
UNIVERSIDADE FEDERAL DA GRANDE DOURADOS 

FACULDADE DE CIÊNCIAS DA SAÚDE 

PROGRAMA DE PÓS-GRADUAÇÃO EM CIÊNCIAS DA SAÚDE 

 

 

UNIVERSIDADE DE COIMBRA 

FACULDADE DE MEDICINA DA UNIVERSIDADE DE COIMBRA 

DOUTORAMENTO EM CIÊNCIAS DA SAÚDE 

RAMO DAS CIÊNCIAS BIOMÉDICAS 

 

 

Avaliação do potencial farmacológico do extrato aquoso das folhas de 

Acrocomia aculeata (Jacq.) Lodd ex. Mart. 

 

 

 

 

 

TAMAEH MONTEIRO ALFREDO 

 

 

 

 

 

 

 

 

Dourados - MS 

2021  



TAMAEH MONTEIRO ALFREDO 

 

 

 

 

 

Avaliação do potencial farmacológico do extrato aquoso das folhas de 

Acrocomia aculeata (Jacq.) Lodd ex. Mart. 

 

 

 

 

 

 

 

Área do CNPq: Ciências da Saúde 

 

Tese apresentada ao Programa de Pós-Graduação em 

Ciências da Saúde da Faculdade de Ciências da Saúde 

da Universidade Federal da Grande Dourados 

(UFGD) para obtenção do título de Doutor em 

Ciências da Saúde. 

 

Área de concentração: Farmacologia 

 

Orientadores: Profa. Dra. Kely de Picoli Souza 

  Prof. Dr. Paulo Nuno Centeio Matafome 

 

 

 

 

Dourados - MS 

2021 



Dados Internacionais de Catalogação na Publicação (CIP).

A392a Alfredo, Tamaeh Monteiro
Avaliação do potencial farmacológico do extrato aquoso das folhas de Acrocomia aculeata

(Jacq.) Lodd ex. Mart. [recurso eletrônico] / Tamaeh Monteiro Alfredo. -- 2021.
Arquivo em formato pdf.

Orientadora: Kely de Picoli Souza.
Coorientador: Paulo Nuno Centeio Matafome.
Tese (Doutorado em Ciências da Saúde)-Universidade Federal da Grande Dourados, 2021.
Disponível no Repositório Institucional da UFGD em:

https://portal.ufgd.edu.br/setor/biblioteca/repositorio

1. Estresse oxidativo. 2. Macaúba. 3. Bocaiúva. 4. Diabetes. 5. Câncer. I. Souza, Kely De Picoli.
II. Matafome, Paulo Nuno Centeio. III. Título.

Ficha catalográfica elaborada automaticamente de acordo com os dados fornecidos pelo(a) autor(a).

©Direitos reservados. Permitido a reprodução parcial desde que citada a fonte.



ATA HOMOLOGADA EM: ____/___/_____, PELA PRÓ-REITORIA DE ENSINO DE PÓS-GRADUAÇÃO E 

PESQUISA / UFGD. 

 

 

 
Pró-Reitoria de Ensino de Pós-Graduação e Pesquisa 

Assinatura e Carimbo  

 

 

 

UFGD 
 

MINISTÉRIO DA EDUCAÇÃO 

UNIVERSIDADE FEDERAL DA GRANDE DOURADOS 
PROGRAMA DE PÓS-GRADUAÇÃO EM CIÊNCIAS 
DA SAÚDE 
 

 
ATA DA DEFESA DE TESE DE DOUTORADO APRESENTADA POR TAMAEH MONTEIRO 

ALFREDO ALUNA DO PROGRAMA DE PÓS-GRADUAÇÃO STRICTO SENSU EM CIÊNCIAS 
DA SAÚDE, ÁREA DE CONCENTRAÇÃO “FARMACOLOGIA”. 
 

Aos vinte e nove dias do mês de outubro de dois mil e vinte e um, às 09 horas, em sessão pública, 

realizou-se por videoconferência a Defesa de Tese de Doutorado, conforme acordo de cotutela  com 

a Universidade de Coimbra – UC, intitulada “Avaliação do potencial farmacológico do extrato 

aquoso das folhas de Acrocomia aculeata (Jacq.) Lodd ex. Mart.” apresentada pela aluna Tamaeh 

Monteiro Alfredo, do Programa de Pós-Graduação em Ciências da Saúde, à Banca Examinadora 

constituída pelos membros: Prof.ª Dr.ª Kely de Picoli Souza - PPGCS/UFGD (presidente-

orientadora), Dr. Paulo Nuno Centeio Matafome (orientador pela Universidade de 

Coimbra)/FMUC, Dr. Nelson Luis de Campos Domingues - Programa de Pós Graduação em 

Química na UFGD e no Programa de Pós Graduação em Biotecnologia e Conservação da 

Biodiversidade da Rede Pró-Centro Oeste/UFGD (membro titular externo), Dr. Caio Fernando 

Ramalho de Oliveira - Pós Doc na UFMS, Faculdade de Medicina UFMS (membro titular externo), 

Dr. Edson Lucas dos Santos - PPGCS/UFGD (membro titular interno), Dr.ª Ana Margarida Coelho 

Abrantes/FMUC (membro titular interno da FMUC) e Dr. Flávio Nelson Fernandes Reis/FMUC 

(membro titular interno da FMUC). Iniciados os trabalhos, a presidência deu a conhecer à candidata 

e aos integrantes da Banca as normas a serem observadas na apresentação da Tese. Após a 

candidata ter apresentado a sua explanação, os componentes da Banca Examinadora fizeram suas 

arguições. Terminada a Defesa, a Banca Examinadora, em sessão secreta, passou aos trabalhos de 

julgamento, tendo sido a candidata considerada RECUSADO (  ), APROVADA (  ), APROVADO 

COM DISTINÇÃO (  ), APROVADO COM DISTINÇÃO E LOUVOR (X), fazendo jus ao título de 

DOUTORA EM CIÊNCIAS DA SAÚDE. A presidente da banca abaixo-assinado atesta que 

todos os membros participaram de forma remota1 desta defesa de tese, considerando a candidata 

 

1 Participação remota dos membros da banca conforme § 3º do Art. 1º da Portaria RTR/UFGD n. 200, de 16/03/2020 

e Art. 2º e 5º da Instrução Normativa PROPP/UFGD Nº 1, de 17/03/2020 

1 Participação remota dos membros da banca conforme § 3º do Art. 1º da Portaria RTR/UFGD n. 200, de 16/03/2020 

e Art. 2º e 5º da Instrução Normativa PROPP/UFGD Nº 1, de 17/03/2020 



ATA HOMOLOGADA EM: ____/___/_____, PELA PRÓ-REITORIA DE ENSINO DE PÓS-GRADUAÇÃO E 

PESQUISA / UFGD. 

 

 

 
Pró-Reitoria de Ensino de Pós-Graduação e Pesquisa 

Assinatura e Carimbo  

 

APROVADA, conforme declarações anexas. Nada mais havendo a tratar, lavrou-se a presente ata, 

que vai assinada peo presidente da Comissão Examinadora.                                                                                                                                              

 
Dourados, 29 de outubro de 2021. 

 
 

 

 

Dr.ª Kely de Picoli Souza - PPGCS/UFGD ____________________________________________ 
Dr. Paulo Nuno Centeio Matafome/FMUC (participação remota) 
Dr. Nelson Luis de Campos Domingues/UFGD (participação remota) 
Dr. Caio Fernando Ramalho de Oliveira/UFMS (participação remota) 

Dr. Edson Lucas dos Santos - PPGCS/UFGD (participação remota) 
Dr.ª Ana Margarida Coelho Abrantes/FMUC (participação remota) 
Dr. Flávio Nelson Fernandes Reis/FMUC (participação remota) 



DEDICATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my mom Heloisa. Once again and 

forever for you, mom! 

 



ACKNOWLEDMENTS - AGRADECIMENTOS 

 

Acredito que esta seja umas das páginas mais relevantes da tese, pois é aqui que posso 

expressar um sentimento muito importante, a gratidão. Minha mãe me ensinou a importância 

da gratidão desde que “me conheço por gente”, o que inclusive já relatei de maneira semelhante 

na dissertação do mestrado. Sendo assim, agradeço ao Grande Arquiteto do Universo por me 

permitir a vida, por ter me dado saúde e principalmente por ter a resiliência sempre presente 

nas minhas escolhas para que eu pudesse percorrer estes quase 5 anos e conseguir chegar até o 

fim. Agradeço a Deus por me dar a minha mãe, Heloisa, sem dúvida nenhuma eu tenho a mãe 

mais incrível, dedicada, amorosa, cuidadosa e parceira, sem ela a maioria das aventuras que 

realizei durante este período seriam impensáveis, obrigada por tudo mesmo, eu te amo muito 

mãe! Agradeço ao meu irmão e padrinho Ricardo, cunhada Silvania e sobrinhos Diego e Beatriz 

pelo amor sempre presente, por tanto carinho e cuidado comigo, agradeço minha tia/madrinha 

Eliane e meu tio Amaury, que junto com a minha mãe plantaram a sementinha da possibilidade 

de fazer um doutorado sanduíche em Portugal. Obrigada aos meus avós Aida (in memoriam) e 

meu avô Milton, e as minhas amigas-irmãs, Catarina Nardi, Giuliane Zacarias, Gabriela Claro 

e Sol Mariela. Agradeço a minha segunda mãe, Elizabeth, por todo apoio junto com nossos 

amigos de luz, e agradeço a todos que contribuíram direta ou indiretamente para que este 

processo pudesse ser concluído. Agradeço ao Tio Jaime Valler pelo apoio, incentivo e pelo 

carinho.  E muito obrigada ao meu amigo do coração Estanislado Ramon Ramirez, por toda 

amizade e contribuição não só para este trabalho, mas para a vida toda. 

Muito obrigada ao meu amor, Leonardo Pedra. Você foi o meu maior presente, e minha 

maior surpresa, me apoiou, me incentivou, e da maneira mais doce me ajudou a chegar até o 

final, só tenho a agradecer imensamente a Deus por ter você na minha vida e por Ele ter te 

escolhido para mim. Todas as noites em claro me ajudando, todo interesse em entender qual o 

mecanismo de ação do GLUT ou da doxorubicina foram fundamentais. Te amo muito! 

Obrigada aos meus sogros Neuza e Uilson pelo carinho e cuidado comigo. 

Além da família de sangue e do coração, também tenho a família profissional, que me 

acompanhou em todo o meu trajeto acadêmico. A minha sorte é que por ter ido para outro país, 

passei a ter duas famílias científicas, a brasileira (Grupo de Estudos em Biotecnologia e 

Bioprospecção Aplicados ao Metabolismo - GEBBAM) e a portuguesa (Glycation, Insulin 

Resistance and Nutrient-Sensing – GIN). No GEBBAM quero agradecer primeiramente a 

minha orientadora, Professora Dra. Kely de Picoli Souza, que sempre foi um exemplo de garra, 



determinação, perseverança, fé, resiliência e competência. Obrigada por todo apoio, toda 

palavra amiga, por todo carinho e cuidado, pela paciência, e principalmente por tudo que me 

ensinou. Seu exemplo de vida vou levar no meu coração para sempre. 

Agradeço ao Professor Doutor Edson Lucas dos Santos, pelo incentivo e por me 

impulsionar no desenvolvimento da minha competência e habilidade para a carreira científica. 

Obrigada por me mostrar que é com garra e força de vontade que se alcançam os objetivos. 

Agradeço também ao Professor Doutor Tarcísio Giffoni e a Professora Doutora Ana Paula de 

Araújo Boleti por todo auxílio e ensinamentos e ao Professor Doutor Caio Fernando Ramalho 

de Oliveira, pelo conhecimento que me foi passado, apoio, parceria e amizade, características 

principais da minha orientação. Agradeço agora aos amigos do GEBBAM que estiveram junto 

comigo neste período, que me auxiliaram e tornaram o caminho mais leve, amigos são presentes 

de Deus em nossas vidas e vocês foram isso pra mim: Hélder Freitas, David Hiramatsu, 

Jaqueline Campos, Thaliny Bonamigo, Alex Oliveira, Wellington Botelho, Priscilla Toledo, 

Paola Rocha, e as amigas-irmãs Kátia Ávila, Débora Baldívia e Jéssica Maurino. E agradeço 

especialmente ao Daniel Leite, pela disponibilidade em me ajudar em todos os momentos, pelo 

reconhecimento e confiança, e pelos auxílios tecnológicos sempre muito úteis. Agradeço aos 

servidores da UFGD Carlos, Geni, Paulo, Felipe e todos os outros por toda ajuda prestada, toda 

gentileza e paciência, a competência de vocês foi crucial neste processo, obrigada! E não podia 

esquecer é claro das senhoras da limpeza e da cantina, que sempre me presentearam com um 

sorriso no rosto e um bom dia carinhoso, além do café da Tia Lu, que sempre vai ser o melhor. 

No GIN quero agradecer primeiramente ao presente que Deus reservou para mim do 

outro lado do Atlântico, com tantos artigos e citações, uma das pessoas mais humildes, e 

solidárias que eu conheci, e com todo seu reconhecimento científico na área, me estendeu a 

mão, me incentivou, se fez presente em todas as etapas do meu desenvolvimento, e 

principalmente, confiou no meu trabalho. Não bastasse esse lado profissional, ofereceu a sua 

amizade e apoio incondicional em todos os momentos. Sua bagagem profissional é coroada 

pelo maior exemplo de ser humano, sua beleza interior: humidade, resiliência e respeito, meu 

orientador e meu amigo, Doutor Paulo Nuno Centeio Matafome. Chefe, qualquer coisa que eu 

escreva aqui vai ser pouco para demonstrar toda a minha gratidão por ter passado este tempo 

trabalhando ao seu lado e aprendendo tudo que aprendi, e além do conhecimento técnico-

científico que foi incrível, você me ensinou que a vida quando engloba respeito faz tudo ficar 

mais fácil, independente do âmbito em que se aplica. Este tempo que passei em Coimbra, pude 

ter mais certeza ainda que a grandeza de uma pessoa não se mede pelo número de artigos que 

se tem, ou o seu fator “H”... isso é o menos relevante, o que vale mesmo é a humildade e a 



simplicidade que se pode ter, e meu amigo...você é o meu maior exemplo! Obrigada por toda 

paciência, toda paciência mesmo! Por ter confiado em mim e por ter me ajudado em tudo que 

eu precisei...desde uma orientação que muitas vezes me mostrou a luz no fim do túnel até uma 

palavra amiga ou uma brincadeira que ajudava a melhorar tudo. Não tenho palavras para te 

agradecer, MUITO OBRIGADA! 

Agradeço aos amigos que vou levar por toda a vida, amigos que além de me ajudarem 

com o doutorado em si, fizeram muito mais do que isso, se tornaram amigos que meu coração 

escolheu. Dentre eles quero agradecer a Cátia Barra, que foi uma das pessoas mais incríveis e 

com sentimentos mais nobres que tive a honra de conhecer. Agradeço também a minha 

“madrinha de praxe” Mariana Rocha e minha amiga Andreia Amaro por todo acolhimento e 

carinho...nos momentos que eu mais precisei vocês estiveram junto comigo, me acolheram e 

fizeram com que os problemas do dia a dia, e também durante a pandemia se tornassem 

pequenos em relação a importância de uma amizade sincera, sem vocês as coisas teriam sido 

muito mais difíceis, obrigada mil vezes! Agradeço a Gabriela Tavares pelo carinho, 

acolhimento e doçura. A Daniela Silva pela parceria e aprendizados no laboratório, você foi 

exemplo para mim muitas vezes e aprendi muito contigo, obrigada! A minha co-orientada, 

Beatriz Caramelo, pelos horas intermináveis no laboratório que sempre foram acompanhadas 

de boa vontade, confiança e reconhecimento de tudo que pude te ensinar, e mais 

ainda...aprender contigo. E obrigada a Daniela Charry e Sara Oliveira. 

Quero agradecer também ao Professor Doutor Miguel Castelo-Branco e Doutor Bruno 

Manadas que juntos com o meu orientador Dr. Paulo Matafome, confiaram no meu trabalho o 

que possibilitou o desenvolvimento de um projeto incrível na área da diabetes, e me 

proporcionou uma experiência ímpar a nível científico. Agradeço também por ter conhecido e 

aprendido muito com o Dr. Flávio Reis e seu grupo de pesquisa. Meu muito obrigada vai 

também para a Professora Doutora Raquel Seiça, diretora do Instituto de Fisiologia da 

Universidade de Coimbra. Além do GIN que é lotado no Instituto de Fisiologia, também tive o 

prazer de trabalhar no Instituto de Biofísica, onde conheci profissionais competentes e que 

contribuíram para o desenvolvimento de parte da minha tese. Assim, meu muito obrigada vai 

para a Professora Doutora Maria Filomena Botelho, Doutora Margarida Abrantes, Doutora Ana 

Salomé Pires, Ricardo Teixo, Inês Marques, Lúcia Monteiro, Gabriela Correia, Tarcísio 

Guimarães e Safura Jokar. O meu carinhoso obrigada ao pessoal da cantina da Universidade de 

Coimbra, as queridas Sras da limpeza, principalmente a Sra. Claudia e a Dona Natividade, e ao 

pessoal do biotério, em especial ao Sr Virgílio. Obrigada ao Nuno Vicente, Miguel Pires, João 

Pratas e seus filhotes Pedroca, Joaninha e Miguel. 



Finalmente quero agradecer aos órgãos de fomento, Fundação de Apoio ao 

Desenvolvimento do Ensino, Ciência e Tecnologia do Estado de Mato Grosso do Sul (Fundect), 

Conselho Nacional de Desenvolvimento Científico e Tecnológico (CPNQ) que sempre 

colaboraram para o financiamento do meu projeto no Brasil e principalmente à Coordenação 

de Aperfeiçoamento de Pessoal de Nível Superior (Capes) que financiou a minha bolsa de 

doutorado no Brasil e a minha bolsa de Doutorado Sanduíche em Portugal. Obrigada também 

à European Fondation for The Study of Diabetes – Fundação Européia para o Estudo da 

Diabetes (EFSD), que possibilitou a prorrogação da minha estadia em Portugal até o final do 

desenvolvimento da minha tese, permitindo que eu trabalhasse em paralelo ao meu projeto e na 

mesma área de pesquisa do meu doutorado, enriquecendo meu aprendizado. 

Agradeço imensamente a Universidade Federal da Grande Dourados (UFGD) e ao 

Programa de Pós-Graduação em Ciências da Saúde que possibilitaram a realização deste 

trabalho e permitiram o estabelecimento do acordo de cotutela com a Universidade de Coimbra 

e a Faculdade de Medicina da Universidade de Coimbra no Programa de Doutoramento em 

Ciências da Saúde, instituição esta que agradeço o acolhimento. 

  



EPIGRAPH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Fall in love with studying, 

this will make your dreams come true...” 

(ULYSSES DRAGO DE CAMPOS) 



LIST OF ILLUSTRATIONS 

 

Figure 1 Mitochondrial electron transport chain  30 

Figure 2 Mechanisms of action of antioxidant enzymes 35 

Figure 3 Redox glutathione cycle 37 

Figure 4 Insulin activation pathways 41 

Figure 5 Intracellular mechanisms associated with hyperglycemia toxicity 44 

Figure 6 Implications of the redox imbalance on the development of cancer 56 

Figure 7 Doxorubicin chemical structure 57 

Figure 8 Main doxorubicin mechanisms of action 58 

Figure 9 Map of Brazilian Cerrado 62 

Figure 10 Basic phenol structure 64 

Figure 11 Basic flavonoid structure 64 

Figure 12 Main subclasses of the phenolic compounds 65 

Figure 13 Antioxidant mechanism of action of NRF2/SIRT1 association 

activated by a plant extract from the Brazilian Cerrado 

74 

Figure 14 A. aculeata Jacq. (Lodd) ex. Mart. 79 

Figure 15 A. aculeata fruit pulp 80 

Figure 16 A. aculeata exsiccate 81 

 

  



LIST OF TABLES 

 

Table 1 Nomenclature and general chemical structure of flavonoids and phenolic 

compounds 

66 

Table 2 Phytochemical constitution and biological properties of medicinal plants 

from the Brazilian Cerrado 

68 

Table 3 Medicinal plants from the Brazilian Cerrado that have their therapeutic 

properties associates with NRF2 pathway 

77 

 

  



LIST OF ABBREVIATIONS AND SYMBOLS 

 

·O2- Superoxide 

1O2 Singlet oxygen 

3T3-L1 Mouse embryonic fibroblast cell line 

4HR 4-hexylresorcinol 

8-OHdG 8-hydroxy-2-deoxyguanosine 

AA Ascorbic acid 

ACh Acetylcholine 

ADP Adenosine diphosphate 

AGE Advanced glycation products 

AKT Protein kinase B – same as PKB 

AMPK Adenosine monophosphate activated protein kinase 

ARE Antioxidant response elements 

ATP Adenosine triphosphate 

AUC Area under the curve 

AV Annexin V 

BCA Bicinchoninic acid 

BHA Butyl-hydroxy-anisole 

BHT Butyl-hydroxy-toluene 

BSA Bovine serum albumin 

CaCl2 Calcium chloride 

CAT Catalase 

CCl˙3 Triclhoromethanide 

CEBP α CCAAT enhancer-binding protein α 

CoQ Ubiquinone 

Cu Copper 

DAG Diacylglycerol 

DAPI 4',6-diamidino-2-phenylindoledihydrochloride 

DCF Dichlorofluorescein 

DHE Dihydroethidium 

DM Diabetes mellitus 

DM1 Type 1 diabetes mellitus 



DM2 Type 2 diabetes mellitus 

DMEM-HG Dulbecco’s modified Eagle medium – high glucose 

DNA Deoxyrybonucleic acid 

Dox Doxorubicin 

DPP4 Dipeptidyl peptidase-4 

EA-Aa Aqueous extract of Acrocomia aculeata leaves 

EAT Epididymal adipose tissue 

ECL Enhanced hemiluminescence 

EDTA Ethylenediamine tetraacetic acid 

EGMTM-2 Endothelial Cell Growth Medium-2 Bullet Kit TM 

EGTA Ethylene-bis(oxyethylenenitrilo) tetraacetic acid 

eNOS Endothelial nitric oxide synthase 

EpRE Electrophile responsive element 

ERK Extracellular signal-regulated kinase 

F-6-P Fructose-6-phosphate 

FADH2 Flavin-adenine dinucleotide 

FBS Fetal bovine serum 

FFA Free fatty acids 

G-6-P Glucose-6-phosphate 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GFAT Glutamine-fructose-6-phosphate-amidotransferase 

GIP Glucose-dependent insulinotropic peptide 

GK Goto-kakizaki rats 

GK-Ctrl Goto-kakizaki rats - control group 

GK-EA-Aa 
Goto-kakizaki rats - treated with aqueous extract of Acrocomia aculeata 

leaves 

GlcN-6-P Glutamine into glucosamine-6-phosphate 

GLO-1 Glyoxalase-1 

GLP-1 Glucagon-like peptide-1 

GLUT Glucose transporter 

GPx Glutathione peroxidase 

GRd Glutathione reductase 

GSH Reduced glutathione 



GSSG Oxidized glutathione 

GST Gluthatione S-transferase 

H+ Proton 

H2DCFDA 2',7'-dichlorodihydrofluorescein diacetate 

H2O Water 

H2O2 Hydrogen peroxide 

H9c2 Rat cardiomyoblast cell line 

HClO Hypochlorous acid 

HIF-1α Hypoxia-inducible factor-1 alpha 

HMOX1 Heme oxygenase-1 

HMVec-D Human dermal microvascular endothelial cells 

4-HNE 4-hydroxy-2-nonenal 

HNO2 Nitrous acid 

·HO2 Hydroperoxyl 

IDPP4 Dipeptidyl peptidase-4 inhibitors 

INRF2 Nuclear factor erythroid 2–related factor 2 inhibitor 

IONOX-100 Di-tertbutyl-4- hydroxymethylphenol 

IR Insulin receptor 

IRS Insulin receptor substrate 

ISGLT2 Sodium glucose co-transporter-2 inhibitors 

ITT Insulin tolerance test 

JC-1 
5,5,6,6-tetrachloro-1,1,3,3-tetraethyl benzimidazolocar-bocyanine 

iodide 

JNK c-Jun N-terminal kinases 

K562 Human erythroleukemic cell line 

KCl Potassium chloride 

Keap 1 Kelch-like ECH-associated protein 1 

KH2PO4 Monopotassium phosphate 

LPL Lipoprotein lipase 

MAPK Mitogen-activated protein kinase 

MCF-7 Human breast cancer cell line 

MDA Malondialdehyde 

MEK Mitogen-activated protein kinase kinase 



METC Mitochondrial electron transport chain 

MG Methylglyoxal 

MgSO4 Magnesium sulphate 

ML385 Chemical NRF2 inhibitor 

Mn Manganese 

mTOR Mammalian target of rapamycin 

N2O3 Nitrous oxide 

N2O4 Dinitrogen tetraoxide 

NA Noradrenaline 

Na3VO4 Sodium orthovanadate 

NaCl Sodium chloride 

NAD Nicotinamide adenine dinucleotide 

NADH Reduced nicotinamide adenine dinucleotide 

NADPH Nicotinamide adenine dinucleotide phosphate 

NaF Sodium fluoride 

NaHCO3 Sodium bicarbonate 

NDGA Nordihydroguaiaretic acid 

NF-κB Nuclear factor-κB 

NO˙ Nitric oxide 

NO2- Nitrite 

NO3- Nitrate 

NQO1 Quinone oxide reductase 

NRF1 Nuclear respiratory factor 1 

NRF2 Nuclear factor erythroid 2–related factor 2 

O2 Oxygen 

O3 Ozone 

OG Octyl gallate 

OH˙ Hidroxyl 

ONOO- Peroxynitrite 

PARP Poly (ADP-ribose) polymerase 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate-buffered saline 

PDX-1 Pancreatic duodenal homeobox-1 



PG Propil gallate 

PGC-1α Peroxisome proliferator-activated receptor gamma coactivator-1 alpha 

PI Propidium iodide 

PI3K Phosphatidylinositol-3-kinase 

PKB Protein kinase B 

PKC Protein kinase C 

PMSF Phenylmethylsulfonyl fluoride 

PPARγ Peroxisome proliferator-activated receptor gamma 

PVDF Polivinilideno 

Q· - Ubsemiquinone 

QH2 Ubiquinol 

RAGE Advanced glycation end product receptor 

RBC Red blood cells 

RNA Ribonucleic acid 

RNS Reactive nitrogen species 

RO˙ Alkoxyl 

ROO˙ Peroxyl 

ROOH Organic hydroperoxide 

ROS Reactive oxygen species 

RPMI Roswell Park Memorial Institute Medium 

RS Reactive species 

SDS Sodium lauryl sulfate 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SGLT2 Sodium glucose co-transporter-2 

SIRT Sirtuin 

SOD Superoxide dismutase 

SUs Sulfonylureas 

TBA Thiobarbituric acid 

TBARS Thiobarbituric acid reactive substances 

TBHQ Terc-butil-hidroquinone 

TBS Tris buffer solution 

TGF Transforming growth fator 

THBP 2,4,5-Trihydroxybutyrophenone 



TOPO2β Topoisomerase 2β 

TZD Thiazolidinedione 

UDP-

GlcNAc 
Uridine 5’-diphospho-N-acetyl-D-glucosamine 

VEGF Vascular endothelial growth factor 

W-Ctrl Wistar rats – control group 

W-EA-Aa Wistar rats treated with aqueous extract of Acrocomia aculeata leaves 

Zn Zinc 

 

 

  



Avaliação do potencial farmacológico do extrato aquoso das folhas de 

Acrocomia aculeata (Jacq.) Lodd ex. Mart. 

