effect (Tsitko et al. 2019).

The main substrates available for fermentation are non-starch polysaccharides,
non-digestible oligosaccharides, sugar alcohols, and different forms of resistant starch
such as polydextrose, galactooligosaccharide (GOS), fructooligosaccharides (FOS)
and inulin (Bach et al. 2018). Fructans including inulin are easily found in vegetables
for example agave, artichokes, asparagus, bananas, chicory root, garlic, onions,
leeks, and wheat (Moshfegh et al. 1999).

Some substrates specifically stimulate butyrate production as arabinoxylan-type
polysaccharides, present in cereal grains and bran as wheat, rye, and oats (Knudsen
and Laerke 2010; Knudsen 2015). Studies with pigs have shown a relative increase in
butyrate-producing Faecalibacterium pausnitzii and Roseburia intestinalis and the
production of butyrate in the large intestine from a diet rich in arabinoxylan compared
to the western diet and a diet rich in resistant starch, the latter producing more butyrate
compared to the former (Ingerslev et al. 2014; Nilsen et al. 2014).

In vitro fermentation of resistant starch (RS) samples by fresh human fecal
inoculum showed that RS5 (amylose-lipid complexes) increased butyric acid
production compared to RS2 (nongelatinized native starch granule) and RS3
(retrograded starch) (Quin et al. 2021).

In an intervention with individuals presenting metabolic syndrome, the group
that consumed a fiber-rich diet derived from whole grains, wheat bran, corn starch, and
potato starch (64 g/kg) had significantly increased contents of acetate and butyrate in
the stool compared to the group receiving a fiber-poor diet (17.6 g/kg) (Hald et al.
2016).

Diet rich in inulin increased 12% the total concentration of SCFA in the feces of
healthy individuals, but potato starch obtained a superior result with 32%, including
butyrate (Baxter et al. 2019). These results varied among the subjects because the
fermentation rate is highly dependent on the genetics of the host, microbiological
composition of the individual, adequacy of fiber in the diet, and dietary pattern.

An inulin-rich beverage (249g) increased butyrate and other SCFAs in the serum
of healthy subjects after 4-6 hours of their consumption, and this was associated with
increased colonic SCFA production, reduced postprandial free fatty acids and ghrelin
concentrations (Tarini and Wolever 2010).

A randomized trial of healthy subjects investigated the impact of consuming
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eight cereal-rich evening meals on plasma SCFA concentrations in the following
morning. Evening meals composed of high amylose barley grains or high -glucan
barley grains resulted in higher plasma butyrate concentrations the next morning
compared to an evening meal with white wheat bread (Nilsson et al. 2010).

A recent study on healthy adults evaluated the effects of a high-SCFA diet on
plasma and fecal SCFA levels. The high-SCFA diet was a combination of dietary
fermentable fibers (inulin and resistant starch) and oral SCFAs through apple cider
vinegar fermented foods. The intervention diet increased total fecal SCFA levels and
plasma butyrate, whereas total plasma SCFA levels were unchanged (Gill et al., 2022).

Conclusion

Sodium butyrate has better immunological and symptomatologic outcomes in
the brain compared to butyrate from a high-fiber diet. That is probably due to the
administration route and the supraphysiological NaB dose, whereas butyrate from a
high-fiber diet is metabolized in colonocytes. However, both types are potentially
interesting for the prevention and adjuvant therapy of neurological and behavioral
disorders. The mechanisms of NaB are deeply related to epigenetics as an inhibitor of
histone deacetylases, modifying transcriptional patterns of brain genes, which
improves brain functions in neurological and behavioral animal models.

The mechanisms of butyrate from a high-fiber diet seem to be a combination of
GPCR signaling and metabolic and epigenetic functions. Butyrate improves the
intestinal barrier, hormone regulation, and activation of anti-inflammatory and
immunomodulatory responses, which in turn influence brain functions through the
vagus nerve, and humoral pathways by preventing systemic inflammation. Moreover,
butyrate can cross the BBB and probably acts directly with the brain, but the neuro-
epigenetic effect is still unknown.

Regular consumption of a high-fiber diet is a non-invasive and low-cost measure
with the potential to prevent and alleviate brain disorders by increasing butyrate
production. Further, more studies are needed to clarify the neuroepigenetic
mechanisms of butyrate produced from a high-fiber diet.

Futures Perspectives
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This work supports preclinical mechanistic studies on the neuro-
epigenetic effects of butyrate through a high-fiber diet. Future studies should evaluate
dose responses of different types of dietary fiber on serum butyrate and estimate how
much of this butyrate reaches the brain and have neuroepigenetic functions since there
is a gap in the therapeutic levels and the neuroepigenetic mechanism of butyrate from
a high-fiber diet. To increase the serum butyrate pool, it might be a good strategy to
combine different dietary fibers, such as resistant starch and inulin, and butyrate-
containing foods as fermented foods, including some dairy products and apple cider
vinegar (Bourassa et al., 2016; Gill et al., 2022).

