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1 RESUMO

Introdugao: O microbioma é o conjunto de microrganismos, metabdlitos, genes e
ambiente no qual estdo inseridos. O microbioma interage com o hospedeiro
através de processos metabodlicos e imunes, sendo influenciado pela dieta,
genética, idade, niveis hormonais, medicamentos e geografia. O desequilibrio da
microbiota intestinal (disbiose) esta associado a doengas frequentes nas
glicogenoses hepaticas (GSD), tais como obesidade, doenca inflamatodria
intestinal (IBD), diabetes, osteoporose e esteato-hepatite n&o alcdolica. As GSD,
uma classe de erros inatos do metabolismo (EIM), sdo doencgas genéticas raras
do metabolismo do glicogénio. Esta tese foca nas GSD-la (G6PC), GSD-Ib
(SLC37A4), GSD-IlIl (AGL) e GSD-IX (PHAK), as quais sao caracterizadas por
defeitos na rota de degradacgédo e sado majoritariamente tratadas por intervengéo
dietética, com restricdo de carboidratos de hidrélise rapida e administracdo
frequente e periddica de amido de milho cru (AMC).

Objetivo: Caracterizar a relagdo entre microbioma intestinal e erros inatos do
metabolismo, com énfase nas glicogenoses hepaticas.

Metodologia: O estudo foi desenvolvido em quatro etapas. Etapa 1: revisdo nao
sistematica da literatura tanto sobre microbiota intestinal e EIM, quanto microbiota
e as classes de tratamentos mais utilizados nos EIM. Etapa 2: estudo
experimental, transversal, controlado, com amostragem de conveniéncia,
incluindo 24 pacientes geneticamente diagnosticados com GSD em tratamento
com AMC e 16 controles higidos. Os participantes deveriam ter idade = 3 anos,
sem sinais de infecgdo, nao ter sido vacinado nos 15 dias antecedentes as
coletas ou estar em tratamento com antibidticos, ndo ter sido indicado ou recebido
transplante de 6rgaos. Controles deveriam ter mesmo sexo e idade similar (1
ano) aos pacientes. Amostras fecais e de sangue foram coletadas, e
adicionalmente os participantes preencheram um registro alimentar de trés dias e
responderam a um questionario clinico. O DNA bacteriano fecal foi extraido e
realizou-se o sequenciamento parcial do gene 16S rRNA na plataforma lon
Torrent. Os dados do sequenciamento foram curados segundo a metodologia do

BMP, classificados taxonomicamente, analisados em ambiente R (pacotes vegan
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e phyloseq) e com o software MicrobiomeAnalyst. Os nutrientes da dieta foram
quantificados com o software Nutribase e o pH fecal foi aferido com pHmetro
eletrénico. A calprotectina fecal foi quantificada com kit comercial do tipo ELISA
segundo as instrugdes do fabricante. Etapa 3: estudo experimental, transversal,
controlado, com amostragem de conveniéncia, incluindo 27 pacientes (GSD-
la=16, GSD-Ib=06, GSD-III=02, GSD-IX=03) e 24 controles. Os critérios de
inclusdo foram os mesmos utilizados na etapa 2. Apds a coleta de sangue dos
participantes, 20 citocinas plasmaticas (G-CSF, GM-CSF, IFNy, GRO, IL-10,
MDC, IL-13, IL-17A, IL-1a, IL-1B3, IL-4, IL-6, IL-8, IP-10, MCP-1, MIP1a, MIP-18,
TNFa, TNFB e VEGF) foram quantificadas com kit comercial Multiplex Cytokine
Assay (Luminex). Pacientes GSD-I, Il e IX foram comparados aos controles, e os
tipos de GSD foram comparados entre si, considerando caracteristicas clinicas.
Etapa 4: Andlise in silico através de redes de IPP, utilizando-se os identificadores
SLC37A4, G6PC, G6PC2, G6PC3, ITGAL, ITGAM, S100A8 e S100A9 como
dados de entrada na ferramenta STRING. O software CytoScape foi utilizado para
a analise de modulos, medidas de centralidade, ontologias e para a construgao de
redes secundarias de interacao.

Resultados: Etapa 1: Um dos principais fatores de associagao entre microbioma
intestinal e EIM é a dieta/tratamento, que normalmente ¢é restrita e/ou
sobrecarregada de forma especifica nos EIM. Além disso, o microbioma intestinal
possui forte associagcdo com o figado e cérebro, dois 6rgdos mais afetados nos
EIM. Etapa 2: pacientes possuem uma menor diversidade e estrutura do
microbioma fecal diferente dos controles em varios niveis taxondmicos. Pacientes
apresentaram prevaléncia maior (p<0,05) de IBD, obesidade/sobrepeso, consumo
de medicamentos e calorias (majoritariamente do AMC) do que o grupo controle.
Além disso, pacientes consumiam menos gorduras, calcio, sodio e vitaminas, e
apresentaram pH fecal mais acido. A riqueza microbiana teve correlagcédo com o
pH (r=0,77; p=6,8e-09), consumo de carboidratos totais (r=0,6; p=4,8e-05) e
acucar (r=0,057; p=0,00013). Etapa 3: pacientes apresentaram niveis reduzidos
(p=<0,05) de IL-4, MIP-1a, MDC, TNF-B e VEGF em comparagao aos controles.
Entre os pacientes, os niveis de citocinas diferiram (p<0,05) conforme o tipo de
GSD, presenca de anemia, adenoma e niveis de triglicerideos. Etapa 4: Nas

redes de interacao exclusivas da GSD-la, varias proteinas se conectaram aos nos
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centrais. Dentre as proteinas, selecionou-se como de interesse TLR4, ITGAL,
ITGAM, IL-6 e IL-10, os quais podem exercer um importante papel na interagao
entre microbiota, sistema imune e saude do hospedeiro dentro do contexto das
GSD.

Conclusoes: Pacientes com GSD hepatica apresentam disbiose intestinal e um
desequilibrio na imunomodulagao. Através das redes IPP foi possivel identificar
que as interacdes proteicas provavelmente alteradas na GSD-la compreendem
proteinas relacionadas ao sistema imune, as quais podem atuar como

moduladores na interagao entre microbioma e hospedeiro.
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1 ABSTRACT

Introduction: The microbiome is defined as the entire habitat, including the
microorganisms, their genomes and the surrounding environmental conditions.
The gut microbiome interacts with the host mainly through metabolic and
immunological processes and can be affected by several factors, such as diet,
host genetics, age, sex, medicines, and geographic factors. Dysbiosis, an
imbalance in the gut microbiome, is related to several multifactorial diseases like
obesity, inflammatory bowel disease (IBD), diabetes, osteoporosis and non-
alcoholic fatty liver disease, which is commonly developed by patients with hepatic
glycogen storage diseases (GSD). GSD are rare genetic diseases, a class of
inborn errors of metabolism (IEM) that affect glycogen metabolic pathways. This
study focuses on GSD-la (G6PC), GSD-Ib (SLC37A4), GSD-Ill (AGL) and GSD-IX
(PHKA), all of them with an impaired degradation pathway. These GSD are mainly
treated by dietetic intervention, restriction of fast-hydrolysis carbohydrates and
frequent and periodic ingestion of uncooked cornstarch (UCCS).

Objectives: To characterize the relation between the intestinal microbiota and
IEM, with emphasis on hepatic GSD.

Methods: This study was developed in four phases. Phase 1: Non-systematic
review of studies about the gut microbiota and IEM, as well as the gut microbiota
and the most common treatments for IEM. Phase 2: Experimental, cross-sectional,
controlled study with 24 patients genetically diagnosed for hepatic GSD on UCCS
treatment and 16 healthy controls sampled by convenience. As inclusion criteria,
subjects should be 3 years or older, not presenting signs of infection, not
vaccinated 15 days prior to samples collection, not be on antibiotics, not have
been designated to receive or received organ transplant. Controls should be of
similar sex and age (x1 year) to the patients. Fecal and blood samples were
collected and subjects filled a three-day food record and answered a clinical
questionnaire. After fecal DNA extraction and partial 16S rRNA sequencing,
results were analyzed according to the BMP recommendations, taxonomically
classified, analyzed on R environment (phyloseq and vegan packages) and
Microbiome Analyst software. The nutrient intake was estimated through the

Nutribase software, and the pH was measured by an electronic pH-meter. Fecal
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calprotectin quantification was performed through commercial ELISA kit. Phase 3:
Experimental, cross-sectional, controlled study with 27 patients with genetic
diagnosis for hepatic GSD on UCCS treatment (la=16, Ib=6, IlI=2, IX=3) and 24
healthy controls sampled by convenience. The inclusion criteria were the same as
used in phase 2. Subjects collected 5 mL of blood and 20 blood cytokines (G-
CSF, GM-CSF, IFNy, GRO, IL-10, MDC, IL-13, IL-17A, IL-1a, IL-1B3, IL-4, IL-6, IL-
8, IP-10, MCP-1, MIP1a, MIP-1B3, TNFa, TNFB e VEGF) were quantified through a
multiplex assay kit. Patients (I, lll and IX) were compared with controls, and the
GSD types were compared taking into account clinical features. Phase 4: In silico
analysis of PPl networks using the identifiers/interactors SLC37A4, G6PC,
G6PC2, G6PC3, ITGAL, ITGAM, S100A8 and S100A9 as input on STRING.
CytoScape software was used to analyze modular structure, centrality measures
and gene ontology terms.

Results: Phase 1: The main factor of association between IEM and the gut
microbiome is the diet/treatment, which is restricted/overloaded in a specific way
on IEM. The gut microbiota has strong association with the liver and the brain, two
of the most affected organs on IEM. Phase 2: The GSD microbiome was
characterized by low diversity and distinct microbial structure. Patients had higher
prevalence of IBD and overweight/obesity, usage of medicines, higher calories’
intake, mainly due the UCCS, and lower intake of fat, calcium, sodium, and
vitamins than controls. Patients presented lower fecal pH than controls. The OUT
abundance was correlated with fecal pH (r=0.77; p=6.8e-09), total carbohydrate
(r=-0.6; p=4.8e-05) and sugar (r=0.057; p=0.00013) intakes. Phase 3: Patients
presented reduced (p<0.05) levels of IL-4, MIP-1a, MDC, TNF-f and VEGF.
Cytokine level were different among patients according to GSD type (p<0.05),
presence of anemia, adenoma and triglyceride levels. Phase 4: The merged PPI
network corresponding GSD-la exclusive network presented several interactions
among immune system components. As interesting interactors were identified
TLR4, ITGAL, ITGAM, IL-6 and IL-10.

Conclusion: The GSD patients presented dysbiosis and an imbalance on
immunomodulation. Through PPI networks it was possible to identify that altered
PPI in GSD-la involving several proteins related to innate immune system, which

can act as modulators on host-microbiome interaction.
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2 INTRODUGAO

2.1 O microbioma humano

Noés nunca fomos individuos (Gilbert et al. 2012). A ideia de que humanos
sdo seres holobiontes, em uma relagdo simbidtica com diversos microorganismos,
vem ganhando for¢a nos ultimos anos. Nao s6 as ciéncias naturais, mas também
as ciéncias sociais- inclusive a filosofia e a sua incansavel procura sobre a
esséncia do ser- ganharam novos ares com o estudo do microbioma (Rees et al.
2018).

O microbioma considera fatores ambientais bidticos e abidticos, e pode ser
definido como o habitat inteiro, incluindo microrganismos (Archaea, bactérias,
fungos e virus), seus genomas e as condigdes ambientais que o cercam. O
microbioma €& caracterizado pela aplicacdo de uma ou mais “-Omicas’
(metagendmica, metabolémica, metatranscriptémica, metaprotedmica)

combinadas com dados clinicos e/ou ambientais (Marchesi and Ravel 2015).

Em uma revisao atual, estima-se que o numero de bactérias no corpo
humano seja em torno de 3,8x10'%'4 de mesma ordem que o nimero de células
humanas, contendo uma massa aproximada de 0,2 kg (tendo como referéncia um
homem de 70 kg) (Sender et al. 2016), e abrigando de 500-1.000 espécies
bacterianas simultaneamente, as quais codificam em torno de 2.000 genes cada,
superando, no total, em 100x os cerca de 20.000 genes codificados pelo

organismo humano (Turnbaugh et al. 2007).

O numero de bactérias e os proéprios fatores abioticos, tais como pH,
possuem uma grande variagdo no corpo humano. Assim sendo, existe variedade
intraindividual (Grice et al. 2009; Human Microbiome Project Consortium 2012),
conforme a parte do corpo em que o microbioma esta inserido e também
interindividuos, possuindo carater préprio para microbiomas isolados de uma

mesma parte do corpo de diferentes pessoas (Franzosa et al. 2015).

17



Até recentemente, assumia-se que o ambiente fetal era estéril, e que a
colonizagao tinha inicio ao nascimento, com a passagem do bebé pelo canal
vaginal materno. Entretanto, com o surgimento de tecnologias que permitiram a
identificacdo de microrganismos sem a necessidade de cultura, apds a deteccéo
de microrganismos no cordao umbilical (Jiménez et al. 2005), placenta (Aagaard
et al. 2014), liquido amnidtico, membranas fetais (Steel et al. 2005) e mecbnio
(Stinson et al. 2019), levantou-se a possibilidade de que a colonizagdo microbiana
pode ser iniciada ainda no periodo intrauterino por transferéncia materna, embora

alguns dados ainda sejam controversos (Theis et al. 2019) .

Durante os trés primeiros anos de vida o microbioma muda drasticamente, a
partir de quando atinge a maturidade e tende a permanecer relativamente estavel
durante a idade adulta (Koenig et al. 2011), sendo uUnicos para cada pessoa.
Embora unicos, ao longo da vida existirdo flutuagées nas taxas de crescimento e
sobrevivéncia dos microrganismos em resposta a perturbagbes (mudanca de
dieta, uso de medicagoes, infecgbes, estilo de vida, etc), mas a microbiota e a
estrutura original sao resilientes, e tenderdo a retornar a um estado similar ao
anterior a perturbagéo, uma vez que cesse o estimulo (David et al. 2014a). Existe,
portanto, uma estabilidade em curto e médio prazo, na auséncia de agentes
estressores (Voigt et al. 2015). Entretanto, em longo prazo, o microbioma sofre
mudancgas, variando conforme a idade (Odamaki et al. 2016; Yatsunenko et al.
2012). Dentre os fatores que influenciam o microbioma, a genética e a dieta sao
de extrema importancia e serao discutidos de forma mais detalhada nas sec¢des

posteriores.

2.1.1 O microbioma intestinal humano

O cdlon abriga a maior parte do conteudo bacteriano humano, contendo
aproximadamente 10'* bactérias (Sender et al. 2016). As bactérias intestinais
possuem funcdes metabdlicas importantes, e fazem parte do metabolismo de
glicanos, aminoacidos e xenobidticos, producdo de metano, biossintese de
vitaminas (via metabdlica 2C-metil-D-eritritol-4-fosfato) e isoprendides (Gill et al.

2006). O metabolismo que entendemos como humano, na verdade compreende
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um conjunto das atividades metabodlicas humanas e bacterianas (Backhed et al.
2005).

A microbiota intestinal exerce funcdes de protecdo, manutencao estrutural e
metabdlicas, e interfere diretamente na saude do hospedeiro (O’Hara and
Shanahan 2006). Estas interagdes serdo abordadas de forma mais detalhada no
tépico 2.2. A microbiota intestinal de um adulto € composta tipicamente de poucos
filos, nos quais Bacteroidetes e Firmicutes sdo dominantes, seguidos por
Proteobacteria, Verrucomicrobiota, Actinobacteria e Euryarchaeota (Eckburg et al.
2005). Destes filos, Bacteroidetes e Actinobacteria tendem a ser mais estaveis,
enquanto Firmicutes e Proteobacteria sdo mais suscetiveis a perturbacbées. A
presenca de determinados filos é consistente em longo prazo, embora suas
abundancias sejam sujeitas a mudangas (Faith et al. 2013). Entender como a
microbiota intestinal afeta os estados de saude e doencga requer uma abordagem
ecologica, considerando a comunidade como um todo e, portanto, um certo

abandono do foco em patdégenos individuais (Lozupone et al. 2012).

2.1.1.1 A dieta e o microbioma intestinal

A dieta e o microbioma estao intimamente relacionados, e a dieta o principal
modulador do microbioma intestinal. A influéncia da dieta sobre o microbioma
tem inicio logo apés o nascimento, com diferengas consideraveis entre os bebés
alimentados exclusivamente com leite materno e aqueles alimentados de forma
nao-exclusiva. A diversidade, processos de maturagao e abundancia relativa de
Bacteroidetes e Firmicutes sdo mais altos naquelas criangas alimentadas de
forma nao exclusiva, enquanto vias relacionadas ao metabolismo de vitaminas,
lipidios e detoxificagdo sdo diminuidas neste mesmo grupo (Ho et al. 2018). De
acordo com a meta-analise realizada por Ho e colaboradores (2018), um longo
periodo de amamentacao exclusiva também esta associado com uma diminuigao
dos episddios de diarreia relacionados a disbiose intestinal, e essas diferencas
nao sao restritas aos seis primeiros meses, permanecendo pelo menos até os
dois anos de idade. Ha, em bebés alimentados de forma exclusiva com leite

materno por menos de dois meses, uma menor abundancia relativa de
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Actinobacteria, e 0 aumento de Firmicutes, bem como a queda na abundéancia
relativa de Bifidobacteriaceae e Enterococcaceae e o0 aumento de
Lactobacillaceae, Coriobacteriaceae, Prevotellaceae, Clostridiaceae,

Erysipelotrichaceae e Lachnospiraceae (Ho et al. 2018).

Além do tempo de amamentagao exclusiva, o uso de féormulas interfere na
estrutura e diversidade do microbioma intestinal (Bezirtzoglou et al. 2011; Lee et
al. 2015; Azad et al. 2016), e pode contribuir para o sobrepeso na infancia (Forbes
et al. 2018). Bebés alimentados exclusivamente com leite materno até os seis
meses de idade possuem uma maior resiliéncia do microbioma intestinal e
sucessao ecoldgica continua, sendo menos afetados por fatores externos, tais

como alimentagdo complementar e antibiéticos (Carvalho-Ramos et al. 2018).

A composi¢cao do microbioma muda drasticamente nos primeiros anos de
vida. De maneira geral, dos 0 aos 9 meses de idade, bebés alimentados no peito
possuem como maiores componentes da microbiota Actinobacteria e Firmicutes,
enquanto em bebés alimentados por férmulas predominam Actinobacteria e
Bacteroidetes. Entretanto, independentemente de ser amamentado no peito ou
por férmulas, durante este periodo ainda existem poucas espécies bacterianas
habitando o intestino. Dos 9 aos 18 meses, ha o primeiro grande aumento de
diversidade, com um aumento de bactérias produtoras de butirato e com
dominéncia de Bacteroidetes e Firmicutes. Neste periodo ainda existe
instabilidade devido ao grande fluxo da composic¢ao bacteriana. Ja dos 18 aos 36
meses ocorre a estabilizacdo da formagao do microbioma intestinal, com um novo
aumento da diversidade das espécies bacterianas e da producéo de butirato, com
predominancia de Bacteroidetes e Firmicutes, embora haja uma variagado grande
na abundancia de Prevotella e Firmicutes dependendo do tipo de dieta adotada
(Voreades et al. 2014).

Os seis meses de idade sdo um ponto-chave na maturagdo da microbiota
intestinal pois normalmente nesse periodo ocorre a introducdo de comidas
sélidas. Uma vez que as comidas sdlidas sao introduzidas, o tipo de dieta tem
grande reflexo na propor¢cao de Firmicutes/Bacteroidetes e acidos graxos de
cadeia curta produzidos (De Filippo et al. 2010). Dentre os muitos componentes
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dietéticos, hipotetiza-se que dietas ricas em amido, oriundo de arroz, batata e
graos refinados predisponham a uma maior quantidade de Firmicutes e
Actinobacteria, e a uma menor quantidade de Bacteroidetes, mas mesmo nessas
dietas ha o impacto do consumo e fonte de fibras oriundas de gréos integrais e
vegetais (Jain et al. 2018). O microbioma responde de forma rapida a alteracdes
na dieta, sobretudo quando ha uma mudang¢a nas quantidades de polissacarideos
de origem vegetal, alterando principalmente os niveis de Firmicutes (David et al.
2014b).

Os carboidratos sdo as fontes centrais para a fermentagdo microbiana
intestinal, e podem ser obtidos através de diferentes fontes: glicanos oriundos da
dieta ou derivados do hospedeiro (como a mucosa colbnica), sintetizados por
outros micrébios que sao de origem alimentar, como a parede celular de
leveduras ou de outros residentes intestinais ou, ainda, de material vegetal, como
as fibras dietéticas, as quais sdo a fonte mais comum para a microbiota de muitos
seres humanos (Sonnenburg and Sonnenburg 2014). O consumo de fibras
(principalmente  envolvendo frutanos e galacto-oligossacarideos) afeta
diretamente a microbiota e estd associado ao aumento da abundancia fecal dos
géneros Bifidobacterium (Actinobacteria) e Lactobacillus spp. (Firmicutes), e ao
aumento da producao de butirato, sem interferir na alfa-diversidade (So et al.
2018).

Dietas pobres em fibras, tais como a dieta ocidental tipica, estao diretamente
associadas a degradagao da barreira mucosa colénica, uma defesa primaria
contra patogenos entéricos (Desai et al. 2016). As dietas ocidentais
(caracterizadas por um alto consumo de gorduras animais, principalmente acido
graxo poli-insaturados w-6, acucares refinados e carne, e baixo consumo de
frutas e vegetais) sdo pobres em carboidratos acessiveis a microbiota e ricas em
alimentos ultraprocessados e aditivos alimentares, os quais estao relacionados a
ruptura do equilibrio intestinal e ao desenvolvimento de doengas metabdlicas e
inflamatdrias, como diabetes, obesidade (Zindcker and Lindseth 2018) e doencgas
inflamatdrias intestinais (Limdi 2018). Embora a maior parte dos estudos
associem a dieta a doengas tradicionalmente ligadas aos habitos alimentares e ao
trato digestivo, a ruptura do equilibrio microbiano via alimentagdo tem
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associacbes com doencas e microbiomas em sitios distais, tais como doencas
alérgicas das vias aéreas, alteragdes na hematopoiese (Trompette et al. 2014),
cancer de mama e alteragdo do microbioma das glandulas mamarias (Shively et
al. 2018).

