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Resumo

RESUMO

A microbiota intestinal apresenta impacto direto na salude do hospedeiro sendo
fortemente influenciada pela dieta. O consumo de suco de laranja vem sendo associado a
reducdo do risco de desenvolvimento de doencas cronicas, principalmente devido a
presenca de compostos bioativos. Os compostos bioativos presentes no suco de laranja,
especialmente os polifenéis, também podem estar relacionados com a composicdo e o
metabolismo da microbiota intestinal. O objetivo desse trabalho foi avaliar a influéncia do
suco de laranja fresco e pasteurizado sobre a microbiota intestinal usando o Simulador do
Ecossistema Microbiano Humano (SEMH®). O SEMH® foi utilizado para investigar a
fermentagdo do suco de laranja ao longo do colon e para avaliar as alteracdes na
composicdo e no metabolismo microbiano. A atividade antioxidante dos sucos e das
amostras dos compartimentos do SEMH® também foi avaliada. Foi observado no
tratamento com suco de laranja fresco aumento (p<0,05) das popula¢des de Lactobacillus
spp., Enterococcus spp., Bifidobacterium spp. e Clostridium spp. e diminui¢éo (p<0,05) de
enterobactérias, enquanto no tratamento com suco de laranja pasteurizado houve
aumento (p<0,05) da populacdo de Lactobacillus spp. e diminuicdo (p<0,05) de
enterobactérias. A analise de PCR-DGGE mostrou reducdo dos valores de riqueza da
populacdo de bactérias totais para ambos 0s sucos. Em relacdo ao metabolismo
microbiano, foi observado aumento (p<0,05) da producdo de acidos graxos de cadeia
curta (AGCC) e diminuicdo (p<0,05) do contetdo de ions aménio no tratamento com os
sucos de laranja fresco e pasteurizado. A atividade antioxidante das amostras dos
compartimentos do SEMH® no tratamento com os sucos de laranja foi elevada, com
ligeira reducdo em comparacédo aquela do suco fresco e do suco pasteurizado. A Analise
de Componentes Principais (ACP) permitiu diferenciar o tratamento com os sucos dos
periodos controle e washout, mostrando que os sucos de laranja fresco e pasteurizado
apresentaram impacto sobre a microbiota intestinal. Os sucos mostraram efeito prebiotico
e seletivo sobre a microbiota intestinal com aumento de AGCC e bactérias comensais e
diminuicdo de ions amdnio, embora com reducao dos valores de riqueza da populacdo de

bactérias totais.

Palavras-chave: suco de laranja, microbiota intestinal, SEMH®, PCR-DGGE.

Xi



Abstract

ABSTRACT

The gut microbiota has a direct impact on host's health being strongly influenced by diet.
Orange juice consumption has been associated with a reduced risk of chronic diseases,
largely because of the presence of bioactive compounds. The bioactive compounds
present in orange juice, particularly polyphenols, may also be associated with the
composition and metabolism of gut microbiota. The aim of this work was to evaluate the
influence of fresh orange juice and pasteurized orange juice on gut microbiota using the
Simulator of the Human Intestinal Microbial Ecosystem (SHIME®). SHIME® was used to
investigate orange juice fermentation throughout the colon and to assess changes in
microbial composition and microbial metabolism. Antioxidant activity of the SHIME®
vessels and juice was also evaluated. An increase (p<0.05) in Lactobacillus spp.,
Enterococcus spp., Bifidobacterium spp. and Clostridium spp. population was observed in
fresh orange juice treatment, as well as a reduction (p<0.05) in enterobacteria. Regarding
pasteurized orange juice treatment, an increase (p<0.05) in Lactobacillus spp. population
and a decrease (p<0.05) in enterobacteria was observed. The PCR-DGGE analysis
showed a reduction in total bacteria population richness values on both juices. According
to microbial metabolism, an increasing (p<0.05) of short-chain fatty acids (SCFA)
production and decreasing (p<0.05) of ammonium was observed for two juices treatments
evaluated. The antioxidant activity of the samples from the SHIME® vessels in the orange
juice treatments was high, with a slight reduction compared to that of fresh juice and
pasteurized juice. Both fresh and pasteurized orange juice influenced on gut microbiota
according to Principal Component Analysis (PCA), which enabled to differentiate the
orange juice treatments from control and washout periods. Both juices showed a prebiotic
and selective effect on gut microbiota which is in agreement with increases in both SCFAs
and commensal bacteria, as well as with decreases in ammonium levels, though total

bacteria richness values were reduced.

Keywords: orange juice, gut microbiota, SHIME®, PCR-DGGE.
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INTRODUCAO

O consumo regular de suco de laranja vem sendo associado a reducao do risco
de desenvolvimento de doencas crbnicas, principalmente devido a presenca de
compostos bioativos, tais como acido ascorbico, carotenoides e flavonoides (GHANIM
et al., 2010; APTEKMANN; CESAR, 2013; LIU, 2013). O acido ascérbico € considerado
o principal composto antioxidante do suco de laranja e também contribui para a
manutencdo da saude vascular e reducédo da aterogénese (SIMON, 1992; NESS et al.,
1996). Os flavonoides, principalmente a hesperidina e narirutina, também apresentam
atividade antioxidante (TRIPOLI et al., 2007), propriedades anti-inflamatérias
(MILENKOVIC et al., 2011), hipolipemiantes (MONFORTE et al, 1995) e
anticarcinogénica (BIRT; HENDRICH; WANG, 2001; YANG et al., 2001), enquanto 0s
carotenoides apresentam atividade de pro-vitamina A e reduzem o risco de
desenvolvimento de degeneracdo macular (KRINSKY; JOHNSON, 2005).

Os compostos bioativos presentes no suco de laranja, especialmente o0s
polifendis, também podem estar relacionados com a composi¢éo e a funcionalidade da
microbiota intestinal (LAPARRA; SANZ, 2010; PEREIRA-CARO et al., 2015a,b). Alguns
estudos revelam que a microbiota intestinal transforma compostos fendlicos em
metabdlitos bioativos contribuindo para a manutencdo da homeostase intestinal,
estimulacdo do crescimento de bactérias benéficas (Lactobacillus spp. e
Bifidobacterium spp.) e inibicdo de bactérias patogénicas, exercendo um efeito
prebidtico (GUGLIELMETTI et al.,, 2013; PARKAR; TROWER; STEVENSON, 2013;
DUENAS et al., 2015). No entanto, os efeitos do suco de laranja na microbiota intestinal
ainda séo pouco explorados.

A microbiota intestinal apresenta impacto direto no estado de saude do
hospedeiro, uma vez que exerce fungdes importantes sobre os processos imunoldgicos,
fisiologicos e metabdlicos do corpo humano (GERRITSEN et al., 2011). A microbiota

atua na sintese de vitaminas B e K, na resisténcia contra a colonizacdo de
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microrganismos patogénicos e na sintese de produtos de fermentacdo que fornecem
energia para o epitélio do célon (SEKIROV et al., 2010; GERRITSEN et al., 2011;
DAVILA et al.,, 2013). Além disso, € responsavel pela modulacdo do sistema imune,
promovendo a maturagdo das células imunes e a manutencgéo das fun¢cdes motoras do
trato gastrointestinal (ROUND; MAZMANIAN, 2009; CLEMENTE et al., 2012).

Os estudos da microbiota intestinal podem ser realizados utilizando modelos in
vitro (CHAIKHAM; APICHARTSRANGKOON, 2014; COSTABILE et al., 2015), modelos
animais (BEDANI et al., 2010) ou ensaios clinicos (KIM et al., 2013). Estudos in vivo,
em animais ou humanos, constituem uma abordagem representativa, por levar em
conta interagdes fisiolégicas com o organismo hospedeiro. Contudo, pesquisas in vivo
sdo onerosas, demoradas e muitas vezes restritas a amostras de fezes, que nao
fornecem informag6es sobre os processos microbianos que ocorrrem nas diferentes
regides do célon (MACFARLANE; MACFARLANE, 2007; VENEMA; ABBEELE, 2013).

A dificuldade de acesso as principais regibes do intestino estimulou o
desenvolvimento de modelos in vitro. Os modelos in vitro podem monitorar a atividade
microbiana durante o metabolismo, permitindo a amostragem ao longo do tempo em
diferentes regides consecutivas do célon humano (VENEMA; ABBEELE, 2013). Além
disso, proporcionam resultados com elevada reprodutibilidade e permitem estudar
mecanismos tendo varios parametros sob controle (VAN DE WIELE et al., 2004).

Para avaliar a interagdo entre o suco de laranja e a microbiota intestinal foi
utilizado nesse trabalho o Simulador do Ecossistema Microbiano Humano (SEMH®),
modelo in vitro que simula dinamicamente o sistema gastrointestinal humano.