 

RESUMO 

 

O aumento da expectativa de vida da população mundial está diretamente relacionado à 

incidência de doenças crônicas como doenças neurodegenerativas, cardiovasculares, artrite 

reumatoide, diabetes, câncer, dentre outras. O impacto do tratamento destas doenças e a 

manutenção da saúde representam alto custo não só econômico, mas também social. O estresse 

oxidativo é um fator chave associado à etiologia e progressão dessas doenças. Assim, o 

desenvolvimento de alternativas terapêuticas é de fundamental importância, principalmente 

com baixo custo, fácil acesso e, acima de tudo, com relevante potencial farmacológico. As 

plantas medicinais, em especial as com potencial antioxidante, são uma importante fonte de 

compostos naturais que podem ser utilizadas como matéria-prima no desenvolvimento de novas 

terapias. A Acrocomia aculeata é uma palmeira nativa do Brasil, cujas folhas são ricas em 

compostos fenólicos e flavonoides, com comprovado efeito antioxidante. Desta forma, nosso 

objetivo foi avaliar o efeito do extrato aquoso das folhas de A. aculeata (EA-Aa) em duas 

condições relacionadas ao estresse oxidativo, as complicações associadas a diabetes e a 

cardiotoxicidade induzida pela quimioterapia com doxorrubicina (Dox). Para a investigação 

dos efeitos associados às complicações da diabetes, foram utilizados ratos Wistar 

normoglicêmicos e ratos Goto Kakizaki (GK), diabéticos tipo 2 não obesos, tratados 

diariamente com 200 mg.kg-1 EA-Aa por 30 dias e avaliados em relação aos parâmetros 

antropométricos e bioquímicos. Após o tratamento, os animais foram anestesiados e 

eutanasiados. Proteínas associadas à hiperglicemia e ao estresse oxidativo foram avaliadas em 

órgãos-alvo em pré-adipócitos 3T3-L1, e em células microvasculares da derme (HMVec-D) 

induzidas ao desequilíbrio redox por H2O2. Os resultados mostraram que EA-Aa reduziu a 

glicemia em jejum e triglicerídeos de ratos diabéticos, através da melhora nos níveis de 

proteínas como GLUT-4, PPARγ e AMPK e reduziu o estresse oxidativo em pré-adipócitos 

3T3-L1 e em células HMVec-D, além da promoção de níveis mais elevados de proteínas 

relacionadas à resistência ao estresse, SIRT1 e NRF2. Quanto aos efeitos de EA-Aa em 

associação com a Dox, um agente quimioterápico conhecido por sua alta cardiotoxicidade 

provocada pelo estresse oxidativo, foram utilizados modelos experimentais in vitro: células 

normais (células do sangue periférico PBMC e cardiomioblastos H9c2) e tumorais 



(eritroleucêmicas K562 e câncer de mama MCF-7), e in vivo, camundongos C57Bl/6, tratados 

com EA-Aa, com ou sem Dox. O EA-Aa não apresentou toxicidade em células normais in vitro 

e no teste de toxicidade oral aguda in vivo. Em relação ao efeito de EA-Aa associado com a 

Dox, houve redução do estresse oxidativo induzido em eritrócitos e em células H9c2 e da 

cardiotoxicidade em camundongos C57Bl/6, além de potencializar o efeito citotóxico de Dox 

em células tumorais. Em conjunto, nossos resultados mostram a proteção antioxidante do EA-

Aa nas complicações diabéticas e decorrentes do tratamento com Dox em vários tecidos, bem 

como seus mecanismos de ação. Assim, os dados aqui apresentados suportam novos estudos 

baseados no potencial farmacológico de EA-Aa e de seus fitoquímicos para o desenvolvimento 

de estratégias terapêuticas para o tratamento de ambas as condições. 
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Evaluation of the Pharmacological Potential of the Aqueous Extract of the 

Leaves of Acrocomia aculeata (Jacq.) Lodd ex. Mart. 

 

ABSTRACT 

 

The increase in life expectancy of the world population is directly related to the incidence of 

chronic diseases such as neurodegenerative and cardiovascular diseases, rheumatoid arthritis, 

diabetes, cancer, among others. The impact of the treatment of these diseases and the 

maintenance of health represents a high economic and social costs. Oxidative stress is a key 

factor associated with the etiology and progression of these diseases. Thus, the development of 

therapeutic alternatives is of fundamental importance, especially with low cost, easy access, 

and, above all, with relevant pharmacological potential. Medicinal plants, especially those with 

antioxidant potential, are an important source of natural compounds that can be used as raw 

materials in the development of new therapies. Acrocomia aculeata is a palm native of Brazil, 

whose leaves are rich in phenolic and flavonoid compounds, with a proven antioxidant effects. 

Thus, our objective was to evaluate the effect of the aqueous extract of A. aculeata leaves (EA-

Aa) in two conditions related to oxidative stress, the complications associated with diabetes and 

the cardiotoxicity induced by chemotherapy with doxorubicin (Dox). For the investigation of 

the effects associated with diabetes complications, normoglycemic Wistar rats and non-obese 

type 2 diabetic rats, Goto-Kakizaki (GK), were treated daily with 200 mg.kg-1 EA-Aa for 30 

days and evaluated in relation to the anthropometric and biochemical parameters. After 

treatment, the animals were anesthetized and euthanized. Proteins associated with 

hyperglycemia and oxidative stress were evaluated in target organs, in 3T3-L1 pre-adipocytes, 

and in dermal microvascular cells (HMVec-D) induced by H2O2 to redox imbalance. The results 

showed that EA-Aa reduced fasting glycemia and triglycerides of diabetic rats, by increasing 

the levels of proteins such as GLUT-4, PPARγ and AMPK and reduced oxidative stress in 3T3-

L1 pre-adipocytes and HMVec-D cells, in addition to promoting higher levels of proteins 

related to stress resistance, SIRT1 and NRF2. Regarding the effects of EA-Aa in association 

with Dox, a chemotherapeutic agent known for its high cardiotoxicity caused by oxidative 

stress, in vitro experimental models were used: normal cells (PBMC peripheral blood cells and 

H9c2 cardiomyoblasts) and tumor cells (K562 erythroleukemics) and breast cancer MCF-7), 

and in vivo, C57Bl/6 mice, treated with EA-Aa, with or without Dox. EA-Aa showed no toxicity 

in normal cells in vitro and in the acute oral toxicity test in vivo. Regarding the effect of EA-Aa 



associated with Dox, there was a reduction in oxidative stress induced in erythrocytes, in H9c2 

cells and in cardiotoxicity in C57Bl 6 mice, in addition to potentiating the cytotoxic effect of 

Dox in tumor cells. Together, our results show the antioxidant protection of EA-Aa in diabetic 

complications and in those resulting from treatment with Dox in various tissues, as well as its 

mechanisms of action. Thus, the data presented here support new studies based on the 

pharmacological potential of EA-Aa and its phytochemicals for the development of therapeutic 

strategies for the treatment of both conditions. 
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1 INTRODUCTION 

 

The increase in life expectancy of the population is directly related to a higher incidence 

of chronic diseases, with a considerable negative impact regarding the comorbidities and 

medical costs (MONTEIRO-ALFREDO et al., 2020a; VATNER et al., 2020). Oxidative stress, 

characterized by an imbalance in the body’s redox balance, is a key factor related to the etiology 

and progression of diseases, being related to physiological and genetic factors and the new 

habits adopted by the population (PISOSCHI et al., 2021). Under physiological conditions, 

oxidative stress, known as ‘oxidative eustress’, helps the body to function in redox signaling, 

acting on specific targets. In contrast, in supra physiological conditions, it leads to the 

impairment of redox signaling and the consequent damage to the organism’s biomolecules, 

namely, carbohydrates, lipids, proteins and nucleic acids, culminating in pathophysiological 

alterations (SIES, 2019), such as cardiovascular and neurodegenerative diseases, rheumatoid 

arthritis, cancer and type 2 diabetes mellitus (DM2) (PISOSCHI et al., 2021). 

The development of therapeutic alternatives is of crucial importance, especially if they 

have features that include low cost, easy access, low toxicity, and above all, a relevant 

pharmacological potential (MONTEIRO-ALFREDO et al., 2020a). According to the World 

Health Organization (WHO), medicinal plant consumption in developing countries is around 

65% to 80% for primary health care (WHO, 2011). More than 50% of the new drugs currently 

developed are derived from medicinal plants or its constituents (TENG; SHEN, 2015). Even 

with this considerable percentage, they represent only 15% of the 300,000 species of existing 

plants in the world (DE LUCA et al., 2012). Thus, medicinal plants are a great source of 

potential chemical compounds available for the development of new alternatives (DE 

CARVALHO et al., 2020). 

Brazil possesses the greatest biodiversity worldwide, with a vast fauna and flora and 

important biomes, such as Cerrado (FONSECA; VENTICINQUE, 2018), which makes it a 

meaningful target regarding the research of new alternatives to produce plant-based products, 

such as foods, cosmetics and medicines (CARVALHO; CONTE-JUNIOR, 2021). Regarding 

the therapeutic potential of Cerrado plants, this has already been described for several species 

that associate ethnopharmacological knowledge with relevant and promising phytochemical 

compounds and therapeutic effects. Acrocomia aculeata Jacq. (Lodd) ex Mart is a palm native 

from Brazilian Cerrado, popularly known as macaúba or bocaiúva (CÉSAR et al., 2015), which 

has economic importance due to its versatility, its use in food (COSTA; OLIVEIRA; COSTA, 
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2018), biodiesel (CÉSAR et al., 2015; SOUZA et al., 2016; TEIXEIRA et al., 2017), and 

cosmetics production (DARIO et al., 2018; DE SOUZA et al., 2020; DEL RÍO et al., 2016). In 

addition, several studies reported the pharmacological potential of its pulp in the treatment of 

respiratory diseases, besides its analgesic and laxative effects (AGOSTINI-COSTA, 2018), and 

the potential in reducing serum glucose and cholesterol levels (SILVA, 2012). 

Recently, our group demonstrated the antioxidant potential of A. aculeata leaves, which 

has a strong antioxidant effect, mainly based on its phenolic compounds, vanillic, gallic, ferulic 

and caffeic acids, and the flavonoids rutin, and quercetin (MONTEIRO-ALFREDO et al., 

2020a). In this perspective, our goal was to evaluate the effect of the aqueous extract of A. 

aculeata leaves (EA-Aa) in two oxidative stress-related conditions: 1) complications associated 

to DM2 and; 2) cardiotoxicity induced by chemotherapy performed with doxorubicin (Dox). 

According to this, we aimed to assess whether the antioxidant potential of A. aculeata leaves 

might improve the metabolic profile of diabetic rats, as well as to unravel the underlying 

mechanisms in tissues involved in glucose metabolism and affected by hyperglycemia-

associated complications. We also aimed to evaluate the association between EA-Aa and Dox 

chemotherapy in in vitro and in vivo experimental models, to evaluate its potential as a 

pharmacological adjuvant, to improve Dox efficacy reducing the side effects linked to oxidative 

stress, to promote a better quality of life for patients and a greater adherence to treatment. 
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2 BACKGROUND 

 

The redox imbalance caused by oxidative stress promotes damage in biomolecules, 

tissues, and organs. Such modification acts as a trigger for altering the functioning of the 

organism, leading to the onset of diseases, and altering people's quality of life (MONTEIRO-

ALFREDO et al., 2020a; VATNER et al., 2020). Among the various diseases that have a direct 

relation with oxidative stress, we highlight DM2 and cancer. Both DM2 and cancer are non-

communicable diseases, which constitute 7 in each 10 causes of death in the world, according 

to the World Health Organization (WHO, 2020). DM2 is the most common type of diabetes, 

and in recent decades its prevalence has dramatically increased, especially in developing 

countries, affecting 422 million of people, with 1.6 million deaths per year (WHO, 2021a). 

Cancer is the second global cause of death, with an estimative of 10 million deaths in 2020 

(WHO, 2021b).  

DM2 is related to oxidative stress through pathways associated with hyperglycemia 

toxicity, what leads to its complications (BROWNLEE, 2005). The anticancer therapies make 

use of several drugs with a remarkable increase in oxidative stress as a side effect, such as 

doxorubicin (Dox), a drug widely used in the treatment of various types of cancer. The increase 

in ROS caused by the cumulative administration of Dox leads to chronic cardiomyopathy and 

cardiac failure (CAPPETTA et al., 2017). In this scenario, the development of new alternatives 

of treatment is essential, considering the high adherence of the population to plant-based 

treatments. The fact that Brazil is a country with great biodiversity, and the great diversity in 

the chemical composition of plants, may lead to the identification of significant 

pharmacological effects. Therefore, research with Brazilian plants is an important strategy that 

can help in identifying therapeutic strategies able to maintain health and treat oxidative stress-

related diseases. 

 

2.1 Oxidative stress 

 

The first theory related to oxidative stress was enunciated in the early 1950s. It was 

proposed by a biochemist, Denham Harman, from University of Nebraska, but only in the late 

1960s that it was started to be accepted (MEHDI; SOLANKI; SINGH, 2021). The definition 

consisted in the continuous and inevitable attack and consequent damage of cells by free 

radicals which spread through tissues and organs and could even establish a degenerative 
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disease. Harman stated that this condition was influenced by genetic and environmental factors 

and that it was part of the aging process (HARMAN, 2006). In the 1980s, Professor Helmut 

Sies, considered as the redox pioneer (MAJIMA et al., 2016), updated the definition of this 

condition to ‘oxidative stress’, and described the imbalance between cellular defense 

mechanisms, and the triggering oxidative reactions, that is the imbalance between the body’s 

pro-oxidant and the antioxidant system (CADENAS; SIES, 1985). Later, with the advancement 

of studies in the redox area, this concept was improved and approached to the real definition, 

and currently it is defined as the increase in reactive species (RS), in parallel with the reduction 

of antioxidant defense (SUBRAMANIAM et al., 2020). 

RS are divided in two groups, radical (free radicals) and nonradical, and the most 

common are formed from oxygen and nitrogen. The reactive oxygen species (ROS) can be 

represented by singlet oxygen (1O2), hydroxyl (OH·), hydroperoxyl (·HO2), superoxide (·O2
-), 

organic hydroperoxide (ROOH), alkoxyl (RO·) and peroxyl (ROO·) radicals; the non-reactive 

oxygen are hypochlorous acid (HClO) and hydrogen peroxide (H2O2). The reactive nitrogen 

species (RNS) are dinitrogen trioxide (N2O3), dinitrogen tetraoxide (N2O4), nitrous acid 

(HNO2), nitric oxide (NO·), nitrites (NO2
-), nitrates (NO3

-), and peroxynitrite (ONOO-) 

(PHANIENDRA; JESTADI; PERIYASAMY, 2015). 

There are also sulfur (HALLIWELL; GUTTERIDGE, 2015), chlorine, carbon, and 

transition metals-derived, which also have biological importance in the context of RS 

(FINKEL; HOLBROOK, 2000). During the process of electronic stabilization, as detailed 

above, RS attack other molecules through several mechanisms (NEHA et al., 2019), acting in 

biochemical, physiological, and pathological processes of the body such as cell signaling, 

neurotransmission (YAMAMOTO; GAYNOR, 2001), and immune defenses (ZHANG et al., 

2013). In general, they assist in homeostasis when they are in balanced amounts of production 

and neutralization. However, the imbalance between them generates a pro-oxidant state and, as 

a consequence, oxidative stress (VASCONCELOS et al., 2007). RS are also essential for 

various functions of the organism and the excessive generation of RS is neutralized by the 

body's antioxidant defense system to maintain healthy conditions (BONILHA, 2018). In this 

review, we mainly will discuss ROS. 

 

2.1.1 Electron transport chain and the formation of ROS 
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The mitochondrial electron transport chain (METC, Figure 1) is one of the main ROS 

generating centers. The mitochondria are crucial organelles for cellular homeostasis, acting in 

the production of adenosine triphosphate (ATP) and, consequently, in ROS formation. ROS are 

mostly generated during the several electron transfers that occur between their complexes (I, II, 

and III, as mentioned below) (NOLFI-DONEGAN; BRAGANZA; SHIVA, 2020). During the 

transport of electrons between mitochondrial complexes, an “escape” occurs and consequently 

ROS are formed, constituting the primary source of·O2
- in most tissues (TURRENS, 2003). 

They may be dismuted into H2O2, and later into other ROS (NOLFI-DONEGAN; 

BRAGANZA; SHIVA, 2020) as we describe later. Physiologically, ROS are formed to support 

in various immunological and signaling processes in the organism, but they can also be involved 

in pathological processes, when found in excess (MONTEIRO-ALFREDO et al., 2020a; 

TURRENS, 2003).  

 

 
Figure 1: Mitochondrial electron transport chain (MONTEIRO-ALFREDO, 2021). 

 

The energy supply (ATP) needs of each tissue varies. Endothelial cells, for example, are 

more dependent on glycolysis as an energy source than cardiomyocytes, as they need more than 

95% of ATP provided by mitochondria for their functioning. However, regardless of whether 

the energy requirement comes from different sources, the production of ROS and ATP are 

linked by METC (NOLFI-DONEGAN; BRAGANZA; SHIVA, 2020). Thus, the intracellular 
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levels of glucose are a key regulator of METC activity and, thus, ROS generation 

(BROWNLEE, 2005). 

The electron transport chain is found in the inner membrane of the mitochondria, close 

to the mitochondrial matrix where the Krebs cycle is located. The Krebs cycle provides 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) for 

METC, respectively, for complex I (NADH: ubiquinone oxidoreductase) and complex II 

(succinate dehydrogenase). In the sequence, electrons from NADH are transferred to coenzyme 

Q (CoQ) (ubiquinone) with the help of several cofactors in complex I to enter in the Q cycle, 

which reduces CoQ to ubiquinol (QH2 – CoQ reduced form). These two-electron transfer 

process promote the pumping of four protons (H+) from complex I to the intermembrane space. 

Complex II can also serve as a gateway for electrons; in this case, they are donated by FADH2 

and transferred to CoQ, but it is not accompanied by H+ translocation as in complex I (NOLFI-

DONEGAN; BRAGANZA; SHIVA, 2020).  

In the Q cycle the electrons go to complex III (coenzyme Q: cytochrome c reductase) 

and later to cytochrome c. For this, QH2 binds to complex III on its cytoplasmic side and 

releases two H+ in the intermembrane space. One electron goes from QH2 to an iron-sulfur 

cluster of complex III, while the second electron goes to cytochrome b within complex III, 

which goes to another Q molecule bounded to the matrix of the complex to form a 

ubsemiquinone (Q · -). At the same time, the electron present in the iron-sulfur cluster move to 

the cytochrome, and another QH2 molecule binds to the membrane side of the complex and 

undergoes an oxidation process, reducing Q · - to QH2 again, thus completing the Q cycle, and 

pumping another pair of H+ into the intermembrane space of the mitochondria (NOLFI-

DONEGAN; BRAGANZA; SHIVA, 2020).  

As soon as cytochrome c is reduced, it starts to transport single electrons from 

complexes III to IV (cytochrome c oxidase), which bind to molecular oxygen and are reduced 

to water. Complex IV, on the other hand, consists of three subunits and is where eight H+ are 

pumped from the matrix, four of them are used to generate two water molecules and four go to 

the intermembrane space. This oxygen consumption process describes the mitochondrial 

respiration. At the end, the H+ are transported through METC, and the electrons from complex 

I to IV. They are pumped from the matrix to the intermembrane space, where they accumulate 

to form an electrochemical gradient of H+, known as the mitochondrial membrane potential 

(ΔΨ) (NOLFI-DONEGAN; BRAGANZA; SHIVA, 2020). 
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ΔΨ associated with H+, which generates a protonmotive force Δp, is essential for energy 

storage during mitochondrial oxidative phosphorylation. It associates all electrons transported 

by complexes I to IV and the oxygen expenditure in complex V (ATP synthase), which are 

pumped from the matrix of the mitochondria to the intermembrane space because of the H+ 

gradient generated. Complex V is composed by subunits of distinct extra and intramembranous 

domains, which act as a rotational engine that allows the production of ATP, this rotation is 

promoted by the H+ gradient generated. The mechanism of ATP formation occurs with the 

rotation of the complex V, resulting in the addition of phosphate to adenosine diphosphate 

(ADP), thus forming ATP (AHMAD; WOLBERG; KAHWAJI, 2021; NOLFI-DONEGAN; 

BRAGANZA; SHIVA, 2020; TURRENS, 2003). 

In the entire METC process, the generation of ROS occurs mainly in complexes I and 

III, by reverse electron transport in complex I, and the reduction based on the iron-sulfur cluster 

in complex III. Complex II, despite having a less representative ROS production rate, is also 

responsible for mitochondrial ROS production (NOLFI-DONEGAN; BRAGANZA; SHIVA, 

2020). An additional fact that must be considered for the generation of ROS is the availability 

of oxygen to receive electrons, although there are studies that demonstrate the production of 

ROS in hypoxia (WAYPA; SCHUMACKER, 2008).  

 

2.1.2 ROS and the oxidative context 

 

Oxidative events are associated with physiological (normal aging) and pathological 

conditions, and the cascade of events that regulate and determine the conditions that will be 

associated with these processes are based on the formation of ROS (RADI, 2018). Under 

physiological conditions, a small portion of the oxygen (2 to 5%) undergoes a univalent 

reduction, where it receives only one electron, located in the external orbitals, making it 

unpaired and highly reactive (HALLIWELL; GUTTERIDGE, 1989). Most ROS produced by 

aerobic organisms are generated in membrane nicotinamide adenine dinucleotide phosphate 

oxidase (NADPH oxidase), and in the METC (ZHANG; WANG; CHU, 2019), as shown in 

Figure 1. However, there are some other sources; the endogenous are xanthine oxidase, 

phagocytosis, arachidonate pathways, physical exercise (LOBO et al., 2010), inflammatory 

process, cyclooxygenases, lipoxygenases, cytochrome p450 enzymes (FINKEL, 2011), and the 

β-oxidation of external lipid segments in peroxisomes (ERSHOV; BAZAN, 2000). The 

exogenous are the exposure to radiation, environmental pollutants, some drugs and solvents 
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(LOBO et al., 2010), and the ‘new habits’ of the population that include smoking, high fat diet 

(HFD), among others (CANO et al., 2010). HFD is directly associated to higher amounts of 

fatty acids intake, causing an imbalance in metabolism (TRINDADE DE PAULA et al., 2016) 

and the activation of proinflammatory pathways related to adipose tissue expansion, what 

culminates with the increase in lipoperoxidation biomarkers linked to oxidative stress and 

deficiencies that can lead to the development of metabolic syndrome (TAN; NORHAIZAN, 

2019). 

Molecular oxygen in the ground state contains two unpaired electrons on the outside, 

the known triplet oxygen (TURRENS, 2003). When oxygens have the same spin, they have the 

ability to react only one at a time, being characterized as low reactivity (regarding chemical 

reactions). Reactions where one of the two electrons is excited and changes its rotation generate 

singlet oxygen, a highly oxidizing agent that possesses two electrons rotating in opposite 

directions and react quickly with other pair of electrons, especially in double bonds 

(TURRENS, 2003). In older cells, the generation of ROS is higher in comparison to the newer 

ones, and in cases of mutations, these levels are even higher (JABBEHDARI; HANDA, 2021). 

The production can increase up to 10 fold in damaged mitochondria (GRIVENNIKOVA; 

KAREYEVA; VINOGRADOV, 2010). 

 

2.1.3 Antioxidant detoxification system 

 

The body’s antioxidant system exists to detoxify excessive ROS to prevent the 

development of oxidative stress and its consequences. It is composed by several enzymes that 

act to neutralize the ROS formed (LOBO et al., 2010). Antioxidants are compounds that, when 

in low concentrations in relation to the oxidizing agent, neutralize the substrate or act in 

preventing its formation, avoiding subsequent oxidation (HALLIWELL; GUTTERIDGE, 

2015). There is a vast number of antioxidants, both endogenous and exogenous, available in the 

environment and on the market. Endogenous antioxidants can be classified as enzymatic and 

non-enzymatic. The enzymatic system is formed by the enzymes superoxide dismutase (SOD), 

glutathione peroxidase (GPx) and catalase (CAT) (BARBOSA et al., 2010), whereas the non-

enzymatic system is represented by uric acid, lipoic acid, melatonin, bilirubin, and glutathione 

(GSH).  

Regarding exogenous antioxidants, they can also be divided into two groups, natural 

and synthetic. Natural ones are represented by phenolic compounds, carotenoids, flavonoids, 
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vitamins E, A, and C, for example (NEHA et al., 2019), and they neutralize ROS from 

metabolism and exogenous sources, which consequently impair the damage of 

macromolecules. In comparison with natural antioxidants, the synthetic antioxidants are more 

effective, stable, and cheaper than the naturals, but their uses are associated with different side 

effects (FASSEAS et al., 2008). They have been used as additives to prevent oxidation in 

biodiesel (JEMIMA ROMOLA et al., 2021), cosmetics, foods, lubricants, and in 

pharmaceutical industry (HAM et al., 2019), and the main representatives in this class are 

butylhydroxy-anisol (BHA), butylhydroxy-toluene (BHT) (RAMALHO; JORGE, 2006), 

tertiary butyl hydroquinone (TBHQ), 2,4,5-trihydroxybutyrophenone (THBP), propyl gallate 

(PG), octyl gallate (OG), di-tertbutyl-4- hydroxymethylphenol (IONOX-100), 4-

hexylresorcinol (4HR), and nordihydroguaiaretic acid (NDGA) (XIU-QIN et al., 2009). A 

further protection provided by antioxidants besides the neutralization of ROS includes the repair 

of the damage caused by them, and the replacement of damaged biological structures, providing 

an adaptation of the organism itself, increasing the synthesis of antioxidant enzymes, and 

reducing the oxidative damages (BIANCHI; ANTUNES, 1999). 

 

2.1.3.1 Enzymatic endogenous antioxidants 

 

The detoxifying effect of antioxidants (Figure 2) occurs on RS, which are unstable 

intermediates generated by the reduction of oxygen by an electron (as the case of ROS). 

Initially, the ·O2
-, formed by the reduction of oxygen, acts as a mediator of the METC, in 

addition to being the precursor to the formation of ROS. Its dismutation can occur 

spontaneously or through a reaction catalyzed by an enzyme that belongs to the group of SOD 

enzymes, leading to the formation of H2O2, which in turn can be totally reduced to water, or 

partially reduced to OH˙, one of the most reactive existing ROS (TURRENS, 2003). The OH˙ 

formation process is catalyzed by transition metals, such as iron and copper in the Fenton 

reaction (RADI, 2018) and in turn can form again the·O2
- that can end up reacting with NO, 

forming ONOO- (RADI; CASSINA; HODARA, 2002) and other RNS (TURRENS, 2003), and 

the consequent biological responses, especially about the mitochondrial functioning (RADI; 

CASSINA; HODARA, 2002). The mitochondrial matrix contains a form of SOD composed 

with manganese on its active site, and it eliminates O2 formed in both the matrix and the inner 

side of the mitochondria membrane (TURRENS, 2003). We explore in more detail the 

detoxifying mechanism and other enzymes involved in the process hereafter. 
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Figure 2. Mechanisms of action of antioxidant enzymes. During cellular respiration, the removal of some electrons 

causes the molecular conversion of oxygen (O2) to the hydroperoxyl radical (·HO2), which is easily converted to 

the superoxide radical (·O2
−), which is highly reactive. This anion is neutralized by the action of superoxide 

dismutase (SOD), on hydrogen peroxide (H2O2). The hydrogen peroxide is converted to the water molecule with 

the aid of the Fenton reaction combined with two electrons. It can also be converted to water by the enzymes 

catalase (CAT) and glutathione peroxidase (GPx) (MAURYA et al., 2016). 

 

It is important to emphasize the importance of the functioning of the entire 

detoxification system, as there are ROS that do not have a specific enzyme that acts in its 

neutralization, but rather need the joint action of the body’s antioxidant mechanism. One 

example of this is OH˙, a ROS that has no specific enzyme defense and has the highest 

reactivity, consequently it has a greater potential for oxidative damage (LEDO et al., 2009). 

OH˙ is the main responsible for the initiation of the lipid peroxidation process, often changing 

the biological function of several macromolecules. Considering its characteristics and the 

absence of specialized defense, it is crucial a fine balance between antioxidant enzymes, so that 

the integral functions of cells are maintained and ROS neutralized (AYALA; MUÑOZ; 

ARGÜELLES, 2014). 

