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RESUMO

O baru (Dipteryx alata Vog.) € um fruto nativo do bioma Cerrado, constituido por uma
casca fina, uma polpa fibrosa e um endocarpo lenhoso, que reveste a castanha.
Durante o processamento do fruto para extracdo da castanha, a polpa de baru nédo é
aproveitada pela agroinddstria, e sua composi¢cao quimica e os efeitos para a saude
sdo pouco conhecidos. Alguns estudos indicam que a polpa de baru é fonte de fibra
alimentar e polifendis, os quais possuem atividade prebiotica. A demanda crescente
por alimentos de fontes alternativas promotores de saude e bem-estar, como 0s
subprodutos agroindustriais, e 0s impactos social, econébmico e ambiental gerados
pelo aproveitamento desses subprodutos justificam a busca por novos prebiéticos.
Assim, os objetivos deste estudo foram: elaborar e publicar uma reviséo sistematica
sobre o efeito prebiodtico dos polifendis; elaborar e publicar uma revisao critica sobre
as caracteristicas nutricionais e funcionais do baru; avaliar a composi¢cao quimica da
polpa de baru e investigar os seus efeitos sobre o crescimento e o metabolismo de
probiodticos e sobre a microbiota colonica humana. Segundo a revisdo sistematica,
existem fortes evidéncias em estudos pré-clinicos de que alguns polifendis podem
estimular o crescimento de bactérias intestinais benéficas e aumentar a producéo de
acidos graxos de cadeia curta. A revisao critica sobre o baru evidenciou o potencial
nutricional e funcional da polpa de baru, assim como as lacunas existentes na
literatura sobre sua composicao quimica. Quanto aos resultados do estudo empirico,
a polpa de baru apresentou altos teores de fibras insollveis e compostos fendlicos,
sobretudo hesperidina, e estimulou o crescimento e metabolismo de Bifidobacterium
animalis subsp. lactis BB-12, Lactobacillus acidophilus LA-05, e Lacticaseibacillus
casei L-26. Além disso, mudancas benéficas significativas foram induzidas pela polpa
de baru digerida sobre a microbiota colonica, com aumento da abundancia de
Lactobacillus-Enterococcus, Bifidobacterium e Bacteroides-Prevotella, e da producao
de lactato e &cidos graxos de cadeia curta, e reducao do pH. Portanto, a polpa de baru
possui propriedades prebidticas potenciais a serem confirmadas em estudos pré-
clinicos e clinicos, e exploradas como ingrediente na formulacdo de novos alimentos
promotores de saude.

Palavras-chave: alimentos funcionais, subproduto de fruto, fitoquimicos, digestéao
gastrointestinal in vitro, inoculo fecal, microbiota intestinal.



ABSTRACT

Prebiotic potential of baru pulp

Baru (Dipteryx alata Vog.) is a fruit native to the Cerrado biome consisting of a thin
peel, a fibrous pulp and a woody endocarp, which covers the nut. During the
processing of the fruit for nut extraction, the baru pulp is not used by the agro-industry,
and its chemical composition and health effects are poorly known. Some studies
indicate that baru pulp has dietary fiber and polyphenols, which have prebiotic activity.
The growing interest in health and well-being promoting foods from alternative sources,
such as agro-industrial by-products, and the social, economic and environmental
impacts generated by the use of these by-products justify the search for new prebiotics.
Thus, the aims of this study were: to elaborate and publish a systematic review on the
prebiotic effect of polyphenols; to carry out and publish a critical review of the literature
on the nutritional and functional characteristics of baru; in addition to evaluate the
chemical composition of baru pulp and to investigate its effects on the growth and
metabolism of probiotics, and on the human colonic microbiota. According to the
systematic review, there is strong evidence from preclinical studies that some
polyphenols can stimulate the growth of beneficial gut bacteria and increase the
production of short-chain fatty acids. The critical review on baru showed the nutritional
and functional potential of baru pulp, as well as the gaps in the literature on its chemical
composition. Results of the empirical research show that baru pulp has a high content
of insoluble fibers and phenolic compounds, mainly hesperidin. Baru pulp stimulated
the growth and metabolism of Bifidobacterium animalis subsp. lactis BB-12,
Lactobacillus acidophilus LA-05 and Lacticaseibacillus casei L-26. Furthermore,
significant beneficial changes were induced by the digested baru pulp on colonic
microbiota, with an increase in the abundance of Lactobacillus-Enterococcus,
Bifidobacterium and Bacteroides-Prevotella, and the production of lactate and short-
chain fatty acids, and pH reduction. Therefore, baru pulp has potential prebiotic
properties to be confirmed in preclinical and clinical studies, and to be explored as an
ingredient in the formulation of new health-promoting foods.

Key words: functional foods, fruit by-product, phytochemicals, in vitro gastrointestinal
digestion, fecal inoculum, gut microbiota
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CAPITULO 1

1 INTRODUCAO

O baru (Dipteryx alata Vog.), fruto nativo do bioma Cerrado, é constituido por
uma casca fina (epicarpo), pela polpa (mesocarpo fibroso), e por um endocarpo rigido
que reveste a semente, parte comestivel do fruto mais conhecida como castanha ou
améndoal. A castanha de baru tem um importante valor comercial pelas suas
caracteristicas sensoriais, nutricionais e pelos efeitos benéficos para saude?,
sobretudo para o metabolismo lipidico?3. Durante o processamento do fruto para
extracdo da castanha, em geral, a polpa de baru, que representa cerca de 40% da
massa do fruto#, ndo é aproveitada pela agroindistrial. Pouco se conhece sobre a
composicdo em nutrientes e em substancias bioativas desse subproduto, mas os
estudos disponiveis relatam teores elevados de acucares e fibra alimentar total, e
contetido consideravel de compostos fendlicos totais®6. Ndo ha relatos sobre os
efeitos do seu consumo para saude, especialmente, sobre a microbiota intestinal.

A microbiota intestinal € composta por uma ampla diversidade de micro-
organismos que colonizam o trato gastrointestinal, e possui uma importancia relevante
para a saude do hospedeiro, participando de diversos processos fisiologicos, tais
como o metabolismo de nutrientes e compostos bioativos que ndo sao digeridos no
intestino delgado e chegam intactos no célon humano’. A dieta é um dos principais
fatores ambientais que influenciam a composicdo e funcionalidade da microbiota
intestinal®®. Nesse sentido, o consumo de prebibticos constitui uma abordagem
acessivel e segura para melhorar a sadde intestinal*©.

Prebioticos sédo substratos utilizados seletivamente por micro-organismos do
hospedeiro proporcionando beneficios a saude. Dentre os beneficios, destaca-se a
regulacdo do metabolismo lipidico e glicidico'l. Os principais géneros de micro-
organismos reconhecidos como alvos prebioticos sdo Lactobacillus e Bifidobacterium,
além de Roseburia, Eubacterium, Faecalibacterium e Akkermansia, mas ndo se
limitam a esses!%!, Os prebidticos mais evidenciados pela literatura sdo inulina, fruto-
e galacto-oligossacarideos!!, os quais séo classificados como fibras alimentares,

embora nem todas as fibras alimentares sejam prebidticos??. Estudos recentes
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mostram que os polifendis e seus metabdlitos também podem se enquadrar na
definicédo atual de prebibticostt13:14,

Fibras alimentares e polifendis sdo encontrados em concentracdes elevadas
nos subprodutos do processamento de frutos, como goiaba e acerola?’®, jabuticaba?®,
jerivd e macaubal’, os quais tém sido investigados quanto ao potencial prebiético. Os
resultados desses estudos mostraram que os subprodutos de frutos estimulam o
crescimento e o metabolismo de probidticos, como Lactobacillus acidophilus,
Lacticaseibacillus casei, Bifidobacterium animalis e Bifidobacterium lactis. Além disso,
uma farinha obtida de subprodutos de frutos (laranja, maracuja e meldo) e vegetais
(alface, abobrinha, cenoura, espinafre, horteld, inhame, pepino e rucula) promoveu
efeitos significativos sobre a abundancia de bactérias benéficas (Lactobacillus e
Bifidobacterium) na microbiota colonica humana in vitro*®. Esses achados indicam o
potencial dos subprodutos de frutos para melhorar a saude intestinal. No entanto,
ainda ndo ha relatos na literatura sobre o potencial prebiotico da polpa de baru.

A crescente demanda por produtos funcionais e pelo consumo sustentavel tém
impulsionado as pesquisas por novos ingredientes prebioticos, especialmente,
subprodutos do processamento de frutos, o que contribui para aumentar o valor
agregado aos frutos, e reduzir os impactos ambientais, sociais e econémicos gerados
pela perda e desperdicio de alimentos. Além disso, a escassez de dados na literatura
sobre a composi¢ao quimica da polpa de baru, e a auséncia de informacédo sobre seu
potencial prebidtico constituem as justificativas para a realizacdo do presente estudo.
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2 REVISAO DA LITERATURA

2.1 BARU

O baruzeiro (Dipteryx alata Vog.) € uma espécie arbérea nativa do bioma
Cerrado (Figura 1), pertencente a familia Fabaceae, possui altura entre 15 e 25 m,
floresce de novembro a fevereiro, e os frutos maduros podem ser encontrados entre
os meses de julho e outubro, produzindo cerca de 2.000 a 6.000 frutos por planta®®.
No entanto, essa producéo nao € regular e pode variar conforme o ano e a regido de
plantio’®. De acordo com informagfes adquiridas das principais agroindustrias que
processam baru no Estado de Goias, em 2021, a producéo de fruto foi cerca de 250
toneladas. A distribuicdo dessa espécie é ampla no Brasil, com ocorréncia registrada
nos Estados de Goias, Tocantins, Mato Grosso, Mato Grosso do Sul, Para, Bahia,
Maranhdo, Minas Gerais, Sdo Paulo, e Distrito Federal. Além disso, ha relatos da

ocorréncia de baruzeiro no Paraguai, Peru e Bolivia'®.

Figura 1. Baruzeiro (Dipteryx alata Vog.) e o seu fruto, o baru.
Fotos registradas nas fazendas “Dr Jamar Urias Mendong¢a” e “Trés Jotas” (Caiap6nia/GO, 2022)

Os frutos do baruzeiro (Figura 1) sdo conhecidos como baru, mas em alguns
Estados brasileiros também podem ser chamados de cumaru ou cumbaru. Os frutos
sdo do tipo drupa (apenas uma semente), ovoides, levemente achatados, de
coloragdo marrom, com comprimento e largura variando de 3,5 a 5,0 cm e de 2,0 a

3,5 cm, respectivamente’®. O baru é constituido por uma casca fina (epicarpo), pela



14

polpa (mesocarpo fibroso), e por um endocarpo rigido que reveste a semente, parte
comestivel do fruto mais conhecida como castanha ou améndoa®. A casca e a polpa
do baru representam cerca de 40% da massa do fruto, e a castanha compreende
apenas 4% do fruto*. A castanha possui comprimento entre 1,8 e 2,3 cm, largura
média de 1,0 cm e massa média de 1,25 g*.

A castanha torrada € muito consumida na regido Centro-Oeste do Brasil, e,
atualmente, tem sido exportada para outros paises, como Estados Unidos, Canadéa e
Coreia do Sul. O importante valor comercial da castanha de baru é atribuido as suas
caracteristicas sensoriais e nutricionais, tais como teor consideravel de fibra alimentar
(6 a 16 g/100 g), alto conteudo de acidos graxos monoinsaturados (45 a 54%) e
concentragéo elevada de compostos bioativos, como fendlicos totais (388 a 1.306 mg
GAE/100 g) e tocoferois totais (11 a 13 mg/100 g)*. A pelicula da castanha de baru
também se destaca pelo teor elevado de compostos fendlicos totais (9.730 mg
GAE/100 g)?°. A castanha de baru pode ser usada para substituir outras nozes ou
enriquecer formulacdes de novos produtos com farinha de trigo (cupcakes, cookies,
barras de cereais, e paes), ou como ingrediente adicional para agregar valor a
produtos tradicionais, como manteigas, sorvetes, e sobremesas diversas®. O 6leo
extraido da castanha de baru também tem potencial para ser utilizado em novos
produtos funcionais!. Estudos com suplementacdo da castanha ou do éleo de baru
constataram reducéo do estresse oxidativo em ratos tratados com dieta hiperlipidica?,
melhora do  perfil lipidico sérico em individuos moderadamente
hipercolesterolémicos?, reducdo da adiposidade abdominal em mulheres com
sobrepeso e obesidade?!, e da proteina C reativa ultrassensivel em pacientes renais
cronicos em tratamento de hemodidlise??.

A polpa de baru possui sabor adocicado e, por isso, € bastante consumida pelo
gado e por animais silvestres em periodos de seca?3. Existem relatos de seu consumo
na alimentacdo humana como substituto da farinha de trigo em formulagcbes de
cookies?*?5 do farelo de aveia em barras de cereais?® e do farelo de trigo em péaes
integrais?’. Os autores concluiram que a inclusdo da polpa de baru proporcionou
formulagBes com indices elevados de aceitabilidade. Além disso, a polpa de baru
apresenta grande potencial para producédo de doces, geleias, farinhas, sorvetes e
licores, representando uma possivel fonte de renda para a populagéo local. O uso da
polpa em conjunto com o endocarpo lenhoso foi relatado como sendo de grande

potencial energético para producédo de biocarvao por seus teores elevados de lignina,
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hemicelulose e celulose?®. Entretanto, em geral, durante o processamento do fruto
para extracdo da castanha, a polpa de baru ndo € aproveitada pela agroindustria.
Pouco se conhece sobre a composic¢ao nutricional e funcional da polpa de baru,
mas alguns estudos ressaltam alto teor de fibra alimentar (18-42 g/100 g)* e acucares
totais?*, e contelido consideravel de compostos fendlicos totais (292 mg GAE/100 g)°.
Acidos fenolicos, flavonoides, terpenos, acidos organicos e derivados de é&cidos
graxos foram identificados na polpa de baru?®. Fatores antinutricionais, como &cido
fitico (0,27%) e inibidor de tripsina (0,67 UTI/mg) foram reportados em baixas
concentracdes na polpa de baru®. O extrato da casca e polpa de baru exibiu efeito
citotoxico contra linhagens de cancer de colo de utero (SiHa e C33A), e citotoxicidade
fraca contra linhagens de células ndo tumorais (HaCaT e L929), sugerindo sua
seguranca e fornecendo evidéncias preliminares de seu potencial anticancerigeno®?.
Além disso, in vivo, a polpa de baru ndo apresentou efeitos toxicos e promoveu
resisténcia ao estresse oxidativo em nematoides expostos a um agente quimico
oxidante?®. No entanto, mais estudos sdo necessarios para investigar o perfil de
carboidratos, de oligossacarideos e de polifendis, e os efeitos do consumo da polpa

de baru na saude, especialmente sobre a microbiota intestinal.

2.2 MICROBIOTA INTESTINAL

O conjunto de micro-organismos que colonizam o trato gastrointestinal,
especialmente o coélon, é definido como microbiota intestinal, a qual é caracterizada
pela composicao (diversidade de micro-organismos e abundancia relativa) e pela
funcionalidade (capacidade metabdlica e efeitos no hospedeiro)3233, Estima-se que a
microbiota intestinal contenha mais de um trilhdo de células de diferentes espécies de
bactérias, fungos, arqueias e protistas®?.

Em relagdo as bactérias, a microbiota intestinal humana é constituida,
predominantemente, pelos filos Bacillota (antigo nome “Firmicutes”), Bacteroidota
(antigo nome “Bacteroidetes”), Actinomycetota (antigo nome “Actinobacteria”),
Verrucomicrobiota (antigo nome “Verrucomicrobia”) e Pseudomonadota (antigo nome
“Proteobacteria”)®*%. Bacillota e Bacteroidota representam 90% da microbiota

intestinal. O filo Bacillota é composto por cerca de 250 géneros, incluindo

Lactobacillus, Enterococcus, Eubacterium, Clostridium, Roseburia, Ruminococcus e
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Faecalibacterium. O género Clostridium é considerado o mais abundante desse filo.
O filo Bacteroidota € representado, principalmente, pelos géneros Bacteroides e
Prevotella. Actinomycetota € um dos filos menos abundante na microbiota intestinal,
cerca de 5%, e tem como principal representante, o género Bifidobacterium. O filo
Verrucomicrobiota é representado pelo género Akkermansia, e o filo Pseudomonadota
é representado pelos géneros Escherichia e Helicobacter34.

Fatores genéticos e ambientais, como dieta, idade e estilo de vida influenciam
a composicdo da microbiota intestinal®®, a qual pode ser avaliada por diferentes
meétodos, variando desde técnicas de cultivo em placas a ferramentas moleculares,
tais como a hidridizacao in situ por fluorescéncia (FISH) e o sequenciamento do gene
RNAr 16S833, A técnica FISH permite a identificacdo de &cidos nucleicos alvos por
meio da hibridizacdo com sondas de oligonucleotideos complementares especificas,
marcadas de forma fluorescente. Em combinacdo com outras técnicas, como
microscopia de fluorescéncia ou citometria de fluxo, possibilita a caracterizacédo de
populacdes microbianas filogeneticamente definidas em ambientes complexos, como
a microbiota intestinal®®. A técnica FISH acoplada a citometria de fluxo (FISH-FC) tem
sido amplamente utilizada para enumeracdo rapida e com alto rendimento de
populacdes bacterianas fecais®’. No entanto, uma desvantagem desta técnica é a
identificacdo limitada de novas popula¢des bacterianas, uma vez que as sondas sao
projetadas para géneros e espécies mais prevalentes e conhecidos®.

A microbiota intestinal esta envolvida em varias funcées no hospedeiro, tais
como metabolismo de nutrientes, sintese de vitaminas, metabolismo de drogas,
modulacdo do sistema imune, regulacdo da integridade da barreira intestinal, e
protecdo antimicrobiana®®3°. Nutrientes e outros compostos que resistem a digestdo
no intestino delgado e atingem o célon sdo metabolizados pela microbiota intestinal
por meio de duas vias principais’#°. Na primeira via, os carboidratos ndo digeriveis,
presentes em uma dieta rica em fibras, sdo metabolizados pela microbiota no intestino
grosso, produzindo &cidos graxos de cadeia curta (AGCC) e reduzindo o pH
intestinal®>#. A segunda via do metabolismo de nutrientes com participacdo da
microbiota intestinal é representada pela fermentacdo de proteinas®. Essa via é
estimulada, principalmente, por dietas ricas em proteina e gordura de origem animal
e pobres em fibras e substancias bioativas, as quais tém sido associadas a um tempo
prolongado de transito intestinal, o que resulta em aumento da protedlise pelos micro-

organismos324%, Com isso, acidos graxos de cadeia ramificada, gases, fenoéis, aminas
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e amoOnia séo produzidos promovendo aumento do pH intestinal e producao reduzida
de AGCC*,

Os AGCC mais abundantes no coOlon sdo acetato, propionato e butirato,
representando cerca de 95%%*'. As vias de producdo de acetato sdo amplamente
distribuidas entre os grupos bacterianos, enquanto as vias de producéo de propionato
e butirato parecem mais conservadas e especificas do substrato*?. A maior parte do
acetato é produzida a partir da fermentacéo de carboidratos pela maioria das bactérias
entéricas*!. Outra parte é sintetizada a partir de hidrogénio e diéxido de carbono ou
por bactérias acetogénicas, como algumas espécies do género Clostridium#%. A via do
succinato € dominante na microbiota intestinal para formacao de propionato. Essa via
esta presente em varios micro-organismos pertencentes aos filos Bacillota (antigo
nome “Firmicutes”) e Bacteroidota (antigo nome “Bacteroidetes”)®, e a abundancia de
Bacteroidota tem sido associada ao contetdo de propionato nas fezes*!. A producéo
de acetato e propionato também é mediada por algumas espécies de Bifidobacterium
e por Akkermansia muciniphila®3. A via butiril-CoA: acetato CoA-transferase, na qual
butiril-CoA é convertido em butirato, é utilizada pela maioria dos produtores intestinais
de butirato, incluindo Faecalibacterium, Eubacterium, Clostridium e Roseburia*!43,

Os AGCC ativam os receptores acoplados a proteina G (GPR41, GPR43) nas
células L enteroenddcrinas, estimulando a secrecdo do peptideo semelhante ao
glucagon 1 (GLP-1) e o peptideo YY (PYY), que induzem a secre¢do de insulina,
reduzem os niveis séricos de glicose e regulam o apetite**. O GPR43 também pode
ser ativado no tecido adiposo branco reduzindo a lipdlise. O receptor ativado por
proliferadores de peroxissoma gama (PPARY), por sua vez, pode ser estimulado pelos
AGCC aumentando a sensibilidade a insulina no tecido adiposo branco, e reduzindo
a esteatose hepatica**. Além dos metabolismos lipidico e glicidico, os AGCC parecem
modular o sistema imunoldgico, a resposta inflamatoéria, e a manutencéo e reparacao
da integridade epitelial*?. O butirato tem uma relevancia particular pelo efeito anti-
inflamatério, além de ser uma fonte de energia importante para os colondcitos333°. Um
dos efeitos a saude atribuidos a producédo de AGCC é a concomitante reducao do pH
luminal, que por si sé inibe micro-organismos patogénicos e aumenta a absorgéo de
alguns minerais, como o calcio'®.

A dieta € um dos principais fatores ambientais que influenciam a composicao e
funcionalidade da microbiota intestinal e, consequentemente, afetam as

concentracdes circulantes dos AGCC#. Um estudo de meta-analise, envolvendo 64
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estudos e 2.099 participantes, concluiu que intervencbes com fibra dietética,
particularmente frutanos e galacto-oligossacarideos, resultam em maior abundancia
de Bifidobacterium e Lactobacillus, e maior concentracdo fecal de butirato, em
comparacao com grupos placebos ou com dieta com baixo teor de fibra em adultos
saudaveis®*. Dos 64 estudos, 20 utilizaram a técnica FISH para caracterizar a
microbiota fecal®®*. Uma dieta com baixo teor de carboidratos a base de améndoa
aumentou significativamente as bactérias produtoras de AGCC, incluindo Roseburia,
Ruminococcus e Eubacterium em pacientes com diabetes tipo 2 durante trés meses*®.
Pacientes com diabetes tipo 2 suplementados com alimentos ou compostos funcionais
(inulina, chia, proteina de soja, cacto nopal, acido graxo 6mega-3, proteinas vegetais,
polifendis, fibras solGveis e insolaveis), durante trés meses, apresentaram aumento
da diversidade da microbiota fecal e da atividade antioxidante, e reducdo nas
concentracbes séricas de colesterol total, LDL e triacilglicer6is*’. Nesse sentido, os
prebiodticos constituem uma abordagem interessante para modulacdo da microbiota
intestinal visando melhoras a saude do hospedeiro, uma vez que séo eficazes,

acessiveis e seguros?®,

2.3 PREBIOTICOS

2.3.1 Definicdo, compostos prebidticos e efeitos na saude

Os prebibticos sdo substratos utilizados seletivamente por micro-organismos
do hospedeiro proporcionando beneficios a saude!. Um composto para ser
classificado como prebidtico deve resistir a acidez gastrica, hidrolise enzimatica e
absorcao gastrointestinal, demonstrar capacidade de ser fermentado pela microbiota
intestinal, e estimular seletivamente o crescimento e/ou metabolismo de micro-
organismos associados a salude e bem-estar'l. Além disso, os prebiéticos ndo devem
causar efeitos colaterais ao hospedeiro, como por exemplo, producdo excessiva de
gas'l. Em geral, os prebiéticos sdo consumidos, principalmente, por via oral, mas
também podem ser administrados diretamente em locais extra intestinais, como a pele
e o trato urogenital'l.

Os efeitos dos prebioticos na saude incluem beneficios para o trato
gastrointestinal (inibicdo de patdégenos, estimulagdo imunoldgica), o sistema

cardiometabdlico (reducdo nos niveis séricos de lipidios e da resisténcia a insulina), a
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saude mental (metabdlitos que influenciam a funcao cerebral, energia e cognicao), e
a salde 6ssea (biodisponibilidade mineral)!!. Esses efeitos devem ser confirmados no
hospedeiro-alvo e mediados pela microbiota intestinal. Além disso, o efeito prebidtico
de um substrato deve ser confirmado em uma avaliagdo completa da microbiota
intestinal, por meio de técnicas moleculares, que sdo capazes de detectar e quantificar
as alteracdes na composicdo da microbiota, juntamente com a avaliacdo da
funcionalidade pela andlise de metabdlitos!48,

Os principais géneros de micro-organismos reconhecidos como alvos
prebioticos sdo Lactobacillus e Bifidobacterium, além de Roseburia, Eubacterium,
Faecalibacterium e Akkermansia, mas ndo se limitam a esses'%!l. O género
Lactobacillus compreende mais de 170 espécies de bactérias produtoras de lactato,
Gram-positivas, anaeroObicas facultativas, catalase-negativas, e bastonetes néo
formadores de esporos?. Os Lactobacillus sdo micro-organismos importantes da
microbiota intestinal humana, e tém sido estudados pelos efeitos benéficos a saude
do hospedeiro, uma vez que possuem muitos genes envolvidos no transporte e
metabolismo de carboidratos, contemplando espécies capazes de utilizar carboidratos
complexos, como prebiodticos. Dependendo da disponibilidade de fontes de carbono,
os Lactobacilos podem variar entre as vias catabdlicas para hexoses e pentoses®°.
Por exemplo, Lacticaseibacillus casei podem degradar acucares por meio da via da
glicélise ou da via da pentose fosfato®!. Os Lactobacillus estdo entre os probiéticos
mais utilizados na industria de alimentos*°. O género Bifidobacterium também tem sido
muito utilizado na industria de alimentos e muito investigado em relacdo aos
beneficios para saude®?. As bifidobactérias metabolizam carboidratos por meio de
uma unica via chamada “bifid shunt”, na qual a enzima frutose-6-fosfato fosfocetolase
desempenha um papel fundamental®3. Embora muitos micro-organismos possam
metabolizar um substrato, é o beneficio para saude do hospedeiro resultante de sua
utilizacéo seletiva pelo micro-organismo que confere a denominacéo de prebidtico!?.

Os prebidticos mais documentados na literatura sdo inulina, fruto-
oligossacarideos (FOS) e galacto-oligossacarideos (GOS), os quais sao classificados
como fibras alimentares'®!!, A inulina esta presente em alimentos como chicéria,
cebola, alcachofra, trigo e banana; o FOS pode ser encontrado, principalmente, em
aspargos, alho e alho poro; e o GOS € produzido enzimaticamente a partir da
lactose®®. As fibras alimentares sédo polimeros de carboidratos resistentes a digestdo

e absorcao no intestino delgado, com fermentag&o parcial ou completa no intestino
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grosso. Elas podem ser classificadas em polissacarideos ndo amilaceos (celulose,
hemicelulose, pectina), oligossacarideos resistentes (rafinose, estaquiose, fruto-
oligossacarideos), amidos resistentes (tipos 1 ao 4) e substancias associadas, ndo
carboidratos (lignina e quitina)®*. No entanto, nem todas as fibras alimentares sédo
prebioticos. Algumas fibras, tais como pectina e amido resistente, sdo consideradas
candidatas a prebioticos, enquanto outras, como a celulose, parece ndo ter acao
prebidtica®.

Entretanto, evidéncias recentes tém mostrado que as fibras insoltveis, como a
celulose, podem modular a microbiota intestinal com producdo de AGCC. Em um
estudo de fermentacéo fecal in vitro, a fibra alimentar insoltvel do bambu, constituida
por 43% de celulose, 17% de hemicelulose e 28% de lignina, alterou a composic¢éo da
microbiota intestinal, com aumento na abundancia de Bacteroides, e aumentou a
producédo de AGCC totais ap6s 24 h de fermentagéo®®. Intervencéo com fibra alimentar
insoltvel de soja em camundongos tratados com dieta hiperlipidica, por 20 semanas,
aumentou a abundancia de Lactobacillus, e reduziu a abundéncia de Bacteroides
acidifaciens, bactéria potencialmente patogénica correlacionada com a obesidade.
Além disso, a fermentacao da fibra insollvel de soja aumentou o contetdo de AGCC
e promoveu a secre¢do de horménios da saciedade (PYY e GLP-1)°’. O maior tempo
de interacdo das fibras insollveis com a microbiota intestinal, e a reducéo do tamanho
das particulas por meio do processamento dos alimentos podem favorecer a
fermentacdo das fibras insollveis pela microbiota intestinal, promovendo assim
alteracdes benéficas para o hospedeiro®’. Os géneros Bacteroides, Eubacterium e
Roseburia degradam xilanas, enquanto os géneros Ruminococcus e Faecalibacterium
podem degradar hemiceluloses ou pectina®®.