Este trabalho teve como objetivo avaliar a influéncia do suco de laranja fresco e
pasteurizado na composi¢do e no metabolismo da populacdo microbiana do célon

utilizando o Simulador do Ecossistema Microbiano Humano (SEMH®).
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REVISAO DE LITERATURA

1. Microbiota intestinal

A microbiota intestinal consiste em um complexo e diversificado sistema de
microrganismos que colonizam o trato gastrointestinal (FRICK; AUTENRICHK, 2011).
Cerca de 10 microrganismos intestinais pertencentes a mais de 1.000 espécies
diferentes sdo distribuidos ao longo do trato gastrointestinal humano com maiores
densidades alcangadas no colon (RAJILIC-STOJANOVIC; SMIDT; DE VOS, 2007). As
contagens bacterianas no estdmago sdo geralmente inferiores a 10° UFC/mL, devido ao
pH &cido, aumentam no intestino delgado (10* a 10" UFC/mL) e alcangcam
concentrages mais elevadas na regido do célon (10" UFC/mL) devido as condicdes
favoraveis, como o tempo de transito intestinal lento, disponibilidade de nutrientes e pH
favoravel (PAYNE et al., 2012). A microbiota intestinal € composta principalmente por
bactérias anaerObias estritas, que superam as anaerdbias facultativas e bactérias
aerdbias (WALSH et al., 2014). As espécies mais abundantes sdo membros dos filos
Firmicutes, Bacteroidetes, Proteobacteria e Actinobacteria (GERRITSEN et al., 2011).

A microbiota do lactente mostra, inicialmente, baixa diversidade e instabilidade,
mas evolui para uma microbiota mais estavel ao longo dos primeiros 24 meses de vida
(ZOETENDAL; AKKERMANS; DE VOS, 1998). Em geral, as populacbes de
Bifidobacterium sdo dominantes nos primeiros meses de vida, especialmente em
criancas amamentadas, devido ao efeito bifidogénico do leite materno, enquanto uma
microbiota mais diversificada é encontrada em criancas ap6s o desmame e adultos
(GUEIMONDE; SALMINEN; ISOLAURI, 2006). Analises metagendmicas mostram que,
em adultos e criangas apdés o desmame, 0s principais componentes da microbiota do
cOlon sdo Bacteroides, seguidos por diversos géneros pertencentes a divisdo
Firmicutes, tais como Eubacterium, Ruminococcus e Clostridium, e do género

Bifidobacterium. Por outro lado, em bebés o género Bifidobacterium é predominante e
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também alguns géneros da familia Enterobacteriaceae, tais como Escherichia,
Raoultella e Klebsiella (KUROKAWA et al., 2007; LAPARRA; SANZ, 2010).

A composicdo desse ecossistema bacteriano é dindmica e fortemente
influenciada por uma série de fatores que incluem espécies microbianas adquiridas no
nascimento, genética do hospedeiro, uso de antibidticos e fatores imunolégicos e
dietéticos (RUSSEL et al., 2011; WALSH et al., 2014). A dieta tem impacto significativo
sobre o ambiente do intestino, incluindo o tempo de transito intestinal, pH e mudancas
na composicdo da comunidade microbiana (SCOTT et al, 2013). As principais
atividades metabdlicas dos microrganismos coldnicos estao associadas a digestdo de
carboidratos e proteinas. Os 4&cidos graxos de cadeia curta (AGCCQC),
predominantemente o acetato, o propionato e o butirato, sdo os principais metabdlitos
gerados durante o catabolismo de carboidratos nao digeriveis. Os AGCC atuam como
principal fonte de energia para as células epiteliais do célon, e além disso, protegem-no
contra agentes patogénicos (VAN DE WIELE et al., 2004) e estimulam as respostas
imunes (VINOLO et al., 2011). Em contraste, a digestao de proteinas origina uma maior
diversidade de produtos finais, incluindo AGCC, amdnia, aminas, fendis, indois, sulfeto
de hidrogénio e mercaptanos, muitos dos quais tém propriedades toxicas (MONTALTO
et al., 2009; MACFARLANE, MACFARLANE, 2012; CONLON; BIRD, 2015).

A microbiota intestinal desempenha papel fundamental no estado de saude do
hospedeiro, uma vez que exerce fungbes importantes sobre os processos imunolégicos,
fisiologicos e metabdlicos do corpo humano (GERRITSEN et al., 2011). A microbiota
atua na sintese de vitaminas B e K, na resisténcia contra a colonizagdo de
microrganismos patogénicos e na sintese de AGCC (SEKIROV et al.,, 2010;
GERRITSEN et al.,, 2011; DAVILA et al.,, 2013). Além disso, é responsavel pela
modulacdo do sistema imune, promovendo a maturacdo das células imunes e a
manutencdo das funcbes motoras do trato gastrointestinal (ROUND; MAZMANIAN,

2009; CLEMENTE et al., 2012).
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A diversidade da microbiota intestinal pode ser estudada utilizando técnicas
microbioloégicas convencionais ou métodos moleculares. As técnicas microbiologicas
convencionais utilizadas para a identificacdo de bactérias intestinais fornecem viséo
limitada da diversidade e da dindmica da microbiota intestinal, uma vez que a maioria
das bactérias intestinais € incultivAvel em meios convencionais de plagueamento
(ZOETENDAL et al., 2004; GERRITSEN et al., 2011; DUENAS et al., 2015a).

Para uma analise mais precisa da diversidade microbiana intestinal foram
desenvolvidos métodos independentes de cultivo. O uso de métodos moleculares traz
vantagens na identificacdo da populacdo de bactérias intestinais, pois sdo de alta
especificidade, de alto rendimento e realizados em um periodo relativamente curto em
relacdo a maioria das metodologias convencionais. Além disso, permitem a
identificacdo e quantificacdo de bactérias, inclusive de espécies ndo cultivaveis
(FURRIE, 2006; DUENAS et al., 2015a). As técnicas moleculares mais utilizadas nos
estudos da diversidade da microbiota intestinal, baseadas na sequéncia do RNA
ribossomal 16S (16S rRNA), incluem a reagdo em cadeia da polimerase em tempo real
(gPCR), a eletroforese em gel de gradiente desnaturante (DGGE), o polimorfismo de
comprimento de fragmentos de restricdo terminal (T-RFLP) e a hibridizacdo

fluorescente in situ (FISH) (SEKIRQV et al., 2010; GERRITSEN et al., 2011).

1.1. Simulador do Ecossistema Microbiano Humano (SEMH®)

Os estudos da microbiota intestinal podem ser realizados utilizando modelos in
vitro (CHAIKHAM; APICHARTSRANGKOON, 2014; COSTABILE et al., 2015), modelos
animais (BEDANI et al., 2010) ou ensaios clinicos (KIM et al., 2013). Estudos in vivo,
em animais ou humanos, constituem uma abordagem representativa, por levar em
conta interagdes fisiolégicas com o organismo hospedeiro. Contudo, pesquisas in vivo
sdo onerosas, demoradas e muitas vezes restritas a amostras de fezes, que nao
fornecem informacdes sobre os processos microbianos que ocorrrem nas diferentes

regides do célon. Além disso, ha limitacdes sobre os tipos de alimentos ou farmacos
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que podem ser administrados em voluntarios humanos (MACFARLANE;
MACFARLANE, 2007; VENEMA; ABBEELE, 2013).

A dificuldade de acesso as principais regides do intestino estimulou o
desenvolvimento de modelos in vitro. Os modelos in vitro podem monitorar a atividade
microbiana durante o metabolismo, permitindo a amostragem ao longo do tempo em
diferentes regides consecutivas do c6lon humano (VENEMA; ABBEELE, 2013). Além
disso, proporcionam resultados com elevada reprodutibilidade e permitem estudar
mecanismos tendo Vvarios parametros sob controle (VAN DE WIELE et al., 2004).
Dentre as vantagens atribuidas aos sistemas in vitro destacam-se a simplicidade, o
baixo custo e a rapidez (STINCO et al., 2012).

Com o objetivo de aprofundar o conhecimento da relacdo microbiota intestinal e
saude humana, diversos equipamentos que simulam o trato gastrointestinal tém sido
desenvolvidos (PAYNE et al., 2012; VENEMA; ABBEELE, 2013). Em sua esséncia, 0s
modelos in vitro de fermentacdo intestinal sdo caracterizados pela inoculagdo de
material fecal em um Gnico ou multiplos reatores que operam sob tempo de retencéo,
tempetaura e pH semelhantes aos encontrados em humanos e sob condigcbes
anaeroObias (MACFARLANE; MACFARLANE; GIBSON, 1998; MACFARLANE;
MACFARLANE, 2007).

A complexidade dos sistemas de fermentacdo in vitro varia de modelos de
fermentagcdo em batelada para modelos de fluxo continuo de multiplos reatores. A
selecdo do modelo adequado requer avaliacdo cuidadosa dos objetivos do estudo
(MACFARLANE; MACFARLANE, 2007; PAYNE et al., 2012).

Os modelos de fermentagdo em batelada s&o sistemas fechados geralmente
constituidos de reatores que contém suspensdes de material fecal mantidas sob
condigbes anaerdbias. Esses modelos sdo particularmente Uteis para investigar os
perfis metabdlicos de AGCC decorrentes do metabolismo de compostos da dieta pela
microbiota intestinal (PAYNE et al., 2012). J& os modelos de fluxo continuo de mdltiplos

reatores permitem a simulacdo de processos microbianos que ocorrem nas diferentes

22



Capitulo 1

regibes do colon. Uma ampla gama de estudos e resultados inovadores sobre a
modula¢do da comunidade microbiana do intestino e sua funcdo metabdlica foram
obtidos utilizando esses modelos, comprovando a capacidade dindmica desta
tecnologia (MACFARLANE; MACFARLANE; GIBSON, 1998; CINQUIN et al., 2006;
VAN DEN ABBEELE et al., 2010; PAYNE et al., 2012).

A inclusdo das func¢des digestivas do hospedeiro nos modelos de fluxo continuo
de mudltiplos reatores representa a tentativa mais avancada, at¢é o momento, para
simular as fungdes fisiologicas interdependentes de todas as regides do trato
gastrointestinal humano: estbmago, intestino delgado e célon (PAYNE et al., 2012).