 

2.1.3.1.1 Superoxide dismutase (SOD) 

 

Among several functions, many studies have indicated that SOD has an important role 

in the prevention of oxidative stress during aging (RIZVI; MAURYA, 2007). It is the first 

enzyme that acts in the defense of cells against ROS, by catalyzing the dismutation process of 

·O2
− into H2O2 (FAVARETTO et al., 2011). Its activity depends on enzymatic cofactors, which 
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differ according to the cell compartment in which they act. In the case of SOD, it can be found 

in several forms, SOD-Cu/Zn, associated and stabilized by copper and zinc, located in the 

cytoplasm and in all eukaryotic cells; SOD-Mn, which has manganese as a cofactor and is found 

in the mitochondria (BARBOSA et al., 2010) and peroxisomes; and SOD-Fe stabilized by iron, 

also found in peroxisomes (LOBO et al., 2010). The SOD isoforms present in the human body 

are SOD1, SOD2, and SOD3, located in the cytoplasm, mitochondrial, and extracellular 

medium, respectively. SOD1 and SOD3 have copper and zinc and SOD2 has manganese 

(LOBO et al., 2010). 

 

2.1.3.1.2 Catalase (CAT)  

 

CAT is divided into three groups based on their function and structure. They are typical 

catalases, catalase peroxidase and manganese catalase. The typical catalases are part of the 

group that is found in plants and animals (GALASSO et al., 2021). It is an important 

endogenous antioxidant enzyme that inhibit/neutralizes the formation and increase the removal 

of ROS/RNS (MAES et al., 2011). After the action of SOD, which catalyzes the exchange of 

·O2
- into H2O2, a dangerous product originated by several metabolic processes, CAT and GPx 

act in sequence, reducing H2O2 to water and oxygen (LOBO et al., 2010; MAURYA et al., 

2016). According to some authors, it is primarily responsible for the conversion of water and 

oxygen and it also does so when there is an oxidative imbalance (HALLIWELL; 

GUTTERIDGE, 1985). CAT is present in most aerobic cells and in the main human tissues, 

mostly found in peroxisomes (GALASSO et al., 2021). In animals, it is found in the liver 

(LOBO et al., 2010), kidneys and erythrocytes with high activity, while kidney, lung, pancreas 

and adipose tissue have an intermediate activity (GALASSO et al., 2021). Organs such as brain, 

heart and skeletal muscle also have CAT, although in small amounts (HALLIWELL; 

GUTTERIDGE, 1985). 

 

2.1.3.1.3 Glutathione system 

 

The glutathione system is composed by GSH, GSR, GPx and GST. It is present in 

microorganisms, animals, and plants (LOBO et al., 2010). GPx exists in different isoforms, 

selenium-dependent and nondependent, located in the cytoplasm or mitochondria (BARBOSA 

et al., 2010), and uses glutathione as a substrate to neutralize H2O2. This H2O2 can also be 
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converted into water molecules by the reaction of Fenton and Haber-Weiss (MAURYA et al., 

2016), with the aid of iron and copper, which culminates in the generation of OH˙ (BARBOSA 

et al., 2010) as schematically presented in Figure 3. 

When H2O2 is present in physiological concentrations, GPx acts to transform it into 

water (HALLIWELL; GUTTERIDGE, 1985). Additionally, GPx depends on the redox cycle 

of glutathione, which involves reduced (GSH) and oxidized (GSSG) glutathione (BARBOSA 

et al., 2010), and the supply of hydrogen and electron cations carried out by NADH, FADH, 

and CoQ (HALLIWELL; GUTTERIDGE, 1989). 

 

 

Figure 3. Redox glutathione cycle. For GPx reduces H2O2 to water, it needs GSH to be converted to GSSG, in 

sequence, GRd promotes the recovery of GSH, enabling the maintenance of the cycle and neutralization of reactive 

species (BARBOSA et al., 2010). 

 

2.2 Oxidative stress and diabetes 

 

Diabetes mellitus (DM) is a chronic metabolic disease characterized by destruction (type 

1 – DM1) or dysfunction (type 2 – DM2) of pancreatic β-cells, resulting in hyperglycemia 

(JIMENEZ-LUNA et al., 2020). Here, our focus is DM2, which currently affects 463 million 

people and leads to an expenditure of 760 billion dollars in 2019 (corresponding to 10% of the 

expenses with health). In addition, 374 million people are at risk to developing DM2 and it is 

estimated that in 2045 more than 700 million people will be affected worldwide (‘International 
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Diabetes Federation - Facts and Figures’, 2019). In addition, the prevalence of the disease may 

double in the next 20 years, considering the increase in age and especially the metabolic changes 

resulting from the bad lifestyle habits currently adopted by people, which culminate in 

metabolic changes and DM2 and its associated complications (MARÍN-PEÑALVER et al., 

2016). 

 

2.2.1 DM2 pathophysiology 

 

DM2 is the most common metabolic disorder, usually caused by the lack of sensitivity 

of insulin-sensitive cells and loss of mass and function of the pancreatic β cells (GALICIA-

GARCIA et al., 2020). Chronic insulin resistance becomes DM2 when β cells are unable to 

produce enough amounts of insulin to compensate the lower sensitivity of cells to its action 

(FU; GILBERT; LIU, 2013). Due insulin resistance (better explained below), there is an 

increase in hepatic glucose production and reduced glucose uptake in several organs (adipose 

tissue, liver, and muscle). 

As the process related to insulin release and effect are crucial for the maintenance of 

glucose homeostasis, they are highly regulated and since there is a defect or change in this 

mechanism, a metabolic imbalance can set in, developing DM2. Risk factors triggering DM2 

can include genetics, such as ethnicity and family history, and metabolic as well as 

environmental factors such as obesity, poor nutritional value of the diet and sedentary lifestyle 

(GALICIA-GARCIA et al., 2020). 

 

2.2.2 Insulin synthesis and secretion 

 

Insulin is a hormone produced in pancreatic β cells and acts as an important regulator 

of metabolism. Its synthesis occurs as pre-pro-insulin, which is processed as proinsulin, then 

converted to insulin and C-peptide, and later included in the secretary granules to be released. 

Insulin biosynthesis is stimulated by several factors, but glucose metabolism (explained below) 

is the most critical physiological factor that initiates the process of insulin gene transcription 

and mRNA translation (FU; GILBERT; LIU, 2013). Free fatty acids can also act to stimulate 

insulin production and it has recently been discovered that pancreatic β cells have a free fatty 

acid receptor, FFA2 (VILLA et al., 2016), through which they can act by stimulating the 
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production and release of the hormone. Amino acids can also influence this process, but less 

noticeable (FU; GILBERT; LIU, 2013). 

Insulin secretion is a process that occurs from the fusion of insulin granules with the cell 

plasma membrane and subsequent exocytosis of the granular content. This process appears to 

occur in two phases, according to plasma glucose levels. In humans, the first phase of secretion 

starts when blood glucose reaches a concentration of ~126mg.dL-1, with a release of 1.4 

nmol.min-1, and after ~10 minutes, the secretion decreases to 0.7 nmol.min-1 (FU; GILBERT; 

LIU, 2013).  

The secretion process occurs following the oxidation of glucose by glucokinase enzyme, 

which increases ATP levels in the ratio ATP/ADP and NADH/NADPH and H+ concentrations. 

Thus, ATP-sensitive K+ channels close and inhibit K+ efflux, depolarizing the β cell. The 

voltage-dependent Ca2+ channel opens, increasing the intracellular Ca2+ concentration, starting 

the exocytosis process of insulin within the granules, which move through microtubules, fusing 

the granules with the cell membrane, insulin undergoes exocytosis in the form of heterodimers, 

that dissociate into dimers, and monomers, the biological active ones (BARG; RORSMAN, 

2004). When insulin is secreted, it remains freely circulating in the blood and has an average 

half-life of 6 minutes. Insulin molecules that do not bind to its receptor are degraded by 

insulinase, an enzyme that catalyzes the hydrolysis of insulin (MIRSKY; PERISUTTI, 1957), 

currently called insulin-degrading enzyme (IDE), a metalloproteinase that is located mainly in 

the liver and kidneys. Insulin degradation also occurs in fibroblasts, adipocytes, gastrointestinal 

cells, lymphocytes, monocytes, and others. When bound to its receptor, it is internalized by 

endosomes along with IDE, which is responsible for its degradation (PIVOVAROVA et al., 

2016). 

 

2.2.3 Glucose metabolism 

 

The increase in blood glucose resulting from the uptake of glucose and the consequent 

action of insulin in different organs is crucial for glycemic homeostasis in the body 

(KARYLOWSKI et al., 2004). Its regulation occurs according to the number of facilitating 

glucose transporters (GLUT) in the plasma membrane and its stimulation by insulin, which 

promotes glucose uptake from the blood through the subcellular translocation of GLUT until 

the cell membrane surface (defects in this mechanism are responsible for the installation of 

conditions such as DM2 and metabolic syndrome, as already mentioned) (BREWER et al., 
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2014). There are 14 different types of GLUTs encoded by SLC2 gene, members of a 

superfamily of glucose membrane transport facilitators (MUECKLER; THORENS, 2013). 

They are located in different parts of the body, like GLUT2, present in hepatocytes, pancreatic 

islets, and retina (MEDINA; OWEN, 2002) and GLUT4, highly expressed in adipose tissue, 

muscle and cardiomyocytes (ALGHAMDI; ALSHUWEISHI; SALT, 2020). The isoforms of 

GLUT1, GLUT3, and GLUT5 are also studied, but they have a greater relation with the immune 

system and their regulation is made to meet the specific metabolic needs of each cell in the 

immune and inflammatory responses (FU et al., 2004). GLUT1 is also abundantly found in 

erythrocytes and brain, GLUT3 in brain, GLUT5 found in intestine, kidney, testis, and 

erythrocytes, GLUT6 in spleen, brain, and leukocytes GLUT7 in liver, GLUT8 in testis and 

brain, GLUT9 in kidney and liver, GLUT10 in liver and pancreas, GLUT11 found in heart and 

muscle and GLUT12 in heart and prostate (MEDINA; OWEN, 2002), and GLUT13 found in 

brain and adipose tissue and the last one, GLUT14 found in testis (MUECKLER; THORENS, 

2013). The physiological justification for the existence of so many isoforms is due to the crucial 

importance of this sugar for human energy maintenance, which requires several glucose 

transporters with different kinetic properties, suitable for different cellular needs 

(MUECKLER; THORENS, 2013). 

Insulin stimulation is paramount for GLUT translocation, and its production is initiated 

by the increase in glucose levels. Under basal conditions, GLUT4 levels are less than 5% in the 

cell membrane of primary adipocytes, for example, and when it increases, insulin has the role 

of increasing the GLUT4 translocation by up to 40-fold (BREWER et al., 2014). There are two 

cascades of proteins that are activated by insulin, but regarding glucose metabolism, those 

responsible for this process are part of the PI3K/AKT/mTOR signaling pathway, modulating 

glucose uptake, glycogen synthesis, differentiation, and cell growth. Its major metabolic effects 

are triggered by phosphorylation of its receptor (IR) and substrates of the receptor (IRS) (LETO; 

SALTIEL, 2012). On the other hand, the other activated pathway is the RAS/RAF/MEK/ERK, 

which has predominantly mitogenic effects, activated by IR phosphorylation of Shc (a type of 

IRS) and works together with the PI3K/AKT/mTOR pathway to control cell differentiation, 

growth, and apoptosis (ASANO et al., 2007; CHEUNG; MCDONNELL; HAMNVIK, 2021). 
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Figure 4. Insulin activation pathway (MONTEIRO-ALFREDO, 2021). 

 

Thus, the first step of insulin action starts with the activation of IR, a transmembrane 

glycoprotein. This action occurs through its extracellular domain by the intrinsic activity of 

tyrosine kinase, which phosphorylates several IRS (ASANO et al., 2007). Phosphorylated IRS 

functions as a binding site for the PI3K enzyme, as it activates the protein kinase AKT or protein 

kinase B (PKB), which leads to activation of other targets until GLUT translocation to the cell 

surface (TEIXEIRA; FARIA, 2021). AKT is also related to the activation of the mammalian 

target of rapamycin (mTOR), as mentioned above. This target acts mainly on protein synthesis, 

cell proliferation, and inhibition of autophagy, and despite being fully involved in glycemic 

control, it is a positive regulator of pancreatic β cell function (RACHDI et al., 2008) and 

provides negative feedback for IRS, especially in mTOR1, while mTOR2 acts to inhibit 

gluconeogenesis (Figure 4) (CHEUNG; MCDONNELL; HAMNVIK, 2021; LAMMING et al., 

2012). Glucose is mostly metabolized via the glycolytic pathways, which occurs through 

glycolysis, Krebs cycle, and the METC (FERNIE; CARRARI; SWEETLOVE, 2004). 

 

2.2.4 Insulin resistance 

 

Many studies have proved the importance of adipose tissue in glucose homeostasis, as 

it also stimulates glucose uptake in skeletal muscle and suppresses hepatic glucose production 

through the production of adipokines. Obesity can aggravate DM2 because it considerably 

increases proinflammatory cytokines secretion from the adipose tissue, such as tumor necrosis 

factor alpha (TNF-α), interleukins IL-1β, IL-18, IL-6, and nuclear factor kappa B (NF-κB) 

(TEIXEIRA; FARIA, 2021). Such factor can activate the expression of signaling inhibitors that 

can bind to the insulin receptors IR-1/2, preventing the insulin-induced tyrosine 

phosphorylation. In addition, excessive free fatty acids (FFA) and triglycerides that are 

ectopically deposited in muscle and liver, increase hepatic FFA oxidation, ROS levels and 
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activate the c-Jun N-terminal kinase pathway (JNK), which phosphorylates the threonine and 

serine residues of IR-1 and inhibits tyrosine phosphorylation of IR-1. This change prevents the 

coupling of IR-1 to the p85 subunit of PI3K. The alteration both by the excess of 

proinflammatory cytokines and by increased ROS levels, inhibits the activation of PI3K-AKT 

pathway, leading to insulin resistance (SAADELDEEN et al., 2020). 

In addition to the common condition of insulin resistance, factors such as dehydration, 

fasting, increased metabolic demand, infection, and stress can also cause insulin resistance, but 

in a reversible manner, also by releasing proinflammatory cytokines, which inhibit the action 

of insulin. Mutations in the insulin signaling cascade may also be responsible for insulin 

resistance, such as type A insulin resistance syndrome, Rabson-Mendenhall syndrome, and 

leprechaunism. Abnormalities of mitochondrial function can also lead to insulin resistance; this 

occurs because there is a downregulation of the peroxisome proliferator activated receptor 

(PPAR) and co-activator 1-α (PGC-1α). The decreased expression of lipoprotein lipase (LPL) 

and PPARγ are responsible for a reduction in mitochondrial content. This decrease associated 

with lower levels of transcriptional genes that act on METC was observed in studies on obese 

patients (MASTROTOTARO; RODEN, 2021). 

 

2.2.5 Oxidative stress effect on reducing insulin biosynthesis and secretion 

 

Oxidative stress is directly related to the cause and progression of glucose toxicity and 

is associated with the molecular mechanisms of reduced insulin biosynthesis and secretion, as 

a result of the susceptibility of the pancreas and pancreatic islets to the redox imbalance 

installed, in addition to the smaller levels of antioxidant defenses, such as catalase and 

glutathione system (KANETO; MATSUOKA, 2012). Insulin biosynthesis is reduced as the 

pancreatic β cell is exposed to high concentrations of glucose. Oxidative stress has an inhibitory 

effect, like hyperglycemia, as it reduces the insulin gene’s promoter activity, as well as the 

expression of its mRNA. Transcriptional factors that regulate the insulin gene are also reduced 

due to oxidative stress, such as the DNA binding capacity of pancreatic duodenal homeobox-1 

(PDX-1) (KAWAHITO; KITAHATA; OSHITA, 2009), which has a direct role in the 

development of the pancreas, in differentiation, induction, maintenance and replacement of 

pancreatic β cells (KANETO; MATSUOKA, 2012). Similar changes occur with, MafA, a 

transcriptional factor that binds to the insulin promoter gene and is associated with the 
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regulation of insulin transcription in response to high plasma levels (HANG et al., 2014; 

ZHANG et al., 2005). 

Therefore, hyperglycemia and oxidative stress consequently reduce the cellular 

expression of transcriptional factors PDX-1 and MafA, reducing insulin biosynthesis/secretion, 

which leads to hyperglycemia and thus ends up sustaining a vicious cycle. Oxidative stress 

markers such as 8-hydroxy-2-deoxyguanosine (8-OHdG) (AL-AUBAIDY; JELINEK, 2011; 

DONG et al., 2008), 4-hydroxy-2-nonenal (HNE) (PRADEEP et al., 2013; TOYOKUNI et al., 

2000) and heme oxygenase-1 (HMOX1) (BAO et al., 2010; CHANDRAKUMAR et al., 2017) 

are increased in DM2 patients, showing that the generation of ROS is related to hyperglycemia, 

not only directly influencing secretion, but also involved in the adoption of alternative pathways 

that lead to hyperglycemia toxicity, as will be presented below. 

 

2.2.6 Molecular pathways associated with oxidative stress and DM2 complications 

 

Hyperglycemia is directly related to the production of ROS, and the reverse is also true, 

and both are related to DM2 complications, micro and macrovascular. When blood glucose is 

elevated, the glycolytic pathway, Krebs cycle, and METC also increase, causing an 

intensification in the difference in electrochemical potential, higher levels of ATP, and 

hyperpolarization of the METC. This increase in functioning promotes electron “escape” and 

partial oxygen reduction as already mentioned, resulting in higher levels of ROS, especially 

·O2
- (BROWNLEE, 2001), as we already mentioned before. In addition, there is the adoption 

of alternative pathways, and the upregulated processes associated to the increase of ROS are 

considered the main factor for the activation and triggering of pathways. The alternative 

pathways: glycolytic, advanced glycation end products (AGEs); protein kinase C (PKC); aldose 

reductase (polyol pathway); and increased hexosamine flow (OKELEJI et al., 2021), are highly 

related to oxidative stress and the development of DM2 complications and will be better 

elucidated below. 
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Figure 5: Intracellular mechanisms associated with hyperglycemia toxicity. Increased AGEs; activation of PKC 

pathway; and the aldose reductase pathway (polyol pathway); and increased hexosamine flow (MONTEIRO-

ALFREDO, 2021 - Adapted from BROWNLEE, 2001, 2005). 

 

Here, we outline the four main mechanisms resulting from the increased function of the 

glycolytic pathway that explain the toxicity of hyperglycemia and, as a result, the complications 

of DM2. According to Brownlee, the first of the four mechanisms discovered was the polyol 

pathway, years later the increase in the formation of advanced glycation end products (AGEs) 

was described, followed by the activation of the PKC isoforms and finally, the hexosamine 

pathway that results in the super modification of proteins (BROWNLEE, 2005). As a 

consequence, micro and macrovascular functions are affected, especially the functioning of the 

retina, glomeruli, skin, myocardium, and muscles, causing retinopathy, neuropathy, 

nephropathy in addition to cardiovascular diseases (CHAWLA; CHAWLA; JAGGI, 2016), and 

endothelial dysfunction (MAAMOUN et al., 2019). Several studies have been carried out, but 

there has always been an experimental failure regarding the discovery of a common element or 

a triggering factor for each of these pathways (BROWNLEE, 2005). To define a common 

element between the four mechanisms associated with glucose toxicity, Brownlee and 

collaborators in several studies have shown that oxidative stress and the consequent increased 

ROS levels are the main factor responsible for the cellular damage caused by the toxicity of 

hyperglycemia (DU et al., 2000; NISHIKAWA et al., 2000). Next, we briefly explain each 

pathway, as depicted in Figure 5, according to the production of each glycolytic intermediate. 
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2.2.6.1 Polyol pathway 

 

The polyol pathway has the function of reducing toxic alcohol and aldehydes, and when 

under hyperglycemic conditions, it also converts excessive glucose into sorbitol, which is later 

converted into fructose (BROWNLEE, 2005). This pathway has a high activity regarding the 

consumption of glucose in the body, with a respective value of 30% (YAN, 2018). It is catalyzed 

by two enzymes, aldose reductase, which reduces glucose through the consumption of NADPH, 

and sorbitol dehydrogenase, which converts sorbitol to fructose, consuming NAD+ and 

producing NADH (YAN, 2018). Besides the consumption of NADPH as a cofactor for glucose 

conversion, it is also essential for the intracellular regeneration of glutathione, through the 

reduction of glutathione. 

This pathway is one of the main mechanisms that can explain the hyperglycemia toxicity 

since it is activated when glucose is in high concentrations. Aldose reductase is present in 

organs susceptible to the complications of DM2 and, in addition to the products originated by 

this pathway, it also generates cellular stress. Experiments in diabetic rats that had inhibited 

aldose reductase showed a prevention in the development of diabetic retinopathy (LORENZI, 

2007). Hyperglycemia also promotes a reduction in the NADPH/NADP+ ratio and an increase 

in the NADH/NADP+ ratio, leading to the overload of the complex I of METC, increasing ROS 

generation (especially ·O2
- – the precursor of all ROS) (CHEN et al., 2019; SCHARTNER et 

al., 2018). Excess NADH also inhibits the glycolytic pathway and Krebs cycle, further 

increasing the activation of the polyol pathway (SCHARTNER et al., 2018; YAN, 2018). The 

decrease in NAD+, on the other hand, promotes the inhibition of sirtuins, which are responsible 

for protein deacetylation, leading to protein over acetylation and less efficient glucose 

metabolism (MISHRA; DURAISAMY; KOWLURU, 2018).  

The polyol pathway also increases the production of NO, sorbitol, fructose, and protein 

glycation. It is believed that sorbitol accumulation, as a consequence of sorbitol dehydrogenase 

decrease, alters osmotic pressure, acting as a main trigger factor for DM2 complications, 

nephro, retino and diabetic neuropathy (YAN, 2018). Regarding the DNA damage, it also 

upregulates the activity of poly (ADP-ribose) polymerase (PARP), an enzyme whose main 

function is to repair DNA damage. Upregulation depletes NAD+ (which is also a substrate for 

PARP functioning) (YAN, 2018). 
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2.2.6.2 Hexosamine pathway 

 

The hexosamine pathway is less activated by glycolysis (3%) than the other pathways 

(BUSE, 2006), and occurs after the conversion of glucose-6-phophate (G-6-P) to fructose-6-

phosphate (F-6-P) with the aid of the enzyme glutamine-fructose-6-phosphate-

amidotransferase (GFAT). GFAT converts F-6-P and glutamine into glucosamine-6-phosphate 

(GlcN-6-P) and glutamate, then into uridine 5’-diphospho-N-acetyl-D-glucosamine (UDP-

GlcNAc) and CMP-sialic acid, which acts on protein glycosylation and energy metabolism 

(RUEGENBERG et al., 2020). The UDP-GlcNAc, the major end product of the hexosamine 

pathway, is an allosteric GFAT feedback inhibitor that regulates glucose flux in the pathway 

(BROWNLEE, 2005; BUSE, 2006). 

Researchers believe that the hexosamine pathway acts as a cellular nutrient sensor and 

has an influence on the development of insulin resistance and vascular complications of DM2 

(BUSE, 2006). The relationship of this pathway to insulin resistance was proposed by Marshal, 

in 1992, who carried out experiments with adipocytes isolated from rats. In this assay, the cells 

were pre-incubated with a high concentration of insulin and glucose, and the need for glutamine 

was proved for the development of insulin resistance, and consequently the involvement of the 

hexosamine pathway in the metabolic alteration (MARSHALL; BACOTE; TRAXINGER, 

1991). 

 

2.2.6.3 PKC pathway 

 

The activation of PKC pathway is also a consequence of hyperglycemia and is the third 

alternative adopted pathway. Excessive glucose increases diacylglycerol (DAG) production, an 

important cofactor for the activation of several isoforms of PKC, mainly beta and delta 

(BROWNLEE, 2005). Their activation causes changes in gene expression, such as the change 

in the production of endothelial nitric oxide synthase (eNOS), which is reduced. In contrast, 

endothelin-1, an important vasoconstrictor, is increased. As a consequence, there are many 

pathological effects associated with the imbalance between eNOS and endothelin-1, mainly at 

the vascular level in cardiac, retinal, and renal tissue (BROWNLEE, 2005; KOYA; KING, 

1998). 

Inhibition of the enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by the 

enzyme PARP and the consequent accumulation of its substrate glyceraldehyde-3-phosphate, 
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in addition to activating the PKC pathway by the accumulation of DAG, activates also another 

pro-oxidative pathway associated with the toxicity of hyperglycemia, the precursor of AGEs 

(especially the formation of methylglyoxal – MG), and seems to be fundamental for the 

relationship of oxidative stress and DM2 and its complications (IGHODARO, 2018). 

Additionally, the accumulation of upstream metabolites leads to an excessive stimulation of 

pro-oxidative pathways, such as hexosamine and polyol pathways (IGHODARO, 2018). 

Hyperglycemia activates PKC and p38α mitogen-activated protein kinase (MAPK) in 

the diabetic retina and provokes the dephosphorylation of platelet-derived growth factor 

receptor-β, decreasing the downstream signaling of the receptor and leading to pericyte (cells 

that are found along the wall of capillaries, important for the formation of blood vessels 

(ATTWELL et al., 2016)) apoptosis (GIACCO; BROWNLEE, 2010). The increased activity 

of PKC pathway is associated to vascular complications (FORBES; COOPER, 2013), such as 

lower levels of NO production and seems to inhibit insulin-stimulated expression of eNOS, 

besides to increase the permeability-enhancing factor VEGF expression in smooth muscle cells. 

The PKC pathway was also shown to contribute to higher levels of transforming growth factor 

(TGF)-β1, type IV collagen, and fibronectin in glomeruli of diabetic rats (GIACCO; 

BROWNLEE, 2010), and this seems to be mediated by NO inhibition (PUGLIESE et al., 1994). 

This pathway is also associated with overexpression of plasminogen activator inhibitor, 

fibrinolytic inhibitors and NF-κB activation of endothelial cultured cells (GIACCO; 

BROWNLEE, 2010), and it promotes the activation of angiotensin-converting enzyme (ACE), 

which is associated with apoptosis and necrosis of cardiomyocytes and endothelial cells 

(FORBES; COOPER, 2013). 

 

2.2.6.4 Advanced glycation end products (AGEs) pathway 

 

The non-enzymatic reaction between amino acid residues and carbonyl groups 

originated from reducing sugars, known as Maillard reaction, is divided into three phases: the 

first is the reaction between a sugar and an amino group and forms an unstable compound, the 

Schiff base, which will undergo a rearrangement, forming a more stable molecule, the Amadori 

product. Then, a dissociation of Amadori product occurs, forming dicarbonyl compounds, that 

is, the precursors of AGEs – glyoxal, MG, and deoxyglycosones. The last phase of glycation 

forms compounds with irreversible bonds, finally the AGEs. Proteins that suffer modifications 

by AGEs, lose their function and degrade into free AGEs, such glyoxal-lysine dimmer, methyl-
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glyoxal-lysine dimer, N-ε-carboxy-methyl-lysine, and N-ε-carboxy-ethyl-lysine (KIKUCHI et 

al., 2003). 

AGEs pathway is one of the main routes involved in DM2 complication etiology and 

progression (SINGH et al., 2014). Apparently, the AGE pathway can damage cells through 

three mechanisms. They are: 1) modification of intracellular proteins, especially the proteins 

involved in the regulation of transcription; 2) formation of AGEs to the extracellular matrix and 

consequent modification of the structure in the matrix of nearby molecules, altering cell 

signaling and causing its dysfunction; 3) precursors of AGEs diffused out of cells, also 

modifying proteins circulating in the blood, as is the case of albumin (BROWNLEE, 2005) and 

hemoglobin (MEERWALDT et al., 2008; TURK; MESIĆ; BENKO, 1998). The modification 

of circulating proteins can promote the binding and activation of AGEs receptors, causing the 

release of growth factors and proinflammatory cytokines, mainly causing vascular problems 

(BROWNLEE, 2005; MEERWALDT et al., 2008), conditions such as nephro-, neuro-, retino- 

and cardiomyopathy, and diseases as osteoporosis, rheumatoid arthritis, accelerated aging 

(SINGH et al., 2014) and cardiovascular diseases (FORBES; COOPER, 2013). 

