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RESUMO

A necessidade do agronegdcio de suprir a crescente demanda por alimento resulta na
pressao para aumentar e maximizar sua produtividade paralelo ao desenvolvimento
de novos produtos. Nesses aspectos, fatores como a sustentabilidade e a selecao de
melhores clones com diferentes finalidades especificas sdo de grande relevancia. A
sustentabilidade é um quesito de suma importancia, principalmente visando o
reaproveitamento das milhdes de toneladas de residuos agroindustriais gerados
continuamente durante a producao agricola. Entretanto, para que os residuos sejam
reaproveitados de maneira eficiente, € imprescindivel que sejam determinadas as
caracteristicas quimicas e biolégicas dos residuos. Nesse contexto, este trabalho tem
como objetivo estabelecer os perfis metabdlicos e minerais de folhas de abacaxizeiro
(Ananas comosus) de sete variedades comerciais de abacaxi e uma avaliacao de
citotoxicidade. Os perfis metabodlicos das folhas abacaxizeiro foram estabelecidos
usando UPLC-QTOF-MSE, onde vinte e oito metabdlitos foram anotados. Por outro
lado, os minerais foram avaliados através do ICP-OES, onde foi possivel a
determinacao e quantificacdo de Zn, Cr, Cd, Mn, P e Fe. Na analise quimiométrica
concebida por meio da PCA e da HCA, foi possivel constatar que as folhas de
abacaxizeiro possuem semelhancas e diferencas em relacdo a sua composicao
quimica. Os extratos hidroetandlicos das folhas de abacaxizeiro avaliados
apresentaram baixos niveis de citotoxicidade. Esse fato aliado a composi¢ao quimica
que foi determinada pode corroborar para a prospecgéo de novos usos e aplicagdes
desse coproduto em diferentes tipos de industrias, como farmacolédgica, cosmética e
alimenticia. Além dos abacaxizeiros, estudaram-se as sementes de diferentes clones
de guarana (Paullinia cupana) atribuidos a elevados teores de cafeina em sua
composigao. Sendo assim, foram avaliadas as sementes de cinquenta e seis clones
de guaranazeiro distintos. Com isso, o perfil metaboldmico das sementes de guarana
foi tracado através do UPLC-QTOF-MSE, o qual levou a anotagdo de dezenove
metabdlitos especializados. Além disso, também foi utilizada metabolémica
direcionada, levando a identificagdo e quantificagdo de metabdlitos por RMN. Também
foi concebida uma analise multivariada, elucidando as semelhancas e diferencas entre
as sementes de guarana avaliadas, principalmente no que diz respeito aos niveis de
concentracdo dos metabdlitos. Assim, conclui-se que avaliar e determinar as

especificidades metabdlicas de diferentes clones de guarana permite sua aplicacao



no desenvolvimento de produtos com diferentes teores de metabdlitos especificos,
como a cafeina. Isso pode atender a diferentes propdsitos na industria alimenticia,
como por exemplo o desenvolvimento de produtos com baixo ou alto teor de cafeina.
De modo geral, podemos verificar que as folhas de abacaxizeiro e as sementes de
guarana podem se estabelecer, respectivamente como coproduto e um produto de
interesse agroindustrial, seja como uma fonte de compostos bioativos ou no

desenvolvimento de novos produtos alimenticios.

Palavras-chave: metabolémica; Ananas comosus; Paullinia cupana; cromatografia

liquida; analise multivariada.



ABSTRACT

The need for agribusiness to meet the growing demand for food results in pressure to
increase and maximize its productivity alongside the development of new products. In
these aspects, factors such as sustainability and the selection of the best clones with
different specific purposes are of great relevance. Sustainability is an extremely
important issue, mainly aimed at reusing the millions of tons of agro-industrial waste
generated continuously during agricultural production. However, for waste to be reused
efficiently, it is essential that the chemical and biological characteristics of the waste
are determined. In this context, this work aims to establish the metabolic and mineral
profiles of pineapple leaves (Ananas comosus) of seven commercial pineapple
varieties and an assessment of cytotoxicity. The metabolic profiles of pineapple leaves
were established using UPLC-QTOF-MSE, where twenty-eight metabolites were noted.
On the other hand, the minerals were evaluated using ICP-OES, where it was possible
to determine and quantify Zn, Cr, Cd, Mn, P and Fe. In the chemometric analysis
designed using PCA and HCA, it was possible to verify that Pineapple leaves have
similarities and differences in relation to their chemical composition. The
hydroethanolic extracts of pineapple leaves evaluated showed low levels of
cytotoxicity. This fact combined with the chemical composition that was determined
can support the prospect of new uses and applications of this co-product in different
types of industries, such as pharmacology, cosmetics and food. In addition, seeds of
different clones of guarana (Paullinia cupana) were studied, attributed to high levels of
caffeine in their composition. Therefore, the seeds of fifty-six different guarana clones
were evaluated. With this, the metabolomic profile of guarana seeds was traced
through UPLC-QTOF-MSE, which led to the annotation of nineteen specialized
metabolites. Furthermore, targeted metabolomics was also used, leading to the
identification and quantification of metabolites by NMR. A multivariate analysis was
also designed, elucidating the similarities and differences between the guarana seeds
evaluated, mainly with regard to the concentration levels of the metabolites. Thus, it is
concluded that evaluating and determining the metabolic specificities of different
guarana clones allows their application in the development of products with different
levels of specific metabolites, such as caffeine. This can serve different purposes in
the food industry, such as the development of products with low or high caffeine

content. In general, we can verify that pineapple leaves and guarana seeds can be



established, respectively, as a co-product and a product of agro-industrial interest,

either as a source of bioactive compounds or in the development of new food products.

Keywords: metabolomics; Ananas comosus; Paullinia cupana; liquid

chromatography; multivariate analysis.
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1 INTRODUGAO

Atualmente, o agronegécio enfrenta crescente pressao para aumentar a
produtividade agricola de forma sustentavel, minimizando os impactos negativos ao
meio ambiente juntamente com a ampliacao de impactos positivos na sociedade e na
economia (Vaz Junior, 2020). Somado a isso, tem-se também a busca crescente por
alimentos funcionais, os quais sédo alimentos ndo se limitam apenas a funcéo de
nutricdo padrao, mas que também promovem alguma agao benéfica. Em geral, dentre
as possiveis acdes, podemos citar o fortalecimento do sistema imunoldgico e a
melhoria da saude geral do consumidor. Essas melhorias potenciais na saude podem
contribuir para uma redugcado no risco de doengas, aumentando assim o valor
percebido e a demanda por esses produtos no mercado alimenticio. Portanto, o
agronegocio nao apenas enfrenta o desafio de aumentar a produtividade de forma
sustentavel, mas também deve adaptar-se para atender a essas demandas
emergentes por alimentos que proporcionem beneficios adicionais a saude.

Nesse contexto, o guarand se destaca como alimento funcional por
apresentar excelentes qualidades nutricionais em suas sementes, sendo um
estimulante energético devido a cafeina, além de contribuir na prevencgao de diversas
doencas devido a presenga de compostos bioativos, tais como fendlicos, e polifendis.
Seu valor econémico torna a exploracdo dessa espécie uma atividade altamente
rentavel, sendo, portanto, de grande importancia a obtencdo de variedades mais
produtivas ou com teores menores / maiores de algum metabolito. Assim, a avaliagao
dos metabdlitos especializados no guarana € crucial para analisar seu valor
nutricional, bem como agregar valor ao guarana como um alimento funcional e
aprimorar a genética das culturas para especificagdes de plantio, visando a producao
de guarana com melhores caracteristicas agricolas, sensoriais e quimiopreventivas
(Corbo et al., 2014; Santana; Macedo, 2018).

Como mencionado anteriormente, € fundamental que o agronegdcio
aumente a produtividade agricola de maneira sustentavel. Nesse sentido, dado que a
agricultura tem a responsabilidade principal de atender a crescente demanda
populacional por alimentos, também deve concentrar esforcos na criacdo de
abordagens e estratégias para mitigar os impactos ambientais associados a producéao
agricola. Sendo assim, uma maneira de atenuar os impactos € através da reducao na

geracao de residuos, por meio do reaproveitamento de todos os subprodutos e/ou
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coprodutos gerados durante os processamentos agroindustriais (Vaz Junior, 2020).
Nessas circunstancias, o abacaxi € uma das frutas tropicais mais populares do mundo,
principalmente pelo seu sabor marcante, aroma atrativo e valores nutricionais.
Contudo, a extensa producéo resulta na geracgéo significativa de milhées de toneladas
de residuos agricolas. Portanto, € crucial buscar solugdes e alternativas para a gestao
eficiente desses residuos, aproveitando-os como matéria-prima para diferentes
finalidades, por exemplo como fonte de compostos bioativos, € promovendo
estratégias de recuperacado baseadas em tecnologias verdes e sustentaveis (Rico et
al., 2020).

Estudos sobre a composicdo quimica dos residuos agroindustriais do
abacaxi sdo escassos, especialmente no que diz respeito aos polifendis bioativos, os
quais tém potencial interesse em setores como a industria farmacéutica, cosmética e
medicina. A falta de pesquisa nesse campo ressalta a necessidade de explorar mais
profundamente os residuos gerados na produgdo de abacaxis, visando o
reaproveitamento dos mesmos. Além disso, para maximizar a redu¢ao de residuos,
minimizar a poluicao ambiental e promover a valorizagdo desses residuos
agroindustriais, € crucial identificar e caracterizar adequadamente os residuos
gerados durante o processamento do abacaxi. A caracterizagdo detalhada desses
residuos ndo s6 pode abrir novas oportunidades de utilizacdo, como também
contribuir para praticas sustentaveis na cadeia produtiva do abacaxi. Isso inclui o
desenvolvimento de novos produtos, tecnologias e processos que possam aproveitar
integralmente os recursos disponiveis, alinhando-se assim com as demandas
crescentes por sustentabilidade e inovacao na industria agroindustrial.

Sendo assim, uma forma moderna de avaliar os metabolitos de um dado
organismo biolégico é através da abordagem metabolémica. Nos ultimos anos, a
metabolébmica se consolidou como uma ferramenta essencial na pesquisa e na
avaliacdo de organismos biolégicos, visando a obtencdo de informacgbes sobre
impactos ambientais, compreender as fun¢des genéticas e caracterizar os processos
celulares, tudo com o propdésito de aprimorar a qualidade de vida humana. Esse
campo da ciéncia envolve um conjunto de estratégias analiticas, que de forma
resumida abrange coleta e preparo das amostras, aquisicao e tratamento de dados,
analises estatisticas e interpretacéo quimica / biolégica (Funari et al., 2013; Guedes,
2018; Liang et al., 2024). Além disso, a metabolédmica se constitui como uma analise

abrangente, tanto qualitativa quanto quantitativa, dos metabdlitos, com o objetivo
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principal de obter a maxima quantidade de informagdes metabdlicas de um organismo
ou sistema biologico (Belinato et al., 2019; Ellis et al., 2007).

A avaliacao do perfil metabdlico € uma das aplicagbes mais comuns da
metabolédmica na analise de plantas. Normalmente, essa avaliagéo é realizada com o
propésito de estabelecer uma impressao digital quimica que represente o estado
bioquimico de um organismo ou amostra em um ponto especifico no tempo. Esses
metabdlitos podem ser os produtos intermediarios ou finais das vias metabdlicas das
plantas, além disso, podem ser produzidos mediante a influéncia de condi¢des
ambientais externas. De modo geral, essa abordagem para analise de metabdlitos é
amplamente utilizada na pesquisa basica de plantas e em diferentes cenarios em
saude, agricultura e ciéncias alimentares (Chin et al., 2006; Gobbo-Neto; Lopes, 2007,
Liang et al., 2024; Shen et al., 2023). A abordagem metabolémica também pode ser
utilizada para distinguir plantas ou variedades alimentares, explorar as caracteristicas
e padrbes evolutivos do acumulo de metabdlitos em diferentes plantas, avaliar a
atividade biologica de extratos especificos, identificar biomarcadores ou compostos
bioativos com potenciais beneficios para a saude e construir redes metabdlicas
reguladoras espaco-temporais e teciduais especificas durante o desenvolvimento da
planta, bem como monitorar a mudanca de estresse (Gobbo-Neto; Lopes, 2007; Shen
et al., 2023).

Com base no exposto, o presente trabalho adota a abordagem
metabolédmica para uma avaliacao detalhada e determinacéo do perfil metabdlico de
sementes de guaranas provenientes de diferentes clones, bem como de folhas de
abacaxizeiros de sete variedades comerciais distintas. Esta metodologia permite ndo
apenas explorar a diversidade quimica presente nos produtos agricolas, mas também
destacar o potencial de aplicagdo da metabolémica na valorizagdo de produtos e
subprodutos da agroindustria fruticola brasileira. Haja vista que a analise
metabolémica oferece uma visdo abrangente dos compostos quimicos presentes nos
materiais estudados, revelando informacbes valiosas sobre sua composicéo e
possiveis aplicacées. Ao compreender melhor os perfis metabélicos das sementes de
guarana e das folhas de abacaxizeiros, este estudo contribui para o desenvolvimento
de estratégias que visam maximizar o aproveitamento desses recursos naturais. Essa
abordagem nao apenas promove a sustentabilidade ao reduzir o desperdicio e
valorizar subprodutos, mas também fomenta a inovagao na agroindustria ao identificar

novas oportunidades de uso e desenvolvimento de produtos derivados.
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Sendo assim, a utilizacdo da metabolédmica como ferramenta neste estudo
nao soé ressalta a importancia da pesquisa cientifica na caracterizagao detalhada dos
recursos agroindustriais, mas também reforca seu papel fundamental na promocao de
praticas sustentaveis e na ampliagdo do conhecimento sobre os potenciais beneficios

econdmicos e ambientais dos produtos da agroindustria fruticola brasileira.
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2 OBJETIVOS

Realizar estudo metabolédmico de sementes de cinquenta e seis clones
diferentes de guarana (Paullinia cupana Kunth) e folhas de sete variedades comerciais
distintas de abacaxizeiro (Ananas comosus (L.) Merril.) para a valorizacao de produtos

e coprodutos / subprodutos / residuos da agroindustria brasileira.

2.1 Objetivos especificos

» ldentificar os metabolitos e estabelecer os perfis quimicos dos extratos
hidroetandlicos das folhas de abacaxizeiro de sete variedades comerciais
(Pérola, Smooth Cayenne, Perolera, Gold, BRS Ajuba, BRS Vitéria e BRS
Imperial), através do UPLC-QTOF-MSE;

» Avaliar a composigdo mineral das variedades comercias de folhas de
abacaxizeiro através do ICP-OES;

» Correlacionar os perfis metabdlicos e minerais das diferentes variedades de
folhas de abacaxizeiro através ferramentas quimiométricas (PCA e HCA);

» Determinar as variaveis discriminantes, metabolitos ou minerais, que
influenciam na diferenciagao entre as folhas de abacaxizeiro;

» Avaliar a atividade citotoxica in vitro dos extratos hidroetandlicos das
variedades de abacaxizeiro frente as linhagens tumorais HL60 (leucémica),
HCT-116 (colo humano), PC3 (prostata), SNB19 (astrocitoma), MCF-7
(mama), B16F10 (melanoma) e HelLa (colo do utero);

» Identificar os metabolitos e determinar os perfis quimicos dos extratos
hidroetandlicos de sementes de guarana em cinquenta e seis clones distintos,
por meio do UPLC-QTOF-MSE;

» Através da analise metaboldmica alvo, quantificar os metabdlitos nas
sementes de guarana, por meio da RMN;

» Correlacionar os perfis metabdlicos de sementes de clones de guarana

através de analise quimiométricas (PCA);
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3 REVISAO DA LITERATURA
3.1 Abacaxizeiro

A espécie Ananas comosus (L.) Merr., conhecida como abacaxizeiro,
Figura 1, € uma fruteira originaria da América Central e América do Sul e pertencente
a familia Bromeliaceae e tem o seu fruto abacaxi como Unico representante da sua
espécie utilizado como fonte de alimento (Banerjee et al., 2018; Barros et al., 2020;
Manetti; Delaporte; Laverde Jr., 2009).

Figura 1 — Plantacao de abacaxizeiros.

Fonte: https://www.embrapa.br/busca-de-imagens/-/midia/1750001/lavoura-de-abacaxi.

De acordo com o site do Banco de Dados Estatisticos Corporativos da Food
and Agriculture Organization of the United Nations (FAOSTAT), a produ¢cao mundial
de abacaxi em 2021 foi de quase 29 milhées de toneladas. Sendo o Brasil o maior
produtor, seguido de Tailandia, Filipinas, Costa Rica, india e Indonésia, os quais
compreende quase 40% da producao mundial (FAOSTAT, 2021). No Brasil, & estimado
que sejam cultivados 2,4 bilhdes de frutos em 67,2 mil hectares (Barros et al., 2020;
FAOSTAT, 2021; Mohd Ali et al., 2020).

Nesse contexto, o fruto abacaxi se constitui como uma das frutas mais

populares no mundo. Seu delicioso sabor e aroma sdo amplamente valorizados, tanto
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que é encontrado nos mais variados produtos processados, como doces, xaropes,
vinagres, vinhos, licores e etc. Proporcionando uma elevada demanda no mercado
global.

A composigao nutricional do abacaxi vem sendo cada vez mais estudada,
de modo a torna-lo um potencial alimento funcional. Em geral, um abacaxi fresco &
constituido de agua (80-85%), acucares (12-15%), acidos organicos (0,6%),
proteinas (0,4%), cinzas (0,5%), gorduras (0,1%) e vitaminas (Banerjee et al., 2018;
Barros et al., 2020; Manetti; Delaporte; Laverde Jr., 2009).

Desse modo, o abacaxi é considerado mais que uma fruta nutritiva, seus
diversos componentes quimicos possuem uma série de aplicacbes medicinais,
cosméticas e alimenticias. Compostos volateis sdo extraidos da polpa do abacaxi com
0 objetivo de serem usados como aromatizantes e intensificadores de aroma, bem
como para a producédo de esséncias naturais. O abacaxi também tem destaque no
campo das ciéncias medicinais, pois estudos apontam que a fruta possui inUmeras
propriedades farmacoldgicas, como anti-inflamatéria, antioxidante, antibacteriana,
antidiabética, anticancerigena, antitrombética, anticoagulante, antimicrobiana e anti-
helminticas por conter importantes compostos bioativos, como flavonoides, polifendis,
taninos, carboidratos, glicosideos e proteinas. Além disso, os extratos etandlicos das
folnas de abacaxi tém mostrado efeitos antidiabético, anti-hiperlipidimémico e
antioxidante (Banerjee et al., 2018; Guedes et al., 2018; Ma et al., 2007; Manetti;
Delaporte; Laverde Jr., 2009; Mohd Ali et al., 2020; Rodrigues et al., 2020).

Além da fruta e folhas, o caule do abacaxizeiro também & importante, onde
€ possivel realizar a extracao da bromelaina, uma enzima proteolitica, que vem sendo
amplamente utilizada para fins medicinais e cosméticos. Essa enzima tem a
propriedade de prevenir a agregacado plaquetaria, um dos maiores fatores que
ocasionam o acidente vascular cerebral, bem como tem comprovada eficacia no
tratamento do cancer de mama, leucemia, carcinoma pulmonar, melanoma e cancer
de ovario. Além disso, ela age como um forte anti-inflamatério, combatendo disturbios
como asma, inflamacao do coélon, osteoartrite e artrite reumatoide. Por ultimo, a
bromelaina também tem provado ser util como tratamento para varios disturbios
dermatologicos, como queimaduras e escaras (Banerjee et al., 2018; Mohd Ali et al.,
2020; Rodrigues et al., 2020).

Existem muitas cultivares distintas de abacaxi, mais de 100 variedades, nas

quais apenas 6 a 8 variedades sado de fato cultivadas comercialmente. Com tantas
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variedades € de se esperar que haja variagcdes de cores, formas, tamanhos e
caracteristicas sensoriais. Sendo assim, todas as variagbes mencionadas, somada
aos diferentes estagios de maturacédo da fruta, impdem variagées na composicao
guimica das diferentes cultivares de abacaxizeiros (Mohd Ali et al., 2020; Reinhardt et
al., 2018).

Como relatado previamente, o Brasil € o maior produtor mundial de
abacaxis. Portanto, se destaca como um centro de origem e de diversidade da cultura
do abacaxizeiro. Nesse contexto, as duas principais cultivares mundiais, Pérola
(cultivar tradicional do territério brasileiro) e Smooth Cayenne (Figura 2) (também
chamada de Havai ou havaiano, a mais utilizada mundialmente para processamento:
suco, fatias, etc), sdo destinadas ao consumo in natura e a agroindustria,
respectivamente, mas possuem como desvantagem a suscetibilidade a fusariose
(Embrapa, 2015; Abacaxi Smooth Cayenne (havaiano)2021; Viana et al., 2013). A
fusariose do abacaxi (Figura 3) € causada pelo fungo Fusarium gquttiforme, a
vulnerabilidade a esse patdgeno se caracteriza como a principal limitagao
fitossanitaria a produgéo do abacaxi no Brasil (Fusariose do AbacaxizeiroEmbrapa,
2021).

Por outro lado, a cultivar de abacaxizeiro Gold (ou MD-2) (Figura 2) € a
cultivar mais consumida na Europa e América do Norte no mercado para frutos in
natura, com destaque na produgéo da América Central, mas também na Africa e Asia.
Essa cultivar foi desenvolvida no Hawaii (EUA), a qual teve seus frutos
disponibilizados comercialmente em 1996. Contudo, assim como as cultivares Pérola
e Smooth Cayenne, a cultivar Gold também é suscetivel a fusariose, o que limita sua
producéo no Brasil (Cultivar de abacaxi MD-2 ou GoldEmbrapa, 2021).

Diante disso, o uso de cultivares resistentes se materializa como a melhor
forma de controle de doencas. Sendo assim, estudos realizados pela Embrapa
Mandioca e Fruticultura, revelaram que a cultivar Perolera (Figura 2) comportou-se
como resistente a fusariose. Com isso, essa cultivar € recomendada para plantio em
regides onde a incidéncia dessa doenca é elevada. A cultivar Perolera € uma
variedade originaria e plantada comercialmente na Coldémbia e na Venezuela,
adaptada a altitudes de até 1500 m. A planta apresenta folha de cor verde escuro e
sem espinhos, evidenciando faixa prateada pouco pronunciada nos bordos. O fruto
tem forma cilindrica, com peso médio de 1,8 kg, de casca e polpa amarelas, acidez

moderada e alto teor de acido ascorbico (vitamina C) (Cabral; Junghans, 2003).
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Fonte: https://www.embrapa.br/en/busca-de-imagens/.
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Figura 3 — At}?caxri com fusariose.

Fonte: https://www.embrapa.br/en/busca-de-imagens/.

Ainda no contexto de cultivares resistentes a doencas, podemos destacar
os programas de melhoramento genético, os quais tém como objetivo obter hibridos
superiores de abacaxizeiro resistentes a fusariose e com caracteristicas fisico-
quimicas e sensoriais que agradem aos consumidores da fruta. Esta diversificacdo de
variedades contribui para a seguranca alimentar e, consequentemente, reduz os
custos de producdo. O programa de melhoramento genético do abacaxizeiro da
Embrapa, criado em 1984, tem como objetivo desenvolver cultivares resistentes a
fusariose, na qual as caracteristicas comerciais sejam iguais ou superiores as da
cultivar Pérola e Smooth Cayenne. Como resultado deste programa de melhoramento,
foram criadas e langadas trés novas cultivares: BRS Imperial, BRS Vitéria e BRS
Ajuba, resistentes a fusariose e que apresentam que apresentam caracteristicas
comerciais iguais ou superiores as cultivares Pérola e Smooth Cayenne (Viana et al.,
2013).

