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RESUMO

O bagaco de oliva ¢ um subproduto da producdo do 6leo de oliva rico em
compostos fendlicos que apresentam diferentes beneficios a satde. Os compostos
fenodlicos mais representativos no bagaco de oliva sao dos grupos secoiridoides, flavonols,
ligninas, acidos fendlicos e alcoois fenolicos. No entanto, os efeitos benéficos atribuidos
ao consumo destes compostos fendlicos estdo associados a sua biodisponibilidade, que
normalmente ¢ baixa (5-10%). Diante deste contexto, processos que melhoram a
biodisponibilidade dos compostos fendlicos do bagaco de oliva, como técnicas de reducao
de tamanho, podem afetar diretamente as propriedades benéficas destes compostos. O
objetido do presente trabalho foi avaliar a atividade antioxidante dos compostos fenolicos
de bagaco de oliva obtidos ap6és um processo de digestdo gastrointestinal in vitro. O
bagaco de oliva foi submetido a dois métodos de redugdo de tamanho: fracionamento
(tamanho de particula < 2 mm) e fracionamento seguido de micronizagdo (tamanho de
particula < 20 pm) e as amostras foram submetidas a uma digestdo gastrointestinal
simulada. Os compostos fendlicos obtidos ap6s o processo de digestdo foram analisados
quanto a sua composicao fenodlica, sua atividade antioxidante no modelo animal
alternativo (Caenorhabditis elegans), bem como em células da microglia (BV2). O tipo
de processamento afetou o perfil de compostos fendlicos biodisponiveis do bagaco de
oliva, o que resultou em comportamentos diferenciados nos modelos experimentais
analisados. Demonstramos pela primeira vez que os compostos fenolicos biodisponiveis
do bagaco de oliva em concentragdes elevadas (1,5-3 mg L") podem ser toxicas para
células microgliais e para o nematoide. Nas células microgliais os compostos
biodisponiveis do bagaco de oliva apresentaram efeito antioxidante (0,03- 1,5 mg L),
independente do tamanho de particula. Além disso, os compostos fenolicos
biodisponiveis do bagaco de oliva apresentaram capacidade de prevenir o estresse
oxidativo induzido por perdxido de hidrogénio no C. elegans. No entanto, este efeito foi
dependente do tamanho de particula. Menores tamanhos de particula atenuaram o estresse
oxidativo em concentra¢des de 0,03 e 0,15 mg L', enquanto que maiores tamanhos de
particula apresentaram este efeito no nematoide nas concentragdes de 0,15 ¢ 0,30 mg L~
I, Os efeitos antineuroinflamatdrios e antioxidantes observados nos ensaios in vivo e in
vitro podem ser atribuidos aos diferentes compostos fendlicos presentes no bagaco de
oliva. Além disso, diferentes tamanhos de particulas resultaram em perfis fenolicos
diferentes, o que pode justificar os diferentes efeitos observados nos experimentos. Por

fim, este estudo apresenta resultados extremamente relevantes para garantir a seguranga
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e buscar uma possivel aplicacao alimenticia do bagaco de oliva, visando o aproveitamento

de sua riqueza em termos de compostos fenolicos.

Palavras-chave: Sub-produtos alimenticios; Digestao gastrointestinal;

Biodisponibilidade; Células microgliais; Caenorhabditis elegans; Neuroinflamacao;



ABSTRACT

The olive pomace is a by-product of producing olive oil and is rich in phenolic
compounds that present different health benefits. The most representative phenolic
compounds in olive oil contain two secoiridoid groups, flavonols, lignins, phenolic acids
and phenolic alcohols. However, the beneficial effects attributed to the consumption of
these phenolic compounds are associated with their bioavailability, which is normally low
(5-10%). Given this context, processes that enhance the bioavailability of phenolic
compounds from olive pomace, such as size reduction techniques, can directly affect the
beneficial properties of these compounds. The objective of this work was to evaluate the
antioxidant and anti-neuroinflammatory activities of phenolic compounds from olive
pomace obtained after an in vitro gastrointestinal digestion process. The olive pomace
was subjected to two size reduction methods: fractionation (particle size < 2 mm) and
fractionation followed by micronization (particle size < 20 um), and the samples were
subjected to a simulated gastrointestinal digest. The phenolic compounds obtained after
the digestive process were analyzed regarding their phenolic composition, their
antioxidant activity in the alternative animal model (Caenorhabditis elegans), as well as
in microglial cells (BV2). The type of processing affected the profile of bioavailable
phenolic compounds from olive pomace, which resulted in differentiated behaviors in the
experimental models analyzed. We demonstrate for the first time that bioavailable
phenolic compounds from olive pomace in high concentrations (1.5-3 mg L) can be
toxic to microglial cells and nematoid. In the microglial cells, the bioavailable compounds
from olive pomace have antioxidant (0.03-1.5 mg L) effect, regardless of particle size.
Furthermore, bioavailable phenolic compounds from olive pomace have the capacity to
prevent oxidative stress induced by hydrogen peroxide in C. elegans. However, this effect
was dependent on particle size. Smaller particle sizes attenuate oxidative stress in
concentrations of 0.03 and 0.15 mg L', while larger particle sizes present this nematoid
effect in concentrations of 0.15 and 0.30 mg L. The anti-neuroinflammatory and
antioxidant effects observed in in vivo and in vitro tests can be attributed to the different
phenolic compounds present in the olive pomace. Furthermore, different particle sizes
will result in different phenolic profiles, which may explain the different effects observed
in the experiments. Finally, this study presents extremely relevant results to guarantee
safety and search for a possible food application of olive pomace, aiming at the

exploitation of its richness in terms of phenolic compounds.



Key words: Food by-products; Gastrointestinal digestion; Bioavailability; Microglia

cells; Caenorhabditis elegans; Neuroinflammation;
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1. APRESENTACAO

A fim de facilitar a compreensao, a tese estd organizada em diferentes segoes.

A se¢do INTRODUCAO consta de uma revisio sucinta da literatura sobre os
temas trabalhados nesta tese.

Na secdo METODOLOGIA constam informagdes sobre a amostra utilizada,
processo de digestdo gastrointestinal in vitro e protocolos experimentais usados no
presente trabalho.

A secdo RESULTADOS esta apresentada sob a forma de dois artigos ja
publicados € um manuscrito em processo de preparagdo para submissao. As se¢des
Materiais e Métodos, Resultados, Discussdo, Conclusdo e Referéncias Bibliograficas,
encontram-se nos proprios artigos e representam a integra deste estudo.

O item DISCUSSAO apresenta interpretagdes e comentarios gerais sobre os
trabalhos cientificos aqui incluidos.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citagdes que
aparecem nos itens REVISAO BIBLIOGRAFICA e DISCUSSAO.
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2. INTRODUCAO

A producdo de oliva (Olea europaea L.) tem crescido ao longo dos anos, se
estendo para areas de cultivo ndo tradicional. A maior 4rea de cultivo e produg¢do de oliva
se concentra na bacia do Mediterraneo, responsavel por 95 % das olivas cultivadas no
mundo inteiro. No Brasil, o cultivo de olivas ainda ¢ recente e abrange os estados de
Minas Gerais, Sdo Paulo, Santa Catarina, Parana e Rio Grande do Sul (Borges et al.,
2017). Apds o periodo de colheita, a maior parte das olivas ¢ destinada para a produgao
do azeite, o restante ¢ comercializado para consumo in natura (Simonato et al., 2019).

O processo produtivo para a obtengao do azeite gera grande quantidade de um
subproduto considerado de elevado valor agregado devido a presenca de compostos
fenolicos, o bagago de oliva. O bagaco de oliva consiste em um subproduto s6lido oriundo
do processamento da oliva para a produgao de azeite (Difonzo et al., 2021). Atualmente
a maior utilidade deste bagaco ¢ para a recuperagao do 6leo residual, no entanto este
processo ¢ dispendioso e necessita de maior tempo e energia para sua extra¢do. Desta
maneira, o bagaco de oliva torna-se um problema para a industria beneficiadora de azeite,
uma vez que devido a presenga de compostos fitotdxicos em sua composigdo, este
subproduto nao pode ser liberado no meio ambiente (Berbel & Posadillo, 2018). Diante
disto, a busca por alternativas sustentdveis para o uso do bagaco de oliva tém sido alvo
de estudos, sendo uma das principais alternativas a extracdo de moléculas de interesse
como os compostos fendlicos (Difonzo et al., 2021).

O bagaco de oliva desperta interesse em estudos de diferentes areas relacionadas
a satde, medicina e nutri¢do, pois apresenta em sua composi¢do uma grande quantidade
de compostos bioativos, como os compostos fenolicos, tocoferdis, fitoesterdis e fibras.
Estes compostos, especialmente os compostos fenodlicos apresentam diferentes efeitos
benéficos para a saide humana, como acdo como antioxidante, anti-inflamatoria,
anticancer, anti-hipertensiva, neuroprotetora e antidiabétes (Angeloni et al., 2017). Dentre
os compostos bioativos do bagaco de oliva, os compostos fenolicos sdo os mais
representativos. Ao longo do processo de producao do azeite de oliva, cerca de 98 % dos
compostos fendlicos presentes na oliva permanecem do bagago, devido a suas
caracteristicas hidrofilicas, o que torna este subproduto de elevado valor agregado
(Simonato et al., 2019).

Os compostos fendlicos sdo produto do metabolismo secundario das plantas
quando em condigdes estressoras. O bagaco de oliva ¢ rico em compostos fenolicos dos

grupos flavonols, secoiridoides, acidos fenolicos, alcoois fendlicos e ligninas. A
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oleuropeina ¢ o composto secoiriddide mais representativo no bagaco de oliva, seguido
dos élcoois fendlicos, tirosol e hidroxitirosol. Uma grande variedade de acidos fenolicos
estad presente no bagaco de oliva, em especial os acidos vinilico, cafeico, p-cumarico,
ferulico e galico. O pinoresinol e seus derivados sao as ligninas mais comuns no bagago
de oliva, enquanto rutina, apigenina e luteolina sdo os compostos flavonols mais
representativos (Altindis et al., 2020; Angeloni et al., 2017; Difonzo et al., 2021).

A principal caracteristica destes compostos ¢ sua capacidade de impedir a
formacao e/ou remover espécies reativas (ER). Através da remogao das ER os compostos
fendlicos atuam no balanceamento do estresse oxidativo no organismo humano. O
estresse oxidativo, por sua vez, pode desencadear diferentes patologias como por exemplo
doengas cardiovasculares e cancer (Difonzo et al., 2021).

As propriedades benéficas atribuidas aos compostos fendlicos presentes no
bagaco de oliva ¢ dependentem da sua biodisponibilidade no organismo. Em sua maioria,
os compostos fenolicos presentes no bagaco de oliva sdo rapidamente metabolizados e
absorvidos no trato gastrointestinal. Diante deste contexto, técnicas que visam aumentar
biodisponibilidade dos compostos fendlicos do bagago de oliva tém sido desenvolvidas
(Speroni et al., 2019). O processo que simula a digestdo gastrointestinal ¢ uma das
técnicas emergentes que resulta na obtencao de fragdes biodisponiveis do bagaco de oliva.
No entanto, esta técnica necessita de preparo de amostra prévio, visando a redugdo do
tamanho das particulas. Particula menores sdao capazes de aumentar a area de contato com
os acidos, enzimas e solventes necessarios para a realizagdo do processo de digestao
gastrointestinal (Sefrin et al., 2021a). As fragdes biodisponiveis obtidas a partir do bagago
sdo ricas em compostos fendlicos e podem ser utilizadas na formulagcdo de alimentos
funcionais (Angeloni et al., 2017; Mushtaq et al., 2020).

Diante do exposto anteriormente, este projeto se justifica pela utilizagdo de
amostras de compostos fenolicos biodisponiveis do bagaco de oliva, com a finalidade de
compreender seus efeitos neuroprotetor e antioxidante em células e em modelo vivo
Caenorhabditis elegans. Além disso, este estudo destaca a importincia do
desenvolvimento de técnicas sustentaveis para o aproveitamento do bagaco de oliva.
Desta maneira, ao tornar os compostos fenolicos presentes no bagaco de oliva
biodisponiveis, podemos auxiliar na destinagdo adequada deste subproduto da produgao

do azeite, tornando o bagaco de oliva um produto de alto valor agregado.
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2.1 Olivicultura

A bacia do Mediterraneo ¢ a regido de cultivo tradicional de oliveiras, com uma
produgdo de 3 milhdes de toneladas na safra de 2017/2018, representando 95% dos olivais
presentes no mundo. Nos ultimos anos, a producao de oliva (Olea europaea L.) e azeite
de oliva tem se estendido para além do Mediterraneo chegando a regides de cultivo nao
tradicional no hemisfério sul. No Brasil, a olivicultura estd sendo gradativamente inserida
nas regides sul e sudeste do pais, resultando em areas de cultivo com aproximadamente
500 ha, especialmente nos estados de Minas Gerais, Sao Paulo, Santa Catarina, Parana e
Rio Grande do Sul (Borges et al., 2017).

A producdo de oliva ¢ dependente da adaptacdo das diferentes cultivares as
condi¢des climaticas (indice de chuvas, temperatura, umidade relativa do ar, entre outros)
e geograficas (altitudes e latitudes). Além disso, a composi¢ao e qualidade do azeite e dos
derivados da oliva estd associada ao cultivar, maturacao do fruto e praticas agricolas
(Borges et al., 2017). As temperaturas de crescimento da oliveira variam entre 15 e 20
°C, porém a temperatura 6tima para o crescimento da azeitona ¢ de 40 °C. A oliveira ¢
extremamente resistente a seca, € o crescimento da azeitona é favorecido em solos franco-
arenosos com concentragdes de nitrogénio, potassio e fosforo equilibradas (Mushtaq et
al., 2020). Estas condicdes afetam a concentracdo de compostos com propriedades
benéficas presentes no azeite. Mais de 200 compostos quimicos diferentes podem ser
encontrados no azeite, dentre eles se incluem carotenoides e compostos fendlicos das
subclasses dos alcoois fenolicos, acidos fenolicos, flavonoides, ligninas e secoridoides
(Angeloni et al., 2017).

A producdo do azeite gera grande quantidade de um subproduto de alto valor
agregado, o bagacgo de oliva, sendo produzidas de 0,5 a 0,6 toneladas de bagago para cada
tonelada de azeitona processada. O bagaco de oliva € o sub-produto solido com elevado
teor de umidade (62 %) proveniente da extracdo do azeite virgem, seu descarte representa
um grande problema para os produtores de azeite (Difonzo et al., 2021; Simonato et al.,
2019). No entanto, o bagago de oliva torna-se interesse de estudos devido ao seu contetido
de celulose, hemicelulose, lignina e pectinas, que apresentam baixa digestibilidade e
conteudo energético, bem como seu conteudo de compostos fenolicos (Simonato et al.,
2019).

A maior parte dos compostos fendlicos presentes na oliva fica retida no bagago
(cerca de 98 %), uma vez que estes compostos em sua maioria sao hidrossoluveis. O alto

conteudo de compostos fendlicos, em especial tirosol e oleuropeina, que representam a
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maior fracdo fenodlica livre no bagaco de oliva, torna de extrema importancia a busca por
técnicas que auxiliem na extracdo e aumento da biodisponibilidade dos compostos
fenolicos presentes neste subproduto (Simonato et al., 2019; Tori¢ et al., 2020).

Devido a presenca de componentes fitotoxicos o descarte do bagago de oliva no
meio ambiente nao ¢ recomendado, por se tratar de um poluente. Além disso, o bagaco
de oliva apresenta odor forte e textura pastosa, caracteristicas que dificultam seu
manuseio e transporte. No entanto, a utilizagdo deste subproduto para geracdo de energia
elétrica em usinas de biomassa ou em sistemas de aquecimento doméstico, gera um
aproveitamento de aproximadamente 80 % (Berbel & Posadillo, 2018).

Na agricultura, o bagaco de oliva pode ser utilizado para alimentagdo animal. No
entanto, uma das limitacdes € seu baixo contetido de proteinas biodisponiveis, além do
alto teor de gordura. Estes fatores limitam a utilizacao do bagago para alimentacao animal,
sendo considerado um suplemento alimentar que deve constituir em no maximo 10 % da
dieta total dos animais (Berbel & Posadillo, 2018). A possivel utilizagdo do bagago de
oliva como adubacdo de solo ¢ outra alternativa de utilizagdo deste subproduto, sendo
capaz de aumentar a disponibilidade de potassio no solo. Outro uso menos comum do
bagaco ¢ como absorvente de metais pesados no tratamento de agua contaminada
(Lanfranchi et al., 2016). Desta maneira, alternativas que agreguem valor ao bagaco de
oliva tém sido alvo de estudos, uma vez que se trata de um subproduto de alto valor
agregado devido a presenga de diferentes compostos com potencial benéfico para a satde

humana.

2.2 Composicao fenolica do oleo e do bagaco de oliva

Os compostos fenolicos compreendem um grupo extremamente variado de
compostos com potencial benéfico a saude, presentes em diversas frutas, vegetais e graos.
Estes compostos sdo produto do metabolismo secundéario das plantas em condi¢des
estressoras durante as etapas de cultivo, e atualmente, mais de 8.000 estruturas de
compostos fenolicos sdo conhecidas (Shahidi & Ambigaipalan, 2015; Vuolo et al., 2018).
O consumo de frutas e vegetais estd associado a efeitos benéficos a satide humana tais
como propriedades antioxidante, anti-carcinogé€nica e anti-inflamatoria atribuidas a
capacidade destes compostos de atuarem como agentes capazes de reduzir o estresse
oxidativo. Estas propriedades benéficas estao relacionadas ao conteudo e diversidade de

compostos fenolicos presentes nestes alimentos e em seus derivados (Vuolo et al., 2018).
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Dois grandes grupos caracterizam os compostos fenolicos, e sdo divididos de
acordo com a estrutura quimica de suas agliconas em flavonoides e ndo flavonoides. Os
flavonoides sdo a classe de compostos fendlicos mais abundante, compreendendo a mais
de 6000 compostos (Vuolo et al., 2018). Este grupo de compostos apresentam baixo peso
molecular e sdo caracterizados por apresentarem 15 carbonos distribuidos basicamente
em dois anéis aromaticos ligados por trés carbonos em forma de heterociclo oxigenado
(C6-C3-C6), com diferentes substituicdes, graus de insaturagdo e arranjo do estrutural
basico, resultando em diferentes subclasses como flavonols, flavonas, flavanols,
flavanonas, secoridoides, isoflavonas e antocianidinas (Joseph et al., 2016; Tsimogiannis
& Oreopoulou, 2019; Vuolo et al., 2018). Os compostos ndo flavonoides apresentam
como estrutura basica ligagdes C1-C6 e C1-C3 e compreendem principalmente a dois
grades grupos, os derivados do 4cido hidroxibenzoico e derivados do 4cido
hidroxicinamico (Joseph et al., 2016; Salehi et al., 2019).

Além disso, os compostos fendlicos podem ser encontrados na forma de
oligdmeros e polimeros conhecidos como taninos condensados e taninos hidrolisaveis.
Os taninos hidrolisaveis apresentam em sua estrutura um poliol central (em sua maioria)
acilado por unidades de acido gélico ou acido elagico formando compostos fenolicos de
alto peso molecular (Tsimogiannis & Oreopoulou, 2019).

De maneira geral, a ingestdo de compostos fenolicos estd associada a efeitos
benéficos a saude e pode ser afetada pelos habitos alimentares e preferéncias do
individuo. A ingestdo média diaria destes compostos ¢ de aproximadamente 1 g por
pessoa e, as principais fontes sdo frutas, vegetais, legumes e seus derivados (Shahidi &
Ambigaipalan, 2015). A oliva e seus derivados como o azeite e o bagago sdo exemplos
de alimentos ricos nestes compostos. Os compostos fendlicos que apresentam
caracteristicas lipofilicas permanecem no azeite apds o processamento da oliva (2 %) e
os compostos fendlicos com caracteristicas hidrofilicas permanecem no bagaco de oliva
(98 %) (Simonato et al., 2019).

Os compostos fenolicos presentes no azeite de oliva sdo compostos que integram
o grupo dos acidos fenolicos, flavonols, ligninas e secoiridoides. Destes, os compostos
secoiriddides sao os prevalentes neste produto, representados em sua maioria pela
oleuropeina que compreende a um éster heterosidico de acido elenolico e hidroxitirosol.
Além disso, o azeite pode conter compostos fenolicos simples como o hidroxitirosol e o
tirosol, e ainda compostos flavondides como a luteolina-7-O-glicosideo, rutina,

apigenina-7-0-glicosideo e luteolina-4-O-glicosideo (Martin-Garcia et al., 2020).
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Em contrapartida, o bagaco de oliva ¢ rico compostos fendlicos como
hidroxitirosol e derivados de tirosol, seicoridoides e derivados, flavonols ligninas e acidos
fenolicos. Entre os acidos fendlicos presentes no bagago de oliva se destacam os acidos
cindmico, p-cumarico, cafeico, ferulico e vanilico. A oleuropeina e seus derivados se
destacam no grupo dos seicoridoides e rutina, apigenina, luteolina e quercetina no grupo
dos flavonols (Difonzo et al., 2021; Mushtaq et al., 2020). Dentre as ligninas presentes
no bagaco de oliva o composto principal ¢ o pinoresinol (Romero-Garcia et al., 2014).
Além disso, o bagago de oliva € rico em tocoferois, tocotrienois, esterdis, esqualeno e
carotenoides. Destacam-se ainda neste subproduto compostos como fibras, minerais e
oligossacarideos, sendo também uma 6tima fonte de acidos graxos monoinsaturados e

polinsaturados (Difonzo et al., 2021).

2.2.1. Propriedade antioxidante dos compostos fendlicos da oliva

Os compostos fendlicos presentes no bagaco de oliva quando extraidos e isolados
podem ser utilizados como aditivos para obter alimentos funcionais com alto teor
nutricional. Além disso estes compostos apresentam propriedades antioxidantes atuando
no aumento da resisténcia ao estresse oxidativo (Difonzo et al., 2021).