High levels of glucose trigger covalent adduct formation through non-enzymatic 

reactions between plasmatic proteins and glucose or glycating compounds originated from 

increased fatty acid oxidation or from glucose (GIACCO; BROWNLEE, 2010; SINGH et al., 

2014). AGEs have some precursors (glyoxal, methylglyoxal, and 3-deoxyglucosone) that are 

increased in diabetic patients. Intracellular formation of AGE precursors can impair cell 

function through several mechanisms, such the modification of protein function; the 

extracellular matrix altered by AGE precursors interact anomalously with the matrix receptors 

expressed on the cell membrane surface; and last, the interaction between modified proteins 

binds to AGEs receptors (RAGE), like with vascular endothelial cells, macrophages, and 

vascular smooth muscle cells. RAGE activation leads to ROS generation, what activates nuclear 

factor-κB (NF-κB) (SINGH et al., 2014), provoking several pathological alterations, and 

immune and inflammatory responses (LIU et al., 2017). 

 

2.2.7 Hyperglycemia toxicity and the consequent complications of DM2 

 

Although blood with high concentration of glucose bathes all organs and tissues, only 

some tissues suffer from the consequences of the toxicity of hyperglycemia and are thus 

affected by the complications of DM2. Cells are normally able to reduce the transport of glucose 
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into the cell, when under hyperglycemic conditions, allowing the intracellular concentration to 

remain constant and healthy. However, endothelial and mesangial cells cannot make this 

regulation and become more susceptible (BROWNLEE, 2005). The persistent condition 

involving chronic hyperglycemia and oxidative stress lead to the development of DM2 

complications, which are divided into micro and macrovascular. The microvascular are 

responsible for changes in small vessels and can be exemplified by changes that affect the 

retina, kidneys, and nervous, causing, respectively, diabetic retino, nephro, and neuropathy 

(FORBES; COOPER, 2013). The macrovascular damage to the arteries, causing cardiovascular 

disease that can result in acute myocardial infarction and angina pectoris, aortic sclerosis, and 

cerebrovascular disease, culminating in stroke (FORBES; COOPER, 2013; KAWAHITO; 

KITAHATA; OSHITA, 2009). Additionally, problems such as sexual dysfunction, dementia, 

depression (FORBES; COOPER, 2013), hypertension, soft tissue fibromatosis, osteopenia, 

lactic acidosis, and bacterial and viral infections, among others, can also be triggered 

(KAWAHITO; KITAHATA; OSHITA, 2009). 

 

2.2.7.1 Microvascular complications 

 

In general, DM2 complications are associated with redox imbalance, especially 

regarding the vascular function of patients. An example is the case of diabetic retinopathy, 

where according to a study carried out in diabetic rats, the high concentration of glucose in the 

retina is responsible for the elevation of persistent ROS, especially ·O2
- (KOWLURU; CHAN, 

2007). The retina, for capturing more oxygen and suffering greater glucose oxidation, has a 

high susceptibility to oxidative stress, even higher than any other tissue (KANG; YANG, 2020; 

KOWLURU; CHAN, 2007). It was also shown that ROS accumulation is related to the cause, 

progression, and persistence of this condition, because even after the normalization of glucose 

levels in the body, the retinopathy reversal did not accompany the glycemic recovery, probably 

due to the higher ROS levels, but also as a side effect of hyperglycemia (KOWLURU; CHAN, 

2007). 

Nephropathy is the main cause of kidney failure, clinically characterized by the 

development of albuminuria (AMERICAN DIABETES ASSOCIATION, 2004), reduced 

glomerular filtration rate, and when untreated, uremia can be fatal (FORBES; COOPER, 2013; 

MOGENSEN; CHRISTENSEN; VITTINGHUS, 1983). Kidney disease can also trigger 

macrovascular complications such as cardiovascular, for example, causing hypertension and 
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stroke (CHRONIC KIDNEY DISEASE PROGNOSIS CONSORTIUM et al., 2010). Similarly, 

one-third of the diabetic population has neuropathy, a complication with painful symptoms 

(ABBOTT et al., 2011) with an estimated risk of limb amputation of 15%. It is believed that 

neuropathy is involved in somatic and autonomic damage of the peripheral nervous system, but 

it also affects the central nervous system and is a crucial factor for the aggravation of healing, 

cardiac and sexual dysfunction (FORBES; COOPER, 2013). In critical cases, such as advanced 

neuropathy, there is a loss of thermal perception that can evolve to degeneration of peripheral 

nerve fibers and sensory loss. A considerable number of patients with DM2 develop abnormal 

sensations such as hyperalgesia, spontaneous pain and paresthesia (OBROSOVA, 2009), and 

is also related to the development of depression, greatly reducing the quality of life 

(DZIEMIDOK; DĄBROWSKI; MAKARA-STUDZIŃSKA, 2016). 

 

2.2.7.2. Macrovascular complications 

 

 The pathogenesis of macrovascular complications of DM2 is varied, but the main tissue 

affected is the endothelium. This occurs due to the inhibition of NO, responsible for promoting 

vasodilation (CADE, 2008). This inhibition is due to the increased production of the enzyme 

eNOS, responsible for the decrease in NO bioavailability. eNOS has its production increased 

also by the increase in the generation of ROS. Tissue plasminogen activator, which is activated 

by NO and has an anticoagulant function, is also reduced, consequently, its ability to reduce the 

adhesion of inflammatory cells to the endothelium is also inhibited. Insulin resistance increased 

free fatty acids, and activation of PKC pathway may also be potential inhibitors of eNOS. The 

increase in AGEs due to hyperglycemia also inhibits NO production. Additionally, there is an 

overproduction of vasoconstrictor factors, such as endothelin-1 (CADE, 2008; CHAN et al., 

2000). 

 The macrovascular complications of DM2 have similar etiological factors, especially 

regarding the alternative pathways adopted in cases of chronic hyperglycemia and its toxicity 

(CADE, 2008). In general, DM2 is presented in the context of metabolic syndrome, associated 

with obesity, hyperlipidemia, hypertension, and coagulation disorders, which help in the 

development of cardiovascular diseases (FOWLER, 2008), the main cause of death in the world 

(WHO, 2021c). Cardiovascular diseases may also include cerebrovascular disease and 

peripheral artery disease, cardiomyopathy, coronary heart disease, arrhythmias, and sudden 
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death (VIIGIMAA et al., 2020). Importantly, DM2 patients have a 150% to 400% higher risk 

of having stroke episodes (FOWLER, 2008). 

 The main macrovascular alteration in DM2 is the atherosclerosis process, which occurs 

in response to chronic inflammation, lipid accumulation, and endothelial damage. It is believed 

that the increase in coagulability and platelet adhesion can aggravate the condition. As a result 

of this set of factors, the lipid-rich atherosclerotic lesion (atherosclerotic plaque) and a fibrous 

membrane is formed. Increased ROS/RNS and impaired NO formation can intensify this 

condition, helping to promote platelet aggregation, further increasing cardiovascular risk 

(FOWLER, 2008). When the atherosclerotic plaque becomes instable, it can detach from the 

vessel wall and cause stroke or a heart attack. DM2 is a risk factor for the development of 

several conditions, due to the chronicity of hyperglycemia. Interestingly, after the normalization 

of the other triggering factors mentioned above, DM2 still remains a critical and apparently 

independent factor (CADE, 2008), which supports the theory proposed by Brownlee regarding 

the adoption of alternative pathways for the chronic hyperglycemia and its consequent toxicity 

(GIACCO; BROWNLEE, 2010). 

 

2.2.7.3. Acute DM2 complications 

 

The acute complications of DM2 are already less specific, but very present in diabetic 

patients (FORBES; COOPER, 2013; KAWAHITO; KITAHATA; OSHITA, 2009). Increased 

glucose can lead to neurological, infectious, and cardiac problems, but can usually be alleviated 

with the treatment and reduction of hyperglycemia. Regarding the immune system, it becomes 

weaker, and the susceptibility to infectious also increases, especially in the surgical 

environment (FORBES; COOPER, 2013), and studies have reported a reduction in the immune 

response, especially the level of associated neutrophils to hyperglycemia, which induced 

considerable tolerance to lipopolysaccharides, a reduction in the production of cytokines and 

chemokines and an increase in the death of these defense cells in diabetic rats (KUWABARA 

et al., 2018). 

 

2.2.8 Diabetes therapy 

 

To maintain or restore the metabolic balance of patients, besides the adoption of a better 

lifestyle, with healthier diets, physical exercise, and an average of 7 hours of sleep (ranging 
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from 6 to 9 hours according to each person), in most cases, it is necessary the adoption of 

pharmacological therapies. The available medicines that are used in the clinic can be of several 

types, pharmaceutical forms, and different mechanisms of action (MARÍN-PEÑALVER et al., 

2016). There are several pharmacological classes with different mechanisms of action, and here 

we bring a summary of them. 

Biguanides (represented by Metformin) is the first pharmacological option used by 

physicians when contraindications are non-existent. It can alter the gut microbiota, activates 

AMP-activated protein kinase (AMPK) and inhibits hepatic gluconeogenesis (MARÍN-

PEÑALVER et al., 2016). The activation of AMPK occurs through the phosphorylation of 

subunit α in Thr172, and indirectly the inhibition of Complex 1 in METC resulting in lower 

levels of cell energy that activates AMPK, restoring energetic homeostasis (ROGACKA; 

PIWKOWSKA, 2021). The class of sulfonylureas have a mechanism of action based on 

increased insulin secretion, regulated through ATP-sensitive potassium channels (KATP 

potassium channels) of pancreatic β cells, the insulin secretagogues of sulfonylureas, 

represented on the market by glibenclamide, for example (LEÃO et al., 2019; MARÍN-

PEÑALVER et al., 2016). 

Another class of drugs used to reduce hyperglycemia is the class of alpha-glucosidase 

inhibitors (represented by voglibose, miglitol, and acarbose). These drugs assist in postprandial 

hyperglycemia reduction, delaying glucose absorption through the competitive inhibition of 

alpha-glucosidase enzyme, that promotes carbohydrate hydrolysis (HOSSAIN et al., 2020). As 

they do not act on insulin release, alpha-glucosidase inhibitors do not cause hypoglycemia and 

do not affect body weight. The mechanism of action of these drugs is based on the postprandial 

reduction of hyperglycemia by causing late digestion and absorption of carbohydrates, by 

inhibiting (reversibly) the α-glucosidase hydrolase intestinalis enzymes that are linked to the 

membranes of the small intestine and are responsible for hydrolysis of oligosaccharide to 

monosaccharide (MARÍN-PEÑALVER et al., 2016). 

The thiazolidinediones works by increasing insulin sensitivity in target tissues, such as 

adipose tissue, liver, and muscle (MARÍN-PEÑALVER et al., 2016). These drugs bind and 

activate PPARs and are potent insulin sensitizers and associated with two other receptors that 

work to regulate metabolic function (GELMAN; FEIGE; DESVERGNE, 2007). When PPAR 

are activated in the nervous system, it increases weight gain by stimulating feeding, in addition 

to improving the glycemic profile by preserving the function of the pancreatic β cell (MARÍN-

PEÑALVER et al., 2016). 
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The dipeptidyl peptidase-4 inhibitors (IDPP4) acts by inhibiting the DPP4 enzyme, 

responsible for the degradation of incretins such as glucagon-like peptide-1 (GLP-1) and 

glucose-dependent insulinotropic peptide (GIP). These incretins are secreted by L cells in the 

intestine and induce insulin secretion and inhibit glucagon, thus iDPP4 increase the level of 

these hormones and consequently improves the glycemic profile (TAYLOR; LAM, 2020). This 

class includes linagliptin, alogliptin, sitaglipin, among others (MARÍN-PEÑALVER et al., 

2016). 

The sodium glucose co-transporter-2 inhibitors (ISGLT2) work in kidneys, inhibiting 

the reabsorption of glucose and increasing its excretion, reducing weight and blood pressure. 

SGLT2 is responsible for the reabsorption of 90% of glucose in the proximal tubule (MARÍN-

PEÑALVER et al., 2016). Its mechanism depends on blood glucose concentration and is not 

related to insulin function, so the risks of patients presenting hypoglycemia by overstimulation 

or fatigue of β cells are low (KALRA, 2014), but in cases of patients with impaired renal 

function, its effects are reduced. Drugs in this class are: dapaglifozin, empagliflozin, and 

canagliflozin (MARÍN-PEÑALVER et al., 2016). 

In addition to oral therapies, there are also injectable ones, such as the GLP-1 agonist 

(RA GLP-1), which mimics the incretins secreted by the body. They help in the secretion of 

insulin, reduce the release of glucagon, delay gastric emptying, reduce hunger and consequently 

also reduce caloric intake (RODRIGUES et al., 2020; TRUJILLO; NUFFER; ELLIS, 2015). 

They also have proven effects at the vascular level, increasing endothelial relaxation, protecting 

against endothelial dysfunction, and improving renal function with increased natriuresis and 

diuresis. Their use ends up being limited because they suffer rapid degradation by DPP4 

(MARÍN-PEÑALVER et al., 2016). GLP-1 RA effect includes the reduction of fasting 

glycemia, HbA1c, body weight, and blood pressure (TRUJILLO; NUFFER; ELLIS, 2015). 

Injectable insulin is also a therapeutic alternative for the treatment of DM2. The analogs 

of human insulin allow efficacy and efficiency and exist in the form of rapid action and 

prolonged release and are administered according to the needs of the patient and can have their 

different presentations combined. Insulin therapy can have some negative effects that limit its 

use, as it can cause weight gain and hypoglycemia, reducing patient quality of life, in addition 

to the low adherence to injections (MARÍN-PEÑALVER et al., 2016), but studies have been 

developed to simplify the use and administration, like insulin pumps, to ameliorate the therapy 

condition (GIUGLIANO et al., 2021). 
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Alternative therapies have been developed to aid in DM2 treatment, as is the case of 

metabolic surgery, applied to obese patients, which reduces glycemia and cardiovascular risk, 

and improves the lipid profile and consequently weight loss. Although there are no consistent 

theories that explain how the improvement of DM2 occurs (MARÍN-PEÑALVER et al., 2016), 

promising studies have been performed to better elucidate the effects of metabolic surgery, with 

results that suggest this therapy as one option, for presenting positive results regarding higher 

levels of hormones with anorectic effects and reduction of orexigenic hormones (EICKHOFF 

et al., 2016). Regarding therapies that may mean the future of DM2 treatment, there are studies 

in progress to produce GLP-1 RA (DAVIES et al., 2017) and insulin (ELDOR et al., 2013; 

KHEDKAR et al., 2010) as oral therapy, with promising data in human studies that make it 

possible to prospect these as a new therapeutic approach for the treatment of DM2. 

 

2.3 Oxidative stress and cancer 

 

According to the World Health Organization, one in every 6 deaths is caused by cancer, 

being the second leading cause of death worldwide, corresponding to 9.6 million cases. This 

disease has grown continuously throughout the population and has entailed high costs, both 

emotionally and financially, for patients and the health system, that has spent 1.16 trillion 

dollars on treatment in one year (WHO, 2021b). It is characterized by the uncontrolled growth 

of the body’s cells, which impairs the functioning of normal cells and consequently alters the 

functioning of the body (‘American Cancer Society’, 2021). 

 

2.3.1 Cancer pathophysiology 

 

Cancer is developed due to genetic alterations that occur in the cell’s DNA, specifically 

in proto-oncogenes, which under normal conditions are inactive. When activated, they become 

oncogenes and are responsible for making normal cells turn into cancer cells and by the 

modification of its cellular functions (‘INCA - Instituto Nacional de Câncer’, 2021). These 

genetic alterations that culminate in the progress of cancer are flaws developed in the body’s 

repair mechanism, which are responsible for monitoring cell division and proliferation and must 

act from the moment that mutations or aberrations are identified. Since these protective 

mechanisms do not work properly, oncogenes and tumor suppressor genes are affected, leading 

to the development of metabolic alterations, abnormal cell division and proliferation, leading 
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to a carcinogenic process (MCADAM; BREM; KARRAN, 2016; TORGOVNICK; 

SCHUMACHER, 2015). 

Cancer can be caused by genetic conditions (‘American Cancer Society’, 2021), but it 

is noteworthy that 80% to 90% of cases are caused by environmental or external conditions, 

such as exposure to causative agents (‘American Cancer Society’, 2021), such as the use of 

drugs related to the cancer treatment itself (KANEHIRA et al., 2016) and oxidative stress, 

which has a direct relation with the cause and progression of cancer (PARK et al., 2018). 

 

2.3.2 Redox imbalance and cancer 

 

DNA has its mechanisms to repair the damage suffered, which can originate from both 

endogenous and exogenous sources (Figure 6). Endogenous damages, represented, for example, 

by replication errors, are corrected by the system through the replacement of damaged or 

incompatible strands. However, in addition to replication errors, there are other spontaneous 

changes, such as non-enzymatic base hydrolysis and methylation, deamination, and the one 

believed to be the most critical source of damage, the ROS (HARTWIG; SCHWERDTLE, 

2002). ROS act as toxic by-products of oxygen metabolism, especially the OH·, already 

mentioned in this review as one of the most reactive ROS existing, and thus, responsible for 

DNA damage (HARTWIG; SCHWERDTLE, 2002). The OH· radical has a half-time less than 

1 ns, and as soon as it is formed, it already reacts in its own place of origin, and this can occur 

through several mechanisms, such as the decomposition of water by ionizing radiation, or 

photolytic decomposition of alkyl hydroperoxides, and when formed, the OH· radical reacts 

with DNA bases, inducing the production of damages bases or strand break (VALKO et al., 

2006).  

These injuries can occur in singles and double DNA strand breaks, cross-linking, and 

modification bases. This damage leads to changes and activation of mechanisms such as 

genomic instability, replication error, induction of the signal transduction pathway, and 

transcription arrest or induction (VALKO et al., 2006). In addition to the 

biological/pathological conditions of ROS production, and to the natural development of redox 

imbalance in cancer (RECZEK et al., 2017), chemotherapies can also promote redox imbalance, 

increasing ROS levels and reducing antioxidant defenses (ANDRISIC et al., 2018; MUT-

SALUD et al., 2015). The oxidative stress caused becomes a side effect that generates damage 
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to various tissues (KANEHIRA et al., 2016) and greatly reduces the quality of life of patients 

(CAPPETTA et al., 2017). 

 

 
Figure 6. Implications of the redox imbalance on the development of cancer. Endogenous and exogenous sources 

of ROS (reactive oxygen species) can be varied, NADPH oxidase, mitochondrial electron transport chain, aging, 

UV radication, diets, drugs, among others. ·O2
- - superoxide, ·HO2 - hydroperoxyl; H2O2 - hydrogen peroxide; 

·HO – hydroxyl; HClO - hypochlorous acid; (MONTEIRO-ALFREDO, 2021). 

 

Among the chemotherapies greatly associated with oxidative stress, we highlight the 

alkylating agents, platinum coordination complexes (eg. cisplatin, carboplatin, and oxaliplatin), 

camptothecins (eg. topotecan and irinotecan), and anthracyclines (epirubicin and doxorubicin 

(CONKLIN, 2004), idarubicin and esorubicin) (LE BOT et al., 1988). 

 

2.3.2 Doxorubicin (Dox) 

 

Doxorubicin (Dox) (Figure 7), has the trade name ‘Adriamycin’ (GUVEN; SEVGILER; 

TASKIN, 2018) or ‘Adriblastina’ (‘Adriblastina® RD | Pfizer Brasil’, [s.d.]), is an antibiotic of 

the anthracycline class (KAVAZIS et al., 2017) non-selective class I (GUVEN; SEVGILER; 
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TASKIN, 2018) and recognized as a potent chemotherapeutic agent (CAI XINYONG et al., 

2020), was first extracted from Streptomyces peuceutius var. caesius in the mid-1960s 

(BENJANUWATTRA et al., 2020). It is widely used in the treatment of various types of cancer, 

in solid tumors such as breast, lung (CAI XINYONG et al., 2020; ZHAO; ZHANG, 2017), 

gastric, ovarian and pancreatic cancer and hematologic malignances (BENJANUWATTRA et 

al., 2020), such as leukemias and lymphomas (GUVEN; SEVGILER; TASKIN, 2018). 

 

 
Figure 7. Doxorubicin chemical structure (BUTOWSKA et al., 2019). 

 

2.3.2.1 Dox chemotherapy 

 

Standard Dox treatment recommends intravenous administration with a range of 10 to 

50 mg.mL-1 (BARENHOLZ, 2012).
 Its peak of plasma concentration in humans are 5 to 15 

μmol.L-1 and a half-life in the range 20 to 30 h (BERTHIAUME; WALLACE, 2007). The 

binding rate to plasma proteins is low and the drug is rapidly distributed to the liver, heart, 

intestines, and kidneys, and its metabolism occurs in the liver with renal excretion (ZHOU et 

al., 2015). 

 

2.3.2.2 Dox mechanism of action 

 

The anticancer effect of Dox occurs through two distinct mechanisms; (I) Intercalation 

in the DNA with inhibits the enzyme Topoisomerase IIβ (TOPO2β), and changes in the 

structure of the chromatin; (II) Generation of ROS/RNS and oxidative damage to biomolecules, 

such as DNA and proteins (TAYMAZ-NIKEREL et al., 2018; THORN et al., 2011). 
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The mitochondria are the major ROS generator, and this occurs through its ROS 

producing enzymes. The production of ROS by Dox occurs through these mitochondrial 

enzymes, that promote the reduction of one electron from the quinone moiety in the ring C 

(H2O2 toxic by ·O2
-) of Dox, transforming it into a semiquinone, an unstable metabolite that 

can react with oxygen, giving rise to a ·O2
- radical. This semiquinone can be neutralized and 

transformed by SOD into a stable H2O2 radical with low toxicity, or it can be transformed into 

other ROS/RNS that are part of the redox cycle. The problem is that OH· radicals can be 

generated from H2O2, which are highly reactive (CAPPETTA et al., 2017; KAVAZIS et al., 

2017), causing lipid peroxidation and DNA and cell membrane damage, in addition to 

triggering cell death by apoptosis (THORN et al., 2011) and necrosis (CAPPETTA et al., 2017) 

due to cytochrome c release (CAI XINYONG et al., 2020). 

These effects can also partly explain the cytotoxicity of the drug in non-target tissues, 

including cardiotoxicity, a recognized side effect of Dox chemotherapy (CAI XINYONG et al., 

2020). This side effect reduces the patient quality of life and adherence to treatment 

(SHABALALA et al., 2017). Besides the increased ROS/RNS production, Dox cardiotoxicity 

is linked to the decrease of cardiac antioxidant defenses (ALANAZI et al., 2020), which leads 

to a pro-oxidative condition, as well as to mitochondrial dysfunction (WALLACE; SARDÃO; 

OLIVEIRA, 2020). 

 

 
Figure 8. Main doxorubicin (Dox) mechanisms of action. Dox acts through the intercalation of the DNA, inhibiting 

the synthesis of the enzyme TOPO2β (topoisomerase 2β) and consequently preventing the synthesis of the DNA. 
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The generation of ROS (reactive oxygen species) also prevents DNA synthesis, induces damage to the cell 

membrane by promoting increased lipid peroxidation, and induces cell death. Additionally, as ROS have a greater 

specificity for cardiolipin present in the mitochondria of the cardiomyocytes, it accumulates in this organelle 

causing cardiotoxicity, which is further worsened by the fact that the heart has a lower expression of antioxidant 

enzymes (MONTEIRO-ALFREDO, 2021). 

 

Like other drugs of the anthracycline class, Dox promotes the intercalation and 

disruption of DNA, mediated by inhibition of the enzyme TOPO2β. By inhibiting this enzyme 

that overwinds DNA during transcription, it prevents double strand recombination and 

consequently prevents its replication. There is also evidence related to the increased turnover 

of the nucleosome around Dox promoter, due to its intercalation activity (TAYMAZ-NIKEREL 

et al., 2018), in addition to another proposed mechanism that suggests the modification in gene 

and protein expression, besides the disruption of Ca2+ homeostasis (ZHAO; ZHANG, 2017), 

and mitochondrial dysfunction (GUVEN; SEVGILER; TASKIN, 2018). 

 

2.3.2.3 Pathogenesis and mechanism of Dox cardiotoxicity 

 

Although Dox is a remarkably effective anticancer agent, associated with this 

therapeutic effect, there are also side effects, and the main one is cardiotoxicity. Caused by 

cumulative dose-dependent administration, Dox-induced cardiotoxicity (THORN et al., 2011) 

promotes changes in myocardial structure and function, leading to severe cardiomyopathy, 

congestive heart failure (ZHAO; ZHANG, 2017), hypertension, arrhythmia, myocardial 

ischemia, pericardial disease, thromboembolic disease, and left ventricular systolic dysfunction 

(EWER; EWER, 2010). Patients treated with this chemotherapeutic may have a functional loss 

of cardiomyocytes and irreversible damage to the heart, which may result in a need of transplant 

or causing death (ZHAO; ZHANG, 2017). Cardiotoxicity is characterized by a substantial 

accumulation of ROS/RNS (CAPPETTA et al., 2017) and low protective effect of antioxidant 

enzymes (HALLIWELL; GUTTERIDGE, 1985). Cardiotoxicity is generally associated with 

ROS/RNS generation mechanism, since Dox effect on TOPO2β do not interfere in 

cardiotoxicity, as cardiomyocytes are generally not replicative (ZHAO; ZHANG, 2017). 

Despite this, there is increasing scientific evidence that cardiotoxicity is caused by other 

mechanisms in addition to the generation of ROS, such as senescence (CAPPETTA et al., 

2017). 
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At the mechanistic level, in addition to the fact that the heart is an organ with less 

expression of antioxidant enzymes, the cardiotoxicity of anthracyclines is generated through 

the complex formed between Dox and cardiolipin (KAVAZIS et al., 2017), a heart-specific 

phospholipid rich in polyunsaturated fatty acids (MOBARAKI et al., 2017) Cardiolipins are 

located in the inner mitochondrial membrane, where anthracyclines binds to and accumulate, 

interrupting METC, further increasing the production of ROS. RNS are also related to 

cardiotoxicity, as studies suggest the existence of a crosstalk between the production of NO and 

Dox, showing that Dox binds to a specific domain of endothelial nitric oxide synthase (eNOS) 

and culminates in the accumulation of ·O2
-. Peroxynitrite can also influence this process 

(MOBARAKI et al., 2017). The increase in ROS and its relationship with mitochondria has an 

important role in the context of chemotherapy performed with anthracyclines, as heart is an 

organ particularly rich in mitochondria (CAPPETTA et al., 2017).  

 

2.4 The future of oxidative stress-related disease treatment 

 

The research of agents against these diseases with fewer side effects, more affordable 

prices, and a considerable pharmacological effect, has a great importance in terms of public 

health, and is a challenge for science. In this context, medicinal plants are an important target, 

especially phenolic compounds, which are substances with strong antioxidant potential with the 

ability to regulate glucose metabolism (MARÍN-PEÑALVER et al., 2016) through various 

metabolic pathways, such as improving insulin secretion/sensitization, increasing glucose 

uptake, helping in the restoration of β cell integrity in the case of DM2 complications 

(KAWAHITO; KITAHATA; OSHITA, 2009; MARÍN-PEÑALVER et al., 2016). They can 

also act as anticancer therapies (JAFARI; SAEIDNIA; ABDOLLAHI, 2014) by stopping the 

cell cycle (JAFARI; SAEIDNIA; ABDOLLAHI, 2014), inhibiting or reducing cell adhesion, 

migration, proliferation and differentiation or inhibiting DNA binding in case of cancer 

treatment (HUANG; CAI; ZHANG, 2009), in addition to the inhibitory mechanism of several 

pathways that act in both conditions.  

Thus, medicinal plants are an alternative to help restore/maintain the redox balance 

(MONTEIRO-ALFREDO et al., 2020a; YAN, 2018) and consequently can act against 

oxidative stress-related diseases. In this subtopic, we explore in more detail the medicinal plants 

as a therapeutic alternative, highlighting Brazilian biodiversity, the Cerrado plants rich in 

phenolic compounds. 
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2.4.1 Brazilian biodiversity 

 

The continental proportions and the 8.5 million km2 that make up almost half of South 

America, allow Brazil to have several climatic zones and ecological variations, which are 

formed in biogeographic zones, better known as biomes (FERNANDES et al., 2016). They 

range from the Amazon and Atlantic Forest, Savannah, Pantanal to the Cerrado, which support 

a wide variety of fauna and flora (FERNANDES et al., 2016), corresponding to 20% of the total 

number of species worldwide (GALÚCIO et al., 2019), and including 40,000 phytochemicals-

rich plant species (CARVALHO; CONTE-JUNIOR, 2021; OLIVEIRA et al., 2012). 