Regarding clinical trials, few studies measure circulating butyrate from
dietary fiber fermentation. There is no estimate of how much of this butyrate reaches
the human brain, which plays a gap between the nutritional recommendations to
improve brain health via the direct route. Finally, more preclinical mechanistic studies
and clinical trials are needed in different health models for a better understanding of
the gaps around this knowledge, including possible side effects of butyrate.
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Abstract

Growing evidence shows that gut microbiota balance improves brain functions through
the gut-brain axis. Intestinal inflammation supports the imbalance of gut microbiota,
which increases inflammation, oxidative stress, and reduces beneficial metabolites for
brain health. Recently, kefir has been considered a psychobiotic with the potential to
prevent brain alterations due to anti-inflammatory, antioxidant, and gut modulation
effects. Thus, we investigated whether kefir consumption could have neuroprotective
action in a model of intestinal inflammation. C57BL/6 wild-type (n=10) and knockout
IL-10 mice (IL-107) (n=10) were subdivided into groups that received 0.1mL water or
0.1 mL (10% w/v) kefir. Brain tissues were homogenized to perform the analysis of
cytokines, antioxidant activity, and short-chain fatty acids, and the small intestine was
used for histological analysis. Kefir consumption improved morphometry in the small
intestine of IL-107- mice, in addition to exhibiting direct neuroprotective effects,
increasing SCFAs and reducing malondialdehyde in the brain of IL-107- mice. Although
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the neuroprotective effects exerted by the consumption of kefir in IL- 10 - mice, we
found that the lack of IL-10 impaired the inflammatory response in the brain. Therefore,
it is believed that the neuroprotective effects of kefir are improved by IL-10 in mice with

intestinal inflammation.

Key words: kefir, psychobiotic, IL-10, knockout IL-10, brain, neuroprotection.

1. Introduction

The microbiota-gut-brain (MGB) axis comprises the bidirectional communication
between the gastrointestinal tract (GT), the microorganisms that inhabit it, and the
central nervous system (CNS). The gut microbiota is a key of this axis and reflects a
diverse set of microorganisms that influences the brain-gut interactions at different
times, from neural development to neurodegeneration, as at different levels from the
intestinal lumen to the CNS (Dinan & Cryan, 2017).

There is growing evidence that disturbances in the gut microbiota impair the
immune response of the intestinal mucosal, which is involved in neuroinflammation by
enhancing systemic inflammation (Kowalski & Mulak, 2019).

Kefir is a natural fermented milk, probiotic, which can regulate the balance of
gut microbiota, and enhance the host's immunomodulatory response through its
probiotic microbiota and its own metabolites such as short chain fatty acids (SCFAs),
exopolysaccharides (EPS), and microbial antigens (Chen et al., 2022).

The immunomodulatory functions of kefir include T cell regulation, increasing
the number of Immunoglobulin A producers (IgA*), and the anti-inflammatory
interleukin 10 (IL-10), improving the integrity of the intestinal epithelial barrier, inhibiting
of Nf-kb signaling and raising the antioxidant enzymes (Chen et al., 2019; TON et al.,
2020; Chen et al., 2022).

These mechanisms activated by kefir when combined can improve intestinal
immunity, preventing systemic inflammation and neuroinflammation.

Indeed, kefir improves symptoms of neuroinflammatory diseases, and increase
antioxidant and anti-inflammatory responses in Alzheimer's and stress induction

models (Ton et al., 2020; Sun et al., 2019). Therefore, kefir can be considered a
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potential psychobiotic due to a series of indirect mechanisms that reach the brain
systemically or through the MGB axis.

It is noteworthy to mention that to our knowledge, there are no studies
investigating the preventive effects of kefir on the brain in a model of intestinal
inflammation, since it is a risk factor for neuroinflammation. Therefore, in order to
investigate this knowledge gap, we used IL-10 deficient mice (IL-107-) model, who have
defects in immune regulation and develop a spontaneous gut inflammation. This
inflammation is called enterocolitis upon colonization of the gut with particular
microorganisms (Kihn et al., 1993; Zurita-Turk et al., 2020).

The role of IL-10 clearly oversteps the regulation of intestinal inflammation,
since its function has been reported in several other sites, acting from infection to
neurodegenerative diseases (Lobo-Silva et al., 2016; Wang et al., 2019).

In summary, the main role of IL-10 is to inhibit the occurrence of inflammation
in the body due to its immunosuppressive activity and a central role involves the
downregulation of inflammatory cascades (de Moreno de LeBlanc et al., 2011; Mocellin
et al.,, 2004). IL-10 can also modulate IgA production, improve intestinal mucosal
immunity, and upgrade IgA’s class swap (Kandasamy et al. 2017).

Given the gut-microbiota-brain  relationship, the probiotics, its
immunomodulatory intestinal defense, the potential psychobiotic effects of kefir, and
the role of IL-10 in the intestinal, brain, and systemic immune homeostasis, it is relevant
to investigate the neuroprotective effect of this beverage in an IL107 mice.