A cultivar BRS Imperial (Figura 2) foi desenvolvida pela Embrapa Mandioca
e Fruticultura em 2003, a qual € um hibrido resultante do cruzamento entre duas
variedades: Perolera e Smooth Cayenne. O BRS Imperial é resistente a fusariose,
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principal doenga da cultura, gerando frutos doces e de excelente qualidade. A planta
tem porte médio e apresenta folha de cor verde-escura, sem espinhos nas bordas. Os
frutos sdo menores do que os da cultivar Pérola, tém formato cilindrico e casca de cor
amarelo-intenso na maturacgao. A polpa € amarela, com elevado teor de agucar, acidez
moderada, alto teor em acido ascérbico (antioxidante) e excelente sabor nas analises
sensoriais realizadas. Além disso, os frutos tem peso médio com a coroa de 1,2 kg,
podendo alcancar 1,5 kg e tamanho médio de 16 cm (Cabral; Junghans, 2003;
Embrapa, 2004).

Outra cultivar desenvolvida pela Embrapa Mandioca e Fruticultura, em
2006, foi o abacaxi BRS Vitéria (Figura 2). Esta cultivar € um hibrido resultante do
cruzamento das variedades Primavera e Smooth Cayenne. O BRS Vitéria tem como
caracteristicas gerais: resisténcia a fusariose, formato cilindrico, folha de cor verde
claro, sem espinhos nas bordas, casca de cor amarela na maturagcao. Além disso, o
fruto tem polpa branca, com elevado teor de acglcares e excelente sabor nas analises
quimicas e sensoriais, sugerindo que suas caracteristicas relativas a acidez (0,8%)
séo superiores as do abacaxi Pérola e Smooth Cayenne. O fruto apresenta uma maior
resisténcia ao transporte e em pos-colheita, o que pode facilitar a sua disseminacgao
entre os produtores e conquistar a preferéncia dos consumidores. Apresenta peso
médio do fruto sem coroa de 1,4 kg (Embrapa, 2006).

A cultivar de abacaxi BRS Ajuba (Figura 2), disponibilizada em 2009, assim
como a cultivar BRS Imperial, também € um hibrido, resultante do cruzamento entre
as cultivares Perolera e Smooth Cayenne, com resisténcia a fusariose. Portanto, o
plantio desta variedade dispensa a utilizagao de fungicida para o controle da fusariose.
A planta tem porte médio e apresenta folha de cor verde escuro, totalmente desprovida
de espinhos. O fruto é cilindrico, com casca de cor amarela na maturacao. A polpa é
amarela, com elevado teor de agucar e acidez moderada. Apresenta peso médio do
fruto sem a coroa de 1,3 kg e tamanho médio de 15,8 cm (Embrapa, 2009).

De modo geral, o abacaxizeiro (Figura 1) possui caracteristicas especificas,
como altura entre 75 a 150 cm, alcangcando uma largura entre 90 a 120 cm. Suas
folhas sdo longas e pontiagudas, com tamanho variando de 50 a 180 cm de
comprimento e espinhos pontiagudos nas bordas. Normalmente, leva de 12 a 14
meses para florescer, que pode depender da variedade, e cerca de 6 a 8 meses para
o fruto amadurecer. Gerando cerca de 30 a 50 folhas com um peso médio de 35 g por

folha, o que resulta em cerca de 1 a 1,5 kg de folhas por planta deixadas no campo
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apos o cultivo. As folhas de abacaxi sao ricas em fibras e compreendem um alto teor
de celulose (75-85%) (Banerjee et al., 2018; Sibaly; Jeetah, 2017).

Sendo assim, o crescimento sucessivo na produgao de abacaxi a cada ano,
tem como consequéncia uma maior geracao de residuos soélidos provenientes do
plantio de abacaxizeiro (FAOSTAT, 2021). De acordo com uma pesquisa na India,
estima-se que cada abacaxizeiro produza entre 6 e 8 kg de residuos, incluindo folhas,
caules e raizes. Se plantados 12.000 abacaxizeiro por hectare, a colheita resultara
entre 76 a 92 toneladas de residuos nos campos ap6s a colheita do abacaxi (Banerjee
et al., 2018). Portanto, é crucial realizar estudos visando a valorizacao desses
residuos agroindustriais, os quais podem potencialmente se tornar insumos da

industria farmacéutica, cosmética e alimenticia.

3.2 Guaranazeiro

O guaranazeiro (Paullinia cupana Kunth), conhecido também como
guarana-da-amazébnia, guaranaina, guaranauva, uarana ou narana, (Figura 4) € uma
planta nativa da regido amazénica que produz frutos guarana. Pertencente a familia
Sapindaceae e a ordem Sapindales, essa planta tem sido utilizada ha séculos por
tribos indigenas devido as suas propriedades estimulantes, afrodisiacas e curativas
para dores de cabeca utilizando suas sementes torradas. O primeiro registro do uso
do guarana como uma bebida ocorreu em 1669, durante uma expedicao jesuita a
Amazoénia, onde o missionario Jodo Felipe Bettendorf observou que os indios Sateré-
Mawé consumiam uma bebida estimulante com propriedades diuréticas e terapéuticas
contra cefaleia, febre e célicas (Marques et al., 2016; Schimpl et al., 2013).

A palavra guarana, uarana ou varana significa “trepadeira” em varios
dialetos indigenas, refere-se ao tipo trepadeira dessa planta perene, que possui
gavinhas que podem atingir até 10m de comprimento na presenca de arvores que
servem de suporte. O caule é estriado e apresenta coloragcdo marrom-amarelada
quando lignificado. As folhas sao alternadas e impares pinadas. As bainhas bem
desenvolvidas tém aproximadamente 1,5 cm de comprimento. O peciolo principal tem
de 8 a 19 cm, e os peciolos dos foliolos sdo muito curtos. Os foliolos tém formato
aproximadamente oval e apice serrilhado, com largura variando de 10 a 14 cm e
comprimento de 27 a 33 cm. Os folhetos sdo bem espacados e tém veias inferiores

proeminentes. As folhas sao verde-escuras com a parte superior brilhante. Na base
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de cada folha ha uma gema vegetativa e outra reprodutiva (Schimpl et al., 2013).

O guaranazeiro € uma planta monoica com flores pequenas e zigomorfas,
dispostas em toda a extensao do seu eixo podendo atingir até 13 m de altura. O calice
€ constituido por cinco sépalas, duas menores e externas, e a corola formada por
quatro pétalas brancas, que se unem formando um capuz internamente contendo
escamas coriaceas de coloracdo amarelada. As flores sao classificadas como pseudo-
hermafroditas, contendo caracteres femininos e masculinos, mas os machos possuem
estilete e estigma regredidos. Quando madura, o fruto passa de amarelo-laranja a
vermelho vivo e seu pedunculo fica evidente. Possuem entre uma e quatro sementes
marrons com um arilo branco, que lembra um olho humano, sendo uma caracteristica
marcante para a identificacdo do guarana. E encontrada no Brasil, Guiana, Venezuela
e Equador (Marques et al., 2019; Patrick et al., 2019; Schimpl et al., 2013).

guaranazeiro.

Figura 4 — Planta do
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Fonte: https://www.embrapa.br/busca-de-imagens/-/midia/6350001/cultivar-de-guaranazeiro-brs-

nocoquem.

O Brasil € praticamente o unico produtor de guarana no mundo. Mais
especificamente, o guarana é encontrado principalmente na regiao sudeste do estado

do Amazonas, nos municipios de Maués e Parintins. Pequenas areas da Amazénia
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venezuelana também possuem cultivos de guarana. Nas ultimas décadas, o cultivo
dessa planta tem sido incentivado em outras areas do Brasil, como nos vales dos rios
Purus e Tapajés (no Amazonas), nos estados do Para, Acre e Rondénia, na regiao
cacaueira da Bahia (entre as cidades de Salvador e llhéus), no Vale do Ribeira (no
estado de Sao Paulo) e na regido de Alta Floresta, no Mato Grosso (Marques et al.,
2019).

Uma parcela do guarana fabricado no Brasil € consumida pelos habitantes
da Amazénia. O p6, normalmente extraido da semente triturada, € misturado com
agua e adogado com acucar ou mel. A industria alimenticia utiliza aproximadamente
70% da producéao nacional de sementes de guarana para fazer refrigerantes famosos
mundialmente, havendo também uma crescente demanda da industria farmacéutica
e cosmética. Na industria cosmética, os extratos de sementes sao utilizados em
sabonetes, cremes e shampoos. Estudos mostram que as metilxantinas presentes no
guarana tém efeito redutor da celulite, o que também faz com que ele seja utilizado
em outras formulagdes cosméticas. Os produtos derivados do guarana estao
disponiveis em diversas partes do mundo, e uma parte da producao nacional é
exportada, principalmente para o Japado, Estados Unidos, Canada e Australia
(Funasaki et al., 2016; Marques et al., 2019; Patrick et al., 2019; Schimpl et al., 2013).

O guarana possui inumeras propriedades farmacoldgicas, tais como
anticarcinogénica, antiproliferativa, antimicrobiana, antidepressivas, ansioliticas e
antioxidante, melhora do estado de alerta, tempo de reacado, velocidade de
processamento de informagdes, memodria, humor e desempenho em exercicios
fisicos, além de efeitos termogénicos associados a perda de peso. A principal
substancia presente na semente de guarana é a metilxantina cafeina sendo a
quantidade variando entre 2,5 e 6%, quantidade até 5 vezes maior que a presente nas
sementes de café arabica, possui também outras metilxantinas como a teobromina e
a teofilina, em baixas concentragdes. Elas também apresentam altos niveis de
polifendis, principalmente as proantocianidinas A2, B1, B2, B3 e B4, com maior
prevaléncia de catequinas e epicatequinas. Outros compostos bioativos encontrados
incluem saponinas, polissacarideos, proteinas, acidos graxos e alguns elementos
inorganicos como manganés, rubidio, niquel e estréncio. Estudos mostram que a
composicao do 6leo de guarana contém uma variedade de substancias, entre elas
metilbenzenos, monoterpenos ciclicos, sesquiterpenos, acido oleico, acido paulinico,

metoxifenil propeno (Marques et al., 2016, 2019; Schimpl et al., 2013; Silva, F. de A.
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et al., 2018)

A Embrapa esta conduzindo pesquisas sobre diferentes variedades de
guarana, com o objetivo de aumentar sua produgdo e torna-las mais resistente a
doencas. Em 2013, foram langadas variedades que sao resistentes a antracnose,
principal doenga que danifica o guaranazeiro, como as cultivares BRS Marabitana e
guarana BRS Sateré. Essas variedades prometem aumentar a producéo de guarana
na regido amazénica em até 40%, sem a necessidade de aumentar o desmatamento

da floresta (Marques et al., 2019).

3.3 Metabolismo vegetal

De maneira geral, o metabolismo pode ser definido como um conjunto de
transformacdes pelas quais sdo submetidas as substancias que compéem um dado
organismo biolégico. Essas transformacgdes ocorrem através de inimeros processos
bioquimicos (Figura 5), os quais geram como produto final metabdlitos de diferentes
classes quimicas que sdo responsaveis por diferentes funcgdes fisioldégicas nos
organismos vivos. Desse modo, os processos bioquimicos sado frequentemente
descritos como uma complexa rede de reag¢des quimicas, mediadas por diversas
enzimas. Os metabdlitos, moléculas de baixo peso molecular, surgem como os
intermediarios e produtos resultantes desse metabolismo. Os organismos vivos
utilizam a energia e substancias quimicas de seus ambientes para sintetizar e
degradar diversos metabolitos, atendendo as necessidades fisioldgicas especificas e
assegurando a sobrevivéncia e adaptacdo em ambientes sob constante mudanca
(Fang; Fernie; Luo, 2019; Weng, 2014).

As plantas possuem a capacidade fisiolégica de produzir uma grande
diversidade de metabdlitos. Essas substancias desempenham um papel fundamental
na manutencado do estado fisiolégico adequado das plantas e no seu crescimento
normal. A rede metabdlica das plantas € complexa e extensa, sendo mais elaborada
do que a dos demais organismos. Estima-se que o reino vegetal contenha entre
100.000 e 1 milhdo de metabdlitos, e cada espécie pode conter mais de 5.000 deles.
Isso significa que as plantas sdo capazes de produzir uma quantidade
significativamente maior de metabdlitos em comparacdo com a maioria dos outros
seres vivos (Alseekh; Fernie, 2018; Wang et al., 2022).

Os metabdlitos vegetais, além de suas fungdes estruturais, desempenham
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funcdes vitais no crescimento, na reposicao celular e na alocacao de recursos em toda
a planta, bem como na adaptacdo das plantas a diversos ambientes. Esses
metabdlitos sdo geralmente classificados como metabdlitos primarios e metabdlitos
especializados (metabdlitos secundarios), dependendo de suas fungdes biolégicas
principais. Os metabdlitos primarios geralmente sao responsaveis por manter as
atividades basicas da vida e reproducdo das plantas, enquanto os metabdlitos
especializados sao utilizados para responder as mudang¢as no ambiente circundante.
No entanto, a distingao das fungbes entre metabdlitos primarios e especializados nao
€ muito clara. Por exemplo, em relacdo aos aminoacidos, os mesmos hao sé fornecem
blocos de construcdo essenciais as proteinas, mas também ligam o metabolismo
central de carbono a uma variedade de metabdlitos especializados. Além disso, por
meio de diversas vias biossintéticas (Figura 5), algumas vezes até desconhecidas, é
possivel conceber uma série de combinagbées para essas subunidades, as quais
podem fornecer uma grande diversidade de metabdlitos especializados (Fang; Fernie;
Luo, 2019; Simdes et al., 2017; Wang et al., 2022).

Figura 5 — Diferentes rotas biossintéticas responsaveis pela formag¢ao de uma grande
variedade de metabdlitos especializados.

Metabolismo
primario

Metabolismo
especializado

Fonte: Adaptado de SIMOES et al., 2017.
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3.3.1 Metabolismo primario

Os metabdlitos primarios sdo indispensaveis para o crescimento e
sobrevivéncia das plantas, produzidos por processos como respiracao e fotossintese,
e consistem principalmente em produtos gerais como carboidratos, aminoacidos,
nucleotideos, vitaminas e acidos graxos. As vias metabdlicas e os compostos
resultantes, Tabela 1, desses processos sdao muito semelhantes entre animais,
bactérias, fungos, plantas e outros organismos, embora em alguns casos possam nao
ser idénticos. Por outro lado, os metabolitos secundarios sdo geralmente especificos
de cada espécie e ajudam as plantas a interagir com ambientes bibticos e abibticos.
Eles sdo formados a partir de precursores quimicamente simples, derivados do
metabolismo primario (Kessler; Kalske, 2018; Lacchini; Venegas-Molina; Goossens,
2023; Maeda, 2019; Wang et al., 2022).

Tabela 1 — Principais vias metabdlicas do metabolismo primario. (continua)

Metabolismo Biossintese Degradagao

Fotossintese, ciclo de Clivagem hidrolitica de
Carboidratos Calvin, ciclo dos acidos  carboidratos, glicolise,

C-4, gliconeogénese ciclo da pentose-fosfato

Sintese de lipideos,

complexo-acido

graxosintase, Clivagem hidrolitica de

Gorduras acilglicerideos, lipideos, B-oxidacao de
fosfolipideos, acidos graxos
glicolipideos,

carotenoides, esterois

Clivagem hidrolitica de
) Biossintese de proteinas, degradacao e
Proteinas . ) )
aminoacidos e proteinas conversao dos

aminoacidos
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Tabela 1 — Principais vias metaboélicas do metabolismo primario. (conclusao)
Metabolismo Biossintese Degradacao

Carboidratos, acidos _ _
o Ciclo de Krebs, cadeia
_ _ graxos, aminoacidos, o
Acetil-coenzima A . respiratoria, ciclo do
cetogénese, terpenos, o
_ glioxilato
esteroides

Biossintese de
nucleotideos do RNA a
partir de bases puricas
e pirimidicas, replicacao Clivagem de DNA e
de DNA, formacao, RNA

formacao de flavinas e

Acidos nucleicos

pteridinas a partir de
GTP

Fonte: Adaptado de SIMOES et al., 2017.

3.3.2 Metabdlitos especializados

A inicial falta de clareza a respeito dos metabdlitos especializados levou a
designacdo de secundarios, suspeitava-se que eles ndo tinham nenhuma funcéo e
eram apenas produtos residuais. Apesar das imprecisdes e inconsisténcias desse
termo, a intencdo geral era definir compostos que estdo presentes em algumas
espécies de plantas, mas ndo em outras, e, portanto, nao poderiam estar envolvidos
no metabolismo primario que ocorre em todas as plantas. A medida que mais
evidéncias sobre suas fungdes foram surgindo, ficou claro que a capacidade de
sintetizar tais compostos evoluiu em diferentes linhagens de plantas, e que esses
compostos representam adaptacdes a situacdes ecologicas especificas (Marone et
al., 2022; Pichersky; Lewinsohn, 2011; Rai; Saito; Yamazaki, 2017).

Os metabdlitos especializados sédo os produtos formados pelas interagdes
com o meio ambiente durante o crescimento e desenvolvimento das plantas. Essas

substancias sao responsaveis pela protecao das plantas contra estresses abioticos
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(radiacdo, temperatura, salinidade, hidrico e nutricional) e bi6ticos (agressao de
patégenos e herbivoros). Além disso, alguns desses metabdlitos podem desempenhar
diferentes processos, como atracdo de polinizadores e dispersdo de sementes.
Acredita-se que a diversificacdo de metabdlitos nas plantas tenha evoluido
continuamente ao longo do tempo, com o objetivo de auxiliar as plantas a
sobreviverem em condi¢cdes adversas (Li et al., 2023; Marone et al., 2022; Pichersky;
Lewinsohn, 2011; Rai; Saito; Yamazaki, 2017).

Enquanto a maioria dos metabdlitos primarios ocorre naturalmente nas
células vegetais, os metabdlitos especializados sdo encontrados apenas em certas
espécies, tecidos, 6rgaos, estagios de desenvolvimento ou condicbes ambientais
especificas. A relevancia desses metabdlitos na medicina e economia impulsionou
pesquisas sobre sua biossintese em plantas. Ao longo dos séculos, a humanidade
explorou essas adaptacoes fisioldgicas em plantas para aprimorar a biossintese de
compostos bioativos, utilizados na produgiao de medicamentos ou diretamente como
fitoterapicos. Atualmente, aproximadamente um quarto das drogas clinicas sao
derivadas desses metabdlitos presentes em plantas, além de seu uso em alimentos,
fragrancias, cosméticos e produtos agricolas. (Fang; Fernie; Luo, 2019; Funari et al.,
2013; Liu et al., 2023; Yuan; Grotewold, 2020)

Os metabdlitos especializados sdo comumente categorizados conforme os
precursores, composicao quimica ou mecanismos enzimaticos envolvidos em sua
formacgao. Os principais grupos desses metabodlitos em plantas incluem compostos
fendlicos (como acidos fendlicos, flavonoides e taninos), terpenoides (incluindo
carotenoides) e compostos nitrogenados/sulfurados (como alcaloides e
glucosinolatos), cada um desempenhando funcbes distintas (Marone et al., 2022;
Singh; Agrawal; Bednarek, 2023). Esses sao muito mais numerosos do que o0s
metabdlitos produzidos pelo metabolismo primario, estima-se algo de 21.000
alcaloides, 5.000 flavonoides e 22.000 terpenoides identificados até agora. No
entanto, € provavel que esse numero seja maior, ja que muitas plantas ainda possuem

metabolomas nao determinados (Lim; Julca; Mutwil, 2023).

3.3.2.1 Compostos fendlicos

Os compostos fenodlicos desempenham papéis importantes em muitos

processos biolégicos, sdo os principais responsaveis para as respostas das plantas a
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estresses bibdticos e abidticos, como a protecao contra a radiagcao solar e a robustez
contra danos mecanicos e na defesa mediadora contra patégenos e herbivoros. Além
disso, estdo envolvidos na pigmentacao de flores e frutos, aspectos importantes para
a reproducao e dispersao de sementes. Lignina, taninos, cumarinas, estilbenos,
flavonoides e isoflavonoides, sdao exemplos de grupos fendlicos (Lei et al., 2015; Liu
et al., 2023; Zaynab et al., 2018).

Os compostos polifenélicos consistem em multiplos esqueletos de anéis
fendlicos com grupos hidroxila ou outros substitutos, como moléculas de agucar e
acidos organicos. Milhares de compostos com estrutura de polifenol foram
caracterizados em plantas superiores. Devido as suas propriedades antioxidantes e
antiproliferativas, eles sdo altamente valiosos na nutricdo humana, e estudos
epidemiolégicos sugerem que uma alta ingestdo alimentar de polifendis esta
associada a uma diminuicao do risco de doencgas cardiovasculares e de cancer (Pott;
Osorio; Vallarino, 2019).

Os flavonoides sdo compostos polifenélicos encontrados em todas as
plantas vasculares e nao vasculares. Contém uma estrutura polifenélica caracteristica,
composta por trés anéis aromaticos (C6-C3-C6). as unidades sdo chamadas de
nuacleos A, B, e C, e os atomos de carbono recebem a numeragdo com numeros
ordinarios para os nucleos A e C e os mesmo numeros seguidos de uma linha (‘) para
o nucleo B. Embora nao sejam essenciais para o crescimento e desenvolvimento das
plantas, os flavonoides tém papéis especificos da espécie na nodulacao, fertilidade,
defesa e protecdo UV  (Peer; Murphy, 2007). Flavonoides e isoflavonoides
compreendem flavonas, flavonéis, flavanonas e isoflavonas que diferem em suas
estruturas de anel central (Figura 6). A complexidade dos flavonoides e isoflavonoides
€ ainda aumentada por diferentes padrées de hidroxilagao, metilacéo e glicosilagcéo. A
diversidade e complexidade dessas estruturas representam um desafio substancial
para estabelecer o perfil qualitativo, quantitativo e em grande escala de flavonoides e
isoflavonoides em metabolémica de plantas e animais (Lei et al., 2015; Simdes et al.,
2017).

Os flavonoides sao frequentemente encontrados na forma oxigenada,
sendo muitos deles conjugados com acgucares. Esta forma, conhecida como
heterosideo, € referida como O-heterosideo quando a ligagao ocorre por meio de uma
hidroxila e C-heterosideo quando a ligacao é estabelecida com um atomo de carbono.

Quando o flavonoide esta sem acgucar, € designado como aglicona ou genina (Simdes
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etal., 2017).

Figura 6 — Estrutura basica dos flavonoides e das suas classes mais comuns.
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Fonte: Elaborado pela Autora.

Os polifendis sdo metabodlitos especializados que oferecem diversos
beneficios a saude, como propriedades antioxidantes, antialérgicos, antimicrobianos,
anti-inflamatérios e antitromboéticos. Devido a essas propriedades, eles sao
amplamente incorporados em formulagbes de medicamentos e cosméticos. Os
flavonoides encontrados nas folhas podem ser diferentes daqueles presentes nas
flores, nos galhos, nas raizes ou nos frutos. Os residuos de frutas sao reconhecidos
por conter niveis significativos de antioxidantes maiores quando comparados com a
fruta inteira. O principal grupo de antioxidantes fendlicos inclui acidos fendlicos,
flavondides e taninos. Compostos amplamente estudados, como quercetina,
catequina e kaempferol estdo entre os compostos polifendlicos que apresentam
potencial na redugéo do risco de doencgas crénicas, como cancer, diabetes, doencas
cardiovasculares e obesidade (Banerjee et al., 2018; Simdes et al., 2017).

Alguns flavonoides como flavan-3-ols catequina e epicatequina
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polimerizam para formar taninos. Os taninos sao um grupo de polifendis que podem
ser divididos em duas classes: taninos condensados, formados pela policondensacéao
de duas ou mais unidades flavan-3-ol e flavan-3,4-diol e taninos hidrolisaveis que
podem ser descritos como ésteres de acido galico com um poliol central, tipicamente
B-D-glicose (Pott; Osorio; Vallarino, 2019; Simbes et al., 2017).