Além do tipo e da composi¢cao dos carboidratos, o consumo de vitaminas,
principalmente as pertencentes ao grupo B e folato tém o potencial de alterar a
microbiota intestinal (Maynard et al. 2018; Gurwara et al. 2019). Apesar de alguns
grupos bacterianos serem capazes de sintetizar as principais vitaminas
necessarias ao seu metabolismo de forma total ou parcial (Magnusdottir et al.
2015), a comunidade microbiana como um todo compete com o hospedeiro pelas
vitaminas de sintese microbiana mais restrita, como a vitamina B4z, por exemplo
(Degnan et al. 2014). A vitamina B2 consumida pelo hospedeiro é apenas
parcialmente absorvida no intestino delgado, e o excedente é utilizado, em parte,
pela comunidade bacteriana. Essa disponibilidade de vitaminas produzidas
apenas por poucos membros da microbiota atua como modulador para as
populagbes nao produtoras (Magnusdottir et al. 2015), e, dependendo da
quantidade, pode estar envolvida em processos de patogénese microbiana
(Rowley and Kendall 2019).

2.1.1.2 A genética e o microbioma intestinal

A composi¢cao da microbiota intestinal € mais influenciada pela proximidade
genética entre duas populagdes, enquanto a abundancia relativa sofre uma
influéncia maior de fatores geograficos (Hansen et al. 2019). Pesquisas com
gémeos mono e dizigéticos demonstram que existem taxas influenciados pela
genética do hospedeiro, mas que essa herdabilidade é limitada (Goodrich et al.
2014). Os genes que possuem maior influéncia sobre a microbiota intestinal sdo
aqueles ligados ao metabolismo e ao sistema imune (Dgbrowska and Witkiewicz
2016).

Em uma expansao do estudo original realizado em 2014, Goodrich e
colaboradores (2016) identificaram e confirmaram que diversos genes e bactérias

estdo correlacionados. A familia Christensenellaceae permaneceu como o taxa
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mais influenciado pela genética do hospedeiro, incluindo o género
Metanobrevibacter. Este género € particularmente interessante por apresentar
uma correlagdo positiva com uma alfa diversidade maior. Uma outra importante
associagao € entre Bifidobacterium e o gene LCT (lactase), de forma que em
pessoas cuja lactase deixa de ser produzida apdés o desmame possuem mais
Bifidobacterium do que aquelas que sao lactase-persistentes (Goodrich et al.
2016).

Algumas relagdes podem ser explicadas pelo aporte de substrato para as
reacdes de fermentacdo bacterianas, como é o caso de Bifidobacteria e da
lactose, acima descrito. Outras, no entanto, possuem um mecanismo mais
complexo, como no caso dos genes que afetam o sistema imune e participam do
reconhecimento do préprio e ndo-proprio, e dos loci de heranga quantitativa.

Recentemente, verificou-se que parte do efeito das variantes genéticas que
elevam o risco para doencga inflamatoria intestinal provavelmente sdo mediados
por um efeito sobre a microbiota (Aschard et al. 2019). Entretanto, evidéncias de
que genética e o microbioma estao intimamente relacionados existem em estudos
mais antigos, como, por exemplo, na associacdo entre loci genbémicos que
predispdem a obesidade e a plasticidade de taxa bacterianos em resposta a
diferentes dietas (Parks et al. 2013). Estudos como este sugerem que a
manipulagdo bacteriana intestinal pode ser uma terapia efetiva para superar a
suscetibilidade génica a algumas doencgas (Aschard et al. 2019), uma vez que as
bactérias, em alguns casos, parecem modular a susceptibilidade do hospedeiro a

fatores ambientais, intervencdes dietéticas e doencas.

2.2 Interagao entre microbioma intestinal e hospedeiro

As bactérias intestinais produzem metabdlitos que agem diretamente sobre
o hospedeiro, estando ligadas a sintese e absorcdo de varias vitaminas,
transformacdo de acidos biliares (Molinero et al. 2019), metabolismo de
xenobidticos (Clarke et al. 2019), digestdo de carboidratos nao digeriveis pelo
organismo humano e sintese de acidos graxos de cadeia curta (AGCC), os quais
atuam na regulacao de varios processos fisiolégicos do hospedeiro (den Besten et

al. 2013; Molinero et al. 2019). A interacdo entre microbioma e hospedeiro,
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entretanto, € um eixo bidirecional e ocorre tanto pela resposta bacteriana frente
aos metabolitos gerados pelo hospedeiro (David et al. 2014b; Rios-Covian et al.
2016) quanto pelas respostas fisioloégicas do hospedeiro frente aos metabdlitos
bacterianos (Lakhan and Said 2017; Murugesan et al. 2018). A evidéncia € de que
esses processos de interagao se iniciem ainda na fase uterina, exercendo impacto
sobre aspectos basicos da fisiologia humana, tais como no desenvolvimento de
orgaos como o coragao (Guzzardi et al. 2019). Esta intrincada relagéo tem levado
ao surgimento do estudo de eixos bidirecionais mais especificos, tais como o eixo
microbioma-cérebro-intestino (Wiley et al. 2017; Dinan and Cryan 2017; Pan et al.
2019), o eixo intestino-figado (Hamoud et al. 2018) e, de forma mais recente, o

eixo musculo-intestinal (Ticinesi et al. 2017; Grosicki et al. 2018).

A dieta do hospedeiro é determinante quanto a quantidade e qualidade de
substratos para as reagdes metabdlicas bacterianas, e pode ser encarada como
um fator chave na manutencdo de uma relacdo saudavel entre microbiota e
hospedeiro (Zhang et al. 2018). E pelo processo de fermentacéo de carboidratos
nao digeriveis pelos humanos que as bactérias geram os AGCC, principalmente
acetato, butirato e propionato (den Besten et al. 2013). Estes metabdlitos séo
capazes de influenciar uma miriade de reagdes fisiolégicas no organismo humano
(Roy et al. 2006; den Besten et al. 2013), sendo, em ultima instancia, reguladores
globais da acetilagdo de histonas e processos de metilagcdo no colon, figado e
tecido adiposo branco, interferindo na expressao de mais de 600 genes, com
ontologias ligadas ao armazenamento lipidico, sensibilidade a insulina e sistema

imune (Krautkramer et al. 2016).

O sistema imune, por sua vez, € o mecanismo de interacdo entre
microbiota e hospedeiro mais estudado, e talvez o mais complexo. Nos ultimos
anos, a imunologia vem sendo revolucionada pelo crescimento no entendimento
do papel fundamental da microbiota na indugdo, educacao e fungédo do sistema
imune humano (Belkaid and Harrison 2017). Patologias como alergias, doencgas
inflamatdrias e imunoldgicas, na maioria das vezes, surgem da falha no controle
do sistema imune de evitar respostas danosas contra o proprio, contra antigenos
ambientais ou oriundos da microbiota. Além disso, alteragbes na composigao e

fungcdo da microbiota como resultado do uso de antibiéticos ou de mudancgas
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dietéticas alteram os padrdes de interacdo, de forma que essa relacdo é
contextual, e um mesmo micrébio pode ter uma relacdo de mutualismo ou de
parasitismo, de acordo com o estado nutricional, co-infeccdo ou panorama

genético do hospedeiro (Belkaid and Hand 2014).

A manutencdo da homeostase entre hospedeiro e microbiota deve-se, em
grande parte, a integridade da barreira intestinal. Composta por células epiteliais,
muco, imunoglobulina A e peptideos antimicrobianos, a barreira intestinal
minimiza o contato entre microrganismos e células do epitélio, limitando a
inflamacao tecidual e a translocacéo de bactérias intestinais. As bactérias, por sua
vez, secretam AGCC, os quais inibem a ativacdo de neutrdfilos. Além disso, o
butirato € um potente modulador entérico da atividade de células T (Belkaid and
Hand 2014). Uma vez rompida a homeostase do sistema, as consequéncias
poderao ser locais ou sistémicas, afetando os mais diversos 6rgaos. O figado é
um dos 6rgédos mais afetados, uma vez que 80% do sangue circulante neste
orgao é oriundo da veia porta, a qual drena intestino, bago e pancreas (Belkaid
and Naik 2013). Entdo, apesar de n&o estar em contato direto com as bactérias
intestinais, a funcdo imune hepatica é condicionada pela exposi¢cao constante a
ligantes ou metabdlitos dela originados, e o figado atua como um sensor de
alteracbes subitas na microbiota, traduzindo essas mudancas para o sistema

metabdlico e imunoldgico (Crispe 2009).

Recentemente, houve a descricao de que metabdlitos bacterianos seriam
capazes de interagir diretamente com organelas celulares, sendo capazes de
modular processos mitocondriais (Han et al. 2019). Sabe-se que processos de
fissdo e fusdo mitocondrial sdo, pelo menos parcialmente, controlados pela
disponibilidade de nutrientes e que respondem a sinais metabdlicos celulares.
Ainda que utilizando modelo simplificado de interagdo, essa hipétese tem por
base a descrigcdo de respostas mitocondriais a betaina, metionina e homocisteina
bacterianas, as quais possuem a capacidade de regular a homeostase do
depdsito lipidico em Caenorhabditis elegans (Lin and Wang 2017); e também a
resposta mitocondrial ao acido colanico neste mesmo modelo experimental. O
acido colanico bacteriano, apds sofrer endocitose pelas células intestinais,
aumenta os processos de fragmentagdo mitocondrial e de repostas a proteinas
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mal dobradas (UPR™) por influéncia génica (via DRP-1 e ATFS-1,
respectivamente), causando um aumento no tempo de vida e protegendo conta
patologias associadas a idade, como progressdao de tumores de células
germinativas e acumulagao téxica de proteinas beta-amiloide em C. elegans (Han
et al. 2017).

De forma geral, com o estudo das comunidades microbianas independente
de cultura tornou-se possivel avaliar a real dimensao da riqueza microbiana que o
corpo humano abriga, o valor e a extensdo de suas interagbes. Ainda que
atualmente estejamos muito aquém da completa compreensdao dos seus
mecanismos de acdo e modos de interagado, ja é possivel vislumbrar o amplo
espectro de sua influéncia nos estados de saude e doenca humanos, € o
potencial terapéutico que ela abriga (Barrea et al. 2019). Nao por acaso, ha um
crescente corpo de estudos envolvendo transplante fecal (Cold et al. 2019; Tariq
et al. 2019), uso de pré e probidticos (Suzumura et al. 2019), e mecanismos de
acao de medicamentos ja conhecidos sobre o microbioma (Greenhill 2019; Liao et
al. 2019).

2.3 Erros Inatos do Metabolismo

Os erros inatos do metabolismo (EIM) sdao um conjunto heterogéneo de
desordens genéticas, herdadas ou oriundas de mutagdes espontaneas
(Jeanmonod and Jeanmonod 2019), causadas por mutagcdes em genes que
codificam proteinas ou enzimas com fungdo metabdlica, causando a disfungao de
uma via. A maioria dos EIM é herdada de forma autossémica recessiva, embora
existam formas autossémicas dominantes e desordens ligadas ao X. A clinica dos
EIM surge da acumulagdo do substrato téxico, deficiéncia do produto ou de
ambos. Normalmente a doenca se manifesta ainda na infancia, mas dependendo
da atividade residual da enzima o aparecimento da clinica pode ocorrer somente
na idade adulta (Ezgu 2016).

Ainda que um EIM seja caracterizado por um unico gene defeituoso,
normalmente ha presenca de um espectro fenotipico dentro de uma mesma

doenca, nao havendo relagao clara entre gendtipo e fendétipo para a maior parte
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dos casos. Este fato acabou lancando as bases para o estudo dos EIM como
desordens complexas, onde fatores ambientais, tais como alimentacéo,
exercicios, epigenética e microbioma podem exercer influéncia sobre o fenétipo

apresentado (Argmann et al. 2016).

Os EIM sado agrupados em grandes classes, dependendo do tipo de
metabolismo envolvido. O agrupamento classico compreende quatro classes
gerais: doencas no metabolismo de carboidratos, metabolismo de aminoacidos,
metabolismo de acidos orgéanicos e doencas de depdsito lisossdmico (Das 2013).
Entretanto, uma classificagdo mais especifica, como a realizada pela “Society for
the Studies of Inborn Errors of Metabolism” (SSIEM), categoriza os EIM
hierarquicamente em 15 grandes classes, posteriormente subclassificadas, onde
os EIM nos grupos pertencem a mesma via metabdlica, possuem caracteristicas
clinicas similares, sdo detectados pelo mesmo procedimento diagndstico e
tratados por principios similares de intervencdo de emergéncia e manejo em

longo prazo (SSIEM).

As estratégias de tratamento dos EIM variam conforme a doenca, e podem
ser realizadas com dietas especiais, terapia de reposicdo enzimatica, inibicao do
substrato ou transplante de 6rgéos, cada qual utilizado isoladamente ou em

conjunto (Schwartz et al. 2008).

2.3.1 Doengas do metabolismo de carboidratos: as glicogenoses

As glicogenoses (GSD) sao um grupo de doencgas pertencentes a classe
de desordens do metabolismo de carboidratos envolvidos nas vias de sintese e
degradacdo do glicogénio. Atualmente, existem 20 tipos de GSD pela
classificagcdo do SSIEM. Os 6rgdos mais afetados sdo o figado, musculo
esquelético, coracdo e, algumas vezes, o sistema nervoso central; mas pode
haver envolvimento de diferentes 6rgaos, de forma que a classificagcdo depende
nao s6 da deficiéncia enzimatica envolvida, mas também dos érgaos afetados
(Vega et al. 2016).
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Em uma classificacédo pratica, as GSD podem ser divididas entre aquelas
de manifestacdo majoritariamente hepaticas ou musculares. Nas GSD hepaticas
(tipos 0, I, 111, IV, VI, IX e XI), a manifestagdo primaria é a hipoglicemia ao jejum. E
importante ressaltar que na forma classica de GSD tipo IV, sé ha hipoglicemia
apos a faléncia hepatica, ocasionada por cirrose (Kishnani et al. 2014; Weinstein
et al. 2018). Ja nas GSD classificadas como musculares (tipos Il, Ill, IV, V, VIl e
X), a manifestacdo primaria é a presencga de fraqueza muscular e/ou de caimbras
musculares. A GSD tipo Ill € a unica com caracteristicas hepaticas e musculares
de forma concomitante (Weinstein et al. 2018). As manifestagbes clinicas e o
perfil laboratorial dependerao das vias afetadas, tanto pela auséncia da proteina
quanto pelas rotas compensatorias utilizadas pelo organismo. Detalhes sobre este
topico serdo feitos na segdo a seguir, apenas para as GSD de interesse nesta

tese.

2.3.2 As glicogenoses hepaticas e seu tratamento

A glicose ¢é a principal forma de energia circulante na corrente sanguinea.
A maior parte dos processos de obtencdo de energia celular residem na difusédo
da glicose através de membranas celulares. A difusdo ¢é facilitada por
transportadores (GLUT), e uma vez dentro da célula, a glicose € fosforilada a
glicose-6-fosfato (G6P), o que a impede de sair. Em 6rgaos responsaveis pela
normoglicemia (figado, rins e em menor grau, intestino), em condi¢des de jejum, a
G6P é formada a partir da quebra do glicogénio ou da formagao de glicose a partir
de outros precursores metabdlicos (glicogendlise e gliconeogénese,
respectivamente). A G6P formada por estas vias € processada pela enzima de
reticulo multimérica glicose-6-fosfatase (G6Pase), formando glicose e fosfato. A
glicose recém-formada retorna ao citoplasma celular via transportador e € liberada

na corrente sanguinea, mantendo os niveis de glicose circulante.

Como caracteristica em comum, todas as GSD hepaticas acumulam
glicogénio no figado e ha ocorréncia de hipoglicemia ao jejum. Dentre as
glicogenoses hepaticas, os tipos mais comumente diagnosticados sao o |, Il e IX

(Ozen 2007; Hicks et al. 2011). Defeitos na rota de degradagao do glicogénio para
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as GSD de interesse nesta tese estao representados na figura 1 e serdo descritos

de forma detalhada abaixo.

Glicogénio

Acidos
Fosforilase graxos
quinase
(GSD-X) \ /’

Enzima Acetil-CoA

desramificadora
\ (GSD-i) ,
Lactato Piruvato
G1P

+— Frutose-6-P ~—___—*  Frutose-1,6-P2

UDP-Glicose

Nucleotideos

G6P Citosol Glicose
~G6l
ﬁs
G6P Glicose+Pi
Reticulo
Figura 1. Representagcdo das glicogenoses tipo la, Ib, lll e IX e etapas

metabdlicas comprometidas. G6P: glicose-6-fosfato; G1P: glicose-1-fosfato;
Frutose-1,6-P2: Frutose-1,6-bisfosfato; G6Pase: glicose-6-fosfatase; G6PT:
transportador de glicose-6-fosfato; G6PC: subunidade catalitica 1 de glicose-6-

fosfato. GSD: glicogenose. Fonte: modificado de Yang Chou e Mansfield 1999.

A GSD tipo | (GSD-I) subdivide-se em GSD-la e GSD-lb, e ambos sao
disfungdes da G6Pase. Esta enzima €&, na verdade, uma proteina integral de
membrana complexa, composta por subunidades cataliticas para seu substrato

(G6P) e transportadores para seus produtos (glicose e fosfato inorgéanico).

As subunidades cataliticas sao codificadas por trés genes: G6PC, G6PC2

e G6PC3. O gene G6PC causa a GSD-la, a qual corresponde a cerca de 80% dos
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casos de GSD do tipo | (Janecke et al. 2001), € majoritariamente expresso nos
tecidos hepatico, renal e intestino delgado, mas também €& expresso, ainda que
em baixos niveis, no duodeno e na vesicula biliar (NCBI, Gene ID: 2538). Ja a
subunidade codificada pelo gene G6PC2 é expressa nas ilhotas pancreaticas
(ilhotas de Langerhans), e em menor grau nos testiculos, estémago e duodeno.
Até o momento, ndo ha atividade de fosfo-hidrolase associada a essa
subunidade, mas ela € um alvo importante na diabetes quando ha autoimunidade
mediada por células. Embora varios transcritos alternativos tenham sido descritos,
a sua validade bioldgica ainda ndo foi determinada (NCBI, Gene ID: 57818).
Enquanto a expressdo do G6PC2 é localizada, a expressdo do gene G6PC3 é
ubiqua, com grande atividade catalitica associada. Mutac¢des de carater recessivo

nesta subunidade causam neutropenia congénita severa (NCBI, Gene ID: 92579).

Defeitos na subunidade transportadora de G6P da G6Pase causam a
GSD-Ib. Esta subunidade é codificada pelo gene SLC37A4, e defeitos que a
afetam inviabilizam a atividade de todas as subunidades cataliticas. Por esta
razao, além dos sintomas da GSD-la, alguns sintomas sao tipicamente atribuidos
a GSD-Ib, oriundos da disfungédo imunolégica causada pelo bloqueio da atividade
das outras subunidades (Kim et al. 2006), como a presenga de neutropenia
continua ou intermitente, doenca inflamatdria intestinal e infeccbes recorrentes
(Visser et al. 2012). A neutropenia da GSD-Ib é caracterizada pela apoptose
aumentada dos neutrdfilos (Kuijpers et al. 2003) e stress do reticulo, com a
contagem de neutréfilos no sangue periférico sendo inversamente proporcional ao
grau de inflamacgao (Visser et al. 2012). Nestes pacientes, a administragdo de G-
CSF ¢ utilizada para aumentar a contagem de neutréfilos (Ishiguro et al. 1993;
Calderwood et al. 2001), e, embora ndo aumente a quimiotaxia celular (McCawley
et al. 1994), em alguns casos, foi capaz de resolver a doenca inflamatéria
intestinal (Alsultan et al. 2010)

A GSD tipo Il (GSD-Ill) é causada por deficiéncia da enzima
desramificadora do glicogénio (AGL). Na GSD tipo lll, parte do glicogénio é
quebrado normalmente. A gliconeogénese nao é afetada, e exibe uma atividade
compensatoria, utilizando energia de acidos graxos e outros precursores (Chen
and Weinstein 2016). Portanto, o acumulo hepatico € menor e a hipoglicemia
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geralmente é menos severa que aqueles causados pela GSD-I, apesar de haver
risco de cirrose, adenomas e carcinomas (Sentner et al. 2016), mesmo em

pacientes assintomaticos (Oterdoom et al. 2015).

O tipo IX é causado pela deficiéncia da enzima fosforilase quinase, uma
enzima multimérica formada por quatro subunidades (a, B, y e 0), cada qual
codificada por um ou mais genes. O gene afetado determinara se a deficiéncia
sera hepatica, muscular ou se afetara os dois tecidos, e também o padrédo de
heranga da doenca. Os genes PHKA1 e PHKAZ2 codificam para a subunidade a,
com modo de heranga ligado ao X. Defeitos em PHK1 levam a manifestagdo
muscular da doenga, enquanto defeitos em PHK2 possuem manifestacido
hepatica e s&o o tipo mais comum de GSD-IX. Os outros dois genes séo
herdados de modo autossémico recessivo. O gene PHKB codifica para a
subunidade B, e causa deficiéncia hepatica e muscular. Um terceiro gene,
PHKG2, codifica para a subunidade y e causa a deficiéncia no tecido hepatico.
Mutacbes nos genes que codificam para a subunidade & ndo sdo conhecidas
(Herbert et al. 1993). De maneira geral, o tratamento das GSD hepaticas busca
eliminar a ocorréncia de hipoglicemias, e prevenir disturbios metabdlicos
secundarios e o depdsito de glicogénio no figado através de restricdo de
carboidratos de hidrélise rapida e da administracdo frequente e periddica de
amido de milho cru (AMC).

A ingestao de AMC foi introduzida em 1984, a fim de tratar a hipoglicemia
em pacientes de GSD-I (Chen et al. 1984), mas hoje é recomendada também
para os outros tipos de GSD hepaticas (Chen and Weinstein 2016). A quantidade
de AMC ingerida varia conforme a idade e o peso do paciente, sendo altamente
personalizado. Ajustes sao feitos com base no relato dos pacientes, atividades
fisicas praticadas, e avaliacdo rigorosa do controle metabdlico, baseado em
medidas de glicemia diarias (Kishnani et al. 2014). Nos tipos de GSD em que a
gliconeogénese esta intacta, as restricbes dietéticas sdo menos severas, e uma
dieta hiperproteica também é recomendada (Chen and Weinstein 2016). As
principais manifestagdes clinicas e linhas gerais de tratamento para as GSD

supracitadas podem ser encontradas na Tabela 1.
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Tabela 1. Principais caracteristicas das glicogenoses (GSD) hepaticas de

interesse nesta tese.