O Simulador do Ecossistema Microbiano Humano (SEMH®) é um modelo in vitro
dindmico, cientificamente validado, do trato gastrointestinal completo que permite
estudar parametros fisico-quimicos, enzimaticos e microbianos de forma controlada em
um ambiente in vitro. Esse modelo consiste em cinco reatores conectados em série
(estbmago, intestino delgado, célon ascendente, colon transverso e colon descendente)

que representam as diferentes partes do trato gastrointestinal humano (Figura 1).
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Figura 1. Simulador do Ecossistema Microbiano Humano (SEMH®).

Fonte: Van de Wiele et al. (2015).
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O controle cuidadoso dos parametros ambientais nestes reatores permite obter
comunidades microbianas complexas e estaveis que sdo muito semelhantes em
estrutura e funcdo a comunidade microbiana presente nas diferentes regides do célon
humano (MOLLY et al., 1994; MARZORATI; POSSEMIERS; VERSTRAETE, 2009; VAN
DE WIELE et al., 2015).

O SEMH® tem sido utilizado, principalmente, para estudar o destino metabélico
dos compostos bioativos de alimentos e de farmacos em experimentos de longa
duracdo, além de investigar a atividade e a estabilidade dos probitticos e prebiéticos
durante a transferéncia gastrointestinal (MARZORATI et al., 2014).

Até o presente momento poucos estudos foram realizados com o objetivo de
avaliar o efeito de frutas ou sucos de frutas na modulagcdo da microbiota intestinal

(SANCHEZ-PATAN et al., 2015; MOSELE et al., 2015).

2. Suco de laranja

A citricultura é um dos setores de maior potencial de crescimento do
agronegocio brasileiro. O Brasil € lider mundial na producdo de citros desde meados
dos anos 80. O estado de S&do Paulo e a regido do Triangulo Mineiro, regido
considerada como o cinturdo citricola brasileiro, séo responsaveis por 80% da producdo
nacional de laranja. A maior parte da laranja produzida no pais, em torno de 85%, é
destinada a industria e 15% da produgdo sdo voltados para o consumo in natura
(NEVES et al., 2010; DEPEC, 2015).

O Brasil também é lider mundial na producdo e exportacdo de suco laranja. O
pais detém mais da metade da producdo mundial e exporta 98% do suco de laranja
produzido (DEPEC, 2015). S6 na safra 2014/2015 foram produzidas 1,22 milhdes ton
de suco de laranja, dos quais 1,23 milhdes ton foram de suco pasteurizado (NFC — not
from concentrate) (220 mil ton de FCOJ - frozen concentrated orange juice —
equivalente). As exportacdes brasileiras de suco de laranja corresponderam a 1,20

milhdes ton, sendo 1,23 milhdes ton de suco pasteurizado (220 mil ton de FCOJ
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equivalente) (USDA, 2015).

Estudos indicam a preferéncia do consumidor por suco de laranja fresco, devido
ao sabor e aroma natural caracteristicos da fruta. Dessa forma, 0 suco pasteurizado
também vem sendo muito valorizado pelo consumidor, uma vez que apresenta aroma e
sabor natural muito proximos ao do suco espremido na hora do consumo (CAMPOS et
al., 2006; FIESP; IBOPE, 2010; JANZANTTI; MACHADO; MONTEIRO, 2011;
BISCONSIN-JUNIOR, 2013).

O consumo de suco de frutas vem crescendo em todo o mundo, associado
principalmente a beneficios a saiude e também por atender ao apelo por alimentos
naturais e saudaveis, fontes de nutrientes. Sucos sdo bebidas convenientes e
refrescantes, além de naturalmente possuirem maior tempo de prateleira do que as
frutas in natura (FIESP; IBOPE, 2010; STELLA et al., 2011; STINCO et al., 2012). O
suco de laranja é o mais popular do mundo, com 36,5% de participacdo entre 0S sucos,
sendo consumido em diversos paises de diferentes culturas e habitos alimentares
variados. De cada 5 copos de suco de laranja consumidos no mundo, 3 sdo do Brasil
(NEVES et al., 2010; TETRA PAK, 2011).

O suco de laranja desempenha papel importante na dieta, se destacando por ser
fonte de vitamina C, flavonoides e carotenoides, e por conter acido félico, potassio e
fibras (STELLA et al.,, 2011; STINCO et al., 2012). O consumo regular de suco de
laranja vem sendo associado a reducdo do risco de desenvolvimento de doencas
cronicas, principalmente devido a presenca de compostos bioativos, tais como acido
ascorbico, carotenoides e flavonoides (GHANIM et al., 2010; APTEKMANN; CESAR,
2013; LIU, 2013). O acido ascorbico é considerado o principal composto antioxidante do
suco de laranja e também contribui para a manutencdo da salde vascular e reducéo da
aterogénese (SIMON, 1992; NESS et al.,, 1996). Os flavonoides, principalmente a
hesperidina e narirutina, também apresentam atividade antioxidante (TRIPOLI et al.,
2007), propriedades anti-inflamatérias (MILENKOVIC et al., 2011), hipolipemiantes

(MONFORTE et al., 1995) e anticarcinogénica (BIRT; HENDRICH; WANG, 2001; YANG
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et al., 2001), enquanto os carotenoides apresentam atividade de pré-vitamina A e
reduzem o risco de desenvolvimento de degeneracdo macular (KRINSKY; JOHNSON,
2005). Os compostos bioativos presentes no suco de laranja, especialmente os
polifendis, também podem estar relacionados com a composicao e a funcionalidade da

microbiota intestinal (LAPARRA; SANZ, 2010; PEREIRA-CARO et al., 2015a,b).

2.1. Polifenois

Os compostos fendlicos, também conhecidos como polifendis, sdo metabdlitos
secundarios de plantas e estdo naturalmente presentes em alimentos de origem
vegetal, como frutas, legumes, cereais, chocolate, nozes e bebidas, especialmente,
chéa, café e vinho (WEICHSELBAUM; BUTTRISS, 2010; DUENAS et al., 2015a). Os
polifendis sdo caracterizados por uma estrutura fendlica (BRAVO, 1998), que contém
diversos grupos hidroxila em dois ou mais anéis arométicos de seis carbonos
(D'ARCHIVIO et al.,, 2007; STEVENSON; HURST, 2007). Os polifen6is podem ser
divididos em classes diferentes de acordo com a sua estrutura e o numero de anéis
aromaticos que contém. Os principais grupos de polifendis sao flavonoides, acidos
fendlicos, alcoois fendlicos, estilbenos e lignanas (Figura 2) (D' ARCHIVIO et al., 2007).

O consumo regular de frutas, legumes e gréos integrais, ricos em polifendis, tem
sido associado a reducdo de risco de muitas doengas cronicas, incluindo doencas
cardiovasculares, cancer e diabetes (SCALBERT et al., 2005; CROZIER; JAGANATH,;
CLIFFORD, 2009; LIU, 2013), além disso, os polifendis sdao considerados importantes
compostos antioxidantes capazes de estabilizar os radicais livres, e assim, diminuir o
estresse oxidativo (WANG; CAO; PRIOR, 1996). Estudos sugerem que os beneficios a
saude atribuidos aos polifendis também podem estar relacionados com a modulacéo da
expressao génica e o equilibrio da microbiota intestinal (DOLARA et al., 2005;
LARROSA et al., 2009; HERVERT-HERNANDEZ; GONI, 2011; CARDONA et al., 2013;

PARKAR; TROWER; STEVENSON, 2013).
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Acidos Hidroxibenzoicos

R1=R2=R3=0H: Acido Galico
R1=R2=0H, R3=0H: Acido Protocatecuico

Estilbenos

Resveratrol

Alcoois Fenélicos

OH

R,

R1=0H, R2=H: Tirosol
R1=R2=0H: Hidroxitirosol

Figura 2. Estruturas quimicas dos polifendis.

Fonte: D’Archivio et al. (2007).
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O impacto fisiolégico dos polifendis depende da sua absorcdo intestinal e

estrutura quimica. Outro fator que pode ser determinante sdo as diferencas na

microbiota entérica devido a grande variabilidade interindividual (ERLUND et al, 2000;

VALDES et al., 2015). Quando ingeridos, os polifenéis sdo metabolizados por enzimas

intestinais e hepaticas e pela microbiota presente no célon intestinal resultando em

metabdlitos conjugados diferentes dos compostos nativos (KANAZE et al., 2007

SILVEIRA, 2014).

A maioria dos polifendis nos alimentos esta presente na forma glicosidea, que

ndo pode ser absorvida pela mucosa intestinal, sendo, portanto, necessario que ocorra

a liberacao dos polifendis de sua matriz alimentar dando origem as agliconas. Cerca de

27



Capitulo 1

5% a 10% dos polifendis ingeridos sdo absorvidos no intestino delgado, enquanto 90%
a 95% chegam ao célon onde sdo degradados pela microbiota intestinal em uma
diversidade de metabolitos fendlicos bioativos, que sdo em seguida, absorvidos
(DUENAS et al., 2015b; VALDES et al., 2015). Na parede intestinal, os polifenois
sofrem reacdes de conjugacdo, tais como glicuronidacdo e metilacdo (BRAND et al.,
2008; SPENCER et al., 1999), e sdo conduzidos dos enterdcitos ao figado pela
circulacdo entero-hepatica, onde sofrerdo outras rea¢des, como metilacdo, sulfatacéo e
glicuronidacéo, formando uma variedade de metabdlitos (SCALBERT; WILLIAMSON,
2000; MANACH et al.,, 2004; MATSUMOTO et al, 2004; DOURADO, 2009).
Finalmente, os metabdlitos podem ser excretados pela bile e/ou urina dependendo do
metabdlito formado (Figura 3) (HEIM; TAGLIAFERRO; BOBILVA, 2002; KEMPERMAN

et al., 2010).

