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RESUMO

CARDOSO, Juliane de Souza. Produtos naturais na prevencdo de alteracdes
bioquimicas, oxidativas elou histopatolégicas associadas a doencas
metabdlicas: estudo em modelo animal de Hipotireoidismo e Diabetes Mellitus
Tipo 2. 2022. 96f. Tese de doutorado - Programa de Pds-Graduacédo em Bioquimica
e Bioprospeccéo, Universidade Federal de Pelotas, Pelotas, 2022.

Hipotireoidismo e Diabetes Mellitus tipo 2 (DM2) sdo duas importantes doencas que
afetam significativamente a qualidade de vida dos pacientes e aumentam o risco de
desenvolvimento de outras patologias. Dentre os mecanismos envolvidos na
fisiopatologia e no agravo do hipotireoidismo e da DM2 estdo principalmente o
estresse oxidativo e o déficit colinérgico. Tendo em vista a complexidade dessas
doencas, a forte relacdo dessas com desordens cognitivas, bem como a ineficacia
dos tratamentos existentes na prevencédo ou reversdo das alteracbes encontradas
nos pacientes portadores, torna-se necessaria a busca por novas alternativas
terapéuticas. Diante disso, este trabalho se propbs a avaliar os possiveis efeitos
preventivos do resveratrol e do Psidium cattleianum (P. cattleianum) frente as
alteracbes metabdlicas, bioquimicas, oxidativas, colinérgicas e histoldgicas
decorrentes do hipotireoidismo e da DM2. Para isso, foram utilizados ratos Wistar
adultos machos em modelos experimentais de hipotireoidismo, induzido por
metimazol, e de DM2, induzido por dieta hiperlipidica e dose unica de
estreptozotocina. Em ambos os modelos estudados, durante o periodo experimental
de 30 dias, os animais receberam diariamente, uma vez ao dia, resveratrol ou
extrato hidroalcodlico de P. cattleianum pela via intragastrica. Os resultados
referentes ao modelo de hipotireoidismo mostraram que o resveratrol, apesar de nao
promover o0 aumento dos niveis de horménios tireoidianos, preveniu
significativamente o aumento da atividade da enzima acetilcolinesterase, prevenindo
o déficit colinérgico. Além disso, preveniu o aumento dos niveis de espécies reativas
de oxigénio (ERO) em soro e cérebro, e o aumento dos niveis de substancias
reativas ao acido tiobarbitirico (TBARS), e a diminuicdo da atividade da enzima
catalase (CAT) e do conteudo tidlico total em cérebro de animais hipotireoidianos.
Sendo assim, o resveratrol mostrou-se um potencial agente neuroprotetor e
antioxidante. Em modelo de DM2, o extrato de P. cattleianum preveniu alteracoes
bioquimicas séricas, como aumento de glicose, colesterol total, triacilglicerois e
VLDL, além de prevenir o aumento dos niveis de ERO, TBARS e a diminuicdo da
atividade da enzima CAT e superéxido dismutase. Além disso, protegeu o figado e
pancreas de alteracbes celulares, estruturais e necrose decorrentes da DM2
induzida. Dessa forma, o extrato de P. cattleianum mostrou-se um promissor
antioxidante, anti-hiperglicémico e antilipémico. Diante dos resultados apresentados,
foi possivel compreender o papel dos produtos naturais aqui estudados em modelos
animais de hipotireoidismo e DM2 e considera-los eficazes na prevencdo dessas
doencas metabdlicas e de seus agravos.

Palavras-chave: doencas metabdlicas; sistema colinérgico; status redox;
resveratrol; frutos nativos



ABSTRACT

CARDOSO, Juliane de Souza. Natural products in the prevention of biochemical,
oxidative and/or histopathological alterations associated with metabolic
diseases: study in an animal model of Hypothyroidism and Type 2 Diabetes
Mellitus. 2022. 96f. Doctoral Thesis - Graduate Program in Biochemistry and
Bioprospecting, Federal University of Pelotas, Pelotas, 2022.

Hypothyroidism and Type 2 Diabetes Mellitus (DM2) are two important diseases that
significantly affect the quality of life of patients and increase the risk of developing
other pathologies. Among the mechanisms involved in the pathophysiology and
aggravation of hypothyroidism and T2DM are mainly oxidative stress and cholinergic
deficit. Given the complexity of hypothyroidism and DM2, the strong relationship
between these and cognitive disorders, as well as the ineffectiveness of existing
treatments in preventing or reversing the changes found in patients with these
disorders, it is necessary to search for new therapeutic alternatives. Therefore, this
study aimed to evaluate the possible preventive effects of resveratrol and Psidium
cattleianum (P. cattleianum) against metabolic, biochemical, oxidative, cholinergic
and histological changes resulting from hypothyroidism and DM2. For this, adult male
Wistar rats were used in experimental models of hypothyroidism, induced by
methimazole, and of DM2, induced by a high-fat diet and a single dose of
streptozotocin. In both models studied, during the experimental period of 30 days, the
animals received daily, once a day, resveratrol or hydroalcoholic extract of P.
cattleianum by the intragastric route. The results referring to the hypothyroidism
model showed that resveratrol, despite not promoting an increase in the levels of
thyroid hormones, significantly prevented the increase in the activity of the enzyme
acetylcholinesterase, preventing the cholinergic deficit. Furthermore, it prevented the
increase in the levels of reactive oxygen species (ROS) in serum and brain, and the
increase in the levels of thiobarbituric acid reactive substances (TBARS), and the
decrease in catalase enzyme (CAT) activity and total thiol in the brain of hypothyroid
animals. Thus, resveratrol proved to be a potential neuroprotective and antioxidant
agent. In a T2DM model, the P. cattleianum extract prevented serum biochemical
alterations, such as an increase in glucose, total cholesterol, triacylglycerols and
VLDL, in addition to preventing an increase in ROS and TBARS levels and a
decrease in CAT and superoxide dismutase enzyme activity. In addition, it protected
the liver and pancreas from cellular and structural changes and necrosis resulting
from induced T2DM. Thus, the P. cattleianum extract proved to be a promising
antioxidant, antihyperglycemic and antilipemic. In view of the results presented, it
was possible to understand the role of natural products studied here in animal
models of hypothyroidism and T2DM and to consider them effective in preventing
these metabolic diseases and their aggravations.

Keywords: metabolic diseases; cholinergic system; redox status; resveratrol; native
fruits
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HT- Hormdnios tireoidianos
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IL-10- Interleucina 10

IL1-B- Interleucina 1B

IL-6- Interleucina 6

INR- Receptor de insulina
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1 INTRODUCAO

O hipotireoidismo € uma doenca caracterizada por baixos niveis de horménios
tireoidianos (HT), que acomete em torno de 10% da populacdo, e vem sendo
associado ao maior risco de desenvolvimento de resisténcia a insulina (RI),
dislipidemia, hipertensdo arterial, doencas cardiovasculares (DCV) e mortalidade
(BIONDI; CAPPOLA; COOPER, 2019). A Diabetes Mellitus tipo 2 (DM2) é uma
doenca crbnica grave, caracterizada por ineficiente acdo do hormdnio insulina,
resultando em hiperglicemia. Diversas outras complica¢des decorrem da DM2, como
insuficiéncia renal, cegueira, amputacdo de membros inferiores, alteragcbes no
sistema nervoso, dentre outras, que comprometem a qualidade de vida dos
individuos e aumentam consideravelmente o risco de morte (WHO, 2016).

Estudos demonstram que individuos acometidos por hipotireoidismo e DM2
comumente apresentam transtornos de humor e problemas cognitivos, como déficit
de atencdo, memdria e aprendizagem, e dentre 0s mecanismos envolvidos
destacam-se o estresse oxidativo e o déficit colinérgico (DOMINGUES et al., 2018;
NJAN et al., 2020). O estresse oxidativo € um quadro caracterizado por acamulo de
espécies reativas de oxigénio (ERO), que alteram diversas vias de sinalizagcédo
celular, favorecendo muitos processos patoldgicos, dentre eles inflamacéo, diabetes,
aterosclerose e neurodegeneracdo (ZHANG et al., 2016). O déficit colinérgico, por
sua vez, € um comprometimento na via de sinalizacdo colinérgica, a qual é
responsavel pelas funcbes cognitivas, como aprendizado, meméria, atencdo e
emocdo. Assim, o déficit colinérgico esta intimamente envolvido nas alteracfes
cognitivas observadas em portadores de doencas metabdlicas (FERREIRA-VIEIRA
etal., 2016).

O tratamento do hipotireoidismo é feito com reposi¢cdo hormonal oral, visando
manter niveis adequados dos HT. No entanto, o tempo de inicio do tratamento e a
dose a ser utilizada ainda € motivo de discussdo, dada a complexidade da
fisiopatologia e diferentes tipos de hipotireoidismo (MATEO & HENNESSEI, 2019).
Ja o tratamento da DM2 baseia-se principalmente na adocdo de um estilo de vida
saudavel, mas também conta com uma variedade de medicamentos que visam a
normalizagéo da glicemia. No entanto, nem sempre os medicamentos séo eficazes
e, ainda, podem ocasionar importantes efeitos adversos (KANECO & NARUKAVA,
2016).
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Diante disso, torna-se necessaria a busca de novas alternativas terapéuticas
para o hipotireoidismo e a DM2. Nesse contexto, produtos naturais, como compostos
fendlicos isolados ou frutos ricos em compostos fendlicos, parecem alternativas
relevantes. Os compostos fendlicos compreendem uma ampla variedade de
substancias bioativas, com importantes atividades benéficas a saude ja
comprovadas, destacando-se as atividades antioxidante e neuroprotetora
(PENUMALA et al., 2018). O resveratrol € um polifenol do grupo dos estilbenos, que
ja demonstrou melhorar alguns déficits cognitivos, possivelmente por suas atividades
antioxidante e anti-inflamatéria (GE et al., 2015, 2016; TIAN et al., 2016). O fruto de
Psidium cattleianum (P. cattleianum), conhecido popularmente como “araga”, € um
fruto brasileiro da familia Myrtaceae, amplamente cultivado no Sul do pais, rico em
compostos fendlicos, que confere a ele importante atividade antioxidante e
neuroprotetora ja demonstradas pelo nosso grupo de pesquisa (CARDOSO et al.,
2018; OLIVEIRA et al., 2018, 2020).

Assim, diante das atividades promissoras para promocao e recuperacado da
saude obtidas pelo uso de produtos naturais, esta tese propde-se a investigar os
efeitos do composto isolado resveratrol em modelo experimental de hipotireoidsimo
e de extrato padronizado de P. cattleianum em modelo experimental de DM2,
através da avaliacdo dos efeitos desses em parametros metabdlicos, bioquimicos

séricos, oxidativos, colinérgicos e histolégicos.

2 OBJETIVOS
2.1 Objetivo geral
Investigar os efeitos do composto isolado resveratrol em modelo experimental
de hipotireoidsimo e de extrato padronizado de P. cattleianum em modelo experimental
de DM2, em relacédo a parametros metabolicos, bioquimicos, oxidativos, colinérgicos e

histologicos.

2.2 Objetivos especificos
a) Em modelo animal de hipotireoidismo induzido por metimazol, avaliar o efeito
protetor do resveratrol em relacdo aos seguintes parametros:
- Bioquimicos séricos:
= Niveisde T3 e T4;
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- Estresse oxidativo em SNC e soro:
»= Niveis de ERO, nitrito, contetdo tidlico total e TBARS;
» Atividade das enzimas antioxidantes CAT e SOD;
- Neuroquimicos:
= Atividade e expressdo génica da enzima AChE;
= Densidade dos receptores colinérgicos a7 e M1,

= Marcador nuclear neuronal (NeuN) e proteina glial fibrilar acida (GFAP)
em estruturas cerebrais.

b) Em modelo animal de DM2 induzida por dieta hiperlipidica e STZ, avaliar o efeito
de extratos hidroalcoodlicos dos frutos nativos vermelhos P. cattleianum em
relagcdo aos seguintes parametros:

- Metabdlicos:
= Ganho de peso total e peso final;

= Peso relativo do pancreas e do tecido adiposo (TA) visceral;

- Bioquimicos séricos:
= TOTG, para avaliar a concentragcdo de glicose no sangue, apos
sobrecarga oral de glicose,;
= Glicemia e perfil lipidico;
» Quantificacdo da citocina pro-inflamatéria IL-6 e anti-inflamatéria IL-10;
= Atividade da enzima paraoxonase-1;

- Estresse oxidativo em SNC:
= Niveis de ERO, nitrito, contetdo tidlico total e TBARS;

= Atividade das enzimas antioxidantes CAT e SOD;

- Analise histoldgica de figado e pancreas.
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3 REFERENCIAL TEORICO
3.1 Hipotireoidismo

O hipotireoidismo é uma doenca caracterizada por niveis diminuidos de HT
circulantes e/ou insuficiente resposta do organismo a esses hormdnios, que podem
resultar em fraqueza, distarbios emocionais, DCV, infertilidade, malformacéo
cerebral fetal e mortalidade (BIONDI; CAPPOLA; COOPER, 2019). A prevaléncia na
Europa, na populacdo em geral, € de aproximadamente 5,3% (CHIOVATO; MAGRI;
CARLE, 2019), dentre os americanos 5 a cada 100 americanos com 12 anos ou
mais possuem hipotireoidismo, com maior prevaléncia entre mulheres e pessoas
com mais idade (PATIL; REHMAN; JIALAL, 2022). No Brasil, dados apontam uma
prevaléncia de 12,3% em mulheres adultas e 19,1% em mulheres idosas no Rio de
Janeiro, e em Sao Paulo a prevaléncia encontrada foi de 11,1% e 8,7% em mulheres
e homens, respectivamente (BENSENOR, 2019). A relag&o do hipotireoidismo com a
idade vem sendo explicada por alguns mecanismos, dentre eles a diminuicdo na
secrecdo hipotalamica de horménio liberador de tireotrofina (TRH), reducdo da
resposta da glandula tireoide ao horménio estimulante da tireoide (TSH), menor
transformacao de tiroxina (T4) a tri-iodotironina (T3) e reduc¢éo do transporte dos HT
para os tecidos (MOORADIAN, 2019).

Os HT auxiliam no funcionamento de diversos érgdos, como rim, figado e
coracao e, principalmente atuam no metabolismo energético através do aumento da
termogénese, melhora do perfil lipidico, reducdo do acimulo de gordura e aumento
da degradacdo de gordura (LOUZADA & CARVALHO, 2018). Além disso, esses
hormonios sdo essenciais para a formacéo e diferenciacéo neural normais (BRENT,
2012). A sintese dos HT ocorre no foliculo tireoidiano e conta com a ac¢do da enzima
tireoperoxidase (TPO), da presenca de iodo e da glicoproteina tireoglobulina
(SILVERTHORN, 2017). A secrecao desses hormdnios ocorre a partir da interacao
hipotalamo-hipofise-tireoide, envolvendo a acdo do TRH e do TSH. O TRH
secretado pelo hipotalamo controla a secrecdo de TSH pela adenohipofise que, por
sua vez, atua na glandula tireoide estimulando a sintese dos HT (SILVERTHORN,
2017) (Figura 1). Sabe-se que a maior parte dos hormonios secretados pela tireoide
€ T4, e que T3, a forma biologicamente ativa dos HT, tem 80% da sua quantidade
diaria necesséria formada a partir de T4 pelas enzimas pertencentes a familia das
iodotironina desiodinases (DIO) (LUONGO; DENTICE; SALVATORE, 2019).
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FIGURA 23.4 Sintese dos horménios da tireoide.

Figura 1: llustracdo da sintese e secrecdo dos hormonios tireoidianos. Fonte: SILVERTHORN, 2017.

O hipotireoidismo é classificado, de acordo com sua etiologia, em primario,
secundario, terciario e congénito. No primario, ha uma falha da glandula em produzir
T3 e T4, frequentemente causada por uma deficiéncia de iodo (HOERMANN et al.,
2019). Dentro dessa classificacdo ainda ha o hipotireoidismo autoimune, conhecido
como doenca de Hashimoto, onde ha infiltracdo linfocitaria da tireoide por
autoanticorpos, principalmente antitireoide peroxidase (antiTPO) e antitireoglobulina
(antiTG), que ao atacar e destruir esses componentes importantes da glandula
inibem a sintese dos HT (LIONTIRIS & MAZOKOPAKIS, 2017). O hipotireoidismo
secundario é decorrente de uma faléncia hipofisaria e consequente falta de acéo do
TSH em estimular a producdo dos HT. No hipotireoidismo terciario, apesar da
producédo normal de T4 pela glandula, ha uma capacidade de resposta reduzida dos
orgaos-alvo, ou seja, resisténcia aos HT ou, ainda, uma falha na conversédo de T4
em T3 (GHANBARI & GHASEMI, 2017). O hipotireoidismo congénito (HC) € quando
a crianca nasce com deficiéncia de HT, podendo esse quadro ser transitorio ou
permanente, ocorre principalmente por anomalias na formacgéo da glandula tireoide
ou, ainda, na sintese, metabolismo e transporte dos HT. O HC transitério geralmente
é atribuido a disturbios maternos da tireoide relacionados a deficiéncia de iodo,
ocorrendo mais em paises deficientes desse mineral (GHANBARI & GHASEMI,
2017).
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O diagnostico do hipotireoidismo € realizado por quantificagcdo dos niveis
séricos de T4 e/ou TSH, podendo, a partir desses parametros bioquimicos, ser
classificado ainda como manifesto (ou clinico) ou subclinico. No hipotireoidismo
manifesto o TSH, que possui como valores de referéncia 0,4-4,0 mU/L, encontra-se
persistentemente elevado em associacdo a niveis de T4 baixos. No hipotireoidismo
subclinico, apesar de niveis normais de T4, niveis de TSH encontram-se elevados,
classificando-o como leve (TSH: 4,5-9,9 mU/L) ou grave (TSH: 210 mU/L) (CHAKER
etal., 2017).