Outras substancias ndo carboidratos também podem se enquadrar na definicdo
de prebidtico, como os polifendis e acidos graxos!®°. Os polifendis sdo metabdlitos
secundarios de plantas, caracterizados pela presen¢a de anéis aromaticos com um
ou mais grupos hidroxila em sua estrutura quimica, podendo variar de uma simples
molécula a um polimero complexo de alto peso molecular. De acordo com a base de
dados Phenol-Explorer®®, os polifendis podem ser classificados em flavonoides,
acidos fendlicos, estilbenos, lignanas, outros polifendis, e metabdlitos ndo fendlicos.
A maioria dos polifendis ocorre, naturalmente, conjugados a um acucar. Isso dificulta
a absorcdo desses compostos no intestino delgado, os quais chegam intactos no

célon, onde se tornam substratos para a microbiota intestinal, produzindo metabdélitos
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que sdo melhores absorvidos’. Estima-se que uma pequena porcdo de polifendis é
absorvida (5-10%), e uma grande proporcao (90-95%) atinge o célon, onde interagem
com a microbiota intestinal®8,

Existem evidéncias de que os polifendis possuem propriedades antioxidante,
anti-inflamatéria®!, anti-obesogénica e antilipidémica®, e mais recentemente, que
podem modular positivamente a microbiota intestinal®. Segundo Rodriguez-Daza et
al.%8, o impacto dos polifendis na microbiota intestinal esta associado a dois principais
efeitos: antimicrobiano e prebidtico. Assim, os polifendis sdo capazes de inibir a
colonizacdo de bactérias patogénicas, restabelecer a funcdo de barreira epitelial da
mucosa e sua resposta imunoldgica, e reduzir as espécies reativas de oxigénio e
radicais livres. Essas trés atividades favorecem o crescimento de bactérias intestinais
benéficas a salde e ao bem-estar do hospedeiro. No entanto, o efeito prebibtico dos
polifendis pode ser influenciado pela fonte alimentar, pela estrutura quimica do
composto e pelas diferencas individuais na composicédo da microbiota intestinal®3.

Os polifendis podem ser metabolizados por diversas espécies bacterianas
como L. acidophilus, B. animalis, A. muciniphila, Bacteroides thetaiotaomicrom e
Faecalibacterium prausnitzii. Essas espécies sao capazes de produzir enzimas
envolvidas no metabolismo de polifendis, tais como B-glicosidases e tanases®®. A
fermentacao in vitro pela microbiota fecal humana de um polifenol do cha preto
(teaflavina 3,3'-digalato) demonstrou efeitos promotores de crescimento em
Bacteroides, Faecalibacterium e Bifidobacterium, e efeitos inibitérios em Prevotella e
Fusobacterium®4, A incubacéo de flavonoides, sobretudo catequina e epicatequina, com
bactérias fecais aumentou o crescimento de Bifidobacterium, e inibiu o crescimento de C.
histolyticum. A epicatequina aumentou significativamente o crescimento do grupo C.
coccoides-E. rectale®. O consumo de polifenéis do cha verde aumentou a abundancia
de Bifidobacterium e Akkermansia, e reduziu as concentracdes séricas de LDL-c,
glicose e insulina em camundongos tratados com dieta hiperlipidica'®14. Em individuos
com sobrepeso e obesidade, a ingestdo de extrato de roma, rico em &acidos
hidroxibenzoéicos, aumentou a abundancia de Faecalibacterium®®.

Metabodlitos de polifendis gerados pela microbiota intestinal tém sido
investigados em relacdo aos seus efeitos na saude. Por exemplo, o equol, metabdlito
das isoflavonas de soja, possui atividade estrogénica e antioxidante®’. As urolitinas,
metabolitos derivados da microbiota intestinal a partir dos polifendis elagitaninos e

acido elagico, possuem efeitos em diferentes tecidos e 6rgdos, como neuro protecao,
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melhora da integridade da barreira intestinal, da forca muscular e da longevidade,
além de reduzir o acimulo de lipidios e a intolerancia a glicose®. No entanto, ainda
sdo escassos 0s estudos in vivo que investigam as alteracdes na composicdo da
microbiota intestinal, os metabdlitos gerados pela metabolizacdo microbiana dos

polifendis e seus efeitos na saude.

2.3.2 Potencial prebiético de subprodutos de frutos

Conteudos elevados de fibra alimentar e polifendis sdo encontrados em
subprodutos do processamento de frutos, como cascas, sementes, folhas, caules,
raizes, e bagaco!®>'®18 Na maioria dos casos, a concentracdo de substancias
bioativas no subproduto é maior do que na parte comestivel do fruto®. Os nutrientes
e outros compostos presentes nesses subprodutos podem enriquecer produtos
alimenticios, melhorando suas propriedades fisicas e quimicas’®, como aroma, sabor,
cor, capacidade antioxidante e potencial prebiético. Além disso, 0 aumento crescente
na demanda por produtos naturais com importancia nutricional e terapéutica, e os
impactos econdmico, social e ambiental gerados pelas perdas nas industrias de
processamento de frutos, tém estimulado as pesquisas com subprodutos’.

Vale ressaltar que esses impactos gerados pelo descarte de subprodutos e
residuos do processamento de alimentos tém sido alvos de politicas ambientais e de
seguranca alimentar’?. Os principios de reutilizacéo, reducdo e reciclagem apoiam o
conceito de uma economia circular, e a busca pela transicdo de uma economia linear
para circular reforca a necessidade de recuperar recursos de residuos organicos. No
entanto, essa transicao requer novos estudos, novas politicas, estrutura financeira, e
conscientizacéo da populacédo’.

Nesse sentido, subprodutos de frutos brasileiros tém sido investigados em
relacdo ao potencial prebibtico in vitro. O crescimento seletivo de probiéticos L.
acidophilus, L. casei e Lacticaseibacillus paracasei foi estimulado pelo subproduto de
caju’s. Observou-se também o crescimento de L. casei, L. paracasei e B. animalis
subsp. lactis em meios de cultivo enriquecidos com subprodutos de acerola e goiaba®.
A adicao de subproduto digerido de jabuticaba no meio de cultivo induziu o
crescimento de Lactobacillus e Bifidobacterium, reduziu o pH e aumentou a producéo
de lactato e AGCC!. Os subprodutos da extracdo do 6leo de jerivA e macalba
estimularam o crescimento de probidticos, como L. casei, L. acidophilus e B. lactis, e

ndo promoveram o crescimento de Escherichia colil’. O albedo de laranja também
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estimulou o crescimento e o metabolismo de L. acidophilus e B. animalis, com melhor
potencial prebidtico do que fibras comerciais’™. Os resultados deste estudo indicam
que fibras intrinsecas ao alimento sdo mais efetivas na modulagdo positiva da
microbiota do que fibras isoladas.

Em ensaios de fermentacéo colonica in vitro, a farinha digerida de subprodutos
de frutas (laranja, maracuja, meléo) e vegetais (alface, abobrinha, cenoura, espinafre,
horteld, inhame, pepino e rdcula) demonstrou efeito positivo no crescimento de
Bifidobacterium e Lactobacillus em amostras fecais de doadores, igual ou melhor que
0 FOS (prebidtico padrdo), com producéo de butirato apés 24 h de fermentacéo!®. Os
autores sugerem que a composicao da farinha, rica em fibras insoltveis (39%), além
de um teor significativo de proteina (9,5%) e fibra solavel (9,5%), possa estar
associada a esse efeito'®. Os subprodutos digeridos de acerola (35% fibra insoltvel,
13% fibra solluvel) e goiaba (41% fibra insoluvel, 3% fibra solUvel) promoveram
alteracdes benéficas na composi¢cdo da microbiota fecal, com aumento da abundancia
de Bifidobacterium, Lactobacillus—Enterococcus, E. rectale-C. coccoides e
Bacteroides—Prevotella, e aumento da producdo de AGCC durante 24 h de
fermentacdo?®®. O subproduto digerido da jabuticaba (56% de fibra sollvel, 28% de
fibra insoltvel, 8% de umidade) também aumentou a abundancia de Lactobacillus—
Enterococcus e Bifidobacterium e a producdo de AGCC, diminuiu a abundéancia de E.
rectale—C. cocoides e C. histolyticum, e reduziu os valores de pH apo6s 48 h de
fermentacéo, indicando seu potencial para melhorar a salde intestinal’®. Os estudos
realizados com os subprodutos de acerola e goiabal®, e de jabuticaba’® avaliaram a
composicao da microbiota fecal pela técnica FISH-FC.

Quanto ao efeito prebidtico avaliado in vivo, o consumo de subproduto de
acerola por ratas dislipidémicas aumentou a contagem fecal de Bifidobacterium e
Lactobacillus e a producdo de acidos organicos no intestino, e reduziu o acumulo de
gordura visceral e hepatica e os niveis de lipidios séricos’’. A ingestdo de dieta
hiperlipidica suplementada com casca de jabuticaba aumentou a excregdo de
triacilglicerois, reduziu esteatose hepatica e estimulou a producdo de AGCC em
camundongos’®. A suplementacdo com extrato de casca de péssego em camundongos
tratados com dieta hiperlipidica aumentou a abundancia de Lactobacillus, Bacteroides,
Akkermansia, Roseburia e Ruminococcus, além de aumentar a producao de AGCC e
melhorar o metabolismo lipidico”. A ingestdo de biscoitos enriquecidos com bagaco

de azeitona por individuos moderadamente hipercolesterolémicos, durante oito
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semanas, resultou em uma tendéncia de aumento na abundancia de bifidobactérias,
avaliada pela técnica FISH-FC®. Contudo, ndo ha relatos na literatura de estudos

sobre o potencial prebiético da polpa de baru.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar a composicdo quimica da polpa de baru e seus efeitos sobre o

crescimento e 0 metabolismo de probiodticos e sobre a microbiota colonica humana.

3.2 OBJETIVOS ESPECIFICOS

e Elaborar e publicar revisdes de literatura sobre o efeito prebidtico de polifenois
e sobre o potencial nutricional e funcional do baru.

e Determinar o conteudo de fibra alimentar total, soltvel e insoltvel, de frutanos
e de compostos bioativos, e identificar e quantificar agucares, acidos organicos,
oligossacarideos e polifendis na polpa de baru.

e Avaliar a capacidade antioxidante da polpa de baru.

e Avaliar os efeitos da polpa de baru sobre o crescimento e metabolismo de
cepas probidticas.

e Avaliar os efeitos da polpa de baru digerida sobre a composicéo e atividade

metabdlica da microbiota colonica humana.
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4 MATERIAL E METODOS

4.1 ESTUDO DE REVISAO SISTEMATICA

Uma busca sistematica da literatura foi realizada nas bases de dados PubMed,
Scopus e Web of Science até 2 de agosto de 2019, utilizando termos relacionados a
prebidtico, microbiota intestinal e polifendis. Os critérios de inclusdo utilizados foram
0s seguintes: (1) estudo controlado randomizado com animais e/ou humanos; (2)
intervencdo com polifenol isolado ou extrato alimentar; (3) perfil de polifendis do
extrato alimentar disponivel; (4) desfechos relacionados a composi¢do da microbiota
intestinal, com aumento da abundancia de micro-organismos reconhecidos como
alvos prebidticos (Lactobacillus, Bifidobacterium, Roseburia, Eubacterium e
Faecalibacterium spp.), incluindo Akkermansia spp., e/ou aumento na producéo de
AGCC, incluindo butirato; e (5) publicacdo em inglés. Estudos com numero inferior a
oito animais por grupo, estudos agudos, patologias induzidas por drogas, avaliacao
da composicdo da microbiota intestinal por métodos de cultivo e sem a identificacao
dos géneros dos micro-organismos foram excluidos da sele¢do. De acordo com a
estratégia de busca inicial, foram recuperados 4.025 artigos, dos quais 1.685 foram
excluidos como duplicados. Apds analise de titulos e resumos, e revisdo de texto
completo, 24 artigos preencheram os critérios de elegibilidade e foram incluidos na

revisdo sistematica (Capitulo 2 desta tese).

4.2 ESTUDO DE REVISAO CRITICA

Revisao critica da literatura foi realizada a partir de buscas bibliograficas nas
bases de dados Scopus, ScienceDirect, SCIELO, PubMed, Google Scholar utilizando
0S seguintes descritores: Dipteryx alata Vog., baru, baru fruit (nut, oil, skin, peel and
pulp), baru almond, nutritional and bioactive compounds, health effects, functional
foods. Diferentes combinacdes foram realizadas com os descritores utilizando os
operadores booleanos. A partir dos documentos recuperados, como resultado da
busca realizada entre julho e dezembro de 2020, foram selecionados 50 artigos. Além

desses, foram incluidos 37 artigos considerados pertinentes para discussdo do
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assunto revisado. Ao final, foram incluidos 87 artigos neste estudo de revisao

(Capitulo 3 desta tese).

4.3 ESTUDO EMPIRICO

4.3.1 Aquisicao e processamento da amostra

A polpa (epicarpo e mesocarpo) de baru (Figura 2) foi adquirida in natura de
uma agroindustria no municipio de Caiapbnia (Goias, Brasil) que processa frutos
nativos do bioma Cerrado. Apdés a aquisicdo, a amostra foi congelada (-80 °C),
liofilizada em liofilizador de bancada (Liobras, L-108, temperatura: -50 £ 5 °C, presséao:
< 100 pHg, tempo: 48 h), triturada em moinho analitico (A-11, IKA, Campinas, Brasil)
para obtencéo de particulas com tamanho inferior a 1,0 mm (16 mesh; Bertel, Caieiras,

Brasil), embalada a vacuo com protecao a luz, e armazenada a 4 °C por até 6 meses.

Polpa

Polpa in natura Polpa liofilizada e triturada

Figura 2. Visao geral do fruto baru e da polpa in natura e liofilizada.

4.3.2 Reagentes quimicos e padrbes externos

Os reagentes Folin-Ciocalteau, Folin-Dennis, 2,2-difenil-1-picrilhidrazila
(DPPH), 2,4,6-tris(2-piridil)-s-triazina (TPTZ), trolox, bem como os padrdes externos
de glicose, frutose, oligossacarideos (1-kestose, nistose, rafinose), e de alguns
compostos fendlicos (acidos galico, clorogénico, p-cumarico, siringico, caftarico e
caféico, hesperidina, naringenina, procianidina B1, procianidina B2, catequina,
epicatequina, cianidina-3,5-diglicosideo, malvidina-3,5-diglicosideo, pelargonidina-
3,5-diglicosideo) foram adquiridos da Sigma-Aldrich (St Louis, EUA). Maltose e
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ramnose foram adquiridas da Chem Service (West Chester, EUA). Procianidina A2,
epigalocatequina galato, epicatequina galato, kaempferol-3-glicosideo, rutina,
quercetina-3-glicosideo, miricetina, peonidina-3-glicosideo, petunidina-3-glicosideo,
delfinidina-3-glicosideo, malvidina-3-glicosideo, cianidina-3-glicosideo, pelargonidina
-3-glicosideo foram adquiridos da Extrasynthese (Genay, Franca). cis-Resveratrol e
trans-resveratrol foram adquiridos da Cayman Chemical Company (Ann Arbor, EUA).
Os padrdes de acidos organicos (citrico, tartarico, malico, succinico, latico, férmico,
aceético, propionico e butirico) foram adquiridos da Quimica Vetec (Rio de Janeiro,
Brasil). Acido tanico foi adquirido da Neon (Suzano, Brasil).

O caldo e o agar de Man, Rogosa e Sharpe (MRS), triptona, e 0s extratos de
carne e de levedura foram adquiridos da Kasvi (Sao José dos Pinhais, Brasil). Citrato
de amonio tribasico, caldo Infusdo Cérebro e Coragéo (BHI), caldo M9, a-amilase, sal
biliar, pancreatina e membrana de dialise foram adquiridos da Sigma-Aldrich (St.
Louis, EUA). Os seguintes reagentes foram adquiridos de: agar Eosina Azul de
Metileno (EMB) - Merck (Darmstadt, Alemanha); frutooligossacarideos (FOS, Orafti
P95) - Orafti (Oreye, Bélgica); L-cisteina-HCI - Exodo Cientifica (Sumaré, Brasil); e

pepsina - Dinamica (Indaiatuba, Brasil).

4.3.3 Caracterizacdo quimica da polpa de baru
4.3.3.1 Composigao centesimal, fibra alimentar e frutanos

A composicdo centesimal foi realizada por meio das analises de umidade
(método 934.06), cinzas (método 940.26), nitrogénio total (método 920.152)% e
conversdo em proteina bruta utilizando o fator de 5,75%. Os lipidios totais foram
analisados conforme Bligh e Dyer®3. O teor de carboidratos foi estimado por diferenca,
subtraindo-se de 100 os valores de umidade, cinzas, proteinas, lipidios e fibra
alimentar total. O valor energético foi mensurado por meio dos valores de conversao
de Atwater, de 4, 4 e 9 kcal/g para proteinas, carboidratos e lipidios, respectivamente.
Os teores de fibra alimentar total, insoltvel e soluvel foram analisados pelo método
enzimatico-gravimétrico (método 985.29)8%. Os teores de lignina, hemicelulose e
celulose foram determinados pelo método de fibra em detergente acido e neutro®*. O

contelido de frutanos foi determinado pelo método enzimatico-espectrofotométrico®.
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4.3.3.2 Analises de acucares, acidos organicos e oligossacarideos

AclUcares e acidos organicos foram analisados simultaneamente em um
cromatdgrafo liquido (Agilent, modelo 1260 Infinity LC) acoplado a um detector de
indice de refracdo (RID) e um detector de arranjo de diodos (DAD). As amostras foram
previamente extraidas em agua ultrapura a 50 °C (1:20), homogeneizadas por 5 min,
centrifugadas (3000 x g, 5 min) e filtradas em membrana de nylon de 0,45 pum (Unifil,
Alvorada, RS, Brasil). O volume injetado foi de 10 pL. Uma coluna de troca ibnica
(Agilent Hi-Plex H; 300 x 7,7 mm) com particulas internas de 8 ym foi utilizada e
protegida por uma pré-coluna (PL Hi-Plex H; 5 x 3 mm). A temperatura do
compartimento da coluna foi mantida a 70 °C. O fluxo foi de 0,6 mL/min. A fase movel
foi uma solugdo de H2SOa4 (4,0 mmol/L). A deteccdo dos acUcares foi realizada por
RID, e a determinacgédo dos &cidos organicos foi realizada a 210 nm no DAD®. Para
todos os compostos analisados, o limite de deteccdo (LOD) foi inferior a 0,044 g/L, e
o limite de quantificacdo (LOQ) foi inferior a 0,151 g/L.

A determinacéo de oligossacarideos foi realizada por Cromatografia Liquida de
Alta Eficiéncia (HPLC) acoplada a RID®. As amostras foram extraidas (1:5) em agua
ultrapura e filtradas em membrana de nylon de 0,45 um (Unifil, Alvorada, RS, Brasil).
O volume de injecao foi de 20 uL. A separacdo dos compostos foi realizada em uma
coluna Synergi™ Hydro-RP C18 com endcapping polar (150 x 4,6 mm, 4 pm;
Phenomenex, Torrance, EUA) a 35 °C. O fluxo de solvente foi de 0,7 mL/min. Os
gradientes utilizados para os solventes A (agua ultrapura) e B (acetonitrila) foram: O -
8 min: 100% A; 8 - 9 min: 80% B; 9 - 12 min: 80% B; 12 - 13 min: 100% A; 13 - 20 min:
100% A (fluxo de 1,5 mL/min). Para todos os compostos analisados, o LOD foi inferior
a 0,042 g/L, e o LOQ foi inferior a 0,109 g/L.

4.3.3.3 Compostos fendlicos e capacidade antioxidante

Para obtencao dos extratos para analise de compostos fendlicos totais, taninos
totais e capacidade antioxidante, a polpa de baru liofilizada (500 mg) foi
homogeneizada com metanol 50% (25 mL) em banho ultrassénico (USC 2800,
Unique, Indaiatuba, Brasil) a 25 °C por 60 min®. Em seguida, a mistura foi
centrifugada (350-R, MPW Instruments, Warszawa, Pol6nia) a 4000 rpm por 10 min a
25 °C. Para separacéo, identificacdo e quantificacdo de compostos fendlicos, a polpa
de baru liofilizada foi diluida em metanol 70% (1:10), homogeneizada em banho
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ultrassoénico por 60 min, centrifugada a 3000 x g por 5 min e filtrada em membrana de
0,45 ym (Unifil, Alvorada, RS, Brasil)".

O contetdo de compostos fendlicos totais foi determinado de acordo com
Singleton e Rossi® a 725 nm em espectrofotdmetro UV/visivel (V-630, Jasco,
Indaiatuba, Brasil), utilizando uma curva padrdo de acido galico (Concentracdo =
[absorbancia + 0,0438] / 0,0078; r = 0,9991). Os resultados foram expressos em mg
de equivalentes de acido gélico por 100 g de amostra (mg GAE/100 g). Taninos totais
foram analisados pela reducédo do reagente Folin-Dennis® a 760 nm. O &cido tanico
foi utilizado como padréo para a curva de calibracdo (Concentracdo = [absorbancia +
0,0005]/0,0952; r =0,9999), e os resultados foram expressos em mg de equivalentes
de &cido tanico por 100 g de amostra (mg TAE/100 g).

A separacdo e quantificagdo de compostos fendlicos foram realizadas
utilizando um cromatografo liquido (1260 Infinity LC, Agilent Technologies, St. Clara,
EUA) acoplado a um DAD?®%, As condicdes analiticas foram as seguintes: coluna
Zorbax Eclipse Plus RP-C18 (100 x 4,6 mm; 3,5 um), pré-coluna Zorbax C18 (12,6 x
4,6 mm; 5 ym), temperatura de 35 °C e volume de inje¢do de 20 yL da amostra
previamente diluida e filtrada. O fluxo de solvente foi de 0,8 mL/min. Os gradientes
utilizados para os solventes A (solucdo de acido fosforico) e B (metanol acidificado
com HsPOa4) foram: 0-5 min - 5% B; 5-14 min - 23% B; 14-30 min - 50% B; 30-33 min
- 80% B. A deteccdo dos compostos foi realizada por comparacdo com padrbes
externos. Para todos os compostos analisados, o LOD foi inferior a 0,17 mg/L, e 0
LOQ foi inferior a 1,41 mg/L.

A capacidade de sequestro do radical livre DPPH foi determinada conforme
Brand-Williams, Cuvelier e Berset®. Aliquotas (0,1 mL) dos extratos foram
adicionadas a 3,9 mL de solucdo de DPPH (25 mg/L) e mantidas em luminosidade
reduzida a 25 °C por 120 min. A absorbancia foi mensurada a 517 nm, e a curva
padréo foi preparada com solugéo de trolox (Concentracdo = [absorbancia + 0,6296]
/ 0,0006; r = - 0,9989). O ensaio da capacidade de reducao do ion férrico (FRAP -
Ferric Reducing Antioxidant Power) foi conduzido de acordo com Pulido, Bravo e
Saura-Calixto®?. O reagente FRAP foi obtido a partir de uma mistura de tampéo
acetato, solugao de cloreto férrico e solugdo de TPTZ. Aliquotas (90 pL) dos extratos
foram homogeneizadas com agua ultrapura (270 uL) e reagente FRAP (2,7 mL), e
mantidas a 37 °C por 30 min. A absorbancia da mistura foi medida a 595 nm. A curva

padrdo foi preparada com solugéo de trolox (Concentracdo = [absorbancia + 0,0293]
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/ 0,0011; r = 0,9979). Os resultados dos ensaios DPPH e FRAP foram expressos em

pMmol de equivalente de trolox por grama de amostra (umol TE/g).

4.3.4 Potencial prebidtico in vitro
4.3.4.1 Micro-organismos e condi¢des de cultivo

Os probidticos utilizados neste estudo (Bifidobacterium animalis subsp. lactis
BB-12, Lactobacillus acidophilus LA-05 e Lacticaseibacillus casei L-26) foram
fornecidos pela Escola Superior de Biotecnologia, da Universidade Catdlica
Portuguesa (Porto, Portugal). As culturas estoque foram mantidas em caldo MRS
contendo glicerol (150 g/L) a -80 °C. Para os ensaios, cada cepa foi cultivada,
inicialmente, em caldo MRS a 37 °C, por 20-24 h, para obter suspensfes de células
com densidade Optica de 0,8 a 655 nm (DOess), € contagem de células viaveis de,
aproximadamente, 6 log unidades formadoras de colénias (UFC)/mL em agar MRS.
O caldo e o agar MRS utilizados para o cultivo de B. animalis subsp. lactis BB-12
foram suplementados com L-cisteina-HCI (0,5 g/L) e incubados em anaerobiose®.

As cepas de Escherichia coli CCCD-E004 (Cefar Diagndstica Ltda.) e E. coli
ATCC 25922 (fornecida pelo Laboratorio de Controle Higiénico-Sanitario de
Alimentos, da Faculdade de Nutricdo, UFG) constituiram o indculo da mistura entérica.
As cepas foram cultivadas em caldo BHI a 37 °C, por 18-20 h, para obter suspenséo
celular com uma DOsss de 0,1 e contagem de células viaveis de, aproximadamente, 6
log UFC/mL em &gar EMB. O in6culo da mistura entérica foi obtido pela mistura das

duas diferentes suspensdes de E. coli (1:1).

4.3.4.2 Preparagéo dos meios de cultivo bacteriano

O caldo MRS com modificagdes na composi¢cdo da fonte de carbono padrao
(glicose) foi utilizado como meio para avaliar o potencial prebiético da polpa de baru®:.
A composicao dos diferentes caldos MRS utilizados para cultivar os probiéticos foi
triptona (10 g/L), extrato de carne (8 g/L), extrato de levedura (4 g/L), fosfato de
dipotassio de hidrogénio (2 g/L), Tween 80 (1 g/L), acetato de sodio (5 g/L), citrato de
amonio tribasico (2 g/L), sulfato de magnésio (0,2 g/L), sulfato de manganés (0,04
g/L), e a sua respectiva fonte de carbono. As fontes de carbono foram glicose, FOS
(prebidtico padréo) e polpa de baru, cujas concentragdes foram definidas de acordo
com a concentracao de glicose (20 g/L) do caldo MRS comercial. Os meios foram
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submetidos a homogeneizacdo em banho ultrassénico a 37 °C por 60 min, e

esterilizados em autoclave a 120 °C por 15 min.

4.3.4.3 Enumeracao de células viaveis de probioticos

O in6culo de cada probiotico testado foi dispensado (2%, v/v) em frascos
estéreis contendo os respectivos caldos de cultivo (10 mL). As misturas foram
homogeneizadas e incubadas a 37 °C. Em diferentes intervalos de tempo (0 h — apéds
a homogeneizagéo, 12, 18, 24 e 48 h apds a incubagao), aliquotas (100 pL) de cada
mistura foram diluidas em série em solugao salina estéril (8,5 g/L). Aliquotas (20 pL)
de cada diluicdo foram plaqueadas em agar MRS, utilizando a técnica de inoculacao
de microgotas. As placas foram incubadas a 37 °C por 48 h, e os resultados foram
expressos em log UFC/mL®3.

O in6culo da mistura entérica (2%, v/v) foi adicionado ao caldo M9 contendo
glicose (20 g/L), FOS (20 g/L), ou polpa de baru (20 g/L). As misturas foram
homogeneizadas e incubadas em condi¢bes aerdbicas a 37 °C. Em diferentes
intervalos de tempo (0 h e 48 h), aliquotas (100 yL) de cada mistura foram diluidas em
série em solucao salina estéril (8,5 g/L). Em seguida, aliquotas (20 uL) de cada
diluicdo foram plaqueadas em agar EMB utilizando a técnica de microgotas. As placas
foram incubadas em condicGes aerdbicas a 37 °C por 24 h, e os resultados foram

expressos em log UFC/mL.