A sobrecarga do sistema de defesas antioxidantes (enzimaticas e ndo enzimaticas)
induzida pelo excesso de espécies reativas (ER) resulta no estresse oxidativo. O estresse
oxidativo pode ser descrido como um desequilibrio entre substancias antioxidantes e pro-
oxidantes presentes no organismo e, esta associado ao desenvolvimento de diferentes
doencgas. Substancias pro-oxidantes como as espécies reativas de oxigénio (EROs) e
nitrogénio (ERNs) sdo produzidas constantemente pelo organismo humano através do
metabolismo oxidativo, bioenergética mitocondrial e manutencdo de fungdes
imunologicas (Dumitrescu et al., 2018; Tan et al., 2018). A maior parte das ER ¢
produzida nas mitocondrias durante o processo de fosforilagao oxidativa para formagao
de adenosina trifosfato (ATP), que ¢ a principal fonte de energia celular. A geragdo de
energia via formacgdo de ATP necessita de uma grande quantidade de oxigénio (O2) que
atua como um aceptor de elétrons na cadeia transportadora de elétrons (CTE). A adi¢ao
de um elétron ao O; resulta na formacao do anion superdxido (‘O72) que ¢ o principal
precursor de diferentes ER (Dumitrescu et al., 2018).

Em condig¢des normais os niveis de ‘O produzidos durante a CTE sao regulados
por enzimas antioxidantes como a superoxido dismutase (SOD), que convertem o ‘O em
peroxido de hidrogénio (H20.) e oxigénio (O2). O perdxido de hidrogénio formado ¢ em
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seguida convertido em &agua por catalases (CAT) e glutationa peroxidases (GPx)
(Dumitrescu et al., 2018). No entanto, este processo nao € perfeito e grandes quantidades
de Oz na CTE podem levar a producdo excessiva de ‘O que ndo pode ser totalmente
eliminado pelas defesas antioxidantes enzimaticas. A adi¢ao de um elétron ao ‘O resulta
na formacao do H>O» e do radical hidroxil ("OH) (Pisoschi & Pop, 2015).

O radical hidroxil ¢ extremamente reativo € o metabolismo ndo possui defesas
antioxidantes enzimaticas para a remocao desta ER, por esse motivo ¢ considerado uma
das ER mais importantes. A geracdao do radical ‘OH depende nao apenas da quantidade
de O2, mas também da presenca de ions ferro e cobre que atuam como fatores cataliticos
na reagdo conhecida como reacdo de Fenton (Dumitrescu et al., 2018). Além das ER
citadas anteriormente, destacam-se ainda o oxigénio singlete ('0,) e o radical peroxil
(ROO’). Ambeas as ER sao de extrema importancia para o metabolismo, uma vez que estao
envolvidas na progressao, crescimento, diferenciagcao e morte celular. Além disso, quando
geradas em excesso essas espécies podem danificar enzimas, lipidios, proteinas, acido
desoxirribonucleico (DNA) e outras pequenas moléculas, resultando na interrup¢ao da
sinalizag¢ao redox ocasionando disfung¢des celulares que podem culminar na morte celular
(Luo et al., 2017).

Os compostos fenolicos podem auxiliar na remog¢ao e/ou inibi¢ao de ER reduzindo
o estresse oxidativo e consequentemente os danos a macromoléculas celulares e
extracelulares através de diferentes mecanismos (Vuolo et al., 2018). A capacidade
antioxidante dos compostos fendlicos estd relacionada as suas propriedades de agentes
redutores, uma vez que atuam como doadores de elétrons. Além disso, estes compostos
tém a capacidade de quelar metais, em especial ferro e cobre, inibindo a formagao de ER
catalisadas por metais. Esta capacidade antioxidante dos compostos fenodlicos estd
relacionada com o numero de grupamentos hidroxila e sua posicdo em relagdo ao
grupamento carboxila (Shahidi & Ambigaipalan, 2015; Tsimogiannis & Oreopoulou,
2019). Assim, o estresse oxidativo originado pelo excesso de ER, e a falta de
antioxidantes enzimaticos e nao-enzimaticos enddégenos para prevenir ou remover estas
espécies, pode ser amenizado através do consumo de compostos com potencial
antioxidante oriundos da alimentacao (Pisoschi & Pop, 2015).

Neste contexto, salientamos a importancia dos compostos fenolicos presentes no
bagaco de oliva, uma vez que sdo em sua maioria totalmente desperdigados e estdo
associados a doencas como cancer, diabetes, doengas cardiovasculares, doencas

neurodegenerativas, ambas relacionadas com o estresse oxidativo (Foscolou et al., 2018;
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Gorzynik-Debicka et al., 2018). O hidroxitirosol (3,4-dihidroxifeniletanol, HT), um
alcool fendlico presente no bagaco de oliva € capaz de exercer uma ampla gama de efeitos
bioldgicos, cardioprotetores, anticarcinogé€nicos, antimicrobianos e neuroprotetores
associados principalmente ao potencial antioxidante deste composto (Karkovic Markovic
etal., 2019). O HT atua diretamente sobre o radical peroxil (ROO") doando um atomo de
hidrogénio, tornando esta ERO nao reativa devido a presenca da liga¢do intramolecular
no radical fenoxil. A capacidade do HT remover radicais ROO" ¢ atribuida a presenca de
uma porcao o-dihidroxifenil, como pode ser observado na Figura 1 (Karkovic Markovic

et al., 2019).

00" ROOH 00’ ROOH

HO oH R ; R
jg/\/ St "SR ( OD/\JOH
HO N0 NF o

Figura 1 — Esquema do mecanismo de remoc¢ao do radical ROOe pelo HT (Karkovic

Markovic et al., 2019).

Além disso, Calabriso et al. (2018) verificaram que o pré-tratamento de células
endoteliais (HMEC-1) com HT (1 — 30 pmol L) reduziu a produ¢io mitocondrial do ‘O
2 e a peroxidacdo lipidica. Em contrapartida o pré-tratamneto com HT aumentou a
atividade de SOD. Estes resultados sugerem que o HT apresenta capacidade antioxidante
direcionada a mitocondria (Calabriso et al., 2018).

O tirosol (2-(4-hidroxifenil)-etanol, Tir), assim como o HT também ¢ um alcool
fenolico e apresenta potencial antioxidante menor do que o HT. No entanto, o Tir ¢é
considerado um antioxidante eficaz devido a sua elavada estabilidade em condi¢des
criticas, resultando no acumulo intracelular deste composto (Karkovic Markovic et al.,
2019). Além de efeitos antioxidantes o Tir apresenta também efeitos anti-inflamatorios e
neuroprotetores (Karkovic Markovic et al., 2019; Lee et al., 2018). Lee et al. (2018)
verificaram que o Tir € eficaz na inibi¢cdo do dano oxidativo de células musculares. O
tratamento das células musculares (L6) com Tir (1, 30 ¢ 100 uM) e H>O> (0,5 mM) por
24 h resultou em efeito protetor do Tir contra o dano oxidativo induzido pelo H>O». Este
efeito protetor da presenca de Tir inibiu a morte das células L6 em 22, 31 e 58 % nas

concentragoes de 1, 30 e 100 uM, respectivamente (Lee et al., 2018).
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Os secoiriddides presentes no bagaco de oliva, como a oleuropeina (Ole) exercem
potente capacidade antioxidante (Karkovic Markovic et al.,, 2019). A capacidade
antioxidante da Ole ¢ resultante da porgdo catecol (1,2-dihidroxibenzeno) presente em
sua estrutura e ¢ considerada a base de suas atividades anticarcinogénicas,
cardioprotetoras, neuroprotetoras, gastroprotetoras, hepatoprotetoras, antidiabéticas,
antiobesidade entre outras atividades (Karkovic Markovic et al., 2019). Shi et al. (2017)
sugerem a Ole como um composto potencialmente util para preveng¢do de hepatopatia.
Segundo Shi et al. (2017), diferentes concentragdes de Ole (7,4 uM, 14,8 uM e 29,6 uM)
exerceram prote¢ao das células humanas L-02 frente a morte celular induzida pelo H>O»
(100mM). Este efeito protetor da Ole foi associado ao aumento na expressao das enzimas
antioxidantes endogenas SOD, CAT e GPx, de maneira dependente da concentragdo (Shi
etal., 2017). Além disso, a Ole apresentou elevado potencial antioxidante (42,28 a 93,11
%) frente ao radical ‘OH em concentragdes que variaram de 20 a 2560 puM, através do
ensaio in vitro da 2-desoxiribose (Shi et al., 2017).

A utilizagdo de extratos oriundos do bagaco de oliva também tem sido alvo de
interesse cientifico. Simonato et al. (2019) utilizaram bagaco de oliva como substituto da
sémola de trigo duro para melhorar as caracteristicas tecnologicas e propriedades
nutricionais de uma massa. A fortificacdo da massa com o bagaco de oliva (0, 5 ¢ 10 g)
resultou em aumento no conteudo de compostos fendlicos totais e atividade antioxidante
do produto. O contetdo de compostos fendlicos totais da massa apos coc¢ao aumentou
de 0,06 para 0,38 mg GAE g! e de 0,06 para 0,69 mg GAE g'!, nas concentracdes de 5 e
10 g de bagaco de oliva, respectivamente (Simonato et al., 2019). Segundo Simonato et
al. (2019) as massas contendo o bagago de oliva apresentaram um aumento de quatro
vezes na capacidade antioxidante frente aos radicais ABTS e peroxil.

Bassani et al. (2016), verificaram que o extrato purificado de aguas residuais
oriundas do processamento do azeite de oliva, rico em HT, apresentou propriedades
quimiopreventivas para células de cancer de colon. As células humanas de cancer de
colon (HT-29) foram tratadas por 24 ¢ 48 h com o extrato rico em HT (diluigdes de 1:50
até 1:1000). Independente da dilui¢dao do extrato e do tempo de exposi¢do, o tratamento
com o extrato rico em HT inibiu a proliferacdao, migragdo, invasdo, adesdo, surgimento
de células de cancer de colo e liberagdo de células angiogénicas e citocinas pro-
inflamatorias, caracterizando seu efeito quimiopreventivo (Bassani et al., 2016).

Além disso, o HT presente no 6leo de oliva pode atuar como neuroprotetor atraveés

de sua capacidade antineuroinflamatéria, associada a processos neurodegenerativos e
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neurotoxicos (Zhang et al., 2020). O HT (25, 50 e 100 uM) foi capaz de reduzir a
produgdo de mediadores pro-inflamatdrios em células da micréglia (BV2) ativadas por
lipopolissacarideo (LPS), através da redug@o na expressao de fenotipos associados a via
pro-inflamatoria, sugerindo o efeito neuroprotetor deste composto (Zhang et al., 2020).
Diante do exposto, embora os compostos presentes no bagago de oliva apresentem
diferentes propriedades benéficas associadas a sua capacidade antioxidante tanto em sua
forma isolada como em extratos purificados, ¢ necessario conhecer os mecanismos de
absor¢ao e excrecao, bem como a biodisponibilidade destes compostos quando ingeridos.
Estas vias podem ser bastante complexas e necessitam de estudos aprofundados para
compreender o metabolismo efeitos enddgenos e exogenos destes compostos (Angeloni

et al., 2017; Karkovic Markovic et al., 2019).

2.2.2. Propriedade anti-neuroinflamatoria dos compostos fenolicos da oliva

Os compostos fenolicos apresentam diferentes propriedades benéficas a saude,
destacando sua capacidade antioxidante, anticancer, antidiabética, antimicrobiana,
hipolipidémica, prevengdo de doencas cardiovasculares e neuroprote¢ao (Gulcin, 2020;
Sylla et al., 2021). Com relagao aos efeitos neuroprotetores, estes compostos tém sido
amplamente estudados devido as suas caracteristicas antineuroinflamatorias, uma vez que
a neuroinflamacdo esta associada a diferentes doencas neurodegenerativas (Gallardo-
fernandez et al., 2019; Zhang et al., 2020; Zhao et al., 2021)

A prevaléncia de doengas neurodegenerativas tem aumentado de acordo com o
aumento da expectativa de vida em diversos paises (Hansson, 2021). A deméncia afeta
cerca de 50 milhdes de pessoas no mundo, e estima-se um aumento para 130 milhdes até
2050. A doenca de Alzheimer (DA) ¢ a doenga neurodegenerativa mais comum e ¢
responsavel por 60-70% dos casos de deméncia, seguida pela doenca de Parkinson (DP)
com uma prevaléncia global acima de 6 milhdes (Hansson, 2021).

O sistema nervoso central (SNC) ¢ constituido por uma complexa rede neuronal
que ¢ mantida e suportada por células gliais, representadas por oligodendrocitos,
microglia, células ependimarias, astrocitos e células de Schwann (Figura 2). As células
gliais, especialmente microglias sao consideradas as células imunes do SNC. A microglia
¢ uma cé¢lula chave no SNC, pois atua em resposta a processos neuroinflamatérios
proporcionando a manuten¢do da homeostase cerebral (Virgin et al., 2019). O processo

neuroinflamatério € considerado um dos principais mecanismos das doengas do sistema
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nervoso central (SNC), que atua na conten¢do de agentes patogénicos ou em situagoes de
comprometimento da fisiologia celular (Gallardo-fernandez et al., 2019).

Micréglia

Sistema Nervoso Central

Microglia Microglia

Oligadendrieitas Células de Schwann

£

Células ependimarias 200

Figura 2 — Células gliais do SNC envolvidas no processo de neuroinflamagao.

Fonte: a autora.

A modulagdo do processo neuroinflamatorio esta associado a ativagao das células
da micréglia (Delgado, 2021). A ativagdo de células microgliais desencadeia uma
resposta imune a lesdes ou doengas do SNC, caracterizadas principalmente pelo aumento
da producao de citocinas pro-inflamatdrias (Cadond et al., 2021). A producao de citocinas
pré-inflamatérias pode levar a alteragdes dos fendtipos da microglia com diferentes
fungdes imunoldgicas. A ativacdo de células microgliais pode ativar caracteristicas pro-
inflamatérias/neurotdéxicas ou anti-inflamatorias/neuroprotetoras, dependendo do
ambiente cerebral (Sawikr et al., 2017).

A producdo de citocinas e quimiocinas pro-inflamatdrias induzida pela ativagao
de células da microglia resulta em aumento do estresse oxidativo através da geragdo de
EROs e ERNs (Souza et al., 2022). O estresse oxidativo tem sido associado a varias
doengas, incluindo condi¢gdes neuropsiquidtricas e neurodegenerativas, a maioria delas
apresentando ativacdo imunolégica cronica (Cadona et al., 2021).

Nesse contexto, ¢ importante desenvolver e buscar estratégias terapéuticas que
possam modificar a polarizagdo das células da microglia ativadas, que, por sua vez,
apresentam a via pré-inflamatoria como principal resposta imune (Cadona et al., 2021).
Assim, os compostos fenolicos do bagaco de oliva podem ser uma alternativa capaz de
modular o sistema imune no SNC. No entanto, a capacidade anti-neuroinflamatoria e

neuroprotetora dos compostos fenolicos do bagaco de oliva ainda sdo pouco
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compreendidos (Zhang et al., 2020). As possiveis vias de atuagdo dos compostos
fenolicos do 6leo e bagaco de oliva no processo neuroinflamatério estdo descritas na

Figura 3.

Via Fro-inflamatdria

Lipopolissacarideo

" : :
(LPS) Microglia
ativada - Interleucinas

LPS —_— (IL-1B ¢ IL-6¢
_____________._..---""'"" ~._ EROs, On Hemogdo
- \'\ Compostos Tendlicos
% ﬁ' \ Imibigin o dleo ¢ bagaco de

I aliva
II!.ll.'Tl{IJ\'IHiI"\ \V r
v

Micriglia (IL-2 ¢ IL-13) [ —3 Interleucinas
(resiliente) (TL-11)
Microglia
| Via Anti-inflamatoria

Figura 3 — Possiveis vias de atuagao dos compostos fenolicos do 6leo e bagaco

de oliva no processo de neuroinflamacgao. Fonte: a autora.

O HT, presente no bagago de oliva é capaz de suprimir a neuroinflamagao
induzida por lipopolissacarideo (LPS) em células de micréglia (BV2) (Gallardo-
fernandez et al., 2019; Zhang et al., 2020). De acordo com Zhang et al. (2020), o HT
reduziu a produgdo de mediadores pro-inflamatorios em células da microglia (BV2). A
analise fenotipica mostrou que o HT reduziu a expressao de CD86 (via pro-inflamatéria)
e aumentou a expressao de CD206 (via anti-inflamatoria) (Zhang et al., 2020). Além
disso, a administragdo de HT suprimiu a ativacdo da microglia através da inibicao da
expressao do fator de necrose tumoral alfa (TNF-a) e de interleucina 1 beta (IL-1p) no
hipocampo de camundongos submetidos ao estresse moderado imprevisivel cronico
(Zhao et al., 2021). Ole, um dos compostos fendlicos principais do bagago de oliva,
suprimiu o aumento induzido por LPS em células BV2 de mediadores pro-inflamatorios,
como 6xido nitrico, citocinas pro-inflamatodrias e geragao de ER (Park et al., 2017). Estes
resultados demonstram a importancia dos compostos fendlicos do bagaco de oliva na
prevengao e combate de doengas neuroinflamatorias. Destacamos ainda, a necessidade de
conhecer os efeitos dos compostos fenolicos presentes em uma matrix complexa, como o
bagaco de oliva, € como estes compostos atuam sinergisticamente para promover agao

antineuroinflamatoria.
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2.3 Biodisponibilidade dos compostos fendlicos do dleo e bagaco de oliva

Os compostos fendlicos presentes no bagago e azeite de oliva sdo rapidamente
metabolizados e absorvidos no trato gastrointestinal. Entretanto, o metabolismo destes
compostos ¢ dependente da concentragdo circulante e das enzimas envolvidas (Angeloni
etal., 2017). Outro fator que contribui para a biodisponibilidade dos compostos fenolicos
do bagaco de oliva ¢ o tamanho de particula. Neste contexto se destacam técnicas como
o fracionamento granulométrico e o processo de microniza¢do (Sefrin et al., 2021Db).
Ambas as técnicas visam a reducdo do tamanho de particula, e contribuem também a
obten¢do de amostras homogéneas. O aumento da biodisponibilidade se da através do
aumento da area de contato com os compostos responsaveis pela biotransformagdo dos
compostos fendlicos presentes no bagaco de oliva (Mushtaq et al., 2020).

O HT ¢ um dos compostos presentes no bagaco de oliva que apresenta menor
biodisponibilidade. A biodisponibilidade do HT ¢ resultante da baixa concentragao de HT
circulante, devido ao metabolismo de fase I e fase II durante a primeira passagem no
intestino e no figado. Assim, a maior parte do HT circulante estd associada a hidrolise de
seus precursores (Ole e Ole aglicona) durante o processo de digestdo gastrointestinal
produzindo o HT como principal metabolito (Dominguez-Perles et al., 2017; Lopez de
las Hazas et al., 2018).

Um dos principais fatores envolvidos na baixa biodisponibilidade do HT, esta
relacionado ao seu carater polar. Esta caracteristica dificulta sua solubilidade em meios
lipidicos e impede sua passagem através da membrana intestinal (Mateos et al., 2011).
No entanto, se a concentragao de HT circulante for elevada, parte pode ser absorvida e
rapidamente incorporada ao plasma sanguineo, atuando como antioxidante e
cardioprotetor (Fernandez-Avila et al., 2015; Robles-Almazan et al., 2018).

O metabolismo de fase I do HT ocorre no interior dos enterdcitos e em seguida no
figado. As enzimas envolvidas nesta fase sdo aldeido desidrogenases (ALDH) localizadas
no citosol e presentes na parede intestinal (Angeloni et al., 2017; Rodriguez-Moraté et
al.,, 2016). O HT também pode ser encontrado no cérebro como um subproduto do
metabolismo da dopamina e da tiramina (Figura 4), sendo essa a via de origem enddgena
deste composto (Lopez de las Hazas et al., 2018). O processo de desaminagdo da
dopamina mediado pela monoaminoxidase (MAQO) resulta na produgdo de 3.4
dihidroxifenilacetaldeido (DOPAL). DOPAL ¢ um produto instavel e toxico que €
facilmente oxidado por ALDH a &cido 3,4-dihidroxifenilacético (DOPAC). Em menor
quantidade, DOPAL ¢ reduzido a HT por aldeido/aldose redutase (ALR) e a reagao
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inversa mediada pela enzima alcool desidrogenase (ADH) pode retornar a formagao de
DOPAL. DOPAC ainda pode ser convertido a HT por DOPAC redutases. Este
mecanismo ¢ responsavel pela presenca de HT circulante, bem como, a formagao deste
composto, que pode ainda atuar como antioxidante enddégeno no cérebro (Karkovic

Markovic et al., 2019).
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Figura 4 — Esquema das vias metabolicas endogenas e exogenas do hidroxitirosol (HT).
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acetiltransferase; GGT: glutamil transpeptidase; NAT: N-acetil transferase.

Nas reagoes de fase II (Figura 4) do HT as enzimas sulfotransferases (SULT),
uridina 5’-difosfoglucuronosil transferases (UGT) e catecol-O-metiltransferases (COMT)
sdo responsaveis pela formacao dos principais metabodlitos do HT, 4cido homovanilico
(HVA) e o alcool homovanilico (HVAlc). Outro metabdlito resultante desta fase ¢ o N-
acetil-5-S-cisteinil HT formado a partir da autoxidacdo do HT em HT quinona. Em

seguida, areagdo com a glutationa (GSH) produz o conjugado que € clivado pelas enzimas
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glutamil transpeptidases (GGT) e N-acetil transferases (NAT) formando sulfato HT. O
sulfato HT, em suas diferentes formas, ¢ o principal metabolito circulante no plasma apds
o metabolismo de fase I e Il do HT (Karkovic Markovic et al., 2019; Robles-Almazan et
al., 2018).