O tratamento do hipotireoidismo baseia-se na terapia de reposicdo hormonal,
gue visa normalizar os niveis de HT e TSH e eliminar os sinais e sintomas da
deficiéncia, como fadiga, ganho de peso, cabelos e pele secos, constipacao,
dislipidemia, hipertensdo, disfuncdo endotelial, RI, dentre outros (BIONDI &
COOPER, 2019). A reposicao ocorre de forma padréo, a partir do horménio sintético
L-tiroxina, na dose usual diaria de 1,5-1,8 pg/kg de peso corporal de pessoas jovens
sem demais comorbidades. Ja em mulheres gestantes a dose diaria deve ser
aumentada em 30% visando evitar consequéncias para a gestante e para o feto. Em
pacientes com desordens coronarias, idosos e/ou com outras comorbidades, a

introducé&o do hormdnio deve ser feita de forma gradativa (CHAKER et al., 2017).

3.2 Diabetes Mellitus tipo 2

Diabetes Mellitus (DM) é um importante problema de salde publica,
enquadrada entre as quatro principais doencas crénicas nao transmissiveis (DCNT),
decorrente da auséncia ou insuficiéncia na producdo de insulina, ou ainda,
deficiéncia em sua acdo (WHO, 2019). Atualmente, ha cerca de 463 milhdes de
adultos com DM, com idade entre 20 e 79 anos, 0o que representa 9,3% da
populacdo mundial pertencente a essa faixa etaria. A estimativa é de que a
prevaléncia aumente para 578 milhdes em 2030 e até 700 milhdes em 2045.
Importante destacar que essa doenca gera um custo mundial em saude de, em
média, 700 bilhdes de ddlares anualmente (IDF, 2019). Ainda, a hiperglicemia como
fator isolado € responsavel por cerca de 3,7 milhdes de mortes por ano, sendo 1,5
milhdes de pacientes diagnosticados com DM e 2,2 milhdes de mortes por DCV e

outras decorrentes da hiperglicemia (WHO, 2016).
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A insulina é o horménio secretado pelas células B das ilhotas pancreaticas de
Langerhans em resposta ao aumento dos niveis circulantes de glicose, sendo
responsavel pela captacdo da glicose pelas células e, pelos diversos processos
metabdlicos e manutencdo da glicemia (WHO, 2019). Ao ser liberada, na presenca
de glicose no sangue, a insulina diminui a gliconeogénese e a glicogendlise e
aumenta a captacdo de glicose pelos tecidos periféricos, principalmente musculo e
TA. Além disso, a insulina regula o metabolismo de lipideos e proteinas, estimulando
a lipogénese e reduzindo a lipolise e, ainda, aumentando a sintese e inibindo a
degradacao proteica (CARVALHEIRA et al., 2012; XU et al., 2014).

A via de sinalizacao da insulina compreende as reag¢des que ocorrem desde a
ligacdo do hormonio insulina nos receptores membranais até a captacao da glicose
para o interior da célula e, compreende varias etapas, conforme descrito a seguir:
primeiramente, ocorre a ligacdo da insulina na subunidade a (extracelular) do
receptor de insulina (InR), que a partir de uma mudanca conformacional se auto-
fosforila na sua subunidade intracelular B (intracelular) (DIONISIO et al., 2014). Logo,
utilizando moléculas de adenosina trifosfato (ATP) a subunidade 8 do InR transmite
o sinal para os substratos do receptor de insulina (IRS), que incluem IRS-1, IRS-2,
IRS-3, IRS-4, Shc, Gab-1, p60dok, Cbl, JAK2 e APS, forforilando-os em residuos de
tirosina (Zhang & Liu, 2014). A ativagcdo de IRS-1/2 leva a ativagdo da
fosfoinositideo-3-cinase (PI3K), que por sua vez catalisa a fosforilacdo da
fosfatidilinositol-4,5-bisfosfato (PIP2) a fosfatidilinositol-3,4,5-trisfosfato (PIP3), que
sdo constituintes lipidicos daS membranas e que em niveis aumentados levam ao
recrutamento da proteina-quinase B (PKB ou AKT) do citosol para a superficie
celular e a sua ativacdo (XU et al., 2014). A entrada da glicose para o interior da
célula ocorre por difusdo facilitada, considerando o gradiente de concentracao,
passando pelos transportadores de glicose (GLUT) através da membrana plasmatica
celular (SALTIEL, 2021) (Figura 2).

Foram identificadas 14 isoformas de transportadores, distribuidas em
diferentes tecidos, porém apenas o GLUT-4 é dependente da sinalizacdo da insulina
e é altamente expresso nos tecidos muscular (cardiaco e esquelético) e TA (branco
e marrom) (KRAFT et al., 2015). O ultimo passo da via de sinalizacdo da insulina,
chamado transloca¢do do GLUT4, ainda ndo € bem elucidado, porém evidéncias
consideriveis apontam para a relacdo da AKT e seu substrato, a proteina AS160,
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com a exocitose de vesiculas especializadas contendo GLUT4 para a superficie
celular (ZEIGERER et al., 2004).

O IRS-1 é altamente expresso no musculo esquelético, enquanto o IRS-2
encontra-se principalmente no tecido hepatico e pancreatico, onde desempenham
importante papel funcional e, ambos estdo associados a estruturas intracelulares
(MOURAO, 2020). O IRS-3 é expresso em adipécitos e a expressdo do IRS-4 é
praticamente restrita a glandula pituitaria e ao cérebro, estando os dois associados a
membrana plasmatica (MOURAQ, 2020). Animais sem os genes que codificam IRS-
1 apresentam RI e retardo de crescimento, sem apresentar hiperglicemia, enquanto
animais sem o gene codificador de IRS-2 apresentam hiperglicemia acentuada,
faléncia das células B-pancreaticas e reducdo da massa pancreatica. Por outro lado,
os animais deficientes de expressao de IRS-3 e IRS-4 apresentam crescimento e
metabolismo quase normal (SALTIEL, 2021).
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Figura 2: Via de sinalizagdo da insulina iniciada pela ligacdo da insulina no receptor até a
translocacédo do transportador de glicose (Fonte: Arneth et al., 2019).

Os sintomas classicos da DM sao decorrentes da hiperglicemia e incluem
polidria, polidipsia, polifagia e perda involuntaria de peso e, além destes, fadiga,
fraqueza, letargia, prurido cutaneo e vulvar e infeccdes de repeticdo devem ser
considerados (DSBD,2019). Diversas outras complicacbes decorrem da DM, como

retinopatia, nefropatia, neuropatia, DCV, doencas infecciosas, amputacdo de
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membros inferiores e outras, que aumentam o risco de morte e afetam
negativamente a qualidade de vida dos individuos (WHO, 2016).

A classificacdo atual da DM baseia-se na sua etiologia e ndo no tipo de
tratamento, portanto, os termos "DM insulino-dependente” e "DM insulino-
independente” ndo devem mais ser utilizados (DSBD, 2015). A classificacéao
proposta pela Organizacdo Mundial da Saude (WHO) em 2019 inclui as seguintes
classes clinicas: DM1, DM2, formas hibridas de diabetes, outros tipos especificos de
DM (defeitos genéticos na funcdo das células beta ou na acdo da insulina, doencas
do pancreas exoécrino, doencas endocrinas, dentre outras condi¢des), diabetes ndo
classificada e hiperglicemia detectada durante a gravidez. Dentre todas, as mais
prevalentes e conhecidas sdo a DM1 e DM2 (WHO, 2019).

A DM1 é caracterizada por auséncia total do horménio insulina devido a
destruicdo das células que a produzem, as células B-pancreaticas e, € mais
frequente em criangas e adolescentes, atingindo homens e mulheres de forma
equivalente. A presenca de DM1 diminui em torno de 13 anos a expectativa de vida
(WHO, 2019). A DM2 representa 90 a 95% dos casos de DM e caracteriza-se
principalmente pelo comprometimento da acdo da insulina, ou seja, RI, resultando
em hiperglicemia. Esta € uma doenca mais prevalente em adultos e altamente
relacionada com estilo de vida ndo saudavel, caracterizado por ma alimentagédo e
sedentarismo e consequente excesso de peso (KARALLIEDDE & GNUDI, 2016).

O diagnéstico da DM1 e DM2 considera a presenca de um ou mais dos
seguintes critérios: glicemia de jejum acima de 125 mg/dL, glicemia de 200 mg/dL
duas horas apos a ingestdo da solugdo de glicose no teste oral de tolerdncia a
glicose (TOTG), hemoglobina glicada (HbAlc) de 6,5% ou mais e glicemia aleatoria
a partir de 200 mg/dL com sintomas de hiperglicemia presentes. Na ausencia dos
sintomas, mas com qualquer um desses testes positivos, 0S mesmos deverao ser
repetidos (DSBD, 2019). O diagndstico da DM1 ocorre geralmente na infancia ou
adolescéncia, quando comumente apresenta-se a cetoacidose como primeira
manifestacdo da doenca. A auséncia ou diminuicdo severa da secrecao de insulina
pode ser mensurada pela dosagem do peptideo C e o processo de auto-destruicédo
pancreética pode ser evidenciado pela presenca de autoanticorpos, como 0s contra
a enzima &cido glutdmico descarboxilase (GAD65), antigeno de ilhota-2 (IA-2),
transportador de insulina e, ainda, associagcdes com genes envolvidos na resposta

22



imunologica, como HLA DQ2 e DQ8 (WHO, 2019). E importante mencionar que
alguns valores de referencia séo considerados para o diagnoéstico de uma condicao
denominada pré-diabetes, que predispde ao surgimento de DM2, de DCV e
complicacdes cronicas. Estes valores sdo: glicemia de jejum de 100 a 125mg/dL,
glicemia 2 horas apoés ingestao de glicose no TOTG de 140 a 199mg/dL ou, ainda,
HbAlc de 5,7 a 6,4% (SBD, 2019).

O tratamento da DM1 consiste em insulinoterapia, ou seja, reposicao de
insulina, monitoracdo constante da glicemia para evitar hipoglicemia, hiperglicemia
ou cetoacidose e, cuidado em relacdo a alimentacdo e pratica de exercicio fisico
(DSBD, 2019). Para a DM2, habitos alimentares saudaveis e préatica de atividade
fisica também séo essenciais para manutencéo da glicemia, no entanto, neste caso,
0S pacientes contam com muitos medicamentos hipoglicemiantes orais. Os
principais farmacos utilizados sdo das classes das biguanidas, sulfonilureias,
inibidores da dipeptidil peptidase 4 (DPP-4), agonistas do receptor do peptideo
semelhante ao glucagon 1 (GLP-1RA), entre outros (KANECO & NARUKAVA, 2016).
A metformina é um dos agentes antidiabéticos mais usados, pertence a classe das
biguanidas, que age diminuindo a sintese hepética de glicose e melhorando a
sensibilidade dos receptores a insulina, contribuindo entdo para a diminuicdo da
glicemia e da insulinemia (FONSECA, 2010). No entanto, pacientes em uso desse
hipoglicemiante costumam apresentar poliaria, polidipsia, insoénia, polifagia,
problemas de visdo, dor neuropética, dentre outras queixas (CHATURVEDI et al.,
2018). As sulfonilureias, como a glibenclamida e a glimepirida, s&o medicamentos
eficazes e de baixo custo, adicionados ao tratamento dos pacientes quando a
monoterapia com metformina ndo € suficiente, mas que também pode ocasionar
efeitos adversos como hipoglicemia e ganho de peso (ERIKSSON et al., 2016). Os
inibidores da DPP-4 sdo uma classe de medicamentos que inclui a sitagliptina,
vildagliptina, saxagliptina, linagliptina e alogliptina, cujo mecanismo de agéo é inibir a
enzima DPP-4 e consequentemente aumentar a biodisponibilidade do GLP-1 e do
polipeptideo inibidor géastrico 1 (GIP-1). A enzima DPP-4 €& responsavel pela
degradacao de GLP-1 e GIP-1, horménios da classe das incretinas, secretados pelo
intestino em resposta a ingestao de alimentos. Esses horménios agem aumentando
a secrecdo de insulina, auxiliando a digestdo géstrica e aumentando a saciedade e,
além disso, GLP-1 inibe a secrecédo de glucagon (RANKOVIC et al., 2020). Ainda
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sobre o GLP-1, outra classe de medicamentos possui seu mecanismo de acao
relacionado a esse horménio, os GLP-1RA. Ao ligar-se especificamente nos
receptores, esses medicamentos induzem os efeitos fisiolégicos de GLP-1
mencionados anteriormente e ainda resistem a acdo das DPP-4. Cabe salientar que
apesar dos efeitos benéficos do uso desses medicamentos na manutencdo da
homeostase glicémica, alguns efeitos adversos podem surgir, como dor de cabeca,
infeccdes respiratorias, dor e fraqueza muscular com o uso dos inibidores da DPP-4,
ou diarreia, nduseas e vomito com o uso dos GLP-1RA (GILBERT & PRATLEY,
2020).

Os inibidores do cotransportador sédio-glicose (SGLT) sdo considerados
medicamentos de segunda ou terceira linha, incluindo a canagliflozina,
dapagliflozina, empagliflozina e ertugliflozina, que podem ser utilizados juntamente
com qualquer outra classe de medicamentos para tratamento da DM2. Esses
medicamentos agem de forma diferente dos demais, sem interferir na secrecao e
acdo da insulina ou outros componentes do metabolismo da glicose, mas sim
impedindo a reabsorcdo de glicose nos tubulos renais. Com isso, diminui-se 0s
niveis de glicose na corrente sanguinea, aumentando a presenca de glicose na urina
(glicosuria), o que requer atencdo devido a tendéncia a hipoglicemia, infec¢cdes no
trato urinario e cetoacidose metabdlica (TENTOLOURIS et al., 2019).

3.3 Estresse oxidativo

O estresse oxidativo € um quadro caracterizado por uma elevada producéo de
ERO que excede a capacidade das defesas antioxidantes, ocasionando alteracdes
importantes aos constituintes celulares, como dano ao Acido desoxidoribonucleico
(DNA), alteracdo na estrutura e funcdo de proteinas, lipidios e carboidratos
(CAMPOS & CASADO, 2015). As ERO sao produzidas normalmente durante as
atividades celulares em diferentes compartimentos, principalmente na mitocéndria,
durante a producdo de energia. Dentre as ERO mais conhecidas estdo as
classificadas como radicais livres, como anion superoxido (O;), radical hidroxila
(OH") e oxigénio molecular singleto, e a espécie classificada como néo radicalar
peréxido de hidrogénio (H.O,) (ZHANG et al., 2016). Além da producdo enddgena
de ERO, fatores ambientais, como uso de medicamentos (ZHANG et al., 2016),
tabagismo, alimentacao, polui¢cdo do ar, dentre outros, representam fontes exégenas
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gue contribuem para a instalacdo ou agravo do estresse oxidativo (CAMPOS &
CASADO, 2015).

Para neutralizar os niveis de ERO e proteger as células contra danos, o
organismo possui duas formas de defesa antioxidante, que pode ser enddgena, a
partir da acdo de enzimas, como a catalase (CAT), superéxido dismutase (SOD),
glutationa peroxidase (GPx) e glutationa S-transferase (GST), ou exdgena, feita por
compostos como acido ascorbico, vitamina E, coenzima Q, tocoferol, caroteno,
dentre outros (SNEZHKINA et al., 2019). A enzima SOD elimina o O, convertendo-o
em H,0, e oxigénio (O,). A CAT decomp®e o H,0, transformando-o em H,O e O,. A
GPx também atua na decomposicdo do H,0,, utilizando glutationa reduzida (GSH)
como cofator, contribuindo ainda, para a menor formacdo de OH' pela reacdo de
Fenton (WINIARSKA-MIECZAN, 2018). A GST, por sua vez, é considerada uma
enzima de segunda linha de defesa antioxidante, capaz de desativar e eliminar
radicais livres e os nocivos subprodutos desses radicais, como por exemplo o
malondealdeido (MDA), utilizando também GSH como cofator (HAYES &
MCLELLAN, 1999).

