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Abstract

The global surge in metabolic disorders, including diabetes and dyslipidemia
represents a major public health challenge. Natural products like yerba mate (llex
paraguariensis) and green tea (Camellia sinensis) offer promising therapeutic
potential due to their bioactive compounds. This study investigates the effects of
Ilex paraguariensis and Camellia sinensis extracts on serum lipid and glucose levels in
dyslipidemic and diabetic Wistar rats. Diabetes was induced by alloxan administration
and dyslipidemia via a high-fat diet. To complement the in vivo findings, molecular
docking analyses explored the interactions of major compounds of llex paraguariensis
- chlorogenic acid, rutin and caffeic acid - with  HMG-CoA reductase and adipose
triglyceride lipase, enzymes involved in lipid metabolism. The findings demonstrated
that the extracts effectively resulted in hypoglycemic effects in diabetic rats, reduced
triacylglycerol levels in both models, and lowered total cholesterol and LDL-
cholesterol in the dyslipidemic model. Molecular docking revealed strong inhibitory
potential of all tested compounds, with chlorogenic acid showing the highest
binding affinity. Together, these findings highlight the therapeutic promise of I
paraguariensis and C. sinensis in managing metabolic disorders and support further
exploration of plant-based interventions.

Resumo

O aumento global dos disturbios metabdlicos, incluindo a diabetes e a dislipidemia,
representa um grande desafio para a satide publica. Produtos naturais como a erva-
mate (llex paraguariensis) e o cha verde (Camellia sinensis) oferecem um potencial
terapéutico promissor devido aos seus compostos bioativos. Este estudo investiga
os efeitos dos extratos de llex paraguariensis e Camellia sinensis nos niveis séricos de
lipidos e glicose em ratos Wistar com dislipidemia e diabetes. A diabetes foi induzida
por administracdo de aloxano e a dislipidemia através de uma dieta rica em gordura.
Para complementar os achados in vivo, anélises de docking molecular exploraram as
interacdes dos principais compostos de llex paraguariensis — dcido clorogénico, rutina
e acido cafeico — com a redutase da HMG-CoA e a lipase de triglicéridos do tecido
adiposo, enzimas envolvidas no metabolismo lipidico. Os resultados demonstraram
que os extratos produziram efeitos hipoglicemiantes nos ratos diabéticos, reduziram
os niveis de triacilglicer6is em ambos os modelos e diminuiram o colesterol total
e o LDL-colesterol no modelo dislipidémico. O docking molecular revelou um forte
potencial inibitério de todos os compostos testados, sendo o 4cido clorogénico o
que apresentou maior afinidade de ligagcdo. Em conjunto, estes resultados destacam
o potencial terapéutico de I. paraguariensis e C. sinensis na gestdo de disturbios
metabdlicos e apoiam a continuagao da investigacdo em intervencdes baseadas em
plantas.
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Introduction

In recent decades, the global prevalence of non-
communicable chronic diseases has surged, primarily
driven by the rising incidence of metabolic disorders,
including diabetes mellitus (DM), dyslipidemia,
obesity, and hypertension, which together pose a
critical public health issue (1-3). Among these, obesity
serves as a central link, with projections indicating
that approximately 2 billion adults will be classified as
obese (BMI>30 kg/m?) by 2035 (4).

Excess body fat causes chronic low-grade
inflammation, recruiting macrophages to adipose
tissue. These macrophages release proinflammatory
adipokines, leading to intracellular changes that
disrupt insulin signaling and contribute to the
onset of insulin resistance (IR) (5) and an imbalance
in redox homeostasis, promoting the production
of pro-oxidant free radicals (6). These metabolic
changes contribute to the development of DM,
comorbidities, and dyslipidemia, worsening
metabolic dysfunction (7).

Plant extracts rich in bioactive compounds have
been extensively studied for their phytochemical
properties. In this sense, llex paraguariensis A. St. — Hill
(Aquifoliacea), popularly known as yerba mate, is a
plant traditionally consumed across South American
countries, primarily in the form of “mate”. Recent
research highlights the diverse pharmacological
benefits of llex paraguariensis, including antioxidant
activity (8-10), mitochondrial bioenergetics (11),
improved glucose tolerance (12), anti-inflammatory
effects (13), weight loss support (14), and cholesterol
improvement (15). These properties attributed
to aqueous extracts of llex paraguariensis can be
attributed to the presence of polyphenols, such as
caffeine derivatives, and flavonoids, which have
been previously characterized in the literature
(16). Among the main compounds reported in the
literature are rutin, chlorogenic acid, and caffeic
acid, which have been previously identified by
collaborating research groups and in HPLC assays
available in the literature (16-18).

The physiological properties of these polyphenols
were first described in green tea (Camellia sinensis
L. (Kuntze), Theaceae) (19), establishing this plant
as a significant reference for various biological
activities stemming from bioactive compounds (20).

Introducao

Nas ultimas décadas, a prevaléncia global de
doencas crénicas ndo transmissiveis aumentou
significativamente, impulsionada principalmente
pela crescente incidéncia de disturbios metabdlicos,
incluindo diabetes mellitus (DM), dislipidemia,
obesidade e hipertensdao, que em conjunto
representam um grave problema de saude publica
(1-3). Entre estas, a obesidade desempenha um
papel central, com projecdes a indicar que, até 2035,
aproximadamente 2 mil milhées de adultos serdo
classificados como obesos (IMC=30 kg/m?) (4).

Oexcessodegorduracorporalprovocaumainflamacéao
crénica de baixo grau, recrutando macréfagos para o
tecido adiposo. Estes macréfagos libertam adipocinas
pré-inflamatdrias, desencadeando alteracdes
intracelulares que perturbam asinalizacao dainsulina
e contribuem para o desenvolvimento da resisténcia
a insulina (RI) (5), bem como para um desequilibrio
na homeostasia redox, promovendo a producao
de radicais livres pré-oxidantes (6). Estas alteracoes
metabdlicas favorecem o desenvolvimento da DM,
comorbilidades e dislipidemia, agravando a disfuncao
metabdlica (7).

Extratos de plantas ricos em compostos bioativos tém
sido amplamente estudados pelas suas propriedades
fitoquimicas. Nesse sentido, llex paraguariensis A. St.
- Hill (Aquifoliaceae), popularmente conhecida como
erva-mate, é uma planta tradicionalmente consumida
em varios paises da América do Sul, principalmente
na forma de “mate” Investigacdo recente destaca
os diversos beneficios farmacolégicos da llex
paraguariensis, incluindo atividade antioxidante (8-
10), bioenergética mitocondrial (11), melhoria da
tolerancia a glicose (12), efeitos anti-inflamatérios
(13), apoio a perda de peso (14) e melhoria do perfil
do colesterol (15). Estas propriedades atribuidas ao
extrato aquoso de llex paraguariensis devem-se a
presenca de polifendis, como derivados da cafeina, e
flavonoides, que ja foram previamente caracterizados
na literatura (16). Entre os principais compostos
referidos na literatura encontram-se a rutina, o
acido clorogénico e o acido cafeico, previamente
identificados por grupos de investigacao parceiros e
em ensaios de HPLC disponiveis na literatura (16-18).

As propriedades fisiologicas destes polifenois foram
inicialmente descritas no cha verde (Camellia sinensis
L. (Kuntze), Theaceae) (19), estabelecendo esta planta
como uma referéncia significativa para diversas
atividades biolégicas resultantes de compostos



The major phenols found in Camellia sinensis are
catechins such as (-)-epicatechin (EG), (-)-epicatechin-
3-gallate (ECG3), (-)-epigallocatechin (ECG), and
(-)-epigallocatechin-3-gallate (EGCG), the latter being
the most abundant (21). The properties attributed
to these substances include antihypertensive
(22), antioxidant (23,24), anti-atherosclerotic (25),
anticarcinogenic effects (26,27), cholesterol-lowering
activity (28), as well as reductions in blood glucose
levels (29,30).

In addition to the in vivo biochemical effects,
recent advancements in molecular modeling have
enabled the exploration of the potential of phenolic
compounds in inhibiting key enzymes involved
in lipid metabolism, such as HMG-CoA reductase
(HMGR; EC 1.1.1.34) and adipose triglyceride lipase
(ATGL) (25,30, 31).HMGRis crucial in lipid metabolism,
regulating cholesterol biosynthesis in the liver and
serving as the primary target for statins, which inhibit
its activity (31). Additionally, ATGL has been linked to
dyslipidemia due toits role in promoting lipolysis and
the release of free fatty acids from adipose tissue (32).

In this sense, the present study aimed to investigate
the effects of llex paraguariensis in biochemical
parameters obtained from (i) hyperlipidemic fed rats
and (ii) alloxan-induced diabetic rats in comparison
with Camellia sinensis. Furthermore, we explored
the interaction of compounds such as rutin, caffeic
acid, and chlorogenic acid with the enzymes HMGR
and ATGL through molecular docking analyses. By
addressing these gaps in the literature, we hope to
contribute to the understanding of the potential
therapeutic effects of these extracts in modulating
lipid and carbohydrate metabolism.

Materials and Methods

Preparation of extracts

To obtain crude extracts comparable to those
traditionally used in extractive solutions, theaqueous
extracts (decoctions) were prepared following the
methodology described by Felippi (2005) (33), with
slight modifications. Samples of llex paraguariensis
and Camellia sinensis were obtained in their
commercial form. Aqueous extracts were produced
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bioativos (20). Os principais fendis encontrados na
Camellia sinensis sao, especialmente, as catequinas,
como (-)-epicatequina (EG), (-)-epicatequina-
3-galato (ECG3), (-)-epigalocatequina (ECG) e
(-)-epigalocatequina-3-galato (EGCG), sendo esta
ultima a mais abundante (21). As propriedades
atribuidas a estas substancias incluem efeitos
anti-hipertensivos  (22), antioxidantes (23,24),
antiateroscleréticos (25), anticancerigenos (26,27),
atividade redutora do colesterol (28), bem como a
diminuicdo dos niveis de glicose no sangue (29,30).

