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Impacto potencial da pesquisa

Titulo da Dissertagao: “Potencial terapéutico da suplementagao com
extrato do fruto de bergamota (Citrus bergamia) na prevencéao da
disfuncéo cardiaca induzida pela obesidade: relacdo com
mediadores inflamatorios, estresse oxidativo e a participacao de
aminas biogénicas”

Impacto cientifico esperado: Utilizagcdo de um extrato natural de fruta
citrica rico em compostos bioativos, sem efeitos colaterais, na prevencgéo
de doencas cardiovasculares, as maiores causas de morte no mundo
atualmente. Em adicdo, utilizar as aminas biogénicas como novos
biomarcadores para doencas cardiovasculares.

Impacto social: Promocdo de saude e bem-estar ao diminuir a
prevaléncia de doengas com o extrato. Melhorar a sustentabilidade da
producdo da bergamota, por promover o uso integral desta fruta, e ndo
apenas a parte lipofilica, como costumava ser usada anteriormente. O
extrato utilizado neste trabalho € considerado um subproduto, pois era
descartado. Conseguimos evitar 0 seu desperdicio e utiliza-lo para
aplicacdo na saude. Auxiliar no diagnostico e tratamento de doencas
cardiovasculares com a avaliagado das aminas biogénicas.

Impacto econdmico: Melhorar o faturamento dos produtores de
bergamota por aumentar o valor agregado da producdo. Possivel
desenvolvimento de novos testes diagnosticos baseado no perfil de
aminas biogénicas, dando origem a novos produtos. E, diminuicdo do
gasto dos mais de US$1 trilhdo anuais gerados direto e indiretamente por
doencas cardiovasculares.
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Potential research impact

Dissertation Title: “Therapeutic potential of supplementation with
bergamot fruit extract (Citrus bergamia) in the prevention of obesity-
induced cardiac dysfunction: relationship with inflammatory
mediators, oxidative stress and the participation of biogenic amines”

Expected scientific impact: Use of a natural citrus fruit extract rich in
bioactive compounds, without side effects, in the prevention of
cardiovascular diseases, the biggest causes of death worldwide today. In
addition, biogenic amines as new biomarkers for cardiovascular diseases.

Social impact: Promotion of health and well-being by reducing the
prevalence of diseases with the extract. Improve the sustainability of
bergamot production, by promoting the full use of this fruit, and not just the
lipophilic part, as was previously used. The extract used in this work is
considered a by-product, as it was discarded. We managed to avoid waste
and use it for health applications. Assist in diagnosing and treating
cardiovascular diseases with the evaluation of biogenic amines.

Economic impact: Improve the revenue of bergamot producers by
increasing the added value of production. Possible development of new
diagnostic tests based on the profile of biogenic amines, giving rise to new
products. And reduced spending of more than US$1 trillion annually
generated directly and indirectly by cardiovascular diseases.
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RESUMO

Objetivo: Avaliar o efeito da suplementacdo do extrato do fruto da
bergamota (Citrus bergamia) na prevencao da disfun¢éo cardiaca induzida
pela obesidade e investigar os efeitos em mediadores inflamatorios e de
estresse oxidativo. Adicionalmente, verificar a relacdo das aminas
biogénicas com disfuncdo cardiaca. Materiais e métodos: 48 ratos Wistar
foram divididos igualmente em 4 grupos: controle (C), C + Bergamota (B),
obeso (O) e O + B. A obesidade foi induzida por dieta rica em aclcar e
gordura. O extrato do fruto da bergamota foi administrado por gavagem
(250 mg/Kg/dia) durante 20 semanas. A obesidade foi avaliada pelo indice
de adiposidade. Foi realizado estudo Doppler-Ecocardiografico,
pletismografia de cauda, Western Blotting de proteinas relacionadas a
inflamac&o no muasculo cardiaco, marcadores inflamatoérios e de estresse
oxidativo cardiacos. O perfil de aminas biogénicas (ABs) da fruta e do
tecido cardiaco foi mensurado por HPLC (ug/g). Resultados: A dieta rica
em acgucar e gordura gerou obesidade. Os animais obesos tiveram
remodelamento e disfuncdo cardiaca, hipertensdo, aumento do perfil
inflamatério e estresse oxidativo cardiaco. Os animais obesos que
receberam bergamota tiveram menor niveis de pressdo arterial, nao
desenvolveram remodelamento e disfungéo cardiaca, estresse oxidativo e
inflamacdo cardiaca. O extrato de fruto de bergamota contém ABs
histamina (28), tiramina (6), triptamina (186), putrescina (29), cadaverina
(11), espermina (2), serotonina (4), dopamina (2), destacando as
antioxidantes espermidina (35) e agmatina (140). 8 ABs foram encontradas
no tecido cardiaco. A obesidade aumentou a serotonina e diminuiu
agmatina, putrescina, cadaverina e espermidina. Conclusédo: A
suplementacdo com o extrato do fruto bergamota previne a disfuncéo
cardiaca induzida pela obesidade, controlando o0s mediadores
inflamatorios, e, principalmente, os do estresse oxidativo. Aminas
biogénicas como agmatina, putrescina, cadaverina e serotonina podem ser
novos biomarcadores para a saude cardiovascular na obesidade.

Palavras-chave: subproduto, remodelamento cardiaco, hipertenséo,
agmatina, serotonina.



ABSTRACT

Aim: To evaluate the effect of supplementation with bergamot fruit extract
(Citrus bergamia) in preventing obesity-induced cardiac dysfunction and
investigate the effects on inflammatory and oxidative stress mediators.
Additionally, verify the relationship between biogenic amines and cardiac
dysfunction. Materials and methods: 48 Wistar rats were divided equally
into 4 groups: control (C), C + Bergamot (B), obese (O), and O + B. Obesity
was induced by a diet rich in sugar and fat. Bergamot fruit extract was
administered by gavage (250 mg/kg/day) for 20 weeks. Obesity was
assessed using the adiposity index. A Doppler-Echocardiographic study,
tail plethysmography, Western Blotting of proteins related to inflammation
in the heart muscle, and inflammatory and cardiac oxidative stress markers
were performed. The profile of biogenic amines (BAs) of the fruit and heart
tissue was measured by HPLC (ug/g). Results: The diet rich in sugar and
fat led to obesity. Obese animals had cardiac remodeling and dysfunction,
hypertension, increased inflammatory profile, and cardiac oxidative stress.
Obese animals that received bergamot had lower blood pressure levels
and did not develop cardiac remodeling and dysfunction, oxidative stress,
and cardiac inflammation. Bergamot fruit extract contains ABs histamine
(28), tyramine (6), tryptamine (186), putrescine (29), cadaverine (11),
spermine (2), serotonin (4), dopamine (2), highlighting the antioxidants
spermidine (35) and agmatine (140). 8 ABs were found in cardiac tissue.
Obesity increased serotonin and decreased agmatine, putrescine,
cadaverine, and spermidine. Conclusion: Supplementation with bergamot
fruit extract prevents obesity-induced cardiac dysfunction, controlling
inflammatory mediators, and especially oxidative stress. Biogenic amines
such as agmatine, putrescine, cadaverine, and serotonin may be new

biomarkers for cardiovascular health in obesity.

Keywords: byproduct, cardiac remodeling, hypertension, agmatine,
serotonin.



Resumo para sociedade

Introducdo: O principal objetivo da nossa espécie € sobreviver e, para isso,
precisamos comer. Nos tempos dos homens das cavernas, tinhamos que cacar
e ndo tinhamos facil acesso a alimentos. Entdo, nosso corpo desenvolveu
mecanismos para armazenar energia quando tivéssemos acesso a ela, como
depois de matar um grande animal, e sobreviver. N6s armazenamos energia na
forma de gordura no nosso tecido adiposo. Mas, os tempos mudaram. Ja nao
precisamos mais cacar, o sedentarismo cresceu e, agora, € sé pedir comida no
aplicativo que em 30 minutos estara na porta da nossa casa. Além disso, esta
comida, geralmente, é rica em acucar e gordura, deixando os alimentos mais
caloricos e menos saudaveis. Ou seja, nds temos facil acesso a muita energia e
ndo precisamos mais gasta-la. Resultado? Nosso corpo acumula gordura em
excesso e nos tornamos obesos. A obesidade aumenta a producéo de moléculas
gue fazem mal ao organismo, aumentando o estresse oxidativo e a inflamacéao.
Quando estas moléculas atingem os 6rgaos, geram doencas, como as doencas
cardiovasculares (DCV). As DCV sao a maior causa de morte atualmente, sendo
responsaveis por 1 a cada 3 mortes, e geram mais de U$ 1 bilhdo de gastos
anualmente. Mas, nem tudo estda perdido. Se conseguimos controlar a
inflamacdo e o estresse oxidativo gerados pela obesidade, talvez possamos
prevenir as DCV. As frutas citricas sdo promissoras. A Bergamota, que parece
um limao siciliano da Italia, tem um suco rico em compostos antioxidantes e anti-
inflamatérios. Ao mesmo tempo, se conseguirmos descobrir novas moléculas
relacionadas ao desenvolvimento das DCV, poderemos trata-las mais rapido e
de maneira mais assertiva. As aminas biogénicas sdo moléculas relacionados
ao metabolismo de proteinas, e adivinha s6? O coracdo € um 6rgao proteico, um
musculo! Entao, também é importante identificar a relacdo destas moléculas com
as DCV. Entdo, o objetivo deste mestrado foi ver a influéncia do suco da
bergamota nas DCV na obesidade, e entender as rela¢cdes das DCV com as
aminas biogénicas. Como foi feito: Ratos foram divididos em 4 grupos para
induzirmos a obesidade com uma dieta rica em acucar e gordura, ou seja, uma
dieta ndo saudavel. Eles também receberam suco de bergamota todo dia durante
20 semanas. N6s medimos a pressao arterial dos animais, avaliamos a estrutura
e funcao do coracao e medimos marcadores de inflamacgao e estresse oxidativo
cardiacos. Por fim, também vimos perfil de aminas biogénicas no coracao. E, &
claro, tudo isso foi aprovado por um comité de ética responsavel por avaliar todos
os procedimentos e estudos com animais. Resultados: Os animais que
consumiram a dieta ndo saudavel ficaram obesos, pioraram a estrutura e a
funcdo do coracao e tiveram hipertenséo, ou seja, tiveram DCV. Estes animais
obesos também tiveram maior estresse oxidativo e inflamacdo no coragéo.
Quando os animais receberam o suco da bergamota, eles continuaram obesos,
mas tiveram menor presséo arterial, ndo desenvolveram DCV, estresse oxidativo
e nem inflamacdo no coracdo. Vimos também que as aminas agmatina e
serotonina tem bastante relacdo com as DCV. Concluséao: O suco da bergamota
diminuiu as DCV que a obesidade gerou, por controlar o estresse oxidativo e a
inflamagé&o no coragdo. Adicionalmente, agmatina e serotonina, tem forte relagéo
com a saude do coracdo e podem ajudar no diagnoéstico e tratamento destas
doencas no futuro.
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Introducéo a dissertacao

Esta dissertagéo de Mestrado do aluno Matheus Antdonio Filiol Belin,
com o titulo “Potencial terapéutico da suplementacdo com extrato do fruto
de bergamota (Citrus bergamia) na prevencdo da disfuncédo cardiaca
induzida pela obesidade: relacdo com mediadores inflamatorios, estresse
oxidativo e a participagado de aminas biogénicas”, sob orientagao da Profa.
Dr2, Camila Renata Correa, sera apresentada em cinco capitulos.

No Capitulo 1, esta inserida a Revisdo de Literatura. Este topico
contempla uma introducdo sobre a humanidade e os mecanismos
desenvolvidos para preservacdo de energia e sobrevivéncia desta
espécie; as mudancas no estilo de vida que culminaram no aumento da
prevaléncia da obesidade; como esta doenca gera estresse oxidativo e
inflamacédo; e os mecanismos fisiopatoldégicos do desenvolvimento de
doencas cardiovasculares, como a disfuncdo cardiaca, na obesidade.
Adicionalmente, €é revisada a bergamota (Citrus bergamia) e sua potencial
aplicagdo na prevencdo de doencas cardiovasculares; assim como 0
potencial uso das aminas biogénicas como marcadores das doencas
cardiovasculares na obesidade, podendo contribuir tanto para identificacao
precoce, quanto para aumento da efetividade do tratamento destas
doencas.

Apds a conexdo com os objetivos, no Capitulo 2, € apresentado o
artigo “Bergamot by-product, a source of biogenic amines, reduces
hypertension induced by high sugar-fat diet” publicado na revista
Pharmacological Research - Natural Products
(https://doi.org/10.1016/j.prenap.2024.100022). No Capitulo 3, é

apresentado o artigo “Bergamot supplementation prevents cardiac

dysfunction and remodeling in obese rats”, submetido a revista Free
Radical Biology and Medicine. E, no Capitulo 4, encontra-se o artigo
“Cardiac biogenic amine profile and its relationship with parameters of
cardiovascular disease in obesity”, aceito para publicagdo na revista
Vascular Pharmacology (https://doi.org/10.1016/.vph.2024.107412).



https://doi.org/10.1016/j.prenap.2024.100022
https://doi.org/10.1016/j.vph.2024.107412

23

Por fim, h4d o Capitulo 5, com as consideracdes finais desta
dissertagdo, seguido da conclusdo e de outras atividades realizadas
durante o periodo do mestrado.
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Capitulo 1. Reviséao de Literatura
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1. Historia

Os primoérdios da humanidade remontam a um periodo crucial na
histéria evolutiva da espécie. A jornada dos ancestrais humanos comecgou
h& milhdes de anos, com os primeiros hominideos surgindo na Africa durante
o Mioceno, ha aproximadamente 7 milhdes de anos (Brunet et al., 2002).
Esses primeiros hominideos, que incluem espécies como Sahelanthropus
tchadensis e Ardipithecus ramidus, apresentavam caracteristicas tanto de
primatas quanto de humanos modernos, marcando o inicio de uma longa
linha de evolucéo que levaria ao Homo sapiens (Boyle & Wood, 2020).

Durante o Plioceno, ha cerca de 4 milhdes de anos, surgiram 0s
Australopithecus, hominideos que caminhavam eretos e exibiam uma
combinacdo de tracos primitivos e modernos (Ward, 2002). A descoberta de
"Lucy”, um esqueleto de Australopithecus afarensis datado de
aproximadamente 3,2 milhdes de anos, forneceu evidéncias significativas
sobre a locomocao bipede e a vida dos ancestrais humanos (Sellers et al.,
2005). O bipedalismo foi uma adaptacao crucial, permitindo uma melhor
visdo do ambiente, liberacdo das maos para o uso de ferramentas e uma
maior eficiéncia energética na locomocéo (Lieberman, 2011).

A medida que os hominideos evoluiam, surgiram espécies mais
avancadas, como o Homo habilis, h& cerca de 2,4 milhdes de anos (Kimbel,
2009). O Homo habilis, conhecido como "homem habilidoso"”, foi um dos
primeiros a utilizar ferramentas de pedra, marcando o inicio da ldade da
Pedra e uma nova era de inovacéo tecnoldgica (Schick & Toth, 1994). A
capacidade de criar e wusar ferramentas proporcionou vantagens
significativas na obtencdo de alimentos e na defesa contra predadores,
impulsionando a sobrevivéncia e o desenvolvimento cognitivo (Ko, 2016).

A evolugdo continuou com o aparecimento do Homo erectus, ha
aproximadamente 1,9 milh6es de anos (Anton, 2003). O Homo erectus nao
s6 aprimorou o uso de ferramentas, mas também demonstrou o controle do
fogo, uma conquista monumental que transformou a vida dos hominideos

(Parker et al., 2016). O fogo proporcionou calor, protecdo contra predadores
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e a capacidade de cozinhar alimentos, aumentando o valor nutritivo e a
digestibilidade das dietas (Wrangham & Carmody, 2010). Além disso, o
Homo erectus foi o primeiro a migrar para fora da Africa, colonizando regides
da Asia e da Europa e demonstrando uma capacidade sem precedentes de
adaptacao a novos ambientes (Bar-Yosef & Belfer-Cohen, 2001).

Finalmente, o surgimento do Homo sapiens, ha cerca de 300 mil anos,
representou o auge da evolugdo hominidea (Stringer, 2016). Com uma
capacidade cognitiva altamente desenvolvida, linguagem complexa e
habilidades sociais avancadas, o Homo sapiens comecou a criar arte,
estabelecer culturas e construir sociedades complexas (Sterelny, 2011). A
partir da Africa, os ancestrais hominideos se espalharam pelo mundo,
adaptando-se a uma vasta gama de ecossistemas e desenvolvendo
tecnologias e culturas diversas (Kingston, 2007).

Os primérdios da humanidade séo, portanto, repletos de adaptacéo e
inovacéo durante mais de 7 milhdes de anos. Desde 0s primeiros passos
eretos dos Australopithecus até a expansédo global do Homo sapiens, cada
avanco na evolucdo humana contribuiu para a sobrevivéncia e o
florescimento da espécie humana. Compreender essa jornada ndo so ilumina
0 passado, mas também oferece insights sobre a natureza humana e as
forcas que moldam destino desta espécie. E importante salientar que os
objetivos centrais de todo organismo vivo sdo sobreviver e reproduzir
(Jaques, 2001), e para isso, a espécie humana enfrentou um grande desafio
durante todo o periodo descrito acima: a disponibilidade energética, atraves
do acesso a alimentos (McMichael et al., 2007).

Como os humanos precisavam plantar, cacar ou coletar alimentos
para se alimentar, nem sempre havia alimentos disponiveis e,
consequentemente, aporte energético através da alimentacdo. Deste modo,
0S mecanismos de armazenamento de energia no tecido adiposo foram
fundamentais para a sobrevivéncia humana, especialmente em periodos de
escassez de alimentos (Norgan, 1997). O tecido adiposo, comumente

conhecido como gordura, desempenha um papel crucial na regulacdo do
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balanco energético do corpo humano, servindo como uma reserva vital de
energia que pode ser mobilizada quando a ingestdo caldrica é insuficiente
para atender as necessidades metabolicas (Richard et al., 2020).

O processo de armazenamento de energia no tecido adiposo comeca
com a ingestao de alimentos. Os macronutrientes presentes na dieta, como
carboidratos, proteinas e gorduras, sdo metabolizados e transformados em
moléculas menores que podem ser utilizadas pelo corpo. Os carboidratos
sao convertidos em glicose, que € utilizada imediatamente para producao de
energia ou armazenada no figado e nos musculos na forma de glicogénio
(Scanes, 2022). Quando a ingestdo calérica excede as necessidades
imediatas do corpo, 0 excesso de glicose é convertido em &cidos graxos e
armazenado no tecido adiposo na forma de triglicerideos (Scanes, 2022).

Os triglicerideos séo a principal forma de armazenamento de energia
no tecido adiposo. Eles sdo compostos por uma molécula de glicerol ligada
a trés acidos graxos e sdo armazenados em células especializadas
chamadas adip6citos (Morigny et al.,, 2021). Esses adipécitos tém a
capacidade de expandir seu volume para acomodar grandes quantidades de
triglicerideos, funcionando como uma reserva de energia de longo prazo
(Morigny et al., 2021).

Em momentos de falta de calorias provenientes da alimentacéo, o
corpo ativa uma série de mecanismos para mobilizar essa energia
armazenada. A principal via metabdlica envolvida é a lipélise, um processo
pelo qual os triglicerideos armazenados nos adipdcitos sao quebrados em
acidos graxos livres e glicerol (Yang & Mattillo, 2020). Esses produtos sao
liberados na corrente sanguinea e transportados para 0s tecidos que
necessitam de energia (Yang & Moattillo, 2020).

Os acidos graxos livres podem ser oxidados pelas mitocondrias das
células para produzir Trifosfato de adenosina (ATP), a principal moeda de
energia do corpo. Esse processo, conhecido como beta-oxidacdo, ocorre
principalmente no figado e nos musculos esqueléticos (Merritt et al., 2020).

O glicerol, por sua vez, pode ser utilizado pelo figado para a producéo de
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glicose através da gliconeogénese, fornecendo uma fonte adicional de
energia durante periodos de jejum prolongado ou restricdo calérica (Bideyan,
et al., 2021).

Além de fornecer energia, o tecido adiposo também desempenha um
papel importante na regulacdo hormonal. Ele secreta adipocinas, como a
leptina e a adiponectina, que influenciam o apetite, o metabolismo e a
sensibilidade a insulina (Kojta et al., 2020). Durante a escassez de alimentos,
0s niveis de leptina diminuem, sinalizando ao cérebro a necessidade de
aumentar a ingestao calorica (estimulando a busca por alimentos) e diminuir
0 gasto energético, promovendo a conservacdo de energia (Kojta et al.,
2020).

Ou seja, o tecido adiposo contém uma reserva essencial de energia
que permite o corpo humano sobreviver em tempos de escassez de
alimentos. Através da lipdlise e da mobilizag&o de triglicerideos, o organismo
pode acessar essa energia armazenada para sustentar as funcoes
metabdlicas e garantir a sobrevivéncia. Esses mecanismos evolutivos foram
fundamentais para a adaptacdo humana a ambientes com disponibilidade
variavel de alimentos e continuam a desempenhar um papel crucial na
fisiologia energética.

Olhando novamente para o passado, desde os primdérdios da
humanidade, os seres humanos foram naturalmente fisicamente ativos, uma
condicao essencial para sua sobrevivéncia e reproducédo (Lieberman, 2020).
Os ancestrais hominideos, incluindo espécies como o Homo habilis e o
Homo erectus, dependiam da caca, coleta e migracdo constante para
garantir seu sustento (Carrién et al., 2011). Essas atividades exigiam altos
niveis de esforco fisico, tornando o sedentarismo praticamente inexistente.

A vida dos primeiros humanos era intrinsecamente ligada ao
movimento. Cacadores-coletores percorriam grandes distancias diariamente
em busca de alimentos, agua e abrigo (Marlowe, 2005). A caca de animais
selvagens, a coleta de plantas comestiveis e a construcéo de ferramentas e

abrigos eram tarefas que requeriam forcga, resisténcia e agilidade (Marlowe,
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2005). Essa necessidade de atividade fisica moldou ndo apenas o0 corpo
humano, mas também nossa fisiologia e comportamento.

A atividade fisica ndo apenas contribuia para a sobrevivéncia imediata
dos primeiros humanos, mas também promovia beneficios fisioldgicos
significativos (Malina et al., 2004). Um dos aspectos mais interessantes é a
producdo hormonal induzida pelo exercicio, que tem um impacto profundo
no bem-estar e na saude mental, gracas a liberacdo de uma série de
horménios e neurotransmissores que melhoram o humor e a sensacao de
bem-estar (Ren & Xiao, 2023).

Entre esses horménios, as endorfinas merecem destaque.
Conhecidas como "horménios da felicidade", as endorfinas séo produzidas
pelo sistema nervoso central e pela glandula pituitaria em resposta ao
exercicio (Ali et al., 2021). Elas atuam como analgésicos naturais, aliviando
a dor e promovendo uma sensacao de euforia (Matei et al., 2023). Esse efeito
€ um remanescente evolutivo que encorajava 0s ancestrais hominideos a se
envolverem em atividades fisicas intensas, essencial para a obtencdo de
alimentos e a sobrevivéncia (Bouchard et al., 2012).

Além das endorfinas, o exercicio também estimula a liberacdo de
dopamina, serotonina e norepinefrina, neurotransmissores que
desempenham papéis cruciais na regulacdo do humor, do prazer e da
motivacdo (Esch & Stefano, 2010; Pahlavani, 2023). Esses quimicos néo
apenas ajudam a reduzir os niveis de estresse e ansiedade, mas também
melhoram a qualidade do sono e a fungdo cognitiva (Sejbuk et al., 2022;
Chellappa & Aeschbach, 2022).

No contexto evolutivo, a atividade fisica constante também ajudou a
manter o equilibrio energético e a composicéo corporal saudavel. O acamulo
excessivo de gordura corporal, comum no estilo de vida moderno sedentario,
era raro entre os cacadores-coletores (Pontzer et al.,, 2018). O gasto
energético elevado e a variabilidade na disponibilidade de alimentos
ajudaram a prevenir a obesidade e as doencas metabdlicas (Pontzer et al.,
2018).
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Hoje, no entanto, o estilo de vida moderno contrasta fortemente com
0 dos ancestrais hominideos. A Revolugéo Industrial, que comecou no final
do século XVIII, trouxe mudancas profundas e abrangentes na sociedade,
economia e estilo de vida das popula¢des. Com a mecanizacao da producao
e 0 surgimento das fabricas, o trabalho manual e artesanal deu lugar ao
trabalho em ambientes industriais, transformando radicalmente a forma
como as pessoas viviam e trabalhavam. Uma das consequéncias mais
notaveis dessa transformacéo foi o aumento do sedentarismo, a alteracéao
dos hébitos alimentares e o aumento da prevaléncia de doencas cronicas,
como a obesidade (Egger & Dixon, 2014). Tudo isso aconteceu muito rapido,
em cerca de 250 a 300 anos, periodo muito breve se comparado aos 7
milhdes de anos desde o surgimento do ser humano. Com isso, 0 corpo
humano ainda enfrenta alguns desafios para garantir a sobrevivéncia e
reproducdo da espécie, entretanto, agora, em um novo cenario de
abundancia energética e sedentarismo.

Antes da Revolucao Industrial, a maioria da populacdo vivia em areas
rurais e estava envolvida em atividades agricolas, que exigiam altos niveis
de esforco fisico. O trabalho no campo, a criacdo de animais e a producéo
de alimentos proporcionavam uma vida ativa e, em geral, uma alimentacao
mais saudavel, baseada em produtos frescos e ndo processados. No
entanto, com a migracdo em massa para as cidades em busca de trabalho
nas fabricas, o estilo de vida mudou drasticamente (Fardet & Rock, 2020).

O trabalho nas fabricas era muitas vezes repetitivo e exigia longas
horas em posicdes fixas, o que reduzia significativamente a atividade fisica.
As jornadas de trabalho extensas, que podiam durar de 10 a 16 horas diéarias,
deixavam pouco tempo e energia para atividades fisicas recreativas. Além
disso, as condicbes de trabalho eram frequentemente insalubres,
contribuindo para a deterioracdo da saude dos trabalhadores (Allen, 2017).

A urbanizacdo acelerada também teve um impacto negativo nos
hébitos alimentares. Com o aumento da populacéo urbana, houve uma maior

demanda por alimentos baratos e de facil acesso. Isso levou ao crescimento
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da industria alimenticia e a proliferacao de alimentos processados, ricos em
acucar, sal e gorduras saturadas (Black, 2016). Esses alimentos, embora
convenientes, sdo nutricionalmente pobres em comparacdo com a dieta
tradicional baseada em alimentos frescos e ndo processados (Cediel et al.,
2021). A combinacao de sedentarismo e méa alimentacéo criou um ambiente
propicio para 0 aumento da prevaléncia de doencgas crbnicas, especialmente
a obesidade (Park et al., 2020).

2. Obesidade

A obesidade, definida pelo excesso de gordura corporal (Piché et al.,
2020), cresce consistentemente desde 1970 e até 2030 atingira 30% da
populacao, ou seja, 2,5 bilhdes de pessoas (Coker et al., 2023). Esta doenca
€ complexa e decorre da combinacéo de fatores individuais (genética, estilo
de vida, doengas de base, transtorno alimentar, inatividade fisica) e coletivos
(infraestrutura, ultraprocessados, inseguranca alimentar, dentre ouros) (De
Lorenzo et al., 2020). Apesar disso, o fator indispensavel para o
desenvolvimento e progresséo da obesidade € o superavit calérico, ou seja,
maior quantidade de calorias ingeridas do que calorias despendidas com
sobrevivéncia, atividades diarias, digestdo e metabolizacao e atividade fisica
(Hall, 2023), o que é facilmente atingido através do consumo de alimentos
ricos em acucar e gordura, extremamente caloricos. Logo, entende-se que 0
fator necessério para o controle da obesidade é o déficit caldrico, despender
mais calorias do que sdo consumidas (Johnson et al., 2022). Porém, como
visto acima, esta doenca é complexa, e diversos sédo os desafios para atingir
e sustentar um déficit calérico de maneira longitudinal. Sendo assim, a
obesidade continua crescendo juntamente com suas repercussdes negativas
a saude da populacéo.

Em condi¢cdes de superavit caldérico, 0 excesso caldérico pode ser
estocado sob a forma de triacilglicerol no tecido adiposo, gerando expansao
desse 6rgao através de adaptacOes celulares como, hipertrofia e hiperplasia

dos adipdcitos (Kawai et al., 2021). Embora esses processos sejam
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fisiologicamente necessarios, a sobrecarga de gordura no citoplasma dessas
células estimula a producao exacerbada de diversas substancias conhecidas
como adipocinas (Ahmed et al., 2021). O fator de necrose tumoral-alfa (TNF-
a), a interleucina-6 (IL-6), a proteina quimiotatica de mondcitos 1 (MCP-1) e
a interleucina-1 beta (IL-1B) recebem atencéo especial por promover grande
impacto na migracdo de células do sistema imunolégico para o tecido
adiposo, intensificando o processo inflamatério (Liu et al., 2021). Todavia,
guando esse evento se torna crénico, as citocinas atingem niveis sistémicos,
alcancam os o6rgdos e desenvolvem inflamacédo local, que pode levar a
disfuncdo e faléncia dos 6rgdos e doencas, como resisténcia insulinica e
disfuncéo endotelial, sindrome metabdlica, esteatose hepética, doenca renal
e doencas cardiovasculares (Wu & Ballantyne, 2020; Lemieux & Després,
2020; Luo & Lin, 2021; Wang et al., 2022; Powell-Wiley et al., 2021).

2.1 Inflamacéo

Existe um cenario pré-inflamatério gerado pela obesidade. O tecido
adiposo, como um 6rgdo enddcrino ativo, secreta uma variedade de
citocinas pro e anti-inflamatorias, conhecidas como adipocinas (Balistreri
et al., 2010). Na obesidade, o adipécito se torna disfuncional. Estas células
sofrem alteragOes estruturais (hipertrofia e hiperplasia) e funcionais que
contribuem para a liberacdo aumentada de adipocinas pré-inflamatérias e
para a resisténcia a insulina, ampliando o estado inflamatério (Balistreri et
al., 2010). A disfungéo do adipocito também esta intimamente ligada a
resisténcia a insulina, um fendmeno caracterizado pela incapacidade das
células-alvo de responder adequadamente a insulina (Al-Mansoori et al.,
2022). Em individuos obesos, adipécitos disfuncionais tém menor
capacidade de armazenar lipidios de forma eficiente, levando a um
aumento de acidos graxos livres (AGL) circulantes (Ahmed et al., 2021).
Os altos niveis de AGL interferem na sinalizagdo da insulina em outros
tecidos, como musculo esquelético e figado, exacerbando a resisténcia a

insulina (Ahmed et al., 2021). A sobrecarga lipidica nos adipocitos de
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individuos obesos também pode levar a disfuncdo mitocondrial,
aumentando a geracdo de espécies reativas de oxigénio (EROs) e
contribuindo para o estresse oxidativo celular (Prasun, 2020). Isso nao
apenas danifica as células adiposas, mas também amplifica a inflamacéo
local. A obesidade também pode gerar mudancas epigenéticas nos
adipdcitos, como a metilagdo do DNA e modificagcdes pos-translacionais
de histonas, que podem alterar a expressdo génica associada a
inflamacé@o e a resisténcia a insulina (Castellano-Castillo et al., 2020).
Essas modificacbes sdo influenciadas por fatores ambientais, incluindo
dieta e niveis de atividade fisica, e podem perpetuar a disfuncéo
adipocitaria ao longo do tempo (Ramos-Lopez et al., 2021).