Uma das consequéncias do estresse oxidativo é a lipoperoxidacdo, processo
de oxidacdo de &cidos graxos insaturados das membranas celulares que causa
graves alteracbes na funcionalidade dessas membranas, podendo levar & morte
celular. A lipoperoxidacdo pode ser avaliada a partir dos niveis de substancias
reativas ao acido tiobarbitarico (TBARS), onde o MDA, produto formado durante a
lipoperoxidacdo, reage com o &cido tiobarbitdrico, permitindo assim a sua
quantificacdo (BEZERRA et al., 2004). Os nitritos sdo metabdlitos do éxido nitrico
(NO) e sua mensuracao também pode ser utilizada para avaliar o status redox, visto
gue o excesso de ERO aumenta a degradacédo de NO (SALAMA et al., 2012). A
capacidade de defesa antioxidante pode ser avaliada a partir da atividade das
enzimas antioxidantes. Outra forma de avaliar essa capacidade é a quantificacdo de
tiois totais, que permite mensurar as moléculas que possuem o grupo sulfidrila em
sua estrutura. Dentre essas moléculas estd a GSH, molécula necesséaria para a
desintoxicacéo exercida pelas enzimas GPx e GST, conforme visto anteriormente
(POOLE, 2015).

25



.28,

nb&lis U ;hﬁo Lipid a
Inductors of Peroxidation \ Apoptosis
adlss, ROS e B
)" & ez 3
Viruses > ) Prafcessel g 2 v 5 \\ Ny ol
. / ROS | —> " Oxidative’ —> Protein -> —> / 0 o j——) (G
Stress. Damage R\ :f 4 N

‘i E ! Normal cell  cell attacked by Cell with
bty free radicals oxidative stress
Enzymatic DNA ¢

Unprocessed antioxidants Damage / =
food L. ¢ \
Antioxidants KN -4

;g.‘ = ] ; \ 8

1 Necrosis
Vitamins Flavonoids —]  Inhibition

Figura 3: Formacdo de espécies reativas de oxigénio, defesa antioxidante e consequéncia do

estresse oxidativo (Fonte: Sharifi-Rad et al., 2020).

3.4 Sistema colinérgico

O sistema colinérgico cerebral compreende uma ampla extensdo de
neurdnios responsaveis pela comunicacdo intercelular e transducdo de sinal,
envolvendo o neurotransmissor acetilcolina (ACh), seus receptores e enzimas de
sintese e degradacdo (KOUKOULI & CHANGEUX, 2020). A ACh foi um dos
primeiros neurotransmissores descritos e € até hoje considerado o principal
neurotransmissor do sistema nervoso central (SNC), responsavel pelas funcdes
cognitivas, como aprendizado, memdria, sono, atencdo e emocdo, e sistema
nervoso periférico (SNP), onde atua como neurotransmissor excitatorio, promovendo
a contracdo muscular (FERREIRA-VIEIRA et al., 2016). A sintese de ACh ocorre no
citoplasma dos neurdnios a partir de colina e acetil-coenzima A (acetil-CoA) pela
acdo da enzima colina acetiltransferase (ChAT). Logo ap6s a sintese, a ACh
produzida € transportada pelo transportador vesicular de ACh (VAChT) para as
vesiculas sinapticas onde ficam armazenadas até ocorréncia de despolarizacédo e
sua consequente liberagdo para a fenda sinaptica (ERSKINE et al., 2019).

Na fenda sinaptica, para exercer sua funcdo a ACh liga-se a dois tipos de
receptores de ACh, classificados em receptores muscarinicos (mMAChRs) e
receptores nicotinicos (NAChRs). Os mAChRs s&o receptores do tipo
metabotrépicos, associados a proteina G, compreendendo cinco subtipos (M1-M5),
sendo que dependendo de qual subtipo se ligar, a ACh tera acao excitatoria ou
inibitéria  (SHIN & DIXON, 2015). Os receptores M1, M3 e M5 s&o do tipo

excitatérios, pois possuem a proteina Gg/G11 como ligante para a ACh, promovendo
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a partir dessa ligacao a ativacédo da fosfolipase C e formacéo de diacilglicerol (DAG)
e inositol, que contribuem para aumento da concentracao de calcio dentro da célula,
e diminui a saida de potassio, ocasionando assim a despolarizacdo e consequente
sinapse. Ainda, o receptor M1 é o mais abundante no SNC, sendo distribuido no
cortex cerebral, hipocampo e estriado. Ja os receptores M2 e M4 séo inibitérios, pois
ao ligarem-se a proteina Gi/Go inibem a acdo da enzima adenilil ciclase e
consequentemente de adenosina 3',5-monofosfato ciclico (cAMP), molécula
importante para a sinalizagao intercelular (JENSEN et al., 2018). Os nAChRs sé&o do
tipo ionotrépicos, formados por cinco subunidades, que podem arranjar-se como
hetero ou homopentameros, e por um canal central permeavel a diferentes ions,
como sodio, potassio e calcio. Os nAChRs sdo categorizados em dois tipos
principais, de acordo com seu local inicial onde foram identificados e com sua
composicdo de subunidades. Assim, os nAChRs musculares incluem as
subunidades a1, B1, y, d e €, e os nAChRs neuronais incluem nove subunidades a
(a2- a10) e trés subunidades B (B2- p4) (HAJIASGHARZADEH et al., 2019).

Para finalizar a sinalizacdo colinérgica, duas enzimas sdo responsaveis por
hidrolisar a ACh, a acetilcolinesterase (AChE) e a butirilcolinesterase (BuChE). A
primeira hidrolisa exclusivamente a ACh, ja a segunda é uma pseudocolinesterase,
pois além de ACh hidrolisa colina, butiril, succinilcolina e alguns ésteres alifaticos
(FRIEDMAN et al., 2019).

A AChE esta distribuida mais abundantemente no SNC, na membrana dos
eritrécitos e no musculo esquelético, enquanto a BuChE encontra-se mais
predominantemente no plasma sanguineo (ARAUJO; SANTOS; GONSALVES,
2016). Sabe-se que a BUChE desempenha outras importantes atividades além da
hidrolise da ACh, tais como, desintoxicacdo de pesticidas e outras substancias
guimicas toxicas, inativacdo de alguns medicamentos e ativacdo de pré-farmacos.
No cérebro, essa enzima hidrolisa de forma compensatoria a ACh quando a AChE
esta esgotada. Além disso, a forma e proporcao de hidrélise da ACh ocorre de forma
diferente entre essas duas enzimas, onde a etapa limitante da degradacéo de ACh
pela BUChE é a acilacdo, enquanto pela AChE é a desacilagdo do substrato. Em
relacdo a taxa de hidrélise, a BUChE € menos eficiente comparada a AChE, no
entanto, a BuChE acomoda de forma mais efetiva os inibidores de atividade
(ANDRISANO et al., 2018).
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Figura 4: Constituintes do sistema colinérgico (Fonte: Stanciu et al., 2020).

O déficit colinérgico é caracterizado por diminuicdo da biodisponibilidade de
ACh ocasionado por alteracfes nas atividades ou expressao das enzimas de sintese
e degradacédo, mais especificamente, diminuicdo da atividade ou expressao da
enzima de sintese ChAT e aumento da atividade ou expressdo das enzimas de
degradacdo AChE e BUuChE (PERRY et al., 1978; BEACH et al., 2000). A disfuncéo
colinérgica e o consequente declinio da funcdo cerebral estdo envolvidos na
fisiopatologia de diversas patologias como a doenca de Alzheimer (DA) (STANCIU et
al., 2020), depressdo maior e transtorno bipolar (DULAWA & JANOWSKY, 2019).
Além disso, a ACh desempenha um importante papel em outros dois processos
fisiologicos importantes, a imunidade e a inflamacdo e, dessa forma, niveis
diminuidos de ACh fazem parte da patogenia e agravo de doencas decorrentes de
neuroinflamacéo e/ou alteracdo no sistema imunolégico, como a esclerose multipla
(GATTA et al., 2020). Sendo assim, o uso de inibidores das colinesterases faz parte
da terapia de doencas cognitivas, pois aumentam a biodisponibilidade de ACh na
fenda sindptica, restaurando as sinapses cerebrais e, consequentemente,
melhorando os sintomas cognitivos. No entanto, além dos efeitos adversos, o uso de
medicamentos dessa classe ndo evita a progressao da doenca (HAMPEL et al.,
2018; GATTA et al., 2020).

Além das alteracdes enzimaticas, alteracbes nos receptores M1 e M2, bem
como nos receptores nicotinicos a4, a7 e 32, foram encontrados em pacientes com

DA (FRANCIS; RAMIREZ; LAI, 2010). Ainda, a diminui¢do da ligagdo especifica ao
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receptor muscarinico M1 foi associada a presenca de placas senis em individuos
sem deméncia e como esperado, em individuos com DA, indicando que a alteracao
nesse receptor esta presente ja no estagio inicial de desenvolvimento de deméncia
(POTTER et al., 2011). Assim, a regulacéo alostérica desses receptores pode vir a
ser outra estratégia de tratamento dessas doencas cognitivas (FRANCIS; RAMIREZ;
LAI, 2010).

3.5 Alteracbes cerebrais, oxidativas e colinérgicas relacionadas ao
Hipotireoidismo

O hipotireoidismo é uma doenca que causa diversas consequéncias que
aumentam o risco de morte e diminuem a qualidade de vida dos individuos e, dentre
as consequéncias, comumente pode surgir 0 comprometimento cognitivo e até
mesmo deméncia grave (RIEBEN et al., 2016). Um estudo de reviséo realizado por
RITCHIE e YEAP (2015) demonstrou a forte relagéo do hipotireoidismo com variados
transtornos de humor, como depresséo, ansiedade e mania, e algumas disfuncdes
cognitivas relacionadas a memoria e atencdo. E demonstrou ainda, que em muitos
casos, a reposicao hormonal ndo foi eficaz em reverter ou melhorar esses
problemas (RITCHIE & YEAP, 2015). Cabe salientar que os HT séo essenciais para
o desenvolvimento neural e permanecem importantes para as fung¢des cerebrais por
toda a vida do individuo (SALAZAR et al., 2019). Os HT exercem suas funcdes
através da ligacado de T3 aos receptores de HT (TR) TRB1 e TRB2 expressos no
cérebro, que causa uma mudanca conformacional no TR e liberacdo de proteinas
ativadoras da transcricdo (PESSANHA, 2007). Assim, agem em genes relacionados
a diversos processos, como crescimento e diferenciacdo neural, morfologia dos
componentes do SNC, transmissdo sinaptica, aprendizagem, atencdo e memaria
(SALAZAR et al., 2019).

Dados da literatura apontam principalmente alteracbes no status redox e no
sistema colinérgico como principais mecanismos presentes na fisiopatolpogia do
hipotireoidismo e na sua relacdo com as doencas cognitivas (DOMINGUES et al.,
2018; NJAN et al., 2020). A relacdo entre o hipotireoidismo e o estresse oxidativo
parece iniciar com o aumento da producdo de ERO, facilmente observada em
pesquisas utilizando modelo animal de hipotireoidismo. A glandula tireoide possui
um sistema gerador de EROs, pois o iodo concentrado da tireoide € oxidado pela
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enzima tireoperoxidase utilizando o peroxido de hidrogénio (H.O;) como agente
oxidante, para entédo ser incorporado a tireoglobulina (BJORKMAN et al., 1971). Este
fato torna a glandula tireoide um dos 6rgdos mais vulneraveis aos efeitos deletérios
do estresse oxidativo.

Em modelo experimental de hipotireocidismo, DOMINGUES et al. (2018)
encontraram maior producdo de ERO e de TBARS associada a diminuicdo dos
niveis de GSH e da atividade das enzimas antioxidantes GPx e SOD. Além disso, a
inducdo de hipotireoidismo também aumentou a atividade da AChE, enzima que
degrada o neurotransmissor ACh, comprometendo assim a transmissao sinaptica
(DOMINGUES et al., 2018). Em um estudo realizado por TEIXEIRA e colaboradores
(2020), um modelo experimental de DA foi caracterizado por aumento da atividade
da AChE e alteracdes na expressao das enzimas de sintese e degradacdo de ACh,
demonstrando assim um déficit colinérgico neste grupo de animais. Associado a
iSS0, 0s autores observaram também um quadro de estresse oxidativo, observado a
partir do aumento dos niveis de ERO e nitritos e diminuicdo da atividade das
enzimas antioxidantes CAT e GPx (TEIXEIRA et al., 2020).

3.6 AlteracBes bioquimicas, oxidativas e inflamatérias relacionadas a DM2
Pacientes com DM2 possuem predisposicdo ao surgimento de problemas
cognitivos e doencas neurodegenerativas e, dentre os mecanismos envolvidos
nessa relagcdo estao principalmente a hiperglicemia, hiperinsulinemia, resisténcia a
insulina, inflamacéo e estresse oxidativo (MARKOWICZ-PIASECKA et al., 2017,
CHENG et al., 2020). E importante destacar que além das ac¢des ja conhecidas da
insulina relacionada ao metabolismo, ela possui papel fundamental em processos
cognitivos, principalmente na regidao hipocampal do cérebro. Por outro lado, o
comprometimento da via de sinalizac&o da insulina, caracteristica principal da DM2,
também é observado na regido cerebral, e com isso, pode prejudicar a cognigao.
Além disso, foi demonstrado que esse déficit da sinalizagdo a insulina pode causar
atrofia cerebral, diminuicdo do volume hipocampal e alteracdes na neurogénese e
plasticidade sinaptica (SILVA et al., 2019). A Rl encontrada em cérebro de animais e
individuos portadores de DA pode resultar da diminuicdo da formacao, perda e/ou
disfuncionalidade dos receptores de insulina. Junto a isso, observa-se uma

diminuicdo da producdo de insulina, fazendo com que a DA passasse a ser
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chamada de “Diabetes tipo 3” (CHENG et al.,, 2020). E assim, medicamentos
utilizados para o tratamento da DM2 ja4 vém sendo testados para tratamento e/ou
prevencdo de doencas neurodegenerativas como a DA e doenca de Parkinson
(MARKOWICZ-PIASECKA et al., 2017).

Em um estudo realizado por NJAN et al. (2020) utilizando modelo
experimental de DM2 induzida por dieta hiperlipidica e dose de estreptozotocina
(STZ) (40mg/kg) observou-se alteracbes em parametros de estresse oxidativo em
soro, figado e cérebro, representadas pelos niveis aumentados de nitritos e
marcadores de lipoperoxidacéo e niveis diminuidos de GSH e atividade da enzima
CAT. Além disso, a atividade da enzima AChE esteve aumentada nos animais
diabéticos. Juntas, essas alteracdes possivelmente foram responsaveis pelos
déficits de memdéria e aprendizagem demonstrado nos testes comportamentais
(NJAN et al., 2020).

A hiperglicemia e a dislipidemia presentes em pacientes com DM2 leva a um
guadro de estresse oxidativo a partir de diversos mecanismos, tais como a ativacao
da via dos poliois, a auto-oxidac&do da glicose e consequente formacdo de produtos
finais de glicacdo avancada (AGEs) e o aumento de acidos graxos livres (AGL). A
via dos poliois corresponde a uma via metabolica secundaria da glicose em excesso,
a qual é convertida em sorbitol, e este Ultimo em frutose. Essa conversao ocorre a
partir da acdo de enzimas especificas que consomem nicotinamida adenina
dinucleotideo fosfato (NADPH), molécula necessaria para a formacdo de GSH,
essencial para o correto funcionamento de algumas enzimas antioxidantes (PATEL
et al., 2016). Os AGEs sédo formados por uma reacdo nao-enzimatica entre glicose,
proteinas, lipideos e acidos nucleicos, que ao ativarem seus receptores especificos
ocasionam inflamacé&o e aumento da producao de ERO, iniciando pela producéo do
anion superoxido. Sabe-se ainda, que esses AGEs s&o encontrados nos
emaranhados neurofibrilares e placas de peptideo B-amiloide, caracteristicas
fisiopatoldgicas da DA (MARKOWICZ-PIASECKA et al., 2017). Os AGL liberados
também aumentam a producdo de ERO, que em excesso, levam a oxidacdo e
carbonilacdo do GLUT4, principal transportador de glicose dos musculos cardiaco e
esquelético e do TA, tornando-o disfuncional e impedindo a captacéo celular de
glicose (BODEN et al., 2015).
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A DM2 geralmente estd associada a obesidade e, o TA de obesos é
caracterizado por uma grande liberacédo e oxidacdo de AGL, que aumenta o0s niveis
celulares de DAG, acetil-CoA e ceramida. O DAG e a ceramida fosforilam o IRS em
serina (Ser), mais especificamente Ser302 e Ser307, locais que afetam
negativamente IRS, tornando-o incapaz de ativar a PI3K, prejudicando assim a via
de sinalizacao da insulina (TINKOV et al., 2015). Além disto, ha um maior influxo de
AGL para o figado o que estimula a producéo de triglicerideos (TG), lipoproteinas
como a lipoproteina de muito baixa densidade (VLDL) e a lipoproteina de baixa
densidade (LDL) e diminui os niveis da lipoproteina de alta densidade (HDL),
caracterizando uma dislipidemia que podera levar a aterosclerose e DCV (LAAKSO
etal.,, 2015; PATEL et al., 2016).