Os taninos condensados também sao conhecidos como proantocianidinas.
Esses metabolitos estdo presentes em flores, frutas, cascas e sementes de diversas
plantas, como defesa contra estressores bidticos e abidticos. A adstringéncia deles
protege as plantas de patdgenos e predadores. O grau de polimerizacdo da
proantocianidinas pode variar entre 3 e 11. As procianidinas podem ser categorizadas
em tipo A e tipo B, Figura 7, dependendo da configuracédo estéreo e da ligagao entre
os monémeros. As procianidinas do tipo B (C3oH26012) sao caracterizadas por uma
ligacao entre o carbono C4 da unidade superior e o carbono C8 ou C6 da unidade
inferior. As procianidinas do tipo B sdo as mais abundantes, sendo as procianidinas
B1, B2, B3 e B4 as mais frequentes. As procianidinas do tipo A (C3oH24012) tém néo
apenas a ligacao entre atomos de carbono, mas também uma ligacao éter C2-O-C7
entre as duas unidades manomeéricas. Os compostos do tipo A mais comuns sdo A1 e
A2 (Rauf et al., 2019; Rue; Rush; van Breemen, 2018).

3.3.2.2 Terpenoides

A maior classe dos metabdlitos especializados sao os terpenoides, cuja a
estrutura deriva do 2-metilbutadieno, também denominado isopreno, s&o os principais
componentes das emissbes de compostos volateis florais e vegetativos como [3-
cariofileno, limoneno e linalol, juntamente com os fenilpropanoides benzaldeido e
acido salicilico. Muitos terpenoides sao de interesse comercial, pois sdo aplicados
como pesticidas, agentes antimicrobianos e anticarcinogénicos. Além disso, eles
também sao usados como precursores para produzir produtos quimicos, como
vitaminas (Kessler; Kalske, 2018; Pott; Osorio; Vallarino, 2019; Simdes et al., 2017).
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Figura 7 — Estrutura quimica de flavan-3-ols, monémeros e procianidinas.

Monomeros
OH

HO O

\‘\\\

OH
OH
(+) Catequina

Dimeros tipo B - (epi)cat-(epi)cat

HO

Procianidina B1

Dimero Dimero
epi-cat epi-epi
C4-C8 C4-C8

Dimeros tipo A - (epi)cat=(epi)cat

OH
OH
HO o

“/OH
OH
o) OH
HO

HO

Om

Procianidina A1

Fonte: Elaborado pela Autora.

Procianidina B2

OH
OH

o

\ \\\\

“"OH
OH

(-) Epicatequina

OH OH
Procianidina BS Procianidina B6

Dimero Dimero
epi-epi cat-cat
- C4Ce ; ~ C4-C6 ‘

OH
HO O

OH

HO

HO

Procianidina A2



39

Diferentes classes de terpenoides sao formadas de um numero,
normalmente multiplo de cinco, de carbonos que sdo os monoterpenoides (10C),
sesquiterpernoides (15C) e os diterpenoides (20C). Os terpenos maiores incluem os
triterpenos (Cao), tetraterpenos (Cao) e politerpenos ([Cs]n, Figura 8. Como exemplo, o
6leo essencial de frutas citricas € formado principalmente pelo monoterpeno limoneno.
Seus principais usos terapéuticos sao como antiespasmodicos, expectorante,
atividades estomaquicas, estimuladores ou depressores do sistema nervoso central,
anestésicos locais e anti-inflamatérios (Pott; Osorio; Vallarino, 2019; Simdes et al.,
2017).

Os carotenoides sao tetraterpenoides responsaveis pelos tons brilhantes e
atraentes de amarelo, laranja e vermelho de muitas frutas, como tomate, abébora,
caqui. Além disso, desempenham papéis fundamentais na fotossintese e
fotoprotecdo, e também fornecem precursores para a biossintese de horménios
vegetais: acido abscisico e estrigolactonas. Além disso, eles atuam como
fitonutrientes promotores da saude e tém sido associados a prevencao de doencgas
cardiovasculares, cancer, diabetes, mal de Alzheimer e outras doengas relacionadas
a idade (Pott; Osorio; Vallarino, 2019).

Figura 8 — Alguns terpenoides formados a partir de unidades de isopreno.
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Fonte: Adaptado de Guedes, 2018.



40

3.3.2.3 Alcaloides

Os alcaloides sao metabolitos especializados de ocorréncia natural, sdo
caracterizados como compostos contendo nitrogénio, onde um ou mais atomos de
nitrogénio podem estar em um heterociclo (Belew et al., 2022; Bhambhani; Kondhare;
Giri, 2021; Liu et al., 2023). Dependendo de sua estrutura quimica, os alcaloides
apresentam uma gama de atividade farmacolégicas, vdo deste propriedades
medicinais até toxicidade aguda. Nesse contexto, um dos primeiros alcaloides
utilizados é a morfina, o qual é extraido da flor da papoula. De forma geral, apresentam
caracteristicas de neurotransmissores, demostrando papel de regulacao, estimulacao
e inducéo de fung¢des (Bhambhani; Kondhare; Giri, 2021; Simdes et al., 2017).

Um importante alcaloide € cafeina, esse metabdlito entra na composicao
de diversos medicamentos, tais como analgésicos, antipiréticos e antigripais,
associado com o acido acetilsalicilico, paracetamol, codeina e diidroergotamina, no
alivio ou abortamento das crises de enxaqueca. Além disso, a cafeina também é
usada como farmaco isolado, sobretudo na depressao respiratéria em neonatos.
Outro alcaloide é a teofilina que € um broncodilatador utilizado para tratamento de
asma e algumas formas espasticas de pneumopatias obstrutivas, como enfisema e

bronquite crénica (Simdes et al., 2017).

3.4 Metabolomica

As ciéncias O6micas visam compreender o funcionamento celular dos
organismos e suas mudancas biolégicas. Dentro desse conjunto, incluem-se a
gendmica (analise das alteragbes genéticas), transcriptdmica (estudo das mudancas
nos transcritos), protedmica (investigacdo das alteracbes nas proteinas) e
metabolédmica (exploragcdo das mudancas nos metabdlitos). No entanto, a genémica,
transcriptémica e protedbmica nao oferecem informacgées estruturais sobre fitoquimicos
e seus intermediarios de reagdo, destacando a importdncia dos estudos
metabolédmicos para compreender a biossintese de metabdlitos especializados
(Canuto et al., 2018; Rai; Saito; Yamazaki, 2017).

A metabolémica surgiu no final dos anos de 1990, originando-se dos
estudos de genémica funcional em leveduras por Oliver e Ferenci. Em 2000, Fiehn e
colaboradores do Max-Planck Institute of Plant Physiology apresentaram as primeiras
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aplicacbes da metabolémica em plantas (Fiehn, 2001, 2002). No decorrer dos anos,
diversas definicbes foram propostas para a metabolémica, abrangendo tanto o
tamanho molecular das substancias (< 1500 Da), quanto a classe estrutural. A
definicdo mais difundida destaca a metabolémica como a ciéncia que investiga a
expressao qualitativa e quantitativa total do metabolismo primario e secundario dos
organismos. No entanto, ressalta-se que a metabol6mica enfatiza a compreenséao dos
organismos por meio da analise comparativa de perfis metabdlicos entre individuos
e/ou populagdes sujeitos as diferentes condicbes genéticas, ambientais ou
patolégicas (Alseekh; Fernie, 2018; Luque de Castro; Delgado-Povedano, 2014; Pilon
et al., 2020).

Os fluxos de trabalho metabolémicos fundamenta-se na premissa de que o
pesquisador identifica previamente o tipo de metabdlitos a ser analisado. Uma
abordagem metabolémica direcionada implica uma analise quantitativa (determinacgao
das concentragdes absolutas) ou uma analise semiquantitativa (determinacéo das
intensidades relativas) de um conjunto predefinido de metabdlitos, que podem estar
ligados a classes quimicas comuns ou a uma via metabdlica especifica. Por outro
lado, uma abordagem metaboldémica nao direcionada ou global concentra-se
principalmente na analise qualitativa ou semiquantitativa do maior numero possivel de
metabdlitos pertencentes a diversas classes quimicas e biolégicas presente em uma
amostra. Sua principal vantagem reside na capacidade imparcial de examinar a
relacdo entre metabdlitos interconectados de multiplas vias. O fluxo de trabalho
metabolémico (Figura 9) compreende as etapas sequenciais de analises comparativas
entre metabolémicas direcionadas e nao direcionadas (Ilsah, 2019; Johnson;
Ivanisevic; Siuzdak, 2016; Tebani; Afonso; Bekri, 2018).

Para conduzir um estudo metabolémico, & essencial inicialmente delinear
previamente o problema a ser investigado, formulando uma ou mais perguntas a
serem elucidadas ao término do estudo. Outro ponto crucial € a escolha da abordagem
metabolédmica que sera empregada (direcionada ou nao direcionada), pois a partir
dessa sera definido os procedimentos de preparo da amostra e analise. Em resumo,
0s processos tipicos em estudos metabolémicos inclui a formulagcdo de problema,
coleta, preparacgao e analise da amostra, aquisicéo de dados e por fim, a interpretacao
biolégica (Canuto et al., 2018; Marques; Justino, 2023; Mushtaq et al., 2014; Tebani;
Afonso; Bekri, 2018).
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Figura 9 — Etapas e processos gerais envolvidos nas analises metabolémicas.
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e envolve consideragdes como o tipo de tecido (folhas, frutos, flores, caule, raiz), os
periodos sazonais, os horarios de coleta e os estagios ontogenéticos (crescimento e
reproducao). Uma vez coletado o material vegetal, a inibicdo imediata da atividade
enzimatica é crucial para preservar a integridade metabdlica. Essa inibicdo pode ser
realizada de diversas maneiras, como o tratamento da amostra com metanol (quente >
80 °C ou frio -40 °C), variacbes de pH e/ou reducao brusca da temperatura com
nitrogénio liquido, provocando um choque térmico abrupto que auxilia na interrupcao
das reacgdes bioquimicas (Alseekh et al., 2021; Mushtaq et al., 2014, Pilon et al., 2020;
Villate et al., 2021).

Outro passo é a secagem das amostras, faciltando o armazenamento a
longo prazo das amostras, inibindo a atividade enzimatica e o crescimento microbiano.
Além disso, a auséncia de agua nas amostras € crucial, pois a agua pode impactar no
poder de solvatagcao dos solventes de extracao e interferir nos instrumentos utilizados
nas analises das amostras. As amostras podem ser secas por meio de aquecimento,
utilizando estufas, micro-ondas ou liofilizacao (Mushtaq et al., 2014; Villate et al.,
2021).

As amostras precisam ser cuidadosamente homogeneizadas para garantir
uma extracdo eficaz. A medida que a complexidade de um organismo aumenta,
também aumenta sua heterogeneidade, como no caso de plantas (Mushtaq et al.,
2014). A trituracdo ou moagem se faz necessaria para diminui o tamanho dos tecidos
e assim homogeneizar a amostra. A padronizacdo desse processo (controle
granulométrico) é fundamental em estudos metabol6bmicos, assegurando a
homogeneidade na extracdo e proporcionalidade na area de contato entre a matriz e
o solvente extrator. Embora almofariz e pistilo sejam os comumente usados na
metabolédmica, sua aplicacdo nao € recomendada para estudos com muitas amostras,
tendo em vista que o processo pode se tornar bastante moroso. Moinhos e
homogeneizadores verticais vem sendo empregados com sucesso. A razdo para o
aumento da eficiéncia de extragdo com particulas de tamanho menores é a
dependéncia da difusdo de massa ou tamanho das particulas, reduzindo o tempo
necessario para a difusdo dos solventes e facilitando a extragéo direta dos metabdlitos
pelos solventes (Mushtaq et al., 2014; Villate et al., 2021).

Idealmente, o processo de coleta, secagem e moagem deve ser seguido
imediatamente pela extracao e analise das amostras. Entretanto, quando isso nao é

viavel, &€ aconselhavel armazenar as amostras em freezer a -80 °C. Embora em alguns
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casos o condicionamento das amostras a temperaturas de -20 °C e 4 °C seja utilizado,
nao é recomendado devido a possibilidade de ocorréncia de reagdes bioquimicas e
atividades enzimaticas, mesmo em temperaturas inferiores a -20 °C, especialmente
em amostras contendo sais ou solventes organicos (Dudzik et al., 2018; Pilon et al.,
2020).

O processo de preparo de amostra para analise metabolémica € uma das
etapas mais cruciais e que consome consideravel tempo de trabalho. Isso decorre da
complexidade, heterogeneidade e ampla faixa de concentragdo dos metabdlitos
presentes nas amostras. A execugao desse processo esta condicionado a escolha da
abordagem metabolémica, ao tipo de amostra e as técnicas de analise relevantes ao
estudo, garantindo assim a compatibilidade entre o preparo de amostra e a técnica
analitica empregada (Canuto et al., 2018).

O objetivo primordial da extracao € obter os metabdlitos alvo ou o numero
maximo de metabdlitos, idealmente, todos os metabdlitos presentes na amostra.
Diversos métodos de extracdo, geralmente utilizando diferentes combinagdes de
solventes, sdo empregados para alcancgar esse fim. Assim, apenas um método de
extracao abrangente e reprodutivel proporcionara dados confiaveis, uma vez que os
metabdlitos identificados sdo os que foram efetivamente extraidos e todas as
conclusdes serao construidas em torno dessas informacdes (Mushtaq et al., 2014).

Para obter resultados eficazes, € necessario considerar ndo apenas o tipo
de solvente, mas também as caracteristicas fisico-quimicas da matriz, o efeito do pH
na matriz, o tempo de contato e a compartimentalizacdo dos metabdlitos. A selecao
do solvente deve contemplar aspectos como toxicidade, poder de solubilizacao,
seletividade, taxa de dissolucéo, reatividade quimica e pH. O solvente ideal € aquele
gue combina a menor toxicidade com o maior poder de solubilizacdo (Mushtaq et al.,
2014). Por exemplo, em um estudo nao direcionado desenvolvido através de métodos
cromatograficos, diferentes tipos de solventes podem ser utilizados: como solvente
monofasico (agua / metanol, agua / acetonitrila) ou bifasico (agua e metanol,
frequentemente combinados com um solvente apolar como cloroférmio,
diclorometano ou éter metil terc-butilico), podem ser empregados em sistemas de
extracdo, dependendo da analise planejada. A escolha dos sistemas solventes é
determinada pelo interesse em investigar moléculas polares ou apolares (Pilon et al.,
2020; Tebani; Afonso; Bekri, 2018).

Os métodos de preparacao e introducdo de amostras para analise de
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amostras biolégicas podem abranger diversas técnicas, incluindo, mas nao se
limitando a injecao direta, extracao assistida por micro-ondas, extracdo por Soxhlet,
extracao liquido-liquido (LLE), extragcdo em fase sélida (SPE) e extracdo com fluido
supercritico. A fase de extragdo determina o intervalo ou cobertura quimica, levando
em consideracao a polaridade e solubilidade dos metabdlitos a serem detectados
pelas técnicas analiticas. E crucial que essa etapa seja conduzida de maneira simples,
rapida e eficiente, uma vez que a metabolémica envolve um consideravel nimero de
amostras e, consequentemente, de experimentos (Mushtaq et al., 2014; Pilon et al.,
2020; Villate et al., 2021).

3.4.2 técnicas analiticas utilizadas em estudos metabdlicos

Atualmente, ndo ha uma técnica analitica que possa medir todos os
metabdlitos em um Unico experimento, devido a consideravel diversidade quimica e
concentragcbes variadas dessas substancias. Por isso, a aquisicdo de dados em
estudos metabolémicos é conduzida por meio do uso de multiplataformas de analise.
Essas plataformas oferecem uma cobertura mais abrangente em termos de
substéncias quimicas detectadas, proporcionando, por conseguinte, um entendimento
biolégico mais amplo do organismo em estudo. Técnicas de analise como a
ressonancia magnética nuclear (RMN ou NMR, do inglés, nuclear magnetic
ressonance) e a espectrometria de massas (MS, do inglés, mass spectrometry), que
fornecem informagdes estruturais de diversas classes quimicas, sdo as técnicas
analiticas mais empregadas nos estudos metabolémicos (Canuto et al., 2018; Forcisi
et al., 2013; Pilon et al., 2020; Verpoorte; Choi; Kim, 2007; Wang et al., 2023; Yuliana
et al., 2013).

A ressonancia magnética nuclear (NMR) é uma técnica que permite a
identificagéo inequivoca de uma substancia. Além disso, tem como caracteristicas
gerais ser uma técnica de analise robusta e abrangente que requer pouca ou nenhuma
manipulacdo de amostra, possibilitando a analise de amostras biol6égicas intactas,
incluindo sélidos e semissélidos. Uma vantagem é a necessidade de uma pequena
quantidade de amostra, e ela ndo é destruida apdés a analise, embora seja
contaminada por solventes deuterados. No entanto, apresenta desafios como baixa

sensibilidade e seletividade, com regides espectrais que podem ter sobreposicao de
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sinais, comprometendo a interpretacdo dos resultados. Além disso, requer
equipamentos de alta resolucao (Atanasov et al., 2021; Canuto et al., 2018; Kueger et
al., 2012; Verpoorte; Choi; Kim, 2007).

As estratégias metabolémicas que utilizam a espectrometria de massa
(MS) em conjunto com técnicas de separag¢ao, como cromatografia gasosa (GC) ou
liguida (LC), e até mesmo eletroforese capilar, oferecem uma sensibilidade e
flexibilidade substancialmente superiores. Isso resulta em abordagens baseadas em
MS que proporcionam informagdes mais abrangentes e detalhadas sobre o inventario
metabdlico de uma amostra biolégica, embora a identificacdo precisa dos compostos
ainda seja um desafio significativo (Kueger et al., 2012).

A GC-MS é amplamente utilizada em estudos metabolémicos devido a sua
elevada robustez, precisao, sensibilidade e exatiddao nas analises. A analise de
compostos volateis por headspace tem sido empregada para investigar a fracao volatil
do metaboloma. No entanto, muitos metabdlitos necessitam de derivatizacao para
tornarem-se volateis a baixas temperaturas. Esse processo € tedioso, podendo
introduzir erros por volatilizagdo durante o procedimento e limitar o niumero de
amostras processadas simultaneamente. Apesar disso, o uso de GC-MS na
metabolémica oferece uma vantagem significativa, dada as bibliotecas de espectros,
proporcionando uma identificagcao confiavel dos metabdlitos com base na informacgéo
de tempo de retencédo e padrao de fragmentacdo (Canuto et al., 2018; Dettmer;
Aronov; Hammock, 2007; Soga, 2023).

A cromatografia liquida (LC) acoplada a espectrometria de massa (MS) é
uma plataforma analitica crucial para estudos metabolémicos nao direcionados em
larga escala devido a sua excelente combinacdo de robustez, sensibilidade e
seletividade. ALC-MS é reconhecida como uma técnica abrangente para analisar uma
ampla classe de compostos, gracas a diversidade de fases estacionarias disponiveis
e aos diversos modos de separagdo, incluindo eluicdo em fase reversa
(essencialmente por particdo), com ou sem pareamento iénico, interacao hidrofilica e
troca i6nica. Na analise de perfis metabdlicos baseados em LC-MS, os metabdlitos
sédo geralmente identificados comparando o tempo de retengédo do analito e a razdo
massa/carga (m/z) com padrdes auténticos ou com dados cromatograficos /
espectrais oriundos da literatura (desreplicacédo), os quais devem ter sido analisados
de forma semelhantes (Canuto et al., 2018; Lei et al., 2015).

O UPLC tem vantagens sobre o HPLC convencional devido a sua
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velocidade analitica mais rapida e maior eficiéncia de separagcdo. Além disso, a
combinagcao QTOF-MS (analisadores de massa quadrupolo-tempo de voo) fornece
medi¢des de massa de alta resolugéo, permitindo a identificagéo rapida de metabdlitos
e a determinacéao precisa de compostos em nivel de baixa concentragdo. Usando um
sistema acoplado, no qual se tem um cromatédgrafo a liquido com espectrémetro de
massas de alta resolugao (UPLC-QTOF-MSE), a determinacéo de varios compostos e
a concepcao de um perfil metabdlico de uma amostra podem ser alcangadas em uma
execucao cromatografica em um curto espacgo de tempo, atendendo aos requisitos de
rapidez, eficiéncia e precisao (Fan et al., 2013).

A eletroforese capilar acoplada a espectrometria de massa (CE-MS) é
empregada como uma técnica complementar a LC-MS e GC-MS, destacando-se pela
separacgao de compostos idnicos polares. Caracteriza-se por alta resolucédo e analises
rapidas. Com volumes de inje¢ao na ordem de nL, a CE-MS é vantajosa ao lidar com
fluidos biolégicos escassos, como urina de rato e saliva de animais. Entretanto,
enfrenta desafios de repetibilidade e sensibilidade, este ultimo devido a diluicdo das
amostras pelo uso de liquido auxiliar na integracdo com a MS (Canuto et al., 2018;
Soga, 2023).

3.4.3 Analise estatisticas em estudos metabolémicos

De modo geral, os dados oriundos de estudos metabolémicos podem ser
usados para construir hipéteses ou para explicar observagdes. Os metabolitos
identificados associados a uma observagao podem fornecer uma visao holistica sobre
o sistema bioldgico interrogado (Tebani; Afonso; Bekri, 2018). Entretanto, & importante
salientar que em estudos metabolémicos, frequentemente sdo gerados extensos e
grandes volumes de dados de alta complexidade de interpretacdo, tornando
praticamente impossivel inferir as informagées manualmente. Consequentemente,
analises multivariadas de dados s&o usadas rotineiramente para inferir informacdes
de conjuntos dados metabolémicos (Alonso; Marsal; Julia, 2015). Sendo assim, os
conjuntos de dados sao processados de forma a tornar mais evidente as informagdes
e as interpretacdes relacionadas ao mesmo. Nesse contexto, varias ferramentas e
softwares foram desenvolvidos para ajudar no processamento de dados, de modo a
evitar erros e manter a integridade das variagdes biologicas inspecionadas (Boufridi;
Quinn, 2016; Canuto et al., 2018; Correia; Ferreira, 2007; Hu; Xu, 2013; Moco ef al.,
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2007; Tebani; Afonso; Bekri, 2018).

Também é importante mencionar que na maioria dos casos, os dados
provenientes de equipamentos analiticos carecem de um tratamento prévio. Haja vista
que os perfis metabdlicos estdo sujeitos a erros experimentais inerentes do método
analitico, os quais devem ser corrigidos antes da analise e avaliacdo dos dados
propriamente dita. Assim um, pré-tratamento dos dados, sejam aqueles obtidos por
técnicas de separagédo e/ou espectroscopicas, poderdo ser usadas para diferentes
propésitos. Além disso, a variabilidade instrumental, como flutuagdes de presséo e
temperatura e degradacao de fase estacionaria, bem como o efeito da matriz de
amostras, podem intensificar a complexidade dos dados. Portanto, as etapas de pré-
processamento devem ser consideradas em dados brutos, a fim de eliminar ou pelo
menos mitigar as informagdes indesejaveis e reduzir as variagdes quimicamente
irrelevantes antes de aplicar uma analise quimiométrica. As técnicas de pré-
processamento mais comuns usadas para conjuntos de dados metabolémicos
baseados em cromatografia-massa, por exemplo, sdo correcdo de linha de base,
reducao de ruido, alinhamento de tempo de retencao, desconvolugéo espectral e
normalizacdo. Combinadas, as etapas de processamento de dados ajudam a preparar
os dados para uma analise multivariada que proporcione uma interpretagcdo mais
exata e confiavel (Feizi et al., 2021; Funari et al., 2013; Paul, de Boves Harrington,
2021; Shen et al., 2023).

As ferramentas quimiométricas para analise de dados metabolémicos
devem ser selecionadas de acordo com o objetivo do estudo. Se o objetivo for a
classificacdo da amostra e as informagdes prévias sobre a identidade da amostra
forem desconhecidas, métodos nao supervisionados, como analise de agrupamento
hierarquico (HCA) ou analise de componentes principais (PCA) séo usados. Por outro
lado, a identidade da amostra é frequentemente conhecida e o objetivo do estudo é
descobrir biomarcadores caracteristicos, nesse caso, métodos supervisionados, como
minimos quadrados principais (PLS) ou método independente de analogia de classe
(SIMCA), também podem ser usados (Dettmer; Aronov; Hammock, 2007).

