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RESUMO 

 

O estudo de substâncias naturais tem despertado grande interesse na comunidade científica, 

especialmente devido aos seus potenciais benefícios para a saúde humana. Entre essas 

substâncias, Protium heptaphyllum (P. heptaphyllum), popularmente conhecido como breu-

branco, destaca-se por suas propriedades bioativas, com ênfase nas folhas, que são ricas em 

compostos como flavonoides e triterpenos. Esses componentes têm mostrado efeitos 

promissores no combate a processos inflamatórios, antioxidantes e no manejo de doenças 

metabólicas, como a obesidade — uma condição que envolve mecanismos complexos de 

estresse oxidativo. Uma das abordagens mais inovadoras para potencializar os efeitos 

terapêuticos de compostos bioativos envolve o uso de lipossomas, sistemas de liberação que 

aumentam a biodisponibilidade e a estabilidade de substâncias. Lipossomas são vesículas 

esféricas compostas por uma ou mais camadas de fosfolipídios, capazes de encapsular 

compostos como o extrato de P. heptaphyllum, maximizando sua eficácia no combate aos danos 

oxidativos e inflamatórios. A obesidade é frequentemente associada ao estresse oxidativo, um 

desequilíbrio entre a produção de espécies reativas de oxigênio (EROs) e a capacidade 

antioxidante do organismo. Esse estresse desempenha um papel central no desenvolvimento de 

várias comorbidades, como dislipidemias, resistência à insulina e doenças cardiovasculares. 

Além disso, o uso de ciclofosfamida, um agente imunossupressor, em modelos experimentais 

pode intensificar os efeitos oxidativos e inflamatórios, criando um cenário ideal para testar a 

eficácia de substâncias naturais com propriedades antioxidantes e anti-inflamatórias. Nos 

estudos analisados, além de uma revisão literária sobre a P. heptaphyllum foram utilizados 

modelos experimentais que induziram obesidade em animais por meio de dieta hipercalórica, 

seguidos de tratamento com a fração acetato de etila do extrato de folhas de P. heptaphyllum 

encapsulado em lipossomas. E também, foi investigada a ação quimioprotetora da fração 

acetato de etila do extrato de P. heptaphyllum, encapsulado em lipossomas, contra os danos 

oxidativos causados pela ciclofosfamida, permitindo uma avaliação abrangente dos efeitos 

protetores do tratamento. Os resultados desses estudos indicam que o uso de P. heptaphyllum, 

especialmente na forma encapsulada em lipossomas, pode desempenhar um papel significativo 

na atenuação dos efeitos do estresse oxidativo, inflamação e distúrbios metabólicos associados 

à obesidade e ao estresse induzido pela ciclofosfamida. A combinação das ações antioxidantes 

e anti-inflamatórias dos flavonoides, potencializadas pelos lipossomas, revela uma estratégia 

promissora no combate aos efeitos negativos de condições metabólicas e imunossupressoras. 

Palavras-chave: tratamento fitoterápico, flavonoide, estresse oxidativo. 
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ABSTRACT 

 

The study of natural substances has aroused great interest in the scientific community, 

especially due to their potential benefits for human health. Among these substances, Protium 

heptaphyllum (P. heptaphyllum), popularly known as breu-branco, stands out for its bioactive 

properties, with emphasis on the leaves, which are rich in compounds such as flavonoids and 

triterpenes. These components have shown promising effects in combating inflammatory 

processes, antioxidants and in the management of metabolic diseases, such as obesity — a 

condition that involves complex mechanisms of oxidative stress. One of the most innovative 

approaches to enhance the therapeutic effects of bioactive compounds involves the use of 

liposomes, delivery systems that increase the bioavailability and stability of substances. 

Liposomes are spherical vesicles composed of one or more layers of phospholipids, capable of 

encapsulating compounds such as P. heptaphyllum extract, maximizing their effectiveness in 

combating oxidative and inflammatory damage. Obesity is often associated with oxidative 

stress, an imbalance between the production of reactive oxygen species (ROS) and the body's 

antioxidant capacity. This stress plays a central role in the development of several 

comorbidities, such as dyslipidemia, insulin resistance, and cardiovascular diseases. 

Furthermore, the use of cyclophosphamide, an immunosuppressive agent, in experimental 

models can intensify oxidative and inflammatory effects, creating an ideal scenario to test the 

efficacy of natural substances with antioxidant and anti-inflammatory properties. In the studies 

analyzed, in addition to a literature review on P. heptaphyllum, experimental models were used 

that induced obesity in animals through a high-calorie diet, followed by treatment with the ethyl 

acetate fraction of the P. heptaphyllum leaf extract encapsulated in liposomes. Furthermore, the 

chemoprotective action of the ethyl acetate fraction of P. heptaphyllum extract, encapsulated in 

liposomes, against oxidative damage caused by cyclophosphamide was investigated, allowing 

a comprehensive evaluation of the protective effects of the treatment. The results of these 

studies indicate that the use of P. heptaphyllum, especially in the liposome-encapsulated form, 

may play a significant role in attenuating the effects of oxidative stress, inflammation and 

metabolic disorders associated with obesity and cyclophosphamide-induced stress. The 

combination of the antioxidant and anti-inflammatory actions of flavonoids, potentiated by 

liposomes, reveals a promising strategy in combating the negative effects of metabolic and 

immunosuppressive conditions. 

Keywords: herbal treatment, flavonoid, oxidative stress. 
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INTRODUÇÃO GERAL 

 

Protium heptaphyllum (P. heptaphyllum), popularmente conhecida como breu-branco, 

é uma árvore nativa da Amazônia e de outras regiões tropicais da América do Sul. 

Tradicionalmente utilizado por suas propriedades medicinais, o breu-branco tem atraído a 

atenção da comunidade científica por seu vasto potencial terapêutico. Sua resina e folhas são 

ricas em compostos bioativos, como flavonoides, triterpenos (α e β-amirina), ácidos graxos e 

óleos essenciais, que demonstram atividades antioxidantes, anti-inflamatórias e 

antimicrobianas (Maia et al., 2000; Bandeira e Pessoa, 2002; Marques et al., 2010; Islam et al., 

2014). 

Uma abordagem inovadora no uso de P. heptaphyllum é a encapsulação de seus extratos 

em lipossomas. Esses sistemas de liberação controlada, compostos por camadas de 

fosfolipídios, oferecem maior estabilidade e biodisponibilidade aos compostos bioativos, 

potencializando seus efeitos terapêuticos (Gad et al., 2023; Anand et al., 2023). A encapsulação 

do extrato em lipossomas é particularmente promissora no tratamento de complicações 

associadas à obesidade, como resistência à insulina e doenças cardiovasculares, onde o estresse 

oxidativo desempenha um papel central (Kumar Vishwakarma et al., 2024; Chauhan et al., 

2024). 

O estresse oxidativo, caracterizado pelo desequilíbrio entre a produção de espécies 

reativas de oxigênio (EROs) e a capacidade do organismo em neutralizá-las, está associado a 

uma série de doenças crônicas, incluindo obesidade, diabetes, doenças cardiovasculares e 

câncer (Durairaj, 2014; David e Bender, 2021). A P. heptaphyllum se destaca no combate ao 

estresse oxidativo, graças aos seus compostos antioxidantes, sugerindo que o extrato pode ser 

uma valiosa terapia complementar para doenças inflamatórias crônicas (Rudiger e Valdir, 

2013). 

A obesidade, considerada um dos maiores desafios de saúde pública global, está 

associada a diversas comorbidades, como diabetes tipo 2, hipertensão e doenças 

cardiovasculares. Na fisiopatologia da obesidade, o estresse oxidativo e a inflamação 

desempenham papéis fundamentais. Estudos recentes (Carvalho et al., 2017), indicam que os 

triterpenos presentes em P. heptaphyllum, como α e β-amirina, podem modular vias metabólicas 

cruciais para essa condição, promovendo a redução de marcadores inflamatórios e a melhora 

da sensibilidade à insulina. Além disso, diversas pesquisas identificaram efeitos anti-

inflamatórios (Holanda Pinto et al., 2008), antidepressivos (Aragão et al., 2006), antiobesidade 
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(Carvalho et al., 2015), gastroprotetora (Oliveira et al., 2004), antibacteriana (Cabral et al., 

2018) e antioxidante (Patias et al., 2021), entre outras. A tecnologia de encapsulação em 

lipossomas, ao aumentar a biodisponibilidade desses compostos, amplifica seus efeitos 

terapêuticos, tornando-os ainda mais eficazes em contextos de obesidade induzida por dietas 

ricas em gorduras. 

Outro campo promissor para o uso de P. heptaphyllum é a sua atividade antimutagênica 

e antimicrobiana. Estudos como o de De Lima et al. (2016), revelaram que o óleo essencial da 

resina possui significativa atividade antimutagênica, sugerindo seu potencial na prevenção de 

mutações genéticas que podem levar ao câncer. As propriedades antimicrobianas também foram 

destacadas, com ação contra bactérias patogênicas, atribuídas a monoterpenos como α-pineno 

e β-pineno (Cabral et al., 2020; De Lima et al., 2016). 

Dentre tudo isso, nosso trabalho reúne quatro estudos fundamentais que trazem mais 

informações sobre a P. heptaphyllum e analisam o impacto de seus compostos bioativos em 

diferentes contextos experimentais. A seguir, será apresentada uma breve revisão desses artigos, 

que são anexados integralmente no trabalho. 

O primeiro artigo, intitulado "Potential Antioxidants and Other Biological Activities of 

Protium heptaphyllum (Aubl.): Mini-Review" (Patias et al., 2023), oferece uma revisão 

abrangente sobre as propriedades antioxidantes e biológicas dessa planta. Este trabalho destaca 

os principais compostos bioativos, como α e β-amirinas e flavonoides, e seus mecanismos de 

ação. A revisão abrange os estudos mais relevantes sobre as atividades antioxidantes, anti-

inflamatórias e antimicrobianas de P. heptaphyllum, demonstrando como esses compostos 

podem ser utilizados no combate ao estresse oxidativo e inflamações. Além disso, o artigo 

discute o uso da planta em diferentes condições experimentais, como diabetes, obesidade e 

doenças inflamatórias, fornecendo uma base teórica robusta para estudos posteriores sobre o 

uso terapêutico de P. heptaphyllum. 

O segundo estudo, "Effect of Liposomal Extract of Protium heptaphyllum in the 

Treatment of Obesity Induced by a High-Calorie Diet" (Patias et al., 2024), investiga o impacto 

do extrato lipossomal de P. heptaphyllum no tratamento da obesidade em ratos submetidos a 

uma dieta hipercalórica. O estudo mostrou que a encapsulação dos compostos em lipossomas 

aumentou significativamente sua biodisponibilidade, resultando em uma maior eficácia no 

combate ao estresse oxidativo e à inflamação. Os resultados indicaram uma redução nos 

marcadores inflamatórios e uma melhora nos parâmetros metabólicos, como os níveis de 

glicose e lipídios. Este estudo é particularmente relevante por demonstrar como a tecnologia de 

lipossomas pode potencializar os efeitos terapêuticos de substâncias naturais no tratamento de 
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doenças metabólicas complexas como a obesidade. 

O terceiro estudo, "Study of Liposomes Containing Extract from the Leaves of Protium 

heptaphyllum in Animals Submitted to a Mutagenic Model Induced by Cyclophosphamide" 

(Patias et al., 2024), explora os efeitos do extrato de P. heptaphyllum encapsulado em 

lipossomas em um modelo de mutagênese induzido por ciclofosfamida, um agente 

imunossupressor amplamente utilizado na quimioterapia. O estudo mostrou que o extrato 

encapsulado proporcionou uma proteção significativa contra os danos oxidativos causados pela 

ciclofosfamida. Além disso, os lipossomas permitiram uma liberação controlada e direcionada 

do extrato, aumentando sua eficácia no combate aos efeitos adversos da mutagênese induzida. 

Esses achados indicam que o uso de P. heptaphyllum encapsulado pode ser uma abordagem 

promissora na redução dos efeitos colaterais de agentes quimioterápicos. 

O quarto artigo, "Effect of Protium heptaphyllum Extract on Metabolic Parameters in 

Obese Rats" (Patias et al., 2024), investigou os efeitos do extrato de P. heptaphyllum em 

parâmetros metabólicos de ratos obesos. O estudo demonstrou que o tratamento com o extrato 

resultou em melhorias significativas no controle de peso, nos níveis de glicose e nos perfis 

lipídicos dos animais. Além disso, o extrato reduziu os níveis de inflamação sistêmica, 

sugerindo seu potencial como tratamento complementar para obesidade e suas comorbidades, 

como diabetes e doenças cardiovasculares. Este estudo reforça o papel do P. heptaphyllum 

como um agente natural capaz de modular processos metabólicos e inflamatórios associados à 

obesidade. 

Protium heptaphyllum emerge como uma planta de grande valor terapêutico, com 

propriedades antioxidantes, anti-inflamatórias, hipolipemiantes e antimutagênicas que podem 

ser aplicadas em diversas condições de saúde, como obesidade, diabetes, doenças 

cardiovasculares e até na prevenção de mutações genéticas. O uso de lipossomas para 

encapsulação de seus extratos bioativos amplia ainda mais seu potencial, melhorando a 

estabilidade e a biodisponibilidade dos compostos.  Com base nos estudos recentes, o breu-

branco continua a ser uma promessa valiosa na pesquisa de novos tratamentos naturais, 

especialmente para condições relacionadas ao estresse oxidativo e inflamação. O avanço no 

entendimento dos mecanismos de ação de seus constituintes bioativos, assim como o 

desenvolvimento de novas tecnologias para sua administração, como os lipossomas, abre 

caminhos promissores para o uso terapêutico dessa planta na medicina moderna. 
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CAPÍTULO 1 

 

Antioxidants Potential and Other Biological Activities of Protium heptaphyllum (Aubl.): 

Mini-Review.  

 

Publicado The Natural Products Journal, 2023, 13(7): e090223213549. 

https://dx.doi.org/10.2174/2210315513666230209143555 

 

O Natural Products Journal (ISSN Impresso: 2210-3155; ISSN On-line: 2210-3163), 

publica artigos de pesquisa originais, revisões completas/mini-revisões, cartas e edições 

editadas por convidados sobre todos os aspectos da pesquisa e desenvolvimento na área, 

incluindo isolamento, purificação, elucidação de estrutura, síntese e bioatividade de compostos 
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 Abstract: Background: Oxidative stress occurs when the cell's antioxidant defense system is insufficient. 
This can be corrected by active antioxidant substances, which help to eliminate the consequences of the 
damage caused or prevent the system from reaching the stress level.  

Objective: The actions of antioxidants can inhibit or delay tumor cells' appearance, delaying aging, and 
preventing other cellular damage resulting from the redox imbalance. Therefore, the present work aimed 
to research studies already published on Protium heptaphyllum (P. heptaphyllum) and its biological acti-
vities, mainly antioxidant effects once resulting from phenolic compounds, such as flavonoids, present in 
the plant.  

Methods: The methodology used was a literature review where information was collected from several 
studies related to P. heptaphyllum, oxidative stress, polyphenols, and flavonoids in databases, such as 
Scielo, PubMed, Google Scholar, LILACS, Chemical Abstract, ScienceDirect, among others in the period 
from 2002 to 2021. 

Results: The main studies carried out with metabolites of P. heptaphyllum demonstrated several biologi-
cal activities such as antioxidant, gastroprotective, anti-inflammatory, analgesic, anxiolytic, antihypergly-
cemic, hyperlipidemic, among others. Although P. heptaphyllum has been little investigated by pharma-
cological studies, the results reported in this work may contribute to this plant species' chemi-
cal/pharmacological knowledge. Therefore, the secondary metabolites present in the plant may become 
test targets in future clinical trials for the drug arsenal. 

Conclusion: It can be observed that P. heptaphyllum is a promising source of secondary compounds, 
mainly flavonoids. 
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1. INTRODUCTION 

 Plants and plant extracts have great relevance in the 
treatment of various diseases. As a result, the interest of the 
population and the scientific community is increasing in the 
face of compounds that contain active metabolites such as 
polyphenols and triterpenes, which in most cases have anti-
oxidant properties capable of combating oxidative stress [1].  

 These substances are related to beneficial effects on the 
body, contributing to a continuous improvement of health, 
mainly delaying aging and preventing various pathologies. 
Small molecules can exert an antioxidant effect, either acting 
directly on the neutralization of free radicals or indirectly 
participating in enzymatic systems with this function [2-5]. 
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E-mails: nai.sartori@gmail.com, nai.sartori@hotmail.com 

These molecules may have anticancer activity [3-7], anti-
inflammatory, antimicrobial [5], vasorelaxant actions, reduce 
oxidative stress and blood pressure [8], and increase enzyme 
activity [9], among others.  

 Free radicals have been identified as the cause of oxida-
tive stress that compromises the physiological processes of 
various organs and systems, especially neurodegenerative, 
chronic inflammatory, cardiovascular, and neoplastic diseas-
es [10]. Oxidative stress needs to be better studied, but it is 
already well known that its importance has been growing 
given the findings already made. Considering the fight 
against this oxidative stress, polyphenols, especially flavo-
noids, stand out as antioxidants with great potential [11].  

 For this, an antioxidant is a molecule capable of inhibit-
ing the oxidation of other molecules [12]; when present in 
low concentration to the oxidizable substrate, it regenerates 
the substrate or significantly prevents its oxidation. Antioxi-
dants are molecules that prevent oxidation caused by free 
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radicals and can interact with and stabilize free radicals. In 
this way, anti-oxidants are capable of reducing the rate of 
oxidation reactions of lipid compounds present in a given 
product. In addition, natural antioxidants are present in al-
most all plants, microorganisms and animal tissues. Many 
medicines are sourced from natural products or are inspired 
by natural products [12].  

 Polyphenols and flavonoids that are compounds present 
in plants, and have an ideal structure to scavenge free radi-
cals. The antioxidant activity of flavonoids depends on their 
structure. It can be determined by five factors: reactivity as 
an electron donating agent, stability of the flavonol radical 
formed, reactivity against other antioxidants, ability to che-
late transition metals, solubility, and interaction with mem-
branes. Another important factor influencing the antioxidant 
activity of flavonoids is their interaction with biomembranes 
[13, 14].  

 Polyphenolic compounds such as flavonoids have been 
used in various drugs and food products because of their 
potential health benefits. Because of their antioxidant action, 
many phenolic compounds present in natural foods can re-
duce the risk of serious health problems. Flavonoids are 
ubiquitously found in plants as a member of polyphenolic 
molecules that share diverse chemical structures and proper-
ties. Flavonoids are cyclized diphenylpropanes that generally 
occur in plants and particularly in plant foods [15]. Many of 
these compounds, such as plant phenolics, often exhibit anti-
oxidant activities; therefore, the addition of these compounds 
in food products can be useful for the health of consumers 
and also for the stabilization of food products. Due to the 
presence of some of these effective compounds, such as fla-
vonoids, phenolic acids, and their esters in natural products 
(plants and their extracts), the positive physiological proper-
ties and the proven non-toxicity of these products, they can 
be used as antioxidants and mild preservatives [15].  

 There is growing evidence that the consumption of a va-
riety of phenolic compounds present in natural foods can 
decrease the risk of serious health disorders due to their anti-
oxidant activity, among other mechanisms [16]. Protium 
heptaphyllum (P. heptaphyllum) is a plant commonly known 
as “almacega”, “almiscar” or “breu branco”, typically found 
in the Amazon region. Its use in folk medicine is presented 
through the leaves and resin due to its stimulating, anti-
inflammatory, and healing properties. As it is a plant rich in 
triterpenes and flavonoids, its resin has been the subject of 
several studies in recent years, which have shown many bio-
active properties (Fig. 1) [17-22]. 

 This literature review was carried out using the terms 
“oxidative stress”, “free radicals”, “reactive oxygen species”, 
“antioxidants”, “polyphenols”, “Burseraceae” and “Protium 
heptaphyllum”, as well as their equivalents. The variety of 
terms used allowed a significant scope, to carry out a broad 
search on the topic. And it aimed to research the benefits of 
P. heptaphyllum and verify possible antioxidant effects from 
phenolic compounds, especially flavonoids, present in the 
plant. Considering the records found on the activity of sec-
ondary metabolites of P. heptaphyllum, it is believed that it 
is a promising source to be investigated and possibly become 
an active agent for pharmaceutical use. The methodology 
used was a literature review. Information was collected from 

several studies related to P. heptaphyllum, oxidative stress, 
polyphenols, and flavonoids in databases such as Scielo, 
PubMed, Google Scholar, LILACS, Chemical Abstract, Sci-
enceDirect, and others in the period 2002 to 2021. 

 
Fig. (1). Protium heptaphyllum Alb. Machand (a) Fruits and leaves 
[21]. (b) Trunk and resin [22]. (A higher resolution / colour version 
of this figure is available in the electronic copy of the article). 

 

2. METHODOLOGY 

 The methodology used was a literature review where 
information was collected from several studies related to 
“Protium heptaphyllum”, “Burseraceae”, oxidative stress, 
“free radicals”, “reactive oxygen species”, “polyphenols”, as 
well as their equivalents. The various terms used in data-
bases such as Scielo, PubMed, Google Scholar, LILACS, 
Chemical Abstract, ScienceDirect, among others from 2002 
to 2022. The online search in newspapers, articles, manuals, 
and books that described themes related to the aspects 
themes, with the following descriptors cited. The sample 
consisted of 89 (eighty-nine) scientific articles and 05 (five) 
books according to the aforementioned vehicles. As for the 
eligibility criteria, it is considered: Publication vehicle: sci-
entific articles, manuals and textbooks; year of publication: 
from 2002 to 2022 and references whose study objective was 
a consequence of the theme. The results were discussed in 
context. And in this context, considering the records found 
on the activity of secondary metabolites of P. heptaphyllum, 
it is believed that it is a promising source to be investigated 
and possibly become an active agent for pharmaceutical use. 

3. RESULTS 

3.1. Oxidative Stress 

 Oxidative stress is the body's inability to defend itself 
from reactive oxygen and nitrogen species, causing structural 
and functional damage. So oxidative stress is a situation gen-
erated by an imbalance. It presents itself by the induction of 
more oxidative species being generated than the amount of 
anti-oxidative species being produced in defense [23]. All 
cellular compounds are subject to oxidative damage and the 
main causes of this damage are free radicals [24]. When de-
rived from oxygen metabolism, these radicals are called Re-
active Oxygen Species (ROS). This oxidative stress is re-
ferred to as one of the major causes of diseases such as can-
cer, diabetes, hypertension, and atherosclerosis [25]. The 
ROS and Reactive Nitrogen Species (RNS) can be highly 
reactive in the organism, attacking lipids, proteins, and 
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DNA. Others are reactive only in lipids and some are a little 
reactive, but despite that, they can generate harmful species. 
The main ROS and RNS are listed in Table 1 [24, 25]. 

Table 1. Main radical and non-radical ROS and ERN. 

Main Radical ROS Major Non-radical ROS RNS 

Hydroxyl (HO•) Oxygen singlet (1O2) Nitric oxide (NO•) 

Superoxide (O2•
 -) Hydrogen peroxide (H2O2) 

Nitrous oxide 
(N2O) 

Peroxyl (ROO•) 
Hypochlorous acid 

(HClO) 
Nitrous acid 

(HNO2) 

Alkoxyl (RO•) - Nitrites (NO2
-) 

- - Nitrates (NO3
-) 

- - 
Peroxynitrites 

(ONOO-) 

 

 Stable atoms have an even number of electrons, which 
orbit around the nucleus in pairs. During this oxidation pro-
cess, a stable atom loses an electron, gets a half-filled orbital, 
and becomes an unstable atom, called a free radical. Free 
radicals are molecules that lack stability because a half-filled 
orbital has an odd number of electrons [24]. Species of this 
type are very unstable and have high reactivity. In search of 
their stability, these molecules react against everything they 
find in front of them to usurp the electron they need, creating 
a chain reaction that will lead to cell destruction because 
removing an electron from a stable cell destabilizes the cell 
and the cell itself will become another free radical [26]. Sev-
eral factors lead to the formation of free radicals, such as 
ultraviolet radiation, pollution, stress, smoke, food, few 
hours of sleep, etc. [27].  

 So, this condition generating oxidative stress is a harmful 
process that can negatively affect various cellular structures 
such as membranes, lipids, proteins, lipoproteins, and deoxy-
ribonucleic acid [28], by acting at different levels of the cell, 
being the cytoplasm that triggers perturbations of the oxida-
tion-reduction state. It also acts at the level of the cell nucle-
us (causing severe DNA damage) and on the membranes due 
to the composition rich in fatty acids, causing lipid peroxida-
tion, which results in the alteration of its structure and func-
tionality, modifying the fluidity, the potential and the 
transport of the membrane [27]. If not strictly controlled, 
oxidative stress can be responsible for induchronic and de-
generative diseasesaccelerating the body's aging process and 
causing acute pathologies (such as trauma and stroke) [28]. 
Another factor that triggers or influences the oxidative stress 
process can be cited as energy-consuming sports activities 
that increase ROS production, such as high O2 consumption 
[25].  

 Among other factors that lead to the formation of ROS, 
exposure to ultraviolet radiation (UV) A and B is one of the 
main ones. This radiation leads to the activation of metallo-
proteinases, collagenases, and elastases that destroy collagen, 
elastin, and other extracellular matrix proteins. From there, 
they also inhibit the formation of new fibers, both collagen 

and elastin [29].  UV radiation also affects the dermal micro 
vascularization of the dermis, causing dilation of the vessels 
with the deposition of amorphous substances composed of 
multiple laminations and material similar to the basement 
membrane and endothelial cells with organelles and pyknotic 
vesicles. Neoangiogenesis still occurs due to altered vessel 
structure [27]. Besides, stresses that cause damage to DNA 
and RNA are the most serious. If the DNA strand is broken, 
it can be connected at another position, thus altering the or-
der of its bases. This is one of the basic mutation processes, 
and the accumulation of damaged bases can trigger oncogen-
esis. In addition, the alteration of amino acids in the primary 
sequence of enzyme disrupts its activity and when damage 
occurs in the cell membrane, it causes ruptures, as lipid oxi-
dation generated interferes with active and passive transport 
normally across the membrane leading to cell death [11, 30].  

 The aging process or the exact mechanism of aging in-
duced by oxidative stress is still unclear, but increased levels 
of ROS likely lead to cell senescence. This physiological 
mechanism prevents cell proliferation in response to the 
damage that occurs during replication. Senescent cells ac-
quire a secretor phenotype associated with irreversible se-
nescence involving the secretion of soluble factors (interleu-
kins, chemokines, and growth factors), and degradative en-
zymes such as matrix metalloproteases (MMPs), and insolu-
ble protein/extracellular matrix (ECM) components [31].  

 Aging is a loss of homeostasis due to chronic oxidative 
stress that mainly affects regulatory systems such as the 
nervous, endocrine, and immune systems. The consequent 
activation of the immune system induces an inflammatory 
state that creates a vicious circle in which chronic oxidative 
stress and inflammation feed each other and consequently 
increase age, morbidity, and mortality [32]. Thus, oxidative 
stress, cellular senescence, and other factors are involved in 
several acute and chronic pathological processes [33, 34]. 