Among the different Brazilian biomes, the Cerrado occupies 21% of the national 

territory and possesses 5% of the world’s biodiversity, what makes Cerrado the second largest 

biome in Brazil (RIBEIRO NETO et al., 2020). Its area extends across the states of Mato 

Grosso, Mato Grosso do Sul, Distrito Federal, Goiás, Paraná, Minas Gerais, Bahia, São Paulo, 

Tocantis, Rondônia, Piauí and Maranhão, which has in its subsoil the largest hydrographic 

basins of the continent – Bacia do São Francisco, do Rio da Prata and Amazônia/Tocantins. 

As a result, this is a considerable aquifer reservoir supporting biodiversity (MMA, 2020). 

Cerrado possesses several endemic species, which makes it as being recognized as the 

largest savanna worldwide, with 160,000 species of plants, fungi, and animals (RATTER; 

RIBEIRO; BRIDGEWATER, 1997). In this context of biodiversity, we highlight the bioactive 

compounds of plants, which are potential therapeutic agents that contribute to the maintenance 

and treatment of chronic diseases (OLIVEIRA et al., 2012), among them cancer (GALÚCIO et 

al., 2019) and DM2 (CARVALHO; CONTE-JUNIOR, 2021) and in helping to maintain the 

body’s redox balance (DOS REIS et al., 2020; SERAGLIO et al., 2017). Besides an important 

relationship with bioenergy production through eucalyptus and sugarcane, this biome is also 

responsible for 70% of Brazilian agricultural production (GOMES et al., 2019). 
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Figure 9. Map of Brazilian Cerrado (NATIONAL GEOGRAPHIC, 2020). 

 

2.4.2 Medicinal plants 

 

The definition of a medicinal plant applies to any plant with substances used for 

therapeutic purposes or in the development of new drugs (SOFOWORA; OGUNBODEDE; 

ONAYADE, 2013). It is estimated that between 65% to 80% of the world population uses folk 

medicine or some ethnopharmacological practice, or directly depends on some popular practice 

for the treatment of diseases or health maintenance (WHO, 2011). More than 50% of the new 

drugs currently developed are derived from medicinal plants or use medicinal plants as raw 

material (TENG; SHEN, 2015) and these numbers represent only 15% of the 300,000 species 

of existing plants in the world (DE LUCA et al., 2012). From the economic point-of-view, the 

plant global market is estimated in $83 billion (PALHARES et al., 2015) to $100 billion per 

year (SOFOWORA; OGUNBODEDE; ONAYADE, 2013).  

Plants are also a great source of potential chemical compounds that are available for the 

development of alternative therapies. Due to their extensive, there are some documents 
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published by WHO (WHO, 1999, 2003, 2007, 2009) and by the Brazilian government 

(‘Ministério da Saúde’, 2008), which contains lists of recognized species with medicinal 

properties well established. In addition, policies that encourage the use of medicinal plants in 

Brazil, namely the called ‘National Policy on Medicinal Plants and Herbal Medicines’ (from 

the Portuguese: Programa Nacional de Plantas Medicinais e Fitoterápicos), aims to implement 

actions to promote quality of life for the population using strategies to improve the population’s 

access to medicinal plants (PNPMF, 2009). Mikania glomerata, Maytenus illicifolia L., 

Miracrondruon unrudeuva and Lippia sidoes Cham., are some examples of plants included in 

the ‘National Policy on Medicinal Plants and Herbal Medicines’, which has studies based on 

ethnopharmacological practices and information about the drugs, which reduces time and 

investments, facilitating its use (PNPMF, 2009). 

Brazilian biodiversity has high economic value regarding dietary and herbal products, 

due to the variety of primary and secondary plant metabolites (CARVALHO; CONTE-

JUNIOR, 2021). Secondary metabolites increase the plant chemical complexity and are directly 

linked to their biological activity. They include tannins, coumarins, terpenoids, cardiotonic 

glycosides, anthocyanins, saponins, phenolic compounds, and flavonoids (TAFOLLA-

ARELLANO et al., 2013). The pharmacological potential of these plants may help in 

reestablishing the body's redox balance in the treatment of chronic diseases (DOS REIS et al., 

2020; SERAGLIO et al., 2017). In the specific case of phenolic compounds and flavonoids, 

they have antioxidant, anti-inflammatory and anti-cancer activities (ARAÚJO, J, 2008).  

 

2.4.3 Secondary plant metabolites - phenolic compounds 

 

Phenolic compounds are a group of secondary metabolites that have in common an 

aromatic ring attached to one or more hydroxyl groups. Naturally, there are around 8,000 

phenolic plants and, of these, about half are flavonoids (SULAIMAN; BALACHANDRAN, 

2012). In addition, there are some other subclasses of secondary metabolites that belong to the 

phenolic compounds: lignans, tannins, stilbenes, which have carbon in their chemical structure 

that determine the complexity of its structure and consequently its biological activity (CHEN 

et al., 2021). 
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Figure 10. Basic phenol structure (YAN et al., 2021, p. 2) 

 

Flavonoids (Figure 11) contain two benzene rings separated by a propane (SULAIMAN; 

BALACHANDRAN, 2012) and the rings are A, C, and B in C6-C3-C6 (DAI; MUMPER, 

2010). Within the group of flavonoids, there are 6 subgroups that include flavanones, flavones, 

flavonols, flavanols, isoflavones, and anthocyanins, and their group operates in the oxidation 

state of the central ring “C”. The differences of each subgroup occur according to the degree of 

hydroxylation, methylation, glycosylation, and prenylation that each molecule undergoes. 

Catechins, naringenin, quercetin, rutin are examples of flavonoids (ALARA; 

ABDURAHMAN; UKAEGBU, 2021). 

 

 

 
Figure 11. Basic flavonoid structure (KUMAR; PANDEY, 2013). 

 

There are 2 classes of phenolics (Figure 12), derived from benzoic acid (gallic acid) and 

cinnamic acid, with examples as ferulic, caffeic, and coumaric acids (DAI; MUMPER, 2010). 

Tannins are divided in two classes, the hydrolysable and the condensed ones. The hydrolysable 

tannins contain a central glucose core in an esterified form with gallic acid; the condensed are 

either polymers of flavan-3-ol or oligomers via the interflavan carbon bond. The condensed 

tannins are known as proanthocyanidins, because when heated in an acid alcohol solution, they 
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turn into anthocyanidins through a process of acid-catalyzed oxidation (NAUMANN et al., 

2017). 

 

 

 

Figure 12. Main subclasses of the phenolic compounds (ALARA; ABDURAHMAN; UKAEGBU, 2021). 

 

Phenolic compounds (Figure 12) are found in fruits, vegetables, cereals, and beverages 

(tea and wine), being responsible for the organoleptic characteristics, mainly color and flavor 

(ALARA; ABDURAHMAN; UKAEGBU, 2021). They have a wide range of therapeutic 

activities, including regulation of angiogenesis, apoptosis, cellular proliferation, and cell cycle 

(MAYA-CANO; ARANGO-VARELA; SANTA-GONZALEZ, 2021). They also have 

antibacterial, cardioprotective, anti-inflammatory, immune system stimulator, UV radiation 

protection (TUNGMUNNITHUM et al., 2018), antimutagenic, anticarcinogenic and 

antioxidant activities (MARINOVA; RIBAROVA; ATANASSOVA, 2005). 

The antioxidant properties that characterize phenolic compounds for being the largest 

group of phytochemical compounds with antioxidant potential are based on the presence of 

phenolic hydroxyl groups attached to ring structures which act as reducing agents, such as metal 

chelators, hydrogen donators, ·O2
- scavenger, singlet oxygen quenchers and activate antioxidant 

enzymes (CAROCHO; FERREIRA, 2013; OKPUZOR, J. et al., 2009). Below are represented 

the molecules of the phenolic compounds (gallic, ferulic, caffeic, vanillic acid) and flavonoids 

(rutin and quercetin) of interest in this work. 
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Table 1: Nomenclature and general chemical structure of flavonoids and phenolic compounds. 

Chemical compound Molecule 

Rutin 

 

Quercetin 

 

Caffeic acid 

 

Gallic acid 

 

Vanillic acid 

 

Ferulic acid 

 

(SIGMA-ALDRICH; MERCK, 2021). 

 

2.4.4 Phenolic compounds and oxidative stress detoxification pathways - a therapeutic 

strategy for the activation of key pathways 
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Phenolic compounds are considered an important therapeutic strategy in maintaining 

the body's redox balance, in addition to being used in the treatment of oxidative stress-

associated chronic diseases (MONTEIRO-ALFREDO et al., 2020a), such as neurodegenerative 

disorders, metabolic syndrome, DM2 and cancer (ARRUDA et al., 2020; SANTOS-BUELGA 

et al., 2019). In this context, the investigation of the mechanisms of action of phenolic 

compound-derived products becomes important for the treatment of diseases and maintenance 

of health. The presence of these secondary metabolites in vegetables gives their beneficial 

properties, being consumed as foods or beverages, they can also be used for the development 

of drugs, and several studies are being developed with plants. Supporting this information, 

Lythrum salicaria L. (Lythraceae), for example, is considered a promising source of phenolic 

compounds that modulate redox imbalance, as it has a considerable antioxidant protective 

effect, proven through the reduction of DNA damage induced by hydroxyl and peroxyl radicals, 

without presenting toxicity in normal cells (SREĆKOVIĆ et al., 2020). The phenolic 

compounds present in Vaccinium corymbosum L. also showed important protection against the 

oxidative damage of ROS induced by H2O2, lower levels of malondialdehyde (MDA), and good 

inhibition of 1,1-diphenyl-2-picrylhydrazine (DPPH) and the ferric reducing antioxidant power 

test (FRAP) (MANQUIÁN-CERDA et al., 2018). Another study that used similar parameters 

to evaluate the antioxidant effect was carried out in Triplaris gardneriana and revealed a 

protective effect with lower levels of generated MDA, good iron chelating effect and DPPH 

radical scavenging activity (DE ALMEIDA et al., 2017), Fraxinus angustifolia (KASMI et al., 

2021), and Euterpe oleracea Mart. (MELO et al., 2021) also showed the ability to scavenge 

DPPH and ABTS free radicals. 

The association of the antioxidant effect and other therapeutic properties of phenolic 

compounds were also evidenced in some plants, as is the case of Rumex dentatus L., which 

showed free radical scavenging capacity and a reduction in glycemia, hepatic injury and 

improved carbohydrate metabolism by upregulating PPARγ in diabetic rats (ELSAYED et al., 

2020). Liver damage prevention associated to the protective effect and increased expression of 

antioxidant enzymes was also evidenced in Bridelia tomentosa (MONDAL et al., 2021). 

Studies performed to analyze oxygen radical absorbance capacity (ORAC) revealed the 

antioxidant ability of phenolic compounds found in extra virgin olive oils, associated with lower 

levels of fluorescence from the DCFH-DA probe in NIH-3T3 cell line (PRESTI et al., 2017). 

Similar effects of reducing the fluorescence intensity of DCFH-DA and preventing oxidative 

damage were reported in an assay carried out with Suaeda monoica, which also showed a 
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reduction in methylglyoxal-induced toxicity in human endothelial cells (HUVEC) and 

inhibition of caspases 3 and 7 (PARVEZ et al., 2021). Phenolic compounds of Vaccinium spp 

berries presented interesting effects in an experiment carried out in cell culture of skin cells, 

with cell cycle and proliferation inhibition, and reduction of malignant cells, macromolecules 

oxidation, pro-inflammatory cytokines and oxidative stress (MAYA-CANO; ARANGO-

VARELA; SANTA-GONZALEZ, 2021). Butia catarinensis, Butia eriospatha and Opuntia 

elata, which showed antioxidant effects in vitro against hydrogen peroxide H2O2, OH· and 

ROO· and ABTS radicals, and showed in vivo protection of nematodes Caenorhabditis elegans 

induced by NaCl and evaluated un relation to the fluorescence of DFCH-DA (CAMBOIM 

ROCKETT et al., 2020). 

In addition to the plants mentioned above, which have phenolic compounds and 

therapeutic properties, the same as those mentioned in this review, we sought to analyze the 

current literature with published studies that report plants derived from the Brazilian Cerrado 

that have similar characteristics to those mentioned above. For this, a literature search was 

performed in PubMed and Science Direct (until September 2021). The search terms used were 

‘phenolic compounds’, ‘Cerrado plant’, ‘antioxidant’, ‘diabetes’, and ‘cancer’. The obtained 

data are represented in Table 2. 

 

Table 2: Phytochemical constitution and biological properties of medicinal plants from the 

Brazilian Cerrado. 

Medicinal 

plant 

Phytochemical 

constituents 
Biological properties Reference 

Acrocomia 

aculeata 

Gallic, vanillic, caffeic, 

and ferulic acid, rutin, 

quercetin, campesterol, 

stigmasterol, β-sitosterol, 

lupeol, and lupeol acetate 

In vitro and in vivo 

antioxidant activity, 

hypoglycemic and 

hypotriglyceridemic 

effect 

(MONTEIRO-

ALFREDO et 

al., 2020a, 2021) 

Alibertia edulis 

Caffeic acid, quercetin 3-

rhamnosyl-(1 → 6)-

galactoside and iridois 

ioxide 

Hypoglycemiant effect, 

protection against 

hemolysis and oxidative 

stress 

(FIGUEIREDO 

DE SANTANA 

AQUINO et al., 

2020) 
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Annona 

crassiflora 
Epicatechin and quercetin 

Antioxidant, 

antiproliferative and 

wound healing activity 

(PRADO et al., 

2020) 

Annona 

muricata 

Total phenolic 

compounds, flavonoids 

and proanthocyanidins 

(total quantification) 

Antioxidant activity, in 

vitro antidiabetic and 

inhibitory potential 

against α-amylase, α-

glucosidase, lipase, non-

enzymatic glycation, and 

lipid peroxidation 

(JUSTINO et al., 

2018) 

Bactris setosa 

Phenolic compounds 

(anthocyanins and non-

anthocyanin phenolic 

compounds) and 

carotenoids 

Oxidative and nitrosative 

protection 

(BOEING et al., 

2017) 

Banisteriopsis 

argyrophylla 

Catechin, procyanidins, 

glycosylated flavonoids, 

kaempferol, and 

megastigmane glucosides 

α-amylase, α-

glucosidase, lipase, and 

glycation inhibitors 

antidiabetic and 

antioxidant activity 

(QUARESMA et 

al., 2020) 

Byrsonima 

verbascifolia 

Resveratrol and ferulic 

acid 

Antimutagenic, 

antigenotoxic and 

antioxidant activity 

(MALTA et al., 

2012) 

Campomanesia 

cambessedeana 

Catechin, ethyl gallate 

and propyl gallate 

Antimutagenic, 

antigenotoxic and 

antioxidant activity 

(MALTA et al., 

2012) 

Caryocar 

brasiliense 

Gallic acid, quinic acid, 

quercetin, and quercetin 

3-O-arabinos 

Antioxidant activity 
(ROESLER et 

al., 2008) 
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Cedrela 

odorata 

Gallic acid, catechin and 

gallocatechin 

Hyperglycemia 

reduction and 

antioxidant activity in 

vivo 

(GIORDANI et 

al., 2015) 

Dipteryx alata 

Gallic acid and its 

derivatives, such as gallic 

acid esters and 

gallotannins 

Antioxidant and 

antiproliferative activity 

(OLIVEIRA-

ALVES et al., 

2020) 

Dipteryx alata 

p-Coumaric, ellagic, 

caffeic, ferulic, and gallic 

acid and hydroxybenzoic, 

catechin and epicatechin 

Antioxidant activity 
(LEMOS et al., 

2012) 

Dipteryx alata 
Phenolic compounds 

(total quantification) 

In vivo antioxidant 

activity 

(SIQUEIRA et 

al., 2012) 

Dipteryx alata 

Phenols, terpenes, fatty 

acid derivatives, 

vitamins, and a 

carboxylic acid. 

Antioxidant activity and 

Caenorhabditis elegans 

life expectancy increase 

(LEITE et al., 

2020) 

Eschweilera 

nanat 
Rutin and hyperoside Antioxidant activity 

(OUTUKI et al., 

2016) 

Eugenia 

dysenterica 

Proanthocyanidins, 

flavonoids, phenolic 

acids, quercetin, 

kaempferol derivatives, 

free and total ellagic acid 

Antioxidant activity, 

pancreatic lipase 

inhibition, body weight 

and fat mass gain, 

hyperglycemia and 

dyslipidemia attenuation 

and fecal triglycerides 

excretion improved 

(DONADO-

PESTANA; 

BELCHIOR; 

GENOVESE, 

2015) 
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Eugenia 

dysenterica 

Phenolic compounds 

(total quantification), 

myricetin, quercetin and 

kaempferol 

Antioxidant, 

antiproliferative and 

antimutagenic potential 

(NERI-NUMA 

et al., 2013) 

Guazuma 

ulmifolia 

Flavan-3-ol-derived 

flavonoids, including 

monomers and dimers, 

condensed tannins, and 

glycosylated flavonoids 

In vitro and in vivo 

antioxidant activity 

(DOS SANTOS 

et al., 2018a) 

Hancornia 

speciosa 

Phenolic compounds 

(total quantification) 
Antioxidant activity 

(DE LIMA et al., 

2015) 

Hymenaea 

stignocarpa 

Caffeic acid, kaempferol, 

quercetin-3-rutinoside 

and quercetin-3-

rhamnoside 

α-amylase and α-

glucosidase inhibition, 

glycemic profile 

improved 

(SILVA et al., 

2019) 

Hyptis Jacq. 

Phenolic acids, 

flavonoids, chlorogenic 

acid and cinnamic acid 

derivatives, rosmarinic 

acid and total phenolic 

compounds (total 

quantification) 

Antioxidant activity 
(DOS SANTOS 

et al., 2018b) 

Mauritia 

flexuosa 

Total phenolic 

compounds and β-

carotene (total 

quantification) 

Antioxidant activity 

(CÂNDIDO; 

SILVA; 

AGOSTINI-

COSTA, 2015) 

Mauritiella 

armata 

Palmitic, estearic, oleic, 

linoleic, linolenic acid, 

tocopherol, and α-

tocopherol 

Antioxidant activity 
(DE SOUZA et 

al., 2021) 
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Myrcia bella 
Flavonoids and phenolic 

acids derivatives 

Antimutagenic and 

antioxidant activity 

(SERPELONI et 

al., 2015) 

Psidium 

cattleianum 

Epicatechin, gallic, 

coumaric, and ferulic 

acid, myricetin and 

quercetin 

Antioxidant and 

antimicrobial activity 

and antiproliferative 

effect on human cancer 

cells 

(MEDINA et al., 

2011) 

Schinus 

terebinthifolius 

Raddi 

O-glycosylated flavonols, 

gallotannins and gallic 

acid along with its 

derivatives 

Antioxidant, antidiabetic 

and antiproliferative 

activities 

(DOS SANTOS 

DA ROCHA et 

al., 2019; 

OLINTO et al., 

2020) 

Sterculia striata 

Oleic acid, phytosterols 

β-sitosterol, 

stigmasteroland, 

campesterol γ-, δ-, α- and 

β-tocopherol, ellagic, 

ferulic, 

methoxyphenylacetic and 

protocatechuic acids 

Antioxidant activity 

(DE BRITTO 

POLICARPI et 

al., 2018) 

Solanum 

lycocarpu 

24 phenolic compounds 

(see ref.) 
Antioxidant activity 

(PEREIRA et al., 

2019) 

Vochysiaceae 

species 

Polyphenols, such as 

flavonoids and condensed 

tannins 

Antioxidant and 

inhibitory potential 

against human α-

amylase and protein 

glycation 

(FRANCO et al., 

2019) 

Senna velutina 21 compounds (see ref.) 
In vitro and in vivo 

antitumor effects 

(CASTRO et al., 

2019) 
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2.4.5 Nuclear factor erythroid 2 (NFE2)-related factor 2 (NRF2) 

 

The organism has mechanisms that act in the regulation and maintenance of the redox 

balance, and one of these mechanisms is the nuclear factor erythroid 2 (NFE2)-related factor 2 

(NRF2), a cap ‘n’ collar subfamily member of the basic region leucine zipper transcription 

factor (MA, 2013). NRF2, discovered in 1994 (CHEN; MALTAGLIATI, 2018), is a key 

transcription factor that regulates several antioxidant mechanisms, cellular homeostasis, 

detoxification genes (PENG et al., 2021), and acts as a cytoprotective regulator (LAZARO et 

al., 2018). NRF2 mRNA is widely expressed and independently of inducers. Its modulation 

occurs in two ways, activated by inducers and under stress conditions and suppressed by 

physiological state and suppressor agents (iNRF2) (MA, 2013). Under the canonical pathway, 

it is negatively regulated by a cytosolic hijacking complex, Kelch-like ECH-associated protein 

1 (Keap1, iNRF2) and supports the ubiquitination and degradation of NRF2 in a constant way, 

to keep NRF2 concentrations low under physiological conditions. 

Under oxidative stress conditions, the canonic pathway, NRF2 is phosphorylated, 

dissociated from Keap1 in the cytoplasm and translocated to the nucleus (ERLANK et al., 2011; 

FENG et al., 2018), where binds to antioxidant response elements (AREs) transcription 

detoxifying genes (LAZARO et al., 2018), being responsible for the expression of phase-2 

detoxifying enzymes, such as GPx, GST, CAT (ERLANK et al., 2011), HMOX1, among others 

(Figure 13) (LAZARO et al., 2018). The non-canonical pathway of NRF2 is associated with 

autophagy. It is a cysteine-independent mechanism, and sequesters Keap1 for degradation by 

autophagy, so that NRF2 stabilizes and transactivates its dependent genes. The autophagy 

pathway has the function of removing damaged organelles and protein aggregates that occur 

through lysosomal degradation so that the homeostasis of the cell and the metabolic processes 

involved are maintained (LAZARO et al., 2018). 
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Figure 13. Antioxidant mechanism of action of NRF2/SIRT1 association activated by a plant extract from the 

Brazilian Cerrado. EA-Aa acts through the cascade of proteins responsible for the activation and transcription of 

antioxidant protection mechanisms. EA-Aa - Aqueous extract of A. aculeata leaves; SIRT1 - sirtuin; ERK - 

extracellular signal-regulated kinase; NRF2 - nuclear factor erythroid 2–related factor 2; Keap1 – kelch-like ECH-

associated protein 1; ARE – antioxidante response elements; CAT - catalase; RS – reactive species; MDA – 

malondialdehyde; 4 – HNE - 4-hydroxy-2-nonenal (MONTEIRO-ALFREDO, 2020). 

 

The alternative pathway activators of NRF2 phosphorylate it in serine and threonine 

residues and promote Keap1 dissociation and translocation to the nucleus, as is the case of 

protein kinases, such as PKC, JNK, ERK, and PI3K (KASPAR; NITURE; JAISWAL, 2009). 

There are reports that the enzyme glycogen synthase kinase-3β also regulates NRF2, but 

negatively inhibiting its action, but little is known about this until now (CULBRETH; 

ASCHNER, 2018). Finally, NRF2 itself can also promote self-regulation, as a regulatory loop, 

for maintaining the amount of NRF2 and Keap1 in the cell, in this way NRF2 itself controls the 

degradation, expression and induction of the gene of Keap1 (LEE et al., 2007). 

NRF2 is also a regulator of proinflammatory cytokine transcription genes, where it acts 

as an inhibitor of inflammation. Its function is also involved in regulating genes of lipid 

metabolism, induction of autophagy and cellular apoptosis (autophagy-related protein 5-ATG5) 
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(LAZARO et al., 2018), it is able to improve hypothalamic insulin and leptin resistance when 

under oxidative stress conditions (YAGISHITA et al., 2017). In the case of DM2, NRF2 can 

also be a protective target against uncontrolled inflammation, oxidative stress, and micro and 

macrovascular complications, in addition to promoting atheroprotection (LAZARO et al., 

2018). It also is involved in the regulation of lipogenesis genes (WANG et al., 2020) and 

protects against weight gain and promotes the formation of small adipocytes. Its deficiency can 

lead to reduced expression of peroxisome proliferator-activated receptor γ (PPAR γ), CCAAT 

enhancer-binding protein α (CEBPα), showing that, in addition to acting in detoxification 

pathways of phase II, NRF2 also plays an important role in the differentiation of preadipocytes 

and the expression of adipogenic transcription factors, in specific PPAR γ promoter sites (PI et 

al., 2010). 

In a series of studies carried out with knockout animals, the importance of NRF2 in 

several metabolic and immunological pathways of the organism was proven. When NRF2 was 

suppressed, animals developed ocular pathology (ZHAO et al., 2011), oxidative injury, 

inflammation (BOYANAPALLI et al., 2014) and lower expression of antioxidant enzymes 

(KHOR et al., 2008). NRF2 deficiency was also related with greater chances of developing 

Alzheimer’s disease, presenting a phenotype with higher oxidative and pro-inflammatory 

markers (REN et al., 2020), the development of systemic autoimmune disease (LI; STEIN; 

JOHNSON, 2004), increase of erythrocyte sensitization and the development of hemolytic 

anemia (LEE et al., 2004), and the predisposition to neutrophilic inflammation with the 

development of pulmonary emphysema (IIZUKA et al., 2005), and asthma (RANGASAMY et 

al., 2005). In addition, NRF2 deficiency leads to a greater propensity to develop malignant 

lesions and breast carcinomas, lung adenomas, with NF-κB activation (BECKS et al., 2010), 

greater susceptibility to colorectal carcinogenesis (KHOR et al., 2008), and liver and skin 

cancer (BEYER et al., 2008). Altogether, these studies prove that NRF2 is much more than an 

important target in the maintenance of redox balance, but rather a crucial systemic regulator of 

the function of various organs and mechanisms. 

About the clinical studies, there are pharmacological agents capable of modulating such 

transcriptional factors, acting as therapeutic alternatives for the treatment of oxidative stress-

related diseases. Examples of NRF2-associated pathway modulators are resveratrol, curcumin, 

melatonin (OOI et al., 2018), gallic acid (FENG et al., 2018) and ferulic acid (HOU; ZHANG; 

YANG, 2019). In preclinical studies, the pharmacological activators of NRF2 are isopropyl 

sulfur cyanogen compounds (sulforaphane), 1,2-mercapto-3-sulfur ketone derivatives 
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(oltipraz), selenium-containing drugs (ebselen) (LAZARO et al., 2018) and the phenolic 

compounds (HAN et al., 2008). 

The study of phytochemical compounds, especially phenolic compounds, which can 

help to activate transcription factors such as NRF2 is an important area of research. They seek 

to identify the role between mechanisms of action and phytochemicals (BOYANAPALLI et 

al., 2014), in order to develop new alternatives. In this perspective, we bring studies that 

associate the therapeutic activity of NRF2 and other pathways with plants mainly constituted 

by this class of secondary metabolites. One example of a pathway associated with NRF2 is the 

nuclear factor kappa B (NF-κB), NRF2/NF-κB, activated by phenolic compounds such as the 

case of the plant Molineria latifolia. It has the effect of reestablishing the redox imbalance 

caused by DM2, through the tissue-specific modulation of the antioxidant response (OOI et al., 

2018). Curcumin is another example of a phenolic compound that mediates the pathway 

involving the electrophile responsive element (EpRE), NRF2/EpRE and has been shown to 

have a hepatoprotective effect (FAROMBI et al., 2008). This pathway seems to be activated by 

some metabolites of quercetin, which causes an increase in detoxifying enzymes (LEE-HILZ 

et al., 2006). As well, Nymphae nouchali, a plant rich in phenolic compounds, is capable of 

acting as antioxidant, more specifically in the cellular ROS scavenging activity through the 

NRF2 pathway associated with ERK/p38 pathway (BAJPAI et al., 2018). The NRF2/SIRT1 

association has reports of beneficial effects on hepatoprotection (SAYED et al., 2020), and 

there are reports about a Cerrado palm, Acrocomia aculeata, which confirmed this beneficial 

association regarding the antioxidant potential of this pathway in several experimental models 

(MONTEIRO-ALFREDO et al., 2020a). Moreover, in the context of Cerrado, we summarized 

the available data about its plants and the published information regarding NRF2 activation by 

phenolic compounds, but information is scarce and recent, further justifying the importance of 

developing research in this area (Table 3). The literature search was also performed in PubMed 

and Science Direct (until September 2021), with the search terms ‘phenolic compounds’, 

‘Cerrado plant’, and ‘NRF2’. 
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Table 3: Medicinal plants from the Brazilian Cerrado that have their therapeutic properties 

associated with NRF2 pathway. 