4.3.4.4 Escore de atividade prebiética

O escore de atividade prebiotica foi determinado de acordo com a equacéao
proposta por Huebner, Wehling e Hutkins®*, considerando o crescimento de cada
probidtico e da mistura entérica durante a fermentagao (Aiog urcimL = log UFC/mLi=4s —
log UFC/mLt=0) utilizando os substratos (glicose, FOS e polpa de baru), conforme
descrita a seguir: Escore de atividade prebidtica = probidtico (Aiog urcimL prebidtico/Aiog
urc/mL glicose) — mistura entérica (Aiog urcimL prebiotico/Aieg urcimL glicose). Um escore
de atividade prebidtica positivo indica que o substrato foi metabolizado seletivamente

pelo probiético, mas néo pela mistura entérica®.

4.3.4.5 Avaliacao da atividade metabolica dos probidticos
A atividade metabdlica dos probioticos foi avaliada por meio da determinacéo

do pH, e das concentracfes de aclcares e acidos organicos nos diferentes meios de
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cultivo. Os valores de pH foram mensurados de acordo com AOACS8!, usando um
medidor de pH digital (Adwa AD100, Szeged, Hungria) em diferentes intervalos de
tempo. Os acUcares e 4cidos organicos foram quantificados simultaneamente por

HPLC®, conforme descrito na secédo 4.3.3.2.

4.3.5 Digestao gastrointestinal in vitro

A digestdo da polpa de baru liofilizada foi realizada em quatro fases para
simular a digestao oral, gastrica e intestinal seguida por dialise®. Aliquotas (10 g) da
polpa de baru foram homogeneizadas com agua destilada estéril (50 mL). A fase oral
foi simulada pela adigdo de 1,2 mL de a-amilase (100 U/mL em CaClz 1 Mm) a solu¢éo
inicial. O pH da solucéo foi ajustado para 5,6—6,9 com NaHCO3 1 M e incubada por 2
min a 37 °C, 130 rpm em incubadora refrigerada com agitacdo (TE-424, Tecnal,
Piracicaba, Brasil). Na fase gastrica, a pepsina (25 mg/mL em HCI 0,1 M) foi
adicionada a mistura (0,05 mL/mL), o pH foi ajustado para 2,0-2,5 com HCI 1 M, e
incubada por 90 min a 37 °C, 130 rpm. Para simular a fase intestinal, uma solugéao
composta por sais biliares e pancreatina (12 g/L e 2 g/L, respectivamente, em NaHCO3
0,1 M) foi adicionada a mistura (0,25 mL/mL), o pH foi ajustado para 6,5-7,0 com
NaHCOs 1 M, e a mistura foi incubada por 90 min a 37 °C, 45 rpm. Em seguida, a
amostra foi submetida a dialise em membrana de celulose previamente hidratada, a
qual foi imersa em solucao salina estéril a 4 °C por 18 h. A amostra digerida e dialisada
foi congelada a -80 °C por 24 h, liofilizada e armazenada a 4 °C.

4.3.6 Fermentacdao colonica humana in vitro
4.3.6.1 Procedimentos éticos

Este estudo foi submetido & apreciacéo e aprovagdo pelo Comité de Etica em
Pesquisa da Universidade Federal de Goias. O protocolo experimental foi aprovado
sob o nimero 4.970.001, de acordo com o parecer consubstanciado (ANEXO A). Os
individuos selecionados e aptos a participarem da pesquisa foram informados sobre

0 estudo por meio do Termo de Consentimento Livre e Esclarecido - TCLE (ANEXO B).

4.3.6.2 Coleta das amostras fecais
Os doadores de amostras fecais foram selecionados de acordo com o0s
seguintes critérios de incluséo: idade entre 18 e 65 anos, sem dieta restritiva, sem

histérico de intolerdncias alimentares, alergias alimentares ou outras doencas
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gastrointestinais e sem uso de probioticos, prebioticos, antibidticos ou medicamentos
controlados por pelo menos seis meses antes da coleta!®®, Foram selecionados cinco
voluntarios adultos saudaveis (trés homens e duas mulheres) com idade entre 20 e
45 anos. Além do TCLE e das orientacfes dos pesquisadores, os doadores receberam
frascos coletores estéreis e materiais descartaveis necessarios para coleta e
manuseio asséptico das amostras. Os frascos com as amostras fecais frescas foram

transportados para o laboratorio de andlise em condigBes anaerdbicas.

4.3.6.3 Fermentacéao fecal e determinacao de pH, acucares, lactato e AGCC

Logo apoOs a coleta (cerca de 60 min), as amostras fecais frescas foram
misturadas em quantidades iguais, diluidas (1:10) em solucdo salina estéril (8,5 g/L)
com adicao de L-cisteina-HCI (0,5 g/L), homogeneizadas e filtradas em uma camada
tripla de gaze estéril para obtencdo do pool de inoculo fecal fresco. Para a
fermentacao, o meio de crescimento utilizado foi composto por NaCl (4,5 g/L), KCI (4,5
g/L), NaHCOs (1,5 g/L), MgS04 (0,70 g/L), L-cisteina-HCI (0,8 g/L), KH2POa4 (0,5 g/L),
K2HPO4 (0,5 g/L), sais biliares (0,4 g/L), CaCl2 (0,08 g/L), FeSOa4 (0,005 g/L), Tween
80 (1 mL/L) e solucao de resazurina a 0,025% (4 mL/L) em agua destilada estéril. O
pH do meio foi ajustado para 6,8 com HCI 1 M’6,

A amostra digerida e dialisada da polpa de baru (20%) foi submetida a
fermentacdo com o pool de inoculo fecal fresco (40%) e o meio de crescimento (40%).
Além disso, um meio contendo FOS (20%) e um meio sem adi¢cdo de substrato
fermentavel (controle negativo) também foram submetidos a fermentacéo a 37 °C por
48 h em condicdes anaerdbicas'®’®, Nos tempos zero e apds 24 e 48 h de
fermentacdo, aliquotas foram coletadas para monitorar a atividade metabdlica
bacteriana por meio da determinacdo de pH”® e dos contelidos de agucares, lactato e

AGCC?, conforme descrito na secédo 4.3.3.2.

4.3.6.4 Hibridizacao in situ por fluorescéncia (FISH) com citometria de fluxo

A andlise de FISH foi realizada com sondas oligonucleotidicas sintetizadas
comercialmente (Eurofins Genomics, Ebersberg, Alemanha), marcadas com Cy3
fluorescente, e capazes de emparelhar com a sequéncia alvo do gene 16S rRNA dos
seguintes grupos bacterianos (Tabela 1): Bac 303 - Bacteroides e Prevotella®; Bif 164
— Bifidobacterium®’; Chis 150 - Clostridium histolyticum®; Erec 482 - Eubacterium

rectale e Clostridium coccoides®: e Lab 158 - Lactobacillus e Enterococcus®. As
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sondas foram selecionadas para os principais grupos bacterianos frequentemente
encontrados no intestino humano (Tabela 1). SYBR Green foi usado para enumerar
células totais®.

Nos diferentes intervalos de tempo (0, 24 e 48 h de fermentacao), aliquotas
(375 pL) dos meios de fermentacdo foram fixadas com 1125 pL de solucéo filtrada
(membrana de 0,22 um e 30 mm) de paraformaldeido (4%) e incubadas overnight a 4
°C. Em seguida, as aliquotas foram centrifugadas (9000 rpm, 5 min, 4 °C), lavadas
duas vezes com PBS 1 M estéril (1000 pL), ressuspensas com PBS 1 M (300 uL) e
etanol absoluto (300 L), filtradas em membrana estéril de 0,45 um e 33 mm (Merck

Millipore, Burlington, EUA), e armazenadas a -20 °C por 24 h.

Tabela 1. Sondas de oligonucleotideos de rRNA 16S e condi¢Bes de hibridizacao

utilizadas na analise de FISH.

Temperatura (°C)

Sonda Grupo bacteriano Sequéncia (5 — 3)
Hibridizacdo  lavagem
Bac 303 Bacteroides e Prevotella CCAATGTGGGGGACCTT 45 45
Bif 164 Bifidobacterium CATCCGGCATTACCACCC 50 50
Chis 150 Clostridium histolyticum TTATGCGGTATTAATCTYCCTTT 50 50
(Clostridium clusters | e Il)
Erec 482 Eubacterium rectale - Clostridium coccoides GCTTCTTAGTCARGTACCG 50 50
(Clostridium clusters XIVa e XIVb)
Lab 158 Lactobacillus e Enterococcus GGTATTAGCAYCTGTTTCCA 50 50

Para hidridizacéo, as células fixadas (10 pL) foram ressuspensas em 190 uL
PBS 1X estéril (Gibco, Gaithersburg, EUA), centrifugadas (4000 rpm, 15 min, 4 °C),
ressuspensas em 200 pL Tris-EDTA (Tris-HCI 100 mM e EDTA 50 mM; pH 8) e
centrifugadas (4000 rpm, 15 min, 4 °C). Amostras foram tratadas com Tris-EDTA (200
pL) e lisozima (1 mg/mL), incubadas em luminosidade reduzida a + 25 °C por 10 min
para permeabilizar as células que receberdo as sondas Lab 158 e Bif 164, e
centrifugadas (4000 rpm, 15 min, 25 °C). Posteriormente, todas as amostras foram
ressuspendidas com 45 pL de tampé&o de hibridizagcao (NaCl 0,9 M; Tris-HCI 20 mM
[pH 7,5]; 0,1% dodecil sulfato de sédio) e com 5 uL da sonda oligonucleotidica (50
ng/puL) e incubadas com luminosidade reduzida por 4 h em temperatura de
hibridizacdo especifica para cada sonda (Tabela 1). ApOs essa etapa, as amostras
foram centrifugadas (4000 rpm, 4 min, 25 °C), ressuspensas em tampao de lavagem

(NaCl 0,9 M e Tris-HCI 20 mM; pH 7,5) e incubadas por 30 min em temperatura de
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lavagem especifica para cada sonda (Tabela 1). As amostras foram centrifugadas
(4000 rpm, 15 min, 25 °C), ressuspensas em PBS 1X (200 pL) e 20 yuL de SYBR Green
(1:1000 em dimetil sulféxido = 99,9%), incubadas por 10 min a 25 °C, centrifugadas
(4000 rpm, 15 min, 25 °C) e ressuspendidas com PBS 1X (200 pL). Uma amostra sem
a sonda oligonucleotidica e sem SYBR Green (branco) e uma amostra somente com
SYBR Green foram preparadas para todas as amostras, seguindo 0s mesmos
procedimentos anteriores.

Os sinais de fluorescéncia das células foram coletados em um citbmetro de
fluxo (BD Accuri C6, New Jersey, EUA) pelos canais FL1 (SYBR Green) e FL2 (Bac
303, Bif 164, Chis 150, Erec 482 e Lab 158), e os citogramas de emissdo de
fluorescéncia foram registrados usando o software BD Accuri C6. As condi¢des de
leituras foram fluxo médio, limite para disperséo direta (FSC) de 30000, e total de 1000
eventos coletados por amostra. Os resultados foram expressos como abundancia (%)
de células hibridizadas com cada sonda especifica em relacdo ao numero total de

células enumeradas por SYBR Green?,

4.3.7 Analise estatistica

As andlises da composicao quimica foram realizadas em triplicata. Os ensaios
in vitro de avaliacdo do potencial prebidtico e da fermentacdo colonica foram
realizados em duplicata, em trés experimentos diferentes. Desvios da normalidade
dos residuos foram avaliados pelo teste Shapiro-Wilk. Os dados foram submetidos a
analise de variancia (ANOVA one-way), seguida pelo teste de Tukey. A analise de
componentes principais e as analises de correlacdo de Pearson foram realizadas
usando os valores médios obtidos da fermentagéo colonica in vitro. Todos os testes
foram realizados utilizando um nivel de significancia de 0,05. As analises estatisticas

foram conduzidas no software R, versao 4.1.0.
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Prebiotics are substrates selectively metabolized by hindgut microorganisms conferring health benefits. Recent
studies suggest polyphenols as candidate to prebiotics. Thus, this systematic review aimed to investigate the
prebiotic effect of dietary polyphenols in preclinical and clinical studies. Animal studies demonstrated that the
consumption of polyphenols, especially catechins, anthocyanins and proanthocyanidins, increases the abun-
dance of Lactobacillus, Bifidobacterium, Akkermansia, Roseburia, and Faecalibacterium spp. Moreover, polyphenols
supplementation increased the production of short-chain fatty acids (SCFA), including butyrate. The included
clinical trials showed an increased abundance of Lactobacillus acidophilus, Bifidobacterium and Faecalibacterium
spp., and a reduction in plasma lipopolysaccharide-binding protein after the consumption of anthocyanins and
ellagic acid. In conclusion, there is strong evidence in preclinical studies that dietary polyphenols can stimulate
both the growth of microorganisms identified as prebiotic targets and an increase in the production of SCFA.

Therefore, clinical trials are warranted to investigate the prebiotic effect of dietary polyphenols on humans.

1. Introduction

Prebiotics are defined as substrates selectively utilized by the host's
microorganisms resulting in benefits for metabolic health, gastro-
intestinal system, bone health and mental health. Some dietary fibers,
especially resistant oligosaccharides (inulin, fructo-oligosaccharides
and galacto-oligosaccharides), are well-recognized in literature as pre-
bioties (Gibson et al., 2017). Besides dietary fibers, recent studies have
shown the interaction between polyphenols and the gut microbiota,
suggesting them as candidate compounds to prebiotics (Sanders,
Merenstein, Reid, Gibson, & Rastall, 2019; Shortt et al., 2018; Singh,
Cabral, Kumar, Ganguly, & Pandey, 2019).

Polyphenols are secondary metabolites of plants, characterized by
aromatic rings bearing one or more hydroxyl groups in their chemical
structure, ranging from that of a simple phenolic molecule to that of a
complex high-molecular mass polymer (Mojzer et al., 2016). These
compounds have low bioavailability and extensive metabolism in the
large intestine, favoring interactions with intestinal microorganisms
(Bian, Wei, Zhao, & Li, 2020). Actually, there is a bidirectional inter-
action, in which polyphenols modulate the gut microbiota and, con-
versely, microorganisms can modulate the activity of the phenolic
compounds. This interaction can regulate the metabolism and the
bioavailability of polyphenols, converting them into metabolites, which
may have different effects on the host health (Singh et al., 2019).

Dietary polyphenols are associated with a reduced risk of cardio-
metabolic diseases when regularly consumed (Noad et al., 2016). Stu-
dies show that polyphenols have antioxidant, anti-inflammatory (Chai,
Davis, Zhang, Zha, & Kirschner, 2019), anti-obesogenic, antilipidemic
(Fang et al., 2019) and anti-diabetic (Paquette et al., 2017) activities.
However, the role of dietary polyphenols in health largely depends on
their metabolism, absorption and bioavailability processes which are, in
turn, related to the gut microbiota modulation, in terms of composition
and functionality. Although polyphenols are currently recognized as
modulators of the gut microbiota composition, there is still no con-
clusive evidence of their prebiotic effect (Cueva, Silva, Pinillos,
Bartolomé, & Moreno-Arribas, 2020). The prebiotic effect of each
polyphenol can be influenced by the food source and the chemical
structure of the compound, along with the individual differences in the
gut microbiota composition (Serreli & Deiana, 2019). Therefore, es-
tablishing a relationship among the polyphenols consumption, the
growth of microorganisms recognized as prebiotic targets, the meta-
bolites generated and the effect on health is somewhat of a challenge.
This systematic review aimed to investigate the available evidence of
the prebiotic effect of dietary polyphenols.
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Detailed search terms in the databases (August 2, 2019).

46

Journal of Funciional Foods 74 (2020) 104169

Database Search term N° of ltems found (total = 4025)
PubMed (polyphenols[MeSH Terms] or flavonolds [MeSH Terms] or tannins [MeSH Terms] or lignans [MeSH Terms] or stilbenes 796

[MeSH Terms] or curcumin [MeSH Terms] or “phenolic acids™ [Title/Abstract]) AND (microbiota [MeSH Terms] or

“human microblome” [MeSH Terms] or “gut microblota™ [Title/Abstract] or “gut microblome” [Title/Abstract] or prebiotic

[MeSH Terms] or firmicutes [Title/Abstract] or bacteroldetes [MeSH Terms])
Scopus (TITLE-ABS-KEY ((polyphenols OR flavonoids OR tannins OR lignans OR stilbenes OR curcumin OR “phenolic acids”)) AND 1633

TITLE-ABS-KEY ((microbiota OR “human microblome” OR “gut microbiota™ OR “gut microblome” OR preblotic OR

firmicutes OR bacteroidetes)))
‘Web of Sclence

#1 TS=(polyphenols OR flavonoids OR tannins OR lignans OR stilbenes OR curcumin OR “phenolic acids™) 1596

AND #2 TS =(microbiota OR “human microblome” OR “gut microblota” OR “gut micreblome” OR prebiotic OR firmicutes

OR bacteroidetes)

2. Material and methods
2.1. Search strategy and study selection

In accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al., 2015),
a systematic literature search was carried out through the PubMed,
Scopus and Web of Science databases up to August 02, 2019, using
terms related to prebiotic, gut microbiota and polyphenols (Table 1).
After the removal of duplicates using a bibliographic reference man-
ager, two authors independently reviewed the titles and abstracts of
each paper identified in the search. This procedure was performed
using a systematic review software. The selected studies were retrieved
for full-text analysis and eligible articles were identified. Afterwards,
they were reanalyzed for details of the study design and their outcome
to select the papers included in this review. Any disagreements in this
regard were solved by the means of discussion with a third author.

2.2. Inclusion and exclusion criteria

The following criteria were applied for inclusion: (1) a randomized
controlled study design using animals and/or humans; (2) intervention
with either isolated polyphenol or food extract; (3) phenolic com-
pounds profile of the food extract available; (4) outcomes related to
changes in the gut microbiota composition, with stimulation of mi-
croorganisms recognized as prebiotic targets (Lactobacillus,
Bifidobacterium, Roseburia, Eubacterium, and Faecalibacterium spp.)
(Gibson et al., 2017), including the Akkermansia spp. (Sanders et al.,
2019), and/or an increase in the production of short-chain fatty acids
(SCFA), including butyrate; and (5) publishing in English. Studies with
a lower than eight number of animals per group, acute studies, drug-
induced pathologies, gut microbiota composition assessment by culture
plate methods, and without the microorganism genera identification
were excluded.

2.3. Data extraction

The included studies were reviewed and the following data were
abstracted: sample source, exposure dosage, animal model or study
population (subjects and sample size), intervention period, diet type,
outcomes related to gut microbiota and host health, paper’s first author
and date of publication.

2.4. Quality assessment

The quality assessment of animal studies was conducted using the
SYRCLE's risk of bias tool (Hooijmans et al., 2014). Cochrane Colla-
boration's tool (Higgins et al., 2011) was used for the quality assessment
of clinical trials.

3. Results
3.1. Description of studies

The initial search strategy yielded 4025 articles, out of which 1685
were excluded as duplicates. After analysis of titles and abstracts, 2044
records were excluded, including in vitro studies, review articles, con-
ference abstracts, letters, protocols, editorials, and unavailable full-
texts, and 296 were selected for full-text review. Among these, 242
studies were excluded according to the exclusion criteria. Thus, full-text
review of 54 eligible studies were made, excluding 30 articles for dif-
ferent reasons: there was no growth of microorganisms recognized as
prebiotic targets (Casanova-Marti et al., 2018; Cheng, Chen, Zhang,
et al., 2019; Cires et al., 2019; Collins et al., 2016; Cowan et al., 2014;
Gonzalez-Sarrias et al., 2017; Griffin et al., 2017; Guo, Tang, et al.,
2018; Li, Liu, Liu, Liao, & Zou, 2019; Most, Penders, Lucchesi,
Goossens, & Blaak, 2017; Porras et al., 2017; Remely et al., 2017; Shen,
Wan, Wang, & Jiang, 2019; Sung et al., 2017; Tan et al., 2018; Unno &
Osakabe, 2018; Wang et al,, 2019; Yu et al., 2019; Yuan et al., 2018;
Zhang, Dong, et al., Zhang, Zhang, et al., 2018; Zhang, Wu, Li, Xin, &
Liu, 2019; Zhou, Zhang, Arikawa, & Chen, 2019); there was no increase
in the production of butyrate (Ginés et al., 2019; Grzelak-Blaszezyk
et al., 2018; Zhou, Tang, Shen, & Wang, 2018); and extracts contained
other compounds such as oligosaccharides, polysaccharides or dietary
fiber (Chiu et al., 2017; Gao et al., 2018; Garcia-Mazcorro et al., 2018;
Romo-Vaquero et al., 2014). Finally, 24 articles (22 animal studies and
2 clinical trials) fulfilled the eligibility criteria and were included in this
systematic review (Fig. 1). The animal studies were organized into two
sections, according to polyphenol classes and considering the majority
compound of the polyphenols profile available in the studies: flavo-
noids and other polyphenols (lignans, phenolic acids, stilbenes and
vanillin) (Table 2). Data on the polyphenol class and subclass were
extracted from the Phenol-Explorer database (www.phenol-explorer.
eu).

3.2. Prebiotic effect of dietary polyphenols

3.2.1. Animal studies

3.2.1.1. Flavonoids. The flavonoids were the most investigated
phenolic compounds in relation to the effects on the gut microbiota
composition and the benefits to the host health. Prebiotic effect of
anthocyanins, a subclass of the flavonoids, was evaluated in three
animal studies (Anhé et al., 2018; Li, Wu, et al., 2019; Van Hul et al.,
2018). In a study with Arctic berry extracts (Anhé et al., 2018), and
another with cinnamon bark and grape pomace extracts (Van Hul et al.,
2018), the most abundant polyphenols present in the extracts were
anthocyanins and proanthocyanidins. However, the authors associated
the main outcomes with the presence of the proanthocyanidins. The
proanthocyanidins or procyanidins effects on the gut microbiota were
investigated in other three studies. A marked increase in the abundance
of Akkermansia was observed after the consumption of polymeric
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Fig. 1. Flowchart of the systematic review.

procyanidins from apple (Masumoto et al., 2016), and cranberry extract
rich in proanthocyanidins (Anhé et al., 2015, 2017). Moreover, body
weight gain reduction, insulin sensitivity improvement, upregulation of
genes involved in lipid catabolism, and downregulation of pro-
inflammatory genes in the liver were the health benefits associated
with the consumption of proanthoeyanidins (Anhé et al., 2015, 2017;
Masumoto et al., 2016).

The prebiotic effect of the flavanols (epigallocatechin gallate, epi-
gallocatechin, epicatechin gallate, epicatechin), a flavonoid subclass,
was characterized in seven animal studies. The main food sources in-
vestigated were green tea, black tea, oolong tea, and Pu-erh tea. The

intervention doses were very different among studies, and intervention
periods ranged from 28 to 196 days (Dey et al., 2019; Henning et al.,
2018; Liu et al., 2019; Lu et al., 2019; Ma et al., 2019; Wang et al.,
2018; Xia et al., 2019). An increase in the abundance of Akkermansia
and Bifidobacterium was observed in mice fed a high-fat diet after the
consumption of green tea polyphenols (Dey et al., 2019; Ma et al., 2019;
Wang et al., 2018). Supplementation of the oolong tea extract and
decaffeinated black tea extract increased the butyrate production (Liu
et al.,, 2019; Henning et al., 2018), while the Pu-erh tea extract con-
sumption stimulated the Akkermansia and Roseburia growth (Lu et al.,
2019; Xia et al., 2019).
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The intervention with soy isoflavone extract containing 51%
daidzin, 30% glycitin and 9% genistein increased the abundance of
Faecalibacterium and the fecal butyrate content in obese rats, and im-
proved intestinal barrier function through increasing the expressions of
zonula occludens 1 (ZO-1), occludin and mucin 2 (Muc-2) genes (Luo
et al., 2019). An increase of the Faecalibacterium genus was also ob-
served after the consumption of genistein (Lopez et al., 2018).

The effects of other flavonoid subclasses were investigated in two
studies, in which the intervention samples were hydroxysafflor yellow
A (HSYA) (Liu et al., 2018) and Schisandra chinensis pollen extract
(Cheng et al., 2019). The HSYA supplementation, a compound with a
mono-chalcone glycoside structure, increased the abundance of Akker-
mansia, and the production of acetate, propionate, and butyrate.
Moreover, the number of goblet cells and the expression of tight junc-
tion proteins ZO-1 were increased after intragastric supplementation
with HSYA (Liu et al., 2018). Regarding the S. chinensis pollen extract,
the most abundant phenolic compound was naringenin (1.89 mg/g), a
flavanone. Treatment with pollen extract increased Lactobacillus in
obese mice with a dose-effect relationship (Cheng, Chen, Liu, et al.,
2019).

3.2.1.2. Other polyphenols. Prebiotic effect of other phenolic
compounds, like lignans, phenolic acids, stilbenes and vanillin, was
evaluated in five animal studies (Cho et al., 2016; Etxeberria et al.,
2017; Guo et al., 2018; Qiao et al., 2014; Xie et al., 2019). In summary,
there was an increase in the abundance of Lactobacillus, Bifidobacterium
and Akkermansia, and a reduction in serum concentrations of pro-
inflammatory cytokines and expression of lipid synthesis related genes.

The consumption of syringaresinol, a lignan present in oilseeds,
cereal brans and berry seeds, enhanced the population of Lactobacillus
and Bifidobacterium, and reduced serum lipopolysaccharide-binding
protein (LBP) concentration (Cho et al., 2016). Supplementation with
aqueous kudingcha extract, composed by 3,4-di-O-caffeoylquinic acids
(3,4-diCQAs — 26.9%), 3,5-diCQAs (42.3%) and 4,5-diCQAs (30.8%),
increased the abundance of Bifidobacterium and Akkermansia, and de-
creased the concentrations of serum interleukin 6 (IL-6), tumor necrosis
factor-alpha (TNF-a) and lipopolysaccharides (LPS) and the hepatic
expression of lipid synthesis related genes (Xie et al., 2019). The sup-
plementation with resveratrol, the largest representative of the stil-
benes class, increased the abundance of Lactobacillus and Bifido-
bacterium, and decreased the genes expression related to fatty acids
synthesis, adipogenesis and lipogenesis in mice fed a high-fat diet (Qiao
et al., 2014). Animals treated with a standard diet supplemented with
pterostilbene, a dimethoxy resveratrol derivative, showed an increase
in the abundance of Akkermansia muciniphila, and an improvement in
insulin sensitivity (Etxeberria et al., 2017). An increase in the produc-
tion of acetate, propionate and butyrate and a decrease in the high
concentrations of inflammatory factors (LPS, IL-6, and TNF-a) were
observed in mice fed a high-fat diet after the supplementation with
vanillin (Guo, Han, et al., 2018).

3.2.2. Clinical trials

The effect of anthocyanins was also evaluated in a crossover clinical
trial, in which the consumption of a wild blueberry drink (375 mg of
anthocyanins) by healthy adults increased Bifidobacterium spp. and
Lactobacillus acidophilus (Vendrame et al., 2011). In another clinical
trial with overweight-obese individuals, the consumption of pome-
granate extract (1.8 g/day, 656 mg of phenolics) rich in hydro-
xybenzoic acids (punicalagins and free ellagic acid) increased Faecali-
bacterium and decreased the concentration of plasma LBP (Gonzalez-
Sarrias et al., 2018).

3.3. Methodological quality assessment of studies

The animal studies were generally classified as low or unclear re-
garding the risk of bias (Table S1). None of the included studies

Journal of Functional Foods 74 (2020) 104169

satisfied all areas established by the SYRCLE’s tool for methodological
quality assessment of animal studies. Data on selection bias (baseline
characteristics and allocation concealment), performance bias (random
housing and blinding), and detection bias (random outcome assessment
and blinding) were unavailable in all studies. The clinical trials
(Gonzalez-Sarrias et al., 2018; Vendrame et al., 2011), evaluated by
Cochrane Collaboration's tool, were at low-risk for selection bias
(random sequence generation), performance bias (blinding of partici-
pants and personnel), reporting bias (selective reporting), and other
bias. In addition, these studies were unclear for selection bias (alloca-
tion concealment) and detection bias (blinding of outcome assessment)
and showed high-risk for attrition bias (incomplete outcome data).