Assim como o HT, o Tir apresenta baixa biodisponibilidade e sua presenga no
plasma sanguineo € resultante do metabolismo de secoiridoides como a Ole, que resultam
na formacao de Tir como seu matabolito (Boronat et al., 2019). A formagado endégena de
Tir (Figura 5) resulta do metabolismo oxidativo da tiramina, uma monoamina formada a
partir da descarboxilagao da tirosina. A por¢ao amina da tiramina e removida pela MAO
formando o 4-hidroxifenilacetaldeido (4-HPAL), que pode ser oxidado a 4-
hidroxifenilacético (4-HPAA) pela ALDH formando um acido ou reduzido a Tir por ALR
gerando Tyr. Os metabolitos de maior abundancia resultantes do metabolismo de fase 11
do Tir sdo o 4’-O-glucuronideo e o 4’-O-sulfato (Figura 5) (Karkovic Markovic et al.,

2019).
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Figura 5 - Esquema das vias metabolicas endogenas e exogenas do tirosol (Tir).
Adaptado de (Karkovic Markovic et al., 2019). HT: hidroxitirosol; 4-HPAA: acido 4-
hidroxifenilacético; 4-HPAL: 4-hidroxifenilacetaldeido; TDC: Tirosina descarboxilase;
MAO: monoaminoxidase; ALDH: aldeido deshidrogenase; ALR: aldeido/aldose
redutase; ADH: alcool deshidrogenase; CYP: citocromo P450; UGT: uridina 5’-

difosfoglucoronosil transferase; SULT: sulfotransferase.
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A Ole, bem como o Tir ¢ HT ¢ estdvel em nivel gastrico durante o processo
digestivo, o que resulta em maior disponibilidade de seu principal metabdlito, o HT
(Figura 6). A formacdo deste metabolito da Ole e sua distribuicdo e concentragdo sio
dependentes do pH do meio e do tempo de permanéncia da molécula no estdmago (Lépez
de las Hazas et al., 2018). O processo de hidrolise cliva a ligagdao glicosidica da Ole
liberando a porg¢ao aglicona (3,4-DHPA-EA) e uma molécula de glicose. A Ole aglicona
(3,4-DHPA-EA) ¢ hidrolisada formando HT e acido elendlico que sdo posteriormente
metabolizados. O catabolismo da Ole pela microbiota leva a formagdo de acido
fenilacético (PA) e seus derivados e, produtos fenilpropionicos (PP) e derivados. J& no
intestino grosso, Ole ¢ degrada pela microbiota formando o HT que expressa sua atividade

biologica frente as células do intestino grosso (Karkovic Markovic et al., 2019).
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Figura 6 - Esquema das vias metabodlicas da oleuropeina (Ole). Adaptado de (Karkovic
Markovic et al., 2019). 3,4-DHPEA-EDA: oleaceina; 3,4-DHPEA-EA: oleuropeina

aglicona monoaldeido.

Nos ultimos anos, o interesse no comportamento da microbiota intestinal em

presenga de compostos fendlicos atraiu atencdo, pois a maioria dos compostos fendlicos
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nao sao absorvidos no intestino delgado intestino delgado e sdo expostos a microbiota no
colo (Lopez de las Hazas et al., 2018). A interacdo dos compostos fendlicos com a
microbiota intestinal levou ao desenvolvimento de reagdes mutuas ¢ formacdo de
diferentes metabolitos. Desta forma, inicialmente os compostos fendlicos nao digeridos
sao biotransformados pela microbiota intestinal através de reagdes de oxidagdo e
desidroxilagdo, em seus principais metabolitos (Figura 7), resultando em aumento de sua

biodisponibilidade (Garcia-Villalba et al., 2014; Lopez de las Hazas et al., 2018).

Mo
DOy
Ole HO oH

L Dizsglicosilzgio
Dselicosilzgi T Hideotise
Hidrolize
H:J_C:'U«::@/\rraH — Hc)jg,\,cﬂ _— HD:@/-\I
1 . o3 2 & y
HO™ o *—\Iar'l;--'- HO HO™ 5EH_
Metilagio -— £oH,
HWA HT 3

\ Dsmatilagio " Desesterificagio . B
Orids; e .
\ - ,a-:-l DX':“‘V Dessatsrificagio
Alstilzgin Oridagio Hidrdlize
HO, OH . Carborilagio Omidzcio
I :] fe) . Carboxilagzo o
. o . HO =l
Acido dihidroxifenilacético :1@/\)\0”
HO
Dshidrosi Ia;ioi Descarbanilzgio Acido dilidroxifenilpropitnico

Ee;r.imiml.a/,—;a/
oH

@f\’ Oridscio @f\rro"' l Deshidsoxilacso
HOY HO 0 Carboxilacio

(o]

Tir Acido hidroxifenilacético @/\)*m
HO

Resel” mammsl Acido hidroxifenilpropiénico
. v T2 o Y 3
Via do dcido - a0 f i
benzoico = @Ag | Deshigronitzcio
HO Y 5
Acido hidroxibenzéico P % aH

4 PP
Figura 7 — Esquema de via colonica de biotransformag¢ao do hitroxitirosol (HT), tirosol
(Tir), hitroxitirosol acetato (HT-Ac) e oleuropeina (Ole). Adaptado de (Karkovic
Markovic et al., 2019). HVA: acido homovanilico; PA: acido fenilacético; PP: acido

fenilpropionico.

No intestino e no ceco, o HT ¢ totalmente convertido em 4cido fenilacético (PA)
e seus derivados pela microbiota. No entanto, a microbiota pode converter o acetato de
HT (HT-Ac) em derivados fenilpropionicos. Ambos os metabodlitos formados no colon

podem ser absorvidos e biotransformados em metabolitos de fase I (Mosele et al., 2015).
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Em contrapartida. Os compostos fenolicos podem auxiliar de maneira positiva na
modulacdo da composi¢ao da microbiota intestinal, especialmente através da inibi¢ao do
desenvolvimento de bactérias patogénicas e estimulo do desenvolvimento de bactérias
benéficas, como as como as bifidobactérias, atuando como compostos com propriedades
prebidticas (Karkovic Markovic et al., 2019; Lopez de las Hazas et al., 2018; Mosele et
al., 2015).

Diante deste contexto, o estudo dos diferentes efeitos benéficos a satide oriundos
dos compostos fendlicos do bagago de oliva ¢ de extrema relevancia. Além disso,
compreender como a biodisponibilidade destes compostos afetam estas propriedades
auxilia na compreensao dos reais efeitos benéficos dos compostos fenolicos da oliva. Este
estudo visa enfatizar o reaproveitamento de subprodutos de alto valor agregado, como o
bagaco de oliva, provenientes da industria de alimentos. Uma vez que o bagago de oliva
¢ rico em compostos fendlicos que apresentam inimeras propriedades benéficas a saude,

dentre elas destacamos seu potencial antioxidante.
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3. OBJETIVOS
3.1 Objetivo geral
Avaliar o efeito antioxidante dos compostos fenolicos biodisponiveis do bagaco

de oliva.

3.2 Objetivos especificos
3.2.1. Realizar uma vasta revisao de literatura abordando as propriedades bioldgicas e a

presenca de diferentes contaminantes no 6leo e bagaco de oliva,

3.2.2. Avaliar o efeito dos compostos fendlicos biodisponiveis do bagaco de oliva sobre

a capacidade antioxidante in vitro em modelo cell free;

3.2.3. Avaliar a capacidade antioxidante dos compostos fenodlicos biodisponiveis do

bagaco de oliva em células da microglia (BV2);

3.2.4. Avaliar a atividade antioxidante dos compostos fenolicos biodisponiveis do

bagaco de oliva em modelo de Caenorhabditis elegans.
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4. METODOLOGIA

4.1 Amostras

As amostras de bagaco de oliva, cv. ‘Arbequina’, foram: (a) OPF - Fracdo de
bagaco de oliva obtida por fracionamento umido em peneira (particulas < 2 mm)
e liofilizado, moido em moinho de facas comum e desengordurado e (b) OPM - Fragdo
de bagago de oliva obtida por fracionamento umido em peneira e liofilizado, moido em
moinho de facas comum, desengordurado e micronizado (particulas < 20 pum). As
amostras de bagaco de oliva foram provenientes de uma empresa extratora de azeite de

oliva, localizada na cidade de Formigueiro, RS, Brasil (29° 59'01 " S; 53° 21 ' 50 " W).

4.2 Desenho experimental

Os experimentos de avaliagdo do potencial antioxidante in vitro e avaliagdo de
capacidade antioxidante em células da microglia (BV2) e em C. elegans, foram
conduzidos em, no minimo, triplicatas. As concentracdes avaliadas nos experimentos in
vitro e in vivo dos compostos fendlicos biodisponiveis do bagaco de oliva fracionado

(OPF) e micronizado (OPM) variaram de 0,03 até 3 mg L.
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5. RESULTADOS
5.1 Phenolic compounds and contaminants in olive oil and pomace - A review of
their biological and toxic effects

Artigo publicado no periodico “Food Bioscience”, fator de impacto 5.318,
classificada com Qualis A2 pela CAPES/2022.
https://doi.org/10.1016/].1b10.2023.102626.
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ABBREVIATIONS LIST

AC — (+)-Acetoxypinoresinol

AFs — Aflatoxins

ALT — Alanine aminotransferase
AST — Aspartate aminotransferase
ATP — Adenosine triphosphate
AP — B-Amyloid

BaA — Benzo(a)anthracene

BaP — Benzo(a)pyrene

BbF — Benzo(B)fluoranthene
Chry — Chrysene

CVD - Cardiovascular diseases
DDT - 1,1'-(2,2,2-Trichloroethane-1,1-diyl)bis(4-chlorobenzene)
DNA — Deoxyribonucleic acid
ET-1 — Endothelin-1
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EU — European union

FB — Fumonisins

GABA - 4cido gama-aminobutirico
H>0; — Hydrogen peroxide

HA — Homovanyl alcohol

HDL — High density lipoprotein
HIF-1 — Hypoxia-inducing factor
HT — Hydroxytyrosol

LDL — Low density lipoprotein
NO — Nitric oxide

Ole — Oleuropein

0O - Olive oil

OP — Olive pomace

OTA — Ochratoxin A

PA — Penitrem A

PAH — Polycyclic aromatic hydrocarbons
PC — Phenolic Compounds

RNS — Reactive nitrogen species
ROS — Reactive oxygen species
SOD — Superoxide dismutase
T2D — Type-2 diabetes mellitus
Tyr — Tyrosol

ZEA — Zearalenone

ABSTRACT - Olive oil is considered one of major component of the Mediterranean diet,
with a consumption of 25-50 mL per capita/day. During olive oil production, a solid
residue is generated, the olive pomace. Both olive oil and olive pomace are products rich
in phenolic compounds and these bioactive compounds are most likely involved in their
bioactivities. The most representative phenolic compounds in olive oil and olive pomace
are oleuropein, tyrosol and hydroxytyrosol and they can act in the prevention and combat
of several diseases, from cardiovascular diseases to cancers and neurodegenerative
diseases. On the other hand, olives and their derivatives are constantly exposed to
contaminants such as mycotoxin, pesticide residues and polycyclic aromatic

hydrocarbons. Thus, phenolic compounds from olive oil and olive pomace may act by
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reducing the toxicity of the contaminants present in these products. On the other hand,
the contaminants in olive oil and pomace can also affect the beneficial properties
attributed to these products. This review summarized current evidence regarding olive
pomace and oil phenolic compounds content and their biological effects. In addition, we
discussed the beneficial effects of phenolic compounds against toxic compounds present
in olive products. Furthermore, we highlighted the importance of developing further
studies to understand the interactions between bioactive and toxic compounds in olive oil

and pomace -in order to state the actual health benefits of these products.

KEYWORDS - Hydroxytyrosol; Oleuropein; Pesticides; Mycotoxins; Polycyclic

aromatic hydrocarbons
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1. INTRODUCTION

The olive tree, Olea europaea L., is an evergreen tree cultivated for more than
7,000 years that can grow in sparsely fertile soils during periods of drought and can be
found worldwide, especially in Mediterranean countries (Pang et al.,, 2021). Olive
cultivation takes place in more than 40 countries and is one of the European Union's (EU)
primary economic resources, contributing to approximately 70% of the world's olive oil
(OO) production (Iannaccone et al., 2019). OO is considered the primary source of lipids
in the Mediterranean diet, with a per capita consumption of 25-50 mL per day (Pang et
al., 2021). The Mediterranean diet is associated with a reduced risk of developing chronic
non-communicable diseases, such a cardiovascular diseases (CVD) and certain types of
cancers. These benefits are linked to the lifestyle and diet adopted. The OO nutritional
properties, associated with its bioactive compounds profile, can help to prevent and
combat these different diseases (Pang et al., 2021).

During olives processing, liquid and solid residues rich in organic compounds are
generated, which hinder degradation and can be harmful to the environment (Dini et al.,
2020). The wastewater from mills and olive pomace (OP), composed of pits and
fragments of bark and pulp, are the main by-products of olive processing. A ton of olives
generates around 400 kg of olive pomace and 1,200 L of residual mill water (Tapia-Quirds
et al., 2020). Estimates indicate that the seasonal production of OO generates, in a short
period, almost 3,000,000 tons of OP per year worldwide (Nunes et al., 2016). Just like
00, these residues from the processing of the olives are also rich in bioactive compounds,
which can be recovered and used in many food applications to improve the nutritional
profile, such as, for example, the elaboration of functional foods (Tapia-Quiros et al.,
2020). In addition to using OP to supplement animal feed and its biomass for energy
production, OP can be used to extract residual oil. After the refining process, this residual
oil has food quality and can be used in preparing food for human consumption (Chanioti
and Tzia, 2017).

The main bioactive compounds in OO and OP are phenolic compounds (PC). The
presence of these compounds contributes to the olive antioxidant, antidiabetic, anticancer,
hypolipidemic, neuroprotective, cardioprotective, and antimicrobial properties (Tzekaki
et al., 2021). Among the PC in the olive fruit, the secoiridoids compounds are the most
representative, especially oleuropein (Ole) and its aglycone form, as well as the products

resulting from its hydrolysis, tyrosol (Tyr) and hydroxytyrosol (HT). Tyr and HT
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correspond to 30% of the total PC in olive fruit (Rafehi et al., 2012). In addition, the
metabolism of these compounds forms the vanillic and homovanilic acids, which have
bioactive properties similar to that presented by the original compounds (Reboredo-
Rodriguez et al., 2018).

PC from OO and OP may act by reducing the toxicity of the contaminants present
in these products, and their benefits against pesticides, mycotoxin and polycyclic
aromatic hydrocarbons (PAHs) effects have already been described ( Abdulrhman et al.,
2021; Bertoz et al., 2021). PC from OO and OP prevented the cytotoxicity induced by
Ochratoxin A (OTA), a food contaminant mycotoxin with severe nephrotoxic effects
(Crupi et al., 2020). Furthermore, the interaction of the synthetic herbicide, metamitron,
with the PC from OO and OP may have a beneficial effect on bone through modulation
of osteoblastic physiology, resulting in reduced teratogenicity of this pesticide
(Abdulrhman & El-aal, 2020).

This review summarizes current evidence regarding PC content in OO and OP and
their biological effects, as well as, how these PC can prevent the toxicity of contaminats

in olive crops.

2. METHODS

The PubMed (https://pubmed.ncbi.nlm.nih.gov), ScienceDirect
(https://www.sciencedirect.com) and Scopus (https://www.scopus.com) databases were
used to search articles by a combination of terms: olive, olive pomace, olive oil, AND
phenolic compounds, secoiridoids, nutrition, phytochemicals, bioactive compounds,
cardiovascular disease, neuroprotective effects, antidiabetic properties, anticancer action,
hypolipidemic effects, antimicrobial action, oxidative stress, mycotoxins, pesticides, and
aromatic polycyclic hydrocarbons. As this is not a systematic review, exclusion and
inclusion criteria were not defined. However, articles up to March 1™, 2023 were
considered and those providing relevant data for the discussion were included in the

review.

3. OLIVE CULTIVATION

Olive cultivation is an essential agro-industrial activity for more than 40 countries,
where it covers an area of around 10 million hectares. The EU countries, more precisely
those of the Mediterranean region, are the leading producers of approximately 70% of the

OO consumed in the world. Moreover, around 53% of world consumption of OO is
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centralized in the EU, with Greece having the highest consumption per capita,
approximately 12 kg per year (Iannaccone et al., 2019). The primary producer of table
olives is Spain, followed by Egypt, Turkey, Algeria, Italy, Greece, and Portugal.
However, its production is booming in other countries in South America, the Middle East,
and Australia. The production of table olives in the 2017/18 harvest was close to 3 million

tons (Perpetuini et al., 2020).

3.1 Olive fruit caracterization and processing

The olive tree (Olea europaea L.) is a characteristic of the Mediterranean basin.
Olive cultivation has as its primary objective the extraction of OO or table olives to be
consumed after undergoing a process to remove the bitterness caused by the presence of
Ole (Perpetuini et al., 2020). Ole is a biologically active water-soluble compound with
recognized biological effects. However, since it is responsible for the bitter taste of the
fruits, it needs to be removed or degraded (Nunes et al., 2016). For this, there are different
processes to improve the sensory characteristics and guarantee the safety of the consumer,
such as an alkaline treatment or brine/salting, fermentation, or acidification (Perpetuini et
al., 2020).

The main constituents of olives are water (from 60% to 75% of the total), lipids
(from 10% to 25%) and reducing sugars (from 2% to 5%) (Nunes et al., 2020). Olives
are also rich in PC (from 1% to 3%). However, as most of these compounds are polar,
they have poor lipid solubility (Nunes et al., 2020). Thus, only 2% of the total value of
PC present in olives migrates to the oil phase and is present in extra virgin OO. After
extraction (Figure 1), OO goes through centrifugation processes, aiming at separating the
oil, water and the OP. The filtration process, followed by decantation, is associated with
a more stable final product and a longer shelf life, since it ensures the separation of the
oil and possible solid impurities. However, the OO processing steps remove a large part
of its PC (Pang et al., 2021). Despite this, OO is still widely recognized as a source of
oleic acid, and in smaller percentages, contains other fatty acids, such as omega 6 and
omega 3 (Pang et al., 2021).

The extraction of OO occurs exclusively by mechanical techniques, which consist
of crushing the fruits and, consequently, releasing the oil contained in the vacuoles of the
plant cells (Nunes et al., 2020). Mixing the olive paste will induce the release of oil and,
subsequently, centrifugation or pressing will recover this liquid (Figure 1) (Nunes et al.,

2020). Olive fruit variety, degree of maturity, conditions of cultivation, aling with the
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efficiency of extraction equipment are some of the factors that influence OO performance
and extraction capacity (Titouh et al., 2020). Thus, the main objective of olive groves is
to maximize the yield of good quality oil, reducing losses in the by-products generated
(Titouh et al., 2020). The milling and mixture processes are considered critical steps that

cause important changes in the PC composition of the final OO (Titouh et al., 2020).

OLIVE OIL EXTRACTION IN A TWO-PHASE SYSTEM 1I OLIVE OIL EXTRACTION IN A THREF-PHASE SYSTEM

Y i
Olive oll == . X
4= oil il
1
Centrifuge
1

Two stage olive pomace

Fig. 1. Fig. 1 shows the stages of olive processing to obtain oil and olive pomace. Oil
extraction and olive pomace separation can be carried out according to 2 methods, the
two-phase system extraction method and the three-phase system extraction method. Both

methods lead to obtaining oil and olive pomace.

The production of OO has undergone evolutionary changes, with the traditional
discontinuous pressing process being replaced by continuous centrifugation, first in a
three-phase system and later in a two-phase system (Figure 1) (Fernandez-Bolaios et al.,
2006). Aiming at a greater quantity of oil, in some of these processing steps, water is
added during the pressing of the olives. Besides, according to the method used, a specific
type of waste will be generated (Fernandez-Bolafios et al., 2006). In the oldest method,
discontinuous pressing, the olives, after being crushed, are spread on fiber disks stacked
on top of each other and then pressed. To facilitate the separation of the oil from the
different phases, little amount of water is added and this process produces the OP
(Dermeche et al., 2013). The continuous three-phase process, still used in some OO-

producing countries, consists of a decanter that will separate all phases by centrifugation
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based on the difference in the density of the components of the olive paste (Dermeche et
al., 2013). In the three-phase process, a large amount of warm water is added in the
centrifugation step, reaching up to 50 liters for every 100 kg of paste, generating three
fractions: OP, OO and effluent (Figure 1) (Fernandez-Bolafios et al., 2006). The most
significant disadvantage is the high production of effluents, representing a major
environmental problem due to organic substances, such as reducing sugars and PC (Nunes
etal., 2016).

This three-phase system is increasingly being replaced by the two-phase system,
which has no added water, making it more sustainable (Dermeche et al., 2013). As the
name says, the olive paste is separated into two phases, OO and OP, with high moisture
content (Nunes et al., 2016). In this way, waste reduction occurs and generates a pomace
rich in residual oil and bioactive compounds (Dermeche et al., 2013; Nunes et al., 2016).

Olive growing is considered an environmentally friendly activity, as large
quantities of chemicals or fertilizers are not used and energy use is limited to gasoline
instruments or electrical items (Nunes et al., 2016). Due to the sector's innovation, new
plantations and investments, there has been a global intensification of OO production
(Nunes et al., 2016). However, while OO production increases, the number of its by-
products, such as OP, also increases, making these products targets of interest in terms of

their potential beneficial properties for health (Ribeiro et al., 2021).

3.2 Olive pomace (OP)

OP is the heterogeneous material that remains after removing most of the oil from
the olive paste, with a significant moisture and oil content (Berbel and Posadillo, 2018).
For every 100 kg of olives, between 35 kg and 40 kg of pomace are generated, according
to the technology used (Frankel et al., 2013). The composition of OP consists of olive
pulp, bark, stone fragments, and water (Iannaccone et al., 2019).

The different OO extraction procedures result in differences in the quantity and
composition of the olive pomace. For example, the pomace obtained by the two-phase
extraction procedure has higher moisture content and lower oil content than the pomace
obtained by the three-phase centrifugation procedure (Frankel et al., 2013; Peralbo-
Molina et al., 2012).

The by-products from the OO oil industry, including OP, are characterized by the
presence of phytotoxic components resulting from the degradation of PC by

microorganisms (Berbel and Posadillo, 2018). Therefore, their direct release into the
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environment is not recommended, as it is a pollutant waste (Berbel and Posadillo, 2018).
OP and other solid residues have a strong odor and a pasty texture, making them difficult
to handle and transport (Berbel and Posadillo, 2018). Because of these issues, the use of
by-products is an alternative that has been growing as a positive solution for job creation,
economic return, besides being environmentally friendly.