2. Material and Methods

2.1. Kefir preparation

The kefir grains used in the study were obtained from a household in the town
of Vigosa, located in the Zona da Mata Mineira, Minas Gerais, Brazil. The production
of kefir was carried out at Nutritional Biochemistry Laboratory, Department of Nutrition
and Health, Universidade Federal de Vigosa (UFV). Initially, the grains were activated
and cultivated daily for a few weeks, and later separated into 20g portions and
inoculated at a concentration of 10% with 200 mL ultra-high temperature (UHT) whole
cow's milk (Cotochés, batch MG1 AM 5). The jars were kept at room temperature, 25°C
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+ 2°C for 24 hours, without agitation, in an aerobic environment. Subsequently, the
grains were recovered by sieving, were washed with distilled water, and were
inoculated into milk, repeating the steps described above for a new production of kefir.
Subsequently, the milk kefir produced proceeded to maturation, under refrigeration at
7°C £ 2°C, for 24 hours, and then, it was administered to the experimental mice.

The microbiological count was controlled to guarantee a consistent probiotic level, and
and was offered 10° UFC in kefir treatment which is considered probiotic (MAPA,
2007).

2.2. Experimental design

2.2.1. Animal and ethical aspect

The animal experiment was approved by the Ethics Committee on Animal
Experimentation (CEUA) of the Universidade Federal de Vigosa, Minas Gerais, Brazil,
under process number 35/2020. Male C57BL-6 mice wild type (n=10) and knockout IL-
10 (n=10), 8 weeks old, weighing approximately 22g were obtained from the Central
Animal House of the Health and Biological Sciences Center of the Universidade
Federal de Vigosa (UFV). The animals were kept under a 12 h light/dark cycle at room
temperature (22 £ 2 -C) and humidity (60-70%) with access to food and water ad libitum
for 25 days, the total period of the experiment.

The mice were randomly divided into four experimental groups (n= 5/group):
Water Wide Type (WWT) which received a commercial diet and orogastric gavage with
filtered water (0.1mL), Kefir Wilde Type (KWT) that received a commercial diet and
orogastric gavage with kefir (0.1mL,10% w/v), Water Knockout IL-10 (WKO), mice
deficient in IL-10 (IL-107) that received commercial diet and orogastric gavage with
filtered water (0.1mL) and Kefir Knockout IL-10 (KKO), IL-107- mice that received a
commercial diet and orogastric gavage with kefir (0.1mL,10% w/v) (Figure 1) The
offered amount of kefir was 10° UFC considered probiotic (MAPA, 2007).

On day 26, all the animals were euthanized. Brain tissue was collected and
flash-frozen in liquid nitrogen and stored at =80 °C for subsequent use. The small
intestine was washed and fragmented into aliquots and stored in Carnoy's solution for
histological analysis.
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Fig 1 - Study Design

2.3. Histological Analysis on Small Intestine

After washing, fragments of the small intestine were fixed with Carnoy’s solution,
dehydrated, and embedded in paraffin. Serial sections were cut at 5 um and placed on
glass slides. Intestinal sections were deparaffinized in xylene, rehydrated in a graded
alcohol series, and stained with hematoxylin-eosin, and the images were obtained
directly from the light microscope (Primo Star 2012, Zeiss®, Alemanha) to assess
intestinal morphometry.

The morphometry variables: villus height, villus width, and depth of crypts were
measured using the Image Pro Plus 4.5 software. The calibration of the program was
performed before the measurements. Ten villi per animal were used for length and
width measurements.

Villus height was measured only in villi with well-defined epithelium and visible
connective tissue. The width was calculated by averaging the apical, medial, and basal
regions. Ten circular crypts per animal were used for depth measurements. Villus
surface area was calculated using the following equation.

Villus surface area = 2n x vw x VL
2

Where vw is the average of three measurements of villus width, and VL is the
villus length (Agarwal et al., 2022).

2.4 Evaluation of Cytokines
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Brain samples frozen at -80°C were homogenized in phosphate buffer pH 7 and
centrifuged (12.000x g for 10 min, 4°C). The supernatant was used for evaluation of
interleukin IL-2 (IL-2), interleukin IL-4 (IL-4), interleukin IL-6 (IL-6), tumor necrosis
factor-alpha (TNFa), interferon gamma (IFN -y), interleukin IL-10 (IL-10), and
interleukin IL-17a (IL-17a). The analysis was done using the Cytometric Bead Array
(CBA)(BD™) kit, according to the manufacturer's instructions and the reading was
performed on flow cytometry FacsVerse. Cytokine levels determined by the assay in
each sample (pg/mL) were normalized to their total loading protein concentration

(pg/mg).

2.5 Determination of Short-Chain Fatty Acids

The extraction of SCFAs (acetic, propionic, and butyric) from the brain samples
was carried out according to methodology described by Siegfried and collaborators
with modifications (Siegfried et al., 1984).

Readings were performed on high-performance liquid chromatography (HPLC)
in a Shimadzu chromatograph (Shimadzu, Brazil, Sdo Paulo). Ten microliters of
sample were injected and passed through an HPX 87H column (Aminex®), 300cm x
7.8mm and pre-column of the same phase (Bio-Rad Laboratorios Brasil, Rio de
Janeiro-RJ), with 5 mM H2SO4 as eluent at 0.6 mL/min, at 32 °C, and detected by a
refractive index detector (RID-20A, Shimadzu).