4, Discussion

To our knowledge, this is the first systematic review aiming to ex-
plore the prebiotic effect of dietary polyphenols investigated in pre-
clinical and clinical studies. We found 24 studies of which: 8 showed an
increased abundance of Lactobacillus spp. and/or Bifidobacterium spp.
(Cheng, Chen, Liu, et al., 2019; Cho et al., 2016; Dey et al., 2019; Li,
Wu, et al., 2019; Ma et al., 2019; Qiao et al., 2014; Vendrame et al.,
2011; Xie et al., 2019); 10 showed an increased abundance of Akker-
mansia spp. (Anhé et al., 2015, 2017; Dey et al., 2019; Etxeberria et al.,
2017; Liu et al., 2018; Lu et al., 2019; Ma et al., 2019; Masumoto et al.,
2016; Xia et al., 2019; Xie et al., 2019); 3 showed an increased abun-
dance of Faecalibacterium spp. (Gonzilez-Sarrias et al., 2018; Lopez
etal., 2018; Luo et al., 2019); and 3 showed an increased abundance of
Roseburia spp. (Lu et al., 2019; Ma et al., 2019; Van Hul et al., 2018).
Seven studies reported an increase in the production of SCFA, including
butyrate (Guo, Han, et al., 2018; Henning et al., 2018; Li, Wu, et al.,
2019; Liu et al., 2018, 2019; Luo et al., 2019; Wang et al., 2018).

The current definition of prebiotic recognizes that prebiotic targets
extend beyond the stimulation of Bifidobacterium and Lactobacillus, and
include other microorganisms such as Reseburia, Eubacterium and
Faecalibacterium spp., but are not limited to these (Gibson et al., 2017).
Thereby, the inclusion criteria applied in this systematic review is in
accordance with the current concept of prebiotics. The health benefits
associated with prebiotics are immune modulation, increased mineral
absorption, improved bowel function, and a positive effect on glucose
homeostasis, inflammation, blood lipid profile, satiety and defense
against pathogens (Sanders et al., 2019). Although these effects cannot
be easily extrapolated to the human gut microbiota, many of them seem
to be mediated by SCFA, especially acetate, propionate, and butyrate.

The pathway that explains how polyphenols increase the production
of SCFA is not yet fully understood. It is believed that the increase of
anaerobic microorganisms, such as Lactobacillus, Lachnospiraceae and
Ruminococcaceae can promote the increase of SCFA, especially of bu-
tyrate (Li, Wu, et al., 2019; Liu et al., 2018, 2019). Another possible
explanation is associated with decafeinated green tea and black tea
polyphenols that have been shown to inhibit a-amylase and a-gluco-
sidase in saliva and small intestine, which may lead to residual carbo-
hydrate in the large intestine providing substrate for the SCFA pro-
duction (Henning et al., 2018). It is worth mentioning that SCFA are the
major mediators among nutrition, gut microbiota, physiology, and pa-
thology (Rios-Covian et al., 2016). The butyrate has been investigated
most extensively, and it is recognized that butyrate-producing bacteria
and butyrate per se may be beneficial for human health (Koh, De
Vadder, Kovatcheva-Datchary, & Bickhed, 2016), suggesting it as a
biomarker of prebiotic effect.

The studies reviewed here reported that the health benefits asso-
ciated with the consumption of catechins were reduced concentrations
of serum low-density lipoprotein cholesterol (LDL-c) (Ma et al., 2019),
glucose and insulin (Wang et al., 2018). Studies also found that ca-
techins could prevent an increase in toll-like receptor 4 (TLR4)/ nuclear
factor kappa B (NFkB)-dependent inflammatory genes (Dey et al.,
2019), and increase the hepatic adenosine monophosphate-activated
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protein kinase (AMPK) phosphorylation (Henning et al., 2018). Besides,
the consumption of green tea extract containing 48% epigallocatechin
gallate prevented from a decrease in the expression of intestinal tight
junction proteins induced by a high-fat diet (Dey et al., 2019). The
treatment with soy isoflavone and HSYA improved intestinal barrier
function through increasing the number of goblet cells and the ex-
pression of tight junction proteins Z0O-1, occludin and Muc-2 (Liu et al.,
2018; Luo et al., 2019). Digestive enzymes activities (B-glucosidase, -
galactosidase and B-glucuronidase) in the cecal environment were in-
creased by the supplementation with anthocyanins (Li, Wu, et al.,
2019). The health effects of proanthocyanidins consumption were im-
proved glucose tolerance and insulin sensitivity, upregulation of lipid
catabolism genes (PPARa), and downregulation of pro-inflammatory
genes (COX2, TNFa) in the liver (Anhé et al., 2015, 2017; Masumoto
et al., 2016).

Dietary flavonoids are consumed predominantly as glycosides
(conjugated to sugar), which hinders the absorption of these com-
pounds by the small intestine (Kawabata, Yoshioka, & Terao, 2010).
Glycosylated flavonoids can serve as the sole source of carbon and
energy for some microorganisms in the gut microbiota, which pre-
ferentially ferment the sugars linked to flavonoids. Thus, it could ex-
plain the prebiotic effect observed for these compounds (Braune &
Blaut, 2016). For instance, aqueous extract of jaboticaba, a Brazilian
native fruit rich in cyanidin-3-O-glucoside and delphinidin-3-O-gluco-
side, modulated the abundance of Lactobacillus and Bifidobacterium in
rats with induced-colitis (Silva-Maia et al., 2019). Cyanidin-3-O-glu-
coside ameliorated gut microbial dysbiosis caused by 3-chloro-1,2-
propanediol (chemical food contaminant) in rats (Chen et al., 2019). In
other study, the Quzhou Fructus Aurantii extract, rich in naringin, a
natural flavanone glycoside, increased the genus Akkermansia and the
expression of tight junction proteins, and reduced metabolic en-
dotoxemia in mice fed high-fat diet (Bai et al., 2019).

Most dietary polyphenols arrive intact in the colon, where they
become substrates for the gut microbiota, producing better-absorbing
metabolites (Mojzer et al., 2016; Kawabata et al., 2019). The flavo-
noids, such as epicatechin, catechin, procyanidin and quercetin, when
metabolized by gut microbiota, generate hydroxy phenylacetic and
hydroxyphenyl propionic acids (Shortt et al., 2018). Equol and O-des-
methylangolensin (ODMA) are active metabolites produced by the ac-
tion of colonic bacteria on soy isoflavones (Mayo, Vizquez, & Florez,
2019). The urolithins, in turn, are metabolites produced from ellagi-
tannins and ellagic acid by the human gut microbiota (Toméas-Barberan
et al., 2017). These metabolites also have beneficial health effects, such
as estrogenic and antioxidant activity (Mayo et al.,, 2019), anti-in-
flammatory and antioxidant effects (Lee, Park, Lee, Ahn, & Kim, 2019),
and hepatoprotective effect (Zhao et al., 2018). Thus, further studies
are warranted to investigate the potential of these metabolites as pre-
biotic effect markers, such as the SCFA modulation.

Studies with syringaresinol in male C57BL/6 mice (Cho et al., 2016)
and pomegranate extract in overweight-obese individuals (Gonzélez-
Sarrias et al., 2018) demonstrated a decrease in serum LBP, indicating
that polyphenols could modulate metabolic endotoxemia (Fuke,
Nagata, Suganuma, & Ota, 2019). LBP is a glycoprotein mainly syn-
thesized in the hepatocytes with long half-life in the blood and can bind
to LPS promoting an LPS-induced immune response via toll-like re-
ceptors in macrophages (Jamar, Ribeiro, & Pisani, 2020). LPS, known as
endotoxin, is a breakdown product present in the outer membrane of
gram-negative bacteria, composed by an O-antigen portion in its outer
part and by a lipid-A portion in its inner part. The lipid-A portion exerts
most of the immunogenic effects, such as the activation of TLR4,
through the formation of the complex containing LBP and the CD14 co-
receptor, which signals the NFxB activation to upregulate pro-in-
flammatory mediators causing low-grade inflammation. The O-antigen
portion activates components of the adaptive immunity, intending to
induce the production of antibodies. Therefore, plasma LBP may be an
inflammation marker caused by endotoxins (Jamar et al., 2020).
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The dysbiosis of the gut microbiota caused by a high-fat diet has
been considered as a possible cause for metabolic endotoxemia (Fulke
et al.,, 2019). Thus, it is expected that the consumption of polyphenols
may also improve the metabolic endotoxemia associated to dysbiosis,
since the consumption of catechins (Liu et al., 2019; Lu et al., 2019),
isoflavones (Lopez et al., 2018; Luo et al., 20109), proanthocyanidins
(Anhé et al., 2015; Masumoto et al., 2016), and dicaffeoylquinic acids
(Xie et al., 2019) decreased plasma or serum LPS in animals fed a high-
fat diet. Circulating LPS is released by lysis of a fraction of the bacterial
cell wall and flows into the blood by increasing intestinal permeability.
The excess intestinal LPS itself, caused by dysbiosis, destroys the
narrow junction of intestinal epithelial cells via TLR4 and inhibits
mRNA expression of factors related to the restricted junction, such as
Z0-1 and occludin, in the intestinal epithelial cell. Therefore, LPS is
considered an inflammation marker for dysbiosis (Fuke et al., 2019).

The improvement of the intestinal barrier function through in-
creasing the expressions of ZO-1, occludin and Muc-2 genes, and of the
mucin-producing goblet cells number is one of the possible mechanisms
associated with the prebiotic effects of catechins (Dey et al., 2019), soy
isoflavones (Luo et al., 2019) and HSYA (Liu et al., 2019). Kruppel-like
factor 4 (KLF4), a marker of goblet cells, and Muc2 mRNA expression in
the proximal colon were also associated with the administration of
proanthocyanidins rich-cranberry extract, supporting that these poly-
phenols could be able to stimulate mucus production (Fig. 2), and
therefore create an ecological niche for the Akkermansia spp., a mucus-
degrading bacterium (Anhé et al., 2015). Xia et al. (2019) reported an
increased abundance of Akkermansia spp. through an increase in other
markers, such as type II and III secretion system proteins, the elongation
factor thermo unstable, and a glyceraldehyde-3-phosphate dehy-
drogenase. This methodology was not observed in other studies. In this
review, Akkermansia spp. was included as prebiotic target along with
the bacteria recognized as probiotics by the Consensus Statement on the
Definition and Scope of Prebiotics (Gibson et al., 2017), considering the
recent evidences in literature about the relationship among Akker-
mansia spp., gut microbiota and human health (Cani & de Vos, 2017;
Jayachandran, Chung, & Xu, 2019; Sanders et al., 2019). Akkermansia
spp. and Propionibacterium spp. are promising candidates among the
next generation of microorganisms to be recognized as prebiotic targets
(Sanders et al., 2019).

There is also evidence of an additional mechanism by which poly-
phenols protect the intestinal barrier against oxidative stress. A decrease in
the oxidative stress in the liver and ileum was observed in specific pa-
thogen-free mice after a lower-dose consumption of green tea polyphenols
(100 mg/kg body weight/day). The improvement of intestinal oxidative
stress is supposed to be a potential mechanism for the modulation of tea
polyphenols in the gut microbiota (Ma et al., 2019), since excess reactive
oxygen species will damage the cell membrane and disrupt the tight
junctions leading to an increased intestinal permeability and the develop-
ment of metabolic disorders (Qiao, Sun, Ding, Le, & Shi, 2013). The tight
junctions are multiprotein complexes that maintain barrier function be-
tween the enterocytes, creating paracellular barrier properties, which are
composed by transmembrane proteins which control the transport across
the intercellular space between adjacent cells and cytoplasmic plaque
(Costea et al., 2019). The main components of the cytoplasmic plaque are
claudin and zonula occludens proteins. In oxidative stress, the interactions
of occludin with claudins or proteins of the zonula family are affected di-
rectly influencing the formation and function of the tight junctions. Oxi-
dative stress downregulates occludin, reduces its specific membrane loca-
lization and regulatory contribution to barrier tightness via multiple
signaling pathways (Costea et al., 2019). Nonetheless, most of the evidence
is based in vitro and animal studies, and then further studies in humans are
needed to clarify these mechanisms.

Regarding the methodological quality of the included papers, none
of the studies satisfied all criteria established by the SYRCLE and
Cochrane Collaboration's tool. No preclinical studies provide detailed
descriptions of the methods used for allocation concealment, random
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11. With polyphenol
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Fig. 2. Mechanism of mucin synthesis modulation by proanthocyanidins in the hindgut. KLF4: kruppel-like factor 4, Muc-2: mucin 2, Z0O-1: zonula occludens 1. The
consumption of polyphenols, represented in the figure by proanthocyanidins, may increase the number of goblet cells, according to the Kruppel-like factor 4 (KLF4)

marker, and consequently, the mucin production; so the enhanced mucin provides a favorable environment for the proliferation of Akkermansia spp., a mucus-
degrading bacterium (Anhé et al., 2015; Xia et al., 2019). In addition, increased expression of ZO-1 and occludin can be observed after the consumption of
polyphenols, decreasing the intestinal permeability through the junction of epithelial cells (tight junctions) (Dey et al., 2019; Luo et al., 2019; Liu et al., 2019).

housing and random outcome assessment, or blinding researchers and
outcome assessors. The clinical trials did not provide details on allo-
cation concealment and blinding of outcome assessment. The absence
of descriptions regarding sample losses in the preclinical and clinical
studies also was noted. Therefore, we suggest the use of these tools in
experimental planning, as a reference for well-designed studies aiming
to reduce the risk of bias and allow more consistent conclusions.

It is noteworthy that the included studies had quite heterogeneous
designs, including differences in the intervention period, the metho-
dology for gut microbiome analysis, and the supplementation with
polyphenol (food sample and dosage), as well as the polyphenols profile
of the samples. Additional studies with isolated polyphenols are needed
to eliminate the effects of other compounds in the extract, especially in
clinical trials. Moreover, we suggest that further studies aiming to
evaluate the prebiotic effect of dietary polyphenols should be carried
out according to the internationally accepted prebiotics definition, with
complete assessment of the gut microbiota, including the microorgan-
ism’s genera. The low number of studies on humans is also a limitation
in this systematic review.

5. Conclusion

The prebiotic effect of dietary polyphenols, especially catechins,
anthocyanins, and proanthocyanidins, has strong evidence based on
preclinical studies. Despite the limitations of these studies, it is evident
that polyphenols can stimulate the growth of microorganisms re-
cognized as prebiotic targets (Lactobacillus spp., Bifidobacterium spp.,
Akkermansia spp., Reseburia spp., and Faecalibacterium spp.), and in-
crease the production of SCFA, including butyrate. Nevertheless, well-
designed clinical trials are warranted to prove the prebiotic effect of

polyphenols on humans.
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Baru (Dipteryx alata Vog.) is a native Brazilian fruit consisting of a thin peel, a fibrous pulp, and a woody
endocarp, which coats the nut covered by skin. The baru nut has relevant commercial value, and nutritional and
functional properties. The peel and pulp are residues generated during the extraction of the nut in the agro-
industrial processing of baru, and their chemical composition is poorly known. However, some studies indi-
cate that they are a source of phytochemicals, such as dietary fiber and polyphenols, which have several health
benefits, including prebiotic activity. This review presents an overview of the nutritional and functional attri-

butes of the components of the baru fruit (nut, oil, skin, peel, and pulp); the health effects of the consumption of
baru nut evidenced in preclinical and clinical studies; and the potential use of the different fractions of the baru
fruit in functional food products.

1. Introduction

The baru tree (Dipteryx alata Vog.) is a species native to the Brazilian
Cerrado, and its fruit, called baru, has an oval shape, slightly flattened
and brown in color [1,2]. The baru fruit is composed of a thin peel, a
fibrous pulp, and a woody endocarp that coats the nut, the edible frac-
tion of the fruit [3]. Roasted baru nut is mild in flavor, whose taste is
between peanut and almond. It is widely consumed in the Brazilian
Midwest and found in the big markets worldwide, like in the United
States [4,5]. In addition to its unique tlavor, the commercial value of the
baru nut is related to its nutritional and functional properties, such as
high content of quality protein [6,7] and lipids, mainly oleic acid [8];
dietary fiber [6]; and phenolic compounds, and great antioxidant ca-
pacity [3,9,10]. The thick skin that coats the baru nut, in turn, is a rich
source of polyphenols [9].

The baru peel and pulp are solid residues wasted in the agro-
industrial fruit processing. The baru pulp is still poorly used in the
human diet, but it is consumed by the cattle when the fruit falls down
from the tree, for its aromatic and sweet flavor [5]. The pulp (with peel)
has a high content of carbohydrates, with almost 25% of total sugars,
and a remarkably high concentration of dietary fiber [11]. It is also
source of calcium, magnesium, and zine [12], and polyphenols [3].

However, several nutritional and bicactive parameters of these baru
wastes remain unknown.

Studies with supplementation of baru nut in the diet reported
oxidative stress reduction [13,14] and lipid profile improvement
[15,16] in animal models. In clinical studies, the baru nut consumption
decreased the serum concentration of total cholesterol, low-density li-
poprotein cholesterol (LDL-c) [17], and the abdominal adiposity [18], as
well as the baru nut cil reduced the ultra-sensitive C-reactive protein
[19]. To our knowledge, the effects of the consumption of baru peel and
pulp have not yet been described in literature.

The nut and the by-products of the baru fruit (peel and pulp) have
been used to replace other nuts or wheat flour in processed foods, like
cupeakes [20], cereal bars [21], cookies [11,22], breads [23] and dairy
desserts [24], with good acceptability in terms of appearance and flavor
[11,22]. Therefore, baru fruit as a whole (nut and residues) has a great
potential to be exploited by the food industry in several added value
products, by increasing the nutritional, technological and sensory
properties.

This comprehensive review provides an overview of the available
evidence on: 1) the nutritional and bioactive composition of the whole
baru fruit (nut, oil, skin, peel and pulp); 2) the health effects of the
consumption of baru nut evidenced in preclinical and clinical studies;
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and 3) the potential use of the different fractions of the baru fruit in
funetional food products.

2. Baru fruit

Baru fruit consists of the epicarp (peel), a thin layer; the mesocarp
(pulp), a fibrous layer; and the endocarp, a hard and woody layer that
coats a seed called almond or nut (Fig. 1) [1]. The fruits have an oval
shape, dark beige to reddish-brown color, with an average 26 g of mass,
5 cm of length, and 4 em of width [25]. The baru nut has an oval to
elliptical shape and is coated by a thick brown skin [1,26]. Physical
characteristics of the baru fruits, as well as of the baru nuts show sig-
nificant differences among native regions and among fruits of plants
native to the same region [27,28]. The nut showed 1.2 to 1.9 g of mass,
which comprises 5% of the total fruit mass [25,29,30]; 1.8 to 2.4 cm of
length, and 0.7 to 1.0 cm of width [25,26]. Data on physical charac-
teristics of the baru peel and pulp, such as mass and yield, are scarce in
literature.

3. Nutritional and functional properties and antioxidant
potential of baru fruit

3.1. Baru nut, oil and skin

Proximate composition of raw and roasted baru nut stands out for its
high content of protein (20 to 31 g/100 g) and lipids (32 to 46 /100 g)
(Table 1). The first study published on the proximate composition of the
baru nut reported 30% of protein and 40% of lipids [36], which are
values compatible with the results of later studies (Table 1). However,
according to Table 1, Gongalves et al. [35] found a relatively low lipid
content in roasted baru nut, of 24 g/100 g. This finding could be
partially explained by the different method used to analyze the lipids,
the Goldfish method [35], versus Soxhlet method, or extraction with
methanol and chloroform [37], used in other studies. The methodology
chosen for lipid extraction can atfect the amount of lipids extracted, and
the solvents and temperature significantly influence the efficiency of the
extraction [38]. Regarding dietary fiber, high contents were found in the
baru nut (from 9 to 17 g/100 g), mainly insoluble fiber (Table 1), which
are higher than those of other nuts, such as peanut (5.2 g/100 g) [7] and
cashew nut (6.5 g/100 g) [33]. Oliveira-Alves et al. [34] reported the
lowest dietary fiber content in roasted baru nut (6.1 g/100 g), although
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the nut was analyzed with skin and the methodology used was the
enzymatic-gravimetric method, like in other studies. It is also worth
highlighting in Table 1 that the sums of the values of the proximate
composition in two studies [31,34] were higher than 100, which prob-
ably happened because the authors did not discount the total dietary
fiber content from the carbohydrate contents. Thus, if our hypothesis is
correct, the adjusted values of carbohydrate content should be 22.69 g/
100 g in the study of Campidelli et al. [31], and 14.61 g/100 g in the
report of Oliveira-Alves et al. [34]. These adjusted values of carbohy-
drate content are within the range reported for those shown in Table 1
(9.20-23.02 g/100 g), except that of the study of Gongalves et al. [35],
o0f 29.4 g/100 g, which value might be explained by the low lipid content
found in that study, as formerly highlighted.

The protein content in baru nut is higher than those of other nuts,
such as pecan (7 to 9 g/100 g) [39], Brazil nut (15 g/100 g), cashew nut
(18 g/100 g), pistachio (15 g/100 g), macadamia (9 g/100 g) and walnut
(14 g/100 g) [40]. A serving of 20 g of roasted baru nut contains from
4.6 g to 6.2 g of quality protein, according to the values presented in
Table 1. Therefore, its consumption should be encouraged in healthy
and plant-based diets [6,32,33]. On the other hand, the lipid and energy
concentrations are lower than those of other nuts, such as Brazil nut
(lipid: 66 g/100 g; energy: 693 keal /100 g), macadamia (lipid: 76 g/100
g; energy: 741 keal/100 g) and walnut (lipid: 60 g/100 g; energy: 631
keal/100 g) [40].

Concerning the mineral composition, baru nut has high content of
potassium, magnesium and iron, and considerable amounts of caleium
and zinc. However, there is a large range in the mineral concentration
among the studies (Table 1), for instance: Fe — from 3.0 to 19.8 mg/100
o; Ca— from 82 to 300 mg/100 g; and Zn — from 1.04 to 6.74 mg/100 g.
Nevertheless, the iron contents are higher than those of Brazil nut (2.2
mg/100 g), hazelnut (2.5 mg/100 g) and walnut (2.1 mg/100 g) [41].
The minimum Ca concentration found in baru nut is higher than that
found for cashew nuts (25 mg/100 g) and walnuts (73 mg/100 g) [41].
The contents of Zn observed in Brazil nut (2.4 mg/100 g), hazelnut (1.5
mg/100 g), walnut (1.8 mg/100 g) and cashew nut (3.0 mg/100 g) [41]
are within the range reported for the baru nut (Table 1). In addition, the
potassium and magnesium contents in baru nut are remarkably higher
than those of peanut (K: 242-294 mg/100 g, Mg: 25-30 mg/100 g) [42].

The total phenolic content in raw and roasted baru nut ranged from
390 to 1300 mg GAE/100 g (Table 2), higher than those of roasted
hazelnut (17 mg GAE/100 g) [46] and almond (87.5 mg GAE/100 g)

endocarp

nut with skin

halved fruit

whole fruit

peel and pulp

whole nut with skin skin

Fig. 1. Overview of baru (Dipreryx alata Vog.) fruit.
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Proximate composition and minerals of the baru nut.

Roasted nut”

Raw nut (with skin)

‘Component

Gongalves

et al. [35]

Oliveira-Alves

et al. [34]

Santiago

etal. [3]

Fernandes

Fernandes Sousa Czeder Freitas
etal. [6] etal. [13]

Vera

Siqueira Campidelli
etal. [31]

Takemoto

Vallilo

etal [32] et al. [33]

etal [7]

etal [2]

etal. [10]

et al. [30]

etal. [1]

Proximate composition (g/100 g)

Moisture
Protein
Lipid
Ash

217
24.3

3.20

6.8

317

1.98
27.96
42.69
3.08

3.58

3.49

3.7

3.99

6.63

7.38

6.1

5.80

27.06
45.80

3.24
6.10

22.9

28.94

42.40
3.01

30.92
41.25
298

29.92
41.95
318
9.

25.81

26.25
33.28

22.96
31.73
1.55

1

19.72
38.37

23.9

23.45
41.65

2.85

242

40.6
31

41.97
3.32

38.2

3.06
16.6

2.46

270
13.4
25

16

11.70
2.40
9.30

12.08 14.26
0.90

1.31

21

11.59

12.60

Total dietary fiber

2.03
7.18

Soluble fiber

13.35
10.03
536

10.77
9.20
532

- 10.9

Insoluble fiber

Carbohydrate

29.4

20.71
603

11

10.79
574

12.25
546

13.61
535

37.13

19.47
502

15.8

23.02
561

501

502

Energy value

(keal /100 g)

Minerals (mg/100 g)

130

110-149

300

88 240
2.8
6.5

140

82

1.80
8.65

1.67

1.45
4.24
827

178

4.9

1.08
5.35
811
143

Cu

318

3.57
980
165

3.95.9

19.81
920
130

Fe

1810
330
6.4

107

Mg

8.85

5.72

9.14
3.30
317

Mn

9.83

7.46
833

Na

730

358

0.26
6.74

0.37
4.29

0.1

Se (4g/100 g)

4.83

3.46

4.1-5.4

2.36

4.1

1.04

5]

2 With skin: Santiagoet al. [3], Oliveira-Alves et al. [34]; without skin: Czeder et al. [32], Fernandes et al. [13]; not mentioned or not clear: Fernandes et al. [6], Sousa et al. [7], Freitas et al. [33], Gongalves et al. [3
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[47], but lower than that of pecan (1988-4525 mg GAE/100 g) [39].
The main phenolic compounds identified in baru nut were gallic acid,
ferulic acid, caffeic acid, catechin and rutin (Table 2) [43,45]. Siqueira
et al. [10] found high tannin content (563 mg/100 g) in raw baru nut
(with skin). The antioxidant capacity of baru nut, expressed in pmol TE/
g, ranged from 67 [10] to 259 [9], regardless of the analysis method. By
DPPH method, the antioxidant capacity of baru nut was higher than
those of raw and roasted pistachio (8 pmol TE/g and 9.8-11.5 pmol TE/
g, respectively) [48]. Concerning ORAC method, baru nut showed an
antioxidant capacity (Table 2) higher than those of natural and roasted
hazelnut (34.5 pmol TE/g and 9.5 pmol TE/g, respectively) [46]. Based
on the studies available in literature, there is a wide range of results on
the bioactive compounds and antioxidant capacity of the baru nut
(Table 2). This fact could be partially explained either by the different
methods used for the extraction of bioactive compounds [49] or the
different measurement units used to express the results. Among to-
copherols, a-tocopherol is the most abundant in the baru nut eil
(Table 2), which concentration is similar to that in soybean oil (8.72 mg/
100 g) [44].

The essential amino acids concentrations of the protein in the baru
nut overall meet the dietary recommendations, except for the amino
acids methionine + cysteine, valine, and lysine, and its amino acid score
(AAS) ranged from 75% to 105% (Table 3). This considerable range
suggests that the essential amino acid profile of the protein in the baru
nut is particularly influenced by the native region of the fruits [6,32].
Deficiency of these amino acids is common in other nuts, such as peanut,
almond, and cashew nut [51], and pequi almond and Cerrado cashew
nut [7]. The protein digestibility-corrected amino acid score (PDCAAS)
values reported for the protein in the baru nut, of 73% [6] and 91% [7],
are higher than those of other oilseeds, such as peanut (70%) [6], Brazil
nut (63%) [33], and almonds (44% to 48%) [52]. The PDCAAS is the
recommended method for estimating the nutritional quality of protein in
foods and diets [53]. Based on the PDCAAS values, the baru nut has a
good quality protein [6,7]. So, its consumption is recommended for
replacing animal protein or as an alternative source of protein aiming to
reduce the risk factors for cardiovascular diseases [54].

The baru nut oil has about 50% monounsaturated fatty acids and
30% polyunsaturated fatty acids, with high concentration of oleic acid
(C18:1) and linoleic acid (C18:2w6), respectively (Table 4). The linoleic
acid content in the baru nut oil is higher than that in pecan and pistachio
oil, but the oleic acid concentration is lower than those in these oilseeds
[39,55]. Lemos et al. [56] reported that the roasting process did not
significantly change the fatty acid composition in baru nuts, with or
without skin. The fatty acid profile of the baru nut oil is favorable for
health, considering that a diet rich in unsaturated fatty acids reduces risk
factors, as well as the morbidity and mortality related to cardiovascular
diseases [57]. The atherogenicity index (AI), thrombogenic index (TI)
and the hypocholesterolemic fatty acid/hypercholesterolemie fatty acid
(h/H) ratio of baru nut oil are better than those of other native Brazilian
fruits, such as the giant pequi pulp oil (Al =1.92, TI=1.88, h/H=1.04)
[58], and the Brazil nut oil (Al = 0.20, TI = 0.42) [59]. It is worth
highlighting that the h/H ratio of baru nut oil is higher than that of olive
oil (6.14) [60]. Low values of Al and TI suggest high concentration of
antiatherogenic fatty acids in oil; and high values of h/H ratio, as found
in baru nut oil, indicate that the oil may have a hypocholesterolemic
effect [61]. This effect can be enhanced by the phytosterols in the baru
nut oil, such as campesterol, stigmasterol, -sitosterol, and eycloartenol
[62]. However, further studies are warranted to quantify these com-
pounds in the baru nut.