Tipo de Gene

GSD Proteina afetada (modo de Pr|n0|pa|s|[n_zan|festa<;oes Id_lnthats gerals
(OMIM#) heranca) clinicas e tratamento
Hipoglicemia ao jejum, AMC
hepatomegalia, retardo no Restricdo de
crescimento, hiperlipidemia. galactose,
Pode haver: densidade frutose, lactose
Glicose-6- mineral dssea reduzida, e sacarose
GSD-la fosfatase G6PC (AR) anemia, adenoma hepético, Alopurinol
(232200) (subunidade sobrepeso, sindrome Citrato
catalitica) metabdlica, disfuncéo

plaquetéria e disfungdo
renal, hipertensédo pulmonar
e sistémica, deficiéncia de

vitamina D
Similar a la, mais AMC
neutropenia, infecgbes Restricdo de
GSD-Ib Glicose-6-Fosfato SLC37A4 |rr?1fl: grrrzg?c’t)ﬁz (ian?gsetinng:; ﬁilt%cs:tg SI(:ejl,ctose
(232220) translocase (AR) . ~ o '
disfuncéo da tireoide e sacarose
(autoimune e G-CSF
hipotireoidismo) Mesalazina
Hipoglicemia ao jejum, AMC
Enzima hepatomegalia, retardo no Dieta
GSD-llI desramificadora AGL (AR) c_resumentq,_hlperl|p|c_iem|a, hlperprgtema
(232400) do dlicogénico cirrose hepatica, carcinoma Restricdo de
glicog hepatocelular sacarose
Hipoglicemia ao jejum, AMC
) hepatomegalia, retardo no Dieta
GSD-IXa Fcc;ificrﬂsge PHKA2 I(:rescimento, hiperlipidemia Eip(terprotei(aa
306000 _ XL eve vitar granaes
( ) (subunidade a) (xL) quantidades de
sacarose
Hipoglicemia ao jejum, AMC
) hepatomegalia, retardo no Dieta
GSD-IXc Fosforilase crescimento, hiperlipidemia hiperproteica
(613027) quinase PHKG2 (AR)  leve Evitar grandes
(subunidade y) quantidades de
sacarose

AR: autossémico recessivo; XL: ligado ao X; AMC: amido de milho cru; G-CSF: fator estimulante de
granuldcitos. Fonte: OMIM, Kishnani et al. 2014; Sentner et al. 2016; Chen and Weinstein 2016.

O uso do AMC é o tratamento mais comum e presente nas diretrizes de
manejo; entretanto, existem outras formas de terapias dependendo do tipo de
glicogenose e das comorbidades presentes, tais como o uso de amidos

modificados (Correia et al. 2008; Ross et al. 2015) (ClinicalTrials ID:
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NCT02318966), dieta cetogénica (Valayannopoulos et al. 2011; Brambilla et al.
2014) e transplante de o6rgaos (Marega et al. 2011; Maheshwari et al. 2012; Choi
et al. 2016; Zobeiri 2017). Além destas, estdo em fase experimental alternativas
terapéuticas como a utilizacdo de terapia génica (ClinicalTrials ID:
NCT03517085), o uso do polvilho doce como fonte de amido (ClinicalTrials ID:
NCT03871673) e a reposi¢cao de anapleroticos do ciclo de Krebs (ClinicalTrials ID:
NCT03665636).

2.4 Estudos sobre microbiota e microbioma nas glicogenoses

Os estudos existentes sobre microbiota e microbioma nas GSD sao
poucos. Buscas nas bases de dados do PubMed e Google Académico retornam
apenas 3 artigos, todos nos ultimos 5 anos. Um breve resumo de cada um deles

pode ser encontrado abaixo.

O estudo mais robusto quanto a microbiota nestes pacientes é
odontolégico e compreende a analise da microbiota oral, onde 53 pacientes
(la=11, 1b=02, 1lI=04, 1X=12) tiveram placas supragingivais e subgingivais
coletadas e foram avaliados em relacdo as espécies cariogénicas e
peripatogénicas por sequenciamento da regiao V3-V4 do gene 16S rRNA e PCR
quantitativo. Pacientes alimentados por via oral apresentaram médias maiores de
especies cariogénicas e espécies associadas a saude periodontal, enquanto os
pacientes alimentados por tubos de gastrostomia apresentaram maiores niveis de
peripatogenos. A hipdtese é de que o amido, uma vez que libera glicose
lentamente, ajuda na formacao de biofiimes na superficie dental. Entretanto,
ingestao frequente de glicose e seu posterior metabolismo nos biofilmes orais
resultariam na produgao de acido, o que leva a desmineralizagdo do esmalte e ao

posterior desenvolvimento de caries dentais (Garcia et al. 2016).

Os outros dois estudos sao relatos de caso. O primeiro deles descreve o
uso do probidtico comercial VSL#3 em um paciente de 36 anos com GSD-la
diagnosticado com doencga inflamatéria intestinal (Crohn-like) por endoscopia e
bidpsia intestinal. O probidtico utilizado € um dos probidticos comerciais mais

estudados até o momento. Por quatro semanas o paciente foi tratado com uma
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unidade do probiotico a cada 12h (2/24h), seguido por um periodo de 72 horas
sem tratamento. Apds as 72 horas, por uma semana administrou-se novamente
duas unidades a cada 12 horas (2/24h), e na semana seguinte, uma unidade do
probidtico por dia por mais uma semana. O probiético, quando utilizado a cada 12
horas, foi associado a reducao dos episddios de diarreia e dor abdominal, bem
como a melhor absor¢cao de nutrientes e reducdo de importantes marcadores
clinicos da glicogenose em questdo. Um aumento de gama glutamil transferase

foi relatado (Carnero-Gregorio et al. 2018).

O outro relato de caso diz respeito a uma paciente tratada com transplante
fecal. A paciente, de 21 meses de idade, possuia diagnostico de GSD-II (maltase
acida, lisossbmica, OMIM #232300) e imunodeficiéncia de células B, com
infeccao recorrente por Clostridium difficile refrataria a antibioticoterapia. A mae
doou 11g de fezes para o transplante, e, apds o procedimento, houve resolugao
dos sintomas e cura sustentada por 5 anos (até a publicagdo do estudo) (Dow and
Seed 2018).

2.5 Estudos sobre microbioma e manifestagées secundarias das

glicogenoses hepaticas

A maior parte dos pacientes com glicogenoses hepaticas diagnosticados
sao do tipo |. Estes pacientes possuem uma tendéncia ao sobrepeso e a
obesidade, cuja etiologia ainda ndo € completamente esclarecida (dos Santos et
al. 2017). Além disso, pacientes com GSD-la possuem um risco aumentado para
o desenvolvimento de doenga 6ssea (Minarich et al. 2013), sindrome metabdlica
(Melis et al. 2015) e surgimento de adenoma hepatocelular, os quais podem sofrer
malignizacao (Franco et al. 2005; Cho et al. 2018) e necessitar de transplantes
(Faivre et al. 1999). Os pacientes do tipo Ib, por sua vez, além da obesidade,
possuem risco aumentado para doenga inflamatéria intestinal (Visser et al. 2000;
Melis et al. 2003) e doencas autoimunes de tiredide (Melis et al. 2007; Melis et al.
2017). Os tipos Il e o tipo IX sdo metabolicamente menos comprometidos, mas
também existe o risco de doenca hepatica (Leuzinger Dias et al. 2019) com

cirrose e posterior evolugao para carcinoma hepatocelular (Demo et al. 2007).
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A obesidade esta associada a multiplas patologias, incluindo sindrome
metabdlica, doengas cardiovasculares e cancer (Pi-Sunyer 2002). O microbioma
intestinal atua como um fator ambiental no desenvolvimento da obesidade, pois a
microbiota interfere em processos fisiolégicos, como digestdo e metabolismo,
podendo aumentar a produgdo de energia oriunda da dieta e modular a
composic¢ao dos tecidos em relagdo ao seu teor de acidos graxos, além de gerar
inflamagé&o em baixo grau, a qual esta envolvida ndo s6 na obesidade como em

outras desordens metabdlicas (Cani et al. 2012).

Relacbes causais entre microbiota e sindrome metabdlica tiveram inicio
quando um receptor de transplante fecal com sindrome metabdlica experimentou
melhora na sensibilidade a insulina apos receber fezes de um doador magro. O
transplante gerou um aumento da diversidade e quantidade de butirato nas fezes,
com um aumento da abundancia relativa de bactérias produtoras de butirato,
como Roseburia intestinalis (Vrieze et al. 2012). Recentemente, um estudo de
associagdo com 950 participantes normoglicémicos relacionou os dados
genbmicos dos individuos, dados metagendmicos intestinais e os niveis fecais de
acidos graxos de cadeia curta com 17 tragos metabdlicos e antropométricos
apresentados pelos participantes. Apods validagdo em biobanco com mais de
500.000 amostras, houve associagao de tragos genéticos do hospedeiro, aumento
na producgao intestinal de butirato, e resposta aumentada a insulina apoés teste de
tolerancia oral a glicose. Além disso, detectou-se que anormalidades na produgao
ou absorgdo de propionato estavam associados de forma causal ao risco
aumentado de desenvolvimento de diabetes tipo 2, fornecendo evidéncia do efeito

do microbioma intestinal sobre as caracteristicas metabdlicas (Sanna et al. 2019).

A descricdo de alteracdo da microbiota intestinal em pacientes com
doencas hepatica cronica € antiga, e o primeiro caso foi descrito cerca de 80 anos
atras (Yu et al. 2016), de forma que atualmente existe uma série de dados, ainda
em carater emergente, associando a microbiota intestinal com esteato-hepatite
nao-alcoolica (EHNA). Apesar do mecanismo n&o ser completamente
compreendido, inflamacao, dano a barreira intestinal, translocagao bacteriana e
endotoxemia, tem sido sugeridos como possiveis mecanismos (Farhadi et al.
2008), assim como uma mudanca no perfil metabdlico das bactérias intestinais
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(Zhu et al. 2013). Nao so a presenca de EHNA tem relacdo com a microbiota,
uma vez que Bacteroides sdo associados com a patologia de forma geral, mas
também a severidade e progressdo da doenga, havendo associagdo de
Ruminococcus com estados de fibrose (Boursier et al. 2016). Uma das possiveis
complicagdes da doenga hepatica, além cirrose e fibrose, € a malignizagado das
lesdes, as quais dardo origem ao carcinoma hepatocelular. A disbiose intestinal
estd associada a todas as complicagdes (Jiang et al. 2019), e foi capaz de
promover a progressao para HCC em modelos animais, onde o receptor do tipo
Toll-4 (TLR4) parece ter envolvimento central (Dapito et al. 2012), sendo inclusive

sugerido como alvo terapéutico (Darnaud et al. 2013).

Em pacientes que realizaram transplante hepatico, foi descrito uma
alteracao significativa da microbiota apés o transplante, com diminuigdo de
géneros como Actinobacillus, Escherichia e Shigella, e um aumento de outros
taxa, como Micromonosporaceae, Desulfobacterales e dos géneros Sarcina
(Eubacteriaceae), e Akkermansia (Sun et al. 2017). Alteracbes funcionais e
metabdlicas relacionas ao microbioma também ja foram descritas em pacientes
transplantados (Bajaj et al. 2018). Ainda no contexto dos transplantes, varios
fatores pré, intra e/ou pos transplante podem resultar em disbiose, incluindo o
uso de antibioticos, imunossupressores e quimioterapia, além da anatomia pos-
cirrgica (que pode causar alteracbes anatdomicas, funcionais e/ou
neuromusculares). A disbiose pode levar a (ou atuar como modificador em)
algumas complicacbes poés-cirurgicas, como risco de infeccbes (infeccao
urinaria, diarreia infecciosa), fenbmenos imunolégicos adversos (anemia
hemolitica auto-imune), rejeicdo do transplante, e ao aumento das taxas de
mortalidade (Tabibian and Kenderian 2017).

A presenca de IBD é um achado comum em pacientes com GSD-Ilb e tem
sido descrita de forma cada vez mais frequente em pacientes com GSD-la. A
etiologia da IBD é em parte atribuida a disbiose intestinal. Como trago comum aos
diferentes tipos de IBD, sabe-se que o microbioma intestinal destes individuos é
mais instavel, variando mais do que o microbioma de pessoas saudaveis
(Halfvarson et al. 2017). Os acidos graxos oriundos da fermentacdo bacteriana

também sio associados ao desenvolvimento de IBD. Varios estudos relatam que
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ha uma diminuigdo nos niveis de AGCC na mucosa e nas fezes de pacientes com
doenca inflamatéria intestinal, e eles desempenham papéis cruciais na
manutengcdo da homeostase entérica, seja através da manutencdo da funcdo da
barreira intestinal, na geragdo de energia nos colondcitos, ou exercendo seu
papel de imunomodulacdo através dos receptores acoplados de proteina G
(GPCRs), os quais controlam a inflamacéo intestinal (Parada Venegas et al.
2019). Tanto o perfil microbiano fecal quanto a predi¢gao funcional do microbioma
possuem um valor terapéutico, uma vez que existe associagcao entre perfis
microbianos fecais e atividade da doencga (Tedjo et al. 2016); e também entre as
vias funcionais bacterianas e resposta ao tratamento para IBD (remissao)
(Ananthakrishnan et al. 2017).

As doengas Osseas em GSD sao normalmente aquelas relacionas a
diminuicdo da densidade mineral 6ssea, causando osteopenia ou osteoporose
(Minarich et al. 2013). O microbioma desempenha um papel importante na
indugdo de osteoclastos em modelos animais, interage com o sistema imune e
participa dos processos de inflamagcdo do organismo através da absorgdo de
vitamina D, indugdo da atividade de células B e T, liberagao de citocinas (IL-17A e
IL-6), transformacéo de acidos biliares, e produgao de AGCC (D’Amelio and Sassi
2018; Li et al.) Atualmente, os estudos em humanos comegam a ganhar forma,
confirmando associag¢des entre disbiose e densidade mineral 6ssea reduzida (Li
et al. 2019). O uso de probidticos tem sido associado a um aumento da densidade
mineral dssea, e um dos mecanismos propostos € a indugdao da expressao de
proteinas das tight junction intestinais, o que aumentaria a forgca do epitélio e
melhoraria a fungdo de barreira, diminuindo a apresentacdo de antigenos e

respostas imunes associadas (Hsu and Pacifici 2018).

2.6 Estudos sobre citocinas nas glicogenoses hepaticas

As citocinas controlam virtualmente todos os aspectos do organismo
humano, influenciando os mais diversos aspectos fisiologicos, tais como
crescimento, adiposidade, lactagdo, hematopoiese, além dos processos

inflamatorios e imunes de forma geral (Braunersreuther et al. 2012; Gorby et al.
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2018). As citocinas s&o uma ampla classe de proteinas soluveis, compreendendo
varias subfamilias, tais como interferons (INF), interleucinas (IL), fatores de
necrose tumoral (TNF), fatores de crescimento (TGF), fatores estimulantes de
colonias (CSF) e quimiocinas (Cameron and Kelvin 2013). Uma classificagéo
simplista € normalmente adotada, com a divisdo entre citocinas pré (IL-1, IL-6,
TNF, IFN-y, IL-12, IL-18 e GM-CSF) e anti-inflamatoérias (IL4, IL-10, IL-13, IFN-q,
TGF-B). Entretanto, esta classificagdo dual é equivocada e serve apenas como
referencial, ndo representando, de fato, a complexidade dos eventos biol6gicos in
vivo (Cavaillon 2001; Conti et al. 2003; Scheller et al. 2011; Schett 2018).

Dois estudos analisaram as citocinas em camundongos knockout modelos
para a GSD-la e GSD-Ib. O estudo mais antigo, realizado com animais knockout
para a subunidade transportadora da G6Pase (GSD-Ib), demonstrou que os
camundongos desenvolviam neutropenia, apresentavam niveis maiores de fator
estimulante de col6nia de granulécitos (G-CSF) e de fator quimioatraente de
neutrdéfilos induzido por citocinas (KC, um analogo murinho da IL-8 humana) em
comparagao ao grupo controle (Chen et al. 2003). Essas alteracbes foram
confirmadas no plasma de pacientes com GSD-lb que ndo estavam em
tratamento com G-CSF. Quando um experimento similar foi realizado com animais
knockout para a subunidade catalitica da G6Pase (GSD-la), resultados similares
foram verificados, embora o aumento de G-CSF e KC tenha sido mais discreto
nestes animais (Kim et al. 2007). Em um estudo posterior, com 55 pacientes
(idade 2-39 anos) metabolicamente compensados e 28 controles pareados por
idade, pacientes com GSD-la exibiram neutrofilia em comparagdo ao grupo
controle. Neste estudo, os individuos com adenomas apresentaram maior
porcentagem de neutrofilos no sangue em comparagcdo aos pacientes sem
adenomas. Ainda, o nivel de IL-8 foi maior nos pacientes com GSD-la do que nos
controles, e os niveis de IL-8 nos pacientes com adenoma foram em média duas
vezes maiores do que nos pacientes sem adenomas. Os niveis de G-CSF nao

variaram entre os grupos (Kim et al. 2008).

Apesar da neutropenia classica descrita para pacientes com GSD-Ib, ha
um breve relato na literatura informando sobre um paciente de 10 anos de idade
com GSD-Ib, neutropenia e disfuncdo de neutréfilos que nunca sofreu infecgdes
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recorrentes severas. A resposta imune celular do paciente foi avaliada pelas
subpopulagdes de linfocitos e pela producéo de citocinas IL-2, IL-4 e IFN-y. Neste
caso, um padréo de ativagao de linfocitos sugeriu um deslocamento da resposta
Th1 (IL-2, IFN-y)/Th2 (IL-4) favorecendo as respostas imunes do tipo Th1. Foi
detectado, também, um aumento na populagao celular tipo CD56 (células Natural
Killer), com uma relagdo normal das populagdes celulares T-CD4/T-CD8 (linfocitos

T auxiliares e linfocitos T citotdxicos, respectivamente) (D’Eufemia et al. 2007).

Em um estudo mais abrangente, Marfaing-Koka e colaboradores (2003)
estudaram uma amostra de 27 pacientes com GSD-la (14 com adenomas), 14
pacientes com GSD-III/VI (01 paciente GSD-IlIl com adenoma) e 30 controles
saudaveis. Neste estudo, IL-6 e TNF-a foram analisados e ndo houve diferenga

entre os grupos ou diferenga quanto a presenga/auséncia de adenomas.
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3 JUSTIFICATIVA

Tendo em vista a proeminente associagao entre o microbioma intestinal e
as manifestacdes fenotipicas presentes nas glicogenoses hepaticas, e dada a
falta de correlagdo entre gendtipo e fendtipo nos pacientes, esta tese busca
caracterizar a microbiota intestinal de pacientes com glicogenoses hepaticas,
lancando as bases para estudos posteriores de interagdo e associacdo entre
microbiota-hospedeiro que ajudem a explicar a variabilidade clinica, fatores de

risco e/ou prevencgao para estes pacientes.
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4 HIPOTESE

Os pacientes com glicogenoses hepaticas possuem o microbioma intestinal
alterado em decorréncia do uso de grandes quantidades de amido de milho cru e
restricbes dietéticas, sendo este um potencial amplificador dos fendtipos

relacionados a inflamacéo e a doencga de base.

5 OBJETIVOS

5.1 Objetivo Geral

Caracterizar a relagao entre microbiota intestinal e erros inatos do

metabolismo, com énfase nas glicogenoses hepaticas.

5.2 Objetivos Especificos

1) Revisar a literatura existente sobre erros inatos do metabolismo e

microbiota intestinal.

2) Caracterizar a microbiota intestinal de pacientes com GSD hepaticas em
comparagao a individuos controles, associando-a com dieta, fendtipos e

medicamentos utilizados no tratamento.

3) Caracterizar o perfil de citocinas em pacientes com GSD hepaticas em
comparagao a individuos controle, associando-as a controle metabodlico e

manifestagdes clinicas secundarias a doenga de base.

4) Avaliar possiveis modos de interacdo entre o microbioma intestinal,
citocinas plasmaticas e calprotectina fecal no contexto da GSD-la, utilizando como

ferramenta redes de interacao proteina-proteina (IPP).
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6 CAPITULOS

A metodologia utilizada e os resultados obtidos nesta tese serdo
apresentados na forma de quatro capitulos distintos, no formato de artigos

cientificos.

No Capitulo | encontra-se uma revisao da literatura ponderando sobre a
importancia do microbioma nos erros inatos do metabolismo, com base nos
orgaos mais afetados pelas doengas desta categoria e a associagao ja descrita do
microbioma com os mesmos. Aspectos sobre as formas mais comuns de

tratamento nos erros inatos também sao apresentadas neste capitulo.

No capitulo seguinte (Capitulo Il), estudam-se os efeitos da doenca
genética e do tratamento com sobrecarga de amido no microbioma dos pacientes

com glicogenoses hepaticas em comparagao com sujeitos higidos.

Uma vez que um dos principais modos de interagcdo entre o microbioma e o
hospedeiro é através do sistema imune, o Capitulo Il versa sobre o perfil de
citocinas dos pacientes com GSD, langando as bases para a posterior associagao

entre citocinas e populacées microbianas descritas nestes pacientes.

O Capitulo IV é um capitulo dedicado a busca de mecanismos de interagao
entre o microbioma intestinal com o sistema imunolégico dentro do contexto
genético e imunoldgico descrito nos capitulos anteriores nas GSD. Através da
utilizacado da biologia de sistemas buscou-se por proteinas cujas interagbes sao
alteradas pela genética na GSD-I, suas ontologias e possiveis mecanismos de

interacdo com o microbioma.