 As already explained, there are several factors for oxida-
tive stress because both cells and organs are subjected in 
their normal aerobic metabolism to continuous exposure to 
oxidants. On the other hand, antioxidants can be generated 
through endogenous cellular sources as well as exogenous 
sources [31, 32]. 

 This condition, called oxidative stress, occurs when the 
cell's antioxidant defense system is insufficient and can be 
partially or corrected by active antioxidant substances, which 
help to eliminate the consequences of the damage caused or 
prevent the system from reaching the stress level [27]. The 
equilibrium is restored by oxidation, which is the loss of this 
free electron, or by reduction, which is the gain of another 
electron. The oxidation phenomenon occurs in a chain where 
the molecule does not disappear; the electron can pass to 
other molecules successively [25].  

 According to Pizzino et al. [28], the human body has 
implemented several strategies to neutralfree radicals and 
oxidative stress effects, based on enzymatic antioxidants. 
Alongside these are several exogenous antioxidant molecules 
of animal or plant origin, introduced mainly through diet or 
nutritional supplementation. Among these various antioxi-
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dants, some have been explored in recent years for their real 
or supposed beneficial effect against oxidative stress, such as 
vitamin A, C and E, flavonoids, and polyphenols. 

 Antioxidants can be defined as natural or synthetic sub-
stances added to products to prevent or delay their deteriora-
tion by the action of oxygen. In medicinal biochemistry, an-
tioxidants are defined as enzymes or other organic substanc-
es, such as vitamin C, E or β-carotene, capable of neutraliz-
ing the harmful effects of oxidation in animal tissues. Like-
wise, these compounds can directly neutralize the effects of 
free radicals or indirectly participate in enzymatic systems 
that have this function [35]. Antioxidant compounds are 
widely used in the production of cosmetics, medicines and 
foods, not only as preservatives but also as a fundamental 
raw material [36]. Finding antioxidant properties in plants 
and derived compounds requires appropriate methods to de-
scribe the mechanism of antioxidant activity and focus on 
reaction kinetics. Inhibited autoxidation is a suitable method 
for antioxidants that enhance termination and break the 
chain, while specific studies are needed for preventive anti-
oxidants [37]. There is differentiation regarding the mecha-
nism of combating ROS, and antioxidants can be classified 
as primary (acting as proton donors and preventing the initial 
process of action of free radicals) and secondary, which act 
in the decomposition of peroxides and hydroperoxides [38].  

3.2. Phenolic Compounds 

 Phenolic acids are divided into benzoic acid derivatives 
and cinnamic acid derivatives. Phenolic acids are character-
ized by having an aromatic ring (benzene), a carboxylic 
group, and one or more hydroxyl and/or methoxyl groups in 
the molecule, conferring antioxidant properties to vegetables 
[39]. 

 Cinnamic acid derivatives, generally in the form of phe-
nylpropanoicheterosides, with a C6-C3 base structure, are 
the most widespread [40]. The phenolic compounds derived 
from benzoic acid have a C6-C1 backbone structure [39, 40]. 
Still, they contain wide structural variation with the presence 
of different substituents (hydroxyl or methoxyl) on one or 
more common aromatic skeletons. They can be classified 
according to their basic skeleton, where C6 corresponds to 
the aromatic ring plus branching with different carbon atoms 
depending on the class [39]. 

 The classification of phenolic compounds taking into 
account only the chemical structure is not appropriate, as 
compounds containing phenolic hydroxyls may belong to 
other classes of metabolites. Then, they can also be classified 
into widely distributed phenolic compounds and restricted 
distribution phenolic compounds [39]. 

 Animals cannot synthesize the aromatic ring, which is 
necessary to acquire them through the diet. Vegetables and 
microorganisms synthesize aromatic compounds and, from 
them, phenolic compounds [39]. Phenolic compounds consti-
tute a very numerous and ubiquitous group of plant metabo-
lites. They range from simple molecules to molecules with a 
high degree of polymerization. They are present in vegeta-
bles in free form or linked to sugars (glycosides) and pro-
teins [41]. 

 Among the natural antioxidants, phenolic compounds are 
abundant in the plant kingdom. They are found in leaves, 
flowers, seeds, fruits, bark, and wood and can accumulate in 
large amounts in plant organs or tissues. Phenolic com-
pounds are considered secondary plant substances without 
involvement in metabolic pathways responsible for growth 
and development [42]. Organisms that synthesize these com-
pounds do so primarily to attract pollinating and seed-
dispersing animals and in response to stressful conditions, 
such as oxidative damage, attack by pathogens and insects, 
ultraviolet (UV) radiation, and injury [43].  

 Phenolic compounds are included in the category of free 
radical scavengers, being very efficient in preventing autoxi-
dation [44]. Regarding their antioxidant action, synaptic, 
ferulic, and p-coumaric acids are more active than benzoic 
acid derivatives such as protocatechuic, syringic, and vanil-
lic. This action is due to the double bond in the molecules of 
the cinnamic derivatives, which participate in the stability of 
the radical by unpaired electron displacement resonance, 
while the benzoic acid derivatives do not have this character-
istic [45].  

 Studies presented in a review form demonstrated that 
polyphenols present in foods such as cocoa, coffee, teas, 
fruits, grapes (and derivatives), and olives (and derivatives) 
have the potential to play a beneficial role in endothelial 
function [46]. Despite this, it emphasizes the multiple varie-
ties of polyphenols present in nature and the issue of bioa-
vailability that can alter their absorption. 

 Among the various classes of existing polyphenols are 
flavonoids with relevant antioxidant capacities. These mole-
cules are abundantly present in secondary metabolites of the 
plant kingdom and almost non-existent in algae and fungi. Its 
structural form is diversified, mainly represented by 15 car-
bon atoms in its fundamental nucleus, consisting of two 
phenyls linked by a chain of three carbons [39]. Its structure 
then consists of two aromatic rings (A and B), joined by 
three carbons that form a heterocyclic ring (C) (Fig. 2A). 
Ring A is derived from the acetate/malonate cycle, while 
ring B is derived from phenylalanine. The C ring can vary 
and result in important classes of flavonoids such as fla-
vones, flavanones, flavonols, anthocyanins, and isoflavones. 
Substitutions in the A and B rings can give rise to different 
compounds within each class of flavonoids, namely oxygen-
ation, alkylation, glycosylation, acylation, and sulfation [41]. 

 Flavonoids are natural compounds widely distributed in 
higher plants, mainly angiosperms, with about 5000 com-
pounds described [47]. They are synthesized in plants and 
participate in the light phase of photosynthesis, during which 
they catalyze the transport of electrons. A large portion of 
them have bioactivities, such as antioxidant, anti-
inflammatory, antibacterial, and tanning activities [48, 49].  

 Most flavonoids are extensively metabolized by the gut 
microbiota and host tissues. Flavonoid metabolism exhibits 
wide variation among individuals. Differences in flavonoid 
metabolism impact the immune system [50].  

 To exert antioxidant activity, flavonoids depend on their 
structure. This is best exemplified by 5 factors: reactivity as 
an H and electron-donating agent, stability of the formed 
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flavanoyl radical, reactivity against other antioxidants, abil-
ity to chelate transition metals, and solubility, and interaction 
with membranes. The oxidation potential of flavonoids is 
directly linked to the sequestering activity and the species to 
be sequestered [11] (Fig. 2B). 

 The lower the flavonoid oxidation potential, the greater 
its activity as a free radical scavenger so flavonoids with 
oxidation potential lower than that of Fe+3 and Cu+2 and their 
complexes can reduce these metals, being potentially pro-
oxidants, besides, the greater the number of hydroxyls, the 
greater the activity as an H and electron-donating agent. 
Monohydroxylated flavonoids show very low activity; for 
example, the 5-hydroxy flavone has activity below detection 
limits. The need for at least two phenolic hydroxyl groups in 
the flavonoid was found, demonstrating that monohydroxy 
flavonoids are ineffective. Another factor influencing flavo-
noid's antioxidant activity is their interaction with biomem-
branes [11].  

 

 
Fig. (2). (A) Fundamental chemical structure of flavonoids. (B) 
Flavonoids - free radical scavenging mechanism [93]. 

 

 Studies show that flavonoids can reduce cellular stress. 
Cellular stress includes neuroinflammation, oxidative stress, 
proteotoxicity, and endoplasmic reticulum stress. Some dis-
eases originating from cellular stress include Parkinson's 
disease, Alzheimer's disease, amyotrophic lateral sclerosis, 
and Huntington's disease. From this, the use of flavonoids, 
such as antioxidants, anti-inflammatory and anti-apoptotic, 
still needs to be better elucidated, as well as the cellular 
stress response that would prevent the pathogenesis of neu-
rodegenerative diseases [51]. 

 Flavonoids can inhibit viruses through several mecha-
nisms. They can block the binding and entry of viruses into 
cells; interfere with various stages of viral replication pro-
cesses or translation and processing of polyproteins to pre-
vent the release of the virus from infecting other cells. Based 

on antiviral mechanisms of action, flavonoids can be prophy-
lactic inhibitors, therapeutic inhibitors, or indirect inhibitors 
by interaction with the immune system [52]. Studies have 
shown that flavonoids may be a target to be tested in future 
clinical trials for the arsenal of drugs against Coronavirus 
infections. This is because secondary metabolites widely 
present in plant tissues with antioxidant and antimicrobial 
functions, in addition to inhibiting key proteins involved in 
the infectious cycle of the virus, may contribute to this [53]. 

3.3. Protium heptaphyllum 

 Scientific research in taxonomic, photochemical, and 
bioprospecting areas has been increasingly promising. This 
leads us to recover the importance of knowing nature itself 
and the resources used [54]. Bioprospecting for secondary 
metabolites is a key predictor of a country's economic 
growth and development. Regarding the biotechnological 
applications of research with bioprospecting activities in 
Brazil, it was observed that the pharmaceutical industry was 
responsible, from 2004 to 2018, for most investigations 
(72.9%), followed by agriculture (12.8%), the bioenergy 
industry (5.7%), bioremediation (4.3%) and food industry 
(4.3%) [55]. The data indicate a promising scenario for bio-
prospecting in the country. However, insects, sponges, and 
amphibians had a low number of published works, making a 
temporal analysis impossible [55].  

 Choosing the plant to be investigated is very important 
since this can be a source of active principles for treating 
diseases and can even be used in existing therapeutic combi-
nations to enhance the pharmacological effect and reduce 
toxicity. Due to the vast chemical diversity and potential 
therapeutic action often found in plants, many researchers 
are focusing their investigations on the biological activity of 
natural products, even though these compounds do not di-
rectly serve as new drugs, but can provide information for 
the development of an important therapeutic agent [56].  

 It is already known to all those natural compounds are a 
promising source of components with biological activity. 
This can be proven through the work by Neuman et al. [57], 
who analyzed a large number of natural products used for 
new drugs over 4 decades. These same authors also report in 
their work the influence of Brazilian biodiversity on the dis-
covery of these new drugs. 

 New research is always under development and this is 
verified through several studies. Among these, we can men-
tion Rodrigues et al. [58], who demonstrated with their re-
search the in vivo and in vitro ethnopharmacological use of 
S. impressifolia as a contributor to the development of new 
herbal medicines for the treatment of cancer. Brito et al. 
[59], observed that quercetin had an anti-proliferative effect 
on hepatocellular carcinoma cell lines. Pereira et al. [60], 
verified a reduction in tumor growth and the induction of cell 
death through treatment with Olea europaea L., in their in-
vestigations on the induction of cell death by apoptosis of 
lung cells (H4600).  Mousa et al. [61], observed a great gas-
troprotective effect on ethanol-induced gastric ulcers in ex-
tracts of Cuphea ignea, and its effect may be mediated by 
suppression of oxidative stress and gastric inflammation. 
Cappello et al. [62], demonstrated the effects of Citrus ber-
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gamia Risso flavonoids with a significant degree of hypo-
cholesterolemic and antioxidant/free radical scavenging ac-
tivities. 

 Many substances of plant origin are favorable sources for 
the development of new drugs. This scientific interest in new 
medicinal agents obtained from natural sources, especially 
plants, is due to the constitution of numerous molecules from 
their secondary metabolism [63]. Many medicines are de-
rived directly or indirectly from plants and contain several 
phytoconstituents with unique and distinct properties [20]. 

  Protium heptaphyllum (Aubl.) March. (P. heptaphyl-
lum), is a plant commonly known as “almacega”, “almíscar” 
or “white pitch”, found in abundance in South America in 
various parts of Brazil and typically in the Amazon [64]. Its 
use in folk medicine is presented through the leaves and res-
in due to its stimulating, anti-inflammatory, and healing 
properties. The Burseraceae family comprises18 genera and 
over 700 species [14].  

 The Burseraceae family is native to North America, and 
due to migrations, it has moved to tropical and subtropical 
regions around the world. It is classified in the order Sapin-
dales, class Dicotiledoneae, and subclass Rosidae. In neo-
tropical regions, it is mainly represented by 228 species 
comprising 8 genera that can be classified into three tribes: 
Burseraceae, Canarieae, and Protieae. The genus Protium 
(Tribe Protieae) is the main member of the family with 150 
species [14, 64].  

 Protium is the most heterogeneous genus of the family 
and the main representative in South America, then divided 
into 135 known species. The identification of Protium trees 
is not easy because, during non-flowering periods, they are 
confused with other species of Burseraceae. Another imped-
iment is the presence of trunk resins, buttresses (a species of 
tube roots), and compound leaves, which makes it confusing 
with the species of Anacardiaceae [14].  

 P. heptaphyllum is a tree that is around 10 meters high, 
with a trunk of 50 to 60 cm in diameter at the base, with dark 
red bark and opposite leaves, small flowers in terminal pani-
cles, and its fruits are reddish drupes, containing one to four 
seeds [65].  It presents good quality wood for joinery, car-
pentry, and firewood [66].  

 Species of the Burseraceae family are described in the 
literature as they present compounds with anti-inflammatory 
[67], and antimicrobial and antioxidant activity [68]. In folk 
medicine, this resin is used for various purposes due to its 
stimulating, anti-inflammatory, and healing properties and as 
incense in ritual religions, it also has aromatic characteristics 
[64]. 

 Resins of the genus Protium are extremely rich in ter-
penes and flavonoids, mainly pentacyclic triterpenes, mole-
cules formed by at least 2 isoprene units, following the 
chemical formula (C5H8)n, being divided into subclasses 
according to the number of isoprene units [63-69]. As for the 
essential oils obtained from the resin are mostly made up of 
monoterpenes [19].  

 The plant, rich in volatile monoterpenes, exhibits a chem-
ical composition that can be strongly altered over time. 

Based on this, Albino et al. [70], made considerations in 
their work on the temporal changes of the volatile composi-
tion of these oleoresins, noting that some triterpenes were 
oxidized to p-cymene, which, in turn, was oxidized to p-
cymene-8-ol during the natural aging of the exudate due to 
abiotic factors. 

 In addition, several other authors observed different 
compositions in the resin, leaves, flowers, and fruits of P. 
heptaphyllum as reported in Table 2. 

 In a study to identify the volatile components of the 
leaves, flowers, resin of the stem, and bark of the branches of 
the tree P. heptaphyllum collected in the eastern Colombian 
plains, the composition found in the resin of the plant pre-
sented the characteristic pattern of the resins Protium spp.. 
The main constituents identified by GC-MS in the volatile 
fraction of the leaves were: guaiol, α-copaene, 1,10-di-epi-
cubenol, trans-caryophyllene, and cadinene. Germacrene D, 
germacrene B, bicyclogermacrene, and limonene were iden-
tified in the flowers. While in the resin, p-cymene, α-pinene 
and limonene were identified. In the bark, germacrene D, 
1,10-di-epi-cubenol, guaiol, and cadinene were found. So, 
the resin showed a high percentage of monoterpenes, the 
leaves showed a high proportion of oxygenated sesquiter-
penes, and the flowers and bark showed a high composition 
of sesquiterpenes [71]. 

 Because it is a plant rich in triterpenes and flavonoids, in 
recent years, it has been the subject of several types of re-
search, which exhibited many bioactive properties such as 
anti-inflammatory [72], antidepressant [73], antiobesity [74], 
gastroprotective [75], antibacterial [76], antioxidant [77], 
among others. These properties will be better exemplified 
below. 

 Studies obtain evidence that α and β-amyrin triterpenes 
present in P. heptaphyllum delay acute inflammation in the 
rat model of periodontitis. Periodontitis is an inflammatory 
disease characterized by the accumulation of plaque that can 
initiate a local inflammatory response [74]. In addition, 
Oliveira et al. [75] observed the anti-inflammatory action of 
P. heptaphyllum through the model for four different aspects 
of the inflammatory process characterized by acute edema 
and increased vascular permeability induced by intraperito-
neal injection of acetic acid and granuloma induced by pel-
lets of cotton. The analgesic and anti-inflammatory activities 
of the isomeric mixture of α and β-amyrin from P. hep-
taphyllum were also confirmed by writhing and formalin 
tests in mice. The tests demonstrated peripheral and central 
analgesic effects independent of the opioid system in addi-
tion to potent anti-inflammatory activity. Anti-inflammatory 
activity was potentiated by both indomethacin and thalido-
mide, suggesting a potential involvement of prostaglandin 
and TNF-α inhibition [78]. 

 Studies that examined the anxiolytic and antidepressant 
effects of the α and β-amyrin mixture of triterpenes isolated 
from the stem bark resin of P. heptaphyllum demonstrated 
action at benzodiazepine-like receptors and also an antide-
pressant effect where noradrenergic mechanisms likely play 
a role [73]. It was also observed by Aragão et al. [79] an 
anticonvulsant effect of the isomeric mixture of α- and β-
amyrin from P. heptaphyllum. This anticonvulsant activity of 
α- and β-amyrin triterpenes are related to the GABAergic 
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Table 2. Main studies of P. heptaphyllum specifying the material used, the technique used, the main isolated metabolites and their 
structure. The structures of the main isolated metabolites are listed at the end of the table in alphabetical order (from a to 
u) as described above in the same table in the isolated metabolites column. 

Material Isolated Metabolites Method References 

Oil-resin 

Eight triterpenes, manniladiol (a), brein (b), ursa-
9(11):12-dien-3beta-ol (c), olean-9(11):12-dien-3beta-ol 
(d), 3alpha-hydroxy-tirucalla-8,24-dien-21-oic acid (e), 

3alpha-hydroxy-tirucalla-7,24-dien-21-oic acid (f), alpha- 
amyrin(g) and beta-amyrin (h) 

13C NMR data and mass spectra [17] 

 Stems, including peels, and leaves Cumarins, cumarinolignoides, and terpenes 
Chromatographed on a silica 
gel column and NMR spectra 

[69] 

Resin, fruit, leaves, and trunk   

Monotherpene insulation p-menth-3-ENE-1,2,8-triol (i), 
alpha-amyrin (g) beta-amyrin (h), quercetin (j), brein (b), 

quercetin-3-O-ramnosil (k), (-) catechin (l), and 
escipoletine (m) 

Structures were established by 
1D and 2D RMN 

Spectroscopy and comparison 
with published data 

[18] 

Resin A binary blend of alpha-amyrin (g) and beta-amyrin (h) 

The compounds obtained were 
characterized by spectroscopic 
data such as IR, 1 h, and 13C 

NMR and comparison with the 
literature 

[68] 

Fruits and leaves 

Limonene (p) (92.68%), δ-3-carene (r) (63.86%) does not 
contain fruit essential oil. β-caryophyllene (q) (32.08% in 
the hydrodistillation and 29.07% in the had space), con-

stituents of the leaves 

Hydrodistillationtechnique in 
modified Clevenger device and 

dynamic headspace with 
porapak-q 

[65] 

Volatile constituents from resin Terpinolene (n) (42.31%) and p-cymene (o) (39.93%) 
Extracted by hydrodistillation 

with an 11.3% (PHH) 
[19] 

Stem 
Alpha-amyrin (g) and β-amyrin (h) terpenoids, the ster-
oids campesterol (s), stigmasterol (t), and sitosterol (u), 

and the coumarinscopoletin (m) 

Column chromatography (CC), 
RMN H1 and C13 spectra, UV 

and IV 
[67] 

Volatile composition Oleo resins 
 High terpinolene (28.2-69.7%), while the elderly con-
tained large amounts of p-cymene (o) (18.7-43.0%) and 

p-Cymen-8-OL (8.2-31.8%) 

Multivariate analyzes were 
performed based on yield and 
the main essential components 

of the oil to demonstrate the 
existence of two subsets. Anal-
ysis of partial genome sequenc-

ing of the species, producing 
the largest amount of data for 
the gender of  Protium. Subse-
quently, they were searched by 
nucleotide sequences responsi-
ble for the enzymes involved in 

the biosynthesis of monoter-
penes 

[70] 

Volatile fraction of leaves 

Leaves: guaiol (14.4%), alpha-copaene (8.6%), 1,10-di-
epi-cubenol (8.1%), beta-caryophyllene (5.7%) and gam-
ma-cadinene (5.4%). Germacrene D (13.9%), germacrene 
B (13.4%), bicyclogermacrene (11.8%) and limonene (p) 

(8.3%) flowers, while p-cymene (o) (30.1%), alpha-
pinene (22.1%) and limonene (p) (14.4%) were identified 
in the resin; finally, germacrene D (27.7%), 1,10-di-epi-

cubenol (7.9%), guaiol (7.4%) and gamma-cadinene 
(6.9%) were found in the bark 

GC-MS [71] 

(Table 2) Contd…. 
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Isolated Metabolites 

 
 

 

 

 

 

 
system. They may be linked to the inhibition of the protein 
kinase C (PKC) signaling cascade and also to changes in 
amino acid metabolism. 

 Investigations of the anti-obesity properties of P. hep-
taphyllum resin and its possible mechanisms in mice fed 
with a high-fat diet were determined. This study suggested 
that the anti-obesity potential of P. heptaphyllum is largely 
due to its modulatory effects on various hormone and en-
zyme secretions related to fat and carbohydrate metabolism 
and the regulation of obesity-associated inflammation [64]. 

In another study, Carvalho et al. [80], also noted that triter-
penes from P. heptaphyllum, α, β-amyrin may be beneficial 
in reducing high-fat diet-induced obesity and associated dis-
eases via modulation of enzymes, hormones, and inflamma-
tory responses. 

 Besides, studies have shown the anti-hyperglycemic and 
lipid-lowering effects of α, β-amyrin, in mice once these 
compounds significantly reduced the increases in blood glu-
cose, total cholesterol, and serum triglycerides [81]. Fur-
thermore, α, β-amyrin effectively reduced elevated plasma 
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Table 3. Main studies of P. heptaphyllum specifying the material used, the main metabolite tested, method and dose used, and main 
results. 

Plant Part Classification Method Dose Result References 

Trunk Wood 
resin 

Pentacyclic triterpenoids, α- 
and β-amyrin (45.25%), 

brein and maniladol (9.5%) 
and a small quantity of 

lupeone. Besides, it yielded 
an essential oil content of 

0.7% 

Male Wistar rats 
(150-200 g) and 
male Swiss mice 

(20-25 g) 

200 and 400 
mg/kg 

Potential gastroprotective and anti-
inflammatory properties of P. heptaphyllum 
resin also support its popular use in gastroin-

testinal disorders 

[75] 

Trunk Wood 
Resin 

Triterpene mixture, α- and 
β-amyrin 

Adult male Wistar 
rats (150-200 g) 

50 and 100 
mg/kg 

Feasibility of developing herbal medicines 
for the treatment of liver disorders 

[91] 

Trunk Wood 
Resin 

Triterpene mixture, α- and 
β-amyrin 

Male Swiss mice  
20-25 g 

3, 10, 30 and 
100 mg/kg 

Triterpene, α-β amyrin 

has an analgesia-inducing effect, possibly 
involving the vanilloid receptor (TRPV1) 

and an opioid mechanism 

[63] 

Trunk Wood 
Resin 

450 mg α and β-amyrin 
Male Swiss  mice 

(20-30 g) 
10, 25 and 

50 mg/kg 

Sedative and anxiolytic effects that may 
involve action on benzodiazepine receptors, 
and also an antidepressant effect where nora-
drenergic mechanisms will probably have a 

role 

[73] 

Essential 
Oils from 

Leaves and 
Fruits 

Fruits α-terpinene (47.6%). 
Leaf mainly contained ses-

quiterpenes as 9-EPI-
cariofileno (21.4%), trans-

isolegifolanone (10.7%) and 
14-hydroxy-9-epi-

cariophylene (16.7%) 

Two-spotted spider 
mite (Tetranychus 

urticae) 

5, 10, 15, 20 and 
25 FL of essen-

tial oil corre-
sponding to 2, 4, 
6, 8 and 10 fl. l-
1 air, respective-
ly. Oil exposure 

period 

It was 24, 48 
and 72 h 

Mortality and detriment properties of ovipo-
sition in (10 fl. l-1 air), but only the essential 

oil of fruits induced T. urticae repellency 
[92] 

Trunk Wood 
Resin 

450 mg α (67%) and β 
(33%) amyrin 

Male Swiss mice 
(20-30 g) or male 
rats (200-250 g) 

10, 50 and 100 
mg/kg 

Peripheral analgesic effects and independent 
plants of the opioid system and also showed 

a powerful anti-inflammatory activity 
[78] 

Trunk Wood 
Resin 

Triterpene α and β-amyrin 
Male Wistar rats 

weighing 160-200 g 
5 and 10 mg/kg 

Delay acute inflammation in a periodontitis 
mouse model and justify more studies on 

their effectiveness to prevent bone loss asso-
ciated with chronic periodontitis 

[72] 

Trunk Wood 
Resin 

α and β-amyrin , pentacyclic 
triterpenoid   

Male Swiss mice 20-
25 g 

10, 30 and 

100 mg/kg 

Improves induction of cerulein acute pancre-
atitis acting as an anti-inflammatory and 

antioxidant agent 
[82] 

Essential Oil 

The essential oil was pur-
chased from Laszlo Aroma-
therapia Ltda. and was ob-
tained from leaves and de-

rived from this specimen by 
steam distillation 

Male Wistar rats 
180-250 g 

12, 5, 25, 50 and 

100 mg/kg 

The essential oil exercises its gastroprotec-
tive activity, possibly increasing COX-2 and 
EGF expression due to its possible antioxi-

dant property 

[83] 

Trunk Wood 
Resin 

α and β-amyrin, a mixture of 
pentacyclic triterpene 

Male Swiss mice 
weighing 25-30 g 

10, 30, and 100 
mg/kg 

Antihyperglycemic and hypolipidemic ef-
fects of α, β-amyrin mix suggest that it could 
be a leading compound for the development 
of effective drugs in diabetes and atheroscle-

rosis 

[81] 
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Plant Part Classification Method Dose Result References 

Trunk Wood 
Resin 

α and β-amyrin (45.25%), 
Broine and Maniladiol 

(9.5%), and a small 

amount (1.25%) of a mixture 
of Lupenone and α and β- 

amirenone 

Swiss Mice 
weighing 25-30 g 

10 mg/kg and 
20mg/kg 

Antiobesity effect of P. heptaphyllum is 
largely due to its modulating effects on 
various hormones and enzymatic secre-

tions related to the metabolism of fats and 
carbohydrates and the regulation of in-

flammation associated with obesity 

[74] 

Trunk Wood 
Resin 

α (67%) and β-amyrin (33%) 
Male Swiss mice 

20-30 g 
5, 10, 25, and 

50 mg/kg 

Amy's anticonvulsant activity is related to 
the gaberic system and may be linked to 
the inhibition of the PKC signaling cas-
cade, as well as changes in amino acids 

metabolism 

[79] 

Oil Resin 

Monotherpines, α-
terpinolene (32.7%), limo-
nene (22.0%) and 3-careno 

(15.0%) 

 Rats (Rattus 
norvegicus) 

0.5% oil resin in iso-
tonic solution 

 Beneficial in the cicatrization process of 
experimentally induced cutaneous wounds 

in rats, making it a therapeutic option in 
veterinary medicine 

[89] 

Resinous 
Exudate 
from the 

Trunk Wood 

α and β-amyrin 
Male Swiss mice 
weighing 20-25 g 

10 or 20 mg/kg 

Benefit in the reduction of obesity in-
duced by fat diet and associated disorders 

via modulation of enzymes, hormones, 
and inflammatory responses 

[80] 

Essential Oil 
Monoterpenes, being the 

terpinolene, p-cimene-8-ol, 
and p-cimene 

- 25, 50 and 100 mg/kg 
Essential oil presented antimut agenic 

activity due to its chemical composition 
[88] 

Resin  
Essential Oil 

Limonene, α-terpineol, p-
cineole, o-cymene and α-

phelandrene 
Candida spp. 