A HCA e a PCA permitem a visualizagdo grafica de todo o conjunto de
dados, mesmo quando o niumero de amostras e variaveis € elevado. O uso desses
algoritmos tem como objetivo principal facilitar e aumentar a compreensao do conjunto
de dados, examinando a presenga ou a auséncia de agrupamentos naturais entre as

amostras. Além disso, & possivel verificar quais dos parAmetros analisados (variaveis)
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sdo os principais responsaveis pela formacao dos grupos de amostras. Ambos sao
classificados como métodos exploratérios nao-supervisionados, visto que nenhuma
informacao com relagéo a identidade das amostras é levada em consideragdo. A HCA
busca agrupar as amostras em classes, baseando-se na similaridade dos
participantes de uma mesma classe e nas diferencas entre os membros de classes
diferentes. A representacéo grafica obtida € chamada de dendrograma, um grafico
bidimensional independentemente do numero de variaveis do conjunto de dados.
Todavia, a utilizagdo da PCA visa reduzir a dimensionalidade do conjunto de dados
original, preservando a maior quantidade de informacao (variancia) possivel. Essa
reducao € obtida por meio do estabelecimento de novas variaveis ortogonais entre si,
denominadas componentes principais (PC’s). Organizadas em ordem decrescente de
significancia, as PCs sdo combinagbes lineares das variaveis originais. Os graficos
obtidos representam as amostras em um sistema cartesiano onde os eixos sédo as
PCs. Tanto HCA quanto PCA permitem a interpretacdo multivariada de conjuntos de
dados grandes e complexos por meio de graficos bi ou tridimensionais. Estes graficos
apresentam informacgdes que expressam as inter-relagdes que podem existir entre as
variaveis, facilitando a interpretacdo multivariada do comportamento das amostras
(Correia; Ferreira, 2007; de Ledn-Solis; Casasola; Monterroso, 2023; Paul; de Boves
Harrington, 2021).

Por outro lado, o PLS-DA (analise discriminante por minimos quadrados
parciais) se caracteriza como uma analise supervisionada, na qual utiliza um algoritmo
que combina reducdo da dimensionalidade com a analise discriminante de forma
flexivel, ndo ajustando os dados em uma distribuicdo especifica. A redugéo da
dimensionalidade é alcancada pela selecédo variavel em vez da combinagao linear
realizada na PCA. Os métodos de validacao do modelo permitem a constru¢cao de um
modelo preditivo e podem ser agrupados em trés categorias: (a) métodos internos,
como validacao cruzada. (b) testes externos e (c) métodos opcionais, como ensaios
de permutacéao. A selecao de qualquer método depende do tamanho do conjunto de
dados (de Le6n-Solis; Casasola; Monterroso, 2023; Paul; de Boves Harrington, 2021).
De modo geral, esses métodos sao utilizados para aprimorar a separagao entre os
grupos identificados nas analises exploratorias nao-supervisionadas. Em resumo, o
emprego de métodos supervisionados visa alcancar a maxima distincao entre as
amostras dos grupos e identificar as variaveis responsaveis por essa distingao
(Guedes, 2018).
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ABSTRACT

Pineapple is among the most produced and consumed fruits worldwide, and
consequently, its agroindustrial production/processing generates high amounts of
agricultural waste, which are routinely discarded. Thus, it is crucial to seek alternatives
to reuse this agricultural waste that are in high availability. Therefore, this work aims to
evaluate the chemical composition of a specific residue (leaves) of seven commercial
varieties of pineapples, to attribute high added value uses, and to evaluate its potential
as a source of secondary metabolites and minerals. Thereby, twenty-eight metabolites
were annotated by UPLC-QTOF-MSE, including amino acids, organic acids, and
phenolic compounds. The following minerals were quantitatively assessed by ICP-
OES: Zn (5.30 - 19.77 mg kg™"), Cr, Cd, Mn (50.80 — 113.98 mg kg~"), Cu (1.05 - 4.01
mg kg™'), P (1030.77 - 6163.63 mg kg™") and Fe (9.06 - 70.17 mg kg~"). In addition,
Crand Cd (toxic materials) present concentration levels below the limit of quantification
of the analytical method (LOQcr and LOQcs = 0.02 mg kg') for all samples. The
multivariate analysis was conceived from the chemical profile, through the tools of PCA
(principal component analysis) and HCA (hierarchical cluster analysis). The results
show that pineapple leaves have similarities and differences concerning their chemical
composition. In addition, the cytotoxicity assays of the extracts against tumor and non-
tumor strains shows that the extracts were non-toxic. This fact can corroborate and
enhance the prospection of new uses and applications of agroindustrial co-products
from pineapple, enabling the evaluation and use in different types of industries, such
as pharmacological, cosmetic, and food, in addition to the possibility of being a

potential source of bioactive compounds.

Keywords: Metabolomics; Ananas, Chemometrics, Minerals in pineapple.

1 Introduction

The pineapple plant is an herbaceous monocotyledonous angiosperm that
belongs to the family Bromeliaceae, genus Ananas, species Ananas comosus (L.)
Merril. Pineapple is one of the most popular tropical fruits worldwide, mostly due to its
unique flavor and nutritional value. It is the only representative of the Bromeliaceae

family that is widely cultivated as a food source, characterized as the most cultivated
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and most economically important species of this family (Guedes et al., 2018; Manetti;
Delaporte; Laverde Jr., 2009; Mohd Ali et al., 2020).

Native to South America, pineapple cultivation has expanded and is
currently cultivated in more than eighty-two countries in different regions of the world,
mainly in tropical and subtropical regions (Do et al., 2020; Mohd Ali et al., 2020;
Rodriguez et al., 2013). Based on the FAOSTAT online database (Food and Agriculture
Organization of the United Nations), in 2020 world pineapple production reached
almost 28 million tons with a planting area of just over 1 million ha (FAOSTAT, 2020).
In this way, we can predict that tons of agricultural waste are generated simultaneously,
which does not have an adequate destination.

In this context, one of the factors that contribute to increasing the tons of
agricultural residues generated is the fact that the cycle of growth and production of
pineapple is approximately two years. After this period, to maintain productivity, the
planting must be removed completely to plant a new crop of pineapple (Chen et al.,
2020; Do et al., 2020). In this way, the removal of agricultural residues is a critical step
that can negatively impact the efficiency of pineapple productivity and must occur
quickly (Chen et al., 2020; Do et al., 2020; Sepulveda et al., 2018). In addition,
agricultural residues are sources of several different chemical species, such as
pesticides, minerals, and secondary metabolites, which, depending on the
circumstances, can result in water and soil contamination (Carneiro et al., 2020).

Considering the continuous generation and high availability of these
agricultural residues, researchers have been conducting studies to promote new uses
of pineapple co-products as low-cost substrates, aiming to add value to the crop and
the production of industrially important results (Kavuthodi; Sebastian, 2018; Sena Neto
et al., 2015, 2017).

Among the practices of elimination and/or reuse of pineapple agricultural
residues, the following stand out: composting, burning, and removal before planting.
The burning method is quickly and easily performed, however, it is undesirable and
with a high environmental risk, such as fire outbreaks. Burning can also generate
several atmospheric pollutants such as a series of incomplete combustion products.
Composting takes a wide time to start, which accumulates partially decomposed waste
and increases the possibility of contamination by pests and fire outbreaks (Ahmed et
al., 2003; Chen et al., 2020; Do et al., 2020). Thus, it is essential to evaluate new

solutions and/or alternatives to the problem of agricultural waste, aiming to add value



53

and the consequent reuse of the same, based on green and sustainable technologies
(Rico et al., 2020).

Knowing that pineapple is recognized as a source of biologically active
chemical species, we can suppose that these compounds extend to agricultural waste.
In general, the chemical substances that are part of the pineapple composition are
polyphenols, vitamins, flavonoids, tannins, organic acids, carbohydrates, glycosides,
and proteins, possibly exercising several health benefits (Guedes et al., 2018; Ma et
al., 2007). In addition to the compounds mentioned above, there is bromelain, a
metabolite that is extracted from pineapple (especially the stem), has wide application
in various food, cosmetic, and pharmaceutical industries (Difonzo et al., 2019;
Rodrigues et al., 2020).

In recent years, studies have shown that protein components
(macromolecules) of pineapple have anticancer activity. In this case, bromelain
showed the ability to modulate the main pathways that support malignancy
(Chakraborty et al., 2021). The question would be whether the anticancer activity could
be mainly related to bromelain or the effect caused by secondary metabolites
(micromolecules). Therefore, we established as one of the objectives the prospection
of metabolites in pineapple leaves to investigate whether these substances were also
involved in anticancer activity. Because of these facts, it is of paramount importance to
identify the chemical species, aiming to evaluate the waste produced to minimize
environmental pollution, give new uses, and promote a high-added value to the
agroindustrial residues from the pineapple plant. Under these circumstances, studies
related to the chemical composition of agroindustrial pineapple residues are pretty
scarce, especially concerning the mineral constitution and bioactive polyphenols that
may be of great interest in the pharmaceutical, food, and cosmetics industries.

For these reasons, in this study, we performed a metabolomic workflow on
the leaves of seven commercial pineapple varieties, to establish the chemical profile
of these samples, enabling the determination of bioactive chemical species. The
metabolic profile and mineral constitution of the samples were evaluated, respectively,
by ultra-performance liquid chromatography coupled with high-resolution mass
spectrometry (UPLC-HRMS) and inductively coupled plasma optical emission
spectrometry (ICP-OES). The extracts from pineapple leaves used in this study were
also evaluated in terms of cytotoxicity against different tumor strains and non-tumor

strains. In addition, chemometric tools were used to highlight the similarities and/or
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differences in the chemical composition of pineapple leaves. In this way, it was possible

to assess the value of these residues generated in the fruit agroindustry.

2 Materials and methods

2.1 Plant material

In this study, samples of pineapple leaves (Ananas comosus (L.) Merr.) from
seven different commercial cultivars were evaluated: Golden (MD2), Perolera (PE,
AGB 049), Pérola (AGB 001), BRS Imperial, Smooth Cayenne (SC), BRS Vitéria, and
BRS Ajuba.

Samples of the cultivars Perolera and Pérola were collected from the AGB-
Pineapple (Active Germplasm Bank of Pineapple (with more than 700 accessions, 10
plants/accession), Embrapa Cassava & Fruits, Cruz das Almas, BA, Brazil), while
samples of the cultivars BRS Imperial, Golden, BRS Imperial, Smooth Cayenne, BRS
Vitéria, and BRS Ajuba were collected in the Experimental Fields of Embrapa Cassava
and Fruits (Embrapa Cassava & Fruits, Cruz das Almas, BA, Brazil).

Samples were collected from ten different plants of each cultivar, two leaves
of each plant totaling twenty leaves of each cultivar. Then, the leaves were dried in a
convection oven at 40 °C for 72 h. Thereafter, the samples were ground and stored, at
28°C.

2.2 Reagents and chemicals

The ultrapure water used for the mobile phase in the chromatographic
analyzes and for the preparation of all the solutions necessary for the development of
the work was obtained by Milli-Q system (Millipore, Bedford, MA, USA), formic acid
(purity 98%), acetonitrile (LC-MS grade) was supplied by Tedia (Fairfield, Ohio, EUA),
hexane (95%) and ethanol (96%) were purchased from the Tedia (Rio de Janeiro, RJ,
Brazil), dimethyl sulfoxide (DMSO) and 3-(4,5- dimethyl-2-thiazol)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (Life Science); the
tumor cells used, HCT-116 (human colon carcinoma), HL60 (leukemia), PC3
(prostate), MCF-7 (breast), SNB-19 (astrocytoma), HelLa (cervix) and L929 (mouse

fibroblast, non-tumor) were donated by NCI-USA (National Cancer Institute), cultured
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in RPMI 1640 medium, supplemented with 10% fetal bovine serum and 1% antibiotics,
kept in an oven at 37 “C and in an atmosphere containing 5% COz, nitric acid (65%)
and hydrofluoric acid (38%) from Vetec (Rio de Janeiro, RJ, Brazil), hydrochloric acid
(37%) and boric acid from Sigma-Aldrich (St. Louis, Missouri, EUA). Standard solutions
were prepared from stock solutions (1000 mg L™") of Cd, Cr, Cu, Fe, Mn, P, and Zn
supplied by Acros Organics (Geel, Belgium).

2.3 Chemical profiling by UPLC-QTOF-MSE

2.3.1 Sample preparation for UPLC analysis

The pineapple leaf extracts were obtained using a microextraction sample
preparation method adapted from the literature (Chagas-Paula et al., 2015; Guedes et
al., 2020; Nehme et al., 2008). A portion of 50 mg of dried, ground, and homogenized
plant material was weighed. Thereafter, 4 mL of hexane was added and vortexed for 1
min, then the sample contained in the test tube was submitted to the ultrasonic bath
(fixed power of 135 W) for 20 min. Posteriorly, 4 mL of ethanol: water (7:3) solution
was added, vortexed again for 1 min, and placed in the ultrasound bath for 20 min.
Finally, for a complete separation of the hexane and hydroethanolic phases, the test
tube containing the mixture was centrifuged for 10 min. Afterward, a 1 mL aliquot was
removed from the hydroethanolic phase, filtered (0.22 ym PTFE filter), and added to
vials. Subsequently, the extracts were analyzed by UPLC-QTOF-MSE.

The extraction of samples was done in quintuplet for the seven different

commercial cultivars of the pineapple and five extraction blank, N = 40 extractions.

2.3.2 Chromatographic conditions

The chromatographic separation was performed on an Acquity UPLC
(Waters Corp., Milford, MA, USA) coupled to a quadrupole/time of flight (QTOF,
Waters). Chromatographic runs were conducted through Waters Acquity UPLC BEH
(150 mm x 2.1 mm, 1.7 ym), at a fixed temperature of 40 °C. The analysis was carried
out by applying the following binary gradient (A (water containing 0.1% formic acid)
and B (acetonitrile containing 0.1% formic acid)) at a flow rate of 0.4 mL min-': 0.0—
15.0 min, linear gradient from 2 to 95% B; 15.1-17.0 min, 100% B; 17.1 min, 2% B;
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17.02-20.0 min, 2% B gradient. The sample injection volume was 3 pL.

2.3.3 Mass spectrometry conditions and metabolite annotation

Sample analyzes were performed by a chromatographic system coupled to
a mass spectrometer, interfaced by an electrospray ionization source (UPLC-ESI-
QTOF-MSE). Analyzes were conducted in ESI- and ESI* ionization modes, with an
acquisition range of 110-1200 in MS and 50-1200 in MS?2. The desolvation gas flow
was 500 L h-' (ESI7) and 350 L h-' (ESI*). The temperature of the ionization source and
the desolvation gas were 120 °C and 350 °C, respectively. Leucine enkephalin was
used as a lock mass. The capillary voltage was 3 kV.

The data obtained from the UPLC-ESI-QTOF-MSE was submitted to the
software MS-DIAL 4.92 (Data Independent Analysis), aiming to establish the
necessary parameters for untargeted metabolomics: deconvoluted spectra, peak
alignment, and filtering (Lai et al., 2018; Tsugawa et al., 2015, 2019). Posteriorly, the
unidentified metabolites can be annotated through the MS-FINDER 3.52 (Lai et al.,
2018; Tsugawa et al., 2015). The annotation of the metabolites was conceived through
the MS and MS/MS mass spectra, where the probable molecular formulas and the
fragmentations were obtained, respectively. After obtaining the MS/MS spectra, the
metabolite annotation was performed, comparing the data with the information from
the database such as the KNApSAcK Core System database, Human Metabolome
Database (HMDB), Kyoto encyclopedia of genes and genome database (KEGG),
SciFinder, ChemSpider, and PubChem. The annotation of metabolites was performed
according to the guidelines established by MSI (Metabolic Standards Initiative) level
2.1 (Sumner et al., 2007). In addition, the annotation includes the molecular formulas
and the fragment ions correlated to the metabolites. The annotation of metabolites was
performed considering the chemotaxonomy (family, genus, and species).

2.4 Mineral analysis by ICP-OES

An iCAP 6000 ICP-OES (Thermo Scientific, USA) equipped with a
concentric nebulizer was used for elemental analysis. ICP operational parameters
were as follows: 12 L min-' cooling gas, 1150 W RF power; 0.45 L min' nebulizer Ar

gas flow rate and sample uptake rate of 1.4 mL min-', 0.5 L min-! auxiliary Ar gas flow
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rate; The analytical wavelengths (nm) chosen were: Cd (214.4), Cr (283.5), Cu (327.3),
Fe (259.9), Mn (259.3), P (177.4), Zn (219.8). The standard solutions of the analytes
(Cd, Cr, Cu, Mn, Fe, P, Zn) were prepared by dilutions of 1000 mg L' stock solutions.

The sample preparation method was used for a Tecnal TE-007D digester
heating block (Piracicaba, Brazil). An accurately weighed 0.200 g of the pineapple
leaves, dried, ground, and homogenized were placed into Teflon® tubes with 5 mL of
a mixture of HNO3 and HCI (3:1). The mixture was left overnight. Then, 2 mL of HF
was added, and the tubes were placed in a heated digester block at 130 °C for 5 h.
The resultant solutions were neutralized by 20 mL of boric acid (4%), filtered, and
analyzed by ICP-OES. Certified reference material Tomato Leaves SRM 1573a (NIST,
Gaithersburg, USA) was used to validate the accuracy of the proposed methodology.
A one-way analysis of variance (ANOVA) and Tukey's test were conducted using a

95% confidence level.

2.5 Determination of cytotoxic potential in vitro

Cytotoxicity evaluation was performed against different tumor cell lines:
HCT-116, HL60, PC3, SNB-19, MCF-7, and HeLa. In addition, the evaluation of the
extracts in terms of cellular selectivity, between healthy cells and cancer cells, was
performed using the L929 (mouse fibroblast, non-tumor) cell line, where the cells were
exposed to the extract for 72 h. Cells were cultured in RPMI 1640 medium, L929 was
cultured in DMEM with Earle’s salts, complemented with 100 IU mL"" penicillin, 10%
fetal bovine serum, 2 mmol L' L-glutamine, 100 mg mL-! streptomycin at 37 °C with
5% COo..

In the determination of the cytotoxic potential, the cells were added to 96-
well plates. The dry hydroethanolic extracts were dissolved with DMSO; the final
concentration of DMSO in the culture medium was kept constant (0.1%, v/v). The cell
viability was determined as Mosmann (1983) described with the method MTT. After 72
h, the plates were subjected to centrifugation and the medium was replaced with fresh
medium (200 mL) containing 0.5 mg ml' of MTT. Then, after 3 h, the MTT formazan
was solubilized in DMSO (150 pL) and absorbance readings (570 nm) were taken by
DTX 880 Multimode Detector (Beckman Coulter, Inc. Fullerton, California, USA).

The evaluation of the samples was carried out in triplicate and the results

regarding the percentage of inhibition of cell growth (Gl, %) were obtained using the
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GraphPad Prism® 5.0 software.

2.6 Data processing and statistical analysis

In this work, Google Colaboratory (https://colab.research.google.com) and
pre-installed libraries were used. This software can be used free of charge as Google
provides it for search activities using a 12GB Tesla K80 GPU and python language.
The analysis and manipulation of the database were carried out with the PANDAS
library (https://pandas.pydata.org/). Two pattern recognition strategies were applied:
principal component analysis (PCA) and hierarchical cluster analysis (HCA). Both
algorithms were performed using the SKLEARN library (https://scikit-learn.org/) and
SCIPY (https://www.scipy.org/scipylib/index.html). The graphs were plotted using the
graphic libraries: SEABORN (https://seaborn.pydata.org/) and MATPLOTLIB
(https://matplotlib.org/).

The data sets were combined in the direction of the columns. Since the
numerical value between variables differs markedly, direct comparison between
variables is not feasible. Because of this, the auto-scaling transformation was applied.
This transformation keeps the statistical information of the data set. Still, each variable
begins to show zero mean and variance equal to one, correcting weighting effects
arising from the nature of the data set. The PCA was applied with data mean centering
and dimension reduction using singular value decomposition (SVD) to investigate the
possible similarities and dissimilarities between the leaves of commercial pineapple
varieties. A cluster analysis study was also carried out using a hierarchically grouped
heat map with Euclidean distance and Ward’s connection method. The contribution of
the variables was standardized between zero and one (subtracting all of them by the

minimum value followed by the division by the highest value found).

3 Results and discussion

3.1 Non-targeted analysis of pineapple leaves by UPLC-QTOF-MSE

The evaluation and determination of the metabolic profile of the seven

varieties of pineapple leaves were performed using a non-targeted approach. For this

purpose, the extracts obtained through microextraction were analyzed by UPLC-
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QTOF-MSE, and mass spectra were acquired in positive (ESI*) and negative (ESI")
ionization modes. The evaluation of the chromatograms and the respective mass
spectra was performed with the aid of the previously reported literature review based
on the research of substances found in the family, genus, and species of the plant
under study (Chemotaxonomy). In addition, SciFinder and other databases available
in MS-DIAL and MS-FINDER software were consulted.

A total of 28 metabolites were annotated (Table 2) in the seven varieties of
pineapple leaves evaluated. The annotated metabolites, based on chemical
characteristics, can be summarily divided into organic acids (and their derivatives),
amino acids (and their derivatives), and flavonoids in general.

In summary, it was possible to observe that the metabolic profiles of all
samples show quite similarities. In addition, through the analysis of the chromatograms
(Figure 10), it is possible to verify that the most significant dissimilarities between the
commercial varieties of pineapple are due to different levels of concentration of

metabolites in the seven commercial varieties of pineapple leaves.

3.1.1 Amino acids and their derivatives

The mass spectra for compound 8 suggest that the metabolite is L-tyrosine
since the precursor ion at m/z 182.0821 [M+H]* and the presence of fragment ion m/z
165.0489 [(M+H)—NHs3]* from the elimination of NH3 of the protonated molecule [M+H]*
was observed (Difonzo et al., 2019; Yang et al., 2018).
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Tabela 2 — Table 2. Metabolites annotated in the samples of seven varieties of pineapple leaves, in negative (ESI-) and positive (ESI*)

modes. (to be continued).

ESI- ESI*
tr Molecular .
Peak A MS Error MS MS Error Peak annotation Sample* References
(Min) Cotcutated -t MSMS  (iom)  calculated  [mshpr  MSMS oo, formula
C, Pra;
1 0.72 - - - 413.2117  413.2098 - -4.6 Ca2sH2s03 not identified G; Pla; V; -
A
89.0248 C; I; Pra; (Farag et al.,
2 0.88 341.1084  341.1061 179.0485 6.7 - - - - C12H2011 sucrose GV A 2014)
C; I; Pra; e
90.0197 . . P00 (Maulidiani et
3 0.89 135.0293  135.0291 729977 -1.5 - - - - C4HsOs threonic acid G; Pla; V; al, 2019)
C I Pra: (Baskaran;
85.0276 . . ! Ba v Pullencheri;
4 0.89 191.0556 191.0540 101.0212 -8.4 - - - - C7H1206 quinic acid G; PLa, V; Somasundara
m, 2016)
133.0150 . . . C; I; Pra; (Abu-Reidah
5 0.93 295.0665  295.0688 115.0047 7.8 - - - - C1oH16010 malic acid hexoside G VA et al., 2015)
(Abu-Reidah
115.0029 C; I; Pra; et al., 2015;
6 0.94 133.0137  133.0129 89.0244 -6.0 - - - - C4HeOs malic acid G; Pla; V;  Oldoni et al.,
: A 2019; Sun et
al., 2016)
(Oldoni et al.,
2019;
C; I; Pra L
111.0086 - . ! Bla. v Rodriguez-
7 1.01 191.0192 191.0189 87.0109 -1.6 - - - - CeHgO7 citric acid G; P)!“a, V; Pérez et al.,
2015; Sun et
al., 2016)
(Difonzo et
165.0489 . C; I; Pra; al., 2019;
8 1.01 - - - 182.0817 182.0821 136.0611 2.2 CeH11NO3 L-tyrosine Pla V: A Yang et al.,
2018)
. " . C; I, Pra (Joo et al.,
9 1.03 - - - 130.0868  130.0860  84.0796 -6.1 CeH11NO2 pipecolic acid G V:A 2020)
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Tabela 2 — Table 2. Metabolites annotated in the samples of seven varieties of pineapple leaves, in negative (ESI-) and positive (ESI*)

modes. (continuation).