Em individuos obesos, a alteracdo na secre¢do de adipocinas como
TNF-a, IL-6, IL-18 e MCP-1, leptina, resistina e adiponectina, influencia
diretamente a resposta imune e a inflamacéo (Kirichenko et al., 2022).
Estas adipocinas atuam de forma autécrina, paracrina e enddcrina para
regular processos metabdlicos e imunolégicos (Kirichenko et al., 2022). O
TNF-a € uma citocina chave na inflamacéo associada a obesidade. Ela é
produzida por macréfagos infiltrados no tecido adiposo e por adipdcitos
estimulados pelo aumento do tecido adiposo, e promove a inflamacéo local
ao induzir a producgéo de outras citocinas pro-inflamatérias, como IL-6 e
MCP-1 (Herrada et al., 2021). Além disso, contribui para a resisténcia a
insulina, interferindo na sinalizagdo da insulina em células adiposas e
musculares (Khalid et al., 2021). Também afeta o figado (induzindo a
producdo de proteinas de fase aguda), musculo esquelético (interferindo
no metabolismo de lipidios e glicose) e células endoteliais (promovendo a
inflamacé@o vascular) (de Oliveira dos Santos et al., 2021). A IL-6 é
produzida tanto por adipdcitos quanto por células imunes em resposta ao
estresse metabdlico (Michailidou et al., 2022). Ela desempenha papéis
complexos na regulacdo da inflamacéo e do metabolismo, podendo ser
considerada uma citocina multifuncional que desempenha papéis tanto

pré-inflamatérios quanto anti-inflamatdrios, dependendo do contexto (Aliyu
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et al., 2022). IL-6 estimula a producéo hepatica de proteinas de fase aguda
e promove a diferenciacdo de células T pro-inflamatérias (Ehlting et al.,
2021). Em individuos obesos, IL-6 est4 associada a resisténcia a insulina,
dislipidemia e inflamacgéo vascular, contribuindo para o risco aumentado
de doencas cardiovasculares (Battineni et al., 2021). J& a MCP-1 atua
como um quimiotactante para atrair mondcitos e macréfagos para o tecido
adiposo inflamado (Singh et al., 2021). Produzida por adipdcitos e células
estromais em resposta ao estresse metabdlico, MCP-1 desempenha um
papel crucial na inflamacao do tecido adiposo e na formacé&o de células de
espuma no contexto da aterosclerose (Malekmohammad et al., 2021).
Sistemicamente, MCP-1 estd associada a inflamacdo vascular e a
progressdo das doencas cardiovasculares, conectando a inflamacdo do
tecido adiposo com complicacfes sistémicas (Kawai et al., 2021). A IL-1j3,
uma citocina inflamatdria potente e importante na resposta imune e
inflamatéria, é secretada por macrofagos ativados (Cavalli et al., 2021).
Em obesos, ela aumenta a inflamacéo cronica local e sistémica,
contribuindo com a patogénese de doencas metabdlicas e
cardiovasculares associadas a obesidade (Varra et al., 2024). Ja a
resistina € uma adipocina proé-inflamatdria associada a resisténcia a
insulina e inflamacao (Shin et al., 2022). Ela é secretada principalmente
por adipécitos e contribui para a inflamacéo do tecido adiposo através da
ativacao de vias inflamatérias, como a via do Fator Nuclear Kappa B (NF-
kB) (Ren et al., 2022). Sistemicamente, esta implicada na resisténcia a
insulina, disfuncéo endotelial e inflamacédo vascular, contribuindo para a
patogénese de diabetes tipo 2 e doencas cardiovasculares (Askin et al.,
2022). A leptina € uma adipocina crucial na regulacdo do apetite e do
metabolismo energético (Kiernan & Maclver, 2021). Em individuos
obesos, os niveis de leptina estdo frequentemente elevados devido a
resisténcia a leptina (Obradovic et al., 2021). Além de seu papel na
regulacdo do apetite, a leptina também tem propriedades pro-

inflamatorias, promovendo a ativacdo de células T e a producédo de
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citocinas inflamatorias (Kiernan & Maclver, 2021). Sistemicamente, a
leptina pode contribuir para a inflamacéo e esta associada a resisténcia a
insulina e a disfuncéo cardiovascular em individuos obesos (Poetsch et al.,
2020). Além de suas funcbes no tecido adiposo, como visto, estas
adipocinas pro-inflamatorias tém efeitos sistémicos significativos que
contribuem para as complicacdes associadas a obesidade, incluindo
resisténcia a insulina, disfuncéo endotelial, inflamacéo vascular e aumento
do risco de doencas cardiovasculares e metabdlicas. Compreender estes
mecanismos é crucial para o desenvolvimento de terapias direcionadas
que possam modular a resposta inflamatéria e melhorar os desfechos
clinicos em individuos obesos. Entretanto, nem todas as citocinas
provenientes do tecido adiposo sdo pro-inflamatdrias. A adiponectina é
uma adipocina com propriedades anti-inflamatérias (Jung & Jung, 2021),
mas esté reduzida na obesidade, contribuindo para o desequilibrio pro-
inflamatério (Choi et al., 2020). A adiponectina é uma proteina de alto peso
molecular que pertence a familia das proteinas de complemento tipo C1q
(Ye et al., 2020). Ela possui uma estrutura complexa com um dominio N-
terminal globular e um dominio C-terminal colagenoso que se conecta a
cinco unidades de adiponectina em sua forma hexameérica ou trimerizada
(Khoramipour et al, 2021). Esta adipocina exerce seus efeitos
principalmente através da ligacdo a receptores especificos, como o
receptor de adiponectina 1 (AdipoR1) e o receptor de adiponectina 2
(AdipoR2), presentes em diversos tecidos, incluindo o figado, musculo
esquelético, coracéo e células do sistema imunologico. Sua expressao é
influenciada por varios fatores, como insulina, acidos graxos livres,
citocinas e hormonios sexuais (Khoramipour et al, 2021). Em condicdes de
obesidade, ocorre uma reducéo na expressao e secrecao de adiponectina,
principalmente devido a disfuncdo do tecido adiposo e a inflamacgéo
cronica associada (Kawai et al., 2021). Na obesidade, ainda existem
alteracdes epigenéticas, como a metilagdo do DNA e a modificacdo das

histonas, que podem afetar a expressdo génica da adiponectina,
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contribuindo para sua diminuicdo (Un Nisa & Reza, 2020).
Funcionalmente, esta adipocina tem a capacidade de inibir a producéo de
citocinas pro-inflamatérias, como TNF-a, IL-6 e MCP-1, em células
inflamatorias e tecidos adiposos, auxiliando na modulacdo da resposta
inflamatoria e na reducédo do estado inflamatorio associado a obesidade
(Luo & Liu, 2022). A adiponectina também melhora a sensibilidade a
insulina, aumentando a captacéo de glicose e a oxidacéo de acidos graxos
nos musculos esqueléticos e no figado, o que € crucial para a homeostase
energética e metabdlica (Choi et al., 2020). Porém, como dito, encontra-se
diminuida na obesidade e estes efeitos ndo sdo exercidos.

Outro mecanismo que corrobora para o aumento da inflamacao é
na obesidade € a alteracédo da resposta imune, tanto a imune adaptativa e
inata. As células T, por exemplo, sdo moduladas pelo ambiente
inflamatorio induzido pela obesidade, afetando a homeostase imunoldgica
e promovendo inflamacdo de baixo grau (Park & Shastri, 2022). A
obesidade altera o ambiente local e sistémico das células T, afetando sua
diferenciacdo e funcdo (Park & Shastri, 2022). H4 um aumento na
proporcao de células T helper tipo 1 (Thl) e células T helper tipo 17 (Th17),
que sdo associadas a respostas pré-inflamatérias (Park & Shastri, 2022).
A resposta das células T a antigenos também pode ser comprometida em
individuos obesos, devido a uma reducao na diversidade do repertério de
células T e a uma resposta imune menos eficaz (Shirakawa & Sano, 2021).
Em adicao, existe prejuizo das células T Regulatorias (Tregs). As Tregs
desempenham um papel crucial na manutencao da tolerancia imunologica
e na supressao da resposta inflamatéria (Alvarez et al.,, 2020). Em
individuos obesos, hd uma diminui¢do na funcéo supressora das Tregs, 0
que contribui para a inflamacgéao crénica (Liu et al., 2021). A obesidade
também pode levar a uma perda da tolerancia imunolégica, onde o sistema
imunoldgico ndo reconhece corretamente as préprias células e tecidos
como "nao perigosos”, contribuindo para o desenvolvimento de doencas

autoimunes (Tsigalou et al., 2020). Em relacdo ao impacto na resposta
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imune inata, destacam-se os efeitos sobre os macrofagos e células Natural
Killer (NK). Na obesidade, os macrofagos no tecido adiposo de individuos
obesos tendem a se polarizar para um fendtipo pré-inflamatério (M1),
secretando citocinas inflamatérias como TNF-a e IL-6, perpetuando a
inflamacéo local e sistémica (Gendre et al., 2021). Ao mesmo tempo, as
células NK, que desempenham um papel na defesa contra células
tumorais e células infectadas, podem ter sua funcdo comprometida pela
obesidade, devido a exposicao crbnica a citocinas pro-inflamatdrias (Bahr
et al.,, 2020). Ainda estdo presentes mecanismos de sinalizacao
intracelular, como a ativacéo do fator de transcricdo NF-kB e da c-Jun N-
terminal quinase (JNK), que medeiam a resposta inflamatodria exacerbada
em condi¢des de obesidade. Essas vias sédo frequentemente ativadas em
resposta ao estresse oxidativo, a TNF-a e a IL-6, e a presenca de acidos
graxos livres no tecido adiposo; e promovem a producéo de mais citocinas
pro-inflamatérias e a perpetuacao do estado inflamatério (Grosso et al.,
2022).

Como citado anteriormente, a obesidade também pode gerar
modulacdo epigenética, como metilacdo do DNA e modificacbes pos-
translacionais de histonas, influenciando a expressédo génica associada a
inflamacéo e a resposta imune, exacerbando os efeitos da obesidade na
saude metabdlica (Zatterale, 2022). A metilacdo do DNA é um processo
epigenético que envolve a adi¢cdo de grupos metil (CH3) aos residuos de
citosina nas regides promotoras ou enhancer dos genes (Acharjee et al.,
2023). Quando a metilacdo de histonas ocorre em residuos de lisina ou
arginina e pode estar associada tanto a ativacdo quanto ao silenciamento
génico, dependendo do local especifico da modificagdo (Vanzan et al.,
2023). Em condicdes de obesidade, padrées anormais de metilagdo de
histonas podem favorecer a expressdao de genes que promovem a
inflamacgéo crénica e a disfuncdo metabdlica (Zatterale et al., 2022). A
obesidade também pode gerar modificagbes poés-translacionais de

histonas (Li et al., 2022). As histonas sao proteinas ao redor das quais o
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DNA se enrola para formar a estrutura da cromatina (Maeshima et al.,
2021). ModificagBes pos-traducionais dessas histonas, como acetilagéo,
metilagéo, fosforilagao e ubiquitinagdo, alteram a estrutura da cromatina e,
consequentemente, a acessibilidade aos genes (Ramazi et al., 2020). Em
contextos de obesidade, essas modificacbes podem levar a ativacdo ou
silenciamento de genes envolvidos na inflamag&o e na resposta imune
(Budroni & Versteeg, 2021). Dentro da epigenética, a acetilacdo das
histonas esta geralmente associada a uma cromatina mais relaxada e a
ativacdo da transcricdo génica (Fang et al., 2022). Em individuos obesos,
a acetilacdo de histonas especificas pode promover a expressao
aumentada de genes pré-inflamatérios em células adiposas e em células
imunes infiltradas no tecido adiposo (Jung & Kang, 2021).

As alteracfes epigenéticas também podem ter impactos na saude
metabdlica. Modificacdes epigenéticas que aumentam a expressdo de
genes proé-inflamatoérios e que interferem na sinalizagéo da insulina podem
contribuir diretamente para a resisténcia a insulina, um precursor comum
do diabetes tipo 2 (Zatterale et al., 2022). Em adi¢éo, a inflamacao cronica
mediada por modificacdes epigenéticas pode afetar a funcdo endotelial,
aumentando o risco de desenvolvimento de doencas cardiovasculares,
como aterosclerose e hipertensao (Pacinella et al., 2022). Também existe
uma predisposicdo a doencas autoimunes, pois alteracdes epigenéticas
podem influenciar a regulagdo da resposta imune, aumentando a
susceptibilidade a doencas autoimunes em individuos obesos (Zheng et
al.,, 2023). Ou seja, na obesidade, o cenario proé-inflamatorio é
extremamente amplificado por diversos mecanismos.

Os fatores de transcricdo NF-kB, c-Jun N-terminal quinaseJNK e
IkB Kinase Beta (IKKP) séo exemplos de fatores ativados em resposta ao
estresse celular e que regulam a expressédo de genes inflamatorios em
células adiposas e imunes na obesidade. NF-kB € um fator de transcri¢cao
crucial na regulacdo da resposta inflamatéria (Rius-Pérez et al., 2020). Em

condi¢cbes normais, esta inativado no citoplasma por meio de interacfes
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com inibidores, como o inibidor de kB (IkB) (Prescott et al.,, 2021). No
entanto, em condicbes de obesidade, a ativacdo de receptores de
membrana, como receptores de citocinas (por exemplo, TNF-a) e
receptores de padrdo molecular associado a patogenos (PAMPS),
desencadeia a fosforilacdo e degradacdo do IkB, permitindo a
translocagdo do NF-kB para o nudcleo (Szukiewicz, 2023). No nucleo
celular, o NF-kB promove a transcricdo de genes para citocinas pro-
inflamatorias, como TNF-qa, IL-6, IL-18, MCP-1 e outras moléculas proé-
inflamatorias (Babkina et al., 2021). Como visto, em individuos obesos, 0
tecido adiposo frequentemente apresenta um estado de inflamagéo
crbnica de baixo grau. Macréfagos e outras células imunes infiltradas
nesse tecido sdo estimuladas a secretar citocinas pré-inflamatérias, como
TNF-a. A presenca dessas citocinas ativa NF-kB nas células adiposas e
outras células presentes no tecido adiposo, desencadeando uma cascata
de eventos que amplifica a resposta inflamatéria (Morais et al., 2022). Isso
inclui a produgdo aumentada de mais citocinas pro-inflamatérias e
moléculas de adesdo que recrutam mais células imunes para o tecido
adiposo, perpetuando o ciclo inflamatoério (Morais et al., 2022). A JNK é
uma proteina quinase, da familia das MAP quinases (quinases ativadas
por mitdgeno), ativada por estresse celular, incluindo estresse oxidativo,
inflamacédo e resposta a danos no DNA (Yue & Lopez, 2020). Ele esta
envolvido na regulacdo da expressdo génica através da fosforilagdo de
proteinas-alvo, incluindo fatores de transcrigdo como c-Jun (Yung &
Giacca, 2020). Em contextos inflamatérios, JNK é ativado por diversas
vias, incluindo a sinalizacao de receptores de citocinas e estresse celular
(Yung & Giacca, 2020). Em adipécitos e outras células do tecido adiposo,
a ativacdo de JNK esta associada a resisténcia a insulina, um marcador
comum em individuos obesos (Yung & Giacca, 2020). JNK influencia
diretamente a via de sinalizag&o da insulina, inibindo a fosforilagdo do IRS
(substrato do receptor de insulina), e interferindo na sinalizagcdo normal da

insulina e na captacédo de glicose (Yung & Giacca, 2020). Além disso, JNK
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promove a expressao de genes pro-inflamatoérios, como TNF-a e IL-6, que
exacerbam a inflamacdo e contribuem para a disfuncdo metabdlica
observada na obesidade (Yung & Giacca, 2020). JNK também pode
modular a expressao de genes envolvidos na regulacdo do metabolismo
lipidico, que também esté alterado na obesidade (Yung & Giacca, 2020).
O IKK faz parte do complexo IKK, que é responséavel pela fosforilacdo do
IkB, marcando-o para degradacao e, portanto, permitindo a translocagéo
do NF-kB para o nucleo (Prescott et al., 2022). A ativacdo do IKK(@ é
essencial para a ativacdo do NF-kB e, consequentemente, para a inducao
da resposta inflamatéria no tecido adiposo de individuos obesos (Prescott
et al., 2022). Somado a isso, alguns receptores, como o receptor de
quimiocina tipo 2 (CCR2), sdo fundamentais para a migracdo de
macrofagos e outras células imunes para o tecido adiposo inflamado (Xu
et al., 2022). O CCR2 é o receptor especifico para MCP-1 e desempenha
um papel central na sinalizag&o celular mediada por MCP-1 (Singh et al.,
2021). Em resposta a ligagdo de MCP-1, CCR2 ativa vias de sinalizacédo
intracelular que promovem a adesdo e a migracdo de mondcitos e
macrofagos para o local da inflamacé&o no tecido adiposo (Moadab et al.,
2021). Células que expressam CCR2, como mondcitos circulantes, sdo
atraidas pelo gradiente de MCP-1, migrando do sangue para o tecido
adiposo onde podem se diferenciar em macrofagos ativados (Yerra &
Advani, 2021). Além CCR2, outros receptores de quimiocinas
desempenham papéis importantes na migragéo celular e na modulacéo da
inflamacéo no tecido adiposo, como CCR5 e CX3CR1. O CCR5 € expresso
em células imunes, incluindo macrofagos, e € ativado por quimiocinas
como CCL3, CCL4 e CCL5 (Aldinucci et al., 2020). Ele também esta
implicado na migragdo de células imunes para tecidos inflamados
(Aldinucci et al., 2020), embora seu papel especifico no contexto da
obesidade precise ser mais estudado. JA& CX3CR1 é um receptor é
sensivel & quimiocina CX3CL1 (fractalquina) e desempenha um papel na

adeséao e migracao de células mononucleares, como mondcitos e células
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NK (Szukiewicz, 2024). A fractalquina é expressa em tecidos adiposos e
esta envolvida na regulacdo da resposta imune local (Friston et al., 2020).
Compreender as quimiocinas e seus receptores é fundamental para
desenvolver estratégias terapéuticas direcionadas ao tratamento da
inflamacé&o associada a obesidade e suas comorbidades, como resisténcia
a insulina, diabetes tipo 2 e doencas cardiovasculares. Adicionalmente ao
cenario inflamatorio gerado pela obesidade, nesta doenca também existe
outro importante fator que contribui para desenvolvimento de
complicacBes sistémicas, o estresse oxidativo, também conhecido como

desequilibrio do sistema redox (Colak & Pap, 2021).

2.2 Estresse oxidativo

As EROs existem naturalmente em baixas concentracdes nas células
e tecidos, exercendo papel crucial na regulagéo de funcgdes fisiolégicas como
os efeitos microbicidas desempenhado especificamente pelas células do
sistema imunoldgico (Lam et al., 2020). No entanto, quando as EROs séo
produzidas em excesso, sobrepondo as capacidades de defesas
antioxidantes, acarretam o desequilibrio do sistema redox (Kuczynska et al.,
2022). Em condicdo de obesidade, o excesso de producdo de EROs é
consequéncia de alguns fatores como, sobrecarga mitocondrial do adipécito
(Baldini et al., 2021) e infiltracao leucocitaria decorrente da necrose do tecido
adiposo (Kawai et al., 2021).

O desequilibrio do sistema redox é uma condigdo que, quando
cronica, acarreta danos celulares e oxidacado de biomoléculas como, lipidios
e acgucares gerando, respectivamente, os produtos de lipoxidagéo e glicagéo,
como malondialdeido, glioxal, acroleina, 4-hidroxinonenal, glioxal e
metilglioxal, respectivamente (Engwa et al., 2022). Todas essas substancias,
conhecidas como espécies carbonil, geram danos irreversiveis ao organismo
por possuirem afinidade quimica com o grupamento amino dos aminoacidos,
gerando proteinas carboniladas (Akagawa, 2021). Essa ligagdo promove

mudanca na estrutura proteica acarretando disfuncéo e faléncia dos 6rgaos
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(Griendling et al., 2016).

Nos individuos obesos, o tecido adiposo € uma fonte significativa
de EROs devido a hiperativacéo dos adipdcitos e ao aumento da atividade
de macroéfagos infiltrantes (Zatterale et al., 2022). Com a hipertrofia e
hiperplasia adipocitaria, existe um aumento do metabolismo de acidos
graxos e subsequente produgéo de EROs como subproduto (De Fano et
al., 2022). As EROs, incluindo o superodxido (O2-), o perdxido de hidrogénio
(H202) e o radical hidroxila (OH-), sdo moléculas altamente reativas que
podem causar danos oxidativos as biomoléculas celulares, como
proteinas, lipidios e DNA (Juan et al., 2021). A superproducdo de EROs
nos adipdcitos ocorre devido a sobrecarga mitocondrial e ao aumento da
oxidacdo de 4&acidos graxos, especialmente quando a capacidade
antioxidante celular é insuficiente para neutraliza-las (Taherkhani et al.,
2021). O aumento de EROs nos adipécitos contribui para a oxidagéo
lipidica ndo controlada, resultando na formacdo de metabdlitos lipidicos
toxicos, como ceramidas e acidos graxos livres néo esterificados (Ahmed
et al., 2021). Esses metabdlitos, por sua vez, induzem lipotoxicidade, que
€ caracterizada pelo estresse oxidativo e pelo dano celular devido a
acumulacdo excessiva de lipidios e a producdo aumentada de EROs
(Wasilewska & Lebensztejn, 2021). Além disso, a lipotoxicidade no tecido
adiposo pode levar a disfuncdo na secrecdo de adipocinas, como
adiponectina e leptina, que sao importantes na regulagcao do metabolismo
energético e na resposta inflamatéria (Zhao et al., 2021). Além dos
adipdcitos, a superproducédo de EROs pode ocorrer nas células imunes
residentes, como macrofagos, potencializando o estresse oxidativo no
tecido adiposo (Ahmed et al.,, 2021). Os macréfagos infiltrantes séo
componentes essenciais do tecido adiposo em condi¢cdes de obesidade
(Herrada et al., 2021). Essas células imunes residentes sédo ativadas em
resposta a inflamacéo crénica induzida pelo tecido adiposo disfuncional
(Herrada et al., 2021). Os macrofagos ativados ndo apenas secretam

citocinas pro-inflamatorias, como TNF-a e IL-6, que contribuem para o
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estado inflamatdrio, mas também aumentam a producéo de EROs através
da ativacdo de NADPH oxidase e outras vias enzimaticas (Canton et al.,
2021). A NADPH oxidase é responsavel pela geracdo de superoxido
(O2-), que pode ser convertido em outras espécies reativas como peréxido
de hidrogénio (H202) e radical hidroxila (OH-), contribuindo para um ciclo
de dano oxidativo e para a perpetuacdo do estado inflamatorio (Knaus,
2021). Entretanto, o aumento do estresse oxidativo na obesidade nao
ocorre apenas pela disfuncdo adipocitaria.

A obesidade também estd associada a disfuncdo mitocondrial em
diversos tecidos, como o musculo esquelético e figado (Prasun, 2020). A
disfungdo mitocondrial resulta em uma menor eficiéncia da fosforilagédo
oxidativa e em uma maior geracdo de EROs como subproduto (Ho &
Shirakawa, 2022). Além disso, a disfuncdo mitocondrial contribui para o
acumulo de lipidios toxicos, induzindo lipotoxicidade e exacerbando o
estresse oxidativo (Ge et al., 2020). No musculo esquelético de individuos
obesos, a disfuncdo mitocondrial compromete a capacidade contrétil e a
homeostase metabdlica das fibras musculares (Tallis et al.,, 2021). A
reducdo na eficiéncia da fosforilacdo oxidativa mitocondrial limita a
producdo de ATP durante a contracdo muscular, resultando em fadiga
precoce e reducdo da capacidade de exercicio (MacDougall et al., 2022).
Além disso, a maior producédo de EROs devido a disfuncé&o mitocondrial no
musculo esquelético contribui para o estresse oxidativo, resultando em
danos oxidativos as proteinas, lipidios e DNA celular (Wang et al., 2021).
A acumulacdo de lipidios téxicos no mauasculo esquelético, como
triglicerideos intramiocelulares e acidos graxos livres, interfere na
sinalizacdo celular, levando a resisténcia a insulina e a disfuncao
metabolica (Park & Seo, 2020). Esses lipidios toxicos podem ativar vias de
estresse celular, como o0 estresse de reticulo endoplasmatico,
exacerbando ainda mais a disfungdo mitocondrial e o estresse oxidativo
(Park & Seo, 2020). No figado, a disfuncdo mitocondrial associada a

obesidade esta diretamente ligada a Hepatite Esteatdtica Associada ao
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Metabolismo (MASLD), uma condicdo caracterizada pelo acumulo de
gordura no figado (esteatose) seguido de inflamacédo e lesdo hepatica
(Schwarzler et al., 2024). A acumulacéo de acidos graxos livres no figado
devido a resisténcia a insulina e ao aumento da lipdlise contribui para a
sobrecarga mitocondrial e a producdo aumentada de ERO (Geng et al.,
2021). Os hepatdcitos respondem a esse estresse oxidativo aumentando
a producdo de antioxidantes enddgenos, como glutationa e enzimas
antioxidantes, na tentativa de neutralizar os EROs (Vairetti et al., 2021).
No entanto, em condicbes de obesidade prolongada, a capacidade
antioxidante pode ser sobrecarregada, levando ao dano oxidativo das
células hepéticas e a progressao para MASLD (Sokal-Dembowska et al.,
2024). Além disso, a disfuncdo mitocondrial no figado esta associada a
alteracdo no metabolismo de lipidios, incluindo a sintese aumentada de
acidos graxos e a diminui¢cdo da oxidacao de acidos graxos, o que contribui
para o acumulo de lipidios toxicos e a lipotoxicidade hepética (Geng et al.,
2021).

A lipotoxicidade prejudica o reticulo endoplasmatico (RE) por meio
de diferentes mecanismos. O acumulo excessivo de AGL no RE pode
interferir na funcdo das proteinas chaperonas que facilitam a dobragem
correta das proteinas recém-sintetizadas, resultando em acumulacdo de
proteinas mal dobradas no RE (Lemmer et al. 2021). Também por isso,
pode haver prejuizo da resposta ao estresse do RE. Esta resposta ao
estresse do RE é mediada por trés vias principais: a via PERK, que inibe
a traducao de proteinas (Zheng et al., 2022); a via IRE1, que promove a
degradacdo de mRNA especifico (Jaud et al., 2020); e a via ATF6, que
ativa a expressdo de genes que aumentam a capacidade de
empacotamento/enovelamento das proteinas e a degradacéo de proteinas
mal empacotadas/enoveladas (Ghemrawi & Khair, 2020). Por fim, durante
o estresse de RE, a acumulacdo de proteinas mal dobradas pode levar a
geracdo aumentada de EROs no RE e no citosol (Ghemrawi & Khair,

2020). Isso contribui para o estresse oxidativo celular, exacerbando os
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danos as estruturas celulares e promovendo a progressao das doencas
associadas a obesidade (Ghemrawi & Khair, 2020).

O estresse oxidativo pode ocorrer tanto pelo excesso de EROs,
quanto pela deficiéncia de antioxidantes enddgenos ou exégenos. O
organismo possui um sistema antioxidante intrinseco composto por
enzimas como superoxido dismutase (SOD), catalase (CAT) e glutationa
peroxidase (GPx) (Demirci-Cekic et al., 2022). Essas enzimas
desempenham um papel crucial na neutralizacdo de EROs e na protecao
contra danos oxidativos. Em condi¢cbes de obesidade, a capacidade
antioxidante dessas enzimas pode ser comprometida devido a sobrecarga
de ERO e a reducdo dos cofatores antioxidantes necesséarios para sua
atividade, como o tripeptideo glutationa (Sharifi-Rad et al., 2020). A SOD,
com isoformas localizadas em diferentes compartimentos celulares, como
a SODL1 no citoplasma e a SOD2 na mitocbéndria, € uma enzima chave que
catalisa a conversdo do superéxido (O2-) em peroxido de hidrogénio
(H202) e oxigénio (02) (Maurya & Namdeo, 2021). Esta conversdo é
crucial para reduzir a toxicidade do superéxido e preparar o H202 para
neutralizacdo posterior (Maurya & Namdeo, 2021). A CAT é uma enzima
que converte o perdxido de hidrogénio (H202), uma ERO intermediéria,
em agua (H20) e oxigénio (02) (Duca & Travin, 2020). E especialmente
abundante nos peroxissomas celulares e desempenha um papel crucial na
protecdo contra o acumulo de H202, que pode causar danos oxidativos
significativos as células (Garcia-Caparros et al., 2021). A GPx é uma
familia de enzimas que utiliza glutationa reduzida (GSH) como cofator para
reduzir H202 e outros peréxidos organicos em agua (Pei et al., 2023). A
glutationa peroxidase desempenha um papel critico na prote¢do contra
danos oxidativos nas células, especialmente na presenca de estresse
oxidativo elevado (Pei et al., 2023). A glutationa é um tripeptideo composto
por trés aminoacidos: acido glutamico, cisteina e glicina. Ela desempenha
multiplos papéis na defesa antioxidante (Pei et al., 2023). A forma reduzida

de glutationa (GSH) atua diretamente na neutralizacdo de EROs,
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especialmente o peroxido de hidrogénio (H202) e outras espécies
reativas, convertendo-as em formas menos reativas (Sarikaya & Dogan,
2020). A glutationa peroxidase utiliza GSH como cofator para reduzir H202
em agua, protegendo as células contra danos oxidativos (Pei et al., 2023).
A glutationa também é essencial para a regeneracéo de outras moléculas
antioxidantes, como a vitamina C e a vitamina E, tornando-se um
componente critico do sistema antioxidante (Averill-Bates, 2023). Em
condi¢cBes de obesidade, além da maior producdo de ERO, pode ocorrer
uma reducdo da capacidade antioxidante (Pérez-Torres et al., 2021). A
demanda aumentada por antioxidantes para neutralizar EROs pode levar
a uma reducdo dos niveis de glutationa e outros cofatores antioxidantes
no organismo (Corkey, 2023). Isso ocorre porque o0 metabolismo oxidativo
elevado pode esgotar os estoques intracelulares de GSH, comprometendo
a capacidade das enzimas antioxidantes de funcionarem adequadamente
(Korac et al., 2021). A inflamacéo cronica gerada pela obesidade também
pode prejudicar a recuperagcdo e a funcédo da glutationa (Gasmi et al.,
2021). Somado a isso, a obesidade também esta associada ao estresse
do RE, que pode interferir na sintese e na dobragem adequada de
proteinas, afetando indiretamente a funcdo das enzimas antioxidantes
(Menikdiwela et al., 2021).