Concentrations of 
1000 µg/L, 500 μg/L, 

and 250 μg/L, protocol 
M44-A2 (CLSI 2009) 

 Considerable antifungal activity, which 
merits further investigation for alternative 

clinical applications 
[86] 

Trunk Wood 
Resin 

Limonene, 𝑝-cineole, and 𝑜-
cymene 

Male Wistar nor-
motensive rats 

(200-300 g) 
3-750 μg/mL 

In intact pre-contracted rings with phe-
nylephrine (Phe 1 μm), EOPH (3-750 μg/    
mL) induced relaxation, and essential oil 
had a concentration-dependent vasorelax-

ant effect, without the involvement of 
endothelial mediators 

[90] 

Essential 
Oils of the 
Leaves of 
Ripe and 

Green Fruits 

Myrcene (59.0%), β-element 
(17.2%), limonene (12.9%), 

spathulenol (12.6%), α-
cubebene (11.6%), Ger-

macrene D (10.6%), trans-
nerolidol (9.8%) and α-

cadinol (8.8%) 

Minimum inhibi-
tory concentra-

tions of antibacte-
rial in vitro 

- 

The essential oils of the ripe and green 
fruits presented the largest antibacterial 
activity against the anaerobic bacteria 
Prevotella nigrescens (CIM = 50 μg/     
mL). The foliar essential oil presented 

very promising activity against Strepto-
coccus mutans (CIM = 50 μg/ml) and 

Streptococcus mitis (CIM = 62.5 μg/mL). 
The antibacterial activity of OES against 

oral pathogens is also described for the first 
time 

[76] 

Essential Oil 
from the 

Resin 

22 constituents and β-
phelandrene (60.68%) were 
the majority followed by p-
cymene (13.63), α-pinene 
(4,47), and α-phelandrene 

(3.38%) 

Halo inhibition. 

Inhibition of 
biofilm biomass 
and biomass re-

duction of biofilm 

MIC and MBC were 
11 mm, 2 mg/mL 

and 8 mg/mL, respec-
tively. Biofilm bio-
mass inhibition and 
preformed biofilm 
biomass reduction 
were detected at 4 

mg/mL 

EOPH concentration  

Release tests of cellular constituents and 
membrane permeability indicated that the 
plant can break the cell membrane, lead-
ing to extravasation of intracellular con-

stituents such as reducing sugars and 
materials with an absorbance of 260 nm 

[85] 

(Table 3) Contd…. 
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Plant Part Classification Method Dose Result References 

Essential Oil 
from the 

Resin 

p-cymene (27.70%) 

andpinene (22.31%) 
Third instar A. 
aegypti larvae 

Nanoemulsion prepared 
at a concentration of 

25,000 gmL-1 was diluted 
at concentrations of 2, 5, 

10, 15, and 20 gmL-1 
with a final volume of 

100 mL solution to 
receive 10 larvae in each 

baquer 

The nanobiotechnology product derived 
from the essential oil of the resin of P. 

heptaphyllum can be used against infec-
tious vectors of disease 

[87] 

Ethyl Ace-
tate Extract 
from Leaves 

Quercetin-3-β-D-glycoside 
myricetin and quercetin 

Male Wistar rats 
28-38 g 

100 mg/kg 

This antioxidant effect may be due to the 
presence of the flavonoids identified, 

which are already well-known for their 
antioxidant properties 

[77] 

Trunk Wood 
Resin 

13 compounds belonging 
mainly to ursano, oleanano, 

and tirucalan groups 

THLE-3 cells 
ATCC® CRL-

11233 
- 

A useful alternative to contrast hypercho-
lesterolemia, highlighting its potential as a 
sustainable multilevel natural extract for 
the nutraceutical industry that is rapidly 
gaining acceptance as a source of com-

pounds that promote health 

[84] 

 

glucose levels during the oral glucose tolerance test [81]. In 
addition, plasma insulin levels and histopathological analysis 
of the pancreas revealed the beneficial effect of α, β-amyrin 
in preserving beta cell integrity [82], suggesting that α, β-
amyrin from P. heptaphyllum exerts an anti-adipogenic ef-
fect, mainly through the modulation of lipid and carbohy-
drate metabolism in 3T3-L1 cells. Therefore, the in vitro 
results suggest that α, β-amyrin can be developed as a new 
therapeutic agent for the treatment and prevention of obesity 
[83]. 

 The gastroprotective activity was observed by Oliveira et 
al. [75], through tests of gastric damage induced by acidified 
ethanol, gastric secretion after four hours of suturing the py-
lorus, and investigation of non-protein sulfhydryl in gastric 
tissue. Araújo et al. [83], studying the essential oil of the 
plant, also observed gastroprotective activity, possibly by 
increasing the expression of COX-2 (Cyclooxygenase-2) and 
EGF (epidermal growth factor) and by its potential antioxi-
dant property. In this study, the authors observed that the 
essential oil of P. heptaphyllum significantly inhibited the 
formation of ulcers induced by three different models, in-
creasing the levels of GSH (reduced glutathione) and main-
taining the same levels of SOD (superoxide dismutase) and 
GPx (glutathione peroxidase) in the treated group, inhibited 
MPO (myeloperoxidase) and MDA (lipid peroxidation), did 
not produce a significant change in gastric juice content.  

 More recently, Mannino et al. [84], studied the potential 
of P. heptaphyllum to reduce cholesterol. They identified 
tetra and pentacyclic triterpenoid acids as the main com-
pounds responsible for the hypocholesterolemic action, high-
lighting the plant as potential as a sustainable natural extract 
for the rapidly growing nutraceutical industry gaining ac-
ceptance as a source of health-promoting compounds. 

 Studies with P. heptaphyllum essential oils using ripe and 
unripe fruits show greater antibacterial activity against an-
aerobic bacteria. The leaf essential oil showed very promis-

ing activity against Streptococcus mutans and Streptococcus 
mitis [76]. The larvicidal effect has also been detected. These 
authors carried out a work where they studied the chemical 
composition, antimicrobial activity, and antibiofilm of the 
bacterium V. parahaemolyticus in the essential oil P. hep-
taphyllum. Its mechanism of action seems to be related to the 
increase in cell membrane permeability [85, 86]. 

 In line with this view, it was observed antifungal activity 
of P. heptaphyllum was against Candida species, using the 
disk diffusion method. The authors emphasize that the plant 
deserves further investigation for alternative clinical applica-
tions since this species is widely distributed and has good 
yields and important therapeutic applications [86]. 

 The larvicidal effects were observed through the use of a 
nanoemulsion containing P. heptaphyllum essential oil with 
a residual effect of 72 hours after application. In this study, it 
was possible to conclude that the nanobiotechnological 
product derived from the oil of the plant in question can be 
used against vectors of infectious diseases [87]. In addition, 
another study evaluated the chemical composition of P. hep-
taphyllum essential oil and its cytotoxicity on a breast cancer 
cell line (MCF-7), antimicrobial activity, and antimutagen-
icity in vivo. The possible chemopreventive activity of the 
essential oil of P. heptaphyllum resin was observed and most 
likely due to the action of monoterpenes, it was possible to 
identify the antimutagenic effects and absence of cytotoxic 
and pro-apoptotic effects [88].  

 Regarding the topical use, Bernadi et al. [89], evaluated 
the clinical and histopathological aspects of the topical ap-
plication of P. heptaphyllum resin oil in the healing process 
of cutaneous wounds induced experimentally in rats. Their 
investigation showed that the resin oil was beneficial in the 
healing process of skin wounds induced experimentally in 
rats, making it a therapeutic option in veterinary medicine. 

 Patias et al. [77], were the first to test the extract of P. 
heptaphyllum leaves against oxidative stress induced by ac-
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etaminophen. In their studies, the authors observed a consid-
erable amount of phenols and flavonoids and a high DPPH 
radical scavenging property. A fraction of the extract showed 
antioxidant activity to repair oxidative stress and, the extract 
showed a hepatoprotective effect and demonstrated a possi-
ble hypoglycemic effect of the plant. The authors believe 
that the antioxidant effects may be due to the presence of 
flavonoids identified by in vitro tests such as Quercetin-3-β-
D-glucosylated, Myricetin, and Quercetin, which are already 
well known for their antioxidant properties [90-93].  Bandei-
ra et al. [68], also observed in vitro antioxidant activity of 
the essential oil of P. heptaphyllum (Table 3). 

CONCLUSION 

 Several studies are related to P. heptaphyllum, but these 
are directed mainly to the presence of α, β-amyrin triterpenes 
in the resin from the plant stem. However, more studies 
should still be carried out with P. heptaphyllum to define 
better the participation of the plant in the face of oxidative 
damage. A further study with a longer period will be useful 
to verify, quantify and exemplify the mechanisms of action 
of other compounds present in the plant. Actively studying 
the flavonoids present in the leaves or fruits of this plant can 
bring results regarding the antioxidant potential. From this, 
the relevance of studies in the field of phytotherapy can be 
observed, as we have a rich biodiversity with great potential 
for the development of natural products which can act in the 
treatment of diseases. 

LIST OF ABBREVIATIONS 

ECM = Extracellular Matrix  

MMPs = Matrix Metalloproteases  

PKC = Protein Kinase C  

RNS = Reactive Nitrogen Species  

ROS = Reactive Oxygen Species  

UV = Ultraviolet Radiation  
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Simple Summary: Obesity is a chronic disease caused by excessive consumption of high-calorie foods
that is associated with conditions such as dyslipidemia, diabetes, and cancer. Protium heptaphyllum
(P. heptaphyllum) is known in folk medicine for its analgesic, anti-inflammatory, and healing properties,
and its resin has demonstrated anti-obesity effects. This study aimed to evaluate the impact of
liposomes containing the ethyl acetate fraction from P. heptaphyllum leaves on obesity in male Wistar
rats. The animals became obese through a high-calorie diet and were treated with a liposome
formulation containing P. heptaphyllum for 14 days. The study evaluated several parameters in adipose
and liver tissues. Despite some positive effects on liver function and inflammation, the treatment
did not attenuate global changes related to obesity, such as weight gain and fat accumulation.
This highlights the complexity of obesity treatment and the varied responses of different organs to
P. heptaphyllum liposomes.

Abstract: Obesity, a chronic disease, resulted from excessive consumption of high-calorie foods,
leading to an energy imbalance. Protium heptaphyllum (P. heptaphyllum) was used in folk medicine
for its analgesic, anti-inflammatory, and healing properties. The association of the extract from
P. heptaphyllum with nanotechnology was innovative for combining high technology with active
ingredients that are easily accessible in the Amazon region. This study evaluated the effect of
liposomes containing the ethyl acetate fraction of the crude extract of P. heptaphyllum leaves on
obesity. Male Wistar rats treated with a high-calorie diet for 8 weeks to induce obesity received
treatment with the liposome formulation containing P. heptaphyllum extract (1 mg/kg/day, via gavage)
for 14 days. Morphological, metabolic, redox status, immunological, and histological parameters
were evaluated in the adipose and liver tissue of the animals. The groups were divided as follows:
C: control; P: liposomes containing extract; O: obese, and OP: obese + liposomes containing extract.
The obesity model resulted in increases in body weight, caloric intake, body fat weight, and in the
lipid profile. In adipose tissue, P decreased SOD (superoxide dismutase) activity in obese animals. In
the liver, a positive modulation of the extract was observed in relation to glucose, amino acids, lactate,
hepatoprotective action, and anti-inflammatory activity, with a decrease in interleukin 1β (IL-1β)
in obese animals. The results showed an improvement in the functional and inflammatory aspects,
but the treatment was not effective in alleviating general changes related to obesity, such as weight
gain, fat, glucose, triglycerides, and inflammation in adipose tissue, highlighting the complexity of
responses in different organs during obesity and treatment with P. heptaphyllum.

Biology 2024, 13, 535. https://doi.org/10.3390/biology13070535 https://www.mdpi.com/journal/biology
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1. Introduction

Obesity is prevalent and growing, affecting all ages, and is considered a significant public
health problem [1,2]. It results from energy imbalance, especially due to excessive consumption
of high-calorie foods [3]. Furthermore, it is directly associated with metabolic syndrome, with
oxidative stress as one of the main triggers of complications, including dyslipidemia, diabetes,
hypertension, musculoskeletal disorders, and cancer [4,5]. The biochemical mechanisms
involved include nicotinamide adenine dinucleotide phosphate (NAPDH) oxidase activation,
oxidative phosphorylation, glyceraldehyde auto oxidation, protein kinase C activation, polyol
and hexosamine pathways, hyperleptinemia, low antioxidant defense, postprandial reactive
oxygen species generation, and chronic inflammation [6].

Chronic inflammation in adipose tissue produces pro-inflammatory chemokines and
cytokines, stimulating immune cells from circulation to adipose tissue [7]. Obesity increases
pro-inflammatory adipokines, such as interleukin-6 (IL-6), Alpha Tumor Necrosis Factor
(TNF-α), adiposin, angiotensinogen, leptin, resistin, and visfatin, while decreasing the
expression of anti-inflammatory adipokines, such as interleukin-10 (IL-10) and adiponectin,
both in the systemic circulation and in tissues [8].

Herbal medicines offer an effective, affordable solution with less side effects to treat
these disorders [9]. The use of these medications, which control oxidative stress and balance
lipids, has been widely tested in therapeutic interventions [10]. However, more studies
are needed to investigate the biological activity and toxicity of plants, aiming to attract
investment from the pharmaceutical industry [9].

Nanotechnology has revolutionized the pharmaceutical sector, especially with ad-
vances in the use of liposomes (lipid vesicles), for more effective drug delivery [11]. Lipo-
somes are vesicles formed by one or more phospholipid bilayers oriented concentrically
around an aqueous compartment. Liposomes offer advantages over other nanosystems,
such as their ability to encapsulate hydrophilic and lipophilic drugs depending on the
affinity of the incorporated substance [12,13]. Liposomes can be produced on a nano- or mi-
crometric scale, depending on the manufacturing technique [14]. Obtaining these vesicles
incurs low manufacturing costs and is easily scalable compared to polymeric nanocap-
sules, for example. These promising liposomes contribute to safer and more effective
medicines [15], especially when combined with plant extracts, expanding their therapeutic
possibilities. This convergence between nanotechnology, liposomes, and plant extracts
marks an evolution in pharmacology, facilitating the development of personalized and sus-
tainable medicines [16,17]. This is because the encapsulation and delivery of flavonoids has
resulted in the design of an innovative liposomal encapsulation technology to effectively
deliver flavonoids to specific cellular targets and organelles [18].

Plant substances are promising sources for new medicines [19,20]. Protium hepta-
phyllum (P. heptaphyllum), known as “almacega” or “breu blanco”, is native to the Ama-
zon [19–21] and is used in folk medicine for its stimulating, anti-inflammatory, and healing
properties. Belonging to the Burseraceae family, with 18 genera and more than 700 species,
the genus Protium is the main member [22]. Rich in triterpenes and flavonoids, P. hepta-
phyllum resin has demonstrated several bioactive properties, such as anti-inflammatory,
antidepressant, anti-obesity, gastroprotective, and antibacterial actions [23–27]. Previous
studies have investigated the effect of P. heptaphyllum leaf extracts against oxidative stress
in mice, demonstrating antioxidant, hepatoprotective, and hypoglycemic properties [28].

Bioprospecting for natural products offers significant benefits to humanity, as biodi-
versity represents a valuable genetic library with future costs and benefits not yet fully
known, with the Plantae kingdom being a crucial source of traditional medicine and an
excellent reservoir for the discovery of new compounds with effective bioactives against
difficult-to-treat diseases [29]. Thus, considering the anti-obesity effect already described
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by the resin and the antioxidant effect identified by the plant’s leaves, and knowing that
there is an association between obesity and oxidative stress, this study aimed to demon-
strate the therapeutic potential of the ethyl acetate fraction from the crude extract of
P. heptaphyllum leaves, which are rich in flavonoids, in liposome form in an induced obesity
model, according to a study by Patias et al. [28].

2. Material and Methods
2.1. Extract Preparation

The work was developed at the Integrated Chemical Sciences Research Laboratories
(LIPEQ, Natural Products Chemistry Laboratory and Biochemistry Laboratory) at the
Federal University of Mato Grosso, Campus of Sinop/UFMT. The exsicata is deposited
in the collection of the Herbarium Centro-Norte-Mato-Grossense (CNMT) of the Federal
University of Mato Grosso, Sinop campus, under number 625.

The leaves of P. heptaphyllum were selected and dried, crushed to powder, and then
macerated with ethanol for seven days. Chlorophyll was removed with activated charcoal,
then the extract was rotary-evaporated and lyophilized to be subjected to tests to identify
functional groups. Part of the extract was fractionated in a silica gel chromatographic column
with a gradient of solvents of increasing polarity, procedures that are more detailed in
Reference [28]. After fractionation, the ethyl acetate fraction from P. heptaphyllum was chosen
to be used in the development of liposomes, as it presented a greater amount of flavonoids.

2.1.1. Development of Liposomes

Liposomes containing the active ingredient were developed using the reversed-phase
evaporation method [30], followed by extrusion of the lipid film. First, soy phosphatidyl-
choline (sPC) and cholesterol (COL) were diluted in chloroform in a molar ratio of 4:1.
The aqueous phase was prepared containing phosphate-buffered saline (pH 7.4) and
polysorbate 80 and kept in ultrasound for 5 min. Subsequently, 1 mL of the aqueous phase
was added to the organic phase and kept under ultrasound (5 min), and the organic solvent
was removed by rotary evaporation at 25 ◦C until the formation of a thin film. This film
was hydrated with the remainder of the aqueous phase and kept under stirring for 30 min.
Finally, the liposome was subjected to a micelle extrusion process with 10 extrusion cycles
using polycarbonate membranes with pores of decreasing size. The liposome containing the
P. heptaphyllum extract will be called LPEB, and the liposome without the active ingredient
will be called LPBR.

2.1.2. Physicochemical Characterization of Liposomes

The liposomes were characterized regarding their active content, the average diameter
of the nanoparticles, polydispersity index (PDI), zeta potential, and pH. The formulations
were stored at room temperature and protected from light for 30 days. The analyses were
described with the mean and standard deviation of 3 batches.

2.1.3. Particle Size Determination by Laser Diffractometry

The formulations were evaluated for mean equivalent sphere diameter (d4.3) and
particle size distribution (Span) by laser diffraction using a Mastersizer® 2000 (Malvern
Instruments, Malvern, UK). The analyses, obtained at 25 ◦C from a small volume of the
sample (enough to obscure the device between 2 and 8), were carried out in approximately
100 mL of distilled water as a dispersing medium.

2.1.4. Particle Size Determination by Photon Correlation Spectroscopy

The average cumulant diameter (Z-average) and the polydispersity index (PDI), resulting
from the application of the cumulant method, were measured at a detection angle of 173◦

(25 ◦C), by photon correlation spectroscopy analysis (Zetasizer® NanoZS model ZEN 3600,
Malvern Instruments, Malvern, UK) at 25 ◦C. The liposomes were diluted 500 times (v:v) in
ultrapure water, filtered (0.45 µm membrane), and analyzed using the average of 3 replications.
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2.1.5. Analysis of pH and Zeta Potential

pH determination was carried out using a potentiometer (Denver® Instrument VB-10,
New York, NY, USA) previously calibrated with pH 4.0 and 7.0 standards directly in the
formulations. The results represent the average of three determinations. The zeta potential
was determined after diluting the liposomes 500 times in a 10 mM·L−1 NaCl solution,
previously filtered through a 0.45 µm membrane, with measurements being carried out in
triplicate, analyzing the sample for its electrophoretic mobility.

2.1.6. Identification and Measurement of Quercetrin in the Liposome

Previous work by the group with the extract of Protium heptaphyllum (Alb. March)
identified and quantified the flavonoids quercetin, quercetin-3-β-D-glucoside, myricetin, and
phenolic compounds [28]. In the present work, we identified another flavonoid, quercetrin.
The analysis of this flavonoid was carried out using high-performance liquid chromatography
with UV detection (HPLC-UV, Perkin Elmer®, Waltham, MA, USA). The analytical study
was carried out using high-performance liquid chromatography (HPLC) on a Perkin Elmer
Series 200 chromatograph (Cotati, Sonoma, CA, USA), equipped with an ultraviolet detector.
The system consisted of a LiChrosorb 100 RP-18 stainless steel column (5 µm, 250 × 4 mm)
and a pre-column with LiChrosorb RP-18 stationary phase (5µm). The mobile phase consisted
of a mixture of acetonitrile: water (90:10 v/v), and the flow rate used was 0.7 mL/min.

The dosage of quercetrin contained in the liposome was carried out in triplicate, and
the method was validated according to Harmonization of Technical Requirements of Regis-
tration of Pharmaceutical for Humane Use and Resolution No. 899 of the National Health
Surveillance Agency. The methodology was validated in terms of specificity, linearity,
precision, accuracy, limits of detection, and quantification.

2.2. In Vivo Tests
2.2.1. Malone Test

Firstly, Malone’s Hippocratic test was performed to create a dose curve of the LPEB
(0.5, 1.0, 2.5, and 5 mg/kg, using three animals for each concentration) to analyze the
possible acute toxicity of the doses and the lethal dose [31]. From there, a dose was selected
to administer to the animals.

2.2.2. Animals and Treatment

For the animal study, male Wistar rats were used. All steps to authorize work with
animals were approved by the Guidelines of the Ethics Committee on the Use of Animals
of the Federal University of Mato Grosso no. 23108.031684/2021-21. Animals were used in
numbers of eight per group over a 14-day treatment period.

Control animals were fed standard rodent chow (NUVILAB CR-1, Nuvital®, Colombo,
Paraná, Brazil), and obese animals received hypercaloric chow (rich in lipids; 24.5% of energy
coming from lipids) and water with sucrose (300 g/L). The model and composition of the
diet were prepared according to References [32,33]. The high-calorie diet was developed in
the laboratory and contained commercial food (NUVILAB CR-1), condensed milk, cornstarch
biscuits, casein, lard, vitamins, and minerals (Table 1). The ingredients were first ground and
then mixed with vitamins and minerals. The mixture was transformed into pellets, dried in a
drying oven at 45 ± 5 ◦C for 48 h, turned after 24 h, and stored at −8 ◦C.



Biology 2024, 13, 535 5 of 21

Table 1. Composition of standard feed and high-calorie feed.

Components Standard Ration Hypercaloric Ration

Carbohydrates (%) 65.5 45.2

Proteins (casein > 99%) (%) 22 20.9

Lipids (%) 4 24.5

Fibers (%) 4 4

Vitamins * (%) 1 1

Mixture of minerals * (%) 3.5 3.5

Total (%) 100 100

Caloric value (kcal) 3.800 4.849
* Supplemented content of vitamins and minerals per 1000 g of high-calorie feed: iron: 25.2 mg; potassium:
104.8 µg; selenium: 73.1 µg; molybdenum sulfate: 150.0 µg; vitamin B12: 34.5 µg; vitamin B6: 6 µg; biotin: 0.12 µg;
vitamin E: 48.9 IU; vitamin D: 2447.0 IU; and vitamin A: 15291.2 IU.

Throughout the experimental period, the animals were kept in polypropylene boxes,
placed in an environment with a controlled temperature of 22 ± 2 ◦C and a 12 h light–dark
cycle, with free access to water and food. The animals were distributed into 4 experimental
groups according to whether they were treated with LPEB. We identified the groups as follows:

Group C: Control group;
Group P: Control group treated with LPEB;
Group O: Obese group
Group OP: Obese group treated with LPEB.

The acclimatization period was two weeks. The groups treated with LPEB (P, OP)
received the treatment dose defined by the Malone test [31], which was 1.0 mg/kg via gavage,
once a day for 14 days. The control groups (C and O) received vehicle (water—1 mL/kg) via
gavage also during the 14 days.

After the treatment period, the animals were fasted for 8 h. Blood was collected by
cardiac puncture under anesthesia with Ketamine 50 mg/kg and Xilaxin 2 mg/kg, then the
animals were euthanized by decapitation. Liver and adipose tissue samples were collected
by dissection, washed with isotonic saline, and weighed to determine absolute (g) and
relative weight (g/100 g of body weight). Furthermore, the weight of the mice (g) was
evaluated, and tissue samples were stored frozen at −80 ◦C for later analysis, except for
tissue samples collected for histological analyses, which were separated and processed
immediately. Plasma was obtained from whole blood by centrifugation.

2.2.3. Characterization of Obesity and Analysis of the Metabolic Parameters

To characterize and confirm the effectiveness of the model for inducing obesity using a
high-calorie diet, obesity was assessed by determining the Adiposity Index = [(periepididy-
mal fat + retroperitoneal fat)/body weight × 100]; the relative weight of periepididymal and
retroperitoneal fats, and lean mass (soleus and EDL muscles) in grams/100 g of body weight.

Weight gain and water and feed intake were assessed from the 1st to the 8th week.

2.2.4. Feed and Water Consumption

To evaluate daily food consumption, the rats were housed in polypropylene boxes
and provided with free access to water and food. Initially, 500 g of food was placed in
each box. After a period of 48 or 72 h (on weekends), the remaining amount of food was
weighed. The difference obtained represented the volume consumed by the rats in the box,
which was then divided by the number of animals present and the interval of 2 or 3 days
(corresponding to the period between weighing). This procedure was repeated throughout
the experiment, allowing for the evaluation of feed consumption from the beginning to the
end of the treatment. The results were expressed in grams. The protocol used to analyze
water consumption followed the same procedure adopted for feed consumption, considering
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that the amount of water supplied to the animals every two or three days was 1000 mL.
The animals’ food consumption expressed in calories was obtained using a mathematical
formula: group C and P: (amount consumed in food/day/rat (g) × 3.77 (kcal)) + (amount
consumed in water/day/rat (mL) × 0 (kcal)) = value consumed in calories per day per rat
(kcal); group O and OP: (amount consumed in food/day/rat (g) × 5.14 (kcal)) + (amount
consumed in water/day/rat (mL) × 1.2 (kcal)) = amount consumed in calories per day per
rat (kcal). The caloric value (kcal) of 1 g of feed was 3.77 kcal, that of 1 g of high-fat feed was
5.25 kcal, and 1.20 kcal for 1 mL of sugar-water (sucrose) solution [33].

