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RESUMO

A Eugenia punicifolia (Kunth) DC., uma espécie da familia Myrtaceae, ¢ amplamente
utilizada como fitoterapico para o tratamento de doengas associadas a processos oxidativos.
Estudos sobre sua composi¢do quimica indicam um perfil metabolico complexo e rico em
compostos fenolicos bioativos, os quais variam significativamente sob a influéncia de fatores
ambientais. Avaliar o perfil metabdlico em funcdo da sazonalidade ¢ um desafio, pois as
variagdes podem ocorrer qualitativa e/ou quantitativamente, tornando necessario o uso de
técnicas analiticas versateis e reprodutiveis, como a Ressonancia Magnética Nuclear (RMN).
Nesse contexto, o presente estudo teve como objetivo verificar, por meio da RMN associada
a analises multivariadas, o impacto da sazonalidade sobre o perfil metabdlico e os potenciais
antioxidante, antiviral e antiglicante de diferentes extratos das folhas de Eugenia punicifolia.
Os perfis metabolicos foram obtidos utilizando RMN e CLAE-DAD-EM. As analises de
PCA e PLS-DA foram realizadas utilizando os espectros de RMN de 'H. As propriedades
farmacologicas dos extratos foram avaliadas em relagdo a viabilidade celular, capacidade de
eliminacdo dos radicais livres (DPPH" e ABTS™), inibi¢do da formagdo dos produtos finais
da glicagdo avangada (AGEs) e da infec¢do pelo virus Zika. A andlise do perfil quimico
permitiu a identificagdo de 19 compostos pertencentes as classes dos acidos organicos,
flavonoides e carboidratos. A partir da analise de PCA, juntamente com o modelo de PLS-
DA validado, foi possivel classificar as amostras com base no periodo de coleta (seca,
chuvoso e de transi¢do), permitindo identificar como fatores ambientais desempenham um
papel crucial na regulacdo da biossintese de compostos fendlicos. A analise dos potenciais
antioxidante, antiglicante e antiviral evidenciou que o sistema extrator ¢ determinante para
a resposta observada, com as amostras coletadas no periodo chuvoso e extraidas com o
sistema metanol:etanol:dgua (MEA) apresentaram os melhores resultados. Portanto, este
estudo fornece descobertas significativas sobre o perfil metabolico e farmacologico das
folhas de Eugenia punicifolia, ao mesmo tempo em que oferece uma base para otimizar os

periodos de coleta, visando maior rendimento de compostos bioativos.

Palavras-chave: Eugenia punicifolia, sazonalidade, RMN, andlise multivariada, atividades

farmacologicas.
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ABSTRACT

Eugenia punicifolia (Kunth) DC., a species of the Myrtaceae family, is widely used as a
phytotherapeutic agent for the treatment of diseases associated with oxidative processes.
Studies on its chemical composition indicate a complex metabolic profile rich in bioactive
phenolic compounds, which vary significantly under the influence of environmental factors.
Evaluating the metabolic profile in relation to seasonality is challenging, as variations can
occur qualitatively and/or quantitatively, making it necessary to use versatile and
reproducible analytical techniques such as Nuclear Magnetic Resonance (NMR). In this
context, the present study aimed to verify, through NMR associated with multivariate
analyses, the impact of seasonality on the metabolic profile and the antioxidant, antiviral,
and antiglycant potentials of different extracts from Eugenia punicifolia leaves. The
metabolic profiles were obtained using NMR and HPLC-DAD-MS. PCA and PLS-DA
analyses were performed using 'H NMR spectra. The pharmacological properties of the
extracts were evaluated in relation to cell viability, free radical scavenging capacity (DPPH’
and ABTS"), inhibition of advanced glycation end-products (AGEs) formation, and Zika
virus infection. The chemical profile analysis allowed the identification of 19 compounds
belonging to the classes of organic acids, flavonoids, and carbohydrates. Through PCA
analysis, along with the validated PLS-DA model, it was possible to classify the samples
based on the collection period (dry, rainy, and transition), enabling the identification of how
environmental factors play a crucial role in regulating the biosynthesis of phenolic
compounds. The analysis of antioxidant, antiglycant, and antiviral potentials highlighted that
the extraction system is a determining factor in the observed response, with samples
collected during the rainy season and extracted using the methanol:ethanol:water (MEW)
system showing the best results. Therefore, this study provides significant findings on the
metabolic and pharmacological profile of Eugenia punicifolia leaves while offering a
foundation for optimizing collection periods to achieve higher yields of bioactive

compounds.

Keywords: Eugenia punicifolia, seasonality, NMR, multivariate analyses, pharmacological

activities.
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1. INTRODUCAO

A familia Myrtaceae estd entre as maiores e mais relevantes das angiospermas
encontradas no Brasil.! Suas espécies apresentam um vasto potencial econdmico, pois seus
frutos, como os de Psidium guajava (goiabeira) e FEugenia uniflora (pitanga), sao

1 . . . . 2 r .
amplamente comercializados na forma de sucos, geleias, sorvetes e in natura.” Além disso,
as folhas de algumas espécies sdo utilizadas na producdo de medicamentos fitoterapicos,

como as de Eugenia punicifolia (Kunth) DC. e Myrcia citrifolia (Lam) DC.?

Na regido amazonica, um grupo de espécies de Myrtaceae, popularmente
conhecido como “pedra-ume-cad”, ¢ amplamente comercializado como medicamento
fitoterdpico para o tratamento da diabetes.* Esse grupo inclui as espécies Myrcia multiflora
(Lam.) DC., Myrcia guianensis (Aubl.) DC., Myrcia citrifolia (Aubl.) Urb., Myrcia uniflora
DC., Eugenia uniflora L., Eugenia biflora (L.) DC. e Eugenia punicifolia (Kunth) DC.*:3

Dentre essas espécies, estudos sobre o perfil quimico e o potencial
farmacologico das folhas de Eugenia punicifolia (Kunth) DC. indicam que suas atividades
antioxidante, anti-inflamatoria e antiglicante estdo associadas a presenca de compostos
fenolicos pertencentes as classes dos acidos organicos e flavonoides.* % 7 Entretanto, a
concentracdo e/ou a presenca desses compostos variam em fun¢do de fatores bidticos e
abioticos relacionados a sazonalidade, tornando essencial o desenvolvimento de abordagens
que permitam monitorar a variagao dos metabolitos secundarios ao longos das estagoes e,
quando necessario, determinar os periodos de coleta com alta producdo dos compostos

bioativos.®?

Do ponto de vista biossintético, quando expostas a diferentes tipos de estresse
abiotico, as plantas tendem a produzir metabolitos que contribuem para seus mecanismos de
defesa.!% 12 Dentre esses, os compostos fendlicos desempenham um papel fundamental na
resisténcia a condi¢cdes ambientais extremas. Flavonoides, amplamente reconhecidos por
suas propriedades farmacologicas, sdo essenciais para mitigar o estresse oxidativo induzido
por fatores ambientais, protegendo as células vegetais. Sua capacidade de neutralizar radicais
livres, estabilizar membranas celulares e regular vias de resposta ao estresse minimiza danos

causados por condigdes adversas.'* 1+ 1

Compreender a influéncia dos fatores ambientais no perfil metabdlico das

plantas ¢ um desafio, pois, dependendo do tipo de estresse (abidtico e/ou biotico) ao qual
11



elas sdo submetidas, sua composi¢do quimica pode apresentar variagdes qualitativas e
quantitativas. Para isso, o uso de técnicas analiticas avangadas, como a espectroscopia de
Ressonancia Magnética Nuclear (RMN), ¢ essencial na caracterizagcdo e quantificacdo de
metabolitos em matrizes vegetais.!> % 17 A integracdo dessa técnica com abordagens
estatisticas permite explorar, de forma mais eficiente, a influéncia dos fatores ambientais na

biossintese de compostos bioativos. % 18 19

Dentre essas abordagens, destaca-se o uso de andlises multivariadas, que
desempenham um papel fundamental na interpretacdo dos dados de RMN ao identificar
padroes e tendéncias especificas. Nesse contexto, a analise de componentes principais (PCA)
e a andlise discriminante por minimos quadrados parciais (PLS-DA) sdo amplamente
empregadas para avaliar a influéncia da sazonalidade no perfil metabolomico de plantas. A
PCA reduz a dimensionalidade dos dados espectrais, facilitando a identificagdo de padroes
sazonais.?’ Enquanto isso, a PLS-DA, quando corretamente construida e validada, aprimora
a discriminagdo entre amostras coletadas em diferentes periodos, identificando metabdlitos
diferenciadores com maior precisdo.?’ 2 A combinagio dessas técnicas proporciona uma
interpretacdo mais robusta dos dados, auxiliando na correlacdo entre fatores ambientais e a

biossintese de compostos bioativos.

Portanto, este estudo teve como objetivo utilizar a RMN associada a anélise
multivariada para avaliar a influéncia da sazonalidade sobre o perfil metabolico e as
potenciais bioatividades (antioxidante, antiglicante e antiviral) dos extratos das folhas de
Eugenia punicifolia (Kunth) DC. coletadas em diferentes meses dos anos de 2021 ¢ 2023, a
fim de fornecer uma abordagem eficaz para otimizar os periodos de colheita € maximizar o

rendimento de compostos fendlicos bioativos.

12



2. OBJETIVOS

2.1. Objetivo Geral

Avaliar a influéncia da sazonalidade sobre o perfil metabolomico de extratos das

folhas de Eugenia punicifolia (Kunth) DC., utilizando experimentos qualitativos e

quantitativos de RMN associados a analises multivariadas, bem como determinar a relacao

desses perfis metabdlicos com os respectivos potenciais antioxidante, antiglicante e antiviral.

2.2. Objetivos especificos

Avaliar a eficiéncia dos sistemas de solventes na extracdo dos compostos presentes nas
folhas de E. punicifolia;

Identificar, por ressondncia magnética nuclear e cromatografia liquida acoplada a
espectrometria de massas, os principais constituintes presentes nos diferentes extratos das
folhas de E. punicifolia;

Determinar a viabilidade celular e os potenciais antioxidante, antiglicante e antiviral dos
diferentes extratos das folhas de E. punicifolia.

Determinar a concentracdo, por RMN de 'H (PULCON), dos principais compostos
associados as atividades antioxidante, antiglicante e antiviral nos diferentes extratos das
folhas de E. punicifolia;

Desenvolver um modelo quimiométrico capaz de classificar as amostras em func¢ao dos
periodos de coleta e identificar quais metabolitos podem ser utilizados como possiveis
marcadores quimicos em resposta aos fatores ambientais;

Determinar como os fatores ambientais influenciam a producao de compostos bioativos

nas folhas de E. punicifolia.

13



3. REVISAO BIBLIOGRAFICA

3.1. Myrtaceae e as espécies de pedra-ume-caa

Representando uma das maiores familias da flora brasileira, Myrtaceae esta
distribuida em 26 géneros, com aproximadamente 1000 espécies ja catalogadas.! Entre as
regides do Brasil, a Floresta Atlantica e as areas de Restinga apresentam a maior diversidade
de espécies, sendo estas predominantemente dos géneros Marlierea, Gomidesia, Myrcia ¢
Eugenia. Devido a sua ampla distribui¢do e composi¢do quimica diversificada, suas espécies
sdo amplamente empregadas na producdo de alimentos e medicamentos fitoterapicos,

agregando alto valor comercial a familia.

Nesse contexto, dentro da familia Myrtaceae, um grupo de espécies denominado
pedra-ume-cad ¢ utilizado na formulacdo de medicamentos fitoterapicos voltados para o
tratamento e preven¢do de diversas condic¢des, incluindo diabetes, diarreia, hemorragia,

febre, reumatismo, colesterol alto, leucemia, herpes e tlceras bucais.* Esse grupo ¢ composto

pelas espécies Myrcia multiflora (Lam.) DC., Myrcia guianensis (Aubl.) DC., Myrcia

citrifolia (Aubl.) Urb., Myrcia uniflora DC., Eugenia uniflora L., Eugenia biflora (L.) DC.
)33

e Eugenia punicifolia (Kunth) DC. (Figura 1

Figura 1. Espécies de pedra-ume-caa.

Estudos farmacoldgicos tém associado a presenga de triterpenos pentaciclicos,
flavonoides e 4cidos organicos as atividades bioldgicas relatadas para as espécies de pedra-
ume-cad, tais como atividades antidiabética, antisséptica, anti-inflamatoria, antimicrobiana

e antioxidante, além de outras descritas na Tabela 1.
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Tabela 1. Propriedades biologicas das espécies de pedra-ume-caa.

Espécie Propriedades farmacolégicas Referéncias
. . Inibicdo da aldose redutase e a-
Myrcia multiflora (Lam.) DC. ca 4 24
glucosidase
. . . Atividade antifungica, antioxidante .
Myrcia guianensis (Aubl.) DC. Vie HHIUng * 25;26
e antibacteriana
Mpyrcia citrifolia (Aubl.) Urb. Antibacteriana 27
Myrcia uniflora DC. An?im.icrobiana, inseticida e 23:28
antioxidante
Eugenia uniflora L. Atividad’e ' antin?icrobiana,' anti- 29: 30 31
inflamatoéria e anti-hipertensivo
- Antioxidante, hipoglicémica e .
E b L.) DC. : o 26,32
ugenia biflora (L.) Citotoxicidade
Atividade  hipoglicémica, anti- 4:7:29:32

Eugenia punicifolia DC. inflamatoria e antioxidante

Contudo, ainda ha poucos estudos quimicos e farmacoldgicos sobre as espécies
de pedra-ume-caa, especialmente sobre Eugenia punicifolia (Kunth) DC. De acordo com o
levantamento bibliografico, seus frutos e folhas apresentam uma composicao quimica rica
em substancias diretamente associadas as principais atividades farmacoldgicas ja

identificadas para as espécies de pedra-ume-cad.* 3% 33

3.2. Composiciao quimica e propriedades farmacologica da Eugenia punicifolia.

Eugenia punicifolia (Kunth) DC. ¢ um arbusto nativo encontrado em diversas
regides do Brasil, especialmente na regido amazonica. Na cidade de Manaus, suas folhas sdao
utilizadas na medicina tradicional, em forma de decocgdes ou infusdes, como agente
terapéutico natural para o tratamento da diabetes mellitus.* "> 3* Estudos comprovam que,
além da atividade antidiabética, essa espécie também apresenta atividades anti-inflamatoria
e antioxidante, e que esse potencial farmacoldgico se deve a presenca de 4cidos triterpénicos

e compostos fendlicos encontrados em suas folhas e frutos.* % 3°

A fim de avaliar o perfil quimico e os potenciais farmacolodgicos de E. punicifolia
(Kunth) DC., o estudo desenvolvido por Teixeira (2021) demonstrou que suas folhas contém
acido barbinérvico, um composto com efeito vasodilatador e potencial para ser utilizado
como modelo no desenvolvimento de novas moléculas para o tratamento de doengas

cardiovasculares.’> 3¢ Além disso, Ramos (2019) comprovou que os frutos apresentam
15



atividades antiglicante e antioxidante, que podem estar associadas a presen¢a dos compostos
acido eldgico, miricetina-3-O-ramnosideo, quercetina-3-O-ramnosideo e kaempferol-3-O-

ramnosideo.*

O estudo do extrato hidroalcodlico das folhas evidenciou efeitos
antinociceptivos, anti-inflamatdrios e gastroprotetores, além de possibilitar a identificagao,
por CLAE-DAD, dos flavonoides quercetina, miricetina e rutina, bem como de galotaninos
e derivados do 4acido géalico.” No estudo de doutorado realizado por Oliveira (2022), a analise
por RMN e CLAE-DAD-EM identificou um total de dezoito compostos, entre os quais
catequina, miricitrina e quercitrina foram destacados como os principais marcadores
quimicos dessa espécie, além de estarem associados a inibicao enzimatica da a-glucosidase.
Os compostos ja identificados nas folhas e frutos de E. punicifolia (Kunth) DC. sao

apresentados na Figura 2.
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Figura 2. Constituintes quimicos identificados nas folhas e frutos de E. punicifolia (Kunth) DC.
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3.3. Analise do perfil metabdlico de matrizes vegetais

O estudo de matrizes vegetais por meio da analise do perfil metabolico tem se
mostrado uma abordagem eficiente até os dias atuais, resultando na identificagdo de
substancias inéditas com potencial para aplicagdo na 4rea de alimentos ou no
desenvolvimento de medicamentos fitoterapicos.* 3’ Diversas metodologias sdo empregadas
para estudar o perfil metabolico de plantas, sendo a desreplicagdo e a metabolomica as mais

descritas na literatura.® 37 3% 39

A desreplicagdo ¢ uma etapa crucial no processo de triagem de extratos brutos,
tendo como objetivo determinar o grau de ineditismo das substancias presentes nesses
extratos, evitando, assim, o isolamento e a determinacdo estrutural de compostos ja
conhecidos.*37 Ja o estudo do perfil metabolomico de extratos brutos de espécies vegetais,
utilizando técnicas multivariadas, possibilita a andlise de um grande volume de dados,
permitindo a correlagao entre a composi¢ao quimica das matrizes estudadas, suas atividades
farmacologicas e as respostas metabolicas a diferentes estresses ambientais e condigdes

patologicas.®% 3

Uma abordagem relevante na area da metabolomica ¢ a investigagdo da
influéncia da sazonalidade sobre o perfil quimico de matrizes vegetais, uma vez que fatores
ambientais sazonais, como temperatura, umidade e pluviosidade, impactam diretamente a
variagdo qualitativa e/ou quantitativa dos constituintes quimicos presentes nas plantas,
influenciando, consequentemente, seus potenciais farmacolégicos.*” 4 42 Dessa forma, a
avaliacdo da sazonalidade torna-se essencial quando a matriz de interesse possui valor
econdmico agregado. Nesse contexto, o estudo do perfil quimico de Eugenia punicifolia
(Kunth) DC. em funcao da sazonalidade pode permitir a identificacdo do periodo de coleta
ideal para obter a maior concentracdo de metabolitos responsaveis por seus potenciais

farmacologicos.

No entanto, E. punicifolia (Kunth) DC. apresenta um perfil metabdlico
diversificado e complexo, tornando necessario o uso de técnicas analiticas capazes de
identificar e quantificar seus constituintes. Dentre as técnicas empregadas para identificacao,
caracterizagdo e quantificacdo de compostos orgénicos, a espectroscopia de ressondncia
magnética nuclear (RMN) destaca-se.!> 34344 Além disso, a analise estatistica de dados de

RMN de misturas complexas pode direcionar a identificagdo de compostos bioativos
17



presentes nas matrizes de interesse, tornando a RMN uma técnica analitica amplamente

aplicada no estudo de matrizes vegetais.®’

3.4. A Ressonancia Magnética Nuclear

A espectroscopia de RMN ¢ uma técnica analitica que permite a determinagdo
da estrutura molecular e da composicdo quimica de uma amostra por meio da intera¢do da
radiacdo eletromagnética com a matéria. O principio da técnica baseia-se no fato de que,
quando analisados por RMN, os nucleos atomicos com spin diferente de zero (I # 0) sdo
influenciados pelo campo eletromagnético estatico (Bo) gerado pelo equipamento,
resultando na mudanga da orientagdo dos spins em relacdo a Bo, fazendo com que eles

precessem em torno do campo magnético principal.*®

A frequéncia de precessdo (ou frequéncia de Larmor) dos spins (v) depende da
constante magnetogirica (y) e da intensidade do campo magnético estatico (Bo) aplicado,

podendo ser determinada pela Equacéo 1.

Equacao 1. v=—2RBo

Utilizando o 4tomo de hidrogénio (spin = '2) como exemplo, na auséncia de Bo,
seus spins nucleares encontram-se em estados degenerados de energia. No entanto, ao serem
submetidos a Bo, ocorre a separacao desses estados degenerados, resultando na quantizagdo
dos niveis de energia e na orientacdo espacial dos spins. Nesse contexto, os spins passam a
adotar dois estados distintos de energia: estado de spin B (maior energia) e estado de spin a

(menor energia), conforme exemplificado na Figura 3.4¢4
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Figura 3. Representacdo grafica do principio da RMN aplicada ao atomo de hidrogénio
(adaptado de Nascimento, 2016).