Para além dos efeitos bioquimicos in vivo, os avangos
recentes na modelacdo molecular tém permitido
explorar o potencial dos compostos fendlicos
na inibicako de enzimas-chave envolvidas no
metabolismo lipidico, tais como a redutase HMG-CoA
(HMGR; EC1.1.1.34) ealipase de triglicéridos do tecido
adiposo (ATGL) (25, 30, 31). AHMGR desempenha um
papel crucial no metabolismo lipidico, regulando a
biossintese do colesterol no figado e sendo o principal
alvo das estatinas, que inibem a sua atividade (31). Por
outro lado, a ATGL tem sido associada a dislipidemias
devido ao seu papel na promocao da lipdlise e na
libertacao de acidos gordos livres a partir do tecido
adiposo (32).

Nesse sentido, o presente estudo tem como
objetivo investigar os efeitos de llex paraguariensis
nos parametros bioquimicos obtidos a partir de (i)
ratos alimentados com dieta hiperlipidica e (ii) ratos
diabéticos induzidos por aloxano, em comparagao
com Camellia sinensis. Além disso, exploraremos a
interacdo de compostos como rutina, acido cafeico
e acido clorogénico com as enzimas HMGR e ATGL
através de andlises de docking molecular. Ao abordar
essas lacunas na literatura, esperamos contribuir para
a compreensao dos potenciais efeitos terapéuticos
destes extratos na modulacdo do metabolismo
lipidico e glucidico.

Material e Métodos

Preparagdo dos extratos

Para obter extratos brutos comparaveis aos
tradicionalmente utilizados em solucbes extrativas,
os extratos aquosos (decoccdes) foram preparados
seguindo a metodologia descrita por Felippi (2005)
(33), com pequenas modificacdes. Amostras de llex
paraguariensis e Camellia sinensis foram adquiridas
em sua forma comercial. Os extratos aquosos foram
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by adding hot distilled water (approximately 100°C)
to the commercial plant samples at a concentration
of 100 g/L. The extraction process lasted 20 minutes,
after which the mixtures were filtered and subjected
to rotary evaporation. The resulting solutions were
then transferred to Petri dishes and allowed to
evaporate completely in an oven set at 70°C. The
dried extracts were subsequently scraped from the
dishes and ground into a fine powder. The extraction
yield was approximately 20% for yerba mate and
5% for Camellia sinensis. For experimental use, the
dried extracts were reconstituted in distilled water
at a concentration of 180 mg/mL. The administered
doses were 45 mg/kg/day for Camellia sinensis and
90 mg/kg/day for llex paraguariensis once a day via
oral gavage. Doses were selected based on previous
standardized studies with similar animal models,
available in the literature (34-36)

Animals and ethical procedures

The animal experiments were approved by the CEUA
(protocol no. 2.08.03.07.912). The animals were
obtained from the animal facility of Feevale University,
Novo Hamburgo, RS, Brazil, and were kept in cages
under standard conditions of temperature (23 +1 °C),
relative humidity (45-55%), and lighting (12-hours
light/dark cycle) and had free access to a standard
rodent diet (Nuvilab CR1 - Nuvital Nutrientes Prod.
Vet. Ltda® - Curitiba PR) and water ad libitum. Eighty
two male Wistar rats weighing between 250 and 330
g were divided into two sets of experiments. Forty six
animals were used in the protocol of DM, and thirty
six animals were used for the hyperlipidemic fed
protocol.

Diabetes mellitus induction

From the initial sample of 46 rats, 18 were randomly
divided into three groups used as normal control
groups, each consisting of six animals: (i) control
group receiving vehicle water (1 mL), (ii) control
group receiving Camellia sinensis extract (45 mg/kg),
and (iii) control group receiving llex paraguariensis
extract (90 mg/kg). The remaining 28 rats were
subjected to DM induction via intravenous injection
of alloxan (42 mg/kg). The animals confirmed as
diabetic were redistributed into three groups and
received daily treatment by gavage for a period
of 21 days. The diabetic rats were divided into a
diabetic control group, receiving vehicle water, and
test groups, receiving Camellia sinensis extract or llex
paraguariensis extract. The experimental DM model

produzidos pela adicao de agua destilada quente
(aproximadamente 100°C) as amostras comerciais da
planta, na concentracdo de 100 g/L. O processo de
extracdo durou 20 minutos, apds o0s quais as misturas
foram filtradas e submetidas a evaporacao rotativa.
As solucdes resultantes foram entao transferidas
para placas de Petri e deixadas para evaporacao
completa em estufa a 70°C. Os extratos secos foram
posteriormente raspados das placas e moidos até
obter um pé fino. O rendimento da extracao foi de
aproximadamente 20% para a erva-mate e 5% para
a Camellia sinensis. Para uso experimental, os extratos
secos foram reconstituidos em agua destilada na
concentragao de 180 mg/mL. As doses administradas
foram de 45 mg/kg/dia para Camellia sinensis e 90
mg/kg/dia para llex paraguariensis. As doses foram
selecionadas com base em estudos padronizados
prévios com modelos animais semelhantes
disponiveis na literatura (34-36).

Animais e procedimentos éticos

Os experimentos com animais foram aprovados
pelo CEUA (Protocolo n° 2.08.03.07.912). Os animais
foram obtidos no biotério da Universidade Feevale,
Novo Hamburgo, RS, Brasil, e mantidos em gaiolas
sob condicées padrdao de temperatura (231 °C),
umidade relativa (45-55%) e ciclo de iluminacdo de
12 horas claro/escuro. Eles tiveram acesso livre a uma
dieta padrdo para roedores (Nuvilab CR1 - Nuvital
Nutrientes Prod. Vet. Ltda® — Curitiba, PR) e 4gua ad
libitum. Foram utilizados oitenta e dois ratos machos
da linhagem Wistar, pesando entre 250 e 330 g,
divididos em dois grupos experimentais. Quarenta
e seis animais foram utilizados no protocolo de
DM, enquanto trinta e seis foram empregados no
protocolo de alimentacao hiperlipidica.

Inducéo do diabetes mellitus

Daamostrainicial de46ratos, 18 foramaleatoriamente
distribuidos em trés grupos utilizados como grupos
controlo normais, cada um composto por seis animais:
(i) grupo controlo a receber veiculo (dgua, 1 mL), (ii)
grupo controlo a receber extrato de Camellia sinensis
(45 mg/kg) e (iii) grupo controlo a receber extrato de
llex paraguariensis (90 mg/kg). Os 28 ratos restantes
foram submetidos a inducdo de diabetes mellitus
(DM) através de injecao intravenosa de aloxano (42
mg/kg). Os animais confirmados como diabéticos
foram redistribuidos em trés grupos e receberam
tratamento didrio por gavagem durante um periodo
de 21 dias. Os ratos diabéticos foram divididos em:
grupo controlo diabético, a receber veiculo (dgua), e
grupos experimentais, a receber extrato de Camellia
sinensis ou extrato de llex paraguariensis. O modelo



was established following the induction protocol
by Lerco et al. (2003) (37), modified by Cavalli et al.
(2007) (38), with some adaptations. DM was induced
by intravenous injection of a 2% aqueous solution of
alloxan at a dose of 42 mg/kg body weight (Alloxan
monohydrate, SIGMA-Aldrich Inc,, St. Louis, MO, USA)
into one of the tail veins of the animals. After a 24-
hour fasting period, each rat was then restrained, and
alloxan was rapidly injected into the tail vein. Thirty
minutes later, the animals resumed normal feeding
and were provided with a 10% glucose solution as
their sole water source for 24 hours. On the sixth day
post-induction, fasting blood glucose levels were
measured. Rats with glucose levels exceeding 190
mg/dL, alongside clinical signs of diabetes mellitus
(e.g., weight loss, increased water intake), were
included. Animals with glucose levels below 120 mg/
dL orintermediate levels (120-190 mg/dL), regardless
of clinical signs, were excluded.

Serum glucose evaluation

Blood glucose levels were assessed on the sixth day
after DM induction with alloxan and on the twenty-
second day following the initiation of treatments with
water, Camellia sinensis extract, or llex paraguariensis
extract. To confirm DM using the alloxan model,
glucose was measured with a blood glucose monitor
(Glucotrend Blood Glucose Monitor®).

Clinical evaluation

Animals were placed in individual metabolic cages
for a period of 24 hours to measure urinary excretion
and water intake. Furthermore, to monitor clinical
progression, the animals were weighed before DM
induction, at the beginning, and at the end of the
treatment.

Hiperlipidemic feed protocol

The animals were randomly divided into six groups
(n=6), (i) control, (ii) high fat diet (HFD) plus water, (iii)
normocaloric diet plus llex paraguariensis extract (90
mg/kg), (iv) HFD plus llex paraguariensis extract (90
mg/kg), (v) normocaloric diet plus Camellia sinensis
extract (45 mg/kg), and (vi) HFD plus Camellia
sinensis extract (45 mg/kg). The HFD was previously
standardized by Estadella et al. (2004) (39), consisted
of a mixture of hypercaloric foods in the following
proportions: 15 g of normocaloric commercial rat
chow (Nuvilab®) (3.78 kcal/g), 10 g of roasted peanuts
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experimental de DM foi estabelecido segundo o
protocolo de inducao descrito por Lerco et al. (2003)
(37), modificado por Cavalli et al. (2007) (38), com
algumas adaptacdes. A DM foi induzida por injecao
intravenosa de uma solucdo aquosa a 2% de aloxano,
na dose de 42 mg/kg de peso corporal (Aloxano
monohidratado, SIGMA-Aldrich Inc., St. Louis, MO,
EUA), numa das veias caudais dos animais. Apds um
jejum de 24 horas, cada rato foi contido e o aloxano
foi injetado rapidamente na veia da cauda. Trinta
minutos apds a injecao, os animais retomaram a
alimentacdao normal e receberam solucao de glicose
a 10% como Unica fonte de agua durante 24 horas.
No sexto dia ap6s a inducao, os niveis de glicemia em
jejum foram medidos. Foram incluidos no estudo os
ratos com niveis de glicose superiores a 190 mg/dL,
acompanhados de sinais clinicos de diabetes mellitus
(por exemplo, perda de peso, aumento da ingestao
de 4gua). Animais com niveis de glicose inferiores a
120 mg/dL ou com niveis intermédios (120-190 mg/
dL), independentemente dos sinais clinicos, foram
excluidos.