2.2.5. Intraperitoneal Insulin Tolerance Test (IPITT) and Oral Glucose Tolerance Test (OGTT)

For the Intraperitoneal Insulin Tolerance Test (IPITT), caudal blood samples were
collected before and at 4, 8, 12, 16, and 20 min after an intraperitoneally injected regular
insulin overload. The constant rate of disappearance of blood glucose during the test
(KITT) was calculated based on linear regression of the Neperian logarithm of glucose
concentration. The animals were evaluated on the tenth day of treatment.

In the Oral Glucose Tolerance Test (OGTT), a caudal blood sample was collected and
corresponded to basal glycemia (T0), after a period of 15 h of food restriction. Next, glucose
was administered at a dose of 2.5 g/kg of body weight via gavage (0.5 g/mL glucose
solution). Afterward, blood samples were collected at 15, 30, 60, 90, and 120 min after
glucose administration corresponding to T15′, T30′, T60′, T90′, and T120′. Blood glucose
was determined using a glucometer and strips (SENS II® Glucometer, Injex, Brazil). The
result was calculated using the value of the area under the curve, represented by glucose
[(mg/dL ×min−1) × 1000].

2.2.6. Biochemical Analyses in Liver, Adipose Tissue, and Plasma

The dosages of enzymatic antioxidant activity of CAT (catalase) were determined
according to Reference [34], SOD (superoxide dismutase) according to Reference [35], GST
(glutathione-S-transferase) according to Reference [36], and GPx (glutathione peroxidase)
was measured according to Reference [37]. The dosage of the non-enzymatic antioxidant
GSH (reduced glutathione) was carried out according to Reference [38], and that of ascorbic
acid (AAS) was measured according to Reference [39]. The indirect markers of oxidative
damage evaluated were TBARS (substances reactive to thiobarbituric acid) and carbonyl
(carbonylated proteins) according to the technique described by References [40,41], re-
spectively. The protein content of the tissues, except for the ascorbic acid dosage, was
determined according to Reference [42].

The biochemical parameters (glucose, aspartate aminotransferase—AST, alanine
aminotransaminase—ALT, alkaline phosphatase—ALP, amylase, lipase, creatinine, lactate
and total proteins) and the lipid profile (total cholesterol, triglycerides, LDL—low-density
lipoprotein, HDL—high-density lipoprotein) from blood plasma were analyzed at a part-
ner Clinical Analysis Laboratory using a biochemical analyzer (XT-18000 Sysmex, Roche,
Hitachi Ltd., Tokyo, Japan).

Glucose was determined according to Reference [43], glycogen according to Refer-
ence [44], and lactate was estimated according to Reference [45]. The protein content was
determined by the method described in Reference [42], the amino acid dosage was carried
out according to Reference [46], and ammonia was measured according to the reference
method in [47].

2.2.7. Histological Analyses of Liver Tissue

For histological analyses of the liver, samples of liver tissue were fixed in buffered
formalin and dehydrated in various concentrations of ethanol, then immersed in resin,
sectioned into 3 µm transverse sections, and stained with hematoxylin and eosin (H&E),
visualized under an optical microscope, and photographed as described by a previous
study [48]. Liver structures were evaluated for hepatic inflammation, steatosis, hepatocyte
degeneration, and fibrosis.
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2.2.8. Immunological Analysis by ELISA

The homogenate obtained by diluting and homogenizing 50 mg of each tissue in
phosphate-buffered saline (PBS) was centrifuged, and the supernatant was separated for
use in measuring cytokines. The cytokines IL-6, IL-10, TNF-α, interferon gamma (IFN-γ),
interleukin 17 (IL-17), and interleukin 1β (IL-1β) were measured according to commercial
kits from R&D System, by sandwich ELISA technique. The concentrations of each cytokine
were calculated based on the linear regression equation of the standard curve obtained
with recombinant rat cytokines.

2.3. Data Analysis

Initially, the data passed the Kolmogorov–Smirnov normality test. The ANOVA (two-
way) analysis of variance test was performed followed by the Tukey–Kramer multiple
comparison test for comparing more than two means. Furthermore, in cases where the
results did not pass the normality test, the Kruskal–Wallis’s test and Dunn’s post-test were
performed. The minimum acceptable significance level was p < 0.05. The results were
expressed as mean +/− standard deviation and/or median and total range. The graphs
were generated and the results analyzed using the Graph Pad Prism 8.0 statistical program.

3. Results
3.1. Development and Characterization of Liposomes

The liposomes resulted in formulations with a homogeneous macroscopic, milky,
opalescent, and slightly greenish appearance, a characteristic expected with the presence of
P. heptaphyllum extract (LPEP), and the formulations without the extract presented a whitish
color (LPBR). Table 2 presents the values referring to the average diameter, span, pH, and
zeta potential obtained for the average analyses and their respective standard deviation of
the micelles developed.

Table 2. Vesicle diameter of equivalent nanocapsules over the 30 days of study.

Method PhysicaL-Chemical Parameters LPBR LPEP

Laser diffraction
(µm) 220 ± 0.57 287 ± 0.86
SPAN 1.71 ± 2.41 2.04 ± 0.00

Photon correlation spectroscopy Z-average (nm) 232 ± 0.00 260 ± 1.70
PDI 0.210 ± 0.00 0.210 ± 0.01

Electrophoretic mobility ζ potential (mV) −16.9 ± 0.37 −20.07 ± 1.10

pH pH 7.28 ± 0.03 7.35 ± 0.05

Results are presented as the mean ± standard deviation from three batches of the formulation.

The average diameter of the vesicles of the LPBR and LPEP formulations, by laser
diffraction, was below 300 nm, presenting a monomodal system, without the presence of
nanometric-sized microparticles. Polydispersity demonstrated low variation, with SPAN
values around 2.0. The average size of the vesicles by photon correlation spectroscopy
corroborates the nanometric diameter already found by laser diffraction. The polydispersity
indices (PDI) were close to 0.210, indicating low polydispersity, which makes the colloidal
system stable. Zeta potential (ζ) analyses demonstrated values around 20 mv, in modulus,
indicating the steric stabilization method, as expected for these nanosystems.

The non-ionic surfactants in the formulations perform steric stabilization, causing a
reduction in zeta potential [49]. The pH values of the formulations were close to neutrality,
an expected result since a buffer solution (pH 7.4) was used as a vehicle, in addition to the
cationic group in the formulation, resulting from phosphatidylcholine, which also provided
a neutral pH to the liposomes [50,51]. The analytical method developed in HPLC-UV was
validated and shown to be linear, precise, accurate, and robust. The content of the quercetrin
compound present in the extract was 98.8 ± 0.9%, with a retention time of 34.0 min.
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3.2. Food Consumption of Animals from the First to Eighth Week and Tissue Weight

A significant difference was observed in the final weight of the animals submitted
to the high-calorie diet, and a significant increase was seen in the average weight gain of
O and OP groups compared to the C group. The statistical results revealed disparities
in food intake between the groups submitted to the hypercaloric diet (O and OP), with
a notable reduction in feed intake and a corresponding increase in water intake in these
groups. Additionally, a progressive increase in caloric intake was observed throughout
the study period in the groups submitted to a high-calorie diet, and treatment with the
P. heptaphyllum liposome did not reverse this parameter (Table 3).

Table 3. Anthropometric parameters and food consumption.

Parameters Control (C) Protium (P) Obese (O) Obese + Protium (OP)

Initial body weight (g) 167.00 ± 33.80 185.40 ± 48.66 175.40 ± 38.87 167.60 ± 36.10

Final body weight (g) 346.30 ± 28.36 344.20 ± 42.65 428.70 ± 37.39 * 443.40 ± 44.30 *

Weight gain (g) 12.13 ± 5.46 15.00 ± 2.77 33.13 ± 6.46 * 32.50 ± 8.10 *

Food intake (g/day/rat) 23.35 ± 1.58 23.95 ± 1.63 17.73 ± 2.05 * 17.88 ± 1.74 *

Water intake (mL/day/rat) 36.61 ± 2.28 39.29 ± 2.74 54.89 ± 7.77 * 52.74 ± 7.27 *

Calorie intake (kcal/day/rat) 88.06 ± 5.97 90.32 ± 6.17 157.03 ± 11.12 * 155.20 ± 13.69 *

Epididymal adipose tissue (g) 4.30 ± 0.84 4.81 ± 0.96 8.98 ± 1.27 * 13.24 ± 1.92 */#

Retroperitoneal adipose tissue (g) 5.75 ± 1.37 6.05 ± 2.17 12.88 ± 1.64 * 18.15 ± 2.19 */#

Liver (g) 10.68 ± 1.00 11.01 ± 1.76 13.23 ± 0.62 * 13.59 ± 1.58 *

HSI (hepatosomatic index) (%) 3.13 ± 0.11 3.26 ± 0.39 2.90 ± 0.34 3.11 ± 0.12

Results are presented as mean ± standard deviation. ANOVA (two-way) followed by Tukey’s post-hoc test.
* p < 0.05 vs. C; # p < 0.05 vs. O.

Regarding tissue weight, there was an increase in epididymal and retroperitoneal
adipose tissue in O and OP groups compared to the C group. Treatment with the liposome
increased this same adipose tissue when comparing obese animals. There was an increase
in liver weight in animals belonging to these same groups (O and OP group compared to C
group), but the hepatosomatic index did not change in the groups analyzed (Table 3).

There was an increase in the average body weight of the O and OP groups from the
sixth week until the end of treatment in the eighth week, and the P. heptaphyllum liposome
was unable to reduce this increase (Figure 1).

There was no statistical difference between the groups concerning IPITT (Figure 2A,B),
demonstrating that there was no change in insulin sensitivity in animals treated or not
treated with P. heptaphylllum. Regarding the OGTT, no statistical differences were observed
in the glycemic curve (Figure 2C), but we found that the OP group showed greater glucose
intolerance, which was evidenced by the area under the curve (Figure 2D) when compared
to the C and O groups.
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Figure 2. Glycemic curve (A) and glucose decay constant (KITT) (B), both obtained through the
Intraperitoneal Insulin Tolerance Test (IPITT) of the Control (C), Protium (P), Obese (O), and Obese
Protium (OP) groups. Glycemic curve (C) and area under the curve (AUC) (D), obtained through the
Oral Glucose Tolerance Test (OGTT) of the Control (C), Protium (P), Obese (O), and Obese Protium
(OP) groups (n = 8 per experimental group). Results are presented as mean ± standard deviation.
ANOVA (two-way) followed by Tukey’s post-hoc test. * p < 0.05 vs. C; # p < 0.05 vs. O.

3.3. Analysis of Plasma Biochemical Parameters

The high-calorie diet increased glucose levels in the O and OP groups when compared
to the C group (Table 4), and the P. heptaphyllum extract was not able to reverse the animals’
blood glucose levels within normal limits compared to reference values. To evaluate
liver functions, serum activities of the enzymes alanine aminotransferase (ALT), aspartate
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aminotransferase (AST), and alkaline phosphatase (ALP) were measured. The enzymes
ALT, AST, and ALP decreased significantly in the O and OP groups compared to the C
group, and the P group also showed a decrease in the AST activity when compared to the
C group (Table 4). Furthermore, for creatinine, there was a reduction in the P, O, and OP
groups when compared to group C. On the other hand, the parameters of total proteins,
amylase, and lipase did not demonstrate statistical differences between the groups studied,
as detailed in Table 4.

Table 4. Plasma biochemical parameters in the treated groups.

Parameters Control (C) Protium (P) Obese (O) Obese + Protium (OP)

Glucose (mg/dL) 114.40 ± 29.59 136.00 ± 14.86 184.25 ± 9.19 * 177.37 ± 23.31 *

Total proteins (mg/dL) 6.73 ± 0.81 5.56 ± 1.02 5.92 ± 1.20 7.12 ± 0.74

ALT (U/L) 75.50 ± 14.02 62.00 ± 11.22 45.88 ± 6.81 * 40.88 ± 7.84 *

AST (U/L) 48.47 ± 12.68 30.53 ± 7.50 * 29.53 ± 10.81 * 26.88 ± 8.02 *

ALP (U/L) 179.10 ± 26.97 168.80 ± 24.74 115.90 ± 16.106 * 100.40 ± 10.73 *

Creatinine (mg/dL) 1.30 ± 0.11 0.96 ± 0.09 * 0.85 ± 0.17 * 0.71 ± 0.23 *

Amylase (U/L) 623.80 ± 117.30 644.50 ± 78.89 680.40 ± 61.02 713.20 ± 58.05

Lipase (U/L) 25.00 ± 5.90 19.75 ± 2.65 21.63 ± 6.18 25.88 ± 3.52

Results are presented as mean ± standard deviation. ANOVA (two-way) followed by Tukey’s post-hoc test.
* p < 0.05 vs. C. (ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase).

Among the parameters related to the lipid profile, we observed a reduction in LDL
cholesterol levels in the P and OP groups compared to the C group, as well as a reduction
in VLDL levels in the P, O, and OP groups compared to the C group. However, for
triglycerides, there was an increase in the OP group compared to the O group (Table 5). The
TG/HDL ratio was increased in the OP group compared to the C and O groups. Regarding
total cholesterol and HDL cholesterol, no significant changes attributed to the extract were
observed in this 14-day experimental protocol.

Table 5. Plasma biochemical parameters regarding lipid profile.

Parameters Control (C) Protium (P) Obese (O) Obese + Protium (OP)

Cholesterol (mg/dL) 149.60 ± 17.20 130.00 ± 19.49 135.90 ± 20.67 128.40 ± 14.97

HDL (mg/dL) 44.38 ± 2.82 45.88 ± 6.70 39.63 ± 3.37 39.75 ± 4.95

LDL (mg/dL) 88.35 ± 10.70 73.46 ± 10.07 * 78.28 ± 11.76 73.10 ± 12.11 *

VLDL (mg/dL) 21.43 ± 6.26 13.78 ± 3.18 * 13.20 ± 3.09 * 15.88 ± 2.44 *

Triglycerides (mg/dL) 81.04 ± 9.11 68.88 ± 15.91 72.25 ± 7.24 90.50 ± 10.52 #

TG/HDL (mg/dL) 1.82 ± 0.14 1.50 ± 0.25 1.83 ± 0.25 2.31 ± 0.41 */#

Results are presented as mean ± standard deviation. ANOVA (two-way) followed by Tukey’s post-hoc test.
* p < 0.05 vs. C; # p < 0.05 vs. O. (HDL: high-density lipoprotein; LDL: low-density lipoprotein; VLDL: very
low-density lipoprotein; TG/HDL: triglycerides/high-density lipoprotein ratio).

3.4. Adipose Tissue
3.4.1. Analysis of Parameters of Oxidative and Metabolic Stress in Adipose Tissue

A reduction in SOD enzyme activity was observed in the OP group compared to the
O group. There were no significant changes between groups for CAT, GST, GSH, and ASA.
On the other hand, TBARS levels increased in the O and OP groups compared to the C
group, and carbonyl levels were reduced in the P group compared to the C group (Table 6).
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Table 6. Oxidative stress parameters analyzed in the adipose tissue of rats submitted to a high-calorie
diet in the experimental groups.

Parameters Control (C) Protium (P) Obese (O) Obese + Protium (OP)

SOD (IU SOD/mg protein) 23.94 ± 3.02 22.58 ± 4.18 27.84 ± 5.95 20.80 ± 2.76 #

CAT (µmol/min/mg protein) 7.30 ± 3.06 5.53 ± 2.28 6.37 ± 2.14 6.00 ± 2.26

GST (µmol GS-DNB/min/mg protein) 77.53 ± 27.06 74.75 ± 34.99 105.40 ± 38.99 78.25 ± 20.63

GSH (µmol GSH/mg protein) 32.91 ± 12.32 50.68 ± 16.42 30.58 ± 12.74 40.94 ± 16.30

ASA (µmol ASA/g tissue) 0.36 ± 0.08 0.33 ± 0.10 0.33 ± 0.06 0.30 ± 0.05

TBARS (nmol MDA/mg protein) 0.60 ± 0.18 0.65 ± 0.29 1.46 ± 0.38 * 1.96 ± 0.59 *

Carbonyl (nmol carbonyl/mg protein) 254.10; 254.90 129.40; 124.98 * 167.90; 141.26 162.80; 116.93

Glucose (µmol/g tissue) 5.29 ± 1.69 2.81 ± 1.96 4.07 ± 2.03 3.71 ± 2.81

Glycogen (µmol/g tissue) 11.85 ± 2.52 8.14 ± 1.86 * 5.04 ± 2.71 * 3.94 ± 0.48 *

Amino acids (mmol/g tissue) 0.0026 ± 0.0009 0.0025 ± 0.0004 0.0018 ± 0.0006 0.0016 ± 0.0004 *

Ammonia (µmol/ammonia g tissue) 0.48 ± 0.26 1.30 ± 0.18 * 1.23 ± 0.11 * 0.36 ± 0.14 #

Lactate (µmol/g tissue) 1.81 ± 0.63 3.17 ± 0.45 * 1.66 ± 0.40 2.03 ± 0.25

Total proteins (mg/mL) 0.46 ± 0.22 0.78 ± 0.37 0.62 ± 0.35 0.58 ± 0.11

Results are presented as mean ± standard deviation. ANOVA (two-way) followed by Tukey’s post-hoc test. For
carbonyl analysis, the Kruskall–Walli’s test followed by Dunn’s post-hoc test was used, and values were expressed as
median and total range. * p < 0.05 vs. C; # p < 0.05 vs. O. (SOD: superoxide dismutase; GST: glutathione-S-transferase;
ASA: ascorbic acid; TBARS: substances reactive to thiobarbituric acid; carbonyl: carbonylated proteins).

Regarding metabolites, both glucose and total proteins did not reveal statistically
significant differences between the groups. However, there was a reduction in glycogen
levels in the P, O, and OP groups compared to the C group. Amino acids were reduced in
the OP group compared to the C group. There was an increase in ammonia levels in groups
P and O compared to group C. On the other hand, there was a reduction in these levels
in the OP group when compared to the O group. As for lactate, an increase in levels was
observed in the P group compared to the C group (Table 6).

3.4.2. Analysis of Cytokines in Adipose Tissue

No statistically significant differences were identified between the groups in TNF-α, IFN-
γ, IL-10, IL-17, and IL-1β (Figure 3A,B,D–F, respectively). However, regarding IL-6, a reduction
in this cytokine was found in O and OP tissues when compared to group C (Figure 3C).
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3.5. Liver Tissue
3.5.1. Analysis of Parameters of Oxidative and Metabolic Stress in Liver Tissue

No changes were observed in the groups analyzed concerning the parameters of SOD,
CAT, GST, GPx, GSH, ASA, and carbonyl; however, there was an increase in TBARS in the
P and O groups when compared to the C group (Table 7).

Table 7. Oxidative stress parameters analyzed in the liver tissue of rats submitted to a high-calorie
diet in the experimental groups.

Parameters Control (C) Protium (P) Obese (O) Obese + Protium (OP)

SOD (IU SOD/mg protein) 11.06 ± 1.03 12.08 ± 3.85 10.46 ± 2.78 10.50 ± 2.65

Catalase (µmol/min/mg protein) 8.48 ± 1.96 9.42 ± 3.63 9.23 ± 3.01 12.01 ± 1.34

GST (µmol GS-DNB/min/mg protein) 250.10 ± 48.60 298.00 ± 76.00 241.50 ± 74.10 227.50 ± 84.10

GPx (µmol/min/mg protein) 31.60 ± 9.00 39.30 ± 12.30 23.50 ± 7.40 23.40 ± 5.90

GSH (µmol GSH/mg protein) 20.94 ± 5.82 20.26 ± 4.57 21.45 ± 6.73 22.53 ± 7.37

ASA (µmol ASA/g tissue) 3.16 ± 0.65 2.96 ± 0.52 2.81 ± 0.44 3.04 ± 0.44

TBARS (nmol MDA/mg protein) 0.14 ± 0.02 0.22 ± 0.03 * 0.23 ± 0.03 * 0.19 ± 0.04

Carbonyl (nmol carbonyl/mg protein) 15.85 ± 1.04 12.40 ± 2.45 13.31 ± 3.86 14.67 ± 2.63

Glucose (µmol/g tissue) 31.27 ± 10.79 66.01 ± 18.55 * 90.81 ± 25.10 * 62.42 ± 16.62 */#

Glycogen (µmol/g tissue) 1.53 ± 0.24 1.96 ± 0.28 * 1.63 ± 0.32 1.84 ± 0.37

Amino acids (mmol/g tissue) 0.10 ± 0.02 0.08 ± 0.01 * 0.07 ± 0.009 * 0.11 ± 0.01 #

Ammonia (µmol ammonia/g tissue) 1.09 ± 0.33 0.60 ± 0.19 * 0.81 ± 0.27 0.75 ± 0.26

Lactate (µmol/g tissue) 1.66; 1.23 1.82; 1.29 0.85; 0.95 * 1.53; 1.25 #

Total proteins (mg/mL) 6.65 ± 0.21 7.02 ± 2.13 6.58 ± 1.66 7.25 ± 2.46

Results are presented as the mean ± standard deviation. ANOVA (two-way) followed by Tukey’s post-hoc
test. For lactate analysis, the Kruskall–Wallis test followed by Dunn’s post-hoc test was used, and the values
are expressed as the median and total range. * p < 0.05 vs. C; # p < 0.05 vs. O. (SOD: superoxide dismutase;
GST: glutathione-S-transferase; GPx: glutathione peroxidase; ASA: ascorbic acid; TBARS: substances reactive to
thiobarbituric acid; carbonyl: carbonylated proteins).

Considering the levels of metabolites in the liver tissue, there was an increase in
glucose concentration in the P, O, and OP groups compared to the C group. However,
P. heptaphyllum was able to correct the levels in the OP group when compared to the O
group. Glycogen concentration showed an increase in the P group compared to the C group.
For amino acid levels, there was a decrease in the P and O groups compared to the C group,
and P. heptaphyllum corrected these amino acid levels in the OP group when compared to
the O group. The ammonia concentration showed a decrease in group P compared to group
C, and lactate levels showed a decrease in group O compared to the group C; animals
treated with extract liposomes (OP) recovered these values to control levels. Total proteins
showed no statistical difference between the groups studied.

3.5.2. Analysis of Cytokines in Liver Tissue

The results indicated that there was an increase in IFN-γ in the O and OP groups
compared to the C group (Figure 4B). The cytokine IL-10 also showed an increase in the P
and O groups when compared to the C group (Figure 4D). On the other hand, the cytokine
IL-1β increased in group O compared to group C, and plant liposomes were effective in
reducing the levels of this cytokine in group OP (Figure 4F). The cytokines TNF-α, IL-6,
and IL-17 did not show statistically significant differences (Figure 4A,C,E, respectively).
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3.5.3. Histopathological Analysis of Liver Tissue

The liver of animals fed a standard diet (C and P) showed well-formed nucleated hepato-
cytes, well-formed sinusoidal capillaries between hepatocyte plates, absence of inflammatory
infiltrate, fibrous tissue, or lipid accumulation, and intact architecture compatible with a
normal liver (Figure 5—C and P). The groups that received a high-calorie diet (O) and were
treated with P. heptaphyllum liposomes (OP) showed hepatic steatosis with vesicular-appearing
cytoplasm, with many fat droplets of various sizes scattered around (Figure 5—O and OP).
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4. Discussion

We used nanotechnology to create liposomes from P. heptaphyllum extract, with the
aim of making the product more effective and reducing possible adverse effects [13]. This
approach improves the absorption of bioactive substances, such as flavonoids present in
the extract, especially when administered orally [51]. The use of nanocarriers has become
a common approach to reduce toxic effects and enhance active ingredient activity [52].
Liposomes were prepared by the method of lipid film hydration followed by extrusion [30].
This method is widely used due to its reproducibility and easy handling, resulting in an
opalescent liquid that can be used directly after preparation. The liposomes showed a bluish
white color due to the Tyndall effect, characteristic of concentrated colloidal solutions. LPEP
had an opalescent milky green color, with a slight odor characteristic of the extract used.
All formulations were macroscopically homogeneous with a bluish reflection, resulting
from the Brownian movement of the nanomicelles. The techniques used to evaluate the
diameters of the formulations showed the presence of nanometric micelles, without any
microscopic samples. Furthermore, the low polydispersity values demonstrated narrow
size distributions and uniformity in mean diameters for all formulations developed. The
pH neutrality is consistent with the composition of the nanosystems in this study. All these
parameters qualified the LPEP and LPBR formulations for application in biological models.

The induced obesity model used in the present study was confirmed by the increase
in average body weight and the accumulation of body fat, reflected in the increase in
organ weight. Furthermore, comprehensive data such as adipose tissue accumulation and
hyperglycemia, typical features of obesity and associated metabolic disorders, corroborate
the effectiveness of the model. These findings are consistent with other studies that used
obesity induction. For example, previous studies reported the induction of obesity in rats on
a high-fat diet [53]. Similarly, a high-fat and high-protein diet, commonly used for weight
loss, induced obesity in rats [54], and another study used an obesity induction protocol and
treated rats with botryosphaeran [(1→3) (1→6)-β-d-glucan], obtaining beneficial metabolic,
antioxidant, and anti-inflammatory effects [55]. Finally, it is claimed that high-fat diets are
effective in modeling the metabolic disorders of human obesity in rodents [56]. Although
the study protocol [54] is like ours, we were unable to observe positive changes in liposomes
in the epididymal and retroperitoneal adipose tissue depots, since the results were greater
in the OP group compared to the O group. This unexpected result may be attributed to
the insufficient dose of the extract and the 14-day treatment period. The liposomal form of
the extract may also have interfered with the bioavailability of the bioactive compounds.
Studies show that obesity is associated with oxidative stress, and treatments with natural
extracts can be toxic and should be used with caution, as they can cause adverse effects in
the long term or at incorrect doses. Furthermore, the complexity of the herbal composition
makes it difficult to determine the mechanisms of action, as discussed by studies that
provide an overview of the scientific evidence on the use of herbal medicines in the
treatment of obesity [57].