2.6 Antioxidant Activity

Brain samples were homogenized in phosphate buffer (0.1M, pH 7) and
centrifuged (12.000x g for 10 min, 4°C). The supernatant was used to evaluate the
oxidation product malondialdehyde (MDA) according to the methodology described
(Buege and Aust, 1978), and the antioxidant enzymes catalase (CAT), superoxide
dismutase (SOD), and glutathione S-transferase (GST). The activity of CAT was
evaluated according to the method described by Hugo & Lester (Hugo and Lester,
1984) by measuring the rate of decomposition of hydrogen peroxide. The superoxide
dismutase (SOD) activity was determined by the superoxide (O2) and hydrogen

peroxide reduction method, thereby decreasing the autooxidation of pyrogallol
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(Dieterich et al., 2000). The glutathione S-transferase (GST) activity was measured
using the method of Habig et al (Habig et al., 1974). Glutathione S-transferase activity
was analyzed according to the formation of glutathione-conjugated 2,4-
dinitrochlorobenzene (CDNB). Results were normalized by the total protein
concentration of the supernatant samples (Lowry et al., 1951).

2.7 Quantitative real-time PCR (qRT-PCR)

For the evaluation of the expression of zonulin-1 (ZO-1), occludin, and claudin-
5 junction proteins in the brain, total RNA from the brain was extracted with Trizol
reagent (Invitrogen®) following the manufacturer's instructions with modifications. RNA
quality was evaluated by agarose gel and quantification was performed by Qubit 3.0
Fluorometer (Invitrogen by Life technologies®), and subsequently treated with RQ1
RNase-Free DNase (Promega®). Approximately 1 pg of total RNA was used for cDNA
synthesis according to the manufacturer's recommendations of a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems®).

Quantitative PCR reactions were performed in duplicate and contained 1 uM
forward and reverse primers, 5 uL of GoTaq gPCR Master Mix (Promega®), and 100
ng of cDNA at the StepOne Real-Time PCR System (Applied Biosystems®).
Conditions used for the amplification were 95 °C for 10 min, 40 cycles at denaturing
95 °C for 30 s, followed by annealing and extension at 60 °C for 1 min. After the 40
cycles, the temperature was gradually increased, by 1 °C increments, starting at 60 °C
until reaching the limit of 95 °C, resulting in the generation of a melting curve.

The efficiency of amplification for each primer was determined by standard
curve through a serial dilution of 1:2 of cDNA ranging from 50ng to 0.78 ng and
calculated by the formula PCR efficiency = (10(sop¢) — 1) x 100. The standard curve
was used to calculate the relative quantity values of each sample for each gene
(Mendes et al., 2013). All data were normalized to GAPDH mRNA expression. All
primers used are listed in Supplementary Table 1.

2.8 Statistical Analysis
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Statistical analyzes were performed using the GraphPad Prism software,
version 8.3.0, compatible with Windows 10 (San Diego, California, USA). Data were
expressed as mean = mean standard error. Statistical differences between samples
and groups were analyzed using the ANOVA-One Way, in which (*) represents
significant differences with p < 0.05, and (**) represents significant differences with p
<0.001.

3. Results

3.1 Histology of Small Intestine

The villi surface area, villus height, and crypt depth of the small intestine were
significantly higher in the KKO group compared to the WKO group (p < 0.05) (Figure
2). (Table 1).

Table 1 - Effect of kefir consumption on the small intestine villus and crypt of wild type
and IL107" mice.

Water WT Kefir WT Water KO Kefir KO P value

Villus
Surface 64804+11196% 79742+815.6% 62249492092 100117+11041° 0.0308
Area (um?)

Villus
Height (uM) 298.6+37.88% 309.7+17.75% 259.5+16.302  383.6+25.13° 0.0253
Villus Width  80.82+7.63 85.37 +2.53 81.95+5.60 89.94+6.09 0.6851
(M)
Depth of

91.4847.83%  86.3616.89%®°  67.251+4.39°  93.815.81° 0.0311
Crypts (M)

Values are the means = SEM, n = 5. Different letters (a and b) indicate significant differences between
groups (p < 0.05).
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Fig 2 - Representations of the small intestine morphology of each group.

Water WT group (A), Kefir WT group (B), Water KO group (C), and Kefir KO (D). Bar = 100 um. Red
line represents villus height; Black lines represent villus width measurements; Yellow line represents the
depth of the crypts.

3.2 Kefir Increases SCFA’S in IL107 brain

The kefir treatment increases butyric acid, propionic acid, and acetic acid
(p<0.001) in the brain of IL10 - mice compared to other groups. (Figure 3).
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Fig 3 - Concentration of short-chain fatty acids in the brain.
Butyric acid (A), propionic acid (B), acetic acid (C). Results are expressed as mean £ SEM (n = 5) and
were analyzed by one-way ANOVA and Tukey test. **p<0.001.