ESI- ESI*
tr Molecular .
Peak A MS MS Error MS MS Error Peak annotation Sample* References
(min) calculated [M-H]~ MS/MS (ppm) calculated [M+H]* MS/MS (ppm) formula
276.1422 .
' C; I; Pra (Azi et al.
) ) ) ) 2581338 N-(1-deoxy-1- Ny ! '
10 1.69 2941558  294.1553 230.1355 1.7 Ci12H2sNO7 fructosyl)leucine G; P)L‘a, V, 203/0,;(;;189) et
212.1274 N
M 169 - - - - 1321025 1321025 99092 55 coHaNO leucine S by (Yangetal,
: : : 69.0337 : oTnIT2 A 2018)
120.0802 C; I, Pra; (Jandrié et
12 210 164.0712  164.0702  147.0462 -6.1 166.0868  166.0873  103.0512 3.0 CgH11NO2 phenylalanine G; Pla; V;
al., 2014)
91.0528 A
164.0693 ggingg fructose- C; I; Pra; (Rodriguez-
13 211 326.1240  326.1244  147.0464 1.2 3281396  328.1408 1320810 3.7 Ci5H21NO7 h . G; Pla;V;  Pérezetal,
103.0521 : phenylalanine A 2018)
. 120.0802
(Duefias et
al., 2021;
. . Song et al.,
353.0650 577.1619 apigenin-6,8-C- C Prg, ) 2019;
14 3.38 593.1506  593.1530  383.0734 4.0 5951663  595.1666  559.1481 0.5 C27H30015 digl d G; Pla; V; Stei
4731075 4571155 iglucoside A teingass et
. . al., 2015;
Tsolmon et
al., 2020)
isovitexin-7-O- X . (Duerias et
269.0429 glucoside or C Pr_a, . al., 2021;
15 3.66 593.1506 593.1523  311.0526 2.9 - - - - C27H30015 eyt ey A G; Pla; V; B
4311013 |sovntexnn§ -O- A Mizuno et al.,
: glucoside 2021)
(Duefias et
341.0677 vitexin cipra IS
16 3.77 431.0978  431.0976 311.0543 0.5 433.1135  433.1124  313.0741 2.5 C21H20010 (apigenin-8-C- G; Pla; V; Yang et al
. glucoside) A 201 89, Zhaﬁ§

et al., 2016)
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Tabela 2 — Table 2. Metabolites annotated in the samples of seven varieties of pineapple leaves, in negative (ESI-) and positive (ESI*)

modes. (continuation).

ESI- ESI®
tr Molecular .
Peak . MS MS Error MS MS Error Peak annotation Sample*  References
(min) calculated [M-H]~ MS/MS (ppm) calculated [M+H]* MS/MS (ppm) formula
(Guedes et
al., 2020;
17 410 6091456  600.1491 2000284 57 g114612 6111605 3030507 11 CuHaO e CiLPra Kun;ng;ta/v,
: : : 301.0279 - : : : o 2arrisoie (rutin) Pla; V; A Manetti;
Delaporte;
Laverde Jr.,
2009)
(Duenas et
283.0604 63,0607 isovitexin G Pra al., 2021;
18 419 4310978 4310971 3410652 1.6 4331185 433127 o2 18 CaHxOu (apigenin-6-C- Pl vea  Mizuno et al,
311.0564 : glucoside) C 2021; Zhang
et al., 2016)
3225075 GEENN-  citpra CIORAN
19 449 - - - - 4982600  498.2631 L29(aly 54 CorasNoOs Diferuloy- GiPlaV:  goit s et
177.0670 Ispermidine A al., 2015)
. . . . (Farag et al.,
20 454 - - - - 4791190 4791210 317.0658 42  CzpHaOn 's°rhf?§jgg'o' (F:>|a|~' \P,T‘} 2020; Matos
gy W Vs et al., 2021)
(Pacheco et
al., 2019;
. . Silva, M. de
21 477 5032492 5032495 0110 06 . . . . CaaHaoOr1 leeaoside Cloe FG aaetal,
. T 2018; Zhang,
W. et al.,
2015)
211.1686
C; I; Pra; (Maetal.,
22 4.77 - - - - 373.1135  373.1145 1?2'1‘5@; 2.7 CieHa0010 hydroferuloyl- G; Pla;V;  2007; Papetti
' glucose A et al, 2014)
135.1159 g
23 4.81 - - - - 5231452 5231469 361.0890 3.2 Ca4HsO13  ananaflavoside C Pla; A (M;OS;?/”
24 517 - - - - 3450974 3450982 330.0779 2.3 CigH1607 santin Cilpra (Yanetal,

2019)



63

Tabela 2 — Table 2. Metabolites annotated in the samples of seven varieties of pineapple leaves, in negative (ESI-) and positive (ESI*)

modes. (continuation).

ESI- ESI*
Molecular .
Peak R MS MS Error MS MS Error Peak annotation Sample* References
f
(min) calculated [M-H]- MS/MS (ppm) _calculated [M+H]* MS/MS (ppm) ormula
329.0643 C; I; Pra (Fuetal,
25 5.65 373.0923 373.0908  343.0411 4.0 375.1080 375.1068  342.0729 -3.2 C19H10sg casticin G; Pla; V;  2020; Hégner
358.0723 A etal., 2013)
C; I; Pra; (Mzaogl;gl.,
26 6.01 - - - - 537.1608 537.1600  375.1089 -1.5 CasH25013 ananaflavoside B G; P)L‘a; \A Steingass et
al., 2015)
(Brito et al.,
2020; Maia et
299.0188 3,7- C; Pra; ! N
27 6.37 329.0661 329.0680 314.0463 24 - - - - C17H1407 dimethylquercetin G. Pla; A al., 2020,
Quifer-Rada
et al., 2015)
(Fuetal,
2008;
28 6.61  269.0450 269.0440 151.1072  -3.7 - - - - CisH100s apigenin | Manetti
- : : : - 10 Delaporte;
Laverde Jr.,
2009)
(Ma et al.,
299.0187 331.0800 C; I, Pra;  2017; Moheb
29 6.70 329.0661 329.0655 271.0226 -1.8 331.0819 331.0815  315.0529 -0.9 C17H1407 tricin G; Pla; V; etal., 2013;
243.0357 270.0568 A Rui et al.,
2010)
30 6.80 819.2406 819.2399 - -0.9 - - - - C31H4s025 not identified g IPIZri -
C; I; Pra;
31 7.55 - - - - 455.3525 455.3541 - 3.5 C3oH4603 not identified G; Pla; V; -
A
C; I, Pra
32 7.55 - - - - 437.3478  437.3449 - 6.6 C23H407 not identified G; Pla; V; -
A
C; I, Pra;
33 7.73 861.2512 861.2523 - 1.3 - - - - Ca3Hs0026 not identified G; Pla; V; -
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Tabela 2 — Table 2. Metabolites annotated in the samples of seven varieties of pineapple leaves, in negative (ESI-) and positive (ESI*)

modes. (conclusion).

ESI- ESI*
tr Molecular .
Peak A MS MS Error MS MS Error Peak annotation Sample* References
(Min) aiculated - MSMS  (om)  calculated  [msHp  MSMS (oo formula
C; I; Pra;
34 7.73 - - - - 885.2512 885.2504 - -0.9 Cas5H4g026 not identified G; Pla; V; -
A

Source: Prepared by the Author.
*C: Smooth Cayenne; |: BRS Imperial; Pra: Perolera; G: Gold; Pla: Pérola; V: BRS Vitéria; A: BRS Ajuba
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Figura 10 — Figure 10. Representative chromatograms (ESI*) of the analysis of the
seven commercial varieties of pineapple leaves: (a) BRS Vitéria; (b) Gold; (c) BRS
Ajuba; (d) Smooth cayenne; (e) BRS Imperial; (f) Pérola; (g) Perolera.
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At peaks 10 and 11, they showed a leucine derivative; N-(1-deoxy-1-
fructosyl) leucine, (m/z 294.1553 [M+H]") and leucine (m/z 132.1025 [M+H]"),
respectively, were observed. In the MS/MS mass spectrum of the leucine derivative, it
is possible to verify the presence of the fragment ion m/z 276.1422, due to the loss of
a water molecule from the precursor ion (Azi et al., 2020).

Metabolites 12 and 13 were observed in both ionization modes (ESI- and
ESI*), annotated as phenylalanine and fructose-phenylalanine, respectively.
Phenylalanine exhibited the precursor ion m/z 164.0702 [M—-H]~, with fragment ion m/z
147.0462. On the other hand, fructose-phenylalanine presented deprotonated ion m/z
326.1244, with fragment ions m/z 164.0693 [(M—-H)-162]~ and 147.0464 [(M—H)-162—
171, which are due to the cleavage of the glycosidic bond followed by successive loss
of a hydroxyl group (Rodriguez-Pérez et al., 2018).

3.1.2 Organic acids and derivatives

Some organic acids were annotated: threonic acid, quinic acid, malic acid
hexoside, malic acid, citric acid, and pipecolic acid.

Peak 3 exhibited the precursor ion at m/z 135.0291 [M-H]~ and fragment
ions at m/z 90.0197 and 72.9977. Therefore, the metabolite was annotated as threonic
acid (Maulidiani et al., 2019).

The metabolites 4 and 7 showed the precursor m/z ions 191.0540 and
191.0189, respectively. Based on this and the joint analysis with the fragment ions,
mainly m/z 101.0212 [M—CO2-H20-CO]~ (peak 4) and m/z 111.0086 [(M-H)-CO2—
2H20]" (peak 7) they were annotated, respectively, as quinic acid and citric acid
(Baskaran; Pullencheri; Somasundaram, 2016; Rodriguez-Pérez et al., 2015).

Peaks 5 and 6 showed the precursor ions [M-H]~ at m/z 295.0688 and
133.0129, respectively. Thus, the metabolites were annotated respectively as malic
acid hexoside and malic acid. Corroborating with the characterization of malic acid and
its glycoside derivative, we verified the formation of fragment ions m/z 89.0244,
115.0029, and 133.0150. In which the formation of the fragment ion m/z 115 [(M-H)—
H20]"is due to the loss of a water molecule. On the other hand, the fragment ion m/z
133 [(M-H)-162] results from the loss of the hexoside group (Abu-Reidah et al., 2015;
Oldoni et al., 2019; Sun et al., 2016). Compound 9 was annotated as pipecolic acid
with a signal at m/z 130.0860 [M+H]" in the MS spectrum and at m/z 84.0796 in the
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MS/MS spectrum (Joo et al., 2020).

3.1.3 Flavonoids

The flavonoid apigenin is classified as a flavone, which is an aglycone of
several glycosylated metabolites, being present in several plant organisms. Thus, in
this work, from the evaluation of pineapple leaves extracts, it was possible to annotate
the aglycone and four other metabolites derived from this flavone. Compound 28
showed a precursor ion at m/z 269.0440 [M-H]~ and fragment ions at m/z 151.1072
[(M=H)-CsHeO], being noted as the aglycone apigenin. Compounds 14 and 15 have
been identified as two isomers m/z 593 [M-H]", in which they are two glycosylated
derivatives of apigenin. Thus, peak 14, observed in the ESI~ and ESI*, showed a
precursor ion [M+H]* at m/z 595.1666 with fragmentation patterns characteristic of the
apigenin-6,8-C-diglucoside m/z 577.1619 [(M+H)-18]*, m/z 559.1481 [(M+H)-30]* and
m/z 457.1155 [(M+H)-120-18]* (Moraes; Tomaz; Lopes, 2007).

On the other hand, peak 15 was observed only in ESI~ with deprotonated
ion [M-H]~ m/z 593.1523 and fragment ions m/z 269.0429, 311.0526, and 431.1013.
This fragmentation pattern corresponds to either isovitexin-7-O-glucoside or isovitexin-
6"-O-glucoside, since in the fragmentation of the substituted flavones in aglycone
hydroxyl groups, it is common to observe the fragment ion resulting from the loss of a
glucose moiety [M-H-162]". Thus, the fragment ion m/z 431.1013 [M—-H-162] ~ comes
from this cleavage, where this fragment ion corresponds to isovitexin (Duefas et al.,
2021). In addition, the mass spectrum shows the fragment ion m/z 269.0429
[M-H-162-162]" arising from the successive losses of two units of glucose. The
fragment ion m/z 311.0526 [M-H-162-120]" corresponds to glucose loss, and 120 Da
resulted from internal cleavages between the aglycone and the glycoside at the C-
glycosylation position.

In the mass spectra of the peaks 16 and 18, it was found that these are two
isomers (C21H20010) which were observed in ESI™ (m/z 431.0976) and ESI* (m/z
433.1124). The analysis of the fragment ions in MS/MS shows that they are
characteristic of C-glycosidic metabolites. The fragment ions present in ESI™ (m/z 341,
311, and 283) are due to neutral losses of 90, 120, and 148 mass units, in addition to
ESI* mode: m/z 313 [(M+H)-C4HsO4]* and m/z 283 [(M+H)-CsHsO4—CH20]".
Therefore, corroborates the annotation of two metabolites, C-glycosidic flavone, vitexin
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(compound 16), and isovitexin (compound 18) (Duehas et al., 2021).

Compounds 17 and 27 were annotated as two quercetin derivatives.
Regarding metabolite 17, there is quercetin linked to a rutinoside, where, more
specifically, there is quercetin with the hydroxy group at the C-3 position substituted
with glucose and rhamnose sugar groups. In this context, this metabolite was observed
in both ESI™ (m/z 609.1491) and ESI* (m/z 611.1605) ionization modes. In the MS/MS
mass spectrum, referring to the deprotonated ion, the fragment ion m/z 301.0279 is
presented. This ion is formed from the loss of a rutinoside unit (308 Da), thus
characterizing the metabolite in question as quercetin-3-O-rutinoside (rutin) (Guedes
et al., 2020). On the other hand, peak 27 was annotated as 3,7-dimethylquercetin, a
methoxylated flavonoid. In view, that showed the precursor ion [M—H]~ at m/z 329.0680
and fragment ions m/z 314.0463 [(M-H)—CHs]* and 299.0188 [(M—H)— CHs— CH3] ~*,
which are due to the loss of methyl radical groups (Brito et al., 2020; Quifer-Rada et
al., 2015).

Peaks 23 and 26 correspond to two flavones that were observed in the ESI*
mode. The mass spectra showed the protonated precursor ions at m/z 523.1469 and
537.1600. In addition, fragment ions m/z 361.0890 and 375.1089 were found in
MS/MS, respectively, for metabolites 23 and 26. The fragment ions in both metabolites
are derived from losses of a hexoside sugar unit (162 Da), corroborating the annotation
of the ananaflavoside C and B, respectively.

The mass spectra of peaks 24 and 25 show similar fragmentation patterns.
Thus, it is possible to infer that these two are methoxy flavones through the analysis
of the mass spectra. In the case of metabolite 24, the precursor ion at m/z 345.0982
exhibits fragment ion at m/z 330.0779 from the loss of radical *CHs. Therefore, the
compound consists of a trimethoxy flavone, santin. As previously mentioned,
metabolite 25 has a fragmentation pattern similar to metabolite 24, thus analyzing the
precursor ion [M—H]~ at m/z 373.0908 together with the fragment ions at m/z 343.0411
[(M—H)—2CHs] = and 358.0723 [(M—H)-CHs] =°, compound 25 has been noted as
casticin, in which it is chemically classified as tetramethoxyflavone (Huang et al., 2015).

Metabolite 29 also showed precursor ions m/z 329.0655 and fragment ions
in m/z 299.0187 [(M—H)—2CH3] ~*, m/z 271.0226 [(M—H)—C2H202]" and m/z 243.0357
[(M—H)-C4HeO2]") consistent with a dimethoxyflavone, and may also be classified as
an O-methylated flavone, in which it was noted as tricin (Li ef al., 2016; Rui et al.,
2010).
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3.1.4 Other types of compounds

Peak 2 demonstrated the presence of the deprotonated ion at m/z
341.1061, and fragment ions m/z 89.0248 and 179.0485, which, according to the
literature, indicates the presence of sucrose (Farag et al., 2014; Guedes et al., 2020).
The mass spectrum from peak 19 showed a precursor ion [M—H]* at m/z 498.2277,
exhibiting fragment ions at m/z 481.2277, 322.2073, 234.1161, and 177.0670. Thus,
based on the literature, it is suggested that the metabolite is the (di-E,E)-N,N'-
diferuloylspermidine (Difonzo et al., 2019; Kite et al., 2013; Steingass et al., 2015).

Compound 21 presented a precursor ion at m/z 503.2495 and fragment ions
at m/z 371.1990 and 209.1148. According to the literature, the precursor ion together
with fragment ions are compatible with the leeaoside metabolite. Because of this, the
fragment ions m/z 371 [(M-H)-132]~ and 209 [(M-H)—-132-162]" are due to the loss
of the pentoside group and the successive losses of the pentoside and glucoside
groups (Silva, M. de F. G. da et al., 2018; Zhang, X. et al., 2015).

The mass spectrum referring to peak 22 reveals the precursor ion at m/z
373.1145 [M+H]*, thus indicating that it is the hydro feruloyl glucose. Corroborating the
proper identification, we observed the fragment ions at m/z 211.1686, 193.1587,
175.1465, and 135.1159. The ion m/z 211 [(M+H)-162]* comes from the loss of a
dehydrated hexose unit, while the ion m/z 193 [(M+H)—-180]* corresponds to the loss
of a hexose. In addition, ions in m/z 193, 175, and 135 suggest the presence of a

hydroxyferulic acid residue (Ma et al., 2007).
3.2 Mineral contents in the pineapple leaves
The data referring to the quantification of the minerals are summarized in

Table 4, where the average quantities may be observed together with the standard

deviation of three replicates.
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Tabela 3 — Table 3. Quantification of minerals in samples of commercial pineapple leaves.

Pineapple Inorganic elements (mg kg™')
commercial
varieties Zn Cr Cu cd Mn P Fe
19.77 £ 280+ <LQ b 3388.14 36.83 =
Perolera 1500 <LQ 0.03° 95.25 + 2.65 69,50 107°
: 15.47 + <LQ 4.01+ <LQ b 42.25 +
BRS Imperial 1430 0.30° 100.91 £ 9.02> 2266.52 + 56.56° 3.81b
<LQ 5.77 + <LQ 1030.77 £ 7017 £
d
Smooth Cayenne | 5.30 + 0.51 0.262 50.80 + 3.21¢ 24 550 4,42
Pérola 16.86 + <LQ 1.05+ <LQ 218.34 £ 6163.62 + 26.51 ¢
1.10° 0.06° 13.222 105.262 1.78¢°
<LQ 161+ <LQ . . 1276+
BRS Vitéria 8.47 £ 0.69° 0.12¢ 113.98 £ 6.10° 1172.13 £ 64.44 0.47¢
<L <L
Gold 1?‘§§f Q 10'70325 Q  g0.0816.24> 2435.22+40.08° .06+ 0.73¢
<L <L
BRS Ajuba 8.72 £ 0.92° Q 1051743: Q 100.17 £2.79°> 1198.71 + 85.00¢ 4;.;;1

Source: Prepared by the Author.
Limit of quantification (LOQ); LOQcr = 0.02 mg kg and LOQcq = 0.02 mg kg™

Values are mean of three replicates + standard deviation.

Mean values with the same letter (a, b, ¢, d, e) are not significantly different according to Tukey’s test (p < 0.05).
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The bioavailability of minerals in plants depends on several factors, such as
the nature of the soil, exposure to light, temperature, availability of water, fertilization
practices, and the ability of plants to selectively accumulate some of these elements.
Additional sources of elements for plants are plant protection agents, rain, atmospheric
dust, and fertilizers that can be absorbed by leaf blades (Pytlakowska et al., 2012;
Yabor et al., 2017). Thus, it is quite plausible to consider that the factors mentioned
above interfere and corroborate to explain the differences in the levels of mineral
concentration of the pineapple leaves of the seven commercial varieties evaluated in
this study. The values range from 5.30 to 19.77 mg kg™ of zinc, 1.05 to 4.01 mg kg™
of copper, 50.80 to 113.98 mg kg~! of manganese, 1030.77 to 6163.63 mg kg™ for
phosphorous, 9.06 to 70.17 mg kg™' of iron. These values are higher than those
reported by ANSES (2020), evaluating juice, pulp, and fresh fruit. Fortunately, Cr and
Cd, toxic metals, were not observed in any of the evaluated pineapple leaves, and the
levels of these elements are below the limit of quantification of the method: LOQcr =
0.02 mg kg™' and LOQcd = 0.02 mg kg™ (Table 3).

All the mineral elements determined in the pineapple leaves exhibit
important biological properties. Elements such as Mn and Fe can act by promoting the
biosynthesis of amino acids and other organic compounds, considering that
microelements generally act in catalysis as essential cofactors for many metabolic
enzymes (Watanabe et al., 2015). Manganese is a cofactor of classes of enzymes
such as oxidoreductases, transferases, hydrolases, lyases, isomerases, ligases,
lectins, and integrins (Grembecka; Szefer, 2013). Among the commercial pineapple
varieties evaluated in this work, the Pérola variety stands out with a Mn content of
218.34 + 13.22 mg kg™', which is about two to four times greater than the amount
observed in the other pineapple varieties studied. Regarding Fe, we can highlight the
Smooth Cayenne variety (70.17 + 4.42 mg kg™') which has the highest Fe content when
compared to the Gold (9.06 + 0.73 mg kg™') and BRS Vitoria (12.76 + 0.47 mg kg™"). It
is important to point out that according to Turkey’s test, the concentration levels of Fe
in the Gold and BRS Vitéria are not statistically different.

On the other hand, Zn is an essential micronutrient that modulates many
enzymes involved in DNA transcription, proteins, nucleic acids, carbohydrates, and
lipid metabolism. According to the literature, in plants with Zn deficiency, there is a
substantial increase in starch and soluble sugars (Zhang, W. et al., 2015). In addition,

there are reports that state that Zn acts as an antioxidant (Akwu; Naidoo; Singh, 2019).
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This mineral together with other secondary metabolites identified in this work, which
have recognized antioxidant properties, may indicate that pineapple leaves probably
have potential antioxidant activity. Based on the amounts of Zn in the pineapple
varieties evaluated in this work (Table 3), we can infer that the Perolera variety stands
out for its Zn content, which is about four times higher when compared to the Smooth
Cayenne variety, which the lowest the amount.

Phosphor typically acts as a cofactor in several enzymatic systems involved
in the metabolism of proteins, carbohydrates, and fats. It is an essential component of
phospholipids in cell membranes and lipoproteins and is involved in the renal excretion
of hydrogen ions. Phosphate depletion can activate gene expression of the flavonoid
biosynthesis pathway (Deng et al., 2019; Pereira; Dantas, 2016). Cu element showed
low levels of concentration when compared to P and the other elements. This may be
a good indication, considering that according to the literature, although Cu is an
essential element for plant cellular metabolism, high amounts induce adverse effects
on photosynthesis. Therefore, it is able to interfere with the production of carbohydrates
and their intermediates, directly interfering with amino acid biosynthesis (Zhang; Tan;
Li, 2014). In general, regarding the P and Cu elements (Table 3), it is interesting to
observe the Pérola variety, which was previously highlighted for the amount of Mn. This
variety also has a high amount of P when compared to other pineapple varieties. In
addition, the lowest Cu content was determined in this variety, although the average

value of the determined amount of Cu is similar to that of other varieties.