Animals that received a high-calorie diet (O) and were treated with liposomes (OP)
showed a significantly larger area under the curve in the OGTT, suggesting signs of
glucose intolerance. Hypercaloric diets induce metabolic disorders like human metabolic
syndrome [56,58] and, because of obesity triggered by the high caloric value of the diet,
changes in glycemia [59]. However, in this study, the obese groups (O and OP) presented
high plasma glycemia, without reversal by treatment with P. heptaphyllum, but previous
studies reveal the action of the resin of P. heptaphyllum in reducing plasma glucose in the
face of obesity induced by a high-fat diet in rats [60]. Obesity is associated with increased
liver enzymes, markers of liver function, with hepatic steatosis being common in obese
individuals, which can cause liver damage and result in the release of these enzymes into
the bloodstream [61,62]. The reduction observed in the activities of the hepatic enzymes
ALT, AST, and ALP in the obese groups (O and OP) demonstrates that the model developed
did not cause damage to the point of increasing these activities, nor did treatment with
liposomes containing P. heptaphyllum interfere with these parameters. Previous studies
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showed that P. heptaphyllum resin attenuated the acute paracetamol-induced increase in
serum ALT and AST activities in mice [19]. Accordingly, the activity of ALT, AST, and ALP
enzymes increased in the plasma of mice exposed to paracetamol, but ethyl acetate extract
of P. heptaphyllum decreased these activities by controlling ALT and AST activities [28].
Studies in rats on a high-fat diet for 15 weeks showed that P. heptaphyllum also triggered a
decrease in liver enzyme activities [62]. Furthermore, we observed that the treated groups
also showed a decrease in creatinine levels, in line with similar results in rats on a high-
calorie diet and lycopene treatment [63]. We can observe that previous studies showed
good results with P. heptaphyllum, and our results, despite not showing many advances
in these parameters, may have been influenced by the treatment time and the dose of the
extract. Added to that, the innovative methodology of liposomes presents challenges in
understanding the bioactives involved.

Regarding the lipid profile, the P and OP groups showed a decrease in LDL and
VLDL levels, which can be attributed to the flavonoids present in P. heptaphyllum, such as
quercetin-3-β-D-glucoside, myricetin, and quercetrin. Studies have discussed the antioxi-
dant potential and other biological activities of P. heptaphyllum, highlighting these bioactive
compounds [64]. Furthermore, they demonstrated that quercetrin can reduce cholesterol
and prevent atherosclerosis [65], reporting the lipid-lowering effects of the hydroalco-
holic extract of Solidago chilensis and its main isolated constituent in cholesterol-fed rats,
demonstrating the ability of quercetrin to reduce cholesterol and prevent atherosclerosis.

In addition, the triterpenes α- and β-amyrin present in P. heptaphyllum resin also reduce
LDL and VLDL lipoproteins, such as in a study that investigated the antihyperglycemic and
lipid-lowering effects of the mixture of triterpenes α- and β-amyrin from P. heptaphyllum in
mice, showing a reduction in LDL and VLDL lipoproteins [66]. Another study investigated
the bioactive triterpenes from P. heptaphyllum resin extract, noting their cholesterol-lowering
potential, especially in LDL lipoproteins [67]. The hypercaloric diet applied was rich in
lipids and not in carbohydrates, which explains the low production of hepatic TG and
reduction in VLDL and LDL. However, an increase in triglycerides and the TG/HDL
ratio was observed in the treated group (OP), associated with an increase in adipose tissue,
crucial for triglyceride storage, since the fate of excess fat absorbed from the diet is delivered
directly to adipose tissue for storage via chylomicrons [68]. Research has reported increased
visceral and subcutaneous adipose tissue in children with acute pancreatitis, highlighting
the importance of adipose tissue in triglyceride storage [69]. In addition, the relationship
between the triglycerides/HDL index (TG/HDL) as a risk marker for metabolic syndrome
and cardiovascular diseases was discussed, correlating it with the increase in adipose tissue
and lipid profile [70]. The presence of the plant during this treatment period did not affect
this marker. This link between high-fat diets and metabolic changes highlights the potential
adverse effects of these diets on plasma and liver lipid profiles. Research has examined the
effects of high-calorie diets on glucose homeostasis in rats, highlighting the influence of
saturated and monounsaturated dietary lipids on plasma and liver lipid profiles [68].

Adipose tissue, a vital component of the human body, plays a fundamental role in
metabolic and homeostatic functions. In the present study, an increase in TBARS levels in
the adipose tissue of obese groups (O and OP) was observed, indicating greater oxidative
stress and possible cellular damage in this tissue. On the other hand, other studies have
already demonstrated positive effects of P. heptaphyllum in reducing TBARS and carbonyl.
For instance, the investigation of the anti-inflammatory effect of the triterpenes α- and
β-amyrin from P. heptaphyllum in a model of acute periodontitis in rats showed a significant
reduction in oxidative stress, especially TBARS [23]. Another study [28] observed carbonyl
reduction in kidney tissue samples from mice exposed to paracetamol and treated with the
ethyl acetate fraction of P. heptaphyllum. On the other hand, the activity of the SOD enzyme
decreased in the OP group when compared to the O group. Several studies demonstrate the
antioxidant potential of flavonoids, especially quercetin, which acts directly on antioxidant
enzymes. In this context, the antioxidant capacities of flavonoids present in cherries (Prunus
pseudocerasus) were evaluated, including astragalin, cyanidin-3-O-glucoside, cinaroside,
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quercetin, rutin, and vitexin, and treatments with high doses of cyanidin-3-O-glucoside and
rutin increased SOD activities in the serum, liver, kidney, and heart of mice, while reducing
the level of MDA (malondialdehyde) in these tissues [71]. Quercetin, a bioactive flavonoid
with several antioxidant properties, has been highlighted for its biological importance
and its role in protecting against oxidative stress [72]. Additionally, studies analyzing the
antioxidant activities of quercetin and its complexes have observed significant beneficial
effects for medicinal applications, particularly in reducing oxidative damage [73]. However,
in this study, we did not observe a pattern of protection of liposomes containing the extract
in this tissue against enzymatic and non-enzymatic activities or inflammatory markers,
even after a 14-day treatment. It is possible that a longer treatment time will be required.

This research is pioneering with P. heptaphyllum extract liposomes, including redox and
metabolic analyses, demonstrating an innovative approach. The reduction in glycogen in
groups O and OP in adipose tissue suggests changes in energy metabolism associated with in-
sulin resistance in obesity, indicating a possible reduction in glucose storage capacity [74]. The
decrease in amino acids and ammonia in the OP group reflects specific metabolic adjustments,
indicating a positive response to treatment [75]. Obesity can affect amino acid metabolism,
resulting in changes in the production and excretion of ammonia, a metabolic byproduct
whose obesity-related imbalances can lead to elevated levels of this compound [76].

When natural liver protective mechanisms fail, liver damage can occur. Thus, treat-
ment with liposomes for 14 days in obese animals did not promote changes in enzymatic
antioxidants (SOD, CAT, GST, and GPx), but the TBARS marker, a sign of lipid damage,
remained elevated (groups P and O) in liver tissue, without causing protection against
obesity, and both triggered lipoperoxidation during this treatment period. Previous studies
from our group highlighted the ability of P. heptaphyllum extracts to reduce hepatic oxida-
tive stress in a paracetamol-induced liver damage model [28]. It is known that quercitrin
present in P. heptaphyllum extract is recognized for its bioactivity, and it has been studied
in various health conditions, exhibiting antioxidant, anti-inflammatory, and antimicrobial
properties [77]. Furthermore, some authors [78] have suggested that flavonoids, includ-
ing quercetin, directly impact mitochondrial processes, indicating potential to counteract
complications associated with obesity. However, even though the liposomes under study
contain these flavonoids, it is important to explain that we carried out a 14-day treatment,
with a different form of dispensing, and it is possible that these conditions were not ideal
for the possible benefits in this organ under obesity induction.

In the obese group treated with P. heptaphyllum (OP), there was a reduction in glucose
levels compared to the obese group, indicating a possible benefit of the treatment on liver
tissue. P. heptaphyllum restored amino acid and lactate levels in the OP group, suggesting
modulation of these parameters attributable to flavonoids such as quercetrin present in the
plant. Studies [79] have indicated that high concentrations of plasma glucose and lactate
result in greater uptake in peripheral tissues, regardless of the type of diet. Furthermore,
the liposome per se promoted an increase in glucose and hepatic glycogen stores combined
with a reduction in amino acids and ammonia. The liver is responsible for carrying out the
urea cycle, an important route for ammonia excretion. It is possible that the amino acids
provided their carbon skeletons to produce glycogen, and the ammonia generated was
efficiently destined for its elimination via the urea cycle [70].

Flavonoids such as quercetin are recognized for anti-inflammatory and cytokine im-
munomodulatory properties. In the liver tissue, there was an increase in IFN-γ (groups O and
OP), IL-10 (groups P and O), and IL-1β (group O) compared to the control, showing an inflam-
matory process mediated by T helper lymphocytes 1 (Th1) and inflammasome activation in
the obese group. The increase in IL-10 in obese individuals may be due to an attempt to control
the inflammatory process in this tissue. The use of liposomes in obese animals managed to
reduce IL-1β levels in the liver, probably reducing the NLRP3 (NOD-like receptor family
pyrin domain-containing 3) and inflammasome activation pathway. The anti-inflammatory
effect related to P. heptaphyllum was reported in an animal model of periodontitis, where the
plant isolates, α- and β-amyrin, were administered 2 h before the induction of periodontitis.
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After 6 h, there was a decrease in TNF-α levels in treated animals, although other cytokines
were not measured [23]. Previous studies [80] also highlighted the ability to reduce inflam-
matory cytokines in inflammation models where the effects of quercetin-loaded liposomes
were investigated in a mouse model of sepsis, demonstrating that liposomal encapsulation
promoted the inhibitory effects of quercetin on lung-mediated inflammation by macrophages,
reducing mortality without apparent toxicity.

Histological evaluation revealed hepatic steatosis in groups O and OP. Unfortunately,
treatment with liposomes failed to prevent this change caused by obesity, contradicting
the findings of other studies that also investigated the same plant. However, using other
components present in it, such as the triterpenes α- and β-amyrin extracted from the trunk
resin, conferred significant protection against acetaminophen-induced liver injury in mice,
preventing hepatic congestion and centrilobular necrosis [19]. In addition, other works
with P. heptaphyllum resin showed that it prevents microgoticular steatosis and liver in-
flammation in mice fed a high-fat diet, preserving normal liver morphology [60], and
administration of α- and β-amyrin in streptozotocin-treated diabetic mice protects the
islets of Langerhans from cellular destruction, maintaining the morphological integrity
of the pancreas, like normal controls [66]. Additionally, studies with the same resins from
P. heptaphyllum showed prevention of inflammatory infiltrations and the accumulation of
lipid droplets in the liver of mice fed a high-fat diet, preserving normal liver morphology [25].

In short, the results showed that the use of liposomes containing P. heptaphyllum extract
for 14 days showed an improvement in the functional and inflammatory parameters of the
liver in obese animals. However, the suggested treatment was not effective in alleviating
general changes related to obesity, such as weight gain, fat, glucose, triglycerides, and
inflammation in adipose tissue.

5. Final Considerations

The use of nanotechnology to develop liposomes with P. heptaphyllum extract sought to
improve the effectiveness of the treatment and minimize potential adverse effects. Physic-
ochemical analyses confirmed the quality of the formulations, qualifying the liposomes
for application in biological models. In the context of induced obesity in rats, liposomes
containing extract, although showing significant benefits in the liver, were not effective in
reversing the metabolic, histological, and inflammatory changes associated with obesity.
A positive response to treatment was observed, evidenced by the reduction in oxidative
stress markers, restoration of metabolic parameters in the liver, and modulation of inflam-
matory cytokines. However, the treatment did not influence weight gain, glucose levels,
triglycerides, or inflammation in adipose tissue, indicating limitations in reversing systemic
changes related to obesity. Thus, although promising, liposomes with P. heptaphyllum
extract proved to be only partially effective given the complexity of obesity manifestations,
highlighting the need for more in-depth investigations and complementary strategies.
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Simple Summary: Protium heptaphyllum (P. heptaphyllum), a plant popularly known as “almacega”
or “white pitch”, has been used for decades in folk medicine, mainly due to its anti-inflammatory
and analgesic properties, and is already recognized due to the use of its resin. Given that obesity is
considered a worldwide epidemic, associated with chronic low-grade inflammation and increased
reactive oxygen species, this study investigated the effects of P. heptaphyllum leaves due to their
richness in flavonoids and antioxidant compounds. Using a model of induced obesity in rats, the
animals were treated for 28 days with liposomes containing the extract of P. heptaphyllum leaves. The
results indicate that the treatment may have therapeutic potential not only against obesity, but also in
the regulation of oxidative stress and metabolic and inflammatory parameters, possibly due to the
high concentration of flavonoids present in the extract.

Abstract: Protium heptaphyllum (P. heptaphyllum), popularly known as “almacega” or “white pitch”,
is widely used in folk medicine due to its antioxidant, anti-inflammatory and healing properties,
attributed to its richness in flavonoids and terpenes. Therefore, this study aimed to evaluate the
effects of treatment for 28 days with liposomes containing P. heptaphyllum leaf extract in obese animals.
Male Wistar rats, subjected to a hypercaloric diet for 8 weeks to induce obesity (hypercaloric chow
and water enriched with 30% sucrose, ad libitum), were treated with the plant formulation (1 mg
kg−1day−1, via gavage) for 28 days. The study investigated morphological, metabolic, redox state,
immunological and histological parameters in adipose and liver tissue. Rats were divided into
four groups: control (C), liposomes with extract (H), obese (O) and obese treated with liposomes
containing extract (OH). The results indicated that the obese group (O) presented weight gain,
hepatic steatosis and alterations in metabolic and inflammatory parameters. However, treatment
with liposomes (OH) reduced glucose, alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), creatinine and the lipid profile. In adipose tissue, the OH group
showed decreased superoxide dismutase (SOD) activity and increased glutathione S-transferase (GST)
activity, in contrast to the effects observed in liver GST. In the analysis of thiobarbituric-acid-reactive
substances (TBARS), it was possible to observe an increase in all groups in adipose tissue and in
group O in liver tissue, in addition to a reduction in TBARS in group OH in the liver, indicating
modulation of oxidative stress. The treatment also increased the concentration of IL-10 and IL-17 in
the liver and decreased that of IL-6 in adipose tissue. After 28 days of treatment, these results point
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to the therapeutic potential of treatment with P. heptaphyllum, not necessarily only against obesity, but
also an effect per se of the liposomes, possibly due to the high concentration of flavonoids present in
the plant extract.

Keywords: quercetrin; phytotherapeutic treatment; oxidative stress; hypercaloric diet

1. Introduction

Protium heptaphyllum (P. heptaphyllum) is a plant widely found in South America,
especially in the Amazon region, and is popularly known as “almacega” or “white pitch”.
Belonging to the Burseraceae family and the Protium genus, this plant stands out not
only for the quality of its wood, but also for the various applications already described
in traditional medicine. Recognized for its stimulating, anti-inflammatory and healing
properties, it is frequently used in folk medicine. The natural substances present in Protium
heptaphyllum increase its potential as a promising source of alternative treatments and
natural derivatives, promoting benefits to human health [1,2].

The resins of the Protium genus are rich in flavonoids and terpenes, with emphasis
on pentacyclic triterpenes. Analysis of the leaves, flowers, bark resin, stem and branches
of P. heptaphyllum revealed that the composition found in its plant resin is rich in active
substances [3]. The essential oils derived from these resins, in turn, are predominantly com-
posed of monoterpenes [2]. The leaves are rich in flavonoids such as myricetin, quercetin
and quercetin-3-β-D-glucoside [4]. The chemical diversity found in plants guides re-
searchers to investigate the biological activity of natural products, given the capacity of
these plants to serve as promising sources of active principles for the treatment of several
chronic and degenerative diseases. These diseases include cardiovascular, neurological and
respiratory diseases, rheumatoid arthritis, kidney diseases, and cancer, often associated
with oxidative stress [5–7]. This stress is the result of increased production of free radicals
and decreased antioxidant defense. Free radicals, also known as reactive oxygen species
(ROS), are highly reactive molecules with one or more unpaired electrons at the center of
oxygen atoms, and are produced in the cytoplasm, mitochondria or plasma membrane [8].

Another health problem that has affected millions of people is related to the dynamics
of the modern world and changes in eating behavior, which stand outs as an interaction
between the physical state of the organism and environmental conditions [9–11]. These
changes are linked to the relationship between stress and obesity. Chronic stress is corre-
lated with metabolic disorders and adjustments in energy homeostasis [12], and can trigger
pleasurable and compulsive eating behaviors, such as a preference for sweet and fatty foods,
thus contributing to the development of several diseases, such as obesity, diabetes and
dyslipidemia. An increased prevalence of obesity is intrinsically associated with changes in
eating patterns, sedentary lifestyles and obesogenic environments [13]. Furthermore, it is
important to know that a complex interplay between genetic and external factors can act in
the individual and contribute to the accumulation of adipose tissue and the development
of obesity. A deeper understanding of the molecular, metabolic and endocrine mechanisms
underlying obesity is essential for the development of strategies to prevent, control and/or
treat this pathology. The expansion of adipose tissue contributes to the exacerbated produc-
tion of adipokines and pro-inflammatory cytokines, triggering an inflammatory state that
is closely linked to the development of metabolic comorbidities, such as insulin resistance,
type 2 diabetes, dyslipidemia and cardiovascular diseases [14–16].

Plants and their extracts have significant importance in the treatment of various dis-
eases, including obesity. Research suggests that the flavonoids found in these extracts
can alleviate cellular stress, including neuroinflammation, oxidative stress, proteotoxi-
city and endoplasmic reticulum stress [17]. Furthermore, several studies demonstrate
that flavonoids have beneficial effects when it comes to obesity, mainly due to their
antioxidant and anti-inflammatory properties, mitigating complications related to this



Biology 2024, 13, 771 3 of 20

pathology [18–20]. To further enhance these therapeutic effects of natural compounds,
the application of nanosystems has shown to be a promising alternative. Studies have
extensively investigated the use of nanosystems in the transport and optimization of the
pharmacological action of natural products [21]. These systems involve different structures
that vary in chemical composition, shape, charge, solubility and load capacity, among other
factors [22], offering an approach that improves the solubility, stability and specific target-
ing of active substances, overcoming absorption and bioavailability challenges [23]. Among
nanosystems, liposomes stand out, which are vesicles composed of one or more concentric
phospholipid bilayers that surround an aqueous compartment. They have the capacity to
transport both hydrophilic and lipophilic substances, such as drugs, biomolecules and/or
diagnostic agents [24]. The incorporation of active substances into liposomes not only
allows controlled release, but also minimizes side effects and enhances therapeutic effects.
This represents a promising frontier for the optimization of phytotherapeutic treatments
in contemporary medicine [23,25]. In addition to improving the solubility of natural com-
pounds, this technology enhances their absorption, allowing for more effective exploration
of the medicinal properties of natural ingredients. Thus, nanotechnology, especially with
the use of liposomes, opens up new perspectives for the formulation of products that
maximize the therapeutic potential of plant substances, contributing to significant advances
in the health and well-being industry [26,27].

In view of this, and considering previous studies by our group [28] where the treatment
with liposomes containing P. heptaphyllum leaf extract in rats under induced obesity was
investigated, this study aimed to demonstrate the effects of a longer treatment, also with
liposomes containing P. heptaphyllum leaf extract, in obese animals, in order to verify
whether this route of administration for a longer period could present better effects in this
experimental model.

2. Material and Methods
2.1. Extract Preparation and Liposome Development

The study was conducted at the Laboratórios Integrados de Pesquisa em Ciências
Químicas (LIPEQ)—Natural Products Chemistry Laboratory and Biochemistry Laboratory,
located at the Universidade Federal de Mato Grosso, Campus Universitário de Sinop. The
exsiccata is cataloged under number 625 in the Herbarium Centro-Norte-Mato-Grossense
(CNMT), also located at the Sinop Campus. Details on the treatment of P. heptaphyl-
lum leaves and the development of the liposome containing the extract can be found in
Patias et al. [28].

2.2. Experimental
2.2.1. Animals

Male Wistar albino rats were used as experimental subjects in the present study, in
compliance with the conditional ethical guidelines of the Animal Use Ethics Committee of
the Universidade Federal de Mato Grosso, under approval number 23108.031684/2021-21.
The animals in the control group were fed a diet composed of a standard rodent chow
(NUVILAB CR-1, Nuvital®, Colombo, Paraná, Brazil), while the animals in the experi-
mental group were fed a hypercaloric diet, characterized by a high concentration of lipids,
representing 24.5% of the total energy intake, in addition to having access to water con-
taining sucrose (300 g L−1). The experimental design and diet formulation followed the
methodologies described by Nascimento et al. [29] and Comiran et al. [30]. The hypercaloric
diet was prepared in the laboratory and included ingredients such as commercial feed
(NUVILAB CR-1), casein, lard, condensed milk and cornstarch biscuits, as well as the addi-
tion of vitamins and minerals as detailed in Comiran et al. [30]. The acclimatization period
lasted 2 weeks, followed by an 8-week study period. During the experimental period, the
animals were kept in polypropylene boxes, with 4–5 rats/box, in an environment with
temperature and light–dark cycle control (temperature of 22 ± 2 ◦C and a 12 h light–dark
cycle). The animals had free access to water and food during all experimental protocols.
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The animals were subdivided into 4 groups: Group C: Negative control. Group H: Control
treated with P. heptaphyllum extract liposomes for 28 days. Group O: Obese. Group OH:
Obese treated with P. heptaphyllum extract liposomes for 28 days.

In the groups subjected to treatment with liposomes of the extract (H, OH), a dose
of 1.0 mg kg−1, established by the Malone test [31], was administered via gavage once a
day over 30 days (from the 31st to the 60th day of experiment). The control groups (C and
O) were treated with saline solution (NaCl 0.9%). After the last day of the treatment and
experimental protocol, the animals were fasted for 8 h to collect the blood samples and
tissues. Blood collection was performed by cardiac puncture using heparinized syringes
under anesthesia (Ketamine 50 mg kg−1 and Xilazin 2 mg kg−1); then, the animals were
euthanized by decapitation. Several tissues were collected by dissection, such as liver and
adipose tissue, weighed to determine the absolute tissue weight (g) and relative tissue
weight (g 100 g−1 of body weight), and frozen at −80 ◦C for subsequent analyses. In
addition, body weight (g) was recorded to evaluate the final body weight of the animals
after the treatment protocol. Plasma was obtained from the collected whole blood.

2.2.2. Characterization of Obesity, Calorie, Food and Water Consumption

The relative weight of periepididymal and retroperitoneal fat, in g/100 g of body
weight, was assessed at the end of the experiment, as well as the daily consumption of
water and food. The protocol to analyze the consumption of food, water and calories was
the same as described in [28].

2.2.3. Intraperitoneal Insulin Tolerance Test (IPITT) and Oral Glucose Tolerance
Test (OGTT)

The IPITT and OGTT were developed as described in [30]. The animals were evaluated
at the end of the experimental protocol, after 28 days of treatment.

2.2.4. Metabolic Parameters in Liver, Adipose Tissue and Plasma

Aspartate aminotransferase (AST), alanine aminotransaminase (ALT), alkaline phos-
phatase (ALP), amylase, lipase, creatinine, glucose, lactate, total proteins, as well as triglyc-
erides, total cholesterol, and LDL-, HDL- and VLDL-cholesterol of blood plasma were
analyzed as described in [28].

For adipose and liver tissues, glucose was determined according to Dubois et al. [32],
glycogen according to Bidinotto et al. [33] and lactate was estimated according to Harrower
and Brown [34]. Protein content was determined by the method described by Bradford [35],
amino acid levels were determined according to Spies [36] and ammonia was measured
according to the method of Gentzkow and Masen [37].

Superoxide dismutase (SOD) activity was measured according to Misra and Fridovich [38].
For catalase (CAT) activity, the decomposition of H2O2 was observed following Nelson
and Kiesow [39]. Glutathione S-transferase (GST) activity was measured by the production
of glutathione S-2,4-dinitrophenyl [40]. The dosage of the enzyme glutathione peroxidase
(GPx) was performed according to the method described by Paglia and Valentine [41]. For
reduced glutathione (GSH), the formation of anilide thiolate was evaluated and compared
to a standard GSH curve [42], and ascorbic acid (ASA) was measured and compared to
an ascorbic acid curve according to Roe [43]. The indirect markers of oxidative damage
studied included thiobarbituric-acid-reactive substances (TBARS), which were quantified
and compared to an increasing MDA curve [44], in addition to carbonyl proteins (Car-
bonyl), according to the method of Colombo et al. [45]. The protein content in the dosages,
with the exception of ascorbic acid, was determined by the Bradford method [35], using
bovine serum albumin as a standard for constructing the calibration curve. The absorbance
readings of the samples were performed at 595 nm.
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2.2.5. Histological Analyses of Liver Tissue

Liver tissue samples were fixed in buffered formalin, followed by dehydration in
different concentrations of ethanol. Subsequently, the samples were embedded in resin and
then hardened in Histotech plastic molds. This material was then sectioned into 3 µm cross
sections (Leica Microsystems 2245 semi-automatic rotary microtome, Wetzlar, Germany)
and stained with hematoxylin and eosin (H&E). The slides were then observed under a
trinocular optical microscope (Motic brand, Dongguan, China) with the aid of Motic Images
Plus 2.0 software, which was used to capture and analyze the images. The images of the
liver were evaluated for the presence of apoptosis and/or necrosis, hepatic steatosis (micro-
and macro-vesicular), tissue inflammation with the presence of leukocytes infiltration,
fibrosis and hepatocyte degeneration.

2.2.6. Immunological Evaluation

To perform immunological analyses of cytokines, such as tumor necrosis factor al-
pha (TNF-α), interferon gamma (INF-γ), interleukin 6 (IL-6), interleukin 10 (IL-10), in-
terleukin 17 (IL-17) and interleukin 1β (IL-1β), the enzyme-linked immunosorbent assay
(ELISA) methodology was used, using commercial kits from the DIY Elisa® brand, accord-
ing to the instructions provided by the manufacturer (Labtest®, Diagnóstico S.A., Minas
Gerais, Brazil).

2.3. Data Analysis

The data were initially subjected to the Kolmogorov–Smirnov normality test. Then, a
two-way analysis of variance (ANOVA) was realized, and the Tukey test to assess means
when more than two groups were present was conducted. When necessary, the Kruskal–
Wallis test was used, and Dunn’s test. Statistical significance was set at p < 0.05. Data
were presented as mean +/− standard deviation or median and total range, depend-
ing on the analysis. Statistical analysis was performed using the Graph Pad Prism 8.0
statistical software.

3. Results
3.1. Anthropometric Measurements and Food Intake

Among the results obtained, we observed an increase in the final weight and weight
gain of the animals in groups O (obese) and OH (obese treated with liposomes) compared to
group C (control). The consumption of feed and water by the animals differed significantly
between the control groups (C and H) and obese groups (O and OH) throughout the
experimental period, with feed consumption being lower in the obese groups in relation
to the control groups and water consumption being higher in the obese groups when
compared to the control groups, and with significantly lower water consumption in the
OH group compared to the O group, demonstrating that the liposomes of P. heptaphyllum
reduced the consumption of water with sucrose in this group. When we analyzed the
calorie calculation (kcal day−1rat−1), consumption was significantly higher in groups O
and OH when compared to group C (Table 1).

As for tissue weight, we observed an increase in the weight of the periepididymal and
retroperitoneal adipose tissue of animals in groups O and OH compared to group C, but
obese animals treated with liposomes had a reduction in retroperitoneal tissue in relation
to obese animals. The liver was shown to be enlarged in the obese group compared to the
negative control, and the OH group significantly reduced the size of this organ in relation
to group O, keeping it similar in size to the control (Table 1).