Enterdcitos Ci = .
) irculacdo entero-hepatica
Alimento s P

I

Glicosideo

Agliconas

!

Agliconas

!

l

Metabdlitos

!

Excregdo

Metabdlitos
microbianos

I
fecal Colondcitos Excre¢do na urina

Figura 3. Metabolismo dos polifendis.

Fonte: Adaptado de Kemperman et al. (2010).

28



Capitulo 1

Os metabdlitos conjugados produzidos endogenamente sdo responsaveis pelos
efeitos sistémicos dos polifendis, portanto, o conhecimento sobre a natureza dos
metabdlitos gerados pelo organismo é fundamental para a realizacdo de estudos sobre

0s supostos efeitos benéficos na saude (BREDSDORFF et al, 2010; SILVEIRA, 2014).
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ABSTRACT

The aim of this research was to evaluate the influence of fresh orange juice (FOJ) and
pasteurized orange juice (POJ) on gut microbiota using the Simulator of the Human
Intestinal Microbial Ecosystem (SHIME®) in a long-term experiment. SHIME® vessels
were used to investigate orange juice fermentation throughout the colon and to assess
changes in microbial composition and fermentation metabolites (short-chain fatty acids,
or — SCFA, and ammonium). Antioxidant activity of the SHIME® vessels and juice was
also evaluated. The FOJ increased (p<0.05) Lactobacillus spp., Enterococcus spp.,
Bifidobacterium spp. and Clostridium spp. and reduced (p<0.05) enterobacteria. The
POJ increased (p<0.05) Lactobacillus spp. and reduced (p<0.05) enterobacteria. The
PCR-DGGE analysis showed a reduction in total bacteria population richness values.
The FOJ and POJ increased (p<0.05) butyric, acetic and propionic acid concentrations
whereas the ammonium production was reduced (p<0.05). High values of antioxidant
activity were observed as a result of the FOJ and POJ treatments. Principal component
analysis indicated that both POJ and FOJ juices had a positive influence on gut
microbiota. The FOJ and POJ were found to exhibit selective prebiotic activity,
particularly in terms of gut microbiota. This finding is in agreement with increases in both
SCFAs and commensal bacteria, as well as with decreases in ammonium levels, though

total bacteria richness values were reduced.

Keywords: citrus juice; SHIME?®; intestinal microbiota; colonic fermentation.
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1. Introduction

Gut microbiota represents a complex and diversified system of microorganisms
that colonize the gastrointestinal (Gl) tract, particularly in the colon region within the
large intestine. The favorable conditions of this part of the Gl tract include slow gut
transit time, the availability of nutrients, and favorable pH (Frick & Autenrieth, 2013;
Payne, Zihler, Chassard, & Lacroix, 2012). There are approximately 10** bacterial cells
per gram of luminal content inhabiting the colon. Estimates of the number of bacterial
species present in the gut microbiota vary from 500 to 1150 (Frick & Autenrieth, 2013).

The gut microbiota has a direct impact on host's health, since this system plays
an important role in immunological, physiological, and metabolic processes in the
human body (Gerritsen, Smidt, Rijkers, & De Vos, 2011). This microbiota is involved in
the synthesis of vitamins B and K, in the resistance of the colonization of pathogenic
microorganisms, and in the synthesis of fermentation products that supply energy to the
epithelium of the colon, such as short-chain fatty acids, or SCFAs (Davila et al., 2013;
Gerritsen et al., 2011; Sekirov, Russell, Antunes, & Finlay, 2010). The gut microbiota is
also responsible for regulating the immune system by promoting the maturation of
immune cells and by maintaining the motor functions of the gastrointestinal tract
(Clemente, Ursell, Parfrey, & Knight, 2012; Round & Mazmanian, 2009).

Both the composition and the metabolism of the gut microbiota are strongly
influenced by diet. Many studies indicate that nutritional intervention may selectively
modify certain groups of bacteria (Russel et al., 2011; Scott, Gratz, Sheridan, Flint, &
Duncan, 2013; Walker et al., 2011). Gut microbiota can be modulated using probiotic
microorganisms, prebiotic fibers, or symbiotic combinations (Bianchi et al., 2014;
Chaikham & Apichartsrangkoon, 2014; Costabile et al., 2015; Pereira-Caro, Oliver, et
al., 2015). However, few studies have been performed to evaluate the impact of fruits or
fruit juices on the modulation of gut microbiota (Mosele et al., 2015; Sdnchez-Patan et
al., 2015).

The importance of orange juice consumption has long been established. It is a
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source of vitamin C, flavonoids, and carotenoids and also contains folic acid, potassium,
and fibers (Stella, Ferrarezi, Santos, & Monteiro, 2011; Stinco et al., 2012). Orange juice
consumption has been associated with a reduced risk of chronic diseases, largely
because of the presence of bioactive compounds such as ascorbic acid, carotenoids,
and flavonoids (Aptekmann & Cesar, 2013; Ghanim et al., 2010; Morand et al., 2011). It
also contributes to vascular health and to reduce in atherogenesis. Ascorbic acid is
considered the main antioxidant compound of orange juice (Ness, Khaw, Bingham, &
Day, 1996; Simon, 1992). Flavonoids — particularly hesperidin and narirutin — also
exhibit antioxidant activity (Tripoli, La Guardia, Giammanco, Di Majo, & Giammanco,
2007), anti-inflammatory properties (Milenkovic, Deval, Dubray, Mazur, & Morand,
2011), lipid-lowering properties (Monforte et al., 1995), and anticarcinogenic properties
(Birt, Hendrich, & Wang, 2001; Yang, Landau, Huang, & Newmark, 2001). Carotenoids
exhibit provitamin A activity and also reduce the risk of developing macular degeneration
(Krinsky & Johnson, 2005).

The bioactive compounds present in orange juice — particularly polyphenols —
may also be associated with the metabolism of gut microbiota (Laparra & Sanz, 2010;
Pereira-Caro, Oliver, et al.,, 2015; Pereira-Caro, Borges, et al., 2015). Some studies
have shown that gut microbiota transforms phenolic compounds into bioactive
metabolites. It therefore contributes to intestinal homeostasis, stimulates the growth of
beneficial bacteria (Lactobacillus spp. and Bifidobacterium spp.), and inhibits pathogenic
bacteria. In these ways, it has a prebiotic effect (Duefias et al., 2015; Guglielmetti et al.,
2013; Parkar, Trower, & Stevenson, 2013).

The objective of this study was to evaluate the influence of fresh orange juice
(FOJ) and pasteurized orange juice (POJ) on gut microbiota using the Simulator of the
Human Intestinal Microbial Ecosystem (SHIME®). The SHIME® is an in vitro model that
dynamically simulates the human gastrointestinal tract and has proven useful for
nutrition studies that analyze the composition and activity of the gut microbial community

(De Boever, Deplancke, & Verstraete, 2000; Possemiers, Marzorati, Verstraete, & Van

39



Capitulo 2

de Wiele, 2010; Sivieri et al., 2013; Van de Wiele, Boon, Possemiers, Jacobs, &

Verstraete, 2007).

2. Material and methods
2.1. Orange juice

The FOJ and POJ were prepared from Péra-Rio orange, a Brazilian variety,
responsible for most of the exportation. The FOJ was extracted using a JBT 391B
extractor at the JBT FoodTech pilot plant in Araraquara, SP, Brazil. The POJ was
supplied by a citrus industry from Araraquara region, SP, Brazil. This juice was
pasteurized at 95°C for 30 s (Bisconsin-Junior, Rosenthal, & Monteiro, 2014). The juices

were frozen and kept at -18°C until use.

2.2. Physicochemical characteristics of the orange juice
Soluble solids, pH, titratable acidity, ascorbic acid, reducing sugars, and total
sugars were determined following the methods described in the AOAC (2012). All

analyses were performed in triplicate.

2.3. Simulator of Human Intestinal Microbial Ecosystem (SHIME®)

The SHIME® (registered trademark from Ghent University and ProDigest) is a
simulator of the human intestinal microbial ecosystem in which environmental conditions
(pH, retention time, and temperature) are controlled. The SHIME® consists of five
double-jacketed vessels representing the stomach, small intestine and ascending colon
(AC), the transverse colon (TC) and the descending colon (DC) of the human
gastrointestinal tract (Molly, Woestyne, De Smet, & Verstraete, 1994). The overall
retention time of the last three vessels, simulating the large intestine, was 76 h. The pH,
retention time, and volumetric capacity corresponding to each vessel are based on the

methodology described by Possemiers, Verthé, Uyttendaele, and Verstraete (2004).
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The vessels operated at 37°C and were stirred continuously using a magnetic
stirrer. The inside of each vessel was kept in anaerobiosis through the daily injection of
N, for 30 min, and the pH of each portion of the tract was automatically adjusted with the
addition of 0.5N NaOH or 0.5N HCI (Figure 1) (Molly et al., 1994; Possemiers et al.,

2004).
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e —
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Figure 1. Photograph of the Simulator of the Human Intestinal Microbial Ecosystem (SHIME®).
Vessel 1 = stomach; Vessel 2 = small intestine; Vessel 3 = ascending colon; Vessel 4 =
transverse colon; Vessel 5 = descending colon; a = pump that carries the carbohydrate-based
medium to the stomach; b = pump that carries the pancreatic juice to the small intestine; ¢ =
transfer pump from the stomach to the small intestine; d = transfer pump from the small intestine
to the ascending colon; e = transfer pump from the ascending colon to the transverse colon; f =
transfer pump from the transverse colon to the descending colon; g = transfer pump from the
descending colon to final disposal; 1 = Vessel 3 (acid) pH control pump; 2 = Vessel 3 (base) pH
control pump; 3 = Vessel 4 (acid) pH control pump; 4 = Vessel 4 (base) pH control pump; 5 =
Vessel 5 (acid) pH control pump; 6 = Vessel 5 (base) pH control pump; 7 = stomach (base) pH
control pump; 8 = stomach (acid) pH control pump.