Os adipécitos secretam citocinas inflamatérias, como o fator de necrose
tumoral a (TNF-a) e interleucina 6 (IL-6), que, por sua vez, provocam a migracao de
macréfagos para o TA aumentando ainda mais a liberagdo de citocinas,
caracterizando uma inflamacéo crénica do TA (LAAKSO et al., 2015). Citocinas pro6-
inflamatorias, como interleucina 1 B (IL-1B), IL-6 e TNF-a comprovadamente
induzem inflamagé&o tecidual e/ou sistémica, comprometendo o funcionamento das
células B-pancreaticas, podendo inclusive levar a apoptose celular, comprometendo
assim a producao e secrecdo de insulina, contribuindo para a patogénese da DM2
(REHMAN et al., 2017).

Os adipdcitos também secretam as adipocinas, incluindo leptina, adiponectina
e resistina para regular o metabolismo sistémico de lipidios e glicose. A leptina, um
hormonio produto do gene obeso (ob) secretado principalmente pelo TA branco,
melhora a sensibilidade a insulina e controla o peso corporal, diminuindo a ingestédo
alimentar e aumentando o gasto energético (CARRASCOSA et al.,, 2011). No
entanto, individuos obesos apresentam uma resisténcia a leptina, devido a
alteracdes no receptor de leptina ou deficiéncia no transporte deste hormoénio pela
barreira hemato-encefadlica (ROMERO & ZANESCO, 2006). Assim, a alta
concentracao de leptina, denominada hiperleptinemia, decorrente da sua ineficiente
acdo, acaba por inibir a captacdo de glicose estimulada pela insulina
(CARRASCOSA et al.,, 2011). A adiponectina, ao contrario da leptina, tem sua
secrecdo diminuida com o aumento do TA, sendo assim, em situagbes de menor

massa gorda, ela diminui a fosforilagdo em serina de IRS-1, favorecendo a
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fosforilacdo em tirosina e aumentando a captacdo de glicose e no hipotalamo
estimula o apetite e diminui o gasto energético (CARRASCOSA et al,, 2011). Com a
obesidade ha uma diminuicdo nos seus niveis, a hipoadiponectinemia, que esta
relacionada a disfuncédo endotelial e RI. ZHAO e colaboradores (2015) mostraram
gue a administracdo de adiponectina restaurou a funcdo endotelial e melhorou a
sensibilidade a insulina em animais alimentados com alto teor de gordura,
mostrando que este hormdnio podera ser um potencial terapéutico para a melhora
da Rl e prevencao das complicacBes associadas a DM2

Muscle
steatosis

Figura 5: Efeito dos &cidos graxos livres na via de sinaliza¢do da insulina e relagcdo com inflamacéo e
estresse oxidativo (Fonte: ZUBRZYCKI et al., 2018)
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3.7 Produtos naturais

Considerando a multifatorialidade envolvida no hipotireoidismo e na DM2, a
falta de eficacia dos tratamentos disponiveis em reverter os danos ja existentes e
prevenir a progressao e surgimento das consequéncias, bem como seus efeitos
adversos, torna-se relevante a busca de novas alternativas terapéuticas. Nesse
contexto, produtos naturais, como frutos ou compostos isolados, parecem uma
alternativa interessante, visto que ja demonstraram efeitos benéficos em alteracdes
oxidativas, inflamatdrias e colinérgicas, dentre outras (PATEL et al., 2018; MAROY!I
etal., 2018).

Ao longo da evolucado de suas espécies, as plantas e vegetais desenvolveram
uma importante capacidade de preservar seu adequado crescimento,
desenvolvimento e suas func¢des fisioldgicas frente aos diversos fatores ambientais.
Dessa capacidade de defesa resulta a produgdo de compostos denominados
metabdlitos secundarios (ISAH, 2019). Embora a medicina tradicional seja
amplamente utilizada em todo o mundo h& milhares de anos, acredita-se que
apenas 15% dos constituintes quimicos, das 350 mil espécies estimadas de plantas,
tenha sido investigado até recentemente (WURTZEL & KUTCHAN, 2016).

Dentre os metabdlitos secundarios de plantas e vegetais estdo os compostos
fendlicos, ou polifenois, considerados a classe mais abundante de compostos, que
pode ainda ser dividida em trés grandes grupos: acidos fendlicos, flavonoides e néao
flavonoides. Os acidos fendlicos sdo caracterizados por possuir um grupo carboxila
ligado ao anel benzeno e derivam de dois compostos fendlicos principais, o acido
benzoico e o acido cindmico. Do primeiro, deriva 0os acidos hidroxibenzoicos, como o
galico, p-hidroxibenzoico, vanilico e o siringico. Os derivados do acido cinamico sao
os acidos hidroxicinamicos, como o cafeico, ferulico, sinapico e cumarico (SWALLAH
et al.,, 2020). Os flavonoides compreendem as flavonas, flavanois, flavanonas,
isoflavonas e as antocianinas. E por fim, os polifenois ndo flavonoides abrange as
lignanas, os taninos e os estilbenos (DELGADO; ISSAQUI; CHAMMEM, 2019).

Os compostos fendlicos sdo importantes agentes redutores que transferem
elétrons de seus aneis aromaticos para as espécies reativas, estabilizando-as. Além
disso, os polifendis sdo capazes de inibir as enzimas produtoras de espécies

reativas e regular positivamente genes que codificam as enzimas antioxidantes
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(DANGLES, 2012). Uma alimentacdo em longo prazo rica em polifenois tem sido
associada a reducéao de disturbios neurolégicos (DA CUNHA et al., 2016).

O resveratrol pertence ao grupo dos estilbenos, que possui como estrutura
basica dois aneis de benzeno ligados por ligacdo dupla e estdo presentes em
alimentos como uva, mirtilo, amora, ameixa e vinho, dentre outros (DURAZZO et al.,
2019). Os mecanismos de acdo envolvidos na protecao antioxidante dos estilbenos
parece envolver as vias do fator nuclear derivado do eritroide-2 (Nrf2) e o segundo
mensageiro AMPc (REINISALO et al., 2015). Nrf2 € um fator de transcri¢éo que ativa
a expressao de genes associados a defesa antioxidante, como gene das enzimas
SOD, CAT, GPx e GST, além de modular também a resposta inflamatoria e o
metabolismo, dentre outras funcdes (HAHN; DE OLIVEIRA; BOCK, 2017). Com isso,
estudos “in vitro”, “in vivo” e clinicos demonstraram o efeito do resveratrol na
eliminacdo de ERO, como o OH’, Oy, H,0, e peroxinitrito (ONOO ) (LEONARD et
al., 2003; HOLTHOFF et al., 2010; JAVID et al., 2019). Recentemente o extrato de
Paeonia suffruticosa, contendo dez compostos estilbenos diferentes, dentre eles o
resveratrol, demonstrou inibir a atividade das enzimas AChE e BuChE e aumentar
0s niveis de ACh. Além disso, os compostos preveniram as alteragcdes indicativas de
estresse oxidativo, bem como desordem cognitiva indicativa de DA induzida em
modelo animal (LIU et al., 2020).

P. cattleianum (Figura 6), conhecida popularmente como “ara¢a”, “araga rosa”
ou “araga vermelho” é outra espécie da familia Myrtaceae, nativa do Brasil,
amplamente cultivada no Sul do pais. O araca possui sabor doce acidulado, forte
aroma, grande quantidade de vitamina C e é utilizado na medicina popular para
tratamento de disturbios dolorosos, diarreia, carie dentaria e DM (RIBEIRO et al.,
2014). Poucos trabalhos revelam os componentes e as propriedades farmacoldgicas
do araca, mas ja se sabe que seus extratos sdo ricos em compostos fendlicos,
principalmente &cido gélico, e que apresentam atividade antioxidante, antifingica
(CASTRO et al., 2014), antimicrobiana e analgésica (ALVARENGA et al., 2013).
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Figura 6: Psidium cattleianum sabine (Aracd) (Fonte: Neto et al., 2019).

Recentemente, P. cattlelanum demonstrou importantes atividades
antioxidante, anti-inflamatoria, antihiperglicémica e antilipidémica em modelo animal
de RI (CARDOSO et al., 2018) e sindrome metabdlica (SM) (OLIVEIRA et al., 2018;
2020). Além disso, demonstrou prevenir o0 aumento da atividade das enzimas AChE
e BuChE e o comportamento tipo-depressivo em animais com SM (OLIVEIRA et al.,
2018, 2020). Um outro fruto rico em polifenois, o Vaccinium virgatum, conhecido
como blueberry, ou mirtilo no Brasil, também demonstrou proteger contra o estresse
oxidativo e déficit colinérgico presentes em animais com episédios de mania,
caracteristica do transtorno de humor bipolar (SPOHR et al., 2018). Diversos
polifenois demonstram atividade inibitéria competitiva e ndo-competitiva da AChE e
BuChE e, possivelmente a acao inibitéria decorre da presenca de ligacdes duplas e
hidroxilas em suas estruturas, que possibilitam uma forte ligagdo com aminoacidos
do sitio ativo dessas enzimas (KHAN et al., 2018; JABIR; KHAN; TABREZ, 2018).

Os frutos de coloracgéo laranja, vermelha, roxa e azul, possuem em comum a
presenca de um pigmento pertencente ao grupo dos compostos fendlicos
flavonoides, denominadas antocianinas (HE & GIUSTI, 2010). As antocianinas séo
moléculas derivadas da conjugacdo de antocianidinas, com agucar e acido organico,
através de reacOes de hidroxilacdo, metilacéo, glicosilacdo e acilacdo (ALLAPAT &
ALLAPAT, 2020). O consumo de frutas ou suco de frutas ricas em antocianinas,
assim como outros polifenois, protege contra o desenvolvimento de doencas
cronicas, especialmente doencas associadas ao estresse oxidativo e a inflamacao,
como doencas cardiovasculares e doencas neurodegenerativas (MATTIOLI et al.,
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2020). Ao prevenir o estresse oxidativo, as antocianinas impedem o dano as células
B-pancreaticas provocado pelas ERO, prevenindo assim a DM2 (HE & GIUSTI,
2010). Ao administrar extrato de mirtilo (Vaccinium myrtillus) em camundongos em
apensas 2 semanas, ja foi possivel detectar antocianinas em figado, plasma, rins,
testiculos e pulmdes (DEL RIO et al., 2013).

A caracterizacao fitoquimica do extrato de P. cattleianum indicou a presenca
de 16,72 + 0,26 mg/g de conteudo fendlico total, 15,24 + 2,09 mg/g de flavonoides e
2,48 + 0,09 mg/g de antocianinas (CARDOSO et al., 2018).

Diante dos dados encontrados na literatura sobre a capacidade antioxidante
de compostos fendlicos, bem como de suas acdes em parametros do sistema
colinérgico, tanto o resveratrol, como o0s extratos de frutos ricos em polifenois,
podem ser potenciais alternativas terapéuticas para o hipotireoidismo e DM2, e

ainda, para as alteracdes cerebrais decorrentes dessas doencas.

4 RESULTADOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
um artigo publicado em revista cientifica e um manuscrito submetido & revista
cientifica. As sec¢Bes materiais e métodos, resultados, discussdo e referéncias
encontram-se no préprio artigo e manuscrito e representam a integra deste estudo.
Os itens discussdo e conclusbes apresentam uma interpretacdo final sobre o
trabalho, artigo e manuscrito em geral. As referéncias sdo apenas de citagbes que
aparecem nos itens introducao e referencial teérico da tese. O artigo e 0 manuscrito
estdo estruturados de acordo com as revistas as quais foram publicados ou

submetidos.
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4.1 Artigo 1

Neuroprotection elicited by resveratrol in a rat model of hypothyroidism:

Possible involvement of cholinergic signaling and redox status

Publicado na Revista Molecular and Cellular Endocrinology em 07 de janeiro de
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ARTICLE INFO ABSTRACT

Keywords: Both the cholinergic pathway and oxidative stress are important mechanisms involved in the pathogenesis of
Hypothyroidism hypothyroidism, a condition characterized by low levels of thyroid hormone that predispose the patient to brain
Chc"u“frgk signaling dysfu Phenolic p Is have numerous health benefits, including antioxidant activity. This study
Oxidative stress evaluates the preventive effects of resveratrol in the cholinergic system and redox status in rats with

Resveritrol methimazole-induced hypothyroidism. Hypothyroidi increases acetylcholi 1ise (AChE) activity and
density in the cerebral cortex and hippocampus and decreases the o7 and M1 receptor densities in the hippo-
campus. Hypothyroidism also increases cellular levels of reactive oxygen species (ROS) and thiobarbituric acid
reactive substances (TBARS), but reduces total thiol content, and catalase and superoxide dismutase activities in
the serum. In the cerebral cortex and hippocampus, hypothyroidism increases the levels of ROS and nitrites. In
this study, resveratrol (50 mg/kg) treatment prevents the observed increase in AChE in the cerebral cortex, and
increases the protein levels of NeuN, a marker of mature neurons. Resveratrol also prevents changes in serum
ROS levels and brain structure, as well as the levels of TBARS, total thiol content, and serum catalase enzyme
activity. These collective findings suggest that resveratrol has a high antioxidant capacity and can restore
hypothyroidism-triggered alterations related to neurotransmission. Thus, it is a promising agent for the pre-
vention of brain damage resulting from hypothyroidism.

Phenolic compound

1. Introduction

Hypothyroidism is a disorder of the thyroid gland, characterized by
low levels of thyroid hormone (TH), and affects approximately 10% of
the population (Biondi and Cooper, 2019). Current treatment methods
aim to maintain adequate levels of TH through oral replacement of
thyroxine (T4), which is metabolically transformed to its active state,

triiodothyronine (T3). However, when to begin treatment and the
treatment dose remain contentious, given the complexity of this disorder
and the different types of hypothyroidism (Mateo and Hennessey, 2019).

TH is important in regulating neurological functions at all stages of
life; it modulates critical roles, including neurogenesis, glial evolution,
proliferation of dendritic outspread, cognitive performance, and brain
metabolism energy (Salazar et al., 2019; Salami et al., 2019) through the
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regulation of the expression of genes in brain tissue. Several funda-
mental genes for brain formation and function are dependent on the TH.
These include genes related to myelination, structure, and the
biochemistry of brain mitochondria and transeription factors (Bernal,
2002). Therefore, TH affects cell maturation in areas with considerable
postnatal neurogenesis, including the hippocampus (Salami et al,
2019), and TH deficiencies can thus lead to brain dysfunction that
causes behavioral and cognitive disorders. In the early stages of life, this
impairment can be irreversible (Poterfield, 1994). The relationship be-
tween maternal TH insufficiency and neurodevelopment in children has
been studied. These findings indicate an association of the insufficiency
with cognitive deficits, attention deficit hyperactivity disorder, and
increased susceptibility to seizures (O’ Shaughnessy et al., 2019).

Several brain functions depend on the correct functioning of the
cholinergic system, which comprises the action and bioavailability of
the neurotransmitter and neuromodulator acetylcholine (ACh), as well
as its receptors and their synthesis and degradation enzymes (Piccioto
etal., 2012). ACh is one of the primary neurotransmitters that regulate
states of sleep and wakefulness, locomotor activity, and cognitive pro-
cesses such as memory and learning (Colangelo et al., 2019). It acts by
binding two classes of receptors: nicotinic receptors (nAChRs) and
muscarinic receptors (mAChRs). The o7 nAChRs are the main receptors
found in the brain of rodents and are responsible for the cognitive
functions of central nervous system (CNS) (Fukunaga and Yabuki,
2018). mAChRs are involved in numerous important functions,
including memory, learning, and emotions, The M1 subtype represents
approximately 50% of all mAChRs in the CNS (Ventura et al., 2010).
Therefore, cholinergic dysfunction is present in the pathogenesis of
several di including Alzhei *s disease (Pakaski and Kalman,
2008), Parkinson’s disease (Nardone et al., 2017), mood disorders
(Dagyte et al., 2011; Yong and Dulcis, 2015), and even hypothyroidism,
where the presence of cognitive dysfunction has also been demonstrated
(Xu et al., 2019).