No entanto, o fendmeno da RMN ocorre quando os spins em excesso no estado
de menor energia sdo excitados para o estado de maior energia ao receberem um pulso de
radiofrequéncia. Esse pulso ¢ gerado por um campo oscilante (B1), perpendicular ao campo
magnético principal aplicado, e possui a mesma frequéncia de precessdao determinada pela

Equacdo 1.4

ApoOs a cessagdo do campo oscilante, os spins passam por dois mecanismos
simultaneos de relaxagdo: relaxagao transversal (T2, Spin-Spin) e relaxagdo longitudinal (T,
Spin-Rede). Esses mecanismos sdo responsaveis pelo processo de decaimento de energia,
denominado Decaimento Livre de Inducdo (Free Induction Decay — FID). O sinal gerado ¢
armazenado no dominio do tempo e convertido para o dominio da frequéncia por meio da
equacdo matematica conhecida como Transformada de Fourier, permitindo a obtengdo de
informagdes essenciais sobre a estrutura dos atomos e moléculas analisadas, como o

deslocamento quimico e a multiplicidade.*¢
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3.5. Quantificacdo de compostos organicos por RMN

A RMN ¢ uma técnica espectroscopica amplamente utilizada na quimica de
produtos naturais, pois, além de fornecer informacgdes estruturais detalhadas, também
permite a quantificagdo de compostos organicos de maneira ndo destrutiva.* Diferentemente
de outras técnicas quantitativas, a RMN dispensa a necessidade de padrdes internos,
tornando-se uma alternativa robusta para a determinacdo absoluta da concentracdo de
analitos. 4% 5051

O principio da quantificacdo por RMN baseia-se no fato de que a intensidade do
sinal (area do pico de ressonancia) ¢ proporcional ao nimero de nucleos de um determinado
elemento na amostra.*’ Essa relacdo direta entre intensidade e quantidade de nticleos
possibilita a determinagdo quantitativa sem a necessidade de calibracdo complexa. No
entanto, a intensidade do sinal também ¢ influenciada por fatores como tempo de relaxagdo
nuclear, homogeneidade do campo magnético e parametros instrumentais, exigindo métodos

precisos para garantir a confiabilidade dos resultados.’* 3

A dependéncia da intensidade do sinal em relagao ao tempo de relaxacao destaca
a necessidade de métodos de quantificagdo que levem em conta essas variaveis. Nesse
contexto, 0 PULCON (Pulse Length-Based Concentration Determination) surge como uma
abordagem eficiente e amplamente utilizada na quantificacio absoluta por RMN.>** O
método PULCON elimina a necessidade de padrdes internos ao utilizar um padrdo externo
previamente quantificado. Esse padrao ¢ registrado sob as mesmas condi¢des experimentais
da amostra em analise, permitindo a comparagdo direta das areas dos picos de ressonancia.
Dessa forma, a quantifica¢do absoluta ¢ realizada com base na razdo entre as intensidades
do sinal da amostra e do padrdo, considerando fatores como tempo de relaxagao longitudinal

(T1), largura de pulso de radiofrequéncia e sensibilidade do espectrometro.’% >°

Uma das principais vantagens do PULCON ¢ sua reprodutibilidade e precisao,
tornando-o uma ferramenta essencial em diversas areas. Além disso, a RMN quantitativa,
aliada a analises multivariadas, se torna uma abordagem valiosa em estudos metaboldmicos

de matrizes vegetais.
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3.6. Analise Multivariada aplicada aos dados de RMN de 'H

Entre as diversas abordagens das analises multivariadas, a quimiometria se
destaca pelo uso de técnicas estatisticas e matematicas, permitindo uma interpretagdo mais
refinada e precisa dos dados quimicos. Essa disciplina ¢ utilizada para tratar problemas
complexos em quimica, onde hd uma grande quantidade de informacgdes ou variaveis inter-
relacionadas. As técnicas quimiométricas incluem métodos multivariados, como Analise de
Componentes Principais (PCA), Analise Discriminante (DA), Regressao Linear Multipla,
Anadlise Hierarquica de Clusters (HCA), Calibragdo Multivariada, entre outras. Essas
ferramentas permitem a identificacdo de padrdes, reducdo de dimensionalidade, tratamento
de ruido e interferéncias, além de possibilitar a interpretacao de resultados de maneira mais

robusta e precisa.?% 3% %7

Para analise do perfil metabolomico de plantas, PCA, HCA e PLS-DA (Minimos
Quadrados Parciais - Anélise Discriminante) sdo amplamente utilizadas.'> 8 A PCA reduz
a dimensionalidade dos dados ao projetd-los em um novo espago formado por componentes
principais, permitindo uma visualiza¢do e analise dos padrdes dos dados. O HCA pode ser
utilizada para classificagdo de amostras em diferentes grupos com base em suas
caracteristicas e, 0 PLS-DA que ¢ uma extensao do método PLS (Partial Least Squares), ¢
frequentemente utilizado para a analise de regressao em dados multivariados que tem como
objetivo encontrar componentes que maximizem a variacdo explicada entre os grupos e
minimizem a variagdo dentro de cada grupo, permitindo uma discrimina¢do mais eficiente

que a observada na andlise por PCA 2%57%

Quanto as técnicas utilizadas para a aquisicdo de dados na andlise
quimiométrica, diversos estudos comprovam que a RMN possui vantagens significativas,
como a simplicidade no preparo das amostras, ja que, na maioria dos casos, nao ¢ necessario
submeté-las a processos quimicos. Além disso, a técnica permite uma aquisi¢ao de dados
eficiente, reprodutivel e de facil execucdo.!> % Devido esses fatores, analises quimiométricas
utilizando dados de RMN sdo aplicadas no controle de qualidade de alimentos, na avaliagao
da influéncia de fatores bioldgicos em organismos vivos, € na verificagdo da influéncia de

fatores sazonais na composi¢io quimica de matrizes vegetais.!” 4% 4!

No controle de qualidade de alimentos oriundos de matrizes vegetais, o estudo

de Daolio (2007) foi pioneiro ao descrever um método baseado em ressonancia magnética
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nuclear de angulo magico (‘H-HR-MAS RMN) associado a analise de componentes
principais (PCA) para a andlise metabolomica de amostras comerciais de Catuaba. Essa
abordagem reduziu significativamente o tempo necessdrio para analisar um sistema
complexo fundamentado em marcadores quimicos, permitindo a classificagao das amostras
com base no tipo de matéria-prima utilizada em sua fabricacdo® Além disso, a combinagdo
da espectroscopia de RMN de 'H com método quimiométrico também permitiu as analises
qualitativas e quantitativas de extratos de medicamentos fitoterapicos chineses, resultando
na identificagdo de acidos fenodlicos, saponinas, sacarideos, acidos organicos e aminodacidos,
e na defini¢do dos valores limite para avaliacdo da qualidade do produto em fungdo de sua

composi¢do quimica.'®

A fim de avaliar a influéncia da sazonalidade sobre a composi¢cdo quimica e as
propriedades medicinais da espécie Leucosidea seria, os dados de RMN de 'H foram
submetidos a analise de PCA e andlise discriminante parcial ortogonal supervisionada por
minimos quadrados (OPLS-DA), onde a PCA mostrou clara separacao das estagcdes € o
OPLS-DA determinou os compostos que diferenciaram as amostras de primavera das de
inverno. Além disso, foi constatado que a variacdo de suas propriedades medicinais ¢é

resultado da diferenciagdo em sua composi¢do quimica em fungio do periodo do ano.%?

Portanto, estudos quimiométricos de matrizes vegetais utilizando a RMN,
mostra-se como uma importante abordagem para avaliar como a composi¢do quimica e as
propriedades farmacoldgicas dessas matrizes sdo influenciados por diferentes fatores

ambientais.

3.7. Atividade antioxidante de produtos naturais

Os ensaios antioxidantes sdo uma forma simples e eficiente de verificar se
substancias e extratos provenientes de matrizes vegetais apresentam a capacidade de inibir
substancias responsaveis por processos oxidativos. A determinagao da atividade
antioxidante, resultado de reagdes que envolvem a inibicdo de substincias oxidantes e
radicais livres presentes em sistemas bioldgicos, os quais sdo apontadas como causadores do
envelhecimento precoce e de doengas degenerativas relacionadas ao envelhecimento, como

cancer, doencas cardiovasculares, declinio do sistema imune e disfun¢des cerebrais.® 64 63
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Os ensaios de capacidade antioxidante podem ser divididos de acordo com os
tipos de reagdes envolvidas no processo: ensaios baseados nas reagdes de transferéncia de
atomo de hidrogénio (HAT) e ensaios baseados nas reagdes de transferéncia de elétrons
(ET).%* 66 Os ensaios baseados em ET medem a capacidade de um antioxidante em reduzir
um oxidante, que, ao ser reduzido, adquire uma coloragio diferente. A maioria dos ensaios
baseados em HAT aplica um esquema de reagdes competitivas, nas quais antioxidantes e
substratos competem por radicais gerados termicamente através da decomposicao de
compostos azos.% De acordo com o método proposto para analisar a atividade antioxidante,
os ensaios ET e HAT podem ser utilizados para determinar a atividade antioxidante de
diferente classe de compostos. Com base nisso, esses ensaios sdo realizados de diferentes
maneiras, mas com basicamente a mesma finalidade. No Quadro 1, estao classificados os

principais tipos de ensaios antioxidantes de acordo com seus mecanismos quimicos.%% 67 68

Quadro 1. Principais tipos de ensaios antioxidante baseados em HAT e ET.

Ensaios baseados em HAT

Ensaios baseados em ET

Inibi¢ao induzida de auto oxidagao
de lipoproteinas de baixa densidade
Capacidade de absorcao de radical
oxigénio (ORAC)

Parametro antioxidante total de
aprisionamento radical (TRAP)
Ensaios de branqueamento da
crocina.

Determinacao dos fenois totais por
reagente de Folin-Ciocalteu (RFC)
Poder antioxidante de reducdo do
Ferro (FRAP)

Potencial antioxidante total
utilizando o ion Cu (II) como
oxidante

Captura do radical DPPH’

e Monitoramento do decaimento do
cation radical ABTS™"

Na area de produtos naturais, os ensaios mais utilizados para determinar a
capacidade antioxidante dos extratos e substancias sdo aqueles que envolvem a captura do
radical DPPH" (2,2-difenil-1picrilhidrazil) e do cation radical ABTS"" [Acido 2,2'-azino-
bis(3-etilbenzotiazolina-6-sulfonico)].*> 7% 7! No ensaio de captura do radical DPPH’, é
possivel observar, por espectrofotometria, que a absorbancia a 515 nm diminui como

resultado de uma alteracdo na coloracdo violeta-escura para violeta-clara, uma vez que o
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radical ¢ capturado pelas substancias antioxidantes presentes na amostra, ocorrendo a doagdo

de um atomo de hidrogénio para formar a molécula estavel DPPH-H (Figura 8).5% 7

O,N O,N
R
N—N- NO, + R —> N—N NO,
O,N O,N
cor: violeta-escura cor: violeta-clara

Figura 4. Reacdo entre a molécula de DPPHe e um antioxidante para formar DPPH reduzido.

O ensaio de descoloragio do cation radical ABTS™" baseia-se na sua redugéo por
substancias antioxidantes, resultando no decréscimo de sua absorbancia ao longo do tempo.
A leitura ¢ feita a partir da mistura do radical com o antioxidante em diferentes intervalos de
tempo. O valor obtido ¢ conhecido como TEAC (capacidade antioxidante equivalente ao
trolox) e fornece uma estimativa da quantidade de moléculas de radicais consumidas pelo

antioxidante (Figura 9).6% 667
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Figura 5. Estabilizacdo do radical ABTSe+ por um antioxidante e sua formagao pelo persulfato de potassio.

Devido a sua praticidade e baixo custo, ensaios antioxidantes como a captura do
radical DPPH" e o monitoramento do decaimento do cation radical ABTS™" tornaram-se
ferramentas comuns e extremamente necessarias na selecao inicial de substancias que
possam ser utilizadas como farmacos.” Além disso, esses ensaios podem auxiliar na escolha
das espécies vegetais para estudos quimicos e farmacologicos, bem como comprovar a
presenca de substancias antioxidantes em alimentos como frutas, legumes e bebidas. Na area
de produtos naturais, esses ensaios sao amplamente utilizados para determinar a atividade
antioxidante de extratos e substancias isoladas, como compostos fendlicos em geral,

fenilpropanoides, flavonoides, cumarinas, antocianinas e carotenoides.’% 74
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3.8. Atividade Antiglicante

A diabetes mellitus tipo 2 ¢ uma desordem metabolica cronica caracterizada pela
hiperglicemia persistente, condi¢cdo que promove reacdes de glicagdo nao enzimadtica
envolvendo proteinas e lipidios. Esses processos representam a etapa inicial na formagao de
produtos finais de glicacdo avancada (AGEs - Advanced Glycation End-products), que
desempenham um papel central no desenvolvimento de complicagdes associadas ao
diabetes, como nefropatia, retinopatia e doencas cardiovasculares.”> Dada a relevancia dos
AGEs na fisiopatologia dessas complicacdes, a busca por estratégias que inibam sua

formagao tem se tornado uma prioridade em diversos estudos farmacologicos.

No organismo, um dos processos de formagao dos AGEs tem inicio a partir de
uma reacdo de adi¢do nucleofilica, na qual ocorre a condensagdo da cadeia lateral de um
aminodcido presente em uma proteina com um grupo carbonila de um carboidrato,
resultando em uma carbinolamina intermediaria. Esta, por sua vez, sofre desidratacdo,
formando um aduto de imina instavel que, devido a sua estrutura, pode sofrer um rearranjo,
dando origem a compostos mais estaveis, denominados produtos de Amadori, cuja

caracteristica é a geragio da fungio a-amino-carbonila nos agticares (Figure 6).7% 76

acicar redutor
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Figura 6. Mecanismo simplificado do processo de formagdo do AGE, Ne-carboximetilisina (adaptado de
Vistoli, 2013).
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Por fim, o produto de Amadori sofre o processo de fissdo oxidativa dando origem
ao glioxal e metilglioxal, que por sua vez podem reagir com um grupo amino dando origem
ao Ne-carboximetilisina, principal AGE envolvido na fisiopatologia do diabetes e outras

doencas.’® 7’

Uma abordagem promissora tem sido a investiga¢do de matrizes vegetais ricas
em compostos bioativos capazes de inibir a formacao de AGEs. Nesse contexto, as folhas
de Eugenia punicifolia tém se destacado por suas propriedades antioxidantes e seu potencial
antiglicante. Estudos recentes avaliaram a capacidade de diferentes extratos dessas folhas de
inibir a formagio de AGEs pela via ndo oxidativa, demonstrando resultados expressivos.*
Contudo, a literatura ainda carece de estudos mais aprofundando sobre o potencial

antiglicante dessa matriz.

3.9. Citotoxicidade e atividade antiviral

A investigacao da citotoxicidade e da atividade antiviral de extratos vegetais tem
se consolidado como uma abordagem relevante em pesquisas farmacologicas, dado seu
potencial na inibicdo e no tratamento de diversas infec¢des virais.”® Avaliar a atividade
antiviral de extratos vegetais constitui uma etapa essencial na identificacdo de compostos
bioativos com potencial terapéutico, podendo contribuir significativamente para o
desenvolvimento de novas estratégias antivirais baseadas em produtos naturais. Nesse
contexto, Eugenia punicifolia, tradicionalmente utilizada no tratamento do diabetes mellitus
tipo 2 devido ao seu potencial antiglicante, apresenta uma composicao rica em compostos
fenolicos bioativos, o que justifica sua investigacao para outras aplicagdes farmacologicas,

incluindo suas possiveis propriedades antivirais.”: 3% 3% 7

A citotoxicidade, ou avaliacdo da viabilidade celular, representa uma etapa
essencial na investiga¢do do potencial antiviral de extratos e substincias vegetais.®® Esse
processo permite determinar a seguranca dos compostos e extratos testados, identificando
concentragdes que ndo causam danos significativos as células, sendo este, um critério
indispensavel para a validagdo de qualquer agente antiviral. Além disso, a andlise da
viabilidade celular fornece informagdes valiosas sobre possiveis mecanismos de a¢ao dos

compostos bioativos, diferenciando efeitos antivirais diretos de respostas celulares
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I 828 Portanto, essa etapa inicial é

inespecificas induzidas pelo estresse citotoxico.®
indispensavel para a triagem de novos compostos com potencial farmacologico, garantindo
que a atividade antiviral observada ndo seja decorrente de toxicidade celular, mas sim de

uma interagao seletiva com o virus ou com processos essenciais para sua replicagao.

A investigacdo da atividade antiviral de extratos vegetais envolve a avaliagdo de
sua capacidade de inibir a replicagdo viral sem comprometer a viabilidade celular.®* No
contexto da regido Amazodnica, o virus Zika (ZIKV) ¢ particularmente relevante, pois a
Amazonia apresenta um ambiente tropical umido, com temperaturas elevadas e alta
pluviosidade, fatores que favorecem a proliferacdo de mosquitos vetores, especialmente do
género Aedes, como Aedes aegypti e Aedes albopictus, principais transmissores do ZIKV.%
Diante disso, a busca por compostos naturais com potencial antiviral contra o ZIKV tem se
intensificado, destacando-se espécies vegetais ricas em metabolitos secundarios bioativos,

como os polifendis e flavonoides presentes em Eugenia punicifolia.

A avaliagdo da atividade antiviral contra o ZIKV ¢ conduzida por meio de
ensaios celulares utilizando linhagens susceptiveis a infec¢do viral, como as células Vero
E6, derivadas do rim de primatas nio humanos.®® Esses ensaios permitem determinar a
capacidade dos extratos de interferirem na replicagdo viral, seja por meio de agao direta sobre
as particulas virais, seja pela inibigao de etapas do ciclo replicativo dentro das células
hospedeiras. Para isso, os extratos sdo testados em diferentes concentragdes previamente
estabelecidas como ndo citotdxicas, garantindo que os efeitos antivirais observados sejam
especificos contra o virus e nao resultem de um comprometimento generalizado da

viabilidade celular.?’

Portanto, a identifica¢do de propriedades antivirais em extratos vegetais, como
os de E. punicifolia, ndo apenas amplia o conhecimento sobre a biodiversidade quimica
dessas plantas, mas também abre novas perspectivas para o desenvolvimento de
medicamentos fitoterapicos voltadas para o combate ao ZIKV e outras arboviroses

emergentes.

27



4. Resultados
4.1. Perfil quimico por RMN de 'H e atividade antioxidante de extratos de
Eugenia punicifolia ao longo das estacdes: um estudo piloto metabolomico

O presente artigo utilizou técnicas analiticas para caracterizar o perfil quimico e

avaliar a atividade antioxidante dos extratos das folhas de Eugenia punicifolia obtidos ao
longo das estagdes de seca, chuva e transi¢do. Os extratos foram obtidos utilizando
dimetilsulfoxido (DMSO-ds) como solvente e analisados por espectroscopia de ressonancia
magnética nuclear (RMN) e cromatografia liquida de alta eficiéncia acoplada a
espectrometria de massa de alta resolugdo. A andlise por RMN de 'H forneceu perfis
quimicos detalhados dos extratos, que foram submetidos as andlises de componentes
principais (PCA) e discriminante de minimos quadrados parciais (PLS-DA). Essas analises
permitiram diferenciar os extratos com base no periodo de coleta e identificar compostos-
chave responsaveis por essas variagdes, incluindo sacarose, catequina, epicatequina,
quercetina, acidos graxos e acido galico. Os dados de PLS-DA foram validados por métodos
estatisticos, incluindo validagdo cruzada e testes de permutacdo, garantindo a robustez dos
modelos quimiométricos. Os ensaios antioxidantes (DPPH e ABTS) foram realizados para
determinar a capacidade de eliminagdo de radicais livres, com os resultados demonstrando
maior atividade antioxidante nos extratos da estacdo seca. Essa abordagem integrada, que
combinou andlise quimica detalhada, ferramentas estatisticas e ensaios farmacologicos,
forneceu insights sobre o impacto da sazonalidade na composi¢do quimica e bioatividade

das folhas de Eugenia punicifolia, além de estabelecer uma base para futuras investigacgoes.

Situagdo: Artigo publicado no Journal of the Brazilian Chemical Society em 24/01/2024.