Avaliacdo da glicemia sérica

Os niveis de glicose no sangue foram avaliados no
sexto dia apds a inducdo do DM com aloxana e no
vigésimo segundo dia apds o inicio dos tratamentos
com &gua, extrato de Camellia sinensis ou extrato
de llex paraguariensis. Para a confirma¢ao do DM no
modelo de aloxana, a glicemia foi medida utilizando
um monitor de glicose no sangue (Glucotrend Blood
Glucose Monitor®).

Avaliagao clinica

Os animais foram colocados em gaiolas metabdlicas
individuais por um periodo de 24 horas para medir
a excrecao urinaria e a ingestao de dgua. Além disso,
para monitorizar a progressao clinica, os animais
foram pesados antes da inducdo do DM, no inicio e
no final do tratamento.

Protocolo de alimentacao hiperlipidica

Os animais foram distribuidos aleatoriamente em seis
grupos (n=6): (i) controlo, (ii) dieta hiperlipidica (DHL)
mais agua, (iii) dieta normocalérica mais extrato de
llex paraguariensis (90 mg/kg), (iv) DHL mais extrato de
Ilex paraguariensis (90 mg/kg), (v) dieta normocalérica
mais extrato de Camellia sinensis (45 mg/kg) e (vi)
DHL mais extrato de Camellia sinensis (45 mg/kg). A
DHL foi previamente padronizada por Estadella et
al. (2004) (39) e consistiu numa mistura de alimentos
hipercaléricos nas seguintes proporcbes: 15 g de
normocaléricaracdo racdo comercial para ratos



Raphaela Cassol Piccoli, Daniela Volcan Almeida, & Rejane Giacomelli Tavares

(5.95 kcal/g), 10 g of milk chocolate (5.4 kcal/g), and 5
g of Maizena biscuits (4.25 kcal/g). The normocaloric
diet (control) consisted of the Nuvilab® commercial rat
chow. The animals were fed the diet for a period of 30
days prior to the beginning of the gavage procedure
and continued receiving the same diet until the end
of the experiment.

Sample collection and biochemical assay

At the end of both experimental periods, all rats
were fasted for 12 hours and then euthanized by
decapitation. Blood was collected and centrifuged
at 800g for 15 minutes and the resulting serum was
stored at —80°C for further biochemical analysis.

Biochemical parameters

Measurements of serum glucose, triglycerides (TG),
total cholesterol (TC) and HDL cholesterol, were
performed using the automated Cobas Roche®
system, employing standardized enzymatic methods.
The LDL cholesterol levels were calculated using the
Friedewald formula: LDL =TC - (HDL + TG/5).

Molecular docking

Molecular docking simulations were performed
using AutoDock 4.2.6. The crystal structure of HMG-
CoA reductase (PDB ID: THWL) was obtained from the
Protein Data Bank (PDB). The structure was prepared
for docking by removing water molecules, adding
non-polar hydrogen atoms, correcting any erroneous
amino acids, and adjusting the charges as necessary.

For ATGL (Adipose Triglyceride Lipase), the predicted
protein structure was obtained from SWISS-MODEL
(https://swissmodel.expasy.org/) using the FASTA
sequence of ATGL (UniProt ID: Q96AD5) retrieved
from UniProt (https://www.uniprot.org). The structure
of ATGL was validated using the Ramachandran plot
and G-factors provided by the PROCHECK server
(https://saves.mbi.ucla.edu/), a suite of programs
used to assess the stereochemical quality of protein
structures.

The ligand structures were sourced from PubChem
(https://pubchem.ncbi.nim.nih.gov/) and converted
to PDB format using PyMOL version 3.0. The specific
ligands used were caffeic acid (PubChem CID 689043),
chlorogenic acid (PubChem CID 1794427), and rutin
(PubChem CID 5280805). Additionally, a redocking

(Nuvilab®) (3,78 kcal/g), 10 g de amendoim torrado
(5,95 kcal/g), 10 g de chocolate de leite (5,4 kcal/qg),
e 5 g de bolachas Maizena (4,25 kcal/g). A dieta
normocalérica (controlo) consistiu na racao comercial
para ratos Nuvilab®. Os animais foram alimentados
com a dieta durante um periodo de 30 dias antes do
inicio do procedimento de gavagem e continuaram a
receber a mesma dieta até ao final do experimento.

Recolha de amostras e andlise bioquimica

No final de ambos os periodos experimentais, todos
os ratos foram submetidos a um jejum de 12 horas
e posteriormente eutanasiados por decapitacdo. O
sangue foi recolhido e centrifugado a 800g durante
15 minutos, sendo o soro resultante armazenado a
—80°C para andlises bioquimicas futuras.

Parametros bioquimicos

As medicbes dos niveis séricos de glicose, triglicéridos
(TG), colesterol total (TC) e colesterol HDL foram
realizadas utilizando o sistema automatizado
Cobas Roche®, através de métodos enzimaticos
padronizados. A concentracao de colesterol LDL foi
determinada pela formula de Friedewald: LDL = TC -
(HDL + TG/5).

Acoplamento molecular

As simulacdes de acoplamento molecular foram
realizadas utilizando o AutoDock 4.2.6. A estrutura
cristalina da HMG-CoA redutase (PDB ID: THWL)
foi obtida a partir do Protein Data Bank (PDB).
A preparacdao da estrutura para o acoplamento
envolveu a remocao de moléculas de agua, a adicao
de atomos de hidrogénio nao polares, a correcao de
eventuais aminodacidos erréoneos e o ajuste das cargas
conforme necessario.

Para a ATGL (Adipose Triglyceride Lipase), a estrutura
proteica predita foi obtida através do SWISS-MODEL
(https://swissmodel.expasy.org/), utilizando a
sequéncia FASTA da ATGL (UniProt ID: Q96AD5)
recuperada do UniProt (https://www.uniprot.org). A
estrutura da ATGL foi validada por meio do gréfico
de Ramachandran e dos fatores G fornecidos pelo
servidor PROCHECK (https://saves.mbi.ucla.edu/),
um conjunto de programas utilizados para avaliar a
qualidade estereoquimica das estruturas proteicas.

As estruturas dos ligandos foram obtidas a partir
do PubChem (https://pubchem.ncbi.nlm.nih.gov/)
e convertidas para o formato PDB utilizando o
PyMOL versao 3.0. Os ligandos especificos utilizados
foram acido cafeico (PubChem CID 689043), acido
clorogénico (PubChem CID 1794427) e rutina
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procedure was performed using rosuvastatin
(PubChem CID 446157) as the ligand to validate the
docking protocol for HMG-CoA reductase.

Molecular docking was performed using the default
parameters of AutoDock 4.2.6 (150 individuals
in a population, a maximum of 2,500,000 energy
evaluations, and a maximum of 27,000 generations)
with the Lamarckian Genetic Algorithm as the search
method, conducted over 100 genetic algorithm (GA)
runs. The grid box for docking was defined with
the following parameters, for ATGL: dimensions of
54%x60x%58 A, grid center coordinates X = 0.026, Y
=0.72, Z = -3.81, and a grid spacing of 0.375 A; and
for HMG-CoA reductase: dimensions of 82x68x 76
A, grid center coordinates X = 18.589,Y = 4.419, Z =
12.363, and a grid spacing of 0.375 A.

After the docking simulations, the Binding Energies
and Inhibition Constants (Ki) of the selected
compounds were calculated for both HMG-CoA
reductase and ATGL enzymes. These parameters
provide insights into the strength of the interaction
between the ligands and the target enzymes, with
lower Binding Energy values indicating stronger
binding affinity, and lower Inhibition Constants
suggesting more potent inhibition of the enzyme’s
activity.

Statistical analyses

The findings are presented as mean + standard
error of the mean (SEM). Paired t-test was employed
to assess glicemic response. All other statistical
comparisons were performed using one-way
analyses of variance (one way-ANOVA) followed by
Tukey'’s test. P-values that were less than 0.05 (p<0.05)
were considered significant. GraphPad PRISM 8.0.2°
(GraphPad Software, San Diego, CA, USA) was used
for all analyses.

Results

In the present study, the effects of llex paraguariensis
and Camellia sinensis extracts were evaluated in
experimental models of diabetes and hyperlipidemia.
When we evaluated the DM animal model parameters,
both extracts exhibited significant hypoglycemic
activity compared to the diabetic control group
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(PubChem CID 5280805). Adicionalmente, foi
realizado um procedimento de redocking utilizando
a rosuvastatina (PubChem CID 446157) como ligando
dereferéncia para validar o protocolo de acoplamento
da HMG-CoA redutase.