In addition to cholinergic dysfunction, oxidative stress, which is
characterized by a high production of reactive species sufficient to
exceed the detoxification capacity of antioxidant defenses (Campos and
Casado, 2015), is an important mechanism in the development of several
diseases, including several types of cancer (Nowsheen et al., 2009),
metabolic disorders (Cardoso et al., 2018), various neurodegenerative
diseases (Radi et al., 2014), and hypothyroidism (Jena, 2015). There-
fore, compounds that restore cholinergic dysfunction and oxidative
stress are important agents for the prevention or treatment of these
diseases.

Phenolic compounds are plant secondary metabolites characterized
by an aromatic ring with at least one hydroxyl group. They are classified
primarily as flavonoids or non-flavonoids, and have been linked to
improved health, disease prevention and treatment (Durazzo et al.,
2019). Among the class of non-flavonoid compounds, resveratrol (3,4’,
5-trihydroxystilbene) is synthesized by various plants, including fruits,
peanuts, cocoa, and grape skins, in response to bacterial and fungal
attack (Castaldo et al., 2019). Resveratrol can inhibit AChE and displays
pronounced antioxidant capacity in an animal model of neurodegener-
ative disorders (Lu et al., 2013). Preclinical studies have demonstrated
that this polyphenol exerts beneficial effects on glucose and lipid ho-
meostasis, thereby preventing insulin resistance, diabetes, and dyslipi-
demia (Chaplin et al., 2018). Additionally, resveratrol have been shown
to modulate the expression of several genes related to oxidative stress
and inflammation (Truong et al., 2018). Furthermore, this phenolic
compound acts in pathways related to numerous signaling molecules,
such as sirtuin type 1 (SIRT1), caspases, nuclear factor kappa-B (NF-kB),
nuclear factor-erythroid 2-related factor 2 (Nrf2), intercellular adhesion
molecule (ICAM), vascular cell adhesion molecule (VCAM), insulin-like
growth factor 1 (IGF-1), vascular endothelial growth factor (VEGF),
cycloxygenase 2 (COX-2), and Kelch-like ECH-associated protein 1
(Truong et al., 2018, Singh et al., 2017). The ability of resveratrol to
interact with multiple targets, such as kinases, receptors, and signaling
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molecules, allows it to exert the pleiotropic behavior (Singh et al.,
2017). In this context, this work aims to evaluate the preventive effects
of resveratrol on changes in the cholinergic pathway and oxidative stress
parameters in rats with methimazole-induced hypothyroidism.

2. Materials and methods
2.1. Chemicals

Methimazole (MMI) (approximately 99% pure), 5,5'-dithio-bis-2-
nitrobenzoic acid (DTNB), thiobarbituric acid (TBA), trichloroacetic
acid (TCA), malondialdehyde (MDA), and Coomassie brilliant blue G
were obtained from Sigma-Aldrich (USA). Resveratrol (approximately
99% pure) was obtained from Fagron (Belgium).

2.2. Animals

Thirty adult male Wistar rats (50-60 days of age; 250-300 g) were
obtained from the Central Animal House of the Federal University of
Pelotas. The animals were maintained under appropriate conditions
(controlled temperature of 22 + 1 °C and a 12 h light/dark cycle) and
received commercial standard chow and water or MMI solution ad libi-
tum. All procedures were carried out according the “Guide for the Care
and Use of Laboratory Animals™ (US National Institutes of Health pub-
lication no. 85-23, revised 1996). The cuirent protocol has been
approved by the Animal Ethics Committee of the Institution (CEEA
12594-2020).

2.3. Experimental hypothyroidism model and drug treatment

All animals were arbitrarily assigned before starting treatment and
the experimenters were blinded to the group allocation. The animals
were randomly divided into three groups (n = 10 per group): Control/
Vehicle (CT/V), Hypothyroidism/Vehicle (Hypo/V), and Hypothyroid-
ism/Resveratrol (50 mg/kg; Hypo/Resv). Hypothyroidism was induced
by the MMI antithyroid drug, which was administered ad libitum in the
drinking water at a concentration of 20 mg/100 mL over 30 days, as
previously described (Baldissarelli et al., 2016, 2017).

Resveratrol was freshly prepared in saline and administered orally by
gavage once daily between 10 am. and 11 a.m. until the end of the
experiment. The administered volume did not exceed 0.1 mL/100 g
body weight. The dose of resveratrol administered was determined as
previously described by Gocmez et al. (2016). The animals of the CT/V
and Hypo/V groups received saline by gavage instead.

2.4. Sample collection

After 30 days, the animals were sacrificed and total blood was
collected to obtain serum and plasma. The cerebral cortex and hippo-
campus were collected for neurochemical and molecular analyses.

2.5. Measurement of T3 and T4 levels

The induction of hypothyroidism by MMI was confirmed using the
AxSYM® (Abbott Laboratories, USA) enzyme immunoassay, according
to suppliers” instructions. The total levels of T3 and T4 were measured
and expressed as ng/mL and pg/mL plasma, respectively.

2.6. Acetylcholinesterase (AChE) activity

AChE activity was assessed in the cerebral cortex and hippocampus
as previously described by Ellman et al. (1961), and expressed as pmol
AcSCh/h/mg protein. Initially, the homogenate was incubated with
DTNB (10 mM) and phosphate buffer (100 mM, pH 7.5) for 2 min at
27 °C. Thereafter, acetylthiocholine (AcSCh) (0.8 mM) was added to
initiate the enzymatic reaction. The hydrolysis of AcSCh generates

40



J. de Souza Cardoso et al.

thiocholine that reacts with 5,5'-dithio-bis-2-nitrobenzoic acid reagent
(DTNB) resulting in the generation of 5,5'-dithiobis-2-nitrobenzoate
(TNB). TNB quantification was performed using a microplate reader
(SpectraMax 190, Molecular Devices, USA) at 412 nm at 30 s intervals
for 2 min at 27 °C. The protein content was assessed using the standard
Coomassie blue method developed by Bradford (1976).

2.7. AChE, cholinergic receptors, neuronal nuclei (NeuN), and glial
fibrillary acidic protein (GFAP) density

The density of AChE, «7-nAChR, M1-mAChR, NeuN, and GFAP was
evaluated in the cerebral cortex and hippocampus, as previously
described by Reichert et al. (2018). The brain samples were homoge-
nized in cold radioimmunoprecipitation assay buffer (RIPA buffer) with
220 mM phenylmethanesulfonyl fluoride (PMSF, 1:1000), a protease
inhibitor, and transferred to the nitrocellulose membranes (Amersham
Biosciences, UK). After blocking, the membranes were incubated at 4 °C
overnight with the primary antibodies against AChE, «7-nAChR, and
M1-mAChR (1:800; Santa Cruz Biotechnology, USA), NeuN (1:1000;
Merck Millipore, USA), and GFAP (1:1000; Cell Signaling Technology,
USA), followed by incubation with the secondary antibodies (1:10000;
Thermo Scientific, USA) at room temperature for 90 min. The mem-
branes were then incubated with enhanced chemifluorescence substrate
(Amersham Biosciences, UK) and analyzed using the Amersham Imager
600 (GE Healthcare Life Sciences, USA). Additionally, the membranes
were re-probed and tested for p-actin immunoreactivity as a control to
assess the protein concentration as previously described (Rebola et al.,
2003). The protein concentration was determined using the BCA assay
kit (Sigma Chemical Corporation, USA).

2.8. Oxidative stress parameters

The serum parameters of oxidative stress that were evaluated
included levels of reactive oxygen species (ROS), thiobarbituric acid
reactive substances (TBARS), total thiol content, and the activities of the
antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT).
ROS and nitrite levels were also measured in the cerebral cortex and
hippocampus. For this, the brain structures were homogenized using the
sodium phosphate buffer (pH 7.4) containing KCl. Subsequently, the
homogenates were centrifuged at 800 x g for 10 min at 4 °C, and the
supernatant was used for the downstream analyses. ROS levels were
assessed on the basis of the oxidation of dichlorofluorescein diacetate
(DCFH-DA) to fluorescent 2/, 7’-dichlorofluorescein (DCF), and the in-
tensity was measured at 488-525 nm 30 min after adding DCF in the
medium. Results were expressed as pmol DCF/mg protein (Ali et al.,
1992). TBARS levels were assessed as described previously (Esterbauer
and Cheeseman, 1990), where the samples were first mixed with 15%
trichloroacetic acid (TCA) and centrifuged. Then, the supernatant was
mixed with 0.67% thiobarbituric acid (TBA) in water and incubated at
100 °C for 30 min. TBARS levels were determined through measuring
the absorbance at 535 nm and expressed as nmol TBARS/mg protein.
Total thiol content was measured according to the methodology
described by Aksenov and Markesbery (2001), which is based on the
reduction of DTNB to a yellow placement derivative (TNB) in the pres-
ence of thiols, and the absorbance was measured at 412 nm. For this, the
homogenates were mixed with PBS buffer, pH 7.0, containing EDTA.
The reaction was initiated through the addition of DTNB, and the results
were expressed as nmol TNB/mg protein. SOD activity was measured as
previously described by Misra and Fridovich (1972). This assay is based
on the inhibition of adrenaline autoxidation, which is dependent on
superoxide in adrenochrome. The intermediate in this reaction is su-
peroxide, which is eliminated by SOD and is assessed by measuring the
absorbance using a microplate reader (SpectraMax 190, Molecular De-
vices, USA) at 480 nm and expressed as units/mg protein. CAT enzyme
activity was measured by assessing the decomposition of HO, moni-
tored for 180 s at 240 nm and expressed as units/mg protein (Nelson and
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Kiesow, 1972). Nitrite concentration was determined as previously
described by Stuehr and Nathan (1989). For this, the supernatants were
subjected a colorimetric reaction with Griess reagent upon addition of
sulphanilamide prepared in 5% phosphoric acid. Thereafter, the samples
were mixed with N-(1-naphthyl) ethylenediamine dihydrochloride and
incubated for 10 min in the dark. The absorbance was measured at 540
nm and the amount of nitrite was expressed as pmol nitrite/mg protein.”

2.9. Statistical analysis

Data were analyzed using the software GraphPad Prism 5.0
(GraphPad Software, USA) using one-way ANOVA and the Tukey post
hoc test, with P < 0.05 representing a significant difference.

3. Results
3.1. Plasma T3 and T4 levels

Administration of MMI for 30 days significantly reduced the levels of
T3 (Fia26) = 369.1; P < 0.001) and T4 (F(s.20) = 792.8; P < 0.001),
indicating the establishment of hypothyroidism in the rats. The use of
resveratrol during this period was not sufficient to prevent this decrease
(Table 1).

3.2. AChE activity and density

Fig. 1 depicts AChE activity (A) and density (B). Increased AChE
activity was observed in the cerebral cortex (F(2,12) = 9.02; P < 0.01) and
hippocampus (F(2,12) = 11.54; P = 0.001) provided by rats with hypo-
thyroidism. On the other hand, resveratrol was able to prevent this in-
crease. Similarly, AChE density was increased in both the cerebral cortex
(F(26) = 16.56; P < 0.01) and hippocampus (F(> ) = 39.17; P < 0.001)
of the two groups of animals that received MMI to induce
hypothyroidism.

3.3. Cholinergic receptors, NeuN and GFAP densities

Fig. 2 shows the a7-nAChR (A) and M1-mAChR (B) densities in the
cerebral cortex and hippocampus. There was no significant change in
a7-nAChR density in the cerebral cortex between the groups (F» ) =
0.61; P > 0.05). However, in the hippocampus of the Hypo/V and Hypo/
Resv groups (F(2,6) = 42.17; P < 0.001) is evident a decreasing values of
a7-nAChR density. Decreased M1-mAChR density was evident in the
hippocampus in the Hypo/V and Hypo/Resv groups (F(¢) = 16.60; P <
0.01), but the density in the cerebral cortex was not significantly
different (F(5,6) = 0.28; P >0.05). Fig. 3 depicts the NeuN (A) and GFAP
(B) densities in the hippocampus. An increase in the NeuN density was
evident in the group that received resveratrol (Hypo/Resv) compared
with the CT/V and Hypo/V groups (F»¢) = 87.58; P < 0.001). GFAP
density was not significantly different between the groups (F(»¢) = 1.09;
P > 0.05).

3.4. Oxidative stress parameters
Table 2 summarizes the results for the oxidative stress parameters in

Table 1
Effects of resveratrol treatment on plasma thyroid hormones levels of rats with
MMI-induced hypothyroidism.

cr/v Hypo/V Hypo/Resv
T3 (ng/dL) 1.19+0.03 0.49 = 0,01+ 048 + 0.01%+*
T4 (pg/dL) 6.53 £ 0.18 0.42 £ 0,01+ 0.41 £ 0.003*+*

Data are expressed as mean + S.EM. (n = 7-10). *** denotes P < 0.001 as
compared with the CT/V group. One-way ANOVA followed by Tukey post hoc
test was used. CT, control; V, vehicle; Hypo, hypothyroidism; Resv, resveratrol.
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Fig. 1. Effect of resveratrol (50 mg/kg) on AChE activity (A) and AChE density (B) in the cerebral cortex and hippocampus of rats with MMI-induced hypothy-
roidism. Data are expressed as mean + S.E.M. (n = 3-6). ***denotes P < 0.001, ** denotes P < 0.01, and * denotes P < 0.05 as compared with the CT/V group. *
denotes P < 0.05 as compared with the Hypo/V group. Data were analyzed using One-way ANOVA followed by Tukey post hoc test. Abbreviations: CT, control; V,

vehicle; Hypo, hypothyroidism; and Resv, resveratrol.

serum. Resveratrol prevented modifications caused by hypothyroidism,
with decreased levels of ROS (F(22;) = 9.01; P = 0.001) and TBARS
(F(2,23) = 8.94; P = 0.001), and increased total thiol content (F(2 22) =
6.22; P < 0.05) and CAT activity (F(2,21) = 5.70; P = 0.01). SOD activity
was decreased in both the Hypo/V and Hypo/Resv groups (F(219) =
13.96; P < 0.001).

Table 3 presents the findings of the redox status in the cerebral cortex
and hippocampus. We observed an increase of ROS levels, both in ce-
rebral cortex (F(3;2) = 11.92; P < 0.01) and hippocampus (F2 10) =
13.86; P = 0.001). Resveratrol was effective at preventing this increase.
Similarly, nitrite levels were increased in the cerebral cortex of rats with
hypothyroidism (F(5 1) = 5.64; P = 0.01) and hippocampus (F(512) =
5.89; P = 0.01). Opposite, treatment with resveratrol was not sufficient
to prevent this increase.

4. Discussion

The TH is involved in many vital processes in brain development and
function. Several studies have demonstrated the deleterious effects of
hypothyroidism on the physiology (Nam et al., 2018; Torres-Manzo
et al, 2018; Seymen et al., 2020) and function (Gilbert and Paczkow-
ski, 2003 Gilbert, 2004) of the hippocampus, as well as in cognitive
function and mood disorders in animal models (Hasegawa and Wada,
2013; Umezu et al., 2019) and clinical studies (Welking et al., 2005;
Mowla et al., 2011; Wu et al., 2013) with this disease. Moreover, hy-
pothyroidism is related to changes in the development and activity of
structural components of the cerebral cortex (Martinez et al., 2009;
Santalucia et al., 2006). These alterations in hippocampus and cerebral
cortex can impair spatial learning and memory (Zhang et al., 2018).

Since ACh is one of the most important neurotransmitters, knowl-
edge of the activity and expression of the enzymes involved in its
degradation is relevant to understanding the mechanisms involved in

brain changes. Presently, we evaluated AChE activity and demonstrated
increases in the cerebral cortex and hippocampus of rats with hypo-
thyroidism. This increased activity negatively affects the availability of
the neurotransmitter in the synaptic cleft, which causes cholinergic
dysfunction (Muramatsu et al., 2018). In this study, we observed that
resveratrol was effective at preventing the increased activity in the ce-
rebral cortex of animals. We thus suggest that resveratrol could be an
important neuromodulator.

Beyond enzyme activity, the expression of AChE could be a method
to assess cholinergic function. We observed that the induction of hy-
pothyroidism increased AChE expression in both the brain structures we
evaluated. A prior study (Cuadrado et al., 2003) demonstrated that T3
acts directly by reducing the transcription rate of the HuD gene and that,
conversely, hypothyroidism produces an overexpression of HuD in the
brains of rats. HuD is one of four different genes in the embryonic
lethal/abnormal visual system (ELAV)/Hu RNA-binding protein family.
HuD is essential for the development and maintenance of the nervous
system. The gene encoding HuD is specifically expressed in neuronal
tissues and neuroendocrine tumors and has a high affinity for AChE
mRNA, the binding of which stimulates the expression of AChE
(Deschénes-Furry et al., 2007). Considering this finding, it is possible
that T3 deficiency increases the expression of AChE through HuD-me-
diated gene regulation, resulting in a cholinergic deficit. Furthermore,
we could speculate that the use of resveratrol did not prevent changes in
AChE expression, since this compound did not reverse the serum levels
of T3 and T4. Additionally, resveratrol seems to modulate only the AChE
enzyme activity, since the use of this phenolic compound led to a
decrease in its enzyme activity, even without affecting AChE protein
expression level.