Além da glutationa, antioxidantes exdgenos tém sido estudados por
suas propriedades antioxidantes e potenciais beneficios na redugéo do
estresse oxidativo associado a obesidade. A vitamina C (acido ascorbico)
€ um antioxidante hidrossolluvel que atua principalmente na neutralizacao
de ERO no citoplasma e no plasma (Gegotek & Skrzydlewska, 2023). A
vitamina C também regenera a forma reduzida da vitamina E,
potencializando seu efeito antioxidante (Higgins et al., 2020). A vitamina E,
ou seja, tocoferdis e tocotriendis, sdo antioxidantes lipossoluveis que
protegem as membranas celulares contra a peroxidacgéo lipidica induzida
por EROs (Ciarcia et al., 2022). A vitamina E também pode modular a

atividade de genes envolvidos na resposta antioxidante (Ciarcia et al.,
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2022). Compostos polifendlicos presentes em frutas e vegetais, como
flavonoides, resveratrol, curcumina e outras substancias bioativas,
demonstraram propriedades antioxidantes e anti-inflamatoérias (Sobhani et
al., 2021). Esses compostos podem reduzir o estresse oxidativo e a
inflamacé&o associados a obesidade, além de oferecer outros beneficios a
saude (Sobhani et al., 2021). Entretanto, condi¢cdes de obesidade s&o
associadas a maus habitos alimentares, com baixo ou inexistente
consumo de frutas e vegetais. Logo, além do aumento de EROs e prejuizo
na sintese/regeneracdo de antioxidantes enddgenos, antioxidantes
exdgenos também estdo escassos.

Além da producédo de EROs, a obesidade também pode aumentar
a geracao de espécies reativas de nitrogénio (ERNs), como o éxido nitrico
(NO) e o peroxinitrito (ONOO-) (Abot et al., 2022). A interacéo entre EROs
e ERNs pode resultar na formacado de espécies reativas ainda mais
danosas, exacerbando o estresse oxidativo e contribuindo para danos
celulares adicionais (Zarkovic, 2020). O 6xido nitrico (NO) é uma molécula
sinalizadora essencial no organismo, envolvida em varias funcdes
fisioldgicas, como a regulagcédo do tonus vascular, a funcéo imunologica e
a neurotransmisséo (Ally et al., 2020). Em condi¢6es normais, o NO é
produzido a partir da L-arginina pela enzima éxido nitrico sintase (NOS)
(Wu et al., 2021). No entanto, em condicdes de estresse oxidativo, como
na obesidade, a producdo de NO pode aumentar devido a ativacdo de
NOS induzivel (iNOS) em células inflamatérias, como macrofagos e
células endoteliais ativadas (Shaito et al., 2022). O ONOO- é formado pela
reagdo entre o oxido nitrico (NO) e o radical superéxido (O2-) (Piacenza et
al., 2022). Esta reacdo é catalisada pela proximidade fisica dessas
espécies reativas em condicdes de alta producdo de EROs e NO
(Piacenza et al., 2022). O peroxinitrito € uma espécie reativa altamente
reativa e danosa que pode causar danos diretos a lipidios, proteinas e
acidos nucleicos dentro das células (Abalenikhina et al., 2022). Em

condicOes de estresse oxidativo, como visto na obesidade, ha um aumento
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na producdo de 0O2- nos tecidos, especialmente no tecido adiposo
inflamado e no figado (Taherkhani et al., 2021). O O2- produzido pode
reagir rapidamente com o NO, formando ONOO-. O ONOO- € uma espécie
reativa altamente oxidante e nitrante, capaz de induzir danos oxidativos e
nitrativos significativos em biomoléculas dentro das células (Jomova et al.,
2023). As ERNs desencadeiam uma série de danos. O ONOO- pode oxidar
lipidios na membrana celular, levando a peroxidacdo lipidica e
comprometendo a integridade estrutural e funcional da membrana (Jena
et al.,, 2023). O ONOO- pode nitrar residuos de tirosina em proteinas,
modificando sua estrutura e funcdo (Campolo et al., 2020). Essa
modificacdo pos-traducional pode afetar a atividade enzimética, a
sinalizacao celular e a estabilidade das proteinas (Campolo et al., 2020).
A reacdo do ONOO-com o DNA pode levar a nitracdo de bases
nitrogenadas, como a guanina, resultando em danos no material genético
e potencialmente contribuindo para mutacées genéticas e instabilidade
gendmica (Gorska-Ponikowska et al., 2020). Reconhecendo os impactos
negativos do estresse oxidativo, € importante avalia-lo e evita-lo a fim de
manter a saude. Com este fim, podem ser avaliados alguns
biomarcadores.

Biomarcadores como malondialdeido (MDA), 8-isoprostanos,
nitrotyrosina e marcadores de danos ao DNA sao frequentemente
utilizados para avaliar a intensidade do estresse oxidativo em individuos
obesos. A presenca elevada desses biomarcadores esta correlacionada
com a gravidade da disfuncdo metabdlica, inflamacéo sistémica e risco
aumentado de desenvolvimento de doengas cronicas, destacando a
importancia de sua monitorizagdo clinica (Daiber et al., 2021). O MDA é
um produto da peroxidacdo lipidica, processo pelo qual os lipidios
insaturados sdo oxidados por EROs (Mas-Bargues et al., 2021). Em
condi¢cdes de estresse oxidativo, a producao de MDA aumenta, refletindo
a oxidacdao lipidica e o dano celular associado (Mas-Bargues et al., 2021).

Em individuos obesos, a elevacéo dos niveis de MDA esta frequentemente
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correlacionada com o aumento da adiposidade e a presenca de
comorbidades metabdlicas como diabetes tipo 2 e doencgas
cardiovasculares (Swigtkiewicz et al., 2023). Além de ser um biomarcador
de estresse oxidativo, o MDA também pode desencadear respostas
inflamatorias exacerbando o estado pré-inflamatorio crénico observado na
obesidade (Menzel et al., 2021). Os 8-isoprostanos s&o produtos da
peroxidacdo de acidos graxos poliinsaturados pela acdo de EROs
(Wronski & Wojcik, 2022). Eles sao altamente estaveis e refletem de forma
precisa o grau de peroxidacéo lipidica e estresse oxidativo no organismo
(Shoman et al., 2020). Em individuos obesos, 0s niveis elevados de 8-
isoprostanos estéo associados a disfungéo endotelial, aumento do risco de
doencas cardiovasculares e deterioracdo da funcéo renal (Dounousi et al.,
2021). A monitorizacdo dos 8-isoprostanos pode fornecer insights
importantes sobre a eficicia das intervencdes antioxidantes e terapéuticas
na reducao do estresse oxidativo em pacientes obesos (Henning & Weber,
2021). A nitrotirosina é formada pela nitracdo de residuos de tirosina em
proteinas, resultante da interacdo entre EROs e NO superproduzido
(Corpas et al., 2021). A presenca elevada de nitrotirosina indica um estado
de estresse oxidativo crénico e inflamacédo sistémica, caracteristicas
frequentemente observadas na obesidade (Panic et al., 2022). A
nitrotirosina ndo apenas serve como um biomarcador de dano oxidativo
proteico, mas também esta implicada na patogénese de doencgas crbnicas
como aterosclerose, doencas neurodegenerativas e cancer, todas
associadas a obesidade e ao desequilibrio redox (Scioli et al., 2020). Os
danos ao DNA sdo uma consequéncia direta da exposicdo a EROs e
ERNSs, resultando em mutagdes genéticas e instabilidade cromossémica
(Carusillo & Mussolino, 2020). Em individuos obesos, os marcadores de
danos ao DNA, como a presenca de 8-hidroxi-2'-desoxiguanosina (8-
OHdG), sao frequentemente detectados em células de tecidos como o
tecido adiposo e o figado (Urbaniak et al., 2020). Esses danos genéticos

podem predispor ao desenvolvimento de cancer, além de contribuir para o
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envelhecimento celular acelerado e deterioracdo da funcdo organica
(Nilsson & Liu, 2020).

A inflamagédo e o estresse oxidativo estdo intimamente interconectados
na fisiopatologia da obesidade (Aimo et al.,, 2020). As citocinas pro-
inflamatorias secretadas pelos adipocitos ativam vias intracelulares que
promovem a producao de EROs, aumentando assim o estresse oxidativo no
tecido adiposo e em outros érgados (Ahmed et al., 2021). Por sua vez, 0s
EROs podem ativar vias de sinalizacédo inflamatoria, como NF-kB, JNK e
IKKB, criando um ciclo vicioso de inflamacéo e estresse oxidativo (Checa &
Aran, 2020). Além disso, a inflamacdo e o estresse oxidativo podem
potencializar um ao outro, exacerbando os danos celulares e os disturbios
metabolicos associados a obesidade (Colak & Pap, 2021), como resisténcia

insulinica e a disfuncao cardiaca.

3. Disfunc¢éo cardiaca

A obesidade e seu aumento inflamacdo e estresse oxidativo séo
algumas das principais causas do desenvolvimento de doencas
cardiovasculares (DCV), como hipertensédo, remodelamento e disfuncéo
cardiaca (Tutor et al., 2023).

As DCV sdao a principal causa de morte atualmente, gerando mais de
17,8 milhdes de mortes por ano (Jagannathan et al., 2019), e um gigantesco
impacto econémico. Os custos diretos de tratamento médico para DCV
incluem consultas meédicas, exames de diagnodstico, medicamentos e
procedimentos cirurgicos. Nos Estados Unidos, estima-se que 0S custos
médicos diretos das doencas cardiovasculares excedam US $ 500 bilhdes
anualmente (Ekinci, 2023). No Brasil, os custos diretos também séao
significativos, com estimativas superando R$ 35 bilhdes por ano (de Araujo
et al., 2022). Como custos indiretos, temos perda de produtividade, cuidados
informais por familiares, transporte para consultas médicas, modifica¢do do
estilo de vida e ainda podemos ter custos sociais das DCV, impactando

familias, comunidades e os sistema de saude (Paez Esteban et al., 2020).
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Somando custos diretos e indiretos, os custos das DCV ultrapassam US $ 1
trilhdo por ano (Ekinci, 2023).

A diminuicdo da fungdo cardiaca é comum nas DCV, sendo uma
condicdo complexa que abrange uma ampla gama de disturbios e alteracdes
no funcionamento do coragéo, que podem ser causados por uma variedade
de fatores, incluindo doencas cardiovasculares, problemas estruturais do
coracao, condicbes médicas subjacentes e estilo de vida (Powell-Wiley et al.,
2021).

O coracédo é um orgao muscular vital que funciona como uma bomba
para circular o sangue pelo corpo. Ele possui quatro camaras principais: dois
atrios, localizados na parte superior, e dois ventriculos, na parte inferior.
Essas camaras se contraem e relaxam em sincronia para impulsionar o
sangue através dos vasos sanguineos, garantindo que ele chegue a todos
os tecidos e 6rgdos do corpo. As valvulas cardiacas controlam o fluxo
sanguineo unidirecional através do coracdo, abrindo e fechando para
garantir que o sangue flua na direcéo correta (Boselli et al., 2015).

Uma série de condicbes pode interferir no funcionamento normal do
coracao, levando a disfuncdo cardiaca. Doencas cardiovasculares, como
hipertensdo arterial, doenca arterial coronariana, insuficiéncia cardiaca e
arritmias, sao algumas das principais causas de disfun¢éo cardiaca (Shao et
al., 2020). Além disso, condi¢cdes médicas subjacentes, incluindo diabetes,
doencas renais e pulmonares, e disturbios enddcrinos, podem contribuir para
o desenvolvimento da disfuncdo cardiaca (Wang et al., 2022; Podkowinska
& Formanowicz, 2020; Paschou et al., 2022). Fatores de risco modificaveis,
como tabagismo, dieta pouco saudavel, falta de exercicio fisico e estresse,
também desempenham um papel importante no desenvolvimento dessa
condicao (Tokgozoglu et al., 2020; Popovic et al., 2022).

Os mecanismos fisiopatologicos do desenvolvimento de DCV na
obesidade envolvem resisténcia a insulina e Diabetes Mellitus tipo 2,
dislipidemia, inflamacdo cronica de baixo grau, disfuncdo endotelial,

hipertensao arterial, apneia do sono, estresse oxidativo, ativacao do sistema
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nervoso simpatico, desequilibrio hormonal e de adipocinas e hipertrofia
cardiaca. A obesidade, especialmente a obesidade central (acumulo de
gordura visceral), estd fortemente associada a resisténcia a insulina
(Mocciaro & Gastaldelli, 2022). A resisténcia a insulina aumenta os niveis de
glicose no sangue, levando ao desenvolvimento de diabetes tipo 2 (Mocciaro
& Gastaldelli, 2022). A hiperglicemia crbnica e a hiperinsulinemia contribuem
para a disfuncdo endotelial, um precursor importante das doencas
cardiovasculares (Ahmed et al., 2021). A obesidade também esta
frequentemente associada a um perfil lipidico aterogénico, caracterizado por
niveis elevados de triglicerideos, niveis reduzidos de HDL (lipoproteina de
alta densidade) e aumento de pequenas particulas de LDL (lipoproteina de
baixa densidade) (Stadler & Marsche, 2020). Esse perfil lipidico aumenta o
risco de aterosclerose, que € a formacéo de placas nas artérias, levando a
doenca arterial coronariana e outras DCV (Henning, 2021).
Concomitantemente, o tecido adiposo, especialmente o tecido adiposo
visceral, secreta uma variedade de citocinas pré-inflamatérias (como TNF-a,
IL-6 e MCP-1) e adipocinas (como leptina e adiponectina) que promovem a
inflamacéo sistémica crénica de baixo grau, que contribui para a disfuncéo
endotelial, desenvolvimento de aterosclerose e outras complicagcdes
cardiovasculares (Ren et al., 2022). Adicionalmente, a resisténcia a insulina,
a hiperglicemia, a dislipidemia e a inflamacéo crénica promovem a disfuncéo
endotelial (Beverly & Budoff, 2020). A disfuncdo endotelial é caracterizada
pela reducéo da biodisponibilidade de 6xido nitrico, aumento do estresse
oxidativo e aumento da permeabilidade endotelial, todos contribuindo para a
aterosclerose (Theofilis et al., 2021). Ao mesmo tempo, a obesidade contribui
para a hipertensdo através de varios mecanismos, incluindo a ativacao do
sistema renina-angiotensina-aldosterona (SRAA) (Tanaka, 2020), aumento
da atividade do sistema nervoso simpatico e retencdo de sodio e agua
(Valensi, 2021), sendo um fator de risco independente para diversas DCV,
como doenca coronariana, insuficiéncia cardiaca e acidente vascular

cerebral (Cleven et al., 2020). A obesidade também esta associada a apneia



53

obstrutiva do sono (AOS), uma condi¢cdo em que a respiracao é interrompida
repetidamente durante o sono (Salzano et al., 2021). A AOS aumenta o risco
de hipertensdo, arritmias cardiacas, insuficiéncia cardiaca e outras DCV
devido a hipéxia intermitente, aumento da pressao intratoracica e ativacao
do sistema nervoso simpatico (Li & Ren, 2022). Como descrito
anteriormente, o excesso de tecido adiposo também leva ao aumento da
produgdo de EROs, contribuindo para o estresse oxidativo. O estresse
oxidativo danifica as células endoteliais, promove a inflamacdo e a
aterogénese, e esta envolvido no desenvolvimento de diversas DCV (Donia
& Khamis, 2021). Na obesidade, de maneira concomitante, existe um
aumento da atividade do sistema nervoso simpatico, contribuindo para a
hipertensdo, aumento da frequéncia cardiaca e resisténcia vascular
periférica (Limberg et al., 2022). A hiperatividade simpatica € um fator
importante no desenvolvimento de DCV associadas a obesidade (Shah et
al., 2023). Como também mencionado acima, a obesidade gera um
desequilibrio de adipocinas, como leptina e adiponectina, que regulam a
homeostase energética e a funcdo cardiovascular. A leptina elevada na
obesidade pode aumentar a atividade simpatica e a pressdo arterial,
enquanto a adiponectina, que esta reduzida, esta associada a efeitos anti-
inflamatorios e antiaterogénicos, contribuindo para a resisténcia a insulina,
inflamacéo e disfuncéo endotelial (Kwaifa et al., 2020). Por fim, a obesidade
também aumenta o tamanho do coragdo. A obesidade leva a sobrecarga
hemodinamica e ao aumento da demanda metabolica, resultando em
hipertrofia ventricular esquerda, um grande fator de risco para insuficiéncia
cardiaca, arritmias e outras DCV (Ren et al., 2021).

Existem varios tipos de disfuncdo cardiaca, cada um com suas
proprias caracteristicas e manifestacdes. A insuficiéncia cardiaca, por
exemplo, ocorre quando o coragao ndo consegue bombear sangue suficiente
para atender as demandas do corpo (Lopaschuk et al.,, 2021). A
cardiomiopatia € uma doenca do musculo cardiaco que pode levar a

disfuncéo sistolica, onde o coracdo ndo se contrai adequadamente, ou
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diastolica, onde o coracdo nao relaxa adequadamente entre os batimentos
cardiacos (Prandi et al.,, 2023). Outros tipos incluem doenca arterial
coronariana, arritmias e doencas das valvulas cardiacas.

Os sintomas da disfuncédo cardiaca podem variar, mas geralmente
incluem dispneia (falta de ar) durante atividade fisica ou em repouso, fadiga
cronica e fraqueza, inchago nas pernas, tornozelos e abdémen devido a
retencdo de liquidos, palpitacdes cardiacas, batimentos cardiacos rapidos
ou irregulares, e dor no peito, pressao ou desconforto (Govender et al., 2022;
Rabadia et al., 2024; El-Radhi & El-Radhi, 2021; Albus & Haass, 2022). O
diagnéstico da disfuncéo cardiaca geralmente envolve uma combinacéo de
exames fisicos, testes laboratoriais e testes de imagem (Udelson &
Stevenson, 2016). Exames como o eletrocardiograma (ECG) e o
ecocardiograma (ECO) sdo comumente usados para avaliar o ritmo
cardiaco, a funcdo contratil e a anatomia do coracdo e sdo aplicaveis em
humanos e modelos animais (Drane et al., 2020; Ware et al., 2021).

O tratamento da disfuncdo cardiaca é desafiador devido a
complexidade das condi¢cdes subjacentes, presenca de comorbidades,
adesdo ao tratamento, necessidade de polifarmacia, possibilidade de
progressdo da doenca, custo do tratamento, e acesso limitado aos cuidados
de saude especializados (Triposkiadis et al., 2022; Jarjour et al., 2020;
Saritha, 2021; Maddox et al., 2021; White-Williams et al., 2020). Estes
desafios exigem uma abordagem multidisciplinar e colaborativa entre
médicos, pacientes e outros profissionais de saude, como nutricionistas,
enfermeiros, fisioterapeutas, enfatizando a importancia do monitoramento
continuo, ajustes no plano de tratamento e promocao de mudancas no estilo
de vida para garantir o melhor manejo possivel da condi¢cdo cardiaca
(Kamiya et al., 2020; Suen et al., 2020). Apesar de muito dinheiro, tempo e
esforcos serem voltados ao tratamento de DCV, a prevaléncia destas
doencas é crescente e continuam sendo a principal causa de morte no
mundo h& anos. Desta maneira, a0 mesmo tempo em gue Sao hecessarios

estudos intervencionais para controlar a inflamacdo e estresse oxidativo
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promotores das DCV, também € importante aprofundar o estudo do musculo
cardiaco, identificando novos mecanismos fisiopatoldgicos, possiveis hovos
biomarcadores e/ou alvos terapéuticos.

Frutas citricas, sdo reconhecidas por seus compostos antioxidantes e
anti-inflamatérios (Saini et al., 2022) e podem ser promissoras no tratamento
de DCV (Deng et al., 2022). Logo, € promissor aprofundar os estudos com
frutas citricas visando a diminui¢cdo das DCV e 0s mecanismos responsaveis

por isso.

4. Bergamota (Citrus bergamia)

A bergamota (Citrus bergamia) € uma fruta com efeitos anti-
inflamatorios, antioxidantes e com efeitos benéficos no combate as DCV
(Adorisio et al., 2023; Lamiquiz-Moneo et al., 2020; Maiuolo et al., 2021).
A bergamota tem raizes profundas na cultura e histéria da Itélia,
especialmente na regido da Caldbria. Por séculos, a bergamota tem sido
um simbolo de identidade e orgulho para os calabreses, refletindo-se em
festivais locais, como a Festa della Bergamotta em Reggio di Calabria.
Além disso, a bergamota é frequentemente mencionada na literatura e arte
italiana, destacando sua relevancia cultural (Valussi et al., 2021).

O cultivo da bergamota é uma tradicdo agricola de longa data na
Calabria, transmitida de geracdo em geracédo (Valussi et al., 2021). A
regido possui condi¢des climéticas e geograficas ideais para o cultivo da
fruta, com solos férteis, clima mediterraneo e exposi¢cao ao sol (Maiuolo et
al., 2022). Os pomares de bergamota sao cuidadosamente cultivados e
mantidos pelos agricultores locais, muitas vezes em peguenas
propriedades familiares (Gullo et al., 2020; Gattuso et al., 2024), mas
atingem grandes quantidades em conjunto, gerando 25 mil toneladas de
bergamota/ano (Rudra et al., 2015).

A principal finalidade comercial da bergamota esta na producao de
Oleo essencial, que é extraido das cascas dos frutos através de métodos

de prensagem a frio (Valussi et al., 2021). O 6leo essencial de bergamota
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€ altamente valorizado na indastria de perfumes, cosméticos e
aromaterapia devido a sua fragrancia citrica Unica e propriedades
terapéuticas. Esta industria gera € 25 bilhdes por ano (Sharmeen et al.,
2021). Além disso, a casca de bergamota € utilizada na industria
alimenticia para aromatizar uma variedade de produtos, como chas,
licores, doces e sorvetes (Brud, 2020).

Apesar de sua longa tradi¢cdo e importancia econdmica, a producao
de bergamota enfrenta desafios significativos, incluindo questBes
relacionadas a sustentabilidade agricola, mudancas climéaticas e
concorréncia global (Cautela et al., 2021). No entanto, ha oportunidades
para a inovacao e diversificagdo, como o desenvolvimento de produtos de
alto valor agregado, a expansdo para novos mercados e a adocao de
praticas agricolas sustentaveis e tecnologias modernas (Agregan et al.,
2024). Além disso, a valorizacdo crescente dos produtos naturais e a
demanda por ingredientes de qualidade podem impulsionar o crescimento
futuro da industria da bergamota (Sharmeen et al., 2021).

Como dito anteriormente, o foco da producdo de bergamota é a
industria de 6leos essenciais, ou seja, utilizar a parte lipofilica desta fruta.
Entretanto, o suco e a polpa, que representam a parte hidrofilica da
bergamota, possuem caracteristicas acidas e podem ser classificadas
subprodutos industriais. Estes subprodutos, principalmente o suco, sdo
uma importante fonte de compostos bioativos hidrofilicos, como os
compostos fenolicos, e podem gerar beneficios a saide humana devido a
seu potencial antioxidante e anti-inflamatoério (Della Vedova et al., 2023;
Russo et al., 2024). Deste modo, € possivel agregar um alto valor a
bergamota, melhorar a salde da populagédo e promover/ampliar o futuro
da indudstria da bergamota.

A porcéao hidrofilica da bergamota é fonte de compostos fendlicos,
flavonoides e possui capacidade antioxidante e anti-inflamatéria. Dentre os
compostos fendlicos e flavonoides, destaca-se a presenca de naringenina,

naringina e hesperidina (Baron et al., 2021). Estes trés compostos sao
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fortemente reconhecidos como terapéuticos e protegem contra DCV (Du
et al., 2021; Adetunji et al., 2023; Moghaddam et al., 2020). A fracéo
hidrofilica da bergamota pode prevenir o desenvolvimento de sindrome
metabdlica e suas doencas relacionadas (Carresi et al., 2020). Entretanto,
ainda ndo foram estudados os efeitos desta por¢cao da bergamota nas DCV
geradas pela obesidade.

A inclusdo de frutas citricas na dieta aumenta a ingestdo de
compostos antioxidantes, como compostos fendlicos, carotendides e ABs.
Essas moléculas atuam como captadores de radicais e, direta ou
indiretamente, podem ajudar a controlar diversas doencas, reduzindo a
infiltrac&o de células inflamatdrias, o estresse oxidativo e as concentragfes
de lipidios plasmaticos, melhorando a funcdo mitocondrial e a
biodisponibilidade do 6xido nitrico (Hossein Maleki et al., 2022; Borges et
al., 2022; Basilio et al., 2022). A ingestédo de flavonoides foi associada a
um menor risco de acidente vascular cerebral isquémico (Maleki et al.,
2019) e pode ajudar a reduzir a pressao arterial (por exemplo, luteolina,
quercetina, hesperidina e naringenina) (Su et al., 2015; Salehi et al., 2020;
Clarck et al., 2015). As frutas citricas contém grandes quantidades de
compostos fendlicos. Na laranja ‘umbigo Washington’, Multari et al. (2020)
descreveram os maiores teores de compostos fendlicos no albedo (10910
+ 320 mg kg-1), enquanto Elkhatim et al. (2018) encontraram valores mais
baixos em partes desperdicadas de laranja, liméo e toranja. Pode ocorrer
variagcao no teor desses bioativos dependendo do tecido analisado, bem
como da época de colheita e de outros fatores de cultivo e pds-colheita.

Os carotenoides, compostos bioativos fundamentalmente
lipofilicos, mas com alguns anfipaticos, também séo capazes de manter a
pressao arterial normal dentro da faixa normal, conforme descrito por
Wolak et al. (2019) usando 15 ou 30 mg de licopeno extraido de tomate.
Em contraste, o licopeno sintético ndo apresentou efeito semelhante. No
flavedo de frutas citricas em estagio totalmente maduro, o teor de

carotenoides totais chega a 12,6 mg/100 g de peso fresco, enquanto na
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polpa o teor é de 1,4 mg/100 g (Multari et al., 2020). Por ser uma
substancia onipresente, os ABs ocorrem nos citros em quantidades
variaveis dependendo do cultivo, colheita e tratamentos pos-colheita. No
suco de laranja, Preti et al. (2016) detectaram putrescina como amina
predominante (45,5 mg/L) e espermidina e espermina, além de serotonina
e histamina. A putrescina € a amina que ocorre em concentracdes mais
elevadas, enquanto a histamina apresenta niveis mais baixos (até 0,26
mg/L) (Basheer et al., 2011). Bergamota ja demonstrou efeitos in vitro de
inibicdo da expressdo do Fator Nuclear Kappa B (NF-KB), relacionado ao
aumento da inflamacéo; e aumento da expressao do Fator 2 Relacionado
ao NF-E2 (NRF2), relacionado ao aumento da resposta anti-inflamatoria
(Baron et al.,, 2021). Considerando a gama de compostos bioativos
presentes, ou potencialmente presentes, na porcdo hidrofilica da
bergamota e os beneficios a salude associados a estes, faz sentido
hipotetizar que a suplementacdo deste subproduto pode ter efeitos nas
DCV decorrentes da obesidade.

Ao mesmo tempo em que € necessario controlar a inflamacéo e o
estresse oxidativo gerados pela obesidade e, consequentemente, as DCV,
€ importante aprofundar os estudos a respeito dos mecanismos
fisiopatologicos envolvidos das as DCV na obesidade, visando identificar
novos biomarcadores e/ou alvos terapéuticos. O coracdo € um musculo,
ou seja, um Orgao proteico. Logo, faz sentido o aprofundamento em
componentes e/ou metabdlitos do metabolismo proteico neste o6rgéao,

como as aminas biogénicas.

5. Aminas biogénicas e saude cardiovascular

Aminas biogénicas (ABs) sdo compostos organicos nitrogenados
formados principalmente pela descarboxilacdo de aminoacidos. Como
exemplo, as ABs histamina, cadaverina, tiramina, putrescina e
espermidina sédo formadas a partir de histidina, lisina, tirosina, ornitina e

putrescina, respectivamente (Ozogul & Ozogul, 2019).
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As ABs podem ter efeitos no metabolismo muscular, incluindo o
musculo cardiaco e a musculatura vascular. Além disso, estas moléculas
podem se ligar facilmente a biomoléculas, incluindo DNA, RNA, proteinas
e fosfolipidios, modulando, em muitos casos, suas funcodes.
Consequentemente, muitos processos bioquimicos e celulares podem ser
afetados positiva ou negativamente pelas ABs, incluindo traducéao,
transcricdo, transducédo de sinais, proliferacdo e diferenciacéo celular,
apoptose ou resposta ao estresse celular (Ramos-Molina et al., 2019). E
podem ter relacdo com o desenvolvimento, progndstico e tratamento das
DCV.