The baru nut skin stands out for its remarkably high content of total
phenolic compounds (9730 mg GAE/100 g) and antioxidant capacity
(1620 pmol TE/g, by ABTS assay) [9]. The polyphenols concentration of
the baru nut skin is higher than that in hazelnut skin (7225 mg GAE/100
¢) [46] and almond skin (703 mg GAE/100 g) [63]. Thus, these data
suggest the importance of ingesting the baru nut with skin, and the use
of its skin as an ingredient in functional food products.
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Table 2
Bioactive compounds and antioxidant capacity of the baru nut (with skin).
Component Raw nut Roasted nut
Takemoto Lemos Borges, Malheiro, Siqueira Campidelli Lemos Santiago Campidelli Oliveira- Silva
etal. [30] et al. Souza, Casal, and etal [10] et al. [45] et al. etal [3] et al. [45]* Alves et al. et al.
[43] Pereira [44] [43] [34] [91°
Bioactive compounds (mg/100 g)
Total tocopherols - - 13.09 11.61 - - - - - -
a-tocopherol 5.0 - 7.63 - 0.05 - - 0.09 - -
p-tocopherol - - 0.52 - - - - - - -
y-tocopherol 4.3 - 4.94 - 0.15 - - - - -
Total phenolics - 569 - 388 1254 532 728 1306 492-574 562
(mgGAE/100 g)
Total tannins - - - 563 - - - - - -
p-Coumaric acid - 14.3 - - 0.43 3.8 - 0.30 - -
Ellagic acid - 8.5 - - - 4.9 - - - -
Caffeic acid - 6.3 - - 19.89 2.3 - 11.68 - -
Gallic acid - 224 - - 45.83 170.9 - 48.90 - -
Chlorogenic acid - - - - 7.33 - - 6.80 - -
Hydroxybenzoic - 2.3 - - - 0.6 - - - -
acid
Ferulic acid - 45.4 - - 1.17 17.5 - 0.30 - -
trans-Cinnamic acid - - - - 9.12 - - 10.12 - -
Catechin - 8§7.2 - - 9.01 45.6 - 11.06 - -
Epicatechin - 23.9 - - - 4.8 - - - -
Vanillin - - - - 7.56 - - 10.17 - -
Quercetin - - - - 1.60 - - 1.45 - -
Rutin - - - - 17.81 - - 18.40 - -
Antioxidant capacity (umol TE/g)
DPPH - 2.88 - 67 - 1.49 76 - - 259
FRAP - - - - - - 126.8 - - 144
ABTS - - - - - - 77 - - 171
ORAC - - - - 4.06° - - 2.96° 89-110 -

* Sample T3 (baru nut submitted to 105 °C per 30 min) - not mentioned if nut is with or without skin.

® Total phenolic compounds of the roasted nut skin: 9730 mg GAE/100 g.

© uM TE/g. GAE: gallic acid equivalents; TE: trolox equivalents; DPPH: 2,2-diphenyl-1-pierylhydrazyl; FRAP: Ferric Reducing Antioxidant Power; ABTS: 2,2'-Azino-
bis (3-ethylbenzothiazoline-6-sulfonate); ORAC: Oxygen radical absorbance capacity.

Table 3

Amino acids composition (mg/g protein) of the baru nut.
Amino acid WHO/FAO/UNU requirement pattern [50] Roasted nut

Fernandes et al. [6] Sousa et al. [7] Czeder et al. [32] Freitas et al. [33]

Essentials
His 16.0 23.4 23.4 22-26 25.7
Ile 31.0 37.5 32.5 25-28 29.8
Leu 61.0 77.8 74.4 78-79 83.0
Lys 48.0 48.4 66.4 51-54 36.2
Met + Cys 24.0 22.0 29.8 21-27 21.2
Phe + Tyr 41.0 77.2 88.5 76-80 79.9
Thr 25.0 44.9 55.3 41-45 43.4
Trp 6.6 20.2 11.2 16-20 13.9
Val 40.0 51.8 55.6 31-36 38.3
TOTAL 292.6 403.2 437.1 368-384 371.3
AAS (%) 100 92 (Met + Cys) 105 77-89 (val) 75 (Lys)
Non-Essentials
Asp - 101.6 91.4 102-107 -
Glu - 216.8 176.9 214-223 -
Ala - 46.1 42.6 45-50 -
Arg - 85.6 151.4 92-96 -
Gly - 47.2 41.7 48-52 -
Pro - 55.3 3.8 57-59 -
Ser - 44.1 58.4 49-49.2 -
TOTAL - 596.7 566.2 607-636.2 -

Bold values indicate limiting amino acids. AAS: amino acid score.

3.2. Baru peel and pulp baru pulp has a remarkably high content of dietary fiber (18%—42%),
and a considerable concentration of sugars (20%-30%) (Table 5).

The baru peel and pulp are discarded as solid residues during the Therefore, further studies are warranted to investigate the profile of
extraction of the nut. Although there is little information on the chem- sugars and other oligosaccharides in the baru pulp. Alves et al. [11]
ical composition of the baru peel and pulp, some studies indicate that the observed a significant increase in the content of dietary fiber and total
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Table 6

NFS Journal 24 (2021) 26-36

Summary of preclinical and clinical studies investigating the effects of baru nut (whole nut, extract or oil) supplementation on health.

Reference Intervention

Models/Subjects

Study design

Main outcomes

In vitro study
Oliveira-Alves
et al. [34]

crude and hydrolyzed
methanolic extract of baru
nut (6.25-200 mg/mL)

Animal studies

Fernandes baru nut (418 g/kg diet) and
et al. [6] peanut (298 g/kg diet)

Czeder et al. baru nut (317-332 g/kg
[32] diet)

Freitas et al. baru nut (36% diet), peanut
[33] (31% diet), Brazil nut (61%

diet), cashew nut (43% diet)

Ravagnani baru ether extract (22% diet,

et al. [69] replacing the lipid of the

diet)

Siqueira et al. baru nut (100 g/kg diet)

[70]

Fernandes baru nut (35% diet) or Brazil
etal [13] nut (23% diet)

Araujo et al. baru nut (82 g/kg diet)
[15]

Fiorini et al. baru nut (20, 30 or 40%
[161 diet)

Reisetal. [14] baru nut oil (1 g/kg/day)

Clinical studies

Bento et al. 20 g/day of baru nuts or
[17] placebo (1 corn starch
capsule/day)
Souza et al. Baru nut-enriched diet (20 g
[18] baru nut)
Souza et al. Normocaloric and
[711 isoenergetic diet with
placebo or similar advice
plus 20 g baru nut
Schincaglia 5 g of baru nut oil or 5 g of
etal [19] mineral oil (placebo)

human colon cancer cell lines (HT29
and Caco-2)

30 male Wistar rats (n = 6/group)

36 male Wistar rats (n = 6/group)

42 male Wistar rats (n = 6/group)

42 Wistar rats (n = 4-10/group)

30 adult male Wistar rats (n = 6/
group)

young adult male Wistar rats

28 obese male Swiss mice (n = 7/
group)

40 male Wistar rats (n — 10/group)

40 male Wistar rats (n = 10/group)

20 mildly hypercholesterolemic
subjects (total cholesterol mean +
SEM = 5.8 + 0.2 mmol/L)

46 overweight and obese women

46 overweight and obese women
(age: 40 + 11 years; body mass
index: 33.3 + 4.3)

29 patients with chronic kidney
disease under hemodialysis
treatment

cytotoxicity assay in Caco-2 cell model, and
antiproliferative assay in HT29 monolayers and
spheroids

5 groups (14 days): two casein diets (one with 7%
or 17% lipids); two experimental diets with 17%
lipids (baru nut or peanut diets); and a protein-free
diet

6 groups (14 days): two casein diets with 7% or
14% lipids; three experimental diets with 14%
lipids (baru nut from East, Southeast or West
region); and a protein-free diets

7 groups (14 days): two casein diets with 7% or
14% lipids; four experimental diets with 10%
proteins (baru nut, peanut, Brazil nut or cashew nut
diets); and a protein-free diet

chocolate-based diet (2 months): to induce obesity
6 groups (8 weeks): sedentary control; trained
control; sedentary baru; trained baru; sedentary
chocolate and trained chocolate

5 groups (17 days): AIN-93G diet; AIN-93G diet +
baru nut; AIN-93G + FeS0; oral supplementation;
AIN-93G diet + FeSOs + baru nut; AIN-93G diet +
phytic acid, inositol hexaphosphate

4 groups (9 weeks): high-fat diets (0.1% cholic acid
+1% cholesterol +5% lard +15% of lipid from lard,
baru nut or Brazil nut), and reference diet (7%
soybean oil)

high-glucose diet (60 days): to induce obesity
4 groups (8 weeks): control diet, high-glucose diet,
high-glucose with baru nut or soybean oil

4 groups (40 days): commercial diet or commercial
diet with baru nut

4 groups (15 weeks): control; baru nut oil; lipid
emulsion; lipid emulsion + baru nut oil
(intragastric)

randomized, crossover, placebo controlled (6
weeks)

randomized, placebo-controlled (8 weeks)

randomized placebo-controlled (8 weeks)

randomized, double-blind, placebo-controlled (12
weeks)

baru extracts have the potential to
inhibit colorectal cancer cell
proliferation in HT29 cell
spheroids

baru nut is a food with high
content of quality protein

the region of the Brazilian
Savanna does not influence the
protein quality of baru nuts

the cashew nut has the best
quality protein among these nuts

the exercise training seemed more
effective than the diet in
attenuating lipid tissue
accumulation

| carbonyl levels in the liver,
heart and spleen of the iron-
supplemented rats

| serum total cholesterol,
triacylglycerols, and total
malondialdehyde

1 hepatic vitamin E

Only baru nut: 1 HDL-¢

| weight gain, glucose and TG

1 TG, VLDL-c, LDL-c, ultra-
sensitive C-reactive protein
1 HDL-c

| lipid peroxidation (MDA), and
liver damage

| total cholesterol, low-density
lipoprotein cholesterol and
nonhigh-density lipoprotein
cholesterol

| abdominal adiposity and
improved high-density
lipoprotein

1 the activity of glutathione

peroxidase and plasma copper
concentration

| ultra-sensitive C-reactive
protein

sugars in baru pulp after 136 days of storage. In addition, the baru peel

than that in the flour of jatobd-do-cerrade pulp (125 mg GAE/100 g;

&

and pulp have high concentration of minerals, especially potassium,
calcium, magnesium, zinc and iron (Table 5). Potassium and calcium are
also the major minerals in the jatoba-do-cerrado pulp, another native
Brazilian fruit [65].

Regarding the bioactive compounds and antioxidant capacity, few
studies reported that the baru peel and pulp have a considerable content
of total phenolics, and that the baru pulp has high total tannins content
(Table 5). The total phenolic concentration in the baru pulp is higher

13% moisture) [65], and of the pequi pulp (198 mg GAE/100 g; 12% of
moisture) [66]. The total phenolic content and the antioxidant capacity
of baru peel are higher than those of the pulp (Table 5). Fruit peels
usually have high total phenolics content, since these compounds are
secondary metabolites of plants, which protect the fruit against ultra-
violet light, pathogens, parasites, and predators [67]. Silva et al. [12]
showed the total phenolic content and antioxidant capacity of the peel
with pulp lower than that of the peel or pulp reported by another study
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[3]. This difference can be partially explained by the solvent used to
obtain the extracts. One of the studies used 70% acetone plus 50%
methanol [12], and the other used 50% ethanol [3]. Polyphenols such as
protocatechuic acid, coumaric acid derivative, luteolin, vicenin 2, and
di-O-methoxy dihydroxy isoflavone have been identified in baru pulp
[68].

Concerning the anti-nutritional factors, the phytic acid and trypsin
inhibitor contents are very low, and hemagglutinating activity was not
detected in the baru pulp [36]. So, the consumption of raw baru pulp
may not be deleterious for human health considering its negligible
amounts of anti-nutritional factors. Further studies are needed to
investigate the profile of carbohydrates, including oligosaccharides, and
polyphenols, and the health benefits of the baru peel and pulp con-
sumption in preclinical and clinical studies.

4. Health effects of the consumption of baru nut and oil
4.1. Effects on serum lipid profile

The health benefits of the baru nut have been investigated in both
animal models and humans (Table 6). Concerning the effects on the lipid
profile, the consumption of baru nut decreased serum concentration of
triacylglycerols (TG) [13,15,16], total cholesterol (TC) [13] and low-
density lipoprotein cholesterol (LDL-c) [16] (Table 6). In a random-
ized, placebo controlled and crossover study, the intervention with 20 g
of baru nut for six weeks reduced serum concentration of TC, LDL-c, and
non-high-density lipoprotein cholesterol (non-HDL-¢) of mildly hyper-
cholesterolemic individuals [17]. Moreover, the consumption of 20 g of
baru nut for eight weeks decreased TC, LDL-¢, TG, and non-HDL-c serum
concentrations in a randomized clinical trial with overweight or obese
women (Table 6) [18].

The effects of the baru nut consumption on the lipid profile can be
explained by the high contents of unsaturated fatty acids, mainly oleic
fatty acid, with low values of atherogenicity index and thrombogenic
index (Table 4), which indicate that the oil has a hypocholesterolemic
effect [61]. These benefits for lipid profile are probably optimized by the
dietary fibers [72] and phytosterols [62], because their cholesterol-
lowering effect [72], and by other bioactive compounds present in the
baru nut (Tables 1 and 2). A systematic review and meta-analysis

whole baru fruit B

Baru tree |

L.

skin

whole baru nut

peel and pulp

NFS Journal 24 (2021) 26-36

concluded that the consumption of tree nuts reduce TC, LDL-¢, TG,
and Apolipoprotein B (ApoB), with decreasing effects on the TC and
LDL-¢ by the intake of a daily serving of 60 g [73]. Considering that a
high-unsaturated fatty acids diet can decrease risk factors to cardio-
vascular diseases [57], baru nut represents a promising dietary source of
these fatty acids.

4.2. Effects on body mass

Preclinical and clinical studies did not report bady weight gain after
baru nut consumption (Table 6), even though a serving of 20 g of baru
nut can offer from 100 to 120 kcal, a relatively high-calorie value. The
baru nut supplementation improved the serum lipid profile without
promoting body mass gain, both in animal models [13,15,16], and in
mildly hypercholesterolemic individuals [17]. Furthermore, a study
with overweight or obese women supplemented with baru nut reported
a reduction in body fat mass [18]. Indeed, as reviewed by a meta-
analysis of 62 clinical trials [74], nut consumption had positive effects
on bedy weight, waist circumference and body mass index compared
with a control diet.

The positive effects of the baru nut on body weight control can be
related to the synergic effects of its high contents of bioactive com-
pounds and fibers. The satiety improvement due to the intake of the
dietary fibers is a possible mechanism for maintaining the body weight
[75]. In addition, the prebiotic effect of some fibers and phenolic com-
pounds, which underge bacterial fermentation in the gut, generate
metabolites that may have favorable effects on lipid and energy meta-
bolism [76]. Studies have highlighted the importance of fermentable
polysaccharides and polyphenols present in nuts, which causes favor-
able alterations in the gut microbiota and possible effect on the body
weight control [76-78]. It has been suggested that polyphenols may act
as prebiotics, and this mechanism would explain part of the health
benefits of these compounds [73,79]. Thus, baru nut is a potential
functional food, which may favorably modulate the gut microbiota and
the body mass. However, this topic requires further studies, especially
concerning the intake of the other fractions of baru fruit.

snacks, breakfast
cereals, cereal bar, |
¢ jelly and liquor

!

! cookies, bread,

flour :
cereal bar H

butter, cookies,
cereal bar, ice
cream, dessert

roasted nut

,W

cookies, bread,
cereal bar, cupcake |

—*| baru nut flour

7 cc;i;ykles. bread,
|| baru nut defatted  cereal bar, breakfast
flour i 1 :

culinary ingredic

A L’ foed products

cookics, bread,

baru nut skin flour q H
H cereal bar H

Fig. 2. Potential applications of baru fruit in functional food produects.
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4.3. Effects on oxidative stress and lipid peroxidation

Supplementation with baru nut or baru nut oil reduced oxidative
stress in animal models [13,14,70] (Table 6). Baru nut was effective in
reducing carbonyl concentrations in the liver, heart and spleen of iron-
supplemented rats [70]. Moreover, the roasted baru nut intake reduced
lipid peroxidation (estimated by malondialdehyde - MDA) on the liver
tissue of rats fed a high-fat diet [13]. Baru nut oil also was effective in
reducing the wvascular lipid peroxidation and hepatic morphological
damage in a murine model of dyslipidemia and lipotoxicity [14]. It is
worth adding that baru oil is rich in linoleic acid (Table 4), which may be
related to the positive effects on energy metabolism and prevention of
lipoperoxidation [80].

A daily intake of 20 g of baru nut increased glutathione peroxidase
(GPx) activity and plasmatic copper levels in overweight or obese
women, but no statistical difference was observed in MDA and cytokines
concentrations [71]. However, the intake of the same serving of baru nut
by mildly hypercholesterolemic individuals did not change thio-
barbituric acid reactive substances (TBARS) concentration, superoxide
dismutase (SOD) activity and the serum antioxidant status evaluated by
the ferric reducing antioxidant potential (FRAP) assay [17]. Also, the
supplementation with 5 g of baru nut oil in patients with chronic he-
modialysis did not influence the MDA concentration [19]. On the other
hand, the median value of the servings of nuts supplemented in clinical
trials was 56 g/d [73], a much larger value than the serving of baru nut
consumed in clinical trials (Table 6). Therefore, the daily intake of at
least 20 g of baru nut, as part of a healthy diet, could promote an
improvement in the oxidative stress biomarkers.

The effects on oxidative biomarkers and lipid peroxidation can be
explained by the high antioxidant potential of the baru nut, such as its
content in tocopherols and phenolic compounds (Table 2). Gallic acid
was the main phenolic compound identified in baru nut [45], which is
favorable to health especially for its anti-oxidative activity [81]. Other
phenolic compounds found in baru nut were ferulic acid, caffeic acid,
catechin and rutin [43,45]. However, studies on a broader profile of
polyphenols in the baru nut are needed. The health benefits of phenolic
compounds have been widely reported, which include antioxidant [82]
and anti-inflammatory properties [83]. Furthermore, dietary poly-
phenols have been associated with a decrease in the risk factors for
cardiovascular diseases [84].

5. Baru nut and baru residues as ingredients for functional food
products

The use of baru nut and the baru residues in food products is an
alternative with great potential to be exploited by agro-food industries,
because this fruit is available in many regions of the Brazilian Cerrado
and has a remarkable nutritional and functional composition. Further-
more, the baru by-products constitute alternatives for fortification,
innovation, and sustainability in food technology since using the waste
is a strategy to reduce residues and add value to new products.

The baru nut can replace other nuts or wheat flour in new formula-
tions or be used as an additional ingredient in traditional food products.
The roasted baru nut had a shelf life that ranged from 90 to 120 days,
depending on the packaging used, and unsaturated oleic and linoleic
fatty acids were preserved during the storage period [25]. The baru nut
flour was used in a dairy dessert with chocolate and the authors reported
a considerable antioxidant capacity of the product, evaluated by FRAP
[24]. The baru nut flour was also used in reduced-fat cupcakes, in which
30% wheat flour was replaced by baru nut flour [20]. The authors re-
ported that although the dough development time increased, baru can
be used in the formulation of cupcakes adding nutritional, technological
and sensory properties.

The baru nut oil obtained by supertluid critical extraction showed
high contents of tocopherols (6 to 11 mg/100 g), total phenolic com-
pounds (685 to 1390 mg GAE/100 g), and oleic (50% to 54%) and
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linoleic (23% to 25%) unsaturated fatty acids [86]. Thus, the baru nut
oil has potential application in functional food products. The partially
defatted baru nut tlour is another baru by-product with remarkable at-
tributes, such as its high contents of good quality protein, dietary fiber
and bioactive compounds [10]. This flour may be used in functional
foods with low calories and high density in nutrients and bioactive
compounds.

The baru peel and pulp are not usually consumed in human diet, but
there are reports of the use of the pulp in processed foods, such as
cookies [11,22], cereal bars [21] and breads [23]. The baru pulp has
high tannin content, which is related to the antioxidant capacity in pulp,
as well as to its bitter taste and astringency. Tannins accumulate during
early developing stages of the fruit, and then decrease continuously in
baru pulp, mainly after 15 days of post-harvest storage [11]. Cookies
with partial replacement of wheat flour (25%) by baru pulp tlour had
good acceptance in terms of appearance and flavor, and the baru pulp
increased the fiber and reduced the fat content in the product [11].
Another study used pre-treated baru pulp flour (with acetic acid solution
to tannin extraction) in cookies and the acceptability index was higher
than 70% [22]. A cereal bar made with baru nut and pulp resulted in a
formulation with high content of protein (10.64 g/100 g) and fiber
(15.7 g/100 g), when compared to a commercial cereal bar [21]. The
content of dietary fiber in the baru cereal bar [21] was twice the amount
of fiber found in cereal bars made with banana and murici [87].

Therefore, the baru fruit by-products — nut, nut skin, nut oil, defatted
nut, peel and pulp — can be used in several food preduets, as shown in
Fig. 2. They have a wide potential to be used by the food agroindustry as
promising nutritious and functional ingredients in the formulation of
new products, including plant-based products. Thus, research is war-
ranted on new processed foods with the baru by-products and their role
in health promotion.

6. Conclusions

Baru nut is an energy-dense food with high contents of good quality
protein and lipids, dietary fiber and polyphenols. The consumption of
baru nut contributes to improving lipid profile, body mass control, and
the oxidative stress. The baru peel and pulp, residues from baru fruit
processing, have a remarkably high content in dietary fiber, and is
source of polyphenols. Baru nut and baru residues represent alternatives
for the development of food products with functional and nutraceutical
properties. Moreover, the use of the baru by-products as ingredients in
food products and nutraceuticals could have a positive impact on the
environment and add value to this native Brazilian fruit. However, in
vivo studies are needed to investigate the effect of consuming different
fractions of the fruit on cardiometabolic biomarkers and on the gut
microbieta.
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CAPITULO 4

MANUSCRITO CIENTIFICO (ESTUDO EMPIRICO)

O manuscrito intitulado “Chemical composition and prebiotic activity of baru
(Dipteryx alata Vog.) pulp on probiotic strains and human colonic microbiota” foi
submetido ao periédico Food Research International (Qualis: Al - CiteScore: 11.1,
Percentil 96%; Fator de impacto: 7.425, Percentil: 91%). A formatacdo do manuscrito

esta de acordo com as Instrucdes aos autores do referido periédico (ANEXO C).
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ABSTRACT

Little knowledge is available in literature regarding the chemical composition and health-
promoting effects of baru (Dipteryx alata VVog.) pulp, a by-product not used by the agro-
industry during the processing of baru fruit. This study evaluated the chemical composition of
baru pulp and investigated its prebiotic activity on distinct probiotic strains and human colonic
microbiota with in vitro assays. Baru pulp had high contents of insoluble dietary fibers (mostly
hemicellulose) and phenolic compounds (mainly hesperidin). Baru pulp stimulated the growth
and metabolism of the probiotics Bifidobacterium animalis subsp. lactis BB-12, Lactobacillus
acidophilus LA-05, and Lacticaseibacillus casei L-26. In addition, digested baru pulp induced
significant benefits on the human colonic microbiota, increasing the relative abundance of
Lactobacillus-Enterococcus, Bifidobacterium, and Bacteroides-Prevotella, as well as the
production of lactate, acetate, propionate, and butyrate. The results show that baru pulp has

potential prebiotic properties to be explored in the formulation of new health-promoting foods.

Keywords: Cerrado biome; baru; fruit by-product; functional foods; gut microbiota; modulatory

effects.
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1. Introduction

Baru (Dipteryx alata VVog.) is a native fruit of the Cerrado biome, consisting of a thin
peel (epicarp), pulp (fibrous mesocarp), and a woody endocarp coating a seed. The edible
fraction of the fruit is known as baru nut (Alves-Santos et al., 2021). The baru peel and pulp
represent 42% of the fruit mass, and the nut comprises only 4% of the fruit (Lima et al., 2022).
However, baru nut has an important commercial value in the Brazilian Cerrado regions due to
its sensory attributes and beneficial health effects, also being exported to other countries (Alves-
Santos et al., 2021).

During the processing of the fruit for nut extraction, baru pulp is not used by the agro-
industry. Nevertheless, there are reports regarding the use of baru pulp as a substitute for wheat
flour and oat bran in the formulation of cookies (Alves et al., 2010; Ferreira et al., 2020) and
cereal bars (Lima et al., 2010). Little is known about the nutritional and bioactive composition
of baru pulp, but some studies reported high contents of dietary fibers and sugars (Alves et al.,
2010; Gadioli et al., 2021), and phenolic compounds (Santiago et al., 2018). Phenolic acids,
flavonoids, terpenes, organic acids, and fatty acids were also identified in baru pulp (Leite et
al., 2020). Antinutritional factors such as phytic acid and trypsin inhibitor were reported in low
concentrations in baru pulp (Togashi & Sgarbieri, 1994). Baru peel and pulp extract exhibited
a cytotoxic effect against cervical cancer cell lines, and weak cytotoxicity against non-tumor
cell lines, suggesting its safety and anticancer potential (Barizdo et al., 2021). Furthermore, baru
pulp had in vivo action against oxidative stress and did not present toxic effects (Leite et al.,
2020), indicating its potential safe use as a functional ingredient.

There has been great interest in investigating food by-products as prebiotic ingredients
due to their high contents of carbohydrates and phytochemicals, high abundance, low cost, and
environmental, economic and social impacts generated by food loss and waste (Abedi &

Hashemi, 2020). This is driven by environmental and food safety policies that encourage
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sustainable consumption (Oliveira et al., 2021), and contribute to adding value to fruits aligned
with circular economy practices in the agro-industry. In this sense, previous research has shown
that by-products of acerola and guava (Menezes et al., 2021), by-product of jabuticaba (Massa
et al., 2022), and orange albedo (Rezende et al., 2022) have potential prebiotic properties.

Prebiotics are substrates selectively metabolized by host microorganisms conferring
beneficial health effects such as improvements on gut barrier function, immunity,
inflammation, mineral absorption, and satiety (Gibson et al., 2017; Cunningham et al., 2021).
The prebiotics which are documented in literature the most are inulin, fructo- and galacto-
oligosaccharides (Gibson et al., 2017), classified as dietary fibers (Rezende et al., 2021). Some
dietary polyphenols and their metabolites can also modulate the gut microbiota, being
considered candidates to prebiotics (Alves-Santos et al., 2020; Cunningham et al., 2021).

The high content of fibers and polyphenols reported in baru pulp suggests prebiotic
properties. However, there hasn’t been found any report in literature regarding the prebiotic
properties of the baru pulp, and studies on its carbohydrates, oligosaccharides and polyphenols
profile are scarce and with limited information. Thus, this study evaluated the chemical
composition of baru pulp and investigated its prebiotic activity on distinct probiotic strains and

human colonic microbiota.