Disponivel em https://doi.org/10.21577/0103-5053.20240010.
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Eugenia punicifolia (Kunth) DC. is a medicinal plant used to treat diseases related to oxidative
processes. In this work, 'H nuclear magnetic resonance (NMR) spectroscopy and multivariate
analysis have been employed to track the chemical changes and antioxidant activity of dimethyl
sulfoxide (DMSO) extracts from E. punicifolia leaves over seasons. Principal component
analysis (PCA) applied to 'H NMR allowed discriminating DMSO extracts from leaves collected
in the dry and rainy seasons and pointed out sucrose, catechin, and epicatechin as responsible for
separating dry season samples and quercetin, acid gallic, glucose, and fatty acids contributed for
rainy samples grouping. Notably, antioxidant assays revealed that dry season extracts exhibited
a higher radical scavenging capacity. When those compounds were submitted to partial least
squares-discriminant analysis (PLS-DA) only sucrose and fatty acids presented variable importance
projection (VIP) score > 1, both metabolites are related somehow to the defense mechanisms of the
plant. This pilot study may suggest new experimental approaches for more effectively monitoring
the spectrum-effect relationship of E. punicifolia leaf extracts.

\Young Scientists

Keywords: Myrtaceae, medicinal plant, seasonality, PLS-DA, DPPH, ABTS

Introduction

The investigation of medicinal plants through chemical
profiling has emerged as an effective approach, leading to
the identification of several bioactive compounds with the
potential for developing new drugs. However, the chemical

*e-mail: alandiegormn @gmail.com.br; marcosmachado@ufam.edu.br
Editor handled this article: Ivo M. Raimundo Jr. (Associate)

This manuscript is part of a series of publications in the Journal of the
Brazilian Chemical Society by young researchers who work in Brazil or
have a solid scientific connection with our country. The JBCS welcomes
these young investigators who brighten the future of chemical sciences.

profile is susceptible to environmental influences, and
among these factors, seasonality stands out as a primary
determinant affecting both metabolite identities within
plants and their respective concentrations.'?

The therapeutic effect of medicinal plants is closely
linked with a specific set of metabolites, and once
the contents of these active principles fluctuate,
so does the therapeutic effect.> Hence, the timing
of plant harvest is of paramount importance when
considering medical uses, since the abundance of active
compounds can vary significantly throughout the year.
This phenomenon is well-documented in the literature. For
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instance, Calamintha nepeta and Phillyrea angustifolia
demonstrated heightened activity and increased levels
of active compounds in colder months.** Conversely,
plants like Croton heliotropiifolius, Salvia fruticose,
and Rosmarinus officinalis exhibited higher contents
of active compounds during summer and spring
months.®® In certain species, seasonal variations appear
negligible, as evidenced by consistent alkaloid contents
in Duguetia furfuracea.’ Therefore, understanding the
patterns of metabolite accumulation is crucial for the
standardization of cultivation practices, especially in
large-scale production or sustainable plant exploitation.

In the Amazon region, leaves of Eugenia punicifolia
(Kunth) DC., a Myrtaceae species, are widely
commercialized as a phytotherapeutic for the treatment
of Diabetes mellitus.'">'" Furthermore, studies on
E. punicifolia leaves have associated the anti-inflammatory,
antinociceptive, and gastroprotective potential with the
presence of gallic acid, proanthocyanidins, gallotannin,
quercetin, myricitrin, and rutin.'? Fruits of E. punicifolia
have also been chemically evaluated being reported
the presence of sucrose, oo and B-glucose, gallic acid,
ellagic acid, quercetin 3-O-rhamnoside, kaempferol
7-O-rhamnoside, as well as antiglycating and antioxidant
properties.'” As E. punicifolia is already consumed by the
local population and has market potential, investigating
seasonality effects on the chemical composition becomes
important and can add economic value to this species.

However, monitoring multiple compounds in very
complex matrices like natural products is not a simple
task. The high diversity and complexity of chemical
structures and the expressive differences in metabolite
concentrations make it difficult to track relevant chemical
information. Despite this, analytical tools, such as nuclear
magnetic resonance (NMR) and high-performance liquid
chromatography hyphenated with a diode array detector
and mass spectrometer (HPLC-DAD-HRMS), along with
multivariate and univariate analysis methods have been
successfully applied in this context; and progress has been
observed on the identification and quantification of primary
and secondary metabolites that are modulated by seasonal
changes. Several papers dealing with that matter can be
seen in the literature.>*15

Therefore, this study aims to identify the main
compounds present in dimethyl sulfoxide (DMSO) extracts
of E. punicifolialeaves using NMR and HPLC-DAD-HRMS,
as well as to use '"H NMR spectroscopy combined with
chemometrics analysis to evaluate the influence of
seasonality on their chemical composition and antioxidant
potential. The results might indicate the most promising
time for leaf harvesting, which is essential to explore
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E. punicifolia as herbal medicine and for the development
of bioproducts.

Experimental
Materials

Deuterated dimethyl sulfoxide used in extractions
and NMR analyzes was purchased from Cambridge
Isotope Laboratories Inc. (Andover, Massachusetts,
USA). The methanol and formic acid used in the
HPLC-DAD-HRMS analyzes were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The reagents 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
2,2-diphenyl-1-picrylhydrazyl (DPPH"), 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS™) and methanol used in the antioxidant assays
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Plant material

Leaves of Eugenia punicifolia species were collected
at 9 am in different months (August 2021 (dry season),
December 2021 (transition period), and March 2022 (rainy
season)) at the Brazilian Agricultural Research Corporation-
Embrapa Western Amazon, located on AM-010 Highway,
km 29 (2°53’23”S 59°58°26”W). Climatic characteristics
can be expressed in terms of average temperature,
precipitation, solar radiation, and relative humidity reaching
values of 27.4 and 26.2 °C, 4.6 and 11.7 mm, 15,265.4 and
11,930.9kJ m?, and 72.3 and 81.7% to dry and rainy seasons,
respectively, data acquired from the National Institute of
Meteorology (INMET).! From the plantation composed of
150 individuals, 15 were randomly selected, and their leaves
were collected from different parts of the tree to obtain the
best representativeness per sample (11 leaves from the lower
part, 11 from the intermediate part, and 11 from the upper
part). The plant material was dried at room temperature for
24 and 48 h in a forced air circulation oven at 40 °C. After
drying, each sample was subjected to the cold maceration
process with liquid nitrogen, weighed, and stored in a freezer
at —80 °C until the extraction procedure.

Chemical profile of the DMSO extract of E. punicifolia by
HPLC-DAD-HRMS

For the analysis of HPLC-DAD-HRMS, 50 mg of
dried leaves from a mix of the samples from the first
collection were extracted with 650 pL of deuterated
dimethyl sulfoxide in an ultrasonic bath for 20 min.
After this time, the sample was centrifuged at 10.000 rpm

J. Braz. Chem. Soc., 2024, 35, 7, e-20240010
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for 10 min, the supernatant (550 pL) was removed,
lyophilized, and subjected to analysis. Analyses was
performed on a high-performance liquid chromatograph
(HPLC) (Shimadzu, Tokyo, Japan), with an autosampler
maintained at 10 °C, coupled to the quadrupole time of
flight high resolution mass spectrometer (Q-TOF-MS)
(Bruker Daltonics, Fremont, CA, USA). A reversed-
phase Synergi Fusion-RP C18 Phenomenex® column
(150 x 2.1 mm, 4 pm particle size) was used with a guard
column of the same phase. The mobile phase consisted
of water (A) and methanol (B), both containing 0.1%
formic acid. Elution was performed in gradient mode, with
0-28 min (20-100% B), 28-38 min (100% B), 38-48 min
(100-20% B), 48-55 min (20% B). The flow rate was
maintained at 200 uL min' and the column temperature at
40 °C. The injection volume was 2.0 uL. The parameters
of the ionization source (electrospray in positive mode)
were as follows: capillary potential of 4.5 kV, end plate
offset of 0.5 kV, nebulizer gas pressure (nitrogen) of
2.0 bar, drying gas flow (nitrogen) of 6 L min”', and gas
temperature of 180 °C. The acquisition range was from
m/z 100 to 1000. The instrument was calibrated with
10 mM sodium formate. Data acquisition was performed
with Data Analysis 4.1 software.!”

Acquisition of NMR spectroscopy data

Fifty milligrams of E. punicifolia leaves were extracted
with 650 pL of deuterated DMSO in an ultrasonic bath for
20 min. The sample was then centrifuged at 10.000 rpm
for 10 min, the supernatant was removed, and transferred
to a 5 mm NMR tube. NMR spectra were acquired on a
Bruker Avance III NMR spectrometer (Bruker, Billerica,
Massachusetts, USA), operating at 9.4 T, equipped with a
5 mm BBI probe with a gradient along the z-axis. NMR
spectra were obtained at 25 °C using the zgpr pulse
sequence with a 90° pulse duration of 8.58 us. 4 dummy
scans, and 64 scans were collected with 64 k data points
using a spectral width of 8 kHz, a relaxation time of
1.0 s, and an acquisition time of 4.0 s. The residual water
signal of DMSO-d, (0 3.36, s) was suppressed using a
power of 4.98 10° W, and the receiver gain was set to
203. Phase and baseline corrections of the spectra were
performed manually using TopSpin 3.6.3 software.'® The
chemical shift (in ppm) of "TH NMR spectra was referenced
to the methyl signal of tetramethylsilane at &, 0.0. The
'H-"C correlations from edited heteronuclear quantum
coherence (HSQCedit) and heteronuclear multiple bond
correlation (HMBC) NMR experiments were acquired
using the coupling constants J (H,C, one-bond) and J (H,C,
long-range) of 145 and 8 Hz, respectively.
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Multivariate data analysis

'"H NMR spectra of the 45 samples were acquired
in triplicate, exported from TopSpin 3.6.3 software
in .csv format and transferred to OriginPro 2018
software to build the data matrix.'!” Chemometric
analysis was carried out using the region of '"H NMR
spectra between 0.55 to 7.40 ppm resulting in a matrix
(135 samples x 5310 variables). The areas of residual water
signal (3.30 to 3.40 ppm) and deuterated dimethyl sulfoxide
(2.46 to 2.54 ppm) were excluded.

Principal component analysis (PCA) was performed
using the PLS-Toolbox Solo 9.0 software.?® Spectra
preprocessing consisted of baseline correction
(Automatic Weighted Least Squares, order = 2), variable
alignment (Correlation Optimized Warping: Slack 5,
Segment Length 50, and Alignment function Linear
of the 1% Order). The data was normalized to the
area and mean centered. The scores and loadings
graphs were plotted using the algorithm Singular Value
Decomposition (SVD).

Data processing and construction of the PLS-DA calibration
model

To perform partial least squares-discriminant
analysis (PLS-DA), the 'H NMR spectra of the
135 E. punicifolia samples were exported to R-Studio
software version 2022.07.2.2' Subsequently, the spectral
region from 0.05 to 8.20 ppm was aligned, and the residual
water signal region of DMSO-d, was excluded. The spectra
were then divided into 0.04 ppm buckets with a 50% degree
of freedom, resulting in a table of 135 samples and 245
variables. This table was exported to The Unscrambler
10.3 software, where it was normalized based on total
intensity (each bucket’s intensity was divided by the sum of
all bucket intensities in the spectrum), resulting in optimal
data optimization for metabolomics studies, as described
by Wang et al. ?*

The intensities of the buckets corresponding to the
signals of sucrose (dy 5.18, d, 3.7 Hz), catechin (dy 5.93,
d, 2.3 Hz), epicatechin (dy 5.89, d, 2.2 Hz), fatty acids
(04 1.23, s), a-glucose (0,,4.90, d, 3.6 Hz), B-glucose
(04,4.27,d,7.8 Hz), gallic acid (0, 6.95, s), and quercetin
(04 7.30, d, 2.3 Hz) were exported from The Unscrambler
10.3 software and transferred to MetaboAnalyst 5.0,
where they were scaled using the autoscaling method
(mean-centered and divided by the standard deviation of
each variable).?*? After scaling, the data were used to
build the PLS-DA calibration model, which underwent
cross-validation (method 5-fold CV), permutation testing
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(separation distance adjusted to 2000 permutation), and
the construction of Vip score plots.

DPPH radical scavenging capacity

The experiments were carried out following the methods
described in a previous study.?® The radical scavenging
capacity of E. punicifolia sample after various treatment
processes was assessed using the DPPH' radical method.
A 100 uM methanolic DPPH" solution was prepared. Then,
the sample was prepared at a concentration of 1 mg mL!
and mixed with 1900 puL of the methanolic DPPH" radical
solution. Trolox was used as a positive control (ranging
from 100 to 2000 uM) for comparison. The mixture was
incubated in darkness at room temperature for 30 min.
Absorbance readings were taken at 515 nm using a
microplate reader (Bio Tek Instruments Inc., Winooski, VT,
USA). The antioxidant capacity was quantified in Trolox
equivalents. The assay was performed in triplicate. The
relationship was determined as y = —0.0004x + 0.7126,
with coefficient of determination (R?) value of 0.9926,
and the results were expressed in micromolar Trolox
Equivalents (uM TE mL™").

ABTS radical cation scavenging capacity

The ABTS™ scavenging assay entails observing the
fading of the ABTS™ solution color in the presence of
antioxidant extracts.’®?” Following a reaction period of
6 min between the sample and the radical at a 1:10 ratio,
absorbances were recorded at 750 nm using a microplate
reader (Bio Tek Instruments Inc., Winooski, VT, USA).
Trolox was employed to construct the standard curve
(y = 0.0003x + 0.7216, R? = 0.9951), and the results
were quantified in micromolar Trolox Equivalents
(UM Trolox mL™).

Statistical analysis

The distribution of antioxidant data for DPPH radical
and ABTS radical cation, as well as to the area of the signs
of sucrose (0 5.18, d) and fatty acids (O 1.23, s) were
assessed using the normality test (Kolmogorov-Smirnov),
followed by the Kruskal-Wallis nonparametric test for data
with a non-normal distribution. The comparison among
multiple data sets with a normal distribution was performed
using ANOVA (variance analysis) with the Tukey’s test, at
a significance level of 95%. Pearson correlation coefficients
were obtained with a p-value of < 0.05. The analyses were
conducted using Minitab™ 18.1 software.?®
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Results and Discussion

Chemical profiles of E. punicifolia extracts via HPLC-DAD-
HRMS and NMR spectroscopy

HPLC-DAD-HRMS profiles of DMSO-d, extracts
from E. punicifolia revealed the presence of 10 flavonoids
(Table 1). The identification of these compounds was
achieved through an analysis of their ion fragmentation
patterns (Figures S1-S18, Supplementary Information
(SI) section), as well as by comparison with mass
spectrometry (MS) data previously documented in
the literature for Eugenia species. DMSO extracts
were submitted to NMR spectroscopy, and spectra
of hydrogen revealed a typical complex profile with
signals in the aliphatic, carbinolic, and aromatic regions
(Figures S19-S21, SI section). To endorse the compound
identities in '"H NMR spectra, 2D NMR experiments,
such as ("H-'H) correlated spectroscopy (COSY), (*H-*C)
HSQCedit, and ('"H-'*C) HMBC, were also obtained
(Figures S22-S30, SI section).

Characteristic signals of fatty acids (1) and
carbohydrates (2-4) were observed, as previously reported.'®
Also, three flavonoids were identified: catechin (5),
epicatechin (6), and quercetin (7). For catechin, the signals
at 0y 5.83 (d, 2.3 Hz), 0, 5.93 (d, 2.3 Hz), 0, 6.86 (d,
2.3Hz), 0,;6.66 (d, 8.1 Hz) and 0,;6.75 (dd, 2.3 and 8.1 Hz),
related to position 6, 8,2, 5" and 6’ of rings A and B were
assigned.” The epicatechin A-ring showed resonances at
Oy 5.89 (d, 2.2 Hz) and Oy 5.88 (d, 2.2 Hz).*® While for
quercetin, the signals attributed were oy 7.30 (d, 2.1 Hz),
Oy 7.25 (dd, 2.1 Hz and 8.4 Hz), and d,, 6.87 (d, 8.4 Hz),
related to quercetin C-ring, as well as signals at & 6.40 (d,
2.1 Hz) and 0,,6.21 (d, 2.1 Hz), characteristic of ring A of
quercetin.”® Finally, signals at d; 6.95 (s) and 0y 6.82 (s)
showed correlations to 0. 165.9, . 108.6, d.145.7, and
Oc 138.3 in the HMBC experiment indicating the presence
of gallic acid (8) and derivatives.*! Figure 1 depicts the
compounds identified.

Multivariate NMR data analysis

'H NMR spectra of E. punicifolia were submitted to
PCA analysis aiming to discriminate the sample groups
by season and to track the compounds responsible for
such grouping. Scores and loadings plots are depicted
in Figures 2 and 3. The two first principal components
explained 65.82% of the total variance. Samples from
drought and rainy periods occupied the positive and
negative sides of PC1, respectively. Samples collected in
the transition season could be found spread all over the

J. Braz. Chem. Soc., 2024, 35, 7, e-20240010



'"H NMR Chemical Profile and Antioxidant Activity of Eugenia punicifolia Extracts Over Seasons Neves et al.
OH
(o]
OH
ho OH
OH o
HO OH
Ho. /° OH ?
2 OH
HO OH
HO H
n a-glucose (2) OH
fatty acid (1) B-glucose (3) sucrose (4)
OH
OH HO 0}
HO (o) N H H
OH HO OH
OH OH O
catechin (5) quercetin (7) gallic acid (8)
epicatechin (6)
Figure 1. Compounds identified by NMR spectroscopy analysis of DMSO-d, extracts from E. punicifolia.
Table 1. Compounds identified in DMSO extract from E. punicifolia leaves by HPLC-DAD-HRMS
t,/min Compound Molecular formula  Meas.* (m/z) Calced.® (m/z) Error / ppm MS/MS¢ Reference
5.0 epicatechin CsH,,04 291.086571 291.086315 0.88 139 32,33
52 epigallocatechin gallate C,,H;;0,* 459.090472 459.092188 -3.74 289, 139 34,35
7.0 catechin gallate C,,H;;0,4* 443.097327 443.097273 0.12 291,273, 139 33,36
epicatechin . .
8.7 3-0-(3-O-methylgallate) C,;H,0y 457.112003 457.112923 2.01 273,167, 151, 139 37,38
102 Myricitrin C, H,0,,* 465.102519 465.102753 —-0.50 319, 303, 153 29,39
’ myricetin CsH,,04* 319.045936 319.044844 3.42 153 40,41
121 Quercitrin C, H,)0,,* 449.108278 449.107838 0.98 303 34,42
’ quercetin C,sH,,0;* 303.050967 303.049929 3.43 229, 153 36,43
13.7 kaempferol-7-rhamnoside C, H,,0,4* 433.112825 433,112923 -0.23 287 10,44
’ kaempferol C,sH,,O4* 287.055621 287.055014 2.11 153 45,46
“Measured; *calculated; “main fragments.
g 210° T 1
¢ dryseason
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Figure 2. Principal components analysis (PCA) of DMSO extracts of E. punicifolia. Scores plot of PC1 (47.95%) versus PC2 (17.87%). Samples falling
outside the 95% confidence level were not designated as outliers, as there were no identified issues with sample collection, extraction procedures, or data
acquisition and processing. These samples exhibited lower sucrose contents compared to the remaining samples collected during the dry season.

J. Braz. Chem. Soc., 2024, 35,7, e-20240010

5of 10



Neves et al.

scores plot, some of them having chemical profiles like
rainy samples and others more like drought samples.

According to the loadings plot (Figure 3), sucrose
(04 5.18, d, 3.7 Hz), catechin (dy 5.93, d, 2.3 Hz)
and epicatechin (dy 5.89, d, 2.2 Hz) influenced the
discrimination of drought period samples, while fatty
acids (0, 1.23, 8), a-glucose (0544.90, d, 3.6 Hz), B-glucose
(04,4.27,d, 7.8 Hz), gallic acid (J; 6.95, s), and quercetin
(0 7.30, d, 2.3 Hz) were responsible for the grouping of
samples of rainy period in the negative region of PC1. Of
note, the transition samples mostly occupied the negative
side of PC2, yet shared similar chemical characteristics
with certain rainy and drought samples. Upon examining
the loadings plot of PC2, it was possible to identify the
a-glucose (0y 4.90, d, 3.6 Hz) as responsible for samples
in the negative side of PC2, while B-glucose, gallic acid,
sucrose, and predominantly fatty acids were identified in
positive PC2 (Figure S32, SI section).