O acoplamento molecular foi conduzido com os
parametros padrao do AutoDock 4.2.6 (populacao
de 150 individuos, maximo de 2.500.000 avaliacbes
energéticas e maximo de 27.000 geracdes),
empregando o Algoritmo Genético Lamarckiano
como método de busca, com um total de 100
execucdes do algoritmo genético (GA). A caixa
de grade para o acoplamento foi definida com os
seguintes parametros: para a ATGL: dimensbes de
54 x 60 x 58 A, coordenadas do centro da grade X =
0.026,Y =0.72, Z =-3.81, e espacamento da grade de
0375 A; e para a HMG-CoA redutase: dimensdes de
82 x 68 x 76 A, coordenadas do centro da grade X =
18.589,Y=4.419,Z=12.363, e espacamento da grade
de 0.375 A.

Ap6s as simulacées de acoplamento, foram
calculadas as Energias de Ligacao (Binding Energies)
e as Constantes de Inibicdo (Ki) dos compostos
selecionados para as enzimas HMG-CoA redutase e
ATGL. Estes parametros fornecem informagdes sobre
a forca da interacdo entre os ligandos e as enzimas-
alvo, sendo que valores mais baixos de Energia
de Ligacdo indicam maior afinidade de ligacao, e
Constantes de Inibicao mais baixas sugerem uma
inibicao mais potente da atividade enzimatica.

Andlises estatisticas

Os resultados sao apresentados como média *
erro padrao da média (SEM). O teste t pareado foi
utilizado para avaliar a resposta glicémica. Todas as
outras comparagdes estatisticas foram realizadas
através de andlises de variancia unidirecionais (one-
way ANOVA), seguidas pelo teste de Tukey. Valores
de P inferiores a 0,05 (p<0.05) foram considerados
estatisticamente significativos. Todas as analises
foram realizadas utilizando o software GraphPad
PRISM 8.0.2° (GraphPad Software, San Diego, CA,
EUA).

Resultados

No presente estudo, foram avaliados os efeitos dos
extratos de llex paraguariensis e Camellia sinensis em
modelos experimentais de diabetes e hiperlipidemia.
Ao avaliar os parametros do modelo animal de
DM, ambos os extratos demonstraram atividade
hipoglicemiante significativa em comparacao com
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Figure 1 - Effect of C. sinensis and I. paraguariensis aqueous extracts on blood glucose levels before and after
Type 2 Diabetes Mellitus- induction by aloxan Data are presented as mean + S.E.M. (n = 5-6). ¥, p<0.05 compared
to the Control group. One-way ANOVA followed by Tukey's post hoc test. PRE: Day 1 after alloxan injection;
POST: After 21 days of treatment with extracts after alloxan injection

Figura 1 - Efeito dos extratos aquosos de C. sinensis e l.paraguariensis nos niveis de glucose no sangue antes e
depois da inducao de Diabetes Mellitus Tipo 2 por aloxano. Os dados sdo apresentados como média = E.PM. (n
= 5-6). *, p<0,05 em comparacao com o grupo de Controlo. ANOVA unidirecional seguida pelo teste post hoc
de Tukey. PRE: Dia 1 ap6s a injecao de aloxano; POST: Ap6s 21 dias de tratamento com extractos' apés injecao
de aloxano
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Figure 2 - Effect of C. sinensis and I. paraguariensis aqueous extracts on serum levels of triglycerides (A),
total cholesterol (B), and HDL cholesterol (C) following experimental induction of Type 2 Diabetes Mellitus.
Data are presented as mean + S.E.M. (n = 5-6). a represents p<0.05, aa represents p<0.01 aaa represents
p<0.001 compared to the Control group, bbb represents p<0.001 compared to the Control, C. sinensis and |I.
paraguariensis groups, c represents p<0.05, ccc represents p<0.001 compared to the Diabetic control group.
One-way ANOVA followed by Tukey's post hoc test. ALO, alloxan; C.s., C. sinensis; HDL, high density lipoprotein;
l.p., I. paraguariensis.

Figura 2- Efeito dos extratos aquosos de C. sinensis e I. paraguariensis nos niveis séricos de triglicéridos (A),
colesterol total (B) e colesterol HDL (C) apds inducao experimental de Diabetes Mellitus Tipo 2. Os dados sao
apresentados como média = E.P.M. (n = 5-6). a representa p<0,05, aa representa p<0,01, aaa representa p<0,001
em comparagao com o grupo de Controlo, bbb representa p<0,001 em comparacao com os grupos de Controlo
de C. sinensis e I. paraguariensis, c representa p<0,05, ccc representa p<0,001 em comparagao com o grupo de
Controlo Diabético. ANOVA unidirecional seguida pelo teste post hoc de Tukey. ALO, aloxano; C.s., C. sinensis;
HDL, lipoproteina de alta densidade; I.p., . paraguariensis.
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Table 1 - Daily liquid consumption and 24-hour urinary excretion of diabetic rats.
Tabela 1 - Consumo diario de liquidos e excrecao urindria em 24 horas de ratos diabéticos.

Control / Controlo  Camellia sinensis  llex paraguariensis
Water intake / Consumo de agua (ml) 135+9 98 + 30* 65 £ 29**
Urinary excretion / Excrecdo urinaria (g) 77 £ 11 60 + 26* 32 + 23%*

Data expressed are mean + SEM (n=4). One-way ANOVA followed by Tukey’s test, *p<0,05; **p<0,01./ Os dados sdo expressos
como média + E.P.M. (n=4). ANOVA unidirecional seguida pelo teste de Tukey, *p< 0.05; **p<0.01.

(p<0.05) (Figure 1). The serum lipid profile of diabetic
animals is presented in Figure 2. Notably, the
induction of diabetes resulted in a significant increase
in triglyceride (TG) levels compared to the control
group and the non-diabetic groups treated with llex
paraguariensis or Camellia sinensis extracts (p<0.05,
p<0.001, and p<0.001, respectively). Both extracts
effectively reduced TG levels when compared to the
diabetic control group (p<0.001 for both) and even
relative to the normal control group (p<0.01 and
p<0.001, respectively) (Figure 2A). Regarding total
cholesterol (TC) levels, only the group treated with
llex paraguariensis showed a significant reduction
compared to the diabetic control group (p<0.05)
(Figure 2B). No significant differences in HDL-
cholesterol levels were observed among any of the
experimental groups (p>0.05) (Figure 2C). In addition,
clinical symptoms of DM were evaluated through
measurements of daily water intake and urine output.
Both Camellia sinensis and Illex paraguariensis extracts
significantly attenuated signs of polydipsia (p<0.05
and p<0.01, respectively) and polyuria (p<0.05 and
p<0.01, respectively), as presented in Table 1. No
significant changes in body weight were observed
among the groups throughout the experimental
period.

In the dyslipidemia model, the HFD administration
significantly increased serum glucose levels across all
HFD groups compared to the control group (Figure 3).
However, glucose levels remained within physiological
limits, thereby validating the effectiveness of the
dyslipidemia model. Notably, treatment with either
extract did not significantly affect serum glucose
levels in this model. Figure 4 presents the effects
of treatments on the serum lipid profile in the
dyslipidemia model. HFD exposure significantly
elevated triglyceride (TG) levels compared to the
control diet group, as well as to the groups treated

o grupo controlo diabético (p<0,05) (Figura 1). O
perfil lipidico sérico dos animais diabéticos encontra-
se apresentado na Figura 2. A inducdo da diabetes
resultou num aumento significativo nos niveis de
triglicéridos (TG) em comparacdo com o grupo
controlo e com os grupos nao diabéticos tratados
com os extratos de llex paraguariensis ou Camellia
sinensis (p<0,05, p<0,001 e p<0,001, respetivamente).
Ambos os extratos reduziram de forma eficaz os
niveis de TG em comparacao com o grupo controlo
diabético (p<0,001 para ambos) e mesmo em
relacao ao grupo controlo normal (p<0,01 e p<0,001,
respetivamente) (Figura 2A). Relativamente aos niveis
de colesterol total (CT), apenas o grupo tratado
com llex paraguariensis apresentou uma redugao
significativa em comparag¢do com o grupo controlo
diabético (p<0,05) (Figura 2B). Nao se observaram
diferencas significativas nos niveis de colesterol
HDL entre os grupos experimentais (p>0,05) (Figura
2C). Adicionalmente, os sintomas clinicos da DM
foram avaliados através da medicdo da ingestao
didria de agua e da excrecao urinaria. Os extratos
de Camellia sinensis e llex paraguariensis atenuaram
significativamente os sinais de polidipsia (p<0,05 e
p<0,01, respetivamente) e polidria (p<0,05 e p<0,01,
respetivamente), conforme apresentado na Tabela
1. Ndo foram observadas alteracées significativas no
peso corporal entre os grupos ao longo do periodo
experimental.

No modelo de dislipidemia, a administracao
de uma dieta rica em gordura (HFD) aumentou
significativamente os niveis séricos de glicose em
todos os grupos com HFD, em comparacdao com
o grupo controlo (Figura 3). Contudo, os niveis de
glicose mantiveram-se dentro dos limites fisioldgicos,
validando a eficdcia do modelo de dislipidemia.
Importa referir que o tratamento com qualquer um
dos extratos nao provocou alteracdes significativas
nos niveis séricos de glicose neste modelo. A
Figura 4 apresenta os efeitos dos tratamentos no
perfil lipidico sérico no modelo de dislipidemia.
A exposicdo a HFD aumentou significativamente
os niveis de TG em comparacdo com O grupo com
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with Camellia sinensis or llex paraguariensis extracts
under the control diet (p<0.05, p<0.05, and p<0.001,
respectively). Conversely, the Camellia sinensis and
Ilex paraguatriensis control groups, along with the llex
paraguariensis control diet-treated group, showed
significantly lower TG levels compared to the control
diet group (p<0.05, p<0.01, and p<0.01, respectively).
Additionally, both extract-treated HFD groups
showed significantly reduced TG levels compared to
the HFD control group (p<0.001 for both) (Figure 4A).