Through the analysis of weight evolution from the fourth week of obesity induction, it
was possible to observe a significant alteration in the body weight of the rats in the obese
groups, with weight being significantly higher in the obese groups (O and OH) in relation
to negative group (Figure 1), but no difference was observed between the groups in relation
to the treatment with liposomes (C vs. H and O vs. OH) (Figure 1).
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Table 1. Food ingestion and anthropometric markers.

Negative
Control (C) Liposomes (H) Obese (O) Obese + Liposomes

(OH)

Initial body weight (g)
(1st day) 163.12 ± 9.85 178.28 ± 35.56 170.12 ± 42.22 174.12 ± 29.48

Body weight (g) (31st day) 194.31 ± 37.63 198.51 ± 34.42 200.62 ± 36.98 197.95 ± 29.89

Final body weight (g)
(60th day) 349.48 ± 29.85 355.25 ± 32.09 413.58 ± 38.85 ** 406.22 ± 48.57 *

Weight gain (g) 162.21 ± 13.81 148.51 ± 19.08 195.21 ± 12.66 * 201.60 ± 37.12 *

Feed consumption
(g day−1rat−1) 23.33 ± 1.68 24.06 ± 1.59 17.55 ± 1.93 **** 18.06 ± 1.79 ****

Water intake
(mL day−1rat−1) 36.61 ± 2.28 38.99 ± 2.43 55.31 ± 5.11 **** 52.74 ± 7.27 ****/####

Calorie intake
(kcal day−1rat−1) 96.04 ± 15.36 94.03 ± 11.64 157.70 ± 22.29 **** 150.60 ± 36.22 ****

Periepididymal adipose
tissue (g) 4.42 ± 0.69 5.07 ± 0.60 9.12 ± 1.15 **** 9.08 ± 1.58 ****

Retroperitoneal adipose
tissue (g) 6.00 ± 1.22 5.10 ± 0.93 12.01 ± 2.91 *** 15.82 ± 3.39 ****/#

Liver (g) 10.77 ± 0.84 10.96 ± 1.19 13.23 ± 0.63 **** 11.58 ± 0.80 ##

Results are expressed as mean ± standard deviation. Analysis was performed by ANOVA (Two-way) and Tukey’s
test. * p < 0.05 compared with C; ** p < 0.01 compared with C; *** p = 0.0001 compared with C; **** p < 0.0001
compared with C; # p < 0.05 compared with O; ## p < 0.01 compared with O; #### p < 0.0001 compared with O.
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Figure 1. Weight gain of rats in the negative control (C), liposomes (H), obese (O) and obese +
liposomes (OH) groups between the 1st and 8th week of the experimental design. Data are expressed
as mean ± standard deviation. Analysis was performed by ANOVA (Two-way) and Tukey’s test.
* p < 0.05 compared with C; (n = 8).

There was no statistical difference between the groups in relation to the IPITT
(Figure 2A,B), demonstrating that there was no difference in insulin sensitivity between the
groups. On the other hand, when evaluating the OGTT data, a statistical difference was
observed between the OH group and the C group, with results being significantly greater
in the OH group (Figure 2C,D).
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Figure 2. Glycemic curve (A) and glucose decay constant (KITT) (B), generated by the intraperitoneal
insulin tolerance test (IPITT), in the control (C), liposomes (H), obese (O) and obese + liposomes (OH)
groups. Glycemic curve (C) and area under the curve (D), generated by the oral glucose tolerance
test (OGTT) of the control (C), liposomes (H), obese (O) and obese + liposomes (OH) groups. Data
are expressed as mean ± standard deviation. Analysis was performed by ANOVA (two-way) and
Tukey’s test. * p < 0.05 compared with C; (n = 8).

3.2. Analysis of Plasma Parameters

Plasma glucose levels were elevated in groups O and OH in relation to the negative
control, and the treatment with liposomes significantly decreased the glucose concentration
in the treated obese group compared to the obese group. Total proteins did not change
between groups. The activity of the aminotransferases (ALT, AST) and ALP enzymes
reduced in the obese groups when compared to the negative control. Creatinine levels
were decreased in groups H and OH compared to group C, and the OH group also had a
statistically significant reduction when compared to group O. For the dosages of amylase
and lipase activities, there was no statistical difference between the groups (Table 2).
Regarding the lipid profile data of the animals studied, a decrease in total cholesterol and
HDL cholesterol concentrations was seen in the OH group in relation to the negative control.
LDL levels were decreased in groups H and OH compared to the C group. VLDL was
decreased in H, O and OH compared to group C. We did not observe significant differences
in dosages of triglycerides or in the calculation of the triglyceride/HDL cholesterol ratio
(TG/HDL) in the groups studied (Table 2).
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Table 2. Plasma biochemical parameters.

Negative Control
(C) Liposomes (H) Obese (O) Obese + Liposomes

(OH)

Glucose (mg dL−1) 117.00; 53.00 121.50; 17.00 188.00; 21.00 **** 154.00 ± 55.00 ****/##

Total proteins (mg dL−1) 6.56; 7.68 6.55; 2.48 6.14; 3.79 63; 3.54

ALT (U L−1) 71.50; 40.00 60.50; 11.00 44.50; 11.00 ** 40.00; 19.00 ****

AST (U L−1) 188.00 ± 53.37 133.90 ± 27.65 118.10 ± 43.22 * 125.30 ± 41.62 *

ALP (U L−1) 176.10 ± 28.29 162.50 ± 18.30 110.10 ± 14.89 **** 111.80 ± 17.89 ****

Creatinine (U L−1) 1.30 ± 0.19 0.86 ± 0.12 ** 1.06 ± 0.31 0.65 ± 0.16 ****/##

Amylase (U L−1) 623.80 ± 117.30 644.50 ± 78.89 680.40 ± 61.02 713.18 ± 58.05

Lipase (U L−1) 25.00 ± 5.90 19.75 ± 2.65 21.63 ± 6.18 25.88 ± 3.52

Cholesterol (mg dL−1) 149.60 ± 17.20 130.00 ± 19.49 135.90 ± 20.67 116.10 ± 16.36 **

HDL (mg dL−1) 46.38 ± 6.18 40.75 ± 7.20 40.88 ± 3.27 36.38 ± 3.88 *

LDL (mg dL−1) 94.68 ± 20.57 73.46 ± 10.07 * 78.28 ± 11.76 73.10 ± 12.11 *

VLDL (mg dL−1) 21.43 ± 6.26 13.78 ± 3.18 ** 13.20 ± 3.09 ** 15.88 ± 2.44 **

Triglycerides (mg dL−1) 74.00; 93.00 72.00; 46.00 69.00; 48.00 53.00; 38.00

TG/HDL (mg dL−1) 1.67; 1.93 1.50; 0.67 1.75; 0.44 1.51; 1.14

Data are presented as mean ± standard deviation. Analysis was performed by ANOVA (two-way) and Tukey’s
test. For the quantification of glucose, total proteins, ALT, triglycerides and the TG/HDL ratio, the Kruskal–Wallis
test was used, and Dunn’s test, with data expressed as median and total range. * p < 0.05 compared with C;
** p < 0.01 compared with C; **** p < 0.0001; ## p < 0.01 compared with O; (n = 8).

3.3. Analysis of Redox Status Parameters in Adipose and Liver Tissue

Regarding the oxidative stress biomarkers in adipose tissue, we observed a decrease
in SOD activity in the OH group in relation to the negative control and obese groups
(Figure 3A). No difference was observed in catalase activity between groups (Figure 3B). The
GST enzyme increased its activity in the OH group compared to the C group (Figure 3C).
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Figure 3. Influence of liposomes containing P. heptaphyllum extract on adipose tissue of rats subjected
to a hypercaloric diet. SOD: superoxide dismutase (A), CAT: catalase (B) and GST: glutathione
S-transferase (C). Data are expressed as mean ± standard deviation. Analysis was performed by
ANOVA (two-way) and Tukey’s test. ** p < 0.01 compared with C; #### p < 0.0001 compared with O;
(n = 8).

In the liver tissue, there was a decrease in the activity of the GST enzyme in group H
compared to group C, and in group OH compared to groups C and O (Figure 4C). The GPx
enzyme decreased its activity in group H compared to group C (Figure 4D). No difference
was observed in SOD and CAT activity between groups (Figure 4A,B, respectively).
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Figure 4. Influence of liposomes containing P. heptaphyllum extract on liver tissue of rats fed a
hypercaloric diet. SOD: superoxide dismutase (A), CAT: catalase (B), GST: glutathione S-transferase
(C) and GPx: glutathione peroxidase (D). Data are expressed as mean ± standard deviation. Analysis
was performed by ANOVA (two-way) and Tukey’s test. For SOD analysis, the Kruskal–Wallis test
was used, and Dunn’s test, with data expressed as median and total range. * p < 0.05 compared with
C; # p < 0.05 compared with O; (n = 8).

Regarding markers of lipid damage in adipose tissue, we observed increased levels of
TBARS in groups H, O and OH in relation to the negative control. There were no significant
changes for the dosages of GSH, ASA and Carbonyl in adipose tissue (Table 3). On the
other hand, TBARS levels increased in the liver tissue (O vs. C), but decreased in group
OH compared to group O. There was also a decrease in the levels of carbonylated proteins
in group O compared to group C in liver tissue. The non-enzymatic markers GSH and ASA
did not show alterations in liver tissue (Table 3).

Table 3. Redox status parameters analyzed in adipose and hepatic tissues of rats subjected to a
hypercaloric diet and treated for 28 days with P. heptaphyllum liposomes.

Negative
Control (C) Liposomes (H) Obese (O) Obese + Liposomes

(OH)

Adipose tissue

GSH (µmol mg protein−1) 34.95 ± 10.42 31.42 ± 10.83 32.48 ± 11.60 21.34 ± 6.40

ASA (µmol g tissue−1) 0.37 ± 0.07 0.34 ± 0.08 0.32 ± 0.05 0.32 ± 0.06

TBARS (nmol mg protein−1) 0.64; 0.48 1.43; 1.56 ** 1.38; 0.78 ** 1.43; 1.03 **

Carbonyl (nmol mg protein−1) 238.38 ± 90.30 149.77 ± 48.27 170.73 ± 78.59 157.08 ± 56.79
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Table 3. Cont.

Negative
Control (C) Liposomes (H) Obese (O) Obese + Liposomes

(OH)

Liver

GSH (µmol mg protein−1) 19.68 ± 4.20 25.85 ± 6.48 20.26 ± 5.55 15.52 ± 6.83

ASA (µmol g tissue−1) 3.05 ± 0.55 2.89 ± 0.52 2.70 ± 0.27 3.24 ± 0.52

TBARS (nmol mg protein−1) 0.14; 0.05 0.19; 0.13 0.24; 0.04 ** 0.10; 0.12 ####

Carbonyl (nmol mg protein−1) 15.65; 2.48 13.26; 6.54 12.58; 9.08 * 13.57; 4.63

Data are presented as mean ± standard deviation. Analysis was performed by ANOVA (two-way) and Tukey’s
test. For the analysis of TBARS in adipose tissue and liver tissue, as well as carbonyls, the Kruskal–Wallis test was
used, and Dunn’s test, with data expressed as median and total range. * p < 0.05 compared with C; ** p < 0.01
compared with C; #### p < 0.0001 compared with O; (n = 8).

3.4. Evaluation of Metabolic Parameters in Adipose and Hepatic Tissue

In the analysis of adipose tissue metabolites, we observed that glucose concentration
reduced in the obese rats treated with liposomes compared to the negative control. Glyco-
gen decreased in groups H, O and OH, also compared to group C. For ammonia dosage, we
verified an increase in the obese rats and also in the rats treated only with liposomes when
compared to the C group, but the treatment reduced this parameter in group OH in relation
to group O. Regarding the levels of amino acids, lactate and total proteins, no changes were
observed between groups in adipose tissue (Table 4). In addition, we verified an increase in
glucose concentration in liver tissue in all groups compared to group C. The concentration
of amino acids decreased in groups O and OH in relation to group C. The concentration of
ammonia decreased in all treatments in relation to the negative control. Lactate decreased
in group O when compared to the C group. For total proteins and glycogen dosages, there
were no changes between treatments (Table 4).

Table 4. Analysis of metabolites in rat tissues (liver and adipose tissue) subjected to obesity and
treated with liposomes.

Negative
Control (C)

Liposomes
(H) Obese (O) Obese + Liposomes

(OH)

Adipose Tissue

Glucose (µmol g tissue−1) 5.28 ± 1.71 2.93 ± 1.87 3.73 ± 2.25 2.69 ± 1.57 *

Glycogen (µmol g tissue−1) 11.44 ± 2.16 6.59 ± 1.85 *** 6.15 ± 1.40 *** 5.52 ± 2.93 ****

Lactate (µmol g tissue−1) 1.59; 1.32 1.25; 1.77 1.74; 1.25 2.24; 0.90

Total Proteins (mg mL−1) 0.55 ± 0.33 0.64 ± 0.32 0.62 ± 0.35 0.61 ± 0.37

Aminoacids (mmol g tissue−1) 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001

Ammonia (µmol g tissue−1) 0.38; 0.55 1.28; 0.25 *** 1.22; 0.33 ** 0.50; 0.46 #

Liver

Glucose (µmol g tissue−1) 33.93 ± 10.17 69.96 ± 15.80 ** 87.22 ± 22.29 **** 69.59 ± 20.00 **

Glycogen (µmol g tissue−1) 1.58; 0.54 1.89; 1.37 1.68; 0.83 2.06; 1,40

Lactate (µmol g tissue−1) 1.62; 0.87 1.73; 1.66 0.89; 0.85 * 1.29; 0.37

Total Proteins (mg mL−1) 6.67; 0.72 7.08; 7.28 6.84; 4.77 8.14; 8.57

Aminoacids (mmol g tissue−1) 0.108 ± 0.014 0.103 ± 0.015 0.074 ± 0.008 *** 0.061 ± 0.010 ****

Ammonia (µmol g tissue−1) 1.16 ± 0.24 0.74 ± 0.16 ** 0.86 ± 0.21 * 0.58 ± 0.24 ****

Data are presented as mean ± standard deviation. Analysis was performed by ANOVA (two-way) and Tukey’s
test. For the evaluation of ammonia and lactate in adipose tissue, as well as glycogen, lactate and proteins in
liver tissue, the Kruskal–Wallis test was applied, and Dunn’s test, with data expressed as median and total range.
* p < 0.05 compared with C; ** p < 0.01 compared with C; *** p < 0.001 compared with C; **** p < 0.0001 compared
with C; # p < 0.05 compared with O; (n = 8).

3.5. Analysis of Cytokines in Adipose and Hepatic Tissues

No changes were observed in the levels of TNF-α and IFN-γ in adipose and liver
tissues, as well as no changes in the levels of IL-10, IL-17 and IL-1β in adipose tissue.
However, in adipose tissue, IL-6 levels were reduced in groups H, O and OH compared to
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group C. In liver tissue, an increase in IL-10 was observed in groups H and OH compared
to group C, and an increase in IL-17 in groups O and OH compared to group C. No changes
were detected in the levels of TNF-α, IFN-γ, IL-6 and IL-1β in liver tissue (Table 5).

Table 5. Evaluation of cytokines TNF-α, IFN-γ, IL-6, IL-10, IL-17 and IL-1β in adipose and liver tissues.

Negative Control
(C)

Liposomes
(H)

Obese
(O)

Obese +
Liposomes (OH)

Adipose Tissue

TNF-α (pg mL−1) 3.20 ± 0.33 3.24 ± 0.37 3.10 ± 0.35 3.27 ± 0.25

IFN-γ (pg mL−1) 3.43 ± 0.20 3.39 ± 0.25 3.09 ± 0.35 3.13 ± 0.30

IL-6 (pg mL−1) 3.69 ± 0.13 3.26 ± 0.25 * 3.14 ± 0.29 ** 3.22 ± 0.22 **

IL-10 (pg mL−1) 2.65 ± 0.27 2.58 ± 0.27 2.55 ± 0.23 2.68 ± 0.36

IL-17 (pg mL−1) 3.65 ± 0.17 3.58 ± 0.23 3.62 ± 0.16 3.68 ± 0.12

IL-1β (pg mL−1) 2.59 ± 0.25 2.62 ± 0.42 2.61 ± 0.27 2.79 ± 0.23

Liver

TNF-α (pg mL−1) 4.50 ± 0.05 4.47 ± 0.05 4.57 ± 0.07 4.51 ± 0.04

INF-γ (pg mL−1) 4.32 ± 0.09 4.37 ± 0.11 4.43 ± 0.09 4.46 ± 0.12

IL-6 (pg mL−1) 4.32 ± 0.03 4.36 ± 0.05 4.37 ± 0.06 4.40 ± 0.10

IL-10 (pg mL−1) 2.87 ± 0.31 3.17 ± 0.05 ** 3.13 ± 0.03 3.20 ± 0.03 ****

IL-17 (pg mL−1) 5.62 ± 0.04 5.62 ± 0.02 5.66 ± 0.03 * 5.66 ± 0.02 *

IL-1β (pg mL−1) 2.15 ± 0.32 2.44 ± 0.26 2.49 ± 0.38 2.44 ± 0.18

Data are shown as mean ± standard deviation. Analysis was performed by ANOVA (two-way) and Tukey’s test.
For the evaluation of IL-6 in adipose tissue and IL-10 and IL-1β in liver tissue, the Kruskal–Wallis test was applied,
and Dunn’s test, with data expressed as median and total range. * p < 0.05 compared with C; ** p < 0.01 compared
with C; **** p < 0.0001 compared with C. For statistical analysis, data were logarithmically transformed; (n = 8).

3.6. Histopathological Evaluation in Liver

Animals fed standard diets (C and H) exhibited a liver with well-formed nucleated
hepatocytes, an adequate sinusoidal matrix and an absence of signs such as inflammatory
infiltrate, fibrosis or lipid retention, suggesting an architecture compatible with normal liver
function (Figure 5, C and H). For all obese rats, it was possible to observe mild steatosis
(Figure 5, O and OH).
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4. Discussion

The therapeutic potential of P. heptaphyllum liposomes, rich in flavonoids, was evalu-
ated in this study, which revealed important effects on induced obesity in animals, such as
a reduction in liver tissue weight, reductions in glucose, cholesterol, LDL-cholesterol and
VLDL-cholesterol in the serum, and a reduction in TBARS levels in the liver. Furthermore,
our data presented an increase in final body weight and weight gain of animals in the obese
groups when compared to the control group, confirming the success of obesity induction in



Biology 2024, 13, 771 12 of 20

this model induced by a diet rich in lipids and carbohydrates. Food consumption was re-
duced in the obese groups throughout the experimental period. However, the consumption
of sucrose-rich water was higher in the obese animals, group O, and the administration
of liposomes was effective in reducing this consumption in the animals of the OH group.
Despite the lower food consumption, the calorie calculation (kcalday−1rat−1) was higher
in the groups that received hypercaloric food, which is consistent with findings from other
researchers [28,46–49].

The results demonstrated that obesity significantly influences the weight of animals,
food consumption and distribution of adipose tissue, with an increase in the weight
of periepididymal and retroperitoneal adipose tissue in rats subjected to obesity. This
corroborates the idea that obesity affects the distribution of adipose tissue, promoting the
accumulation of white adipose tissue, mainly visceral, such as retroperitoneal tissue, which
is very important in the development of diabetes. Silva et al. [50] and Ribeiro et al. [51],
using the same obesity induction model, also observed an increase in body weight and
accumulation of visceral white adipose tissue in male Wistar rats. In the present study,
prolonged treatment with liposomes did not significantly alter body weight, weight gain
or periepididymal adipose tissue compared to the respective control groups (C and O).
However, the treatment increased the amount of retroperitoneal adipose tissue in the
OH group compared to the obese group. Similar results were observed in studies by
Carvalho et al. [52,53], who investigated the effects of α, β-amyrin and P. heptaphyllum resin
in obese mice induced by a high-fat diet. Both studies, which administered doses of 10 and
20 mg kg−1 for 15 weeks, demonstrated a lower increase in body weight, reduced visceral
fat accumulation and a significant reduction in net energy intake, suggesting that prolonged
treatment with P. heptaphyllum liposomes may have beneficial effects in controlling obesity
and its metabolic complications, mainly due to the antioxidant and anti-inflammatory
properties of the flavonoids present [18,19].

The obese group showed a significant increase in liver weight compared to the control
group, along with hepatomegaly, hepatic steatosis (confirmed by histological analysis),
increased hepatic glucose and oxidative stress with elevated lipid peroxidation. Treatment
with liposomes was effective in significantly reducing liver size compared to the untreated
obese group and in decreasing lipid peroxidation, although it did not alter hepatic glucose
levels or the steatosis observed histologically. In a previous study using P. heptaphyllum
liposomes for 14 days [28], such a reduction in liver size and hepatic TBARS levels was
not observed, but in the 28-day study, the treatment was more effective, suggesting a
time-dependent effect of liposomes in the treatment of obesity and its comorbidities.

No significant differences were observed among groups in relation to the IPITT, which
suggests that, even with the increase in body weight in the obese groups, the insulin
response may not have been affected at that specific time. When evaluating the OGTT
results, the results did not differ between the C vs. H and C vs. O groups, demonstrating
that the pancreas of these animals maintains good insulin secretory activity. Furthermore,
the absence of statistically significant differences between these groups (C, H and O) during
the OGTT indicates that, at that point, no marked differences were observed between them
in the body’s ability to metabolize glucose. However, in the OGTT test, it was also observed
that treatment with liposomes in the obese group (OH) generated glucose intolerance
when compared to the control group. It is possible that the association of obesity with
treatment with liposomes generated a synergistic effect leading to glucose intolerance and
greater difficulty for the animals in this OH group to secrete insulin when faced with a
glucose overload.

Although these results were observed in the IPITT and OGTT, it is important to em-
phasize that in the fasting state, obese animals presented significant hyperglycemia and
that treatment with P. heptaphyllum liposomes was effective in correcting this glycemic
alteration in OH animals. This suggests a potentially beneficial effect of the extract in reduc-
ing plasma glucose in obese animals, and these data are consistent with previous studies
with P. heptaphyllum, which may be related to a higher level of circulating insulin [4,52–54].
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Otherwise, in the study by Patias et al. [28] where the treatment of obese animals was for
14 days, glucose levels did not reduce, which leads us to suggest that a longer treatment
time is necessary for this hypoglycemic effect to appear (28 days or more). However, as in
that study, amylase and lipase, important digestive enzymes, were not modified.

Another parameter that is frequently altered in an obesity condition is the lipidic
profile, once the obese frequently presents dyslipidemia. However, we did not observe
significant differences between C and O groups in the present work. On the other hand,
it was demonstrated that the treatment with liposomes of P. heptaphyllum was effective in
presenting a hypocholesterolemic effect, reducing significantly the levels of total choles-
terol, HDL-cholesterol, LDL-cholesterol and VLDL-cholesterol. The treatment is really
significant once it can protect the animals from the development of atherosclerosis. Regard-
ing the triglyceride levels, no difference was observed between groups. These beneficial
effects may be related to the presence of flavonoids in P. heptaphyllum, such as quercetin-
3-β-D-glucoside, myricetin and quercetrin, which are known for their antioxidant prop-
erties and other biological effects. Previous studies highlight the role of these bioactive
compounds [55,56]. In particular, quercetrin promotes important cardioprotective effects
in experimental models exposed to a high-calorie diet [57].

Although triglycerides and the triglycerides/HDL ratio did not change in this experi-
mental model, these findings are interesting because they show that this treatment time
resulted in improvements in the lipid profile of the rats in general. When we look at the
findings of the 14-day study [28], the results showed some similarities, such as a reduction
in LDL and VLDL for groups treated with liposomes. On the other hand, there were no
changes in total cholesterol and HDL, but the triglyceride/HDL ratio had an elevation in
the obese group treated with liposomes, showing that 14 days was not enough to alleviate
these changes. In a study by Santos et al. [54], they emphasized the hypoglycemic effects on
the lipid profile obtained by using a mixture of α, β-amyrin extracted from P. heptaphyllum,
which seemed more prominent at 100 mg/kg, with significant reductions in VLDL and
LDL cholesterol and an elevation in HDL cholesterol.

When assessing markers of liver, hepatobiliary and kidney damage, we can observe
that all enzymes had their activities reduced in the groups with induced obesity. For
creatinine, the groups containing liposomes had a reduction in this marker and it was more
reduced in the treated obese group than in the untreated obese group. These findings are
in line with the work of Patias et al. [28], as they also observed this reduction in addition to
those in aminotransferases and ALP in the obese groups. However, the group treated only
with liposomes for AST activity showed an effect per se that did not appear at 28 days. In the
current study, on the other hand, at 28 days of treatment, a reduction in creatinine appeared
in the treated obese individuals when compared to the untreated obese individuals, which
leads us to suggest that with the increase in treatment time, the chance of kidney damage
decreases. The increase in aminotransferases and ALP levels is generally associated with
liver damage or inflammation, and their decrease may be associated with problems in the
production of these enzymes or specific nutritional deficiencies [58,59]. However, as there
was induction with a diet poorer in proteins, the decrease is also justified by the lower
presence of essential amino acids, necessary for endogenous protein synthesis [60]. Studies
carried out by Oliveira et al. [61] showed that P. heptaphyllum resin has a hepatoprotective
effect in rats intoxicated with acetaminophen, counteracting the increases in ALT and
AST, with similar efficacy to N-acetylcysteine (NAC), and also, the investigation done
by Patias et al. [4] showed the effects of leaf extract from P. heptaphyllum (ethyl acetate
fraction) in promoting a reduction in ALT and AST activities in a model of acetaminophen-
induced liver injury. Creatinine is the product of muscle phosphocreatine metabolism,
and its concentration is related to the use of this substrate by the muscle during vigorous
muscle contraction [60], and decreased creatinine levels are also related to other factors
that can affect renal and muscle function, such as specific medical conditions, dehydration,
medication intake and other individual variations [62].
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Adipose tissue is essential in regulating the pathophysiological mechanisms of obe-
sity [63,64]. However, in this study, we did not observe intense changes in enzymatic
activities compared to the experimental model examined, but it was possible to observe
a reduction in the treated obese group (OH) in SOD and an increase in this same group
in GST. In line with this view, the flavonoids present in P. heptaphyllum [55], known for
their antioxidant and anti-inflammatory properties, can reduce the production of ROS and
interfere with enzymatic antioxidant activities [52,53]. The enzymatic changes observed
here suggest antioxidant modulation; however, there was an increase in the lipid dam-
age marker (TBARS), suggesting increased oxidative stress in the adipose tissue of these
OH animals, and the active ingredients present in the liposomes were not sufficient to
neutralize this effect, as observed in 14-day studies with liposomes from the plant [28].
This effect can compromise cellular structures and antioxidant mechanisms, aggravating
complications associated with obesity [65]. Studies that used dietary supplementation
with antioxidants, such as hydroxy-selenomethionine, showed similar results, where the
increase in TBARS was counteracted after the stressor, indicating that different patterns of
response to oxidative stress can be modulated depending on the concentration and type of
antioxidant present [66].