PLS-DA calibration model

The PLS-DA model was constructed using normalized
and autoscaled intensities of buckets from the compounds
indicated by PCA analysis: sucrose (0y 5.18, d, 3.7 Hz),
catechin (0 5.93, d, 2.3 Hz), epicatechin (dy 5.89, d,
2.2 Hz), fatty acids (dy 1.23, s), a-glucose (0 4.90,
d, 3.6 Hz), B-glucose (0 4.27, d, 7.8 Hz), gallic acid
(04 6.95, s), and quercetin (0 7.30, d, 2.3 Hz). PLS-DA
has been used as a discriminative variable selection,
allowing tracking of the contribution of each input
information to the prediction model.*’*8 Once samples

"H NMR Chemical Profile and Antioxidant Activity of Eugenia punicifolia Extracts Over Seasons

from the transition period had chemical features similar
to samples from dry and rainy seasons, we kept them out
in this part of the study.

Component 1 (57.3%) of the PLS-DA model was
responsible for separating samples collected during
the dry and rainy periods, as illustrated in Figure 4a.
Estimation of the model’s quality was performed using
the cross-validation method through values of accuracy,
Q?, and R2.#-! Q? indicates the predictive capability of the
model, while R? represents the model’s ability to explain
the data and predict new observations.’*3! Based on
Table 2, one can be observed that Q* and R? have similar
magnitudes for all calculated components, indicating
the absence of overfitting, and accuracy values above
90%. To demonstrate that the values obtained from the
cross-validation method were not acquired by chance, a
permutation test was conducted. In this test, p-values <
0.05 suggest that the obtained data is significant. Q* was
chosen as the statistical parameter for the permutation
test, resulting in a p-value < 0.0005, which confirms the
validity of the model.

After validating the model, the variable importance
projection (VIP) scores were used to judge the importance
of a compound (bucket area) in explaining the chemical
variation over the seasons (Figure 4b). Normally, variables
with VIP score greater than 1 are considered relevant to
the model with an important contribution to explaining the
dependent variable.” It becomes evident that sucrose and
fatty acids emerge as responsible for discriminating samples
from the dry and rainy periods, respectively. Conversely,
the remaining compounds exhibited VIP scores below 1.
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Figure 3. Loadings plot of PC1 discriminating the compounds responsible for the grouping of samples of E. punicifolia. Data obtained by 'H NMR

(400 MHz, DMSO-d,).
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Figure 4. PLS-DA score plot showing the separation of dry and rainy samples (a), and graph of VIP scores (b).

Table 2. Accuracy, R? and Q? values obtained in the cross-validation of the
PLS-DA model as a function of the number of components (comps) used

Table 3. Scavenging capacity of the free radical DPPH" and the cation
radical ABTS™*

Measure 1comps 2comps 3comps 4comps 5comps
Accuracy 0.9333 0.9333 0.9333 0.9333 0.9444
R? 0.6613 0.7469 0.8011 0.8049 0.8414
Q? 0.6481 0.7342 0.7831 0.7853 0.7966

Q?: predictive capability of the model; R% model’s ability to explain the
data and predict new observations.

Antioxidant potential of DMSO extracts from leaves of
E. punicifolia

DMSO extracts from E. punicifolia leaves were
submitted to assays for scavenging the free radical DPPH and
the cation radical ABTS. Fifteen samples from each period
were employed in those experiments. The analysis of DPPH’
data variance resulted in the formation of two groups: group
A, composed of samples from dry and transition periods,
and group B, comprising samples from transition and rainy
periods. While for the ABTS™ assay, three groups were
observed, corresponding to each collection period (Table 3).
Notably, despite the slight differences between the assays,
samples obtained during the dry period exhibited a superior
scavenging capacity in both assays. The Pearson correlation
between the DPPH" and ABTS™* assays was 0.85 (p < 0.05)
which indicates a moderate and positive correlation and
strengthens the presence of antioxidant properties of DMSO
extracts from E. punicifolia leaves.

"H NMR chemical profiles and antioxidant activities of
DMSO extracts

The environmental stress, provoked by the water scarcity

J. Braz. Chem. Soc., 2024, 35,7, e-20240010

Season DPPH" SC + SD / ABTS* SC +SD/
(UM TE g) (UM TE g)
Dry 1208.0 + 112.6° 1641.2 + 147.5¢
Transition 1160.7 + 108.8% 1567.6 + 145.6°
Rainy 1132.1 + 114.6° 1465.3 + 120.6°

abeClustering for DPPH" and ABTS™ assay using Tukey’s method
and 95% confidence interval; SC: scavenging capability expressed
in micromolar Trolox Equivalents (uM TE mL™'); SD: standard
deviation; DPPHe: 2,2-diphenyl-1-picrylhydrazyl; ABTSe+: 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt.

and higher indexes of solar radiation and temperatures,
inherent to the dry seasons, intensifies the oxidative stress
in plants, which in turn, triggers their defense mechanisms
to minimize oxidative damage to cells.

As reviewed by Liebelt et al.,’® seasonal effects on
antioxidants are diverse. Small water-soluble sugars, such
as sucrose, have been recognized as crucial in orchestrating
plant developmental responses under oxidative stress, not
only as a consequence of remodeling carbon metabolism
or signaling, but acting as an antioxidant itself, or
serving as a substrate to the synthesis of oligosaccharides
also with antioxidant properties.’** According to
Uemura and Steponkus,*® at low concentrations, sucrose
might serve as a substrate or signal for stress-induced
alterations, while, at high concentrations, it can directly
play a protective agent role. That might explain the increase
in sucrose content and antioxidant activity in the DMSO
extracts of E. punicifolia leaves obtained in the dry season.

Furthermore, literature underscores sucrose’s role in the
accumulation of phenolic compounds and the improvement
of antioxidant activity.”” Unfortunately, the chemical
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profiles acquired in our work did not allow us to visualize
such a trend. To overcome that, a target extraction method
should be investigated which can lead to the acquisition of
phenolic-rich NMR profiles enabling the correlation between
secondary metabolites and antioxidant activity. A closer
look at MS data indicates a richer phenolic composition
than that registered by NMR data, and those compounds,
even in lower concentrations, can contribute significantly to
the bioactivity observed. That is quite reasonable once the
antioxidant activity of a compound depends on its chemical
structure, for example, phenolic compounds glycosylated
have shown stronger activity than not glycosylated ones.*
Conversely, during the rainy season, there was an
increase in the normalized area of fatty acids suggesting an
alteration in the lipid metabolism. At high average relative
humidity and rainfall rates, plants become more susceptible
to pathogen attacks, like fungi.®® Oxylipins and unsaturated
fatty acids play an important role in signaling functions
during plant-pathogen interaction. Besides that, the very
long chain fatty acid (VLCFA) biosynthesis pathway has
been associated with plant defense through different aspects,
including the biosynthesis of sphingolipids, which is a
signaling component, and the production of the plant cuticle,
which can change its composition because of the pathogen
attack. Of note, one of the ways plants synthesize VLCFA
is through the elongation of the C16 and C18 fatty acids,
which can explain the increase in fatty acid production.®!¢?

Conclusions

Through HPLC-DAD-HRMS and NMR spectroscopy,
fifteen compounds were identified in DMSO extracts from
E. punicifolia leaves. The chemical information obtained
via '"H NMR spectroscopy was enough to discriminate
E. punicifolia leaves collected in dry and rainy seasons
via PCA. Also, antioxidant assays showed extracts from
the dry season with higher radical scavenging capacity.
PLS-DA of the metabolites pointed out sucrose and fatty
acids as mainly responsible for the grouping of samples.
These results suggest that the dry season had an impact on
carbon metabolism as a consequence of the oxidative stress
and the triggering of antioxidant mechanisms. Similarly, the
rainy season appeared to influence lipid metabolism, which
is related to plant protection against pathogen attacks.
This preliminary investigation will provide a foundation
for our forthcoming study, wherein we will examine
month-to-month fluctuation in chemical profiles acquired
through a phenolic-driven extraction method. Our aim is to
enhance the methodology capacity to uncover correlations
between secondary metabolites and bioactivity. Knowledge
of this spectrum-effect relationship aggregates value to
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E. punicifolia and might suggest the most appropriate
season for developing E. punicifolia leaves-based
bioproducts and exploring it as herbal medicine.

Supplementary Information

Supplementary data (HRMS spectra and NMR spectra)
are available free of charge at http://jbcs.sbq.org.br as PDF
file.
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4.2. Investigacdo da influéncia do sistema de extracdo e da sazonalidade no

potencial farmacoldgico das folhas de Eugenia punicifolia

Os dados apresentados neste artigo sdao resultados da investigacao sobre a
influéncia dos sistemas de extracao e da sazonalidade no potencial farmacoldgico das folhas
de Eugenia punicifolia. Os extratos foram obtidos por maceracdo exaustiva, utilizando
quatro sistemas de extracdo: metanol (M), etanol (E), etanol/metanol (1:1, EM) e
metanol/etanol/agua (3:1:1, MEW). O perfil qualitativo e quantitativo dos extratos foi
determinado por espectroscopia de ressonancia magnética nuclear de hidrogénio (RMN de
'H), empregando o método PULCON para a quantificagio de compostos fenolicos, incluindo
acido galico, catequina, epigalocatequina, quercetina e miricetina. A correlagdo entre os
perfis quimicos e as atividades bioativas foi realizada por meio da analise de correlagao
candnica (CCA). A atividade antioxidante foi avaliada pelos ensaios de eliminacao de
radicais livres (DPPH e ABTS), enquanto a capacidade antiglicante foi testada pela inibicao
da formagao de produtos finais de glicacdo avancada (AGEs). O potencial antiviral contra o
virus Zika (ZIKV) foi analisado em células Vero E6, por meio da medi¢ao da infectividade
viral em ensaios de imunofluorescéncia. Os resultados indicaram que o sistema MEW foi o
mais eficiente na extragdo de compostos bioativos, especialmente em amostras coletadas na
estacdo chuvosa. A CCA identificou os compostos acido galico, catequina, quercetina e
miricetina como marcadores quimicos para as atividades antioxidante, antiglicante e
antiviral, destacando a importancia da escolha do solvente e da sazonalidade na otimizagao

do uso farmacologico das folhas de E. punicifolia.

Situacdo: Artigo publicado na Molecules em 05/02/2025. Disponivel em
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Abstract: The chemical complexity of natural products, such as Eugenia punicifolia (Kunth)
DC. plant, presents a challenge when extracting and identifying bioactive compounds.
This study investigates the impact of different extraction systems and seasonal variations
on the chemical profile and pharmacological potential of E. punicifolia leaves using NMR
spectroscopy for chemical analysis and canonical correlation analysis (CCA) for bioactiv-
ity correlation. Extracts obtained with methanol (M), ethanol (E), methanol/ethanol (1:1,
ME), and methanol/ethanol/water (3:1:1, MEW) were analyzed for antioxidant, anti-
glycation, and antiviral activities. Quantitative "H NMR, combined with the PULCON
method, was used to quantify phenolic compounds such as quercetin, myricetin, catechin,
and gallic acid. The results showed that the MEW extract obtained in the rainy season
exhibited the highest antioxidant and antiglycation activities, with a greater than 93% of
advanced-glycation end-products (AGEs) inhibition capacity. Furthermore, our results
showed that all the extracts were able to inhibit over 94% of the Zika virus (ZIKV) infec-
tion in Vero E6 cells. The CCA established strong correlations between the phenolic com-
pounds and bioactivities, identifying gallic acid, catechin, quercetin, and myricetin as key
chemical markers. This study demonstrates the importance of selecting appropriate ex-
traction systems and considering seasonality to optimize the pharmacological potential of
E. punicifolia leaves and highlights the efficacy of NMR in linking chemical composition
with bioactivities.

Keywords: pedra-ume-cad; medicinal plant; solvent extraction; antioxidant; anti-
glycation; antiviral; Zika virus; phenolic compounds; NMR spectroscopy; CCA
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1. Introduction

Eugenia punicifolia (Kunth) DC., a species that is both native and endemic to Brazil, is
widely distributed throughout the Amazon region. Commonly known as a “vegetable in-
sulin”, this plant is part of a group of species known as pedra-ume-cad, which are tradi-
tionally used in herbal medicine [1-3]. Research on this matrix has demonstrated that its
leaves contain barbinervic acid, a compound with vasodilatory effects. This compound
shows significant potential as a template for developing new molecules to treat cardio-
vascular diseases [4]. Basting et al. (2014) demonstrated that the hydroalcoholic extract
from the leaves has significant antinociceptive and anti-inflammatory effects, which may
be related to the inhibition of the glutamatergic system, nitric oxide synthesis, and the
phosphorylation of p38a MAPK [5]. Furthermore, Oliveira et al. (2022), Sales et al. (2014),
and Ramos et al. (2019) showed that the leaves and fruits of this species exhibit antioxidant
and antiglycation potential, as well as a chemical composition rich in flavonoids and or-
ganic acids with various pharmacological properties, particularly for the treatment of di-
abetes mellitus [2,6,7]. E. punicifolia is frequently marketed in the Amazon for this purpose.
Its widespread use in this region has driven scientific interest in exploring its pharmaco-
logical potential, especially its ability to manage blood glucose levels in diabetic patients
[2,6-9].

In general, natural products are chemically complex and contain a wide variety of
bioactive compounds, including alkaloids, flavonoids, terpenes, lignoids, and phenolic
acids, each contributing to the plant’s overall pharmacological activity. This complexity,
coupled with the typically low concentrations of these bioactive compounds, poses signif-
icant challenges in the chemical analysis of such matrices, making the choice of extraction
methodology crucial. Extraction serves as the initial step to isolate the desired bioactive
compounds from the raw material and can provide a clear snapshot of the plant’s chemi-
cal profile, while the type of extraction used can maximize both the yield and selectivity
of active principles [10].

This matter has been exemplified in the work published by Neves et al. (2004), who
investigated the influence of seasonal variation (dry, rainy, and transition periods) on the
H NMR chemical profiles and antioxidant potential of E. punicifolia leaf extracts obtained
with dimethyl sulfoxide (DMSO) [11]. Although variations in the chemical profiles and
antioxidant activities were observed between the seasons, the 'H NMR data did not pro-
vide sufficient insight into the correlation between secondary metabolites and bioactivity,
since DMSO favored the extraction of primary metabolites. This limitation highlights the
need to explore alternative extraction methods to better establish the link between sec-
ondary metabolites and bioactivity.

Although several studies have reported extraction methods for analyzing the chem-
ical composition of E. punicifolia, only a few have investigated or optimized these pro-
cesses to assess their impact on biological activity [9,12,13]. Among them, the work of
Santos et al. (2020) stands out for its focus on optimizing the recovery of phenolic com-
pounds with enhanced antioxidant and antiproliferative activities. Using a multivariate
analytical approach, they developed an optimized extraction method for E. punicifolia
leaves. Among the solvents tested (ethanol, methanol, and water), ethanolic extracts
yielded the highest phenolic content, exhibited the strongest antioxidant activity, and
demonstrated moderate antiproliferative activity against HEp-2 cells [9]. Santos et al.’s
(2020) study provides a solid foundation for research on extraction methods for E. punici-
folia and served as the starting point for our current investigation.
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Nuclear magnetic resonance spectroscopy (NMR) has played an important role in
tracking the qualitative and quantitative profiles of metabolites in plants, offering relevant
insight into their complex chemical compositions [14-16]. This technique is essential for
establishing correlations between the chemical profiles of plant extracts and their biolog-
ical activities, often referred to as spectrum-—effect relationships [17-19]. By providing de-
tailed molecular information, NMR allows researchers to link specific metabolites to phar-
macological effects, aiding in the identification of key bioactive compounds and optimiz-
ing the extraction methods for targeted applications.

In this context, the present study aimed to identify the most effective extraction sol-
vent for correlating the quantitative chemical profiles, obtained through NMR spectros-
copy, with the pharmacological potential (antioxidant, antiglycation, and antiviral) of E.
punicifolia leaves collected during different seasonal periods.

2. Results and Discussion
2.1. The Performance of the Extraction Systems Tested

Water, methanol, ethanol, their mixtures, and aqueous acetone solutions are com-
monly used for the extraction of phenolic compounds [9]. However, the wide diversity of
phenolics in plants poses a challenge to the standardization of extraction methods, partic-
ularly in selecting the most suitable solvent [9,11].

The efficiency of the extraction system was evaluated by calculating the mean and
standard deviation of yield values obtained in triplicate (Table 1). The ternary mixture
MEW (methanol/ethanol/water) produced the highest yields, with overall standard devi-
ations ranging from 7.31% to 13.46%. The method’s reproducibility was assessed using an
ANOVA of the mean yields, considering both the extraction solvent and the collection
period. This analysis demonstrated satisfactory reproducibility, as no significant statisti-
cal differences in extraction yields were observed across samples collected in different
periods as a function of the extraction solvent—except for the samples collected during
the dry season and extracted with methanol. This indicates that the extraction efficiency
is slightly affected by the season, though it confirms that, overall, the extraction systems
are suitable for obtaining E. punicifolia leaf extracts.

Table 1. Yields of E. punicifolia leaf extracts according to the extraction system and collection pe-

riod.
MEW M EM E
Sample (mg g (mg g (mg g (mg g
Dry Extract) Dry Extract) Dry Extract) Dry Extract)
Dry 312.2+13.5® 275.8+59¢ 207.4+47-¢ 117.0+89¢
Transition 3341+73a 2989 +86°P 2249 +19ed 1189+7.8¢
Rainy 328.2+8.12 304.2+19¢b 2429+9.1¢d 1244 +7.1°¢

ab e d e fClustering for extraction yield using Tukey’s test and a 95% confidence interval. Extract
acronyms: MEW —methanol/ethanol/water; M—methanol; EM —ethanol/methanol; and E—etha-

nol.

2.2. Bioactivities of the E. punicifolia Leaf Extracts
2.2.1. Cytotoxicity of Eugenia punicifolia Leaf Extracts

Cytotoxicity, or assessing cell viability, is a critical step in evaluating the antiviral
potential of plant extracts and substances, as it indicates the ability of a substance or ex-
tract to cause cellular damage or death [20]. In this study, to investigate potential cytotox-
icity, Vero E6 cells (kidney tissue derived from a normal, adult African green monkey)
were each treated with E. punicifolia extracts at the concentrations of 50, 10, and 2 pug mL-*
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for 72 h. Then, cell viability was assessed via an MTT assay. DMSO (0.1%) was used as the
untreated control. Analyzing the effects of the tested extracts on cell viability, we found
that the treatment of Vero E6 cells with extracts at the concentration of 50 pg mL" pre-
sented cell viability over 90% (Figure S1).

2.2.2. Anti-ZIKV Activity

Due to its traditional use in the treatment of type 2 diabetes mellitus, research on E.
punicifolia has primarily focused on evaluating its antiglycation potential [2,6,7]. However,
given the species’ diverse chemical composition and its use in regions frequently affected
by viruses, including ZIKV, it is crucial to investigate its potential antiviral properties. In
this study, the anti-ZIKV activity of the extracts was assessed using Vero E6 cells infected
with ZIKVre243 in the presence or absence of the extracts for 72 h. The results showed that
the extracts at the established non-cytotoxic concentration were able to inhibit up to 100%
of ZIKV infection, with the minimum inhibitory rate of 94.8% under treatment with the
M-Transition extract (Figure 1). This is the first study to demonstrate that E. punicifolia leaf
extracts can inhibit ZIKV replication, which enhances the value of this plant species. How-
ever, additional assays should be performed to better understand the mechanism of action
of these extracts and their cytotoxic effects, since they were tested in a general MTT and
infection assay. The observed reduction in viral replication could be a result of either a
virucidal activity or inhibition of viral replication cycle within the host cells.