Durante um estudo piloto do atual trabalho, foram identificadas as
seguintes aminas no tecido cardiaco: triptamina, espermina, histamina,
serotonina, putrescina, cadaverina, agmatina e espermidina. A triptamina
€ originada a partir da descarboxilacdo do triptofano pela enzima L-
aminoacido descarboxilase (Han & Shin, 2022). Esta amina pode ser
oxidada pela monoamina oxidase (MAO), resultando em indol-3-
acetaldeido, que pode ser posteriormente oxidado a acido indol-3-acético
(Negri et al.,, 2021). A triptamina pode ser metabolizada em varios
compostos, incluindo serotonina através da acédo de triptofano hidroxilase
e decarboxilase de L-aminoacidos aromaticos (Han & Shin, 2022). J4 a
espermina, outra AB, é sintetizada a partir da espermidina pela enzima
espermidina sintetase, que adiciona um grupo aminopropil (Hasan et al.,
2021). Esta amina é catabolizada pela espermina oxidase (SMOX), que
converte espermina em espermidina, produzindo H202 e 3-aminopropanal
(Zahedi et al., 2022). A espermina também pode ser convertida em outras
poliaminas, como a espermidina e putrescina, e desempenha um papel
importante na estabilizacdo do DNA e regulacdo do crescimento celular
(Sagar et al., 2021). Outra AB, a histamina, € sintetizada a partir da
histidina pela agéo da enzima histidina descarboxilase (Moriguchi & Takai,
2020). A histamina € catabolizada principalmente pela histamina-N-

metiltransferase (HMT), que a converte em N-metil-histamina, seguida
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pela oxidacdo pela MAO-B em acido N-metilimidazol acético (Comas-
Basté et al., 2020). Também pode ser catabolizada pela diamina oxidase
(DAO) (Comas-Basté et al.,, 2020). A histamina é armazenada em
mastocitos e basofilos e liberada durante reacdes alérgicas e inflamatorias,
atuando em receptores H1, H2, H3 e H4 (Panula, 2021). Em outro
processo, o triptofano é hidroxilado pela triptofano hidroxilase para formar
5-hidroxitriptofano  (5-HTP), que ¢€é entdo descarboxilado pela
decarboxilase de L-aminoacidos aromaticos para formar serotonina (5-HT)
(Wang et al., 2023). Esta AB é catabolizada pela MAO-A para formar 5-
hidroxiindolacetaldeido, que é oxidado pela aldeido desidrogenase para
formar acido 5-hidroxiindolacético (5-HIAA) (Kalinichenko et al., 2024). A
serotonina é um neurotransmissor importante no sistema nervoso central
e periférico, regulando humor, sono e apetite (Kanova & Kohout, 2021).
Outra AB, a putrescina, é sintetizada a partir da ornitina pela acdo da
ornitina descarboxilase (Bao et al., 2021). Esta AB pode ser convertida em
espermidina e espermina ou ser oxidada pela diamina oxidase para formar
y-aminobutiraldeido, que é posteriormente oxidado a acido gama-
aminobutirico (GABA) (Bao et al., 2021). A putrescina € um precursor
essencial na biossintese de poliaminas, que sdo importantes para o
crescimento e diferenciacdo celular (Heby, 2021). Ja a AB cadaverina é
sintetizada pela descarboxilacdo da lisina pela enzima lisina
descarboxilase (Liu et al., 2020). Esta AB pode ser oxidada pela diamina
oxidase para formar Al-piperideina, que € hidrolisada a acido
aminovalérico (Luengo & Olivera, 2020). A cadaverina & encontrada em
tecidos em decomposicdo e pode ser convertida em outras aminas
biogénicas ou ser eliminada do organismo (Wisor, 2021). Outra AB, a
agmatina, é sintetizada pela descarboxilagdo da arginina pela arginina
descarboxilase (Hyvonen et al., 2020). Esta AB pode ser hidrolisada pela
agmatinase para formar putrescina e ureia (Maturana et al., 2021. A
agmatina atua como um neurotransmissor modulador e tem efeitos em

varios sistemas de sinalizacao celular (Hassanshahi et al., 2023). Por fim,
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outra AB, a espermidina, é sintetizada pela adicdo de um grupo
aminopropil a putrescina pela espermidina sintetase (Islam et al., 2020).
Esta AB pode ser oxidada pela espermidina oxidase, resultando em
putrescina, H202 e 1,3-diaminopropano (Islam et al., 2020). A espermidina
€ importante para a modulacdo da funcdo celular, crescimento e
proliferagéo (Wei et al., 2022). Essas vias sé&o essenciais para a regulacao
de muitos processos fisioldgicos e patoldgicos, e qualquer disfungéo nelas
pode levar a varias condicbes de saude. A seguir, serdo revisadas as
relacBes entre triptamina, espermina, histamina, serotonina, putrescina,

cadaverina, agmatina e espermidina e a saude cardiovascular.

5.1 Triptamina e saude cardiovascular

A triptamina, AB com presenca de um anel de triptofano (Qiao et al.,
2022), é encontrada em uma variedade de organismos, incluindo plantas,
animais e seres humanos. A triptamina possui semelhancas estruturais
com a serotonina, permitindo sua interagcdo com receptores de serotonina,
como os receptores 5-HT (Sarkar et al., 2021). A triptamina pode modular
a funcdo cardiaca, afetando a frequéncia cardiaca e a contratilidade
cardiaca por meio da ativacdo desses receptores (Jragh et al., 2023;
Ciuca-Anghel et al., 2023; Neumann et al., 2023). No entanto, os efeitos
especificos e a relevancia clinica desses efeitos ainda estdo sendo
investigados e podem variar com base em fatores como concentragao e
sensibilidade dos receptores (Comai et al., 2020; Paeslack et al., 2022;
Duan et al., 2023).

Além disso, a influéncia da triptamina na musculatura vascular
também é objeto de interesse na pesquisa cardiovascular, podendo induzir
vasoconstricdo, reduzir o diametro dos vasos sanguineos e aumentar a
resisténcia vascular, podendo afetar a pressdo sanguinea (Martin-Martin
et al., 2021; Paeslack et al., 2022; Shah et al., 2023). Além disso, a
triptamina pode desempenhar um papel na modulacdo da resposta
inflamatoria nos vasos sanguineos (Agista et al., 2022). No entanto, a
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compreensao completa dos mecanismos de acédo e do impacto na saude

cardiovascular ainda esta em evolucao.

5.2 Espermina e saude cardiovascular

A espermina € uma poliamina com unidades de amina ligadas
covalentemente, amplamente distribuida na natureza em plantas, animais
e micro-organismos (Ozogul & Ozogul, 2019). Ela possui uma cadeia longa
e flexivel que permite interacBes com outras moléculas celulares devido a
presenca de grupos amino carregados positivamente. Suas funcdes
biolégicas incluem a estabilizacdo do DNA, regulacdo da expressao
génica, sintese de proteinas, modulacdo de enzimas e equilibrio idnico
(Choudhary et al., 2023).

Na musculatura cardiaca, a espermina desempenha um papel na
estabilizacdo do DNA, que € crucial para a replicacdo celular e a
manutencdo do tecido cardiaco (Oh et al., 2020; Yu et al., 2021). Além
disso, pode estar envolvida na regulacdo da expressao génica, afetando a
atividade de genes nas células cardiacas, embora 0os mecanismos
precisos permanecam pouco definidos (Parkhitko et al., 2019). Quanto a
contratilidade cardiaca, a influéncia direta da espermina € desconhecida e
requer mais estudos.

Na musculatura vascular, a espermina modula o ténus vascular,
levando a efeitos vasodilatadores que reduzem a resisténcia vascular e a
pressdo arterial sistémica (Boguslavskyi et al., 2021; Man et al., 2023).
Além disso, melhora a funcéo endotelial, estimulando a liberagéo de 6xido
nitrico, importante vasodilatador (Wu et al., 2021; Hughes et al., 2020). As
propriedades anti-inflamatérias da espermina também podem ser
benéficas a saude vascular (Ni & Liu, 2021).

A pesquisa sobre a influéncia da espermina na musculatura
cardiaca e vascular ainda estd em estagio inicial, com muitos aspectos a
serem esclarecidos. A compreensdo completa de seus efeitos e

mecanismos requer investigacdes adicionais.
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5.3 Histamina e saude cardiovascular

A histamina, uma AB, € uma molécula essencial em diversas
funcdes fisioldgicas no corpo humano e no sistema imunoldgico (Fiorani et
al., 2023). Sua producéao ocorre principalmente em mastocitos e basdfilos,
desempenhando um papel significativo na resposta imunolégica e
processos inflamatérios (Smolinska et al., 2022). Estruturalmente, a
histamina possui um anel de imidazol e um grupo funcional amina,
permitindo interacbes com receptores especificos devido a sua carga
positiva. A histamina é armazenada em granulos intracelulares e liberada
em resposta a estimulos alérgicos, inflamacgdes e outros desencadeantes
(Elieh Ali Komi et al., 2020; Baran et al., 2023).

Existem quatro principais tipos de receptores de histamina (H1, H2,
H3 e H4) distribuidos em diversos tecidos e 6rgaos, desempenhando
papéis especificos na mediacao das respostas fisiolégicas (Shulpekova et
al.,, 2021). A histamina influencia a vasodilatacdo, permeabilidade
vascular, secrecdo de acido gastrico, regulacdo do ciclo sono-vigilia,
reacoes alérgicas e inflamatérias (Murala et al., 2022).

Em relagdo & musculatura cardiaca, a histamina geralmente néo
afeta diretamente a contratilidade cardiaca, sendo seu principal impacto
na regulacdo da frequéncia cardiaca, vasodilatacdo e vasoconstricdo,
principalmente por meio da ativacdo de receptores H2 no coracao
(Saheera et al., 2022). O efeito direto da histamina na contratilidade
cardiaca é considerado insignificante em comparacdo com outros
reguladores cardiacos, como neurotransmissores, horménios e ions.
Perturbacdes nos niveis de histamina podem contribuir para condicdes
como alergias, Ulceras gastricas e disturbios do sono, tornando a
regulacdo adequada dos niveis de histamina fundamental para a saude
cardiovascular (Smolinska et al., 2022; Abdulrazzaqg et al., 2022).

Na musculatura vascular, a histamina desempenha um papel crucial

na modulacdo do tonus vascular (Ferretti et al.,, 2023). Ela promove
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vasodilatacao através da ativacdo dos receptores H1, reduzindo a pressao
arterial e melhorando o fluxo sanguineo (Gao et al., 2022). Além disso,
aumenta a permeabilidade vascular em processos alérgicos e
inflamatorios, facilitando a migracdo de células do sistema imunoldgico
(Gao et al., 2022; Elieh Ali Komi et al., 2020). A histamina também regula
o fluxo sanguineo local e, em casos graves de reacfes alérgicas, pode
causar vasodilatacdo generalizada, levando a choque anafilatico (Nguyen
et al., 2021).

Em resumo, a histamina desempenha um papel multifacetado no
corpo humano, com impacto direto na musculatura vascular,
principalmente na regulacé@o do ténus vascular, e na frequéncia cardiaca,
mas com um efeito limitado na contratilidade cardiaca. Seus efeitos tém
implicacdes significativas na pressao arterial, no fluxo sanguineo e nas
respostas do organismo a estimulos alérgicos e inflamatérios. A regulacéo
adequada dos niveis de histamina é essencial para a saude cardiovascular
(Neumann et al., 2021).

5.4 Serotonina e saude cardiovascular

A serotonina, ou 5-hidroxitriptamina (5-HT), € um neurotransmissor
vital encontrado no corpo humano e em outros organismos,
desempenhando um papel fundamental nos sistemas nervoso central e
entérico (Liu et al., 2021). Sua funcdo abrange a regulacdo de diversas
fungdes fisiologicas e comportamentais, incluindo o humor, sono, apetite,
cognicao e comportamento sexual (Jones et al., 2020). A estrutura quimica
da serotonina é caracterizada por um anel de triptofano e grupos funcionais
amina e hidroxila, essenciais para suas atividades bioldgicas (Kanova &
Kohout, 2021).

No sistema nervoso central, a serotonina é um neurotransmissor
crucial associado a regulacdo do humor e do bem-estar, sendo
frequentemente chamada de "hormoOnio da felicidade" (Murawska-

Ciatowicz et al., 2021). Ela esta intrinsecamente ligada a regulacdo do
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humor, ansiedade e depressdo, e € alvo de tratamentos com
antidepressivos, como os inibidores seletivos da recaptacéo de serotonina
(Filcek, 2022).

No sistema nervoso entérico, a serotonina desempenha um papel
relevante na regulacdo da motilidade gastrointestinal, secrecdo de acido
gastrico e funcéo intestinal (Guzel & Mirowska-Guzel, 2022; Najjar et al.,
2023). Existem diversos subtipos de receptores de serotonina (receptores
5-HT) distribuidos em diferentes areas do corpo, medeiam os efeitos da
serotonina de maneira especifica (Sharp & Barnes, 2020).

Em relagdo a musculatura cardiaca, a serotonina exerce uma
influéncia relativamente limitada em comparagdo com outros
neurotransmissores e hormdnios associados a regulacédo cardiaca. Seus
efeitos incluem a influéncia na frequéncia cardiaca, o tdbnus vascular e a
modulacdo da conducdo elétrica cardiaca (Graessler et al., 2021,
Siepmann et al., 2022). No entanto, outros neurotransmissores, como a
noradrenalina e a acetilcolina, bem como hormdnios como a adrenalina,
desempenham papéis mais proeminentes na modulacdo da contratilidade
cardiaca, frequéncia cardiaca e ritmo cardiaco (Gorain et al., 2020).

A serotonina exerce um papel significativo na musculatura vascular,
induzindo vasoconstricdo, regulando o fluxo sanguineo em resposta as
demandas metabdlicas, influenciando a resposta inflamatoria e
imunoldgica, participando da coagulacdo sanguinea e interferindo na
percepcao da dor (Najjar et al., 2023; Sharp & Barnes, 2020; Graessler et
al., 2021; Siepmann et al., 2022). Seus efeitos na musculatura vascular
sao mediados por diferentes subtipos de receptores 5-HT e podem variar
de acordo com as circunstancias.

Desequilibrios nos niveis de serotonina, seja por disturbios
metabdlicos ou uso de medicamentos, podem afetar significativamente a
funcdo cardiovascular e a presséao arterial (Dai et al., 2023). Portanto, a
regulacdo adequada dos niveis de serotonina e a compreensao

abrangente de seus efeitos sdo cruciais para manter a saude
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cardiovascular e a homeostase vascular (Soslau, 2022).

5.5 Putrescina e saude cardiovascular

A putrescina é uma poliamina orgéanica caracterizada por possuir
duas extremidades com grupos amina, enquadrando-a na classe das
poliaminas (Lima et al., 2023). Essa molécula é amplamente distribuida na
natureza, encontrando-se em diversos tecidos e organismos, incluindo
plantas, animais e bactérias (Sarasa et al., 2020). Do ponto de vista
estrutural, a putrescina possui uma cadeia de carbono linear com quatro
atomos de carbono, caracteristica tipica das poliaminas. Sua carga
positiva em pH fisiolégico é atribuida aos grupos amina, sendo crucial para
suas interacdes bioldgicas (Almeida et al., 2022).

No contexto das funcdes biologicas, a putrescina desempenha
papéis essenciais, como a regulacao da expressao génica, a influéncia na
estrutura do DNA e suas intera¢cdes com proteinas (Huang et al., 2023).
Além disso, a putrescina atua como precursora na sintese de poliaminas
mais complexas, como espermina e espermidina, que desempenham
funcdes importantes na estabilizacdo do DNA e em processos celulares
(Halloran et al., 2021). A putrescina também funciona como cofator para
algumas enzimas, afetando sua atividade catalitica (Liang et al., 2022; de
Souza Vandenberghe et al., 2020). Em situacdes de estresse celular,
como danos ao DNA ou inflamacdo, os niveis de putrescina podem
aumentar como parte da resposta adaptativa (Lu et al., 2023; Holbert et
al., 2022).

E fundamental destacar que a regulacéo adequada dos niveis de
putrescina e outras poliaminas é crucial para a homeostase celular e o
funcionamento normal do organismo. Qualquer desequilibrio nos niveis de
putrescina pode ter implicacdes negativas na saude celular (Islam et al.,
2022). Portanto, a compreensdo dos papéis e da regulacdo dessa
molécula é de grande importancia para a saude humana.

No que diz respeito a musculatura cardiaca, o impacto direto da
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putrescina na contratilidade cardiaca é limitado, ndo sendo considerada
um regulador significativo desse processo, apesar de poder ser
metabolizada em espermidina, composto com grande importancia na
saude cardiovascular (Cho et al., 2024). Quanto a musculatura vascular, a
putrescina exerce diferentes influéncias. Ela atua como precursora na
sintese de poliaminas mais complexas, influencia a homeostase do célcio
intracelular, regula a expressao génica e afeta a sintese de componentes
da matriz extracelular, como o colageno (Susser & Rayner, 2022). No
entanto, é importante ressaltar que os efeitos da putrescina na
musculatura vascular sdo mediados principalmente por seus metabdlitos
e por sua influéncia indireta nas vias metabdlicas celulares (Tabas &
Bornfeldt, 2020). A putrescina faz parte de um sistema complexo de
regulacédo celular que afeta a funcédo vascular de maneira multifacetada
(Choudhary et al., 2023).

Em resumo, a putrescina é uma poliamina com fun¢des cruciais na
regulacdo celular e em processos biolégicos, desempenhando papéis
importantes na musculatura vascular, mas tendo um impacto limitado na
contratilidade cardiaca (Islam et al., 2022). Seu papel especifico na satude
cardiovascular e em condi¢cdes patoldgicas requer uma investigacao

continua.

5.6 Cadaverina e saude cardiovascular

A cadaverina € uma poliamina com multiplos grupos amina em sua
estrutura, sendo estes fundamentais para suas fungées biolégicas (Ozogul
& Ozogul, 2019). Ela esta presente em diversos tecidos e organismos, mas
seu impacto direto na musculatura cardiaca e vascular na literatura
cientifica € escasso. Na musculatura cardiaca, a cadaverina nao é
considerada um regulador significativo da funcao contratil. A regulacao
cardiaca €é amplamente governada por ions, hormbnios e
neurotransmissores, como calcio, adrenalina, noradrenalina e acetilcolina,

que desempenham papeéis criticos na modulacdo da contratilidade
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cardiaca e ritmo cardiaco (Severino et al., 2020).

Da mesma forma, na musculatura vascular, composta
principalmente por células musculares lisas que controlam o diametro dos
vasos sanguineos, o papel direto da cadaverina ndao foi amplamente
documentado. A regulacdo do tbnus vascular é predominantemente
influenciada por fatores como calcio, neurotransmissores (por exemplo,
noradrenalina) e hormonios (por exemplo, angiotensina Il) (Xavier, 2020).

Embora a cadaverina desempenhe fungcbes importantes, como a
estabilizacdo do DNA, modulacédo do pH intracelular e influéncia sobre a
divisdo celular, sua influéncia direta na musculatura cardiaca e vascular
parece ser limitada (Bhagwat & Saroj, 2023). No entanto, é importante
notar que seu impacto indireto por meio da regulacdo do ambiente celular
e da proliferacdo celular pode ter implicacdes em contextos especificos
(Bhagwat & Saroj, 2023). A pesquisa atual ainda carece de estudos
aprofundados para compreender completamente o papel da cadaverina na
musculatura cardiaca e vascular em comparag¢do com outros reguladores
bem estabelecidos. Portanto, sdo necessarias investigacfes adicionais

para esclarecer seu impacto especifico nessas areas.

5.7 Agmatina e saude cardiovascular

A agmatina, AB derivada da arginina por descarboxilacdo, exerce
funcdes multifacetadas no organismo, incluindo a modulagdo da
neurotransmisséao e a regulacao do fluxo sanguineo (Russo et al., 2019).
Sua influéncia direta na contratilidade da musculatura cardiaca é limitada
e nao é considerada um regulador primario da contratilidade cardiaca. Em
contraste, a agmatina desempenha um papel significativo na musculatura
vascular, promovendo a vasodilatacdo por meio da relaxacéo das células
musculares lisas nas paredes dos vasos sanguineos (Wu et al., 2021). Isso
resulta em uma reducdo da resisténcia vascular periférica e,
consequentemente, da pressao arterial (Suarez-Roca et al., 2021). Além

disso, a agmatina pode afetar a producao e a acao do oxido nitrico (NO),
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vasodilatador, e influenciar a regulacéo do fluxo sanguineo em diferentes
tecidos e 6rgédos (Wieronska et al., 2021). Ela também pode ter efeitos
protetores na fungéo endotelial, que é fundamental para a saude vascular
(Zhang et al., 2022). Embora o papel da agmatina na musculatura cardiaca
seja limitado, seu impacto na musculatura vascular a torna uma molécula
de interesse na pesquisa biomédica, especialmente em relacdo a saude

cardiovascular e ao controle da presséao arterial.

5.8 Espermidina e saude cardiovascular

A espermidina é uma poliamina de baixo peso molecular que
desempenha func¢bes cruciais em diversos processos bioldgicos (Tang et
al., 2020). Sua estrutura contém grupos amina e uma cadeia de carbono
linear, com quatro atomos de carbono entre os grupos amina. Em pH
fisiologico, a espermidina adquire carga positiva devido aos grupos amina,
0 que é relevante para suas interacdes com moléculas como DNA e
proteinas no ambiente celular (Bhagwat & Saroj, 2023).

As funcbes bioldgicas da espermidina incluem a estabilizagédo
tridimensional do DNA, a regulacdo da expresséao génica, a modulacéo da
proliferacdo celular e o potencial papel como cofator enzimatico em vias
metabolicas (Sanchez-Jiménez et al., 2019).

No contexto da musculatura cardiaca, a espermidina ndo exerce um
efeito direto significativo na contratilidade cardiaca. A pesquisa concentra-
se mais nas funcdes celulares e moleculares da espermidina, como
regulacdo da expressédo génica e proliferacdo celular, do que em seus
efeitos diretos sobre o musculo cardiaco (Stolarska et al., 2023). O
entendimento do papel preciso da espermidina na contratilidade cardiaca
e na saude cardiovascular ainda requer investigacdes adicionais.

Em relacdo a musculatura vascular, a espermidina atua como
vasodilatador, relaxando as células musculares lisas vasculares e
contribuindo para a reducao da presséo arterial (Wang et al., 2023). Seus

efeitos estdo relacionados a modulacdo do NO, regulacdo do fluxo
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sanguineo e possivel protecdo da funcéo endotelial (Prado et al., 2021). A
pesquisa sobre a espermidina como potencial terapia para a saude
vascular esta em crescimento, com foco em compreender os mecanismos
precisos envolvidos em seus efeitos benéficos.

Considerando os efeitos conhecidos e desconhecidos das ABs no
musculo cardiaco e as possiveis rela¢cdes com inflamacao estresse oxidativo,
€ necessario amplificar o conhecimento sobre as relacdes ABs com a
disfuncéo cardiaca, assim como os efeitos de fatores de risco para DCV,

como a obesidade, sobre o perfil de ABs na musculatura cardiaca.

6. Justificativa e Hipotese

Ainda ndo existem estudos com suplementacdo da porcao
hidrofilica da bergamota avaliando a inflamacéo e estresse oxidativo no
miocardio de ratos obesos, justificando este estudo. Adicionalmente, os
estudos envolvendo o musculo cardiaco e ABs ainda ndo séo claros,
portanto, € importante a investigacdo para entender a relacdo desses
compostos com a fisiopatologia da disfuncdo cardiaca na obesidade,
assim como a relacao destes compostos com a obesidade.

A hipotese deste trabalho é que a suplementacdo de com o extrato
de bergamota previne o desenvolvimento de disfuncdo cardiaca em ratos
obesos, por modular mediadores inflamatoérios e indicadores do estresse
oxidativo no miocéardio. Além disso, também é hipotetizado que a
concentracédo de aminas biogénicas no tecido cardiaco tem relagdo com a

disfuncéo cardiaca.

7. Objetivo geral

Avaliar o efeito da suplementacdo com o extrato do fruto de
bergamota no desenvolvimento de disfuncdo cardiaca, e suas relacdes
com mediadores inflamatdrios, estresse oxidativo e perfil de aminas

biogénicas no miocardio de ratos obesos.
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7.1 Objetivos especificos

- Caracterizar o perfil de aminas biogénicas no extrato do fruto da
bergamota;

- Quantificar a capacidade antioxidante do extrato do fruto da bergamota;

- Avaliar o efeito do extrato do fruto da bergamota na hipertensédo gerada
pela obesidade;

- Avaliar o efeito do extrato do fruto da bergamota no remodelamento
cardiaco gerado pela obesidade;

- Avaliar os fatores transcricionais NF-kB e NRF-2, citocinas pro-
inflamatdrias, atividade de enzimas antioxidantes e indicadores do
estresse oxidativo no coragao; assim como os efeitos da obesidade e da
suplementacao do extrato do fruto de bergamota,;

- Caracterizar o perfil de aminas biogénicas no tecido cardiaco;

- Avaliar os efeitos da obesidade no perfil de aminas biogénicas no tecido
cardiaco.

- Correlacionar o perfil de aminas biogénicas cardiaco com marcadores de

salde cardiovascular.
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ARTICLE INFO ABSTRACT

Keywords: The high-sugar fat diet (HSF) generates hypertension. Bergamot by-product (BBP) is a source of hydrophilic
Unhealthy diet bioactive compounds. The aim was to test BBP administration against hypertension induced by the HSF. The 48
Hypertension male Wistar rats were equally divided into 4 groups: control diet (C), C+BBP, HSF, and HSF + BBP. The BBP
Citrus b_e'x“’"'” (250 mg/Kg) was administrated by gavage for 20 weeks. The total phenolic compounds, carotenoids, and an-
Phe'nol.lc compounds tioxidant capacity of BBP were evaluated by spectrophotometry, and HPLC was used to evaluate the biogenic
Antioxidant 2 % 3 : SoE < 5

Agrisatine amines (BAs) profile. The animals' body weight (BW), caloric intake, glucose levels, superoxide dismutase ac-

tivity, and systolic blood pressure (SBP) were measured at the final of the experiment. Results showed that BBP is
a good source of bioactive compounds, such as phenolic compounds (15 + 2.1 pg Gallic Acid Equivalents/mg,
w-w) and flavonoids (5.09 * 0.22pg Quercetin Equivalents/mg, w-w), and has a high antioxidant capacity
(5.35 * 0.06 pg Trolox Equivalents (TE)/mg, w-w; 1.30 = 0.14 pg TE/mg, and 2.54 + 0.31 mM FeSO/mg), by
three different methods). BBP contains the BA histamine (28.4 + 3.1 ug/g, w-w), tyramine (6.39 * 0.39 ug/g,
w-w), tryptamine (186 * 11 ug/g, w-w), putrescine (29.0 + 4.4 ug/g, w-w), cadaverine (10.6 + 0.8 ug/g, w-w),
spermidine (34.8 + 4.3 ug/g, w-w), spermine (2.28 + 0.25 ug/g, w-w), serotonin (4.46 + 0.77 pg/g, w-w),
dopamine (2.50 * 0.29 ug/g, w-w), and agmatine (140 + 10 ug/g, w-w). BBP has remarkable levels of anti-
oxidant BAs, such as spermidine (34.8 + 4.3 pg/g, w-w) and agmatine (140 = 10 pg/g, w-w). HSF increased BW
(532 = 72g VS 474 + 36g (C), p < 0.001), glucose levels (91.4 + 6.2mg/dL VS 80.9 *= 7.1 mg/dL (C),
p < 0.001) and SBP (146 + 9 mmHg VS 121 * 5mmHg (C), p < 0.001). BBP reduced hypertension generated
by HSF (133 = 9mmHg VS 146 = 9mmHg, p < 0.001), suggesting a direct hypotensive action. The synergy
between the bioactive compounds identified in BBP demonstrates great potential for use to prevent and treat
hypertension.

1. Background/introduction

pressure has remained growing due to the widespread use of anti-
hypertensive medications [3]. In addition to low adherence to drug

The consumption of an HSF, an unhealthy diet, promotes oxidative
stress and metabolic disorders, increasing BW, glucose levels, and blood
pressure levels, which result in hypertension [1,2]. Hypertension affects
more than 30% of adults and is the leading cause of cardiovascular
disease and premature death worldwide [3]. Global mean blood

* Corresponding author.
E-mail address: matheus.belin@unesp.br (M.A.F. Belin).
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treatment, only about 20% of patients on medication have their hy-
pertension controlled [4], thus strategies to prevent and control hy-
pertension need to be implemented.

Several fruits and their by-products, such as citrus fruits, have
therapeutic properties, due to the significant amounts of antioxidant
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compounds. Bergamot (Citrus bergamia) is a fruit cultivated almost ex-
clusively in southern Italy (25,000 tons/year) [5], primarily for the
essential oil industry, which generates € 25 billion per year [6]. Juice
and pulp are the industrial BBP and represent a source of phenolic
compounds, vitamins, minerals, and other antioxidant compounds as
recently reported [7].

Including citrus fruits in the diet increases the antioxidant com-
pounds intake, such as phenolic compounds, carotenoids, and biogenic
amines (BAs). These molecules act as radical scavengers, and directly or
indirectly, may help to control several diseases by reducing in-
flammatory cell infiltration, oxidative stress, and plasma lipid con-
centrations, improving the mitochondrial function and the bioavail-
ability of nitric oxide [8-10]. Intake of flavonoids was associated with a
lower risk of ischemic stroke [8] and may help lower blood pressure
(e.g. luteolin, quercetin, hesperidin, and naringenin) [11-13]. Citrus
fruit contains high amounts of phenolic compounds. In ‘Washington
navel’ orange, Multari et al. (2020) [14] described the highest contents
of phenolic compounds in albedo (10910 * 320mgkg '), while El-
khatim et al. (2018) [15] found lower values in wasted parts of orange,
lemon, and grapefruit. Variation in the content of these bioactive may
occur depending on the tissue analyzed, as well as the time of harvest
and other cultivation and postharvest factors.

Carotenoids are also capable of maintaining normal blood pressure
within a normal range, as described by Wolak et al. (2019) [16] using
15 or 30 mg of tomato-extracted lycopene. In contrast, synthetic lyco-
pene did not show a similar effect. In flavedo of citrus fruits at the fully
mature stage, the content of total carotenoids reaches 12.6 mg/100 g
fresh weight (FW), while in the pulp the content is 1.4 mg/100 g FW
[14]. Because it is a ubiquitous substance, BAs occur in citrus in vari-
able amounts depending on cultivation, harvest, and post-harvest
treatments. In orange juice, Preti et al. (2016) [17] detected putrescine
as the predominant amine (45.5mg/L) and spermidine and spermine,
in addition to serotonin and histamine. Putrescine is the amine that
occurs in higher concentrations, while histamine shows lower levels (up
to 0.26 mg/L) [18] (Basheer et al., 2011). Since BBP contains phyto-
chemicals, this study analyzed the antioxidant potential, including
phenolic compounds and carotenoids, as well as the BBP BAs profile.
Therefore, given the necessity to improve, the BBP was fed, with an
unhealthy diet (HSF), to rats to verify whether these compounds can
help reduce hypertension.

2. Material and methods

BBP was produced at an industrial level by AKHYNEX srl, (Polistena,
RC, Italy) and will be commercially available with the tradename of
Endo@berg by AKHYNEX and KALITA® by Giellepi S.p.A. Milan, Italy.

2.1. Total phenolic compounds, total flavonoids, carotenoids, and
antioxidant activity

As described by Belin et al. (2021) [19], BBP was diluted in MeOH:
water: phosphoric acid (80:1:19v/v/v). After sonicating for 30 min,
and centrifuging for 10 min at 6000 x g, total phenolic compounds, total
flavonoids, and antioxidant activity by DPPH, FRAP, and ABTS were
determined using the supernatant.

Total phenolic compounds analysis was performed using the Folin-
Ciocalteau reagent, as described by Singleton & Rossi (1965) [20] and
the results were expressed in pg gallic acid equivalents (GAE)/mg. Total
flavonoid analysis was performed as described by Popova et al. (2005)
[21], with modifications. Briefly, 4 mL of BBP was mixed with 1% v/v
acidified methanol solution and the mixture was vortexed (1 min) fol-
lowed by sonication (25 °C, 30 min). One milliliter (1 mL) of 5% v/v
aluminum chloride solution was added and the mixture was vortexed
and kept in darkness for 30 minutes. After centrifugation for 10 min at
6000 x g, the absorbance was measured at 425 nm. The total flavonoid
content was expressed as pug quercetin equivalents (QE)/mg.
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The BBP capacity to reduce the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2%-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) radicals was analyzed as described by Brand-Williams et al.
(1995) [22], and Re et al. (1999) [23], respectively, and the results
were expressed as jig Trolox equivalents (TE)/mg. The antioxidant ca-
pacity by Ferric Reducing Antioxidant Power (FRAP) assay was per-
formed as described by Benzie & Strain (1996) [24] using fresh the
FRAP reagent (300 nM acetate buffer, pH 3.6; 2.5mL of 10 mM 2,4,6-
tris(2-pyridyl)-5-triazine [TPTZ] in 40 mM HCI; 2.5 mL FeCl3 solution)
and the results were expressed in mM FeSO/mg.