The exhausted OP generates electricity in biomass plants or domestic heating
systems (Berbel & Posadillo, 2018). However, its use as a renewable fuel presents
problems due to the emissions of particles of aromatic compounds (benzene, toluene, and
phenol), sulfur, dioxins, and furans, considered harmful to the environment and human
health (Berbel & Posadillo, 2018).

OP is also being used in animal feeding. However, due to the low available protein
and high-fat content, it can reduce the total feed intake by animals (Berbel & Posadillo,
2018). Thus, it is considered a good supplement for animals, but it should be limited to
10% of the total diet (Berbel & Posadillo, 2018). Furthermore, besides reducing animal
feeding costs, the addition of OP as a dietary supplement for ruminants positively affected
the nutritional properties of milk, reducing the atherogenic and thrombogenic indexes and
saturated fatty acids content (Berbel and Posadillo, 2018; Iannaccone et al., 2019).

Another possible use of exhausted OP is as a soil corrective to maintain the
stability of soil aggregates, as it did not demonstrate any toxic effect on the plants'
performance and induced an increase in potassium availability in the soil (Lanfranchi et
al., 2016). As the olive tree requires a high amount of potassium, the use of the exhausted
OP could reduce the amount of fertilizer and reduce the expenses in the management of
the olive grove (Lanfranchi et al., 2016).

Since OP is formed by a complex mixture of organic and inorganic compounds,
as well as, PC (Pavez et al., 2019), it has attracted interest in studies aimed at recovering
these functional compounds, from their extraction to their application in the food industry

(Berbel and Posadillo, 2018; Iannaccone et al., 2019; Nunes et al., 2020).

4. OLIVE PHENOLIC COMPOUNDS (PC)

The olive PC are involved in the beneficial properties attributed to the
consumption of this product and its derivatives. The formation of these bioactive
compounds is a result of environmental and climatic conditions during the cultivation of
the olive tree, as these compounds are produced in the form of secondary metabolites for

plant protection (Difonzo et al., 2021). Throughout the olive processing steps for oil
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production, part of the PC remains in the lipid fraction (2%). However, most of the PC
are present in the olive (98%) are hydrophilic and end up migrating to the OP, being
eliminated along with this by-product (Ferreira et al., 2022).

As the OP contains oil, the highest concentration of PC e remains in the water-
soluble fraction of the pomace, which makes this by-product an essential source of
bioactive compounds with different properties beneficial to human health (Difonzo et al.,

2021; Tori¢ et al., 2020).

4.1 PC composition in OO

The main PC in OO have a lipophilic characteristic and can be found in free,
bonded or esterified forms. The total PC content in OO ranges from 213 to 450 mg kg'!
and more than 30 different PC (Table 1) are reported (Rafehi et al., 2012). The phenolic
acids in OO are represented by p-cumaric, ferulic, gallic, syringic, vanillic, and synaptic
acids (Jimenez-Lopez et al., 2020). In addition, OO also contains flavonoid, lignans,
hydroxy-isochromans, secoiridoids and phenolic alcohols(Jimenez-Lopez et al., 2020).

The main flavonoids found in OO are luteolin, apigenin, and its different
derivative compounds, while the main lignans are represented by pinoresinol. In addition,
the secoiridoids compounds are abundant in OO (Jimenez-Lopez et al., 2020), being the
most common Ole, dimethyloleuropein, ligstroside, and their aglycone forms.
Isochroman compounds are found at low concentrations in OO and are represented
mainly by 1-phenyl-6,7-dihydroxy-isochroman and 1- (30Methoxy-40-hydroxy) phenyl-
6,7-dihydroxy-isochroman (Gorzynik-Debicka et al., 2018). The main phenolic alcohols
present in OO are Tyr and HT, present in small concentrations in fresh oil, but their
concentration increases during storage by the hydrolysis of the secoiridoids that also

originate HT and Tyr (Gorzynik-Debicka et al., 2018; Jimenez-Lopez et al., 2020).

Table 1 — Olive oil phenolic compounds.

Compound Samples description Reference

Virgin olive oil of O.
Phenolic Gallic, caffeic, vanillic, (Cioffi et al.,

Acids ferulic and syringic acids europaea L. (Campania 2010)

region, Italy)
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Vanillic acid

Extra-virgin olive oil*

Fernandez-
Arroyo et al.,
2012)

Ferulic and vanillic acids

Extra-virgin olive oil**

Presti et al.,
2017)

p-coumaric, vanillic, ferulic,

benzoic and cinnamic acids

Extra-virgin olive oil **%*

(Tori¢ et al.,

2020)

Oleuropein and ligstroside

Extra-virgin olive oil**

(Presti et al.,

2017)
Oleuropein (Fernandez-
Extra-virgin olive oil* Arroyo et al.,

Aglycon 2012)

Methyl D-oleuropein

aglycon, oleuropein

aglycon, hydroxy D-
oleuropein aglycon, 10-

Secoiridoids hydroxi oleuropein aglycon,

decarboxymethyl oleuropein

aglycon, ligstroside

aglycon, decarboxymethyl
ligstroside aglycon and
hydroxy D-ligstroside

aglycon

Extra-virgin olive oil***%*

(Garcia-Villalba
etal., 2010)

Oleuropein, oleuropein
aglycon and ligstroside

aglycon

Virgin olive oil of O.

europaea L. (Campania

region, Italy)

(Cioffi et al.,
2010)
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(Tori¢ et al.,

Oleacein Extra-virgin olive oil ***
2020)
Virgin olive oil of O.
(Cioffi et al.,
Hydroxytyrosol and tyrosol europaea L. (Campania 2010)
region, Italy)
(Fernandez-
Hydroxytyrosol and o
Extra-virgin olive oil* Arroyo et al.,
hydroxytyrosol acetate
Phenolic 2012)
alcohols Tyrosol, hydroxytyrosol and S (Garcia-Villalba
Extra-virgin olive oil****
et al., 2010)

hydroxytyrosol acetate

(Tori¢ et al.,
Tyrosol and hydroxytyrosol =~ Extra-virgin olive oil *** 2020)

Hydroxytyrosol, tyrosol and S (Presti et al.,
Extra-virgin olive oil**

tyrosol acetate 2017)
(Fernandez-
Luteolin and apigenin Extra-virgin olive oil* Arroyo et al.,
2012)

Flavonoids ~ Luteolin, methyl luteolin and o (Presti et al.,
Extra-virgin olive oil**

apigenin 2017)
o . S (Garcia-Villalba
Apigenin and luteolin Extra-virgin olive oil****
etal., 2010)
o S (Tori¢ et al.,
Apigenin Extra-virgin olive oil ***
2020)
Pinoresinol, (Fernandez-
Lignans acetoxypinoresinol and Extra-virgin olive oil* Arroyo et al.,
syringaresinol 2012;)
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Pinoresinol,

‘ ‘ o (Garcia-Villalba
acetoxypinoresinol and Extra-virgin olive oil**** L. 2010)
etal.,
syringaresinol
(Presti et al.,
Pinoresinol Extra-virgin olive oil**
2017)
(Tori¢ et al.,
Pinoresinol Extra-virgin olive oil ***

2020)

*These samples correspond to two Hojiblanca variety olive oils produced in Malaga and
Seville; seven Picual variety oils produced in Malaga, Jaén and Granada; one Cornezuelo
variety oil produced in Granada; one Manzanilla variety oil produced in Seville; three

Arbequina variety oils produced in Tarragona and Seville.

** These samples correspond to 32 Italian olive oil samples from Trapani geographical
area (Trapani, Sicily) and 19 Spanish olive oil samples. The Italian samples were a blend
of the Nocellara del Belice, Biancolilla and Cerasuola cultivars while the Spanish ones

were monocultivar samples of Arbequina and Picual olives.

*#* These samples correspond to three olive oil samples collected in Istrian Peninsula,
Croatia: one from variety Bjelica produced by Oleum Maris d.o.o0. (Vodnjan, Croatia) and
two from variety Buza and ZiZolera produced by family farm Matteo Beluci (Vodnjan,

Croatia).

**** These samples correspond to eight olive oil samples acquired from a supermarket
(Granada, Spain). Olive oil samples of three different olive fruit varieties so-called Picual,
Hojiblanca and Arbequina and from different trademarks (Carbonell, Borges, Hojiblanca

and Coosur).

4.2 PC composition in OP

Most of the PC in the olive fruits remain in the pomace after processing the oil.
However, the PC in OO are also present in pomace in more significant quantities, making
this by-product a product of high added value from the functional point of view (Mushtaq
et al., 2020). In addition, OP has cellulose, hemicellulose, lignin, and pectins that
represent nutritional interest due to its low digestibility and energy content (Simonato et

al., 2019).
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The OP presentes in its phenolic composition, both lipophilic and hydrophilic

compounds. The pomace has moisture content close to 62%, which favors the migration

of these compounds along the stages of OO processing (Simonato et al., 2019). Like OO,

OP is rich in HT, Tyr, secoiridoids compounds and their derivatives, flavonoids, lignans,

and phenolic acids (Table 2). The cinnamic, p-coumaric, caffeic, ferulic and vanillic

phenolic acids most represent the phenolic acids in OP. The derivatives of Ole and the

flavonoids such as rutin, apigenin, luteolin and quercetin are also present in the pomace

(Difonzo et al., 2021; Mushtaq et al., 2020).

The richness of PC in OP makes this by-product extremely important for the food

industry and the beneficial health properties associated with the consumption of these

compounds. Among all the PC present in OO and OP, Ole, HT and Tyr stand out for their

bioactivities, such as antioxidant, prevention of CVD, antidiabetic, anticancer,

neuroprotective, and hypolipidemic effects (Jimenez-Lopez et al., 2020).

Table 2 — Olive pomace phenolic compounds.

Compound

Samples

description

Reference

Vanillic, cinnamic, p-coumaric,

caffeic, gallic, ferulic and

Olive pomace

(different cultivars)*

(Peralbo-

Molina et al.,

Phenolic protocatechuic acids 2012)
Acids
Vanillic, cinnamic, p-coumaric, Olive pomace (Difonzo et al.,
caffeic and ferulic acids (different cultivars)* 2021)
Olive pomace (Chanioti &
Hydroxytyrosol ) ) )
(different cultivars)* Tzia, 2017)
Phenolic Hydroxytyrosol glucoside,
Alcohols hydroxytyrosol, hydroxytyrosol (Peralbo-

diglucoside, hydroxytyrosol
rhamnoside, tyrosol and tyrosol

glucoside

Olive pomace

(different cultivars)*

Molina et al.,

2012)
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Hydroxytyrosol and tyrosol

Olive pomace

(Difonzo et al.,

(different cultivars)* 2021)
' Olive pomace (Chanioti &
Oleuropein ‘ . '
(different cultivars)* Tzia, 2017)
' Olive pomace (Difonzo et al.,
Oleuropein . _
(different cultivars)* 2021)
Secoiridoids
Oleuropein, 10-Hydroxy-oleuropein,
. ‘ . (Peralbo-
oleuropein aglycone, oleuropein- Olive pomace .
Molina et al.,
aglycone mono-aldehyde, oleacein, (different cultivars)* 2012)
oleocanthal and ligstroside aglycon
Luteolin-7-glucoside, luteolin, . ‘
o ) o Olive pomace (Difonzo et al.,
apigenin-7-O-glucoside, apigenin and ) )
) (different cultivars)* 2021)
rutin
‘ o ' Olive pomace (Chanioti &
Flavonoids Luteolin, apigenin and rutin ‘ . '
(different cultivars)* Tzia, 2017)
Luteolin, luteolin-7-glucoside, rutin, ' (Peralbo-
o o . Olive pomace .
apigenin, apigenin-7-O-glucoside, ) ) Molina et al.,
o . ' (different cultivars)*
taxifolin, diosmetin and quercetin 2012)
. . _ . Olive pomace (Difonzo et al.,
Pinoresinol and acetoxypinoresinol
(different cultivars)* 2021)
Lignans (Peralbo-

Hydroxypinoresinol,

acetoxypinoresinol and pinoresinol

Olive pomace

(different cultivars)*

Molina et al.,

2012)

* These olive pomace samples were obtained directly from the virgin olive oil production

line.

5. BIOACTIVITIES OF OO AND OP

OO and OP have different beneficial properties for human health. The major

bioactivities related to OO and OP include antioxidant (Ozkan et al., 2019; Gulcin, 2020),
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anticancer (Calahorra et al., 2020; Memmola et al., 2022), antidiabetic (Marrano et al.,

2021; Sylla et al., 2021), antimicrobial (Amini et al., 2017; Ribeiro et al., 2021),

hypolipidemic (Farras et al., 2015, 2019) CVD prevention (Katsiki et al., 2021; Widmer

et al., 2013) and neuroprotective actions (Table 3) (Averna et al., 2018; Tzekaki et al.,

2021). These properties are associated with the bioactive compounds present in these

products, including PC. Besides the protective effects against some diseases described

above, the putative protective potential of PC against Covid-19 has been recently

discussed by our group (Augusti et al., 2020).

Table 3 — OO and OP biological properties - in vitro and in vivo studies.

Biological properties

Study model and

Sample Results References
evaluated analyzed concentrations
Virgin OO and refined The consumption
virgin OO (50 mL daily)  of virgin OO rich
with differences in their  in PC (161 mg kg’
PC concentration (161 1 reduced lipids
Virgin and o '
mg kg vs 14.67 mgkg!,  oxidation levels (Fito6 et al.,
refined virgin . '
00 respectivelly) were and increased 2005)
administered in 40 antioxidant
patients with stable enzymes activities
coronary disease, over 3  in the plasma of the
ANTIOXIDANT weeks. patients.
EFFECT Administration of OO Administration of
(20 mg kg! of PC daily), OO protected ‘
o ' . (Cartito et al.,
00 containing mostly HT, in against alcohol- 2016)
adult male mice for 2 induced oxidative
months. stress.
Effect of OP extracts (36~ /\rbequina OP
op — 46 mg g of PC) extracts showed (Zhao et al.,
extracts TR
against radicals high in vitro 2022)

generated in vitro.

antioxidant

potential against
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peroxil and DPPH
radicals, as well as,
ferric reducing

antioxidant power.

Treatment of Caco-2

OP extracts

attenuated ROS

cells over 24 h withf OP o (Quero et al.,
OP extracts generation induced
extracts (1.5 mg mL™"' of . 2022)
by H20; in Caco-2
PC).
cells.
Subjects positive for H.
o o The H. pylori
pylori receiving virgin o
) eradication rate
00 (60 g) for 2 periods (Castro et al.,
Virgin OO _ ranged from 27 to
of 14 days (with 1 month 2012)
40%, 72 hours after
interval between
. the last treatment.
periods).
E. coli wild-type were Tyr and Ole
incubated with synergistically
PC from 00 inhibited ATP (Amini et al
rom mini et al.,
0P Tyrand Ole synthase, the 2017)
an .
ANTIMICROBIAL concentrations (7 and 10 enzyme involved in
EFFECT mmol L), for 1 hour at

37°C.

the proliferation

process of E. coli.

Bioavailable

PC from OP

Bioavailable PC from
OP, obtained after the in
vitro digestion process,
were assessed for their

antimicrobial and
prebiotic potential, over

48h.

Bioavailable PC
from OP combat
the adhesion of

pathogens suchas  pjpeirg o

Bacillus cereus al., 2021)

(22.03%), Listeria
monocytogenes
(20.01%) and

Yersinia
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enterocolitica
(3.51%) in the

large intestine.

Breast cancer cells

(MCF-7) were treated OO extracts (Reboredo-
0O phenolic
with concentrations of  reduced the MCF-7  Rodriguez et
extract . ) .
OO extracts ranging from  cell proliferation. al., 2018)
0to 1 mgL", over48h.
Exposure of human colon Refined OO rich in
Refined OO adenocarcinoma cells luteolin and Ole (Fernandez-

phenolicextra  (SW480 and HT29) to induced apoptosis  Arroyo et al.,
cts refined OO extract and inhibited the 2012)
(0.1%), over 24 h. cell proliferation.

Cervical (HeLa) and

ANTITUMORAL human colon (SW438) OO extracts
(/0 cancer cells were treated  inhibited cervical
EFFECT o (Tori¢ et al.,
phenolicextra with different and human colon 2020)
cts concentrations (0.02- cancer cell
0.25% v/v) of OO extract proliferation.
over 72h.
OP extracts have a
cytotoxic effect for
Human colon cancer
human colon
cells (HCT-8) were
‘ cancer cells by (Cells et al.,
OP extracts  treated with OP extracts o
inhibiting the 2021)
(0.03-0.12mg L), _
expression of
over 12 h. o .
hypoxia inducible
factor (HIF-1).
ANTIDIABETIC Endothelial like cells PC from OO (Storniolo et
EFFECT PC from OO (ECV304) were exposed exhibited a al., 2014)
to different protective effect on
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concentrations of PC
from OO (10 — 120 pmol
L), over 48 h.

endothelial
dysfunction by
regulating NO and
ET-1

intracellular levels
and reducing the
ROS induced by

hyperglycemia and
free fatty acids.

Daily consumption of

OO (25 mL, equivalent

OO improved the
inflammatory

status by reducing

to a concentration of 577  visfatin, adipokine ~ (Santangelo
00 mg of PC kg!) by 8 responsible for etal., 2016)
overweight and 11 T2D triggering
patients, over 8 weeks. inflammatory
processes.
PC extracted from
OO increased the
Beta cells (1E) were beta cells
exposed to PC extracted proliferation, (Marrano et
PC from OO
from OO (10 pmol L") insulin biosynthesis al., 2021)
for 24h. and secretion of
glucose-stimulated
insulin.
PC from OP can
In vitro study with a- inhibit the action of
PC from OP amylase treated (10 min.) a-amylase, (Sylla et al.,
with PC from OP (72.28  reducing the levels 2021)

pgmL™).

of sugars for

absorption.
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Administration of OO OO reduces the

(30 mL daily), over 4 CVD incidence by .
‘ _ ' ‘ (Widmer et
00 months in 82 patients improving the
al., 2013)
with early endothelial
atherosclerosis. function.

The PC extract

Treatment of endothelial from OP could

cells (EAhy926) with PC offer protective o
(Palmieri et

PC extract )
extract from OP (0.05 effect in CVD by
from OP _ al., 2012)
and 0.1 mg mL™! of PC), preventing
over 24 h in human. endothelial
disfunction.
33 Patients with The OO
CVD PREVENTION hypercholesterolemia consumption has
' ' (Farras et al.,
00 received OO (25 mL, 250  beneficial effects 2015)
to 500 mg kg of PC) per on the HDL
day for 3 weeks. functionality.
The OO
consumption
‘ . showed
Daily consumption of '
improvement in the
00 (25 mL, 500 mg kg )
HDL expression by (Farras et al.,
00 of PC) by 33 ' '
_ regulating genes in 2019)
hypercholesterolemic
' mononuclear cells
patients for 3 weeks _ .
of patients with
hypercholesterolem
1a.
Clinical study involving .
. Consumption of (Gonzilez-R4
HYPOLIPIDEMIC PC from OP 72 volunteer patients, OP oil resulted in . |
mila et al.,
EFFECT oil consumed OP oil (45 mL improved blood 2022)

dally) over 4 weeks. llpld proﬁle
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through the
reduction of LDL.

OO reduced serum
levels of total
cholesterol,

triglycerides and

Male Wistar rats LDL, as well as
Extra virgin receinving extra virgin increased serum (Kribeche,
00 00 (1% of body weight) HDL levels. In 2022)
for 50 days. addition, virgin OO
decreased lipid

peroxidation and
restored GSH

levels in the liver.

OO weekly consumption OO consumption

(1 L) by 447 healthy resulted in an (Valls-Pedret
00 volunteers for over 6 improvement in et al., 2015)
years cognitive function.
OO consumption
increased the effect
Daily OO (0.7 g kg™, 680 of the drug
NEUROPROTECTIVE mg kg'! of oleocanthal) donepezil. The (Batarseh &
EFFECT 00 consumption by SxFAD combined Kaddoumi,
mouse model of AD, for consumption of OO 2018)
1 month. and donepezil
reduced the A
peptide load.
Daily administration of 00 administration
00 0OrichinPC (S0 mL), oo (Tzekaki et
for 80 individuals with 0o al., 2021)
mild cognitive protein BMI1 and
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mpairment patients over  reduced the levels
12 months. of the Alzheimer
disease-related

biomarker p53

Neuron-like cells
were protected by
PC from OP from
Ca2+-overloading
Exposure of neuron-like
and the
cells to PC from OP (Averna et
PC from OP pathological
(0.01 —0.5 mg mL™! of al., 2018)

activation of
PC) over 24 h. )
calpain, key events

in
neurodegenerative

disorders.

Abbreviations: AP - B-amyloid, AD - Alzheimer's disease, ATP - adenosine triphosphate,
BMI1 - polycomb repressor complex 1, Caco-2 - intestinal cells, CVD - cardiovascular
diseases, DPPH - 2,20 -Diphenyl-1-picrylhydrazyl, EAhy926 - human endothelial cells,
ECV304 - endothelial cell line, ET-1 - endothelin-1, GSH - glutathione, H>O> - hydrogen
peroxide, HCT-8 - human colon cancer cells, HDL - high-density lipoprotein, HeLa -
cervical cancer cell, HIF-1 - hypoxia-inducing factor, HT - hydroxytyrosol, LDL - low-
density lipoprotein, MCF-7 - breast cancer cells, NO - nitric oxide, Ole - oleuropein, OO
- Olive oil, PC - phenolic compounds, ROS - reactive oxigen species, SW48 - human
colon cell, SW48 and HT29 - human colon adenocarcinoma cells and T2D - type-2

diabetes mellitus.

5.1 Antioxidant activity

PC fromOO and, especially Tyr, HT, and Ole, work to combat oxidative stress
through their antioxidant properties (Ozkan et al., 2019). Oxidative stress results from an
imbalance between oxidant and antioxidant substances. An increase in oxidant substances
concentration in the bloodstream, especially reactive oxygen and nitrogen species (ROS
and RNS), along with a deficiency in endogenous antioxidant defenses, leads to oxidative

stress (Ozkan et al., 2019). This endogenous antioxidant defense deficiency can be
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restored by ingesting compounds that can remove free radicals, ensuring redox balance
and preventing damage to macromolecules, such as deoxyribonucleic acid (DNA), lipids
and proteins (Georgakouli et al., 2016).