3.3 Brain Cytokine

The IL-10 7~ groups showed a higher concentration of cytokines IL-2, IL-4, TNF-
a, IL-17a, and IFN-y (p < 0.05) in the brain compared to WT groups (Figure 4). The
other interleukins (IL-6 and IL-10) were not detected above the detection limit in the

experimental groups and therefore were not mentioned.
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Fig 4 - Concentration of cytokines in the brain.
IL-2 (A), IL-4 (B), TNF-a (C), IL-17a (D), IFN-y (E). Results are expressed as mean = SEM (n = 5) and
were analyzed by one-way ANOVA and Tukey test. ns = no signficant difference; *p<0.05; **p<0.001.
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3.4 Antioxidant Activity in the Brain tissue

MDA level of IL107- mice was significantly higher compared to wild-type groups
(p < 0.0001), however, we verified that consumption of kefir was able to reduce MDA
level in IL107- mice compared to the WKO group (p < 0.001). Interestingly, GST
concentration was significantly higher in the KWT group compared to others (p=
0.0001) (Figure 4). There was no significant difference in CAT and SOD levels between
groups (p > 0.05) (Figure 5).
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Fig 5 - Concentration of oxidative stress markers in the brain.
Malondialdehyde (A), reduced glutathione (B), catalase (C), and superoxide dismutase (D). Results are
expressed as mean + SEM (n = 5) and were analyzed by one-way ANOVA and Tukey test. *p <0.05;

**p <0.001.

3.5 Expression of Tight Junctions in the Brain tissue

The expression of zonulin and claudin-5 in the brain was higher in the WWT
group compared to others (p <0.005). On the other hand, the expression of occludin
was higher in the KKO compared to KWT (p= 0.0065).
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Fig 6 - Expression relative of tight junctions in the brain.
Zonulin (A), claudin (B), and ocludin (C). Results are expressed as mean + SEM (n = 5) and were
analyzed by one-way ANOVA and Tukey test *p < 0.05.

4. Discussion

IL-107" mice show typical inflammatory lesions that include epithelial

hyperplasia, crypt abscesses, ulcers, mucin depletion, and intestinal wall thickening

with infiltration of lymphocytes and other immune cells seen most severely in the colon,

involving the small intestine to a lesser extent (Kihn et al., 1993; Zurita-Turk et al.,

2020).
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On the other hand, the morphology of a healthy intestine corresponds to wide
and long villi, as well as a large surface area. These parameters generally indicate high
nutrient absorption efficiency and strong pathogen defenses, which, in turn, prevent
systemic and neuroinflammation (Chee et al., 2010; Xu et al., 2003).

In this study, the presence of inflammatory infiltrate was not observed in the
small intestine probably because it is located in an extension of the intestine less
affected by inflammation (Figure 2). However, the morphometric assessment of the
small intestine revealed an increase in the villus height, surface area, and crypt depth
within the KKO group compared to the WKO (Table 1; Figures 2 C and D). This result
indicates that kefir activated the proliferation of enterocytes in the small intestine in a
model of intestinal inflammation. Furthermore, besides the trophic effect of the kefir,
these results demonstrate the possible benefit regarding the integrity of the intestinal
epithelial barrier in IL107- mice that can be considered an inflammation prevention
effect. Intestinal barrier damage facilitates the entrance of gut bacteria-derived
pathogens and toxins (e.g., LPS) into the circulatory system, resulting in blood-brain
barrier (BBB) destruction and neuroinflammation.

Similarly, four weeks of kefir administration resulted greater villus height and
villus width in the small intestine of rats when compared to the control (Rosa et al.,
2014). Another study by our research group using kefir observed a reduction in
hyperplasia and infiltration of inflammatory cells in the colonic mucosa and showed a
significant reduction in the number and incidence of colon tumors on a model of colon
cancer (de Almeida Brasiel et al., 2022). Furthermore, attenuation of inflammation and
intestinal permeability improves symptoms in models of neuroinflammation (Kaur et
al., 2020).

Some beneficial mechanisms of kefir include the direct inhibition of pathogens
by acid and bacteriocin production, as well as the competitive exclusion of pathogens
in the intestinal mucosa, and the strengthening of the physical and immunological
barrier function of the intestine through the action of its metabolites, such as SCFAs
(Akar et al., 2021).

In this context, Sun et al. (2018) showed that SCFAs in the gut impaired the
pathogenic potential of gut microbiota antigen-specific Th1 cells in the induction of
intestinal inflammation by promoting IL-10 production via Th1 cells.
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The increase in circulating concentration of SCFA, especially butyrate, and its
consequent arrival in the brain has been considered a potential mechanism by which
probiotics would exert neuroprotective effects (Alpino et al., 2022). In addition to the
well-known beneficial effects on the gut, SCFAs might directly influence the brain by
crossing the BBB, reinforcing BBB integrity, inhibiting pathways associated with
inflammatory responses, modulating neurotransmission and neurotrophic factors
through a combination of mechanisms including the epigenetic (Dalile et al., 2019;
Alpino et al., 2022). Here, we demonstrated that kefir consumption significantly
increased the concentrations of SCFAs (butyric, propionic, and acetic) in the brain of
the IL107 group compared to the other groups. This result suggests that kefir
consumption, beyond increasing endogenous production of butyrate, propionate, and
acetate in IL107 mice, probably contains a high concentration of SCFA since it is a
fermented beverage.