Os dois primeiros capitulos, ja publicados, estdo no formato das revistas de
publicagcdo. Os capitulos posteriores correspondem a artigos em preparagao,
cujas tabelas e figuras correspondentes podem ser encontradas apos a secao de

referéncias dos mesmos.
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Abstract

Research into the influence of the microbiome on the human body has been shedding new light on diseases long
known to be multifactorial, such as obesity, mood disorders, autism, and inflammataory bowel disease. Although in-
born errors of metabolism (IEMs) are monogenic diseases, genotype alone is not enough to explain the wide
phenotypic variability ohserved in patients with these conditions. Genetics and diet exert a strong influence on the
microbiome, and diet is used (alone or as an adjuvant) in the treatment of many IEMs. This review will describe how
the effects of the micrabiome on the host can interfere with IEM phenotypes through interactions with organs such as
the liver and brain, two of the structures most commonly affected by IEMs. The relationships between treatment strat-
egies for some IEMs and the microbiome will also be addressed. Studies on the microbiome and its influence in indi-
viduals with [EMs are still incipient, but are of the utmost importance to elucidating the phenotypic variety observed in

these conditions.

Kevwords: Inborn errors of metabolism, microbiome, microbiota, diet, treatment.
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Introduction

The human body host a large amount of non-human
genetic material, the microbiome, defined as the set of mi-
croorganisms, therr genes, and the surroundmg environ-
mental conditions (Marchesi and Ravel, 2015). The human
eut microbiome 1s believed to play an important role in the
development of basic physiological systems, such as the di-
gestive, immune, and nervous systems, and constiutes a
virtual metabolic organ of unquestionable mportance
{Lopez-Legarrea ef al., 2014; Suez et al., 2014; Maukonen
and Saarela, 2015). The gastrointestinal (GI) tract s a meta-
bolically rich environment that harbors approximately
three-quarters of the body’s immune cells, contains vagal
afferent endings which respond to immune cells and im-
mune and bacterial products (cytokines, proteases, 5-
Hydroxytryptimaine and CRH for corticotropin-releasing
hotmone, CRH. histamine), and has receptors for com-
pounds produced by neuroendocrine cells (Omran and

Send correspondence to Kanna Colonetti. Universidade Federal do
Ric Grande do Sul, Rua Ramiro Barcelos, 2350, 90035-903 Porto
Alegre, RS, Brazil. E-mail: kcolonetti @ gmail .com.

Aziz, 2014). Diet and genes related to the immune system
and metabolism are among the key factors with potential to
alter the bactenal community present in the gut. Thus, the
associations of diet, metabolism, the central nervous sys-
tem, and the immune system with the development and
composition of the gut microbiome has become the object
of intense mterest among the scientific community (Mayer
efal , 2014).

Inbom errors of metabolism (IEM) are rare mono-
genic genetic diseases characterized by absent or deficient
activity ol a given enzyme and which can sometimes be
managed with dietary strategies. The phenotypic heteroge-
neity found in IEMs s manifested mainly by the age at on-
set of symptoms, presence (or absence) of neurological
compromise, and response to the treatment. In untreated
phenylketonuria (PKU) and in propionic and methyl-
malonic acidemia patients, for instance, the neurological
and behavior mpairment are highly variable. The develop-
ment of liver disease 1s common to several IEMs, such as
tyrosmemia type | and urea cyele disorders. Also, the re-
sponse to the treatment 1s not the same among patients with
the same genotype.
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Convergent ellorts of professionals in different fields
have enabled the discovery of new mechanisms and pro-
cesses whereby the microbiome can exent local and sys-
temic effects. In this non-systematic review of the
literature, we will focus on how the gut microbiome could
influence the context of treatable IEMs.

The human gut microbiome

Among the various microbial habitats found in the
human body, the GI tract harbors the vast majority of mi-
crobial cells (Sender ef af., 2016). The composition of the
microbiota varies along the GI tract, both quantitatively and
qualitatively, depending on the environmental conditions
(pH., oxygen, etc.) (Donaldson ef af., 2016). In the small
bowel (particularly the duodenum), the composition is sim-
ilar to that of the stomach, while the large bowel (especially
the colon) contains the majonty of the gut’s microbial pop-
ulation, as 1t1s the site of fermentation, due to the availabil-
ity of nutrients obtamed from digestion (Madigan and
Martinko, 2006).

Prior o the development of next-generation sequenc-
ing (NGS) techniques, the gene profile of these microor-
ganisms had never been determined accurately (Grenham
etal, 2011). The ability to obtain a large number of gene
sequences i a short period of time and at relatively low
cost led to the acquisiion of an immense volume of data to
which biological significance could then be aseribed (Cho
and Blaser, 2012). Advances i these techniques, coupled
with the development of bioinformaties tools, have allowed
analysis of the gut microbiome to an extent that would have
been impossible with bacterial cultures alone (Hiergeist ef
al.,2015). Furthermore, the use of NGS and biomformatics
techniques, with the aid of databases and computational
and statistical algonthms, has allowed complex studies for
the detection, quantification, and functional analysis of the
human microbiome and its physiological associations, thus
expanding knowledge of microbial ecology beyvond simple
pathogen vs. host relationships.

Initiatives such as the Human Microbiome Project,
created in the United States in 2008, have sought to charac-
terize the microbial communities of varous sites i the hu-
man body, with a focus on analyzing the role of these
microorganisms in sickness and in health (Human Micro-
biome Project Consortium, 2012). In Europe, a similar ef-
fort known as MetaHIT, which took place from 2008 to
2012, sought to study the association ol the gut microbiome
with several states of health and illness, prorinzing obesity
and inflammatory bowel disease (Metagenomies of the Hu-
man Intestmal Tract, MetaHIT.

The results of the aforementioned mitiatives have led
to anew appreciation for the human microbiome from taxo-
nomic and functional points of view. The microbiota 1s both
functionally relevant and uniquely personal, differing even
between monozygotic twins, what suggests that childhood
exposure o different environmental factors 5 a determi-

Caolomettier al.

nant of development of the adult microbiota (Turnbaugh
and Gordon, 2009). Despite great interpersonal vanation
the microbiota, the metabolic roles of its microorganisms
are highly conserved: ennching the biosynthesis of co-
factors and vitamins, in addition to a key role in central car-
bohydrate metabolism, aromatic amino acids (AA), and
ATP synthesis m the lower Gl tract (Segata ef al., 2011;
Human Microbiome Project Consortium, 2012). This has
given nse to the notion of a “functional core” ol microor-
eanisms rather than acore set of microbial taxa, as the same
essential roles can be played by different taxa (Lloyd-Price
et al., 2016).

The gut microbiota 1s influenced by the environment
and affected by diet, medications, age, geographic factors,
surgical mierventions, and host genetics, particularly genes
related to the immune system and metabolism (Yatsunenko
etal., 2012; Dabrowska and Witkiewicz, 2016; Goodrich ef
al., 2016). The gut microbiome suffers drastic changes dur-
ing the first three years of life (Yatsunenko ef al., 2012).
Afierthat, diet 1s one of the main factors that shape the gut
microbiota (De Filippo ef al, 2010; David ef al., 2014), and
the microbiome continues to evolve all lifelong {(Otiman ef
al.. 2012; Odamaki er al, 2016). Onee diet 1s strongly cor-
related with cultural habits and 1s alfected by geographic
factors, such as availability of nutrients and source of car-
bohydrates, fibers and fat, one can also consider that culture
affects the patterns found in the microbiome (Yatsunenko
et al.,2012). To study the microbiome 15 also to study ecol-
ogy. From an ecological point of view, maintaining suffi-
cient bacterial diversity and nchness is imporant for gut
microbiota functional redundancy, adaptability and to pro-
vide a certain tolerance against environmental challenges,
restlience (Gill ef al., 2006). Western diets, rich in calonies
and refined sugar, are associated with lower richness inmi-
crobial communities at individual level (alpha diversity)
and higher vanation among individuals (beta diversity)
when compared with diets high in fiber and relatively low
m calonies (Martinez ef al., 2015). Individuals who con-
sume a Western type diet with high-energy and high-fat in-
take present changes in metabolic and immune biomarkers,
such as a higher body mass index and higher levels of in-
flammatory markers than those who follow a high-liber,
low-calorie diet (Cani ef al., 2009). Taken together, these
facts have led to associations between microbial richness
and health. Once microbial nchness is strongly associated
with diet patterns (De Filippo ef al., 2010; Cotillard ef al.,
2013; Sonnenburg and Sonnenburg 2014), both the compo-
sition and energy content of one’s diet are important modu-
lators of the microbiota (Oriach ef al, 2016). Diet 15 a
crucial driver of the composition of the microbial commu-
nity from childhood to old age (Kashtanova er al., 2016)
and has the potential to alter the bacterial metabolite pro-
file, thus influencing the host’s metabolism both directly
and indirectly.
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The major bacterial metabolites known to mfluence
the host melude short-chain fatty acids (SCFAs) and vita-
mins. SCFAs are organic monocarboxylic acids with six or
fewer carbon atoms, generated by anaerobic fermentation
ol indigestible dietary fibers (such as cellulose, xylans, and
mulin} in the gut. The main SCFAs produced as a result of
these fermentation processes are butyrate, acetate, and pro-
pionate. SCFAs are absorbed by the host and are important
energy sources, corresponding o 10% of'the energy source
i a Western diet. Portal and hepatic vemns contain large
amounts of SCFAs (Cummings ef al., 1987). SCFAs also
stimulate growth of bacteria in the genera Lactobacillus
and Bifidobacterium, these playing a key role in colon
physiology and metabolism (Roy efal., 2006) and influenc-
g the immune and mflammatory responses (Maslowski
and Mackay, 2011; Tremaroli and Bickhed, 2012; Lopez-
Legarreaer al., 2014). fn vitro, SCFAs increase the produc-
tion of ant-inflammatory cytokines, such as IL-10, and de-
crease production of promflammatory eytokines, such as
IL-1p, IL-6, and TNF-o (Vinolo et al., 2011). Producton
ol SCFAs also promotes transcription of the PTHI gene,
which encodes tryptophan hydroxylase, the mie-limiting
enzyme of serotonin synthesis in the gut (Reigstad ef al.,
2015). 8CFAs are also generally involved m G-protein sig-
naling, modulation of cell signaling, cell—cell interactions,
gene expression, immune function, and neurotransmitter
synthesis and release (Nakao ef al. 1998; Le Poul ef al.,
2003; Nguyenef al., 2007; Han et al., 2014; Nankova efal ,
2014). Severl physiological effects, meluding regulation
of energy homeostasis, obesity, immune system functions,
cancer, and cerebral function, as well as histone deace-
tylase (HDAC) mhibition, have been associated with butyr-
ale (Koh et al., 2016). Specific host transporters and
receptors are available for butyrate, and it 1s also used by
colon cells as a source of energy through beta-oxidation
(Sulling et af., 2016). Furthermore, acetate and propionate
can be used by the liver for lpogenesis and gluconeo-
genesis, respectively (Janssen and Kersten, 2015). The po-
tential for modulation of host metabolism and genetics by
the gut microbiota suggests that the role of this factor war-
rants closer attention. This 15 especially true in [EMs in
which metabolic pathways are originally altered, as the
microblome may act to reinforce metabolic pathways that
are advantageous or disadvantageous to the host, with a di-
rect impact on phenotype.

The evidence for a role of the composition of the hu-
man gut microbiota and its metabolites in health and illness
becomes mereasingly stronger (Sharon er al., 2014; Cole-
man and Nunes, 2016; Rooks and Garrett, 2016). Changes
in the Gl tract microbiota induce metabolic changes with
systemic effects (Tremaroli and Bickhed, 2012; Ochoa-
Repirazand Kasper, 2014; Sharonef af , 2014), and current
research seeks to characterize microbiota—host interactions
to elucidate the depth and breadth of this influence.
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Some conditions, such as liver and bowel discases
and Clostridium  difficile infection, are already being
treated with microbiota-modifying therapies. These in-
clude probiotics, prebiotics, antibiotics, and fecal trans-
plant (Sheth ef af, 2016; Young, 2017). Probiotics are
living microorganisms that, when administered at an appro-
prate concentration, can confer health benefits to the host,
while prebiotics are indigestible components of foods that
benefit the host by promoting growth or activity of a spe-
cific bacterial species or community i the colon. Fecal
transplant 1s the administration of fecal matter from a
healthy donor to adiseased individual, with the objective of
restoring the typical microbial community of the healthy
gut. These strategies can be used jointly or in solation to re-
store the balance of the mtestmal microbial community in
the event of dysbiosis, which 1s any change to the composi-
tion of resident commensal communities relative to the
community found in healthy individuals.

Inborn Errors of Metabolism (IEM)

IEMs are mdividually rare diseases, but as a group
they are faidy common. Currently, more than 600 known
human diseases are classified as IEMs (Alfadhel ef afl.,
2016). Classically, IEMs are defined as a set of monogenic
(single-gene) diseases that cause protein dysfunction, with
partial or total loss of enzyme activity; however, [EMs can
be pleiotropic, and may mvolve virtually any organ or sys-
tem. Clmical onset may occur from even before birth up to
adulthood (Sharer, 2011), and environmental riggers may
be cructal determinants of individual phenotype (Lanpher
et al., 2006). In an individual IEM, one primary metabolite
flux 1s affected. In complex disease, however, a whole net-
work of metabolite fluxes might be subtly altered to con-
tribute to the overall phenotype. This concept of metabolic
flux 1s essential in the translation of genetic and environ-
mental factors into the phenotype or threshold for disease
{Lanpher ef al., 2006). Even a single metabolite defect can
affect several secondary metabolic pathways, with a greater
or lesser degree of environmental influence, to contribute to
cach patient’s specific phenotype.

The treatment and management of [EMs are always
individualized, based on each patient’s diagnosis and phe-
notype. and there 1s broad heterogeneity even within each
category (Argmann ef af., 2016). Despite this heterogeneity
in management approaches, the specific treatment usually
falls into one of three classes: (1) enzyme replacement ther-
apy, to replenish the deficient enzyme; (1) subsirate reduc-
tion therapy; or (1I1) dictary treatment, although organ
transplantation s also used in some cases (Ezgu, 2016).
Additional non-specific reatment may be necessary, de-
pending on the presence of comorbidities, such as neuro-
psychiatric disorders in PKU patients { Bilder ef af., 2017),
or renal and neurologic imparment in patients with tyro-
sinemia type | (Santra ef al., 2008; Chinsky ef al, 2017).
Given the importance of diet to the microbiome, we will
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primarily address dietary therapy in this review, with a sec-
ondary focus on the importance of the microbiome in allo-
geneic hematopoietic steme-cell ransplantation (HSCT).

Dictary treatment for IEMs may be employed as
monotherapy or adjuvant therapy. Its purpose is to elimi-
nate or reduce whichever toxic compound that accumulates
in the body (Schwartz ef al., 2008). However, this form of
therapy has several limitations, including overload and/or
deficiency of cetam food groups and nutrients (Crenn and
Maillot, 2007; Boyer ef al., 2015). Theoretically, diets re-
sticted or excessively rich in certain nulrients may prompt
a state of intestinal dysbiosis with systemic effects, leading
to malnutrition, obesity (Henao-Mejia ef al, 2012), type |
(Wen ef al., 2008) or type 2 diabetes (Larsen ef al., 2010),
inflammatory bowel disease (Ashtonef al . 2017; Geimaert
efal., 2017) and lver discase (Lee and Sokol, 2015), as
well as a variety of disorders featuring an milammatory
component, symptoms of autism spectrum disorders (De
Angelis ef al., 2015), and even cancer (Jacquelme ef al.,
2017; Xu and lang, 2017). Studies secking to identify the
eflects of dietary treatment and nutnent supplementation
on the microbiome of patients with [EMs are still scarce. A
summary of this research will be presented below and in
Table 1.

Organ transplantation (mainly liver ransplantation
and HSCT) 15 also a treatment option for several [EMs
(Simrs ef al., 2013; Boelens ef al., 2014). Within this con-
text, the microbiome was recently noted as a key factor in
graft-vs. -host disease (GVHD). Acute GVHD s character-
ized by rupture of the intestinal barrier, caused by the con-
ditioning regimen administered before HSCT and by
leakage of  microbe-associated  molecular  patterns
(MAMPs, also known as pathogen-associated molecular
patterns or PAMPs), particularly lipopolysaccharide (LPS).
The proinflammatory response mounted against these mol-
ecules leads o systemic inflammation. Antibiotic reatment
in the perioperative period of allogeneic HSCT has been as-
soctated with a higher likelihood of GVHD and lower odds
of survival, which suggests a potentially pathogenic role of
antibiotics through depletion of gut microbiome diversity.
The linding that fecal transplant suceessfully treats GVHD
by reconstituting the microbiota has reinforced this theory
(Balmer et al., 2014; Mehs ef af , 2014; Kakihana ef al.,
2016; Rashidi efal, 2017; Routy et al, 2017, Spindelboeck
ef al, 2017). Efforts to characterize the mfluence of the
microbiome in complications resulting from organ trans-
plantation are paving the way for new avenues ol treatment.
Administration of Lactobacillus, for instance, appears to be
a promising strategy for treatment of GVHD i allogeneic
HSCT recipients, although the mechanism of action has yet
to be fully understood (Staffas ef af., 2017).

Caolonettief al.

Influence of the microbiome on the major
organs affected by IEMs

The features of IEM s are highly heterogeneous; how-
ever, the nervous system central (CNS) and liver, due to
their high metabolic rate, are particularly susceptible to the
effects of any metabolic defect (Sahoo ef al., 2012). These
organs are also closely related o microbiome activity, and a
summary of on this matter can be found in Figure 1.

The microbiome has wide-ranging influence on the
CNS, with probable ¢fTects on metabolism (Fu et afl., 2015;
Montagner ef al., 2016), coordination (Sampson ef al.,
2016), mood (Slykerman ef al., 2017), behavior (Tillisch et
al.. 2013), cognition (Steenbergen ef al., 2015), tempera-
ture control (Chevalier ef af., 2015), and sensation (Chiu et
al., 2013). This influence may begm before birth, via the
matemal microblome (Rautava ef o, 2012), and may be
perpetuated throughout life, playing essential roles in the
development of the blood—brain barner (Braniste ef al,
2014), matration of the immune system (Chung ef al,
2012), and also myelmaton of the prefrontal contex (Hoban
et al . 2016). Communication between the microbiome and
the CNS s two-way, occurning both through metabolites
and toxms produced by the bacterial community on the one
hand, and via the immune, metabolic, nervous, and endo-
crine systems on the other (Powell ef al, 2017). Over the
years, disruption of the microbiome-brain-gut axis has been
associated with various diseases. A breach in system ho-
meostasis may occur at any point along this axis. Stressful
situations affecting the brain, for instance, may affect the
gut microbiome via the hypothalamic-pituitary-adrenal
(HPA) axis, with repercussions for immune cell activity
and bowel function (Moloney ef al., 2014). Bacterial com-
ponents, in tum, can stimulate secretion of proinflamma-
tory cytokines from epithelial cells, dendritic cells, and
macrophages. Knowingly, several neuropsychiatric disor-
ders, including depression, anxiety, schizophrenia, and au-
tism spectum  disorders, are associated with elevated
circulating levels of proinflammatory cytokines (Liu ef al.,
2015a; Petraer al., 2015). In additon to these pathways, ce-
rebral function can also be modulated by microbial metabo-
lites capable of crossing the blood—bram barner (Li and
Zhou, 2016). Pierre and Pellerin (2005) reported that
monocarboxylate transporters (MCTs), which transport
lactate, pyruvate, ketone bodies, and other SCFAs, are
widely expressed in cerebral tissue, and especially so in the
cortex, hippocampus, stoatum, and cerebellum (Pierre and
Pellenn, 2005). In rats, G proem-coupled receptors
(GPCRs) activated by propionic acid (PPA) are also highly
expressed in brain tissue (Bonim ef al., 1997). Antibiotic
therapy, which 1s commonly used in the reatment of some
IEMs. depletes the microbiome and can affect levels of
neuromodulatory  substances (ryptophan, monoamines,
and neuropeptides), thus influencing anxiety and cognition
pattems { Desbonnet ef af., 2015).
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Microbiome and [EM: an interplay
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Table 1 -cont.

Reference

Lm_l'..l-ﬂ.“l'l'l'l rnunugc‘n'rcm

Main clinical features

Affected protein/gene

EIM {Substrate
accumulated)

Seckington and

Periodic phlebotomy

Heart involvement : cardiomyopathy, congestive heart fail-

ure, arrhythmia, cardiomegaly.

HFE protein, Hemochromatosis gens

(HFED

Hemochromatosis

type | {lron)

Powell, 2000; OMIM

#235200

Liver involvement: cirthosis, hepatomegaly, hepatocellular car-

LN,

Dhabetes mellitus,

Arthritis.

Hypogonadotropic hy pogonadism.

The severe effects of the discase usnally do not appear until af-

ter decades of progressive iron loading

ction of: Trmethylamine and its  Phillips and

[Metary restri

Behavioml/psychiatric manifestations: depression, sui-

Flavin-containing monooxygenase 3

(FMO3)

Trimethylaminuna

Shephard, 2007; OMIM

precursors including choline and lecithin

cidal, psychosocial problems in school. In some patients: ane-

{ Amino-trimethyla-

mine)

mix, neutropenia, pulmonary infiections: tachyeardia and severe  Trimethylamine N-oxide: Inhibitors of FMO3  #602079

soaps and body lotions, activated charcoal and

copper chlorophy llin, antibictics, riboflavin

emzyme activity, such as indoles, Use of: acid
supplements,

hypertension after cating cheese.

#Under investigation

Colonettier al

As evidence mounts for a systemic effect of the gut
microbiome on the host, the liver has also been found 1o be
affected by changes in the microbiome. In addition to s
central role in intemmediary metabolism (for instance, many
enzymes affected by IEM are only expressed in liver) and
bile secretion, the liver 1s the target organ of therapies for
metabolie disorders { Brunetti-Piern and Lee, 2005) and can
also  be  considered a  secondary  lymphoid  organ
(Macpherson ef al_, 2016). Changes in liver physiology are
probably caused primarly by DNA methylation processes,
covalent histone modifications, and regulation of gene ex-
pression by non-coding RNA (neRNA ) (Macpherson ef al.,
2016). In addiion o SCFAs, isothiocyanates  and
polyphenols are also produced by the microbiome, and all
of these compounds have the potential to cause epigenetic
changes. As the liver receives blood from the gut through
the portal vein, it 1ssusceptible to exposure to microbial by-
products that cross the intestinal barrier. In humans and
non-human animals alike, whenever liver or bowel discase
causes dysfunction of the barner role played by these or-
zans, there 1s a breakdown in mutualism between the host
and the microbiome, which leads to systemic exposure to
gut bactera and increased immune activation (Chassaing ef
al., 2015). In these situations, the liver becomes a primary
immune barrier that mediates host—microbiome mutualism
(Balmer ef al., 2014).