PC from OO and OP can act as exogenous antioxidants promoting the inactivation
of free radicals by donating hydrogen atoms to these reactive species, forming inert
species that do not have the initiate oxidative reactions capacity. Besides, due the presence
of an unshared electron pair in the molecular structure, PC can act as metal ion chelating,
especially copper and iron, agents that catalyze lipids oxidation (Gulcin, 2020).

PC content in OO oil may vary according to the type of processing adopted. The
antioxidant effect of both virgin OO and refined virgin OO with differences in their PC
concentration (161 mg kg!' vs 14.67 mg kg'!, respectivelly) on oxidative stress in 40
patients with stable coronary disease was evaluated. The consumption of 50 mL of virgin
OO rich in PC per day, over three weeks, reduced lipids oxidation levels and increased
antioxidant enzymes activities in the plasma of the evaluated patients (Fit6 et al., 2005).
The mechanisms by which OO rich in PC can exert its protective effect can be explained
by the antioxidant potential of PC, keeping the oxidative stability of the LDL cholesterol
abd avoiding fatty streak formation in vassels. Also, we can not rule out a combined
protective effect of both PC and the monounsaturated fatty acids from OO. However,
since the fatty acid composition and the content of other compounds with antioxidant
activity were similar in the two OO, we may assume that PC plays an importante role in
the observed effects (Fito et al., 2005).

Administration of OO (20 mg kg! of PC daily), containing mostly HT, in adult
male mice for two months, showed a protective potential against alcohol-induced
oxidative stress (Carito et al., 2016). This protection of OO was associated to PC, which
acted through the reduction of ROS and activation of endogenous antioxidants.
Furthermore, OO supplementation resulted in the presence of HT metabolites (i.e., HT1
sulfate and HT2 sulfate), which demonstrates that this PC was absorbed in the
gastrointestinal tract of alcoholic mice (Carito et al., 2016). Arbequina OP extracts (36 —
46 mg g!' of PC) showed high in vitro antioxidant potential against peroxil and DPPH
(2,20 -Diphenyl-1-picrylhydrazyl) radicals. In addition, OP extracts presented ferric
reducing antioxidant power (Zhao et al., 2022). Moreover, OP extracts (1.5 mg mL™"! of
PC) attenuated ROS generation induced by H20: in Caco-2 cells, after 24h of exposure.
Therefore, PC from this extract could have a potential application in the management of

gastrointestinal diseases related to oxidative stress (Quero et al., 2022). Micronization
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process of OP increased the intestinal bioaccessibility of HT, Ole, luteolin and apigenin,
as well as, increased the antioxidant capacity in vitro. Thus, micronization can be further
exploited to improve the nutraceutical properties of OP by increasing the bioaccessibility

and antioxidant capacity of PC (Sefrin et al., 2021a).

5.2 Antimicrobial activity

The PC present in OO and OP have also been associated with their antimicrobial
action. OO showed bactericidal capacity in vivo against Helicobacter pylori, a pathogenic
bacterium present in the gastric mucosa, and this effect was associated with its PC (Castro
et al., 2012). Subjects positive for H. pylori receiving 60 g of virgin OO for 2 periods of
14 days (with 1 month interval between periods) showed H. pylori eradication rate from
27 to 40%, 72 hours after the last treatment (Castro et al., 2012). The high antimicrobial
activity of the OO can be attributed in particular to Tyr and HT compounds, which have
a structure similar to glutaraldehyde, a widely used synthetic biocide (Castro et al., 2012).

In addition, the in vitro antimicrobial action of PC present in OO and OP (Tyr,
HT, and Ole) against Escherichia coli wild type demonstrated that Tyr and Ole (7 and 10
mM) synergistically inhibited adenosine triphosphate (ATP) synthase, the enzyme
involved in the proliferation process of E. coli. (Amini et al., 2017). ATP synthase is the
primary energy source in almost all organisms, from bacteria to humans and can be found
on the surface of many types of cells, where it serves as a ligand-receptor and participates
in cellular processes. The hydroxyl groups (OH) present in the PC from OO and OP act
as ATP synthase inhibitors, resulting in the unblocking of the membrane of
microorganisms and causing the extravasation of their cellular components and
consequent reduction of celular proliferation (Amini et al., 2017).

Bioavailable PC from OP, obtained after the in vitro digestion process, can act as
a prebiotic by inhibiting the adhesion of pathogens in the large intestine such as Bacillus
cereus (22.03%), Listeria monocytogenes (20.01%) and Yersinia enterocolitica (3.51%)
(Ribeiro et al., 2021). The mechanisms described above for PC (biocides and ATP
synthase inhibitors) are also involved in this events (Amini et al., 2017; Castro et al.,

2012; Ribeiro et al., 2021).

5.3 Antitumoral properties
The role of OO in cancer prevention is attributed to its PC and the mechanisms

involved still need to be elucidated (Reboredo-Rodriguez et al., 2018). The
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antiproliferative effect of OO phenolic extracts through breast cancer cells was described
after MCF-7 cells have been treated with OO phenolic extract (0 - 1 mg L"), over 48 h.
In this study, the secoiridoids compounds represented 83% of the total PC present in the
OO phenolic extract and were associated with the antitumoral effect (Reboredo-
Rodriguez et al., 2018). According to Reboredo-Rodriguez et al. (2018), it is proposed
that not only the total amount of PC may exert beneficial effects on health, but also the
presence of some "key" PC in low concentrations, such as apigenin and oleocanthal
(Reboredo-Rodriguez et al., 2018). The OO PC act on hormone regulation by reducing
estradiol. This effect demonstrates the OO anticancer role, since breast cancer is an
estrogen-dependent neoplasm (at least in the early stages of carcinogenesis), being highly
influenced by the levels of these hormones. However, these effects still remain
inconclusive and few studies have been carried out with OO in the prevention and fight
against breast cancer (Moral & Escrich, 2022).

In addition to antitumor capacity in breast cancer cells, refined OO phenolic
extracts, rich in luteolin and Ole, were able to suppress cell growth of human colon
adenocarcinoma cells (SW480 and HT29) (Fernandez-Arroyo et al., 2012). The inhibition
of human colon adenocarcinoma cell proliferation by the OO extract (0.1%), after 24 h,
was accompanied by cells apoptosis. The metabolites associated with these results were
hydroxylated luteolin and Ole in its aglycone form (Fernandez-Arroyo et al., 2012). There
are several hypotheses and mechanisms that may be involved in the pprevention of colon
cancer by OO. One of the most relevant hypotheses is that the PC from OO hinder cell
fixation, preventing integrin binding to various types of extracellular matrix proteins
(Memmola et al., 2022). According to this hypothesis, PC from OO have anti-invasive
effects, since integrins are crucial for cell invasion and migration, fundamental steps in
the initiation, promotion and subsequent metastasis of cancer cells (Memmola et al.,
2022).

00 (0.02 - 0.25% v/v) inhibited cervical cancer (HeLa) and human colon (SW48)
cell proliferation, after 72h of treatment (Tori¢ et al., 2020). However, these authors
pointed out that in combination with anticancer drugs, the OO phenolic extract increased
the HeLa and SW48 cancer cells metabolic activity, playing an adverse health effect by
protecting tumor cells. Thus, these data imply the careful consumption of OO during
treatment with chemotherapy in cancer patients (Tori¢ et al., 2020).

OP extracts (0.03 — 0.12 mg L) has a cytotoxic effect in human colon cancer

cells (HCT-8), after 12h of exposure (Cells et al., 2021). The HCT-8 cells co-incubated
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with the oxidant tBHP and OP extracts showed a decrease in ROS generation induced by
tBHP. OP extract contains higher amounts of vanillic acid and luteolin-7-glucoside that
inhibit cell proliferation, possibly by inhibiting the expression of hypoxia inducible factor
(HIF-1). HIF-1 is a transcription factor regulation that increases glycolysis and drives
tumor development under anoxic conditions. OP extracts act to inhibit this factor,

resulting in reduced survival of cancer cells (Cells et al., 2021).

5.4 Antidiabetic properties

The antidiabetic properties attributed to PC from OO and OP consumption were
not fully elucidated. However, the improvement of endothelial function is highlighted.
The endothelium plays an essential role in regulating blood pressure by releasing
vasodilators and vasoconstrictors, such as nitric oxide (NO) and endothelin-1 (ET-1).
However, in type-2 diabetes mellitus (T2D), this mechanism is silenced, causing
endothelial dysfunction, responsible for insulin resistance, hyperglycemia, and increased
ROS generation (Storniolo et al., 2014). Exposure over 48 h of endothelial like cells
(ECV304) to PC from OO (10 uM — 120 uM) resulted in a protective effect on endothelial
dysfunction induced by hyperglycemia and free fatty acids (Storniolo et al., 2014). The
main OO compound involved in this protection was HT, which acts on regulating NO and
ET-1 intracellular levels, reducing the ROS (Storniolo et al., 2014). Accordingly, it is
likely that the HT from OO are responsible for modulating NO production by controlling
phospho-eNOS phosphorylation, which results in interruption of insulin signaling and
endothelial dysfunction (Storniolo et al., 2014).

The daily consumption of OO (25 mL, equivalent to a concentration of 577 mg of
PC kg'!) by 8 overweight and 11 T2D patients, over 8 weeks, improved the inflammatory
status, reducing serum levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and visfatin, adipokine responsible for triggering inflammatory
processes in patients with T2D and overweight (Santangelo et al., 2016).

The initial development of T2D is associated with the loss of functional mass of
beta cells, so the regeneration of these cells must be considered for the treatment of T2D
(Marrano et al., 2021). Therefore, the effects of PC extracted from OO (10M) increased
the beta cells proliferation (1E) after exposure (24 h). Furthermore PC from OO increased
insulin biosynthesis and secretion of glucose-stimulated insulin (Marrano et al., 2021).

Thus, the PC from OO, promote the health of beta cells, suggesting that these compounds
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may act to improve insulin secretion and promote glycemic control in patients with T2D
(Marrano et al., 2021).

Another hypothesis that may be associated with the PC from OO and OP anti-
diabetes effect is the ability to inhibit enzymes responsible for hydrolyzing
polysaccharides into monosaccharide units, existing in the cells that line the intestine
(Sylla et al., 2021). In vitro studies support this hypothesis, where concentrations of PC
(72.28 pg mL!) from OP can inhibit the action of a-amylase, reducing the levels of sugars

for absorption, and reducing the need for insulin production (Sylla et al., 2021).

5.5 Hypolipidemic activity

The blood lipid profile is expressed by the presence of fats in the blood, such as
cholesterol and triglycerides. Cholesterol is commonly classified into two types, high-
density lipoprotein (HDL) and low-density lipoprotein (LDL), with higher levels of HDL
bringing greater health benefits (Elsewedy et al., 2022). Hyperlipidemia is a disease
characterized by the presence of extraordinary fats in the blood serum, particularly high
levels of LDL along with low levels of HDL. The LDL accumulation in the blood results
in oxidation by increasing levels of ROS or oxidative enzymes released by inflammatory
cells. These oxidized lipids give rise to overexpression of adhesion and secretion of pro-
inflammatory cytokines, that promote the generation of fatty streak cells laden with lipids,
an component of atherosclerotic plaques (Kribeche, 2022). This way, OO and OP can
play important roles on lipids concentration or their oxidative stability.

OO caused a reduction in serum levels of total cholesterol, triglycerides and LDL,
accompanied by an HDL increase in male Wistar rats receinving extra virgin OO (1% of
body weight) for 50 days (Kribeche, 2022). Moreover, virgin OO treatment decreased
lipid peroxidation and restored GSH levels in the liver (Kribeche, 2022). This effect was
most likelly mediated by PC antoxidant effects, by scavenging ROS and activateing
endogenous antioxidant mechanisms (Gonzalez-Ramila et al., 2022; Kribeche, 2022).

The daily consumption of OP oil (45 g) by 72 patients for 4 weeks resulted in
decreased LDL, although blood pressure, peripheral artery tonometry, endothelial
function and inflammation biomarkers remained unchanged(Gonzéalez-Ramila et al.,
2022). Thus, we can not rule out that this lack of effects is related to the reduced levels

of PC in this oil when compared to the crude OP.
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5.6 Cardiovascular diseases prevention

CVD are multifactorial diseases associated with hyperlipidemia, inflammation,
oxidative damage, endothelial disfunction, among other factors. Thus, OO consumption
can attenuate several risk factors for CVD, such as blood pressure, dyslipidemia,
endothelial dysfunction, thrombosis and carbohydrate metabolism (Katsiki et al., 2021).
PC from OO and OP may represent an alternative for CVD prevention trough they
antiinflamatory and antioxidant effects (Katsiki et al., 2021; Perrone et al., 2019).

The daily consumption (25 mL, 250 to 500 ppm of PC) of OO by 33 patients with
hypercholesterolemia for 3 weeks has beneficial effects on the HDL functionality, since
its action is more important than its circulating concentration (Farras et al., 2015).
Furthermore, HT from OO have been described as acting in hibiting the lipid oxidation
by trapping peroxyl radicals. This way, a less proinflamatory and oxidized HDL could be
more efficient in its pleotropic function (Crespo et al., 2020).

The OO daily consumption for 3 weeks (25 mL, 500 mg kg of PC) showed
improvement in the HDL expression by regulating genes in mononuclear cells of 33
patients with hypercholesterolemia (Farras et al., 2019). However, the mechanisms
involved in the expression of genes associated with these benefits are not yet understood
(Farras et al., 2019). Thus, it is possible that consuming OO rich in PC can improve the
antiaterogenic capacity of HDL.

A diet rich in OO (30 mL per day) reduces the CVD incidence, over 4 months in
82 patients with early atherosclerosis by improving the endothelial function (Widmer et
al., 2013). Along with the reduction of leukocytes, the improvement in endothelial
function demonstrates an important benefic role of PC from OO, particularly Ole, Tyr
and luteolin.

PC from OP (0.05 and 0.1 mg ml! of PC) showed protective effects against 24 h
anoxic stress induced in human endothelial cells (EAhy926) (Palmieri et al., 2012).
Anoxia modulates the expression of molecules associated with endothelial dysfunction
and CVD. Thus, the treatment with PC extract from OP, particularly Ole and Tyr , could
offer protective effect in CVD by preventing endothelial disfunction (Palmieri et al.,

2012).

5.7 Neuroprotective activity
Neurodegenerative  diseases are associated with oxidative damage,

neuroinflammation, mitochondrial dysfunction, vascular impairment among other events.
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In fact, vascular impairment mediates cognitive decline associated with aging, which
becomes a risk factor for the development of dementia (Valls-Pedret et al., 2015). OO
weekly consumption (1 L) by healthy volunteers (447), for over 6 years, resulted in an
improvement in cognitive function (Valls-Pedret et al., 2015). The beneficial effect of an
OO rich diet on cognition likely stems from the PC abundance in this product, which act
as anti-inflammatory agents.

OO PC, especially secoiridoids, were linked to the attenuation of the f-amyloid
(AP) pathology in Alzheimer's disease (AD). Daily OO (0.7 g kg!, 680 mg kg of
oleocanthal) consumption by rats, for a month, increased the effect of donepezil, (a
medicament used in all stages of AD (Batarseh and Kaddoumi, 2018). The combined
consumption of OO and donepezil reduced the AP peptide load. This reduction is
associated with increased peptide elimination pathways through the blood-brain barrier
and enzymatic degradation. In addition, OO attenuated the neuroinflammation process
related to the AP peptide formation and toxicity responsible for AD development
(Batarseh and Kaddoumi, 2018).

OO administration (50 ml per day) to 80 individuals over 64 years old, over 12
months, resulted in a reduction in oxidative stress and inflammatory responses, most
likely mediated by PC from OO (Tzekaki et al., 2021). Besides, OO was able to modulate
the immune system by affecting cytokine production and white blood cell activity
(Gorzynik-Debicka et al., 2018; Tzekaki et al., 2021).

PC from OO and OP have the ability to counteract inflammation and oxidative
stress that leads to myelin and neuron destruction. Therefore, these PC may be useful to
delay the progression of demyelination and neurodegeneration (Giacometti et al., 2020).
In this context, the main pathway of neuroprotection performed by the OO and OP PC is
the morbidity reduction and delay in the progression of neurodegenerative diseases
(Gorzynik-Debicka et al., 2018). In fact, neuron-like cells were protected by PC from OP
treatment over 24 h (0.01 — 0.5 mg mL! of PC) from Ca2"-overloading and the
pathological activation of calpain, key events in neurodegenerative disorders (Averna et
al., 2018). Regarding OP, chemical analysis demonstrated the presence of HT esters that
are not present in olives, most likely synthesized in the OP by esterases that couple fatty
acids and HT (Averna et al., 2018). Furthermore, HT esters exerted in vitro an important
anti-inflammatory activity and appeared to be more bioavailable than HT itself, most
likely due the increased lipophilicity resulting from a long fatty acid chain (Averna et al.,

2018). Thus, it is possible that the increased lipophilicity of HT ester in OP could be
63



positive for its neuroprotective events, sinc lipophilic substances can easily cross brain

blood barrier.

6. BIOAVAILABILITY OF DIETARY PC

All bioactivities associated to PC from OO and OP varies according to their
bioavailability during digestion. During the digestive process stages, different enzymes
act in the PC degradation, resulting in the bioavailable PC with biological potential
(Speroni et al., 2019). Thus, gastric conditions are responsible for greater PC extraction
from the food matrix, ensuring greater bioavailability without total loss of antioxidant
capacity, although significant losses of some PCs occur. In addition, the intestinal
microbiota action can contribute to the bioavailable phenolic metabolites formation with
high antioxidant potential (Augusti et al., 2020). The OO and OP compounds with greater
extraction during the digestive phases are Ole, HT, caffeic acid and luteolin (Speroni et
al., 2019). Despite affecting the antioxidant capacity, the digestive process may also result
in a prebiotic effect of undigested fractions of PC from OO and OP, stimulating the
growth of beneficial intestinal microorganisms (Gavahian et al., 2019).

The process of PC uptake from OO is still not fully understood. However, it is
known that PC go through the digestive stages, starting with the mouth and stomach, and
proceeding to the small intestine and colon. Throughout these steps, structural changes
occur through the action of enzymes and gut microbiota (Ditano-Vazquez et al., 2019).
The digestive process contributes to the formation of PC derived from Ole, Tyr and HT,
present in OO and OP, which have greater bioavailability. These bioavailable OO and OP
PC can play different beneficial roles in human health (Ditano-Vazquez et al., 2019). In
a dose-dependent manner, HT and Tyr from OO have the highest rate of intestinal
absorption (40-60%). The secoiridoid compounds are stable in the mouth, but significant
losses occur throughout the gastric, duodenal and colonic regions, through Ole
degradation and formation of Tyr and HT, representing a bioavailability that varies
between 7% and 34% (Ditano-Vézquez et al., 2019).

The PC bioavailability of OP is similar to OO since the most representative
compounds of OP are also HT, Tyr, and Ole (Radi¢ et al., 2020). The pre-treatment of
human liver cells (HepG2) with the bioavailabe fraction of OP (41 uM) for 20 h was able
to prevente cell damage and GSH depletion induced by 3 h exposure of cells to tert-butyl
hydroperoxide (350 uM) (Radi¢ et al., 2020). These results demonstrate that bioavailable
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PC from OP can alter the redox state of the cell through multiple mechanisms, such as
reducing potential, ROS elimination and GSH sinthesis (Radi¢ et al., 2020).

The micronization of OP increases the intestinal bioaccessibility of their PC, after
in vitro digestion. Micronized OP increased antioxidant capacity in the gastric phase and
increased the HT, Ole and luteolin intestinal bioaccessibility when compared with OP
that was only fractioned (Sefrin et al., 2021a). This reinforces the importance of
developing adequate techniques to use OP for human consumption, targeting its
nutraceutical properties by increasing the bioaccessibility and antioxidant capacity of its

PC.

7. OLIVE CONTAMINANTS AND TOXYCOLOGICAL ASPECTS

Olive trees can be affected by various diseases caused by pests, fungi, and weeds.
When they affect the olive trees, these diseases affect olive production due to precocious
downfall (Arena et al., 2022). Therefore, the control of parasites and diseases helps to
maintain high levels of OO production. However, residues of toxic compounds (added or
generated in the plant) can migrate from the olive fruit and consequently contaminate the
OO and OP (Arena et al., 2022). However, the presence of PC in OO and OP could protect

from some toxic effects caused by the contaminants (Table 4).

65



Table 4 — Protective effect of PC from OO and OP on the toxic effects of pesticide

residues, mycotoxins and PAH.

Sample or Experimental
Contaminant Results Reference
PC protocol
Daily
supplementation OO attenuated
of rats with OO  the hepatorenal
(Al-Attar et al.,

00 Diazinon

(600 mg kg! bw) changes

. | 2017)
and diazinon (50 induced by
mg kg bw) for 6 diazinon.
weeks.
Daily Virgin OO
administration of  reduced the
pregnant females metamitron
rats with teratogenic
' o (Abdulrhman & El-
Virgin OO  Metamitron metamitron toxicity and
. aal, 2020)
(33.94-67.88 mg  improved the
kg bw) and ossification
Pesticide o )
virgin OO (0.5 process in rats
residues
mL 200 g bw). pups.
OO prevented
Combined daily oxidative
exposure of male stress,

rats with OO (400 nephrotoxicity

(Al-asmari et al.,

00 Malathion mg kg! bw) and and 2022; Zeid et al.,
malathion (100 reprodutive 2022)
mg kg™! bw), over toxicity
7 weeks. induced by
malathion.
Combined daily OO protected
00 Imidacloprid exposure of male against (Mahmoud et al.,
albino rats to OO  imidacloprid 2020)

(10 mLkg!bw,  mutagenicity.
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for 2 weeks) and
imidacloprid

(22.5 mgkg! bw
for 4, 8 and 12

weeks).