3.3 Chemometric analysis

The multivariate analysis was performed to evaluate the variability of the
chemical composition of the pineapple leaves extracts of seven commercial varieties.
In addition, this analysis was used to investigate a complex data matrix, more
specifically, the similarities, dissimilarities, and relationships between the chemical
composition and the samples. In this context, we use principal component analysis
(PCA), an unsupervised method of multivariate analysis. The dataset is resized in a
smaller number of variables without losing the information initially arranged, aiming to
enable a clearer interpretation of the information. These calculations are based on
singular value decomposition (SVD), and these results can be seen graphically through

the scores and loadings.
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Figure 11 shows the graphical results of the PCA. Four principal
components (PC) were needed to identify the similarities and/or differences between
the different types of pineapple leaves extracts that were investigated (explains 70%
of the variation of the data). In Figure 2(a), it is possible to observe the scores of PC1
and PC2, with 33% and 16% of the variance explained, respectively; where we may
verify the formation of the tendencies of four groups of scores: 1 — Pérola, 2 — Perolera,
3 — BRS Vitéria and 4 — Smooth cayenne, BRS Imperial, BRS Ajuba and Gold. Other
principal components with lower variance values were evaluated to find variables with
relevant data to characterize the different types of pineapple leaf extracts not
appropriately differentiated in PC1 and PC2. Thus, in Figure 2(b), the scores of the
principal components PC3 and PC4 are presented (21% of the explained variance),
where the differentiation of the types of pineapple leaves was observed: Gold, Smooth
cayenne, and BRS Imperial.

Based on the values of the loading presented in Figure 11(c) and (d), the
main secondary metabolites and minerals that contributed to the differentiation of the
seven commercial varieties of pineapple leaves were: Pérola (Mn, apigenin-6,8-C-
diglucoside, P, threonic acid, L-tyrosine, ananaflavoside B, and ananaflavoside C),
Perolera (isovitexin), BRS Vitéria (sucrose, hydro feruloyl-glucose, leeaosid and malic
acid), Smooth Cayenne (quinic acid and Fe), Gold (tricin), BRS Imperial (apigenin and
santin), and BRS Ajuba (vitexin and rutin).

One of the metabolites identified as markers of the Pérola variety is threonic
acid. According to the literature, this compound is characterized as the main product
of the degradation of ascorbic acid, which it is used as a food additive (Thomas;
Hughes, 1983). The compound apigenin-6,8-C-diglucoside was also identified as a
metabolite associated with the Pérola variety. This flavonoid is a flavone C-glycosides
that is present in foodstuffs and nutraceuticals and has been reported that it performs
a wide range of biological activities (Choi et al., 2014).

Other secondary metabolites were also determined as markers of the
Pérola variety, among which we can highlight ananaflavoside B and ananaflavoside C.
These metabolites are characteristic of the genus Ananas and have antioxidant,
hypoglycemic, anti-inflammatory, and antiparasitic properties (Ezuruike; Prieto, 2014,
Ononamadu et al., 2019). Regarding the mineral Mn, according to the literature, it acts
as an antioxidant. Thus, in general, the presence of this metal in pineapple leaf extracts

in the seven commercial varieties — being more pronounced in the Pérola variety —
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indicates that the pineapple leaves may have antioxidant activity (Akwu; Naidoo;
Singh, 2019).

Figura 11 — Figure 11. Chemometrics analysis: (a) scores coordinate system PC1 x
PC2; (b) scores coordinate system PC3 x PC4; (c) loadings coordinate system PC1 x
PC2; (d) loadings coordinate system PC3 x PC4. In the loading graphs, the signals p1
to p34 represent the peaks referring to the secondary metabolites annotated and
described in Table 2
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The Perolera, BRS Ajuba, and BRS Imperial varieties stand out respectively
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for the presence of the metabolites isovitexin, vitexin, and apigenin. Studies have
revealed that these three compounds have a wide range of bioactive properties,
including anti-diabetic, antioxidant, anti-Alzheimer, anti-inflammatory,
hepatoprotective, neuroprotective, and antimicrobial (Choi et al., 2014). The apigenin
metabolite can also be involved in other activities, such as in modulating the mRNA
expression of the main enzymes responsible for obesity, helping in the Anti-obesity
effects (Hassan et al., 2021). It is important to report that the three metabolites
mentioned above are derived from apigenin, however, they exhibit different degrees of
potential in the aforementioned biological activities. Thus, it is speculated that the
amount and different positions of the C-glycosides groups in apigenin affect the
bioactive properties (Choi et al., 2014). In addition to the apigenin metabolite, the
flavonoid santin was also identified as a marker of the BRS Imperial variety. Studies
reported that this flavonoid showed anti-influenza (Zhong et al., 2019) and anti-
parasitic activity (Mai et al., 2015).

As mentioned earlier, through chemometric tools, it was found that the BRS
Ajuba variety has the metabolites vitexin and rutin as markers. Rutin, also known as
vitamin P, is a biflavonoid commonly found in fruit and leafy plant materials. This
flavonoid has recognized antioxidant activity and may contribute to increasing UV filter
activity. There is also a preliminary study on the development of a colloidal lipid system
that can increase the antioxidant and photoprotective activities of rutin so that its use
can be further explored by the cosmetic industry (Baldisserotto et al., 2018; Kamel,
Mostafa, 2015).

The extracts of pineapple leaves of the Gold and BRS Vitéria varieties stand
out, respectively, for the flavone tricin and the organic acid hydroferuloyl glucose
(Boubakri et al., 2017); both have antioxidant properties. In the case of the tricin
metabolite, as well as its derivatives, their potential for application in pharmaceutical
products has also been reported, due to their low toxicity and reasonable bioavailability
as an anti-inflammatory and antioxidant (Li et al., 2016). On the other hand, the
Cayenne variety differs from the other varieties due to the presence of quinic acid and
Fe. Properties such as antioxidant and antibacterial activities are attributed to quinic
acid (Ramos et al., 2022), while the mineral Fe is essential and necessary for oxidative
metabolism and oxygen transport in the circulatory system (Akwu; Naidoo; Singh,
2019).
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Figura 12 — Figure 12. Result of the clusters presented as a heat map, showing the
variability of metabolites and minerals.
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A hierarchical cluster analysis (HCA) was also performed. In this analysis
method, each sample starts as a separate cluster and the algorithm continues to
combine them until all samples belong to a single cluster. Therefore, the HCA was
graphically represented using a heat map, which was hierarchically grouped based on
Ward's methods. The heat map was applied to visualize the content and distribution of
differential metabolites and minerals in the seven commercial varieties of pineapple

leaves (Figure 12). Each column represents a sample analyzed in this graphical
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representation, and each line is a metabolite or a mineral. Concerning the colors, the
red boxes indicate that the analytes are at higher concentration levels, while the blue
boxes suggest lower concentration levels. Moreover, the intensity of the colors
illustrates the degree of the presence or absence of the analytes in the samples.
Thereby, we can observe, in general, each analyte in the seven pineapple varieties.
Evaluating the dendrogram for the commercial varieties of pineapple leaves,
it is possible to verify that all of them were correctly grouped in their corresponding
branches. Furthermore, by making a correlation with the PCA, it is possible to observe
that the variables with a relevant contribution in the formation of the score clusters were

also identified as variables that characterize the branches obtained.

3.4 Investigation of cytotoxic potential

The cytotoxicity of pineapple leaves was analyzed according to the
percentage of cell growth inhibition, classified as low (0 — 50%), moderate (51 — 74%),
and high (75 — 100%) (Guedes et al., 2018; Technical Committee, 2009). Thus, the
extracts exhibited a low percentage of growth inhibition for the tumor and non-tumor
cell lines evaluated, ranging from 0.26 to 19.98% for HCT-116, 0.52 to 5.65% for HL60,
4.12 to 34.19% for PC3, 0.89 to 4.09% for SNB10, -4.35 to 20.70% for MCF-7, 0.41 to
2.51% for HeLa and 0.06 to 16.32% for non-tumor cell line L929 (Table 4).

In the literature, there are also reports of cell viability assays being used to
investigate the cytotoxic potential of bromelain, a compound isolated from the ethanolic
extract of pineapple stem and peel (Lee et al., 2019). This report shows more
significant cytotoxicity in tumor cells than in non-tumor keratinocyte cells. In the present
work, in which the leaves of different pineapple varieties were evaluated, similar
behavior can be observed when evaluating the non-tumor cell, in general, line L929
(Table 5).

In these circumstances, it is possible to verify that the hydroethanolic
extracts evaluated in this study have low percentages of cytotoxicity. This fact can be
verified when we observe the percentage classification mentioned above and when we
compare it to the percentages reported by Guedes et al., (2018) for hexane extracts.
Furthermore, low percentages of cell inhibition were also observed in the non-tumor
L929 strain (0.06 £ 0.74% to 16.32 + 0.64%), which corresponds to healthy cells,

corroborating to indicate a non-toxicity of the hydroethanolic extracts of the seven
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commercial varieties evaluated.

An important factor that needs attention is that, among the annotated
metabolites, there are several that are responsible for recognized pharmacological
properties. In this sense, we can highlight apigenin-6,8-C-diglycoside derived from
apigenin, a flavonoid known for its antiproliferative potential (Caxito et al., 2015). When
isolated, this compound exhibits cytotoxic activity in the concentration range of 50 —
100 pmol L' against CCRF-CEM and CCRFADR5000 cells, human acute
lymphoblastic leukemia cells (Ozarowski et al., 2018). In addition to the metabolite
highlighted above, other apigenin derivatives which may have similar effects were
annotated (Table 2), such as isovitexin-7-O-glucoside or isovitexin-6"-O-glucoside,

vitexin, isovitexin, and the aglycone apigenin.

4 Conclusions

The chemical profile (metabolites and minerals) of the seven commercial
varieties of pineapple leaves (BRS Ajuba, BRS Imperial, Perolera, Gold, Pérola,
Smooth Cayenne, BRS Vitéria, and BRS Ajuba) was evaluated for the first time.
Regarding the metabolic profile, thirty-four compounds were detected by UPLC-QTOF-
MSE, of which twenty-eight were duly annotated, including amino acids, organic acids,
and phenolic compounds.

On the other hand, the evaluation of the mineral constitution of pineapple
leaves was performed by ICP-OES, in which the minerals Zn, Cr, Cu, Cd, Mn, P, and
Fe were determined and quantified. It is important to mention that the toxic metals Cr
and Cd present concentration levels below the quantification limit of the method (LOQc:
= 0.02 mg kg™" and LOQcq = 0.02 mg kg™") for all evaluated pineapple varieties.
Additionally, corroborating with the evaluation of the cytotoxicity, the analysis of the
cytotoxic potential revealed the non-cytotoxicity of the hydroethanolic extracts,
indicating that, in general, the agroindustrial residues of pineapple leaves are non-
toxic.

Mainly through the chemometric analysis performed through PCA and HCA,
it was possible to perceive that the evaluated pineapple leaves have similarities and
differences in the chemical composition of the extracts, generating information about
the characterization of pineapple cultural residues.

Thus, the results obtained contribute to adding value to pineapple
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agricultural residues, which are routinely discarded by the agroindustry. In addition, the
results suggest that the use of this agricultural residue is a viable source of great

potential for bioactive chemical species, secondary metabolites, and minerals.
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Tabela 4 — Table 4. Cytotoxic activity of the hydroethanolic extract of pineapple leaves of different commercial varieties determined
by MTT assay after 72 h of incubation at a concentration of 100 ug mL™" (% inhibition + SD*).

Cell proliferation inhibition (%)

Extract HCT-116 HL60 PC3 SNB19 MCF-7 HelLa L929
Cayenne 19.98 £ 4.08 4.08 £ 3.57 12.46 £0.82 3.57 £ 1.04 11.24 £0.78 0.82 £ 1.51 13.69 £2.43
Perolera 13.47 £ 2.26 2.26+2.83 34.19+1.17 2.83+1.54 20.70+1.13 117 £1.97 16.32 £ 0.64
BRS Imperial 7.21+0.52 0.52 + 4.09 9.63 + 0.47 4.09 + 1.48 17.78 £ 0.62 0.47 £ 0.50 2.85+0.87
Pérola 13.99 £ 1.04 1.04 £ 3.57 12.46 £ 2.51 3.57 £ 3.59 17.02 £1.37 251+1.19 5.08 £ 0.07
BRS Vitéria 19.46 £ 5.65 5.65+2.94 7.43 £2.51 2.94 +3.05 17.26 £ 4.57 2.51+1.91 1.10 £1.97
Gold 0.26 £ 1.04 1.04 £ 0.89 4.64 £ 0.41 0.89 + 6.69 -4.35+0.59 0.41+£1.73 0.06 £ 0.74
BRS Ajuba 4.26 + 1.56 1.56 £ 3.62 4.12+0.88 3.62+1.32 0.67 £ 0.67 0.88 £ 0.26 9.38 £ 0.77

0.21 0.02 0.76 2.07 0.15 1.72

Dox2. ICso [uM] -
(0.16-029)  (0.01-002)  (0.59-0.93)  (1.78—2.41) (0.12-0.19) (1.58 — 1.87)

Source: Prepared by the Author.

* Results are expressed as mean percent cell growth inhibition (G1%) and standard deviation (SD) for two independent experiments in triplicate.

2 Doxorubicin was the positive control. ICso is the drug concentration that caused 50% inhibition of cell growth, with the corresponding 95% confidence interval
(Cl 95%).
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Graphical abstract

ABSTRACT

The growing interest in health and well-being has spurred the evolution of functional
foods, which provide enhanced health benefits beyond basic nutrition. Guarana
seeds (Paullinia cupana) have been widely studied and used as a functional food
due to their richness in caffeine, phenolic compounds, amino acids, and other
nutrients. This has established guarana as a significant food supplement, with Brazil
being the largest producer of the world. This study aims to propose a set of analytical
methods to chemically evaluate fifty-six different guarana clones, from the Guarana
Germplasm Active Bank, to accommodate the diverse requirements of the food
industry. Metabolomic approaches were employed, in which a non-target
metabolomic analysis via UPLC-QTOF-MSE led to the annotation of nineteen
specialized metabolites. Furthermore, targeted metabolomics was also used,
leading to the identification and quantification of metabolites by NMR. The extensive
data generated were subjected to multivariate analysis, elucidating the similarities
and differences between the evaluated guarana seeds, particularly concerning the
varying concentration levels of the metabolites. The metabolomics approach based
on the combination of UPLC-QTOF-MSE, NMR and chemometric tools provided
sensitivity, precision and accuracy to establish the chemical profiles of guarana
seeds. In conclusion, evaluating and determining the metabolic specificities of

different guarana clones allow for their application in the development of products
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with different levels of specific metabolites, such as caffeine. This caters to various
purposes within the food industry. Moreover, the recognized pharmacological
properties of the annotated specialized metabolites affirm the use of guarana clones

as an excellent nutritional source.

1 Introduction

The growing concern with health and nutrition has driven the
development and commercialization of functional foods. There was a greater
understanding of how foods and drinks can be used to reduce the risk of
diseases and consequently improve overall health. As a result, the
development and consumption of functional foods have become increasingly
important as they offer more than just standard nutrition (Contini et al., 2023;
Corbo et al., 2014). In this context, for centuries, guarana seeds (Paullinia
cupana Kunth, family Sapindaceae) have been used by the indigenous tribes
of the Amazon Forest as a stimulant and for a variety of medicinal purposes.
Thus, this plant has been cultivated on a large scale by the beverage industry
as a natural stimulant, with Brazil being the largest guarana producer in the
world. Currently, guarana seeds not only represent a global trend in the soft
drinks and energy drinks market but are also promising materials for the
development of herbal medicines and dietary supplements (Santana; Macedo,
2018; Silva, F. de A. et al., 2018).

The guarana fruit consists of a seed partially covered by a white
substance called aril, surrounded by red skin. Only the seeds are consumed
and sold in powder or whole grains form. In general, guarana seeds have a
varied composition that includes 2-6% caffeine, 60% starch, 15% protein,
0.16% lipids, and 14% phenolic constituents. Among the phenolics, 13%
tannins and 5.72% condensed tannins were detected (Santana; Macedo,
2018). Guarana seeds are rich in methylxanthines, such as caffeine,
theophylline, and theobromine, which have positive effects on the central

nervous system, cardiovascular, gastrointestinal, respiratory, and renal
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systems (Dorneles et al., 2018; Santana; Macedo, 2019). In addition, they
have catechins, epicatechins, and epicatechin gallate, which are antioxidant
(Santana; Macedo, 2018), antimicrobial (Santana; Macedo, 2018),
antiproliferative (Carla Cadona et al., 2016), antitumor (del Giglio et al., 2013),
and cytoprotective (Bonadiman et al., 2017). These characteristics make
guarana an important commodity and a functional food ingredient (Marques et
al., 2016; Santana; Macedo, 2018, 2019).

The determination of the metabolic profile is an important strategy
to establish an overview of a biological system, as well as a comprehensive
view of the biochemical state of these organisms at a given time. Thus, an
important tool to establish the metabolic profile of a given organism is the
metabolomics approach. Metabolomic studies are performed through the
association of analytical tools for separation and detection, known as
hyphenated or coupled approaches (Gonzalez-Riano et al., 2020; Pilon et al.,
2020; Pontes et al., 2017). Among the most popular combinations are liquid
and gas chromatography coupled with ultraviolet detectors or mass
spectrometers such as HPLC-UV-DAD, LC-MS, or GC-MS. In addition,
nuclear magnetic resonance (NMR) has also been applied both for the
structural elucidation of previously isolated and purified molecules and the
study of enriched fractions or crude extracts of high complexity (Ouyang et al.,
2014; Pilon et al., 2020). Nuclear Magnetic Resonance (NMR) requires little
manipulation of the samples and does not require chromatography, allowing
easy quantification. In addition, it offers several ways to identify metabolites,
although it is usually limited to detecting the most abundant metabolites.
(=1 mM) (Marshall; Powers, 2017). The great value of NMR spectroscopy
resides in its capacity to provide information of an unambiguous identification
and an absolute quantification of the detected metabolites without the need to
resort to calibration curves for each analyte. This capability is due to the direct
proportionality between the NMR spectrum signals and the actual molar levels
of the metabolites in question (Salem et al., 2020). On the other hand, LC-MS

is considered the most versatile technique to cover the metabolome and the
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most appropriate for the rapid dereplication of natural products in complex
mixtures. Its high sensitivity together with the multiplicity of stationary phases
with different chemistries, allied to the diverse sources of ionization that cover
a wide variety of compounds, allows it to be optimized for almost all classes
of natural products (Gonzalez-Riano et al., 2020; Ibanez et al., 2015; Salem
et al., 2020; Zhang et al., 2019).

The aforementioned analytical techniques are of paramount
importance in the design of targeted and non-targeted metabolomics studies.
Targeted analysis is used in order to identify and quantify a specific metabolite
or class of metabolites. For this, selective extractions and/or separations can
be used to concentrate the desired metabolites and avoid possible
interference from other compounds. This approach allows the obtainment of a
sensitive and reliable identification, as well as a precise and accurate result
for the selected compounds. However, this technique does not provide a
complete view of the chemical composition of the sample and may leave out
other compounds not considered at the beginning of the analysis (Daglia et
al., 2014; Gonzalez-Riano et al., 2020; Pilon et al., 2020). On the other hand,
non-target analysis comprises the use of various approaches, such as
metabolic fingerprinting and metabolite profiling. Metabolic fingerprinting is
employed when it is necessary to distinguish between samples without
identifying particular metabolites, while metabolite profiling requires
recognition and sometimes quantification of metabolites from different classes
of compounds (Daglia et al., 2014; Gonzalez-Riano et al., 2020; Pilon et al.,
2020).

Due to the reported above, the present work aims to select guarana
clones with the desired characteristics to meet the needs of the different types
industry, such as food industry, cosmetic industry and pharmaceutical
industry. In this context, once the chemical profiles of the clones have been
established, the different clones can be useful for different purposes. For
example, a potential source of bioactive compounds to be explored by the

pharmaceutical and cosmetic industries. On the other hand, in the case of the
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food industry, clones with higher or lower levels of certain metabolites can be
selected, aiming to develop products to serve people of different age groups,
such as children and adults. In order to achieve this, a set of different analytical
methods was used, which involve sample preparation, NMR, LC-MS/MS and
chemometrics tools.

In general, it is important to highlight that the combination of the set
of analytical methods used, through target and non-target metabolomics
approaches, provided the execution of a comprehensive chemical analysis
(qualitative and quantitative) of specialized metabolites from guarana seeds.
Consequently, the methodological strategy used in this work offers
advantages over other studies that use unique analytical methods.
Considering that the combination of analytical methods used allows the sum
of desirable and essential characteristics to obtain results with quality and
analytical reliability. In this way, this combination brings together the
compound separation power of chromatography, the identification capacity of
mass spectrometry and nuclear magnetic resonance and tools that support
the most accurate interpretation of results (MS-DIAL (Tsugawa et al., 2015),
MS-FINDER (Lai et al., 2018; Tsugawa et al., 2016), LOTUS Natural Products
Online (Rutz et al.,, 2022), NPClassifier (Kim et al., 2021), ClassyFire
(Djoumbou Feunang et al., 2016) and multivariate analysis).

Thus, metabolomic fingerprinting of guarana seed extracts was
obtained using NMR and LC-MS/MS techniques, generating valuable and
complex information on the clones. As to evaluate the large volume of data
obtained, multivariate analyzes were applied, such as principal component
analysis (PCA). These analyses made it possible to assess and identify the

similarities and differences between the studied guarana clones.

2 Experimental

2.1 Plant material
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The guarana (Paullinia cupana) samples evaluated in this study
were collected from fifty-six different plants located at Embrapa Western
Amazon Guarana Germplasm Active Bank, Manaus, AM, Brazil.

Ripe fruits were collected, and the seeds were separated from the
aril. Subsequently, the samples were cleaned in running water, selecting
seeds ranging from dark brown color to black. Selected seeds were placed in
paper bags, duly identified, and dried in an oven with forced air circulation at
45 °C. Then, the samples were crushed until the formation of a fine powder
and stored.

The project has activities to access the genetic heritage of guarana,
conserved in the Embrapa Western Amazon Guarana Germplasm Active
Bank, as well as clones and progenies from genetic breeding in evaluation
and selection trials. This project has received authorization from the Genetic
Heritage Management Council under authorization number A1BCD7A (access
registration on the SISGEN platform).

2.2 Reagents and chemicals

The materials used in the analysis and the preparation of solutions
necessary for the development of the work were: ultrapure water obtained by
Milli-Q system (Millipore, Bedford, MA, USA); acetonitrile (LC-MS grade)
supplied by Tedia (Fairfield, Ohio, EUA); hexane (95%) and ethanol (96%)
purchased from Tedia (Rio de Janeiro, RJ, Brazil); and formic acid (purity
98%), deuterated methanol (99.9%), deuterated water (99.9%), and sodium-
3-trimethylsilyl propionate (TMSP-d4 98%) purchased from Cambridge Isotope
Laboratories (Tewksbury, MA, USA), as analytical standard: Catechin,
Procyanidin B2, Caffeine, Epicatechin, Procyanidin B1 (Sigma-Aldrich
Canada Ltd., Oakville, Canada), and EDTA from Vetec Quimica Fina Ltd.
(Duque de Caxias, RJ, Brazil).

2.3 Sample preparation for UPLC analysis
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The guarana seed samples of the 56 evaluated clones were
submitted to a microextraction procedure adapted from the literature (Chagas-
Paula et al., 2015; Guedes et al., 2020; Nehme et al., 2008). Thus, 50 mg of
dry, ground, and homogenized plant material samples were weighed, 4 mL of
hexane were added and vortexed for 1 min. Samples were placed in an
ultrasonic bath (fixed power of 135 W) for 20 min. Following this, 4 mL of a
ethanol:water (7:3) solution was added, vortexed again for 1 min, and placed
in the ultrasound bath for 20 min. To complete the separation of the hexane
and hydroethanolic phases, the test tube containing the mixture was
centrifuged for 10 min. Afterward, 2 mL aliquot was removed from the
hydroethanolic phase and filtered (PTFE filter, 0.22 ym) before being added
to vials. Seed samples of 56 different guarana clones were extracted in
biological triplicate, extraction temperature 25 to 27 °C, where each extract
was analyzed only once by UPLC-QTOF-MSE. In addition, 10 blanks were
extracted, totaling 178 extractions. From the sample extracts, 24 analytical
quality controls (QC) were prepared, an aliquot of 10 yL of each extraction

was removed and added to a vial (24 QC).