2.2. Total carotenoids

Total carotenoids (TC) were performed as described by
Lichtenthaler (1987) [25] with minor modifications. BBP was extracted
twice with 80% acetone, vortexed, and sonicated for 30 min. The ex-
tracts were combined and centrifuged at 6000 x g. The absorbance of
the supernatant was measured at 450 nm, 646 nm, and 663 nm re-
spectively to determine the total carotenoids, and the results were ex-
pressed in pug/mg (w/w).

2.3. Biogenic amine profile by high-performance liquid chromatography
(HPLC)

Briefly, BAs were extracted as described by Borges et al. (2019) [26]
as follows. The BBP (100 mg) was mixed with 3000 uL of cold per-
chloric acid at 5% (v/v). After that, the mixture was centrifuged at
3800 g (Hettich Zentrifugen, Mikro220R) for 20 min at 4°C, and to the
supernatant was added dansyl chloride and saturated sodium carbonate
(2 M). After incubation for 1 h at 60°C, 200 uL of proline was added to
the mixture and maintained in the dark for 30 min at room tempera-
ture. To this mixture 1000 uL of toluene was added, hardly homo-
genate, and the supernatant was dried under gaseous nitrogen. The
samples were resuspended in acetonitrile and 20 uL. was injected into
the HPLC system (Dionex UltiMate 3000; Thermo Fisher Scientific,
Bremen, Germany) equipped with a quaternary pump, automatic
sampler 3000, diode array detector (DAD-3000), and an ACE C18
column (4.6 x 250 mm; 5um) at 25°C. The analysis was monitored at
280nm, and the integration peak and calibrations were realized be-
tween 210 and 350 nm using Chromeleon 7 software (Thermo Fisher
Scientific, Bremen, Germany). The chromatography gradient was es-
tablished to a mixture of solvents (A) 100% acetonitrile and (B) 50%
acetonitrile, as follows: 0-2 min, 40% A + 60% B; 2-4 min, 60% A +
40% B; 4-8min, 65% A + 35% B; 8-12min, 85% A + 15% B;
12-15min, 95% A + 5% B; 15-21 min, 85% A + 15% B; 21-22 min,
75% A + 25% B; 22-25 min, 40% A + 60% B. The amount of each BA
(agmatine, serotonin, dopamine, histamine, tyramine, tryptamine, pu-
trescine, cadaverine, spermidine, and spermine) was calculated by
comparing the peaks areas with standards, and the area below the curve
obtained through calibration curves and expressed in ug/g (w/w).

2.4. Experimental protocol and groups characterization

Male Wistar rats with 21 days ( = 185 g) obtained from the Animal
Center of Botucatu Medical School, Sao Paulo State University (UNESP,
Botucatu, SP, Brazil) were randomly distributed into four groups (n =
12 per group): control diet (C), C + BBP, high sugar-fat diet (HSF), and
HSF + BBP for 20 weeks, as previously described [1,2,7]. BBP was
administered by gavage (250 mg/Kg/day). The vehicle used was water.
The HSF was elaborated at the Experimental Research Unity (UNIPEX)
of the Botucatu Medical School. This diet comprised soybean meal,
sorghum, soybean peel, dextrin, sucrose, fructose, lard, minerals, and
salt. HSF groups also received 25% sucrose in drinking water, whereas
normal drinking water was given to C rats without any addition. The
dietary model of this experiment was based on the study by Francis-
queti et al. (2017) [27]. The animals were housed in individual cages
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under controlled temperature (22 + 30C), luminosity (12h light/ dark
cycle), humidity (60 + 5%), and received diets and water ad libitum.
Groups C and HSF received the vehicle (water) by gavage. The ex-
periments and procedures were approved by the Animal Ethics Com-
mittee of the Faculty of Medicine of Botucatu (protocol number CEUA-
1137). They were performed under the National Institute of Health’s
Guide for the Care and Use of Laboratory Animals and followed the
ARRIVE guidelines.

2.5. Nutritional and biochemical profile analysis

The nutritional profile was evaluated according to caloric intake and
body weight. Food and water intake were calculated daily from the
individual leftovers of each animal, and caloric intake was determined
by multiplying the energy value of each diet (g x Kcal) by the food
intake. For the HSF group, it also included calories from water (0.25 X
4 x mL consumed). The animal’s body weight was evaluated weekly.
After 8h of fasting, glucose concentration was determined using a
glucometer (Ac-cu-Chek Performa; Roche Diagnostics, Indianapolis, IN,
USA).

2.6. Superoxide dismutase activity in cardiac tissue

Superoxide dismutase (SOD) activity of cardiac tissue was measured
based on the inhibition of superoxide radical reaction with pyrogallol
by spectrophotometry at 420 nm. The results were expressed in pmol
SOD/mg protein/min [28].

2.7. Systolic blood pressure

SBP evaluation was assessed in conscious rats by the non-invasive
tail-cuff method with a  NarcoBioSystems®  Electro-
Sphygmomanometer (International Biomedical, Austin, TX, USA) at the
end of 20 weeks, as described [1,2.7]. In a study pilot, it was seen that
this diet model induced systolic arterial hypertension after 1 month of
the experiment, and this increase was maintained for up to 30 weeks.
The animals were kept in a wooden box (50cm X 40cm X 30 cm)
between 38 and 40 °C for 4-5min to stimulate arterial vasodilation
[29]. After this procedure, a cuff with a pneumatic pulse sensor was
attached to the tail of each animal. The cuff was inflated to 200 mmHg
pressure and subsequently deflated. The blood pressure values were
recorded on a Gould RS 3200 polygraph (Gould Instrumental, Valley
View, OH, USA). The average of three pressure readings was recorded
for each animal.

2.8. Statistical analysis

Data are presented as average =+ standard deviation. Differences
between the groups were determined by two-way ANOVA with Tukey’s
post hoc test. Statistical analyses were performed using SigmaStat for
Windows Version 3.5. (Systat Software, Inc., San Jose, CA, USA). A p-
value < 0.05 was considered statistically significant.

3. Results and discussion

BBP is a good source of bioactive compounds, such as phenolic
compounds, profile widely characterized [7], and carotenoids, which
have antioxidant capacity. In this study, the total phenolic compounds
of BBP were reevaluated by spectrophotometry considering that this
methodology, despite being less specific, is still well accepted and easily
accessible. Due to the BBP being obtained without the peel, the levels of
these antioxidants are in line with those described in the literature for
pulp and seed [15]. The total phenolic compounds content in BBP (15
+ 2ug/mg) (Table 1) was close to the one in wasted parts (pulp and
seed) of orange fruit [15]. However, the total flavonoids (5.1 + 0.2 ug/
mg) content (Table 1) was lower than described by the authors (about
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Table 1
Total phenolic compounds, total flavonoids, total carotenoids, and total an-
tioxidant capacity in bergamot by-product.

Determination Value
Total phenolic compounds (ug GAE/mg) 15.0 + 2.1
Total flavonoids (ug QE/mg) 5.09 + 0.22
Total carotenoids (pg/mg) 0.07 + 0.01
Total antioxidant capacity

via DPPH (pg TE/mg) 5.35 + 0.06
via ABTS (jug TE/mg) 1.30 + 0.14
via FRAP (mM FeSO/mg) 254+ 0.31

“GAE: Gallic acid equivalents; QE: Quercetin equivalents; TE: Trolox
equivalents.

40mg/g (w/w)). Polyphenol content in citrus fruit may vary depending
on the analyzed tissue, time of development/harvest, and post-harvest
treatments, among other biotic and abiotic factors. Bergamot fruit may
show high contents of flavonoids [30], reaching 438 mg/100 g of nar-
ingin [31]. BBP showed lower values compared to other studies, which
used fresh fruits and different tissues, cultivation, and preparation
methods. In addition to phenolic compounds, BBP presented car-
otenoids (0.07 ug/mg) (Table 1). In bergamot by-product, Siano et al.
(2023) [32] detected 0.61 mg/kg of total carotenoids, while other
studies describe carotenoid contents between 1.44 and 4.69mg/100 g
for mandarin oranges depending on the analyzed cultivar [33]. All
these compounds influence the antioxidant activity of BBP, measured
via DPPH (5.4 ug TE/mg), ABTS (1.3 ug TE/mg), and FRAP (2.5 mM
FeSO/mg) (Table 1).

The HSF increased body weight, caloric intake, and blood glucose
(Table 2). Although BBP is a compound derived from bergamot and has
been described as a source of flavonoids with an antioxidant action [7];
it did not prevent these nutritional and biochemical changes generated
by the HSF.

In this study, we observed an increase in body weight, as well as in
blood glucose. It is noteworthy that the HSF is rich in fat from animal
sources and sugar, which are metabolized by enzymes such as pan-
creatic lipase and those related to the glycolytic pathway. Although
there is a description in the literature that bergamot contains flavonoids
that can act as hypoglycemic [34], the addition of BBP to the HSF group
was not effective in decreasing blood glucose levels (Table 2), agreeing
with another study [7], nor caloric intake levels. Regarding systolic
blood pressure, it was observed that the HSF diet promotes an increase
in levels. When comparing the HSF and HSF + BBF groups, a decrease in
blood pressure levels was observed, showing that the compound studied
was effective in preventing hypertension triggered by the consumption
of HSF. Studies have shown that bergamot juice extract has a positive
effect on glucose levels, factors that can contribute to blood pressure
control [35]. These effects are attributed to the bioactive compounds
present in this fruit, moreover, it is possible to hypothesize that these
compounds, in some way, may also be acting on some mechanism that
regulates blood pressure. Several flavonoids were detected in bergamot,
including hesperidin, and naringenin, among others [30,36] and cer-
tainly, they are part of the total phenols and total flavonoids present in
BBP, which may have influenced blood pressure levels (Table 1; Fig. 1).

As there is a difference in phenolic polarity [37], BBP was diluted in
water for administration to Wistar rats by gavage, promoting the best
bioaccessibility and bioavailability of hydrophilic compounds, such as
the flavonoids, naringenin and hesperidin, and BAs. Studies show that
the addition of hesperidin and naringenin in diets for stroke-prone
spontaneously hypertensive rats (SHRSP) did not significantly change
body weight, but improved blood pressure [13]. This phenomenon was
also observed in this study with the BBP administration to the HSF
group (Fig. 1). Naringin, also detected in bergamot [30], normalized
systolic blood pressure and improved vascular dysfunction and ven-
tricular diastolic dysfunction in high carbohydrate, high fat-fed rats
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Table 2
Nutritional profile and cardiac tissue superoxide dismutase activity of Wistar rats fed with a high sugar-fat diet and that received bergamot by-product adminis-
tration.
Variable Groups
C C + BBP HSF HSF + BBP
Body weight (g) 474 £ 36 473 £ 67 532 + 72° 512 = 59
Caloric intake (kcal/d) 97 +7 99 + 14 111 = 13* 106 + 14
Blood glucose (mg/dL) 80.9 7.1 83.2+9.5 91.4 = 6.2° 92,6 + 8.5¢
SOD (pmol/mg protein/minute) 109 = 21 97 £ 22 113 £ 31 89 + 21°

* Data presented as mean * standard deviation and submitted to Two-way ANOVA with Tukey's post hoc (p < 0.05). a = C vs HSF; b = HSF vs HSF + BBP; ¢ = Cvs
C + BBP;d = C + BBP vs HSF + BBP. C = control diet; BBP = bergamot by-product; HSF = high-sugar fat diet; SOD = superoxide dismutase activity in cardiac

tissue.
p<0.001 ] lp<0.001I
180+ r 17
| p=0.001 |
L)
:Ei 160 [] .
£ °
£ 1401
L]
5 P
9 120- % .
L]
e®
100 T T T T
[+ C +BBP HSF  HSF + BBP

Fig. 1. Systolic blood pressure (mmHg) of Wistar rats fed with a high sugar-fat
diet and that received bergamot by-product administration. *C = control diet;
BBP = Bergamot by-product; HSF = High sugar-fat diet. SBP = systolic blood
pressure.

[38]. These beneficial effects of naringin may be mediated by reduced
inflammatory cell infiltration, reduced oxidative stress, lower plasma
lipid concentrations, and improved liver mitochondrial function in rats
[13].

The beneficial effect of flavonoids could be attributed to changes in
the nitric oxide (NO) content [8,13]. Nitric oxide is a signaling mole-
cule that binds to redox-active metals [39], and both excess and defi-
ciency affect metabolism, including cardiovascular disease. Low levels
of NO may be related to cardiovascular diseases, such as atherosclerosis
and hypertension, while high levels of NO modulated by NO synthase
are related to cellular inflammation, hypotension, and inhibition of
mitochondrial respiration, among others [40]. Flavonoids can act as
pro-oxidants or as antioxidants depending mainly on the oxygen levels
and pH of the medium. At low O2 levels and more acidic pH, flavonoids
preserve NO and increase their biological activity. On the other hand, at
high oxygen levels and alkaline pH, flavonoids can scavenge NO,
showing a pro-oxidant action. In a medium with high levels of 02, even
with high activity of superoxide dismutase (SOD), the formation of
peroxynitrite (ONOO-) can occur, an oxidant species that contributes to
vascular diseases, inflammation, pain, neurodegeneration, decrease in
dopamine (involved with Parkinson's disease), among others [41]. In
our study, SOD activity (Table 2) was lower when the rats were fed HSF
+ BBP, which may be an indication of the positive effect of the com-
bination of BBP with the diet, that is, one of the effects may be at-
tributed to the decrease of ONOO-, related to oxidative stress.

Another compound present in BBP, although in small amounts
compared to phenolic compounds, were the carotenoids (Table 1) with
polar chemical characteristics, since the product was obtained from the
hydrophilic part of the fruit. It is noteworthy that the methodology used
to detect carotenoids did not allow identification, only the amount.
However, this was not a limitation, as the objective of this study was to
synergistically approach the action of all the bioactive compounds
present in BBP. Carotenoids can act as anti-inflammatories and anti-
oxidants, factors that can modulate blood pressure levels [16,42].

Regarding the more polar carotenoids, a study carried out with diabetic
individuals showed that supplementation with astaxanthin improved
the lipid profile and lowered blood pressure [43]. However, in that
study, no mechanism was investigated, so this improvement was at-
tributed to the anti-inflammatory effect, confirmed by the increase in
circulating levels of adiponectin [44]. In addition to inflammation,
oxidative stress also plays a role in the pathology of hypertension as-
sociated with increased production of pro-oxidants such as superoxide
anion hydrogen peroxide, reduced NO synthesis, and decreased bioa-
vailability of antioxidants. Oxidative stress is found to be associated
with endothelial dysfunction, inflammation, hypertrophy, apoptosis,
cell migration, fibrosis, and angiogenesis in the vascular remodeling of
hypertension [45]. Based on this, we can attribute that, due to the BBP
antioxidant activity measured by DPPH, ABTS, and FRAP tests
(Table 1), BBP may act as a scavenger radical, which may be con-
tributing to the reduction of blood pressure levels observed in this study
(Fig. 1).

Among the bioactive compounds that make up plant foods, in ad-
dition to flavonoids and carotenoids, BA, present in all cells, can in-
fluence metabolism and act as an antioxidant, mediating inflammatory
processes. BBP has a remarkable concentration of BAs (444 pug/g)
(Table 3). The BAs profile of BBP is composed of agmatine, serotonin,
dopamine, histamine, tyramine, tryptamine, putrescine, cadaverine,
spermidine, and spermine. Given the importance of knowing the profile
of BAs in food products, we show for the first time, the BAs profile in
BBP. Several biogenic amines have been described for their protective
action on membranes, acting as antioxidants and helping to reduce
inflammation generated by oxidative stress [26].

BBP has stood out levels of agmatine (140 pg/g, Table 3), a biogenic
amine considered a free radical scavenger, with a cytoprotective effect
due to the protection of mitochondria against oxidative stress, pro-
moting a slowdown of apoptotic cell death [46]. BBP may represent an
interesting source of agmatine, because according to Moretti et al.
(2015) [47], the intake of 0.0001 - 1mg/kg may have an anti-
depressant effect, contributing to the reduction of symptoms related to
Parkinson’s disease. In addition to agmatine, serotonin (4.46 ug/g) and

Table 3
Biogenic amines profile of bergamot by-product.

Biogenic Amine Concentration (pg/g)

Histamine 284 +3.1
Tyramine 6.39 + 0.39
Tryptamine 186 + 11

Putrescine 29.0 = 4.4
Cadaverine 10.6 = 0.8
Spermidine 348 +4.3
Spermine 2.28 £ 0.25
Serotonin 4.46 £ 0.77
Dopamine 2.50 + 0.29
Agmatine 140 £ 10

“Data presented as mean * standard deviation.
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dopamine (2.5 ug/g) were found in BBP. Serotonin, despite not effi-
ciently crossing the blood-brain barrier, is described as an antioxidant
[9] and has been implicated in metabolic regulation and some im-
portant physiological processes related to appetite, sleep, mood, an-
xiety, and blood pressure [48]. Dopamine, a neurotransmitter with high
antioxidant activity, together with serotonin is implicated in the re-
warding effects of food and there are hypotheses that the increased
appetite in obese people is due to changes in the central systems of
dopamine and serotonin [49]. Despite the serotonin and dopamine le-
vels detected by BBP being below those described for some fruits and
vegetables [10,26,50], it may be an interesting source of these neuro-
transmitters for future studies with obesity and improvement in phy-
sical condition.

The levels of some biogenic amines are important factors for de-
tecting food and safety quality, mainly histamine and tyramine. High
histamine levels can influence blood pressure, as well as induce edema,
skin eruptions, and migraines, among others [51]. Its hypotensive effect
is related to the reduction of blood volume and is considered a vaso-
dilator [52]. In BBP, the histamine content of 28.4 ug/g (Table 3) is
below the level considered toxic (50 mg/100g) [53] but may have
contributed to the result found in Fig. 1, in addition to being a favorable
point in the intake of BBP.

Another biogenic amine — tyramine, should be considered due to its
relation to blood pressure, among other harmful effects on the body,
such as palpitations, nausea, and vomiting, among others [54]. The
tyramine content in BBP (6.39 ug/g, Table 3), is below the 'no observed
adverse effect level' (NOAEL) (200 mg per meal, female with 60 Kg)
[55]. Both tyramine and histamine are monoamines that are oxidized
by monoamine oxidases (MAO; EC 1.4.3.4), usually in the intestine and
people who consume amino oxidase inhibitors (mono and diamine
oxidase — MAOI/DAOI), alcohol, with gastrointestinal problems and
deficiency of these enzymes [51], may show symptoms of histamine or
tyramine poisoning. Thus, determining the content of both amines in
BBP is of great importance to demonstrate the safety of its consumption.

In addition to histamine and tyramine promoting metabolic changes
when ingested in greater amounts than recommended, tryptamine, due
to its vasoconstrictor action, can also induce changes in blood pressure,
inducing hypertension [56]. However, the levels of this biogenic amine
are not regulated. In the tested product (BBP), the tryptamine content is
186 ug/g, while in tomatoes the levels reach 147.1 ug/g and in chicory,
it reaches 0.8 ug/g [571. Although NOAEL for tryptamine has not yet
been well established, determining its content is critical as this amine
can increase the harmful effect of histamine and tyramine [58]. No
adverse effects, such as vomiting or diarrhea, were observed from the
consumption of BBP.

In fruits and vegetables, it is common to find high levels of pu-
trescine. For example, in orange juice, Preti et al. (2016) [17] detected
putrescine as the predominant amine (45.5 mg/L) be-sides spermidine,
spermine, serotonin, and histamine. Other studies also demonstrate that
putrescine is the amine that occurs in higher concentrations, as de-
scribed by Basheer et al. (2011) [18] and histamine shows lower levels
(up to 0.26 mg/L). Putrescine and cadaverine are diamines related to
microbial contamination and are related to food safety and security. In
BBP, the levels of putrescine and cadaverine are 29 and 10.6 ug/g, re-
spectively. Although few human studies have been conducted, a 'non-
observed adverse effect level' (NOAEL) of 2000 ppm (180 mg/kg body
weight/day) for both putrescine and cadaverine has been established in
Wistar rats [59,60]1. Both amines can also potentiate the toxic effect of
histamine and tyramine [56].

Spermidine (34.8 ug/g) and spermine (2.28 ng/g) were detected in
BBP (Table 3) and may act as antioxidants [61]. Although some studies
demonstrate that they are involved in regulating DNA transcription,
RNA translation, protein biosynthesis, and adjusting the immune re-
sponse, these BAs can result in an acute decrease in blood pressure, in
addition to being related to carcinogenesis, tumor invasion, and me-
tastasis [62]. However, moderate consumption of spermidine (0.05% of
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total daily nitrogen intake) may be important in the treatment of
trauma [63], due to the improvement in protein absorption. Putrescine,
cadaverine, histamine, tyramine, spermidine, and spermine can be used
as a quality index [10,611, important for verifying food safety. BBP's IQ
shows a value of 1.79, which is above the so-called acceptable limit,
which can be attributed to the higher values of histamine and pu-
trescine, despite being considered tolerable and safe by several studies.
Thus, although the IQ was higher than that described in other studies
with food [9,10], the levels of each amine individually do not exceed
what is allowed by some bodies [60]. No adverse effects were observed
in the animals after administration of BBP.

Noticing the synergistic hypotensive effect of BBP, future research
could be conducted evaluating the effects of the biogenic amines found
in BBP, isolated or combined by themselves, on vascular and cardiac
tissue of animals with metabolic disorders, induced or not by unhealthy
diets.

4. Conclusion

BBP has notable amounts of phenolic compounds, flavonoids, and
antioxidant capacity by DPPH, ABTS, and FRAP, and has low levels of
carotenoids. Moreover, the biogenic amine profile of Citrus bergamia
was described for the first time. This fruit contains histamine, tyr-
amine, tryptamine, putrescine, cadaverine, spermidine, spermine,
serotonin, dopamine, and agmatine. Although BBP has high levels of
histamine and tryptamine, the levels of these compounds do not
exceed safe levels and do not generate adverse effects in animals.
BBP has remarkable levels of antioxidant biogenic amines, such as
spermidine and agmatine.

The HSF had increased body weight, blood glucose, and blood
pressure. BBP did not alter body weight and blood glucose but was able
to reduce hypertension generated by this diet, suggesting a direct hy-
potensive action. The synergy effect of the bioactive compounds iden-
tified in BBP demonstrates great potential to prevent and/or treat
hypertension.

Funding

This research was funded by The Sdo Paulo Research Foundation
(FAPESP) (grant numbers: 2021/13050, and 2022/01925-7); National
Council for Scientific and Technological Development (CNPq) (grant
number: 310614/2020-1) and by AKHYNEX sil (Polistena, RC, Italy).

Data Availability

Data will be made available on request.
Declaration of Competing Interest

The authors declare no competing interest.
Acknowledgments

We thank AKHYNEX srl (Polistena, RC, Italy) for providing the
BBP. We are also grateful to Arch. Giuseppe Lombardo and Dr.
Bombardelli for providing technical suggestions for the BBP prepara-
tion. We thank the Experimental Research Unit of Botucatu Medical
School-UNIPEX, and the Institute of Biosciences of Botucatu, UNESP,
Brazil, for providing the necessary structure and equipment to conduct
this research.

References

[1] E.T. Nakandakare-Maia, J.S. Siqueira, A.J.T. Ferron, T.A. Vieira, T.L.N. Palacio,
N.A. Grandini, C.R. Corréa, Treatment with bergamot (Citrus bergamia) leaves
extract attenuates leptin resistance in obese rats, Mol. Cell. Endocrinol. 566 (2023)
111908, https://doi.org/10.1016/j.mce.2023.111908.



M.A.F. Belin, J.S. Siqueira, T.A. Vieira et al.

(2]

3

[4]

[5]

[6]

(71

[8

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

J.S. Siq , E.T. Nakandak , T.A. Vieira, T.L.N. Palacio, N.A. Grandini,
M.A.F. Belin, C.R. Correa, Effect of bergamot leaves (Citrus bergamia) in the
crosstalk between adipose tissue and liver of diet-induced obese rats, Livers 3 (2)
(2023) 258-270, https://doi.org/10.3390/livers3020017.

K.T. Mills, A. Stefanescu, J. He, The global epidemiology of hypertension, Nat. Rev.
Nephrol. 16 (4) (2020) 223-237, https://doi.org/10.1038/541581-019-0244-2.
B.M. Egan, S.E. Kjeldsen, K. Narkiewicz, R. Kreutz, M. Burnier, Single-pill combi-
nations, hypertension control and clinical outcomes: potential, pitfalls and solu-
tions, Blood Press. 31 (1) (2022) 164-168, hitps://doi.org/10.1080/08037051.
2022.2095254.

S.G. Rudra, J. Nishad, N. Jakhar, C. Kaur, Food industry waste: mine of nu-

traceuticals, Int. J. Sci. Environ. Technol. 4 (1) (2015) 205-229 ISSN 2278-

3687 (0).

J.B. Sharmeen, F.M. Mahomoodally, G. Zengin, F. Maggi, Essential oils as natural
sources of fragrance ds for cc and cc icals, Molecules 26 (3)

(2021) 666-680, https://doi.org/10.3390/molecules26030666.
L.D. Vedova, F. Gado, T.A. Vieira, N.A. Grandini, T.L.N. Palacio, J.S. Siqueira,
M. Carini, E. Bombardelli, C.R. Correa, G. Aldini, G. Baron, Chemical, nutrmonal
and biological evaluation of a ble and scalabl plex of phy
from bergamot by-products, Molecules 28 (7) (2023) 2964-2986, https://doi.org/
10.3390/molecules28072964.
S.J. Maleki, J.F. Crespo, B. Cabanillas, Anti-inflammatory effects of flavonoids,
125124-125135, Food Chem. 299 (2019), https://doi.org/10.1016/j.foodchem.
2019.125124.
C.V. Borges, A. Nunes, V.E. Costa, R.O. Orsi, L.S.P. Basilio, G.C. Monteiro,
M. Maraschin, G.P.P. Lima, Tryptophan and biogenic amines in the differentiation
and quality of honey, Int. J. Tryptophan Res. 15 (2022) 1-12, https://doi.org/10.
1177/11786469221102098.
L.S.P. Basilio, C.V. Borges, 1.0. Minatel, P.F. Vargas, M.A. Tecchio, F. Vianello,
G.P.P. Lima, New beverage based on grapes and purple-fleshed sweet potatoes: Use
of non-standard tubers, 101626-101636, Food Biosci. 47 (2022), https://doi.org/
10.1016/j.fbi0.2022.101626.
J. Su, H. Xu, J. Yu, J. Gao, J. Lei, Q. Yin, B. Li, M. Pang, M. Su, W. Mi, S. Chen, G. Lv,
Luteolin ameliorates hypertensive vascular g through inhibiting the
proliferation and migration of vascular smooth muscle cells, Evid. -Based
Complement. Altern. Med. 2015 (2015), https://doi.org/10.1155/2015/364876.
B. Salehi, L. Machin, L. Monzote, J. Sharifi-Rad, S.M. Ezzat, M.A. Salem, W.C. Cho,
Therapeutic potential of quercetin: new insights and perspectives for human health,
Acs Omega 5 (20) (2020) 1184911872, https://doi.org/10.1021 /acsomega.
0c01818.
M. Ikemura, Y. Sasaki, J.C. Giddings, J. Yamamoto, Preventive effects of hesperidin,
glucosyl hesperidin and naringin on hypertension and cerebral thrombosis in
stroke-prone spontaneously hypertensive rats, Phytother. Res. 26 (9) (2012)
1272-1277, https://doi.org/10.1002/ptr.3724.
S. Multari, C. Licciardello, M. Caruso, S. Martens, Monitoring the changes in phe-
nolic compounds and carotenoids occurring during fruit development in the tissues
of four citrus fruits, 109228-109243, Food Res. Int. 134 (2020), https://doi.org/10.
1016/j.foodres.2020.109228.
K.A.S. Elkhatim, R.A. Elagib, A.B. Hassan, Content of phenolic compounds and
vitamin C and antioxidant activity in wasted parts of Sudanese citrus fruits, Food
Sci. Nutr. 6 (5) (2018) 1214-1219, https://doi.org/10.1002/fsn3.660.
T. Wolak, Y. Sharoni, J. Levy, K. Li 1-Hermoni, D. , E. Paran, Effect
of tomato nutrient complex on blood pressure: a double blind, randomized do-
se-response study, Nutrients 11 (5) (2019) 950-963, https://doi.org/10.3390/
nul1050950.
R. Preti, R. Bernacchia, G. Vinci, Chemometric evaluation of biogenic amines in
commercial fruit juices, Eur. Food Res. Technol. 242 (2016) 2031-2039, https://
doi.org/10.1007/s00217-016-2701-5.
C. Basheer, W. Wong, A. Makahleh, A.A. Tameem, A. Salhin, B. Saad, H.K. Lee,
Hydrazone-based ligands for micro-solid phase extraction-high performance liquid
chromatographic determination of biogenic amines in orange juice, J. Chromatogr.
A 1218 (28) (2011) 4332-4339, https://doi.org/10.1016/j.chroma.2011.04.073.
M.A.F. Belin, F. Gendron, S. Cheng, V. Ziffle, Total phenolic compounds, car-
ids and in vitro antioxi activity of three traditional indigenous medicinal
plants of Saskatchewan, Canada, Am. J. Plant Sci. 12 (8) (2021) 1197-1209,
https://doi.org/10.4236/ajps.2021.128083.
V L. Singleton, J.A. Rossi, Colorimetry of total phenolics with phosphomolybdic-
hotungstic acid r Am. J. Enol. Vitic. 16 (3) (1965) 144-158, htips://
L|L)l ur;, /10.5344/ajev.1965.16.3.144.
M. Popova, S.LB.E.L. Silici, O. Kaft lu, V. Bankova, Antibacterial activity of
Turkish propolis and its qualitative and quantitative chemical composition,
Phytomedicine 12 (3) (2005) 221-228, https://doi.org/10.1016/j.phymed.2003.
09.007.
W. Brand-Williams, M.E. Cuvelier, C.L.W.T. Berset, Use of a free radical method to
evaluate antioxidant activity, LWT-Food Sci. Technol. 28 (1) (1995) 25-30, https://
doi.org/10.1016/S0023-6438(95)80008-5.
R. Re, N. Pellegrini, A. Proteggente, A. Pannala, M. Yang, C. Rice-Evans,
Antioxidant activity applying an improved ABTS radical cation decolorization
assay, Free Radic. Biol. Med. 26 (9-10) (1999) 1231-1237, https://doi.org/10.
1016/50891-5849(98)00315-3.
L.F. Benzie, J.J. Strain, The ferric reducing ability of plasma (FRAP) as a measure of
“antioxidant power”™: the FRAP assay, Anal. Biochem. 239 (1) (1996) 70-76,
https://doi.org/10.1006/abio.1996.0292.
H.K. Lichtenthaler, Chlorophyll fluorescence signatures of leaves during the au-
tumnal chlorophyll breakdown, J. Plant Physiol. 131 (1-2) (1987) 101-110,
https://doi.org/10.1016/50176-1617(87)80271-7.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

78

Pharmacological Research - Natural Products 2 (2024) 100022

C.V. Borges, M.A.F. Belin, E.P. Amorim, 1.0. Minatel, G.C. Monteiro, H.A.G. Gomez,
G.R.S. Monar, G.P.P. Lima, Bioactive amines changes during the ripening and
thermal processes of bananas and plantains, 125020-12502, Food Chem. 298
(2019) 7, https://doi.org/10.1016/j.foodchem.2019.125020.