Caco-2 intestinal
cells exposed to

alternariol (25

Tyr and Ole
were able to

reduce toxicity

Tyr and and ROS o
Alternariol umol L") and PC o (Chiesi et al., 2015)
Ole production in
from OO and OP
Caco-2 cells
(Tyr and Ole, 50
exposed to
umol L) for 24h. ‘
alternariol.
Pre-incubation of
kidney cells lines  HT prevented
(1h) with HT (10  the ochratoxin
umol L), A cytotoxicity ‘
Mycotoxyns HT Ochratoxin A _ (Crupi et al., 2020)
followed by by attenuating
exposure to the oxidative
ochratoxin A (2.5 processes.
to 25 pg mL™).
Exposure of (+)-
Swiss albino Acetoxypinore
mouse to (+)- sinol offers
(+)- : :
acetoxypinoresino neuronal
Acetoxypi Penitrem A ) (Qusa et al., 2020)
1 (30 pumol L) protection
noresinol . .
and penitrem A against the
(10 pmol L), mycotoxin
over 24 h. penitrem A.
Treatment of liver 0]0)
Benzo(a)pyren  microssomes of normalized ‘
PAHs 0]0) ' o (Devi et al., 2008)
e rats with 10 pL of lipid
OO and peroxidation
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benzo(a)pyrene and

(25 umol L), citotoxicity
over lh. caused by
benzo(a)pyren
e.

Exposure of adult

ApcMin mice Exposure to
with OO (300 mg OO resulted in
Benzo(a)pyren .
00 kg! bw) and reduction of  (Banks et al., 2016)
e

benzo(a)pyrene  benzo(a)pyren
(25, 50, and 100 e toxicity.
ug bw!) over 60.

Abbreviations: ApcMin — adult mice, Caco-2 — intestinal cells, HT — hydroxytyrosol, Ole
— oleuropein, OO — olive oil, OP — olive pomace, PAH - polycyclic aromatic

hydrocarbons, PC — phenolic compounds, ROS — reactive oxigen species, Tyr — tyrosol.

7.1 Pesticide residues

Extra virgin OO (20 samples) from Milano (Italy) presented pesticides commonly
used in olive cultivation, such as bromfenvinfos-methyl (<10 pg kg '), quinalphos (139
ug kg 1), prothiofos (10 - 17 ng kg™") and phosalone (17 - 115 nug kg!) (Arena et al.,
2022). The pesticides concentration of many samples was greater than the maximum
residue level (MRL) of 10 pg kg ' established by the European Union, this way
representing a risk to human health (Arena et al., 2022).

OO from Iranian Market (28 domestic and 9 imported samples from Italy and
Spain, all with glass packaging) presented residues of pretilachlor, heptachlor and 1,1'-
(2,2,2-trichloroethane-1,1-diyl)bis(4-chlorobenzene) (DDT) in 29% of the analyzed OO
samples (Razzaghi et al., 2018). Samples contaminated with pretilachlor comply with the
maximum residue lavels (MRL) (50 ng g!) established by Iranian legislation for this
pesticide in OO, while the use of the pesticide 2,4 DDT is forbiden in Iran (Razzaghi et
al., 2018).

For the besto of our knowledge, countries such as Brazil, have no legislation for
pesticides contente in OO. However, due to growing awareness of food safety and the
widespread use of pesticides, the European Union has established MRL for pesticides in

food. MRL are different for each pesticide and not all pesticides used in agriculture are
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regulated and, in this case, an MRL value of 10 ug kg ' must be assumed (Arena et al.,
2022).

The toxicity of pesticides contaminants of OO and OP can be counteracted by PC
administration. However, if this protection can occur still within in the food matrix
remains to be elucidated. Daily supplementation of rats with OO (600 mg/kg bw) for 6
weeks, attenuated the hepatorenal changes induced by intoxication with diazinon (50
mg/kg bw) (Al-Attar et al.,, 2017). The protective effect of OO against hepatorenal
changes induced by diazinon may be due to its flavonoids and phenolic acids and their
antioxidant effects, which impair the activation of diazinon into the reactive form (Al-
Attar et al., 2017).

The synthetic herbicide, metamitron (33.94 - 67.88 mg/kg bw) is toxic to the
pregnant females rats and induces a delay in the skeleton fetal development after
organogenesis (from the 6th to the 15th day of gestation). Virgin OO treatment (0.5
ml/200g b.w.) reduced the metamitron teratogenic toxicity effects and improved the
ossification processo of rats pups, especially on the shortening of the last ribs of fetuses
(Abdulrhman & El-aal, 2020). This beneficial effect on bones, was associated to PC of
OO that may act through the modulation of osteoblastic physiology (Abdulrhman & El-
aal, 2020).

Malathion is an effective and widely used organophosphate pesticide. This
pesticide has a negative impact on the male reproductive system. The cell development
and differentiation can be disrupted by the ROS generation, resulting in multiple effects
on the male reproductive system (Zeid et al., 2022). In addition to its reproductive
toxicity, malathion also exhibits nephrotoxicity (Al-asmari et al., 2022). Two parallel
studies demonstrate that OO (400 mg/kg bw) prevented oxidative stress, nephrotoxicity
and reprodutive toxicity induced by malathion (100 mg/kg bw) in male rats, after 7 weeks
of combined exposure (Al-asmari et al., 2022; Zeid et al., 2022). It was verified that the
reduction of the malathion oxidative estress and reproductive toxicity by OO was
associated with the presence of Ole in the OO phenolic composition (Zeid et al., 2022).
Oxidative stress and ROS scavenging by Ole increased the activity of SOD and CAT,
which suggests that Ole can repair and maintain these enzymes, reducing oxidative stress
associated with malathion toxicity (Zeid et al., 2022). The prevention of OO against
oxidative stress and nephrotoxicity induced by malathion was associated with the HT
presence in OO (Al-asmari et al., 2022). HT exhibit good interaction with the COX-2

enzyme that is significant in the pathophysiology of nephrotoxicity. The reduction of
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COX-2 enzyme expression could be a vital technique in controlling nephron destruction
(Al-asmari et al., 2022).

Imidacloprid [1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-lideneamine]
is a neonicotinoid insecticide, used for controlling insects and termites (Mahmoud et al.,
2020). OO (10 ml/kg bw, for 2 weeks) presents protective effect against imidacloprid
mutagenicity (22.5 mg/kg bw for 4, 8 and 12 weeks) in male albino rats (Mahmoud et al.,
2020). OO0 protects against chromosomal damage due to the HT, Tyr, Ole and oleocanthal
presence that act to ROS removal, before these species can reach the DNA and induce
damage. In addition, these PC activate the defense mechanism by enzymatic induction or

by stimulating mitochondrial biogenesis (Mahmoud et al., 2020).

7.2 Mycotoxins

Mycotoxins are secondary metabolites produced by filamentous fungi, such as
fungi of the Aspergillus, Penicillium, and Fusarium strains. Filamentous fungi develop
under variable temperature conditions (20 to 35 °C) humidity (20 to 60%) and under
conditions of water stress. These factors favor the filamentous fungi development and the
mycotoxin production during olive cultivation, leading to OO and OP contamination
(Abdolmaleki et al., 2021; Khalil et al., 2019). Thus, the mycotoxin's presence in olive
products represents a food safety problem since about 30% of the human diet is based on
vegetable oil consumption (Abdolmaleki et al., 2021).

OO and OP contamination with aflatoxins (AFs) produced by the fungi
Aspergillus flavus, Aspergillus nomius and Aspergillus parasiticus is a global foodsafety
concern (Wagqas et al., 2021). The AFBI subclass of AFs is recognized as the most toxic
and carcinogenic, categorized as a group 1 carcinogen by the International Agency for
Research on Cancer. AFB; elevated concentrations were identified in 20 samples of OO
from markets, superstores, and farmers from central cities of Punjab, Pakistan (Waqas et
al., 2021). According to this study, OO AFB; and total AF occurrence were 8.51 and
12.78 pg kg™!, respectively. These results demonstrate that OO samples have AFB; levels
greater than the proposed limit set by the European Commission regulation (2 ug kg!)
(Wagqas et al., 2021).

The alternariol mycotoxin, produced by Alternaria sp. fungi, is common in OO
(Chiesi et al., 2015). Virgin OO (20 samples) from shops in Fujian Province (southeast
china) presented alternariol contamination (Lin et al., 2022). More than half of the

products (60%) were positive for alternariol, with four samples detected in appreciable
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concentrations (12.5 - 13.7 ug kg !). Alternariol exhibits mutagenic, cytotoxic, genotoxic,
and carcinogenic effects, indicating that more extensive monitoring research is needed
aimed at the food safety of these products (Lin et al., 2022).

Studies associating PC from OO and OP with a mitigation of mycotoxin toxicity
have been the subject of scientific interest (Chiesi et al., 2015; Crupi et al., 2020). The
PC HT and Ole (50 uM), present in OO and OP, were able to reduce toxicity and ROS
production in Caco-2 intestinal cells exposed to alternariol (25 uM) for 24 h (Chiesi et
al., 2015). The HT can act as a scavenger of peroxyl radicals near the membrane surface,
while Ole acts as a scavenger of chain-propagating lipid hydroxyl radicals within
membranes (Chiesi et al., 2015).

Ochratoxin A (OTA) is a food contaminant mycotoxin and has severe nephrotoxic
effects (Crupi et al., 2020). Exposure of kidney cells lines to OTA (2.5 to 25 pg mL™)
reduced cell survival and induced stress oxidative (Crupi et al., 2020). The kidney cell
pre-incubation (1h) with HT (10 uM) prevented the OTA cytotoxicity (Crupi et al., 2020)
by attenuating the oxidative processes (Crupi et al., 2020). This way, PC from OO and
OP can contribute to reducing the development of kidney failure, associated with OTA
exposure (Crupi et al., 2020).

One of the OO lignins, the (+)-acetoxypinoresinol (AC, 5 to 30 uM) offers
neuronal protection against the mycotoxin Penitrem A (PA, 10 pM) in a Swiss albino
mouse, after 24 h (Qusa et al., 2020). PA acts on calcium-dependent channels in the brain,
causing motor system dysfunction, including tremors and seizures. Furthermore, PA has
the ability to spontaneously increase the release of endogenous glutamate, y-aminobutyric
acid (GABA), and produce ROS in primary cerebellar granule neurons (Qusa et al., 2020).
AC treatment proved to be protective of sciatic nerve against the PA toxicity (Qusa et al.,
2020). Thus OO and OP lignans may play a promising role as tracks in controlling

peripheral nerve injury caused by the micotoxin tremogenic PA (Qusa et al., 2020).

7.3 Polycyclic aromatic hydrocarbons residues (PAH)

PAH are environmental contaminants produced by incomplete combustion
processes or organic matter pyrolysis (Bertoz et al., 2021). PAH are released through
forest fires, volcanic eruptions, burning of fuels, tires, polypropylene or polystyrene,
vehicle exhaust emissions, smoking, cooking processes, and waste incineration (Bertoz
et al., 2021; Elaridi et al., 2020). PAH have two or more fused aromatic rings in their

structure, making them poorly soluble in water and highly soluble in non-polar solvents
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and edible oils, favoring OO and OP contamination (Bertoz et al., 2021; Rascon et al.,
2018).

The primary sources of OO contamination by PHA are environmental pollution
by dust deposition on the olive skin, olives falling on the ground during harvest, and
storage in mills (Rascén et al., 2018). OO and OP ingestion is an important route of PAH
exposure. However, only 16 PAH are usually monitored in food and the environment
(Ekner et al., 2022). OO samples (16 samples, included extra virgin OO, ecological extra
virgin OO and refined OO) presented total PAH levels of 30.1 pg kg!, which
characterizes a high risk of exposure to these toxic compounds (Ekner et al., 2022).

Benzo(a)pyrene (BaP), benzo(a)anthracene (BaA), benzo(b)fluoranthene (BbF),
and chrysene (Chry) are PAH with carcinogenic potential reported by the European
Regulation (Cotugno et al., 2021). OO samples obtained from Syrian markets showed
average levels of 15 PAHs of 63.7 ng kg™! (Krajian and Odeh, 2018). Of 38 OO samples,
9 had BaP concentrations higher than those stipulated by the European Regulation (2 pg
kg™!). In addition, 2 samples exceeded the MRL (10 ug kg™!) for the sum of PAHs (BaP,
BaA, BbF and Chry) (Krajian and Odeh, 2018). According to these authors, the OO used
for consumption in Syrian present a risk to the population, and there is a need to develop
specific national legislation for the PAH levels in OO (Krajian and Odeh, 2018).

Lebanon presented high pollution levels, which resulted in the generation of PAH.
OO samples (112 samples) obtained in Lebanon markets showed high PAH levels (Elaridi
et al., 2020). Only one of the 112 OO samples analyzed, showed levels higher than those
established by the European Regulation for BaP (11.9 pg kg'), posing an increased
carcinogenic risk (Elaridi et al., 2020). This same OO sample showed a total of 26.7 ng
kg! for four PAH (BaP, BaA, BbF, and Chry), which also exceeds the MRL established
by the European Regulation (10 pg kg™!) (Elaridi et al., 2020). These authors emphasize
the need to develop appropriate processing steps to reduce the content of these
carcinogenic compounds in OO (Elaridi et al., 2020).

Despite the PAH carcinogenicity, the harmful health effects associated with the
consumption of OO and OP contaminated with PAH are still poorly understood. BaP
presents a high carcinogenic risk induced by oxidative stress-mediated by the enzyme
BaP hydroxylase (Devi et al., 2008). Treatment of liver microssomes of rats with 10 pL
of OO normalized lipid peroxidation and citotoxicity caused by BaP (25 uM). Authors
suggest that PC from OO can act by inhibiting BaP hidroxilase and effectively remove
BaP metabolites, contributing to the protective effects of OO (Devi et al., 2008).
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Ingestion of food contaminated with PAH contributes to the development of
gastrointestinal carcinogenesis (Banks et al., 2016). However, exposure of adult ApcMin
mice OO (300 mg kg™! bw) over 60 days resulted in reduction of BaP (25, 50, and 100 ug
bw) toxicity. PC from OO promoted a rapid BaP detoxification, decreasing the
concentrations of its organic metabolites and reducing the extent of DNA damage in the
colon and liver (Banks et al., 2016).

Although there are relevant data regarding the presence of pesticide, mycotoxins
and PHAs residues in OO, the number of publications is very low, indicating the need of
more studies evaluating the content of these contaminats in OO available for consumers.
Moreover, no studies evaluating the presence of these contaminants in OP were found
until this moment. However, since these substances contamine olive fruits, their presence
must also be expected in OP. Thus, quantification of contaminants in OP is extremely
important to guarantee the safe utilization of this by-product and its biological properties
(Arena et al., 2022; Razzaghi et al., 2018).

PC widely found in OO and OP were able to minimize negative effects of
pesticides, mycotoxins PHAs. However, there is still a gap to be filled regarding studies
using OO and OP in the evaluation of protective effects agains these food contaminats
and most reported studies tested isolated PC instead samples of olive products. Despite
the protective effect of isolated PC is not always the same observed in the food matrix,
they may suitable to drive future studies with OO and OP samples.

Since PC from OO were able to counteract the toxicity of these contaminats in
vitro and in vivo, we can hypothesize that PC could interact with then even whithin the
food matrix, before consumption of OO and OP. This way, besides presenting toxicity
for human health itself, toxic agents could also impair the benefits of some foods, as
described for Cabernet Sauvignon wine contaminated with the mycotoxin Ocratoxin A
(Schmidt et al., 2020). This way, it is possible that contaminants in OO and OP can affect
the previously reported beneficial biological properties attributed to its PC. The effect of

this possible interaction remains to be confirmed in further studies from our group.

8. FINAL CONSIDERATIONS

The importance of this review lays in to offer useful information regarding the
bioactivities of OO and OP, such as antioxidant, antimicrobial, antitumoral,
hypolipidemic, antidiabetes potential, along with protective effects on CVD and

neurodegenerative disorders. The main PC associated to such bioactivities are Ole, Tyr
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and HT and the extension of their effect depends on their biavailability after digestion
processes.

On the other hand, OO and, most likely OP, may also present toxic compounds,
such as mycotoxins, PAHs and pesticides. As few reports about the levels of these
contaminats in OO and mainly in OP are available until this moment, studies on this
regard should be carried out ia a near future.

PC may counteract the toxicity caused by contaminats from OO and OP, although
most available studies use isolated PC instead samples of OO and OP. Thus, the data of
this review may drive future experiments in order to fill this gap.

Another gap observed in the presente review is the small number of studies about
contaminantion and bioactivities of OP. Since OP is an importante by product from OO
production and presentes high levels of PC, it could be more explored in order to

determine its use in human nutrition.
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Abstract: The neuroinflammatory process is considered one of the main characteristics
of central nervous system diseases, where a pro-inflammatory response results in
oxidative stress through the generation of reactive oxygen and nitrogen species (ROS and
RNS). Olive (Olea europaea L.) pomace is a by-product of olive oil production that is
rich in phenolic compounds (PCs), known for their antioxidant and anti-inflammatory
properties. This work looked at the antioxidant and anti-neuroinflammatory effects of the
bioavailable PC from olive pomace in cell-free models and microglia cells. The
bioavailable PC of olive pomace was obtained through the process of in vitro
gastrointestinal digestion of fractionated olive pomace (OPF, particles size <2 mm) and

micronized olive pomace (OPM, particles size < 20 um). The profile of the PC that is
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present in the bioavailable fraction as well as its in vitro antioxidant capacity were
determined. The anti-neuroinflammatory capacity of the bioavailable PC from olive
pomace (0.03-3 mg L") was evaluated in BV-2 cells activated by lipopolysaccharide
(LPS) for 24 h. The total bioavailable PC concentration and antioxidant activity against
peroxyl radical were higher in the OPM than those observed in the OPF sample. The
activation of BV-2 cells by LPS resulted in increased levels of ROS and nitric oxide (NO).
The bioavailable PCs from both OPF and OPM, at their lowest concentrations, were able
to reduce the ROS generation in activated BV-2 cells. In contrast, the highest PC
concentration of OPF and OPM was able to reduce the NO levels in activated microglial
cells. Our results demonstrate that bioavailable PCs from olive pomace can act as anti-
neuroinflammatory agents in vitro, independent of particle size. Moreover, studies
approaching ways to increase the bioavailability of PCs from olive pomace, as well as
any possible toxic effects, are needed before a final statement on its nutritional use is
made.

Keywords: neuroinflammation; oxygen reactive species; nitric oxide; gastrointestinal

digestion; BV-2 cells

1. Introduction

Neuronal diseases associated with neurodegeneration and neuroinflammation are
reported as a public health problem worldwide [1]. Alzheimer’s disease is the most
common neurodegenerative disease and accounts for 60 to 70% of all dementia cases,
followed by Parkinson’s disease [2,3]. It is estimated that approximately 50 million
individuals worldwide are afflicted by dementia, a figure that is projected to rise to 130
million by 2050 [3].

The neuroinflammation process is considered one of the main mechanisms of the
central nervous system (CNS) for dealing with pathogenic agents or situations of
impairment in cellular physiology, and it is associated with the activation of microglia
cells, which are considered the immune cells of the CNS [4,5]. The activation of
microglial cells initiates an immune response to injuries or diseases in the central nervous
system, characterized by an increased production of pro-inflammatory cytokines [1,5].

The production of pro-inflammatory cytokines and chemokines induced by
activated microglia cells results in an increase in oxidative stress through the generation
of reactive oxygen and nitrogen species (ROS and RNS) [6,7]. Oxidative stress has been

associated with several diseases, including neuropsychiatric and neurodegenerative

88



conditions, most of which present chronic immune activation [7,8]. In fact, the
inflammatory inducers phytohemagglutinin (PHA) and lipopolysaccharide (LPS) are
capable of inducing ROS and RNS generation along with cell inflammation in murine
macrophages and microglia cells, respectively [1,6].

In this context, it is important to seek therapeutic strategies through the anti-
neuroinflammatory capacity that can modify the polarization of activated microglia cells,
in which the pro-inflammatory pathway is their main immune response [1]. Thus, natural
compounds capable of modulating the immune response of activated microglia cells
and/or reducing oxidative stress seem to be a promising alternative [1].

PCs are widely produced by plants, such as berries, nuts, and olives, and are
known to present antioxidant and anti-inflammatory activities, especially in models
associated with the CNS [2,5]. Besides regular sources, PCs can be obtained from waste
and by-products from the food industry, which has been a sustainable and great alternative
for obtaining these compounds [6].

Olive (Olea europaea L.) pomace is a by-product of olive oil production,
consisting of pulp, peel, and olive pits and representing about 80% (v/v) of the total
amount of processed olives. Olive pomace has a considerable amount of PCs (0.4 to 2.4%)
[9]. Due to their hydrophilic characteristics, 98% of the PCs present in the olive migrates
to the pomace fraction during olive oil extraction [10]. Additionally, PCs from olive
fruits, such as hydroxytyrosol and oleuropein, present antioxidant and anti-inflammatory
effects in microglia cells activated by lipopolysaccharide (LPS), a known model for
inflammation [11-13].

There is an abundance of PCs in the olive pomace, which makes it extremely
promising for the food industry, and processes that increase the bioavailability of these
compounds are extremely important [14]. Particle size reduction processes, such as
micronization, are capable of increasing the intestinal bioavailability of olive pomace PCs
after in vitro digestion [9]. However, throughout the digestive process, structural changes
occur in PCs due to the action of enzymes and intestinal microbiota [15]. The process of
digestion of olive pomace contributes to the formation of PCs derived from oleuropein,
tyrosol, and hydroxytyrosol, which have a greater bioavailability [9]. Depending on the
dose, hydroxytyrosol and tyrosol have the highest intestinal absorption rates (40-60%).
Secoiridoid compounds are stable in the mouth, but significant losses occur in the gastric,
duodenal, and intestinal regions due to the degradation of oleuropein and the formation

of tyrosol and hydroxytyrosol [9,14].
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Therefore, olive pomace PCs are promising compounds for the food industry and
have different biological properties, such as antioxidant and anti-neuroinflammatory
potential [14]. Thus, it is important to evaluate the beneficial potential of the bioavailable
fraction of PC in foods before digestion processes. Based on these considerations, the
aims of this work were to evaluate the antioxidant activity in cell-free models and the
anti-neuroinflammatory capacity of bioavailable PCs from olive pomace on activated

microglia cells.