MMI-induced hypothyroidism is caused by oxidative stress,
involving increased levels of ROS and a corresponding increase in lipid
peroxidation, alterations in the ratio of the reduced and oxidized
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Fig. 2. Effect of resveratrol (50 mg/kg) on a7 (A) and M1 (B) receptor densities in the cerebral cortex and hippocampus of rats with MMI-induced hypothyroidism.

Data are expressed as mean + S.E.M. (n = 3).

“ denotes P < 0.001, ** denotes P < 0.01, and * denotes P < 0.05 as compared with the CT/V group. Data were

analyzed using one-way ANOVA followed by Tukey post hoc test. Abbreviations: CT, control; V, vehicle; Hypo, hypothyroidism; and Resv, resveratrol.
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Fig. 3. Effect of resveratrol (50 mg/kg) on NeuN (A) and GFAP (B) densities in hippocampus of rats with MMI-induced hypothyroidism. Data are expressed as mean
4 S.EMM. (n = 3). *** denotes P < 0.001 as compared with CT/V group. *** denotes P < 0.001 as compared with the Hypo/V group. Data were analyzed using One-
way ANOVA followed by Tukey post hoc test. Abbreviations: CT, control; V, vehicle; Hypo, hypothyroidism; and Resv, resveratrol.

glutathione couple, and a reduction of CAT activity (Cano-Europa et al.,
2010). In this study, we demonstrated an increase in ROS levels in the
cerebral cortex, hippocampus and serum, as well as in TBARS levels and
areduction of serum CAT activity. Resveratrol, an important antioxidant
compound, was able to prevent these alterations in oxidative stress pa-
rameters. It is worth-mentioning that resveratrol is able to cross the
blood-brain barrier and upregulate the isoforms of antioxidant enzymes.
Also, it increases the enzymatic activity, especially of CAT, which con-
tributes to a reduction in oxidative damage and neurodegeneration
(Mokni et al, 2007). Other authors used quercetin, an important
flavonoid with antioxidant properties, to demonstrate its effectiveness in

reverting the increase in TBARS and the reductions of SOD and CAT
activities in animals with MMI-induced hypothyroidism (Baldissarelli
et al., 2016).

It is well known that gene expression process and signal transduction
pathways are affected by many parameters, such ROS. Particularly, it
was demonstrated that oxidative stress increases the activity and
expression of the AChE enzyme. The ROS accumulation causes damage
to the cell membrane (lipid peroxidation), exposing the AChE active site
and, consequently, increasing its activity (Schmatz et al., 2009). In
addition, the presence of hydrogen peroxide (H,O,) increases the
expression of AChE through mitogen-activated protein kinases (AMPK)

43



J. de Souza Cardoso et al.

Table 2
Effects of resveratrol treatment on oxidative stress parameters in serum of rats
with MMI-induced hypothyroidism.

CT/NV Hypo/V Hypo/Resv
ROS levels (ymol DCF/mg 0.382 = 0.506 = 0.026  0.344 =
protein) 0.037 * 0.029%*%
TBARS levels (nmol/mg 0.118 = 0.216 £ 0.021  0.139 = 0.019%
protein) 0.011 e
SH levels (nmol TNB/mg 3.480 = 2160+ 0.162  3.161 = 0.379*
protein) 0.283 *
SOD activity (U/mg protein) ~ 1.757 = 1.050 = 0.101  1.223 = 0.076
0.103 was *
CAT activity (U/mg protein) ~ 0.238 = 0.133 = 0.012 0.2346 =
0.031 * 0.026*

Data are expressed as mean + S.E.M. (n = 10). *** denotes P < 0.001, ** denotes
P < 0.01, and * denotes P < 0.05 as compared with the CT/V group. *** denotes
P < 0.001 and ** denotes P < 0.01 as compared with the Hypo/V group. One-
way ANOVA followed by Tukey post hoc test was used. CT, control; V, vehicle;
Hypo, hypothyroidism; Resv, resveratrol.

Table 3
Effects of resveratrol treatment on oxidative stress parameters in the cerebral
cortex and hippocampus of rats with MMI-induced hypothyroidism.

C1I/V Hypo/V Hypo/Resv
Cerebral cortex
ROS levels (pmol DCF/mg 450.1 = 758.4 = 68.41 449.9 =
protein) 31.01 e 31.92**
Nitrite levels (ymol nitrite/mg 3.860 = 4.880 = 0.183 4.680 = 0.334
protein) 0.103 * *
Hippocampus
ROS levels (pmol DCF/mg 297.6 £ 521.2 + 34.36 328.0 =
protein) 12.60 *e 36.99%
Nitrite levels (jymol nitrite/mg 3.20 = 4.50 £0.217 * 4.00 = 0.394 *
protein) 0.130

Data are expressed as mean + S.E.M. (n = 5-6). ** denotes P < 0.01 and * de-
notes P < 0.05 as compared with the CT/V group. ** denotes P < 0.01 as
compared with the Hypo/V group. One-way ANOVA followed by Tukey post hoc
test was used. CT, control; V, vehicle; Hypo, hypothyroidism; Resv, resveratrol.

(Zhang et al., 2008). Studies using resveratrol analogues demonstrated
that these compounds inhibited AChE activity and had high antioxidant
capacity, two important effects for the treatment of cognitive impair-
ment (Lu et al., 2013; Pan et al., 2014; De Assis et al., 2020). In addition,
resveratrol reportedly improves cognitive deficits, possibly by regu-
lating AChE activity and restoring redox status and inflammatory pa-
rameters (Tiwari and Chopra, 2013; Ma et al., 2020). Furthermore, Tian
et al. (2016) demonstrated that resveratrol increased the levels of syn-
aptic plasticity markers, such as the presynaptic vesicle protein syn-
aptophysin  (SYN) and the growth-associated axonal protein-43
(GAP-43) in hippocampus of diabetic rats. Additional parameters
involved in the differentiation, survival, and other aspects of hippo-
campal neural plasticity, such as brain-derived neurotrophic factor
(BDNF), phosphorylated extracellular regulated kinase (pERK) and
phosphorylated  cyclic  adenosine  monophosphate  response
element-binding protein (pCREB), are also found to be restored upon
resveratrol treatment (Dias et al., 2016). Moreover, Serra et al. (2019)
demonstrated that resveratrol is effective in preserving and/or
enhancing nervous tissue neuroplastic potential in brain cortex of rats
submitted to the hypoperfusion/reperfusion challenge, modulating
BDNF-tikB  system, polysialylated-neural cell adhesion molecule
(PSA-NCAM) and activity-regulated cytoskeleton-associated (Arc) pro-
tein levels. Other polyphenols and their naturally-derived derivatives
have shown promise in the treatment of different pathologies that
require high levels of ACh (Baldissarelli et al., 2017; Guo et al., 2019).

The increase in activity and density of AChE in the groups that
received MMI to induce hypothyroidism might be related to the oxida-
tive damage, especially peroxidation of membrane lipids. Therefore,
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although resveratrol has protective effect against oxidative stress, its use
was not effective in preventing the increase in the expression of AChE.
Therefore, we propose that AChE activity and expression are indepen-
dent parameters, and the effect of resveratrol treatment could be
explained as a consequence of the interaction of this compound with the
active site of AChE enzyme, as also demonstrated upon using the analogs
of resveratrol (De Assis et al., 2020). Similarly, other researchers also
demonstrated that there is no correlation between AChE activity and
expression in both clinical and preclinical studies (Zhang et al., 2011;
Isik et al., 2017; Leal et al., 2017).

Drug-induced hypothyroidism has been associated with selective
oxidative stress in the hippocampus and amygdala of hypothyroid rats,
with the involvement of endothelial nitric oxide synthase (Mancini
et al., 2016). Herein, we observed increases in ROS and nitrite levels in
the cortex and hippocampus. The excess ROS could increase the
degradation of nitric oxide (NO), in addition to impairing the enzyme
activity and bioavailability of cofactors essential to produce NO. Thus,
high levels of NO metabolites such as nitrites can indicated reduced of
the bioavailability of NO, which can cause endothelial dysfunction,
among other consequences (Parodi et al., 2007).

Given the importance of receptors for the proper functioning of the
cholinergic system, knowledge about its availability and functionality is
relevant. The decreased M1 density observed in animal models of
neurodegenerative disease and in elderly rats has been associated with
memory and leaming disorders. These changes were restored after the
use of a natural compound from the saponin family (Hu et al., 2005). A
positive correlation was also demonstrated between M1 receptor density
and the processing of the amyloid precursor protein, the first event
associated with Alzheimer’s disease pathogenesis (Rossner et al., 1997).
We observed that hypothyroidism resulted in reduced density of a7 and
M1 receptors in the hippocampus, an area of the brain responsible for
the acquisition and storage of memory. Of the scant information
regarding the relationship between the TH and cholinergic receptors, it
has been suggested that TH influences the differentiation of cholinergic
receptor mRNA, affecting the expression and availability of these re-
ceptors in skeletal muscle (Martinou and Merlie, 1991). Accordingly, a
considerable reduction in M1 receptor mRNA expression in the hippo-
campus, related to behavioral deficits in rats, was demonstrated after
exposure to the hypothyroid drug propylthiouracil in the perinatal
period (Kobayashi et al., 2005).

NeuN is present exclusively the neurons, and its expression can be
used asa sensitive, quantitative, and semi-quantitative marker of mature
neurons (Yagi et al., 2020). Thus, a decrease in the levels of NeuN is
indicative of reduction in the maturation of existing neurons, possibly
due to the occurrence of apoptosis before the maturation process or due
to the degeneration of already matured neurons (Yadav et al., 2020). In
our study, no significant change was observed in the density of NeuN as
a consequence of hypothyroidism. However, the possibility of alter-
ations in the neuronal composition upon high exposure to TH deficiency
cannot be ruled out and requires further investigation. Other authors
demonstrated that hypothyroidism leads to neuronal death in the hip-
pocampus that this mechanism involves oxidative stress, and that acti-
vation of the N-methyl-D-aspartate receptor mediates glutamate
excitotoxicity (Torres-Manzo et al., 2018). Despite this, the use of
resveratrol caused an increase in the density of NeuN, which might
indicate a neuroprotective effect of this compound, possibly attributed
to its antioxidant activity. Phenolic compounds can reverse the reduc-
tion in NeuN expression induced by hypothyroidism, which is likely
attributed to their antioxidant activity (Tanaka et al., 2019).

Another molecular marker of tissue conditions in the nervous system
is GFAP. GFAP is used to identify astrocytes, which are widely distrib-
uted by the central nervous system and are responsible for several
processes, including synaptic transmission. TH levels observed in hy-
pothyroidism can affect GFAP expression and, consequently, synapses
(Kumar et al., 2018). Herein, we found no significant change in GFAP
between the groups. However, reduced levels of GFAP were observed in
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an animal model of congenital hypothyroidism (Domingues et al., 2018;
Kumar etal.,, 2018). Itis worth noting that the decrease in GFAP density
associated with increased AChE activity and oxidative stress demon-
strated disrupts of cholinergic transmission (Domingues et al., 2018).

In conclusion, our results indicate that treatment with resveratrol
can restore redox homeostasis and cholinergic system functioning in an
animal model of hypothyroidism. In view of these findings, and the close
relationship between hypothyroidism and cholinergic deficits, resvera-
trol has potential value in managing brain alterations in patients with
hypothyroidism. Moreover, it is relevant to highlight that although re-
searchers have evaluated the action of resveratrol on the cholinergic
deficit present in various diseases, to our knowledge, there have been no
reports of this polyphenol in a rat model of hypothyroidism.
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Abstract

Type 2 Diabetes Mellitus (T2DM) is a metabolic disease characterized by hyperglycemia and
increased risk of developing nephropathy, neuropathy and cardiovascular diseases. This
study sought to investigate the role of Psidium cattleianum extract (PCE) (200 mg/kg) in
metabolic, inflammatory, oxidative and histological parameters in an animal experimental
model of T2DM, induced by a high-fat diet for 3 weeks, followed by a single dose of
streptozotocin (STZ) (35 mg/kg). Metformin (Met) (250 mg/kg), positive control, and PCE
were administered intragastrically once a day throughout the experiment. Met and PCE were
effective in preventing the increase in serum levels of glucose, total cholesterol,
triacylglycerols and very low-density lipoprotein (VLDL). Regarding the inflammatory
parameters, Met and PCE prevented the increase in the level of interleukin 6 (IL-6) induced
by T2DM, but decreased the activity of the paraoxonase-1. On the other hand, Met increased
the levels of the anti-inflammatory cytokine, interleukin 10 (IL-10). Met and PCE prevented
brain oxidative stress by decreasing the levels of reactive oxygen species, thiobarbituric acid
reactive substances and increasing the activity of the antioxidant enzymes superoxide
dismutase and catalase. Furthermore, both treatments restored liver and pancreas from
marked cellular disorganization, vacuolization and necrosis, with PCE being more effective
than Met in recovery of these histological changes. Hence, together the results point to PCE

as a promising agent for the prevention of T2DM complications.

Keywords: Diabetes; high-fat diet; streptozotocin; metformin; oxidative stress; phenolic

compounds
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1. Introduction

Diabetes mellitus (DM) is a group of metabolic disorders which is characterized as
continuous hyperglycemia and having two main types: type 1 (T1DM) and type 2 (T2DM)
(Hamed, 2017). T1DM results from an autoimmune destruction of pancreatic insulin-
producing B cells. T2DM is the most prevalent type of DM (90-95% of cases) and it is caused
by peripheral insulin resistance (IR). Also, T2DM is commonly associated with overweight
and obese individuals and often display an atherogenic dyslipidemia (Hamed, 2017).

Long-term hyperglycemia is related to several complications, such as nephropathy,
retinopathy and neuropathy (Faselis et al., 2020). Furthermore, cardiovascular diseases,
such as acute myocardial infarction, ischemia and cerebrovascular diseases, are the main
cause of death among diabetic patients, and are caused by hyperglycemia, dyslipidemia,
increased circulation of free fatty acids (FFA) and oxidative stress (Lehrke and Marx, 2017).
The involvement of brain structure and functioning are major causes of neurodegenerative
diseases that commonly affect individuals with T2DM and which oxidative stress as one of
the major mechanisms involved (Mule and Singh, 2018).

There are different drugs for the treatment of T2DM, ranging from low to high cost
drugs; however, the mechanisms of action of these drugs are still discussed and their
effectiveness may vary according to the individual's genetics and age, treatment time, among
other factors (Gloyn and Drucker, 2018). In addition, side effects may arise, whether mild or
severe, such as hypoglycemia, weight gain, seizures, neurological changes, cardiovascular
disorders, renal dysfunction and mortality (Gloyn and Drucker, 2018).

Given this scenario, approaches have been developed to discover therapeutic targets
that act through different mechanisms, given the complexity of T2DM and its consequences.
In this sense, the literature has presented some beneficial effects of the use of natural
products as adjuvants in the treatment of T2DM, which go beyond insulin sensitization and
hypoglycemic agents, and may act as anti-inflammatory, antioxidant and antidyslipidemic
agents (Vivo-Barrachina et al, 2022).

Psidium cattleianum Sabine (P. cattleianum) is a specie of succulent fruit, with sub-
acid and sweet pulp, popularly known as araga (Dos Santos Pereira et al., 2018). The P.
cattleianum fruit is rich in minerals, polysaccharides, carotenoids, phenolic compounds,
among other bioactive compounds, which attract the attention of science to the effect of
these substances on human health (Dos Santos Pereira et al., 2018). Some beneficial
properties have already been described, such as the antimicrobial and antioxidant activity of
the leaf extract (Zandona et al., 2020) and the essential oil (De Souza et al., 2021) of the P.
cattleianum. The fruit has already been shown to prevent metabolic, biochemical and
oxidative changes in animal models of IR (Cardoso et al., 2018) and metabolic syndrome
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(Oliveira et al., 2018). In addition, neurochemical and inflammatory changes were prevented
by P. cattleianum fruit extract (Oliveira et al., 2018, 2020).

Considering that P. cattleianum is a native fruit, more studies involving this fruit and
the understanding of its action targets in different diseases is necessary. Besides, the search
for therapeutic alternatives that prevent the development of T2DM and, consequently, its
complications, becomes increasingly relevant since no medication has yet received official
sanction as a preventative treatment. Therefore, this study aimed to evaluate the preventive
effect of the extract of the native Brazilian fruit P. cattleianum (Red type) on metabolic,
inflammatory, histopathological and redox parameters in an animal model of T2DM induced
by high fat diet and streptozotocin. The effects elicited by fruit extract were compared with

metformin, a drug most commonly prescribed to treat T2DM.