B cell viability (%) B Replication rate (%)

Figure 1. Effect of extracts of E. punicifolia leaves on viability of Vero E6 cells and ZIKV infectivity.
Vero E6 cells were infected with ZIKVre23 at an MOI of 0.01 in the presence or absence of each
extract at the highest non-cytotoxic concentration for 72 h. Then, the cells were fixed, and an immu-
nofluorescence assay was performed. Focus-forming units (FFUs) were counted. The viability assay
was performed in parallel by treating Vero E6 cells with each compound at the previously estab-
lished non-cytotoxic concentration, and absorbance was measured (560 nm). DMSO (0.1%) was used
as the untreated control. The mean values of two independent experiments, each performed in trip-
licate, including the standard error of the mean, are shown. P values < 0.05 were considered signif-
icant. (****) p <0.0001. Extract acronyms: MEW —methanol/ethanol/water; M—methanol; EM —eth-

anol/methanol; and E—ethanol.
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2.2.3. Antioxidant Activity via DPPH and ABTS Assays

DPPH and ABTS assays provide a low-cost and efficient method for determining the
oxidation-inhibiting capacity of plant-derived substances and extracts [21,22]. As such,
these assays can be used as probes to assess the impact of external factors on the chemical
composition of plant matrices [23,24].

The DPPH and ABTS assays demonstrated that, regardless of the extraction system
used, samples collected during the rainy season exhibited the strongest antioxidant re-
sponses (Table 2). Among the extraction systems, EM and MEW yielded the best results;
however, MEW showed an antioxidant response of 8% to 16%, which is higher than that
of the samples extracted with EM. The Pearson correlation for the antioxidant assays was
0.923 (p <0.05), indicating a strong correlation between the assays and confirming the an-
tioxidant potential of the samples collected during the rainy season and extracted using
the MEW system.

Table 2. Scavenging capacity of the DPPH" free-radical and the ABTS** cation radical expressed in
WM TE g™t

Dry Transition Rainy

Sample

DPPH" ABTS+ DPPH" ABTS"+ DPPH" ABTS"+

MEW
EM
E
M

1317.5+6.62 1848.8+6.92 14492 £8.8 2008.8 +8.4 2 1530.8+5.22 2121.0+6.7 2
1139.2£10.1° 1702.1+10.7® 1213.3+£8.0° 1766.5+ 69" 1343.33£8.0° 19199+ 8.4%P
1115.0+9.0 ¢ 16854+ 69" 1189.2+8.8 ¢ 1751.0+ 6.7 " 13183 +6.3 ¢ 1827.7 +6.7 4
1025.8 £5.2 4 16454+ 8.4 ¢ 1085.8 + 3.8 d 1703.2+10.22 1140.8 +7.6 4 1878.8 +8.4 ¢

ab.cdClustering for scavenging capacity using ANOVA (Tukey’s test and 95% confidence interval).
Extract acronyms: MEW —methanol/ethanol/water; M —methanol; EM —ethanol/methanol; and E—

ethanol.

2.2.4. Antiglycation Activity Assay: Non-Oxidative Pathway

Type 2 diabetes mellitus, characterized by persistent hyperglycemia, leads to non-
enzymatic glycation reactions with proteins and lipids, marking the initial stage in the
formation of advanced-glycation end-products (AGEs) [25]. Since AGEs play a critical role
in diabetic complications, identifying plant matrices rich in compounds that can inhibit
the glycation process has become a promising and effective approach. In this study, the
ability of various E. punicifolia leaf extracts to inhibit AGE formation via the non-oxidative
pathway was evaluated (Table 3).

Table 3. Inhibitory capacity of E. punicifolia leaf extracts on the formation of advanced-glycation

end-products via the non-oxidative pathway.

Sample

MEW M EM E

(% Inhibition of AGEs) (% Inhibition of AGEs) (% Inhibition of AGEs) (% Inhibition of AGEs)

Dry
Transition
Rainy

80.5+1.4° 90.1+2.02 80.4+3.0° 76.0+1.8°
943+152 82.4+24P0 834+1.6° 94.0+3.02
93.1+3.72 88.2+3.8 948+14-2 875+3.02

b Clustering for inhibition of AGEs using ANOVA with Tukey’s test and 95% confidence interval.
Extract acronyms: MEW —methanol/ethanol/water; M—methanol; EM —ethanol/methanol; and E—

ethanol.

The results demonstrate that all the extracts exhibited an inhibition potential greater
than 75%. Furthermore, with the exception of the methanol extracts, significant differ-
ences in inhibition capacities were observed between the samples collected during the dry
and rainy seasons. The rainy season samples showed up to 15% higher inhibition
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compared to those collected in the dry season. This finding confirms that the collection
period is a critical factor when evaluating the antiglycation potential of E. punicifolia
leaves.

2.3. Identification of Phenolic Compounds in E. punicifolia Leaf Extracts

The four extracts (E, M, EM, and MEW) of E. punicifolia leaves were analyzed via
NMR spectroscopy, which led to the identification of gallic acid (1) and four flavonoids:
epigallocatechin (2), catechin (3), quercetin (4), and myricetin (5) (Figures S2-56). Gallic
acid was identified by correlating the signal at & 6.95 (H-2 and H-6, s) with the signals
observed at 165.7 (COOH), 108.6 (C-2 and C-6), 145.6 (C-3 and C-5), and 138.2 (C-4) in the
long-range '"H-13C HMBC correlation map [26]. While the signals at 6 5.89 (H-8, d, 2.3 Hz),
6 5.72 (H-6, d, 2.3 Hz), and 6 6.38 (H-2' and H-5', s) were attributed to rings A and B of
epigallocatechin, along with the singlet at 6 4.73 (H-2, s) and the multiplet at 6 4.00 (H-3,
m) referring to its C ring [27]. The presence of catechin in the extracts was supported by
signals at 6 5.83 (H-6, d, 2.3 Hz), 6 5.93 (H-8, d, 2.3 Hz), 6 6.65 (H-5', d, 8.1 Hz), 6 6.75 (H-
6', dd, 2.3 Hz and 8.1 Hz), and 6 6.86 (H-2', d, 2.3 Hz), corresponding to rings A and B, as
well as the doublet at § 5.02 (H-2, d, 1.8 Hz) referring to the C ring [28]. Quercetin and
myricetin both exhibited signals at 6 6.41 (H-8, d, 2.1 Hz) and 6 6.22 (H-6, d, 2.1 Hz) be-
longing to ring A; however, in ring B, myricetin presented a signal at 6 7.01 (H-2" and H-
5', s), while quercetin displayed signals at 6 7.30 (H-2', d, 2.1 Hz), 6 7.25 (H-6/, dd, 2.1 and
8.3 Hz), and 6 6.87 (H-5', d, 8.3 Hz) [28]. The connection of the B ring with the C ring of
the flavonoids was assigned based on the correlations observed in the HMBC correlation
plot, as shown in Figure 2.

quercetin (4) myricetin (5)

Figure 2. Compounds identified by NMR spectroscopy in different E. punicifolia leaf extracts. Blue

arrows represent key correlations observed in the long-range HMBC correlation plot.

2.4. gNMR of Phenolic Compounds by PULCON

PULCON (Pulse Length-Based Concentration Determination) is a powerful NMR
method for quantifying compounds in complex mixtures without requiring specific stand-
ards for the compounds of interest [29,30]. The method is based on the principle of reci-
procity, which correlates the absolute intensities in two one-dimensional (1D) NMR spec-
tra [31,32]. Using PULCON, the 'H NMR signals corresponding to gallic acid (6 6.96, s),
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epigallocatechin (6 5.89, d, 2.3 Hz), catechin (6 5.93, d, 2.3 Hz), quercetin (6 7.30, d, 2.1 Hz),
and myricetin (6 7.01, s) were quantified in the different extracts of E. punicifolia leaves
(Figures S7-512), as summarized in Table 4. Overall, the concentrations of compounds in
the E. punicifolia extracts can be categorized into three groups: (I) catechin as the most
abundant phenolic compound, (II) gallic acid and epigallocatechin at intermediate con-
centrations and (III) quercetin and myricetin as the least abundant. The specific ranking
within groups II and III depended on the extraction solvent used and the period consid-
ered.

Table 4. "H NMR quantification of the main phenolic compounds of E. punicifolia leaf extracts using

PULCON.
Quercetin Myricetin  Gallic acid Catechin  Epigallocatechin Sl;:;: of "lljotal
Sample (mg g (mg g (mg g (mg g (mg g™ (;Zogf ’
Dry Extract) Dry Extract) Dry Extract) Dry Extract) Dry Extract) Dry Extract)
E—Dry 1.94 +0.01 1.40 +0.00 3.49+0.01 5.02+0.01 3.34+0.01 15.24 +0.20
E—Transition 2.23+0.01 1.62 +0.00 3.54+0.01 4.65+0.02 3.63+0.02 15.75+0.31
E—Rainy 2.23+0.00 1.69 +0.00 3.50 +0.01 4.54+0.01 3.55+0.01 15.60 +0.17
EM—Dry 1.24 +0.01 1.45+0.01 3.23+0.01 5.50 +0.02 3.60  0.02 15.09 +0.37
EM —Transition 1.73 +0.00 1.71 +0.00 4.04+0.01 6.55+0.01 5.01+0.00 19.13+0.18
EM —Rainy 2.44+0.00 1.87 +0.00 3.61+0.01 5.78 +0.01 4.47 +0.00 18.27 £ 0.07
M—Dry 1.47 +0.00 1.75+0.01 3.85+0.02 6.54 +0.03 4.28 +0.02 17.98 +0.43
M —Transition 2.07 +0.00 1.60 = 0.00 4.00 +0.02 6.35+0.01 5.55+0.01 19.65 +0.18
M—Rainy 2.29+0.01 1.83£0.01 391+0.00 5.89+0.02 5.08 +0.01 19.11+0.43
MEW —Dry 2.89+£0.01 2.13+0.00 3.38 £0.03 6.97 +0.03 4.87 +0.03 20.35+0.35
MEW —Transition ~ 2.70 +0.01 1.56 £ 0.01 3.91+0.01 6.67 +0.03 5.85+0.02 20.94 +0.56
MEW —Rainy 3.16 +0.00 1.98 +0.00 3.79 +0.02 6.12 +0.01 5.07 +0.01 20.22 +0.27

Extract acronyms: MEW —methanol/ethanol/water; M—methanol; EM —ethanol/methanol; and E—

ethanol.

Table 4 also presents the NMR-quantified phenolic compounds, representing the
sum of all the identified and quantified phenolic compounds. These values clearly demon-
strate the influence of the extraction procedure on the selectivity of phenolic compounds,
with MEW being the most selective solvent and E the least selective. Notably, the total
phenolic content suggested a dependency between the extraction solvent’s selectivity and
the periods (dry, transition, and rainy). For the MEW samples, no significant statistical
differences in total phenolics were observed among the periods. In contrast, extractions
with E showed significant seasonal variation.

The phenolic content provided by PULCON can be a valuable tool in understanding
the relationship between the chemical composition and biological activity of E. punicifolia
leaf extracts, especially since their phenolic profiles are qualitatively similar. In such cases,
differences in biological activities may be linked to variations in phenolic content.

2.5. Chemical Composition and Bioactivities of the E. punicifolia Leaf Extracts: Searching for
Correlations

The correlation between the compounds quantified via "H NMR and the pharmaco-
logical potential of E. punicifolia leaf extracts (Figure 3) was assessed using a canonical
correlation analysis (CCA), a multivariate statistical technique that identifies and quanti-
fies the relationship between two sets of variables [33]. Pearson’s correlation coefficient
was applied as the index to evaluate the strength or existence of this correlation (Table S1)
[34,35].
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An analysis of the Pearson correlation values with the antioxidant assays revealed
that 2-epigallocatechin (r = 0.67), quercetin (r = 0.87), and myricetin (r = 0.65) exhibit a
moderately positive correlation with the ABTS radical cation scavenging capacity. Addi-
tionally, only quercetin (r = 0.85) and myricetin (r = 0.58) were found to correlate with the
DPPH radical scavenging capacity (Figure 3). Several studies on these flavonoids have
demonstrated their ability to scavenge free radicals in the body [36,37].
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Figure 3. Canonical correlation analysis. Pearson correlation coefficients (%, r > 0.50) between the
concentrations determined using 'H NMR and the scavenging capacity of the DPPH radical (A), the
ABTS radical cation (B), and AGE formation inhibition (C) 1—gallic acid, 2—epigallocatechin, 3—

catechin, 4—quercetin, and 5—myricetin.

In 2024, a study on the antioxidant potential of DMSO extracts of E. punicifolia leaves
revealed that samples collected during the dry period exhibited the strongest antioxidant
response [11]. This supports the notion that the extraction system is a key factor since it
influences not only the antioxidant activity but also any pharmacological activity of plant
matrices. For E. punicifolin, DMSO extraction primarily favored carbohydrates and fatty
acids, whereas the extraction systems described in this study favored flavonoid com-
pounds. Among the identified flavonoids, myricetin was notably absent in the DMSO-
extracted samples. Given myricetin’s high antioxidant potential, its presence likely con-
tributes to the differences in antioxidant capacity observed between the various extraction
systems [38]. These findings highlight the need to establish a standardized extraction pro-
tocol to ensure the chemical profile is consistent and serves as a reliable basis for compar-
ison between studies on plant matrices.

In the AGE formation inhibition assay, the Pearson' correlation analysis revealed that
only gallic acid (r = 0.60), 2-epigallocatechin (r = 0.50), and myricetin (r = 0.48) showed a
moderately positive correlation (Figure 3). Studies on these compounds demonstrate their
crucial role in inhibiting the early stages of glycation, thus preventing the formation of
AGEs [39]. Furthermore, Wang et al. (2024) reported that myricetin and its derivatives can
completely inhibit products generated by non-enzymatic glycation reactions [40]. Along
with their association with the antiglycation activity of E. punicifolia leaves, gallic acid,
catechin, and myricetin have also been suggested by Oliveira et al. (2024) as key chemical
markers for species of Pedra-ume-cad [2].

Given that all E. punicifolia extracts demonstrated variable cytotoxicity in Vero E6
cells and a ZIKV infection inhibition capacity greater than 95%, this response is likely at-
tributed to the phenolic compounds identified and quantified in the extracts [41,42]. Some
components of the extracts enhanced cell viability at certain concentrations, and this might
be due to the fact that plant-derived polyphenols, including flavonoids, exhibit antioxi-
dant properties that support cell survival and growth under certain conditions [43,44].
Myricetin has shown concentration-dependent protective effects, enhancing cellular re-
pair and proliferation at optimal levels [44]. Likewise, quercetin has been linked to



Molecules 2025, 30, x FOR PEER REVIEW 9 of 17

improved mitochondrial function and increased metabolic activity, aiding cell viability,
especially under stress, which can further be seen by different effects in different concen-
trations [45].

Regarding the antiviral properties, a study by Lim et al. (2017) showed that myricetin
can inhibit 88% of ZIKVnszs-ns3 activity [46]. Similarly, an in vitro study by Zou et al. (2020)
found that, at a concentration of 1.0 mM, myricetin and quercetin can inhibit up to 80% of
ZIKVnsiinfection, as also found by Ramos et al. (2022), with quercetin inhibiting ZIKVnss
RNA-dependent RNA polymerase (RdRp) with ICso values of 0.5 pM [47]. This inhibitory
capacity has been linked to the presence of hydroxyl groups on ring B of these compounds
[48].

Thus, the canonical correlation analysis, with the Pearson’s correlation coefficient as
an index, proved to be an effective approach, allowing for the identification of gallic acid,
catechin, quercetin, and myricetin as chemical indicators for monitoring the antioxidant,
antiglycation, and antiviral activities of E. punicifolia leaf extracts in relation to the collec-
tion period.

3. Materials and Methods
3.1. Materials

The methanol (HPLC) and absolute ethanol (99.5% PA) used for plant material ex-
traction were purchased from Sigma-Aldrich (St. Louis, MO, USA). The deuterated dime-
thyl sulfoxide (DMSO-d6, 99.9%) with tetramethylsilane (TMS, 0.05% V/V) for NMR anal-
yses was obtained from Cambridge Isotope Laboratories Inc. (Andover, MA, USA). Di-
methyl terephthalate (DMT), a certified reference material, was provided by the Division
of Chemical and Thermal Metrology (Inmetro, Rio de Janeiro, Brazil), under certification
number DIMCI 1507/2019 (certified purity: 99.988 + 0.060%). The reagents used in antiox-
idant assays, including 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
2,2-diphenyl-1-picrylhydrazyl (DPPH*), and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) and ammonium salt (ABTS**), were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Similarly, albumin, fructose and sodium azide used in the antiglycation assay
were sourced from Sigma-Aldrich (St. Louis, MO, USA). For the cytotoxic and antiviral
assay, Dulbecco’s Modified Eagle’s Medium (DMEM) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis,
MO, USA), while penicillin, streptomycin, non-essential amino acids, and fetal bovine se-
rum were sourced from Gibco Life Technologies (Carlsbad, CA, USA). The ZIKV rabbit
anti-NS3 primary antibody was kindly provided by Professor Andres Merits [49]. Goat
anti-rabbit IgG Alexa Fluor 488 was sourced from Invitrogen (Waltham, MA, USA).

3.2. Plant Material

The leaves of E. punicifolia were collected during different months [August 2021 (dry
period), December 2021 (transition period), and March 2022 (rainy period)] at the Brazil-
ian Agricultural Research Corporation—Embrapa Amazdnia Ocidental —located along
Rodovia AM-010, Km 29 (2° 53" 23” S 59° 58’ 26” W). Access to genetic heritage was regis-
tered (A82BD35) in the National System of Management of Genetic Heritage and Associ-
ated Traditional Knowledge (SisGen). From a plantation of 150 individuals, 15 trees were
randomly selected, and leaves were gathered from various heights to ensure a representa-
tive sample (11 leaves each from the lower, middle, and upper parts of the trees). The
collected plant material was dried at room temperature for 24 h, followed by 48 h in a
forced air circulation oven at 40 °C. After drying, each sample was subjected to the cold
maceration process with liquid nitrogen, weighed, and then stored in a freezer at -80 °C
until the extraction procedure.
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3.3. Extraction Procedure

The extraction systems used were selected based on the methodology described by
Santos et al. (2020) [9]. For the extractions, 1.0 g of the sample mixture from each collection
was subjected, in triplicate, to four different extraction systems: [1: methanol (100%)—M;
2: ethanol (100%)—E; 3: ethanol (50%)/methanol (50%)—EM; and 4: methanol (60%)/eth-
anol (20%)/water (20%)—MEW]. Each extraction was performed four times and sonicated
in an ultrasonic bath for 15 min, followed by centrifugation at 4000 rpm for 10 min (4226
8)- The supernatant was then separated and dried using nitrogen gas. Statistical analysis
of the extraction yields was conducted using Minitab 18.1, employing the analysis of var-
iance (ANOVA) with the Tukey’s test and a significance level of 95% [50].

3.4. Acquisition and Processing of NMR Data

Twenty milligrams (20.0 mg) of each E. punicifolia leaf extract was solubilized in 520
UL of DMSQO-ds, sonicated in an ultrasonic bath for 10 min, and then transferred to a 5 mm
NMR tube. NMR spectra were acquired using a Bruker Avance IIIHD NMR spectrometer
(Bruker, Billerica, MA, USA), operating at 11.7 T (500 MHz for 'H) and equipped with a 5
mm BBFO Plus SmartProbe™ with a Z-axis gradient. The pulse sequences used were ob-
tained from the Bruker database. The zgpr pulse sequence was used, with the following
acquisition parameters: time domain (TD) data points of 32k, spectral width (SW) of 8
kHz, acquisition time (AQ) of 1.64 s, receiver gain (RG) of 90.5, number of scans (NS) equal
to 32, dummy scans of 2, FID resolution of 0.30 Hz, central frequency (O1) set to 1667.48
Hz, and suppression power (PLW9) of 8.6289e%%5. The P1 value was automatically calcu-
lated for each sample using the pulsecal sn command. The D1 values for signals corre-
sponding to the aromatic compounds were calculated using Equation (1). The longitudi-
nal relaxation constant (T1) was determined using an inversion-recovery experiment
(tlir) pulse sequence, and the highest T1 value was used to determine the D1 value (15 s)
for the sample acquisition.

D1=7xT1-AQ 1)

The dimethyl terephthalate (DMT) was prepared in triplicate at a concentration of
20.12 mM in DMSO-ds (D, 99.9%) with TMS (0.05% v/v) as an internal reference standard
(0.00 ppm). For the quantitative 'TH NMR spectrum, the 90° pulse of DMT (10.65 ps) was
calculated for the signal at 0 8.10 (s, 4H) using the 90° pulse experiment (zg). The determi-
nation of T1 was carried out using the tlirld experiment for the signal at & 8.10. After
obtaining the T1 value, D1 (16.62 s) was estimated using Equation (1), for which the ac-
quisition time (AQ) was set to 1.64 s. Except for the P1 and D1 parameters, the same ac-
quisition parameters used for the quantitative spectra of the extracts were applied to the
acquisition of DMT.