Similarly, total cholesterol (TC) levels were
significantly increased in the HFD group when
compared to the control diet group (p<0.05) and to
both extract-treated control diet groups (p<0.05 for
both). However, administration of Camellia sinensis
and llex paraguariensis extracts under HFD conditions
led to significantly lower TC levels compared to the
HFD control group (p<0.05 and p<0.001, respectively)
and also relative to the control diet group (p<0.05 for
both) (Figure 4B). LDL-cholesterol analysis showed
that HFD significantly increased LDL levels compared
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dieta controlo, assim como em relacdo aos grupos
tratados com os extratos de Camellia sinensis ou llex
paraguariensis sob dieta controlo (p<0,05, p<0,05 e
p<0,001, respetivamente). Por outro lado, os grupos
de controlo tratados com Camellia sinensis e llex
paraguariensis, juntamente com o grupo tratado com
llex paraguariensis sob dieta controlo, apresentaram
niveis de TG significativamente inferiores em
comparacao com o grupo de dieta controlo (p<0,05,
p<0,01 e p<0,01, respetivamente). Além disso, ambos
0s grupos tratados com extratos sob HFD mostraram
uma reducao significativa nos niveis de TG em
comparacao com o grupo HFD controlo (p<0,001
para ambos) (Figura 4A).

De forma semelhante, os niveis de colesterol total
(CT) aumentaram significativamente no grupo HFD
em comparacao com o grupo de dieta controlo
(p<0,05) e com ambos os grupos tratados com
extratos sob dieta controlo (p<0,05 para ambos). No
entanto, a administracdo dos extratos de Camellia
sinensis e llex paraguariensis sob condicdes de HFD
levou a uma reducgao significativa dos niveis de CT
em comparacdo com o grupo HFD controlo (p<0,05
e p<0,001, respetivamente), e também relativamente
ao grupo de dieta controlo (p<0,05 para ambos)
(Figura 4B). A analise do colesterol LDL revelou que
a HFD aumentou significativamente os niveis de LDL
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Figure 3 - Effect of C. sinensis and I. paraguariensis aqueous extracts on serum levels of glucose following
experimental induction of Dyslipidemia. Data are presented as mean + S.E.M. (n = 5-6). a represents p<0.05, aa
represents p<0.01 compared to the Control group, b represents p<0.05, and bb represents p<0.01 compared to
the Control C. sinensis group. One-way ANOVA followed by Tukey's post hoc test. HFD, high fat diet

Figura 3 - Efeito dos extractos aquosos de C. sinensis e I. paraguariensis nos niveis séricos de glicose apds
inducao experimental de dislipidemia. Os dados sdo apresentados como média + E.P.M. (n = 5-6). a representa
p<0,05, aa representa p<0,01 em comparagao com o grupo de Controlo, b representa p<0,05, e bb representa
p<0,01 em comparacao com o grupo de Controlo de C. sinensis. ANOVA unidirecional sequida pelo teste post

hoc de Tukey. DHL, dieta hiperlipidica



to the control diet and both extract-treated control
diet groups (p<0.01 for all). Furthermore, the Camellia
sinensis HFD group also displayed elevated LDL
levels compared to the control diet and both extract-
treated control groups (p<0.05 for all). In contrast, the
llex paraguariensis HFD group exhibited significantly
lower LDL levels compared to both the HFD control
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em comparagao com a dieta controlo e com ambos
0s grupos tratados com extratos sob dieta controlo
(p<0,01 para todos). Além disso, o grupo HFD com
Camellia sinensis também apresentou niveis elevados
de LDL em compara¢dao com a dieta controlo e com
ambos os grupos tratados com extratos sob dieta
controlo (p<0,05 para todos). Em contraste, o grupo
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Figure 4 - Effect of C. sinensis and I. paraguariensis aqueous extracts on serum levels of triglycerides (A), total
cholesterol (B), LDL cholesterol (C) and HDL cholesterol (D) following experimental induction of Dyslipidemia.
Data are presented as mean = S.E.M. (n = 5-6). a represents p<0.05 and aa represents p<0.01 compared to
the Control group, b represents p<0.05, bb represents p<0.01, and bbb represents p<0.001, compared to
the Control C. sinensis and I. paraguariensis groups, c represents p<0.05, ccc represents p<0.001 compared to
the Dyslipidemic control group dd represents p<0.01 compared to the HFD I. paraguariensis group. One-way
ANOVA followed by Tukey's post hoc test. C.s., C. sinensis; HDL, high density lipoprotein; HFD, high fat diet; /.p.
/. paraguariensis

Figura 4 - Efeito dos extratos aquosos de C. sinensis e . paraguariensis nos niveis séricos de triglicéridos (A),
colesterol total (B), colesterol LDL (C) e colesterol HDL (D) ap6s inducao experimental de dislipidemia. Os dados
sdao apresentados como média + E.PM. (n = 5-6). a representa p<0,05 e aa representa p<0,01 em comparagao
comogrupo de Controlo, brepresentap<0,05, bb representa p<0,01,e bbb representa p<0,001,em comparacao
com os grupos de Controlo de C. sinensis e I. paraguariensis, c representa p<0,05, ccc representa p<0,001 em
comparagao com o grupo de Controlo Dislipidémico, dd representa p<0,01 em comparagdao com o grupo DHL
I. paraguariensis. ANOVA unidirecional sequida pelo teste post hoc de Tukey. C.s., C. sinensis; HDL, lipoproteina
de alta densidade; DHL, dieta hiperlipidica; I.p., I. paraguariensis
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group (p<0.001) and the Camellia sinensis HFD group
(p<0.01) (Figure 4C). No significant differences in
HDL-cholesterol levels were observed among the
experimental groups (p>0.05) (Figure 4D).

The ATGL structure was modeled using SWISS-MODEL
in an automated mode. The selected template was
Q96AD5, which corresponds to the human ATGL
protein. The model showed high stereochemical
quality, with a MolProbity score of 1.27, a clash score
of 0.13, and 89.64% of residues in favored regions
of the Ramachandran plot. The GMQE value of the
model was 0.72, indicating good expected quality for
the predicted structure.

The molecular docking simulations revealed distinct
interactions of the ligands caffeic acid, chlorogenic
acid, and rutin with the enzymes ATGL and HMG-CoA
reductase (Table 2). Chlorogenic acid demonstrated
the highest binding affinity with both enzymes, as
indicated by the lowest binding energies, -13.65
kcal/mol for ATGL and -9.14 kcal/mol for HMG-
CoA reductase, along with the lowest inhibition
constants (98.50 pM and 198.27 nM, respectively).
These results suggest a greater inhibitory potential of
chlorogenic acid compared to the other ligands. As
a positive control, we also performed the redocking
of rosuvastatin, the co-crystallized ligand of HMG-
CoA reductase, which yielded a binding energy of
—9.98 kcal/mol—a lower value than that observed
for chlorogenic acid. This result validates the docking
protocol employed and reinforces that, although
chlorogenic acid exhibits considerable affinity,
rosuvastatin remains more potent in inhibiting HMG-
CoA reductase. In contrast, rutin exhibited the lowest
binding affinity for ATGL, with a binding energy
of - 4.64 kcal/mol and a high inhibition constant
of 399.49 uM, indicating a less effective inhibitory
potential. These findings highlight the variability in
the inhibitory efficacy of the tested compounds, with
chlorogenic acid emerging as the most promising
inhibitor for both enzymes, particularly for ATGL. The
detailed analysis of amino acid interactions reveals
that for ATGL, caffeic acid interacts with key residues
such as PHE69, PHE17, LEU90, GLY16, SER47, ALA48,
and ASP166. These interactions include conventional
hydrogen bonds and hydrophobic (pi-stacking)
interactions, particularly involving PHE69, PHE17,
and LEU90, which contribute significantly to the
ligands binding stability. Chlorogenic acid, on the
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HFD com llex paraguariensis apresentou niveis de
LDL significativamente inferiores em comparacao
com o grupo HFD controlo (p<0,001) e com o grupo
HFD com Camellia sinensis (p<0,01) (Figura 4C). Nao
se observaram diferencas significativas nos niveis
de colesterol HDL entre os grupos experimentais
(p>0,05) (Figura 4D).

A estrutura da ATGL foi modelada utilizando o SWISS-
MODEL em modo automatico. O modelo selecionado
foi 0 Q96ADS5, que corresponde a proteina humana
ATGL. O modelo apresentou elevada qualidade
estereoquimica, com um valor MolProbity de 1,27, um
clash score de 0,13 e 89,64% dos residuos localizados
em regides favorecidas do grafico de Ramachandran.
O valor GMQE do modelo foi de 0,72, indicando uma
boa qualidade esperada para a estrutura prevista.

As simulacbes de docking molecular revelaram
interacbes distintas dos ligandos acido cafeico,
acido clorogénico e rutina com as enzimas ATGL e
redutase da HMG-CoA (Tabela 2). O acido clorogénico
demonstrou a maior afinidade de ligacdo com ambas
as enzimas, evidenciada pelos menores valores de
energia de ligacao:-13,65 kcal/mol paraa ATGL e -9,14
kcal/mol para a redutase da HMG-CoA, juntamente
com 0s menores valores de constante de inibicao
(98,50 pM e 198,27 nM, respetivamente). Estes
resultados sugerem um maior potencial inibitério
do acido clorogénico em comparagao com os outros
ligandos. Como controle positivo, realizamos também
o redocking da rosuvastatina, ligante co-cristalizado
com a redutase da HMG-CoA, que apresentou
uma energia de ligacao de —9,98 kcal/mol, valor
inferior ao observado para o acido clorogénico. Esse
resultado valida o protocolo de docking empregado
e reforca que, embora o acido clorogénico demonstre
afinidade consideravel, a rosuvastatina continua
sendo mais potente na inibicao da redutase da HMG-
CoA. Por outro lado, a rutina apresentou a menor
afinidade de ligacdo a ATGL, com uma energia de
ligacao de -4,64 kcal/mol e uma elevada constante
de inibicdo de 399,49 uM, indicando um potencial
inibitério menos eficaz. Estes achados destacam a
variabilidade na eficacia inibitéria dos compostos
testados, sendo o acido clorogénico o inibidor mais
promissor para ambas as enzimas, particularmente
para a ATGL. A analise detalhada das interacbes com
residuos de aminoacidos revelou que, para a ATGL,
0 acido cafeico interage com residuos-chave como
PHE69, PHE17, LEU90, GLY16, SER47, ALA48 e ASP166.
Estas interagbes incluem ligacdes de hidrogénio
convencionais e interacdes hidrofdbicas (pi-stacking),
particularmente envolvendo os residuos PHE69,
PHE17 e LEU90, que contribuem significativamente
para a estabilidade da ligacao do ligando. O acido
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Table 2 - Binding Energies and Inhibition Constants of Selected Compounds for HMG-CoA and Adipose
Triglyceride Lipase (ATGL) Enzymes.