F.V. Francisqueti, 1.O. Minatel, A.J.T. Ferron, S.G.Z. Bazan, V.S. Silva, J.L. Garcia,
D.H.S. Campos, A.L. Ferreira, F. Moreto, A.C. Cicogna, C.R. Corréa, Effect of
gamma-oryzanol as therapeutic agent to prevent cardiorenal metabolic syndrome in
animals submitted to high sugar-fat diet, Nutrients 9 (12) (2017) 1299-1309,
https://doi.org/10.3390/nu9121299.

S.L. Marklund, Product of extracellul peroxide di catalysis, FEBS Lett.
184 (2) (1985) 237-239, https://doi.org/10.1016/0014-5793(85)80613-X.

P.P.D. Santos, B.P.M. Rafacho, A.D.F. Goncalves, R.G. Jaldin, T.B.D. Nascimento,
M.A.B. Silva, S.A.R.D. Paiva, Vitamin D induces increased systolic arterial pressure
via vascular reactivity and mechanical properties, PLoS One 9 (6) (2014)
€98895-e98904, https://doi.org/10.1371/journal.pone.0098895.

A.R. Cappello, V. Dolce, D. Iacopetta, M. Martello, M. Fiorillo, R. Curcio, L. Muto,
D. Dhanyalayam, Bergamot (Citrus bergamia Risso) flavonoids and their potential
benefits in human hyperlipidemia and atherosclerosis: an overview, Mini Rev. Med.
Chem. 16 (8) (2016) 619-629, https://doi.org/10.2174/
13895575156661507091102
Y. Nogata, K. Sakamoto, H. Shiratsuchi, T. Ishii, M. Yano, H. Ohta, Flavonoid
composition of fruit tissues of citrus species, Biosci., Biotechnol., Biochem. 70 (1)
(2006) 178-192, https://doi.org/10.1271/bbb.70.178.

F. Siano, G. Picariello, D. Castaldo, D. Cautela, T. Caruso, E. Vasca, Monitoring
antioxidants by coulometry: quantitative assessment of the strikingly high anti-
oxidant capacity of bergamot (Citrus bergamia R.) by-products, 123765-123774,
Talanta 251 (2023), https 0i.0rg/10.1016/j.talanta.2022.123765.

J. Zacarfas-Garcfa, F. Rey, J.V. Gil, M.J. Rodrigo, L. Zacarfas, Antioxidant capacity
in fruit of Citrus cultivars with marked differences in pulp coloration: contribution
of carotenoids and vitamin C, Food Sci. Technol. Int. 27 (3) (2021) 210-222,
https://doi.org/10.1177/1082013220944018.

V. Mollace, M. Scicchitano, S. Paone, F. Casale, C. Calandruccio, M. Gliozzi,

V. Musolino, C. Carresi, J. Maiuolo, S. Nucera, A. Riva, P. Allegrini, M. Ronchi,
G. Petrangolini, E. Bombardelli, Hypoglycemic and hypolipemic effects of a new
lecithin formulation of bergamot polyphenolic fraction: a double blind, rando-
mized, placebo-controlled study, Endocr., Metab. Inmune Disord. -Drug Targets
(Former. Curr. Drug Targets-Immune, Endocr. Metab. Disord. 19 (2) (2019)
136-143, https://doi.org/10.2174/1871530319666181203151513.

M.A. Alam, N. Subhan, M.M. Rahman S. J Uddin, H M Reza, S.D. Sarker, Effect of
citrus flavonoids, naringin and nari on synd and their me-
chanisms of action, Adv. Nutr. 5 (4) (2014) 404-417, https://doi.org/10.3945/an.
113.005603.

G. Baron, A. Altomare, M. Mol, J.L. Garcia, C. Correa, A. Raucci, L. Mancinelli,

S. Mazzotta, L. Fumagalli, G. Trunfio, L. Tucci, E. Lombardo, D. Malara, E. Janda,
V. Mollace, M. Carini, E. Bombardelli, G. Aldini, Analytical profile and antioxidant
and anti-inflammatory activities of the enriched polyphenol fractions isolated from
bergamot fruit and leave, Antioxidants 10 (2) (2021) 141-167, https://doi.org/10.
3390/antiox10020141.

E. Herrera-Pool, A.L. Ramos-Dfaz, M.A. Lizardi-Jiménez, S. Pech-Cohuo, T. Ayora-
Talavera, J.C. Cuevas-Bernardino, ... N. Pacheco, Effect of solvent polarity on the
Ultrasound Assisted extraction and antioxidant activity of phenolic compounds
from habanero pepper leaves (Capsicum chinense) and its identification by UPLC-
PDA-ESI-MS/MS, Ultrason. Sonochem. 76 (2021) 105658, https://doi.org/10.
1016/j.ultsonch.2021.105658.

M.A. Alam, K. Kauter, L. Brown, Naringin improves diet-induced cardiovascular
dysfunction and obesity in high carbohydrate, high fat diet-fed rats, Nutrients 5 (3)
(2013) 637-650, https://doi.org/10.3390/nu5030637.

N.S. Bryan, Nitric oxide deficiency is a primary driver of hypertension, 115325-115334,
Biochem. Pharmacol. 206 (2022), https://doi.org/10.1016/j.bcp.2022.115325.

J. Duarte, V. Francisco, F. Perez-Vizcaino, Modulation of nitric oxide by flavonoids,
Food Funct. 5 (8) (2014) 16531668, https://doi.org/10.1039/C4FO00144C.

C. Szabé, H. Ischiropoulos, R. Radi, Peroxynitrite: biochemistry, pathophysiology
and development of therapeutics, Nat. Rev. Drug Discov. 6 (8) (2007) 662-680,
https://doi.org/10.1038/nrd2222.

J. Amengual, Bioactive properties of carotenoids in human health, Nutrients 11 (10)
(2019) 2388-2394, https://doi.org/10.3390/nul1102388.

W. Xia, N. Tang, H. Kord-Varkaneh, T.Y. Low, S.C. Tan, X. Wu, Y. Zhu, The effects of
astaxanthin supplementation on obesity, blood pressure, CRP, glycemic biomarkers,
and lipid profile: a meta-analysis of randomized controlled trials, Pharmacol. Res.
161 (2020) 105113, https://doi.org/10.1016/j.phrs.2020.105113.

N.S. Mashhadi, M. Zakerkish, J. Mohammadiasl, M. Zarei, M. Mohammadshahi,
M.H. Haghighizadeh, Astaxanthin improves glucose metabolism and reduces blood
pressure in patients with type 2 diabetes mellitus, Asia Pac. J. Clin. Nutr. 27 (2)
(2018) 341-346, https://doi.org/10.6133/apjen.052017.11.

N. Sinha, P. Kumar Dabla, Oxidative stress and antioxidants in hypertension-a
current review, Curr. Hypertens. Rev. 11 (2) (2015) 132-142, https://doi.org/10.
2174/1573402111666150529130922.

S. Condello, M. Currd, N. Ferlazzo, D. Caccamo, J. Satriano, R. Ientile, Agmatine effects
on mitochondrial membrane potential andNF-xB activation protect against rotenone-
induced cell damage in human neuronal-like SH-SYSY cells, J. Neurochem. 116 (1)
(2011) 67-75, https://doi.org/10.1111/j.1471-4159.2010.07085.x.

M. Moretti, V.B. Neis, F.C. Matheus, M.P. Cunha, P.B. Rosa, C.M. Ribeiro,

A.L.S. Rodrigues, R.D. Prediger, Effects of agmatine on depressive-like behavior
induced by intracerebroventricular administration of 1-methyl-4-phenylpyridinium
(MPP +), Neurotox. Res. 28 (2015) 222-231, https://doi.org/10.1007/512640-015-
9540-1.




M.AF. Belin, J.S. Siqueira, T.A. Vieira et al

[48]

[49]

[50]

[51]

[52]

[53]

[54

=

[55

B. Strasser, J.M. Gostner, D. Fuchs, Mood, food, and cognition: role of tryptophan
and serotonin, Curr. Opin. Clin. Nutr. Metab. Care 19 (1) (2016) 55-61, https://doi.
org/10.1097/MCO.0000000000000237.

K.A. Van Galen, KW. Ter Horst, J. Booij, S.E. la Fleur, M.J. Serlie, The role of
central dopamine and serotonin in human obesity: lessons learned from molecular
neuroimaging studies, Metabolism 85 (2018) 325-339, https://doi.org/10.1016/j.
metabol.2017.09.007.

M.S. Diamante, C.V. Borges, M.B. da Silva, 1.0. Minatel, C.R. Corréa, H.A. Gomez
Gomez, G.P.P. Lima, Bioactive amines screening in four genotypes of thermally
processed cauliflower, Antioxidants 8 (8) (2019) 311-326, https://doi.org/10.
3390/antiox8080311.

C. Ruiz-Capillas, A.M. Herrero, Impact of biogenic amines on food quality and
safety, Foods 8 (2) (2019) 62-92, https://doi.org/10.3390/fo0ds8020062.

T.A. Cookson, Bacterial-induced blood pressure reduction: mechanisms for the
treatment of hypertension via the gut, 721393-721406, Front. Cardiovasc. Med. 8
(2021), https://doi.org/10.3389/fcvm.2021.721393.

M. Gagic, E. Jamroz, S. Krizkova, V. Milosavljevic, P. Kopel, V. Adam, Current
trends in detection of histamine in food and beverages, J. Agric. Food Chem. 67 (3)
(2018) 773-783, https://doi.org/10.1021/acs.jafc.8b05515.

A. Durak-Dados, M. Michalski, J. Osek, Histamine and other biogenic amines in food, J.
Vet. Res. 64 (2) (2020) 281-288, https://doi.org/10.2478/jvetres-2020-0029.

P. Paulsen, R. Grossgut, F. Bauer, E. Rauscher-Gabernig, Estimates of maximum
tolerable levels of tyramine content in foods in Austria, J. Food Nutr. Res. 51 (1)
(2012) 52-59 <https://web.s.ebscohost.com/ehost/detail/detail?vid=0&sid =
990d44de-dc4d-40£3-9¢52-ae8f35945e3b%40redis&bdata =

Jmxhbmc9cHQtYnImc 210ZT11aG9zdClsaXZI# AN =73755717&db= aph>.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

79

Pharmacological Research - Natural Products 2 (2024) 100022

B. Del Rio, B. Redruello, M. Fernandez, M.C. Martin, V. Ladero, M.A. Alvarez, The
biogenic amine tryptamine, unlike p-phenylethylamine, shows in vitro cytotoxicity
at concentrations that have been found in foods, 127303-127320, Food Chem. 331
(2020), https://doi.org/10.1016/j.foodchem.2020.127303.

D. Ly, K. Kang, J.Y. Choi, A. Ishihara, K. Back, S.G. Lee, HPLC analysis of serotonin,
tryptamine, tyramine, and the hydroxycinnamic acid amides of serotonin and tyr-
amine in food vegetables, J. Med. Food 11 (2) (2008) 385-389, https://doi.org/10.
1089/jmf.2007.514.

V. Ladero, D.M. Linares, M. Pérez, B. Del Rio, M. Fernandez, M.A. Alvarez, Biogenic
amines in dairy products, Microb. Toxins Dairy Prod. (2017) 94-131, htips://doi.
org/10.1002/9781118823095.ch4.

H.P. Til, H.E. Falke, M.K. Prinsen, M.1. Willems, Acute and subacute toxicity of
tyramine, spermidine, spermine, putrescine and cadaverine in rats, Food Chem.
Toxicol. 35 (3-4) (1997) 337-348, https://doi.org/10.1016/S0278-6915(97)
00121-X.

EFSA Panel on Biological Hazards (BIOHAZ, Scientific opinion on risk based control
of biogenic amine formation in fermented foods, EFSA J. 9 (10) (2011) 2393-2486,
https://doi.org/10.2903/j.efsa.2011.2393.

W. Wéjcik, M. Lukasiewicz, K. Puppel, Biogenic amines: formation, action and
toxicity-a review, J. Sci. Food Agric. v. 101, (n. 7) (2021) 2634-2640, https://doi.
org/10.1002/jsfa.10928.

A.E. Pegg, Toxicity of polyamines and their metabolic products, Chem. Res. Toxicol.
26 (12) (2013) 1782-1800, https://doi.org/10.1021 /tx400316s.

E. Larqué, M. Sabater-Molina, S. Zamora, Biological significance of dietary poly-
amines, Nutrition 23 (1) (2007) 87-95, https://doi.org/10.1016/j.nut.2006.09.
006.



80

Capitulo 3. Artigo cientifico 2

(Apresentado nas normas para submissao

a revista Free Radical Biology and Medicine)



81

Title: Bergamot supplementation prevents cardiac dysfunction and remodeling in
obese rats

Matheus AF Belin', Taynara A Vieiral, Nbia A Grandini', Juliana S Siqueiral,
Thiago LN Palacio?, Erika T Nakandakare-Maia®, Anderson SS Fujimoril,
Jordanna Cruzeiro!, Luis E Sormani', Dijon HS Campos!, Silmeia GZ Bazan?,
Bertha F Polegato?, Giuseppina PP Lima?, Giancarlo Aldini®, Camila R Correa®*.

*Corresponding author: camila.camacho@unesp.br

!Department of Pathology, Medical School, Sao Paulo State University (Unesp),
Botucatu 18618-687, Brazil

2Department of Chemical and Biological Sciences, Institute of Biosciences, Sao
Paulo State University (Unesp), Botucatu 18618-970, Brazil

3Department of Pharmaceutical Sciences, University of Milan, Via Mangiagalli

25, 20133 Milan, Italy

Graphical Abstract

”‘)—

\(_'T'_'f

-—l

Cardiac Oxidative stress

l

9 .
’ >—-—-—-—-¢: et
=% ko .§ “.§
Obesny é" £... §-m. Bergamot
Protein and lipid oxidation by-preduet
Cardiac dysfunction
and remodeling '



mailto:camila.camacho@unesp.br

82

Highlights:

- Obesity decreases cardiac activation of Nrf2

- Obesity increases cardiac inflammation and oxidative stress

- Obesity generates cardiac dysfunction and remodeling

- Bergamot supplementation improves the cardiac antioxidant capacity in obese
rats

- Bergamot supplementation prevents cardiac inflammation, lipid, and protein
oxidation in obese rats

- Bergamot supplementation prevents cardiac dysfunction and remodeling in
obese rats

- Bergamot supplementation decreases cardiac inflammation in healthy rats

Abbreviations
- Control = C; Bergamot = B; Obese = O.
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Abstract

Introduction: Obesity generates a pro-inflammatory scenario and systemic
oxidative stress, triggering cardiac remodeling and dysfunction. Bergamot (B) is
rich in bioactive compounds with antioxidant and anti-inflammatory potential.
This study aimed to evaluate the effect of bergamot supplementation on the
development of cardiac remodeling and dysfunction in obese rats. Material and
Methods: 48 Wistar rats were equally allocated into 4 groups: control (C), C+B,
obese (0), and O+B. Obesity was diet-induced. Bergamot was administrated by
gavage (250 mg/Kg/d) for 20 weeks. Was performed a Doppler Echocardiography
study, the analysis of Nuclear Factor Kappa B (NFKB), NFKB-Phosphorylated
(NFKB-P), NF-E2-Related Factor 2 (NRF2), and Kelch-like ECH-Associated
Protein 1 (KEAP 1) expression by Western Blotting, cardiac inflammatory
(Interleukins: IL-6, IL-10, and tumor necrosis factor-alpha: TNF-a) and oxidative
stress markers (Malondialdehyde-MDA, protein carbonylation-PC, and Ferric
Reducing Antioxidant Power-FRAP). Results: The O group developed cardiac
remodeling and dysfunction and had a decreased activation of NRF2 (p=0.031),
and higher levels of IL-10 (p=0.016), TNF-a (p=0.009), MDA (p=0.024), and PC
(p<0.001), and lower antioxidant capacity by FRAP (p<0.001). Bergamot
supplementation prevented the development of cardiac remodeling and
dysfunction in obese animals by modulating the production of inflammatory
cytokines: 1L-10 (p=0.008), TNF-a (p=0.013), MDA (p=0.038), and oxidative
stress indicators: PC (p<0.001) and FRAP (p<0.001). Conclusion: Bergamot
supplementation has myocardial antioxidant and anti-inflammatory properties and

was able to prevent cardiac remodeling and dysfunction in obese rats.

Keywords: obesity, inflammation, oxidative stress, Citrus bergamia, antioxidant

capacity, protein carbonylation, malondialdehyde.
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Introduction

Obesity has been a growing disease since 1970 and will affect more than
30% of the population in 2030, that is, more than 2.5 billion people (Coker et al.,
2023). This disease deregulates metabolism, increases oxidative stress, and
systemic inflammation, and generates systemic diseases, such as cardiac
remodeling and dysfunction (Tutor et al., 2023), markers of heart disease (HD),
which kills the most (Gaidai et al., 2023). Strategies are needed to treat and combat
HD.

Citrus fruits and their bioactive compounds have shown promising results
against HD. The phenolic compounds and flavonoids in citrus can act on metabolic
changes, oxidative stress, and inflammation generated by obesity and reduce the
occurrence and/or severity of systemic diseases caused by obesity, such as HD
(Ahmed et al., 2021; Zhou et al., 2021; Minami et al., 2023; Samanta et al., 2023).

Bergamot (Citrus bergamia) is a source of phenolic compounds, such as
flavonoids, and biogenic amines, both with antioxidant potential (Belin et al.,
2024). This fruit has already demonstrated in vitro effects of inhibiting the
expression of Nuclear Factor Kappa B (NFKB), related to increased inflammation;
and increased expression of NF-E2-Related Factor 2 (NRF2), related to increased
anti-inflammatory response (Baron et al., 2021). Additionally, Vedova et al.,
(2023) showed that bergamot promotes a reduction in some parameters of the
metabolic syndrome such as triglycerides, systemic blood pressure, and insulin
resistance in addition to reducing body fat (Della Vedova et al., 2023). However,
the effect of bergamot on the heart’s expression of these proteins has not yet been
studied.

Knowing the antioxidant and anti-inflammatory potential of bergamot, and
the need to control oxidative stress and inflammation related to HD generated by
obesity, this study aims to evaluate the effect of bergamot supplementation on the

development of cardiac remodeling and dysfunction in obese rats.

Material and Methods
Bergamot supplement

Bergamot supplement (commercial name EndoBerg®) was produced at an
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industrial level by AKHYNEX srl, (Polistena, RC, Italy). Bergamot supplement
has polyphenols, flavonoids, and biogenic amines (Baron et al., 2021; Belin et al.,
2024).

Obesity induction and experimental protocol

Obesity (Figure 1) was induced by a high-sugar fat diet (HSF), as
previously described by our group (Garcia et al., 2022; Siqueira et al., 2023;
Nakandakare-Maia et al., 2023; Belin et al., 2024). The obese animals had more
than twice the body fat of the control group animals (p<0.001) (Fig. 1). The
experiments and procedures were approved by the Animal Ethics Committee of
the Faculty of Medicine of Botucatu (protocol number CEUA-1137). They were
performed under the International Guiding Principles for Biomedical Research
Involving Animals, as issued by the Council for the International Organizations of
Medical Sciences. Male Wistar rats (£190 g) obtained from the Animal Center of
Botucatu Medical School, Sao Paulo State University (UNESP, Botucatu, SP,
Brazil) were randomly distributed into four groups (n=12 per group): control (C),
control supplemented with bergamot (C+B), obese (O), and obese supplemented
with bergamot (O+B) for 20 weeks. Bergamot was administered by gavage (250
mg/Kg/day), as showed by other study (Belin et al., 2024). The animals were
housed in individual cages under controlled temperature (22+3 C), luminosity
(12 h light/ dark cycle), and humidity (60+5%) and received diets and water
ad libitum. After intraperitoneal anesthesia with sodium thiopental 150 mg/kg, the
animals were euthanized, and the left ventricle (LV) was collected, frozen with

liquid nitrogen, and stored at -80°C for analysis.
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Figure 1. Obesity induced in male Wistar rats.
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*Data are expressed as mean * standard deviation. Comparison by two-way
ANOVA with Tukey’s post hoc (p<0.05). (n = 48; 12 / group). C: control; B:
bergamot; O: obese.

Doppler Echocardiography study

Doppler echocardiographic evaluation was performed by a single examiner
using commercially available echocardiography (General Electric Medical
Systems, Vivid S6, Tirat Carmel, Israel) equipped with a 5-11.5 MHz
multifrequency ultrasonic transducer.

Animals were anesthetized with ketamine (50 mg/kg, i.p.) and xylazine
hydrochloride (1 mg/kg, i.p.). After the anterior chest region trichotomy, the
animals were placed in slight left lateral decubitus for the exam. The equipment
used was model Vivid S6 (General Electric Medical Systems, Tirat Carmel, Israel)
with a multifrequency ultrasonic transducer 5.0-11.5 MHz. To implement
structural measurements of the heart, the images were obtained in one-dimensional
mode (M-mode) guided by the images in two-dimensional mode with the
transducer in the parasternal position, minor axis. LV evaluation was performed
by positioning the cursor M-mode just below the mitral valve plane at the level of
the papillary muscles. The images of the aorta and left atrium were obtained by
positioning the M-mode course to plan the level of the aortic valve.

The cardiac morphology was analyzed through left ventricle diastolic
diameter (LVDD); left ventricle systolic diameter (LVSD); Left Ventricular Mass
(LVM); Left ventricular relative thickness (LVRT); Left ventricular mass index
(LVMI); diastolic thickness of the interventricular septum (IST); diastolic
posterior wall thickness (PWT); left atrium diameter (LA); LA/AO ratio. The
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cardiac function was assessed by heart rate; left ventricle posterior wall shortening
velocity (PWSV); ejection fraction (EF); cardiac output (CO); cardiac index (CI);
early and late diastolic mitral inflow velocities ratio (E/A ratio); Doppler systolic
displacement of the mitral annulus (S’) (average of septal and lateral walls);
Doppler early diastolic displacement of the mitral annulus (E'), and Doppler late
diastolic displacement of the mitral annulus (A") (average of septal and lateral
walls); E/E” ratio, and E’/A’ ratio.

Western Blotting analysis

LV tissue (100 mg) was homogenized in RIPA buffer and centrifuged.
Supernatants were collected and total protein was quantified by the Bradford
method (1976). Western blotting was performed in acrylamide gels and proteins
were transferred to nitrocellulose membranes, which were incubated in 5%
skimmed milk. Then, membranes were incubated with primary antibodies NFKB,
NFKB-P, NRF2, and KEAP1 (SC-8008, Santa Cruz Biotechnology Inc., Dallas,
TX, USA; SC-136548, Santa Cruz Biotechnology Inc., Dallas, TX, USA; SC-722,
Santa Cruz Biotechnology Inc., Dallas, TX, USA; E-AB-60460, Elabscience
Biotechnology Inc., Houston, TX, USA, respectively) for 16 h, and then incubated
with secondary antibodies. Antibody anti-Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (SC-32233, Santa Cruz Biotechnology Inc., Dallas, TX,
USA) was used for normalization. To delimitate the NFKB and NRF2 activation,
the expression ratios NFKB/NFKB-P and NRF2/KEAP1 were calculated.

RedOx/Inflammatory parameters in cardiac tissue

Tissue preparation

The LV samples were homogenized in phosphate-buffered saline (PBS) pH
7.4 (1:10; w/v) using a bead beater homogenizer (Bullet Blender®, Next Advance,
Inc., NY, USA). The homogenates were centrifuged at 800xg for 10 min at 4 °C
(Eppendorf® Centrifuge 5804- R, Hamburg, Germany), and the supernatant was
obtained to measure the inflammatory and oxidative stress markers. The Bradford

(1976) method was used to determine the total protein content.
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Inflammatory markers

The inflammatory markers, interleukin-10 (IL-10), IL-6, and tumor
necrosis factor-alpha (TNF-a), were assessed using the ELISA method using
commercial kits (Rat IL-10 DuoSet ELISA, DY522; Rat IL-6 DuoSet ELISA,
DY506; Rat TNF-alpha DuoSet ELISA, DY510; R&D System, Minneapolis, MN,
USA).

Oxidative stress markers

For Malondialdehyde (MDA) quantification, thiobarbituric acid (TBA)
(0.67% wi/v) in proportion (1: 1) was added to the supernatant and heated for 45
min in a water bath at 100 °C. MDA reacted with TBA in a 1:2 MDA-TBA ratio
and after cooling, reading was performed at 532 and 600 nm with a Spectra Max
190 microplate reader (Molecular DevicesVR, Sunnyvale, CA, USA). The

concentration of MDA was obtained through the molar extinction coefficient (1.56
x 105 M1 .cm™) and the absorbances of cardiac tissue, and the result was expressed
in nmol/mg (Uchiyama and Mihara, 1978). Protein carbonyl content analysis was
performed by a non-specific method that uses DNPH (2,4-dinitro-phenylhydrazine
derivatizing agent) and photometric detection of any protein modified by
carbonylation (Mesquita et al., 2014). Protein carbonylation (PC) levels are
expressed in nmol of DNPH/mg of protein. The Ferric Reducing Antioxidant
Power FRAP was adapted from Benzie & Strain (1996) to evaluate the antioxidant
capacity to reduce iron. After the reaction with the fresh FRAP reagent (FeClI3 20
nmol/L, acetate buffer 0.3 mol/L and 2,4,6-Tri(2-pyridyl)-s-triazine 10 mmol/L),

the results are expressed in nmol Fe/L.

Statistical analysis

Data are presented as mean = standard deviation or median (interquartile
range). Two-way ANOVA determined differences between the groups with
Tukey’s post-hoc test or Kruskal-Wallis with Dunn’s post-hoc test. Statistical
analyses were performed using SigmaStat for Windows Version 3.5. (Systat
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Software, Inc., San Jose, CA, USA). A p-value < 0.05 was considered statistically

significant.

Results
Doppler Echocardiography study

The Doppler echocardiography is presented in Table 1. The obese animals
developed cardiac remodeling, by increased LVSD, LVM, LVRT, LVMI, IST,
PWT, LA, LA/AO, and dysfunction, by increased A' and E/E’ ratio, and by
decreased PWSV, EF, CO, CI, E/A ratio, S', E', E/A' ratio. Bergamot
supplementation prevented the development of cardiac remodeling and
dysfunction in obese animals.

Table 1. Doppler echocardiography of obese rats supplemented with bergamot.

. Groups

Variable c C+B o 0+B

Heart rate (bpm) 290 £51 286 £ 50 272 £ 60 303 £52

Morphological LVDD (mm) 7.08 £ 0.48 7.17 £0.36 6.80 £ 0.47 7.19 +0.38°
LVSD (mm) 2.73+0.14 2.78 +0.20 3.06 +0.31° 2.86 +0.11°
LVM () 0.70 + 0.09 0.74 +0.07 0.94 +0.14% 0.75 +0.08°
LVRT (mm) 0.42 +0.03 0.42 +0.02 0.57 + 0.05° 0.43 +0.03°
LVMI (g/g) 1.49 +£0.21 1.59 +£0.28 1.80 +0.32? 1.47 £0.17°
IST (mm)* 1.52(1.50-1.53) 1.53(1.53-1.59) 2.00(1.88-2.04)*  1.53(1.53-1.55)"
PWT (mm) 1.49 +0.06 1.52 +£0.03 1.92 +£0.12? 1.55 + 0.06"
LA (mm) 464 +0.14 4.67+0.27 5.56 + 0.24 4.71+0.14°
LA/AO 1.23 +£0.07 1.23 +£0.08 1.42 + 0.09? 1.23£0.07°

Functional PWSV (mm/s) 83.8+4.6 81.4+4.3 67.2 + 6.3 85.5 + 4.9
EF (%) 0.94 +0.02 0.94 +0.01 0.91 +0.022 0.94 +0.01°
CO (L/min) 99.5 + 28.9 100.6 + 27.1 782+ 2.3 105.5 + 20.2°
CI (L/min/m?) 212 + 66 217 + 64 150 + 482 209 + 45°
E/A ratio (cm/s) 1.77 £ 0.27 1.81 +0.53 1.28 £ 0.46° 1.68 + 0.34°
S' (cm/s) 5.69 + 0.32 5.74 +0.47 5.13 + 0.20°% 5.73+0.37°
E' (cm/s) 5.39 +0.36 5.39 + 0.46 3.22 +0.33 5.44 +0.43°
A' (cm/s) 3.45+0.30 3.28+0.18 4.93+0.43? 3.47 +0.37°
E/E’ ratio* 11.8(10.6-12.4) 11.9(11.1-13.1) 18.6(15.8-19.9)*  11.7(10.5-12.7)°
E'/A' ratio 1.56 +0.07 1.64 + 0.09° 0.66 + 0.07° 1.57 +0.11"

C =Control; B = Bergamot; O = Obese. LVSD: left ventricle systolic diameter; LVM: Left Ventricular Mass;
LVRT: Left ventricular relative thickness; LVMI: Left ventricular mass index; IST: diastolic thickness of
the interventricular septum; PWT: diastolic posterior wall thickness; LA: left atrium diameter; AO: aorta
diameter; PWSV: left ventricle posterior wall shortening velocity; EF: ejection fraction; CO: cardiac output;
Cl: cardiac index; E wave: early diastolic mitral inflow velocity; A wave: late diastolic mitral inflow
velocity. S': Doppler systolic displacement of the mitral annulus; E'": Doppler early diastolic displacement of
the mitral annulus; A": Doppler late diastolic displacement of the mitral annulus. Data presented as mean +
standard deviation or median with interquartile range (*) and submitted to Two-way ANOVA with Tukey's
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post hoc or Kruskal-Wallis with Dunn’s post-hoc test (p<0.05). (n = 48; 12/ group).a=CvsO; b=0vs O
+B;c=CvsC+B;d=C+BvsO+B.

Protein expression
- NFKB and NFKB-Phosphorylated

The cardiac NFKB and NFKB-P expression normalized by GAPDH by
Western blot, and the NFKB/NFKB-P expression ratio are presented in Figure 2.

Even obesity or bergamot did not influence the expression of these proteins.