Phase and baseline corrections of the spectra were performed manually using TopSpin
3.6.3 software. The chemical shift (in ppm) of the '"H NMR spectra was referenced to the
methyl signal of tetramethylsilane at &u 0.00, and the coupling constants (J) were recorded
in Hz. HSQC and HMBC NMR experiments were conducted to verify the absence of signal
overlap with the signals of interest, with the "H-C correlations acquired using coupling
constants J (H, C—single bond) and ] (H, C—long-range) of 145 and 8 Hz, respectively. Sig-
nal integration was performed manually, and the quantification of phenolic compounds us-
ing the PULCON method was carried out with the ERETIC2 (electronic reference to access
in vivo concentrations) tool in TopSpin 3.6.3 software [51,52].

3.5. Cell Culture

The Vero E6 cells (kidney tissue derived from a normal adult African green monkey,
ATCC E6/CRL-1586) were cultured in Dulbecco’s modified Eagle’s medium supplemented
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with 100 U mL™ penicillin, 100 mg mL™ streptomycin, 1% (v/v) non-essential amino acids,
and 10% (v/v) fetal bovine serum at 37 °C in a humidified 5% CO: incubator.

3.6. Cell Viability Assay

Cell viability was measured via the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] method. The Vero E6 cells were seeded in 96-well plates at a density
of 5 x 10° cells per well and incubated overnight at 37 °C in a humidified 5% CO:z incubator.
The drug-containing medium at the concentrations of 50, 10, and 2.0 pg mL-! was added
to the cell culture for 72 h at 37 °C. Then, the medium was removed, and a solution con-
taining MTT at the final concentration of 1 mg mL-' was added to each well and incubated
for 30 min at 37 °C in a humidified 5% CO: incubator, after which media were replaced
with 100 uL of DMSO to solubilize the formazan crystals. Absorbance was measured us-
ing the optical density (OD) of each well at 560 nm, using a GloMax® microplate reader
(Promega, Madison, WI, USA). Cell viability was calculated according to the equation
(T/C) x 100%, where T and C represent the mean optical density of the treated group and
vehicle control group, respectively.

3.7. Antiviral Assay —ZIKV

A wild-type ZIKV isolate from a clinical sample of a patient in Brazil (ZIKVre243) was
amplified employing infected Vero E6 cells in 75 cm? flask for 3 days [53]. Then, the viral
supernatant was collected and stored at =80 °C. To determine viral titers, 5 x 10° Vero E6
cells were seeded in each of the 96-well plates 24 h prior to the infection. Cells were in-
fected with 10-fold serial dilution of ZIKVre2s and incubated for 72 h in a humidified 5%
COzincubator at 37 °C. Following this, the cells were fixed with 4% formaldehyde, washed
with phosphate-buffered saline (PBS), and a blocking buffer (BB) was added containing
0.10% Triton X-100, 0.20% bovine albumin, and PBS for 30 min. An immunofluorescence
assay was performed as previously described [54]. In summary, the cells were incubated
with the ZIKV anti-NS3 primary antibody, followed by a second incubation with the goat
anti-rabbit IgG Alexa Fluor 488. Images were analyzed using EVOs Cell Imaging Systems
Fluorescence Microscopy (Thermo Fisher Scientific), and the foci of infection were
counted and measured as focus-forming units (FFUs mL") for viral titer determination.

To assess the antiviral activity of each extract, the Vero E6 cells were seeded at a den-
sity of 5 x 10% cells per well into 96-well plates for 24 h and infected with ZIKVere2s at a
multiplicity of infection (MOI) of 0.01 FFU/cell in the presence of each compound at the
established non-cytotoxic concentration. After 72h, the cells were fixed with 4% formal-
dehyde, incubated for 30 min, washed with PBS, and the BB was added for the immuno-
fluorescence assay for FFU determination. Viral replication was calculated according to
the equation (T/C) x 100%, where T and C represent the FFU mean of the treated group
and vehicle control group, respectively.

Data were analyzed for normal distribution to demonstrate the applicability of a par-
ametric or nonparametric tests. Subsequently, two-way ANOVA, using GraphPad Prism
10.3.0 software, was employed to compare the treatment of each compound with DMSO
(0.1%) as a negative control, with significance set at p <0.05 [55].

All the ZIKV infection assays were performed at a BSL-2 laboratory under the au-
thorization number CBQ: 163/02 and process SEL 01.245.006267/2022-14 from the
CTNBio—National Technical Commission for Biosecurity from Brazil.

3.8. Determination of Antioxidant Potential

3.8.1. DPPH Radical Scavenging Capacity
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The experiments were conducted following the methodology of Samaniego-Sanchez
et al. (2011) with adaptations by Mar et al. (2021) [56,57]. The free-radical scavenging ca-
pacity of E. punicifolia leaf extracts was assessed using the DPPH* radical method. A 100
uM methanolic DPPH" solution was prepared. The samples were then prepared at a con-
centration of 1.0 mg mL~" and mixed with 1900 pL of the methanolic DPPH* solution.
Trolox, at a concentration from 100 to 2000, was used as a positive control. The mixture
was incubated in the dark at 25 °C for 30 min. Absorbance was measured at 515 nm using
a microplate reader (Bio Tek Instruments Inc., Winooski, VT, USA). The antioxidant ca-
pacity was quantified in Trolox equivalents, and the assay was performed in triplicate.
The relationship between absorbance and Trolox concentration was determined as y =
-0.0004x + 0.731, with an R? value of 0.9944. All measurements were made in triplicate,
and the results were expressed in micromolar Trolox equivalents (uM Trolox mL1).

3.8.2. ABTS Radical Cation Scavenging Capacity

The ABTS**-scavenging assay involves observing the color bleaching of the ABTS**
solution in the presence of antioxidant extracts at a concentration of 1.0 mg mL-'. The
methodology of Samaniego-Sanchez et al. (2011) was utilized, with adaptations (Mar et
al.,, 2021) [56,57]. After a 6 min reaction between the sample and the radical at a 1:10 ratio,
absorbances were measured at 750 nm using a microplate reader (Bio Tek Instruments
Inc., Winooski, VT, USA). Trolox was used to construct the standard curve (y = 0.0003x +
0.7473, R2=0.999), and the results were expressed as mean + standard deviation (1 = 3) of
the micromolar Trolox equivalents (UM Trolox mL).

3.9. Antiglycation Activity: Non-Oxidative Pathway

The ability to inhibit the formation of advanced-glycation end-products (AGEs) was
evaluated according to the method of Kiho et al. (2004), with slight modifications [58]. The
reaction was carried out in triplicate using the following concentrations: 10.0 mg mL-"
albumin (BSA), 30 mM fructose, and 1.00 mg mL~! of the sample (dissolved in DMSO).
The fructose and BSA solutions were prepared in a phosphate buffer (0.20 M, pH 7.4) with
3.0 mM sodium azide as an antimicrobial agent. The 300 uL of the total reaction mixture
consisted of BSA (135 pL), fructose (135 pL), and DMSO or sample (30 pL). The mixture
was incubated at 37 °C for 48 h under sterile conditions and in the dark. After incubation,
each sample was analyzed in a microplate reader for fluorescence intensity (emission A
330 nm and excitation A 420 nm). Aminoguanidine was used as a standard, and DMSO
served as a negative control. The percentage inhibition was calculated using Equation (2),
and the results are expressed as mean % inhibition + standard deviation (1 = 3).

% inhibition = 100 - [Fluora/p/FLuorC] x 100 2)

where: Fluora/p = (White fluorescence — Sample fluorescence); FLuorC = (White fluores-
cence — Control fluorescence).

3.10. Canonical Correlation Analysis (CCA)

CCA was conducted using Pearson’s correlation coefficient as a correlation index be-
tween the chemical composition and the bioactivities of the extracts obtained during the
dry and rainy periods. The concentrations of the compounds determined using 'H NMR,
along with the antioxidant potential and AGE inhibition values, were used as variables.
Pearson correlation coefficients were calculated using GraphPad Prism 10.3.0 software,
with a 95% confidence interval and significance set at p < 0.05 (two-tailed) [55].

4. Conclusions
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This investigation revealed that the extraction system and seasonality significantly
influence the quantitative chemical profile and the antioxidant, antiglycation, and antivi-
ral activities of Eugenia punicifolia leaf extracts. The MEW (methanol/ethanol/water) sys-
tem proved to be the most efficient for extracting bioactive compounds, showing strong
antioxidant and antiglycation potentials, especially in samples collected during the rainy
season. The use of quantitative NMR and canonical correlation analysis (CCA) allowed
for the identification and quantification of key phenolic compounds, including gallic acid,
catechin, quercetin, and myricetin, which were linked to the observed pharmacological
effects. These compounds can serve as chemical markers for tracking the antioxidant, an-
tiglycation, and antiviral activities of E. punicifolia leaf extracts. Overall, this research high-
lights the importance of choosing the appropriate extraction methods and season to max-
imize the pharmacological potential of plant-based extracts.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/xxx/s1: Figure S1. Effect of extract of Eugenia punicifolia leaves on viability of Vero
E6 cells. Vero E6 cells were treated with each compound at the highest non-cytotoxic concentration.
After 72 h, cell viability was measured via the MTT assay. Viability was measured by absorbance
(560 nM). DMSO was used as the untreated control. Mean values of two independent experiments,
each measured in triplicate including the standard error of the mean, are shown. P values < 0.05
were considered significant. (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001, Figure S2. 'TH NMR
spectrum (500 MHz, DMSO-ds) of MEW extract of Eugenia punicifolia leaves collected during the dry
season (—1.00 to 10.00 ppm), Figure S3. HSQC spectrum (500 MHz, DMSO-ds) of MEW extract of
Eugenia punicifolia leaves collected during the dry season (range magnification of 'H: -0.50 to 8.30
ppm—13C: -3.0 to 158.0 ppm), Figure S4. HSQC spectrum ('H: 500 MHz, 3C: 125 MHz DMSO-ds)
of MEW extract of Eugenia punicifolia leaves collected during the dry season (range magnification of
TH: 5.50 to 7.80 ppm —13C: 96.0 to 128.0 ppm). Signals corresponding to gallic acid (1: § 6.95—6 108.6),
quercetin (2: 6 7.30—6 115.5), myricetin (3: 6 7.01—6 108.7), catechin (4: 6 5.93—8& 95.4) and epigal-
locatechin (5: 6 5.89—6& 95.1)], Figure S5. HMBC spectrum (*H: 500 MHz, 1*C: 125 MHz DMSO-ds) of
MEW extract of Eugenia punicifolia leaves collected during the dry season (range magnification of
1H: -0.50 to 8.50 ppm —13C: -4.7 to 193.3 ppm), Figure S6. HMBC spectrum ('H: 500 MHz, 13C: 125
MHz DMSO-ds) of MEW extract of Eugenia punicifolia leaves collected during the dry season (range
magnification of H: 5.55 to 7.40 ppm—"3C: 50.7 to 180.2 ppm), Figure S7. "H NMR spectrum (500
MHz, DMSO-ds) of extracts of Eugenia punicifolia leaves collected during the dry season (-1.00 to
10.00 ppm), Figure S8. 'TH NMR spectrum (500 MHz, DMSO-ds—range magnification from 8.00 to
5.50 ppm) of extracts of Eugenia punicifolia leaves collected during the dry season. Signals corre-
sponding to gallic acid (1: 6 6.95), quercetin (2: § 7.30), myricetin (3: 6 7.01), catechin (4: 6 5.93) and
epigallocatechin (5: 6§ 5.89)]. Extract acronyms: MEW —methanol/ethanol/water; M —methanol;
EM —ethanol/methanol; and E—ethanol, Figure S9. "TH NMR spectrum (500 MHz, DMSO-ds) of ex-
tracts of Eugenia punicifolia leaves collected during the transition season (-1.00 to 10.00 ppm region),
Figure S10. '"H NMR spectrum (500 MHz, DMSO-ds—range magnification from 8.00 to 5.50 ppm) of
extracts of Eugenia punicifolia leaves collected during the transition season. Signals corresponding to
gallic acid (1: § 6.95), quercetin (2: § 7.30), myricetin (3: § 7.01), catechin (4: & 5.93) and epigallocate-
chin (5: 6 5.89)]. Extract acronyms: MEW —methanol/ethanol/water; M —methanol; EM—etha-
nol/methanol; and E—ethanol, Figure S11. '"H NMR spectrum (500 MHz, DMSO-ds) of extracts of
Eugenia punicifolia leaves collected during the rainy season (-1.00 to 10.00 ppm), Figure S12. 'TH NMR
spectrum (500 MHz, DMSO-ds—range magnification from 8.00 to 5.50 ppm) of extracts of Eugenia
punicifolia collected during the transition season. Signals corresponding to gallic acid (1: & 6.95),
quercetin (2: 6 7.30), myricetin (3: 6 7.01), catechin (4: 6 5.93) and epigallocatechin (5: § 5.89). Extract
acronyms: MEW —methanol/ethanol/water; M—methanol; EM —ethanol/methanol; and E—etha-

nol, Table S1. Pearson correlation coefficient between the concentration determined by "H NMR and
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the scavenging capacity of the DPPH radical, the ABTS radical cation and inhibition of AGE for-

mation. 1—gallic acid, 2—epigallocatechin, 3 —catechin, 4 —quercetin and 5—myricetin.
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4.3. Como a sazonalidade molda os principais compostos fendlicos de Eugenia

punicifolia: uma abordagem metabolomica para o estresse abidtico

A metodologia deste estudo investigou a influéncia da sazonalidade no perfil
metabolomico das folhas de Eugenia punicifolia por meio da combinagdo da espectroscopia
de ressonancia magnética nuclear de hidrogénio (RMN de 'H) com analises multivariadas.
As folhas foram coletadas mensalmente ao longo de um ano e submetidas a um protocolo de
extracdo utilizando um sistema solvente composto por metanol, etanol e agua, em
proporgdes otimizadas (3:1:1, MEW). Os dados espectroscopicos obtidos por RMN de 'H
foram submetidos a pré-processamento e utilizados para analises exploratdrias, por meio da
analise de componentes principais (PCA), a qual identificou padroes de agrupamento
relacionados aos periodos chuvoso, seco e de transicdo. Para validar essas diferencas e
identificar os compostos quimicos responsaveis pelas variacdes sazonais, foi realizada a
analise discriminante de minimos quadrados parciais (PLS-DA), seguido da validag¢dao do
modelo. Os compostos quercetina, miricetina, acido galico, catequina e epigalocatequina
foram identificados como marcadores quimicos associados as respostas metabolicas da
planta ao estresse abidtico. Adicionalmente, foram calculados coeficientes de correlagdo de
Pearson entre os metabolitos identificados e parametros climaticos, como temperatura
média, umidade relativa, precipitagdo e exposi¢ao solar. Essas anélises revelaram relagdes
significativas entre as condi¢cdes ambientais e a biossintese de compostos fendlicos,
evidenciando mecanismos adaptativos da planta. A combinacdo dessas abordagens
proporcionou um modelo robusto para compreender o impacto da sazonalidade no
metabolismo secundario de E. punicifolia, oferecendo base cientifica para a otimizagdo de

sua exploracdo em aplicagoes farmacologicas e fitoterapicas.

Situacdo: Artigo em processo de submissdo para o Journal of Agricultural and Food

Chemistry.
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ABSTRACT

Eugenia punicifolia DC. is a medicinal plant with a chemical profile rich in bioactive
phenolic compounds, widely recognized for its association with the prevention of type 2
diabetes mellitus. This study aimed to investigate the seasonal influence on the chemical
profiles of methanol:ethanol:water extracts (3:1:1, MEW) from E. punicifolia leaves using
"H NMR spectroscopy combined with multivariate statistical analyses. Principal Component
Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA) revealed distinct
sample groupings corresponding to rainy, dry, and transitional periods. The PLS-DA model
demonstrated high predictive accuracy (R? > 0.85, Q* > 0.85), validating the influence of
climatic conditions on predefined classes and identifying quercetin, myricetin, gallic acid,
catechin, and epigallocatechin as chemical markers of abiotic stress responses. Pearson
correlation coefficients highlighted significant relationships, such as increased catechin
production at higher temperatures (r = 0.60) and quercetin production under greater sunlight
exposure (r = 0.60), as well as the increase in gallic acid production in response to rainfall (r
= 0.62) and the number of rainy days (r = 0.74). Therefore, this study demonstrates that
environmental factors play a crucial role in regulating the biosynthesis of phenolic
compounds, reflecting the plant's adaptive response to abiotic stress. These findings provide
insights into the ecological and pharmacological potential of E. punicifolia, while offering a

framework to optimize harvesting periods for higher yields of bioactive compounds.

Keywords: FEugenia punicifolia DC., medicinal plant, seasonality, NMR, Principal

Component Analysis, Partial Least Squares Discriminant Analysis, chemical markers.
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1. Introduction

Eugenia punicifolia DC., a species belonging to the Myrtaceae family, is widely used
in traditional medicine in the form of tea made from its leaves. Its consumption is mainly
due to its antiglycant properties, which are associated with the prevention of damage caused
by oxidative stress and the accumulation of advanced glycation end products (AGEs).! 2 In
addition to this action, several studies have highlighted the therapeutic potential of this
species, attributed to its phytochemical composition rich in phenolic compounds, such as
flavonoids and organic acids.?* These secondary metabolites not only play essential roles in
the plant's ecological interactions but are also responsible for its pharmacological activities
of medicinal interest.

The chemical composition of E. punicifolia, however, can be significantly influenced
by seasonality. Environmental factors such as temperature, humidity, precipitation, and solar
incidence modulate the production and concentration of these bioactive compounds.> ¢ This
seasonal variation can directly impact both the species' pharmacological potential and its
adaptability to the environment, making E. punicifolia a promising plant matrix for
investigating how climate changes affect the biosynthesis of secondary metabolites
throughout the year.

To understand these chemical variations, spectroscopic techniques are frequently
employed, with Nuclear Magnetic Resonance (NMR) being one of the most effective.”
NMR enables the identification and quantification of organic compounds in a fast and non-
destructive manner, providing a comprehensive view of the sample's chemical composition.’
However, for the generated data to be interpreted more robustly, it is essential to associate
them with multivariate methods. This integration allows the construction of predictive
models that help classify samples according to seasonality and identify the chemical
compounds most influenced by climatic factors.” 1% 11

In this context, multivariate analyses, such as Principal Component Analysis (PCA)
and Partial Least Squares Discriminant Analysis (PLS-DA), play a fundamental role. PCA
is widely used to explore data patterns, reducing complexity and facilitating the
interpretation of variations in the chemical profile of samples.!? On the other hand, PLS-DA
enables the discrimination of different seasonal groups and the identification of metabolites
that most contribute to these differences.!® To ensure the robustness of the generated models,

metrics such as Root Mean Square Error of Calibration (RMSEC), Root Mean Square Error
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of Cross-Validation (RMSECV), Coefficient of Determination (R?), and Cross-Validated
Coefficient of Determination (Q?) are evaluated, ensuring the reliability of the results.!3!3

Recent studies by Neves et al. (2024 and 2025) have demonstrated, through NMR
combined with multivariate analyses, that seasonality directly influences the production of
primary and secondary metabolites in E. punicifolia, with variations depending on the
extraction system used.” ' However, there is still a gap in the literature regarding the specific
impact of climatic parameters such as average temperature, precipitation, and relative
humidity on the composition of phenolic compounds in the leaves of this species.

Thus, this study aims to develop a model based on '"H NMR data combined with
multivariate methods to evaluate how variations in climatic parameters affect the
metabolomic profile of the Methanol:Water:Ethanol (3:1:1, MEW) extract from E.
punicifolia leaves collected at different times of the year. Through these results, we hope not
only to better understand the factors regulating the production of bioactive metabolites but

also to identify potential chemical markers that play an essential role in the plant's defense

mechanisms against environmental variations.

2. Experimental

2.1.Chemicals

Methanol (HPLC) and absolute ethanol (99.5 % PA) used for plant material
extraction were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deuterated dimethyl
sulfoxide (DMSO-d6, 99.9 %) with tetramethylsilane (TMS, 0.05 % V/V) for NMR
analyses, was obtained from Cambridge Isotope Laboratories Inc. (Andover, Massachusetts,

USA).