Tabela 2 - Energias de ligacdo e constantes de inibicdo de compostos selecionados para as enzimas HMG-
CoA redutase e ATGL.

HMG-CoA ATG Lipase HMG-CoA ATG Lipase
Binding Energy / Binding Energy / Inhibition Inhibition
Energia de Ligacdo Energia de Ligacdo Constant/ Constant/
(kcal/mol) (kcal/mol) Constante de Constante de
Inibicao, Ki Inibicao, Ki
Caffeic acid / Acido cafeico
CID 639043 -7.28 -8.37 4,62 uM 735.09 nM
B
0
H
Chlorogenic acid /
Acido clorogénico -9.14 -13.65 198.27 nM 98.50 pM
CID 1794427
o
H
H-O o
0
H H
6~ -« H
0° o]
i
o
0- H
:
Rutin / Rutina -7.16 -4.64 561 uM 399.49 uM

CID 5280805

HMG-CoA= 3-hydroxy-3-methyl-glutaryl-CoA redutase (PDB THWL); ATG Lipase = adipose triglyceride lipase.
Compound structures taken from https://pubchem.ncbi.nlm.nih.gov /

HMG-CoA = 3-hidroxi-3-metil-glutaril-CoA redutase (PDB THWL); Lipase ATG = lipase de triglicéridos do tecido adiposo.
Estruturas compostas retiradas de https://pubchem.ncbi.nlm.nih.gov
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other hand, shows strong interactions with LEU90
and GLY16 through hydrogen bonds, with additional
hydrophobic interactions involving PHE69, PHE97,
and other residues like ILE94, ALA65, and LEU5T,
enhancing its overall binding affinity. Rutin interacts
with a similar set of residues, including LEU90, GLY16,
ALA48, PHE69, LEU51, ASN142, SER47, and PHE97,
forming multiple hydrogen bonds and hydrophobic
interactions that contribute to the stability of the
complex, albeit with a slightly different interaction
profile compared to chlorogenic acid (Figure 5).

For HMG-CoA reductase, caffeic acid primarily
interacts with residues such as ASP767, THR558,
ILE536, ILE762, ALA768, and GLN814. The interactions
are predominantly characterized by hydrogen bonds
with ASP767 and THR558, alongside hydrophobic
interactions involving ILE536 and ILE762, which
stabilize the ligand within the enzyme’s binding
pocket. Chlorogenic acid exhibits a robust interaction
profile with ASP767, MET655, LYS735, ALA751,
ARG590, ASN755, and GLU559, featuring several
hydrogen bonds and hydrophobic interactions,
particularly with ASP767, MET655, and GLUS559,
providing high stability to the enzyme-ligand
complex. Rutin, interacting with residues such as
LEU853, GLU559, ALA751, HIS752, SER661, ARG590,
and GLY560, binds through extensive hydrogen
bonds and hydrophobic interactions. However, the
interaction with residues like LEU853, GLU559, and
HIS752 suggests a relatively less stable interaction
compared to the other ligands (Figure 6).

Discussion

In this study, we evaluated the pharmacological and
protective effects of aqueous extracts of Camellia
sinensis and llex paraguariensis on alloxan-induced
diabetes and HFD-induced dyslipidemia in rats. Our
findings indicate that administration of both extracts
led to significant modulation in serum glucose
levels, in addition to improvements in parameters
such as polyuria and polydipsia in the DM model,
which are characteristic of the disease. Moreover,
it was possible to observe a modulation of lipid
metabolism in both chronic conditions, as evidenced
by reductions in triacylglycerol, LDL, and total
cholesterol levels. Furthermore, molecular docking
analysis in silico suggested that major compounds in
llex paraguariensis extract directly interact with lipid-
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clorogénico, por sua vez, apresenta fortes interacdes
com LEU90 e GLY16 através de ligagcdes de hidrogénio,
além de interacdes hidrofébicas envolvendo PHE69,
PHE97 e outros residuos como ILE94, ALA65 e
LEU51, o que reforca a sua afinidade de ligacao. A
rutina interage com um conjunto semelhante de
residuos, incluindo LEU90, GLY16, ALA48, PHEG69,
LEU51, ASN142, SER47 e PHE97, formando multiplas
ligacdes de hidrogénio e interacdes hidrofébicas que
contribuem para a estabilidade do complexo, embora
com um perfil de interacao ligeiramente diferente em
relacdao ao acido clorogénico (Figura 5).

No que respeita a redutase da HMG-CoA, o acido
cafeico interage principalmente com residuos como
ASP767,THR558, ILE536, ILE762, ALA768 e GLN814. As
interacdes sdo predominantemente constituidas por
ligacdes de hidrogénio com ASP767 e THR558, além
de interacdes hidrofébicas com ILE536 e ILE762, que
estabilizam o ligando no sitio de ligacao da enzima. O
acidoclorogénico exibe um perfildeinteracaorobusto
com os residuos ASP767, MET655, LYS735, ALA751,
ARG590, ASN755 e GLU559, apresentando vdrias
ligacdes de hidrogénio e interacdes hidrofébicas,
particularmente com ASP767, MET655 e GLU559,
conferindo elevada estabilidade ao complexo
enzima-ligando. A rutina, que interage com residuos
como LEU853, GLU559, ALA751, HIS752, SER661,
ARG590 e GLY560, liga-se através de extensas ligagoes
de hidrogénio e interacdes hidrofébicas. No entanto,
a interacdo com residuos como LEU853, GLU559 e
HIS752 sugere uma interacao relativamente menos
estdvel em comparacdo com os outros ligandos
(Figura 6).

Discussao

Neste estudo, avalidmos os efeitos farmacolégicos
e protetores dos extratos aquosos de Camellia
sinensis e llex paraguariensis em modelos de diabetes
induzida por aloxano e dislipidemia induzida por
dieta rica em gorduras (HFD) em ratos. Os nossos
resultados indicam que a administracdo de ambos os
extratos conduziram a uma modulacao significativa
dos niveis séricos de glicose, além de melhorias
em parametros como a polidria e a polidipsia no
modelo de diabetes, caracteristicas tipicas da doenca.
Além disso, foi possivel observar uma modulacao
do metabolismo lipidico em ambas as condicbes
crénicas, evidenciada por reducdes nos niveis de
triacilglicerois, LDL e colesterol total. Adicionalmente,
a analise de docking molecular in silico sugeriu que os
principais compostos do extrato de llex paraguariensis
interagem diretamente com enzimas envolvidas
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Figure 5 - Molecular docking analysis of the interaction between ATGL (Adipose Triglyceride Lipase) and
bioactive compounds. A. Three-dimensional representations of the interactions between ATGL and caffeic
acid, chlorogenic acid, and rutin, highlighting conventional hydrogen bonds (green lines), i-i interactions
(purple lines), and interactions with hydrogen and carbon atoms. B. Detailed interaction diagrams of each
complex, illustrating the ATGL protein residues involved in the interactions with the compounds.

Figura 5 - Analise de docking molecular entre a proteina ATGL (Adipose Triglyceride Lipase) e compostos
bioativos. A. Representa¢des tridimensionais das interacdes entre ATGL e acido cafeico, acido clorogénico
e rutina, destacando as ligacdes de hidrogénio convencionais (linhas verdes), interagdes m-m (linhas roxas) e
interacdes com atomos de hidrogénio e carbono. B. Diagramas das interacdes detalhadas de cada complexo,
com os residuos da proteina ATGL envolvidos nas interacdes com os compostos.
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Figure 6 - Molecular docking analysis of HMG-CoA and bioactive compounds. A. Three-dimensional
representations of the interactions between HMG-CoA and caffeic acid, chlorogenic acid, and rutin,
highlighting conventional hydrogen bonds (green lines), -1 interactions (purple lines), and interactions with
hydrogen and carbon atoms. B. Detailed interaction diagrams of each complex, showcasing the HMG-CoA
protein residues involved in the interactions with the compounds.

Figura 6 - Anadlise de docking molecular entre HMG-CoA e compostos bioativos. A. Representacdes
tridimensionais das interacdes entre HMG-CoA e acido cafeico, acido clorogénico e rutina, destacando as
ligacdes de hidrogénio convencionais (linhas verdes), interacdes m-m (linhas roxas) e interacdes com dtomos de
hidrogénio e carbono. B. Diagramas detalhados das interagcdes de cada complexo, evidenciando os residuos
da proteina HMG-CoA envolvidos nas interagdes com os compostos.
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metabolism enzymes, including HMG-CoA reductase
and ATGL, positioning this extract as a potential
therapeutic adjuvant for dyslipidemic metabolic
disorders.