2. Materials and Methods
2.1 Extract preparation

Red type native fruits of P. cattleianum were obtained from EMBRAPA Clima
Temperado (Pelotas, RS, Brazil). After collect, the fruits were immediately stored under
refrigeration at - 20°C and protected from light until use. The extract was made according to
Bordignon et al. (2009). Thus, frozen fruits of P. cattleianum were sonicated with acidified
70°GL ethanol (pH 1.0) for 30 min. Then, the P. cattleianum extracts (PCE) were filtered,
neutralized and evaporated to dryness. The phytochemical characterization of the extracts
has been described in previous studies by our research group (Cardoso et al., 2018; Oliveira
et al., 2018). LC/PDA/MS/MS analysis demonstrated that cyanidin-3-O-glucoside was the

only one identified in P. cattleianum (Cardoso et al., 2018; Oliveira et al., 2018).

2.2 Animals

Adult male Wistar rats, weighing an average of 350 g, supplied by the Central Animal
House of the Federal University of Pelotas were used. The animals were maintained under
appropriate conditions, such as a controlled temperature of 22 + 1°C, a 12 h light/dark cycle,
free access to food and water, and maintained in appropriate boxes, with a maximum of 5
animals per box. It should be noted that all procedures adopted with the animals were
approved by the Institution's ethics commission (CEEA 5747/2015) and carried out according
the “Guide for the Care and Use of Laboratory Animals” (US National Institutes of Health
publication no. 85-23, revised 1996).
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2.3 Type 2 Diabetes (T2DM) experimental protocol and treatment

The animals were randomly divided into the following groups: Control/Vehicle (CT/V),
T2DM/Vehicle (T2DM/V), T2DM/Metformin (T2DM/Met), T2DM/PCE (T2DM/PCE). To induce
T2DM, with the exception of the CT/V group, the animals received a high-fat diet (HFD),
containing 45% lipids, 35% carbohydrates and 20% protein, for 3 weeks followed by a single
intraperitoneal (i.p.) dose of streptozotocin (STZ) (35 mg/kg) dissolved in 0.01 M sodium
citrate solution (Singh et al., 2017). During all the experimental period, the animals received
vehicle (distilled water), Metformin (Met) (250 mg/kg) (Jiao et al., 2017) or PCE (200 mg/kg)
(Cardoso et al., 2018; Oliveira et al., 2018; Oliveira et al., 2020) intragastrically once a day.

2.4 Oral Glucose Tolerance Test (OGTT)

After 72 h of STZ administration and 6 h of fasting, the OGTT was performed. This
test consists of monitoring blood glucose using a glucometer (AccuChek Active, Roche
Diagnostics®, USA) at times 0, 30, 60 and 120 min after i.p. administration of 50% glucose
solution (2 mg/g), from a blood sample collected by a small puncture in the tail of the

animals.

2.5 Sample collection

After the experimental protocol, the animals were euthanized and the blood collected
and centrifuged at 2500xg for 15 min to separate the serum, which was used for biochemical
analyses. The cerebral cortex, hippocampus and striatum were separated and used for
oxidative stress analyses. The pancreas and visceral adipose tissue were removed and

weighed. The liver and pancreas were used for histological analysis.

2.6 Metabolic and serum biochemical parameters

The animals were weighed weekly to monitor weight gain and caloric consumption
was evaluated by weighing the food offered and food consumed. Serum measurements of
glucose, total cholesterol (TC), triacylglycerol (TG), very low-density lipoprotein (VLDL), low-
density lipoprotein (LDL) and high-density lipoprotein (HDL) were performed using a
colorimetric enzymatic method, using commercial kits supplied by Labtest® (Labtest, MG,
Brazil) and BioClin® (BioCLin, MG, Brazil). The fasting triacylglycerol-glucose index (TyG
index) was calculated using the formula [Triacylglycerol (mg/dL) x Glucose (mg/dL)/2].
Furthermore, paraoxonase-1 (PON1) activity was evaluated in serum according to the
methodology of Browne et al. (2007), considering the rate of phenol formation. For this, the
samples were diluted 1:3 in 20 mM Tris/HCI buffer, pH 8.0, containing 1 mM of CaCl, and
then added to the working reagent, which consisted of this buffer and 1 mM phenylacetate as
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substrate. Therefore, the reaction was determined after 20 s of retention and the absorbance
was measured for 60 s, where one unit of aryl esterase activity was considered equal to 1

mM of phenol formed per minute and expressed in U/mL.

2.7 Oxidative stress parameters
2.7.1 Sample preparation

Cerebral cortex, striatum and hippocampus tissues were homogenized using the
sodium phosphate buffer (pH 7.4) containing KCI, centrifuged at 2500xg for 10 min at 4°C,
and the supernatant was collected for the biochemical analyses. The protein concentration
was determined by the methods of Lowry et al. (1951) or Bradford (1976).

2.7.2 Reactive oxygen species (ROS)

ROS levels was measured by the Ali et al. (1992) methodology, in which the emission
of fluorescence intensity of 2',7'-dichlorofluorescein (DCF) was recorded at 525 and 488 nm
30 min after the addition of 2’,7’-dichloro-dihydrofluorescein diacetate (DCFH-DA) to the
medium. Results were expressed as pmol DCF/mg of protein.

2.7.3 Thiobarbituric acid reactive substances (TBARS)

TBARS levels measurement was performed by the method of Ohkawa et al. (1979).
In summary, 10% TCA was added to the homogenates and the samples were centrifuged
and the supernatant collected. To the supernatant was added 0.67% TBA and then placed in
a water bath at 100°C for 30 min. After 10 min in a refrigerator (4°C) the absorbance was
analyzed in a spectrophotometer at 535 nm and the results were expressed as nmol
TBARS/mg of protein.

2.7.4 Total thiol content

Total thiol content was measured by the method of Aksenov and Markesbery (2001).
Generally, PBS buffer containing 1 mM EDTA, pH 7.4, was added to the homogenates and
the reaction initiated by the addition of 10 mM DTNB solution. After 60 min of incubation at
room temperature and in the dark, absorbance was measured at 412 nm and results were

expressed as nmol TNB/mg of protein.
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2.7.5 Nitrites

Nitrites measurement was performed using the Griess reaction as described by
Sthuer and Nathan (1989). Thus, homogenates are reacted with Griess (1% sulfanilamide,
1% naphthylethylenediamine chloride and 25% H3PO,) for 10 min at room temperature. The
absorbance was measured at 540 nm and results were expressed as uM nitrite/mg of

protein.

2.7.6 Antioxidant enzymes activities

Superoxide dismutase (SOD) activity was evaluated according to the method
described by Misra and Fridovich (1972), based on the autoxidation of adrenaline, which is
highly dependent on oxygen. One unit of SOD is defined as the amount of SOD required to
inhibit 50% of epinephrine autoxidation and the specific activity expressed as units (U)/mg of
protein. The catalase (CAT) enzyme activity was determined according to the method of Aebi
(1984), where the disappearance of H;O, was continuously monitored in a
spectrophotometer at 240 nm for 90 s. One unit of the enzyme is defined as 1 mmol of H,0;

consumed per minute and the specific activity reported as U/mg of protein.

2.8 Interleukins
Serum interleukin 6 (IL-6) and interleukin 10 (IL-10) were quantified by ELISA using
commercial kits (Sigma-Aldrich, St. Louis, MO, USA).

2.9 Histopathological analysis
Pancreas and liver tissues were fixed in 10% buffered formalin (pH 7.4) and
embedded in paraffin. Then, histological sections of 5 ym were performed; slides were

prepared and stained with hematoxylin/eosin for histopathological analysis.

2.10 Statistical analysis

Data were analyzed using the software GraphPad Prism 5.0 (GraphPad Software,
San Diego, CA, USA). The OGTT was analyzed by repeated measures ANOVA followed by
Bonferroni's post hoc test. The other parameters were analyzed using one-way ANOVA
followed by Tukey post hoc test. The P<0.05 values were considered as significant

differences.
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3. Results
3.1 Oral Glucose Tolerance Test (OGTT)

The OGTT was performed to assess the glucose tolerance. Figure 1A shows that
T2DM/V group present basal glucose levels higher than other groups (P<0.001) and that
after the glucose load, blood glucose remained increased throughout the test, in relation to
the other three groups (P<0.001). On the other hand, it is possible to observe that the use of
Met and PCE (P<0.001) were effective in preventing impaired ability for glucose disposal
when compared to the T2DM/V group (Figure 1).

The area-under-curve (A.U.C) analysis (Figure 1B) also shows the glucose
intolerance presented by the T2DM group and the protection against this intolerance by Met
and PCE treatment.

3.2 Metabolic and serum biochemical parameters

Table 1 shows data regarding feed consumption and caloric intake estimation and
weight gain of the animals during the four weeks of the experiment. It is possible to observe
that the average feed consumption in grams remained the same among all groups
throughout the experimental period. However, it is estimated that caloric consumption was
higher in the first three weeks in the groups that received HFD (T2DM/V (P<0.05), T2DM/Met
(P<0.05) and T2DM/PCE (P< 0.01)) compared to the CT/V group, which was expected, since
the HFD has more calories than the standard diet consumed by the CT/V group, more
specifically, the HFD has 4.59 kcal/g while the standard feed has 2.95 kcal/g of feed (Table
1). In the fourth week, after the administration of STZ, all animals received the standard chow
and, thus, the feed consumption, as well as the estimated caloric consumption, was equal
between all groups (P>0.05) (Table 1).

Total weight gain was also greater in the groups that received HFD (T2DM/V
(P<0.05), T2DM/Met (P<0.05) and T2DM/PCE (P<0.01)) compared to the CT/V group (Table
1). However, after the fourth and last week of the experiment, the total weight gain of these
groups became smaller than the CT/V group (Table 1), given the marked weight loss
observed after STZ administration (P<0.001) (Figure 2). The visceral adipose tissue relative
weight was statistically different only in the T2DM/PCE group, which was higher in relation to
the CT/V (P<0.05) and T2DM/V (P<0.05) groups (Table 1). The relative weight of the
pancreas showed no significant difference between the groups (P>0.05) (Table 1).

Figure 3 (A-F) presents the results regarding the serum biochemical profile, where
they are evidenced significant changes in the T2DM group compared to the CT/V group in
relation to blood glucose (P<0.001), TC (P<0.05), TG (P<0.001), VLDL (P<0.001) and HDL
(P<0.05) levels. On the other hand, when compared to the T2DM/V group, the groups that
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received Met and PCE had lower blood glucose (P<0.01), TC (Met P<0.01; PCE P<0.001),
TG (Met: P<0.05; PCE: P<0.01), and VLDL (Met P<0.01; PCE P<0.001) levels (Figure 3 (A-
D)). Furthermore, PCE treatment caused a decrease in LDL levels compared to the T2DM
group (P<0.05) (Figure 3E). In HDL levels, treatment with Met or PCE was not effective in
preventing the decrease (P>0.05) (Figure 3F). The TyG index was increased in the T2DM
group compared to the CT/V group (P<0.001). On the other hand, treatment with PCE
decreased this index in relation to the T2DM group (P<0.05), while treatment with Met was
not effective in preventing this change (P>0.05) (Figure 3G). Regarding the activity of the
PONL1, it is possible to observe that there was a decrease in the three groups that received
HFD and STZ for induction of T2DM (P<0.001), and that none of the treatments was effective
in preventing this change (Figure 3H).

3.3 Oxidative stress parameters

Table 2 shows important changes observed in brain that are indicative of oxidative
stress. It is possible to see that in T2DM group compared to the CT/V group, there was an
increase of ROS levels in cortex, striatum and hippocampus (P<0.001), as well as TBARS
levels in cortex (P<0.01), striatum (P<0.001) and hippocampus (P<0.001). In contrast, the
groups that received Met and PCE had lower levels of ROS in the three brain structures
(P<0.001) and TBARS in cortex (Met P<0.05; PCE P<0.001), striatum (Met P<0.001; PCE
P<0.001) and hippocampus (Met P<0.001; PCE P<0.001). Nitrite levels were increased in
the T2DM/V group (P<0.05) compared to the CT/V group in cortex. On the other hand, the
use of PCE prevented this change (P<0.05). In striatum and hippocampus, there was no
significant change between groups in this parameter (P>0.05). Regarding the total thiol
content, there was no significant difference between the groups in any of the three evaluated
structures (P>0.05) (Table 2).

When evaluating the activity of the antioxidant enzymes CAT and SOD, it was
possible to observe that the group that received HFD and did not receive treatment caused a
decrease in the activity of these enzymes in the cerebral cortex (CAT: P<0.01; SOD: P<0.01)
and striatum (CAT: P<0.05; SOD: P<0.05). In hippocampus, there was no change in the
activity of both enzymes in the T2DM/V group compared to the CT/V group (P>0.05). On the
other hand, the use of Met prevented the decrease in the activity of these enzymes in
cerebral cortex (CAT: P<0.01; SOD: P<0.05) and striatum (CAT: P<0.001; SOD: P<0.05).
Regarding PCE, it was possible to observe that the use of PCE prevented the decrease in
the activity of the CAT enzyme in cerebral cortex (P<0.05) and striatum (P<0.05) and
prevented the decrease in SOD enzyme activity in striatum (P<0.05) and also promoted an
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increase in SOD enzyme activity in the hippocampus compared to the CT/V and T2DM/V
groups (P<0.001) (Table 2).

3.4 Interleukins levels

Figure 4 shows the results for interleukins 6 and 10. A decrease in IL-6 levels can be
observed in the T2DM/V group compared to the CT/V group (P<0.001). On the other hand,
treatment with Met (P<0.05) and PCE (P<0.05) prevented this decrease. Regarding
interleukin 10, it was possible to observe that the use of Met promoted an increase in this
interleukin in relation to the CT/V (P<0.001) and T2DM/V (P<0.01) groups (Figure 4).

3.5 Histological analysis

The results about histological analysis of the liver and pancreas are represented in
Figure 5 and Figure 6, respectively. The liver of the animals of the T2DM/V group showed
marked vacuolization of the hepatocyte cytoplasm and disorganization of the hepatic lobule
(Figure 5A), while the CT/V animals showed hepatocytes without vacuolar alterations (Figure
5B). On the other hand, the liver of animals treated with Met showed slight vacuolization of
hepatocytes and preserved hepatic lobule (Figure 5C) and the liver of animals in the group
that received PCE showed recovery of the hepatic lobular structure and reduction of
cytoplasmic vacuolization of hepatocytes (Figure 5D).

The pancreas of animals in the T2DM group showed an important area of necrosis of
islets of Langerhans and pancreatic acini (Figure 6B). Meanwhile, the pancreas of animals in
the T2DM/Met (Figure 6C) and T2DM/PCE (Figure 6D) groups did not show cellular

changes.

4. Discussion

In the present study, we used a high-fat diet (45% fat) followed by a single moderate
dose of STZ to induce T2DM, a model widely used in the literature (Srinivasan et al., 2005;
Furman, 2015; Singh et al., 2016; Gheibi et al., 2017). The animals that received HFD had
an average weight gain of 23% over the three weeks, while the animals that were fed the
standard chow gained around 16% in total weight.

Associated with the effects of HFD, the administration of STZ is used to reproduce a
T2DM experimental model because it is toxic to pancreatic B cells (Deeds et al., 2011). STZ
acts in membrane glucose transporter GLUT-2 by alkylating DNA, inducing the death of
pancreatic cells (Deeds et al., 2011). As a consequence, the animals present pancreatic
dysfunction and biochemical changes, similarly to those found in humans with T2DM (Gheibi
etal., 2017).
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Hyperglycemia is the main cause of diabetes complications, associated with morbidity
and mortality (Faselis et al., 2020). The measurement of glycemia of the animals that
received HFD and a single dose of STZ, that is, the T2DM/V, T2DM/Met and T2DM/PCE
groups was 3 times, 1.9 times and 1.8 times higher than that of the CT/V group, respectively.
In addition, the use of Met and PCE was able to prevent by 35 and 38%, respectively, the
increase in blood glucose.

The TyG index is a marker for the assessment of identifying IR, better than HOMA-IR.
Since an increased TG level is an important risk factor, being also strongly associated with
cardiometabolic risk, the measurement of TG and glucose and the definition of TyG index
represent glycemic control and cardiovascular status simultaneously (Selvi et al., 2021). In
this study, there was an increase in the TyG index in the T2DM/V group compared to the
control group, which was prevented by PCE. In a study carried out by De Moares et al.,
(2021), pterostilbene, a polyphenol from the stilbene family already available commercially,
was effective in restoring the TyG index, in addition to changes indicative of oxidative stress
in animals fed with sucrose-solution. However, the effect per se of this polyphenol was not
observed in any of the parameters. In addition, pterostilbene did not reverse weight gain, but
promoted greater weight gain than CT group, corroborating the effect of PCE on this
metabolic parameter. It is important to note that pterostilbene also did not restore the number
and size of hepatocytes (De Moraes et al., 2021). Therefore, PCE seems to be more
beneficial than compounds already available to the population today, since in addition to the
various effects observed in this study, our research group has observed that when
administered, including to control animals, the beneficial effects in relation to glycemic
parameters, lipids, oxidative stress and liver function remain relevant (Cardoso et al., 2018;
Oliveira et al., 2018).