2.2.Plant Material

Leaves of E. punicifolia were collected monthly throughout the year 2023 at the
Brazilian Agricultural Research Corporation (Embrapa Amazonia Ocidental), located along
Rodovia AM-010, Km 29 (2° 53' 23" S 59° 58' 26" W). Access to genetic heritage was
registered (A82BD35) in the National System of Management of Genetic Heritage and
Associated Traditional Knowledge (SisGen). From a plantation of 150 individuals, three

trees were randomly selected each month, and leaves were gathered from various heights to
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ensure a representative sampling (15 leaves each from the lower, middle and upper parts of
the trees). The collected plant material was dried at room temperature for 24 h. After drying,
each sample was subjected to cold maceration with liquid nitrogen, weighed, and then stored

in a freezer at — 80 °C until the extraction procedure.

2.3.Environmental data

The climate data for the 12 months of the study were obtained from the
Agroclimatology Laboratory of Embrapa Amazonia Ocidental and are detailed in the

Supplementary Information (Table S1).

2.4.Extraction procedure

The extraction system was selected based on the methodology described by Neves et
al. (2025).2 For the extractions, 1.0 g of each sample was subjected, in triplicate, to extraction
with the solvent system consisting of methanol (60%) - ethanol (20%) - water (20%), called
MEW system. Each extraction was performed four times and sonicated in an ultrasonic bath
for 15 min, followed by centrifugation at 4,000 rpm for 10 min (4226 g). The supernatant

was then separated and dried using nitrogen gas.

2.5.Acquisition NMR spectroscopy data

Twenty milligrams of E. punicifolia leaf extracts were solubilized in 520 pL of
deuterated dimethyl sulfoxide (DMSO-ds) and transferred to a 5 mm NMR tube. The NMR
analyses were performed using a Bruker Avance III HD NMR spectrometer (Bruker,
Billerica, Massachusetts, USA), operating at 11.7 T (500 MHz for 'H) and equipped with a
5 mm BBFO Plus SmartProbe™ with a Z-axis gradient. 'H NMR spectra were obtained at
25 °C using the zgpr pulse sequence. The 90° pulse duration was calculated individually for
sample each. A total of 2 dummy scans and 32 scans were acquired with 32k data points
using a spectral width of 10 kHz, a relaxation time of 15.0 s, and an acquisition time of 1.64
s. The residual water signal of DMSO-d¢ (01 3.36, s) was suppressed using a power of 8.13
¢ W, and the receiver gain was set to 64. Phase and baseline corrections of the spectra were
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performed manually using TopSpin 3.6.3 software.!” The chemical shift (in ppm) of 'H
NMR spectra was referenced to the methyl signal of tetramethylsilane at 8y 0.0. 'H-'*C
correlations from HSQC and HMBC NMR experiments were acquired using the coupling
constants J (H,C - one-bond) and J (H,C - long-range) of 145 and 8 Hz, respectively.

2.6.Multivariate Analysis
2.6.1. PCA

'H NMR spectra of the 36 samples were acquired in triplicate, exported from
TopSpin 3.6.3 software in .csv format, and transferred to OriginPro 2018 software to build
the data matrix.!” '® Chemometric analysis was carried out using the "H NMR spectral region
between 5.60 to 8.10 ppm, resulting in a matrix of 108 samples x 2048 variables. Principal
Component Analysis (PCA) was performed using the PLS-Toolbox Solo 9.0 software."”
Spectra preprocessing involved baseline correction using Automatic Whittaker Filter
(asymmetry = 0.001, lambda = 100) and variable alignment with Correlation Optimized
Warping (Slack 2, Segment Length 87). The data were normalized to the area and mean-
centered. Scores and loadings graphs were plotted using the Singular Value Decomposition

(SVD) algorithm.

2.6.2. Construction of the PLS-DA calibration model

To perform the Partial Least Squares-Discriminant Analysis (PLS-DA), the same
data matrix used for PCA analysis was employed. The samples were classified into three
groups: Group 1 (Rainy period) included February, March, April, and May; Group 2 (Dry
period) included August, September, October, and November; and Group 3 (Transition
period) included January, June, July, and December . In the PLS-Toolbox Solo 9.0 software,
the spectra were processed using baseline correction (Automatic Whittaker Filter with
asymmetry =0.001 and lambda = 100), variable alignment (Correlation Optimized Warping:
Slack = 2, Segment Length = 87), and normalization to the area and mean-centering.'® The
processed data were then used to construct the PLS-DA calibration model. The cross-
validation was performed using the Venetian Blinds method, with 10 splits and a blind

thickness of 1. Statistical parameters, including the root mean square error of calibration
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(RMSEC), root mean square error of cross-validation (RMSECV), Q?, and R?, was analyzed
using OriginPro 2018."® A validac¢io cruzada foi realizada utilizando o modelo venetian

blinds w/ 10 splits and blind thickness = 1.

2.7.Pearson correlation coefficient analysis

For this analysis, the "H NMR spectra of the 108 E. punicifolia samples were initially
exported to R-Studio software (version 2022.07.2).2° Subsequently, the spectral region from
5.60 to 8.10 ppm was aligned and divided into 0.03 ppm buckets with a 50% degree of
freedom, resulting in a table containing 108 samples and 101 variables. The areas of the
buckets corresponding to the compounds quercetin (6u 7.30, d), myricetin (éu 7.01, s), gallic
acid (du 6.96, s), catechin (0u 5.93, d), and epigallocatechin (6u 5.89, d) were then
normalized relative to the total area. Pearson's correlation coefficients were calculated using
Minitab™ 18.1 software by correlating the normalized bucket areas with the climatic
parameter values [mean temperature (°C), relative humidity (%), precipitation (mm),
evaporation (mm), number of rainy days, and sunshine duration (hours)].?! Statistical
significance was set at p-values < 0.05. Furthermore, the Pearson correlation coefficients

were exported to OriginPro 2018 software and used to construct the heatmap.'®

3. Results
3.1.Chemical profile of E. punicifolia leaves extract via NMR spectroscopy

Aromatic compounds in Eugenia punicifolia leaf extracts were identified through the
analysis of 'TH NMR, 'H-*C HSQC, and 'H-"*C HMBC data. The "H NMR spectra revealed
two singlets at oy 6.96 and ou 7.42, corresponding to the structures of gallic acid (1) and
ellagic acid (2), respectively (Figure S1).>? Additionally, characteristic signals of flavonoids
from the flavanols (catechin and epigallocatechin) and flavonols (kaempferol, quercetin and
myricetin) classes were observed.?> Within the flavanols class, two distinct sets of signals
were identified. The first set included ou 5.83 (d, 2.3 Hz), 61 5.93 (d, 2.3 Hz), 6u 6.86 (d, 1.9
Hz), du 6.66 (d, 8.1 Hz), and 6u 6.74 (dd, 1.9 Hz, 8.1 Hz), corresponding to positions 6, §,
2'.5', and 6' of rings A and B in catechin (3).2* The second set included signals at 5n 5.89 (d,
2.1 Hz), 61 5.74 (d, 2.1 Hz), and du 6.40 (s), attributed to positions 6, 8, 2', and 5' of rings A
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and B in epigallocatechin (4).%

were observed for kaempferol (5; H2', H5' - 0n 7.75, d, 8.7 Hz; H3', H4' - 61 6.91, d, 8.7 Hz),
quercetin (6; H1' - 84 7.30, d, 2.1 Hz; H4' - 6n 6.87, d, 8.3 Hz; HS' - 6u 7.25, dd, 8.3 Hz, 2.1
Hz), and myricetin (7, H2', H5' - 8u 7.01, s) were identified.?* 2° In addition, signals at Su
6.40 and on 6.21, corresponding to ring A of flavonols identified. The 'H-*C HMBC

For the flavonols class, characteristic signals from ring B

spectrum revealed correlations between rings B and C, confirming the structures of the

flavonoids identified by 'H NMR (Figures S1-S8).

HO
OH
gallic acid (1) ellagic acid (2) R = H, catechin (3) R4, Ry = H, kaempferol (5)
R = OH, epigallocatechin (4) R = OH, R, = H, quercetin (6)

R4, Ry = OH, myricetin (7)

Figure 1. Compounds identified by 1D and 2D NMR analysis of MEW extracts from E.

punicifolia leaves.

3.2. Principal Component Analysis

'H NMR spectra of extracts from E. punicifolia leaves collected over 12 months were
analyzed using PCA to identify clustering patterns and key compounds. The score plot in
Figure 2 indicates that PC1 and PC2 account for 38.21% of the explained variance. The
analysis suggests the presence of three groups: Group 1, consists primarily of samples
collected in February, March, April, May, and August; Group 2, includes samples collected
in September, October, and November; and Group 3, comprises samples collected in

January, June, July, and December.
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Figure 2. Principal components analysis (PCA) of extracts of E. punicifolia leaves. Scores
plot of PC1 (25.78 %) versus PC2 (12.46 %). The structures of gallic acid, catechin,
epigallocatechin, kaempferol, quercetin, and myricetin were identified from the loading plots

of PC1 and PC2.

The analysis of PCA data together with meteorological data indicates that, except for
August, the samples corresponding to the months that make up Groups 1 and 2 were directly
influenced by similar climatic factors, such as the number of rainy days, precipitation,
relative humidity, temperature, and solar radiation. (Table S1). Studies suggest that these
parameters can be used to define dry and rainy periods.?’?® However, unlike the other
groups, Group 3 showed no well-defined climatic patterns, as an analysis of the solar
radiation parameter indicates that this group includes months (June and July) that are more
similar to Group 2 (rainy), while January and December resemble the months that make up
Group 1 (dry). This variability makes it impossible to classify its samples strictly into dry

or rainy periods.

Regarding the chemical profile, the analysis of the loading plot allowed us to
establish associations between specific compounds and the observed clustering patterns
(Figure S9). Gallic acid (6u 6.96, s), catechin (6u 5.93, d), and epigallocatechin (6u 5.89, d)
were linked to samples in Group 1, while quercetin (dn 7.30, d) and kaempferol (dn 7.75, d)

were associated with Group 2, and myricetin (6 7.01, s) was linked to Group 3 (Figure
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2). When comparing samples from the rainy (Group 1) and dry (Group 2) periods, the
analysis suggests that climatic parameters play a significant role in shaping the biosynthesis
of flavonoids, particularly flavanols and flavonols - two distinct classes known for their

strong association with the bioactivity of E. punicifolia leaves.

These findings align with a growing body of research demonstrating that flavonoid
production in plants is directly influenced by climatic conditions. For instance, Lu et al.
(2021) reported that seasonal climatic variations significantly impact flavonoid
concentrations in Vitis vinifera cultivars. Their study found that, in 2015, anthocyanin levels
in winter samples were approximately 10 times higher than those in summer, while in 2014,
the variation was about sevenfold.*® Similarly, Zheng et al. (2022) applied Pearson's
correlation coefficient to investigate the relationship between flavonoid concentrations and
climatic factors in Chinese prickly ash bark. Their results indicated a moderate correlation
between the flavonoid content (mg g'), measured by HPLC-MS, and environmental
variables such as average temperature (°C) and annual precipitation (mm).3! Further
supporting this trend, Shi et al. (2022) examined the seasonal influence on flavonoid
biosynthesis in Tetrastigma hemsleyanum using UPLC to track fluctuations in the
concentrations of nine distinct flavonoids over a one-year period. Their study revealed that
the selectivity of flavonoid biosynthesis is influenced by its synthetic pathway, enzymatic
activity, and environmental factors, highlighting the complex interplay between seasonal

changes and metabolite production.*

3.3. Classification by PLS-DA

To conduct a more detailed assessment of the effects of different climatic parameters
on the clustering trends observed in the PCA analysis, the '"H NMR spectra of the samples
corresponding to Groups 1, 2, and 3 were subjected to PLS-DA analysis. In addition to
validating the results observed in the PCA, the PLS-DA analysis provides loading plots and
VIP scores that, when analyzed together, aid in identifying the chemical markers responsible

for the observed groupings.
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Figure 3. PLS-DA score plot illustrating the separation of samples based on the following
models: A - Group 1 vs. Group 2, B - Group 1 vs. Group 3, and C - Group 2 vs. Group
3. The structures of gallic acid, catechin, epigallocatechin, kaempferol, quercetin, and

myricetin were identified from the loading plots of LV1 and LV2.

The analysis of the PLS-DA score plot reveals that first latent variable is responsible
for classifying the samples according to the clusters observed in the PCA. Additionally, the
clustering of the samples is indeed associated with the period in which the collections were
performed. Samples from Group 1 were collected during the months characteristic of the
Amazonian winter, defined by average temperature below 28°C, relative humidity above
85%, total precipitation exceeding 180 mm, more than 18 rainy days, and sunshine duration
below 123 hours (Table S1). In contrast, samples from Group 2 correspond to months of
the Amazonian summer, characterized by average temperature above 28°C, relative
humidity below 80%, total precipitation under 115 mm, fewer than 10 rainy days, and

sunshine duration above 134 hours (Table S1). Samples from Group 3, on the other hand,
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were collected during a transitional period between summer and winter. This period is
marked by significant variations in climatic parameters, with some months exhibiting

characteristics of the rainy season and others resembling the dry season.

The quality of the PLS-DA model was assessed through the root mean square error of
calibration (RMSEC), root mean square error of cross-validation (RMSECV), Q2 and R2.
These diagnostics provide a statistically significant measures of the model’s ability to
discriminate between two classes of subjects.!> ' Among the analyzed parameters, RMSEC
indicates how well the model fits the calibration data, while RMSECYV evaluates the model's
performance on new data, thereby verifying its robustness.”® R?> and Q? represent the

explanatory and predictive capabilities in the model, respectively.!* 3% 3

Table 1. RMSECV, RMSEC, R?, and Q? values obtained in the cross-validation of the PLS-

DA model to latent variable.

Model LV X VC (%) Y VC (%) RMSECV RMSEC Q* R

A 1 2343 87.86 0.20 0.17 0.84 0.88
B 1 2655 90.30 0.18 0.15 0.88  0.90
C 1 3038 90.41 0.18 0.15 0.87 0.90

Models A, B, and C in the first latent variable showed low RMSEC and RMSECV
values (< 0.20) with minimal differences between calibration and cross-validation errors.
The results indicate that the models fit the calibration data well and possess satisfactory
generalization capability for new data. An R? value greater than 0.85 indicates that the
models effectively explain the total variance of the calibration data, demonstrating its
robustness in describing the intrinsic variability of the analyzed variables. Similarly, the high
Q2 value (> 0.85) reflect strong predictive capacity, consistent with the R2.3#36:37 The small
difference between R? and Q? further reinforces the absence of overfitting, indicating that
the models possess reliable discriminatory and predictive capabilities for the studied classes.
To confirm these findings, RMSEC, RMSECV, R? and Q? values were analyzed for
additional latent variables, showing that the models do not exhibit overfitting, as illustrated

in Figure 4.!>%7
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Figure 4. Evolution of RMSECYV (black squares), RMSEC (red circles), Q? (blue triangles),
and R? (green triangles) is presented as a function of the number of latent variables used in
constructing the prediction model. The graphs were generated in OriginPro 2018 using data
extracted from the PLSToolbox Solo 9.2 software. Metric values were derived from PLS-
DA models constructed for comparisons between Groups 1 vs 2 (A), Groups 1 vs 3 (B),

and Groups 2 vs 3 (C).

After model validation, the variable importance projection (VIP) scores was used to
evaluate the contribution of each compound to explaining chemical variation across seasons
(Figures S10-S15). For the analysis of the VIP scores graph, only signals (6H) with a value
greater than 1 were considered statistically significant for the model. Based on the combined
analysis of the loadings graph and VIP scores, the compounds identified as statistically
significant for the model were quercetin (du 7.30, d), myricetin (6u 7.01, s), gallic acid (0u

6.96, s), catechin (0u 5.93, d), and epigallocatechin (on 5.89, d).

The metabolites responsible for the patterns observed in models A, B, and C are
highlighted in Figure 3. Similar to the PCA results, flavonoids from the flavanol (catechin
and epigallocatechin) and flavonol (quercetin and myricetin) classes remain key compounds.
In model A, catechin, epigallocatechin, and quercetin were responsible for differentiation of
samples from rainy (Group 1) and dry (Group 2), consistent with the observations from
PCA. In model B, catechin and epigallocatechin continued to be the main contributors to the
distinction of samples from the rainy period, while myricetin emerged as the key compound
differentiating the transition samples (Group 3). In model C, flavanols became the primary
contributors to distinguishing samples from the dry period, whereas myricetin and gallic acid
were prominent during the transition period. These findings underscore that the biosynthesis

of flavonoids in Eugenia punicifolia leaves is directly influenced by seasonality.
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3.4.Correlation between NMR and climate data

To verify the correlation between chemical composition and climatic parameters
(Table S1), the principle that the signal area in a properly calibrated 'H NMR spectrum is
proportional to the quantity of active nuclei present was applied.* 3° The aromatic region of
the spectrum was carefully aligned and divided into buckets, with each bucket representing
a specific range of chemical shifts. This alignment and bucketing process is essential to
minimize spectral variations resulting from different chemical profiles and the experimental
acquisition process. By ensuring greater consistency in the data, this approach facilitates

reliable comparative analysis between samples.**?

The bucket areas corresponding to the signals of quercetin (o 7.30, d), myricetin (on
7.01, s), gallic acid (6 6.96, s), catechin (du 5.93, d), and epigallocatechin (6u 5.89, d) were
normalized to the total area and selected to evaluate variations across collection periods
(Figure 5A). Furthermore, Pearson's correlation coefficient was employed to quantify the
strength of the correlations between the chemical profile and climatic parameters (Figure

5B).
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Figure 5. Variation in the absolute area of the '"H NMR signal as a function of the collection
month (A), and heatmap of Pearson correlation coefficients between chemical composition

and climatic parameters (B). *p-values > 0.05 were considered not significant.

Figure 5A shows that the concentration of quercetin increases between June and
November, suggesting an increase in its production during this period. Myricetin exhibits a
similar trend, though with less pronounced monthly variations and a slight decline over time.

Gallic acid, on the other hand, shows higher and more stable values between January and
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May, with a reduction starting in June. As for catechin and epigallocatechin, both display
monthly fluctuations; however, like gallic acid, their concentrations are slightly higher at the

beginning of the analyzed period, decreasing in subsequent months.

In Figure 5B, catechin production is positively correlated with rising temperatures
(r = 0.60), while quercetin production is favored by greater sunlight exposure (r = 0.60). In
contrast, higher levels of relative humidity (r = —0.59), precipitation (r = —0.62), and the
number of rainy days (r = —0.64) are associated with a decrease in quercetin production by
the leaves of E. punicifolia. On the other hand, gallic acid production exhibits the opposite
trend, being stimulated under conditions of high relative humidity (r = 0.66), increased
precipitation (r = 0.62), and a greater number of rainy days (r = 0.74). Conversely, periods
of higher sunlight incidence are correlated with a reduction in gallic acid production (r =

~0.56).

The statistical analysis of 'TH NMR data combined with climatic parameters seemed
to be an effective strategy for assessing how the chemical composition of MEW extracts

from Eugenia punicifolia leaves is influenced by seasonality.

3.5.Biosynthetic considerations

From the biosynthetic perspective, when a plant is subjected to different types of
abiotic stress, it tends to produce metabolites that play a role in its defense mechanisms.
Among these metabolites, phenolic compounds play a fundamental role in the plant's
resistance to extreme conditions.***** Flavonoids, especially known for their diverse
pharmacological activities, play a crucial role in mitigating oxidative stress caused by
environmental factors, helping to protect plant cells.*® #7 Their ability to scavenge free
radicals, stabilize cell membranes, and modulate stress response pathways makes them
essential in reducing damage caused by excessive solar radiation, water stress, and other
abiotic factors.® *®4° Under drought conditions with high levels of sunlight, the synthesis of
flavonols, a subclass of flavonoids, is intensified, with compounds such as quercetin,
kaempferol, and myricetin standing out for their capacity to protect plant cells against

damage from excessive solar radiation.> >3
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Quercetin, which contains a catechol group on the B ring, enhances its antioxidant
activity and is a key factor in the plant’s response to excess light and drought stress. Its
concentration increases significantly under these conditions, highlighting its importance as
a defense molecule.>® > Moreover, during periods of low water availability, plants close
their stomata and release abscisic acid (ABA), which interacts with flavonoids like quercetin

and kaempferol, aiding in water loss control.*®

Evaluating the influence of temperature on catechin production becomes a more
complex task, as various studies report significant responses under both low and high
temperatures.’” 3® However, Xiang et al. (2020) demonstrated that, under specific
environmental conditions, higher temperatures accelerated the growth of young shoots of
Camellia sinensis L. and induced the expression of genes related to catechin biosynthesis.”
Examining other climatic parameters, Wang et al. (2011) reported a significant increase in
catechin production in Camellia sinensis L. teas collected during the rainy season .%°
Similarly, Yao et al. (2005) observed higher catechin and epigallocatechin production during

colder months, further supporting the idea that climatic factors significantly influence

catechin synthesis.®!