Hepatoeytes are sensitive to microbial byproducts,
and may trigger an inflammatory immune response with
systemic effects: even exposure to low levels of LPS in-
duces [FN-y overexpression and IL-10 underexpression in
the bver in ammal models of obesity, thus predisposing to
the development of steatohepatius (Yang ef af . 1997). On
the other hand, deletion of the flagellin receptor TLRS in
mouse hepatocytes has been shown to predispose to hepatic
steatosis and fibrosis, as well as other features of the meta-
bolic syndrome. In this study, antibiotic treatment was able
to reverse steatosis and related aspects in TLRS knockout
mice, suggesting that mechanisms for clearance of micro-
organsms capable of gut-iver translocation 1s essential for
maintenance ol host systemic health, preventing the
chronie inflammation induced by microbial pathogens
(Etienne-Mesmin ef af., 2016). Taking into account the im-
portant immune role of the liver, it makes sense that most
patients with cirrhosis and severe liver failure die of sepsis,
not of metabolic derangements (Leber ef al, 2009), as
many of these infections are caused by oral commensals or
zut microbiota (Gustot ef al., 2009). The dysbiosis state it-
self impulses inflammatory response and has potential for
causing disease. The role of the microbiome in liver disor-
ders 1s futher supported by the efficiency of treating these
conditions with probiotics, prebiotics, and antibiotics.
Studying the microbiome, hence, may provide a better un-
derstanding of complex diseases and lay the groundwork
for new therapies (Tilg ef al., 2016).
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Figure 1 - Known effects of the gut microbiome on the main organs affected in an IEM. In bold are the ways by which the interactions oceur. Below are
the features related to the gut microbiota and the organs. The gut microbiome produces severl metabaolites and actively participates in the biosynthesis of
vitumins and cofactors, metabolism ofcarbohydmtes, proteins and lipids. The gut microbiota imeracts with the whole body via the immune and endocrine
systems. The two major organs affected in an [EM are the brain and the liver. In addition to the components of the immune and endocrine systems, the de-
scribed gut-hrain interactions also involve the brain-hlood barrier, HPA axis, vagus nerve and the sympathetic system. This may predispose to several dis-
eases, such as increased cardiovascular risk, multiple sclerosis, Alzheimer's disease, depression, autism, anxiety, and also can be related to pain. Interac-
tions with the liver can occur via the portal vein, the gut-blood barner, and can be involved in several hepatic discases, most of them linked to

endotoxemi.

The microbiome and IEMs: the state of the art

The gut microbiome plays roles in amino acid and
carbohydrate  metabolism, vitamin and cofactor bio-
synthesis, and production of SCFAs, in addition to influ-
encing the physiology of the liver, brain, and Gl tract, all of
which are affected by IEMs. In light of the many important
activities of this virtual metabolic organ and its vast impact
on the host, some studies have considered the microbiome
as a factor that interferes with organic homeostasis in the
context of [EMs, and have sought to characterize possible
interactions, both endogenous (genetic defect) and exoge-
nous (treatment/diet), with host metabolic pathways, as
well as the probable consequences of the presence or ab-
sence of specific bacteria and their metabolites on the hu-
man body.

Stdies of the association between microbiome and
IEMs have locused on aminoacidopathies (such as PKU,
tyrosinemia, and alkaptonuna), organic acidemias (methyl-
malonic acidemia and propionic acidemia), and hemochro-
matosis. The main characteristics of the IEMs addressed in
these studies, including their long-term management, are
summarized in Table 2. Some possible effects of treatments
of [EM on microbiome are showed m Figure 2.

The majority of studies on microbiome—1EM interac-
tions has locused on PKU. One of the most thorough
among such studies compared the microbiome of eight pa-
tients with PKU to that of 10 healthy individuals by analy-

sis of the 168 rRNA gene. In this study, Pinheiro de Oli-
verra ef al. (2016) demonstrated reduced abundance of bac-
teria in the families Clostndiaceae, Erysipelotnchaceae,
and Lachnospiraceae, class Clostridiales, and  genera
Coprococeus,  Doreq,  Lachnospiva,  Odoribacter,
Ruminococcus, and Veillonella m patients with PKU, as
well as an increase in Prevotella, Akkermansia, and
Peptostreptococcaceae populations. Their metabolic pre-
diction was associated both with starch and glucose metab-
olsm and with AA metabolism (Pinheiro de Oliveira ef al.,
2016). The authors rmsed the hypothesis that bactenal en-
rchment related to LPS biosynthesis, as observed in pa-
tents with PKU, might be associated with peripheral
inflammation, as mdicated by the proinflammatory circu-
lating cytokine profile of these patients (Coakley er al.,
2014). In the same study, the authors found a comrelation
between microbiotic profile and circulating levels of
phenylalanine (Phe), which might mdicate a relationship
between these patients” microbiome, ther treatment re-
sponse, and their phenotype.

Focusing on the potential impacts of prebiotic treat-
ment in mdividuals with PKU. a study reported by Mac-
Donald er al. (2011) analyzed the effects of prebiotic
oligosaccharides (scGOS/1cFOS) as an adjunct to the meta-
bolic formula that forms the mainstay of PKU manage-
ment. As breastfeeding i1s highly restricted in children with
PKU, the authors theonzed that a lack of the oligosaccha-
ndes present in breast milk might be associated with in-
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Figure 3. Common treatments used in IEM and its effects over the microbiome. Diet is an important modulator of microbiome
and also is a very common treatment for several inborn errors of metabolism. Diets with restriction or abundance of certain
nutrients can cause a dysbiotic state leading to an abnormal immune signaling (inflammation), leaking of gut-blood barrier and
breaking of the energetic balance of cells, with potential to affect the whole body. Antibiotics, on the other hand, cause rapid and
significant drops in taxonomic richness, diversity and evenness. This can bring benefits, as in the case of autism or
propionic/methylmalonic acidemia patients, by decreasing the levels of propionic/methylmalonic acid or not, as in the case of
organ transplant, once patients treated with antibiotics during perioperative had an increased risk for graft vs host disease. The
organ transplant is a treatment for several inborn errors of metabolism. Other medicines used for treating this class of genetic
disease also can affect the microbiome or metabolite production, like NTBC, that raises the levels of indoles which in turn have

antineoplasic effects.

creased fecal pH and reduced bifidobacterial populations,
thus predisposing the patient to infections. Administration
of probiotics might mingate this problem. The experiment
assessed the dominant bacterial groups and found that the
administered prebiotie oligosaccharides were able to main-
tain bifidobacteria lkevels and low fecal pH, without allening
circulating levels of Phe. Despite the small sample size and
lack of statistical power. these findings suggest that supple-
menting metabolic formula with prebioties might be an -
teresting strategy in PKU, as the levels of Bifidobacternia
and Lactobacilli-Enterococet at the end of the study were
similar to those found n healthy children and higher than
those reported in children who took the formula alone,
without prebiotics. In the only patient who was previously
receiving a diet without prebiotics, there was also a reduc-
tion in pathogens such as C. perfringens and C. difficile
(group Clostridium histolvticum/{ituseburense), E. coli,
Shigella,  Salmonella, and  Klebsiella  (subgroup
Enterobactenaceae) (MacDonald ef al., 2011).

Also regarding prebiotics, recent years have been
promising in terms of the use of glycomacropeptide (GMP)
as a substitute for Phe-free AA formula in patients with
PKU. GMP is lhighly glycosylated and, when pure, consti-
tutes a natural protein source that lacks the AAs (Phe, tyro-
sine (Tyr), tryptophan (Trp), histidine, cysteine, arginine)
involved in some 1EMs, including PKU (Neelima ef al.,
2013). For now, human trials are secking to ascertain the ef-
ficiency of GMP as a partial (50% formula, 50% GMP) or
total replacement for the Phe-free AA formula. In trials, the
use of GMP had no significant impact on circulating Phe
levels and was preferred by patients over the formula, as
GMP is more palatable and, according to patients, provides

greater satiety than a lormula-based diet alone (Ney e al.,
2016; Zakief al., 2016). This could make GMP an option to
increase treatment adherence.

When the urine and plasma metabolome of the indi-
viduals with PKU were compared within the groups fed
with AA-Tormula or GMP, differences were found between
the metabolite profile linked to the microbes. There were no
differences between fasting plasma concentrations of the
Tyr and Trp, but individuals fed with AA formula had a
50% higher mtake of Tyr and Trp. This can be explaimed as
a result of higher degradation by the mtestmal microbes,
raising the levels of microbiome-denved compounds from
Tyr. Some of these compounds are potentially harmiul.
There was no differential degradation of T, but the me-
tabolism of Trp via the kynurenine pathway was evidenced
by higher levels of meabolites linked to this pathway and
might be linked with inflammation patterns. Change in
plasma profile of secondary bile acids, but not primary bile
acids, supports the statement that there are alterations in the
gut microbiome with ingestion of AA-formula and GMP,
and reinforees the prebiotic proprieties of the GMP (Ney ef
al., 2017).

Although the effect of GMP on the human gut
microbiome has yet to be studied. in mice, GMP was asso-
ciated with control of Th2-type immune responses, in-
creased Lactobacillus and Bifidobacierium populations in
as little as three days alter treatment (Jiménez ef al., 2016),
elevated levels of SCFAs and reduced levels of promflam-
matory cytokines, and reduced Proteobactena counts (ge-
nus Desulfovibrio) without affecting circulating Phe levels
(Sawin ef al., 2015). The genus Desulfovibrio 1s associated
with production of hydrogen sulfate, acytotoxic compound
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found at higher levels in patients with ulcerative colitis
(Rowan ef al., 2010).

Regarding disorders of tyrosine metabolism, Gers-
man ef al. (2015) descnbed the metabolic effect of miti-
sinone (NTBC or 2-(2-nitro-4-fluoromethylbenzoyl)j-1,3-
cyelohexanedione ) in patients with alkaptonuria. Analysis
of therr metabolic profile showed that indole levels were in-
creased o treated patients as compared with controls.
Indoles play a key role in signaling pathways (as building
blocks for melanin and serotonin) and mtercellular commu-
nication, facilitate quorum sensing, and have been uniquely
associated with dietary mtake and microbial metabolism of
tryptophan. Among the indoles found to be increased,
indole-3-carboxaldehyde (I3CHO) is produced exclusively
by the microbiota, while the other two are produced by hu-
man cells (Gertsman ef al . 2015). The authors stressed that
the reduced form of 13CHO, indole-3-carbinol, a com-
pound also found m cructferous vegetables, 1s associated
with the prevention of several neoplasms.

Animal expermments also suggest that genetic defects
in the host may alter the compaosition of the gut microbiota,
leading to dysbiosis due to a bulldup of substances in the
cells or lumen of the bowel (Buhnik-Rosenblau er al..
2012). This effect has been observed in hemochromatosis.
Hemochromatosis 1s a disease caused by excess iron ab-
somption by gut cells, which leads to ron overload. This
usually becomes chmcally detectable m adulthood and 15
damaging to many organs, including the liver, pancreas
(causing diabetes), heart, and skin (Babitt and Lin, 2011).
Mutations m the HFE gene account for the majority of
cases of hereditary hemochromatosis, especially inindivid-
uals of Nonhern European descent (Barton, 2013). In a
study of mice with mutations m two genes that encode pro-
teins nvolved in regulation of iron homeostasis (HFE and
frp2 "), Buhnik-Rosenblau ef ol (2012) found abnormali-
ties particularly inresident populations of lactic-acid bacte-
ria. both in JrpZ-mutant and i HFE-mutant mice as
compared o controls.

The gut microbiome produces several metabolites,
including PPA, a SCFA implicated in several discases. In
autistic populations, the level of the phylum Firmicutes 1s
inereased and was largely attnbutable to Clostridia class
with Ruminococcaceae and Lachnospiraceae families. The
differences in Clostndia species in children with autism
spectrum  disorder  include  greater  abundance  of
Closiridium clusters [ 11, Xl and C. bolfeae (Finegold efal.,
2002; Song ef al., 2004; Parracho ef af., 2005; Williams ef
al . 2011; Strati ef al, 2017). Several Ruminococcaceae
and Lachnospiraceae are known butyrate producers and
may thus mfluence SCFA levels (Lous ef al., 2010). So,
the treatment with antibiotics can affect producers of
SCFA. Some patients’ symptoms improve transiently when
antibiotics are administered (Sandler ef al , 2000; Shaw
2010). Curiously, a similar effect 1s seen in patients with
propionic acidemia, who can experience the same neuro-
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developmental complications seen i autism (Witters ef al.,
2016). Among the varous roles played by PPA, 1t was re-
cently reported to act as a modulator of mitochondrial func-
tion. In a study of autism and control cell lmes, the effects
ol PPA depended not only on the concentration of the acid,
but also on the level of reactive oxygen species (ROS) pres-
ent, as ROS influence mitochondrial ability to use PPA as
an energy source. Thus, PPA could have beneficial effects
i individuals without mitochondrial dysfunction, and
harmful effects in individuals with an unfavorable meta-
bolic status and elevated levels of ROS (Frye er al, 2016).
In methylmalonic acidemia, which shares several symp-
toms and management strategies with propionic acidemia,
vitamin By (cobalarmin) is also used as treatment i respon-
sive patients, in addition to antibiotics. This vitamin is syn-
thesized by some gut bacteria, and s also a regulator of
microbiome composition and function (Baumgartner ef al.,
2014; Degnan ef al., 2014).

The microbiome can also be considered an exogenous
source of tetrahydrobioptenn (BH.), another important me-
tabolite of gut bacteria. BHs 1s a key cofactor for several
regulatory  enzymes, as  Phenylalanine-4-hydroxylase,
which catalyzes the conversion of L-phenylalanme to L-ty-
rosine. The BHy has also been shown to improve working
memory and cerebral activation (Christ ef af , 2013). In ro-
dents, BH, production is age-dependent and 1s related to the
presence of Actinobacteria in the bowel, especially
Adlercrenizia  equolifaciens  and  Microbacterium
schieiferi. These same species have been identified m the
human gut microbiome (Belik ef al., 2017). Very little 15
known about the detenminants of responsiveness o BH,
therapy and 1ts effects on cerebral activity and cognition,
but these effects are known to be multifactorial, as they
vary across individuals with the same genotype (Pérez er
al., 2005). The discovery that BH, s naturally produced by
gut microbiota has implications for translational medicine,
as this cofactor 5 used 1n the treatment of some patients
with PKU.

The long-term perspective is that elucidation of the
mietabolic role of the microbiota and identification of which
species play these moles will pave the way for manipulating
the microbiome, so that pathways beneficial to the host are
stimulated, while those harmiful to the host are inhibited. In
this line, some authors have rased the hypothesis of using
methanogenic bactersa normally present in the human
bowel to control metabolites such as tnmethylamime
{TMA), bypassing the normal route of tnmethylamine N-
oxide (TMAOQ) production as an intermediate for CH,; to an
alternative pathway ( Brugéreefal., 2014). In the liver, defi-
cieney in the pathway of TMA conversion into TMAO
leads to trimethylaminuna, an IEM that causes strong body
odor, impairing the patients’ quality of life and interper-
sonal relations (Mackay ef al., 2011). Diets nch m com-
pounds such as phosphatidylcholine, choline, betaine, and
L-carnitine generate TMA via the gut microbiota, which is
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then converted in TMAO by the liver. High levels of
TMAO are associated with increased risk of cardiovascular
disease i the general population (Wang ef al, 2011; Koeth
ef al., 2013; Gregory ef al., 2015, Liu ef al, 2015b).
Making the transition from theory into practice, administra-
tion of the probiotic Lactohacilivs reuteri, engineered to
express a phenylalanine lyase gene from the cyanobactena
Anabaena variabilis, successfully treated mice with PKU.
Blood levels of Phe declined after the fourth day of reat-
ment and remained low throughout the experiment, with no
permanent colonization of the gut (Durrer ef af., 2017), sug-
gesting potential for modified probiotics in the treatment of
IEMs.

The creation of genetically modified probiotics de-
sign especially to nomalize defective metabolic pathways
in the host 15 only one of the many potential advantages of
microbiome research. IEMs are charactenzed by substan-
tial variability in presentation, and genotype alone cannot
explain patients” climical pictures. The microbiome may
contribute significantly to factors such as tolerance to cer-
tain nutrients and responsiveness to cofactors (and to treat-
ment 1tself). Studying the microbiomes of patients with
[EMs may provide valuable tools for clinical practice, both
advancing our understanding of phenotypes and faciliating
the development of new biomarkers and therapies.

Main questions about microbioma and IEM and
how to address them

There are some important issues involved mthe study
of the human microbiome in IEM. First of all, most of the
diseases that compound the IEM class are rare, and usually
there are subclasses within the same ITEM. This is the reason
why the studies normally have a small number of partici-
pants. Second, the microbiome 15 mainly influenced by
diet, and diet overload or restricion 1s one of most common
treatments for IEM. This isone of reasons that make obtain-
ing an adequate control group very difficult. Third, this
class of diseases is derived of a metabolic genetic defect,
and defects in a metabolic gene also affect the microbiome.
So. 1l a dysbiotic state is observed in this group of patients
will it reflect the genetic or the diet effect? Taken together,
all the facts above make 1t very hard to obtain a homoge-
neous and statistically valid group of unireated patients and
make difficult the comparison pre and post-treatment Lo
verily 1l the aliered microbiome 1s mainly affected by ge-
netie or diet effects. Additional difficulty 1s added by the
fact that several metabolic diseases. 1funtreated. can lead o
severe impacts through life, so IEM patients should start to
be treated as soon as possible.

Despite the difficulties, studying the patterns of the
microbiome in groups of treated patients offers the possi-
bility to evaluate the real impact of the genetic defect and
diet on the microbiome. Patients need lifelong treatment,
and the intragroup study of phenotype, microbiome and
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diet can be elucidative for some ancient questions that re-
main unknown. PKU patients, for mstance, were studied in
light of the microbiome by Pinheiro de Oliverra ef al.
(2016) (see Table 2). Eventhough not capable ol answering
the question 1f alteration comes from diet or genetics, a
microbiome alteration correlated with Phe blood levels was
observed. This is exciting data, due to the fact that it can
help explain why some patients are more tolerant to Phe
than others, despite having the same genotypes.

In an [EM, the genetic defect and the diet factors co-
exist, so the measure of macro- and micronutnents ingested
is required. Diet has a strong impact on the microbiome,
and in spite ol patients having similar lines of treatment all
over the world, the source of fibers, carbohydrates and pro-
tems can vary geographically and/or culturally. For this
reason, microbiome studies should not combine patients of
geographically distinet regions or culture to raise the num-
ber of participants. Rather, these studies must be done lo-
cally and then, if methodologically possible, make compar-
isons that take into account the dietetic/culural/geographic
lactors.

As detailed above, there are several other factors that
can influence and be influenced by the microbiome. lmpor-
tant data as sex, age, body mass index, type of birth deliv-
ery, breast feeding (duration and transition to solid food),
antibiotic and other drug usage, vitamin supplementation,
as well as physical exercise, and other diseases (physical
and/or mental) must be collected and also analyzed. All
subjects included in studies that aim to characterize the
microbiome of certain [EMs should be three years or older
to avoid the penod of drastic changes in microbiome com-
position due to the typical change in diet duning this period.
Given that the microbiome varies according to the stage of
life and sex, and certam cultures can also exert some mflu-
ence, the best way to avold interference of age and sex 1s the
sex-age-matched strategy.

Another useful strategy 1s based on experimental
studies using animal models. This strategy 1s very impor-
tant sinee animal models have less genetic varmtion and are
maintamed in a highly controlled environment (that in-
cludes diet and/or a genm-free environment). Also, a high
the number of subjects can be casily obtamed in such re-
search. This 1s the better model for ininal tests of geneti-
cally engineered probiotics and correlations with diseases
caused by the genetic defect in the absence or presence of
the reatment. This kind of study. besides not being capable
of fully reproducing the human reality, can work to gener-
ate hypotheses and help to provide better strategies and
comprehension of studies done in humans.

With the development of NGS tools, procedures are
no longer the mam limitation for human microbiome stud-
ies. Microbiome data 1s currently obtained by three differ-
ent approaches: 1) by 168 rRNA gene partial sequencing,
2) by whole DNA shotgun metagenomic sequencing, or 3)
by metatranseriptomics (mRNA-seq), to access the active
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gene expression pattern For mstance, the 168 tRNA gene
sequencing method 15 largely used and has been the first
choice method among rescarchers. Reasons for choosing
this approach include the availability of a comprehensive
database and scalability. Moreover, studies based in meta-
transcrptomics require a better control for sample collec-
tion to RNA/metabolites processing. Metagenomics, meta-
transcriptomics and all other “omics™, and the associated
bioinformatics techniques are allowing comparative analy-
ses 1n an unprecedented way. All of these tools allow for
testing a recent hypothesis related to the presence ol a com-
mon set of microbial axa universally present in healthy in-
dividuals (Tumbaugh et ol 2007), also known as microbial
core. However large vanations in the laxonomic composi-
tion observed in the human microbiome rapidly refute such
a hypothesis (Bickhed ef af., 2012). Dueto the well-known
microbial functional redundancy m nature, an allemative
hypothesis is the presence of a functional core represented
by a set of metabolic functions that are performed by the
microbiome within a paticular habitat, but are not neces-
sarily provided by the same organisms in different people
(Shafquat er af , 2014). Sull, studies devoted to better un-
derstand how deeply the microbiome can affect an organ-
ism with eritical metabolic pathways that are naturally al-
tered, are just i the carly stages. Multidisciplmary efforts
need to be done to aggregate modem techniques of se-
quencing and identification of metabolites that can lead to
the phenotype or drug effect mn question. Microbial se-
quencing alone will not be capable of explaining the pheno-
type, but 1s a fundamental tool in the understanding of the
process. Additional techniques based on metabolomics
analysis and RNA-seq, as well as gathenng mformation
about the immune system and SCFA levels can ofTer funda-
mental pieces ol information in the process.