Fermented foods can increase the plasma concentration of butyrate and,
consequently, its reach to the brain (Gill et al., 2022). In the brain, SCFAs regulates
the integrity of BBB, which is deeply associated with the controlled transition of
substances from the circulation to the brain, playing a central role in CNS homeostasis
(Braniste et al., 2014; Silva, Bernardi, and Frozza 2020). Tight junction proteins
regulate the integrity of BBB by restricting paracellular diffusion of water-soluble
substances from the blood to the brain (Hawkins and Davis, 2005) and consist mainly
of transmembrane proteins such as claudins, and occludin, which are connected to the
actin cytoskeleton by the zona occludens (ZO-1) (Tscheik et al., 2013). The increase
in occludin expression in the KKO group compared to the KWT group may be
associated with the increase in SCFAs induced by kefir consumption in IL-107" mice.
Braniste et al. (2014) demonstrated that exposure of germ-free adult mice to a bacteria
that produce SCFAs up-regulated the expression of tight junction proteins and
decreased of BBB permeability. A mix of probiotics containing Bifidobacterium lactis,
Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus acidophilus increased
protein levels of occludin, claudin-5, ZO-1, and reduced neuroinflammation in aged
mice compared to control (Yang et al., 2020).

Further, propionate protected the integrity of the BBB and led to the inhibition of
a series of inflammatory pathways to microbial infections in vitro (Hoyles, et al., 2018).
Interestingly, our results suggest that ocludin expression does not depend on IL-10



101

and is probably pronounced in injury (Figure 7). On the other hand, the expression of
Z0-1 and claudin-5 appears to depend on IL-10 signaling, and contrary to literature,
this expression did not accompany the action of SCFAs in the KKO group. This result
indicates more than one expression mechanism for these proteins in the brain. Indeed,
ZO-1 appears to be Ca?* and phosphate-dependent, as well as claudin-5 cAMP and
protein kinase A-dependent (Hawkins & Davis, 2005).

In addition to the effects on the BBB, butyric acid prevents microglia activation
and is associated with the reduction of inflammatory genes such as TNF-q, IL-6, and
IL-1B (Capuco et al., 2020; Matt et al., 2018), whereas up-regulate IL-10 (Singh et al.
2014). However, the increase of butyrate in the KKO group was accompanied by the
increase of inflammatory cytokines in brain tissue (Figure 2 and Figure 3) and the oral
treatment with kefir was not sufficient to inhibit their expression in the brain of IL10"
mice.

Despite increased levels of inflammatory cytokines in the brain of IL107-animals,

the levels remained physiologically normal for the mice brain, which does not
characterize a neuroinflammatory state yet (Seleme et al., 2017; Kaur et al., 2020).
However, we believe that the absence of IL-10 up-regulated the inflammatory
cytokines in the brain.
The mechanisms underlying the ability of IL-10 to inhibit inflammatory cytokine are
known. Inhibition of IFN-y secretion by Th1 cells is mediated by IL-10 through its action
on macrophage APC function (Fiorentino et al., 1991b). Similarly, Benakis et al. (2016)
demonstrated that IL-10 deficiency reduced the capacity of Treg cells to suppress IL-
17+ yd T differentiation, increasing IL-17. IL-17a has also been implicated in intestinal
inflammation, dysbiosis, brain injury, and human stroke. In addition, they demonstrated
that dysbiosis was unable to confer neuroprotection in IL-107- mice (Benakis et al.,
2016).

Increased TNF- a is known as a potent key to the inflammatory cascade. IL-10
is also reported to suppress TNF-a and other proinflammatory in the brain by inhibiting
microglial activation (Vitkovic et al., 2001; Joniec-Maciejak et al., 2014).

Thus, our results are in line with the role of IL-10 in brain anti-inflammatory
activity (Lobo-Silva et al., 2016; Benakis et al., 2016; Saraiva et al., 2020). IL-10 limits
neuronal damage during infection or other inflammatory processes, as well as in

regulating brain homeostasis. IL-10 also has been associated with neuronal survival
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and the modulation of neurogenesis. Administration of IL-10 evidenced beneficial for
axon regeneration, through mechanisms that involve STAT3 and the regulation of NF-
KB signaling (Saraiva et al., 2020).

Moreover, probiotic supplementation was also unable to reduce TNF-a and
others inflammatory cytokines in the brain tissue in a mouse model of Alzheimer’s
disease, but it was efficient in reducing TNF-a in the ileum (Kaur et al., 2020). Clinical
investigation demonstrated that probiotic fermented milk from kefir grains
supplementation (2 mL/kg/daily) for 90 days reduced TNF- a levels in the blood of
Alzheimer's patients, which in turn prevents neuroinflammation (Ton et al., 2020).
Administration of a mix of probiotics containing strains found in kefir Bifidobacterium
lactis, Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus acidophilus for
12 weeks was able to modulate aging-related gut microbiota dysbiosis, decreased
neuroinflammation by lowering the levels of TNF-a, IL-6, and LPS in the brain, as well
as improved the deficits of the MGB axis and cognitive function in senile mice (Yang
et al., 2020). Taken together, these findings indicate that kefir requires an extended
course of administration and probably a higher dose to be considered a psychobiotic,
and perhaps it can requires an inflammation state to directly impact the neuroimmune
system.

Regarding antioxidant activity in the brain, kefir consumption significantly
reduced MDA increased by deficiency of IL-10 in the KKO group compared to the WKO
group (Figure 5). MDA is an end product of lipid peroxidation and its elevation has
been identified as the central mechanism of neurodegeneration in neurodegenerative
pathologies, such as Alzheimer’s disease. Similarly, Lactobacilli fermented cow’s milk
reduced MDA levels in the brain in mice induced to neuroinflammation by LPS (Musa
et al., 2017). As aforementioned, intestinal inflammation and dysbiosis increase LPS
in the circulatory system, which can induce neuroinflammation via the TLR-4 signaling
pathway, leading to cognitive impairment (Zhao et al., 2019).