Figure 2. Cardiac NFKB and NFKB-P expression, normalized by GAPDH, by Western blot, and

NFKB/NFKB-P expression ratio in cardiac tissue of obese rats supplemented with bergamot.
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*NFKB: Nuclear Factor Kappa B; NFKB-P: Phosphorylated-Nuclear Factor Kappa B; GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase; C: control; B: bergamot; O: obese. Data presented as mean
+ standard deviation or median with interquartile range (*) and submitted to Two-way ANOVA with

Tukey's post hoc or Kruskal-Wallis with Dunn’s post-hoc test (p<0.05). (n = 48; 12 / group).
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- NRF 2 and KEAP 1

The cardiac NRF2 and KEAP1 expression, normalized by GAPDH by
Western blot and NRF2/KEAP1 expression ratio in Figure 3. Obesity decreases
the activation of NRF2, decreasing the production of antioxidant defense.

Bergamot did not influence the expression of these proteins.

Figure 3. Cardiac NRF2 and KEAP1 expression, normalized by GAPDH, by Western blot and NRF2/
KEAPL1 expression ratio in cardiac tissue of obese rats supplemented with bergamot.
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*NRF2: NF-E2-Related Factor 2; KEAP1: Kelch-like ECH-Associated Protein 1; GAPDH: Glyceraldehyde
3-phosphate dehydrogenase; C: control; B: bergamot; O: obese. Data presented as mean + standard deviation
or median with interquartile range (*) and submitted to Two-way ANOVA with Tukey's post hoc or Kruskal-

Wallis with Dunn’s post-hoc test (p<0.05). (n = 48; 12 / group).



92

Cardiac inflammatory markers
The cardiac inflammatory markers are present in Figure 4. The control

animals that received bergamot supplementation had decreased levels of IL-6 when
compared to control animals and obese animals with bergamot supplementation.
Obesity promoted an increase in the inflammatory cytokines TNF-q, and IL-10,

but bergamot supplementation prevented this increase.

Figure 4. Cardiac inflammatory markers in cardiac tissue of obese rats supplemented with bergamot.
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group). IL: interleukin; TNF-a: tumor necrosis factor-alpha. C: control; B: bergamot; O: obese.

Cardiac oxidative stress markers
Cardiac oxidative stress markers are shown in Figure 5. The obese animals

had increased levels of lipid peroxidation, by MDA, and PC, and had a decreased
antioxidant capacity by FRAP. The supplementation with bergamot prevented the
increase in MDA and PC and increased the antioxidant capacity by FRAP, then

preventing the cardiac oxidative stress.
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Figure 5. Cardiac oxidative stress markers in cardiac tissue of obese rats supplemented with bergamot.
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Discussion
This study aimed to evaluate the effect of bergamot supplementation on

developing cardiac remodeling and dysfunction in obese rats. Most clinical studies
with obesity and cardiac changes can easily show cardiac dysfunction. However,
it is difficult to study the mechanisms involved and carry out interventions,
therefore, preclinical studies are necessary. In preclinical studies, the majority do
not have this characteristic, that is, pre-clinical obesity models in which
remodeling and cardiac dysfunction are possible to be generated, or even improve
cardiac function (Oliveira Junior et al., 2013; Vileigas et al., 2021). This is because
obesity was induced in our study through diet, and we did not use animals with
genetic predisposition/knockout. Here, obesity was induced through the HSF diet,
that is, a Western standard, composed mainly of simple sugar (fructose and
sucrose) and saturated fat, which is more efficient in causing cardiac aggression
(Garcia et al., 2022; Kaur et al., 2022; Francisqueti-Ferron et al., 2023; Teicholz,
2023), therefore, it is the appropriate model for pre-clinical studies because it is
identical to the dietary pattern of obese humans.

The results demonstrated, through echocardiography, that obese animals
receiving bergamot did not develop cardiac remodeling and dysfunction. These
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results of cardioprotection in obesity are in line with the cardioprotective effect of
bergamot against diabetic cardiomyopathy and toxicity by doxorubicin (Maiuolo
et al., 2021; Algieri et al., 2022) and with the protection with bergamot leaves
(Siqueira et al., 2024). The term “cardiac remodeling” is defined as a group of
molecular, cellular, and interstitial changes that clinically manifest as changes in
size, shape, and function of the heart resulting from cardiac injury. The clinical
diagnosis of remodeling is based on the detection of morphological changes —
changes in the cavity diameter, mass (hypertrophy and atrophy), geometry (heart
wall thickness and shape), fibrosis, and inflammatory infiltrate (e.g in myocarditis)
(Azevedo et al., 2015). Cardiac dysfunction is the main consequence of
pathological cardiac remodeling, which occurs according to the intensity and
duration of aggression. This interaction starts with genetic changes in response to
cardiac aggression, with re-expression of fetal genes and, consequently, molecular,
cellular, and morphological changes occur, resulting in progressive loss of
ventricular function, initially asymptomatic, which can evolve into signs and
symptoms of heart failure (Azevedo et al., 2015).

Studies have shown that one of the pathophysiological mechanisms for
cardiac remodeling in obesity is oxidative stress and inflammation (Aimo et al.,
2020), as in our study. Oxidative stress is triggered by the increase in reactive
oxygen species by the activation of NADPH oxidase, increased catecholamine
degradation, increased xanthine oxidase, mitochondrial dysfunction, decreased
antioxidant systems, having, therefore, lipid peroxidation, protein oxidation, DNA
damage, cell dysfunction, fibroblast proliferation, metalloproteinase activation,
increased apoptosis, and increased signaling pathways to hypertrophy.
Additionally, inflammation occurs through adaptive response dysfunction, having
consequently increased inflammatory cytokines, such as TNF-a, and macrophage,
T cell, and B cell dysfunction (Azevedo et al., 2015). These two
pathophysiological pillars of cardiac remodeling, inflammation, and stress
oxidative, can be controlled by nuclear factors such as NFKB; and NRF2
(Kruszewska et al., 2022).

The results of oxidative stress and inflammation evaluated in this work
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show that bergamot prevented oxidative stress and TNF-a in the myocardium of
animals in the O+B group. These data lead us to attribute that the prevention of
cardiac dysfunction and remodeling may be associated with these factors, as the
MDA formation may also be a marker of the development of cardiac remodeling,
due to the shift in the metabolism of this organ (Jiménez-Gonzalez et al., 2020).
Our data agree with Maiuolo et al. (2021), where bergamot polyphenols reduced
MDA formation in heart tissue and decreased cardiac dysfunction. The increase in
protein oxidation in cardiac tissue can harm the entire structure and function of this
organ, since both contractile proteins, calcium transport proteins, and extracellular
matrix proteins must be intact and not oxidized, avoiding fibrosis and loss of
function (Da Dalt et al., 2023). The oxidation of these structures can also generate
cell death and activate the immune response, increasing inflammation, as seen in
TNF-a and IL-10. When obese animals were given bergamot, cardiac remodeling,
and dysfunction did not develop. Similar results to those were found when
administering citrus fruits in a cardiotoxicity model (Ribeiro et al., 2021). It was
seen that the structural and functional changes resulting from obesity were not
developed with bergamot supplementation. Bergamot supplementation, due to its
bioactive compounds, such as phenolics, flavonoids, and antioxidant biogenic
amines (Belin et al., 2024), was able to directly modulate the response to oxidative
stress, elevation of TNF- o and IL-10 resulting from obesity, even without altering
the expression of NFKB and NRF2, demonstrating possible direct and local action
of bergamot bioactive compounds on the protein and lipid structures of cardiac
tissue (Samtiya et al., 2021; Maiuolo et al., 2021). This information is in line with
our results since we found no influence of bergamot on the protein expression of
the transcriptional factors NFkB and NRF-2. In addition, Bergamot can reduce
mitochondrial dysfunction and sarcoplasmic reticulum stress (Maiuolo et al.,
2021) in heart disease, and can regulate the cell metabolism in heart tissue-
challenged (Algieri et al., 2021). The pro-inflammatory role of TNF-alpha is well
recognized, but there may be some confusion regarding the role of IL-10. The
increase in pro-inflammatory TNF-alpha, concomitant with the increase in anti-

inflammatory 1L-10, may signify the body's response to inflammation. 1L-10 is
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secreted by M2 profile macrophages and is defined as an anti-inflammatory
cytokine and a potent inhibitor of pro-inflammatory cytokines, which may be
important for recovery after cardiac injuries (Jung et al., 2017). Despite this, the
induction of IL-10 often occurs at the same time as the induction of pro-
inflammatory cytokines, although the pathways that induce IL-10 can negatively
regulate these pro-inflammatory cytokines (Saraiva & O'garra, 2010). The
literature reports that 1L-10 plays an irreplaceable role in the negative regulation
of inflammation, mainly through a mechanism that selectively blocks the
expression of pro-inflammatory genes that encode cytokines, chemokines, cell
surface molecules, and other molecules involved. in propagation. of inflammation
(Murray, 2006). Therefore, our data demonstrate an increase in cardiac
inflammation resulting from obesity and the prevention of this increase in animals
that received bergamot.

Unlike what was observed with TNF-alpha and IL-10, obesity did not
increase IL-6 levels. Bergamot supplementation also did not influence IL-6 levels
in obese animals but reduced its levels in C+B animals, control/healthy, without
obesity, and the pro-inflammatory and oxidative stress environment generated by
it. Obesity may not alter IL-6 levels, a pro-inflammatory cytokine. Obesity is
associated with a chronic low-grade inflammatory state, with increased production
of TNF-alpha in both adipose tissue and the heart, contributing to the development
of insulin resistance, endothelial dysfunction, cardiac remodeling, inflammation,
cardiomyocyte apoptosis, and development of fibrosis resulting in cardiac
dysfunction (Azevedo et al., 2015; Tutor et al., 2023). In this scenario, in contrast
to inflammation, the production of IL-10, an anti-inflammatory cytokine, is
increased to limit tissue damage and modulate the immune response. This process
is recognized as an attempt by the body to counterbalance the inflammation
promoted by TNF-alpha and other pro-inflammatory cytokines (Murray, 2006;
Saraiva & O'garra, 2010). Divergently, IL-6 production may be more variable and
dependent on factors specific to the cell type and tissue microenvironment. In some
contexts, IL-6 may not be as prominently regulated as TNF-alpha (McElvaney et

al., 2021). Furthermore, IL-6 can be regulated differently depending on the type of
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stress or injury (McElvaney et al., 2021), such as, in this case, injury by obesity
(Wueest & Konrad, 2020). In this sense, obesity and cardiovascular disease can
create a specific inflammatory microenvironment in the heart, where TNF-alpha is
more predominantly increased than IL-6. This may be due to the cellular origin of
the cytokines, or the nature of the inflammatory cells present (Sun et al., 2021).
For example, IL-6 coordinates humoral responses, while TNFa. is responsible for
cellular responses (Amin et al., 2020). There may still be differences in
intracellular signaling. The intracellular signaling pathways activated by TNF-
alpha and IL-10 may differ from those activated by IL-6. Depending on the cell
type and physiological state, signaling via IL-6 may not be as active as the TNF-
alpha-mediated and IL-10 pathways (Illan-Goémez et al., 2012). Metabolic
influences should also be considered. Obesity can alter cellular metabolism and
signaling, influencing the differential expression of cytokines. For example,
insulin resistance associated with obesity may impact the production of TNF-alpha
and I1L-10 more than that of IL-6 depending on the duration of the study (Tanti &
Jager, 2009). Looking at the effects of bergamot supplementation in healthy
animals, we saw a decrease in IL-6 and IL-10 levels, demonstrating an anti-
inflammatory effect. The reduction of the pro-inflammatory cytokine IL-6, and
consequently IL-10, may occur due to the presence of anti-inflammatory
polyphenols and biogenic amines of bergamot (Carresi et al., 2020; Gualtieri et al.,
2023). Although we did not see a change in NF-kB expression in our study, the
bioactive compounds in this fruit may have acted on other components of this
pathway, such as membrane receptors, for example, toll-like receptors (TLR), or
IxB complex Kinase (IKK) (Coutinho-Wolino et al., 2022), and having inhibited
this pathway can result in a selective reduction of IL-6 without altering the levels
of other cytokines such as TNF-alpha. The biogenic amines present in bergamot,
such as putrescine, spermidine, and spermine (Belin et al., 2024), can have
profound effects on cell signaling, modulating differently the production of
cytokines such as IL-6 and 1L-10 (Dasdelen et al., 2023). Biogenic amines can
interact with specific receptors on the cell surface, activating intracellular signaling

cascades. Some biogenic amines can bind to G Protein-Coupled Receptors
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(GPCRs), known to modulate several cellular signaling pathways (Strassheim et
al., 2021). Activation of these receptors can lead to a series of downstream
responses that may include inhibition of IL-6 and IL-10 production (Minami et al.,
2003; Schroeter et al., 2008). Biogenic amines can also modulate enzymes
responsible for IL-6 production. Putrescine, spermidine, and spermine can regulate
the activity of histone acetyltransferases (HATS) and histone deacetylases
(HDACSs) (Hobbs & Gilmour, 2006; Park & Kim, 2012), which regulate gene
expression and can suppress the expression of inflammatory-related genes such as
IL-6 or the IL-10 (Gatla et al., 2019). Added to this, biogenic amines, such as
phenolic compounds and flavonoids in bergamot, can cause epigenetic
modifications that affect the expression of inflammatory-related cytokines. These
compounds can influence DNA methylation, which can epigenetically silence
specific genes encoding IL-6 and IL-10, resulting in a decrease in their expression
and levels (Shenderov et al., 2020). Biogenic amines can also interfere with the
activity of RNA polymerase 1l, the enzyme responsible for the transcription of
MRNA from DNA (Cao et al., 2015), thus modulating the synthesis of IL-6 and
IL-10. Additionally, biogenic amines can also modulate the signaling of growth
factors such as TGF-B, which can influence the production of IL-6 and IL-10
(Moya-Garcia et al., 2021). Finally, specific synergistic interactions may exist
between the bioactive compounds in bergamot (Belin et al., 2024), enhancing the
effects described above.

Given the increasing number of studies regarding the benefits of bergamot
on cardiovascular health, and as seen the benefits in healthy and obese animals,
without side effects or negative changes from supplementation, it is recommended
that new clinical studies be carried out evaluating the benefits of bergamot on
cardiovascular health.

Conclusion

Bergamot supplementation prevents cardiac remodeling and dysfunction in
obese rats. Bergamot supplementation has great potential in combating heart
disease in obesity through controlling oxidative stress, however, it is still important

to understand which protein and lipid structures in cardiac tissue bergamot acts on.
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ARTICLE INFO ABSTRACT
Keywords: Aims: To identify the cardiac biogenic amine profile of obese rats and associate these compounds with parameters
Cardiac remodeling of cardiovascular disease.
Cardiac dy.'sfu.nction Main methods: Wistar rats (n = 20) were randomly distributed into two groups: control and obese. Obesity was
:gﬁzon induced by a high-sugar fat diet. Biochemical parameters were evaluated. Doppler Echocardiography and systolic
Agmatine blood pressure; interleukin-10 (IL-10), tumor necrosis factor-alpha (TNF-a), protein carbonylation, ferric
reducing antioxidant power (FRAP), and catalase activity were measured in cardiac tissue. HPLC evaluated the
cardiac biogenic profile. Data were compared using the Student's T or Mann-Whitney tests and Spearman's
correlation at 5% significance. The principal component analysis (PCA) was performed.
Key findings: Obesity generated hypertension, cardiac remodeling and dysfunction, and imbalanced all
biochemical, inflammatory, and oxidative markers (p < 0.001). Eight biogenic amines were found in cardiac
tissue. Obesity increased serotonin and decreased agmatine, putrescine, cadaverine, and spermidine. Serotonin
(r = 0.534 to 0.808) was strong and positively comelated with obesity, biochemical parameters, cardiac
inflammation, oxidative stress, hypertension, cardiac remodeling, and dysfunction (p < 0.001). Spermidine (r =
—0.560 to —0.680), putrescine (r = —0.532 to —0.805), cadaverine (r = —0.534 to —0.860), and agmatine (r =
—0.579 to —0.884) were inversely correlated with the same parameters (p < 0.001). PCA allowed for dis-
tinguishing the control and obese groups.
Significance: There are strong correlations between cardiac biogenic amine levels, cardiac remodeling, and
dysfunction resulting from obesity.
Conclusion: There is an association between cardiac biogenic amines and cardiovascular disease in obesity. In
addition, agmatine, putrescine, cadaverine, and, mainly, serotonin may be new biomarkers for cardiovascular
health in obesity and help to improve the diagnosis and treatment of CVD resulting or not from obesity. However,
more research is needed to support this conclusion.
1. Introduction oxidative stress, including other complications, which increases the risk
of >30 systemic diseases, mainly cardiovascular diseases (CVD). [2-4]
Obesity is a disease defined by excess body fat, caused mainly by CVD is the leading non-communicable disease (NCD), representing
nutritional imbalances resulting from excessive intake of sugars and fats. >50% of the world's NCD-related deaths, it means >17,8 million deaths
By 2030, this disease will reach more than one billion, which will per year [5]. This scenario could be prevented or postponed through
become a worrying factor [1]. Increased adipose mass promotes preventive and therapeutic measures, which can be achieved through
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better knowledge about the pathophysiological mechanisms of CVD.

Cardiac remodeling is one of the most important compensatory re-
sponses of the heart to multiple stresses caused by excess weight which
may progress to dysfunction and heart failure [6]. It is defined as a set of
molecular, cellular, and interstitial changes that are clinically man-
ifested by changes in the size, mass, geometry, and function of the heart,
in response to aggression [7]. Several mechanisms and metabolites have
already been related to pathological cardiac remodeling in obesity
conditions, such as inflammation, and oxidative stress [3-10]. However,
as obesity is a complex disease that involves many changes in organs and
systems, other metabolites may also be involved in cardiac remodeling.

The heart is a muscular organ, and as a muscle, it has a direct rela-
tionship with proteins, protein compounds, and their metabolites.
Biogenic amines (BAs), composed of mono, di, and polyamines, are
nitrogenous organic compounds formed mainly by decarboxylation of
amino acids. These molecules can easily bind to biomolecules, including
DNA, RNA, proteins, and phospholipids, modulating in many cases their
functions. Consequently, BAs can positively or negatively affect many
biochemical and cellular processes, including translation, transeription,
signal transduction, cell proliferation and differentiation, apoptosis, or
cellular stress response [11].

A few studies report the role of amines in cardiac dysfunction.
Hautbergue and collaborators (2021), in an experimental model of
pulmonary hypertension, evaluating the right ventricle, observed, using
the metabolomics technique, predominant changes in the metabolic
pathways of arginine, pyrimidine, purine, and tryptophan. These path-
ways are well described to regulate cellular regularity, cellular hyper-
trophy, and cardioprotection, highlighting the involvement of
putrescine in cardiac dysfunction [12]. Other studies report that in cases
of cardiac ischemia and increased blood pressure overload, there are
changes in spermine, spermidine, and putrescine content in cardiac
tissue in response to an increase in mast cell density [13,14]. According
to these studies, we can report that there is growing evidence of the role
of BA in cardiac pathophysiology, pointing to these metabolites as
possible markers and targets to treat and prevent CVD. Nevertheless, no
study has determined the cardiac biogenic amine profile and evaluated
its relationship with cardiovascular disease in obesity, then this study
aimed to identify the cardiac biogenic amine profile of obese rats and
associate these compounds with parameters of cardiovascular disease.

2. Methods
2.1. Obesity induction

Male Wistar rats (n = 20) were randomly distributed into two groups:
control and obese (n = 10/group). The dietary model was carried out
following previous studies by our research group [15-18]. The control
group was fed a diet of soybean meal, sorghum, soybean hulls, dextrin,
soybean oil, minerals, and salt to promote healthy growth and devel-
opment. The obesity induction protocol was developed with an HSF diet,
with lard, sucrose, and fructose, plus 25% sucrose in water for 20 weeks.
All animal care and procedures complied with the ARRIVE guidelines
and were carried out under the National Research Council's Guide for
the Care and Use of Laboratory Animals, with the Ethics Committee on
Animal Use approved protocol number 1337/2019, from Botucatu
Medical School of Sao Paulo State University (UNESP), Brazil

2.2. Nutritional parameters

To prove the obesity were evaluated the caloric intake (Keal/d), body
weight (g), weekly and after 20 weeks, and adiposity index (%). Food
and water intake were calculated daily from the individual leftovers of
each animal, and caloric intake was determined by multiplying the en-
ergy value of each diet (g x Keal) by food intake. For the obese group, it
also included calories from water (0.25 x 4 x mL consumed). After 8-h
fasting, blood was collected, and the plasma was used to measure insulin
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and biochemical parameters. Glucose concentration was determined by
using a glucometer (Accu-Chek Performa; Roche Diagnostics, Indian-
apolis, IN, USA); triglycerides and cholesterol levels were measured with
an automatic enzymatic analyzer system (Chemistry Analyzer BS200,
Mindray Medical International Limited, Shenzhen, China). The TyG
index was calculated based on the lipid profile and fasting blood glucose,
with the formula: Ln [Tg (mg/dL) x Fasting blood glucose (mg/dL)/2],
in which Ln is the neperian logarithm7 [19]. At the end of the experi-
ment with overnight fasting the animals were anesthetized (thiopental
120 mg/kg/i.p.) and subsequently decapitated after verifying the
absence of the following reflexes: palpebral (when touching the eyelid),
foot, interdigital, and caudal (through clamping). Decapitation was
carried out to obtain blood from 15 mL conical tubes. After euthanasia,
the epididymal, visceral, and retroperitoneal fat deposits were dissected
from the animals. The sum of deposits normalized by body weight
[(epididymal + retroperitoneal + visceral)/body weight x 100] is
considered the adiposity index [20]. The insulin level was measured
using the indirect enzyme immunoassay (ELISA) method using com-
mercial kits (Linco Research Inc., R&D Systems, Millipore, and B-Bridge
International Inc.), and the reading was performed on a Spectramax 190
microplate spectrophotometer (Molecular Devices®, Sunnyvale, CA,
USA). The IR assessment was performed using the Homeostasis Model
Index - Insulin Resistance (HOMA-IR) obeyed the following formula:
insulin (ul U/mL) x blood glucose (mmol/L)/22.5 [21]. In plasma, an
enzymatic colorimetric kit (Labtest, Brazil) was used to measure
aspartate aminotransferase (AST) [22].

2.3. Cardiovascular parameters

2.3.1. Doppler echocardiography study

Doppler echocardiographic evaluation was performed by a single
examiner using commercially available echocardiography (General
Electric Medical Systems, Vivid S6, Tirat Carmel, Israel) equipped with a
5-11.5 MHz multifrequency ultrasonic transducer.

Animals were anesthetized with ketamine (50 mg/kg, i.p.) and
xylazine hydrochloride (1 mg/kg, i.p.). After the anterior chest region
trichotomy, the animals were placed in slight left lateral decubitus for
the exam. The equipment used was model Vivid S6 (General Electric
Medical Systems, Tirat Carmel, Israel) with a multifrequency ultrasonic
transducer 5.0-11.5 MHz. To implement structural measurements of the
heart, the images were obtained in one-dimensional mode (M-mode)
guided by the images in two-dimensional mode with the transducer in
the parasternal position, minor axis. Left ventricular (LV) evaluation was
performed by positioning the cursor M-mode just below the mitral valve
plane at the level of the papillary muscles. The images of the aorta and
left atrium were obtained by positioning the M-mode course to plan the
level of the aortic valve.

The following cardiac parameters were evaluated in the Doppler
echocardiography study: heart rate (HR), left ventricle diastolic diam-
eter (LVDD), left ventricle systolic diameter (LVSD), posterior wall
diastolic thickness (PWDT), posterior wall systolic thickness (PWST),
intraventricular septum diastolic thickness (ISDT), intraventricular
septum systolic thickness (ISST); aorta diameter (AD); left atrium (LA),
LVDD/body weight (BW), cardiac index (CI), left ventricular mass
(LVM), left ventricular mass index (LVMI), posterior wall relative
thickness (PWRT), posterior wall shortening velocity (PWSV), systolic
stress (SS), ejection fraction (EF), early diastolic mitral inflow velocity
(E)/Doppler early diastolic displacement of the mitral annulus (E) ratio
(E/E"), and E'/Doppler late diastolic displacement of the mitral annulus
(A) (E'/A' ratio).

2.3.2. Systolic blood pressure

Systolic blood pressure (SBP) evaluation was assessed in conscious
rats by the non-invasive tail-cuff method with a NarcoBioSystems®
Electro-Sphygmomanometer (International Biomedical, Austin, TX,
USA). The animals were kept in a wooden box (50 x 40 ecm) between 38
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and 40 °C for 4-5 min to stimulate arterial vasodilation. After this
procedure, a cuff with a pneumatic pulse sensor was attached to the tail
of each animal. The cuff was inflated to 200 mmHg pressure and sub-
sequently deflated. The blood pressure values were recorded on a Gould
RS 3200 polygraph (Gould Instrumental, Valley View, OH, USA). The
average of three pressure readings was recorded for each animal.

2.4. Inflammatory and oxidative stress markers in the myocardium

The inflammatory markers interleukin-10 (IL-10) and tumor necrosis
factor-alpha (TNF-a) were assessed using the ELISA method using
commercial kits (Rat IL-10 DuoSet ELISA, DY522; Rat TNF-alpha DuoSet
ELISA, DY510; R&D System, Minneapolis, MN, USA).

The oxidative stress markers protein carbonylation (PC), enzyme
catalase activity (CAT), and Ferric Reducing Antioxidant Power (FRAP)
were evaluated according to Mesquita et al., (2014) [23], Aebi (1984)
[24] and Benzie & Strain (1996) [25], respectively with small adapta-
tions. An LV homogenate with phosphate-buffered saline (PBS) solution
(1:10) was used to measure PC and FRAP. PC content analysis was
performed by a non-specific method that uses DNPH (2,4-dinitro-phe-
nylhydrazine derivatizing agent) and photometric detection of any
protein modified by carbonylation. PC levels are expressed in nmol of
DNPH/mg of protein. CAT activity was determined using phosphate
buffer pH 7.0, 0.5 mL of LV homogenate in potassium chloride (KCl,
1.15%) (1:10), and 10% of hydrogen peroxide. To evaluate the capacity
of reducing the hydrogen peroxide, readings were performed at 240 nm.
The FRAP was measured after reaction with the fresh FRAP reagent
(FeCl3 20 nmol/L, acetate buffer 0.3 mol/L and 2,4,6-Tri(2-pyridyl)-s-
triazine 10 mmol/L) and reading at 594 nm, expressing the results in
nmol Fe/L.

2.5. Biogenic amine profile by high-performance liquid chromatography
(HPLC)

Briefly, biogenic amines (BAs) were extracted as described by Borges
et al. (2019) [26] with small modifications. The LV samples (100 mg)
were mixed with 1500 pL of cold perchloric acid at 5% (v/v). After that,
the mixture was centrifuged at 3800g (Hettich Zentrifugen, Mikro220R)
for 20 min at 4 °C, and to the supernatant was added dansyl chloride and
saturated sodium carbonate (2 M). After incubation for 1 h at 60 °C, 100
L of proline was added to the mixture and maintained in the dark for
30 min at room temperature. To this mixture 500 pL of toluene was
added, hardly homogenate, and the supernatant was dried under
gaseous nitrogen. The samples were resuspended in acetonitrile and 20
uL was injected into the HPLC system (Dionex UltiMate 3000; Thermo
Fisher Scientific, Bremen, Germany) equipped with a quaternary pump,
automatic sampler 3000, diode array detector (DAD-3000), and an ACE
C18 column (4.6 x 250 mm; Sum) at 25 °C. The analysis was monitored
at 280 nm, and the integration peak and calibrations were realized be-
tween 210 and 350 nm using Chromeleon 7 software (Thermo Fisher
Scientific, Bremen, Germany). The chromatography gradient was
established to a mixture of solvents (A) 100% acetonitrile and (B) 50%
acetonitrile, as follows: 0-2 min, 40% A + 60% B; 2-4 min, 60% A +
40% B; 4-8 min, 65% A + 35%B; 8-12 min, 85% A + 15% B; 12-15 min,
95% A + 5% B; 15-21 min, 85% A + 15% B; 21-22 min, 75% A -+ 25% B;
22-25 min, 40% A + 60% B. The amount of each BA (tryptamine,
spermine, histamine, serotonin, putrescine, cadaverine, agmatine, and
spermidine) was calculated by comparing the peaks areas with stan-
dards, and the area below the curve obtained through calibration curves
and expressed in pg/g (w/w).

3. Statistical analysis
Data are presented as means + standard deviation or medians

(interquartile range). The Kolmogorov-Smimov test and the Equal
Variance test evaluated data normality. Student's t-test or Mann-

110

Vascular Pharmacology 156 (2024) 107412

Whitney test determined differences between the groups. Spearman's
correlation and Principal Component Analysis (PCA) were performed.
Statistical analyses were performed using SigmaStat for Windows
Version 3.5. (Systat Software, Inc., San Jose, CA, USA), and the graphs
and correlation matrix using GraphPad Prism software version 9.3 for
Windows and MetaboAnalyst 6.0. A p-value <0.05 was considered sta-
tistically significant.

4. Results

Obesity and biochemical parameters are presented in Table 1. The
obese group had an increased body weight, daily caloric intake, and an
increased adiposity index compared to the control group, proving the
development of obesity in these animals. The obese group presented the
following comorbidities: increased blood glucose, total cholesterol, tri-
glycerides, AST, TyG index, and HOMA-IR levels compared to the con-
trol group.

The Doppler echocardiography showed that obesity increased the
morphological variables and decreased heart function, demonstrating
the development of cardiac remodeling and dysfunction. Additionally,
the dietary model promoted an increase in blood pressure in obese an-
imals (Table 2).

The cardiac inflammatory and oxidative stress markers were
measured in cardiac tissue and the results are shown in Fig. 1. The obese
group had increased IL-10 and TNF-u levels compared to the control
group. The obesity group had increased oxidative stress by increased PC,
and decreased antioxidant capacity by decreased CAT and FRAP levels
compared to the control group.

The cardiac biogenic amines profile and the influence of obesity on it
are presented in Fig. 2. The cardiac profile of biogenic amines is
composed of tryptamine, agmatine, putrescine, cadaverine, histamine,
spermidine, spermine, and serotonin, with higher levels of spermine,
spermidine, tryptamine, and serotonin, respectively. The obese group
had lower cardiac levels of agmatine, putrescine, cadaverine, and
spermidine, and higher levels of serotonin compared to the control
group.