Conclusions

Stdies on the microbiome in IEMs are scarce. The
effects of the genetic defect itsell and of treatment in IEMs,
espectally in the long term, have vet to be fully understood.
As [EMs are commonly managed through dietary interven-
tion (nutrient overload and’or restriction), dysbiosis 1s a
possibility. This dysbiotic status would alter the patients’
already compromised metabolic state even further, induc-
ing or worsening abnommalities n secondary metabolic
pathways, and thus contnbuting to phenotypic manifesta-
tions, especially liver and brain involvement. Dysbiosis can
be treated with antibiotic therapy, dietary prebiotics, or fe-
cal transplant, alone or in combination. The administration
of probiotics engineered to at least partly meet the meta-
bolic needs of the [EM-affected host has practically unex-
plored therapeutic potential and may constitute an
intervention that 1s smmple to admmister, yet has a major
impact on the patients” lives. Collectively, microbiome re-
search in patients with IEMs can not only contnbute signif-
icantly to our understanding of the pathophysiology of
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these diseases and to the development of new biomarkers
and therapies, but also help to improve the long-term qual-
ity of life in affected patients.
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Abstract

Introduction

The gut microbiome has been related to several features present in Glycogen Storage Dis-
eases (GSD) patients including obesity, inflammatory bowel disease (IBD) and liver disease.

Objectives

The primary objective of this study was to investigate associations between GSD and the
gut microbiota.

Methods

Twenty-four GSD patients on treatment with uncooked cornstarch (UCCS), and 16 healthy
controls had their faecal microbiota evaluated through 16S rANA gene sequencing. Patients
and controls were =3 years of age and not on antibiotics. Faecal pH, calprotectin, mean
daily nutrient intake and current medications were recorded and correlated with gut
microbiome.

Results

Patients' group presented higher intake of UCCS, higher prevalence of IBD (n = 04/24) and
obesity/overweight (n = 18/24) compared to controls (n =0 and 06/16, respectively). Both
groups differed regarding diet (in patients, the calories’ source was mainly the UCSS, and the
intake of fat, calcium, sodium, and vitamins was lower than in controls), use of angiotensin-
converting enzyme inhibitors (patients = 11, controls = 0; p-value = 0.001) multivitamins
(patients = 22, controls = 01; p-value = 0.001), and mean faecal pH (patients = 6.23; controls =
7.41; p=0.001). The GSD microbiome was characterized by low diversity and distinct
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microbial structure. The operational taxenomic unit (OTU) abundance was significantly influ-
enced by faecal pH (r=0.77: p = 6.8e-09), total carbohydrate (r = -0.6; p = 4.8e-05) and sugar
(r=0.057; p=0.00013) intakes.

Conclusions

GSD patients presented intestinal dysbiosis, showing low faecal microbial diversity in com-
parison with healthy controls. Those findings might be due to the disease per se, and/or to
the different diets, use of UCSS and of medicines, and obesity rate found in patients.
Although the main driver of these differences is unknown, this study might help to under-
stand how the nutritional management affects GSD patients.

Introduction

Hepatic Glycogen Storage Diseases (GSD) are genetic disorders caused by deficient activity of
one of the enzymes involved in the glycogenolysis pathway. The global incidence is estimated
at 1 case per 20,000-43,000 live births. The most common types of GSD) are GSD I, GSD 11
and GSD Ixe [1].

In GSD I, glucose-6-phosphate cannot be dephosphorylated to free glucose. There are two
major &ubt}-‘pes of GSDIL: Ta (~80%), caused b}-‘ mutations in the GaPC gene, and GSD Ib
{~20%), caused by mutations in the SLC37A4 gene. The proteins produced from GaPC (cata-
Iytic activity) and SLC37A4 (transporter) work together [2]. GSD Ia involves glycogenolysis
and gluconeogenesis, and the clinical manifestations are increased weight, hepatomegaly, fail-
ure to thrive, fasting hypoglycaemia, high lactate, hyperuricemia, nephromegaly and hyperlipi-
daemia [3]. In addition to the features presented in GSD Ia, GSD Ib also presents with
susceptibility to recurrent infections, impaired neutrophil and monocyte function, and inflam-
matory bowel disease (Crohn's-like IBD) [1].

Mutations in the AGL gene cause GSD type 111, in which the defective glycogen debranch-
ing enzyme blocks glycogenolysis, stopping the conversion of glycogen to glucose-1-phosphate
[4]. At the same time, gluconeogenesis is enhanced to help maintain endogenous glucose pro-
duction. Hepatomegaly in type III GSD generally improves with age, but affected individuals
may develop chronic liver disease (drrhosis) and liver failure later in life [5].

GSD IX is caused by the inability of phosphorylase b kinase (PHKA) to break down the gly-
cogen in liver and/or muscle cells. Type IX glycogenosis is an X-linked disease caused by
mutations in the alpha subunit of PHKA. The signs and symptoms typically begin in early
childhood, but GSD IX is usually milder than the other types [6].

The treatment for the aforementioned types of GSD involves nutritional adjustments pri-
marily, with the periodic and frequent administration of large amounts of uncooked corn-
starch (UCCS) and restriction of simple carbohydrates [7] to maintain normoglycaemia and
avoid glycogen storage. Usually, higher and frequent doses of UCCS are prescribed for type Ia
patients and lower doses for type IX patients. The dose is adjusted according to weight and
metabolic demand [8]. GSD III and IX patients may require a hyperproteic diet with fewer
restrictions for simple sugars. Sometimes additional medications may be necessary.

During the last decades, our understanding of the human being has changed. We know
now that the eukaryote cells encoded by our genome are not the only component of our body.
Symbiont prokaryotic cells inhabiting many cavities of our body provide metabolic functions
far beyond the scope of our own physiological capabilities [9]. These cells play an important
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role in health and disease states [10]. The gut microbes are the most studied human associated
microbial communities and consists of trillions of microbes and millions of functional genes
[11]. Healthy humans present a remarkable microbial diversity but with similar functions indi-
cating that different microbial communities are associated with a healthy microbiome [12].
The gut microbiome can be influenced by diet, lifestyle, drugs and genetics of the host [13],
and has been related to several features present in GSD patients including obesity, IBD and
liver disease [14]. This work aimed to investigate possible associations between GSD and the
gut microbiota.

Methods

This study was a cross-sectional, observational convenience sampling study, which included
24 GSD patients (Ta= 15,Th = 5,111 = 1, IXex = 3) and 16 healthy controls. All patients were
recruited from the outpatient dinics of the Medical Genetics Service at Hospital de Clinicas de
Porto Alegre (MGS-HCPA), Brazil from Jan/2016 to May/2017. As inclusion criteria, the sub-
jects (patients and controls) were = 3 years old and not on antibiotics. The GSD patients also
were required to: a) have a genetic diagnosis of GSD and b) be on treatment with UCCS. The
healthy controls were recruited by invitation as they came to routine appointments at Santa
Cecilia Basic Health Unit, Porto Alegre, Brazil. All subjects received a kit and printed instruc-
tions for stool collection, storage, and transport. They were also provided with printed instruc-
tions to record three days of dietary information. Each participant collected their own frozen
fecal sample and three-day dietary record and submitted them to an outpatient clinic during
their next routine check-up. Upon returning to the clinic, each participant answered a brief
questionnaire about personal features including weight and height, eating habits, intestinal
habits, medicines of recent and/or continuous usage and lifestyle. The study protocol was
approved by the Ethics Committee of Hospital de Clinicas de Porto Alegre (HCPA). All partic-
ipants and/or legal guardians signed an informed consent.

Asa routine, GSD patients seen at the MGS-HCPA who are on UCCS therapy also receive
a multivitamin prescription. Despite optimum dietary treatment other drugs could also be pre-
scribed, mainly for type I patients, such as allopurinol, to prevent gout and urate nephropathy;
angiotensin converting enzyme inhibitors, to slow-down or prevent further deterioration of
renal function; citrate, to preventing or ameliorating urolithiasis and nephrocalcinosis, in
addition to correcting lactacidaemia; statins to treat hypercholesterolaemia [ 15]; and mainly
for Ib patients, G-CSF to treat neutropenia, neutrophil d}rsfuncliun and IBD; and the intestinal
anti-inflammatory mesalazine (5-amino-salicylic acid), also to treat IBD [16].

Nutritional assessment, clinical data and statistical analysis

Macro and micronutrients intake by the subjects were estimated from the three-day food rec-
ords through the Nutribase software (NB16Cloud, CyberSoft, Inc., Phoenix, AZ, USA). The
daily nutrient intake of each participant was the sum of the nutrients of each food item. The
average of the three-day intake was used for further analysis. Multivitamin consumption and
other medications were not induded in the nutritional assessment but were considered as vari-
ables that potentially were modifying the gut microbial composition, so they were tested by
Permutational Multivariate Analysis of Variance. Clinical data, such as IBD and other relevant
conditions, were accessed from medical records. BMI-for-age and Z-scores were calculated
within the World Health Organization (WHO) AnthroPlus software suite. A qualitative dassi-
fication for this data followed the WHO criteria [17].

Statistical analysis among the groups was performed using PASW Statistics for
Windows software (Vs18.0, 2009, SPSS Inc., Chicago, USA). Numerical variables were
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compared using the Mann-Whitney U test. Categorical variables were compared using X7,
Fisher's exact test or Continuity Correction, when necessary (with statistical significant
determined by the threshold p < 0.05). Statistical analyses with the microbiome feature are
described below.

Bacterial DNA extraction, 168 rRNA gene amplifications and sequencing

The bacterial DNA was isolated from 0.3 mg of frozen faecal sample with QIAamp DNA
Stool Mini Kit (Qiagen, Valencia, CA, USA) (Qiagen) according to manufacturer instruc-
tions and stored at -20°C until use. The NanoVue system (GE Healthcare, Chicago, IL,
USAGE Healthcare) was used to assess the quality of extractions for downstream applica-
tions, For the sequencing step, the library was prepared following the procedures
described by Barboza et al. [18]. Briefly, region V4 of 165 rRNA gene was amplified with
the barcoded bacterial/archaeal primers 515F and 806R [19] in a reaction containing 2U
of Platinum Tag DNA High Fidelity Polymerase (Invitrogen, Carlsbad, CA, USA), 4 pL
10X High Fidelir:.f PCR Buffer, 2 mM MgSO4, 0.2 mM dNTPs, 0.1 pM of both the 806R
barcoded primer and the 515F primer, 25pug of Ultrapure BSA (Invitrogen, Carlsbad, CA,
USA) and approximately 50 ng of DNA template in a final volume of 25 uL. After an initial
denaturation step of 5 min at 95°C, 30 cycles of 94°C for 455, 56 Cfor 455 and 72" Cfor 1
minute were performed, followed by a final extension step of 10 min at 72°C. After visual-
ization on agarose gel 1.5%, the PCR products were purified with the Agencourt AMPure
XP Reagent (Beckman Coulter, Brea, CA, USA) and the final concentration of the PCR
product was quantified with the Qubit Fluorometer kit (Invitrogen, Carlsbad, CA, USA)
following the manufacturer's recommendations. Fina]l:.r. the reactions were combined in
equimolar concentrations to create a mixture composed of 168 gene amplified fragments
of each sample. This composite sample was used for library preparation with the Ion One-
Touch 2 System using the lon PGM Template OT2 400 Kit ( Thermo Fisher Scientific,
Waltham, MA, USA). Sequencing was performed with Ion PGM Sequencing 400 on the
Ion PGM System using Ion 318 Chip v2.

168 profiling data analysis

The Fastq files exported from the lon PGM System were analysed with the BMP Operating
System (BMPOS) [20] according to the recommendations of the Brazilian Microbiome
Project [21]. Briefly, an Operational Taxonomic Unit (OTU) table was built using reads
truncated at 200 bp and quality filtered with a maximum expected error of 0.5. After
removing singletons, the sequences were clustered into OTUs at cutoff of 97% similarity,
and chimeras were checked and removed to obtain representative sequences for each
microbial phylotype. Taxonomic classification was carried out in QIIME version 1.9.1

[22] based on the UCLUST method against the SILVA ribosomal RNA gene database ver-
sion v132 [23] with a confidence threshold of 80%. Downstream analyses were carried out
with dataset rarefied to the minimum library size [24,25] in the R environment [26] using
the phyloseq package [27] and vegan package [28]. The online software Microbiome Ana-
lyst [29] was used to further detect microbial biomarkers associated with GSD patients.
After Cumulative Sum Scaling (CSS) normalization [30], the dataset was analysed by the
non-parametric factorial Kruskal-Wallis (KW) sum-rank test followed by Linear Discrim-
inant Analysis [31]. To make sure the biomarkers observed were not only driven by IBD-
like patients, we performed one analysis using the full dataset and another analysis exclud-
ing all four IBD-like patients and matched controls.
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Faecal calprotectin assay and pH measurement

Frozen faecal samples of patients and controls were thawed and aliquoted at room temperature
(20°C) to perform the pH measures and calprotectin assay. To determine the faecal pH, the
samples were diluted 1:10 (wiv) in distilled water. After homogenization and incubation for 5
min at room temperature, the faecal pH was measured by an electronic pH-meter (K39-1014B,
KASVT, PR, Brazil) three minutes after complete electrode immersion.

The faecal calprotectin was quantified from 100 mg of faecal sample with the RIDASC-
REEN Calprotectin test (R-Biopharm AG) according to the manufacturer's instructions. Cal-
protectin is a calcium-/zinc-binding protein, highly stable and resistant to degradation by
intestinal contents (pancreatic secretions, proteases, and bacterial degradation). It is mainly
produced by neutrophils in inflammation and has been amply confirmed in intestinal inflam-
matory diseases [32]. Calprotectin was evaluated to verify gut inflimmation across groups and
its influence over the number of OTUs. Due to the small sample size of GSD 11T and X, just
the subtypes Ia and Ib (groups containing >15% of total sample) were compared. Results for
GSD Iaand GSD Ib patients were presented as median ({31-Q3) and as min-max to GSD III
and IXe. To test the correlation among calprotectin and OUT richness, patients who were on
mesalazine were excluded from analysis.

Results

The characteristics of the patients and controls are summarized in Table 1. The nutrient intake
varied significantly between groups (51 Table); the largest variation observed was the higher
total carbohydrate and calorie intakes in the GSD group due to UCCS usage. The amount of
protein consumed (g) and the number of calories derived from proteins did not differ between
patients and controls. However, the percentage of total caloric intake from proteins was lower
in patients. Patients ingested less fat (g and Kcal/day) and had a lower percentage of fat in the
diet. Regarding micronutrients, patients’ diet was poor in calcium and sodium, and in vitamins
B3, H, D and E in comparison to the control group's diet.

The intakes of macro and micronutrients were similar among all the GSD types, with some
kcal variation from carbohydrate intake due the difference in UCCS consumption among
groups (52 Table).

Overall 165 rRNA sequencing results, sequence quality control and control
for confounding variables

After quality filtering of the 168 rRNA reads, a total of 1,786,582 high-quality sequences longer
than 200 bp were obtained. To analyse whether the number of sequences from each sample
was representative of the underlying bacterial community, sequence coverage was calculated
(53 Table). An average of 44,664 sequences per sample was obtained with average sequence
coverage of 0.99 at the 3% dissimilarity level. This sequencing depth was sufficient to obtain
excellent representation of the microbial community in these samples.

Results for suspected confounding variables that potentially were modifying the gut micro-
bial composition are presented at Table 1 and $1 Table. The gut microbial communities were
not affected by sex, age, nor the nutritional status of the subjects tested. Faecal pH was lower in
patients (6.23) than in controls (7.41), and this variable affected the presencefabsence and
abundance of the gut microbes, with a reduced OTU count in lower pH. Only 18% of controls
(n=3) and 41% of patients (n = 10) used antibiotics within the 6 months prior to data collec-
tion. The use of antibiotics within the 6 months prior to sampling did not affect the presence/
absence of microbes (p = 0.252) nor microbial relative abundance (p = 0.179) in these samples.
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Hepatic GSD is associated with an abnormal gut microbial community

The analysis of overall microbial community structure revealed significant differences between
patients and controls (Fig 1). According to the PERMANOVA, the microbial community
structure between patients and controls differed by the presence and absence of taxa (r" =
0.182; p = 0.003) and by their relative abundances (r*=0. 166; p = 0.001). The analysis indi-
cated that the relative abundance of taxa contributed 16% of the variation in the microbial
community between patients and controls while the presence/absence of specific taxa contrib-
uted 18% to that variation.

Microbial diversity as measured by richness of OTUs and by the Shannon diversity index
also differed significantly (p < 0.01) between patients and controls (Fig 2). On average, control
stool samples possessed 184 OTUs while the patients had only 100 OTUs. The average Shan-
non diversity index was 3.49 and 2.48 in controls and patients, respectively. Together, these
beta and alpha diversity analyses indicated that the GSD gut microbiome is characterized by
low diversity and distinct microbial structures.

Defining the main taxa associated with the gut microbiota of patients and
controls

Specific microbial phylotypes present within the gut community might drive the main differ-
ences observed in GSD patients. To find those microbes, biomarker screening analysis was

Table 1. Sample characterization, analysis of potential confounding variables and their effect on microbial communities,

Variable' Patients Controls p—\'alm:' Microbial community difference between patients and
(n=24) (n = 16) contrals
Euclidian Metric Bray-Curtis Metric
R* p-value R* p-value

Sex (MJF) 14/10 07 0 0.561 0029432 0287 002964 0267
Age (yr) 12 (10-19.75) 125 (10-23.25) 0579 Q02895 0302 002775 0.340
Faccal pH 6.23 (5.42-7.18) 741 (7.10-7.98) 0001 005938 0.005 .08 507 0,001
Inflammatory Bowel Disease (yesino) 4420 00/16 01345 DOETLE 0.00% 005152 0.003
Abdominal pain onrnp]aint [yes'no) 15 0115 003z Q05550 0010 004545 0.009
Mutritional status”® 18106 06109 0044 DO5199 0.004 003423 0121
[Obese or Overweight/ Marmal)
UCCS intake (g/day) 309,50 [373.7-245.3) L] 0001 003698 0114 005554 0001
Drrugs (yesino):

-A]lu]:lurin.n] 40 'le 0136 Q02477 0436 0.02426 0.517

-Antibiotic usage 1014 313 0241 Q03T 0352 003200 0179
{last & months)

-ACE inhibitor 11/13 O'l6 0001 003351 0203 003919 0054

-Filgrastim (G-CSF) 519 O'l6 0071 D654 0.002 005377 0.008

-Mesalazine 311 O'l6 0262 Q03089 0290 003389 0109

-Multivitamin 2242 15 0001 004034 0070 005545 0.003

-Potassium Citrate 311 016 0262 O0II4E 0516 002407 0551

-Proton Fump Inhibitors 22 'l6 0.508 Q03068 0318 0.03087 0173

-Statins 123 'le 1.000 003312 0286 002542 0486

UCCS: uncooked cornstarch; ACE: Angiotensin-converting-enzyme inhibitor (enalapril maleate); G-CSF: G-colony stimulating factor. Significant (p-<0.05) events are
highlighted in bald.

! Numeric variables were reported as medians (€1 423). Due to the not-narmal distribution, numeric variables were subjected to the Mann-Whitney test. Qualitative
variables were reported as ahsolute frequency and tested by X, Fisher'stestor Continuity Carrection, as appropriate.

" Dhata for one control was missing. Weight and height were measured when subjects delivered the sample. In this case, a relative drove the sample to the haspital, thus

we were unable to do so.

https A'doi.org 10,1371/ joumal. pone 0214 582.1001
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performed at different taxonomic levels. A total of 14 phyla were detected within these sam-
ples. However, more than half of the community was dominated by only three phyla: Bateroi-
defes (58% in controls; 47% in patients), Firmicufes (34% in controls; 39% in patients) and
Proteohacteria (5.8% in controls; 10% in patients) (Fig 3). All of the other phyla had very low
relative abundances. LEfSe analysis identified three microbial phyla as biomarkers with Actino-
bacteria and Profeobacteria overrepresented in patients while Euryarchaeota was underrepre-
sented. In particular, Profeobacteria presented a very high LDA score (more than 3.9 orders of
magnitude), reflecting a marked increase in relative abundance in patients and consistently
low abundance in controls, Firmitutes had a marginally-significant difference between patients
and controls (p = 0.043 and LDA score = 4.53 but FDR = 0.07).

At the genus level, nineteen microbial biomarkers were different, both in terms of statistics
and biological consistency, between patients and controls (Table 2). Those genera were higher
in controls. In patients, those genera were in low abundance and in some cases tuta]l}r absent.
The lack of those microbes might be reflected in the alpha and beta diversity results as men-
tioned previously (Figs 1 and 2). Besides, Laciobacillus and Escherichia/Shigella were found to
be dominant in patients with a very high LDA score (4.36 and 3.89, respectively), highlighting
the biological importance of those microbes in GSD. To remove any biases caused by patients
with IBD-like symptoms (n = 4), all IBD-like patients and their respective controls were
removed from the dataset and a new biomarker analysis was performed (Table 2). Similar
trends as observed within the full dataset were still present in this reduced dataset. However,
the Lactobacillus genus, found previously in higher abundance in patients was not observed
within the dataset without IBD-like patients. On the other hand, Eschsrichia,ﬂ'Shinga was still
found to be more abundant in patients than in controls (LD A score = 3.85).
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Correlations between the gut microbiota, diet, faecal pH and gut inflammation

Spearman correlations were calculated between the microbiome, diet, faecal pH and calprotec-
tin (Fig 4).

The faecal pH values varied between patients and controls (Table 1), and this was important
for shaping their respective differences in gut microbiomes. Differences were determined with
the Euclidian distance matrix (for presence/absence of taxa) and the Bray Curtis distance
matrix (for relative microbial abundance). Faecal pH was correlated with the total number of
microbial OTUs such that higher faecal pH seemed to support more OTUs,

Microbial richness correlated negatively with total carbohydrate but positively with simple
carbohydrates (sugar). Calprotectin seemed to have no influence over the microbiome in
terms of the number of OTUs (Fig 4). In addition, there was no correlation between this
inflammatory marker and gut microbial richness.
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httpsidoiorg 10,137 1/journal pone 02 14582.0003
Discussion

This is the first study about the fecal microbiota of GSD patients. In hepatic GSD, high and
periodic amounts of UCCS plus dietetic restriction of fast-digestion carbohydrates are the
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Table 2. Microbial biomarkers differentiating patients with hepatic glycogenosis diseases and healthy controls.