2.3.1. Carbohydrate-based medium composition

The carbohydrate-based medium used in the SHIME® was prepared in distilled
water. It was made of 3 g/L of starch (Unilever, Brazil), 2 g/L of pectin (Sigma, USA), 4
g/L of type Il mucin from porcine stomach (Sigma, USA), 1 g/L of xylan (Sigma, USA), 1
g/L of peptone (Acumedia, USA), 1 g/L of arabinogalactan (Sigma, USA), 0.4 g/L of
glucose (Synth, Brazil), 3 g/L of yeast extract (Acumedia, USA), and 0.5 g/L of L-

cysteine (Sigma, USA) following Possemiers et al. (2004).
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2.3.2. Fecal inoculum

The fecal inoculum was prepared using a fecal sample from an adult volunteer
who had not taken antibiotics for 2 years prior to the experiment. A 20-gram fecal
sample was collected. The sample was diluted in 200 mL of phosphate buffer containing
0.05 mol/L of Na,HPOQO,, 0.05 mol/L of NaH,PO,, and 0.1% sodium thioglycolate
(C,H3NaO,S); pH was 6.5. The diluted sample was homogenized in a sample
homogenizer (Model No. 130, Nova Etica, Brazil) for 10 min and centrifuged for 5 min at
3000 rpm. Next, 40 mL of supernatant were added to each of the three simulated colon
vessels (AC, TC, and DC) and each vessel was then filled with the carbohydrate-based

medium (Possemiers et al., 2010).

2.3.3. Experimental protocol

The SHIME® experiment was performed continually for 8 weeks. During the
control period, the carbohydrate-based medium (210 mL) was added to the system
twice a day for 14 days so that the microbial community could be adapted to the
physicochemical and nutritional conditions that dominate the different parts of the colon,
and also so that a stable microbial community could be formed (Van de Wiele et al.,
2007). After two weeks of adaptation, the treatment periods were initiated (FOJ and
POJ). The microbial communities present in the last three vessels of the culture system
were fed, twice a day, with the carbohydrate-based medium (105 mL) and juices (105
mL). The treatments lasted for 14 days. At the end of each treatment, a seven-day
washout period was initiated. During this period, the carbohydrate-based medium (210
mL) was added into the SHIME®. As shown in Figure 2, the experimental conditions
used in the SHIME® were consistent with the methodology described by Chaikham and

Apichartsrangkoon (2014).
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FRESH ORANGE JUICE WASHOUT 1 PASTEURIZED ORANGE WASHOUT 2
CONTROL PERIOD TREATMENT JUICE TREATMENT
| 14 DAYS | 14 DAYS | 7 DAYS | 14 DAYS | 7 DAYS |
| 2x DAY | 2 x DAY | 2 x DAY | 2 x DAY 2 x DAY |
210 ML CARBOHYDRATE-BASED 105 ML CARBOHYDRATE-BASED 210 ML 105 ML CARBOHYDRATE-BASED 210 ML
MEDIUM MEDIUM + 105 ML FRESH CARBOHYDRATE- MEDIUM + 105 ML CARBOHYDRATE-
ORANGE JUICE BASED MEDIUM PASTERURIZED ORANGE JUICE BASED MEDIUM

Figure 2. Experimental protocol using the Simulator of the Human Intestinal Microbial Ecosystem
(SHIME®).

2.4. Microbiological analysis

The number of colony forming units log CFU/mL SHIME® fluid was determined
by plating serial dilutions of samples of sterile 0.1% peptone water on selective culture
media according previously described by Bianchi et al. (2014). Numbers of total aerobic
bacteria and facultative anaerobic bacteria were determined by plating on Standard
Methods agar and incubation at 37°C/48 h aerobically or anaerobically, respectively.
MRS agar with incubation at 37°C/48 h, anaerobically, was used to determine the
number of lactobacilli. BIM-25 agar with incubation at 37°C/72 h, anaerobically, was
used to determine the number of Bifidobacterium spp. Clostridium spp. was enumerated
anaerobically using Reinforced Clostridial agar at 37°C/48 h. Enterococcus spp. was
enumerated aerobically using KF Streptococcus agar at 37°C/48 h. MacConkey agar
was used as selective media for enterobacteria with incubation at 37°C/48 h,

anaerobically.

2.4.1. Analysis using Polymerase Chain Reaction-Denaturing Gradient Gel
Electrophoresis (PCR-DGGE)

The PCR-DGGE of the total bacteria was performed in order to determine the
effect of the treatments on the microbial community of the colon. The DNA was
extracted from the simulated colon vessels samples (AC, TC, and DC) using the
QlAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the

manufacturer's protocol, though with changes to the initial sample quantity (200 mg per
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2 mL) and an ATE buffer (200 pL per 50 pL). The DNA was quantified using a
NanoVue™ Plus spectrophotometer (GE Healthcare, USA).

The primers used to replicate the DNA were 968FGC (5'-CGC CCG GGG CGC
GCC CCG GGC GGG GCG GGG GCA CGG GGG GAA CGC GAA GAA CCT TAC-3))
and 1401R (5-CGG TGT GTA CAA GAC CC-3) (Nubel et al, 1996). DNA
polymerization was performed using GoTaq® Green Master Mix (Promega, USA). The
samples were amplified in a thermal cycler (Applied Biosystems, USA) using the
following conditions: initial denaturation at 95°C for 7 min; 35 denaturation cycles at
94°C for 45 s, annealing at 56°C for 45 s, extension at 72°C for 1 min, and final
extension at 72°C for 10 min, followed by cooling at 4°C.

Electrophoresis was performed using 8% polyacrylamide gel with a 45-65%
denaturing gradient for 16 h at 75 V in a 1 x TAE buffer at constant temperature of 60°C,
as described by Reis, Carosia, Sakamoto, Varesche, and Silva (2015). The gels were
stained using ethidium bromide following Sanguinetti, Dias Neto, and Simpson (1994),
scanned (400 dpi), and analyzed using the BioNumerics software, version 6.0 (Applied
Maths, Belgium).

The distance matrices for each DGGE were based on the Jaccard similarity
coefficient. These matrices were used for the cluster analysis. The analysis was

performed using the BioNumerics software, version 6.0.

2.4.2. Ecological analysis of the total bacteria population

The DGGE fingerprinting technique is commonly used to represent the genetic
structure and diversity of a microbial community from a specific environment (Marzorati,
Wittebolle, Boon, Daffonchio, & Verstraete, 2008; Muyzer & Smalla, 1998). The
ecological analysis (richness and functional organization) was performed following
Marzorati et al. (2008). Richness (Rr) is correlated with band distribution patterns in the
DGGE and with the percentage of the gel denaturing gradient necessary to represent

the total diversity of the sample. This concept may be expressed mathematically when
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the Rr index is defined as (N* x Dg), where N represents the total number of standard
bands and Dg represents the denaturing gradient between the first and last band of the
pattern.

The Pareto-Lorenz distribution curves were created in order to graphically
represent the structure of bacterial communities based on DGGE profiles (Lorenz, 1905;
Mertens, Boon, & Verstraete, 2005; Wittebolle, Vervaeren, Verstraete, & Boon, 2008).
For each DGGE lane, the respective bands are ranked from high to low, based on their
intensities. The cumulative normalized number of bands is used as x-axis, and their
respective cumulative normalized intensities represent the y-axis. The more the PL
curve deviates from the 45° diagonal (the theoretical perfect evenness line), the less
evenness can be observed in the structure of the studied community. The latter means
that a smaller fraction of the different species is present in dominant numbers
(Dejonghe, Boon, Seghers, Top, & Verstraete, 2001; Mertens et al., 2005; Wittebolle et

al., 2008).

2.5. Ammonium analysis

Ammonium levels were determined using a specific ion meter (Model No. 710A,
Orion) coupled with the ammonia electrode ion selective meter (Model No. 95-12,
Orion). The samples from the colon vessels (25 mL) were added to 0.5 mL of an
ammonia pH adjusting ionic strength adjuster solution (Orion), and the ammonium level

was measured three times (Bianchi et al., 2014).