In addition, kefir consumption increased GST activity in the brain in WT mice
compared to other groups (Figure 5). This result suggests that GST activity in the brain
is stimulated in the presence of IL-10 and by kefir consumption. Indeed, Wang et al.
(2022) demonstrated an increase in anti-inflammatory activity mediated by the
upregulation of IL-10 and GST, suggesting cooperation of the activity of both. In
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agreement with this finding, Musa et al., (2017) also verified an increase in GST in the
brain of mice after the consumption of fermented milk probiotics.

Propionate regulates the Treg cell population and consequently reduces the
systemic immune reaction, improving neurodegeneration and other chronic disease
(Duscha et al., 2020). One of the regulatory mechanisms of PA-induced Treg cells
requires IL-10 presence, indicating IL-10 potential biological importance in coordinating
cellular response to propionic acid (Duscha et al., 2020).

In this study, the increase in the level of propionic acid in the brain after kefir
consumption in IL107 mice (Figure 4) did not reduce the expression of the
inflammatory cytokines TNF-a, IL-17a, IFN-y and IL-2 induced by lack of IL-10 (Figure
3), providing further evidence of the role of IL-10 in SCFA- mediated immune
regulation.

Another correlation between SCFAs and IL-10 is the conversion of acetate into
acetyl-CoA, leading to the integration of SCFAs into the cellular metabolism, which
boosts mTOR activation. This process in turn facilitates the differentiation of T cells
into TH1 cells, TH17 cells, and IL-10* T cells, increasing IL-10 (Chen et al., 2014).
Zheng et al. (2021) revealed that long-term acetate deficiency impairs memory and
learning in the hippocampus of rats, indicating the role of acetate in cognition (Zheng
et al., 2021).

Acetic acid also increased in the KKO group compared to the others (Figure 4),
indicating that kefir consumption increased all SCFAs in the brain in IL10”* mice, which
in turn represents a neuroprotective effect, although the effects triggered by SCFA are
at least in part dependent on IL-10. The increase in SCFA in the brain suggests an
increase in systemic circulation in IL-107- mice.

We believe that the intestinal inflammatory state induced by the lack of IL-10
reduced the metabolism of SCFA by the gut, favoring the pathway of circulation and
consequently the arrival to the brain in an attempt to suppress the lack of IL-10. In wild-
type animals, SCFAs were probably used extensively by the gut as expected in health
conditions (Alpino et al., 2022).

5. Conclusion
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Kefir consumption improved small intestine morphometry in IL-107 mice,
suggesting greater integrity of the intestinal epithelial barrier and better intestinal
defense compared to the water group. This result can be considered a preventive
neuroprotective result since impaired intestinal integrity and immunity are associated
with systemic inflammation and neuroinflammation. Moreover, kefir consumption
increased SCFAs levels and reduced MDA levels in the brains of IL-107 mice,
revealing a neuroprotective effect, although the anti-inflammatory response in the brain
has been shown to depend on IL-10 in a model of intestinal inflammation. Our results
reinforce the central role of IL-10 in immunological homeostasis that goes beyond the
intestinal site, revealing that it is also crucial for brain homeostasis. Regarding the
potential psychobiotic effect of kefir, we believe that a longer administration time and
a higher dose of the probiotic improves the direct effects on the brain.
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8. CONCLUSOES GERAIS

Nossos resultados expandem o conhecimento sobre o papel do kefir na
neuroprotecdo em modelo de inflamagéo intestinal. O consumo de kefir demonstrou
ter efeitos neuroprotetores indireto e direto. Indireto pois o consumo de kefir aumentou
a area de superficie das vilosidades e altura de vilosidades nos animais knockout IL-
10 comparado ao grupo controle, o0 que sugere uma recuperacao da morfometria
intestinal induzida pela auséncia da IL-10 e melhora de funcéo de barreira, o que esta
associado com melhor resposta imune intestinal e, consequentemente, preservagao

das fungdes cerebrais através do eixo intestino-microbiota-cérebro.

De forma direta, o consumo de kefir nos animais knockout IL-10 aumentou a
concentragao de AGCC no tecido cerebral, o que esta associado com a promogao de
funcbes neuroprotetoras e foi associado com aumento da expressao da proteina de
juncao epitelial ocludina que atua na integridade da BHE preservando a homeostase
cerebral e com a reducao de MDA no cérebro dos animais knockout.

No entanto, o aumento dos AGCC no grupo KKO nao foi suficiente para reduzir o
aumento das citocinas inflamatérias no tecido cerebral no grupo knockout pois as
acoes dos AGCC na inibicao inflamatéria € mediada, pelo menos em parte, pela IL-10
no cérebro. Portanto, nossos achados suportam que as ag¢des neuroprotetoras
preventivas mediadas pelo consumo do kefir sdo pronunciadas na presenga de I1L-10.
Além disso, nés supomos que o tempo de tratamento do kefir pode ter sido insuficiente
para promover agao direta psicobibtica.