Microbial genus Patients | Controls p-values EDR . LDA score
Relative abundance (%) (log 10)
Full dataset n=24 n=16
Lactobacillus 11.31 0 0.009 0025 4.36
Escherichia/Shigeila 6.70 096 0.003 0013 389
Alistipes 77 9.12 0.005 0.018 -3.12
Subdoligranudum 159 L.00 0.012 0.029 142
Lachnespiraceas NK4A136 group 144 0.89 0.003 0.013 248
Faecalibacterium 1.00 3.52 0016 0.036 | -2.98
Ruminococoacens UCG 002 0.98 EX)) 0.001 0007 379
Egﬁdaimcrerr‘um 0.78 019 .00 0018 i1
Rumingcoccus gnavus group 0.70 0.14 0.007 0.022 | 3.03
Phascolarctobac terium 0.53 1.31 0015 0.035 -1.56
Blautia 0.26 0.53 0.002 0.012 -L.55
Crdoribacter 0.25 .53 0.011 0.028 -LE7
Barnesiella 0.22 .98 0.009 0025 -246
Roseburia 018 119 0.002 0011 -178
Christensenellacene R 7 group .14 .80 01.000 0.002 -1
Ruminococeaceas UCG 003 0.10 0.60 0.000 0.003 -2.37
Lachnespiraceas UCG 008 0.4 0.26 .00 0018 -1.78
Ruminococcaceas UCG 005 0.03 0.25 0,000 0.002 -19
Eubacterium hallii group 0.0z .08 0.000 0002 -1.39
Anaerostipes 0.01 011 0.001 0.009 -1.55
Coprococcus 1 001 0.03 0000 0.005 -0.95
Family X1 AD30H group 0.01 005 0.000 0002 -1.21
Family XITUCG 001 0.00 0.03 0.001 0.007 -1.13
Methanobrevibacter 0.00 0.17 0.001 0.007 -1.78
Ruminococoaceae NK4A 214 group 0.00 0.08 0.001 0.007 -15
Dataset without 1BD-like patients” n=21 n=14
.E!chtrl'\du'\ﬂ.l'smg\eﬂd 6,47 0.92 0.003 0.027 185
Alistipes 297 Q.76 0.008 0039 -3.28
Ruminecoccaceas UCG 002 112 307 .00 0.028 -1.38
Bifi dobacterium 0.81 0.08 0.003 0.027 3.2
FPhascolarctobac terium 0.2z 1.38 .00 0.028 174
Christenseneliacene R 7 group 017 0.76 0.001 0.016 -2.16
Blautia 0.14 0.39 0.001 L) -2.08
Ruminococeacear UCG 003 011 0.61 0.001 0.016 | -23
Raoseburia 0.10 L15 .00 0028 -2.83
Lachnespiraceas UCG 008 0.4 019 0.011 QL7 -1.57
Ruminococcaceas UCG 005 0.03 0.20 0.001 0.016 | -1.76
Eubacterium hallii group 0.0z 007 0.000 0016 -1.32
Anaerostipes 0.01 007 0.010 Q47 -1.28
Coprocoscus 1 0.01 002 0.008 0.039 -0.77
Family XIITAD301 group 0.01 0 0.001 0017 -1.14
Family X1 UCG 002 0.00 0.03 0.001 0.016 | -L15
Methanobrevibacter .00 0.17 0.003 0.027 -1.E1
[Continwued )
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Table 2. (Continued)

Microbial genus Patients Controls p-values FDR LA score
Relative abundance (%) (log 10)
Ruminecoccaceas NK4A 214 group 0.00 008 0003 0.027 -1.53

© Four [BD-like (Inflammatory Bowel Disease) patients and matched controls were excluded from the dataset to make sure the biomarkers observed were not only
driven by these patients.
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main way to treat the genetic impairment in the glycogenolytic pathway. Our data suggest that
the overload of UCCS can lead to low fecal pH by favouring some bacterial genera capable of
utilizing complex carbohydrates in detriment of others. The low fecal pH, in turn, also acts as
an environmental selection factor to the bacteria in the lumen. Dysbiosis has been assodated
with IBD and obesity. IBD includes inflimmatory bowel diseases of unknown aetiology and
has two main forms: ulcerative colitis and Crohn's disease (CD). CD is a chronic disease that
can affect any region in the digestive tract but is more likely to involve the small and large
intestines and the perianal region [33]. Enteropathy is related to type I patients, and despite
GSD Ib patients are classically described as prone to IBD-Crohn's-like due the impaired neu-
trophil activity, this does not explain why patients with GSD Ia also displayed serologic mark-
ers altered for IBD, even if asymptomatic [34]. Its not clear if UCCS is the cause of obesity in
GSD patients [35], but the microbiome might be assodated with it. Here we discuss why the
changes in microbiota could be considered as a factor of influence in the phenotype of these
patients and why the UCCS usage, even though not exclusively, is an important factor that
contribute to that.

Since the introduction of UCCS treatment for GSD, the focus changed from mortality to
morbidity and control of long-term complications [36], such as metabolic syndrome and

a7 a

related symptoms [37,38]. GSD type I patients are prone to obesity, and it is suspected that
UCCS contributes to the aforementioned features [35,39]. GSD I patients also are subject of
heavier doses of UCCS and more restrict diet in comparison with types IIT and IX [35].
Regarding antibiotics, although its usage clearly drives changes in the gut microbial commu-
nity, subjects who were treated with antibiotics within 6 months prior to data collection, but
not during the study itself, were not affected by the previous antibiotic usage.

We found that the phyla Actinobacteria and Profeobacteria were overrepresented in patients
while the Euryarchacota was underrepresented. The microbiome of GSD patients present low
diversity and was highly dominated by Escherichin/Shigella.

One possible driver of the differences in gut microbiomes between patients and controls is
UCCS overload, which creates an acidic environment [34,40]. In the human body, acids are
generated by regular metabolic activities and through the daily intake of food [41]. Fecal pH
was lower in patients than controls and stool acidification might lead to an alteration in the rel-
ative abundances of fermenting bacteria, decreasing the conversion of unabsorbable starches
to short chain fatty acids (SCFAs) [34].

SCFAs, induding butyrate, are compounds made by bacteria in the gut that affect several
physiologic functions and serve anti-inflammatory roles [42]. Fecal pH was associated with
beta diversity and bacterial families belonging to the Clostridia class, an important producer of
butyrate in the gut. Several genera of SCFA-producing bacteria— Coprococcus, Blautia, Anae-
rostipes, Odoribacter and Faecalibacterium—were decreased in patients. Those genera were
also identified in paediatric patients with Crohn's Disease [43]. Besides, Coprococcus and Fae-
calibac feriwm were found to have significantly low abundance in patients with nonalcoholic
fatty liver disease, independently of body mass index and insulin resistance [43].

The bacterial spedies residing within the mucous layer of the colon may influence whether
host cellular homeostasis is maintained or inflammatory mechanisms are triggered. A mutual-
istic relationship between the colonic microbiota, their metabolic products and the host
immune system is likely involved [44]. The phylum Proteobacteria was more abundant in
patients than in controls while the phylum Euryarchacota was less abundant. Proteobacteriais
a gram-negative phylum with an outer membrane mainly composed of lipopolysaccharides
(LPS), which are known to sustain systemic levels of low-grade inflammation [45]. Higher lev-
els of Proteobacteria can be considered a strong marker of dysbiosis [46]. This phylum is prev-
alent in patients with liver cirrhosis [47]. Several serological markers for IBD were altered in
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GSD-Ia patients [34], and GSD Ib patients are prone to IBD CD-like. Despite the fact that cal -
protectin seemed not to influence the number of OTUs gut inflammation (calprotectin
=>50pg/g) was verified in several patients. GSD type Ib patients have shown a concentration of
calprotectin <50pg/g, except for one patient, who had an active IBD diagnosed in the same
week. This might be due to a remission state and the use of anti-inflaimmatory mesalazine by
these patients.

In general, dysbiosis can be categorized as a) loss of beneficial organisms, b) excessive
growth of potentially harmful organisms and c) loss of overall microbial diversity. These three
categories often occur at the same time [48]. Dyshiosis has been implicated in a wide range of
diseases, including IBD, liver disease and obesity, that are secondary manifestations in GSD
patients [49]. The reason for dyshiosis remains unclear, but the overload of UCCS contributes
to those characteristics. The food intake records showed a difference in the intake of calories,
mainly due to the administration of UCCS in patients, as well as a difference in microbial sig-
nature that is known to be related to obesity. It is not known whether these microbiome
changes are a cause or a consequence of the pathophysiologies. However, correcting the dys-
biosis can improve health in some patients [50-52]. Dysbiosis can also provide biomarkers for
disease detection and management [53].

Conclusion

In this study, we reported significant alterations in the intestinal environments of GSD patients
versus healthy controls, Microbiota can be affected by abiotic and biotic factors, namely pH
and inflammation, and the differences in these factors between patients and controls might be
linked to both genetic disease and UCCS consumption. Several bacterial taxa were different in
GSD patients than in controls, and those groups are consistent with the secondary phenotypic
manifestations of GSD. The microbiome patterns of these patients may reinforce immune-
metabolic pathways that already are altered by genetic impairment, and may also be a factor in
the differential individual response to treatment. Patients may gain health and quality of life
from the restoration of gut microbial diversity that has been diminished by high UCCS intake.
Future research therefore should investigate ways to manipulate the gut microbiome and clar-
iy the possible effects of doing so.

Supporting information

$1 Table. Differences in nutrient mean daily intake between healthy controls and GSD
patients and their effect on microbial communities. * Absolute number means that the esti-
mative of ingestion was constant for all the subjects of the group.' Mann-Whitney U test.
lBr:q.r-Curl:is.. Significant (p=0.05) events are highlighted in bold.

(PDF)

$2 Table. Summary of the finding of the GSD patients (n = 24). OTU: operational taxo-
nomic unit; UCCS: uncooked cornstarch; ACE: Angiotensin-converting-enzyme inhibitor
{enalapril maleate); G-CSF: G-colony stimulating factor. ! Numeric variables were reported as
Median ((Q1-Q3) for GSD Ia and Ib and as Min- Max for GSD 11T and IXew Qualitative vari-
ables were reported as absolute numbers. P-value was accessed to differences between the
groups la and Ib. 'Calprotectin and number of OTUs for patients on and without mesalazine
were reported as Min-Max.

(PDF)

$3 Table. Overall description of the 165 rRNA sequencing results among subjects.
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S1 Table. Differences in nutrient mean daily intake between healthy controls and GSD patients and their effect on microbial

communities,
Microbial community
Daily intake difference between
Nutrients Median (Q1-Q3) . treatments
p-value (r% pvalue)?
Patients (n=24) Control (n=16)
Macronutrients
Total Calories (keal total) 2233.83 (1988.16-2867.16) 1520.33 (1143.08-1836.91) 0.001 0.045; 0.017
Total Carbohydrate (keal) 1580.00 (1383.81-2011.00) 747.00 (577.33-827.99) 0.001 0.051; 0.006
%kKcal total from carbohydrate 71.66 (67.66-75.25) 49.33 (35.5-566.33) 0.001 0.046; 0.018
Total carbohydrate (g) 389.16 (355.00-496.33) 188.66 (154.08-218.58) 0.001 0.051; 0.008
* Diet carbohydrate (kecal) 396.55 (240.16-590.53) 747.00 (577.33-827.99) 0.001 0.031; 0.159
* Diet carbohydrate (g) 97.33 (58.95-147.50) 188.66(154.08-218.58) 0.001 0.033; 0.118
* Uncooked cornstarch (keal) 1250.33 (970.19-1404.74) 0.00 0.001 0.053; 0.004
* Uncooked cornstarch
carbohydrate (g) 309.50 (239.58-368.00) 0.00 0.001 0.054; 0.002
Total simple sugars (g) 12.33 (4.25-24.66) 78.33 (47 66-91.41) 0.001 0.040; 0.051
Fiber (g) 12.33 (10.66-16.91) 13.00 (5.75-20.25) 0.868 0.025; 0.480
Total fat (kecal) 377.66 (260.41-459.41) 544.83 (367.83-581.91) 0.008 0.030; 0.204
% Kecal total from fat 14.66 (10.91-19.66) 34.66 (28.78-38.83) 0.001 0.049; 0.007
Fat (g) 40.00 (27.83-48.91) 58.16 (38.66-62.41) 0.007 0.031; 0.190
Saturated fat (g) 10.33 (7.75-15.41) 22.00 (14.33-24.91) 0.001 0.039; 0.049
Monounsaturated fat (g) 13.33 (8.41-19.08) 16.16 (12.83-20.83) 0.269 0.032; 0.174
Polyunsaturated fat (g) 6.16 (3.91-10.00) 7.33(5.08-10.58) 0.415 0.018; 0.884
Protein (kcal) 299.33 (238.33-339.91) 254.16 (218.16-365.00) 0.307 0.023; 0.609
SeKcal total from protein 13.50 (10.75-14.66) 19.00 (16.08-25.16) 0.001 0.033; 0.116
Protein (g) 71.33 (67.25-79.91) 61.16 (52.41-88.33) 0.314 0.023; 0.586
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51 Table. Differences in nutrient mean daily intake between healthy controls and GSD patients and their effect on microbial

communities.
Microbial community
Daily intake difference between
Nutrients Median (Q1-Q3) treatments
p-value'
(r3; pvaluef
Patients (n=24) Control (n=16)

Minerals
Calcium 206.00 (133.66-306.50) B650.16 (382.33-722.83) 0.001 0.033; 0.117
Iron 11.00 (8.91-14.41) 9.33 (7.33-15.08) 0.369 0.024; 0.458
Magnesium 175.00 (122.58-210.00) 193.16 (114.74-242.00) 0.619 0.024; 0.529
Manganese 1.50 (1.00-2.00) 1.83 (1.08-2.25) 0.426 0.021; 0.721
Phosphorus 773.66 (633.16-1001.83) 847.66 (617.41-1088.66) 0.649 0.024; 0.489
Patassium 1492.50 (1084.66-1878.24) 1809.66 (1191.08-2155.66) 0.320 0.024; 0.473
Selenium 81.50 (76.16-93.33) 61.83 (49.25-108.50) 0.143 0.033; 0.138
Sodium 1168.33 (651.99-1765.41) 1702.33 (1305.99-2160.74) 0.034 0.037; 0.084
Zinc 9.33 (8.00-10.66) 8.16 (6.00-10.75) 0.139 0.030; 0.221
Chromium 0.00 0.00 - -
Copper 1.00 (1.00-1.25) 1.00 (0.66-1.00) 0.068 0.035; 0.043
Vitamins
Vit-A (UI) 945.00 (426.50-2758.58) 1297.33 (874.16-5250.16) 0.060 0.021; 0.757
VitB1 (mg) 1.00 (0.66-1.00) 1.00 (0.75-1.33) 0.222 0.026; 0.371
VitB2 (mg) 1.00* 1.00 (0.75-1.58) 0.282 0.034; 0.097
Vit-B3 (mg) 16.33 (12.66-19.83) 11.33 (10.00-16.58) 0.045 0.025; 0.452
Vit-B5 (mg) 2.83 (2.33-3.66) 3.16 (2.33-4.00) 0.636 0.022; 0.614
Vit-B6 (mg) 1.00 (1.00-1.66) 1.00 (0.41-1.33) 0.173 0.027; 0.328
Total Folate (meg) 209.83 (159.33-264.83) 243.33 (189.16-373.33) 0.282 0.027; 0.378
Folate, DFE (mecg DFE) 260.33 (190.08-330.00) 281.00 (227.58-434.41) 0.268 0.026; 0.422
VitB12 (mcg) 3.33 (2.41-4.50) 3.50 (2.00-4.66) 0.890 0.027; 0.325
VitH (meg) 0.00 (0.00-1.83) 0.00 * 0.011 0.037; 0.037
Vit-C (mg) 44.66 (7.50-58.58) 72.83 (26.58-141.33) 0.055 0.027; 0.280
Vit-D (IU) 23.50 (11.83-44.08) 108.66 (51.25-183.08) 0.001 0.045; 0.016
Vit-E (IU) 2.33 (1.33-3.58) 3.83 (2.16-7.16) 0.022 0.021; 0.716
VitK1 (meg) 39.00 (21.08-54.75) 23.33 (12.75-35.08) 0.080 0.030; 0.187

Significant (p=<0.05) events are highlighted in bold.

*Absolute number means that the estimative of ingestion was constant for all the subjects of the group.

"Mann-Whitney U test
2Bray-Curtis
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52 Table. Summary of the finding of the GSD patients (n= 24).

Variables' GSDla GSD Ib GSD I GSD Ixa
(n=15) (n=5) p-value® (n=1) (n=3)
Sex (M/F) 6/8 32 1.00 1/0 307
Age (yr) 13 (10-20) 10 (4.0-23.5) 0.405 16 11-29
Faecal pH 5.97(5.38-6.80) 5.98 (4.82-6.58) 0.727 7.98 7.18-7.60
Inflammatory Bowel Disease
(yesina) 0/15 441 0.116 0/1 013
Abdominal pain complaint
(yesino) 5(10 41 0.127 01 03
Mutritional status
(Obese+Ovenweight/Narmal) 1213 50 .58 1o 03
Calprotectin (pg/g) On mezalazine= (45.2-285.5)! _
108.20(65.58-186.30) No mezalazine= (20.65.44 36) 61.58 20.18-143.90
Number of OTUs On mezalazine= (51-204)
166.00 (116-208) No mezalazine= (61.85) 0.896 176 290-465
Daily Intake
-Total Keal 2315.33 (2103.66-2883.33) 2124.66 (1820.33-2795.00) 0.407 2878.33 1668.66-2400
-Total Kcalkg 39.30 (34.05-51.44) 58 (33.56-81.01) 0.315 36.43 40.68-63.06
-Total Keal (from carbohydrale) 166233 (1514.33-2129.33) 1565.33 (1219.83-1951.00) 0.239 1900.33 935.66-1368.00
-Kceal from diet 387.92(211.42-626.27) 362.81 (197.39-447.57) 0.694 684.70 380.57-1022.22
-Keal from UCCS 1300 (1108.44-1766.72) 1153.18 (947.90-1576.52) 0.407 1215.62 345.80-951.43
-Total Carbohydrate (g) 406.33 (374.33-527.00) 382.66 (303.00-480.16) 0.315 473.66 242 .00-360.00
-Diet Carbohydrates (g) 94.66 (52.33-155.00) 89.66 (48.91-109.83) 0.694 170.66 94.00-269.00
-UCCS Carbohydrate (g} 321.66 (274.0-431.66) 285.00 (234.00-388.00) 0.359 303.00 91.00-235.00
-Protein (g/day) 71 (55-76.66) 70.33 (56.83-107.33) 0.896 102.33 56.67-101
-Fats (g/day) 30.00 (22.00-47 66) 34 (29.0-48.83) 0.513 54.33 40.67-62.67
Drugs (yes/no)
-Allopurinol 3z 1/4 1.000 o1 013
-Antibiotic usage (Last &
months) 510 441 0.127 1/0 03
-ACE inhibitor 10/5 1/4 0.127 0/1 013
-Filgrastim (G-CSF) 0/15 5/0 0.000 01 03
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S3 Table. Overall description of the 16S rRNA sequencing results among subjects.

Subject ID Number of sequences Coverage Observed OTUs
Controls
Cco1 46,350 0899 236
coz2 49,504 0999 231
Co3 55,620 0998 384
Co4 44,692 0909 31
Co5 54,335 0899 246
Cco6 48,219 0.998 341
cor 41,513 0.998 3980
co8 58,964 0.999 274
co9 53,734 0908 397
c10 40,401 0998 335
o 53,303 0998 419
c12 31,736 0908 205
C13 27,531 0996 437
c14 23,019 0.998 229
C15 289,800 0.998 270
C16 17,115 0.994 A44
GSD Patients

PO1 4,724 0.996 51
P02 50,598 0999 169
P03 44,874 0909 116
P04 55,289 0899 166
P05 47 966 0.999 176
P06 20,813 0.997 165
PO7 62,846 0.999 85
P08 47,637 0908 239
P09 39,881 0999 105
P10 58,674 0999 138
P11 57,637 0999 204
P12 59,176 0999 208
P13 46,914 0999 175
P14 48,816 0.998 465
P15 68,350 0.999 152
P16 52,118 0.999 61
P17 61,156 0999 289
P18 58,165 0999 394
P19 67,259 0999 290
P20 29,024 0999 85
P21 37,878 0999 81
P22 11,018 0.995 155
P23 42.914 0.998 184

P24 ) 35,009 ) 08908 266



7 DISCUSSAO

Com a introducdo do AMC como alternativa terapéutica eficiente na
redugcdo da mortalidade dos pacientes com GSD hepaticas, o foco da atencao
volta-se para a qualidade de vida e as complicagdes tidas como de longo prazo
(Moses 2002), tais como o desenvolvimento de sobrepeso e obesidade, sindrome
metabdlica, doencga inflamatoria intestinal, adenomas hepaticos e densidade
mineral 6ssea reduzida.

Nosso estudo demonstrou que ha disbiose intestinal nestes pacientes e um
aumento de bactérias gram-negativas, o que possui implicagdes no
desenvolvimento das comorbidades supracitadas pelo disparo de mecanismos
inflamatdrios. A obesidade nestes pacientes ndo € bem compreendida, mas uma
das possiveis causas é o desenvolvimento de um ambiente acido gerado pelo
consumo frequente e periddico de AMC (Lawrence et al. 2015), como o verificado
em nosso estudo. O pH fecal mais acido, além de atuar como um modulador
ambiental da proliferagao bacteriana, uma vez que foi fortemente correlacionado a
rigueza de OTUs, pode estar associado a uma queda nos niveis de acidos graxos
de cadeia curta, importantes moduladores da inflamagédo. Os géneros e filos
bacterianos encontrados alterados estdo associados a obesidade, a IBD e a
doencas hepaticas como esteato-hepatite ndo alcodlica e cirrose. O filo
Proteobacteria foi encontrado aumentado nos pacientes. Este filo € composto por
bactérias gram-negativas, as quais contém LPS na membrana e séo indutores de
inflamacéao sistémica de baixo grau.