Effects on glucose metabolism

Glucose disturbances are often associated with
lipid metabolism perturbations. In this study,
the administration of Camellia sinensis and
llex paraguariensis aqueous extracts showed
hypoglycemic effects in both diabetes and
dyslipidemia models, with emphasis on the effects
in the diabetes model. According to the literature,
green tea (Camellia sinensis) contains over 500
chemical compounds, including polyphenols,
alkaloids, flavonoids, polysaccharides, vitamins,
and other bioactive substances. These compounds
have demonstrated a range of medicinal benefits
attributed to their biological activities (40). However,
some studies in the literature present inconsistent
findings regarding the specific effects of Camellia
sinensis on glucose and lipid metabolism. In this
context, epidemiological studies have demonstrated
the potential of Camellia sinensis to reduce the risk
of diabetes by up to 45% in a Chinese population
(41), and it is positively associated with oral glucose
tolerance test (OGTT), demonstrating a time-
dependent action, along with being negatively
related to insulin secretion (42).

In addition to epidemiological findings, evidence
from both in vitro and animal models suggests
multiple mechanisms through which green tea
exerts its effects on glucose metabolism. In this
sense, preclinical experiments have previously
reported that Camellia sinensis exhibits hypoglycemic
effects (43,44), consistent with the observations in
the present study. Gawli (2024) (44) demonstrated
that different fractions of green tea exert significant
inhibitory effects on a-amylase, a-glucosidase,
GLUT-4 expression, and glucose uptake in 3T3-L1
adipocytes. Additionally, isolated EGCG has been
shown to strongly inhibit digestive enzyme activity
by binding to a-glucosidase through hydrogen
bonding and hydrophobic interactions (45).

Polyphenols from Camellia sinensis have also
been shown to influence key pathways directly
involved in glucose metabolism. These include
the suppression of insulin receptor substrate-1
(IRS-1) phosphorylation (46), and activation of the
5’-adenosine  monophosphate-activated protein
kinase (AMPK) pathway (43). Besides the polyphenolic
effects, Wang et al. (2025) (47) demonstrated that
isolated water-soluble green tea polysaccharide
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no metabolismo lipidico, incluindo a HMG-CoA
redutase e a ATGL, posicionando este extrato como
um potencial adjuvante terapéutico para disturbios
metabdlicos dislipidémicos.

Efeitos sobre o metabolismo da glicose

As alteracdes na glicose estao frequentemente
associadas a perturbacdes no metabolismo
lipidico. Neste estudo, a administracdo dos extratos
aquosos de Camellia sinensis e llex paraguariensis
demonstraram efeitos hipoglicemiantes tanto nos
modelos de diabetes como de dislipidemia, com
maior destaque para o modelo de diabetes. Segundo a
literatura, o cha verde (Camellia sinensis) contém mais
de 500 compostos quimicos, incluindo polifendis,
alcaloides, flavonoides, polissacarideos, vitaminas
e outras substancias bioativas. Estes compostos
demonstraram uma variedade de beneficios
medicinais atribuidos as suas atividades bioldgicas
(40). No entanto, alguns estudos relatam resultados
inconsistentes relativamente aos efeitos especificos
da Camellia sinensis sobre o metabolismo da glicose e
dos lipidos. Neste contexto, estudos epidemiolégicos
demonstraram o potencial da Camellia sinensis para
reduzir o risco de diabetes até 45% numa populacao
chinesa (41), estando positivamente associada ao
teste de tolerancia oral a glicose (OGTT), com uma
acdo dependente do tempo, e negativamente
associada a secrecdo de insulina (42).

Além dos achados epidemiolégicos, evidéncias de
estudos in vitro e em modelos animais sugerem
multiplos mecanismos pelos quais o cha verde
exerce os seus efeitos sobre o metabolismo da
glicose. Nesse sentido, experiéncias pré-clinicas ja
demonstraram que a Camellia sinensis apresenta
efeitos hipoglicemiantes (43,44), consistentes com
as observacbes do presente estudo. Gawli (2024)
(44) demonstrou que diferentes fracbes do cha
verde exercem efeitos inibitorios significativos
sobre a a-amilase, a-glicosidase, expressao de
GLUT-4 e captacdo de glicose em adipdcitos 3T3-
L1. Paralelamente, o EGCG isolado demonstrou
inibir fortemente a atividade de enzimas digestivas,
ligando-se a a-glicosidase através de ligacdes de
hidrogénio e interagdes hidrofébicas (45).

Adicionalmente, os polifendis da Camellia sinensis
demonstraram influenciar vias-chave envolvidas
diretamente no metabolismo da glicose, como a
supressao da fosforilacdo do IRS-1 (46) e a ativacao
da via da proteina quinase ativada por monofosfato
de adenosina (AMPK) (43). Para além dos efeitos
polifendlicos, Wang et al. (2025) (47) demonstraram
que a fracao de polissacarideos solluveis em agua do



Raphaela Cassol Piccoli, Daniela Volcan Almeida, & Rejane Giacomelli Tavares

7WA exerted modulatory effects on cyclic adenosine
monophosphate-Akt (cCAMP-Akt) in the Hep-G2 cell
line, suggested to be one of the mechanisms involved
in the hypoglycemic effects observed.

Regarding the hypoglycemic effects of Ilex
paraguariensis,  previous clinical trials have
demonstrated that infusions of yerba mate leaves
decrease fasting glucose and glycated hemoglobin
A(1c) (HbAk) in diabetic patients (48,49) and HbA1c
levelsin prediabetic patients (49).In the present study,
on the other hand, the HFD used to experimentally
induce dyslipidemia significantly increased blood
glucose levels in all induced groups, similar to the

findings reported by Pinton et al. (2024) (50).

Effects on lipid metabolism

Concerning the lipid profile modulatory effects,
Camellia sinensis aqueous extract has been previously
investigated in human studies (51). In this context,
although some trials did not report significant
changes in lipid metabolism, others align with the
findings of the present study, demonstrating positive
modulatory effects of green tea consumption.
The literature suggests that these effects may be
attributed to EGCG's ability to inhibit cholesterol
biosynthesis by downregulating lipid metabolism
enzyme activity and expression and interfering
with lipid absorption (52). Additionally, green tea
supplementation has been associated with increased
fecal cholesterol excretion (19).

Similar to green tea, yerba mate has been investigated
for its potential hypolipidemic effects, and human
trials have already suggested a positive modulation
of lipid metabolism in regard of llex paraguariensis
consumption in some reports (48). In contrast, others
observed no significant effects on this parameter
(53,54). Fujii et al. (2014) (55) observed a significant
reduction in blood cholesterol of Wistar rats that
were administered with HFD for 12 weeks and
treated with yerba mate aqueous extract (1 g/kg/day)
for 4 weeks. Complementary, Kudo et al. (2024) (56)
observed a significant intracellular lipid accumulation
suppression in 3T3-L1 adipocytes treated with yerba
mate, while also observing a significant activation
in AMPK, which in turn, is directly involved in
phosphorylation and inhibition of AMPK-dependent
pathways related to lipid metabolism, as for the
observed improvement of lipid metabolism of HFD-
fed rats.
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cha verde (7WA) exerce efeitos moduladores sobre a
via CAMP-Akt na linha celular Hep-G2, sendo sugerida
como um dos mecanismos envolvidos nos efeitos
hipoglicemiantes observados.

Quanto aos efeitos hipoglicemiantes do llex
paraguariensis, ensaios clinicos ja demonstraram que
a infusdao das folhas de erva-mate reduz a glicemia
em jejum e a hemoglobina glicada Alc (HbA1c) em
individuos diabéticos (48,49), bem como os niveis
de HbA1c em individuos pré-diabéticos (49). No
presente estudo, por outro lado, a HFD utilizada para
induzir experimentalmente a dislipidemia aumentou
significativamente os niveis de glicose no sangue em
todos os grupos induzidos, de forma semelhante aos
achados reportados por Pinton et al. (2024) (50).

Efeitos sobre o metabolismo lipidico

Relativamente a modulacdo do perfil lipidico, o
extrato aquoso de Camellia sinensis j& foi previamente
investigado em estudos com humanos (51). Embora
alguns ensaios nao tenham reportado alteracoes
significativas, outros alinham-se com os achados
deste estudo, demonstrando efeitos moduladores
positivos do consumo de chd verde. A literatura sugere
que estes efeitos podem ser atribuidos a capacidade
do EGCG em inibir a biossintese de colesterol, através
da reducdo da atividade e expressao de enzimas do
metabolismo lipidico e da interferéncia na absorcao
de lipidos (52). Adicionalmente, a suplementacao
com cha verde foi associada ao aumento da excrecao
fecal de colesterol (19).

Tal como o chd verde, a erva-mate tem sido
investigada pelo seu potencial efeito hipolipidémico,
e ensaios clinicos ja sugeriram uma modulacao
positiva do metabolismo lipidico com o consumo
de llex paraguariensis em alguns relatérios (48),
embora outros ndao tenham observado efeitos
significativos neste parametro (53,54). Fujii et al.
(2014) (55) observaram uma reducao significativa
do colesterol sanguineo em ratos Wistar submetidos
a HFD durante 12 semanas e tratados com extrato
aquoso de erva-mate (1 g/kg/dia) durante 4
semanas. Complementarmente, Kudo et al. (2024)
(56) observaram uma supressao significativa da
acumulacao lipidica intracelular em adipdcitos
3T3-L1 tratados com erva-mate, bem como uma
ativacao significativa da AMPK, que por sua vez esta
diretamente envolvida na fosforilacdo e inibicao
de vias AMPK-dependentes relacionadas com o
metabolismo lipidico, o que explica a melhoria
observada do metabolismo lipidico em ratos
alimentados com HFD.