Cerrado medicinal 

plant 
Biological properties Reference 

Acrocomia aculeata 
In vitro and in vivo 

antioxidant capacity 

(MONTEIRO-ALFREDO et al., 

2020b) 

Bactris setosa 
Anti-aging and antioxidant 

activity 
(DA CUNHA; ARRUDA, 2017) 

Bactris setosa Antioxidant activity (FUSTINONI-REIS et al., 2016) 

Campomanesia 

adamantium 

Antioxidant and 

hepatoprotective capacity 

(DE OLIVEIRA FERNANDES et 

al., 2015) 

Caryocar coriaceum 
Antileishmanial and 

antioxidant activity 

(TOMIOTTO-PELLISSIER et al., 

2018) 

Tabebuia rosea Antioxidant activity (GARZÓN-CASTAÑO et al., 2020) 

 

2.4.6 Arecaceae  

 

Palm trees represent the greatest symbol of tropical forests since they mostly exist only 

in the tropics. In Brazil, there are 119 species belonging to 39 genera, found in different 

environments due to their high adaptive capacity. Their fruits are widely used, pulp for human 

consumption, the endocarp and epicarp as a source of biomass (DONATTI, C, 2004) and leaves 

are used for animal nutrition (CICONINI et al., 2013). The group of palm trees belonging to 

the Arecaceae family is one of the largest and has many species with important recognized 

economic value (DRANSFIELD, J; MANOKARAN, N, 1993; JONES, L, 1988). It has about 

440 genera and 3,000 species of palm trees distributed worldwide. In South America, it occurs 

from the coast of Brazil to Argentina and Paraguay, where there are 36 genera, and 195 species 

(GIULIETTI et al., 2005). 

Some studies show important biological activities of plants of the same family, such as 

antioxidants of Copernicia prunifera (Mill.) HE Moore, known as carnauba palm (RUFINO et 

al., 2010) and anti-inflammatory for Syagrus oleracea (Mart.) Becc., known as catolé 

(SARAIVA et al., 2015). Also, the methanolic extract of Cocos nucifera (L) displays 

antioxidant, cytoprotective, and antidiabetic potential. Phytochemical analyzes revealed the 

presence of polyphenols, phenolic acids, resins, flavonoids, proteins, and amino acids 
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(RENJITH; CHIKKU; RAJAMOHAN, 2013). Besides, the aqueous extract of Arecastrum 

romanzoffianum fruits has anti-inflammatory activity due to the compound 

galactomannoglucan, which acts in the initial stage of inflammation, and inhibits the formation 

of edema similarly to the already standardized compounds, indomethacin and dexamethasone 

(DA SILVA; PARENTE, 2010). The leaves of Butia capitata Becc showed several antioxidant 

activities, with the methanolic extract being the most active. Polar and non-polar leaf extracts 

showed anti-inflammatory activity, with non-polar extracts being the most effective, and whose 

potential was attributed to the presence of flavonoids, α-tocopherols and sterols (AMMAR et 

al., 2014). Among the palm trees of the Areacacea family, in this study, we highlight the species 

A. aculeata (Jacq.) Lodd. Ex Mart., a plant native to the Brazilian Cerrado. Its main 

phytogeographic, phytochemical, botanical characteristics, and applications, are presented 

below. 

 

2.4.6.1 Acrocomia aculeata 

 

A. aculeata Jacq. (Lodd) ex. Mart (Figure 14) is a palm tree distributed in South 

America, in several countries such as Mexico, southern Paraguay, and northern Argentina 

(COIMBRA; JORGE, 2012; LORENZI, 2006). In Brazil, its distribution includes the states of 

Mato Grosso do Sul, Pará, São Paulo, and Rio de Janeiro, among others, and especially occurs 

in the Cerrado and Pantanal (LORENZI, 2006). As shown in Figure 14, it is a palm tree that 

has a height between 10 and 15 m, popularly known as macaúba or bocaíuva (KOPPER, A et 

al., 2009). 
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Figure 14. A. aculeata Jacq. (Lodd) ex. Mart (MONTEIRO-ALFREDO, 2016). 

 

Its fruits, as shown in Figure 15, have a yellow-orange color and its pulp is widely used 

in cooking and can be consumed fresh or used in the production of sweets such as ice cream, 

cookies and pies (BORA; MOREIRA, 2003). In the Pantanal, the fruit is also prepared as flour 

and used in cooking (POETSCH, J; HAUPENTHAL, D, 2019). The oils extracted from the 

pulp and almonds of A. aculeata have great industrial and economic importance. The pulp oil 

has an intense orange color, with a high presence of oleic acid (MARIANO, R et al., 2010), β-

carotene (SANJINEZ-ARGANDOÑA; CHUBA, 2011) and α-tocopherol (COIMBRA; 

JORGE, 2012). The almond, on the other hand, has a large amount of light-colored, high-quality 

oil, rich in lauric acid (BELTRÃO; OLIVEIRA, 2007) and oleic acid (AMARAL et al., 2011; 

HIANE et al., 2005). 
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Figure 15. A. aculeata fruit, peel, pulp and almond (MONTEIRO-ALFREDO, 2016). 

 

The production capacity of palm oil is 10-fold greater than soybean oil per hectare 

(ROSCOE; RICHETTI; MARANHO, 2007). It is an important source of production of 

biokerosene (MANFIO et al., 2011) and biodiesel, with a production potential that reaches 

4,000 tons of pulp oil.ha-1 (BASIRON, Y, 2005). Both pulp and almond have applications in 

the cosmetics industry, as well as in the pharmaceutical and food industry. 

The leaves of A. aculeata (Figure 16) are used in animal nutrition due to the absence of 

toxic compounds (AMARAL, F et al., 2011; HIANE et al., 2005). The use of this palm has 

become widespread due to its important and diverse therapeutic effects, for example, in the 

treatment of respiratory diseases, or acting as laxative, analgesic (LORENZI, 2006) and anti-

inflammatory (LESCANO et al., 2015). Beyond the reduction of glycemia and serum 

cholesterol levels (SILVA, 2012). Other properties of the plant were also reported, namely, in 

concerns to the prevention of bone problems, osteoarthritis, arthritis, and muscle pain, such as 

soothing (SARAIVA et al., 2015) and in the treatment of hypovitaminosis A (RAMOS et al., 

2007). Therefore, about the A. aculeata leaves, a single report was recently published, as 

mentioned in previous topics, where the low toxicity of the leaves and the relevant antioxidant 

potential have been proven (MONTEIRO-ALFREDO et al., 2020a). 
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Figure 16. A. aculeata exsiccate deposited in the herbarium (DDMS-UFGD) of the Federal University of Grande 

Dourados, Dourados (MS), Brazil, registration number - 5103 (MONTEIRO-ALFREDO, 2016). 
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3 OBJECTIVES 

 

3.1 General 

 

Regarding the aqueous extract of A. aculeata (Jacq.) Lodd. ex Mart leaves (EA-Aa), the general 

aim was to evaluate its effect in relation to the: 

 

3.1.1. Metabolic profile and protection against diabetes complications related to oxidative 

stress 

 

3.1.2. Anticancer therapy and prevention of cardiotoxicity of doxorubicin chemotherapy 

 

3.2 Specifics 

 

The specific objectives about the pharmacological effect of EA-Aa were to evaluate its effect: 

 

3.2.1. Target 1 

 

- Metabolic profile of normal and diabetic rats; 

- Oxidative stress in tissues involved in metabolic activity and targets of diabetic complications 

(adipose tissue, liver, heart, and kidney); 

- Diabetic endothelial dysfunction and vascular oxidative stress in vitro and in vivo; 

- Molecular mechanisms involved in the protection against oxidative stress-related 

complications. 

 

3.2.2 Target 2: 

 

-Normal and cancer cell viability; 

-Molecular mechanisms of cell death and mitochondrial dysfunction; 

-Oxidative hemolysis, lipid peroxidation, and ROS levels in normal cells; 

-Acute toxicity in vivo; 

- Dox-induced cardiotoxicity; 

- Molecular mechanisms involved in cardioprotection.  
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Abstract: Oxidative stress is involved in the metabolic dysregulation of type 2 diabetes (DM2).
Acrocomia aculeata (Aa) fruit pulp has been described for the treatment of several diseases, and
recently we have proved that its leaves have phenolic compounds with a marked antioxidant effect.
We aimed to assess whether they can improve metabolic, redox and vascular functions in DM2.
Control Wistar (W-Ctrl) and non-obese type 2 diabetic Goto–Kakizaki (GK-Ctrl) rats were treated for
30 days with 200 mg.kg−1 aqueous extract of Aa (EA-Aa) (Wistar, W-EA-Aa/GK, GK-EA-Aa). EA-Aa
was able to reduce fasting glycaemia and triglycerides of GK-EA-Aa by improving proteins related to
glucose and lipid metabolism, such as GLUT-4, PPARγ, AMPK, and IR, when compared to GK-Ctrl.
It also improved viability of 3T3-L1 pre-adipocytes exposed by H2O2. EA-Aa also increased the levels
of catalase in the aorta and kidney, reduced oxidative stress and increased relaxation of the aorta in
GK-treated rats in relation to GK-Ctrl, in addition to the protective effect against oxidative stress in
HMVec-D cells. We proved the direct antioxidant potential of the chemical compounds of EA-Aa, the
increase in antioxidant defences in a tissue-specific manner and hypoglycaemic properties, improving
vascular function in type 2 diabetes. EA-Aa and its constituents may have a therapeutic potential for
the treatment of DM2 complications.

Keywords: diabetes; macaúba; bocaiúva; vascular function; polyphenols
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1. Introduction

Diabetes mellitus (DM) is a chronic disease characterized by hyperglycaemia, resulting
from a deficiency in insulin production, desensitization of its action, or both [1]. According
to the International Diabetes Federation, diabetes is one of the diseases with the highest
incidence in the 21st century, having increased three-fold in the last two decades, and being
estimated to affect 463 million individuals in 2019 [2]. As a consequence of hyperglycaemia,
both DM1 and DM2 commonly have associated complications, which have significant
morbidity and mortality and a considerable economic impact. These complications can
be either micro (neuro, nephro, cardio and retinopathy) or macro vascular (stroke and
cardiovascular diseases) [3,4]. One of the main factors for its cause and progression is
oxidative stress, which is involved in the pathogenesis of complications through the over-
production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), further
impairing the redox balance [5]. The adoption of a better lifestyle (balanced diet and
exercise) may delay the development of diabetes and its complications. On the other hand,
several therapeutic options are available for DM2, most of them targeted for the reduction
of the glycaemia [meglitinides, biguanides, sulfonylureas (SUs), thiazolidinedione (TZD),
dipeptidyl peptidase 4 (DPP-4) inhibitors, GLP-1 receptor agonists, sodium glucose cotrans-
porters inhibitors (SGLT2) and insulin] [6]. However, a considerable number of patients
do not adhere to the treatment with allopathic medicine due to side effects [4], which
affect mainly liver and kidney [7]. In this perspective, a considerable amount of research
is focused on developing therapeutic alternatives, which could be both inexpensive and
effective with fewer side effects [4].

Brazil has the greatest biodiversity in the world, with about 20% of the species dis-
tributed in its biomes. In particular, the Brazilian Cerrado, which occupies 22% of the
national territory [8], has one of the world’s richest flora, where 35% of the species are
endemic [9]. Among these species, many of them are considered medicinal due to their
chemical composition [10]. Acrocomia aculeata (Jacq.) Lodd. ex Mart., commonly known as
bocaiúva or macaúba, is a palm native from Cerrado with therapeutic (production of reme-
dies based on ethnopharmacological knowledge—as antidiabetic, antioxidant, analgesic
etc.) and economic importance (for cooking, biodiesel, and the cosmetic industry) [11].
Its carotenoid-rich fruit pulp was suggested to have beneficial effects on the treatment of
respiratory diseases, as analgesic and laxative [12] and also in decreasing serum cholesterol
and glucose levels [13]. Recently, our group proved the antioxidant potential of its leaves
and the relevant chemical composition, mostly of vanillic, caffeic, ferulic and gallic acid,
rutin and quercetin [11]. In addition to the new findings described by us about the potential
of its leaves, it is only known that they are used for bovine nutritional supplementation
and in the preparation of teas for human consumption.

Therefore, our goal in this study was to assess whether the antioxidant potential of A.
aculeata leaves can restore redox balance and improve metabolic and vascular function of
type 2 diabetic rats, as well as to disclose the underlying mechanisms in tissues involved in
glucose metabolism and its vascular complications. Our results show the antioxidant and
hypoglycaemic potential of EA-Aa, observed through the tissue-dependent upregulation
of pathways involved in antioxidant defences and glucose and lipid metabolism. Such
effects were associated with the improvement of aortic relaxation and redox state.

2. Materials and Methods
2.1. Chemicals and Antibodies

Salts and organic solvents used in this study were all purchased from Lonza, Sigma-
Aldrich/Merck, Alfa-Aesar, Fischer Scientifics and Panreac. Antibodies used were targeted
to Catalase, Glo-1, GLUT2 (ab76110, ab96032, ab54460 Abcam, Cambridge, UK), GLUT4,
PPARgamma, Insulin Receptor, AMPK, phospho-AMPK-Thr-172, Sirt1, phospho-Sirt1-
Ser47 (#2213S, #2443S, #3025S, #2532S, #2535S, #9475S, #2314S, Cell Signaling Technology,
Danvers, MA, USA) NRF2 (sc-518036, Santa Cruz Biotechnology, Dallas, TX, USA) phospho-
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NRF2 (Ser40) (PA5-67520, Invitrogen, Waltham, MA, USA). Calnexin and GAPDH (AB0037,
AB0049-20, Sicgen, Carcavelos, Portugal) were used as loading control.

2.2. Botanical Material and Isolation of Extract

Fresh A. aculeata leaves were collected as before [11] in the region of Grande Dourados,
Macaúba district, state of Mato Grosso do Sul (MS) (22◦0702.4 S 54◦2836.3 W), with the
permission of the Brazilian Biodiversity Authorization and Information System (Sistema
de Autorização e Informação sobre Biodiversidade, SISBIO; no. 50589). A plant taxonomist
identified the species, and a specimen was deposited in the herbarium (DDMS-UFGD) of
the Federal University of Grande Dourados, Dourados (MS), Brazil, registration number—
5103. The aqueous extract was prepared as previously described [11].

2.3. Cell Culture and Viability Assays

Mouse (Mus musculus) preadipocyte—3T3-L1 cells (cultured with Dulbecco’s Modified
Eagle’s Medium—DMEM supplemented with 10% FBS and 1% penicillin/streptomycin) [14];
and human dermal microvascular endothelial Cells (HMVec-D, cultured with EGMTM-2,
Endothelial Cell Growth Medium-2, BulletKitTM) [15,16], maintained at 37 ◦C and 5% CO2
were used in the assays.

To evaluate cell viability, 1 × 105 HMVec-D cells and 3 × 104 3T3-L1 cells were seeded
in 96-well microplates. After 24 h, cells were incubated with different concentrations (31,25–
500 µg.mL−1) of EA-Aa for 24 h. After this period, cell viability was determined through
the Alamar Blue assay. Absorbance was measured at 570 nm and 600 nm in a BioTek
microplate reader (BioTek, Instruments, Inc., Winooski, VT, USA) and used to calculate cell
viability, according to Equation (1) [11].

Cell viability =

(
(Abs570−Abs600)of treated cells
(Abs570−Abs600)of control cells

)
× 100 (1)

To evaluate the antioxidant potential of EA-Aa, both cell lines 3T3-L1 and HMVec-D
cells were treated with H2O2, the oxidative stress inductor. After 80% of confluence, cells
were firstly incubated with the extract for 30 min followed by H2O2 (IC50 0.125 mM in
3T3-L1 cells and 0.25 mM in HMVec-D cells) for 2 h. Equation (1) was used to calculate the
protective effect of EA-Aa in cell viability. Dependence of EA-Aa effects on NRF2 pathway
was evaluated through the incubation of HMVec-D cells with the NRF2 inhibitor ML385
(20 µM).

2.4. Animal Maintenance and Treatment

The study was performed according to good practices of animal handling, with the
approval of the Institutional Animal Care and Use Committee (ORBEA 13/2018) and the
procedures performed by licensed users by the Federation of Laboratory Animal Science
Associations (FELASA), conformed to the guidelines from Directive 2010/63/EU of the
European Parliament for the Protection of Animals Used for Science Purpose. Male 12-
week-old Wistar and non-obese type 2 diabetic Goto–Kakizaki (GK) rats from our breeding
colonies (Faculty of Medicine, University of Coimbra), were randomly divided in 4 groups
(n = 5–7), as presented in Figure 1A, which were: Wistar control (W); Wistar treated with
EA-Aa (W-EA-Aa); GK control (GK) and GK treated with EA-Aa (GK-EA-Aa). Animals
were kept under standard conditions—2 animals per cage, with temperature at 22–24 ◦C,
and 50–60% humidity, and standard light cycle (12 h light/12 h darkness), with water and
food (standard diet A03, SAFE, France) ad libitum [17]. EA-Aa (200 mg.kg−1) was added
in the daily water of the animals 28 days, which received the treatment during the night
and normal water during the day. The weekly average of the rats’ weight was used to
determine the daily dose of EA-Aa per cage.
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Figure 1. Glycaemic and lipid profile of Wistar and Goto–Kakizaki (GK) rats after 30-day treatment (n = 5–7). (A) Experi-
mental design of in vivo study. (B) Body mass evolution of treated and non-treated rats represented every 7 days. (C) 
Initial and final body mass of treated animals. (D) Caloric intake. (E) Fasting blood glucose in percentage of the initial 
value; EA-Aa promoted a decrease in fasting glycaemia of GK-EA-Aa since the 7th day of treatment in relation to the 
initial glycaemia. (F) Fasting glycaemia; a restoration of values is found in the end of the treatment between GK rats and 
W-Ctrl group. (G) Area under the curve of glycaemia along 4-week treatment period; values are reduced by EA-Aa treat-
ment in GK rats when comparing to the control group. (H) Area Under the curve of the glycaemia along all the treatment. 
(I) Area under the curve of ITT (insulin tolerance test). (J) Insulin; an increase in GK-EA-Aa is presented in relation to the 
W-Ctrl group. (K) Triglycerides; treatment with EA-Aa decreased plasma triglycerides levels in GK. (L) Free fatty acid 
levels. * vs. W-Ctrl at the same point; # vs. GK-Ctrl at the same point; *,# p < 0.05; ** p < 0.01; ***,### p < 0.001. 

Figure 1. Glycaemic and lipid profile of Wistar and Goto–Kakizaki (GK) rats after 30-day treatment (n = 5–7). (A)
Experimental design of in vivo study. (B) Body mass evolution of treated and non-treated rats represented every 7 days.
(C) Initial and final body mass of treated animals. (D) Caloric intake. (E) Fasting blood glucose in percentage of the initial
value; EA-Aa promoted a decrease in fasting glycaemia of GK-EA-Aa since the 7th day of treatment in relation to the initial
glycaemia. (F) Fasting glycaemia; a restoration of values is found in the end of the treatment between GK rats and W-Ctrl
group. (G) Area under the curve of glycaemia along 4-week treatment period; values are reduced by EA-Aa treatment in
GK rats when comparing to the control group. (H) Area Under the curve of the glycaemia along all the treatment. (I) Area
under the curve of ITT (insulin tolerance test). (J) Insulin; an increase in GK-EA-Aa is presented in relation to the W-Ctrl
group. (K) Triglycerides; treatment with EA-Aa decreased plasma triglycerides levels in GK. (L) Free fatty acid levels. * vs.
W-Ctrl at the same point; # vs. GK-Ctrl at the same point; *,# p < 0.05; ** p < 0.01; ***,### p < 0.001.
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2.4.1. In Vivo Procedures and Sample Collection

Body weight, fasting glycaemia, water and food intake were evaluated weekly (cal-
culated as the mean daily consumption per rat), and an insulin tolerance test (ITT) was
performed at the beginning and at the end of the treatment. For the IIT, 250 mU.kg−1

insulin (Humulin, 1000 UI.mL−1 Lilly, Lisboa, Portugal) was injected (i.p.) after 6 h fasting,
followed by glycaemia measurement in the tail vein with a glucometer (Precision Xtra
Meter, Abbott Diabetes Care, Amadora, Portugal) and test strips (Abbott Diabetes Care,
Portugal) at time 0, 15, 30, 60 and 120 min. Response to insulin was expressed by area under
the curve (AUC) [17]. Serum triglycerides were measured in the same day before insulin
administration. At the end of the treatment, animals were anesthetized (i.p.) with 2:1 (v/v)
50 mg.kg−1 ketamine (100 mg.mL−1)/2.5% chlorpromazine (5 mg.mL−1) and samples of
blood were collected by cardiac puncture followed by cervical dislocation. Epididymal
adipose tissue (EAT), liver, kidney, heart and aorta were collected, blood samples were
centrifuged (2200× g, 4 ◦C, 15′) and serum and plasma were aliquoted and stored at−80 ◦C
for further analysis.

2.4.2. Studies of Isometric Tension of Aorta

Aorta rings were mounted on stainless steel hooks under 19.6 mN basal tension in
organ baths filled with aerated (95% O2, 5% CO2) Krebs–Henseleit solution (37 ◦C, pH 7.4)
(NaCl 118.67 mmol/L; KCl 5.36 mmol/L; CaCl2 1.90 mmol/L; MgSO4 0.57 mmol/L;
NaHCO3 25.00 mmol/L; KH2PO4.H2O 0.90 mmol/L; glucose 11.1 mmol/L). After an
equilibration period of 60 min, aortic rings were precontracted with 10 µM of noradrenaline
and cumulative isometric concentration-response curves were performed in response to
acetylcholine (ACh) (0.01 to 90 µM) in the presence and absence of 100 µM ascorbic acid.
Cumulative curves were recorded with Letica Scientific Instruments isometric transducers
connected to a four-channel polygraph (Polygraph 4006, Letica Scientific Instruments,
Barcelona, Spain).

2.5. Biochemical Analyses

Plasma insulin and free fatty acids (FFA) tests were determined through the Rat Insulin
ELISA Kit (Mercodia, Uppsala, Sweden) and FFA Assay Kit (ZenBio, Research Triangle
Park, NC, USA), according to the manufacturers’ instructions. Heart 8-Isoprostane levels
were determined using an ELISA Kit according to the manufacturer’s instruction (Cayman
Chemical, Ann Arbor, MI, USA).

2.6. Fluorescence Immunocytochemistry and Immunohistochemistry

The evaluation of the antioxidant potential of EA-Aa was carried out in HMVec-D cells
challenged with H2O2 (same as the antioxidant assay described before), and in cryopre-
served histological slices (4 µm) of liver, kidney, and aorta of the animal models. Oxidative
stress probes, 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) and dihydroethidium
(DHE) were used and DAPI was used to stain the nucleus. In hydrated sections, probes
were incubated for 30 min and the slices were mounted with mounting medium (Glycergel,
DAKO, Carpinteria, CA, USA). Images were immediately obtained with a fluorescence
microscope (Zeiss Axio Observer Z1) with an incorporated camera (Zeiss, Jena, Germany),
detected with 504 nm of excitation and 525 nm of emission for DCF, 587 nm of excitation
and 610 nm of emission for DHE, and 353 nm of excitation and 465 nm of emission for
DAPI. The same settings were kept constant for all analysis and the entire image was used
for quantification, which was performed with ImageJ software.

2.7. Western Blot

The Western blot analysis were performed in both cells (3T3-L1 cells treated with
EA-Aa 31.25–500 µg.mL−1 for 24 h) and organs (EAT, heart, kidney, liver and aorta). Cells
and organ samples were washed with PBS and disrupted in lysis buffer (0.25 M Tris-HCl,
125 mM NaCl, 1% Triton-X-100, 0.5% SDS, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 2 mM
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Na3VO4, 10 mM β-glycerophosphate, 2.5 mM sodium pyrophosphate, 10 mM PMSF, 40 µL
of protease inhibitor) using the TissueLyser systems (Quiagen, Germany). The BCA Protein
Assay Kit was carried out on the supernatant of the centrifugation of samples (14.000 rpm
for 20 min at 4 ◦C), followed by the addition of Laemmli buffer (62.5 mM Tris-HCl, 10%
glycerol, 2% SDS, 5% β-mercaptoethanol, 0.01% bromophenol blue) [18]. Samples (20 µg)
were loaded into SDS-PAGE and electroblotted onto PVDF membrane (Advansta, San
Jose, CA, USA). Membranes were blocked with TBS-T 0.01% and BSA 5%, then incubated
with the primary (overnight, 4 ◦C) and secondary antibodies (2 h, room temperature),
following the dilutions suggested by the manufacturers. Immunoblots were detected with
ECL substrate and the Versadoc system (Biorad, Hercules, CA, USA).

2.8. Statistical Analysis

Data were expressed as the mean ± standard error of the mean (SEM) and compared
by analysis of variance using the Kruskal–Wallis test or ANOVA followed by the Tukey
post hoc test, according to normality evaluation. Student’s t-test was used to determine the
differences between two groups. Values of p < 0.05 were considered significant. Statistical
tests were performed with GraphPad Prism 5.0 and IBM SPSS Statistics Software.

3. Results
3.1. EA-Aa Improves the Metabolic Profile of Diabetic Rats

After the 30-day treatment (presented in the experimental design, Figure 1A), animals
did not show any alterations in body weight and food/caloric intake among groups
(Figure 1B–D). However, the treatment with EA-Aa decreased the fasting hyperglycaemia
of diabetic rats (GK-EA-Aa) by 30–40% along the treatment in comparison to both controls
at all timepoints (Figure 1E). Similar data were observed for fasting glycaemia, where
the initial difference between GK-Ctrl and W-Ctrl groups becomes non-significant after
the treatment in GK-EA-Aa (Figure 1F), and for the AUC of glycaemia along the 4-week
treatment period, which was also significantly reduced in GK-EA-Aa when compared to
GK-Ctrl (Figure 1G). No significant effects of EA-Aa were observed in the AUC of the
insulin tolerance test (Figure 1H). On the other hand, a significant increase of plasma insulin
levels was observed in GK-EA-Aa in relation to W-Ctrl rats (Figure 1I). Regarding lipid
metabolism, GK-Ctrl presented higher levels of triglycerides, which were reduced in the
GK-EA-Aa group (Figure 1J), whereas the values of FFA showed no significant difference
(Figure 1K).

The epididymal adipose tissue and the liver were analysed to understand the mecha-
nisms of EA-Aa-induced metabolic improvement. The haematoxylin-eosin staining pre-
sented no morphological alterations and no significant weight changes were observed
after EA-Aa treatment in the EAT and liver of Wistar and diabetic rats, as shown in
Figure 2A,B,G–H. In addition, GLUT4 and PPARγ levels in EAT were increased in the
diabetic rats treated with EA-Aa (Figure 2C,F). No changes were observed for the insulin
receptor levels nor AMPK (Figure 2D,E), although a trend to higher AMPK levels was
observed in diabetic rats after EA-Aa treatment. In the liver, EA-Aa partially restored the
levels of the insulin receptor in GK rats (64% vs 38% of %W-Ctrl/Calnexin). No significant
differences were observed in hepatic GLUT2 and AMPK levels (Figure 2I,K).
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increase in AMPK levels is presented in EA-Aa GK-treated group in relation to both controls. (F) PPARγ levels in EAT; 
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toxylin-eosin staining in liver (n = 4). (I) GLUT2 levels in liver. (J) Insulin receptor levels in liver; treatment with EA-Aa 
promoted a restoration in IR levels in relation to the normal control group. (K) AMPK levels in liver (n = 5 for Western 
blots). * vs. W-Ctrl; # vs. GK-Ctrl; *,# p < 0.05; **,## p < 0.01. 