2. Material and methods
2.1. Sample

Baru (Dipteryx alata VVog.) fruit pulp (epicarp and mesocarp) was purchased in natura
from an agro-industry in the municipality of Caiapdnia (Goias, Brazil) that processes native
fruits from Cerrado biome. The sample was frozen (-80 °C), freeze-dried (temperature: -50 £ 5
°C, pressure: <100 uHg, time: 48 h), milled (sieve number and size: mesh 16 and < 1.0 mm),

vacuum packed with light protection, and kept at 4 °C for up to 6 months.
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2.2. External standards and chemicals

The external standards (glucose, fructose, 1-kestose, nystose, raffinose, gallic acid, p-
coumaric acid, chlorogenic acid, syringic acid, trans-caftaric acid, caffeic acid, hesperidin,
naringenin, procyanidin B1, procyanidin B2, catechin, epicatechin, cyanidin-3,5-diglucoside,
malvidin-3,5-diglucoside, pelargonidin-3,5-diglucoside), as well as the Folin-Ciocalteau,
Folin-Dennis, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ),
and trolox reagents were purchased from Sigma-Aldrich (St Louis, USA). Maltose and
rhamnose were purchased from Chem Service (West Chester, USA). Procyanidin A2,
epigallocatechin gallate, epicatechin gallate, kaempferol-3-glucoside, rutin, quercetin-3-
glucoside, myricetin, peonidin-3-glucoside, petunidin-3-glucoside, delphinidin-3-glucoside,
malvidin-3-glucoside, cyanidin-3-glucoside, and pelargonidin-3-glucoside were purchased
from Extrasynthese (Genay, France). cis-Resveratrol and trans-resveratrol were purchased
from Cayman Chemical Company (Ann Arbor, USA). Citric, tartaric, malic, succinic, lactic,
formic, acetic, propionic, and butyric acids were purchased from Quimica Vetec (Rio de
Janeiro, Brazil). Tannic acid was purchased from Neon (Suzano, Brazil).

The de Man, Rogosa, and Sharpe (MRS) broth and agar, tryptone, and meat and yeast
extracts were purchased from Kasvi (Sao José dos Pinhais, Brazil). Tribasic ammonium citrate,
brain heart infusion (BHI) broth, M9 broth, a-amylase, bile salt, pancreatin, and dialysis tubing
cellulose membrane were purchased from Sigma-Aldrich (St. Louis, USA). Other chemicals
were acquired as follows: eosin methylene blue (EMB) agar from Merck (Darmstadt,
Germany); fructooligosaccharides (FOS) from Orafti (Orafti P95, Oreye, Belgium); L-cysteine-

HCI from Exodo Cientifica (Sumaré, Brazil); and pepsin from Dinamica (Indaiatuba, Brazil).
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2.3. Chemical characterization of the baru pulp
2.3.1. Proximate composition, dietary fiber, and fructans

Proximate composition was determined by analyzing moisture (method 934.06), ash
(method 940.26), total nitrogen (method 920.152), and conversion to crude protein (AOAC,
2016). Total lipid was determined according to Bligh and Dyer (1959). Carbohydrate content
was estimated by subtracting the values of the mentioned components from 100. Total energy
value was estimated using Atwater conversion factors of 4, 4, and 9 kcal/g to protein,
carbohydrate, and lipid, respectively. The contents of total, insoluble and soluble dietary fibers
were determined with an enzymatic-gravimetric method (method 985.29), and the fructan
content was determined by the enzymatic-spectrophotometric method (AOAC, 2016). The
contents of lignin, hemicellulose, and cellulose were determined according to the acid and

neutral detergent fiber method (Trujillo et al., 2010).

2.3.2. Analyzes of sugars, organic acids and oligosaccharides

Sugars and organic acids were determined simultaneously on a liquid chromatograph
(Agilent, model 1260 Infinity LC) coupled to a refractive index detector (RID) and a diode
array detector (DAD). Freeze-dried baru pulp was diluted (1:20) in ultrapure water at 50 °C,
centrifuged, and filtered through a 0.45 pum nylon membrane. The analytical conditions were
performed according to Coelho et al. (2018). The detection of sugars was performed by RID,
and the determination of organic acids was performed on the DAD at 210 nm. The limit of
detection (LOD) was lower than 0.044 g/L, and the limit of quantification (LOQ) was lower
than 0.151 g/L for all analyzed compounds. The determination of oligosaccharides was
performed by High Performance Liquid Chromatography (HPLC) with a RID. Freeze-dried

baru pulp was diluted (1:5) in ultrapure water, and filtered through a 0.45 pum nylon membrane.



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

74

The separation of compounds was performed as described by Lima et al. (2019). For all

analyzed compounds, the LOD was lower than 0.042 g/L, and the LOQ was lower than 0.109 g/L.

2.3.3. Phenolic compounds and antioxidant capacity

Freeze-dried baru pulp (500 mg) was homogenized with 50% methanol to obtain the
extracts for the determination of total phenolic compounds, total tannins, and antioxidant
capacity (Xu et al., 2020). The freeze-dried baru pulp was diluted in 70% methanol (1:10),
homogenized in an ultrasonic bath, centrifuged, and filtered through a 0.45 um nylon membrane
so the phenolic compounds could be separated and quantified (Rezende et al., 2022).

The content of total phenolic compounds was determined according to Singleton and
Rossi (1965) using a gallic acid standard curve (Concentration = [absorbance + 0.0438] /
0.0078; r = 0.9991). The results were expressed in mg of equivalent gallic acid per 100 g of
sample (mg GAE/100 g). Total tannins were analyzed by reducing the Folin-Dennis reagent
(AOAC, 2016). Tannic acid was used as a standard to the calibration curve (Concentration =
[absorbance + 0.0005] / 0.0952; r = 0.9999), and the results were expressed in mg of equivalent
tannic acid per 100 g of sample (mg TAE/100 g). The separation and quantification of phenolic
compounds were performed using a liquid chromatograph coupled to a DAD. The analytical
conditions were performed as described by Padilha et al. (2017) with adaptations by Dutra et
al. (2018). The detection of compounds was performed by comparison with external standards.
The LOD was lower than 0.17 mg/L and the LOQ was lower than 1.41 mg/L for all analyzed
compounds.

The free-radical scavenging capacity of DPPH was determined according to Brand-
Williams, Cuvelier and Berset (1995). The Ferric Reducing Antioxidant Power (FRAP) was
conducted according to Pulido, Bravo, and Saura-Calixto (2000). Trolox solution was used as

a standard to the calibration curves of the DPPH (Concentration = [absorbance +
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0.6296]/0.0006, r = - 0.9989) and FRAP (Concentration = [absorbance + 0.0293]/0.0011, r =
0.9979), and the results were expressed as umol trolox equivalents per gram of sample

(umol TE/g).

2.4. In vitro prebiotic potential
2.4.1. Microorganisms and cultivation conditions

The probiotics used in this study were Bifidobacterium animalis subsp. lactis BB-12,
Lactobacillus acidophilus LA-05, and Lacticaseibacillus casei L-26, which were supplied by
the College of Biotechnology, Portuguese Catholic University (Porto, Portugal). Stock cultures
were maintained in MRS broth containing glycerol (150 g/L) at -80 °C. For the assays, each
strain was initially cultivated in MRS broth at 37 °C for 20-24 h to obtain cell suspensions with
an optical density at 655 nm (ODess) of 0.8, and viable cell counts of approximately 6 log colony
forming units (CFU) per mL on MRS agar. The MRS broth and agar used to the B. animalis
growth were supplemented with L-cysteine hydrochloride (0.5 g/L) and incubated under
anaerobic conditions (Albuquerque et al., 2020). Escherichia coli CCCD-E004 and E. coli
ATCC 25922 constituted the enteric mixture inoculum. Strains were cultured in BHI broth at
37 °C for 18-20 h to obtain cell suspension with an ODess of 0.1, and viable cell count of
approximately 6 log CFU per mL on EMB agar. The inoculum of the enteric mixture was

obtained by mixing the two different E. coli suspensions (1:1).

2.4.2. Preparation of bacterial cultivation medium

MRS broth with modifications in the composition of the standard carbon source
(glucose) was used as a medium to evaluate the prebiotic potential of the baru pulp
(Albuquerque et al., 2020). The composition of the different broths used to cultivate the

probiotics was tryptone (10 g/L), meat extract (8 g/L), yeast extract (4 g/L), dipotassium
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hydrogen phosphate (2 g/L), tween 80 (1 g/L), sodium acetate (5 g/L), tribasic ammonium
citrate (2 g/L), magnesium sulfate (0.2 g/L), manganese sulfate (0.04 g/L), and respective
carbon sources. The carbon sources were glucose, FOS (standard prebiotic) and baru pulp,
whose concentrations were defined according to the glucose concentration (20 g/L) of

commercial MRS broth.

2.4.3. Enumeration of probiotic viable cell counts

The inoculum of each probiotic was added (2%, v/v) into sterile tubes containing the
respective cultivation medium. The mixtures were homogenized and incubated at 37 °C. At
different time intervals (O - after homogenization, 12, 18, 24, and 48 h after incubation), aliquots
(100 pL) of each mixture were serially diluted in sterile saline (8.5 g/L). Aliquots (20 uL) of
each dilution were inoculated using the microdroplet technique on MRS agar. The plates were
incubated at 37 °C for 48 h, and the results were expressed as log CFU per mL (Albuquerque
et al., 2020).

Enteric mixture inoculum (2%, v/v) was added to M9 broth containing glucose (20 g/L),
FOS (20 g/L), or baru pulp (20 g/L). The mixtures were homogenized and incubated under
aerobic conditions at 37 °C. At 0 and 48 h, aliquots (100 pL) of each mixture were serially
diluted in sterile saline. Then, aliquots (20 uL) of each dilution were inoculated using the
microdroplet technique on EMB agar. The plates were incubated under aerobic conditions at

37 °C for 24 h, and the results were expressed as log CFU per mL.

2.4.4. Prebiotic activity score
The prebiotic activity score was estimated according to the equation proposed by
Huebner, Wehling, and Hutkins (2007), considering the growth of each probiotic and the enteric

mixture during the fermentation (Aiog crumL = log CFU/mLi=ss — log CFU/mLi=o) of the
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substrates (glucose, FOS, and baru pulp) as follows: Prebiotic activity score = probiotic (Aiog
cru/mL prebiotic/Aiog crumL glucose) — enteric mixture (Aiog crume prebiotic/Aiog crumL glucose).
A positive prebiotic activity score indicates that the substrate was selectively metabolized by

the probiotic, but not by enteric mixture (Huebner et al., 2007).

2.4.5. Evaluation of probiotic metabolic activity

The metabolic activity of the probiotics was evaluated by determining the pH and the
concentrations of sugars and organic acids in the cultivation media. The pH values were
measured according to AOAC (2016) using a digital pH meter (Adwa AD100, Szeged,
Hungary) at different time intervals (0, 12, 18, 24, and 48 h). The sugars and organic acids, at

0, 12, and 48 h, were quantified simultaneously by HPLC, as described in the section 2.3.2.

2.5. In vitro gastrointestinal digestion

The digestion of the freeze-dried baru pulp was performed in four phases to simulate
oral, gastric, and intestinal digestion, followed by dialysis (Massa et al., 2022). The oral phase
was simulated by adding a-amylase (100 U/mL in CaCl, 1 Mm) to the initial solution (baru
pulp with sterile distilled water). In the gastric phase, pepsin (25 mg/mL in HCI 0.1 M) was
added to the mixture and incubated for 90 min at 37 °C and 130 rpm. To simulate the intestinal
phase, a bile salt (12 g/L) and pancreatin (2 g/L) solution (in NaHCO3 0.1 M) was added to the
mixture, the pH was adjusted to 6.5 - 7.0, and incubated for 90 min at 37 °C and 45 rpm. Then,
the sample was submitted to dialysis in a previously hydrated dialysis tubing cellulose

membrane. Digested and dialyzed sample was freeze-dried and kept at 4 °C.
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2.6. In vitro human colonic fermentation
2.6.1. Fecal sample collection

The fecal sample donors were selected according to the following inclusion criteria: age
between 18-65 years old, no restrictive diet, no history of food intolerances and allergies, or
other gastrointestinal diseases, and no use of probiotics, prebiotics, antibiotics, or controlled
drugs for at least six months prior to collection (Andrade et al., 2020). Five healthy adult
volunteers (three men and two women) aged between 20-45 years were selected and instructed
about the aseptic collection and handling of the samples. The bottles with fecal samples were
transported to the laboratory for analysis under anaerobic conditions. The study protocol was
approved by the Research Ethics Committee of the Federal University of Goias (UFG), protocol

n°4.970.001/2021, and all donors signed a formal consent form.

2.6.2. Fecal fermentation and determination of pH, sugars, lactate, and short-chain fatty acids

Immediately after collection (about 60 min), the fresh fecal samples were mixed
(1:1:1:1:1, wi/w), diluted in NaCl (8.5 g/L) with L-cysteine hydrochloride (0.5 g/L),
homogenized and filtered with sterile triple-layer gauze to obtain the fresh pooled fecal
inoculum. The digested and dialyzed baru pulp (20% w/v) was subjected to fermentation with
the mixture of fresh pooled fecal inoculum (40% v/v) and the fermentation medium (40% v/v).
In addition, a medium containing FOS (20% w/v) and a medium without addition of
fermentable substrate (negative control) were also subjected to fermentation for 48 h at 37 °C
under anaerobic conditions (Massa et al., 2022). At time zero and after 24 and 48 h of
fermentation, aliquots were collected to monitor the bacterial metabolic activity by determining
the pH (AOAC, 2016) and the contents of sugars, lactate, and short-chain fatty acids (SCFA)
(Coelho et al.,, 2018). The composition of the fermentation medium is available in the

supplementary material data (Table S1).
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2.6.3. Fluorescent in situ hybridization (FISH) coupled with flow cytometry

The FISH analysis was performed with commercially synthesized oligonucleotide
probes (Eurofins Genomics, Ebersberg, Germany), fluorescent Cy3-labelled, and capable of
pairing with the target sequence of 16S rRNA gene from the following bacterial groups (Table
S2): Bac 303 - Bacteroides and Prevotella (Manz et al., 1996); Bif 164 - Bifidobacterium
(Langendijk et al., 1995); Chis 150 - Clostridium histolyticum (Franks et al., 1998); Erec 482 -
Eubacterium rectale and Clostridium coccoides (Franks et al., 1998); and Lab 158 -
Lactobacillus and Enterococcus (Harmsen et al., 1999). Probes were selected for major
bacterial groups usually found in the human gut (Supplementary material data, Table S2).
SYBR Green was used to enumerate total cells (Conterno et al., 2019).

At different time intervals (0, 24, and 48 h of fermentation), aliquots of fermentation
media were fixed with paraformaldehyde (4%) and incubated overnight at 4 °C. The fixed cells
were centrifuged, washed with PBS 1 M, resuspended with PBS 1 M and absolute ethanol,
filtered in 0.45 pum membrane and kept at -20 °C. For hybridization, fixed cells were
resuspended in PBS 1X (Gibco, Gaithersburg, USA), centrifuged, resuspended in Tris-EDTA
(Tris-HCI 100 mM, EDTA 50 mM; pH 8), and centrifuged. Samples were treated with Tris-
EDTA and lysozyme (1 mg/mL) and incubated at 25 °C for 10 min in a dim light environment
to permeabilize the cells for use with probes Lab 158 and Bif 164, and centrifuged.
Subsequently, all samples were resuspended with hybridization buffer (NaCl 0.9 M, Tris-HCI
20 mM, 0.1% sodium dodecyl sulfate; pH 7.5) and with the oligonucleotide probe (50 ng/uL),
and incubated for 4 h at 45-50 °C (Table S2) in a dim light environment. After that, the samples
were centrifuged, resuspended in washing buffer (NaCl 0.9 M, Tris-HCI 20 mM; pH 7.5), and
incubated for 30 min at 45-50 °C (Table S2). Samples were centrifuged, resuspended in PBS
1X and SYBR Green (1:1000 in dimethyl sulfoxide > 99.9%), incubated for 10 min at 25 °C,

centrifuged, and resuspended with PBS 1X.
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The fluorescence signals of the samples were collected in a flow cytometer (BD Accuri
C6, New Jersey, USA) by FL1 (SYBR Green) and FL2 (Bac 303, Bif 164, Chis 150, Erec 482
and Lab 158) channels, and the fluorescence emission cytograms were recorded using BD
Accuri C6 software. Results were expressed as the abundance (%) of cells hybridized with each
specific probe, relative to the total number of cells enumerated by SYBR Green (Conterno et

al., 2019).

2.7. Statistical analysis

Chemical composition analyses were performed in three replicates. In vitro assays to
evaluate the prebiotic potential and the relative abundance of bacterial groups during human
colonic fermentation were performed in two replicates in three different experiments.
Deviations from the normality of the residuals were evaluated using the Shapiro-Wilk's test.
The data were submitted to analysis of variance, followed by Tukey's test. Principal Component
Analysis and Pearson’s correlation were carried out using the mean values obtained from in
vitro human colonic fermentation. All tests were performed by adopting a significance level of
0.05 (p < 0.05). The statistical analysis was performed using R software (R Foundation for

Statistical Computing, Vienna, Austria), version 4.1.0.

3. Results and discussion
3.1. Chemical composition and antioxidant capacity of baru pulp

Baru pulp had a high content of total dietary fiber, mainly insoluble fiber, and low
content of moisture, ash, lipid, and total energy value (Table 1). The content of total dietary
fiber was in the range of values (29-39 g/100 g) reported in baru pulp flour from three different
regions of the Cerrado (Gadioli et al., 2021). In relation to insoluble fibers, baru pulp had a high

content of hemicellulose (61%), cellulose (45%), and lignin (31%). Fructose was the



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

81

predominant sugar in baru pulp, and the organic acid found in the highest content was succinic
acid (Table 1). Representative chromatograms of the sugars and organic acids analyzes are
available in supplementary material data (Fig. S1). Fructans and oligosaccharides (1-kestose,
nystose, and raffinose) were not detected.

According to Phenol-Explorer Database (Rothwell et al., 2013), the classes of phenolic
compounds identified in baru pulp were phenolic acids (caffeic, p-coumaric, chlorogenic,
syringic), flavonoids (catechin, epicatechin gallate, epigallocatechin gallate, hesperidin,
myricetin, procyanidin B1, procyanidin B2, quercetin-3-glucoside, rutin), and stilbenes (cis-
resveratrol) (Table 1). The phenolic compound found in the highest content was hesperidin, one
of the main flavonoids (flavanones) in citrus fruits, with important beneficial health effects,
such as antioxidant and anti-inflammatory activities (Hajialyani et al., 2019). Moreover,
evidence suggests that hesperidin and its aglycones may also improve gastrointestinal health
(Stevens et al., 2019). Coumaric acid derivatives have also been reported in baru pulp from the
State of Mato Grosso do Sul (Brazil) (Leite et al., 2020). Representative chromatograms of the
phenolic compounds analysis are available in supplementary material data (Fig. S2).

The content of total phenolic compounds (Table 1) was higher than that found in baru
pulp from the State of Mato Grosso do Sul (Brazil), of 262 mg GAE/100 g (Leite et al., 2020),
as well as in pulp (292 mg GAE/100 g; 15% moisture) and peel (477 mg GAE/100 g; 16%
moisture) of baru from the State of Goias (Brazil) (Santiago et al., 2018). High contents of
phenolic compounds contribute to add commercial and industrial value to the baru fruit, as well
as to define intervention doses in future pre-clinical and clinical studies.

Considering the diversity of antioxidant substances in the food matrix, such as vitamins,
minerals, and polyphenols, two methods were used to estimate the antioxidant capacity of baru
pulp. The antioxidant capacity evaluated by the DPPH and FRAP methods (Table 1) was higher

than the values reported in baru pulp (Goias State, Brazil), which were of 21 umol TE/g (DPPH)
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and 24 umol TE/g (FRAP) (Santiago et al., 2018). These data indicate the potential of the baru
pulp as a functional ingredient, and suggest its use in new formulations of functional foods with

high density of nutrients and bioactive compounds, low fat content and low energy value.

3.2. Effects of baru pulp on probiotics

As far as we know, this is the first study that evaluated the prebiotic potential of baru
pulp on the growth and metabolism of gut bacteria related to health and well-being, such as
Lactobacillus and Bifidobacterium (Gibson et al., 2017). In all tests, the viable counts of
Lacticaseibacillus casei L-26 (L. casei) in baru pulp medium were similar to glucose and FOS
media (p > 0.05), and the viable counts of L. acidophilus LA-05 (L. acidophilus) in baru pulp
medium were higher (p < 0.05) than glucose and FOS media at 48 h of fermentation (Fig. 1).
In addition, at 12 and 18 h, the viable counts of B. animalis BB-12 (B. animalis) in baru pulp
medium was higher than FOS medium (p < 0.05) (Fig. 1). This result may be linked to FOS
polymerization degree, which influences the bifidobacteria capabilities to metabolize these
oligosaccharides (Scott et al., 2020). Therefore, the quantification of viable cells indicates that
baru pulp was used as a carbon source by the probiotics in similar or better way than FOS, and
it may be explained by the fermentation of the available pulp compounds, such as dietary fibers
and polyphenols (Table 1). However, baru pulp was unable to maintain the growth of B.
animalis until the end of the assay, as a reduction in the viable cell counts was observed in the
respective medium at 48 h of fermentation (Fig. 1). This finding may be related to the carbon
sources in the baru pulp (insoluble dietary fibers and polyphenols) and the capacity of
bifidobacteria to use them as B. animalis subsp. lactis has a smaller number of genes involved
in the use of carbon sources, which may interfere with its ability to adapt in monoculture assays

(Pokusaeva et al., 2011).
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The use of baru pulp, glucose, and FOS as carbon sources by the probiotics decreased
the pH of the cultivation media at 48 h compared to the initial pH (Fig. 1). The lowest pH values
were found in the media with glucose and B. animalis (3.57), FOS and L. acidophilus (3.65),
and FOS and L. casei (3.66) at 48 h of fermentation. The decrease in pH values is related to the
production of organic acids generated from the fermentation of substrates by beneficial bacteria
and, therefore, to the growth of these bacteria (Gibson et al., 2017).

Overall, the contents of fructose, glucose, and maltose were reduced in cultivation media
with different substrates and probiotics (Fig. 2) at the end of the fermentation. Lactate-
producing bacteria, such as Lactobacillus and Bifidobacterium, metabolize glucose to lactate
through the glycolysis or phosphoketolase pathways (Abedi & Hashemi, 2020). Indeed, lactate
was the organic acid present in the highest concentration in all tested media at 48 h, except in
the FOS and B. animalis medium (Fig. 2).

In addition to lactate, the fermentation of some non-digestible carbohydrates produces
other metabolites, such as SCFA (acetate, propionate, and butyrate) (Scott et al., 2020). In this
study, the content of acetate increased in baru pulp medium with B. animalis (p < 0.05), and it
was higher (p < 0.05) in baru pulp medium with L. acidophilus than in FOS medium with L.
acidophilus at 48 h of fermentation (Fig. 2). The contents of propionate in the baru pulp media
with L. acidophilus and L. casei were similar to those of FOS media with L. acidophilus and L.
casei (p > 0.05) at 48 h (Fig. 2). It is noteworthy that the production of organic acids, including
lactate and SCFA and hence the low pH impair the growth of potentially pathogenic bacteria
(Vieco-Saiz et al., 2019).

The prebiotic activity score of baru pulp on B. animalis was higher than that of FOS
(baru pulp =0.12 £ 0.02; FOS =- 0.24 £ 0.13). Negative values of prebiotic activity score were
reported to FOS on L. acidophilus and L. plantarum, and to inulin on B. bifidum (Huebner et

al., 2007). The baru pulp also had a positive score on L. casei (baru pulp =0.24 + 0.06; FOS =
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0.34 £ 0.10) and L. acidophilus (baru pulp = 0.18 £ 0.02; FOS = 0.26 = 0.08), indicating a

selective consumption of baru pulp by the probiotics and a putative prebiotic effect.

3.3. Effects of baru pulp on human colonic microbiota

Regarding the in vitro colonic fermentation assay, it is important to emphasize that the
baru pulp was previously subjected to a simulated gastrointestinal digestion to present
characteristics similar to those when reaching the human colon. The predominant bacterial
groups in the initial fecal microbiota of the donors were E. rectale-C. coccoides and C.
histolyticum. Lactobacillus-Enterococcus and Bifidobacterium showed lower relative
abundance than the other examined bacterial groups (Fig. 3).

At the end of fermentation, an increase in the relative abundance of Lactobacillus-
Enterococcus, Bifidobacterium and Bacteroides-Prevotella, and a decrease of E. rectale-C.
coccoides and C. histolyticum were observed in FOS and digested baru pulp media (Fig. 3).
Digested guava by-product, with 41% insoluble fiber and 3% soluble fiber (Menezes et al.,
2021), also increased the abundance of Lactobacillus-Enterococcus and Bifidobacterium during
in vitro human colonic fermentation. These two microbial groups are the main targets of
prebiotics in the gut microbiota (Gibson et al., 2017) and related to several beneficial effects on
human gut health (Cunningham et al., 2021). In addition, these bacterial genera have inhibitory
mechanisms against potentially pathogenic bacteria, such as lactate and SCFA production, and
competition for nutrients (Vieco-Saiz et al., 2019). This inhibitory action of Lactobacillus and
Bifidobacterium may partially explain the reduction in the relative abundance of E. rectale-C.
coccoides and C. histolyticum, observed in this study after 48 h of fermentation (Fig. 3). The
highest relative abundance of Bacteroides-Prevotella was found in the digested baru pulp
medium (Fig. 3) at 48 h of fermentation. This finding is in accordance with reports indicating

that some species of Bacteroides are involved in the degradation of insoluble fibers, such as
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hemicellulose and cellulose (Flint et al., 2012), and in the bacterial metabolism of flavanones,
such as hesperidin (Garcia-Villalba et al., 2022).

The sugars contents were decreased in FOS and digested baru pulp media at the end of
the colonic fermentation (Fig. 4). Sugars were not detected in the negative control medium
(without substrate). An increase in the production of lactate, and SCFA (Fig. 4), as well as a
significant decrease of pH values (Fig. 3) were observed in FOS and digested baru pulp media
after 48 h of fermentation. The increase in the lactate and acetate production may be associated
with an increase in the relative abundance of Lactobacillus-Enterococcus and Bifidobacterium,
which can convert glucose and fructose into lactate and acetate by different metabolic pathways
(Abedi & Hashemi, 2020). Increased propionate content may be related to an increase in the
Bacteroides-Prevotella relative abundance (Chen et al., 2017), especially in the baru pulp
medium.

Lactate and acetate are the main end products of Lactobacillus and Bifidobacterium
metabolism, and can be metabolized by other microorganisms to produce propionate and
butyrate (Scott et al., 2020). However, high concentrations of lactate and acetate were observed
at 48 h of fermentation, which may partially result from the decrease of butyrate-producing
bacteria, such as Eubacterium rectale (Gibson et al., 2017). Moreover, the metabolism of
propionate-producing bacteria, as Bacteroides-Prevotella, may be influenced by relatively low
pH observed in the in vitro assays compared to human intestinal mucosa and, thus, affect the
production of propionate (Chen et al., 2017; Holscher, 2017).

Regarding the Principal Component Analysis (Fig. 5A), the first and second components
explained 61% and 21% of the observed total variation, respectively. The analysis indicates that
FOS and digested baru pulp (at 48 h) have the best behavior, according to its high values of
abundance for Lactobacillus-Enterococcus, Bifidobacterium, Bacteroides-Prevotella, and

SCFA contents, and low values of abundance for E. rectale-C. coccoides, C. histolyticum,
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sugars and pH. The heatmap (Fig. 5B) shows the significant correlations (p < 0.05) between the
abundance of the bacterial groups, the SCFA and sugars concentrations, and pH values. SCFA
concentrations correlated positively to abundance of Lactobacillus-Enterococcus,
Bifidobacterium and Bacteroides-Prevotella. Fructose concentration correlated positively to
lactate content. The pH values correlated negatively to the SCFA concentrations and abundance
of Lactobacillus-Enterococcus, Bifidobacterium, Bacteroides-Prevotella, and correlated
positively to abundance of E. rectale-C. coccoides and C. histolyticum. Principal Component
Analysis and the Pearson’s correlation summarize and validate the results of this study.

The positive impacts of digested baru pulp on the human colonic microbiota are
consonant with the results showing its selective stimulatory effect on the tested probiotic strains,
and they are probably associated with the contents of sugars, insoluble fibers, and flavonoids
of the baru pulp. Insoluble fibers do not meet the definition of prebiotics, but there is evidence
that these components may be eventually metabolized in the distal colon, where microbial
density is higher and intestinal transit time is slower (Holscher, 2017). Insoluble fibers from
soybean (Wang et al., 2021) and bamboo (Ge et al., 2022) promoted significant changes on
fecal microbiota, increasing the abundance of Bacteroides and the production of SCFA,
confirming that some Bacteroides species can degrade hemicellulose (Flint et al., 2012). The
prebiotic effect of dietary fibers, in turn, may be influenced by the phenolic compounds bound
to them (Garcia-Villalba et al., 2022). In addition, dietary polyphenols are also prebiotic
candidates, as they interact with the hindgut microbiota selectively stimulating the growth of
potentially beneficial bacteria (Alves-Santos et al., 2020). For instance, the oral administration
of hesperidin, flavonoid found at highest concentration in the baru pulp, increased the relative
abundance of Lactobacillus, and decreased the relative abundance of E. rectale-C. coccoides in
the feces of rats (Estruel-Amades et al., 2019). Some Bifidobacterium, Lactobacillus, and

Bacteroides species have a-rhamnosidase and p-glucosidase activity, and are involved in the
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metabolism of flavanone, such as hesperidin (Garcia-Villalba et al., 2022; Rodriguez-Daza et
al., 2021).