2. Material and Methods
2.1. Olive Pomace Samples

Samples of olive pomace, cv. ‘Arbequina’, were obtained from an olive oil
extractor company located in the city of Formigueiro, RS, Brazil (29°5900100 S;
5322105000 W) and were processed according to the methodology described by [16]. The
OP without physical modification was freeze-dried in a freeze dryer (LS 3000, Terroni
Equipments Cientifiques, S@o Paulo, Brazil) and crushed in a knife mill (MA 630,
Marconi®, Sao Paulo, Brazil). The raw OP was subjected to granulometry fractionation
with a 2 mm sieve and centrifuged (1774x g for 10 min). The sediment was collected,
lyophilized in a lyophilizer (LS 3000, Terroni Equipments Scientific, Sdo Paulo, Brazil),
crushed in a food mill knife (MA 630, Marconi®, SP, Brazil), and degreased with n-
hexane. The fraction obtained was called OPF. Subsequently, the OPF was micronized in
a planetary ball mill (PM 100, Retsch Co., Haan, Germany), using a 250 mL container
with six stainless steel spheres (30 mm in diameter each). The grinding time was
optimized for 15 g of sample ground at 300 rpm min ™! for 5 h, with a 2 min pause every
10 min of grinding. After micronization, the sample was named OPM. In this way, the
raw OP sample resulted in two samples with different particle sizes: (a) OPF-Olive
pomace obtained via moist fractionation in a strainer (particles <2 mm) and lyophilized,
milled in a common knife mill, and degreased; and (b) OPM-Olive pomace obtained as

described above and micronized into particles <20 pm.

2.2. Gastrointestinal Digestion of Olive Pomace to Obtain Bioavailable PCs

OPF and OPM olive pomace samples were submitted to the gastrointestinal
digestion process following three sequential steps (Figure 1): (1) mouth digestion, (2)
gastric digestion (stomach), and (3) duodenal digestion (small intestine), according to the

in vitro international digestion protocol [17]. The mouth digestion step was simulated
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using artificial saliva (pH = 7.5) incubated at 37 °C for 2 min under constant agitation. At
the end of the mouth digestion step, the pH of the digested sample was adjusted to pH 3.0
by the addition of an artificial gastric solution containing electrolytes (K, Na®, CI,
H,PO4, HCO;~, CO3*, Mgs", NHs", and Cax"). Then, the digested sample was submitted
to gastric digestion via incubation (37 °C for 2 h under agitation) and the addition of
pepsin (2000 U mL™!). Subsequently, the pH of the gastric digested sample was adjusted
to 7.0 using 1 M NaOH and submitted to intestinal digestion through the addition of
pancreatin (100 U mL™") and bile salts (10 mM). The final digested sample was placed
into dialysis membranes (12000 Da, Sigma Aldrich, Sdo Paulo, Brazil) immersed in 200
mL of phosphate buffer (24.96 mM, pH 7.2) and incubated at 37 °C for 2 h under sporadic
agitation. At the end of intestinal digestion, two fractions, IN and OUT, were collected.
The IN fraction was the one retained inside the dialysis membrane (corresponding to the
digested fraction that remains in the small and large intestines), whereas the OUT fraction
was the fraction able to be dialyzed, representing the bioavailable PCs from the OPF and
OPM olive pomace samples. The bioavailable PCs from olive pomace were subjected to
the evaluation of antioxidant and anti-neuroinflammatory ability in a cell-free system and

microglial cells, respectively.

Oral phase — Artificial saliva (pH = 7.5), incubation at 37

OEl °C at 2 min under constant agitation

OPM

Gastric phase — Artificial gastric solution (pH =
== |3) + pepsin, incubation at 37 °C at 2 h under
constant agitation

Intestinal phase — Gastric digested (pH = 7) +
pancreatin and bile salts, dialysis membrane incubation
at 2 h under sporadic agitation

Dialysis = IN - Unabsorbed
- r--=-=-=3 compounds

OUT - Bioavailable phenolic compounds

Figure 1. Olive pomace gastrointestinal digestion process steps. OPF—fractionated olive

pomace (<2 mm) and OPM—fractionated and micronized olive pomace (<20 pum).

2.3. The Profile of Bioavailable PCs from Olive Pomace
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According to [16], the bioavailable PCs in the OPF and OPM samples were
extracted using an acidified acetone solution (0.35% formic acid, v/v; 7 mL). The
phenolic extracts obtained were identified and quantified using an ultra-high-performance
liquid chromatograph (Nexera XR, Shimadzu, Kioto, Japan) coupled to a triple-
quadrupole mass spectrometer (UHPLC-MS/MS), according to [16]. Samples were
injected (10 pL) in a C18 analytical column (4.6 mm X 150 mm, 1.8 um particle size;
Agilent Technologies, Santa Clara, CA, USA) at 35 °C. The mobile phase was HPLC-
grade water with 0.5% acetic acid (eluent A) and acetonitrile (eluent B) at 0.2 mL min !,
and the chromatographic separation was performed in reverse-phase mode. Analytical
curves were constructed using commercial standards of verbascoside (Chromadex, Los
Angeles, C18, CO, USA), protocatechuic acid, 3-hydroxytyrosol, 4-hydroxybenzoic acid,
tyrosol, caffeic acid, vanillic acid, homovanillic acid, p-coumaric acid, ferulic acid,
oleuropein, luteolin, and apigenin (Sigma-Aldrich, St. Louis, MO, USA). PCs were
quantified using authentic reference standards except for hydroxytyrosol-glycoside,
which was quantified as an equivalent of hydroxytyrosol, and oleuropein aglycone, which
was quantified as an equivalent of oleuropein [16]. The experiments were performed by
setting the concentration of bioavailable PCs in OPF and OPM samples at 0.03, 0.15,
0.30,1.5,and 3mg L1,

2.4. In Vitro Antioxidant Capacity of Bioavailable PCs from Olive Pomace

The bioavailable PCs from OPF and OPM samples were analyzed for their
antioxidant potential against hydroxyl radical ("OH) generation, ability to protect against
glutathione (GSH) oxidation, and ability to protect against the peroxyl (ROO) radical
using the methods described below [18-20].

2.4.1. Hydroxyl Radical Generation

The ability of a sample to remove the "OH radical generated via the Fenton
reaction is evaluated in the deoxyribose assay [19]. The bioavailable PCs from olive
pomace (0.03,0.15,0.30, 1.50, and 3 mg L™!) were incubated for 1 h at 37 °C in test tubes
containing potassium phosphate buffer (TFK, 50 mM), ethylendiaminetetraacetic acid
(EDTA, 1 mM), iron chloride (FeCl3, 1 mM), water, ascorbic acid (2 mM), deoxyribose
(60 mM), and hydrogen peroxide (H202, 10 mM). To make pink or orange compounds,
we added 1 mL of thiobarbituric acid (TBA) and 1 mL of hydrochloric acid (HCl, 25%)

to each tube. Then, we put the tubes in a water bath at 100 °C for 15 min. The reduction
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in the intensity of the pink or orange color caused by the samples was measured using a
spectrophotometer at 532 nm, and the results were expressed as a percentage of ‘OH

radical generation [19].

2.4.2. GSH Protection Capacity

The GSH assay was used to see if bioavailable PCs from olive pomace could
prevent GSH oxidation and the reduction in sulthydryl groups caused by H20- [18]. The
samples were incubated (0.03, 0.15, 0.30, 1.50, and 3 mg L!) for 1 h in test tubes
containing TFK (1 mM), water, HoO> (5 mM), and GSH (6 mM). At the end of the
incubation, the measurement of the reduction in the sulthydryl groups from GSH was
carried out using 5,5 dithio bis-(2-nitrobenzoic acid) (DTNB). The results were expressed

in GSH content (nmol GSH mL ™! of DTNB) [18].

2.4.3. Protective Capacity against the Radical ROO’

The Oxygen Radical Absorbance Capacity (ORAC) method measures the
scavenging capacity of a compound against the peroxyl radical, generated through 2,2-
azobis-2- methylpropanoamidine (AAPH) at 37 °C. In 96-well plates, 25 pL of
bioavailable PCs from olive pomace, previously diluted (100 times) in potassium
phosphate buffer (75 mM) and 150 pL of fluorescein working solution (81 nM), was
added. The plate was incubated for 10 min at 37 °C, for the last 3 min under constant
agitation. After the incubation period, 25 nL of the AAPH solution was added (152 mM).
Monitoring of fluorescence decay was followed in a fluorescence reader (Enspire 2300,
Multimode Plate Reader, Perkin Elmer, Waltham, MA, USA) at 37 °C for 90 min.
Excitation and emission wavelengths of 485 nm and 528 nm, respectively, were used.

Results were expressed as umol of Trolox equivalents per mL of sample [20].

2.5. Evaluation of the Anti-Neuroinflammatory Capacity of Bioavailable PCs from Olive
Pomace in Microglial Cells
2.5.1. Cell Culture and Treatments

The microglial cell line BV-2 (ATCC®CRL-2467TM) was purchased from the
Cell Bank of Rio de Janeiro (the “Banco de C¢lulas do Rio de Janeiro”, BCRJ, Rio de
Janeiro, RJ, Brazil). The cells were cultured in RPMI 1640 cell culture medium (Sigma-
Aldrich, #R8758, Sao Paulo, SP, Brazil). The cells were kept in a CO; incubator under

ideal conditions for cell culture (5% CO2 at 37 °C). The culture medium was
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supplemented with 10 mM of HEPES, 10% of fetal bovine serum (FBS) (Sigma-Aldrich,
#F2442, Sio Paulo, SP, Brazil), and 1% penicillin (100 U mL')/streptomycin (100 mg
mL") (Sigma-Aldrich, #P4333, Sdo Paulo, SP, Brazil). Treatments were conducted on
BV-2 cells after 6-8 passages [6].

BV-2 cells were seeded in 96-well plates (density of 2.5 x 105 cells mL™! per well)
and treated with a concentration-response curve of bioavailable PCs from OPF and OPM
samples (0.03, 0.15, 0.30, 1.50, and 3 mg L") for 24 h to evaluate the effect of the
treatments through cell proliferation and analysis of NO production. Hydrogen peroxide
(H202) (100 uM) was used as a positive control for cell death induction [21].

In a second moment, BV-2 cells were treated with 1 ug mL™! after exposure to
LPS, and activated cells were treated with the bioavailable PCs from OPF and OPM
samples (0.03, 0.15, 0.30, and 1.50 mg L") for an additional 24 h to verify the ability of
the samples to reduce the inflammatory response. The anti-neuroinflammatory capacity
was evaluated through the determination of cell viability and the measurement of levels

of ROS and RNS [1].

2.5.2. Cellular Viability Determination

The viability of BV-2 microglial cells inactivated or activated with LPS and
exposed to the samples of this study was determined using MTT bromide (3-(4,5-
Dimethyl-2-thiazolyl2,5-diphenyl-2H-tet-razonium) reagent (Sigma-Aldrich-M2128; St.
Louis, MO, USA). After the incubation period with the bioavailable PCs from the OPF
and OPM samples, the treatments were removed, and the cells were resuspended in
phosphate buffer (PBS) 1x, adding 20 uL of 5 mg mL™! MTT. After incubation at 37 °C
for 2 h, the intracellular formazan crystals were solubilized using demethylsulfoxide
(DMSO). Absorbance was determined at 570 nm using a plate reader (Biochrom® Anthos
2010, London, UK) [22].

2.5.3. Measurement of NO Production

NO levels were determined through an indirect method based on the use of the
Greiss reagent (1%  sulfanilamide + 0.1% N-(1-naphthyl)ethylenediamine
dihydrochloride) [23]. After activation by LPS and treatment with the bioavailable PCs
from OPF and OPM samples, the cell supernatant was added to the Greiss reagent and
analyzed. The Greiss reagent can detect organic nitrite (NO metabolite). The

sulfanilamide in this reagent interacts with the nitrite in the sample, forming diazonium
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salts that turn pink or purple when in contact with N-(naphthyl 1-dihydrochloride)
ethylenediamine. The staining intensity is directly proportional to the NO production.
Absorbance was measured at 540 nm using a plate reader (Biochrom®Anthos 2010,

London, UK) [23].

2.5.4. Measurement of ROS Levels

Total ROS levels in LPS-inactivated and -activated cells after treatment with the
bioavailable PCs from OPF and OPM samples were determined using DCFH-DA (20
Dichlorodihydrofluorescein 20 diacetate) (Sigma Aldrich-D6883; Sao Paulo, SP, Brazil)
[24]. DCFH-DA is metabolized by intracellular enzymes, forming
dichlorodihydrofluorescein (DCFH). ROS can reduce DCFH into dichlorofluorescein
(DCF). DCF emits fluorescence that can be measured at 525 nm excitation and 488 nm
emission. The fluorescence intensity was measured using a plate reader (Spectra Max 13,

Molecular Devices, San Jose, CA, USA) [24].

2.6. Statistical Analyses

All experiments were repeated at least three times. The results were expressed as
the mean + standard error of the mean (SEM). All data analyses were performed using
Graph Pad Prism Software version 5.0 (La Jolla, CA, USA), and differences were
considered significant when p < 0.05, evaluated by one-way analysis of variance
(ANOVA) followed by the Tukey test.

To investigate the association between HPLC-MS assessment of PCs and the
antineuroinflamatory effect, chemometric analyses such as principal component analysis
(PCA) and cluster analysis (CA) were carried out. The CA was performed for treatments
using the Distance, Cluster, and Trace procedures, using the average Euclidean distance
as a dissimilarity measure and Ward as a clustering method. PCA was performed using
the PRINQUAL, PRINCOMP, and FACTOR procedures (Khattree and Naik 2000).
MANOVA was performed on the SAS® System for Windows™ version 9.4 (SAS
Institute Inc., Cary, NC, USA) at a 5% significance level.

3. Results
3.1. The Profile of Bioavailable PC in OPF and OPM Samples

The total concentration of the bioavailable PCs in the OPM sample was higher
than that observed in the OPF sample (Table 1, p <0.05). The main groups of PCs present
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in olive pomace are flavonols, secoiridoids, phenolic acids, phenolic alcohols, and lignins.
The phenolic alcohols found in the bioavailable fractions were hydroxytyrosol-glucoside,
hydroxytyrosol, and tyrosol, with hydroxytyrosol-glucoside being the most representative
in both samples. OPM showed higher concentrations of hydroxytyrosol-glucoside when
compared with OPF (Table 1, p < 0.05). This same profile was observed for secoiridoid
compounds, represented by oleuropein aglycone, 4-hydroxybenzoic acid, and

chlorogenic acid, where OPM presented a higher content than OPF (Table 1, p < 0.05).

Table 1. Bioavailable phenolic composition (mg L) of fractionated (OPF) and

micronized (OPM) olive pomace.

Phenolic compound OPF OPM

Hydroxytyrosol 0.10 = 0.022 0.18 £ 0.04*
Hydroxytyrosol -glycoside 4.53 +0.08° 8.07 = 0.60*
4-Hydroxybenzoic Acid 0.008 + 0.002° 0.015 +0.00?
Tyrosol 1.15+£0.07¢ 1.56 £ 0.31%
Chlorogenic Acid <LOQ 0.01 +0.00*
Vanillic Acid 0.13 £0.04* 0.12 +£0.052
Oleuropein aglycone 4.65+0.07° 5.95+0.12?
p-Coumaric Acid 0.063 +£0.01? 0.093 £0.01?
Oleuropein <LOQ <LOQ

Total PC content 10.65 + 0.04° 16.02 + 0.35%

Results are presented as mean + standard error of mean (SEM), and different letters
indicate significant differences (p < 0.05) via one-way ANOVA and Tukey test. LOQ:

limit of quantification.

3.2. In Vitro Cell-Free Antioxidant Capacity of the Bioavailable PCs from OPF and OPM
Samples

The bioavailable PCs from olive pomace did not show antioxidant potential (p >
0.05) against the "OH radical and H,O» regardless of the concentration evaluated and the

particle size of the olive pomace. However, the bioavailable PCs from olive pomace
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showed antioxidant capacity against the ROO" radical, and this effect was higher for the
OPM sample when compared with OPF (4.30 uM Trolox mL ! vs. 3.31 uM Trolox mL !,
p <0.05).

3.3. Anti-Neuroinflammatory Capacity of the Bioavailable PCs from Olive Pomace in
Microglial Cells

As expected, H202 decreased the cellular viability and increased NO production
when compared with the negative control. The OPF sample, at the highest evaluated
concentration (3 mg L), reduced per se the cell viability of BV-2 cells by 83.82%
(Figure 2A, p <0.05). This behavior was not observed for the OPM sample (Figure 2B,
p > 0.05). Additionally, all the OPM evaluated concentrations were shown to be safe,
since none of the concentrations caused cellular mortality (Figure 2B). Also, none of the
olive pomace samples induced increased NO levels compared with the negative control
by itself (Figure 2C, D). Thus, the concentration of 3 mg L™ was not evaluated for the
anti-neuroinflammatory capacity of olive pomace samples in BV-2 cells activated by

LPS.
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Figure 2. Per se effect of bioavailable PCs from OPF and OPM samples (0.03, 0.15, 0.30,
1.5, and 3 mg L") on cell viability (A, B) and on NO levels (C, D) in BV-2 microglial
cells after 24 h of treatment. Results are shown in percentages and presented as mean +
standard error of mean (SEM), and different letters indicate significant differences
between groups. Statistical analysis was carried out via one-way ANOVA followed by

Tukey post hoc. Results with p < 0.05 were considered significant.

The activation of microglial cells by LPS did not affect cell viability although it
resulted in an increase in ROS and NO levels when compared with the control group
(Figure 3, p <0.05). The OPF sample was able to significantly attenuate ROS generation
in activated microglial cells only at its lowest concentration (0.03 mg L), while the OPM
sample presented a protective effect of reducing ROS levels at both 0.03 and 0.15 mg L™
(Figure 3A, B p < 0.05). In contrast, only the highest concentration of PCs (1.5 mg L")
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from both OPF and OPM samples was able to significantly attenuate (approximately
25%) the increase in NO levels induced by LPS in BV-2 cells (p < 0.05, Figure 3C, D).

A
b
150
z a a
= ——
s b
S
S 1004
<
s
2
S 50
=~
©
g
0: T
> o > ) N 2]
AO&O NN NN N
O
LPS Activation
OPF Phenolic Treatments (mg L)
L
250
'—5 a
- 200+
_ /M
2 1504 b b
s
» 100
°
Z
= 50+
=)
z
0=
> > ) 5 \ el
e“\@ N N N N N
LPS Activation

OPF Phenolic Treatments (mg L‘l)

NO levels (% of control)

ROS levels (% of control)

LPS Activation
OPM Phenolic Treatments (mg L ’1)

2001

K a
_
. mOm
- -
L] L]
) O 2]
NSNS

50

:b
i—l
Q’TJB N

LPS Activation
OPM Phenolic Treatments (mg L 1

Figure 3. Effect of bioavailable PCs from the OPF and OPM samples (0.03, 0.15, 0.30,
and 1.5 mg L") on the ROS (A,B) and NO levels (C,D) on LPS-activated (1 pg mL™")

microglial cells after 24h of treatment. Results are shown in percentages and presented as

mean + standard error of mean (SEM), and different letters indicate significant differences

between groups. Statistical analysis was carried out via one-way ANOVA followed by

Tukey post hoc. Results with p < 0.05 were considered significant.

3.4. Chemometric Analyses to ldentify the Bioactive PCs of Olive Pomace

The relationship between PCs from olive pomace and the anti-neuroinflammatory

effect was investigated using MANOVA. MANOVA using the Wilks, Pillai, Hotelling—
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Lawley, and Roy tests revealed that when all variables were analyzed together, there was
a significant interaction effect (types of processing x inclusion levels).

The CA of bioavailable PCs revealed the formation of two distinct groups, which
were able to explain 84.4% of the total data variation (Figure 4A). One of the groups
includes chlorogenic acid, hydroxytyrosol, tyrosol, oleuropein aglycone,
hydroxytyrosolglucoside, nitric oxide, vanillic acid, p-coumaric acid, and 4-
hydroxybenzoic acid. This grouping suggests that the NO levels were first influenced by

vanillic, p-coumaric, and 4-hydroxybenzoic acids.
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Figure 4. Dendrogram of polyphenols, anti-inflammatory, and antioxidant activities
(ordinate axis) in relation to the coefficient of determination (r?; abcissa axis) using the
correlation matrix as similarity measure and principal component as clustering method
(A). Bidimensional biplot from olive pomace (OP) under different processing types (OPF
= fractioned, OPM = micronized) and inclusion levels (0.03, 0.15, 0.30, and 1.50 mg L)
versus polyphenols, anti-inflammatory, and antioxidant activities (loadings) in relation to

the principal components (B). (A) = 84.4% and (B) = 92.1%.

The PCA was used as an exploratory analysis to verify whether the distinct types
of olive pomace processing and their different concentrations affected the anti-
neuroinflammatory capacity of bioavailable PCs from olive pomace (Figure 4B). A two-
dimensional biplot of different processing types and different concentrations vs. PC, NO,
and ROS levels presented a proportion of explained variance of 92.1% of the data.
According to the PCA (Figure 4B), we can see that, for both samples, lower
concentrations (0.03, 0.15, and 0.30 mg L!) were associated with a high antioxidant
potential (reduced ROS levels) and a low anti-neuroinflammatory effect (higher NO
levels). On the other hand, at higher concentrations (1.5 mg L™!) of bioavailable PCs from
olive pomace, lower NO levels were observed, suggesting an anti-neuroinflammatory

effect, while less potential for reducing ROS levels was observed.
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3.5. Distribution of Bioavailable PC Classes from OPF and OPM

The ability of OPF and OPM to reduce NO and ROS levels may likely be
associated with the PCs presented in the samples. The distribution of different classes of
bioavailable PCs in OPF and OPM olive pomace is reported in Figure 5. The OPF
presents in its composition 15% phenolic acids (4-hydroxybenzoic, vanillic, and p-
coumaric acids), 55% phenolic alcohols (hydroxytyrosol, hydroxytyrosol—glycoside, and
tyrosol), and 30% secoiridoid compounds (oleuropein aglycone). On the other hand, OPM
presented a different distribution, where only 5% of the bioavailable PCs were
represented by phenolic acids (4-hydroxybenzoic, vanillic, p-coumaric, and chlorogenic
acids). Phenolic alcohols and secoiridoid compounds were in greater proportions in the

OPM sample, at 60% and 35%, respectively.
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Figure 5. Changes in the distribution of bioavailable phenolic compound classes from

fractionated (OPF) and micronized (OPM) olive pomace.