Additionally, periods of high precipitation directly influence the virulence of
pathogens that infect aerial tissues, which is intensified by rain and high humidity.%? In
response to these pathogens, plants produce stress hormones such as jasmonic acid and
ethylene, which regulate biotic responses and interact in a complex manner to control plant
growth, development, and defense. > Zhao et al. (2020) reported a direct relationship
between jasmonic acid and the accumulation of catechin gallate, as well as its ability to
regulate catechin content.®* Jasmonic acid, particularly associated with insect-induced stress,
induces the expression of genes involved in catechin production, which may contribute to

the increase in this flavonoid during periods of high humidity and precipitation.®

In the biosynthesis of catechin and quercetin, the enzymes Phenylalanine Ammonia-
Lyase (PAL), Chalcone Synthase (CHS), Chalcone Isomerase (CHI), and Flavanone 3-
Hydroxylase (F3H) play pivotal roles in the early stages, transforming phenylalanine into
dihydrokaempferol. Subsequently, Flavonoid 3'-Hydroxylase (F3'H) catalyzes the
hydroxylation at the 3' position of the B-ring, leading to the production of dihydroquercetin,

a key substrate for the synthesis of quercetin and catechin.%
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If the subsequent step involves the action of the enzyme Flavonol Synthase (FLS),
the resulting product will be quercetin. Conversely, if dihydroquercetin undergoes the action
of Dihydroflavonol Reductase (DFR), followed by Leucoanthocyanidin Reductase (LAR),

catechin is produced, as illustrated in Figure 6.
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Figure 6. Schematic representation of the biosynthetic pathway for quercetin and catechin
production as influenced by seasonality. Enzyme abbreviation: Ammonia-Lyase (PAL),
Chalcone Synthase (CHS), Chalcone Isomerase (CHI), and Flavanone 3-Hydroxylase
(F3H), Flavonoid 3'-Hydroxylase (F3'H), Flavonol Synthase (FLS), Dihydroflavonol
Reductase (DFR) and Leucoanthocyanidin Reductase (LAR).

Temperature variations affect the production of both enzymes, FLS and LAR. Under
moderate temperatures and high UV light exposure, plants tend to express higher levels of
(FLS, favoring the production of flavonols, which play vital roles in UV radiation protection
and oxidative stress mitigation. However, elevated temperatures can damage cells, impairing
FLS expression.®® ¢’ Conversely, the transformation of leucoanthocyanidin into catechin via
LAR is amplified under low light conditions.’® Additionally, higher temperatures tend to
favor LAR expression, as catechins are often associated with protection against thermal

stress and defense against pathogens.®* 7°
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Therefore, catechin and quercetin can be considered potential chemical markers for
the species E. punicifolia, as they play essential roles in the plant's defense mechanisms and
show a strong correlation with specific environmental conditions and stress responses. These
compounds are biosynthesized through well-characterized enzymatic pathways influenced
by abiotic factors such as temperature, UV light, and humidity. Variations in their
concentrations are a direct result of the plant's adaptive responses, with quercetin being
associated with UV protection and oxidative stress mitigation, and catechin with thermal
stress protection and pathogen defense. The environmental and enzymatic regulation of these
metabolites provides reliable indicators of the physiological state of plants, making them
effective markers for ecological studies, agricultural monitoring, and quality assessment of

E punicifolia leaves-derived products.

4. Conclusion

This study highlights the significant influence of seasonality on the chemical profiles
of E. punicifolia leaves. Quercetin, myricetin, gallic acid, catechin, and epigallocatechin
were employed as probes (chemical markers) to assess how E. punicifolia leaves respond to
abiotic stress resulting from seasonal variations. Distinct sample groupings based on the
rainy, dry, and transitional periods were evident through PCA and validated using various
metrics of the PLS-DA model. Correlation analysis demonstrated that the biosynthesis of
gallic acid, quercetine, and catechine in E. punicifolia was highly responsive to
environmental factors such as average temperature, relative humidity, rainfall, rainy days,
and sunlight exposure. Overall, the study provides a valuable scientific basis for
understanding how seasonality impacts the chemical composition of medicinal plants, laying

the groundwork for future ecological studies.
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CONCLUSAO

A conclusdao desta pesquisa permitiu o desenvolvimento de uma abordagem
metabolomica capaz de avaliar a influéncia da sazonalidade no perfil metabdlico e nas
propriedades farmacologicas das folhas de FEugenia punicifolia. A aplicagdo da
espectroscopia de ressonancia magnética nuclear (RMN), associada a analises multivariadas,
possibilitou a identificagdo de variagdes sazonais na composi¢ao quimica dos diferentes
extratos das folhas de E. punicifolia, fornecendo insights fundamentais sobre o impacto dos
fatores ambientais na biossintese de metabolitos secundéarios, reforcando a aplicabilidade da

metabolomica no estudo de plantas medicinais.

Além disso, os resultados evidenciaram que a sazonalidade exerce um papel
determinante na producdo de compostos fenolicos, demonstrando que as variagdes nos niveis
de 4cido gélico, catequina, epigalocatequina, quercetina e miricetina influenciam
diretamente as atividades antioxidante, antiglicante e antiviral dos extratos. Os ensaios
farmacologicos indicaram que os extratos obtidos no periodo chuvoso, utilizando o sistema
de extracdo metanol:etanol:agua (MEA), apresentaram maior concentragdo de compostos
bioativos e melhor desempenho nas atividades avaliadas. A identificagdo de acido gélico,
catequina e quercetina como provaveis marcadores quimicos sazonais, por meio das analises
de PCA ¢ PLS-DA, destaca a relevancia dos fatores climaticos na otimizagao da colheita e

no uso racional dessa espécie para aplicagdes fitoterapicas.

Portanto, além de sua contribuicao cientifica, esta tese fortalece a valorizacao de
uma matriz natural da biodiversidade amazonica, fornecendo uma base sdlida para o
desenvolvimento de produtos fitoterapicos derivados de Eugenia punicifolia. Dessa maneira,
este estudo ndo apenas expande o conhecimento sobre a composi¢do quimica e o potencial
farmacologico dessa espécie, mas também abre novas perspectivas para investigagoes
futuras. Entre elas, destacam-se estudos complementares sobre a regulagao da biossintese de
metabolitos em resposta a fatores ambientais especificos, bem como a validagdo de suas

aplicagcdes farmacoldgicas em modelos bioldgicos mais complexos.
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Figure S1, HPLC-DAD-HRMS spectrum of DMSO-d extract from E. punicifolia.
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Figure S2. Full scan mass spectrum of the retention time of 5.0 min.
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Figure S3. Full scan mass spectrum of the retention time of 5.2 min.
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Figure S8. Full scan mass spectrum of the retention time of 13.7 min.
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Figure 89. MS/MS spectrum of the ion at m/z 291 [M + H]', epicatechin (6).
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Figure S12. MS/MS spectrum of the ion at m/z 457 [M + H]', epicatechin 3-O-(3-O-methyl)gallate (11).
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Figure S15. MS/MS spectrum of the ion at m/z 449 [M + H]", quercitrin (14).
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Figure S18. MS/MS spectrum of the ion at m/z 287.0527 [M + H]', kaempferol (16).
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Figure S19, '"H NMR spectrum of Kugenia punicifolia DMSO-d;s extract (—1.00 to 12.00 ppm region).
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Figure $20. 'H NMR spectrum of Kugenia punicifolia DMSO-ds extract (range magnification from —0.40 to 5.50 ppm).
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Figure S21. 'H NMR spectrum of Eugenia punicifolia DMSO-d; extract (range magnification from 5.50 to 12.00 ppm).
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Figure 822, COSY spectrum of Eugenia punicifolia DMSO-de extract.
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Figure S23. COSY spectrum of Eugenia punicifolia DMSO-d extract (range magnification from 4.10 to 7.45 ppm).
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Figure S24. COSY spectrum of Eugenia punicifolia DMSO-d extract (range magnification from 5.65 to 7.35 ppm).

100



4
13
- RPN
) o X
=== . @ i
| = .
} B e aL. e i
g LI T
> - &'ﬁ"‘,ﬂ_ 3
(\I C, e ‘ ¥ . " 2
| e i L] [
% ¢ e ‘ y
| Lo .
] ; i . B e
. . F2 (ppm)
Figure S25. HSQCedit spectrum of Eugenia punicifolia DMSO-ds extract.
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Figure S26. HSQCedit spectrum of Eugenia punicifolic DMSO-ds extract (range magnification from 'H: —0.10 to

2.86 ppm, *C: ~2.50 to 53.00 ppm).
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Figure S27. HSQCedit spectrum of Eugenia punicifoliac DMSO-d, extract (range magnification from 'H: 4.10 to
7.40 ppm, 1*C: 60.00 to 143.00 ppm).
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Figure S28, HMBC spectrum of Eugenia punicifolia DMSO-ds extract,
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Figure $29. HMBC spectrum of Eugenia punicifolia DMSO-d; extract (range magnification from 'H: 0.50 to 4.20 ppm,

13C: 5.30 to 182.20 ppm).
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Figure S30. HMBC spectrum of Eugenia punicifolia DMSO-d; extract (range magnification from 'H: 4.40 to 7.40 ppm,
13C: 13.20 to 175.50 ppm).
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Figure S31. Compounds identified by 1D and 2D NMR in the DMSO-d; extract from E. punicifolia leaves. The blue

arrows represent the key correlations observed in the ("H-"*C) HMBC spectrum.
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Figure S32. Loadings plot of PC2 discriminating the compounds responsible for the grouping of samples of E. punicifolia.

Data obtained by 'H NMR (400 MHz, DMSO-ds).

This is an open-access article distributed under the terms of the Creative Commons Attribution Licence.
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Figure S1. Effect of extract of Eugenia punicifolia leaves on viability of Vero E6 cells. Vero E6 cells were treated with each compound at the highest non-cytotoxic

concentration. After 72 h, cell viability was measured via the MTT assay. Viability was measured by absorbance (560 nm). DMSO was used as the untreated

control. Mean values of two independ: iments, each d in triplicate including the standard error of the mean, are shown. P values < 0.05 were

considered significant. (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001.
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Figure S2. 'H NMR spectrum (500 MHz, DMSO-ds) of MEW extract of Eugenia punicifolia leaves

collected during the dry season (- 1.00 to 10.00 ppm).
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Figure S3. HSQC spectrum (500 MHz, DMSO-ds) of MEW extract of Eugenia punicifolia leaves

collected during the dry season (range magnification of 'H: - 0.50 to 8.30 ppm - 13C: - 3.0 to 158.0

ppm).

A

T T T T T
4 2

[ppm]

em 520 microL de DMSO

M
R

T
F2 [ppm]

107



Figure S4. HSQC spectrum (*H: 500 MHz, 13C: 125 MHz DMSO-ds) of MEW extract of Eugenia
punicifolia leaves collected during the dry season (range magnification of 'H: 5.50 to 7.80 ppm -
13C: 96.0 to 128.0 ppm). Signals corresponding to gallic acid (1: & 6.95 - & 108.6), quercetin (2. §
7.30 - 5 115.5), myricetin (3: 8 7.01 - & 108.7), catechin (4: 6 5.93 - § 95.4) and epigallocatechin

(5:65.89-895.1)].
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Figure S5. HMBC spectrum (*H: 500 MHz, 13C: 125 MHz DMSO-ds) of MEW extract of Eugenia

punicifolia leaves collected during the dry season (range magnification of 'H: - 0.50 to 8.50 ppm -

13C: - 4.7 t0 193.3 ppm),.
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Figure S6. HMBC spectrum ('H: 500 MHz, **C: 125 MHz DMSO-ds) of MEW extract of Eugenia

punicifolia leaves collected during the dry season (range magnification of 'H: 5.55 to 7.40 ppm -

13C: 50.7 to 180.2 ppm).
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Figure S7. 'H NMR spectrum (500 MHz, DMSO-ds) of extracts of Eugenia punicifolia leaves

collected during the dry season (- 1.00 to 10.00 ppm).
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Figure S8. 'H NMR spectrum (500 MHz, DMSO-ds - range magpnification from 8.00 to 5.50 ppm)
of extracts of Eugenia punicifolia leaves collected during the dry season. Signals corresponding to
gallic acid (1: & 6.95), quercetin (2: & 7.30), myricetin (3: § 7.01), catechin (4 & 5.93) and
epigallocatechin (5: & 5.89)]. Extract acronyms: MEW — methanol:ethanol:water; M - methanol; EM

- ethanol:methanol; and E - ethanol.
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Figure 89. 'H NMR spectrum (500 MHz, DMSO-ds) of extracts of Eugenia punicifolia leaves

collected during the transion season (- 1.00 to 10.00 ppm region).
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Figure $10. 'H NMR spectrum (500 MHz, DMSO-ds - range magpnification from 8.00 to 5.50 ppm)

of extracts of Eugenia punicifolia leaves collected during the transition season. Signals

corresponding to gallic acid (1: 6 6.95), quercetin (2

: 8 7.30), myricetin (3: & 7.01), catechin (4: 8

5.93) and epigallocatechin (5: & 5.89)]. Extract acronyms: MEW — methanol:ethanol:water; M —

methanol; EM - ethanol:methanol; and E - ethanol.
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Figure S$11. 'H NMR spectrum (500 MHz, DMSO-ds) of extracts of Eugenia punicifolia leaves

collected during the rainy season (- 1.00 to 10.00 ppm).
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Figure $12. 'H NMR spectrum (500 MHz, DMSO-ds - range magnification from 8.00 to 5.50 ppm)
of extracts of Eugenia punicifolia collected during the transition season. Signals corresponding to
gallic acid (1: § 6.95), quercetin (2. & 7.30), myricetin (3: & 7.01), catechin (4: & 5.93) and
epigallocatechin (5: & 5.89). Extract acronyms: MEW — methanol:ethanol:water; M — methanol; EM

- ethanol:methanol; and E - ethanol.
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Table S1. Pearson correlation coefficient between the concentration determined by 'H NMR and

the scavenging capacity of the DPPH radical, the ABTS radical cation, and inhibition of AGE

formation. 1 - gallic acid, 2 - epigallocatechin, 3 - catechin, 4 - quercetin, and 5 - myricetin.

’ » AGEs
(1) (2) ) (3) 4) ] (5) ] DPPH  ABTS inhibition

(1) 1.00 0.54 0.25 0.22 0.32 -0.01 0.32 0.60

(2) 0.54 1.00 0.73 0.66 0.85 0.41 0.67 0.50

(3) 0.25 0.73 1.00 0.29 0.70 0.05 0.16 0.16

(4) 0.22 0.66 0.29 1.00 0.78 0.85 0.87 0.33

(5) 0.32 0.85 0.70 0.78 1.00 0.58 0.65 0.48

DPPH -0.01 0.41 0.05 0.85 0.58 1.00 0.90 0.42

ABTS~ 0.32 0.67 0.16 0.87 0.65 0.90 1.00 0.56
AGEs

inhibition 0.60 0.50 0.16 0.33 0.48 042 0.56 1.00
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Table S1. Climatic data collected monthly over the 12-month study period. Air temperature
and relative humidity were reported as monthly mean values, while precipitation, number of

rainy days, evaporation, and insolation were expressed as the cumulative totals for each

month.
Temperature ('C) Rela.tlye Rainfall Rainy Evaporation Insolation
Months R L. humidity
Maximum Minimum Average (%) (mm) days (mm) (hour)
January 30.7 22.4 25.6 88.8 345.1 23 47.5 70.9
February 31.2 22.5 26.1 88.8 460.0 22 40.7 64.8
March 31.8 23.0 26.6 87.6 384.3 20 54.5 92.9
April 32.9 23.2 27.0 88.6 297.1 25 53.1 97.7
May 33.6 23.6 27.7 86.5 183.4 19 56.8 123.2
June 324 22.7 26.8 86.4 101.6 16 55.9 140.9
July 34.1 22.8 27.8 79.6 61.9 6 93.6 208.9
August 353 23.2 28.6 77.1 85.1 8 112.0 212.2
September 36.1 233 28.9 79.1 46.4 8 124.5 171.9
October 36.3 23.8 29.3 743 67.5 7 140.2 143.7
November 35.0 23.9 28.8 79.4 114.8 7 105.2 134.5
December 31.8 23.2 27.0 89.2 268.6 21 54.0 67.1

5, 6.96
(1) ro

OH (o} OH OH O
gallic acid (1) ellagic acid (2) R =H, catechin (3) R4, Ry = H, kaempferol (5)
R = OH, epigallocatechin (4) Ry = OH, Ry = H, quercetin (6)

R4, Ry = OH, myricetin (7)

5,5.93 5,589
(3)4)

!

s

.

T
7 6 G} 3 2 o ppm

Figure S1. Expanded aromatic region (5.70 to 8.00 ppm) of the '"H NMR spectrum of the
MEW extract from Eugenia punicifolia leaves (S00MHz, DMSO-d6).
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Figure S2. 'H-">C HSQC spectrum of the MEW extract from Eugenia punicifolia leaves
(500MHz, DMSO-d6).
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Figure S3. Expansion of the aromatic region of the 'H-">*C HSQC spectrum of the MEW
extract from Eugenia punicifolia leaves (S00MHz, DMSO-d6).
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Figure S4. Expansion of the aromatic region of the 'H-">C HSQC spectrum of the MEW
extract from Eugenia punicifolia leaves (S00MHz, DMSO-d6).
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Figure S5. 'H-'3C HMBC spectrum of the MEW extract from Eugenia punicifolia leaves
(500MHz, DMSO-d6).
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Figure S6. Expansion of the aromatic region of the 'H-'*C HMBC spectrum of the MEW

extract from FEugenia punicifolia leaves. Key correlation for confirmation of binding

between catechin and epigallocatechin B and C rings (S00MHz, DMSO-d6).
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Figure S7. Expansion of the aromatic region of the 'H-"*C HMBC spectrum of the MEW
extract from FEugenia punicifolia leaves. Key correlation for confirmation of binding

between apigen, myricetin and quercetin B and C rings (S00MHz, DMSO-d6).
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Figure S8. Main chemical shifts (ppm) observed in '"H NMR, 'H-*C HSQC and 'H-*C
HMBC spectra (500 MHz, DMSO-ds).
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Figure S9. Loadings plot of PC1 and PC2 discriminating the compounds responsible for the
grouping of samples of E. punicifolia (S0O0MHz, DMSO-d6).
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Figure S10. Loadings plot of LVI1 illustrating the compounds responsible for the
classification of Groups 1 and 2 in the PLS-DA model (500MHz, DMSO-d6).
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Figure S11. Loadings plot of LVI1 illustrating the compounds responsible for the
classification of Groups 1 and 3 in the PLS-DA model (500MHz, DMSO-d6).
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Figure S12. Loadings plot of LV1 illustrates the compounds responsible for the
classification of Groups 2 and 3 in the PLS-DA model (500MHz, DMSO-d6).
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Figure S13. Vip scores plot of classification of Groups 1 and 2 in the PLS-DA model
(500MHz, DMSO-d6).

122



T T
——VIP Scores for Y 1
Significanca Threshold

I | _

o _
P —
5

. |
| |, M o
. ol

;kvm%ﬂlﬁh»wfuﬁmmdwaLWMwaﬁnJw “injfh

200 1000 800
aaaaaa

Figure S14. Vip scores plot of classification of Groups 1 and 3 in the PLS-DA model
(500MHz, DMSO-d6).
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Figure S15. Vip scores plot of classification of Groups 2 and 3 in the PLS-DA model
(500MHz, DMSO-d6).
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