Mitochondrial dysfunction and chronic inflammation in adipose tissue, exacerbated by
oxidative stress, are crucial factors in worsening metabolic complications [67–69]. Although
no protein damage or changes in non-enzymatic antioxidant parameters (GSH and ASA)
were observed, treatment with liposomes for 28 days appears to have prevented the
elevation of TBARS levels, unlike what was seen in a previous study with an obese group
treated for 14 days [28]. This may be explained by the increase in GST in the OH group,
something that was not observed in the 14-day study mentioned above [28], as flavonoids
reduce oxidative stress, a key factor in obesity, by increasing antioxidant defenses and
reducing inflammation [67].

Obesity may interfere with glucose uptake via the GLUT4 transporter in adipose tissue.
In the present study, we observed a reduction in glycogen in the obese groups and also
in the H group, in addition to a reduction in glucose levels in the OH group. Although
total proteins and amino acids did not show significant variations in the groups studied,
we noted a considerable increase in ammonia concentration in the obese and liposome
groups, while in the OH group, this concentration was reduced compared to the O group.
Considering the possible limited use of glucose as an energy source for the adipocyte, it is
possible that part of the energy for this cell comes from the action of oxidative deamination
by glutamate dehydrogenase. This process uses glutamate as a substrate and generates
α-ketoglutarate, NADH+H+ and ammonium ions, the last of which may be releasing its
proton into the medium, thus producing ammonia [60]. We do not have findings in the
scientific literature that show the effect of flavonoids on ammonia metabolism in adipose
tissue, but the study by Patias et al. [28] showed a similar effect, where animals treated with
liposomes per se and obese animals showed an increase in ammonia concentration. Notably,
when obese animals were treated with liposomes for 14 days, levels of this biomarker were
reduced. This result suggests that P. heptaphyllum liposomes, possibly due to their ability
to improve the bioavailability of active compounds, can influence ammonia metabolism,
promoting its reduction in obese states. However, the exact mechanism of interaction with
flavonoids still needs to be clarified, although it is already known that they affect the liver,
adipose tissue and nervous system, influencing metabolic and signaling pathways related
to obesity [70].

Regarding immunological markers, the decrease in IL-6 in treated obese groups indi-
cates a possible downregulation of inflammation, which is in line with previous findings
that emphasize that P. heptaphyllum resins and leaves exhibit anti-inflammatory activity [28],
such as in studies by Siane et al. [71]. Other research has shown that P. heptaphyllum extracts
can reduce plasmatic concentrations of pro-inflammatory cytokines (TNF-α and IL-6),
which are generated by oxidative stress and metabolic dysfunction in obesity, but this
effect was not found in this study [52]. Although we did not observe reduced levels of
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TNF-α, this is consistent with other research that has shown that certain flavonoids, such
as those present in blueberry extract, may exert selective anti-inflammatory effects, acting
on adipose tissue and specific mediators, such as IL-6, rather than TNF-α. This selectivity
may be related to factors such as the dosage or bioavailability of the compounds [72].

The liver is a key organ in the process of metabolizing various exogenous and en-
dogenous substances, and in an obese condition, it becomes vulnerable to changes. When
we observed our results, we noticed that GPx and GST had similar reductions in their
activities in the H group compared to the control group, and for GST, there was a reduction
in the obese group treated with liposomes, which differed from the control and the obese
group. Furthermore, the obesity model induced in rats caused an increase in TBARS,
indicating increased lipid peroxidation. However, these levels were reduced in the OH
group, but with no effect on ASA, SOD and CAT. GST is a very important enzyme in the
detoxification of xenobiotics, and like GPx, it is responsible for the detoxification of lipid
hydroperoxides (LOOH) [73]. The increase in TBARS seen in obese individuals, reflecting
increased oxidative stress and lipid damage, found at reduced levels in the obese group,
suggests that treatment with P. heptaphyllum liposomes may be able to protect against
oxidative stress generated by obesity, as shown in studies linking obesity to an increase in
oxidative biomarkers (MDA and LOOH) [74]. GST and GPx activity were also reduced in
the H group per se, indicating a possible deficiency in the detoxification of substances and
neutralization of hydrogen peroxide as emphasized by Zang et al. [75]. Unlike the study by
Patias et al. [28], which found no changes in the activities of hepatic enzymatic antioxidants
(SOD, GPx, CAT and GST), non-enzymatic antioxidants (GSH and ASA) and no changes in
protein damage (protein carbonylation assay), our 28-day study with liposomes revealed
changes in enzymes (GST and GPx), GSH levels and protein carbonylation. This suggests
that a longer period of treatment may be necessary to impact liver redox status parameters.

Obesity can also generate increases in glucose in the liver tissue, as a possible route,
due to the presence of glycerol from adipose tissue, which can be obtained from the tria-
cylglycerol cycle that produces glucose through hepatic gluconeogenesis [60] but without
being transformed into glycogen, as can be observed in the obese groups. In addition,
amino acid levels were reduced in the obese groups. In this context, we noticed a decrease
in ammonia concentration in the obese and liposome-treated groups, which may reflect
a lower activation of the urea cycle. The effects observed per se in group H, namely the
increase in glucose dosage as well as the reduction seen in ammonia, suggest that the
flavonoids present, mainly quercetin-3-β-glucoside, which contains a sugar residue, may
be involved in this increase [55]. As for ammonia, the observed reduction indicates an im-
provement in the liver’s ability to eliminate toxic compounds, just as the decrease in lactate
for the treated obese groups suggests a complex metabolic modulation leading to metabolic
stress or adaptation [76]. These findings are consistent with those observed by Patias et al.,
who also reported similar results in animals treated for 14 days [28]. However, liposomes
showed a positive effect in restoring lactate levels in obese individuals, which reinforces the
importance of liposome treatment in modulating metabolic parameters altered by obesity.

Considering the already described antioxidant and anti-inflammatory properties of
flavonoids present in P. heptaphyllum, and their ability to modulate enzymatic antioxidant
activities, controlling ROS production, we suggest that the action of the compounds present
in the liposomes in this study can reduce oxidative stress and the formation of toxic metabo-
lites, possibly through the suppression of liver cytochrome P450 [52,53,55,77]. Previous
studies with P. heptaphyllum have demonstrated its therapeutic action in the treatment of
liver diseases [4,78,79], corroborating the idea that its bioactive compounds exert hepato-
protective effects. We observed in the liver tissue an increase in IL-17 only in the treated
and untreated obese groups, suggesting a chronic inflammatory process activated in this
tissue, in this condition. However, we also observed an increase in IL-10, a potent anti-
inflammatory cytokine, in the liver of the groups treated with liposomes, which indicates
an anti-inflammatory action of this extract even in the absence of obesity. The increase in
IL-10 indicates a modulation of the immune system, potentially protecting against chronic
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liver inflammation while trying to control liver stress [80,81]. These findings highlight
the potential of P. heptaphyllum in the prevention and treatment of obesity-related and
non-obesity liver diseases. Furthermore, the administration of the flavonoids discussed has
shown to be a promising strategy to increase the bioavailability of and more efficiently reg-
ulate pro-inflammatory cytokines, such as IL-17, offering even greater therapeutic potential
in inflammatory diseases [82].

A distinctive feature of this study was the administration of a relatively low dose
of 1 mg/kg of the extract, in liposomal form, for a period of 28 days. Even with this
reduced dosage, the results were significant, especially when compared to previous studies
that used higher doses of flavonoids or amyrins, such as those by Carvalho [52,53] and
Patias [4], whose doses ranged from 10 to 20 mg/kg and 100 mg/kg, respectively. The
observed efficacy reinforces the potential of P. heptaphyllum liposomes, suggesting that this
formulation enhances therapeutic effects, offering a promising and innovative approach in
the treatment of obesity.

5. Final Considerations

Our study revealed that obesity induces significant changes in hepatic metabolism
and inflammatory response, as evidenced by increased glucose and ammonia levels, and by
changes in the activity of antioxidant enzymes such as GPx and GST. Flavonoids present in
P. heptaphyllum liposomes appear to positively influence oxidative processes in adipose and
hepatic tissues, with decreased SOD activity and increased GST, in addition to variations in
lipid damage markers. The decrease in IL-17 and increase in IL-10 in the groups treated with
P. heptaphyllum suggest a positive modulation of the inflammatory response, potentially
protecting the liver from chronic inflammation and helping to control hepatic stress. These
findings suggest the need for further investigations to explore in more depth the therapeutic
role of this treatment in order to control and treat complications caused by obesity.
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Simple Summary: In this study, the protective effect of Protium heptaphyllum (P. heptaphyllum), a plant
with a high flavonoid content, was analyzed against damage caused by cyclophosphamide (CPA),
a chemotherapy drug known for its adverse effects. Using liposomes to transport the plant extract,
an experiment was carried out with male Swiss mice that received the extract for 14 days before
CPA. The results demonstrated that P. heptaphyllum liposomes reduced DNA damage and oxidative
stress, evidenced by the increase in antioxidant enzymes such as superoxide dismutase (SOD)
and glutathione peroxidase (GPx). There were also improvements in liver and kidney indicators,
suggesting organ protection. In summary, these results highlight the potential of P. heptaphyllum
liposomes as a natural chemical protection agent that can help reduce the side effects of cancer
treatment, while providing antioxidant benefits.

Abstract: Cyclophosphamide (CPA) is an alkylating agent used as a chemotherapy agent in the
treatment of cancer, but it has immunosuppressive effects. Protium heptaphyllum (P. heptaphyllum) is a
plant rich in triterpenes and flavonoids, with some bioactive and therapeutic properties presented
in the literature. Thus, the present study aimed to investigate the chemoprotective potential of
P. heptaphyllum extract inserted into liposomes against oxidative damage chemically induced by CPA.
Male Swiss mice received 1.5 mg/kg of P. heptaphyllum liposomes as a pre-treatment for 14 consecutive
days (via gavage) and 100 mg/kg of CPA in a single dose (via intraperitoneal) on the 15th day.
After the experimental period, blood and organ samples were collected for histopathological and
biochemical analyses, including superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase
(CAT), glutathione S-transferase (GST), reduced glutathione (GSH), thiobarbituric acid reactive
substances (TBARS), ascorbic acid (ASA), carbonyl protein, cytokine measurement, and micronucleus
testing. The results showed that liposomes containing P. heptaphyllum extract have an antimutagenic
effect against damage induced to DNA by CPA, and that they also protect against oxidative stress,
as verified by the increase in the antioxidant enzymes SOD and GPx. The improvement in alkaline
phosphatase and creatinine markers suggests a beneficial effect on the liver and kidneys, respectively.
However, the depletion of GSH in the liver and brain suggests the use of antioxidants for the
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metabolism of molecules generated in these tissues. In general, these data show good prospects for
the use of P. heptaphyllum liposomes as a cancer chemoprotective agent, as well as possible antioxidant
action, conceivably attributed to the flavonoids present in the plant extract.

Keywords: oxidative stress; antimutagenic; cancer; flavonoid; quercetin

1. Introduction

Cyclophosphamide (CPA) is a drug extensively used as an alkylating agent in the
treatment of several malignant neoplasms, including breast cancer, multiple myeloma,
kidney disease, rheumatoid arthritis, juvenile dermatomyositis, systemic sclerosis, inter-
stitial lung disease, lupus vasculopathy, systemic vasculitis, and refractory treatment of
thrombocytopenic purpura [1,2]. CPA can be administered orally or intravenously, with
oral dosing administered daily (every 24 h) and in pulses, adjusting the dose according to
hematologic and renal toxicity. Adverse reactions to CPA include bone marrow suppres-
sion, susceptibility to infections, sterility, amenorrhea, nephrotoxicity, and cystitis, as well
as cardiovascular complications such as sinus bradycardia, pericarditis, myocarditis, and
heart failure [1–4].

The search for new drugs that help treat pathologies while exerting fewer side effects
is essential to improve patients’ quality of life and to advance medicine. The wealth of
substances derived from plants has aroused great interest in this field among scientific
community as a promising source for the development of new drugs. The search for
innovative medicinal agents, especially those derived from natural sources, is driven by
the presence of several molecules in the secondary metabolism of plants [5–7]. Many
drugs originate directly or indirectly in plant compounds, and plants harbor a variety of
phytoconstituents, each with unique and distinct properties [8].

Protium heptaphyllum (P. heptaphyllum) is a plant commonly known as almacega,
almíscar or breu branco, and it is typically found in the Amazon [9]. Its leaves and
resin are used in folk medicine due to their stimulating, anti-inflammatory, and healing
properties [10,11]. It derives from the Burceraceae family, comprising 18 genera and more
than 700 species divided into three tribes, with the genus Protium (tribe Protieae) being the
main member of the family [12,13].

The resins, oils, and leaves of the genus Protium are extremely rich in terpenes and
polyphenols, such as flavonoids [5,12,14]. Phenolic compounds, including flavonoids,
are known as free radical scavengers and are highly efficient in preventing autoxidation.
Studies indicate that flavonoids can reduce cellular stress, which includes neuroinflam-
mation, oxidative stress, proteotoxicity, and endoplasmic reticulum stress [15]. Antiox-
idants, in addition to providing several beneficial effects, can inhibit or delay the emer-
gence of tumor cells, delay aging, and prevent other cellular damage resulting from redox
imbalance [16–18].

Liposome nanotechnology is one of the new, innovative therapeutic approaches based
on plants. This approach improves the solubility, stability, and specific targeting of active
substances, overcoming absorption and bioavailability challenges [19]. By encapsulating an
active substance, liposomes offer controlled release, minimize side effects, and maximize
therapeutic efficacy, presenting a promising frontier for the optimization of phytothera-
peutic treatments in contemporary medicine [19,20]. Thus, herbal medicines conjugated
using new technologies, such as using liposomes, can aid in treatment by offering effective,
accessible solutions, with fewer side effects, for various pathologies due to the variety of
chemical compounds, such as saponins, flavonoids, and catechins, present in plant species,
highlighting the need for studies on the biological activity and toxicity of these plants
to encourage investments from the pharmaceutical industry [16,17,21]. Therefore, this
research sought to investigate the preventive chemoprotective effects of the ethyl acetate
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fraction of P. heptaphyllum extract inserted in liposomes against the oxidative processes
caused by CPA.

2. Material and Methods
2.1. Preparation of Extract and Development of Liposomes

The work was developed at the Integrated Chemical Sciences Research Laboratories
(LIPEQ), located at the Federal University of Mato Grosso, Campus of Sinop. The exsiccata
is registered in the collection of the Centro-Norte Mato-Grossense Herbarium (CNMT) of
the Federal University of Mato Grosso, located at the Campus of Sinop, under number 625.

The leaves of the species P. heptaphyllum were collected and selected, dried, crushed
into powder, and subsequently macerated with ethanol for 7 days. Next, 1.05223 kg of
leaf powder were mixed with 4 L of ethanol. After the maceration period, chlorophyll
was removed using activated charcoal (69.57 g). Then, the extract underwent the solvent
rotary evaporation process, followed by lyophilization to obtain the crude ethanolic extract
(CEE), and was finally subjected to functional group identification tests. A portion of
the CEE was fractionated through a silica gel chromatographic column, using a solvent
gradient of increasing polarity; additional details can be found in the work of Patias
et al. [14]. After fractionation, the choice was made to employ the ethyl acetate fraction
(EAF) of P. heptaphyllum in the development of liposomes (LP) due to its high concentration
of flavonoids.

The liposomes were developed using the reverse-phase evaporation method, followed
by lipid film extrusion, as described by Hua and Wu [22].

The liposomes were characterized physicochemically by evaluating the active com-
pound content and average micelle diameter using a Mastersizer® 2000 device (Malvern,
England); the polydispersity index (PDI) using photon brightness spectroscopy analysis
(Zetasizer® NanoZS model ZEN 3600, Malvern Instruments, (Malvern, England); the zeta
potential by electrophoretic mobility; pH in a potentiometer (Denver® Instrument VB-10,
New York, NY, USA); as well as the dosage of quercetin in the nanosystem. The results
obtained from the characterization of P. heptaphyllum liposomes show that the technique
used allowed the formation of particles on the nanometric scale. Micelles with small
size (232 ± 1.70) and low polydispersity index (0.21 ± 0.01) characterize a system with
low size distribution. The zeta potential value demonstrates the surface charge potential
(−20.07 ± 1.10), which is a fundamental parameter to predict the stability of liposomes.
Zeta potential values close to −20 mV (as occurs with the P. heptaphyllum liposomes in the
present study) can be considered satisfactory to maintain the stability of the system [18].
The charges found in the developed liposomal formulations follow the standard for for-
mulations based on DPPC, in which the occurrence of a negative charge is predominant
among the samples.

2.2. In Vivo Tests

Initially, the Malone hippocratic test was performed to construct a dose curve for
liposomes containing P. heptaphyllum extract at concentrations of 0.5, 1.0, 1.5, 2.5, and
5 mg/kg, using three animals for each concentration. This procedure aimed to analyze the
potential acute toxicity of the doses used, as described by Malone [23]. Based on the results
obtained, a specific dose of 1.5 mg/kg was then chosen to be administered to the animals.

2.2.1. Animals and Experimental Design

Male Swiss mice weighing an average of 35 g ± 3 g were used for the study. All steps for
authorization to work with animals were approved by the Guidelines of the Ethics Committee
for the Use of Animals of the Federal University of Mato Grosso, No. 23108.030996/2022-07.
A total of eight animals per group were employed for a treatment period of 14 days.

Throughout the experimental period, the animals were kept in polypropylene boxes with
a controlled temperature of 22 ± 2 ◦C and a 12 h light–dark cycle, with free access to water
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and food. The animals were distributed into four experimental groups according to whether
or not they were treated with liposomes containing P. heptaphyllum leaf extract, as follows:

Group C: Control; CPA Group: cyclophosphamide; LP Group: liposome with P. hepta-
phyllum extract; LP + CPA Group: liposome with P. heptaphyllum extract + cyclophosphamide.

The acclimatization period was 2 weeks. The groups treated with liposomes containing
the EAF extract (LP, LP + CPA) received a dose of 1.5 mg/kg orally (v.o.), once a day, for
14 days. The Control groups (C and CPA) received water solution (H2O) in the same
volume, v.o., also for 14 days.

CPA was supplied by Baxter®, diluted in 0.9% saline solution, and administered
to the animals intraperitoneally (i.p.) on the 15th day at a concentration of 100 mg/kg
(0.1 mL/10 g body weight) [24].

After the stipulated period, the animals were fasted for 8 h, and at the end of the 16th
day, blood was collected by cardiac puncture under anesthesia (Chlortamine® (Ketamine,
50 mg/kg) and Rompun® (Xylazine, 20 mg/kg)); the animals were euthanized by cervical
dislocation. Samples of the liver, kidneys, heart, and brain were collected by dissection,
washed with isotonic saline solution, and weighed to determine absolute (g) and relative
(g/100 g body weight) weight. In addition, the weight of the mice (g) was assessed; part
of the tissue samples were stored frozen at −80 ◦C and part fixed in 10% phosphate-
buffered formalin for subsequent analysis. Plasma was obtained from whole blood after
centrifugation (4000 rpm, 10 min; Nova Técnica, NT-835, Piracicaba, Brazil).

2.2.2. Analysis of Anthropometric Measurements

Body weight, as well as daily water and food consumption, were assessed at the
beginning and end of the experiment. To analyze consumption, 500 g of food were placed
in the box, and the uneaten food was weighed every two days. The difference represented
the amount of food consumed by the mice in the box, expressed in grams. The same
protocol was used to analyze water consumption, but in mL measurements, where 500 mL
of water were offered. This analysis was performed throughout the treatment.

2.2.3. Micronucleus Test

The preparation and collection of bone marrow erythrocyte slides for evaluation of
micronucleus (MN) frequency followed the methodology proposed by MacGregor et al. [25].
For each animal, duplicate smears were created and stained to differentiate polychromatic
erythrocytes (PCE) from normochromic erythrocytes (NCE). From these prepared slides,
1000 cells per animal were analyzed under a light microscope (Kasvi/Olen, K55-BA, Pinhais,
PR, Brazil), with 1000× magnification (immersion). The material was analyzed in a blind
test, and the slides were decoded at the end of the analyses.

2.2.4. Biochemical Analyses of Liver, Kidney, Brain, Heart, and Plasma

The biochemical parameters (glucose, aspartate aminotransferase—AST, alkaline
phosphatase—ALP, total cholesterol, triglycerides, and creatinine) of blood plasma were
analyzed using commercial kits (Labtest®, Diagnóstico S. A., Minas Gerais, Brazil).

The enzymatic antioxidant activity of CAT (catalase) was determined according to
the methods of Nelson and Kiesow [26], SOD (superoxide dismutase) according to the
suggestions of Misra and Fridovich [27], GST (glutathione S-transferase) according to the
work of Habig et al. [28], and GPx (glutathione peroxidase) was measured according to the
techniques of Paglia and Valentine [29]. The dosage of the non-enzymatic antioxidants GSH
(reduced glutathione) was evaluated according to the methods of Sedlack and Lindsay [30],
and ascorbic acid (ASA) was measured according to the suggestions of Roe [31]. The
indirect markers of oxidative damage evaluated included TBARS (thiobarbituric acid
reactive substances) and carbonyl (carbonylated proteins), according to the technique
described by Buege and Aust and Colombo et al., respectively [32,33]. The protein content
of the tissues was determined according to the work of Bradford [34]. All analyses were
performed using a UV–Vis spectrophotometer (Varian Cary 50 Scan, Northfield, MI, USA).
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2.2.5. Histological Analysis

Liver and kidney fragments were used for histopathological analysis. These were
fixed in 10% phosphate-buffered formalin for 48 h and immersed in 70% alcohol. The tissue
fragments were cleaved to a thickness of 0.4 cm, placed in cassettes, and subjected to the
dehydration and clearing process in an automatic histotechnician (Lupitec, PT 05 TS, São
Carlos, SP, Brazil). They were later embedded in paraffin and cut to a thickness of 3 µm
using a semi-automatic microtome (Leica Biosysthems RM2245, Nussloch, Germany). The
slides were stained with hematoxylin and eosin and evaluated under an optical microscope
(Nikon eclipse 80I, Tokyo, Japan). Histological evaluation was carried out along the entire
length of the slide fragment, with magnification objectives of 10, 40, and 60 times. A trained
technician evaluated the occurrence of circulatory, degenerative, proliferative, necrotic, and
inflammatory changes. The changes were altered in terms of distribution and intensity,
according to the methods of Barros et al. (2021) [35].

2.2.6. Immunological Analysis by ELISA

To perform immunological analyses of cytokines, such as tumor necrosis factor alpha
(TNF-α), interferon gamma (IFN-γ), interleukin 6 (IL-6), interleukin 10 (IL-10), interleukin
17 (IL-17), and interleukin 1β (IL-1β), the enzyme-linked immunosorbent assay (ELISA)
methodology was employed using commercial kits from DIY Duoset Elisa®, according to
the instructions provided by the manufacturer.

2.3. Data Analysis

The data were initially subjected to the Kolmogorov–Smirnov normality test. Then, a
two-way analysis of variance (ANOVA) was performed, followed by the Tukey–Kramer
multiple comparison test to assess the means when more than two groups were present. In
cases where the results did not meet the normality criteria, the Kruskal–Wallis test was used,
followed by Dunn’s post-test. The acceptable significance level adopted was p < 0.05. The
results were presented as mean ± standard deviation or median and total range, according
to the protection obtained. Graphs were created and statistical analysis was performed
using Graph Pad Prism 8.0 statistical software.

The frequency of micronucleated polychromatic erythrocytes (MCPEs) in the different
experimental groups was compared using the Chi-squared test [36]. The percentage of
damage reduction (decrease in the mean frequency of micronucleated cells) of the extracts
that showed antimutagenic activity were calculated according to the method of Waters
et al. [37], using the following formula:

% reduction =
Frequency o f PCEMs in a − Frequency o f PCEMs in b
Frequency o f PCEMs in a − Frequency o f PCEMs in c

× 100 (1)

where:
a = group treated with CPA;
b = group treated with LP + CPA;
c = group treated with 0.9% NaCl (control).

3. Results

The measurements of initial body weight, final body weight, and feed and water
consumption did not show statistically significant differences between the groups analyzed,
as shown in Table 1. However, there were changes in the weights of the organs investigated,
such as the liver and heart. In the liver, the weight increased in the CPA group when
compared to that in the C group, and the LP + CPA group showed a reduction in weight
when compared to that of the LP and CPA groups. For the heart, the CPA group showed
an increase in weight compared to that of the C group, and in the LP + CPA group, there
was a decrease when compared to the results for the CPA group, as indicated in Table 1.
The other organs investigated did not show statistically significant changes.
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Table 1. Body and organ weights and food and water intake of male Swiss mice treated with LP
(protium liposome) and CPA (cyclophosphamide).

Parameters Control (C) CPA LP LP + CPA

Initial body weight (g) 41.75 ± 5.23 41.12 ± 2.74 41.37 ± 2.92 39.75 ± 3.73
Final body weight (g) 44.12 ± 5.54 42.50 ± 2.13 41.12 ± 2.90 42.37 ± 3.70

Feed consumption (g/day/mouse) 44.33 ± 9.64 47.00 ± 14.53 45.00 ± 10.23 47.83 ± 13.12
Water intake (mL/day/mouse) 28.73 ± 4.21 41.03 ± 13.04 31.20 ± 6.83 29.46 ± 6.89

Liver (g) 1.72 ± 0.13 2.06 ± 0.11 * 1.81 ± 0.12 1.63 ± 0.11 **,#

Kidney (g) 0.51 ± 0.05 0.56 ± 0.05 0.56 ± 0.05 0.51 ± 0.03
Heart (g) 0.19 ± 0.008 0.22 ± 0.01 * 0.21 ± 0.02 0.19 ± 0.02 #

Brain (g) 0.43 ± 0.05 0.42 ± 0.04 0.43 ± 0.06 0.43 ± 0.08

Results are presented as mean ± standard deviation using ANOVA (two-way), followed by Tukey’s post-hoc test.
* p < 0.05 vs. C; ** p < 0.05 vs. LP; # p < 0.05 vs. CPA; (n = 8).

Plasma glucose, cholesterol and aspartate aminotransferase (AST) enzyme activity
levels did not show statistically significant changes in the groups analyzed. There was a
decrease in alkaline phosphatase (ALP) activity in the LP + CPA group compared to that in
group C. In addition, creatinine levels were reduced in the CPA, LP, and LP + CPA groups
compared to those noted in group C. As for triglycerides, a decrease was observed in the
CPA group compared to the levels in group C, as shown in Table 2.

Table 2. Analysis of plasma parameters of male Swiss mice treated with LP (protium liposome) and
CPA (cyclophosphamide).

Parameters Control (C) CPA LP LP + CPA

Glucose (mg/dL) 229.25 ± 57.17 224.62 ± 44.51 185.12 ± 43.79 251.75 ± 53.54
AST (U/L) 154.87 ± 42.00 185.50 ± 150.00 182.25 ± 97.00 186.12 ± 181.00
ALP (U/L) 112.62 ± 25.39 100.12 ± 19.65 96.62 ± 18.57 76.87 ± 7.84 *

Creatinine (mg/dL) 3.18 ± 0.66 2.13 ± 1.03 * 1.31 ± 0.46 * 1.45 ± 0.50 *
Cholesterol (mg/dL) 85.87 ± 14.24 79.80 ± 17.72 102.88 ± 32.83 95.30 ± 25.04

Triglycerides (mg/dL) 145.25 ± 16.62 126.00 ± 3.84 * 128.12 ± 16.27 136.12 ± 5.41

Results are presented as mean ± standard deviation using ANOVA (two-way), followed by Tukey’s post-hoc test.
For AST analysis, a Kruskal–Wallis test, followed by Dunn’s post-hoc test, was used, and values were expressed
as median and total range. * p < 0.05 vs. C. (AST: aspartate aminotransferase; ALP: alkaline phosphatase); (n = 8).