O LPS é reconhecido pelo sistema imune humano principalmente pelo
TLR4, o qual é capaz de modular os niveis dos transcritos da IL-6 (Nyati et al.
2017). Essa interleucina estava aumentada nos pacientes com GSD-lb em
comparagao aos outros tipos, e embora nao tenham sido encontradas diferencas
estatisticas entre pacientes e controles neste estudo, o valor de p foi limitrofe
(p=0.078). Apesar da calprotectina nao ter demonstrado relagdo com o pH fecal

ou numero de OTUs, ela € uma medida de inflamagao local, e 75% dos pacientes
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com GSD-la apresentaram niveis acima do ponto de corte do kit utilizado
(>50ug/g) para a deteccdo da inflamacédo intestinal. Adicionalmente, a
calprotectina €& um ativador enddégeno de TLR4, estando ligado ao
desenvolvimento de processos infecciosos, autoimunes e oncogénicos (Ehrchen
et al. 2009).

A quantificagdo das citocinas nos pacientes com GSD demonstrou que o
panorama imunoldgico € tipo-dependente, ou seja, diferentes tipos de GSD
apresentam diferentes niveis de citocinas. Algumas proteinas de importancia no
processo de reconhecimento de patdgenos estavam diminuidas em pacientes,
como MCP-1/CCL2 e MDC/CCL22. Além disso, os niveis de triglicerideos para os
pacientes com GSD-la sem adenomas foram inversamente correlacionados com
IL-10, IL-13, IL-17A e MIP-1B/CCL4. Essas citocinas também estdo envolvidas
nos processos de inflamagao intestinal associados a microbiota (Burrello et al.
2019). Uma vez que triglicerideos sdo marcadores de controle metabdlico, um
metabolismo descompensado parece interferir diretamente no status imunolégico
desses pacientes.

A fim de integrar os estudos anteriores e embasar futuros projetos de
pesquisa, nés encontramos na biologia de sistemas uma alternativa viavel para
localizar pontos de interagdo entre microbioma e sistema imune dentro do
contexto unico dos pacientes com GSD-la. As redes de interacbes primarias
foram construidas com proteinas do complexo G6Pase, as duas subunidades da
calprotectina e outras duas integrinas previamente descritas como deficitarias na
GSD-Ib. Nas redes resultantes da subtracado das interagdes similares encontradas
nas redes primarias, a rede que representa as interagdes proteicas unicas nos
pacientes GSD-la continha IL-10, TLR4 e IL-6 ligados a unica proteina central
exclusivamente hepatica, indicando que um quadro de disbiose pode ter efeitos
mais severos sobre uma rede metabdlica ja alterada pelo defeito genético.
Entretanto, a construgcao destas redes foi limitada pela disponibilidade de dados
“dmicos” no contexto da glicogenose. Isso pode ser verificado pois 0 né6 SLC37A4

e 0o moédulo metabdlico associado ficaram ligados por apenas um conector, e
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somente se o modo mineragdo de texto estivesse habilitado. Essa limitagcao
também nos impediu de realizar analise similar para pacientes com GSD-Ib.
Corrigir a disbiose pode melhorar a saude de alguns pacientes e reduzir os
fatores de risco ambientais para as doengas a que estes pacientes ja séo
predispostos por fatores genéticos. Futuros estudos s&o necessarios para

compreendermos a extensao da influéncia do microbioma sobre esses pacientes.
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8 CONCLUSAO

As conclusdes desta tese serdo apresentadas de acordo com os objetivos

especificos enumerados na segéo 4.3.

1) Revisar a literatura existe sobre erros inatos do metabolismo e
microbiota intestinal.

A literatura existente sobre microbioma intestinal e erros inatos do
metabolismo conta com poucos estudos experimentais, 0s quais sao
concentrados em fenilcetonuria. Entretanto, os estudos sobre microbioma
intestinal e dois dos érgaos mais afetados em um EIM, o figado e o cérebro, sao
abundantes. A dieta € um dos principais moduladores da microbiota intestinal, e
muitas vezes utilizada como tratamento principal ou adjuvante nos EIM. As dietas
para EIM sao restritas em alguns nutrientes e/ou sobrecarregadas em outros,
havendo um potencial intrinseco do tratamento para o desenvolvimento de
disbiose intestinal. A disbiose esta relacionada com o desenvolvimento de
doencas hepaticas e neuroldgicas e pode atuar como fator modificador de

fendtipo nos EIM.

2) Caracterizar a microbiota intestinal de pacientes com GSD hepaticas em
comparagao a individuos controles, associando-a com dieta, fendtipos e

medicamentos utilizados no tratamento.

O microbioma intestinal dos pacientes apresenta uma diversidade e
estrutura distinta daquela encontrada nos individuos controle, com aumento de
Proteobacteria e Firmicutes, diminuicdo de Bateroidetes, alteragdes em varios
géneros bacterianos, e enriquecimento de bactérias gram-negativas, como
Escherichia/Shigella, caracterizando disbiose intestinal. Pacientes e controles
diferiram quanto ao consumo de nutrientes, AMC, medicamentos e obesidade.
Houve associagao significativa entre microbiota, medicamentos, dieta e fenétipos

apresentados pelos pacientes. Nao foi possivel identificar o principal fator que
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contribui para a disbiose; entretanto, o pH fecal dos pacientes € mais acido e
fortemente correlacionado com o numero de OTUs, provavelmente devido ao uso
de AMC. Também houve correlagdo do consumo de carboidratos totais e agucar
com o numero de OTUs. Adicionalmente, os géneros bacterianos alterados nos

pacientes possuem associagao descrita na literatura com obesidade e IBD.

3) Caracterizar o perfil de citocinas em pacientes com GSD hepaticas em
comparagao a individuos controle, associando-as a controle metabdlico e

manifestagdes clinicas secundarias a doenga de base.

Pacientes apresentaram niveis diminuidos de IL-4, MIP-1a, MDC, TNF-3 e
VEGF em comparagao aos controles. Entre os tipos de glicogenoses, pacientes
com GSD-Ib apresentaram uma maior variagcdo nas citocinas em ralagao aos
outros tipos, com maiores niveis de G-CSF do que os outros pacientes, aumento
de IL-10 em relacdo aos pacientes com GSD-la, e niveis mais baixos de IP-
10/CXCL10 em comparacao ao grupo GSD-IIlI/IX. Os niveis de citocinas também
apresentaram diferencas quanto a presenga de anemia, controle metabdlico e
adenoma. Verificou-se que os niveis de triglicerideos possuem correlagdo com

citocinas pré e anti-inflamatdrias em pacientes com GSD-la.

4) Avaliar possiveis modos de interacdo entre o microbioma intestinal,
citocinas plasmaticas e calprotectina fecal no contexto da GSD-la utilizando como

ferramenta redes de interacao proteina-proteina (IPP).

Detectamos que os pacientes possuem uma abundéncia maior de
Proteobactérias que os individuos do grupo controle. Esse filo € composto por
bactérias gram-negativas, as quais possuem LPS em sua membrana. O LPS
bacteriano € majoritariamente reconhecido pelo TLR4, o qual também ¢é ativado
de forma endégena pela calprotectina, e exerce influéncia sobre os niveis de IL-6
no organismo. O modelo in silico utilizado ressalta a importancia do TLR4, IL-10 e

IL-6 como interatores na rede de proteinas alteradas na GSD-la.
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9 PERSPECTIVAS

A linha de pesquisa desenvolvida nesta tese continuara sendo explorada
numa abordagem integrativa, utilizando dados experimentais e ferramentas in
silico, tanto na geragcdo de hipoteses como na analise de dados. Para as
glicogenoses, estdo previstos a quantificagdo dos principais acidos graxos de
cadeia curta produzidos pela microbiota intestinal e posterior associagcado com o
microbioma e perfil de citocinas. Adicionalmente, pretende-se averiguar se a
presencga de bactérias gram-negativas nestes pacientes esta relacionada com os
niveis de citocinas, em especial IL-6 e IL-10, e presenca de comorbidades
associadas as glicogenoses. A caracterizagao do microbioma intestinal em outros
EIM é de interesse do grupo, de forma que o estudo em pacientes com
homocistinuria ja estd em andamento e planeja-se realiza-lo também nos

pacientes com Doenca de Gaucher.
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11 APENDICES

11.1. Apéndice 1- Carta de aprovacéo do projeto no Comité de Etica em
Pesquisa)
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PARECER CONSUBSTANCIADO DO CEP
Elaborado pela Instituigio Coparticipante

DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: Metagenoma Microbiotico como fator modificador dos Emos Inatos do Metabalismo.

Pesquisador: |da Vanessa Doederlein Schwarkz

Area Temdtica:

Versao: 1

CAAE: 43110115.6.3001.5347

Instituigao Proponente: Hospital de Clinicas de Porio Alegre

Patrocinador Principal: HOSPITAL DE CLIMICAS DE PORTO ALEGRE
Financiamento Proprio

DADDS DO PARECER

MNumero do Parecer: 1.102.274
Data da Relatoria: 11/08/2D15

Apresentagio do Projeto:

O projeto "Metagenoma Microbiotico come fator modificader dos Emos Inatos do Metabolismo™ & um estudo
transwersal, controlado, cbservacional e de base ambulatonal que visa a caracierzar o microbioma imtestinal
de pacientes com cinco diferentes EIM: Fenilestoniria, Doenga de Gaucher, Glicogenoses Hepaticas,
Doenga da Urina do Xarope do Bordo & Homoceistindria Classica. A hipotese a ser testada € a de que existe
variagdo no perfil da microbiota intestinal de cada um dos EIM avaliados, & que a mesma & um fator
associado tanto ao tipo e & gravidade das manifestagies clinicas, quanto & resposta ao tratamento dos
pacientes. A amostra serd constituida por 80 casos (Fenilcetondria= 35; Doenga de Gaucher= 20;
Glicogenoses Hepaticas= 15; Doenga da Urina do Xarope do Bordo= 5; Homocistinuria Classica= 5) e 180
controles (um controle higido, pareado por sexo e idade, & um controle familiar (relacicnado) ao paciente e
que habite a mesma residéncia).

Objetivo da Pesquisa:
Caracterizar a microbiota intestinal de uma amostra de pacientes com diferentes tipos de EIM
(Fenilcetoniria, Doenga de Gaucher, Glicogenoses Hepaticas, Deenga da Urina do Xarope do Bordo e

Homocistindria Classica).
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Confinusgio do Farecer: 1102274

Identificar possiveis influéncias da microbiota intestinal na geragio da variabilidade clinica asscciada aos
Erros Inatos do Metabolismo, especialmente em relagio a desfechos neurologicos, composigdo corporal,
massa ossealdensidade mineral ossea e taxa metabolica basal.

Awvaliagio dos Riscos e Beneficios:

Riscos: Os riscos e desconfortos causados pela coleta de fezes s3o desconforto no momento da coleta. O
desconforto associado a esta coleta sera minimizado pelo fate de ser realizada no seu proprio domicilio.
Possivel desconforto para responder as perguntas do questionario & gasto de tempo (cerca de 20 minwtos)
para responder ao questionario. Risco e desconforto relacionados a coleta de sangue.

Beneficios: Os resultados gerados por esta pesquisa ndo trazem beneficios diretos para os paricipantes,
mas irdo contribuir futuramente para melhorar os tratamentos existentes para os pacientes com Emos Inatos
do Metabolismo.

Comentarios e Consideragoes sobre a Pesquisa:
Projeto bem embasado & pertinente do ponto de vista cientifico.
Projeto aprovado no CEP-HCPA, instituigio esta que consta coma proponente junio & Plataforma Brasil.

Consideragoes sobre os Termos de apresentagio obrigatoria:

O projeto inclui referencial tedrico, hipatese, objetives, justificativa, descrigio da amostra e das
metodologias, critérios de inclusdo e exclusdo, descrigdo do nimero amostral de conveniéncia, descrigao
das analises estatisticas, cronograma de atividades, orgamento e referéncias bibliograficas. Mo Formulario
da Plataforma Brasil consta a descrigio dos riscos e beneficios. Os autores também incluiram o Formulario
de Delegagio de Fungbes & os TCLEs para casos & controles.

Recomendagoes:

Conclustes ou Pendéncias e Lista de Inadequagoes:

O projeto foi originalmente apresentado ao CEF do HCPA, instituigio que consta na Plataforma Brasil como
proponente e onde ccomerao as coletas de material e recrutamento dos participantes.

O CEP HCPA emitiu parecer com uma série de recomendagdes, as quais foram todas atendidas pelos
pesquisadores.

O projeto encontra-se em condigies de aprovagdo.
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[Coordenador)
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11.2. Apéndice 2- Formulario de coleta de dados e de registro alimentar.
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Data da coleta de fezes:
/ /

Data de preenchimento do formulario:

/ /

Identificacdo
N° ProtoColO:......ueeveiieiiieieiiiiei Glicogenose tipo: ................
Sexo: () Masculino () Feminino Enzima: ........ccooccs
[dade: ..o (€1=T o] 1] oo
Data de nascimento: ......... [oeiiin. [oiiiiinin.
Dados do nascimento:
Parto: ( ) Normal ( ) Cesarea

( )Atermo ( )Prematuro, .......... semanas
Peso ao nascer: .......cooeeveveevviieeenenens g
Comprimento:.......cccoeeeeevivviieeeeeennnn. cm
APGar 5’ ..o,
Dados Atuais:
Peso atual:.........cccocooeeiiiieii g
Altura atual: ........ccoviii cm
Intercorréncias Gestacionais:
Sangramentos: ( )Nao ( )Sim Quantos? .....cccccceveiiiiinninnnn,
Ameaca de aborto: ( ) Nao ( )Sim Quantos? ...........ccc.........
Internagédo: ( ) N&o ( )Sim Quantas vezes? .........ccccccceeeeens

Uso de medicamentos: ( ) Nao ( ) Sim
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Fumou durante a gestacdo: ( ) Nao ( )Sim
Consumiu bebida alcoolica durante a gestagdo: ( ) N&o ( ) Sim
Se sim, qual(is) o(s) tipo(s) de bebida(s) alcodlica(s) consumida(s)?

Aleitamento materno (preferencialmente respondido pela mae)

Amamentou seu filho? ( ) Nao ( )Sim
Se sim, por quanto tempo?........cccceeeieeiiiiiiin e,

Por que deixou de amamentar?.............ooiiiiiiiiiiiiii e

e Aleitamento até 6 meses

Qual o tipo de aleitamento foi oferecido até os 6 meses?

() Exclusivo (s6 leite materno)

() Predominante (leite materno complementado com chas e agua)

() Misto (leite materno, leite artificial, leite de vaca, formula, papas, sopas)
Iniciou o leite materno no hospital? ( ) Sim ( ) Nao

Quando amamentou pela primeira vez?

() Durante a primeira hora de vida do bebé
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() Entre a primeira e a sexta hora de vida do bebé

() Apos a sexta hora de vida do bebé

Foi dado outro leite a seu filho no hospital? ( ) Sim ( ) Nao ( ) Nao sei
Qual leite/férmula foi dado?

Se sim, como foi dado? ( )Nocopo ( )Naseringa ( )Naosei ( )

Mamadeira

e Aleitamento pés 6 meses
() S6 complementou com papas ( ) Leite de vaca ( ) Formula de

segmento

() Outro tipo de leite/férmula. Qual?

( )Papa+FS ( ) Papa + outro leite ( ) Papa + Leite de vaca
() FS + outro leite/formula ( ) FS + Leite de vaca
() Leite de vaca +outro leite/férmula ( ) Papa+ FS+ leite de vaca

() FS+ leite de vaca + outro leite/férmula ( ) Papa + leite de vaca + outro leite

( ) Papa+ FS+ férmula de segmento ( ) Papa+ FS+ leite de vaca+ outro

leite

Recebeu leite de vaca ou formula com lactose até que idade?

Que tipo de leite/formula/nan utiliza atualmente?...............coo o

Medicamentos

Medicamentos atuais:



Utiliza alguma complementacé&o vitaminica? ( ) Ndo ( ) Sim
SE SIM, QUAIST? oeeieiieiiie ettt e e e et e e e e et e e e e e e e e et e e e e e e r e e ae e e

oY o U E=T o) (o I (=0 1] o o I Z PR

Algum antibiético nos ultimos 6 meses? ( ) Nao ( ) Sim
SE SIM, QUAIST? eeeiiieiiieeeie ettt e e e ettt e e e e e e e et e e e e ea e e eeeeaaaan e
Usa/usou algum laxante nos ultimos 6 meses? ( ) Ndo ( ) Sim

SE SIM, QUAIST oeeriiiiiieeee ettt et e ettt e e e e e e e e e e e e e e e e e ar e e aaeeeaaaas

Informac6es sobre alimentacéo atual associada com possiveis altera¢cdes na microbiota

Quais destes tipos de alimentos vocé consome:
( )Frutas ( )Verduras ( )Legumes
Com que frequéncia?

( )Ixnasemana ( )2ou3xnasemana ( )Todososdias ( )

Quinzenalmente ( ) Mensalmente ( ) A cada 3 meses () Anualmente

Qual o seu tipo de restricao alimentar?

( ) Sacarose ( ) Galactose/Lactose ( ) Frutose ( )Outra............c..........
Quantidade de amido por dia (g): «eevvveeeeeeeeeeeeiiiinnnnnns Frequéncia: ........ccccevveennnnnnn.
Ha quanto tempo segue a dieta: ........oooveiiiiiii e
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Faz uso de suplementos proteicos? ( ) Ndo ( ) Sim
SE SIM, QUAIT ... e e e e e e aaanas

Qual a quantidade diAria ()7 .....eeeooueieiiee e

Ingere alimentos fritos (batata frita, aipim frito, pastéis...) e carnes gordurosas

(salsichdes e carnes fritas)? () Nao ( ) Sim
Se sim, com que frequéncia?

( )1xnasemana ( )2ou3xnasemana ( )Todososdias ( )

Quinzenalmente ( ) Mensalmente ( ) A cada 3 meses () Anualmente

Utiliza iogurtes ou leites fermentados atualmente? ( ) Nao ( ) Sim

Se sim, com que frequéncia?

( )I1xnasemana ( )2ou3dxnasemana ( )Todososdias ( )

Quinzenalmente ( ) Mensalmente
( )Acada3 meses ( )Anualmente

Ha quanto tempo usa o iogurte ou leite fermentado? ...........cooovmiiiiiciiii

Qual a marca do iogurte ou leite fermentado utilizado? .............cccoiiiiiieieee,

Utiliza suplementos a base de fibras atualmente? ( ) Nao ( )Sim

Se sim, trata-se de:
() Fibras soluveis ( ) Mix de fibras/granola ( ) Nao sabe informar

MarCa: e
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Qual a quantidade (g) consumida e ha quanto tempo faz uso?

Com que frequéncia faz uso deste suplemento?

( )1xnasemana ( )2ou3xnasemana ( )Todososdias ( )

Quinzenalmente ( ) Mensalmente ( ) A cada 3 meses () Anualmente

Usa suplemento probidtico atualmente? () Nao ( ) Sim

Se sim, qual o suplemento Utiliza? ..o
Qual a frequéncia de uso?

( )1xnasemana ( )2ou3xnasemana ( )Todososdias ( )

Quinzenalmente ( ) Mensalmente ( ) A cada 3 meses () Anualmente

Ha quanto tempo esta usando o suplemento? ............cooovvviiiiiiiiiiiiie e,

Pratica atividades fisicas? ( ) Nao ( ) Sim

TR e (U= 1) U
Com que frequéncia?

( )1xnasemana ( )2xnasemana ( )3xnasemana( )4xnasemana

( ) Diariamente

Quanto tempo dedica a essa(s) atividade(S)? .......uuuummiiiiiiiiiiiieeeeeee e

Ingere alimentos nos intervalos das refei¢des? ( ) Nao ( ) Sim

S SIM, QUAI(IS)? e e e e ——————————
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Habitos intestinais (responder com o auxilio da imagem)

Frequéncia: ........ccccceeeeeeiinennnnnn.n.
Consisténcia: .......ccccceeveeeiiiicnns

Escala de Bristol tipo: ..................

Possui sangue nas fezes? ( ) N&o ( )Sim

Possui dor ou desconforto abdominal? () Nao ( ) Sim

Outras informagdes relevantes

Moradia em zona: ( ) Rural () Urbana
Fonte de agua: ( ) Tratada ( ) Poco ( )Outra ...
Possui animal de estimagao? QUal? ..........oooemiiiiiiiiii e

Frequenta a creche? ( ) Sim ( ) Nao

Quanto tempo PermManeCe A7 ...........uieiiiiiiiiiie e

Y P21 (o7 e [0 1 1 01 [ JT OO

Observagoes:
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Data da coleta:

Data de preenchimento do formulario:

/ /

Instrucoes para o preenchimento do reqistro alimentar de 3 dias

e Anotar o que foi ingerido em 3 dias: 2 dias da semana e 1 dia do
final de semana. Preferencialmente ndo preencher nos feriados
ou férias.

e As informacbes devem ser claras, constando também os
meétodos e ingredientes utilizados para a preparagao dos
alimentos, por exemplo: frito, assado ou cozido.

e A quantidade ingerida dos alimentos deve ser registrada, por
exemplo: colher de sopa, sobremesa ou cha, xicara ou copo. Se
possivel, medir em mililitros (ml) os liquidos.

e Lembrar de escrever todos os condimentos, por exemplo:
agucar, maionese ou margarina, tempero para saladas, bem
como os alimentos ingeridos fora dos horarios das refei¢des.

Anotar sempre a quantidade ingerida, ndo a quantidade servida.
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ID:

N° Protocolo:

OBS: Circular o dia em que fez a coleta

DIA 01

Refeicoes

Local

Alimentos ingeridos e quantidade (colher,

copo, xicara, mamadeira)

Café da manha

Horario:

Lanche

Horario:

Almocgo

Horario:

Lanche

Horario:

Jantar

Horario:
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Intervalo das

refeicoes

Quantidade de amido

(9)

Horario/Local

Misturado com
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Refeicoes

Local

Alimentos ingeridos e quantidade (colher,

copo, xicara, mamadeira)

Café da manha

Horario:

Lanche

Horario:

Almocgo

Horario:

Lanche

Horario:

Jantar

Horario:

Ceia

Horario:
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Intervalo das

refeicoes

Quantidade de amido

(9)

Horario/Local

Misturado com
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DIA 03

Refeicbes

Local

Alimentos ingeridos e quantidade (colher,

copo, xicara, mamadeira)

Café da manha

Horario:

Lanche

Horario:

Almocgo

Horario:

Lanche

Horario:

Jantar

Horario:

Ceia

Horario:
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Intervalo das

refeicoes

Quantidade de amido

Horario/Local

Misturado com
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