Molecular docking and mechanistic insights

The enzyme HMGR is crucial in regulating lipid
metabolism. It catalyzes the conversion of HMG-
CoA to mevalonate, a key step in hepatic cholesterol
biosynthesis, making it a primary target for statins,
which inhibit its activity (25). Similarly, ATGL is
implicated in dyslipidemias due to its role in
lipolysis within white and brown adipose tissues,
releasing free fatty acids into the bloodstream (32).
In this sense, to evaluate the potential effects of the
bioactive compounds present in yerba mate extract
on enzymes involved in lipid metabolism, we selected
three major compounds - caffeic acid, chlorogenic
acid and rutin- based on their characterization (16) to
conduct anin silico analysis in order to investigate the
potential binding activity of each compound on the
enzymes activities.

According to the literature, key residues involved in
critical HMGR activity interactions include Arg590,
Ser684, Asp690, Lys691, Lys692, Lys735, Asp755,
Glu559, and Asp767 (52). All analyzed compounds
exhibited strong affinity for the HMGR catalytic site,
forming interaction networks with these residues or
nearby ones. The molecular docking analyses in this
study were focused specifically on the catalytic site,
as this region plays a central role in substrate binding
and enzymatic activity. The binding energy affinity
of HMGR with chlorogenic acid has been reported
to range from -3.4 kcal/mol to -5.7 kcal/mol, while
caffeic acid showed binding energies between -6.7
kcal/moland-6.9 kcal/mol (31,58). Additionally, rutin’s
binding energy was previously noted as -6.5 kcal/mol
(31). In this regard, it was possible to observe that
the analyses conducted yielded results even more
significant than those reported in the literature, with
binding energies of -9.14 kcal/mol, -7.28 kcal/mol,
and -7.16 kcal/mol for chlorogenic acid, caffeic acid,
and rutin, respectively.

Although the specific amino acid residues or
binding sites of ATGL remain undefined (59), and
the pathways of its inhibition and activation are still
poorly understood (60), mutagenesis studies have
highlighted the critical role of the proposed catalytic
dyad residues, Ser47 and Asp166 (61). These residues
demonstrated interactions with the compounds or
nearby residues. Furthermore, it is worth highlighting
that the observed results indicated a significant
inhibitory activity of the three analyzed compounds
against the ATGL enzyme. The inhibition energy
observed was -8.37 kcal/mol, -13.65 kcal/mol, and
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Molecular docking e perspetivas mecanisticas

A enzima HMGR é crucial na regulacdo do
metabolismo lipidico. Catalisa a conversao de HMG-
CoA em mevalonato, um passo fundamental na
biossintese hepatica do colesterol, sendo, por isso,
um alvo principal das estatinas, que inibem a sua
atividade (25). De forma semelhante, a ATGL esta
implicada em dislipidemias devido ao seu papel na
lipdlise nos tecidos adiposos branco e castanho,
promovendo a libertacao de acidos gordos livres
para a corrente sanguinea (32). Neste sentido,
para avaliar os potenciais efeitos dos compostos
bioativos presentes no extrato de erva-mate sobre
enzimas envolvidas no metabolismo lipidico, foram
selecionados trés compostos principais — acido
cafeico, acido clorogénico e rutina — com base na
sua caracterizacao prévia (16), para a realizacao de
uma andlise in silico com o objetivo de investigar a
potencial afinidade de ligacdo de cada composto as
atividades enzimaticas em estudo.

Segundo a literatura, residuos chave envolvidos na
atividade critica da HMGR incluem Arg590, Ser684,
Asp690, Lys691, Lys692, Lys735, Asp755, Glu559
e Asp767 (52). Todos os compostos analisados
apresentaram forte afinidade pelo sitio catalitico
da HMGR, formando redes de interacdao com estes
residuos ou com residuos adjacentes. As andlises
de acoplamento molecular realizadas neste estudo
centraram-se especificamente no sitio catalitico,
uma vez que esta regidao desempenha um papel
fundamental na ligacdo ao substrato e na actividade
enzimatica. A energia de ligacao da HMGR com o
acido clorogénico foi previamente reportada entre
-3.4 kcal/mol e -5.7 kcal/mol, enquanto o acido
cafeico apresentou valores entre -6.7 kcal/mol e -6.9
kcal/mol (31,58). A energia de ligacao da rutina foi
anteriormente reportada como -6.5 kcal/mol (31).
Neste estudo, os valores observados foram ainda
mais expressivos, com energias de ligacao de -9.14
kcal/mol, -7.28 kcal/mol e -7.16 kcal/mol para o acido
clorogénico, acido cafeico e rutina, respetivamente.

Embora os residuos especificos de aminodacidos
ou locais de ligacdo da ATGL permanecam mal
definidos (59) e as vias da sua inibicao ou ativacao
ainda ndo estejam totalmente compreendidas (60),
estudos de mutagénese destacam a importancia
dos residuos da diade catalitica Ser47 e Asp166 (61),
que demonstraram interagées com os compostos ou
residuos adjacentes. Importa referir que os resultados
observados demonstraram uma atividade inibitéria
significativa dos trés compostos analisados sobre a
enzima ATGL, com energias de inibicdo de -8.37 kcal/
mol, -13.65 kcal/mol e -4.64 kcal/mol para o acido
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-4.64 kcal/mol for chlorogenic acid, caffeic acid, and
rutin, respectively. To the best of our knowledge,
this is the first study investigating the interactions
between rutin, caffeic acid, and chlorogenic acid with
ATGL activity using in silico assays, highlighting the
need for further research and suggesting that these
compounds may exhibit significant modulatory
effects on ATGL enzyme activity.

Furthermore, it is important to highlight that the
in vivo modulation of the lipid profile observed in
this study can be attributed, at least partially, to the
findings from the in silico simulations. Although in
vivo enzyme activity was not directly measured in
the present study, the docking data support the
mechanisms that align with known pathways related
to lipid metabolism. In this context, chlorogenic acid
emerged as a potent inhibitor of both enzymes,
aligning with previous studies that attribute its
diverse biological activities to its influence on lipid
metabolism, thereby supporting the present study’s
results. Chlorogenic acid significantly suppresses
MRNA expression associated with free fatty acid
synthesis and acetyl-CoA (62). Additionally, it impacts
the activity of the ATGL enzyme, leading to reduced
lipid bioavailability, as well as decreased hepatic
lipogenesis and adipogenesis, while simultaneously
promoting lipolysis. It also limits dietary lipid
digestion and absorption by forming complexes with
lipids (63).

Conclusion

In summary, this study demonstrates that aqueous
extracts of Camellia sinensis and llex paraguariensis
significantly improved glycemic control and
modulated lipid metabolism in experimental
models of diabetes and dyslipidemia. Additionally,
in silico simulations provide evidence that the major
constituents of yerba mate extract, particularly
chlorogenic acid, may interact with key enzymes
involved in lipid metabolism. Nevertheless, further
studies are necessary to evaluate their long-term
safety and to optimize dosage strategies to support
their development as effective natural therapeutic
agents.The limitations of this research were the lack of
detailed analysis of the specific bioactive compounds
present in the extracts, as well as the absence
of metabolomic profiling to identify circulating
metabolites; these will be the objective of future
communications. Collectively, these findings suggest

20

clorogénico, acido cafeico e rutina, respetivamente.
Até onde sabemos, este é o primeiro estudo a
investigar as interacdes entre rutina, acido cafeico e
acido clorogénico com a atividade da ATGL usando
ensaios in silico, destacando a necessidade de mais
investigacdes e sugerindo que estes compostos
podem ter efeitos moduladores significativos sobre a
atividade da ATGL.

Além disso, é importante salientar que a modulacao
in vivo do perfil lipidico observada neste estudo
pode, pelo menos parcialmente, ser atribuida
aos achados das simulacdes in silico. Embora a
atividade enzimatica in vivo ndo tenha sido medida
diretamente no presente estudo, os dados de docking
sustentam os mecanismos que se alinham com vias
ja conhecidas relacionadas ao metabolismo lipidico.
Neste contexto, o acido clorogénico destacou-se
como um potente inibidor de ambas as enzimas,
corroborando estudos anteriores que lhe atribuem
diversas atividades bioldgicas pela sua influéncia no
metabolismo lipidico, o que sustenta os resultados
do presente estudo. O acido clorogénico suprime
significativamente a expressao de mRNA associado
a sintese de acidos gordos livres e acetil-CoA (62),
impactando também a atividade da ATGL, reduzindo
a biodisponibilidade de lipidos, assim como a
lipogénese hepatica e adipogénese, enquanto
promove simultaneamente a lipdlise. Também limita
a digestdo e absorcao de lipidos alimentares através
da formacao de complexos com lipidos (63).

Conclusoes

Em suma, este estudo demonstra que os extratos
aquosos de Camellia sinensis e llex paraguariensis
melhoraram significativamente o  controlo
glicémico e modularam o metabolismo lipidico em
modelos experimentais de diabetes e dislipidemia.
Adicionalmente, as simulacdes in silico fornecem
evidéncias de que os principais constituintes do
extrato de erva-mate, particularmente o 4cido
clorogénico, podem interagir com enzimas-chave
envolvidas no metabolismo lipidico. No entanto,
sdo necessarios mais estudos para avaliar a sua
seguranca a longo prazo e para otimizar estratégias
de dosagem que sustentem o seu desenvolvimento
como agentes terapéuticos naturais eficazes. As
limitacbes desta investigacao incluem a auséncia
de uma andlise detalhada dos compostos bioativos
especificos presentes nos extratos, bem como a
falta de perfil metabolémico para identificar os
metabolitos circulantes; estes serdo o objetivo
de futuras comunicacdes. Coletivamente, estes



that these plant-based extracts possess therapeutic
potential for managing the risks associated with
metabolic disorders and provide significant scientific
support for the traditional use of Camellia sinensis
and llex paraguariensis, two species widely employed
in folk medicine.
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