Table 3 shows the frequency of micronucleated polychromatic erythrocytes (PCEMN)
after the pretreatment of mice with liposomes containing P. heptaphyllum extract on chem-
ically induced damage by CPA. The group treated with LP + CPA showed a significant
reduction (p ≤ 0.05) in the frequency of micronuclei when compared with that of the posi-
tive control group, showing a chemoprotective effect of the extract and thus, the possibility
of producing benefits related to the prevention of DNA damage as an antimutagenic agent.
On the other hand, the group treated only with the liposome containing the extract did not
show a mutagenic effect when compared with the negative control group.

We did not observe statistical changes between the groups studied for cytokine levels
in the liver and kidney tissue (Table 4).

In the liver, a decrease in the activity of the catalase enzyme was observed in the LP + CPA
group compared to that in the C groups and the CPA group (Figure 1B). On the other hand,
the GST enzyme showed an increase in activity in the LP + CPA group compared to the LP
group (Figure 1C). As for the SOD and GPx enzymes, no statistically significant changes were
observed (Figures 1A and 1D, respectively). In the renal tissue, an increase in the activity of
the SOD enzyme was observed in the CPA group compared to that in the C group (Figure 1E).
No significant differences were observed in the activity of the catalase enzyme between the
groups studied (Figure 1F), while the GST enzyme showed decreased activity in all treated
groups, as illustrated in Figure 1G. The GPx enzyme increased its activity in the LP + CPA
group when compared to that in the CPA group (Figure 1H).
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Table 3. Frequency of micronucleated polychromatic erythrocytes (PCEMN) in bone marrow of male
Swiss mice treated with LP (protium liposome) and CPA (cyclophosphamide).

PCEMNs

Treatment Number of PCEs Analyzed MN % % Reduction

Control (Water + NaCl 0.9%) 8000 290 3.62
CPA (Water + CPA) 8000 535 6.69
LP (LP + NaCl 0.9%) 8000 264 3.30
LP + CPA (LP + CPA) 8000 470 * 5.81 26%

* p < 0.05 in comparison with the CPA group, according to the Chi-squared test; (n = 8).

Table 4. Analysis of cytokines in liver and kidney tissue of male Swiss mice treated with LP (protium
liposome) and CPA (cyclophosphamide).

Parameters Control (C) CPA LP LP + CPA

Liver

TNF-α (pg/mL) 0.72 ± 0.26 0.76 ± 0.24 0.83 ± 0.25 0.97 ± 0.15
IFN-γ (pg/mL) 1.17 ± 0.19 1.20 ± 0.12 1.24 ± 0.11 1.27 ± 0.07
IL-6 (pg/mL) 1.05 ± 0.18 1.12 ± 0.14 1.13 ± 0.10 1.15 ± 0.04
IL-10 (pg/mL) 1.15 ± 0.26 1.27 ± 0.17 1.28 ± 0.10 1.37 ± 0.08
IL-17 (pg/mL) 0.97 ± 0.22 1.11 ± 0.24 1.13 ± 0.17 1.18 ± 0.11
IL-β (pg/mL) 0.77 ± 0.22 0.89 ± 0.11 0.97 ± 0.17 1.01 ± 0.13

Kidney

TNF-α (pg/mL) 0.96 ± 0.21 1.15 ± 0.32 0.93 ± 0.30 0.94 ± 0.21
IFN-γ (pg/mL) 1.30 ± 0.14 1.46 ± 0.09 1.34 ± 0.20 1.42 ± 0.19
IL-6 (pg/mL) 1.21 ± 0.18 1.38 ± 0.20 1.28 ± 0.25 1.24 ± 0.23

IL-10 (pg/mL) 1.24 ± 0.18 1.39 ± 0.11 1.31 ± 0.27 1.28 ± 0.27
IL-17 (pg/mL) 1.25 ± 0.13 1.16 ± 0.17 1.09 ± 0.23 1.17 ± 0.13
IL-β (pg/mL) 1.00 ± 0.23 1.16 ± 0.36 1.23 ± 0.28 1.12 ± 0.26

Results are presented as mean ± standard deviation. ANOVA (two-way) followed by Tukey’s post-hoc test;
(n = 8). For statistical analysis, data were transformed into sqrt.

GSH levels in the liver tissue decreased in the CPA, LP, and LP + CPA groups compared
to those found in group C. In addition, carbonyl protein levels (carbonyl) increased in
the CPA group compared to those in group C (Table 5). The other parameters analyzed
in the liver tissue (ASA and TBARS) did not show significant changes in their results
when compared to those of the control group (C) (Table 5). No statistical differences were
observed in redox state markers such as GSH, ASA, and carbonyl in the renal tissue of the
animals analyzed. TBARS showed a significant difference, with a decrease in the LP group
compared to the levels in group C (Table 4).

Table 5. Analysis of redox status parameters in the liver and kidney tissue of male Swiss mice treated
with LP (protium liposome) and CPA (cyclophosphamide).

Parameters Control (C) CPA LP LP + CPA

Liver

GSH (µmol de GSH/mg protein) 3.65 ± 1.15 1.96 ± 0.49 * 2.60 ± 0.53 * 2.36 ± 0.64 *
ASA (µmol ASA/g tissue) 3.05 ± 0.48 3.33 ± 1.04 2.73 ± 0.49 3.28 ± 0.97

TBARS (nmol MDA/mg protein) 0.71 ± 0.20 0.89 ± 0.19 0.56 ± 0.18 0.66 ± 0.42
Carbonyl (nmol carbonyl/mg protein) 13.60 ± 2.98 19.06 ± 3.76 * 15.30 ± 4.73 17.16 ± 3.55

Kidney

GSH (µmol de GSH/mg protein) 2.82 ± 3.65 3.53 ± 5.54 1.68 ± 4.08 2.35 ± 5.68
ASA (µmol ASA/g tissue) 1.40 ± 0.22 1.68 ± 0.21 1.38 ± 0.35 1.42 ± 0.33

TBARS (nmol MDA/mg protein) 0.10 ± 0.15 0.09 ± 0.05 0.07 ± 0.05 * 0.08 ± 0.07
Carbonyl (nmol carbonyl/mg protein) 5.35 ± 2.25 5.99 ± 1.41 6.08 ± 2.02 4.89 ± 2.27

The results are presented as mean ± standard deviation. ANOVA (two-way), followed by Tukey’s post-hoc test.
For analysis of GSH and TBARS of the kidney, the Kruskal–Wallis test, followed by Dunn’s post-hoc test, was
used, and the values were expressed as median and total range. * p < 0.05 vs. C. (GSH: reduced glutathione; ASA:
ascorbic acid; TBARS: thiobarbituric acid reactive substances; Carbonyl: carbonylated proteins); (n = 8).
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Figure 1. Analysis of enzymatic activities of male Swiss mice treated with LP (protium liposome) 
and CPA (cyclophosphamide). SOD: superoxide dismutase (A), CAT: catalase (B), GST: glutathione 
S-transferase (C), e GPX: glutathione peroxidase (D) in the liver; SOD: superoxide dismutase (E), 
CAT: catalase (F), GST: glutathione S-transferase (G), e GPx: glutathione peroxidase (H) in the 
kidney. The results are presented as mean ± standard deviation. ANOVA (two-way), followed by 
Tukey’s post-hoc test. * p < 0.05 vs. C; ** p < 0.05 vs. LP; # p < 0.05 vs. CPA; (n = 8). 

GSH levels in the liver tissue decreased in the CPA, LP, and LP+CPA groups 
compared to those found in group C. In addition, carbonyl protein levels (carbonyl) 
increased in the CPA group compared to those in group C (Table 5). The other parameters 
analyzed in the liver tissue (ASA and TBARS) did not show significant changes in their 
results when compared to those of the control group (C) (Table 5). No statistical 
differences were observed in redox state markers such as GSH, ASA, and carbonyl in the 
renal tissue of the animals analyzed. TBARS showed a significant difference, with a 
decrease in the LP group compared to the levels in group C (Table 4). 

Table 5. Analysis of redox status parameters in the liver and kidney tissue of male Swiss mice 
treated with LP (protium liposome) and CPA (cyclophosphamide). 

 Parameters Control (C) CPA LP LP+CPA 

Liver 

GSH (μmol de GSH/mg protein) 3.65 ± 1.15 1.96 ± 0.49 * 2.60 ± 0.53 * 2.36 ± 0.64 * 
ASA (μmol ASA/g tissue) 3.05 ± 0.48 3.33 ± 1.04 2.73 ± 0.49 3.28 ± 0.97 

TBARS (nmol MDA/mg protein) 0.71 ± 0.20 0.89 ± 0.19 0.56 ± 0.18 0.66 ± 0.42 
Carbonyl (nmol carbonyl/mg protein) 13.60 ± 2.98 19.06 ± 3.76 * 15.30 ± 4.73 17.16 ± 3.55 
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TBARS (nmol MDA/mg protein) 0.10; 0.15 0.09; 0.05 0.07 ± 0.05 * 0.08; 0.07 
Carbonyl (nmol carbonyl/mg protein) 5.35 ± 2.25 5.99 ± 1.41 6.08 ± 2.02 4.89 ± 2.27 

The results are presented as mean ± standard deviation. ANOVA (two-way), followed by Tukey’s 
post-hoc test. For analysis of GSH and TBARS of the kidney, the Kruskal–Wallis test, followed by 
Dunn’s post-hoc test, was used, and the values were expressed as median and total range. * p < 0.05 
vs. C. (GSH: reduced glutathione; ASA: ascorbic acid; TBARS: thiobarbituric acid reactive 
substances; Carbonyl: carbonylated proteins); (n = 8). 

We did not observe any significant changes in the histological analyses.  

Figure 1. Analysis of enzymatic activities of male Swiss mice treated with LP (protium liposome)
and CPA (cyclophosphamide). SOD: superoxide dismutase (A), CAT: catalase (B), GST: glutathione
S-transferase (C), e GPX: glutathione peroxidase (D) in the liver; SOD: superoxide dismutase (E),
CAT: catalase (F), GST: glutathione S-transferase (G), e GPx: glutathione peroxidase (H) in the kidney.
The results are presented as mean ± standard deviation. ANOVA (two-way), followed by Tukey’s
post-hoc test. * p < 0.05 vs. C; ** p < 0.05 vs. LP; # p < 0.05 vs. CPA; (n = 8).

We did not observe any significant changes in the histological analyses.
The activity of the SOD enzyme in brain tissue increased in the LP group compared to

that observed in the control group. However, in the LP + CPA group, a reduction in this
activity was observed in relation to the LP group (Figure 2A). Regarding the activity of the
CAT and GST enzymes, no statistically significant changes were detected (Figure 2B,C).

In cardiac tissue, a significant increase in the activity of the SOD enzyme was ob-
served in the group treated with LP + CPA compared to the group that received only CPA
(Figure 2D). Regarding the analysis of the activities of catalase and GST, no changes were
identified between the groups analyzed (Figure 2E,F).

We observed a reduction in GSH levels in the brain tissue in the LP + CPA groups com-
pared to the levels in the CPA group. Regarding the levels of ASA, TBARS, and carbonyl,
no statistically significant differences were identified between the groups investigated
(Table 6).

Table 6. Analysis of redox status parameters in brain and heart tissue of male Swiss mice treated with
LP (protium liposome) and CPA (cyclophosphamide).

Parameters Control (C) CPA LP LP + CPA

Brain

GSH (µmol de GSH/mg protein) 2.60 ± 3.42 3.67 ± 3.35 1.65 ± 1.30 1.93 ± 1.90 #

ASA (µmol ASA/g tissue) 3.46 ± 0.34 3.31 ± 0.32 3.54 ± 0.40 3.13 ± 0.26
TBARS (nmol MDA/mg protein) 4.57 ± 1.40 5.15 ± 0.72 4.41 ± 0.66 5.00 ± 0.87

Carbonyl (nmol carbonyl mg protein) 18.45 ± 4.25 17.37 ± 3.40 24.30 ± 6.87 23.50 ± 3.08

Heart

GSH (µmol de GSH/mg protein) 1.05 ± 0.34 0.91 ± 0.32 1.81 ± 0.65 1.38 ± 0.79
ASA (µmol ASA/g tissue) 1.77 ± 0.39 1.30 ± 0.31 * 1.52 ± 0.35 1.46 ± 0.28

TBARS (nmol MDA/mg protein) 0.67 ± 0.21 0.63 ± 0.10 0.55 ± 0.18 0.78 ± 0.13
Carbonyl (nmol carbonyl/mg protein) 23.56 ± 11.48 21.79 ± 18.93 25.81 ± 16.33 36.15 ± 31.28

The results are presented as mean ± standard deviation. ANOVA (two-way), followed by Tukey’s post-hoc
test. For analysis of GSH of brain tissue and carbonyl of cardiac tissue, a Kruskal–Wallis test, followed by a
post-hoc Dunn test, was used, and values were expressed as median and total range. * p < 0.05 vs. C; # p < 0.05 vs.
CPA. (GSH: reduced glutathione; ASA: ascorbic acid; TBARS: thiobarbituric acid reactive substances; Carbonyl:
carbonylated proteins); (n = 8).
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deviation. ANOVA (two-way), followed by Tukey’s post-hoc test. For analysis of GST (B) in brain 
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carbonyl, no statistically significant differences were identified between the groups 
investigated (Table 6). 

Regarding the markers GSH, TBARS, and carbonyl, in the cardiac tissue, no 
statistically significant changes were identified between the groups investigated. 
However, regarding the dosage of ASA, a decrease in its levels was observed in the group 
treated with CPA compared to those in the Control group (Table 6). 

  

Figure 2. Analysis of enzymatic activities of male Swiss mice treated with LP (protium liposome)
and CPA (cyclophosphamide). SOD: superoxide dismutase (A), CAT: catalase (B), GST: glutathione
S-transferase (C), e GPX: glutathione peroxidase (D) in the brain; SOD: superoxide dismutase (E),
CAT: catalase (F), GST: glutathione S-transferase. The results are presented as mean ± standard
deviation. ANOVA (two-way), followed by Tukey’s post-hoc test. For analysis of GST (B) in brain
tissue and CAT (E) in cardiac tissue, the Kruskal–Wallis test, followed by the post-hoc Dunn test,
was used, and values were expressed as median and total range. * p < 0.05 vs. C; ** p < 0.05 vs. LP;
# p < 0.05 vs. CPA; (n = 8).

Regarding the markers GSH, TBARS, and carbonyl, in the cardiac tissue, no statistically
significant changes were identified between the groups investigated. However, regarding
the dosage of ASA, a decrease in its levels was observed in the group treated with CPA
compared to those in the Control group (Table 6).

4. Discussion

It is known that polyphenols, especially flavonoids, exhibit several pharmacological
attributes, such as antioxidant, anti-inflammatory, and anticancer properties, but their
usage is still minor compared to their immense therapeutic potential [38]. Although many
investigations have been carried out by several authors to study the protective effects of
polyphenols, especially flavonoids, obtained from different plant extracts against various
types of chemical residues in animal experiments, it is suggested that flavonoids are
directly effective for antioxidant activities via the neutralization of free radicals [39]. Many
extracts exhibit low bioavailability and rapid degradation, which limits their clinical efficacy.
Encapsulating them in liposomes can significantly improve their stability, bioavailability,
and specific targeting to tissues [38]. This synergy between phytotherapy and nanosystems
allows for the creation of more effective treatments, with less toxicity and fewer side effects,
marking a promising advancement in the area [38,40]. In this work, we sought to improve
the use of the ethyl acetate fraction from the crude extract of P. heptaphyllum in the form
of liposomes, and the results obtained revealed several interesting aspects related to the
impact of liposomes containing the plant extract during 14 days of preventive treatment
against mutagenesis subsequently induced for 24 h with CPA.
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The results showed no statistically significant difference in initial or final body weight,
as well as feed and water consumption, between the groups analyzed here, and similar data
were found in the study by Patias et al. [18], where Wistar rats were treated with the same
plant formulation, but at a dose of 1 mg/mL. In a study using mice over a period of 21 days,
treatment with CPA (100 mg/kg) and metformin (3 mg/mL) significantly decreased body
weight, in addition to reducing the survival rate of the animals [41]. On the other hand,
it was observed that the flavonoid quercetin has a significant protective capacity against
changes induced by CPA (150 mg/kg) in rats, reversing the decrease in body weight and
food intake [42], which suggests that in our study, LP, administered for 14 days, and CPA
for 24 h, were not toxic to the point of altering these parameters.

Among our findings regarding organ weight, an important observation was the
statistical increase in liver and heart weight in the CPA group compared to the levels in
the control group (C). This increase in weight could suggest that CPA may have a direct
impact on the morphology and function of these organs. When we refer to liver weight,
this may be linked to a possible hepatotoxic effect of CPA, since the liver is often the target
of toxicity caused by chemotherapeutic agents or may even be indicative of inflammation
or liver damage, often associated with CPA treatment [43]. Another observation was that
pretreatment with LP in animals exposed to CPA (LP + CPA) caused a reduction in liver
and heart weights compared to those observed in the groups that received only CPA. This
finding could indicate that LP may have the ability to reduce the adverse effects caused
by CPA in these organs, even if they were only exposed to the mutagenic agent for 24 h.
Similarly, Dolgava et al. demonstrated that CPA treatment can affect heart and liver weight
in mice [44].

Plasma analysis showed no change in AST in the treated groups, but indicated a
decrease in ALP activity, a hepatobiliary marker, in the LP + CPA group, and in creatinine
levels, a marker of renal function, for all groups treated with LP and CPA. In contrast,
plasma triglyceride levels were elevated in the group treated with CPA alone, possibly due
to changes in lipid metabolism caused by CPA. Studies by our group using P. heptaphyllum
liposomes in the treatment of obesity caused by a high-calorie diet in Wistar rats showed a
reduction in AST activity and creatinine levels in both the groups with liposome-containing
extract and in the obese group. A similar reduction in ALP was also noted in the obese
group and in the group treated with liposomes [18]. On the other hand, in the study by
Ref. [14], the administration of EAF from this same plant at a dose of 100 mg/kg in mice
for 7 days did not modify the activities of AST and ALP, triglycerides, body weight, and
anthropometric parameters. Quercetin was effective in reversing the decrease in weight and
the imbalances in hepatic transaminases, urea, and creatinine in rats subjected to oxidative
stress by cyclophosphamide (150 mg/kg) [40], which leads us to suggest that the response
pattern of LP and CPA significantly depends on the experimental model used, the form of
extract administration, the dose, and the treatment time.

Cyclophosphamide is oxidized by P450 enzymes in the liver to become pharmacologi-
cally active, where it is converted to highly toxic metabolites—acrolein and phosphoramide
mustard [45]—which induce oxidative stress and mutagenesis.

Regarding the micronucleus test, CPA induced a significant increase in PCEMN
compared to that in the control, as observed in other studies employing mouse bone
marrow cells [46–48]. CPA causes chromosomal damage by covalently binding to DNA
and interfering with the cell cycle [49]. The liposome containing the P. heptaphyllum extract
showed antimutagenic activity in the LP + CPA group. Furthermore, LP per se was not
mutagenic. The chemoprotective effect attributed to medicinal plants is largely due to the
bioactive compounds present, such as flavonoids [50].

Recent studies report similar results with extracts of plants rich in flavonoids. For
example, nanoparticles from Rhaphidophora pinnata (50, 100, and 200 mg/kg) demonstrated
antimutagenic activity against cyclophosphamide (50 mg/kg) [51]. The methanolic ex-
tract of Dalbergia latifolia revealed antimutagenic potential against cyclophosphamide
(100 mg/kg) [52], and the flavonoid from Kigelia africana demonstrated antimutagenic
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activity against oxidative stress induced by cyclophosphamide (100 mg/kg) [53]. Con-
sidering the anti-inflammatory activity of other compounds present in P. heptaphyllum,
the essential oil present in the resin of this plant showed, through studies of its chemical
composition, cytotoxic action in breast cancer cells (MCF-7), antimicrobial activity, and
antimutagenicity in vivo [54]. The possible chemopreventive activity of P. heptaphyllum
resin essential oil is attributed to monoterpenes, in addition to the absence of cytotoxic
and pro-apoptotic effects. Thus, the antioxidant activity of P. heptaphyllum [55,56] could
potentially explain the antimutagenic activity observed in the present study, since the
generation of reactive oxygen species (ROS) and oxidative stress plays a critical role in
DNA and chromosome damage [57–59].

Animal research conducted in recent decades has demonstrated that CPA-induced
hepatotoxicity is related to oxidative stress [39,43], as it triggers many liver deficiencies due
to the generation of ROS [60,61]. The administration of CPA into liver tissue resulted in
increased protein carbonylation in the CPA group, which is consistent with the metabolite
acrolein that is incorporated into the proteins, generating carbonyl derivatives [62]. On
the other hand, there was a decrease in CAT activity in the LP + CPA group compared
to that in group C, an increase in GST in the LP + CPA group compared to that in the
LP group, and a decrease in GSH in all treated groups (CPA, LP, and LP + CPA), and
although not significant, there was a trend towards an increase in GPx for all treatments. In
this sense, the GSH depletion caused by CPA is due to the production of the metabolite
acrolein, which is able to form conjugations with GSH, reducing its cellular level [63];
however, GSH plays an important role in protecting cells against oxidative damage [64].
Furthermore, studies carried out by Kaushik and Kaur [65] showed the modulation of GST
and GPx enzymes in relation to their coenzyme GSH during cold-induced oxidative stress
for 21 days and found that enzyme activity increased, even in the presence of low GSH.
It is also noteworthy that CPA demonstrated a tendency to increase CAT activity in this
organ, and LP seemed to normalize this action, possibly due to the presence of bioactive
compounds in the liposomes. Research using EAF from P. heptaphyllum in mice also showed
the normalization of enzyme activity and GSH levels after paracetamol-induced oxidative
stress [14]. Furthermore, a study using triterpenes from P. heptaphyllum restored hepatic
GSH levels depleted by paracetamol in mice [5].

It is known that GST is involved in cellular detoxification, and its increase in the
LP + CPA group may be related to an adaptive response of the liver to the stress caused by
CPA. A study with Carica papaya Linn extract triggered an increase in GST and CAT activity
in the livers of mice exposed to a single dose of CPA (75 mg/kg) [46]. Although there were
changes in the redox state of the liver, no changes were observed in the immunological and
histological parameters in the tissues of the groups analyzed. Similar to the results observed
in this study, Patias et al. [18] did not see changes per se in LP for histological analyses and
for TNF-α, IL-6, IL-17, but observed a positive effect for IL-10, and in obese animals, for
IL-1β, which suggests that the animal species interferes with the cytokine response.

In renal tissue, markers of lipid and protein damage were not modified by the treat-
ments, except in the case of LP, which showed a physiological reduction in TBARS. Fur-
thermore, it revealed a significant increase in GPx activity in the LP + CPA group and a
reduction in GST for all treatments. Contrary to our findings, studies with Solanum scabrum
and Cola verticillata extracts, plants rich in flavonoids, demonstrated a decrease in renal
GPx activity in rats exposed to CPA (100 mg/kg) [66]. It appears that the P. heptaphyllum
liposome induced a response that requires greater GPx activity, possibly signaled by an
additional production of hydrogen peroxide and also due to the reduction in GST. In the
work of Patias et al. [14], EAF did not promote changes in GST activity per se, such as those
noted in this study. On the other hand, in this study, the form of delivery of the extract in the
liposomes in the group treated only with extract resulted in a decrease in TBARS. Although
we observed changes in some biomarkers, the mutagenesis inducer was not effective in
causing damage within 24 h of administration in the renal tissue, and consequently, the
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LP did not cause the activation of the immune response or the immunomodulation of
the cytokines.

In brain tissue, we observed an increase per se in SOD enzyme activity in the LP
group, and its activity returned to control levels in the presence of CPA compared to the
levels in the LP group, which suggests that the presence of CPA may interfere with the
activity of this enzyme in this tissue. The brain is a tissue composed mostly of lipids;
thus, it is highly vulnerable to oxidation, and it is noteworthy that CPA did not induce
changes to the point of causing damage in this tissue, which can be observed by the
absence of statistical differences between the tissues of the groups studied. There are
reports that curcumin improves redox balance and shows protection against oxidative
damage induced by cyclophosphamide (150 mg/kg) in the brains of rats [67], and quercetin
showed promising neuroprotective effects against brain oxidative damage induced by
cyclophosphamide in several studies [42,68]. Furthermore, flavonoids such as quercetin,
apigenin, and genistein have demonstrated the ability to reverse dysfunction caused by
oxidative stress in brain endothelial cells [69]. These findings collectively highlight the
neuroprotective potential of flavonoids in combating CPA-induced brain stress. In addition,
we can suggest that the short time (24 h) of CPA treatment in this study was insufficient
to generate brain damage, but the 14-day treatment with LP was sufficient to positively
modulate SOD enzyme activity.

In cardiac tissue, there was a tendency for reduced SOD activity in the CPA group,
but pretreatment with LP promoted a significant increase in this activity, suggesting that
the liposome promoted an improvement in enzymatic activity. On the other hand, there
was a statistical decrease in ASA levels in the CPA group, indicating a general reduction in
the antioxidant capacity of this marker in cardiac tissue due to treatment with CPA, and
the P. heptaphyllum liposome was unable to modify this parameter. Unlike the results of
our investigation, the work of Ye et al. [70], in which animals were orally treated with the
flavonoid chrysin (25 and 50 mg/kg/day) for 35 days and exposed to cyclophosphamide
(100 mg/kg) once a week for four weeks, showed that the activities of cardiac antioxidant
enzymes, such as SOD and CAT, as well as the GSH levels, were suppressed. Studies by
Luiz et al. [45] also did not observe major changes in oxidative stress parameters in the
hearts of mice treated with CPA (75 mg/kg) for 24 h, as was the case in our study. It is
likely that this short time of exposure to CPA was not enough to cause many changes in the
parameters investigated in this study for the brain and heart, but considering the results
for the liver, which is the organ that metabolizes this drug, and the kidney, which is the site
of excretion, these tissues did demonstrate that they are more affected by the treatment, as
observed in our findings.

5. Final Considerations

The data show that P. heptaphyllum liposomes may have an antimutagenic effect,
suggesting that they may act as a protective agent against DNA damage caused by CPA,
including providing protection against oxidative stress, as evidenced by increased activities
of the antioxidant enzymes SOD in the brain and heart, and by the increase in GPx in
the kidneys. However, the depletion of GSH in the liver and brain suggests the use of
antioxidants for the metabolism of molecules generated in these tissues. The improvements
in ALP and creatinine markers indicate a possible hepatoprotective and renoprotective
effect. Overall, these results highlight the need for further studies to fully elucidate the
mechanisms of action of P. heptaphyllum liposomes.
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