Figure 2. Regulation of metabolic pathways in epididymal adipose tissue (EAT) and liver. (A) Epididymal adipose tissue
weight (n = 5–7). (B) Haematoxylin-eosin staining in EAT (n = 4). (C) GLUT4 levels in EAT; treatment with EA-Aa increased
the levels of the protein in the treated diabetic group. (D) Insulin receptor levels in EAT. (E) AMPK levels in EAT; an increase
in AMPK levels is presented in EA-Aa GK-treated group in relation to both controls. (F) PPARγ levels in EAT; GK-EA-Aa
shows an increase in relation to W-Ctrl group (n = 5 for Western blots). (G) Liver weight (n = 5–7). (H) Haematoxylin-eosin
staining in liver (n = 4). (I) GLUT2 levels in liver. (J) Insulin receptor levels in liver; treatment with EA-Aa promoted a
restoration in IR levels in relation to the normal control group. (K) AMPK levels in liver (n = 5 for Western blots). * vs.
W-Ctrl; # vs. GK-Ctrl; *,# p < 0.05; **,## p < 0.01.
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3.2. EA-Aa Has Tissue-Specific Protective Antioxidant Effects

To determine the antioxidant potential of EA-Aa in vivo, Sirt1, NRF2, catalase, SOD-1
and GLO-1 levels were evaluated in EAT, liver, heart and kidney of control and diabetic
rats. Markers of oxidative stress were evaluated and, given the metabolic alterations in
adipose tissue caused by EA-Aa, the protective antioxidant effects were evaluated in a
3T3-L1 preadipocyte cell line. In the adipose tissue (Figure 3A,C,D) and liver (Figure 3I–L),
no significant differences were observed between control and diabetic rats in Sirt1, catalase,
GLO-1 and SOD-1 levels, whereas a partially restoration of NRF2 levels was observed in
EAT of GK-EA-Aa group (Figure 3B). In the liver, the histological staining of a superoxide
anion probe (DHE) did not show differences between the experimental groups as well
(Figure 3H). Given that the antioxidant potential of EA-Aa was already confirmed in Cos-
7 cells [11], we evaluated such EA-Aa effect in 3T3-L1 cells challenged with an oxidant
stimulus. After confirming the absence of EA-Aa-induced toxicity (Figure 3E), we incubated
cells with H2O2 (IC50–0.125 mM), which confirmed the protective antioxidant effect of the
extract (500 µg./mL−1) against H2O2-induced oxidative stress (Figure 3F). No activation
of Sirt1 and NRF2 pathways was observed suggesting that the effect is at least partially
independent of such pathways (representative Western Blots at Figure 3G).

Heart and kidney were analysed given their high susceptibility to hyperglycaemia-
driven complications. In both organs, no significant alterations were observed in Sirt1,
NRF2, GLO-1 and SOD-1 levels (Figure 4A–D,I). Nevertheless, EA-Aa treatment resulted in
a significant increase of kidney catalase levels of both normal and diabetic rats (Figure 4H).
No significant alterations were observed in the heart levels of the lipid peroxidation marker
8-Isoprostane, as well as in kidney histological analysis of morphology (Figure 4E,G) and
superoxide anion (DHE, Figure 4F). A trend to reduced DHE staining in the glomerulus
was observed in some kidney regions after EA-Aa treatment, although quantification did
not show significant differences (data not shown).

3.3. EA-Aa Improves Diabetic Endothelial Dysfunction Reducing Vascular Oxidative Stress

Given that endothelial dysfunction is one of the major complications of hypergly-
caemia, aorta relaxation was evaluated after EA-Aa treatment in Wistar and diabetic rats.
Vascular relaxation was evaluated in NA-precontracted aorta rings in response to Ach in
the presence or absence of ascorbic acid [19]. At 12-week-old, Wistar and GK rats had
similar ACh-dependent relaxation (Figure 5A). In the rats treated with EA-Aa, a slight
effect on aorta relaxation was observed, namely a 15% increment between W-EA-Aa and
W-Ctrl (Figure 5B) and 10% between GK- EA-Aa and GK-Ctrl (Figure 5C), although sta-
tistical significance was not reached. Pre-incubation of the rings with L-NAME (NOS
inhibitor) practically abolished the relaxation of the aortic rings (data not shown), showing
endothelial dependence. When the aorta was incubated with ascorbic acid, the maximum
endothelial-dependent relaxation mediated by NA-precontracted rings in response to Ach
reached 40% more in W-Ctrl and almost 74% more in W-EA-Aa (Figure 5D–E). Interestingly,
no response to ascorbic acid was obtained in GK-Ctrl (Figure 5F), but it was restored after
the treatment with the extract, which promoted a 30% increment of relaxation in GK-EA-Aa
(Figure 5G). Such results are supported by the histological fluorescence staining of both
oxidative stress probes, DHE and DCF, where 34% and 67% respectively lower signal
intensity was observed in GK-EA-Aa in relation to the GK-Ctrl group (Figure 6A–D). The
treatment also promoted an increase of catalase levels in the aorta of treated groups from
both strains, mainly in diabetic rats (Figure 6E).
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Figure 3. Antioxidant effects of EA-Aa in EAT, liver and in 3T3-L1 pre-adipocytes (n = 3 independent experiments). (A)
Sirt1 levels in EAT. (B) NRF2 levels in EAT, EA-Aa promotes partial restoration of NRF2 levels in the non-obese type 2
diabetic EA-Aa-treated group. (C) Catalase levels in EAT. (D) Representative images of EAT Western blot. Cell viability of
pre-adipocytes 3T3-L1: (E) Treatment with EA-Aa for 24 h. (F) Treatment with EA-Aa (previously for 30 min) and induction
to oxidative stress with H2O2 (for 2 h). (G) Representative images of 3T3-L1 Western blot. (H) Dihydroethidium (DHE)
staining in liver (n = 3). (I) Sirt1 levels in liver. (J) NRF2 levels in liver. (K) Catalase levels in liver (n = 5 for Western blots).
(L) Representative images of liver Western blot. * vs. W-Ctrl/Ctrl; # vs. H2O2; ** p < 0.01; ***,### p < 0.001.
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Figure 4. Levels of stress-related proteins in target organs of redox imbalance, heart and kidney. (A) Sirt1 levels in heart. (B)
NRF2 levels in heart. (C) Representative images of heart Western blot. (D) Catalase levels in heart (n = 5 for Western blots).
(E) Heart 8-isoprostane levels (n = 5–7). (F) DHE staining in kidney (n = 3). (G) Haematoxylin-eosin staining in kidney. (H)
Catalase levels in kidney; a restoration is evident is GK-EA-Aa in relation to GK-Ctrl group. (I) Representative images of
kidney Western blot. * vs. W-Ctrl/Ctrl; # vs. H2O2; *,# p < 0.05.
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same point with or without ascorbic acid pre-incubation; * p < 0.05; ** p < 0.01. 

Figure 5. Increased isometric relaxation of aorta promoted by EA-Aa (n = 5-7). Vascular relaxation of NA-precontracted
aorta in response to Ach: (A) both strains, control and treated rats. (B) Wistar group; treatment with EA-Aa shows a light
increase in aorta relaxation compared to W-Ctrl. (C) GK group. Aorta pre-incubated with ascorbic acid: (D) W-Ctrl; an
increase in aorta relaxation promoted by ascorbic acid is evident in pre-incubated W-Ctrl. (E) W-EA-Aa; treatment with
EA-Aa increased the relaxation in normal rats in comparison to the non-pre-incubated group. (F) GK-Ctrl. (G) GK-EA-Aa;
EA-Aa induces an improvement in aorta relaxation in comparison to the non-pre-incubated aorta in diabetic rats. * vs. the
same point with or without ascorbic acid pre-incubation; * p < 0.05; ** p < 0.01.

To further assess the antioxidant effect of EA-Aa in the vessel wall, we used a mi-
crovascular endothelial cell line, HMVec-D, in which the absence of toxicity of the EA-Aa
can be observed in Figure 6F. In cells with H2O2-induced oxidative stress, the EA-Aa had a
protective effect in the concentrations of 125, 250 and 500 µg.mL−1, which is represented
by a ~22% improvement of cell viability (Figure 6G). Cells incubated with NRF2 inhibitor,
ML385, presented a decrease in cell viability of almost 52% when induced with H2O2,
which has been improved by EA-Aa treatment in 10% to 20% (according to the increase
in concentration). Thus, the protective effects of the EA-Aa were only attenuated in the
presence of ML385, suggesting a protection partially mediated by NRF2 pathway, but
mostly resulting from the direct antioxidant properties of the extract (Figure 6H).
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Figure 6. Antioxidant protection of EA-Aa at the vascular level, in aorta and in human endothelial microvascular dermal
cells (HMVec-D). (A) DHE staining in aorta. (B) Fluorescence intensity of DHE; staining in aorta shows a restoration in
intensity of fluorescence in GK-EA-Aa group in relation to GK-Ctrl. (C) DCF staining in aorta. (D) Fluorescence intensity of
DCF; staining in aorta shows a reduction after the treatment with EA-Aa (n = 5). (E) Catalase levels in aorta; treatment
with EA-Aa increases catalase levels in GK-EA-Aa (n = 5). Cell viability of HMVec-D cells (n = 3 independent experiments):
(F) Treatment with EA-Aa for 24 h. (G) Previous treatment with EA-Aa (for 30 min) and induction to oxidative stress with
H2O2 (for 2 h).; a protection of EA-Aa against H2O2 is evidenced since 125 µg.mL−1. (H) Pre-treatment of cells with NRF2
inhibitor, ML385, followed by incubation with EA-Aa and induction with H2O2; EA-Aa increases cell metabolic function in
all concentrations and presents differences in relation to the non-inhibited group in 31.25–125 µg.mL−1. * vs. W-Ctrl/Ctrl;
# vs. GK-Ctrl/ H2O2; & vs. same point without NRF2 inhibitor; *,# p < 0.05, ***,###,&&& p < 0.001.
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4. Discussion

Medicinal plants may be a therapeutic alternative since they have long been applied
in the treatment of several diseases, showing important scientifically proven results in
improving health condition in several diseases with low side effects and costs [20]. Consid-
ering the large consumption of plants and people’s adherence to their use as a therapeutic
strategy, the relationship between oxidative stress and the development of DM2 and its
complications [5,19,21,22], and the relevant antioxidant potential that EA-Aa previously
demonstrated [11], we aimed to analyse its potential as a therapeutic strategy in the treat-
ment of DM2 and its complications. The present study provides evidence for the in vitro
and in vivo antioxidant potential of EA-Aa, which is associated to the improvement of
metabolic profile and vascular function of diabetic rats.

The aqueous extract of A. aculeata (EA-Aa) is mainly composed by phenolic com-
pounds and flavonoids, which are probably involved in the therapeutic effects of the
extract. Similar data have already been described for the fruit pulp [23] and kernel of A.
aculeata [24–26]. Plants of the same family, Arecaceae, have similar composition as EA-Aa,
namely caffeic acid, rutin and quercetin [27–30].

The different therapeutic effects reported here, are in line with previous demonstrations
regarding the mechanisms of action of some of the individual compounds of the extract. The
more notable effect in the phenotype of the diabetic animals was the reduction of hypergly-
caemia, which could be associated to the ferulic (4-hydroxy-3-methoxycinnamic acid), caffeic
(3,4-dihydroxycinnamic acid) and gallic (3,4,5-trihydroxybenzoic acid) acids [31]. Ferulic acid
seems to reduce glycaemia through the suppression of the activity of the enzyme α-glucosidase
and stimulation of insulin secretion [32]. Caffeic acid was associated to higher insulin levels
and glucose uptake through AMPK pathway [31,33,34]. Moreover, gallic acid was observed
to ameliorate hyperglycaemia and HOMA-IR index [35] and to induce GLUT4 translocation
to the plasma membrane [36]. Regarding the flavonoids found in EA-Aa, quercetin (3,5,7-
trihydroxy-2-(3,4-dihydroxyphenyl)-4Hchromen-4-one) was also associated to hypoglycaemic
mechanisms [32] such as higher levels of insulin receptor (IR) and insulin receptor substrate
(IRS), besides GLUTs and the inhibition of α-glucosidase activity, which are associated to the
improvement of insulin resistance [37]. Rutin has been described to increase PPARγ expression
and glucose uptake, in addition to also being associated with better insulin sensitivity [38] and
the inhibition of α-glucosidase and α-amylase [39]. Similar effects were noted, in particular in
the group GK-EA-Aa, namely the decrease in glycemia and the increased levels of AMPK in
EAT. Also considering the absence of effects in the ITT (acute insulin action) and the reduction
of fasting triglycerides levels, we can consider the mechanism of action more at the level of
energy balance stabilization and reduction of oxidative stress, which ends up in a better long-
term metabolic function at a systemic level [40–43]. This can be observed in GK-Ctrl, which
presented fasting hyperglycaemia and hypertriglyceridaemia. Thus, treatment with EA-Aa
reduced triglyceridaemia at baseline levels, which is probably associated with the improvement
of AMPK, a known energy sensor and metabolic regulator [44].

Besides the improvement in the metabolic profile of the animals, treatment with EA-
Aa also improved the hyperglycaemia-driven endothelial dysfunction. This beneficial
effect was previously attributed to the flavonoids rutin [45] and quercetin [46] and the
phenolic compounds [47], ferulic [48,49], vanillic, caffeic [46] and gallic acids [50], which
may be acting in synergy. An imbalance in the redox state is developed as a consequence of
hyperglycaemia, exacerbating ROS production. This effect, together with the reduction of
antioxidant defence systems, decreases nitric oxide bioavailability and leads to endothelial
dysfunction and vascular damage [19,51]. Thus, considering the reduction in fluorescence
probes DHE and DCF, the increased levels of catalase in aorta and the protective effect
in HMVec-D cells suggest that the effect of EA-Aa occurs by a stabilization of the redox
balance in the organ. It is questionable, however, whether such effects are a consequence of
improved glucose metabolism or modulation of antioxidant systems. In fact, an activation
of Sirt-1–NRF2 was not detectable in vivo and only a partial dependence was observed
in vitro. Moreover, both the reduction of glycaemia and the upregulation of catalase were
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observed in diabetic rats, suggesting that EA-Aa may have direct antioxidant effects (as
previously demonstrated here), but also modulate such pathways in vivo, which lead us to
believe in a long-term effect by EA-Aa.

Several studies have revealed the pharmacological potential of the different phy-
tochemicals that are metabolized by gut microbiota, which present distinct therapeu-
tic effects than the crude extract [52]. Compounds presented in EA-Aa such as gallic,
caffeic, ferulic and vanillic acids, rutin and quercetin, all have metabolites produced
after in vivo metabolism. Some of them derived from gallic acid include pyrogallol-1-
O-glucuronide, 4-OMeGA, 4-OMeGA-3-O-sulfate, pyrogallol-O-sulfate, deoxypyrogallol-
O-sulfate, and O-methylpyrogallol-O-sulfate [53]. Ferulic acid is a metabolite of caffeic
acid found in the gut lumen [54], which also forms ferulic acid-4-O-glucuronide, ferulic
acid-4-O-sulfate, feruloylglycine, and dihydroferulic acid [55], besides being converted
into vanillic acid [56]. Moreover, the deglycosylation that happens in the gut lumen forms
the quercetin metabolites, quercetin sulfate and quercetin glucoronides [52,57]. Rutin
originates the metabolites 3,4-dihydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic
acid (DHPAA), 3,4-dihydroxytoluene (DHT), 3-hydroxyphenylacetic acid (HPAA), and
4-hydroxy-3-methoxyphenylacetic acid (homovanillic acid, HVA) [58].

Although the individual contribution of such compounds/metabolites and secondary
metabolites is unknown, our results support the effects of EA-Aa at the metabolic level,
in improving the glycaemic and lipidic profile and vascular function. These results are
probably associated to the mechanistic effect of the compounds present in EA-Aa that may
act synergistically, acting to re-establish and maintain the redox balance and consequently
prevent complications associated with DM2. In this way, our results support new stud-
ies enabling us to understand the mechanisms of phenolic compounds and flavonoids
(especially those from EA-Aa) and its metabolites in preventing DM2 complications.

5. Conclusions

Taken together, our results provide evidence for the potential of EA-Aa in improving
metabolic pathways in EAT and liver and reducing fasting glycaemia and triglyceride levels.
In addition, the treatment with EA-Aa increased vascular redox condition and function,
through direct antioxidant properties and modulation of antioxidant systems. Such a
reduction of glycaemia and improvement of redox state was associated with improved
vascular relaxation in response to acetylcholine, especially in the presence of ascorbic
acid. The results obtained in this study suggest that although individual compounds
may have a therapeutic role in diabetic complication, their natural combination in plant
extracts may also exert beneficial mechanisms. Moreover, the therapeutic effects found
here may be distinct if such compounds are administered through non-oral routes and
their gut metabolization should be understood in the future. Therefore, the improvement
of the metabolic-redox condition by EA-Aa encourages more studies using the compounds
present in EA-Aa and their metabolites as a strategy for the development of treatments for
the complications associated to DM2.
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HIGHLIGHTS 

 

 EA-Aa potentiated Dox-induced cytotoxicity in K562 and MCF-7 cells; 

 EA-Aa activated mitochondrial death pathways by modulating redox homeostasis; 

 EA-Aa protected cardiomyoblast H9c2 against Dox-induced oxidative stress and 

attenuated ROS generation; 

 EA-Aa lacked toxicity and reduced Dox-induced cardiotoxicity in C57Bl/6 mice. 
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ABSTRACT 

 

Doxorubicin (Dox) displays cardiotoxicity and decreased antioxidant defenses as main side 

effect on healthy cells. Natural antioxidants might alleviate the side effects observed followed  

Dox treatment. We evaluated the aqueous extract of Acrocomia aculeata leaves (EA-Aa) effects 

and mechanisms on Dox co-treatment. EA-Aa cytotoxicity was assessed in cancer cells (K562 

and MCF-7) besides its ability to potentiate Dox-induced cytotoxicity. K562 cell death and 

mitochondrial membrane potential were evaluated by flow cytometry. EA-Aa protection 

against Dox-induced cytotoxicity was assessed by oxidative hemolysis and lipid peroxidation 

in human red blood cells (RBC) and H9c2 cardiomyoblasts. ML385, an inhibitor of the NRF2 

pathway, was used to evaluate NRF2 role in EA-Aa effect. Acute toxicity and cardioprotection 

of EA-Aa were evaluated in C57Bl/6 mice. The cytotoxic evaluation of EA-Aa showed a 

relevant decrease in the metabolic activity of cancer cells and potentiated Dox effect. EA-Aa 

promoted cancer cell death through mitochondrial apoptotic pathways, improved RBC redox 

state with lower hemolysis and malondialdehyde content, showed no in vitro nor in vivo 

toxicity, and antioxidant protection against Dox-induced H9c2 cytotoxicity, partially mediated 

by NRF2. Lower levels of malondialdehyde were measured in cardiac and renal tissue and 

nervous system of EA-Aa-treated mice. EA-Aa potentiated Dox anticancer effects with 

antioxidant and cardioprotective activity, suggesting EA-Aa as a potential Dox 

pharmacological adjuvant. 

 

 

KEYWORDS: Antioxidant, chemotherapy side effects, bocaiúva, macaúba, Brazilian cerrado. 
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Dox, doxorubicin; EA-Aa, aqueous extract of Acrocomia aculeata; 
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1 INTRODUCTION 

 

Doxorubicin (Dox), a potent chemotherapeutic anthracycline [1] extracted from Streptomyces 

peuceutius var. caesius in the mid-1960s [2], is used in the treatment of various types of cancer, 

including breast, lung [1], gastric, ovarian and pancreatic cancer, and hematologic malignancies 

[2]. Among the mechanisms of Dox anticancer effects, the production of reactive 

oxygen/nitrogen species (ROS/RNS), apoptosis induction due to cytochrome c release, and 

DNA damage have been identified [1]. These effects attributed to Dox on cancer cells prompt 

cytotoxicity of the drug in non-target tissues, namely, in the cardiac tissue. Cardiotoxicity is a 

recognized side effect associated with Dox therapy [1], which reduces the patient’s quality of 

life and treatment adherence [3]. Besides the increased ROS/RNS production, Dox 

cardiotoxicity is linked to decreased cardiac antioxidant defenses [4], which leads to a pro-

oxidative condition and mitochondrial dysfunction [5].  

The nuclear factor erythroid 2-related factor 2 (NRF2) is a transcription factor that regulates 

several signaling pathways associated with oxidative stress, increasing the transcription level 

of antioxidant genes and phase II detoxifying enzymes [6]. The reduction of NRF2 levels is 

associated with more significant Dox-induced cardiotoxicity, in addition to increased cardiac 

dysfunction [7]. Consequently, compounds that increase NRF2 levels possess a remarkable 

potential to confer protection against Dox cardiotoxicity [8]. The monitoring of this 

transcriptional factor is an important target for candidate compounds used in the treatment of 

Dox-induced cardiotoxicity [9–11]. Among NRF2 activators, phenolic compounds have the 

potential to improve the clinical side effects associated with Dox chemotherapy [11]. 

Acrocomia aculeata Jacq. (Lodd) ex Mart., a palm native from Brazil, commonly known as 

macaúba or bocaiúva, has several therapeutic uses described in the literature for its pulp fruit 

and almond [12]. Recently, our group demonstrated the antioxidant potential of the aqueous 

extract of A. aculeata leaves (EA-Aa), attributing these properties to phenolic compounds and 

flavonoids [13,14], namely quercetin [15], vanillic [16], ferulic and caffeic acid [17]. These 

individual compounds have been separately associated with protective effects against Dox-

induced toxicity. This study aims to evaluate the in vitro and in vivo effects of EA-Aa in 

potentiating Dox anticancer activity while preventing its oxidative stress-associated toxicity in 

normal cells.  

 

2 MATERIAL AND METHODS 
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2.1 Plant material and extract preparation 

 

A. aculeata fresh leaves were collected as mentioned before [13] in the region of Grande 

Dourados, Macaúba district, state of Mato Grosso do Sul (MS) (22°0702.4 S 54°2836.3 W), 

under the permission of the Brazilian Biodiversity Authorization and Information System 

(Sistema de Autorização e Informação sobre Biodiversidade, SISBIO; no. 50589). The 

identification of the species was performed by a plant taxonomist, followed by placing a 

voucher specimen in the herbarium (DDMS-UFGD) of the Federal University of Grande 

Dourados, Dourados (MS), Brazil, registration number - 5103. The aqueous extract was 

prepared as previously described [13]. 

 

2.2 Oxidative hemolysis assay 

 

2.2.1 Dox-induced oxidative hemolysis assay 

 

After the approval of the Research Ethics Committee CEP/UFGD no 5160, peripheral blood 

was collected from a single adult healthy donor and stored in tubes containing the anticoagulant 

sodium citrate. A solution of 10% of RBC in physiological solution (NaCl 0.9%) was prepared 

and previously incubated with EA-Aa in different concentrations (31.25 – 500 µg.mL-1) at 37 

˚C for 30 min, under constant shaking. Subsequently, the RBC solution was incubated with Dox 

(300 μg.mL−1 - IC50 hemolysis, diluted in 0.9% NaCl, 4 h, Sigma, USA) to induce damage 

through oxidative stress. After centrifugation, the optical density of the supernatant was read at 

540 nm, and the results were expressed as a percentage of hemolysis based on total hemolysis 

(incubation of RBC and distilled water). Three independent experiments were performed in 

duplicate [13]. 

 

2.2.2. Evaluation of Dox-induced malondialdehyde (MDA) generation in vitro 

 

Following Dox-induced oxidative hemolysis, an aliquot of 10% RBC incubated with Dox and 

different concentrations of EA-Aa was mixed with 20 nM of thiobarbituric acid (TBA, Merck, 

Germany), at 96 ˚C for 45 min and then placed in an ice bath for 15 min to stop the reaction. 

Butanol was added to the tubes to extract the organic fraction of the samples. The absorbance 
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of the supernatant was determined at 532nm. The concentration of lipid peroxidation product, 

MDA, was calculated according to equation 1 [13]. 

 

MDA nmol.mL-1 =  
Abssample (20×220.32)

Absstandard MDA 
     (1) 

 

2.3 Cell culture 

 

Human chronic myeloid leukemia (K562) and breast cancer (MCF-7), cultivated in Roswell 

Park Memorial Institute Medium (RPMI-1640, Sigma, USA) with 10% fetal bovine serum 

(FBS) and Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, USA) 5% FBS, 

respectively, were used. Normal cells from rat cardiomyoblasts (H9c2) were cultured with 

DMEM and FBS 10%. Human peripheral mononuclear cells (PBMC) were isolated from a 

healthy adult donor. For the isolation of PBMC, peripheral blood was collected and mixed with 

Ficoll-Paque at a 1:1 ratio and centrifuged at 800 x g, 30 min. The PBMC layer was collected 

and washed twice with phosphate saline buffer (PBS), centrifuged at 330 x g, 10 min, and the 

cell pellet was resuspended and cultivated in RMPI 20%. All culture media were supplemented 

with 1% penicillin/streptomycin and cells cultivated at 37 ˚C and 5% CO2. 

 

2.3.1 Assessment of cell metabolic activity 

 

To evaluate the metabolic activity of the cells after treatment (24 h or 48 h) with EA-Aa (31.25 

– 500 µg.mL-1) and with or without Dox (0.5 – 1 µg.mL-1, IC20 and IC50, respectively), K562 

cells (2 x 104 cells.well-1), MCF-7 cells (1 x 104 cells.well-1), H9c2 cells (3 x 104 cells.well-1) 

and PBMC cells (1.2 x 105 cells.well-1) were seeded in 96-well plates. To determine the role of 

NRF2 in cardiomyoblast antioxidant protection, the NRF2 inhibitor, ML385 (20 µM), was 

previously added to H9c2 cells (24 h), followed by EA-Aa (31.25 – 500 µg.mL-1) and Dox (IC50 

= 20 µg.mL-1) incubations. Cell metabolic activity was determined using the Alamar Blue 

assay. Suspension cells (K562 and PBMC) were centrifuged at 2000 rpm, 20 min, and the 

medium was replaced by a solution of RPMI 10% or 20% with 10% of resazurin (0.1 mg.mL-

1); Adherent cells (MCF-7 and H9c2) had the medium replaced by the same solution of 

resazurin in DMEM 5% or 10%. After 24 h of incubation, the absorbance was determined at 

570 nm and 600 nm in a BioTek microplate reader (BioTek, Instruments, Inc., Winooski, VT, 
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USA). The results obtained by the Gen5 program were used to calculate cell metabolic activity, 

according to equation 2 [13]. Three independent experiments were performed in triplicate. 

 

Cellular metabolic activity =
(Abs570-Abs600)of treated cells

(Abs570-Abs600)of control cells
 ×100   (2) 

 

 

2.3.2. Flow cytometry  

 

2.3.2.1 Cell death  

 

K562 (1 x 106 cell.well-1) cell viability was assessed with annexin-V (an-V, Immunostep, Spain) 

and propidium iodide (PI, Immunostep, Spain). Fluorescein isothiocyanate conjugated an-V 

and PI were used to label cells, which were analyzed in a four-color FACSCalibur flow 

cytometer (Becton Dicksson, USA) equipped with a 15 nW argon laser. At least 104 events 

were collected using Cell Quest software (Becton Dickinson, San Jose, CA) and analyzed using 

Paint-A-Gate Software (Becton Dicksson, USA). Data were expressed in % of viable (an-V-

/PI-), apoptotic (an-V+/PI-), late apoptotic/necrotic (an-V+/PI+) and necrotic cells (an-V-/PI+) 

[18]. Three independent experiments were performed in duplicate. 