The limited number of probes for the quantification of bacterial targets of the human
colonic microbiota does not reflect a community-wide study, which could limit the inference
on the results of this study. However, the results provide consistent evidence of the baru pulp
potential as a prebiotic ingredient, as well as relevant information to guide pre-clinical and
clinical studies in the investigation of the in vivo effects of baru pulp on the composition and

function of the gut microbiota.

4. Conclusion

Baru pulp has a high content of insoluble dietary fibers and polyphenols, and low lipid
content and energy value. Hesperidin was the most relevant phenolic compound identified in
the baru pulp. The prebiotic potential of the baru pulp was evidenced by increasing growth and
metabolism of probiotics (B. animalis BB-12, L. acidophilus LA-05 and L. casei L-26), as well
as by the positive impact on the abundance of Lactobacillus-Enterococcus, Bifidobacterium,
and Bacteroides-Prevotella in human colonic microbiota, and on the production of lactate and
SCFA. The synergic effect among dietary fibers and phenolic compounds possibly contributed
to the prebiotic activity of the baru pulp. In vivo studies are warranted to confirm the prebiotic
effect of baru pulp and to encourage the use of this baru by-product in the formulation of new

functional foods and nutraceuticals.
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Table 1

Chemical composition and antioxidant capacity of freeze-dried baru pulp.

Parameter

Concentration

Proximate composition (g/100 g)

Moisture

Ash

Protein

Lipid

Carbohydrate

Total dietary fiber
insoluble dietary fiber
soluble dietary fiber

Energy value (kcal/100 g)

Sugars and fructans (g/100 g)
Glucose
Fructose
Fructans

Organic acids (g/100 g)
Citric

Malic

Succinic

Phenolic compounds (mg/100 g)
Caffeic acid

Chlorogenic acid

p-Coumaric acid

Syringic acid

Catechin

Epicatechin gallate
Epigallocatechin gallate
Procyanidin B1

Procyanidin B2

Hesperidin

Myricetin
Quercetin-3-glucoside

Rutin

cis-Resveratrol

Total phenolics (mg GAE/100 g)
Total tannins (mg TAE/100 g)

Antioxidant capacity (umol TE/g)
DPPH
FRAP

10.28 £ 0.39
4.56 +0.03
8.84 £ 0.22
3.54£0.08

39.87 +0.39

32.90+0.42

32.90+0.42
<0.10

226.73+1.73

6.32+0.70
7.76 +0.82
<0.10

0.88+0.11
0.70 £0.08
3.75+£041

0.20 £ 0.00
0.46 £0.01
0.29+0.01
0.08 +0.00
0.43+0.00
0.49+0.01
0.20+0.00
0.15+0.00
0.53+0.00
19.34+0.10
0.96 +0.01
0.14+0.00
0.09+0.01
0.18 £0.02

507.01 +15.41
14291 +7.16

23.91+0.82
31.60 +1.85

Values are expressed as mean + standard deviation.

95

GAE: gallic acid equivalents, TAE: tannic acid equivalents, DPPH: 2,2-diphenyl-1-picrylhydrazyl, FRAP: ferric

reducing antioxidant power, TE: trolox equivalents.
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Figure captions

Fig. 1. Viable cell counts (log CFU/mL) of Bifidobacterium animalis subsp. lactis BB-12,
Lactobacillus acidophilus LA-05, and Lacticaseibacillus casei L-26, and pH values in MRS
broth with glucose (GLU), fructooligosaccharides (FOS) or baru pulp (BAR) during 48 h of
fermentation.

Fig. 2. Sugars (g/L) and organic acids (g/L) contents in MRS broth with glucose (GLU),
fructooligosaccharides (FOS) or baru pulp (BAR) during 48 h of fermentation with
Bifidobacterium animalis subsp. lactis BB-12, Lactobacillus acidophilus LA-05, and
Lacticaseibacillus casei L-26. a,b: different small letters for a same treatment at different
fermentation times denote difference (Tukey’s test; p < 0.05). A,B: different capital letters at
the same fermentation time denote difference among treatments (Tukey’s test; p < 0.05).

Fig. 3. Relative abundance (%) of the bacterial groups, measured by fluorescence in situ
hybridization with flow cytometry, and pH values during the in vitro human colonic
fermentation of digested baru pulp (diBAR), fructooligosaccharides (FOS) and negative control
(NC).

Fig. 4. Concentrations of sugars (g/L), lactate (g/L), and short chain fatty acids (g/L) during the
in vitro human colonic fermentation of digested baru pulp (diBAR), fructooligosaccharides
(FOS) and negative control (NC). a,b: different small letters for a same treatment at different
fermentation times denote difference (Tukey’s test; p < 0.05). A,B: different capital letters at
the same fermentation time denote difference among treatments (Tukey’s test; p < 0.05).

Fig. 5. Principal Component Analysis (A) and Pearson’s correlation (B) between the relative
abundance of different bacterial groups, short chain fatty acids and sugars concentrations, and
pH values in an in vitro human colonic fermentation of digested baru pulp (diBAR),
fructooligosaccharides (FOS) and negative control (NC).

PC1: first principal component, PC2: second principal component, bac.303: Bacteroides-
Prevotella, bif.164: Bifidobacterium spp., lab.158: Lactobacillus-Enterococcus, chis.150:
Clostridium histolyticum, erec.482: Eubacterium rectale-Clostridium coccoides.
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833 SUPPLEMENTARY MATERIAL

834

835

836 Table S1

837  Composition of in vitro human colonic fermentation medium.
Compounds Concentration (g/L)
NaCl 4.5
KCI 4.5
NaHCOs 15
MgSO4 0.7
L-cysteine hydrochloride 0.8
KH2PO4 0.5
KoHPO4 0.5
Bile salt 0.4
CaCl; 0.08
FeSO4 0.005
Tween 80 1 mL/L
Resazurin (0.025%) 4 mL/L

838 Bile salt and resazurin were purchased from Sigma-Aldrich (St. Louis, USA), L-cysteine-HCI was purchased from

839 Exodo Cientifica (Sumaré, Brazil), and the remaining reagents were purchased from Dinamica (Indaiatuba,
840  Brazil).
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Table S2

Oligonucleotide probes and hybridization conditions used in FISH analysis.
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Temperature (°C)

Probe Sequence (5 —37) Target group hybridization  washing

Bac 303 CCAATGTGGGGGACCTT Bacteroides spp. - Prevotella spp. 45 45

Bif 164 CATCCGGCATTACCACCC Bifidobacterium spp. 50 50

Chis 150 TTATGCGGTATTAATCTYCCTTT  Clostridium histolyticum 50 50

Erec 482 GCTTCTTAGTCARGTACCG Eubacterium rectale - Clostridium 50 50
coccoides

Lab 158 GGTATTAGCAYCTGTTTCCA Lactobacillus spp. - Enterococcus spp. 50 50
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Fig. S2. Representative chromatograms of the analysis of phenolic compounds in the baru pulp.
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CONCLUSAO

Com base nas revisdes de literatura, € possivel concluir que alguns polifendis
dietéticos sdo capazes de estimular o crescimento e o metabolismo de bactérias
intestinais benéficas, e que a polpa de baru representa uma alternativa para o
desenvolvimento de produtos com propriedades funcionais e nutracéuticas, apesar de
ainda ser pouco explorada pela agroindustria. De acordo com o estudo empirico, a
polpa de baru possui concentracdo elevada de fibras insollveis e compostos
fendlicos, baixo teor de lipidios e reduzido valor energético. A hesperidina foi o
polifenol encontrado em maior concentragcdo na polpa de baru. O potencial prebiotico
dessa polpa foi evidenciado pelo aumento do crescimento e metabolismo de
probidticos, e pelo impacto positivo sobre a abundancia e atividade metabdlica de
grupos bacterianos benéficos na microbiota colonica humana. O efeito sinérgico entre
fibras alimentares e polifenéis possivelmente contribuiu para a atividade prebidtica da
polpa de baru.

Embora os protocolos in vitro utilizados neste estudo tenham mostrado
resultados consistentes indicando propriedades prebiéticas, algumas limitacGes
podem ser citadas, como: a dificuldade de reproduzir as interacdes diretas com o
hospedeiro; o numero limitado de sondas de oligonucleotideos para avaliacdo da
composi¢cdo da microbiota intestinal; a falta de dados relacionados ao conteudo de
carboidratos estruturais da polpa de baru; e a falta do perfil de metabdlitos de
polifendis nos produtos finais, apds 0s experimentos. Sugere-se para estudos futuros
a inclusdo de sondas de oligonucleotideos especificas para Akkermansia,
Ruminococcus e Escherichia coli, ou a associacdo do protocolo de fermentagao
colonica humana ao sequenciamento do gene 16S RNAr para avaliacdo da microbiota
intestinal. O estudo de metabdlitos de polifendis pode aumentar a consisténcia dos
resultados sobre o potencial prebiotico da polpa de baru e direcionar novos estudos.
O uso da polpa de baru no desenvolvimento de novos alimentos com propriedades
funcionais e nutracéuticas, e a possivel aplicacdo em biofiimes e embalagens ativas
também sdo recomendados. Além disso, estudos in vivo sdo necessarios para
investigar o efeito prebidtico de polifendis dietéticos, como a hesperidina, para
confirmar o potencial prebiotico da polpa de baru e para investigar os efeitos do seu

consumo sobre a saude do hospedeiro.
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possui principalmente os acidos graxos oleico e linoleico, além de tocoferdis e fenodlicos totais. A casca e a
polpa do fruto sdo descartadas durante o processamento e ainda sdo pouco estudadas. Neste sentido, este
estudo visa contribuir para o aproveitamento sustentavel do baruzeiro e aumento do valor agregado dos
frutos nativos do Cerrado, por meio da investigagcéo do valor nutricional e funcional e do potencial prebidtico
in vitro de subprodutos e residuos do processamento de baru, bem como os efeitos do consumo destes nos
marcadores de risco cardiometabodlico e na microbiota intestinal in vivo. Serdo determinadas a composicao
centesimal e os teores de fibra dietética, acucares, oligossacarideos, compostos fendlicos totais, além do
perfil quimico (especiacao) destes compostos. O potencial prebiotico sera avaliado em culturas de bactérias
lacteas. Sera realizado
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um ensaio clinico para avaliacdo dos efeitos do consumo dos subprodutos e residuos do processamento de
baru nos marcadores de risco cardiometabolico e na microbiota intestinal. Espera-se, com este estudo,
identificar uma mistura de subprodutos e residuos de baru com alto valor nutricional e funcional, que possa
ser utilizado em diferentes sistemas alimentares visando a preven¢ao de doencgas.

Objetivo da Pesquisa:

OBJETIVO GERAL - Investigar os potenciais nutricional e prebidtico in vitro do consumo de subprodutos e
residuos do processamento do baru, bem como os efeitos do consumo destes nos marcadores de risco
cardiometabdlico e na microbiota intestinal in vivo.

OBJETIVOS ESPECIFICOS - Analisar a composicdo centesimal e o contelido de compostos bioativos dos
subprodutos e residuos do processamento do baru. - Avaliar o potencial prebidtico in vitro de misturas de
subprodutos e residuos do processamento do baru por meio do uso de bactérias lacteas. - Avaliar o efeito
do consumo dos subprodutos e residuos do processamento do baru nos marcadores de risco
cardiometabdlico. Avaliar o efeito do consumo dos subprodutos e residuos do processamento do baru na
microbiota intestinal in vivo.

Avaliagao dos Riscos e Beneficios:

Segundo os pesquisadores:

Riscos: A analise sensorial de produtos alimenticios formulados com a mistura de subprodutos e residuos
do baru oferece riscos minimos ao participante. Serdo excluidos do teste participantes que possuam alergia
a nozes e sementes comestiveis. Para minimizar o risco de contaminacao, os produtos serdo submetidos
previamente a analise microbiologica. No inicio e ao final de cada teste, as cabines serao higienizadas,
conforme os protocolos de biosseguranca vigentes. Os utensilios utilizados na analise sensorial serao
descartaveis. Os participantes serdo orientados a realizar a higienizacdo das maos no inicio da analise
sensorial. A avaliacdo do efeito prebidtico pelo indculo fecal também envolve riscos minimos ao participante.
Os voluntarios serao orientados quanto a coleta e entrega de amostras fecais frescas, de modo a minimizar
o risco de contaminacdo, e estas serdo recebidas pelos pesquisadores e acondicionadas até o momento
das analises. A entrega das amostras cedidas pelos participantes ocorrera em local reservado para
minimizar os desconfortos ou constrangimentos. O participante sera orientado quanto a possibilidade de
retirada a qualquer tempo e sem quaisquer 8nus ou prejuizos, do consentimento para utilizacdo do material
bioldgico coletado e armazenado para a analise. Para a conducéo do ensaio clinico, os pesquisadores serdo
treinados a fim de minimizar os riscos possiveis em cada
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etapa. Apos a padronizagao da mistura de subprodutos e residuos do processamento do baru, esta sera
submetida & andlise microbiolégica. Apds a analise serdo acondicionadas em recipientes porcionados,
seguindo-se as boas praticas de manipulacéo de alimentos, para entrega aos participantes. Os participantes
serao orientados quanto a forma correta de armazenamento das por¢des para consumo semanal, a fim de
minimizar os riscos de contaminacdo. Estes participantes serdo monitorados semanalmente quanto ao
consumo da por¢do e a sintomas gastrointestinais. O ensaio clinico envolve ainda etapas de avaliactes
antropomeétrica e bioquimica. A avaliagcao antropomeétrica oferece riscos minimos ao participante, visto que
os procedimentos utilizados nao sao invasivos. Na avaliacao bioquimica, os riscos inerentes envolvem a dor
e o desconforto durante a coleta ou a possibilidade de surgimento de hematoma no local de coleta de
sangue. A coleta de sangue sera realizada por equipe treinada para minimizar os riscos.

Beneficios: A pesquisa trara inumeros beneficios, pois a mistura de subprodutos e residuos do
processamento de baru e fonte de nutrientes e compostos bioativos que poderdo auxiliar na reducédo do
risco cardiometabdlico, bem como trazer beneficios para a microbiota intestinal, por seu potencial prebiotico.
Qutrossim, a divulgacao dos resultados desta pesquisa possivelmente promovera maior adesao ao consumo
integral do fruto do baru, valorizando assim os frutos nativos do Cerrado brasileiro. Nesse sentido, podera
contribuir para o desenvolvimento socioeconémico e sustentabilidade do Cerrado, bem como para a
melhoria do potencial econdmico da regiao Centro-Oeste.

Comentarios e Consideragées sobre a Pesquisa:

Trata-se de ensaio clinico com 124 participantes, que visa investigar os potenciais nutricional e prebiético in
vitro do consumo de subprodutos e residuos do processamento do baru, bem como os efeitos do consumo
destes nos marcadores de risco cardiometabdlico e na microbiota intestinal in vivo. Para isso o estudo
envolvera diversas etapas, sendo elas: analises quimicas do baru, elaboracdo dos produtos e analise
sensorial (com 60 participantes). O ensaio clinico € composto pelas fases: avaliac&o in vitro do prebidtico,
avaliacdo do efeito do prébidtico através de indculo fecal (com 4 participantes) e o ensaio clinico (com 60
participantes) que contara com analises bioquimicas (coleta de sangue periférico) e antropométricas. Os
participantes adultos com sobrepeso e obesidade, levemente hipercolesterolémicos serao alocados
aletoriamente em grupos, recebendo uma das seguintes intervencdes: dieta habitual suplementada ou néo
com misturas de subprodutos e residuos do processamento do baru. As abordagens serdo feitas na FANUT
e possui aval do conselho diretor. As abordagens de coleta de sangue periférico sera realizada no
Laboratorio Rédmulo Rocha (UFG), por profissional habilitado disponibilizado pelo préprio
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laboratério. O recrutamento dos participantes se dara por meio da divulgacdo da pesquisa em midias
digitais e folders, contendo as informacdes para esclarecimento do projeto, tanto para a comunidade interna
da UFG quanto para a comunidade externa.

Consideragdes sobre os Termos de apresentagio obrigatéria:

Foram apresentados:

- Projeto de pesquisa atualizado, contendo a descri¢do da forma de recrutamento, bem como a anuéncia do
Laboratorio Rdmulo Rocha para a realizacao da pesquisa,

- Declaracao do Laboratério Rdmulo Rocha atestando que a coleta de sangue sera realizada por profissional
habilitado - devidamente preenchida e assinada;

- Carta de encaminhamento detalhada sobre os atendimentos das pendéncias anteriores;

- TCLE do ensaio clinico alterado de acordo com as pendéncias anteriores;

- Anuéncia do Laboratério Rédmulo Rocha devidamente preenchida e assinada,;

- Termo de Compromisso adequado;

- TCLE efeito prebidtico e inéculo fecal - adequado;

- TCLE Analise sensorial - Adequado;

- Folha de Rosto devidamente preenchida e assinada.

Conclusdes ou Pendéncias e Lista de Inadequacdes:

Diante do atendimento de pendéncias e esclarecimentos quanto ao recrutamento dos participantes, bem
como a anuéncia e responsabilidade técnica assumida pelo laboratério Rédmulo Rocha sobre a coleta de
sangue dos participantes de pesquisa, o presente protocolo de pesquisa segue em conformidade com as
Resolugcdes CNS n. 466/12 e CNS n. 510/16, estando portanto APROVADO por este comité de ética em
pesquisa.

Consideragoes Finais a critério do CEP:

Informamos que o Comité de Etica em Pesquisa / CEP-UFG considera o presente protocolo APROVADO e
lembramos que o pesquisador responsavel devera encaminhar aoc CEP-UFG o Relatério Final baseado na
conclusdo do estudo e na incidéncia de publicacdes decorrentes deste, de acordo com o disposto na
Resolugcdo CNS n. 466/12. O prazo para entrega do Relatério & de 30 dias apdés o encerramento da
pesquisa.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

111

Tipo Documento Arguivo Postagem Autor |Situagéo|

Endereco: Alameda Flamboyant, Qd. K, Edificio K2, sala 110

Bairro: Campus Samambaia, UFG CEP: 74.690-970
UF: GO Municipio: GOIANIA
Telefone: (62)3521-1215 E-mail: cep.prpi@ufg.br

Pégina 04 de 05



- = UFG - UNIVERSIDADE
- FEDERAL DE GOIAS
W ) =X «

Continuagé&o do Parecer: 4.970.001

Qo™

112

Informacées Basicas| PB_INFORMACOES_BASICAS_DO_P | 02/09/2021 Aceito

do Projeto ROJETO 1790502.pdf 09:37:26

Projeto Detalhado / |PROJETO_BARU_CEP_ALTERADO.do| 02/09/2021 |MARIA Aceito

Brochura cx 09:35:31 MARGARETH

Investigador VELOSO NAVES

Outros Declaracao_Laboratorio.pdf 02/09/2021 |MARIA Aceito
09:16:50 | MARGARETH

Qutros Carta_encaminhamento_parecer_49189| 02/09/2021 | MARIA Aceito

5.pdf 09:16:03 | MARGARETH

TCLE / Termos de | TCLE_ENSAIO_CLINICO_ALTERADO. | 02/09/2021 |MARIA Aceito

Assentimento / doc 09:12:18 |MARGARETH

Justificativa de VELOSO NAVES

Auséncia

Outros TERMO_DE_ANUENCIA_EM_PESQUI | 13/07/2021 |MARIA Aceito

SA.pdf 16:55:21 | MARGARETH

Outros TERMO_DE_COMPROMISSO.docx 13/07/2021 |MARIA Aceito
16:54:57 | MARGARETH

TCLE / Termos de | TCLE_EFEITO_PREBIOTICO_INOCUL | 13/07/2021 |MARIA Aceito

Assentimento / O_FECAL.doc 16:52:10 |MARGARETH

Justificativa de VELOSO NAVES

Auséncia

TCLE / Termos de | TCLE_ANALISE_SENSORIAL.doc 13/07/2021 |MARIA Aceito

Assentimento / 16:52:02 |MARGARETH

Justificativa de VELOSO NAVES

Auséncia

Folha de Rosto FOLHA_DE_ROSTO.pdf 13/07/2021 |MARIA Aceito
16:48:03 | MARGARETH

Situagao do Parecer:
Aprovado

Necessita Apreciagdo da CONEP:

Nao
GOIANIA, 13 de Setembro de 2021
Assinado por:
Rosana de Morais Borges Marques
(Coordenador(a))
Enderego: Alameda Flamboyant, Qd. K, Edificio K2, sala 110
Bairro: Campus Samambaia, UFG CEP: 74.890-970
UF: GO Municipio: GOIANIA

Telefone: (62)3521-1215

E-mail:

cep.prpi@ufg.br
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ANEXO B — Termo de Consentimento Livre e Esclarecido
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TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO - TCLE

Vocé esta sendo convidado (a) a participar. como voluntario (a). da pesquisa intitulada
“POTENCIAL NUTRICIONAL E PREBIOTICO IN VITRO E EFEITOS DO CONSUMO DE
SUBPRODUTOS E RESIDUOS DO PROCESSAMENTO DE BARU SOBRE
MARCADORES DE RISCO CARDIOMETABOLICO E MICROBIOTA INTESTINAL IN
VIVO”. Meu nome € Aline Medeiros Alves Santos, sou a pesquisadora responsavel. e minha area de
atuacado € Nutricdo. Apos receber os esclarecimentos e as informacoes a seguir, se voce aceitar fazer
parte do estudo. assine ao final deste documento, que esta impresso em duas vias, sendo que uma
delas € sua e a outra ficara comigo. Esclareco que em caso de recusa na participacdo, em qualquer
etapa da pesquisa, vocé ndo sera penalizado (a) de forma alguma. Mas se aceitar participar. as
duvidas sobre a pesquisa poderdo ser esclarecidas pelo (a) pesquisador (a) responsavel, via e-mail
(alinemedeiros@ufa.br) e, por meio do seguinte contato telefonico: (62) 98130-3800. inclusive com
possibilidade de ligacdo a cobrar. Ao persistirem as dividas sobre os seus direitos como participante
desta pesquisa. vocé também podera fazer contato com o Comité de Etica em Pesquisa da
Universidade Federal de Goias. pelo telefone (62) 3521-1215. que € a instancia responsavel por
dirimir as davidas relacionadas ao cardter ético da pesquisa. O Comité de Etica em Pesquisa da
Universidade Federal de Goias (CEP-UFG)é€ independente. com funcdo publica. de carater
consultivo, educativo e deliberativo. criado para proteger o bem-estar dos participantes da pesquisa.
em sua integridade e dignidade. visando confribuir no desenvolvimento da pesquisa dentro de
padrdes eticos vigentes.

Este estudo visa avaliar os beneficios do consumo de subprodutos do processamento de barn
para 0s microrganismos intestinais. Voce sera solicitado a ceder amostras fecais. Vocé devera coletar
as fezes no frasco descartavel codificado que sera entregue a vocé. As amostras cedidas serdo
armazenadas até o momento das analises.

Esta pesquisa permitira a avaliacdo do potencial prebidtico de subprodutos e residuos do
processamento de baru. Os prebioticos sdo utilizados pela nossa microbiota intestinal trazendo varios
beneficios para a nossa saude. Além disso. a pesquisa contribuird para o aproveitamento sustentavel
do baruzeiro e aumento do valor agregado aos frutos nativos do Cerrado. assim como promover a
reducio do desperdicio e do impacto ambiental causado no processamento deste fruto.

Vocé tem direito ao ressarcimento das despesas decorrentes da cooperacdo com a pesquisa,
inclusive transporte e alimentacéio, se for o caso.

Em caso de danos, vocé tem o direito de pleitear indenizacio. conforme previsto em Lei.

Se vocé ndo quiser que seu nome seja divulgado, estd garantido o sigilo que assegure a
privacidade e o anonimato. As informacdes desta pesquisa serdo confidenciais e serdo divulgadas
apenas em eventos ou publicacdes cientificas. Existe o risco de constrangimento e desconforto na
enfrega das amostras fecais. Para minimizar o constrangimento, a entrega das amostras ocorrera em
local reservado ou os pesquisadores responsaveis pela pesquisa fardo a coleta individualmente.

Durante todo o periodo da pesquisa e na divulgacao dos resultados. sua privacidade sera
respeitada. ou seja. seu nome ou qualquer outro dado ou elemento que possa. de alguma forma.
identificar-lhe, sera mantido em sigilo. Todo material ficara sob minha guarda por um periodo
minimo de cinco anos. O seu consentimento ¢ necessario para conducdo da coleta. Faca wma rubrica
entre os parénteses da opgio que valida sua decisdo.

Pode haver também a necessidade de utilizarmos sua opinido em publicacdes, faca uma
rubrica entre os parénteses da opcdo que valida sua decisdo:

( ) Permito a divulgac¢do da minha opinido nos resultados publicados da pesquisa.
( ) Néo Permito a divulgacio da minha opinifo nos resultados publicados da pesquisa.
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Pode haver necessidade de utilizacdo dos dados coletados em pesquisas futuras, desde que
seja feita nova avaliacdo pelo CEP/UFG. Assim, solicito a sua autorizagio. validando a sua decisdo
com wma rubrica entre os parénteses abaixo:

( ) Declaro ciéncia de que os meus dados coletados podem ser relevantes em pesquisas futuras
e, portanto, autorizo a guarda do material em banco de dados e/ou biobancos e biorrepositorios.

( ) Declaro ciéncia de que os meus dados coletados podem ser relevantes em pesquisas futuras,
mas ndo autorizo a guarda do material em banco de dados e/ou biobancos e biorrepositorios.

Consentimento da Participacio da Pessoa como Sujeito da Pesquisa

Bl et et ADAIXO @$8iNAdoO,
concordo em participar do estudo intitulado “POTENCIAL NUTRICIONAL E PREBIOTICO IV
VITRO E EFEITOS DO CONSUMO DE SUBPRODUTOS E RESIDUOS DO
PROCESSAMENTO DE BARU SOBRE MARCADORES DE RISCO
CARDIOMETABOLICO E MICROBIOTA INTESTINAL IN FIFO”. Informo ter mais de 18
anos de idade e destaco que minha participacio nesta pesquisa € de carater voluntario. Fui
devidamente esclarecido (a) pela pesquisadora responsavel Aline Medeiros Alves Santos sobre a
pesquisa. os procedimentos e métodos envolvidos. assim como os possiveis riscos e beneficios
decorrentes de minha participacdo no estudo. Foi-me garantido que posso retirar meu consentimento
a qualquer momento, sem que isto leve a qualquer penalidade. Declaro, portanto, que concordo com

a minha participacio no projeto de pesquisa acima descrito.

Golania. ........ de oo, de 2021

Assinatura por extenso do(a) participante

Assinatura por extenso da pesquisadora responsavel
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ANEXO C - Instrucdes aos autores do periodico Food Research International
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Editorial Board p.2
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ISSN: 0963-9969

DESCRIPTION

Food Research International provides a forum for the rapid dissemination of significant novel and high
impact research in food science, technology, engineering and nutrition. The journal only publishes
novel, high quality and high impact review papers, original research papers and letters to the
editors, in the various disciplines encompassing the science and technology of food. It is journal
policy to publish special issues on topical and emergent subjects of food research or food research-
related areas. Special issues of selected, peer-reviewed papers from scientific meetings, workshops,
conferences on the science, technology and engineering of foods will be also published.

Food Research International is the successor to the Canadian Institute of Food Science and Technology
Journal. Building on the quality and strengths of its predecessor, Food Research International has been
developed to create a truly international forum for the communication of research in food science.