4. Discussion

Most of the PCs present in olive pomace are rapidly metabolized and absorbed in
the gastrointestinal tract [ 14,25]. The in vitro gastrointestinal digestion process of the OPF
and OPM samples resulted in two fractions, the IN and OUT fractions. The IN fraction is
retained on the dialysis membrane and corresponds to the digested fraction that remains
in the colon for subsequent colonic fermentation. The OUT fraction is the one that
permeates the dialysis membrane and corresponds to the bioavailable fraction of the

digested sample [26]. In this study, our interest was focused on the OUT fractions of the
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OPF and OPM samples, which correspond to the bioavailable PCs that perform different
protective functions in the human body [27].

The amount of the bioavailable PCs in the OPM sample was higher than that
observed in the OPF sample, and this result may be associated with the particle size of
the samples, where the smallest particle size (OPM) results in a greater contact surface
with the enzymes involved in the gastrointestinal digestion process, resulting in a greater
extraction of PCs [16]. These results corroborate those presented by other researchers,
where hydroxytyrosol, hydroxytyrosol glycoside, tyrosol, apigenin, and p-coumaric acid
were identified in the bioavailable fraction of olive pomace after the in vitro digestion
process [16,26,28]. Oleuropein is the most representative secoiridoid compound in olive
pomace, followed by phenolic alcohols, tyrosol, and hydroxytyrosol. A large variety of
phenolic acids are present in olive pomace, especially vanillic, caffeic, p-coumaric,
ferulic, and gallic acids. Pinoresinol and its derivatives are the most common lignins in
olive pomace, while rutin, apigenin, and luteolin are the most representative flavonol
compounds [14,29]. In agreement with the results above, the bioavailable PCs from OPM
had a higher antioxidant capacity against peroxyl radical than the ones from OPF. This
characteristic of the bioavailable PCs from olive pomace can be helpful in the mediation
of oxidative and neuroinflammatory processes [6,14,26].

In the present study, the bioavailable PCs of olive pomace acted as
neuroprotectors by attenuating neuroinflammatory processes. The digestive process is
important in defining PC biological properties, as it causes significant changes in the PC
profile in foods [14]. Throughout the digestion stages, PCs may undergo changes in their
structures, due to changes in pH. These alterations result in an increased reactivity and,
consequently, a possible increase in the bioactivity of the PCs present in the food matrix
[28,30]. In fact, of the total ingested PCs, it is estimated that only 10%, at the end of the
digestive process, remain bioavailable to play their protective role in the body [14].

The solubility characteristic of a PC is what determines its permeability across the
blood—brain barrier (BBB), where less polar compounds (i.e., O-methylated derivatives)
are more permeable when compared with more highly polar PCs (i.e., sulfated and
glucuronidated derivatives) [31]. This peculiarity of the PCs in olive oil and olive pomace
makes them compounds with potential for the treatment of neuroinflammation [32]. The
ability to cross the BBB has already been described for PCs from several sources [33—
35]. Moreover, the bioavailability of PCs as epigallocatechin gallate, epicatechin, and

anthocyanins after oral administration in the brain is low (less than 1 nmol g !). However,

102



even at low concentrations, they play an important role in neuroprotection through the
regulation of pro-inflammatory genes [31].

In fact, the OPM sample presented a higher amount of bioavailable PCs and
antioxidant in vitro activity than the OPF. However, all evaluated concentrations were
correct based on their phenolic composition, so both OPF and OPM contain the same
amount of PCs. Nonetheless, OPM exhibits a distinct distribution of PC subclasses in
comparison with OPF. Thus, the present study shows that the different proportions of
bioavailable PCs in the OPF and OPM samples may directly affect their potential to
reduce ROS and NO levels, since PCs may act synergistically [14]. That could explain
the lack of differences among OPF and OPM on ROS and NO levels in cells, as revealed
via the PCA. Moreover, the PCA also revealed that higher concentrations of bioavailable
PCs from olive pomace are needed for the anti-neuroinflammatory potential when
compared with those required for the antioxidant effects in activated microglia cells,
independently of the particle size evaluated. We suggest that this fact may be associated
with oxidative stress induced by neuroinflammation, which, as it is an event that involves
different factors, results in the need for higher concentrations of PCs. However, regarding
the antioxidant effect, we highlight that lower concentrations of PCs can be beneficial,
since we demonstrated for the first time in our study that higher concentrations of PCs
from olive pomace can induce cytotoxicity, which may be the result of a possible pro-
oxidant effect at higher concentrations.

The reactivity of PCs to ROS depends on their structures, which may imply
different complementary mechanisms where PCs act simultaneously [36]. Thus, we
cannot rule out that the observed effects may be a result of the proportion and distribution
of PCs in each analyzed sample rather than the amount of a specific compound.
Accordingly, the combination of PCs in olive oil (equimolar proportion of oleuropein,
tyrosol, and pcoumaric acid) was more efficient in delaying neuronal death and combating
oxidative stress and neuroinflammation associated with neurodegenerative diseases [36].

The CA suggests that NO levels were first influenced by vanillic, p-coumaric, and
4-hydroxybenzoic acids. In fact, the OPF sample had a higher phenolic acids content than
the OPM. Accordingly, p-coumaric acid (80 mg kg ! bw) is able to inhibit the generation
of pro-inflammatory mediators induced by LPS, especially through its antioxidant action
and ability to inhibit cytokine production [37]. This phenolic acid (75 mg kg ! bw) also
reduced the expression of pro-inflammatory cytokines (IL-1B and TNFa), protecting

against depression and memory loss in a mouse model of depression induced by
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costicosterone [38]. Similarly, vanillic acid (80 mg kg ! bw) can reduce oxidative stress
induced by B-amyloid peptide (AB1-42), which demonstrates its neuroprotective role
[39]. Furthermore, chlorogenic acid (4 mg kg' bw) was able to inhibit the pro-
inflammatory pathway in BV-2 cells of male C57BL/6 mice activated by LPS and
promote their polarization to the anti-neuroinflammatory pathway [40].

On the other hand, OPM presented a higher proportion of phenolic alcohols and
secoiridoid compounds than OPF. Oleuropein and its main metabolite, hydroxytyrosol,
are the main PCs in olive oil and pomace and have been widely studied, especially
because of their easy administration through food [32]. Isolated hydroxytyrosol and
oleuropein presented antioxidant and anti-inflammatory effects in microglial cells
activated by LPS [12,32] or a-synuclein [11]. One of the main PCs from olive pomace,
hydroxytyrosol (50-200 mg kg! bw), alleviates oxidative stress and neuroinflammation,
as well as enhances hippocampal neurotrophic signaling in a depression model in mice
[36].

PCs from oil and olive pomace are recognized for their antioxidant and
neuroprotective properties but, in most cases, they are studied individually. One study has
shown that whole extra-virgin olive oil, which is rich in oleuropein, tyrosol, and
hydroxytyrosol, was able to reduce the production of inflammatory mediators and
suppress the secretion of pro-inflammatory cytokines in BV-2 microglial cells activated
by LPS [34]. Furthermore, the Mediterranean diet, characterized by a high consumption
of olive oil, highlights the importance of olive PCs and the different health benefits that
are linked to the consumption of these compounds [1]. Although studies on the beneficial
potential of PCs from olive pomace are still scarce, our study is a pioneer in describing
some of the benefits of this by-product. Thus, we highlight the importance of further
studies aimed at guaranteeing the biological properties of the PCs present and the food
safety of olive pomace as a diet enricher, in addition to studies on possible food
applications.

Currently, olive pomace is considered a problem for the olive oil industry, as there
is no specific purpose for this by-product. Although olive pomace can be used in animal
feed, soil fertilization, and energy generation, these uses still do not meet the demands of
industries [12]. Furthermore, the use of olive pomace can increase the sustainability of
the olive oil industry and, in turn, lead to relevant economic benefits [12]. In this study,

we showed the promising role of PCs from olive pomace in the prevention and mediation
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of oxidative and neuroinflammatory processes in microglia cells. Thus, this bioactivity
may improve the range of olive pomace applications.

Moreover, we reported for the first time that the OPF sample at the highest
evaluated concentration (3 mg L") reduced the cell viability of BV-2 cells per se. These
results indicate that high concentrations of OPF may be toxic to microglial cells. We can
propose that this toxic effect of the higher concentration of OPF was possibly due to the
lower concentrations of the compounds hydroxytyrosol-glycoside, 4-hydroxybenzoic
acid, and oleuropein aglycone, which act synergistically with the others. This same toxic
potential was not observed for OPM, where the concentrations of hydroxytyrosol-
glycoside, 4-hydroxybenzoic acid, and oleuropein aglycone were higher and may have
acted synergistically with the other compounds, not resulting in a toxic potential for
microglial cells. Therefore, we highlight that it is always important to consider the

distribution of PCs in different concentrations in a complex matrix, such as food.

5. Conclusions

This study shows, for the first time, that bioavailable PCs from olive pomace
present antioxidant potential in cell-free systems and anti-neuroinflammatory potential in
microglia cells. The antioxidant and the anti-neuroinflammatory effects are most likely
associated with the distribution of bioavailable PCs in olive pomace samples and their
synergistic action. We demonstrated that bioavailable PCs from olive pomace are a
promising option for combating diseases associated with neuroinflammation, regardless
of particle size. However, studies on its possible toxic effects and safe concentrations are
essential for its nutritional application. We highlight the latter as one of the main gaps to
be filled to understand the actual health benefits of the PCs present in olive pomace. Olive
pomace is considered a problem for the olive oil production industry, as there is no
specific purpose for this by-product. In this study, we showed the promising role of PCs
from olive pomace in the prevention and mediation of oxidative and neuroinflammatory
processes, highlighting their possible food application. Furthermore, the use of olive
pomace can increase the sustainability of the olive oil industry and, in turn, lead to

relevant economic benefits.
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5.3 Avaliacao da atividade antioxidante dos compostos fenolicos biodisponiveis do
bagaco de oliva em Caenorhabditis elegans

Manuscrito formatado para submissdo em periddico a ser definido.
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6. DISCUSSAO GERAL

O bagaco de oliva, um subproduto da producdo do o6leo de oliva, é rico em
diferentes compostos fendlicos, o que torna este produto de alto valor agregado. No
entanto, ndo existe uma aplicacdo deste subproduto que possa suprir a demanda total da
industria beneficiadore de oliva. Atualmente, o bagaco de oliva ¢ utilizado em parte para
alimenta¢@o animal, algumas aplicagdes como adubagdo de solo e geracdo de energia
(Berbel and Posadillo, 2018; lannaccone et al., 2019). Embora estas atividades sejam
importantes, a riqueza em composicao fenolica do bagacgo de oliva ¢ interesse de estudos
em varias areas, buscando a utilizacdo deste sub-produto, de maneira segura, para
desempenhar diferentes efeitos benéficos a saide humana.

Os compostos fendlicos mais representativos no 6leo e bagago de oliva sdo a
oleuropeina, o tirosol e o hidroxitirosol. Estes compostos podem contribuir, através de
diferentes vias, para a prevengao e controle de doencas, desde doencas cardiovasculares
ao cancer e doencas neurodegenerativas (Jimenez-Lopez et al., 2020). Os principais
compostos fendlicos associados as diferentes bioatividades do 6leo e bagaco de oliva sdo
Ole, Tir e HT, e a extensdo de sua acdo depende de sua biodisponibilidade apods os
processos digestivos (Difonzo et al., 2021).

A constante exposi¢ao das olivas a contaminantes como micotoxinas, residuos de
pesticidas e hidrocarbonetos aromaticos policiclicos destaca a importancia de
compreender como os compostos fendlicos do 6leo e bagacgo de oliva atuam na toxicidade
desses contaminantes nesses produtos (Arena et al., 2022). Ainda existem poucos relatos
sobre os niveis desses contaminantes em 6leo e principalmente em bagago de oliva.
Assim, enfatizamos a necessidade de estudos a esse respeito. Além disso, ¢ de extrema
importancia, a criacdo de uma legislagao especifica para o monitoramento dos niveis
destes contaminantes em O6leo e bagaco de oliva, visando garantir a seguranca destes
produtos.

Neste contexto, os compostos fenolicos podem neutralizar a toxicidade causada
por contaminantes nos derivados da oliva, embora a maioria dos estudos disponiveis
atualmente, utilize compostos fenolicos isolados, em vez de amostras de 6leo e bagacgo de
oliva. Portanto, os dados apresentados podem estimular estudos futuros, visando
preencher esta lacuna. Outra lacuna que identificamos ao longo de nossas pesquisas, ¢ a
necessidade de mais estudos sobre a contaminacdo e bioatividade do bagaco de oliva.
Contudo, ¢ de extrema importancia realizar mais estudos para entender as interagdes entre

compostos fendlicos e toxicos no 6leo e bagaco de oliva para determinar os reais
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beneficios a satde desses produtos, e a possivel aplicagdo do bagago de oliva na
alimenta¢do humana.

Buscando contribuir com os estudos a cerca da bioatividade do bagago de oliva,
desenvolvemos estudos para avaliar a capacidade antioxidante em C. elegans e em cé€lulas
da microglia dos compostos fendlicos biodisponiveis do bagaco de oliva. O bagacgo de
oliva foi submetido a dois tipos de fracionamento, o primeiro foi apenas um
fracionamento (tamanho de particula < 2 mm), amostra OPF. O segundo foi um
fracionamento seguido de micronizagdo (tamanho de particula < 2 pm), amostra OPM.
Estas amostras foram submetidas ao processo de digestdo gastrointestinal in vitro,
visando obter os compostos fenolicos biodisponiveis das amostras de bagago de oliva.

O tamanho de particula influenciou na concentracdo e perfil final de compostos
fenodlicos biodisponiveis das amostras OPF e OPM. A amostra OPM apresentou
concentracdo de compostos fendlicos biodisponiveis superior a amostra OPF (p < 0.05).
Este comportamento estd associado ao tamanho de particula, a amostra OPM possui
menor tamanho de particula e maior superficie de contato com as enzimas do processo
digestivo in vitro, o que resulta em maior concentracdo de compostos fenolicos
biuodisponiveis (Sant et al., 2023).

Os compostos fendlicos identificados e quantificados nas amostras biodisponiveis
do OPF e OPM foram hidroxitirosol-glicosideo, tirosol e hidroxitirosol, oleuropeina e
oleuropeina aglicona, acidos 4-hidroxibenzdico e fenolicos clorogénicos. A concentragao
de todos os compostos fenolicos analisados foi superior na amostra biodisponivel do
OPM, quando comparada a OPF (p < 0,05). Esses resultados corroboram com os
apresentados por outros pesquisadores, onde hidroxitirosol, hidroxitirosol-glicosideo,
tirosol, apigenina e acido p-cumadrico foram identificados na fragao biodisponivel do
bagaco de oliva, apds o processo de digestao in vitro (Reboredo-Rodriguez et al., 2021;
Ribeiro et al., 2021; Sant et al., 2023).

Os compostos fenolicos biodisponiveis do bagaco de oliva apresentaram
capacidade antioxidante in vitro contra o radical peroxil ROO®, sendo esse efeito maior
nos compostos fendlicos biodisponiveis na amostra OPM quando comparado ao potencial
dos compostos fendlicos biodisponiveis do OPF. Estas caracteristicas antioxidantes e do
perfil fenolico das amostras biodisponiveis de bagago de oliva podem contribuir com a
prevencao e atuar na mediacao de processos associados ao estresse oxidativo (Sant et al.,

2023).
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A caracteristica lipofilica dos compostos fendlicos ¢ o que determina sua
permeabilidade através da barreira hematoencefalica (BHE), onde compostos menos
polares (isto ¢, derivados O-metilados) sdo mais permeaveis quando comparados a
compostos fendlicos altamente polares (isto ¢, sulfatados e derivados glicuronidados)
(Singh et al., 2020). Neste contexto, avaliamos o possivel potencial anti-
neuroinflamatdrio dos compostos fenolicos biodisponiveis do bagago de oliva em células
da microglia (BV2) ativadas por LPS (1 pg mL™). Em paralelo avaliamos o potencial
antioxidantes do compostos fendlicos biodisponiveis do bagaco de oliva frente ao dano
oxidativo induzido po H20> (300 mM) em C. elegans.

Os resultados associados ao efeito per se dos compostos fendlicos biodisponiveis
das amostras de bagaco de oliva, indicam que concentragdes fendlicas de 3 mg L' de
OPF podem ser toxicas para células microgliais, pois ocasionaram redu¢ao de viabilidade
celular. Desta forma, essa concentracdo ndo foi avaliada quanto a sua capacidade anti-
neuroinflamatdria em células BV-2 ativadas por LPS.

Os compostos fendlicos biodisponiveis das amostras OPF e OPM nio afetaram a
viabilidade celular das células BV2 ativadas por LPS, independente da concentracao
avaliada. Os compostos fenolicos biodisponiveis da amostra OPF atenuaram a geragao de
EROs nas células BV2 ativadas, apenas em sua menor concentragdo (0,03 mg L),
enquanto a amostra OPM apresentou efeito protetor nas concentragdes de 0,03 e 0,15 mg
L L. Por outro lado, apenas a maior concentracio de compostos fendlicos biodisponiveis
(1,5 mg L) das amostras de OPF e OPM foi capaz de atenuar, em aproximadamente
25%, o aumento nos niveis de NO induzido por LPS nas células BV2 ativadas. Desta
maneira, este ¢ o primeiro estudo que relata o efeito antioxidante e possivel potencial anti-
neuroinflamatéria de compostos fendlicos biodisponiveis do bagaco de oliva. A
biodisponibilidade dos compostos fendlicos no cérebro ¢ extremamente importante na
neuroprote¢do por meio da regulagdo de genes pro-inflamatérios (Singh et al., 2020). No
entanto, ndo had informagdes sobre a biodisponibilidade dos compostos fendlicos do
bagaco de oliva no cérebro.

Em contrapartida, os compostos fenolicos biodisponiveis do OPF apresentaram
toxicidade para o C. elegans nas concentracdes de 1,5 ¢ 3 mg L1, o que foi evidenciado
pela redugdo da sobrevivéncia dos nematoides quando comparados ao grupo controle ndo
tratado. Este comportamento foi acompanhado de aumento na geragdo de ERs. No

entanto, os compostos fenolicos biodisponiveis do OPM ndo afetaram a sobrevivéncia
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dos nematoides. Estes efeitos podem estar associados ao diferente perfil fenolico das
amostras, resultado dos diferentes tamanhos de particula.

As maiores concentragcdes de compostos fenolicos biodisponiveis avaliadas tanto
para OPF quanto para OPM foram toxicas para o C. elegans. De acordo com Santhi et al.
(2019), altas concentracdes (2,4 mg L) de compostos fenolicos sdo letais para
nematdides na fase juvenil. No entanto, em menores concentracdes os compostos
fenolicos biodisponiveis do OPF e OPM (0,03, 0,15 e 0,30 mg L") atenuaram a morte e
a geracao de ER induzida pelo H>O2 nos nematoides ap6s exposicao aguda. Os compostos
fenodlicos biodisponiveis do OPF protegeram a SOD da oxidagdo e reduziram a
peroxidacdo lipidica nas maiores concentragdes (0,15 e 0,30 mg L'). Em contrapartida,
os compostos fenolicos biodisponiveis do OPM apresentaram este comportamento nas
menores concentracdes (0,03 e 0,15 mg L). Além disso, concentragdes de compostos
fenolicos biodisponiveis menores para OPF (0,03 mg L), e maiores para OPM (0,30 mg
L") aumentaram os niveis de peroxidacdo lipidica, o que indica possivel dano oxidativo.

Os resultados obtidos neste estudo demonstram a importancia de se estudor sub-
produtos como o bagago de oliva, que apresenta elevado valor agregado devido a sua
composi¢ao fenolica. Neste estudo, demonstramnos que os compostos fenolicos
biodisponiveis do bagago de oliva, em concentra¢des inferiores a 0,30 mg L™! podem atuar
como antioxidantes tanto em modelo de células da microglia quanto em modelo de C.
elegans. Além disso, o tamanho de particula influenciou diretamente na extragdo dos
compostos fenolicos ao longo da digestdo in vitro, onde par OPM a concentracao fenolica
total foi superior ao OPF. Por fim, destacamos que esta tese segue os principios de
sustentabilidade através da utilizagdo de um sub-produto da industria de beneficiamento

do 6leo de oliva.
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7. CONSIDERACOES FINAIS
Os resultados obtidos no presente trabalho nos permitem concluir que:

e O bagaco de oliva apresenta uma variedade de compostos fendlicos, responsaveis por
inimeras bioatividades. Entretanto, o 6leo de oliva (e possivelmente o bagao de oliva
também) podem estar contaminados com substancias toxicas utilizadas durante o
cultivo da oliveira (micotoxinas, pesticidas, etc.). Entretanto, essa interagdo entre os
compostos bioativos e toxicos necessita ser avaliada em um futuro préximo.

e Os compostos fenolicos obtidos apds digestdo gastrointestinal do bagago de oliva
apresentaram potencial antioxidante em células da microglia;

e Os compostos fenolicos obtidos apds digestdo gastrointestinal do bagago de oliva
atenuaram o estresse oxidativo causado por H2Oz in vivo em modelo de C. elegans.

Diante dos resultados relatados no artigo de revisdo e estudos tanto in vitro quanto
in vivo, destacamos a importancia dos compostos fenolicos do bagaco de oliva. Em nosso
trabalho, demonstramos o potencial antioxidante dos compostos biodisponiveis do

bagaco de oliva mesmo ap6s o processo de digestdo. Estas informagdes destacam a

importancia de estudos a cerca das bioatividades e possiveis aplicacdes do bagaco de

oliva na industria de alimentos, visando garantir sua seguranga € propor possiveis

utilizagOes na alimentagdo humana.
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8. PERSPECTIVAS FUTURAS

Este estudo apresenta como perspectivas futuras propor uma possivel aplicacao
alimenticia do bagaco de oliva, buscando o aproveitamento de sua riqueza em compostos
fenodlicos. Em contra partida, ainda sdo necessarios maiores estudos para compreender
como os compostos fenodlicos atuam, e como o tipo de processamento pode afetar as
bioatividades destes compostos. Outro lacuna a ser preenchida ¢ a avaliacdo da interagao
dos compostos fenolicos do bagaco de oliva com diferentes contaminantes, comuns do
cultivo da azeitona, como micotoxinas, pesticidas e hidrocarbonetos policiclicos

aromaticos.
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