 

2.3.2.2. Mitochondrial membrane potential (ΔΨmt) 

 

Mitochondrial membrane potential was performed with the fluorescent probe 5,5,6,6-

tetrachloro-1,1,3,3-tetraethyl benzimidazolocar-bocyanine iodide (JC-1, Sigma, USA), mixed 

with the cells during 15 min, in the dark, at 37 oC, and assessed by flow cytometry [18]. The 

JC-1 dye is a lipophilic cationic carbocyanine molecule that naturally exists as monomers and 

emits green fluorescence. The dye enters the mitochondria, accumulating as reversible 

complexes named J aggregates, which exhibit red fluorescence. The dye penetrates healthy cells 

with a normal ΔΨM and accumulates in the functioning organelle and spontaneously forms 

aggregates with red fluorescence. On the other hand, when in unhealthy or apoptotic cells, 

where there is a loss of electrochemical potential, JC-1 does not achieve enough mitochondrial 

concentration to trigger the formation of aggregates, remaining as monomers with green 

fluorescence [19]. Data are presented as the ratio of aggregates/monomers (A/M), which is 
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proportional to the mitochondrial membrane potential [18]. Three independent experiments 

were performed in duplicate. 

 

2.3.3. Intracellular ROS measurement 

 

To determine the effect of EA-Aa on ROS formation in cardiomyoblasts, H9c2 cells were 

seeded in MilliCells® EZ Slide 8-well glass (Millipore, USA). At confluence, cells were treated 

with EA-Aa (30 min), followed by the addition of Dox (in the same concentration used in the 

incubation of cancer cells, 1 µg.mL-1) overnight. The evaluation of intracellular ROS was 

carried out with 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA, Invitrogen, USA), 

following the manufacturer’s instructions. DAPI was used to stain the cell nucleus. Images were 

obtained with a fluorescence microscope (Zeiss Axio Observer Z1) with an incorporated camera 

(Zeiss, Germany), detected with 504 nm of excitation and 525 nm of emission for DCF and 353 

nm of excitation and 465 nm of emission for DAPI (Sigma, USA). The settings were the same 

for all analyses. The fluorescence quantification was performed in the entire image with the 

software ImageJ. Three independent experiments were performed in triplicate. 

 

2.4 Animals 

 

2.4.1 Animal maintenance 

 

After the approval of UFGD Ethics Committee on Animal Use no 10/2017, the experiments 

were conducted following the ethical principles of animal experimentation adopted by the 

National Council for the Control of Animal Experimentation (Conselho Nacional de Controle 

de Experimentação Animal, CONCEA). C57Bl/6 mice were maintained under controlled 

conditions, 22 ± 2 °C and 12 h light-dark cycle, and were fed ad libitum. 

 

2.4.2 EA-Aa acute toxicity determination in C57Bl/6 mice 

 

The acute toxicity test was based on protocols from the Organization for Economic Cooperation 

and Development (OECD) Guideline 425 [20]. The test was initiated by 8 h fasting, followed 

by the administration of a single gavage of EA-Aa (2,000 mg.kg-1) in a female C57Bl/6 mouse. 

The animal was frequently observed during the first 24 h. As the first animal did not show any 
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symptoms of toxicity, the test was continued with the administration of the remaining four mice. 

The same protocol was repeated with a dose of 5,000 mg.kg-1 to define a lethal dose. The control 

group received only water through gavage (n= 5). After administering the treatment, the animals 

were observed for 14 days, and during this period, body mass, food, and water intake were 

measured regularly (Figure 4). The Hippocratic screening was performed to determine 

behavioral and physiological parameters: urination, defecation, exophthalmos, tremor, 

catatonia, piloerection, tail erection, hypersalivation, ataxia, lacrimation, 

pallor/hyperemia/cyanosis of the ears, nose scratching, tail biting, and paw licking. After the 

study, animals were anesthetized with ketamine/xylazine and euthanized with cervical 

dislocation followed by organ collection (central nervous system, heart, lungs, liver, spleen, 

and kidneys), weighing, and macroscopical analysis. Blood was also collected for 

hematological analysis. 

 

2.4.3. Cardiotoxicity induced by Dox in C57/Bl6 mice 

 

To induce in vivo cardiotoxicity with Dox, male C57Bl/6 mice with weight ca. 25 g were 

randomly distributed between 3 groups (n= 5): 1 - Control (water, p.o.); 2 – Dox (water p.o.); 

3 – Dox + EA-Aa (EA-Aa 200 mg.kg-1 p.o.). EA-Aa was daily co-administered with Dox (in a 

cumulative dose of 24 mg.kg-1 diluted in 0.9% NaCl), which occurred from the 7th day onwards 

and on alternate days (according to the protocol presented in Figure 5). The animals were 

euthanized on the 18th day, with the same protocol described in the acute toxicity assay [21]. 

 

2.4.4 Dosage of MDA levels in C57Bl/6 mice organs 

 

The liver, heart, kidney, and nervous system were homogenized in 1.15% potassium chloride 

(KCl) and centrifuged at 3,000 rpm, 10 min. The supernatant was collected (0.5 mL) and 

incubated with 1 mL of 10% trichloroacetic acid (TCA) and 1 mL of 20 nM TBA (diluted in 

75 nM PBS) at 96 °C/45 min. After samples cooling, 3 mL of butanol was added to the tubes, 

and the mixture was homogenized, centrifuged (3,000 rpm, 5min), and the absorbance was 

determined at 532 nm [21]. 

 

2.5 Statistical analysis 
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Results were expressed as mean ± standard error of the mean (SEM). All data were compared 

by One-way ANOVA followed by Student-Newman-Keuls posttest, to compare all means. To 

evaluate the interactions between cells treated with EA-Aa and Dox, we performed Two-way 

ANOVA followed by Sidak’s posttest. All results were performed with the software GraphPad 

Prism 7.0. Data were considered significant when p < 0.05. 

 

3 RESULTS 

 

3.1 EA-Aa reduces cancer cell metabolic activity and viability, induces mitochondrial 

dysfunction, and increases Dox-induced cytotoxicity 

 

EA-Aa by itself caused a dose- and time-dependent cytotoxicity in K562 cells, decreasing the 

metabolic activity of the cells after 48 h (46% to 73%), but not 24h, of treatment (Figure 1 A - 

B). In MCF-7 cells, EA-Aa cytotoxicity was more evident, with a loss of metabolic activity 

(37% to 56%) already observed after 24 h of treatment after all tested concentrations (Figure 2 

A), and a more robust cytotoxicity effect (52% to 76%) after 48 h treatment (Figure 2 B). 

Regarding the co-incubation of Dox and EA-Aa, when K562 cells were incubated with Dox, 

there was a potentiation (~ 10%) of the cytotoxic effect of Dox 0.5 µg.mL-1 by EA-Aa compared 

with cells treated with the chemotherapeutic agent alone (Dox 0.5 µg.mL-1) after 24 h of 

incubation (Figure 1 C). This effect was time-dependent, since, after 48 h, the reduction in cell 

metabolic activity was from 14% to 18% compared with cells treated with Dox 0.5 µg.mL-1 

alone (Figure 1 D). The reduction in the metabolic activity of cells treated with EA-Aa and Dox 

0.5 µg.mL-1 after 24 h and 48 h of incubation reached a comparable level to the treatment carried 

out with twice the concentration (Dox 1 µg.mL-1). This last condition did not present statistical 

differences when associated with EA-Aa (Figure 1 E - F). MCF-7 cells presented a similar 

reduction profile of the metabolic activity of the cells compared to Dox alone, but only for the 

48 h time point, with a reduction of 14% to 18% in metabolic activity vs. Dox 0.5 µg.mL-1 

(Figure 2 D) and 8% to 12% vs. Dox 1 µg.mL-1 (Figure 2 F).  

To evaluate if the decrease in cell survival and proliferation induced by EA-Aa was associated 

with an increase in cell death, the effect of EA-Aa (250 and 500 μg.mL−1) alone and in 

combination with Dox (0.5 and 1 μg.mL−1) was analyzed by flow cytometry, in K562 cells 

using double staining with annexin-V and propidium iodide. Figure 3 A shows a lower 

percentage of alive cells after treatment with EA-Aa (250 and 500 μg.mL−1). The combination 
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of EA-Aa with Dox (0.5 and 1 μg.mL−1) decreased cell survival to values similar to those 

observed in cells treated with Dox 1 μg.mL−1 alone (Figure 3 A). Besides, the results show that 

Dox 1 μg.mL−1 acted mostly through necrosis (41.8%), having little effect on initial and late 

apoptosis (Figure 3 B - E). On the other hand, cells treated with EA-Aa alone presented a large 

number of cells suffering from apoptosis, while the increase in necrosis was much smaller 

(Figure 3 B - E). The co-incubation of Dox and EA-Aa significantly reduced Dox-induced 

necrosis, showing 17% and 15.16% in Dox 0.5 + EA-Aa 250/500 μg.mL−1 and 14.5% and 

20.5% in Dox 1 + EA-Aa 250/500 μg.mL−1 (Figure 3 D). Accordingly, co-incubation 

significantly increased late apoptosis (Figure 3C). 

Regarding the mitochondrial membrane potential measurements, EA-Aa treatment resulted in 

a decreased ratio of JC-1 aggregates/monomers, which indirectly assesses that parameter. EA-

Aa (in both concentrations) by itself showed a reduction in values compared to the control 

(Figure 3 F). The co-incubation of EA-Aa and Dox presented a more significant reduction in 

the mitochondrial potential than the cells treated only with Dox or only with EA-Aa, 

particularly EA-Aa 500 μg.mL−1, potentiating the effect of Dox 1 μg.mL−1 (Figure 3 F). 

 

3.2 EA-Aa prevents Dox-induced oxidative hemolysis and oxidative stress in noncancer 

cells 

 

After confirming EA-Aa cytotoxic potential in cancer cells, we analyzed its possible toxic 

effects in normal cells, to exclude potential side effects in nontumor cells. The Dox-induced 

oxidative hemolysis was evaluated in RBC and the generation of MDA, the protective effects 

of EA-Aa, and the absence of its toxicity are presented in Figure 4 A. After 240 min of 

incubation, Dox-induced hemolysis in RBC was significantly reduced by treatment with EA-

Aa, which showed a 50% protection compared to Dox-treated cells, at the lowest tested 

concentration. These results are confirmed by the data in Figure 4 B, in which EA-Aa decreased 

by 30% the Dox-induced increase in MDA levels. 

After 24 h of treatment, PBMC reduced cell metabolic activity about 10-20% (Figure 4 C), 

while H9c2 cardiomyoblasts suffered a similar decrease (Figure 5 A). Therefore, EA-Aa 

presented also low cytotoxicity in normal cells. Then, we tested the effect of EA-Aa in 

protecting H9c2 cells from Dox-induced cytotoxicity and oxidative stress (IC50 = 20 µg.mL-1). 

Figure 5 B shows that the previous treatment with EA-Aa restored cell viability, reverting the 

toxicity showed by the higher dose of Dox (20 μg.mL−1). The NRF2 pathway only partially 
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mediates this condition since cells incubated with its inhibitor, ML385, had a modest (~ 10%) 

effect in reducing the protective effect of the extract (Figure 5 B). Accordingly, when 

cardiomyoblasts (H9c2) were incubated with Dox and EA-Aa under the same conditions of 

cancer cells (Dox 1 µg.mL-1), they presented a decrease in DCF fluorescence of ~ 30%, 37.5%, 

and 52% due to EA-Aa treatment (125, 250 and 500 μg.mL−1, respectively) in comparison with 

cells treated with Dox alone (Figure 5 C - D). 

 

3.3 EA-Aa has no acute toxicity and decreases Dox-induced cardiac, nephron, and 

neurotoxicity in C57Bl/6 mice 

 

Animals treated with EA-Aa 2,000 mg.kg-1 and 5,000 mg.kg-1 did not present any physiological 

signs of toxicity, such as significant body weight reduction, physical or behavior changes, or 

mortality (Figure 6). Only a slight increase in liver weight of 26% in comparison to the control, 

as presented in Figure 6 H was observed. Hematological changes were observed in the group 

treated with the higher dose of EA-Aa, with a slight increase in white blood cells and fractions 

(Table 1). Dox-treated C57Bl/6 mice (Figure 7 A) showed weight loss and lowered caloric 

intake values compared with the control group, conditions that were not reverted by EA-Aa 

(Figure 7 B - C). The weight of several organs from the same animals did not change in response 

to Dox nor EA-Aa treatment, namely, liver, heart, kidney, and central nervous system (Figure 

7 D - G). In turn, MDA levels in animals submitted to the chemotherapeutic agent showed an 

increase of 94% in the heart, which was completely restored after treatment with EA-Aa, with 

values 23% lower than the control (Figure 7 H). Such protection was also observed in the kidney 

and brain, with a reduction of 46% and 49% in MDA below baseline levels (Figure 7 I - J). 

 

4 DISCUSSION 

 

In this work, we have observed that A. aculeata (Jacq.) Lodd. ex Mart. potentiates Dox 

anticancer activity and attenuates its cardiotoxicity. Dox is one of the best-described 

anthracyclines used in chemotherapy due to its wide therapeutic efficacy [5]. However, the side 

effects have also increased, here untangling cardiotoxicity, the most well-known Dox side effect 

[22]. Besides the increased levels of pro-apoptotic and pro-inflammatory factors and autophagy 

markers, Dox-induced mechanisms lead to increased ROS/RNS levels [23] and consequently 

to oxidative stress. Intending to identify new therapeutic alternatives that could prevent 
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chemotherapy side effects connected with oxidative stress, medicinal plants with antioxidant 

properties have become a promising strategy [24–28]. 

According to Negrette-Guzmán, cancer cells generally produce higher ROS levels than normal 

cells, a feature that stimulates the tumor in its progression and chemoresistance, involving the 

upregulation of hypoxia-inducible factor-1 alpha (HIF-1α) and nuclear factor-kappa B (NF-κB) 

[29]. Chemoresistance also involves the regulation of redox-sensitive transcription factors, such 

as NRF2, which remains in the cytoplasm when linked to the complex Kelch-like ECH-

associated protein 1 (Keap 1) and its dissociation and migration to the nucleus requires the 

activation of some ROS-mediated kinases (ERK, JNK, p38) or some antioxidants. NRF2 can 

transcriptionally activate some antioxidant proteins in the nucleus and can up-regulate nuclear 

respiratory factor 1 (NRF1), which increases mitochondrial function [29]. As we already proved 

(MONTEIRO-ALFREDO et al., 2020), EA-Aa increases p-NRF2, p-ERK, and catalase in Cos-

7 cells, and this suggests that this pathway may be at least in part involved in the antioxidant 

protection of H9c2 cardiomyoblasts promoted by EA-Aa. 

The observed potentiation of Dox-cytotoxic effects and the induction of mitochondrial 

dysfunction in erythroleukemia cells may be related to the antioxidant and NRF2-activating 

effects of EA-Aa, already described for other sources of phenolic compounds [6,11,30]. These 

effects may be related both to the stabilization of radicals in the electron transport chain and to 

the increase of stress-related protein levels [31]. Assuming that the higher levels of catalase 

help to stabilize the radicals generated by cancer cells, this effect is probably related to the 

greater mitochondrial dysfunction in K562 cells, caused by the co-treatment between Dox + 

EA-Aa, especially at the higher concentrations. When K562 and MCF-7 cells were incubated 

with EA-Aa and the lower concentration of Dox (0.5µg.mL-1), the cytotoxic effect was higher 

than in cells treated with Dox alone (0.5µg.mL-1) and was similar to the IC50 of the cells treated 

with the higher dose of Dox (1µg.mL-1). These data show the potentiation of Dox effects by 

EA-Aa (which occurred mostly through addition) even in the lower concentrations tested, 

leading to a better chemotherapeutic effect of Dox and significantly lower side effects [32,33]. 

Regarding the type of death, data from AV/PI double staining, measured by flow cytometry, 

supports the cell viability assay, showing that Dox effect occurs mainly through necrosis, which 

may be associated with the mechanism of action of Dox on Topoisomerase II and DNA 

intercalation, as already described [34]. Instead, EA-Aa induced mitochondrial dysfunction and 

increased apoptosis, so we must consider EA-Aa as a probable stabilizer of the redox condition. 
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Among the phytochemical compounds present in medicinal plants, phenolic compounds and 

flavonoids have shown, in addition to a relevant cytotoxic effect [35], a potential in stabilizing 

the redox condition present in this type of cells. In a previous study [13], we elucidated the 

different compounds presented in A. aculeata leaves (Supplementary material – Table S1), such 

as the phenolic compounds gallic, caffeic, vanillic, and ferulic acids, and the flavonoids rutin 

and quercetin. Besides being responsible for the proven antioxidant effect of EA-Aa, this 

composition may protect from Dox-induced oxidative hemolysis, MDA formation, and Dox-

induced toxicity in H9c2 cells. Indeed, the combination of quercetin and Dox was already 

shown by Mahbub et al. to activate the mitochondrial apoptotic pathway through caspases 3 

and 9 activation [36]. 

We choose Dox as an oxidative stress inducer for being a source of peroxynitrite (ONOO-), an 

oxidant agent formed from other two radicals, nitric oxide and superoxide [37], which is a 

known inducer of oxidative stress-related mechanisms, such as DNA strand breaking, induction 

of lipid peroxidation, and inhibition of the respiratory chain [38]. Considering this, peroxynitrite 

produced by Dox is highly related to the development of cardiomyopathy, and its inhibition or 

reduction may be an alternative for a therapeutic combination. Dox also increased MDA levels 

in cells [38], and treatment with EA-Aa reduced this oxidative stress biomarker level by 30% 

in RBC, which was followed by a 50% reduction of the oxidative hemolysis. This protection 

probably occurs due to the secondary metabolites extracted from A. aculeata leaves, as 

mentioned before. One of the aromatic rings in the flavonoid structure has a hydroxyl 

configuration that donates hydrogens and electrons to molecules such as peroxyl, peroxynitrite, 

and hydroxyl, stabilizing them, besides the ion-chelating property of quercetin [39]. 

Flavonoids are relevant against Dox-induced chronic cardiotoxicity [3] because they prevent 

both its cytotoxicity and decrease the anticancer effect [40]. To evaluate the potential of EA-

Aa against the most noted side effect of Dox chemotherapy, we performed an in vivo assay. 

First, we proved the non-toxicity of EA-Aa in C57Bl/6 mice, and as we expected, the results 

showed no relevant markers of acute toxicity for 2,000 mg.kg-1, proving the safety of 

consumption. Thus, we next used a ten times lower dose of EA-Aa in the animals for the Dox-

induced cardiotoxicity assay. The cardiotoxicity of Dox occurs when administered in 

cumulative doses [41], and after treatment, the EA-Aa group showed a complete reversion of 

MDA levels concerning the Dox group, showing the cardioprotective effect of the extract and 

the reduction of the MDA in the kidney and brain below baseline levels. 
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5 CONCLUSIONS 

 

Our results demonstrate that EA-Aa shows an attenuating effect on Dox-induced oxidative 

stress in RBC and H9c2 cardiomyoblast, demonstrated through the decreased cardiotoxicity in 

C57Bl/6 mice. Besides, EA-Aa did not present toxicity in animals and promoted an additional 

potentiation of Dox-cytotoxic effect in cancer cells, supporting additional studies to develop a 

Dox-pharmacological adjuvant based on EA-Aa or its chemical constituents, to reduce Dox 

side effects. 
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SUPPLEMENTARY MATERIAL 

 

The phytochemical characterization of the aqueous extract of A. aculeata were performed by 

chromatographic analysis (LC-PDA) in a previous study [13], and identified the following 

compounds: gallic acid, vanillic acid, caffeic acid, ferulic acid, rutin, and quercetin, as shown 

in Table S1 (for more information see ref 13). 
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Table 1. C57Bl/6 hematological parameters of mice treated with single dose of EA-Aa. 

 Control EA-Aa 2000 mg.kg-1 EA-Aa 5000 mg.kg-1 

WBC (103.µL-1) 2.1 ± 0.3 3.1 ± 0.3* 3.8 ± 0.3** 

RBC (106.µL-1) 10.3 ± 0.4 9.5 ± 0.1 8.0 ± 0.6** 

HGB (g.dL-1) 14.2± 0.5 13.5 ± 0.1 11.4 ± 0.7** 

HCT (%) 56.5 ± 2.5 52.8 ± 0.6 45.5 ± 2.2** 

MCV (fL) 55.0 ± 0.5 55.6 ± 0.6 57.6 ± 2.1 

MCH (pg) 13.9 ± 0.1 14.2 ± 0.1 14.3 ± 0.3 

MCHC (g.dL-1) 25.2 ± 0.3 25.7 ± 0.2 25.0 ± 0.3 

PLT (103.µL-1) 367.6 ± 238 408.8 ± 168.7 493.8 ± 202.4 

RDW-SD (%) 26.5 ± 0.6 26.9 ± 0.4 28.7 ± 1.7 

RDW-CV (%) 19.8 ± 0.4 19 ± 0.2 17.4 ± 0.7** 

NEUTROPHIL (103.µL-1) 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 

LYMPHOCYTE (103.µL-1) 1.9 ± 0.2 3.0 ± 0.3* 3.5 ± 0.2** 

MONOCYTE (103.µL-1) 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.1 

EOSINOPHYL (103.µL-1) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

BASOPHIL (103.µL-1) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

WBC = white blood cells; RBC = red blood cells; HGB = hemoglobin; HCT = hematocrit; MCV = mean 

corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin 

concentration; PLT = platelet; RDW = red cell distribution width. EA-Aa = Aqueous extract of A. aculeata leaves. 

Data are expressed as mean ± SEM. * vs. Ctrl, * p < 0.05; ** p < 0.01; *** p < 0.001. 
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FIGURE LEGENDS 

 

Figure 1. EA-Aa reduces cancer cell survival and proliferation, and increases Dox-

induced cytotoxicity in Human chronic myeloid leukemia K562 cells. Metabolic activity of 

EA-Aa-treated (31.25-500µg.mL-1) K562 cells determined by the rezasurin reduction : (A) 24h 

and (B) 48h. Co-incubation of EA-Aa with Dox 0.5µg.mL-1: (C) 24 h and (D) 48h. Co-

incubation of EA-Aa with Dox 1µg.mL-1: (E) 24h and (F) 48h. * vs. Ctrl; # vs. Dox 0.5 and 

1µg.mL-1; ## p < 0.01; *** p < 0.001. 

 

Figure 2. EA-Aa reduces cancer cell survival and proliferation, besides increasing Dox-

cytotoxicity in human breast cancer MCF-7 cells. Metabolic activity of EA-Aa-treated 

(31.25-500µg.mL-1) MCF-7 determined by the rezasurin reduction: (A) 24h and (B) 48h. Co-

incubation between EA-Aa and Dox 0.5µg.mL-1: (C) 24h and (D) 48h. Co-incubation between 

EA-Aa and Dox 1µg.mL-1: (E) 24h and (F) 48h. * vs. Ctrl; # vs. Dox 0.5 and 1µg.mL-1; # p < 

0.05; ## p < 0.01; *** p < 0.001. 

 

Figure 3. EA-Aa reduces mitochondrial membrane potential and induces apoptosis in 

K562 cells. Flow cytometry analysis by annexin-V and PI staining. Types of cell death: (A) 

Alive. (B) Initial apoptosis. (C) Late apoptosis/necrosis. (D) Necrosis. (E) Annexin-V and PI 

staining - summarized data. A (alive); IA (initial apoptosis); LA/N (late apoptosis/necrosis); N 

(necrosis). (F) JC-1 staining. * vs. Ctrl; # vs. Dox 0.5µg.mL-1; & vs. Dox1 µg.mL-1; *,# p < 0.05; 
**, ##, && p < 0.01; ***, ###, &&& p < 0.001. 

 

Figure 4. EA-Aa shows no toxicity in blood cells while preventing from Dox-induced MDA 

formation. RBC hemolysis (A) and MDA formation in RBCs exposed to Dox 300μg.mL−1 (B). 

(C) Metabolic activity of PBMC treated with EA-Aa for 24h. * vs. Ctrl; # vs. Dox 300/20µg.mL-

1. ** p < 0.01; ***, ### p < 0.001. 

 

Figure 5. EA-Aa prevents cardiomyoblast H9c2 against Dox-induced oxidative stress and 

reduces ROS generation. Metabolic activity of H9c2 cells treated with EA-Aa (31.25-

500µg.mL-1) for 24h (A). Dox-treated (IC50 20μg.mL−1) cells and incubated with NRF2 

inhibitor, ML 385 (B). DCF intensity (C) and DCF representative images (DCF, green; DAPI, 
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blue) (D). * vs. Ctrl; # vs. Dox 300/20µg.mL-1; & vs. respective concentration without NRF2 

inhibitor, ML 385. *, #, & p < 0.05;  ##, && p < 0.01; ***, ###, &&& p < 0.001. 

 

Figure 6. In vivo acute toxicity of EA-Aa in C57Bl/6 mice. (A) Experimental design; (B) 

Initial and final body mass; (C) Food intake; (D) Brain, (E) Heart, (F) Lung, (G) Kidney, (H) 

Liver, and (I) Spleen weights. Ctrl group - control mice; 2000 group - treated mice with EA-Aa 

2000mg.kg-1; 5000 group - treated mice with EA-Aa 5000mg.kg-1. * vs. Ctrl; ** p < 0.01. 

 

Figure 7. EA-Aa reduces Dox-induced toxicity in C57Bl/6. (A) Experimental design; (B) 

Body mass increase; (C) Food intake; and weight of (D) Brain, (E) Heart, (F) Kidney and (G) 

Liver. MDA levels were determined in (H) Liver, (I) Heart, (J) Kidney and (K) Nervous system. 

Ctrl group - control mice; Dox group - Dox-induced mice with 24mg.kg-1; EA-Aa - Dox-

induced mice treated with EA-Aa 200mg.kg-1. * vs. Ctrl; # vs. Dox; * p < 0.05; ## p < 0.01; ### p 

< 0.001. 
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SUPPLEMENTARY MATERIAL 

 

Table S1. Chemical composition identified from the LC-PDA analysis of the aqueous extract of 

A. aculeata leaves (mg.g-1 ± DP). 

Compound Concentration 

Gallic acid 201.6 ± 1.4 

Vanillic acid 182.4 ± 0.9 

Caffeic acid 124.6 ± 1.2 

Ferulic acid 197.9 ± 1.0 

Rutin 74.8 ± 0.4 

Quercetin 88.7 ± 0.2 
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The results of the presented studies proved the therapeutic potential of EA-Aa. Its 

antioxidant effects revealed in a previous study, which have supported the hypotheses proposed 

for this thesis, were here on oxidative stress-related diseases: DM2 and its complications and 

the protective effect against cardiotoxicity induced by chemotherapy performed with Dox. 

Taken together, our results evidenced the potential of EA-Aa in improving metabolic 

pathways in EAT and liver and reducing fasting glycaemia and triglyceride levels in diabetic 

rats. In addition, treatment with EA-Aa increased vascular redox conditions and function, 

through direct antioxidant properties and modulation of antioxidant systems. Such a reduction 

of glycaemia and improvement of redox state were associated with improved vascular 

relaxation in response to acetylcholine, especially in the presence of ascorbic acid. The results 

obtained in this study suggest that although individual compounds may have a therapeutic role 

in diabetic complications, their natural combination in plant extracts may also exert beneficial 

mechanisms. Moreover, the therapeutic effects found here may be distinct if such compounds 

are administered through non-oral routes and their gut metabolization should be understood in 

the future. Therefore, the improvement of the metabolic redox condition by EA-Aa encourages 

more studies using the compounds present in EA-Aa and their metabolites as a strategy for the 

development of treatments for the complications associated with DM2. 

Additionally, EA-Aa showed cytotoxic activity against cancer cell lines, and in 

association with Dox, revealed a potentiating effect also on the same cells. Regarding 

cytotoxicity, EA-Aa caused an increase in mitochondrial dysfunction associated with the 

predominance of death by apoptosis in tumor cell lines. EA-Aa did not show toxicity in vitro 

in normal cells and in vivo in mice. It was able to reduce Dox-induced oxidative stress in 

erythrocytes, with lower levels of hemolysis and lipid peroxidation, and prevented from Dox-

induced cardiotoxicity, showing to be a potential pharmacological adjuvant. Thus, EA-Aa can 

constitute an important therapeutic strategy for the treatment of both conditions. Future studies 

could address its role in preventing tumor growth and preventing DOX-induced cardiotoxicity 

in in vivo animal models of tumorigenesis. 
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