Topics covered by the journal include:

food chemistry food microbiology and safety microbiome food toxicology materials science of
foods food engineering physical properties of foods sensory science food quality health and
nutrition food biophysics analysis of foods food nanotechnology emerging technologies

Subjects that will not be considered for publication in Food Research International, and will be
rejected as being outside of scope, include :

Studies testing different formulations and ingredients leading to the choice of the best formulation
or ingredient to be used in the manufacture of a specified food; Optimization studies aiming to
determine processing conditions and/or raw materials that increase the yield of a production process
or improve nutritional and sensorial qualities; Studies describing the production of ingredients and
only their characterization without a strong mechanistic emphasis; Studies describing the biological
activity of foods lacking identification of the compounds responsible for the reported activity will not
be published. This is also valid for any other chemical compounds such as phytochemicals and minor
components of foods. Compounds of interest need to be characterized at least by mass spectrometry-
based methods. Studies that do not clearly prove the relationship between the structure of the
compounds and their activity; Fingerprinting studies lacking molecular insights and validation sets;
Studies on antimicrobial compounds that do not consider a validation step in foods, lacking full
data on chemical composition indicating the compounds responsible for the inhibitory activity and,
when appropriate, the use of molecular biology approaches to support the findings; Development
of analytical methods not comprising a validation step in situ that represent the range of conditions
faced during their application will not be considered; Surveys of chemical, nutritional, physical and
microbiological hazards will not be considered. Only papers presenting a significant data set, wide
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coverage, novel and supported by adequate chemical or microbiological techniques will be considered;
Pharmacology and nutritional studies papers focusing in hosts rather than in foods. Pharmacology and
nutritional studies that do not contain bioavailability or biofunctionality. Engineering studies lacking of
mathematical verification or validation in situ, when appropriate; Fragmented studies, of low scientific
quality, or poorly written. Studies with no food component.

IMPACT FACTOR

2020: 6.475 © Clarivate Analytics Journal Citation Reports 2021

ABSTRACTING AND INDEXING

CAB International

EMBiology

AGRICOLA

BIOSIS Citation Index

Elsevier BIOBASE

FSTA (Food Science and Technology Abstracts)
International Packaging Abstracts

Science Citation Index

Publications in Food Microbiology

Index to Scientific Reviews

Current Packaging Abstracts

Chemical Abstracts

Current Contents - Agriculture, Biology & Environmental Sciences
Scopus

PubMed/Medline

EDITORIAL BOARD

Editor-in-Chief

Anderson Sant'Ana, State University of Campinas, Campinas, S3o Paulo, Brazil

Food microbiology, Food safety, Food science, Probiotics, Foodborne pathogens, Mycotoxins, Fungi,
Sporeforming bacteria, Food processing

Associate Editors

Emerging Technologies

Tian Ding, Zhejiang University, Hangzhou, China
Emerging technology, nonthermal technology, foodborne pathogens, microbiological risk assessment

Food Chemistry and Analysis

Patricia Valentdo, University of Porto Faculty of Pharmacy, Porto, Portugal
Natural Products,Phenolic compounds,Antioxidant,Diabetes,Inflammation
Senem Kamiloglu, Bursa Uludag University, Bursa, Turkey

Polyphenols, Bioavailability, Authenticity

Food Engineering and Materials Science of Foods

Pedro Esteves Duarte Augusto, Paris-Saclay University, CentraleSupélec, European Center for Biotechnology
and Bioeconomy, Pomacle, France

Process engineering, food processing, emerging technologies, physical properties, process-structure-
properties relationships

Food Microbiology, Safety and Quality

Vasilis P. Valdramidis, National and Kapodistrian University of Athens Department of Chemistry, Athens,
Greece

Food microbiology, predictive microbiology, non-thermal technologies, food processing

Food Omics

Alessandra Bordoni, University of Bologna Department of Agri-Food Sciences and Technologies, Bologna, Italy
Nutrition
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GUIDE FOR AUTHORS

INTRODUCTION

Food Research International is the successor to the Canadian Institute of Food Science and Technology
Journal. Building on the quality and strengths of its predecessor, Food Research International has been
developed to create a truly international forum for the communication of research in food science.

Food Research International provides a forum for the rapid dissemination of significant novel and high
impact research in food science, technology, engineering and nutrition. The journal only publishes
novel, high quality and high impact review papers, original research papers and letters to the
editors, in the various disciplines encompassing the science and technology of food. It is journal
policy to publish special issues on topical and emergent subjects of food research or food research-
related areas. Special issues of selected, peer-reviewed papers from scientific meetings, workshops,
conferences on the science, technology and engineering of foods will be also published.

Food Research International does not publish papers with a product development emphasis, statistical
optimizations of processes or surveys. This is based on the editorial policy of the journal to publish
more fundamental work with a strong quantitative emphasis and of a general nature.

Topics covered by the journal include:

Emerging Technologies Sensory Aspects of Foods Food Toxicology Food Chemistry and Analysis Food
Omics Nutrition, health and food digestion Food Engineering and Materials Science of Foods Functional
Foods Food Microbiology, Safety and Quality

Please also refer to the list of subjects not considered in Food Research International before you
submit your paper. These topics can be found in the full aims and scope of the journal.

Research papers - original full-length research papers which have not been published previously,
except in a preliminary form. It is preferable that manuscripts do not exceed 6,000 words. The
word count refers to the text of the manuscript per se, i.e., references, figures and tables are not
considered. This limit might be exceeded as required for manuscripts to be as complete as possible
towards ensuring quality, novelty and impact. There are no limits on the figures and tables to ensure
manuscripts are thorough. Review articles - will be accepted in all areas of food science covered by
the scope of the journal. Review articles focused on recent literature published (for example, over the
previous 2-5 years) as well as comprehensive and definitive reviews will be considered.Review papers
must contain critical assessment of literature and may also contains author's views on the subject.
There are no word counts and reference numbers limit for review papers. Short communications -
Food Research International does not publish short communication papers. Letters to the Editor -
Letters are published from time to time on matters of topical interest. Book Reviews

Food Research International is concerned with safeguarding the rights and welfare of animals and
human research subjects. Authors must provide a letter with the approval from the ethics committee
from the respective University or research center where the study was performed.

The list of references must be as updated as possible. Making reference to recent work in the field is
particularly key to highlight the current context of the manuscript and to make it more comprehensive,
to highlight the novelty to the readers as well as its contribution to the field.

Submission for all types of manuscripts to Food Research International proceeds
totally online. Via the Editorial Manager (EM) website for this journal,
https://www.editorialmanager.com/foodres/default.aspx, you will be guided step-by-step through the
creation and uploading of the various files.

Questions regarding content of a proposed submission can be directed to: fri.journal@elsevier.com.

Submission checklist
You can use this list to carry out a final check of your submission before you send it to the journal for
review. Please check the relevant section in this Guide for Authors for more details.
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Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:
¢ E-mail address
* Full postal address

All necessary files have been uploaded:

Cover Letter, clearly stating the novelty of your research

Manuscript:

* Include keywords

« All figures (include relevant captions)

« All tables (including titles, description, footnotes)

* Ensure all figure and table citations in the text match the files provided
« Indicate clearly if color should be used for any figures in print
Graphical Abstracts / Highlights files (where applicable)

Supplemental files (where applicable)

Further considerations

* Manuscript has been 'spell checked' and 'grammar checked'

» All references mentioned in the Reference List are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including the
Internet)

* A competing interests statement is provided, even if the authors have no competing interests to
declare

* Journal policies detailed in this guide have been reviewed

* Referee suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.

BEFORE YOU BEGIN

Please see our information on Ethics in publishing.

If the work involves the use of human subjects, the author should ensure that the work described
has been carried out in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans. The manuscript should be in line with the
Recommendations for the Conduct, Reporting, Editing and Publication of Scholarly Work in Medical
Journals and aim for the inclusion of representative human populations (sex, age and ethnicity) as
per those recommendations. The terms sex and gender should be used correctly.

Authors should include a statement in the manuscript that informed consent was obtained for
experimentation with human subjects. The privacy rights of human subjects must always be observed.

All animal experiments should comply with the ARRIVE guidelines and should be carried out in
accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/EU for animal experiments, or the National Research Council's Guide for the Care
and Use of Laboratory Animals and the authors should clearly indicate in the manuscript that such
guidelines have been followed. The sex of animals must be indicated, and where appropriate, the
influence (or association) of sex on the results of the study.

All authors must disclose any financial and personal relationships with other people or organizations
that could inappropriately influence (bias) their work. Examples of potential competing interests
include employment, consultancies, stock ownership, honoraria, paid expert testimony, patent
applications/registrations, and grants or other funding. Authors must disclose any interests in two
places: 1. A summary declaration of interest statement in the title page file (if double anonymized) or
the manuscript file (if single anonymized). If there are no interests to declare then please state this:
'Declarations of interest: none'. 2. Detailed disclosures as part of a separate Declaration of Interest
form, which forms part of the journal's official records. It is important for potential interests to be
declared in both places and that the information matches. More information.
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Submission of an article implies that the work described has not been published previously (except in
the form of an abstract, a published lecture or academic thesis, see 'Multiple, redundant or concurrent
publication' for more information), that it is not under consideration for publication elsewhere, that
its publication is approved by all authors and tacitly or explicitly by the responsible authorities where
the work was carried out, and that, if accepted, it will not be published elsewhere in the same form, in
English orin any other language, including electronically without the written consent of the copyright-
holder. To verify originality, your article may be checked by the originality detection service Crossref
Similarity Check.

Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing policy.
Sharing your preprints e.g. on a preprint server will not count as prior publication (see 'Multiple,
redundant or concurrent publication' for more information).

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to differences,
and promotes equal opportunities. Content should make no assumptions about the beliefs or
commitments of any reader; contain nothing which might imply that one individual is superior to
another on the grounds of age, gender, race, ethnicity, culture, sexual orientation, disability or health
condition; and use inclusive language throughout. Authors should ensure that writing is free from bias,
stereotypes, slang, reference to dominant culture and/or cultural assumptions. We advise to seek
gender neutrality by using plural nouns ("clinicians, patients/clients") as default/wherever possible
to avoid using "he, she,"” or "hef/she.” We recommend avoiding the use of descriptors that refer
to personal attributes such as age, gender, race, ethnicity, culture, sexual orientation, disability or
health condition unless they are relevant and valid. When coding terminology is used, we recommend
to avoid offensive or exclusionary terms such as "master”, "slave", "blacklist" and "whitelist". We
suggest using alternatives that are more appropriate and (self-) explanatory such as "primary",
"secondary"”, "blocklist" and "allowlist". These guidelines are meant as a point of reference to help
identify appropriate language but are by no means exhaustive or definitive.

For transparency, we encourage authors to submit an author statement file outlining their individual
contributions to the paper using the relevant CRediT roles: Conceptualization; Data curation;
Formal analysis; Funding acquisition; Investigation; Methodology; Project administration; Resources;
Software; Supervision; Validation; Visualization; Roles/Writing - original draft; Writing - review &
editing. Authorship statements should be formatted with the names of authors first and CRediT role(s)
following. More details and an example.

Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To request such
a change, the Editor must receive the following from the corresponding author: (a) the reason
for the change in author list and (b) written confirmation (e-mail, letter) from all authors that they
agree with the addition, removal or rearrangement. In the case of addition or removal of authors,
this includes confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will be suspended. If the manuscript has already been published in an online issue,
any requests approved by the Editor will result in a corrigendum.

Article transfer service

This journal is part of our Article Transfer Service. This means that if the Editor feels your article is
more suitable in one of our other participating journals, then you may be asked to consider transferring
the article to one of those. If you agree, your article will be transferred automatically on your behalf
with no need to reformat. Please note that your article will be reviewed again by the new journal.
More information.
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Upon acceptance of an article, authors will be asked to complete a "Journal Publishing Agreement' (see
more information on this). An e-mail will be sent to the corresponding author confirming receipt of
the manuscript together with a "Journal Publishing Agreement' form or a link to the online version
of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions. Permission of the Publisher is required for resale or distribution
outside the institution and for all other derivative works, including compilations and translations. If
excerpts from other copyrighted works are included, the author(s) must obtain written permission
from the copyright owners and credit the source(s) in the article. Elsevier has preprinted forms for
use by authors in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to complete a
'License Agreement' (more information). Permitted third party reuse of gold open access articles is
determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement, it is recommended
to state this.

Please visit our Open Access page for more information.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The "Learn" environment at Researcher Academy
offers several interactive modules, webinars, downloadable guides and resources to guide you through
the process of writing for research and going through peer review. Feel free to use these free resources
to improve your submission and navigate the publication process with ease.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a mixture of
these). Authors who feel their English language manuscript may require editing to eliminate possible
grammatical or spelling errors and to conform to correct scientific English may wish to use the English
Language Editing service available from Elsevier's Author Services.

Qur online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used in
the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your article for
final publication. All correspondence, including notification of the Editor's decision and requests for
revision, is sent by e-mail.

Authors must provide and use an email address unique to themselves and not shared with another
author registered in EM, or a department. It is mandatory to upload a Cover Letter together with
your manuscript that explain in details the novelty of your research and why it is suitable for Food
Research International. If the novelty of your research is not clear, the paper can be rejected by the
editors or reviewers.

Suggesting reviewers
Please submit the names and institutional e-mail addresses of several potential reviewers.
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You should not suggest reviewers who are colleagues, or who have co-authored or collaborated with
you during the last three years. Editors do not invite reviewers who have potential competing interests
with the authors. Further, in order to provide a broad and balanced assessment of the work, and ensure
scientific rigor, please suggest diverse candidate reviewers who are located in different countries/
regions from the author group. Also consider other diversity attributes e.g. gender, race and ethnicity,
career stage, etc. Finally, you should not include existing members of the journal's editorial team,
of whom the journal are already aware.

Note: the editor decides whether or not to invite your suggested reviewers.

PREPARATION

For questions about the editorial process (including the status of manuscripts under review) or for
technical support on submissions, please visit our Support Center.

This journal operates a single anonymized review process. All contributions will be initially assessed by
the editor for suitability for the journal. Papers deemed suitable are then typically sent to a minimum of
two independent expert reviewers to assess the scientific quality of the paper. The Editor is responsible
for the final decision regarding acceptance or rejection of articles. The Editor's decision is final. Editors
are not involved in decisions about papers which they have written themselves or have been written
by family members or colleagues or which relate to products or services in which the editor has an
interest. Any such submission is subject to all of the journal's usual procedures, with peer review
handled independently of the relevant editor and their research groups. More information on types
of peer review.

Use of word processing software

It is important that the file be saved in the native format of the word processor used. The text
should be in single-column format. Keep the layout of the text as simple as possible. Most formatting
codes will be removed and replaced on processing the article. In particular, do not use the word
processor's options to justify text or to hyphenate words. However, do use bold face, italics, subscripts,
superscripts etc. When preparing tables, if you are using a table grid, use only one grid for each
individual table and not a grid for each row. If no grid is used, use tabs, not spaces, to align columns.
The electronic text should be prepared in a way very similar to that of conventional manuscripts (see
also the Guide to Publishing with Elsevier). Note that source files of figures, tables and text graphics
will be required whether or not you embed your figures in the text. See also the section on Electronic
artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check’
functions of your word processor.

Manuscript submissions must be accompanied by a cover letter. The corresponding author must state
explicitly in a paragraph how the paper fits the Aims and Scope of the journal. The cover letter should
also outline the novelty and impact of the work. Authors are invited to briefly comment on how the
work presented in the manuscript advances the knowledge in the field.

For review articles, authors must also clearly disclose how the article adds new insights to the field and
how it differs from recently published review articles in the same or similar subjects. Authors must
also ensure in the cover letter that the review article contains critical assessment of the literature and
perspectives to the field. For shorter review articles, authors must ensure that literature reviewed
is recent (last 3 years).

Any statement regarding conflict of interest or duplicate submission should be included in the cover
letter. Approvals of the ethical committee when the work involves human or animal experiments must
also be disclosed in the cover letter.

Only submissions following these guidelines will be considered.
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Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered
1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be
given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed literature
survey or a summary of the results.

Material and methods

Provide sufficient details to allow the work to be reproduced by an independent researcher. Methods
that are already published should be summarized, and indicated by a reference. If quoting directly
from a previously published method, use quotation marks and also cite the source. Any modifications
to existing methods should also be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in the
Introduction and lay the foundation for further work. In contrast, a Calculation section represents a
practical development from a theoretical basis.

Authors are encouraged to read the helpful notes on statistics applied in the planning of experiments
and assessment of results in the field of food science and technology. The more important univariate
and bivariate parametric and non-parametric methods, their advantages and disadvantages are
presented in "Observations on the use of statistical methods in Food Science and Technology by
Granato (http://www.sciencedirect.com/science/article/pii/S0963996913005723).

All the data must be provided considering not only the average values, but also the associated
deviation (such as using the standard deviation, etc), for all the tables and figures. Moreover, when
relevant, statistics must be provided and discussed.

Follow this order when typing manuscripts: Title, Authors, Affiliations, Abstract, Keywords, Main text
(Introduction, Material and Methods, Results, Conclusion), Acknowledgements, Appendix, References.
The corresponding author should be identified with an asterisk and footnote. All other footnotes
(except for table footnotes) should be identified with superscript Arabic numbers. The title of the
paper should unambiguously reflect its contents.

Results
Results should be clear and concise.

Discussion
This should explore the significance of the results of the work, not repeat them. A combined Results
and Discussion section is often appropriate. Avoid extensive citations and discussion of published
literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may stand
alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix,
Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

e Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

* Author names and affiliations. Please clearly indicate the given name(s) and family name(s)
of each author and check that all names are accurately spelled. You can add your name between
parentheses in your own script behind the English transliteration. Present the authors' affiliation
addresses (where the actual work was done) below the names. Indicate all affiliations with a lower-
case superscript letter immediately after the author's name and in front of the appropriate address.
Provide the full postal address of each affiliation, including the country name and, if available, the
e-mail address of each author.
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+ Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. This responsibility includes answering any future queries about
Methodology and Materials. Ensure that the e-mail address is given and that contact details
are kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a 'Present address' (or 'Permanent address’) may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.

Highlights are mandatory for this journal as they help increase the discoverability of your article via
search engines. They consist of a short collection of bullet points that capture the novel results of
your research as well as new methods that were used during the study (if any). Please have a look
at the examples here: example Highlights.

Highlights should be submitted in a separate editable file in the online submission system. Please
use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 characters, including
spaces, per bullet point).

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from
the article, so it must be able to stand alone. For this reason, References should be avoided, but if
essential, then cite the author(s) and year(s). Also, non-standard or uncommon abbreviations should
be avoided, but if essential they must be defined at their first mention in the abstract itself.

Graphical abstract

A graphical abstract is mandatory for this journal. It should summarize the contents of the article in
a concise, pictorial form designed to capture the attention of a wide readership online. Authors must
provide images that clearly represent the work described in the article. Graphical abstracts should be
submitted as a separate file in the online submission system. Image size: please provide an image
with a minimum of 531 x 1328 pixels (h x w) or proportionally more. The image should be readable
at a size of 5 x 13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF
or MS Office files. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of theirimages
also in accordance with all technical requirements.

Keywords

Immediately after the abstract, provide at least 6 keywords (maximum allowed: 12 keywords), using
American spelling and avoiding general and plural terms and multiple concepts (avoid, for example,
‘and’, 'of'). Be sparing with abbreviations: only abbreviations firmly established in the field may be
eligible. Keywords must be different from title to enhance searchability and findability. These
keywords will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research (e.g., providing language help, writing assistance
or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx, yyyy];
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes
of Peace [grant number aaaa].
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It is not necessary to include detailed descriptions on the program or type of grants and awards. When
funding is from a block grant or other resources available to a university, college, or other research
institution, submit the name of the institute or organization that provided the funding.

If no funding has been provided for the research, it is recommended to include the following sentence:

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Units
Follow internationally accepted rules and conventions: use the international system of units (SI). If
other units are mentioned, please give their equivalent in SI.

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae in
line with normal text where possible and use the solidus (/) instead of a horizontal line for small
fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers of e are often
more conveniently denoted by exp. Number consecutively any equations that have to be displayed
separately from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors can build footnotes into the text, and this feature may be used. Otherwise, please indicate
the position of footnotes in the text and list the footnotes themselves separately at the end of the
article. Do not include footnotes in the Reference list.

Image manipulation

Whilst it is accepted that authors sometimes need to manipulate images for clarity, manipulation for
purposes of deception or fraud will be seen as scientific ethical abuse and will be dealt with accordingly.
For graphical images, this journal is applying the following policy: no specific feature within an image
may be enhanced, obscured, moved, removed, or introduced. Adjustments of brightness, contrast,
or color balance are acceptable if and as long as they do not obscure or eliminate any information
present in the original. Nonlinear adjustments (e.g. changes to gamma settings) must be disclosed
in the figure legend.

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

* Embed the used fonts if the application provides that option.

« Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, Symbol, or
use fonts that look similar.

« Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Provide captions to illustrations separately.

» Size the illustrations close to the desired dimensions of the published version.

* Submit each illustration as a separate file.

* Ensure that color images are accessible to all, including those with impaired color vision.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel) then
please supply 'as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork is
finalized, please 'Save as' or convert the images to one of the following formats (note the resolution
requirements for line drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000 dpi.
TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum of
500 dpi.

Please do not:
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* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically have a
low number of pixels and limited set of colors;

* Supply files that are too low in resolution;

* Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or
MS Office files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear
in color online (e.g., ScienceDirect and other sites) regardless of whether or not these illustrations
are reproduced in color in the printed version. For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. Further information on the preparation of
electronic artwork.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure. A
caption should comprise a brief title (not on the figure itself) and a description of the illustration. Keep
text in the illustrations themselves to a minimum but explain all symbols and abbreviations used.

Tables

Please submit tables as editable text and not as images. Tables must be placed on separate page(s)
at the end of the manuscript. Number tables consecutively in accordance with their appearance in
the text and place any table notes below the table body. Be sparing in the use of tables and ensure
that the data presented in them do not duplicate results described elsewhere in the article. Please
avoid using vertical rules.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results' or
'Personal communication'. Citation of a reference as 'in press' implies that the item has been accepted
for publication.

The list of references must be as updated as possible. Making reference to recent work in the field is
particularly key to highlight the current context of the manuscript and to make it more comprehensive,
to highlight the novelty to the readers as well as its contribution to the field.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing them
in your text and including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), year,
and global persistent identifier. Add [dataset] immediately before the reference so we can properly
identify it as a data reference. The [dataset] identifier will not appear in your published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations in
the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support Citation Style Language
styles, such as Mendeley. Using citation plug-ins from these products, authors only need to select
the appropriate journal template when preparing their article, after which citations and bibliographies
will be automatically formatted in the journal's style. If no template is yet available for this journal,
please follow the format of the sample references and citations as shown in this Guide. If you use
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reference management software, please ensure that you remove all field codes before submitting
the electronic manuscript. More information on how to remove field codes from different reference
management software.

Reference style

Text: Citations in the text should follow the referencing style used by the American Psychological
Association. You are referred to the Publication Manual of the American Psychological Association,
Seventh Edition, ISBN 978-1-4338-3215-4, copies of which may be ordered online.

List: references should be arranged first alphabetically and then further sorted chronologically if
necessary. More than one reference from the same author(s) in the same year must be identified by
the letters 'a', 'b’, 'c', etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, 1. A. J1., & Lupton, R. A. (2010). The art of writing a scientific article.
Journal of Scientific Communications, 163, 51-59. https://doi.org/10.1016/j.5¢.2010.00372.
Reference to a journal publication with an article number:

Van der Geer, 1., Hanraads, J. A. J., & Lupton, R. A. (2018). The art of writing a scientific article.
Heliyon, 19, Article e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

Strunk, W., Ir.,, & White, E. B. (2000). The elements of style (4th ed.). Longman (Chapter 4).
Reference to a chapter in an edited book:

Mettam, G. R., & Adams, L. B. (2009). How to prepare an electronic version of your article. In B. S.
Jones, & R. Z. Smith (Eds.), Introduction to the electronic age (pp. 281-304). E-Publishing Inc.
Reference to a website:

Powertech  Systems. (2015). Lithium-ion vs lead-acid cost  analysis. Retrieved
from http://www.powertechsystems.eu/home/tech-corner/lithium-ion-vs-lead-acid-cost-analysis/.
Accessed January 6, 2016

Reference to a dataset:

[dataset] Oguro, M., Imahiro, S., Saito, S., & Nakashizuka, T. (2015). Mortality data for Japanese
oak wilt disease and surrounding forest compositions. Mendeley Data, v1. https://doi.org/10.17632/
xwj98nb39r.1.

Reference to a conference paper or poster presentation:

Engle, E.K., Cash, T.F., & Jarry, 1.L. (2009, November). The Body Image Behaviours Inventory-3:
Development and validation of the Body Image Compulsive Actions and Body Image Avoidance Scales.
Poster session presentation at the meeting of the Association for Behavioural and Cognitive Therapies,
New York, NY.

Reference to software:

Coon, E., Berndt, M., Jan, A., Svyatsky, D., Atchley, A., Kikinzon, E., Harp, D., Manzini, G., Shelef,
E., Lipnikov, K., Garimella, R., Xu, C., Moulton, D., Karra, S., Painter, S., Jafarov, E., & Molins, S.
(2020, March 25). Advanced Terrestrial Simulator (ATS) v0.88 (Version 0.88). Zenodo. https://
doi.org/10.5281/zenodo.3727200.

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are
strongly encouraged to include links to these within the body of the article. This can be done in the
same way as a figure or table by referring to the video or animation content and noting in the body
text where it should be placed. All submitted files should be properly labeled so that they directly
relate to the video file's content. In order to ensure that your video or animation material is directly
usable, please provide the file in one of our recommended file formats with a preferred maximum
size of 150 MB per file, 1 GB in total. Video and animation files supplied will be published online in
the electronic version of your article in Elsevier Web products, including ScienceDirect. Please supply
'stills' with your files: you can choose any frame from the video or animation or make a separate
image. These will be used instead of standard icons and will personalize the link to your video data. For
more detailed instructions please visit our video instruction pages. Note: since video and animation
cannot be embedded in the print version of the journal, please provide text for both the electronic
and the print version for the portions of the article that refer to this content.

Include interactive data visualizations in your publication and let your readers interact and engage
more closely with your research. Follow the instructions here to find out about available data
visualization options and how to include them with your article.
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Supplementary material such as applications, images and sound clips, can be published with your
article to enhance it. Submitted supplementary items are published exactly as they are received (Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure to provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the "Track Changes' option
in Microsoft Office files as these will appear in the published version.

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research data
refers to the results of observations or experimentation that validate research findings. To facilitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement
about the availability of your data when submitting your manuscript. If you are sharing data in one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References" section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053;
PDB: 1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw and
processed data, video, code, software, algorithms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading
your manuscript, you will have the opportunity to upload your relevant datasets directly to Mendeley
Data. The datasets will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.

Data statement

To foster transparency, we encourage you to state the availability of your data in your submission.
This may be a requirement of your funding body or institution. If your data is unavailable to access
or unsuitable to post, you will have the opportunity to indicate why during the submission process,
for example by stating that the research data is confidential. The statement will appear with your
published article on ScienceDirect. For more information, visit the Data Statement page.

AFTER ACCEPTANCE

To ensure a fast publication process of the article, we kindly ask authors to provide us with their proof
corrections within two days. Corresponding authors will receive an e-mail with a link to our online
proofing system, allowing annotation and correction of proofs online. The environment is similar to
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MS Word: in addition to editing text, you can also comment on figures/tables and answer questions
from the Copy Editor. Web-based proofing provides a faster and less error-prone process by allowing
you to directly type your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, including alternative methods to the online
version and PDF.

We will do everything possible to get your article published quickly and accurately. Please use this
proof only for checking the typesetting, editing, completeness and correctness of the text, tables and
figures. Significant changes to the article as accepted for publication will only be considered at this
stage with permission from the Editor. It is important to ensure that all corrections are sent back
to us in one communication. Please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading is solely your responsibility.

The corresponding author will, at no cost, receive a customized Share Link providing 50 days free
access to the final published version of the article on ScienceDirect. The Share Link can be used for
sharing the article via any communication channel, including email and social media. For an extra
charge, paper offprints can be ordered via the offprint order form which is sent once the article is
accepted for publication. Both corresponding and co-authors may order offprints at any time via
Elsevier's Author Services. Corresponding authors who have published their article gold open access
do not receive a Share Link as their final published version of the article is available open access on
ScienceDirect and can be shared through the article DOI link.

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch.

You can also check the status of your submitted article or find out when your accepted article will
be published.

© Copyright 2018 Elsevier | https://www.elsevier.com
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