The correlation matrix between obesity, biochemical parameters,
cardiovascular parameters, cardiac biogenic amines profile, and cardiac
inflammatory and oxidative stress markers is presented in Fig. 3.
Obesity, mainly adiposity index, is moderate and strongly positively
correlated with negative alterations in biochemical parameters (r =
0.534 to 0.776), cardiac remodeling and dysfunction, and hypertension
(r = 0.504 to 0.818), moderated with cardiac oxidative stress (0.545 to
0.693), and moderated and strongly with five biogenic amines (0.532 to
0.748). Alterations in biochemical parameters and cardiac inflammatory
and oxidative stress markers are correlated with cardiac remodeling and
dysfunction, hypertension, and biogenic amines profile. The biogenic

Table 1

Obesity and biochemical parameters.
Variable Control Obese p-value
Body Weight (g) 474+ 36 534 £ 49 0.006
Caloric Intake (Kcal/d) 96.5 £ 7.5 111.6 = 13.2* 0.005
Adiposity Index (%) 3.6 (3.3-4.2) 8.0 (6.0-9.9)* <0.001
Blood Glucose (mg/dL) 817 91 + 6* 0.004
Total Cholesterol (mg/dL) 55 (46-57) 66 (62-69)* 0.025
Triglycerides (mg/dL) 25 (20-29) 87 (72-124)* <0.001
AST (U/L) 138 (97-171) 254 (183-485)* 0.001
TyG Index 38=0.1 4.5 + 0.2* <0.001
HOMA-IR 0.68 = 0.08 0.84 £ 0.17* 0.010

Data presented as mean + standard deviation or median (interquartile range).
Kolmogorov-Smirnov and Equal Variance tests were used to evaluate data
normality. Student's t-test or Mann-Whitney test determined differences be-
tween the groups (n = 20). AST: aspartate aminotransferase; TyG: Triglycerides-
Glucose Index; HOMA-IR: homeostasis model assessment — insulin resistance. *
=p < 0.05.
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Table 2
Doppler echocardiography and systolic blood pressure study.
Variable Control Obese p-value
HR (bpm) 290 = 51 261 = 34 0.140
LVDD (mm) 7.1x=05 69 £05 0.534
LVSD (mm) 2.8 (2.7-2.8) 3.3 (3.1-3.3)* <0.001
PWDT (mm) 1.5+ 0.1 19 £ 0.1* <0.001
PWST (mm) 3.8 (3.6-4.1) 3.6 (3.4-3.6) 0.094
ISDT (mm) 1.5 (1.5-1.5) 2.0 (1.8-2.0)* <0.001
ISST (mm) 3.7+ 04 3905 0.334
AD (mm) 3.8=0.2 4.0 £0.1* 0.023
LA (mm) 4.6 (4.6-4.8) 5.5 (5.4-5.8)* <0.001
LA/AD 1.2+ 0.1 14 £0.1* <0.001
LVDD/BW 15+2 13+ 1% 0.012
CI (L/min/m?) 212 =66 150 = 41* 0.020
LVM (g) 0.7 £ 0.1 10 =0.1* <0.001
LVMI (g/g) 1.5+ 0.2 1.9 £ 0.3* 0.006
PWRT (mm) 0.4+ 0.0 06 =0.1* <0.001
PWSV (mm/s) 84+5 66 = 7+ <0.001
SS (Kdyn/cmz) 114 =17 139 £19% 0.005
EF (%) 0.94 = 0.02 0.90 = 0.02* <0.001
E/E' 12 (10-12) 18 (16-21)* 0.001
EVA' 1.6 = 0.1 07 =0.1* <0.001
SBP (mmHg) 121 +5 146 = 14* <0.001

Data presented as mean + standard deviation or median (interquartile range)
and submitted to the Kolmogorov-Smirnov test and Equal Variance test to
evaluate data normality. and to Student's t-test or Mann-Whitney test to deter-
mine differences between the groups (p < 0.05). HR: heart rate; LVDD: left
ventricle diastolic diameter; LVSD: left ventricle systolic diameter; PWDT: pos-
terior wall diastolic thickness; PWST: posterior wall systolic thickness; ISDT:
intraventricular septum diastolic thickness; ISST: intraventricular septum sys-
tolic thickness; AD: aorta diameter; LA: left atrium; BW: body weight; CI: cardiac
index; LVM: left ventricular mass; LVMI: left ventricular mass index; PWRT:
posterior wall relative thickness; PWSV: posterior wall shortening velocity; SS:
systolic stress; EF: ejection fraction; E: early diastolic mitral inflow velocity; E':
Doppler early diastolic displacement of the mitral annulus; A: Doppler late
diastolic displacement of the mitral annulus; SBP: systolic blood pressure. * =p
<0.05,n = 20.

amines agmatine, putrescine, cadaverine, spermidine (positively), and
serotonin (negatively) were correlated markers of cardiovascular health.

To evaluate the strongest BA-specific correlations, Pearson's or
Spearman's correlations between BA correlated with obesity and
markers of cardiac remodeling are presented in Fig. 4. Cardiac levels of
agmatine (r = —0.803 to —0.886), putrescine (r = —0.725 to —0.805),
and cadaverine (r = —0.681 to —0.806) are strongly and inversely
correlated with cardiac remodeling; while cardiac levels of serotonin (r
= 0.648 to 0.756) are strongly and positively correlated the same
parameters.

Fig. 5 presents Pearson's or Spearman's correlation between biogenic
amines correlated with obesity and markers of cardiac dysfunction and
hypertension. Cardiac levels of agmatine (r = 0.777 to 0.921), putres-
cine (r = 0.607 to 0.615), and cadaverine (r = 0.705 to 0.860) are very
strongly, moderated, and strongly positively correlated with cardiac
function, respectively, while cardiac levels of serotonin (r = —0.611 to
—0.748) are strong and negatively correlated with cardiac function.
Cardiac levels of agmatine (r = —0.765), putrescine (r = —0.651), and
cadaverine (r = —0.675) are strongly and moderated negatively corre-
lated with hypertension, while cardiac levels of serotonin (r = 0.770) are
strong and positively correlated with cardiac function.

Principal Component Analysis (PCA) of the obesity, biochemical
parameters, cardiovascular parameters, cardiac biogenic amines profile,
and cardiac inflammatory and oxidative stress markers is presented in
Fig. 6. The PCA (2D) and (3D) demonstrated groups well separated with
animals of the same group clustered together.

5. Discussion

Our study shows the profile of cardiac BA in an experimental model
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of obesity. Obesity was induced by an HSF diet, triggering hyperglyce-
mia, dyslipidemia, insulin resistance, and systolic arterial hypertension,
characterizing a metabolic syndrome scenario (MS). Additionally, the
dietary model developed a pro-inflammatory, through an increase in
TNF-alpha, a pro-inflammatory cytokine, and at the same time an in-
crease in IL-10, an anti-inflammatory cytokine, whose high levels may
signify the body's response to inflammation. The literature reports that
1L-10 plays an irreplaceable role in the negative regulation of inflam-
mation, primarily through a mechanism that selectively blocks the
expression of pro-inflammatory genes encoding cytokines, chemokines,
cell surface molecules, and other molecules involved in the propagation
of inflammation [27]. In parallel a pro-oxidant state was found in the
myocardium, represented by high levels of protein carbonylation,
decreased antioxidant capacity, and decreased catalase enzyme activity.
These findings are already well elucidated in the literature
[15,16,28-311; however, it is important to highlight all the comorbid-
ities that the diet offered caused. The combination of these comorbid-
ities found as metabolic syndrome, cardiac inflammation, and oxidative
stress impair the structure and functionality of the heart, as demon-
strated by Doppler Echocardiography, resulting in cardiac remodeling
and dysfunction [7,10,32]. We also evaluated AST, which may also mark
cardiac damage because it is present in cardiac muscle fibers, being
released when any type of injury occurs [33], possibly explained by
cardiac inflammation and oxidative stress in the obese group.

In addition to this scenario, the cardiac profile of biogenic amines
was determined for the first time in the obesity experimental model. BAs
are derived from and related to amino acid metabolism, and so, may
mark pathophysiological processes of protein-structured organs, such as
cardiac muscle, and cardiovascular diseases [34,35]. The cardiac BA
profile in this study was composed of tryptamine, agmatine, putrescine,
cadaverine, histamine, spermidine, spermine, and serotonin. Other
studies already found the presence of some amines such as tryptamine
[36], agmatine [37], putrescine, spermidine, spermine [38], cadaverine
[39], histamine [40], and serotonin [41] in cardiac tissue. Regarding the
levels of these amines, the results showed that obese animals presented a
significant reduction in agmatine, putrescine, cadaverine, and spermi-
dine. This behavior may have occurred due to the insulin resistance that
these animals presented. Insulin resistance leads to a loss of enzymatic
activities in the synthesis of BA, such as arginine decarboxylase [42],
ornithine decarboxylase [42-44], and S-adenosylmethionine decarbox-
ylase [45,46], mainly involved in the synthesis of agmatine. Another
explanation would be changes in the microbiota found in obesity, which
also impair spermidine synthesis [11,47]. In addition, in the scenario of
increased oxidative stress and inflammation, there is an increase in the
activity of enzymes involved in the catabolism of these BAs, such as
diamine oxidase [48], amine oxidase [49], spermidine/spermine N1-
acetyltransferase [50,51], and polyamine oxidase [51,52], justifying
the reductions in cardiac levels of agmatine, putrescine, cadaverine, and
spermidine found here. Otherwise, in the presence of insulin resistance
oxidative stress, and inflammation by obesity, there may be increased
activity of the enzyme tryptophan hydroxylase, crucial for serotonin
synthesis, increasing serotonin production in response to cellular dam-
age [53]. In addition, the inflammatory and oxidative state in the heart
can also increase the release of serotonin and alter cellular permeability
to serotonin, altering the signaling of this neurotransmitter in tissues
[54]. Another explication can be by tryptophan metabolism, a precursor
of serotonin may be diverted to the kynurenine pathway, and the body
may increase the production of serotonin as a compensatory mechanism
[55]. Inflammation and oxidative stress can also activate the
hypothalamic-pituitary-adrenal (HPA) axis, influencing serotonin pro-
duction in the central and peripheral nervous system [56]. Studies in
rats have shown that exposure to oxidative stress, through oxidizing
agents, and experimentally induced inflammation, such as through in-
jection of lipopolysaccharides (LPS), have shown increases in serotonin
levels [57]. In short, the obesity scenario, which involves metabolic
changes, increased oxidative stress, and inflammation creates a cellular
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Fig. 1. Inflammatory (A and B) and oxidative stress (C, D, and E) markers in cardiac tissue of obese rats.

IL-10: interleukin 10; TNF-o: tumor necrosis factor-alpha; PC: protein carbonylation; CAT: catalase activity; FRAP: ferric reducing antioxidant power. A: IL-10; B:
TNF-q; C: PC; D: CAT; E: FRAP. Data presented as mean + standard deviation or median (interquartile range) and submitted to the Kolmogorov-Smirnov test and
Equal Variance test to evaluate data normality, and to Student's t-test or Mann-Whitney test to determine differences between the groups (n = 20). * = p < 0.05.
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Fig. 2. Influence of obesity in the cardiac profile of biogenic amines.

A: tryptamine; B: agmatine; C: putrescine; D: cadaverine; E: histamine; F: spermidine; G: spermine; H: serotonin. Data presented as mean -+ standard deviation or
median (interquartile range) and submitted to the Kolmogorov-Smirnov test and Equal Variance test to evaluate data normality, and to Student's t-test or Mann-
Whitney test to determine differences between the groups (n = 20). * = p < 0.05.
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left ventricular mass index; PWRT: posterior wall relative thickness; PWSV: posterior wall shortening velocity; SS: systolic stress; EF: ejection fraction; E: early
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idant power.

and molecular environment unfavorable for adequate levels of produc- (negatively) were correlated with EF, a marker of cardiac functionality.
tion, degradation, and maintenance of some BA in rat tissues. This We did not find isoamylamine in cardiac tissue, which may be due to the
environment is characterized by changes in the microbiota, cell differences between parts of tissue analyzed (LA and LV) [38], but we
signaling, gene expression, and enzymatic activities, generating a found that agmatine, putrescine, and cadaverine are also negatively
reduction in cardiac levels of agmatine, putrescine, cadaverine, and correlated with ISDT, while serotonin is positively correlated with the
spermidine and an increase in serotonin levels, justifying the impact of same parameter, a marker of cardiac remodeling.
obesity on the cardiac BA profile found in our study. In summary, the The protective effects of agmatine are strongly studied in cardio-
inflammatory and oxidative scenario in obesity can alter amino acid vascular health. Agmatine, an antioxidant metabolite derived from L-
metabolism, and its derived compounds (BAs), and may generate car- arginine, acts on ion channels, receptor targets, synthesis, and release of
diomyopathy and even heart failure [58,59]. neurotransmitters. Agmatine is produced in neurons, liver, and endo-
Regarding the association of these amines with coronary disease, thelium, and its level can significantly vary in different pathophysio-
some reports have been documented. Meana et al., (2016) [38] evalu- logical states [60]. The endogenous neurotransmitter agmatine in
ated polyamines in the right atrial appendage of 17 patients, with car- micromolar concentrations via a2-AR activates the nitric oxide (NO)

diac abnormalities, submitted to cardiopulmonary bypass and synthesis, enhancing the Ca2+ pumping into the sarcoplasmic reticulum
correlated with clinical parameters. It was shown that left ventricular (SR). In millimolar doses, it inhibits Ca2+ sequestration by SR Ca2+
ejection fraction (LVEF) and heart rate were positively associated with ATPase (SERCA), involved in the development of cardiovascular dis-
spermidine and N(1)-acetylspermidine levels. Based on this information, eases [60]. These mechanisms justify the strong and even very strong
the authors suggest that changes in polyamine homeostasis may be correlations found here between the cardiac levels of agmatine and
associated with cardiac function and remodeling. Despite the authors cardiovascular health.

studying the LA and we studied the LV, in our study, spermidine, Putrescine, a diamine, is also related to cardiovascular health. This
tryptamine, agmatine, putrescine (positively), and serotonin BA has anti-inflammatory effects, enhances cardiac function, and is
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Fig. 4. Pearson's or Spearman's correlation with simple linear regression between biogenic amines and markers of cardiac remodeling.

PWDT: posterior wall diastolic thickness; ISDT: intraventricular septum diastolic thickness; LVM: left ventricle mass. A: Pearson's correlation between PWDT and
agmatine; B: Spearman's correlation between ISDT and agmatine; C: Pearson's correlation between LVM and agmatine; D: Spearman's correlation between PWDT and
putrescine; E: Spearman's correlation between ISDT and putrescine; F: Spearman's correlation between LVM and putrescine; G: Spearman's correlation between
PWDT and cadaverine; H: Spearman's correlation between ISDT and cadaverine; I: Spearman's correlation between LVM and cadaverine; J: Spearman's correlation
between PWDT and serotonin; K: Spearman's comrelation between ISDT and serotonin; L: Spearman's correlation between LVM and serotonin; n = 20.

related to cardiomyocyte excitability. Putrescine levels in the right
ventricle (RV) were correlated to cardiac remodeling and RV function in
the pulmonary hypertension (PH) model [12]. Putrescine is responsible
for the induction of autophagy, a critical process involved in cardiac
hypertrophy. Moreover, putrescine may regulate TASK-1 function,
which is a hallmark of RV hypertrophy/dysfunction; is related to cardiac
pathophysiology and targets the treatment of cardiovascular diseases
[12]. Putrescine plays essential roles in programmed cell death, cell
growth and differentiation, membrane permeability transition of mito-
chondria, cytosolic Ca2 + homeostasis, and NO synthesis, which ex-
hibits antihypertrophic functions and inhibits cardiac remodeling [61].
Our study also demonstrates strong correlations between putrescine and
markers of cardiovascular health.

The cardiac levels of cadaverine and its relations with cardiovascular
health are not so clear. Cadaverine, a diamine, is synthesized from L-
lysine, instead of L-ornithine as the other polyamines, and may have
other pathways involved. Cadaverine can further be converted into
aminopropyl cadaverine, which is a close analog of spermidine. This BA,

also found here, is correlated with cardiovascular health and is known
for cardioprotective effects [62]. Spermidine decreased mTORCI acti-
vation; mitochondrial depolarization and a ROS burst, contributing to
the activation of the protein kinase Ataxia-telangiectasia mutated,
acting in DNA damage and redox sensing; restorative effect on oxidative
functions of isolated aged mitochondria, and stimulation of ATPase ac-
tivity in heart sub-mitochondrial particles. These effects contribute to
the induction of mitophagy in cardiac muscle, thus removing damaged
mitochondria, and resulting in improved metabolic function and cell
survival [62]. Finally, this BA has also been shown to have a positive
effect on cardiac survival and recovery, through induction of AKT and
MAPK1/3 (Erk2/1) pathways and preventing calcium overload [62].
Our study demonstrates that spermidine, and mainly cadaverine, levels
in cardiac tissue are positively correlated with markers of cardiovascular
health.

Serotonin plays an important role in cardiac physiology and pa-
thology. Serotonin can be released from platelets and be produced in the
heart by cardiac endothelial cells and cardiomyocytes through the
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Fig. 5. Pearson's or Spearman's correlation with simple linear regression between biogenic amines, markers of cardiac dysfunction, and hypertension.

PWSV: posterior wall shortening velocity; E'/A'": Doppler early diastolic displacement of the mitral annulus/Doppler late diastolic displacement of the mitral annulus;
SBP: systolic blood pressure. A: Pearson's comrelation between PWSV and agmatine; B: Pearson's correlation between E'/A' and agmatine; C: Pearson's correlation
between SBP and agmatine; D: Spearman's correlation between PWSV and putrescine; E: Spearman's correlation between E'/A' and putrescine; F: Spearman's cor-
relation between SBP and putrescine; G: Spearman's correlation between PWSV and cadaverine; H: Spearman's correlation between E'/A' and cadaverine; I:
Spearman's correlation between SBP and cadaverine; J: Spearman's correlation between PWSV and serotonin; K: Spearman's correlation between E'/A' and serotonin;

L: Spearman's correlation between SBP and serotonin; n = 20.

transformation of 5-hydroxytryptophan into serotonin by l-aromatic
amino acid decarboxylase. Serotonin, from within or outside of the
heart, is important to cardiac function and development. Serotonin from
platelets participates in cardiac injury/repair while that produced
within the heart may play an important role in the regulation of phys-
iological cardiac function. Accordingly, serotonin has been involved ina
variety of cardiac pathophysiological processes, including ventricular
hypertrophy, valve fibrosis, and ischemia/reperfusion injury. These
cardiac effects of serotonin have been related to the stimulation of
specific serotonin receptors [63]. Serotonin stimulates cardiomyocyte
hypertrophy and is used as a substrate for monoamine oxidase (MAO)
providing the hydrogen peroxide that also activates heart hypertrophic
pathways [64], as seen in the correlations between cardiac remodeling
and serotonin in our study. Serotonin has positive inotropic and chro-
notropic effects in the rat atrium. Cardiac serotonin increases in various
heart diseases such as ventricular hypertrophy [65] and diabetic cardiac
dysfunction [66]. Supraphysiological levels of cardiac serotonin may be
responsible for the overproduction of H202 and the subsequent cardiac

and mitochondrial dysfunction, apoptosis, and oxidative damage,
impairing mitophagy, necrosis, and senescence [67]. Serotonin has
direct effects on ventricular cardiomyocytes and is considered a survival
factor in cardiomyocytes, while apoptosis is a predominant feature of
ventricular remodeling [68]. Despite that, platelet serotonin aggravates
myocardial injury via neutrophil degranulation, increasing cardiac
oxidative stress and inflammation [69], as seen in the correlations of our
study. The availability and activity of cardiac serotonin depends not
only on its release and/or production but also on its local degradation.
Indeed, the extracellular serotonin can be internalized into the car-
diomyocytes through the plasma membrane serotonin transporter. The
increase in serotonin levels has structural and functional consequences
on the heart, such as cardiomyocyte hypertrophy, myocardial degen-
eration, and structural and functional damage of mitochondria accom-
panied by decreased adenosine triphosphate (ATP) concentrations and
mitochondrial biogenesis [63]. Studies have shown that serotonin is a
potent antioxidant against lipid peroxidation [70] and has powerful
antioxidant properties [71]. This information may also explain the
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Fig. 6. Principal Component Analysis (PCA) of the obesity, biochemical parameters, cardiovascular parameters, cardiac biogenic amines profile, and cardiac in-
flammatory and oxidative stress markers normalized by median and after auto-scaling (mean-centered and divided by the standard deviation of each variable) (n

= 20).

results found in this study. The increase in cardiac serotonin levels may
also have occurred due to greater production and/or mobilization of this
amine to combat the increased oxidative stress generated by obesity, as
with IL-10. Considering these findings, we strongly suggest that cardiac
levels of serotonin are inversely related to cardiovascular health.

The well-separated PCA between control and obese animals dem-
onstrates that the obesity, biochemical parameters, cardiovascular pa-
rameters, cardiac biogenic amines profile, and cardiac inflammatory
and oxidative stress markers share the same characteristics according to
the groups. So, they may be used to evaluate and mark cardiovascular
disease in obesity.

Finally, the results of this study clarify that BA are involved in car-
diac remodeling in obesity and that future studies need to be carried out
for a better understanding. This study shows that the biogenic amines
agmatine, putrescine, cadaverine, and serotonin may be new biomarkers
for cardiovascular health/disease in obesity. In this experimental
obesity protocol, the heart was used to identify BA. However, future
studies could evaluate these amines in plasma, urine, and/or saliva to
facilitate detection in humans. Perhaps not evaluating the BA levels in
plasma and urine and not correlating it with cardiac BA was a limitation
of this study. Therefore, more studies must delve deeper into the
investigation of these amines in cardiovascular diseases, as well as their
respective relationships and impacts on their development, prevention,
or treatment.

6. Conclusion

Our study shows that the cardiac biogenic amine profile is composed
of tryptamine, agmatine, putrescine, cadaverine, histamine, spermidine,
spermine, and serotonin. Additionally, obesity decreases agmatine, pu-
trescine, cadaverine, and spermidine levels, and increases serotonin
levels. Finally, we conclude that agmatine, putrescine, and cadaverine
are correlated with cardiovascular health, while serotonin is correlated
with cardiovascular disease. In the future, with more experimental and
clinical research about these biogenic amines, they may be used as
therapeutic targets and/or used for less invasive, faster, and more ac-
curate diagnoses of cardiovascular diseases resulting or not from
obesity.
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Concluséo

Concluimos que o extrato do fruto da bergamota possui quantidades
notaveis de compostos fendlicos, flavonoides e capacidade antioxidante por
DPPH, ABTS e FRAP, e possui baixos niveis de carotenoides. Além disso, o
perfil de aminas biogénicas do extrato de Citrus bergamia € composto por
histamina, tiramina, triptamina, putrescina, cadaverina, espermidina,
espermina, serotonina, dopamina e agmatina, com destaque para as
antioxidantes espermidina e agmatina. Ao mesmo tempo, o extrato do fruto
da bergamota é hipotensivo, devido ao efeito sinérgico de seus compostos
bioativos, demonstrando grande potencial para prevenir e/ou tratar a
hipertensao.

Adicionalmente, a suplementacdo de com o extrato do fruto
bergamota previne remodelamento e disfuncao cardiaca em ratos obesos. A
suplementacdo do extrato do fruto bergamota tem grande potencial no
combate a doencas cardiacas na obesidade através do controle do estresse
oxidativo, porém, ainda é importante entender em quais estruturas proteicas
e lipidicas do tecido cardiaco a bergamota atua. E, posteriormente, avaliar
com estudos clinicos, o efeito da suplementacdo do extrato do fruto da
bergamota nas doencas cardiovasculares decorrentes ou ndao da obesidade.

Por fim, este estudo mostra que o perfil de aminas biogénicas
cardiacas € composto por triptamina, agmatina, putrescina, cadaverina,
histamina, espermidina, espermina e serotonina. Além disso, a obesidade
diminui os niveis de agmatina, putrescina, cadaverina e espermidina e
aumenta os niveis de serotonina. Finalmente, concluimos que agmatina,
putrescina e cadaverina estdo correlacionadas com a saude cardiovascular,
enquanto serotonina esta correlacionada com as doencas cardiovasculares.
Futuramente, com mais pesquisas experimentais e clinicas sobre estas
aminas biogénicas, elas poderdo ser utilizadas como alvos terapéuticos e
para diagndsticos menos invasivos, mais rapidos e mais precisos de doencgas

cardiovasculares decorrentes ou nao da obesidade.
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Considerac0es finais

Nestas breves consideracdes finais, serdo verificadas as hipoteses
deste trabalho. Em seguida, serao sugeridos novos estudos decorrentes dos
achados desta dissertacao.

A hipétese deste trabalho € que a suplementacédo de com o extrato
de bergamota previne o desenvolvimento de disfuncdo cardiaca em ratos
obesos por modular mediadores inflamatérios e indicadores do estresse
oxidativo no miocéardio. Além disso, também é hipotetizado que a
concentracdo de aminas biogénicas no tecido cardiaco tem relacdo com a
disfuncéo cardiaca. Ambas as hipéteses foram confirmadas. Foi visto que
a suplementac&o com o extrato de bergamota preveniu o desenvolvimento
de disfuncéo cardiaca em ratos obesos pelo controle de marcadores de
inflamacédo e de estresse oxidativo cardiacos. De maneira complementar,
foi visto que as concentracbes cardiacas de putrescina, cadaverina e
agmatina estdo positivamente correlacionadas com a saude
cardiovascular, enquanto as concentracdes cardiacas de serotonina estao
positivamente correlacionadas com doencas cardiovasculares. A seguir,
encontra um Graphical Abstract final representando os achados desta

dissertacéo.
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A partir dos achados desta dissertacéo, sao sugeridos novos estudos
visando avaliar em quais estruturas proteicas e lipidicas o extrato do fruto da
bergamota age, diminuindo a inflamacéo e o estresse oxidativo cardiacos, e
prevenindo a disfuncéo cardiaca gerada pela obesidade. Ao mesmo tempo,
visto que ndo houve efeitos colaterais da bergamota, recomenda-se que seja
avaliado o efeito do extrato do fruto da bergamota nas doencas
cardiovasculares em estudos clinicos. Concomitantemente, recomendam-se
novos estudos visando avaliar os niveis de aminas biogénicas no plasma,
urina e saliva de pacientes com doencas cardiovasculares para confirmar as
correlagbes encontradas neste estudo ou identificar novas. Da mesma
maneira, recomenda-se a realizacdo de novos estudos experimentais
longitudinais avaliando os niveis das aminas biogénicas e o desenvolvimento
de doencas cardiovasculares em diferentes momentos. Estes estudos trardo
luz os mecanismos das correlacbes previamente observadas. Por fim,
recomenda-se a realizagdo de estudos visando modular o perfil de aminas
biogénicas cardiaco (ou plasmatico/urinério/salivar) como estratégia
terapéutica para doencas cardiovasculares, provenientes ou ndo da

obesidade.

Realiza¢cBes no periodo

Durante o mestrado, varias atividades foram realizadas. Faz-se
necessario registrar aqui, no fim desta dissertacdo, algumas destas,
visando o reconhecimento do trabalho do pés-graduando. Os destaques
deste periodo foram as premiacbes de 1° Lugar no Departamento de
NutricAo na sesséo de temas lives — E poster — do 43° Congresso da
Sociedade de Cardiologia do Estado de Sao Paulo (SOCESP), segundo
melhor poster e melhor apresentacao oral no 1st International Workshop
on Biotechnology in Healthcare: Paths to Innovation; e, principalmente, as
publicacdes nos periddicos. No mestrado, foram realizadas 9 publicactes,
sendo 5 com o aluno como primeiro autor. A seguir, encontram-se as

revistas e os DOIs (Digital Object Identifier) destas publicacdes:
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- Journal of Functional Foods, 2024
(https://doi.org/10.1016/].jff.2024.106042);

- Pharmacological Research - Natural Products, 2024
(https://doi.org/10.1016/j.prenap.2024.100022);

- Revista Brasileira de Hipertenséo, 2024
(http://dx.doi.org/10.47870/1519-7522/202431016-10);
- Vascular Pharmacology, 2024
(https://doi.org/10.1016/j.vph.2024.107412);

- Molecular and Cellular Endocrinology, 2023
(https://doi.org/10.1016/j.mce.2023.111908);

- Livers, 2023 (https://doi.org/10.3390/livers3020017);
- Atherosclerosis, 2023
(https://doi.org/10.1016/j.atherosclerosis.2023.06.856);
- Atherosclerosis, 2023
(https://doi.org/10.1016/j.atherosclerosis.2023.06.598);
- Arquivos Brasileiros de Cardiologia, 2023
(https://doi.org/10.36660/abc.20220770).

Adicionalmente, o aluno tirou a nota maxima (A) em todas as

disciplinas que cursou, atingindo 21 créditos, sendo 12 obrigatorios; obteve
107 créditos em atividades complementares, sendo 12 obrigatorios;
concluiu o curso de Pés-graduacdo Lato Sensu em Nutricdo Clinica,
Esportiva e Exames Laboratoriais com carga horaria de 390 horas; foi
ouvinte em 62 eventos cientificos, sendo um na Alemanha (91" European
Atherosclerosis Society Congress), em 2023, e outro nos Estados Unidos
(A Hypertension Summer School in Chicago-IL, do American Journal of
Hypertension), em 2024; ministrou 17 aulas/palestras; realizou um estagio
de docéncia na pés-graduacéo; teve 34 participacOes/apresentacdes de
trabalhos cientificos (com duas apresentacdes no 91t EAS Congress em
Mannheim, na Alemanha); com 8 premiacdes, sendo 2 em eventos
internacionais; organizou 5 eventos cientificos; participou de 8 atividades

de extensédo; orientou 2 atividades em estagio curricular de nutricao;
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https://doi.org/10.1016/j.atherosclerosis.2023.06.856
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orientou 7 estagiarios em nutricdo clinica no consultorio; tutorou, em
espanhol, o estigio de duas intercambistas internacionais; e melhorou sua
fluéncia em inglés, alcangando nota 600 no TOEFL ITP, com classificagédo
B2-C1 de acordo com o Common European Framework of Reference
(CEFR), representando um nivel intermediario/avancado de fluéncia.

Por fim, com a finalidade de divulgacéo cientifica a comunidade, o
“‘Resumo para sociedade” desta dissertagcdo foi enviado por Whatsapp
para cerca de 15 pessoas com idade entre 15 e 60 anos. Esta pequena
amostra representa a sociedade em geral, ou seja, o publico sem “contato
direto” com o ambiente académico. A seguir, encontram-se algumas
respostas obtidas apds esta amostra ser questionada em relacao a quao
entendivel/compreensivel o texto estava:

I) “Deu para entender tudo bonitinho”;

II) “Caramba, muito boom! ”

[ll) “Pelo pouco conhecimento q tenho; esta perfeito. Obijetivo e
informativo. Sem bla bl bla. Ou seja, esta muito bem elaborado e de facil
compreensao. Parabéns!!!”;

IV) “Eu tb achei excelente. Muito claro e direto, sem enchecéo de
linguiga. Nao ficou cansativo e despertou interesse”

Logo, a partir destes relatos, nota-se que o “Resumo para a
sociedade” atingiu seu propédsito e foi capaz de comunicar com
assertividade, clareza e coloquialidade os achados desta dissertacéo de

mestrado.
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