Em relacdo aos mecanismos moleculares do butirato nas func¢des cerebrais
envolve-se a sinalizagdo do GPCR, agbes epigenéticas e metabdlicas. O butirato
melhora a barreira intestinal, a regulagdo hormonal e ativagcdo da resposta
imunomoduladora, que por sua vez influencia fun¢des cerebrais através do nervo vago
e vias humorais, prevenindo a inflamacéo sistémica. Além disso, o butirato pode
atravessar a BHE e provavelmente atuar diretamente com o cérebro.

Portanto, o consumo de kefir pode ser considerada uma estratégia promissora e de
baixo custo para prevencao de doencgas neuroldgicas visto a sua capacidade de
modulacao da microbiota intestinal, refor¢o imunolégico e aumento da concentracao

de metabdlitos neuroativos como os AGCC.
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Kefir is a fermented beverage made of a symbiotic microbial community that stands out
for health benefits. Although its microbial profile still little explore, its effects on
modulation of gut microbiota and production of short-chain fatty acids (SCFAs) seems
to act improving brain health. This work aimed to analyze the microbiota profile of milk
kefir and its effect on metabolism, oxidative stress, and in the microbiota-gut-brain axis
in a murine model. The experimental design was carried out using C57BL6 mice
(n=20) subdivided into groups that received 0.1mL water or 0.1 mL (10% w/v) kefir.
The kefir proceeded to maturation for 48 hours, and then it was orally administered, via
gavage, to the animals for 4 weeks. Physicochemical, microbiological, antioxidant
analyzes, and microbial profiling of milk kefir beverage were performed as well as
growth parameters, food intake, serum markers, oxidative stress, antioxidant enzymes,
SCFAs, and metagenomics were analyzed in the mice. Milk kefir had 76.64 + 0.42% of
free radical scavenging and the microbiota composed primarily by the genus
Comamonas. Moreover, kefir increase catalase and superoxide dismutase (colon),
SCFAs in feces (butyrate), and in the brain (butyrate and propionate). Kefir reduced
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9.3 Calculo amostral

O célculo amostral a seguir foi realizado no projeto guarda-chuva.

O tamanho amostral foi calculado baseando-se na comparagao entre o0s
valores de duas médias de referéncia. Paraisso utilizou-se a férmula de Mera et
al.,1998:

N= 2 x (ta2 xag)®
2

d

Onde:
ta/2 = valor da tabela de distribuicao t (two-tailed)o =

Desvio padrao;

d = diferenca que se deseja obter no estudo

Adotou-se o nivel de confianca de 95% (a <0,05) obtendo um valor da
tabelade distribuicao t (two-tailed) = ta/2 = 1,7171 com poder estatistico de 95%
e gl=24-2
= 22.

Durante a infeccao intracelular, os fagocitos produzem espécies reativas
de oxigénio (ERO), importantes para matar o patégeno. Dessa maneira, foi
utilizada como variavel principal o valor de um indice de estresse oxidativo (com
desvios padréo), os peroxidos de lipideos (LPO), na mucosa do ileo em
camundongos desafiados com S. Typhimurium e tratados com ofloxacina e / ou
o probidtico L. fermentum ME-3.

Os valores de LPO foram retirados da tabela adaptada, abaixo
demonstradano quadro 3, do estudo de Truusalu et al (2008) e foram utilizados

para os calculosabaixo:

Quadro 3: Niveis de peréxido de lipideos

Control (PBS) | Gr3 (ST+ME-3) | Media + DP

LPO (pmol/mg proteina) 157 +24 169 + 11 163 +17,5

N 11 13

ST — Salmonella Typhimurium; ME-3 — Lactobacillus fermentum ME-3; PBS —
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phosphate buffered saline; LPO — lipid peroxides; n = 11 ou 13.

Assim, tem-se que:

A média do numero de animais: 11+13 = 24/2 = 12 animais/ grupo

Total de animais: 12x10 = 120 animais

Média do desvio padrao de todos os grupos: 17,5 animais

Considerando o grupo tratamento com PBS e o grupo com infec¢gdo com
Salmonella e tratamento com Lactobacillus fermentum ME-3;

Calculo do tamanho amostral:

N= 2 x (1,7171x 17,5)2 = 12 animais/grupo
12°

Assim, o tamanho da amostra encontrado foi de 12 animais por grupo.
Considerando que o estudo consistirda em 5 grupos experimentais por
delineamentoexperimental: grupo agua nao infectado (ANI) que recebera dieta
comercial egavagem com agua filtrada; grupo agua infectado (Al) que recebera

dieta comercial,gavagem com agua filtrada e o inéculo de Salmonella (106

UFC/mL); grupo antibidtico infectado (ATIl) que recebera dieta comercial,

gavagem com enrofloxacina(20ppm) e o inéculo de Salmonella (106 UFC/mL);

grupo kefir infectado (KI) que recebera dieta comercial, gavagem com kefir de

leite (10% vol./vol.) e o inéculo de Salmonella (106 UFC/mL); grupo kefir nao
infectado (KNI) que recebera dietacomercial e gavagem com kefir de leite (10%

vol./vol.), serdo necessarios 120 animais.
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