2.6. Short-Chain Fatty Acid (SCFA) analysis

Samples were collected weekly from the simulated colon vessels (AC, TC, and
DC) and were stored at -20°C. The samples (2 mL) were centrifuged at 14000 rpm for 5
min, and 100 pL of the supernatant was diluted in 1.900 uL of ultrapure water.
Afterwards, 1 g of NaCl was added, as well as 100 pyL of crotonic acid, 70 pL of

isobutanol, and 200 pyL of 2M H,SO,4. The SCFAs were analyzed using a 2010-Model
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gas chromatograph (Shimadzu, Japan) equipped with a split/splitless injector, a flame
ionization detector, and a CombiPAL automated sampler for headspace analysis. The
SCFAs were separated using a HP-INNOWAX column (30 m x 0.25 mm x 0.25 um)
(Agilent Technologies, USA). The carrier gas was hydrogen and the flow rate was 1.45
mL/min. The temperature of both the injector and detector was 240°C (Adorno,

Hirasawa, & Varesche, 2014).

2.7. Antioxidant activity
2.7.1. Extraction of antioxidant compounds from orange juice

The antioxidant compounds were extracted from the orange juice following the
method described by Asami, Hong, Barrett, and Mitchell (2003). Orange juice (5 mL)
and a methanol:water solution (80:20, v/v) (10 mL) were vortexed for 1 min, placed in an
ultrasonic bath at room temperature for 15 min, and centrifuged at 9000 rpm for 20 min.
The supernatant was filtered (Whatman filter paper, No. 1), and the extraction was
repeated using the precipitate, under the same conditions. The supernatants were
collected and combined in a volumetric flask. Juice extraction was performed in

triplicate.

2.7.2. Preparing the samples from the SHIME®

Samples from the simulated colon vessels (AC, TC, and DC) (20 mL) were
collected in each period of analysis and centrifuged at 5000 rpm for 5 min. The
supernatant was filtered (Whatman filter paper, No. 1) and stored in a freezer at -20°C

until use.

2.7.3. ABTS" assay
The antioxidant activity of the juices and the antioxidant activity of the samples
from the simulated colon vessels were determined using ABTS" assay, based on the

method described by Rufino et al. (2010). ABTS radical cation (ABTS") was obtained
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from the reaction of 5 mL of ABTS solution (7 mM) with 88 pL of potassium persulfate
solution (140 mM). The solution was left in the dark for 16 h to guarantee the complete
formation of the ABTS'. The ABTS' solution was diluted with ethanol until an
absorbance of 0.66 £ 0.01 at 750 nm. The orange juice extracts and the samples from
colon vessels (AC, TC, and DC) were used to prepare diluted solutions. Three orange
juice:ethanol solutions (1:5; 3:5 v/v, and whole extract), and three colon vessel
sample:water solutions (1:3; 2:3 v/v, and whole supernatant) were used to determine
antioxidant activity. The orange juice and colon vessel sample solutions (30 uL) were
added to 3.0 mL of the diluted ABTS" solution. After 6 min, the decrease in absorbance
was read at 750 nm against a blank (ethanol) using an Evolution 220 spectrophotometer
(Thermo Scientific, USA). Calibration curves were built with Trolox (100-600 pmol/L).

The analyses were performed in triplicate.

2.8. Statistical analysis

Analysis of variance (ANOVA), Tukey's test, and Student's t-test were applied to
the data (p<0.05) using the StatGraphics Centurion 15.0 software (StatPoint Inc.,USA).
For Principal Component Analysis (PCA), SCFA and ammonium production, antioxidant
activity, and Lactobacillus spp., Bifidobacterium spp., and enterobacteria counts were
fixed in columns (variables), and the experimental periods were organized into lines
(cases). The data was standardized before the analyses. The PCA analysis was
performed with correlation matrix and without factor rotation using the Statistica 10.0

software (StatSoft Inc., USA).

3. Results and discussion
3.1. Physicochemical characteristics of orange juice

The physicochemical characteristics of the FOJ and POJ are in Table 1. The
physicochemical characteristics of the FOJ and POJ were in accordance with the

requirements of the Brazilian law (Brasil, 2000). The results were consistent with those
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from ten brands of ready-to-drink orange juice and nectar, as reported by Stella et al.

(2011), and those of fresh orange juice, described by Bisconsin-Junior et al. (2014).

Table 1. Physicochemical characteristics of fresh orange juice (FOJ) and pasteurized orange
juice (POJ).

Parameter FOJ POJ
Soluble solids (°Brix) 12.56 £ 0.05 10.93 £ 0.05
Titratable acidity (g of citric acid/100 mL) 0.70 £ 0.02 0.47 £0.00
pH 3.22 £ 0.02 3.62+0.01
Reducing sugars (g glucose/100 mL) 4,32 +0.08 3.53+0.02
Total sugars (g glucose/100 mL) 8.47 £0.10 7.36 £ 0.08
Ascorbic acid (mg/100 mL) 43.13+0.44 34.18 £ 0.25

Average + standard deviation; (n=3).

3.2. Microbiological analysis

In the FOJ treatment, 1 log CFU increase in Lactobacillus spp. and Enterococcus
spp. populations was observed (p<0.05) in all the three regions of the colon. The largest
Lactobacillus spp. count was observed in the simulated AC (Table 2). According to
Sivieri, Bianchi, Tallarico, and Rossi (2011), the pH of the ascending colon is between
5.6 and 5.9, a range that favors the growth of this genus. In addition, the greatest
amount of saccharolytic bacteria (such as Lactobacillus spp.) occurs in this part of the
colon due to the greater quantity of carbohydrates available in this compartment (Besten
et al., 2013). 1 log CFU increase (p<0.05) in Bifidobacterium spp. population was
observed in the simulated TC and DC. In addition, 1 log CFU increase (p<0.05) in
Clostridium spp. was found in the simulated AC and TC. Total aerobes and facultative
anaerobes were found to have increased by 1 log CFU (p<0.05) in the simulated AC. 1
log CFU reduction in the enterobacteria population (p<0.05) was observed in the AC
relative to the control period. In the POJ treatment, there was 1 log CFU increase

(p=<0.05) in the Lactobacillus spp. population and in total aerobes in the simulated DC.
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Table 2. Microbial counts (log CFU/mL) of different groups of bacteria from the vessels

mimicking the ascending colon (AC), the transverse colon (TC), and the descending colon (DC)

as a result of treatments with fresh orange juice (FOJ) and pasteurized orange juice (POJ).

Microbial groups Experimental period AC TC DC
Control 7519+0.15  7.45°+0.02 7.46° £ 0.05
FOJ 8.84°+0.02  8.60°+0.19 8.51% +0.03
Lactobacillus spp. Washout 1 7.81°+0.03 7.95° +0.05 7.39°+0.09
POJ 8.58" + 0.08 8.52% £ 0.01 8.50% +0.10
Washout 2 7.92°+022  7.39°+0.09 7.70° +0.01
Control 7.52°+0.03 7.15°+0.01 7.23°+0.01
FOJ 7.84°+0.05  8.30%+0.04 8.21%+0.07
Bifidobacterium spp. Washout 1 7.90°+0.04  8.00°+0.01 7.38° +0.02
POJ 8.10% £ 0.04 8.34% £ 0.04 8.25% + 0.08
Washout 2 759°+0.11  6.35"+0.35 7.15°+0.15
Control 7.74°+0.03  7.30°+0.10 7.53%+0.06
FOJ 8.81°+0.03  8.38°+0.02  8.46%+0.03
Clostridium spp. Washout 1 8.44° £ 0.02 8.57% £ 0.01 8.11°+0.03
POJ 8.61°+0.02  8.44°+0.04 8.40° +0.08
Washout 2 8.207+0.05  8.06°+0.02 8.52% +0.09
Control 5.17°+0.09  5.16%+0.01 5.26° + 0.06
FOJ 6.85°+0.03  6.77°+0.03 6.33°+0.03
Enterococcus spp. Washout 1 7.39°+0.09  7.39°+0.39 7.00° +0.02
POJ 8.14% £ 0.04 7.38° +0.09 7.66% £ 0.05
Washout 2 7.39°+0.07  8.72%+0.07 6.00" + 0.00
Control 5.74% £ 0.44 6.59% + 0.04 6.53% +0.03
FOJ 435°+0.05  5.92°+0.05 6.47" + 0.05
Enterobacteria Washout 1 5.63% £ 0.15 6.51° +0.01 6.90°+ 0.04
POJ 3.39°+0.09  5.18%+0.07 7.10° +0.03
Washout 2 2.87+0.03  5.01°+0.01 7.68%+0.14
Control 7.75° + 0.04 7.61°+0.02 7.59°+0.01
FOJ 8.83° +0.04 8.46% + 0.06 8.37% £ 0.07
Total Aerobes Washout 1 9.00°+0.07  8.19°+0.11 7.39% +0.09
POJ 8.47°+0.02  8.34™+0.06 8.44% + 0.05
Washout 2 7.87°+0.09  7.15%+0.15 7.74° £0.04
Control 7.68°+0.04 7.64°+0.09 7.57°+0.01
FOJ 8.77% +0.01 8.12° +0.05 8.29% £ 0.01
Facultative Anaerobes Washout 1 8.04°+0.04  8.01°+0.17 7.76" +0.07
POJ 8.41° +0.03 8.43% £ 0.01 8.32% £ 0.04
Washout 2 7.90°+0.02  7.15%+0.15 7.69° +0.21

Average + standard deviation; (n=3).
Averages with different lower-case letters in the same column differ significantly according to the

Tukey's test (p<0.05).
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Meanwhile, there was 2 log CFU reduction in the enterobacteria population in the AC
and 1 log CFU reduction in the TC relative to washout 1 (Table 2).