2.3.1 UPLC-HRMS analysis

The chromatographic separation was performed on an Acquity
UPLC (Waters Corp., Milford, MA, USA) and coupled to a quadrupole/time of
flight (QTOF) mass spectrometer. Chromatographic runs were conducted
through a Waters Acquity UPLC BEH 100 mm x 2.1 mm, 1.7 um column at a
constant temperature of 40 °C, with a flow rate of 0.4 mL min-'. The analysis
was carried out by applying the following binary gradient (A (water containing
0.1% formic acid) and B (acetonitrile containing 0.1% formic acid)) at a flow
rate of 0.4 mL min-': 0.0 — 10.0 min, 5 to 35% B; 10.1, 85% B; 11.0 min, 80%

B; 11.1 — 16.0 min, 5% B gradient. The sample injection volume was 2 pL.
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The chromatographic system employed was a UPLC system
coupled to a QTOF-MSE mass spectrometer and operated in ESI* and ESI-
ionization modes. The desolvation gas flow was set at 350 L h-' (ESI*) and
500 L h' (ESI), while the temperature of the ionization source and the
desolvation gas were set at 120 °C and 350 °C, respectively. Leucine
enkephalin was used as a lock mass, and the capillary voltage was set at 3
kV. The acquisition range was set at 50 — 1500 m/z in MS mode and 50 — 1500
m/z in MS/MS mode.

The data obtained from the UPLC-ESI-QTOF-MSE was analyzed
using the software MS-DIAL 4.9.221218 (Data Independent Analysis) to set
up the parameters for untargeted metabolomics, including deconvoluted
spectra, peak alignment, and filtering (Lai et al., 2018; Tsugawa et al., 2015,
2019). After this, the unidentified metabolites were annotated using the MS-
FINDER 3.60 (Lai et al., 2018; Tsugawa et al., 2016, 2019). This annotation
was done by comparing the MS and MS/MS mass spectra to databases like
KNApSAcK Core System, Human Metabolome Database (HMDB), Kyoto
Encyclopedia of Genes and Genomes (KEGG), SciFinder, ChemSpider, and
PubChem. The annotation of metabolites was performed following the
Metabolic Standards Initiative (MSI) level 2.1 guidelines (Sumner et al., 2007).
This annotation of metabolites also included the molecular formulas and the
fragment ions related to the metabolites. Furthermore, the annotation of
metabolites was done considering the chemotaxonomy (family, genus, and

species).

2.4 NMR spectroscopy analysis

Approximately 30 mg of each sample of guarana seed powder were
directly solubilized in a solution containing 490 pL of deuterated methanol
(99.9%), 210 uL of deuterated water (99.9%), 1.6 mg mL"' of sodium-3-
trimethylsilyl propionate (TMSP-d4) as internal standard, and EDTA (5.6 mg

mL-"). This solution was sonicated for 2 min and subsequently centrifuged for
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10 min at 4,032 g (6,000 rpm in a 100 mm rotor, model 80-2B Centrifuge,
Edulab, Curitiba-PR, Brazil), and the supernatant was transferred to a 5 mm
NMR tube.

The NMR experiments were performed on an Agilent 600 MHz
spectrometer equipped with a 5 mm inverse detection One Probe™ for high
('H-"°F) and low ('®N-3'P) frequencies and actively shielded Z-gradient. The
"H NMR spectra were acquired in triplicate using the PRESAT pulse sequence
for water suppression (6 4.82 ppm). In order to ensure complete relaxation of
all nuclei of the samples, the inversion recovery sequence was used after
performing a 90° pulse calibration (7.9 ys pulse length at 57 dB of power), and
the probe was adequately tuned and matched. A 7 times T1 recycling delay
between pulses was applied to ensure the full relaxation of all protons present
in the samples. Therefore, a relaxation delay of 23.0 s was used, with an
acquisition time of 3.32 s, 40 scans, 32 k of time-domain points with a spectral
window of 16.0 ppm. The pre-fixed value for the receiver gain was achieved
by comparing the spectra using same signal-to-noise ratio, which had been
used for all acquisitions. The temperature was conserved at 298 K. Free
induction decay was multiplied by an exponential function equivalent to 0.3 Hz
line-broadening before applying Fourier transform for 16 k points. Phase
correction was manually performed and the automatic baseline correction
using polynomial degree 5 was applied over the entire spectral range.

Two-dimensional NMR experiments were acquired using the
standard spectrometer library pulse sequences. The 'H-'H COSY
experiments were obtained with a spectral width of 18,028.1 Hz in both
dimensions; 1442 x 200 data matrix; 32 scans per t1 increment, and a
relaxation delay of 1.0 s. The one-bond 'H-3C HSQC experiments were
acquired with an evolution delay of 1.7 ms for an average 'J(C, H) of 145 Hz;
1442 x 200 data matrix; 80 scans per t1 increment; spectral widths of 9615.4
Hz in f2 and 30,165.9 Hz in f1, and relaxation delay of 1.0 s. The 'H-13C HMBC
experiments were recorded with an evolution delay of 50.0 ms for “RJ(C, H) of

10 Hz; 1442 x 200 data matrix; 180 scans per t1 increment; spectral widths of
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9615.4 Hz in f2 and 30,165.9 Hz in f1, and relaxation delay of 1.0 s. Then, the
constituents identification was performed through 2D-NMR analyses, using
correlation spectroscopy (COSY), heteronuclear single quantum coherence
(HSQC), heteronuclear multiple bond correlation (HMBC), assessments using
an open-access database (www.hmdb.ca) (Wishart et al., 2012), and literature
reports (Alves Filho et al., 2017; Cren-Olivé et al., 2002; da Silva et al., 2016,
2017). Molecular structures, M and '3C chemical shifts, multiplicity,
correlations, and constant coupling are available in the Supporting

Information.

2.4.1 Quantification and analysis of variance

The compounds in guarana samples that presented high variations
in chemometrics and did not exhibit overlapping resonances were quantified
by the external reference method provided by the VhnmJ™ program (version
4.2, Agilent). This technique is based on the principle of reciprocity and the
NMR signals strengths are correlated with a reference sample. A stock
solution composed of D20 (99.9%) and sucrose (5.0 mg mL-") was used to
calibrate the equipment, and the probe file was later updated with all the
parameters required to determine the concentrations of other compounds.

Quantitative results were evaluated by analysis of variance (ANOVA
single factor) using the Origin™ 9.4 software (OriginLab Corporation, USA) in
order to statistically certify the differences among the concentrations at a
significance level of 0.05. Tukey and Levene's tests were applied to assess
the variance of homogeneity. The combined uncertainties were based on
analytical errors and standard deviation from the triplicate of the spectra

acquisitions.

2.5 Multivariate statistical analysis
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A numerical matrix containing a total of 162 'H NMR spectra (56
different samples acquired in triplicate) was created using chemical shifts
between & 0.05 and 5.60. Each spectrum was converted to American
Standard Code for Information Interchange (ASCII) files when imported by the
same Origin™ software. The spectral region between 6 0.7 and 8.7 was
selected for evaluation, excluding the influenced area according to the
saturation profiling of the non-deuterated water signal (at 3 4.82) (da Silva et
al., 2016). Then, this numerical matrix presented a dimensionality of 1,326,864
data points (168 spectra x 7,898 variables into each spectrum), which was
imported by the PLS Toolbox™ software (version 8.6.2, Eigenvector Research
Incorporated, Manson, WA USA) for exploratory chemometric evaluation
(unsupervised) by principal component analysis (PCA). Aiming at baseline
correction and signals alignment using correlation optimized warping (COW)
with a segment of 50 data points and a slack of 5 data points, algorithms were
applied over the variables (Tomasi; van den Berg; Andersson, 2004), and
posteriorly the samples were mean-centered, enhancing the differences
between them (Beebe; Pell; Seasholtz, 1998). The singular value
decomposition algorithm (SVD) was applied to decompose the matrix in
scores and loading matrices. Relevant information was obtained at the first
two principal components (PC axes), under a confidence level of 95%.

The multivariate analysis of guarana seed samples from the data
obtained by UPLC-QTOF-MSE was submitted and processed through the
MarkerLynx XS software. For data processing, some parameters were
defined, such as retention time interval, from 0.5 to 9.0 min; mass range, from
110 to 1500 Da; and mass tolerance, 0.02 Da. In addition, the data matrix was
scaled with the Pareto method. Subsequently, the principal components
analysis (PCA) was conceived, being described through graphs of scores and

loadings.

2.6 Analysis of Variance
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Compounds with non-overlapped signals were quantified by the
external reference method provided by the VnmJ™ program (version 4.2,
Agilent): a technique based on the principle of reciprocity, in which NMR
signals strengths are correlated with a reference sample. A stock solution
composed of D20 (99.9%) and sucrose (5.0 mg mL-") was used to calibrate
the equipment, then the probe file was updated with all the parameters
required to determine the unknown concentrations of other compounds.

The quantitative results were evaluated by the analysis of variance
(ANOVA single factor) using Origin™ 9.4 software in order to statistically
certify the differences or equalities among the concentrations at the
significance level of 0.05. Tukey and Levene’s tests were applied to assess
the variance in homogeneity. The combined uncertainties were based on
analytical errors and standard deviation from the triplicate of the 'H spectra

acquisitions.

3 Results and discussion

3.1 Non-targeted analysis of guarana seeds by UPLC-HRMS

Hydroethanolic extracts from seeds of 56 guarana clones were
analyzed by UPLC-ESI-QTOF-MSE, positive (ESI*), and negative (ESI)
ionization modes. Thus, a non-targeted metabolomics approach was adopted
to perform an exploratory screening of the chemical profiles of the samples.
The joint evaluation of MS and MS/MS spectra allowed the observation of
specialized metabolites, mainly proanthocyanidins, and methylxanthines. In
general, the ESI- spectra revealed the presence of procyanidin monomers,
dimers, trimers, and tetramers, which are summarized in Table 6. On the other
hand, the ESI* spectra indicated the presence of methylxanthines, caffeine,
and theobromine. In Fig. 13, we can observe the chemical structure of some

annotated molecules. Additionally, Fig. 14 illustrates the chromatograms (ESI*
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and ESI) representative of the chemical profiles, together with the indications

of the annotated specialized metabolites (Table 5), from the guarana seeds.



Figure 13 — Fig. 13. Chemical structures of some polyphenols (procyanidins) annotated in guarana seeds.
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Tabela 5 — Table 5. Annotation of metabolites in guarana seeds, positive and negative ionization modes. (to be continued).

Negative ion mode (ESI)

Positive ion mode (ESI*)

Peak t Molecular Chemical
(m?n) formula Metabolite annotation ontology (Kim et Reference
[M-HI [M-HJ MS/MS Error [M+H]* [M+H]* MS/MS Error al., 2021)
observed  calculated (ppm)  observed  calculated (ppm)
(Farag et
89.0281 ) al., 2014;
1 0.53  341.1084  341.1095 1700548 3.2 C12H22011 Sucrose Saccharides Guedes of
al., 2020)
2 060 191.0192 191.0186  111.0098  -3.1 CeHsO7 Citric acid Fatty Acidsand - (Ju et al,
Conjugates 2021)
89.0244 . 5 Fatty Acids and (Juetal,
3 0.62 133.0137 133.036 115.0049 -0.8 C4HsOs Malic acid Conjugates 2021)
163.0504
138.0697 . . (Novaki et
4 0.80 181.0726 181.0721 123.0474 -2.8  C7HsN4O2 Theobromine Pseudoalkaloids al., 2021)
110.0713
289.0634 .
5 194 5771346 5771359 407.0759 23 5794503 5794538 0108434 oo CiHxOn  B-type procyanidin dimer Flavonoids (Sang ef
09.0830 (Proanthocyanins) al., 2019)
425.0844
289.0673 e Flavonoids (Sang et
6 2.02 577.1346  577.1345 407 0540 -0.2 C3oH26012  B-type procyanidin dimer (Proanthocyanins) al,, 2019)
111.0791
109.0286 127.0241 Analytical
125.0241 207.0702 Flavonoids standard
7 2.07 289.0712  289.0714 ' 0.7 291.0869  291.0871  247.0656 0.7 Ci5H1406 Catechin
205.0476 (Flavan-3-ols) (Lvetal,
245.0764 123.0450 2015)
: 139.0396

165.0519




97

Tabela 5 — Table 5. Annotation of metabolites in guarana seeds, positive and negative ionization modes. (continuation).

Negative ion mode (ESI)

Positive ion mode (ESI*)

Peak tr Molecular . . Chemlcgl
(min) formula Metabolite annotation ontology (Kim et Reference
[M-H [M-HF wsms  EOr MY MsH e Error al., 2021)
observed  calculated (ppm)  observed  calculated (ppm)
289.0697
407.0744 291.0886 Flavonoids Analytical
8 241 5771346  577.1346 29 5791503  579.1499  409.0918  -0.7  CaoHzOn Procyanidin B2 .
425.0844 425.1011 (Proanthocyanins) standard
451.1071
138.0681 .
9 243 1950882 1950879 1230456 15  CoteNeO Caffeine Pseudoalkaloids  avtical
110.0758 2 standard
269.0636 291.0766 )
10 244 8651980 sesigds 000742 5o g572173 8672136 4093626 43 CuoHaOr  Betype procyanidin trimer Flavonoids
425.0879 579.1336 (Proanthocyanins)
577.1274
247.0791
207.0673
245.0771 139.0384 . . Flavonoids Analytical
1 251 2800712 2800702 o7 . 35  291.0869 201.0873 o -ol 14 CishhaOs Epicatechin (Flavana.0f) e
165.0515
289,0682 291.0852 o )
12 328 1532614 11532646 0004 o 11852770 11552770 5791578 68  CeoHsOme  CYPS Procvanidin Flavonoids
577.1289 867 2537 tetramer (Proanthocyanins)
865.1855 :
289.0693
411.0693 409.0936 Flavonoid
13 395 8631823 8631770 4510086 6.1 8651980 8651998 4531201 21  CuHiOws A-type procyanidin trimer (Pma:;’;;‘;'a:ms)
575.1119 577.1388
711.1422
289.0690 o )
14 399 11512457 11512402 5751130 4.8 CooHuOge  YPE Procyanidin Flavonoids

863.1788

tetramer

(Proanthocyanins)
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Negative ion mode (ESI)

Positive ion mode (ESI*)

Peak t Molecular Chemical
(m?n) formula Metabolite annotation ontology (Kim et Reference
[M-H] [M-HJ Msms  ETOr IMeH]* [M+H]* vsms  ETOr al., 2021)
observed  calculated (ppm)  observed  calculated (ppm)
421397)8;(5)2 291.0914 Flavonoids Analytical
15 400 57711190 577.1207 ! 3.0 579.1503 579.1538 409.0931 6.0 C30Hz6012 Procyanidin B1 X Y
423.0779 425.0949 (Proanthocyanins) standard
449.0907 :
289.0695 X
16 453 5751190 5751182 4230750 1.4 5771346 5771383 2002 g4 CiHaOw  Adype procyanidin dimer Flavonoids
409.1141 (Proanthocyanins)
4490865
289.0700
41.0732 Flavonoids
17 4.55 863.1823 863.1802 451.0945 2.4 CuasH36015  A-type procyanidin trimer .
(Proanthocyanins)
575.1177
711.1334
289.0697 . 5
18 460 1151.2457 11512399 5751180  -5.0 CooMasO24 A'typ;‘;:;ﬁ“'d'“ (Proz::;’;’c';'c°'::ins)
863.1844 v
289.0713 T Flavonoids
19 498 5751190  575.1210 4490873 35 C30H24012  A-type procyanidin dimer (Proanthocyanins)

Source: Prepared by the Author.
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Figure 14 — Fig. 14. Representative chromatograms of guarana seed samples,
together with the indication of the specialized metabolites annotated (Table 1):
(a) positive ionization mode (ESI*); (b) negative ionization mode (ESI").
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The identification and annotation of compounds were performed
with the aid of analytical standards and an extensive review of the literature. It
is important to point out that the literature review was conceived based on the
research of substances found in the family, genus, and species of the plant
under study (Chemotaxonomy). In addition, corroborating with the annotations
of metabolites, SciFinder, LOTUS Natural Products Online (Rutz et al., 2022),
NPClassifier (Kim et al., 2021), ClassyFire (Djoumbou Feunang et al., 2016)
and other databases available in the MS-DIAL and MS-FINDER software were
consulted, as well as the in silico spectra available in this software. With that,
a total of nineteen metabolites were noted, Table 6.

Procyanidins are oligomeric compounds formed by catechin and
epicatechin monomers. These metabolites are widely found in foods and have
significant medicinal properties. Since they act by exerting beneficial effects
in the prevention or treatment of numerous diseases, such as cancer,
diabetes, cardiovascular diseases, neurological diseases, immune
imbalances, and obesity, which represent a major threat to a significant portion

of the world's population (MikySka et al., 2022). Procyanidins can be
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categorized into A-type and B-type, depending on the stereo configuration and
the bond between the monomers. The m/z deprotonated ions 577, 865, and
1153 are intercalated by the elimination of 288 Da, which occurs by cleavage
via quinone methide (QM). These ions correspond to the deprotonated
molecules of the (epi)catechin dimers, trimers, and tetramers, respectively of
the procyanidin series, corresponding to B-type. The A-type procyanidins
found in the peaks presented ions at m/z 575, 863, and 1151 and are
differentiated from B-type by two units of mass. This difference is caused by
the additional C-O-C bond (da Silva et al., 2017; Rue; Rush; van Breemen,
2018).

Peaks 7 and 11 were annotated and identified (Table 6 and Fig. 14),
respectively, as the diastereoisomers catechin and epicatechin, ESI- m/z 289
and ESI" m/z 291. These polyphenols are characterized as two monomers
which are the building blocks of several procyanidins. The MS/MS (ESI")
spectra of these ions revealed the presence of productions m/z 109, 125, 205,
and 245. The ion fragment m/z 245 [M—-H—-44] is due to the loss of 44 Da
(CH2=CH-OH). The m/z 109 fragment is a result of the loss of 180 Da.
Furthermore, the m/z 205 [M—H-84]" ion results from the loss of the benzene
moiety, and the m/z 125 [M—H-165] - ion comes from heterocyclic ring fission
(HRF) (AbouZeid et al., 2022; Said et al., 2017).

In general, the main fragmentation pathways of procyanidins include
reaction mechanisms involving cleavage by quinone methide (QM) of the inter
flavonoid bond, heterocyclic ring fission (HRF), and the retro-Diels-Alder
reaction (RDA). Thus, the different types of mechanisms can lead to the
elimination of different amounts of masses. For example, in the case of HRF,
it promotes the loss of 126 Da, while the RDA reaction leads to the elimination
of 152 Da. In addition, other rearrangements may occur, as well as water loss
(-18 Da) (Rue; Rush; van Breemen, 2018; Said et al., 2017; Salles et al.,
2022). Peaks 5, 6, 8, and 11 have the same precursor ion m/z 577 [M—H]-.
Together with the analysis of the product ions observed in the MS/MS, this

indicates the annotation of the metabolites as isomeric forms of the B-type
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procyanidins. In different combinations, these metabolites are dimers formed
by two monomeric units (diastereoisomers) of catechin and epicatechin (Fig.
13). These monomers are usually connected through an inter flavonoid linkage
between the C4 carbon of the upper unit and the C8 carbon (C4—C8) or the
C6 carbon (C4—CB6) of the lower unit (Fig. 13).

Lending weight to the annotation of the B-type procyanidins dimers,
the product ions m/z 451, 425, 407, and 289 were observed in the MS/MS
spectra. The fragmentation of the B-type procyanidin (m/z 577) through HRF
results in the ion m/z 451 ((M—-H-126]"). Fragment ions m/z 425 and 407 result
from the RDA reaction ([M—H-152]) with the successive loss of a water
molecule [M—-H-152-18]". Furthermore, cleavage via quinone methide (QM)
of the inter flavonoid linkage, which joins the monomeric units, produced the
fragment ion at m/z 289 (AbouZeid et al., 2022; Qiang et al., 2015; Said et al.,
2017; Salles et al., 2022; Sui et al., 2016).

The analysis of guarana seeds also revealed the presence of
oligomeric procyanidins formed by three and four monomeric units, which
were annotated respectively as B-type procyanidin trimer (peaks 10, m/z 865)
and tetramer (peak 12, m/z 1153), Table 6. The MS/MS spectra of the B-type
trimers showed product ions m/z 289, 407, 425, 577, 695, and 739. The
fragments m/z 577 [M-H-288] and m/z 289 [M-H-288-288] are due to
successive cleavages via QM. The fragment ion m/z 695 ([M-H-152-18]") is
formed from RDA (-152 Da) with the successive loss of H20 (-18 Da). On the
hand, the presence of ion m/z 425 ([M-H-288-152]) is the result of
successive cleavages of the precursor ion (m/z 865) by QM (-288 Da) and
RDA (-152 Da). Furthermore, the fragment m/z 425 through the loss of one
water molecule forms the product ion m/z 407 ((M-H-288-152-18]"). On the
other hand, the m/z 739 ion ((M—-H-126]") comes from an HRF (-126 Da). The
procyanidin B-type tetrameter (m/z 1153 [M—-H]") shows fragmentation similar
to the trimer, with the addition of the product ion m/z 865 which is the result of
a QM cleavage (-288 Da) (da Silva et al., 2017; Said et al., 2017).
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As shown in Table 6, dimers, trimers, and tetramers of A-type
procyanidins were also annotated. Peaks 16 and 19 showed the precursorion
m/z 575 [M—-H] characteristic of A-type procyanidin dimers. Fragmentation of
the precursor ion led to the formation of product ions m/z 449, 423, and 289.
The fragment ion m/z 449 [M-H-126] is due to the HRF of the dimer by
elimination of the phloroglucinol molecule (1,3,5-trihydroxybenzene). The ion
m/z 423 [M-H-152] is derived from the RDA reaction. There is also the
presence of the product ion m/z 289, which is formed by QM fission of A-type
procyanidin dimer (Salles et al., 2022).

Peaks 13 and 17 suggest the presence of A-type procyanidin
trimers, m/z 863. Considering that the MS/MS spectra exhibited fragment ions
m/z 711, 575, 451, 411, and 289. In addition, we also verified the presence of
A-type procyanidin tetramers (peaks 14 and 18), with precursor ion m/z 1151
and with product ions m/z 863, 575, and 289. The formation of these fragments
ions is attributed to the mechanisms of reaction of the RDA, HRF, and QM,
which represent the typical mechanisms of fragmentation of procyanidins (da
Silva et al., 2017; Li et al., 2012; Salles et al., 2022).

3.2 Multivariate analysis of data obtained by UPLC-HRMS

Principal component analysis (PCA) was used to investigate the
complex data matrix with minimal loss of original information, aiming to
observe trends in guarana seed extract samples and evaluating similar
characteristics, differences, and relationships between samples. In general,
the numeric data matrix of guarana seeds is 239,909, which consists of a
matrix with 168 chromatograms x 1,428 variables (tr-m/z pairs). PCA was
applied to the data matrix, and its graphics are shown in Fig. 15. To identify
possible outliers, we used multivariate control charts of Hotelling's 7?2 type, as
illustrated in Fig. 15(b) and (e).

Figura 15 — Fig. 15. Principal component analysis of guarana seed samples: (a)
scores with outliers; (b) Hotelling's T2 from scores with outliers; (c) loadings; (d)
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scores without outliers; (e) Hotelling's T2 from scores without outliers.
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It is important to highlight that the presence of outliers is inherent to any

data set with a large and complex magnitude, such as the data set evaluated in this

study, which is formed by 56 subsets of guarana seeds from different clones.