During the orange juice treatments, an increase in Lactobacillus spp. and
Bifidobacterium spp. populations and a decrease in enterobacteria population were
observed, showing the effect on the gut microbiota. Studies involving gut microbiota and
the ingestion of orange juice are still rare; however, some authors have suggested a
relationship between a diet rich in polyphenols and an increase in Lactobacillus spp.,
Bifidobacterium spp., and Enterococcus spp. diversity (Cueva et al., 2013; Molan, Liu, &
Kruger, 2010; Valdés et al., 2015; Viveros et al., 2011).

The increase in Bifidobacterium spp. and Lactobacillus spp. populations in the
colon provides benefits to intestinal health, including the regulation of the immune
system and the production of short-chain fatty acids. These populations can also exhibit
antimicrobial capacities through bacteriocin production, which enables the reduction of
pathogenic bacteria populations (Jacobsen et al., 1999; Mitsuoka, 1990).

The reduction in the enterobacteria population is also considered beneficial to
the body; when present in high quantities, enterobacteria exhibit greater pathogenic
potential (Montesi et al., 2005). Sanchez-Patan et al. (2015) also observed a significant
reduction in the enterobacteria population after in vitro batch incubations with cranberry
and grape seed extracts in the ascending and descending colons, showing that fruits
rich in polyphenols may inhibit some genera of colonic microbiota such as
enterobacteria.

Elevated Clostridium spp. counts are not necessarily associated with negative
effects on health. Some species of the genus Clostridium are associated with the
production of short-chain fatty acids, which are beneficial to health (Possemiers et al.,
2010; Sivieri et al.,, 2013). However, other species are involved in the inflammatory
processes of gastrointestinal disorders because of their metabolic activity and

pathogenic nature (Guarner & Malagelada, 2003; Montesi et al., 2005).
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3.2.1. PCR-DGGE

The analysis of the cluster generated by the DGGE band profile revealed that the
samples from the simulated AC vessel were separated into three different clusters
(Figure 3A). Cluster 1 (C1) was represented by the total bacteria in the treatments with
FOJ and POJ (50% similarity), Cluster 2 (C2) included the total bacteria in washout
periods 1 and 2 (50% similarity), and Cluster 3 (C3) was represented by the total
bacteria in the control period. The same cluster division was observed in the simulated
TC, though with different similarity values: the clusters were formed by FOJ and POJ
(56% similarity), washout 1 and washout 2 (74% similarity), and the control period
(Figure 3B). In the case of the simulated DC, total bacteria in the control period and
washout 1 formed one cluster with 73% similarity and another cluster with 77% similarity

between the two juice treatments and washout 2 (Figure 3C).
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Figure 3. Cluster analysis of the DGGE profiles of total bacteria from the vessels mimicking the
ascending colon (AC), the transverse colon (TC), and the descending colon (DC) as a result of
treatments with fresh orange juice (FOJ) and pasteurized orange juice (POJ). C1: Cluster 1; C2:
Cluster 2; C3: Cluster 3.
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In the simulated AC and TC vessels, the treatments with FOJ and POJ were
clustered separately from the control and washout periods, respectively, indicating that
there were changes in total bacteria composition induced by the orange juice
treatments. This result is supported by the decrease in the number of PCR-DGGE
bands during the orange juice treatments; however, when the juice administration was
suspended (the washout periods), an increase in the number of bands was observed.
Similar results were observed by Kemperman et al. (2013), who reported a reduction in
the number of bands representing total bacteria after treatment with black tea extract
and red wine grape extract using the SHIME® model. One of the advantages of PCR-
DGGE analysis is the ability to visually monitor the profile and changes that occur in the
microbial community when different treatments are applied (Chaikham,

Apichartsrangkoon, Jirarattanarangsri, & Van de Wiele, 2012; Muyzer & Smalla, 1998).

3.2.2. Ecological analysis of the total bacteria population

The richness values of the simulated AC vessel in the treatments with FOJ and
POJ were 18.58 and 19.01, respectively; after the treatments, there was an increase in
richness in the washout 1 (58.21) and the washout 2 (42.77). The simulated TC vessel
was found to have a higher richness value in the POJ treatment (58.21). The richness
values of the simulated DC vessel in the two juice treatments and in washout 1 were
very similar (39.20). The highest value observed in this colon vessel was in the control
period (48.40) (Figure 4).

According to Marzorati et al. (2008), richness values between 10 and 30
correspond to a microbial community of average richness, while richness values above
30 represent a highly rich microbial community typical of very habitable environments
and high diversity. Thus, it can be said that the simulated TC and DC provide a healthier
environment than the simulated AC, which results in a large number of total bacteria
species in these colon vessels. Meanwhile, the richness values of the simulated AC

decreased in the juice treatments, a finding which likely reflects colonization by fewer
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species. This result suggests that, in the simulated AC, the juice treatments had a
reducing effect on the total bacteria.

Kemperman et al. (2013) observed that the polyphenols present in black tea and
red wine grape extracts affected microbial composition and promoted a reduction in
richness values in the three colon vessels that represented the ascending, transverse,
and descending colons in the SHIME® model. The authors attributed these results to the
selective effect of the polyphenols and suggested that dominant species may express
metabolic pathways for degradation of polyphenols or may be resistant to the

antimicrobial effect of the phenolic compounds.
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Figure 4. Richness level of the total bacteria population from the vessels mimicking the

Richness (Rr)

ascending colon (AC), the transverse colon (TC), and the descending colon (DC) as a result of
treatments with fresh orange juice (FOJ) and pasteurized orange juice (PQOJ).

Another parameter used to evaluate the structure and functionality of the total
bacteria population was functional organization through the construction of a Pareto-
Lorenz (PL) curve. The treatments with FOJ and POJ were not found to influence the
functionality of the total bacteria population in the three regions of the colon. The

average functionality coefficient of the total bacteria population was 32%, close to the
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25% Pareto-Lorenz curve (Figure 5). In ecological terms, this represents high
community uniformity, but it does not present a well-defined internal structure in terms of
dominant species. This community is characterized as a community with low functional

organization (Marzorati et al., 2008).
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Figure 5. Pareto-Lorenz curve from the vessels mimicking the ascending colon (AC), the
transverse colon (TC), and the descending colon (DC) as a result of treatments with fresh orange

juice (FOJ) and pasteurized orange juice (POJ).

3.3. Ammonium

There was a reduction (p<0.05) in ammonium production in the treatments with
FOJ and POJ (Table 3). This reduction was positive, since ammonium corresponds to
one of the products of the protein degradation performed by the gut bacteria, which is
considered a metabolite that negatively affects intestinal health (Davila et al., 2013;
Montalto, D’onofrio, Gallo, Cazzato, & Gasbarrini, 2009). When present at high
concentrations, ammonium has the capacity to change the morphology of epithelial cells
of the gut and to act as tumor promoters in the colon (Hughes, Magee, & Bingham,

2000; Scott et al., 2013).
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Similar results were found by Chaikham and Apichartsrangkoon (2014), who
observed a reduction in the concentation of ammonium in all of the colon vessels in the

SHIME® model in a treatment with pasteurized longan juice.

Table 3. Ammonium concentration (mmol/L) from the vessels mimicking the ascending colon
(AC), the transverse colon (TC), and the descending colon (DC) as a result of treatments with

fresh orange juice (FOJ) and pasteurized orange juice (POJ).

Experimental period AC TC DC
Control 13.77°° £ 0.09 19.98% + 0.09 23.78" +0.17
FOJ 0.38% +0.01 3.51%® + 0.05 4.60" +0.03
Washout 1 30.18%° + 0.26 34.85%® + 0.38 38.65*" + 0.23
POJ 0.39%° +0.01 0.62°° + 0.02 3.42°* +0.03
Washout 2 24.76™ + 0.28 29.16™ + 0.17 20.21° + 0.54

Average + standard deviation; (n=3).

Averages with different lower-case letters in the same column differ significantly according to the
Tukey's test (p<0.05).

Averages with different upper-case letters in the same line differ significantly according to the
Tukey's test (p<0.05).

When the colon vessels were compared to each other, an increase (p<0.05) in
the ammonium concentration was observed along the simulated colon vessels (AC to
DC); the experimental period as a whole was considered except for washout 2 (Table 3).
According to Macfarlane, Gibson, and Cummings (1992), the ammonium concentration
in the intestinal lumen increases progressively from the ascending colon to the
descending colon due to the higher rate of protein fermentation in the descending colon
relative to the ascending colon. However, Smith and Macfarlane (1998) attributed the
lower ammonium production in the ascending colon to low pH and high availability of

carbohydrates in the region.

3.4. Short-Chain Fatty Acids (SCFASs)
In the FOJ treatment, a substantial increase (p<0.05) in acetic acid and butyric

acid was observed in all of the colon vessels, as well as an increase (p<0.05) in
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propionic acid in the simulated TC relative to the control period (Table 4). In the POJ

treatment, an increase (p<0.05) in acetic acid was observed in all of the colon vessels,

as well as an increase (p<0.05) in propionic acid and butyric acid in the simulated colon

vessels TC and DC relative to washout 1. Total SCFA production in the FOJ treatment

was greater (p<0.05) than in the POJ treatment in the simulated AC and DC vessels, but

no difference was observed in the simulated TC (p>0.05) (Table 4).

Table 4. Short-chain fatty acid (SCFA) concentration (mmol/L) from the vessels mimicking the

ascending colon (AC), the transverse colon (TC), and the descending colon (DC) as a result of

treatments with fresh orange juice (FOJ) and pasteurized orange juice (POJ).

SCFA Experimental period AC TC DC
Control 27.18°+0.39 64.98° + 0.58 69.77° + 8.29
FOJ 155.76% + 10.64 184.14% + 9.74 179.73% £ 16.19
Acetic Acid Washout 1 63.13° + 23.38 97.20° +2.23 95.60° + 11.04
POJ 124.00° +16.92  153.28°+39.78  150.87%+27.20
Washout 2 56.22° +5.74 91.85° + 26.13 102.05" + 10.59
Control 7.32°+0.22 12.18°+0.75 12.75% + 0.00
FOJ 4.66° +0.75 15.57" + 1.60 13.24%+0.55
Propionic Acid Washout 1 14.59% + 1.95 10.60° £ 0.34 18.30° + 0.81
POJ 14.40%+1.25 20.82% +2.07 22.89% £ 0.97
Washout 2 10.16° +0.28 16.48° £ 0.76 16.50° + 1.29
Control 6.45° + 0.84 11.90° +1.48 12.13%+2.98
FOJ 21.62% +0.68 74.21% + 14.49 81.77%+£3.35
Butyric Acid Washout 1 15.31° +1.28 6.89° + 0.09 10.18° +0.00
POJ 11.76°+0.24 63.36™ + 5.02 65.79° + 1.92
Washout 2 2.35°+0.18 55.62° + 1.63 48.59° + 4.64
Control 40.95% + 0.95 89.06% + 1.94 94.65% + 8.94
FOJ 182.05%+11.60  273.92% + 12.04 274.75% £ 17.99
Total SCFA Washout 1 93.02° + 24.48 114.69° +1.98 124.09° + 11.85
POJ 150.16" +17.31  237.45°+36.56  239.55" + 25.62
Washout 2 68.73° + 6.18 163.94° + 2523  167.14°+ 14.72

Average + standard deviation; (n=3).
Averages with different lower-case letters in the same column differ significantly according to the

Tukey's test (p<0.05).
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The acetate, the most abundant SCFA in the colon, may increase cholesterol
synthesis after absorption. Meanwhile, the propionate may reduce lipogenesis and
inhibit serum cholesterol synthesis (Hijova & Chmelarova, 2007; Hosseini, Grootaert,
Verstraete, & Van de Wiele, 2011). The butyrate is considered the main energy
substrate used by the epithelial cells of the colon; it supplies 70% of these cells' energy
needs (Montalto et al., 2009). The butyrate also reduces the risk of colon cancer,
intensifies water and sodium absorption, and stimulates blood flow to the intestinal
mucosa (Mortensen & Clausen, 1996; Velazquez, Lederer, & Rombeau, 1996).

SCFA production may be influenced by the number and species of
microorganisms present in the colon, as well as the substrate available (Macfarlane &
Macfarlane, 2003). In the current study, increases in Lactobacillus spp., Bifidobacterium
spp., and Clostridium spp. populations were observed in the treatments with FOJ and
POJ. Some studies have shown that these genera are involved in SCFA production and
that they play an important role in both the physiology of the colon and metabolism
(Hijova & Chmelarova, 2007; Possemiers et al., 2010). An increase in SCFAs may also
be attributed to carbon sources from the orange juice, since carbon serves as a
substrate in the fermentation of gut bacteria and effectively participates in the SCFA
production in the colon (Chaikham et al., 2012). In addition, orange juice flavanones —
particularly hesperidin and narirutin metabolized into hesperitin and naringenin — are
responsible for the production of propionic acid and acetic acid (Pereira-Caro, Borges, et
al., 2015). According to Pereira-Caro, Borges, et al. (2015) colonic microbiota affect the
overall bioavailability of orange juice (poly)phenols through the production of hydroxy-
and methoxyphenylpropionic acids.

Chaikham and Apichartsrangkoon (2014) evaluated the influence of pasteurized
longan juice on gut microbiota using the SHIME® model and observed an increase
(p=<0.05) in SCFA concentration (acetate, propionate, and butyrate) in all of the colons in

their juice treatment. Meanwhile, in the study performed by Costabile et al. (2015), there
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were no changes in SCFA concentrations in the case of a reconstituted orange juice
treatment using a three-stage in vitro colonic model system.

SCFA and ammonium analyses are typically used to evaluate microbial
metabolism. Thus, the results of this study show that the treatments with FOJ and POJ
stimulated microbial metabolism, with a significant decrease in ammonium and an

increase in SCFA. These results suggest a positive influence on gut microbiota.

3.5. Antioxidant activity

The antioxidant activity of the FOJ was 3014.70 umol of Trolox/L and the POJ,
3024.00 umol of Trolox/L, similar to those reported by Bisconsin-Junior, Alvarenga,
Rosenthal, and Monteiro (2015) for fresh orange juice, and higher than those found by
Stella et al. (2011).

Figure 6 shows the antioxidant activity of the samples from the simulated colon

vessels (AC, TC, and DC) during the treatments with FOJ and POJ.
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Figure 6. Antioxidant activity from the vessels mimicking the ascending colon (AC), the
transverse colon (TC), and the descending colon (DC) as a result of treatments with fresh orange
juice (FOJ) and pasteurized orange juice (POJ). Averages with different letters differ significantly
according to the Student's t-test (p<0.05).
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In all regions of the colon, the antioxidant activity of samples from the treatments
with FOJ and POJ was higher than that of the control period and washout 1,
respectively. A difference was observed (p<0.05) in antioxidant activity resulting from the
two orange juice treatments in the DC vessel, while there was no difference in the AC or
TC vessels (p>0.05) (Figure 6).

There was a slight reduction in antioxidant activity in the samples from the
simulated colon vessels during the orange juice treatments relative to the antioxidant
activity of the juices. Even so, the antioxidant activity of the samples from the simulated
colon vessels remained high, suggesting that much of the phenolic compound content in
the orange juice is not absorbed in the duodenum; it is therefore bioavailable after

fermentation by gut microbiota (Gil-1zquierdo, Gil, & Ferreres, 2002).

3.6. Principal Component Analysis (PCA)

The PCA revealed similarities and differences during the experimental period in
which the SHIME® was used, explaining 78.17% of the total variation of the data (Figure
7). Principal component 1 explained 55.89% of the variation in the data, which was
described by the Lactobacillus spp. and Bifidobacterium spp. populations, the
antioxidant activity, acetic acid production, butyric acid production, and ammonium level.
Principal component 2 explained 22.28% of the variation in the data and was itself
explained by propionic acid levels and by the enterobacteria population (Figure 7A). The
control and washout periods samples (C-AC, C-TC, C-DC, W1-AC, W1-TC, W1-DC,
W2-AC, W2-TC, and W2-DC) were described by the increase in ammonium production.
The two juice treatments in the respective colon vessels (FOJ-AC, FOJ-TC, FOJ-DC,
POJ-AC, POJ-TC, and POJ-DC) were described by the increase in Lactobacillus spp.
and Bifidobacterium spp. populations, the antioxidant activity, acetic acid production,
and butyric acid production (Figure 7B). These results suggest that both fresh and
pasteurized orange juice had a positive effect on gut microbiota through the improved

metabolic activity of the microbiota in different regions of the colon.
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Figure 7. Principal component analysis (projection of the variables (A); projection of the samples (B)) in the SHIME® model. AC: Ascending colon. TC:

Transverse colon. DC: Descending Colon. C: Control. FOJ: Fresh orange juice. W1: Washout 1. POJ: Pasteurized orange juice. W2: Washout 2.
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4. Conclusions

The long-term experiment in the SHIME® showed that both the fresh and
pasteurized orange juice treatments changed the composition of the microbial
community by increasing Lactobacillus spp. and Bifidobacterium spp. populations and
reducing the enterobacteria population. On the other hand, the PCR-DGGE analysis
indicated a reduction in total bacteria population richness values, though not necessarily
with a negative impact on gut microbiota: increases in both SCFA production and
antioxidant activity were observed, as well as decreases in ammonium levels. These
results indicate that orange juice has a selective and prebiotic effect on gut microbiota.
This exploratory study on the influence of orange juice over gut microbiota using
SHIME® model should be deepen. Further studies should be performed to better
understand the effects of interactions among the bioactive compounds from orange juice

and their metabolites on human gut microbiota.
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Conclusoes

O conjunto de resultados obtidos indica que:

. Os sucos de laranja fresco e pasteurizado modificaram a composicdo da
comunidade microbiana com aumento de Lactobacillus spp. e Bifidobacterium spp. e

reducdo da populacdo de enterobactérias.

. A andlise de PCR-DGGE mostrou reducao dos valores de riqueza da populagéo de

bactérias totais sem impacto necessariamente negativo a saude intestinal.

. Os sucos também mostraram efeito no metabolismo microbiano com reducdo da
concentracdo de ions amoénio e aumento do conteudo de acidos graxos de cadeia

curta, indicando efeito prebibtico do suco de laranja sobre a microbiota intestinal.

. A atividade antioxidante das amostras dos reatores no tratamento com suco de
laranja foi elevada, com ligeira reducdo em comparacao aquela do suco fresco e do

suco pasteurizado.

. A Andlise de Componentes Principais (ACP) permitiu diferenciar o tratamento com
0s sucos dos periodos controle e washout, mostrando que os sucos de laranja fresco

e pasteurizado tém impacto sobre a microbiota intestinal.

Este foi um estudo exploratério. Futuros estudos devem ser realizados para
compreender os efeitos dos compostos bioativos do suco de laranja e seus

metabdlitos sobre a microbiota intestinal humana.
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