In general, outliers can have a great influence on data analysis. This influence

can lead to erroneous inferences about the data;

in these cases, the outliers
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constitute data that need to be removed. Thus, methods and criteria are
needed to verify the presence of possible anomalous samples. Thereby, as
mentioned previously, in this work, the evaluation of possible outliers was
performed using Hotelling's T2 graphs, with 95% confidence.

Therefore, according to Hotelling's T2, two guarana seed clones
behaved as outliers, with 95% confidence (Fig. 15 (b)). Thus, after removing
the outliers from the model, the PCA was redesigned and the scores plot
showed a separation of clones, as shown in Fig. 3(d). The two principal
components (PC) present an accumulated explained variance of 31%. This
percentage of explained variance shows great chemical similarity between the
56 samples of guarana seeds evaluated in this study. This fact is
understandable, considering that the evaluated samples are representatives
of a plant organism of the same family, genus, and species.

However, according to the score plot shown in Fig. 15(d), we can
verify the formation tendencies of four distinct groups. The analysis of loadings
(Fig. 15(c)) allowed identifying the main specialized metabolites responsible
for the discrimination of the four groups. Thus, the metabolite responsible for
the separation of group 1 in positive PC1 was a fragment ion of the
epicatechin. The separation of Group 2 was influenced by caffeine. On the
other hand, in group 3 we observed the influence of the A-type procyanidin
dimer metabolite, and finally, the metabolites responsible for the separation of

group 4 were attributed to catechin, procyanidin B2, and epicatechin.

3.3 Targeted analysis (quantification and analysis of variance)

1H NMR spectroscopy coupled with chemometrics analysis was
applied to identify the organic compounds in guarana samples from different
clones. Initially, the identification of the main organic compounds was
performed in the MeOD/D20 (70:30) extract of guarana seed powder. In
general, all samples comprised a high level of caffeine. Fig. 16 illustrates a

representative '"H NMR spectrum: the region between & 0.5 and 3.0
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corresponding to aliphatic hydrogen; & 3.0 and 5.6 for carbinolic hydrogen;
aromatic and carbonylic hydrogen (around & 6.0 and 10.0). The structures of
the compounds, 'H and '3C chemical shifts, multiplicity, and constant coupling

are described in Table 7.

Figura 16 — Fig. 16. Representative 'TH NMR spectrum (5 0.0 to 9.0 ppm) of guarana
seed powder (600 MHz, CD3OD-ds + D20 + EDTA).
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Due to the high number of identified compounds and guarana clones
(total of 56), an unsupervised chemometric method by PCA was applied to
explore the "TH NMR dataset, achieving the main composition variability among
the samples and the relationship between the composition and the guarana

clone.
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Tabela 6 — Table 6. Proton and carbon chemical shifts, coupling constant,
multiplicity and long-range heteronuclear 'H-*C HMBC correlations gathered
for the twelve identified guarana metabolites. (to be continued).

3 '3C (ppm) C-n
1
Numbered structure? 6 H _(ppr_n), HSQC HMBC
[multiplicity, J (Hz)] HoC HoC
3) i 178.7 (C-1)
3%% 53.85 (m, o, 1H-2) 52.6 (C-2)
Az 51.49 (d, 7.0, 3H-3) 18.9 (C-3) C-1
Alanine
4a - no (C-1)
) 53.62 (m, 0, 1H-2) 63.0 (C-2)
45”3~ 1"oH 52.33 (m, o, 1H-3) 32.6 (C-3)
NH; 51.02 (m, o, 3H-4a) 19.4 (C-4)
Valine 6 1.06 (m, o, 3H-4b) 19.9 (C-4)
OH © - no (C-1)
4/5?11\@4 53.64 (m, 0, 1H-2) 63.4 (C-3)
b 54.03 (m, o, 1H-3) 69.1 (C-3)
Threonine 6 1.30 (m, o, 3H-4) 23.0 (C-3)
0 51.94 (s, 3H-1) 25.8 (C-2) c-1
z)l\o. - 179.0 (C-1)
Acetic acid
4
H
E-O}J%O ) 5 8.46 (s, 1H-4) 175.8
Formate
, 0 52.95 (1,0, 7.4, 2H-2) 38.0 (C-2) c-1
HN A~ AL 51.99 (q, 7.4, 2H-3) 27.6 (C-3) Cc-4
PR 52.30 (m, o, 2H-4) 41.8 (C-4)
GABA - 178.0 (C-1)
o - 176.1 (C-1)
- 54.79 (d, 7.4, 2H-2) 38.0 (C-2) c-1
v v oM 62.55,2.77 (m, 0, 7.4, 2H-3a, 3b) 27.6 (C-3)
© on - no (C-4)
Malic acid
0 3.36 (s, 1H-17) 30.4 (C-1) C-6’
0 - 157.4 (C-2))
" / 5 3.55 (s, 1H-3") 32.4 (C-3) C-2’
S S 153.7 (C-4)
)Z\ . B%H 110.9 (C-5")
o ) N 156.9 (C-6")
! 5 3.97 (s, 1H-7") 36.2 (C-7") 8:2
Caffeine® C-4
57.89 (s, 1H-8) 145.8 (C-8) o7
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Tabela 6 — Table 6. Proton and carbon chemical shifts, coupling constant,
multiplicity and long-range heteronuclear 'H-*C HMBC correlations gathered
for the twelve identified guarana metabolites. (continuation).

N 5 H (ppm), 3 '3C (ppm) C-n
umbered structure? AL HSQC HMBC
[multiplicity, J (Hz)] HoC HoC
Glucose moiety
55.40 (d, 3.5, 1H-1) 92.25 (C-1) 822
5 3.45 (dd, 3.5, 8.0, 1H-2) 72.8 (C-2)
5 3.70 (m, o, 3.2,1H-3) 76.2 (C-3)
53.78 (m, 0,1H-4) 73.3 (C-4)
53.99 (m, o, 1H-5) 76.0 (C-5)
53.72 (dd, 3.2, 8.0, 2H-6) 63.7 (C-6)
Fructose moiety
5 3.62 (m, 2H-1") 64.0 (C-1") Cc-2
- 103.4 (C-2")
Sucrose® 54,07 (d, 8.0, 1H-3') 75.7 (C-3")
54.02 (d, 8.0, 1H-4") 72.9 (C-4')
5 3.80 (m,1H-5") 102.4 (C-5")
0 3.77 (m, 2H-6') 63.5 (C-6")
Ring A - Spin AB Coupling System
55.99/5.91 (d, 2.3, 1H-8 — I)° 95.7 (C-8) Cc-7
56.09/6.15 (d, 2.1, 1H-8 — II)° 95.7 (C-8)
- 158.7 (C-7)
55.93 (d, 2.3, 1H-6 — 1 e Il) 94.7 (C-6) g:ga
- 157.0 (C-5)
- 157.5 (C-8a)
- 102.4 (C-5a)
C ring - ABMX Spin Coupling System
54.65(d, 8.0, 1H-2—-1¢ell) 81.2 (C-2))
54.06 (m, 0, 1H-3—1ell) 69.5 (C-3)
0 2.89 (dd, 16.1, 8.0, 1H-4eq —I)° 27.8 (C-4")
" Hax OH . 27.8 (C-4) C-3
P 02.88 (dd, 16.0, 8.0, 1H-4eq -1 26.9 (C-4) C-5a
52.51 (dd, 16.0, 8.2, 1H-4ax —l e Il) 26.9 (C-4) C-5a’
Ring B of | - ABC Spin Coupling System
- 130.8 (C-1")
56.84 (d, 1.5, 1H-2' — 1) 115.0 (C-2)
- 145.8 (C-3")
o - 144.9 (C-4')
GalocatequmarGaloepicatequina (11) 5 6.86 (d, 8.2, 1H-5 — |) 114.7 (C-5’)
Catechin® / Gallocatechin 56.76 (dd, 8.2, 1.5, 1H-6" — I 118.7 (C-6)
Ring B of Il
- 131.9 (C-1")
56.99 (s, 2H-2 e 6 -1l 2&?’2',‘1 &) gg
- 146.4 (C-3') c-1
- 133.0 (C-4))

146.9 (C-5')
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Tabela 6 — Table 6. Proton and carbon chemical shifts, coupling constant,
multiplicity and long-range heteronuclear 'H-*C HMBC correlations gathered
for the twelve identified guarana metabolites. (conclusion).

3 '3C (ppm) C-n
1
Numbered structure? ?m::tl(gl?cr::))/ J (H2)] HSQC HMBC
’ H—-C H—-C
- 118.4 (C-1)
0 0 55.35 (s,1H-2) 129.8 (C-2)
R)J\O OWC% - 114.3 (C-3)
N-1
H4b 34 H 54.85 (s, 4H-4a) 78.4 (C-4a, 4b) gg
P A i 52.28 (m, aCH,) aCH, —(C-2)
N1 5 1.58 (M, gCHy) sCHz —(C-3)
R = fatt: id chain®
N=toata}fr?t?mbera£ carbons in the fatty acid chain 61.27 (m, CHy) 31.3[C~(N-2)]
i 51.28 (m, CHy) 22.3[C~(N-1)]
Cyanolipid C-(N-1)
50.87 (s, CHs) 13.2 C:(N:z)d

Source: Prepared by the Author.

Abbreviations - The resonance multiplicity of protons: singlet, doublet, quartet, multiplet for s,
d, g and m, respectively; GABA: Gamma-aminobutyric acid; eq: equatorial, ax, axial; Absence
of the expected sign (-); signal overlap; (O); unidentified: ni; C-n: numbering given to carbon
in the structure of the molecule.

Remarks — 2 All spectroscopic data collected are in accordance with data from the Spectral
Database for Organic  Compounds, SDBS  (https://sdbs.db.aist.go.jp/sdbs/cgi-
bin/cre_index.cgi) and Human Metabolome Database, HMDB (https://hmdb.ca/); ®* The
spectroscopic data of catechin, sucrose, and caffeine were compared with the analytical
standard and the chemical shift used for the quantification step of the relative concentrations
of the metabolites is highlighted in bold; ¢ Most of the signals from the A and C rings of | and
Il are in a superposition, however, some differences in the proton and carbon assignments
were possible through couplings via heteronuclear correlation map (qHSQC and gHMBC); ¢

The size of the cyanolipid fatty acid (N*) chain is not fully understood.

Fig. 17(a) illustrates the PC1 x PC2 scores coordinate system that
retained the main information regarding the study aim with 58.25% of the total
data variance. The relevant loadings are plotted in line form in Fig. 17(b).
Additionally, to improve the composition variability among the guarana clones,
a second PCA was developed excluding the samples numbered 13, 14, 15,
and 17, since these guarana seed powders were considered outliers based
on the Hotelling’s T? x Q residuals and leverage x studentized residuals plots,
and therefore, these samples impaired the visualization of the data variability
from the other samples. Fig. 17(c) illustrates the PC1 x PC2 scores coordinate
system from this detailed PCA evaluation that retained 50.28% of the total

data variance, with respective loadings plotted in lines form in Figure 5(d).
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Figura 17 — Fig. 17. PCA results using the '"H NMR dataset (5 0.7 and 8.7) of the
guarana seed powder: a) PC1 x PC2 scores coordinate system from the total
samples; b) PC1 loadings plotted in lines form of the total samples; c) PC1 x PC2
scores coordinate system excluding the outliers’ samples (13, 14, 15and 17); d) PC1
and PC2 loadings plotted in lines form excluding the outlier samples.
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It was clear that caffeine was the main compound for discrimination
of guarana clones, considering the entire "H NMR spectra followed by catechin
and gallocatechin. The clones numbered 13, 14, 15, and 17 at positive PC1
and PC2 scores provided samples with fewer amounts of these compounds
mentioned above (caffeine, catechin, and gallocatechin). The additional PCA
developed excluding the clones 13, 14, 15, and 17 revealed that caffeine was
also the main compound for samples discrimination according to the PC2 axis.
In general, the samples from the clones 42, 44, 46, 48, 49, 50, 51, 52, 53, 54,
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55, 56, and 57 presented high amounts of caffeine considering all the
compounds detected by the "H NMR signals (6 0.7 and 8.7).

In order to complement and corroborate the composition variability of the
samples according to the guarana clone, quantification by 'H NMR ("H gNMR) of
each organic compound with a non-overlapped signal was developed. Figure 6
presents concentrations (%) of acetic acid (a), alanine (b), caffeine (c), gallocatechin
(d), malic acid (e), sucrose (f), and total catechin (g) in guarana seed powder.

Caffeine variability (Fig. 6(c)) detected by PCA analyses was
corroborated by quantitative analyses, revealing its high concentration (above
average) in guarana samples from clones 42, 44, 46, 48, 49, 50, 51, 52, 53,
54, 55, 56, and 57 (as described by the PCA), in addition to complementing
the results with clones 11, 27, 31, 32, 36, and 37. Fascinating data obtained
by employing PCA analysis and confirming by analysis of variance
demonstrated that clones 13, 14, 15, and 17 have a low percentage of
caffeine. This information is very relevant, as seeds with low caffeine content
are of great interest to the food industry. Thus, these clones can be selected
by genetic improvement systems to generate new guarana cultivars that meet
industry demands regarding the development of products with low caffeine
content.

According to the literature, guarana contains a significantly higher
amount of caffeine than other foods, such as coffee, cocoa, and yerba tea,
respectively about 4, 30, and 10 times higher. Excessive consumption of
caffeine can lead to some adverse reactions such as increased heart rate,
increased blood pressure, stress, anxiety, reduced fertility, and insomnia
(Santana; Macedo, 2018). In addition, studies show that consumption of more
than 200 mg of caffeine per day can cause problems such as tachycardia,
ventricular arrhythmia, and seizures disease states including type 2 diabetes
mellitus, Parkinson's disease, liver disease, stroke risk, Alzheimer's disease,
some cancers and depression (Yousefi et al., 2017). These are some of the

possible effects. Therefore, guarana with low levels of caffeine prevents these
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adverse reactions from being triggered by excessive consumption (Patrick et
al., 2019; Tfouni et al., 2007).

Furthermore, considering the concentration means, guarana
samples from the clones 46, 48, 49, 50, 52, 53, 54, 55, 56, and 57 showed
higher concentrations of gallocatechin and total catechin in samples from the
clones UEPAE, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11 (Fig. 18a). Moreover,
catechins exert antioxidant activity, acting in the destruction of free radicals
and neutralizing active ions of transition metals. In addition, because of the
many phenolic hydroxyl groups present in their structures, they have also
demonstrated the ability to prevent cardiovascular metabolic diseases and
have positive effects on lipid metabolism (Portella et al., 2013; Yonekura et
al., 2016). Additionally, studies have shown that ingesting catechin from green
tea can increase fat oxidation during exercise. The magnitude of the increase
is usually between 3% and 7% (about 250 — 600 kJ/day) (Bag et al., 2022;
Hodgson; Croft, 2010). Other beneficial health effects are attributed to
catechins, such as antimicrobial, antiviral, anti-inflammatory, anti-allergic, and
anticancer action. This bioactive compound can contribute to the treatment
and prevention of various diseases, infectious or not. Furthermore, catechins
have been widely studied for their ability to prevent premature aging and boost
immunity (Bae et al., 2020; Musial; Kuban-Jankowska; Gorska-Ponikowska,
2020).

In this study, we also verified that the clones 49, 54, and 56
presented higher concentrations of acetic acid and malic acid in samples from
clones 27, 28, and 49 (Fig. 18(a)). In general, organic acids, such as acetic
and malic, are widely used in the food industry as acidulants, flavoring, and/or
food preservatives. They can also play an important role as natural
antimicrobials, aiming to inhibit the growth and proliferation of microbial

pathogens (Bevilacqua et al., 2023; Bushell et al., 2019).



112

Figura 18 — Fig. 18. Quantification using "H NMR: acetic acid (a), alanine (b), caffeine
(c), gallocatechin (d), malic acid (e), sucrose (f), and total catechin (g) in guarana
seed powder from different clones.
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Finally, a higher concentration of amino acid alanine was observed
in samples from the clones 49, 50, 53, and 54 as well as a higher concentration
of sucrose in samples from the clones 9, 38, 39, 40, 45, 46, 49, 50, 52, 53,
and 55.
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4 Conclusions

Through the non-target metabolomics approach, the metabolic
profile of fifty-six guarana seed clones was established by UPLC-QTOF-MSE,
so that a total of 19 metabolites were duly annotated, including caffeine and
procyanidins. On the other hand, through the target metabolomics approach,
metabolites in guarana seeds were identified and quantified by NMR.

The large volume of data obtained by the UPLC-QTOF-MSE and
NMR analyses was submitted for chemometric analysis. Thus, the use of
unsupervised multivariate analysis tools such as PCA allowed the evaluation
of similarities and differences between clones. Furthermore, it was possible to
infer some specific characteristics of some of the fifty-six guarana clones
studied, such as the presence, absence, and different concentration levels of
certain metabolites in some samples, such as caffeine.

Finally, the set of analyzes methods carried out (UPLC-QTOF-MSE,
NMR, and chemometric tools) allowed obtaining valuable information about
the different chemical compositions of guarana seeds. Thus, contributing to
the selection of the best clones with different purposes, enabling an adequate
use in the different types of industry, such as food industry and pharmaceutical
industry, in addition to the possibility of being a potential source of bioactive

compounds.
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Representative 1D and 2D NMR spectra of guarana seeds, highlighting the resonance signals of catechin,

gallocatechin and caffeine

Figura 19 — Fig. S1. "H-"3C HSQC contour maps (600/150 MHz, CDsOD-ds +D20 + EDTA) of guarana seeds.
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Figura 20 — Fig. S2. "H-'"H COSY contour maps (CD3OD-d4 +D20 + EDTA) of guarana seeds.

A A

==

_WAJL\J A i
= : 0
’

10

Source: Prepared by the Author.

7 5 4 3 2 1
F2 Chemical Shift (ppm)

Parameter Value
Acquisition time (sec) (0.1500, 0.0208)
Frequency (MHz) (599.56, 599.56)
Nucleus ('H, 'H)
Number of transients 16
Original points count (1442, 200)
Points count (2048, 2048)
Pulse sequence gCosYy
Solvent CD30D-ds +D20
Spectrum type cosy

Sweep width (Hz)

(9610.69, 9610.69)

117

F1 Chemical Shift (ppm)



Figura 21 — Fig. S3. 'H-"3C HMBC contour maps (600/150 MHz, CD30D-d4 +D20 + EDTA) of guarana seeds.
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Figura 22 — Fig. S4. (a) Caffeine molecule - arrows indicate the Key HMBC correlations
(H — C) observed in a representative sample of guarana seeds, (b) expansion of
PRESAT 'H NMR spectrum (6 3.30 to 3.90 ppm) and (c) Expansion of 'H-3C HSQC
contour map selected region (6 3.1 to 4.4 ppm).

PRESAT 03ssp

“ E 26
) 3.36, 30.36 =
))—j 3.55, 32.42 B : @ g
== u i - 3 = = H-1", C-I” £
—  n HI’, C-1 £
— g 3
! 3.97,3621 ¥, C-3 -
_— & ur cr 2l
! i N

{ 38

aa | asaz an a0 58 s a7 36 a5 34 a3 a3z 31

F2 Chemical Shift (ppm)

Source: Prepared by the Author.

Figura 23 — Fig. S5. Expansion of the representative "H NMR spectrum (6 5.70 to 7.10
ppm) highlighting catechin and gallocatechin A and B-ring signals.
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Source: Prepared by the Author.
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Figura 24 — Fig. S6. (a) Numbered catechin and gallocatechin structure - arrows
indicate the Key HMBC correlations observed in a representative sample, (b) 'H NMR
spectrum expansion (8 5.70 to 7.10 ppm) and "H-"3C HSQC heteronuclear correlation
map in the region at 6 5.80 — 6.30 and 6.60 — 7.10 ppm regions (c and d, respectively).
In the quantification step, the signals in ring B & 6.86 and 6.99 ppm for | and I,
respectively, were considered.
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Figura 25 — Fig. S7. Expansion of the representative 'H-"3C HSQC contour map of
guarana seeds (0 2.1 — 3.1 ppm) highlighting the equatorial (eq) and axial (ax) signals
of  and Il (C ring).
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Figura 26 — Fig. S8. A representative 'H-'H COSY contour map of guarana seeds
highlighting specific correlations between caffeine (H-8 and H-7') and sucrose (H-1 and
H-2) protons.
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6 CONCLUSAO

Metabolébmica €& um campo interdisciplinar que esta intimamente
relacionada a varias areas de conhecimentos, como quimica, biologia e informatica,
sendo um elo importante no estudo das plantas. Sendo assim, por meio da abordagem
metabolédmica foi possivel tracar o perfil metabdlico de sementes de cinquenta e seis
clones diferentes de guarana e de folhas de abacaxizeiro de sete variedades
comerciais.

Através da avaliagdo dos extratos hidroetandlicos das sete variedades
comerciais de folhas de abacaxi analisadas por UPLC-QTOF-MSE, foi possivel
estabelecer o perfil metabodlico das amostras, onde foram detectados trinta e quatro
metabdlitos, dos quais vinte e oito foram devidamente anotados. Dentre as classes de
metabdlitos podemos destacar aminoacidos, acidos organicos e compostos fendlicos.

Além disso, a analise utilizando ICP-OES permitiu a determinagcao e
quantificacdo dos oligoelementos (Zn, Cr, Cu, Cd, Mn, P e Fe), sendo importante
ressaltar que Cr e Cd nao foram observados nas amostras analisadas. Somado a
esses fatos, temos também que os extratos apresentaram baixos niveis de
citotoxicidade. Com base na composicdo mineral e metabdlica das folhas das
diferentes variedades de abacaxi avaliadas foi possivel verificar as semelhancgas e
dissimilaridades entre as amostras através de ferramentas quimiométricas como PCA
e HCA. Assim o perfil metabdlico gerou informagdes importantes na caracterizacao de
residuos agroindustriais de abacaxi. Corroborando com a caracterizagdo e
consequente uma possivel utilizagdo de coprodutos agroindustriais de abacaxi em
aplicacbes em diferentes tipos de industrias, como farmacolégica, cosmética e
alimentar.

Além disso, a abordagem metabol6mica ndo-alvo foi de suma importancia
para estabelecer os perfis metabdlicos das sementes dos cinquenta e seis clones
distintos de guarana, os quais foram obtidos por UPLC-QTOF-MSE. Com isso, um total
de 19 metabdlitos foram devidamente anotados, incluindo cafeina e procianidinas. Por
outro lado, através da abordagem da metabolémica alvo, os metabdlitos nas sementes
de guarana foram identificados e quantificados por RMN.

O grande volume de dados provenientes das analises metabolémicas do
UPLC-QTOF-MSE e do RMN, foram submetidos a andlise quimiométrica. Assim,

através da PCA se pode avaliar semelhancas e diferencas entre clones. Desse modo,
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foi possivel inferir algumas caracteristicas especificas de alguns dos cinquenta e seis
clones de guarana estudados, como a presenca, auséncia e diferentes niveis de
concentragdo de determinados metabdlitos (por exemplo a cafeina) em algumas
amostras. Contribuindo assim para a selegcdo dos melhores clones com diferentes
finalidades, possibilitando uma utilizacdo adequada nos diversos tipos de industria.
Como exemplo podemos citar a industria alimenticia, a qual de posse dessas
informacdes pode selecionar determinados clones para desenvolver produtos com
maiores ou menores teores de cafeina, visando atender diferentes publicos, tais como
criangas, adultos e idosos.

Diante disso, em geral, podemos concluir que tanto as folhas de
abacaxizeiro como as sementes de guarana podem se constituir, respectivamente
como coproduto e um produto de interesse agroindustrial. Haja vista que ambos
podem ser utilizados como uma fonte potencial de compostos bioativos e para o
desenvolvimento de novos produtos, os quais podem encontrar aplicacbes em

variados setores industriais, como farmacéutico, cosmético e alimenticio.
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