Herein, the use of STZ caused a weight loss of 15.7%, which commonly occurs in
other studies that use HFD and different doses of STZ to induce T2DM (Jinshan et al. 2015;
Magalhaes et al., 2019). The increase in lipolysis results in increased circulation of FFA that
contribute to the pathogenesis of T2DM by different mechanisms. In this sense, it is
important to mention that the T2DM group presented marked dyslipidemia and treatment with
PCE prevented all these changes.

Although there are many data from the literature demonstrating the beneficial action
of natural products in the prevention or treatment of metabolic disorders, the mechanisms
involved in such effects have not yet been fully clarified. In this context, phenolic compounds
most often seem to decrease lipogenesis and de novo fatty acid synthesis, increase lipolysis,
attenuate inflammation and oxidative stress (Rodriguez-Pérez et al., 2017). GOmez-Zorita et
al. (2017) found that the phenolic compound hesperidin reduced the expression of genes
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involved in the three phases of adipocyte synthesis (c/ebpB, srebplc and perilipin) and
reduced TG levels in the cell. On the other hand, the polyphenol apigenin did not affect the
expression of these genes and TG levels. In common, the apigenin, hesperidin and
kaempferol stimulated the mRNA expression of the lipase enzyme, responsible for fat
degradation (Gémez-Zorita et al., 2017). Inactivated lipase is unable to hydrolyze fats, which
then pass freely through the feces without being absorbed. In this sense, several natural
products, such as extracts and infusions of grape seed (Vitis vinifera), white, green and black
tea (Camellia sinensis), and pomegranate (Punica granatum) leaves, have been shown to
inhibit the lipase and the fatty acid synthase, and are then considered anti-obesity
phytochemicals (Rodriguez-Pérez et al., 2017).

There are two interesting points about PCE that could be mentioned: it promoted the
greatest weight gain during the three weeks of HFD and the least weight loss after STZ
administration. In addition, the visceral adipose tissue weight was higher compared to the CT
group and the T2DM group. As stated earlier, the effects of natural products vary, and in the
case of PCE it does not seem to have inhibited adipogenesis, but may have decreased
lipolysis. The decrease in lipolysis was possibly responsible for the lower mobilization of FFA
and consequent dyslipidemia. The high concentration of FFA in the bloodstream inhibits the
IRS/PI3K, preventing the translocation of GLUT-4 to the plasma membrane. Furthermore,
FFAs favor the serine phosphorylation of the IRS protein, further impairing insulin signal
transduction (Magalh&es et al., 2019). In addition to FFA, pro-inflammatory cytokines also
promote serine phosphorylation of IRS-1/IRS-2, contributing to abnormal insulin signaling
and metabolism (White, 2002), promoting the generation of ROS and the consequent
emergence of oxidative stress, both disrupt the functioning of pancreatic B cells and reducing
insulin secretion (Agrawal and Kant, 2014).

Oxidative stress is a mechanism directly involved in animal model of several
diseases, including IR (Cardoso et al., 2018), metabolic syndrome (Oliveira et al., 2018),
neuropsychiatric (Spohr et al., 2019) and neurodegenerative (Teixeira et al., 2020) diseases.
In this T2DM model, we found several changes in brain structures indicative of oxidative
stress, such as increased levels of ROS and TBARS, evidencing the occurrence of lipid
peroxidation, as well as a decrease in the activity of the antioxidant enzymes CAT and SOD.
On the other hand, we observed a beneficial effect of PCE in protecting these alterations.

Beyond the oxidative changes, it was possible to observe an increase in the levels of
the pro-inflammatory IL-6 and a reduced PON1 activity in diabetic animals; however, PCE
and Met prevented the alterations found in the cytokine levels. IL-6 is a cytokine produced by
immune system cells, mainly in adipose tissue, which contributes to the onset or worsening
of T2DM, inhibiting the expression of insulin receptors, their phosphorylation, as well as IRS-
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1 in peripheral and pancreatic tissues (Kojta et al., 2020). Also, the glucotoxicity observed in
T2DM may be a key factor inducing IL-6 upregulation and consequent increase of fibrosis IL-
6 induced, which is an important pathogenic factor of islet dysfunction (Lu et al, 2021).
Furthermore, increased levels of IL-6 decrease adiponectin expression (Kojta et al., 2020), a
bioactive molecule secreted by adipocytes, which, among other actions, stimulates IR
tyrosine phosphorylation and stimulates the transport and oxidation of fatty acids (Weyer et
al., 2001). Thus, decreased levels of adiponectin contribute to important metabolic disorders
such as hyperglycemia, dyslipidemia, inflammation, T2DM and atherosclerosis (Weyer et al.,
2001; Kojta et al., 2020). On the other hand, IL-10 is an anti-inflammatory cytokine with lower
circulating levels in patients T2DM. In contrast, in our study, T2DM animals did not present
alteration in IL-10 levels, but Met treatment promoted an increase in the levels of this
interleukin, even compared to the CT group. It is well known that Met not only ameliorates
chronic inflammation through the improvement of metabolic parameters, but also has a direct
anti-inflammatory action (Saisho, 2015). In this context, treatment with Met can reduce
expression of IL-18 during long-term exposure to a pro-inflammatory stimulus through a
reduction in ROS and an enhanced expression of IL-10 in macrophages (Postler et al.,
2021).

PONL1 is an enzyme synthesized in the liver, which associated with HDL has the
ability to hydrolyze the oxidized LDL molecule, acting as an antioxidant, anti-inflammatory
and atheroprotective. Researches indicate a reduction in the expression or activity of the
PON1 enzyme, associated with a decrease in HDL levels, in diabetic individuals and,
consequently, an increased risk of cardiovascular diseases (El-Said et al., 2015; Namitha et
al., 2015). Furthermore, higher intakes of carbohydrates and fat, particularly fat saturated
and cholesterol, were associated with lower PONL1 activity in subjects with CVD (Longo et al.,
2021). A recent study comes as a counterpoint to this finding, demonstrating a positive
correlation between diabetes and PON1 enzyme activity, where the enzyme activity was
increased in hyperglycemic and hyperinsulinemic diabetic individuals and also showed a
significant relationship between the decrease in PONL1 activity with increased risk of T2DM
(Adiga et al., 2022). Diabetic patients using metformin associated with lifestyle changes,
such as limited consumption of simple carbohydrates and fat, greater consumption of fiber
and physical activity, had greater PON1 activity associated with decreased of TC and LDL
levels, without increasing levels of HDL (Esteghamati et al., 2013). In diabetic animals,
treatment with Met (300 mg/kg) for 4 weeks reversed the nearly 25% decrease in PON1
activity, without altering lipid markers (Wojcicka et al., 2016). Furthermore, when
administered for 4 weeks in association with curcumin (45 mg/kg), a polyphenol, a natural
pigment of turmeric (Curcuma longa), Met (250 mg/kg) reversed the decrease in PONL, in
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addition to reversing the increase in glucose, TG, TC and markers of oxidative stress. HDL
levels were not evaluated in this work (Roxo et al.,, 2019). In this work, none of the
treatments used prevented the decrease in PON1 activity, possibly because they failed to
prevent the decrease in HDL and perhaps in association with Met more significant results
could be found.

The hyperglycemia in T2DM contributes to oxidative stress and inflammation in
different organs and tissues, especially the pancreas. It is important to mention that the
pancreas is considered a vulnerable organ to the effects of ROS, as it has a deficient
antioxidant defense capacity (Malko and Jiang, 2020). STZ, used for induction of T2DM in
this work, is known to destroy pancreatic  cells from the production of ROS; however, other
organs can also be affected, such as liver and kidney (Deeds et al., 2011). Given the
importance of proper functioning of the pancreas and liver for insulin secretion, adequate
glucose and lipid metabolism, synthesis and activity of the PON1 enzyme, among other
factors, the aim of this study was to evaluate the histology of these tissues.

In our study, as observed by other authors, the liver and pancreatic tissue of diabetic
animals showed important alterations, including necrosis (Abdulmalek et al., 2021).
Interestingly, PCE and Met were effective in protecting the tissues against these alterations.
According to Boland et al (2017), the dysfunction of pancreatic B cells is the main cause of
alteration in glucose metabolism and not the reduction of pancreatic mass. In addition, the
reduction or normalization of biochemical parameters promotes a restore of pancreatic 3
cells, as they decrease the metabolic demand, preserving the secretory function of the
pancreas, and thus, contribute to the interruption of the beginning or delay of the progression
of T2DM.

Abdulmalek et al. (2021) observed in the liver of animals with induced T2DM,
histological changes compatible with hemorrhage, edema and fatty degeneration, in addition
to increased expression of IL-18 and TNF-a and markers of oxidative stress in hepatocytes.
On the other hand, treatment with Met and curcumin restored the structure of pancreatic
tissue, possibly due to the ability of this compound to decrease inflammation and oxidative
stress (Abdulmalek et al., 2021). In a study carried out with an animal model of T2DM, the
use of quercetin, a flavonoid-like phenolic compound, restored blood glucose, serum insulin
levels, IR, oxidative stress markers, antioxidant enzyme activity and important cellular
changes in the islets of Langerhans (Li et al., 2020). In this study, despite the changes
related to the area and number of islets cells observed in the T2DM group and restored by
quercetin, there was no change in the relative weight of the total pancreatic mass (Li et al.,
2020).
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A mechanism that has recently been pointed out as a possible cause of pancreatic B
cell death is ferroptosis. It is characterized by a decrease in mitochondrial volume, reduction
or disappearance of mitochondrial cristae and rupture of the mitochondrial outer membrane,
and is usually associated with oxidative stress and increased on iron deposition in serum and
islet (Li et al., 2020). Iron is a potentially toxic molecule as it can accept and donate
electrons. Therefore, the Fenton reaction consists of the oxidation of an iron molecule using
H.O,, forming the hydroxyl radical (OH-), one of the most potent free radicals capable of
reacting with various cellular constituents (Imam et al., 2017).

Extracts obtained from fruits rich in phenolic compounds, such as orange, bergamot,
grape and chokeberry, or even isolated compounds, such as anthocyanins, curcumin,
guercetin and resveratrol, are shown to be effective in protecting different cells from
ferroptosis (Imam et al., 2017). Among the mechanisms involved, we highlight iron chelation,
decreased iron absorption, prevention of oxidative stress, through the reduction of ROS
levels and lipoperoxidation, and increase in the activity and expression of antioxidant
enzymes, and also, reduction of inflammation (Imam et al., 2017). In the present study, we
observed an antioxidant effect of PCE, through the reduction of ROS and the
lipoperoxidation marker and the increase of the activity of the antioxidant enzymes CAT and
SOD. It is possible to speculate that the antioxidant effect of PCE could be due to prevention
of ferroptosis.

Altogether, our data indicate the P. cattleianum fruit extract as an important protector
of metabolic, inflammatory, histological and oxidative alterations frequently present in
patients with T2DM, as well as of possible complications resulting from this disease. When
comparing the effects of ECP with the main drug used to treat T2DM, metformin, we can
consider the results presented here even more important, since ECP would be a natural form
of treatment, with beneficial actions in different organs and, probably, with fewer adverse
effects.
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Table 1. Effect of high-fat diet, STZ administration and treatment with Met and PEC on feed

consumption, caloric intake, total weight gain, adipose tissue and pancreas relative weight

CTIV T2DM/V T2DM/Met T2DM/PCE
Pre STZ or vehicle
Feed consumption (g/day) 21.68+2.27 17.09%1.44 18.16 + 0.53 20.69 £ 0.53
Caloric intake (kcal/day) 63.93+6.68 8252=+3.11" 82.82 +2.78" 94.31 £ 2.22"
Total weight gain (g) 58.17 +4.61 77.67+258  7517+562°  80.86+2.81"
Pos STZ or vehicle
Feed consumption (g/day) 10.93+0.68 12.78 +£0.03 14.35 + 1.59 12.72 £+ 0.22
Caloric intake (kcal/day) 32.22+0.09 37.71+0.09 42.32 £4.70 37.53 £ 0.64
Total weight gain (g) 76.50+4.49 10.57 +457™ 15.63+8.36™ 13.89 + 3.44™
Adipose tissue relative weight ~ 1.48 + 0.18 1.53 £ 0.07 1.36 + 0.08 1.83 +0.14%
Pancreas relative weight 0.30+£0.0 0.30+£0.0 0.30£0.04 0.26 £ 0.02

Data are expressed as mean = S.E.M. (n =5-9). *** denotes P < 0.001, ** denotes P < 0.01 and *
denotes P < 0.05 as compared to the CT/V group. ** denotes P < 0.001, #* denotes P < 0.01 and #
denotes P < 0.05 as compared to the T2DM/V group. One-way ANOVA followed by Tukey post hoc
test. CT, control; V, vehicle; T2DM, type 2 diabetes mellitus; Met, metformin; PCE, Psidium
cattleianum extract; STZ, streptozotocin.
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Table 2. Effect of treatment with Met and PCE on oxidative stress parameters in cerebral

structures of animals submitted to the experimental model of T2DM

CTIV T2DM/NV T2DM/Met T2DM/PCE
Cerebral cortex
ROS 46.43 £ 8.93 181.5 £ 27.07™  55.48 + 7.49%## 56.06 + 4.13%#
TBARS levels 3.34+0.13 5.14 + 0.39" 3.780 £ 0.13% 2.59 + 0.34%#
Total thiol content 65.65 + 9.82 47.33+3.19 72.45 +9.47 53.49+3.44
Nitrites levels 24.74 + 2.98 45.87 + 7.24* 30.39 + 3.37 27.85+ 2,73
CAT activity 2.01+0.08 1.18+£0.11" 1.96 + 0.18% 1.73 £ 0.15*
SOD activity 29.19 + 0.99 21.73+0.99” 27.30 £ 1.50% 24.98 +£1.09
Striatum
ROS 40.32 £ 9.49 95.37 £ 4.92™ 25.1 +0.80%# 48.1 +4.12%#
TBARS 2.73+0.16 4.35+0.33™ 2.56 + 0.18%# 2.44 £ 0.11%#
Total thiol content 57.36 £ 8.61 36.59 + 4.03 50.57 + 4.65 51.65 + 3.37
Nitrite levels 20.14 £ 2.29 18.07 £ 0.31 20.16 + 1.40 22.09 £ 1.561
CAT activity 1.57 +0.19 0.74 £ 0.06" 2.41 + 0.25%# 1.63 +£0.11%
SOD activity 33.85+3.24 24,77 + 1.55 34.94 £ 2.57% 34.39 £ 1.43%
Hippocampus
ROS levels 51.59 + 2.55 225.3+12.80™ 66.06 + 9.82%# 26.63 + 4.80"#
TBARS levels 2.40+0.12 3.75+0.10™ 2.264 + 0.22% 2.07 £ 0.13%#
Total thiol content 43.18 £ 4.57 39.05+6.21 41.70 £ 2.36 42.20 + 2.51
Nitrite levels 18.75 £ 0.99 2456 + 3.51 18.27 £1.95 18.17 £ 0.83
CAT activity 1.80+0.25 157+0.21 1.850 £ 0.15 2.02+0.12
SOD activity 32.17 £1.09 29.19+1.88 3249 +1.82 49.30 + 3.932

Data are expressed as mean = S.E.M. (n =4-8). *** denotes P < 0.001, ** denotes P < 0.01 and *
denotes P < 0.05 as compared to the CT/V group. ** denotes P < 0.001, #* denotes P < 0.01 and #
denotes P < 0.05 as compared to the T2DM/V group. 2 denotes P < 0.001 as compared to the CT/V
and T2DM/V groups. One-way ANOVA followed by Tukey post hoc test. ROS levels are expressed as
pmol DCF/mg of protein, nitrite levels are expressed as pM nitrite/mg of protein, thiol content is
expressed as nmol TNB/mg of protein, TBARS levels are expressed as nmol TBARS/mg of protein,
SOD and CAT activities are expressed as U/mg of protein. CT, control; V, vehicle; T2DM, type 2
diabetes mellitus; Met, metformin; PCE, Psidium cattleianum extract; ROS, reactive oxygen species;
TBARS, thiobarbituric acid reactive substances; CAT, catalase; SOD, superoxide dismutase.
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Figure 2

Weight gain curve
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Figure 3
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Figure 6
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Figure captions

Figure 1: Oral glucose tolerance test demonstrating blood glucose variation before and 30, 60 and
120 minutes after glucose administration (A) and area-under-curve (B). Data are expressed as mean *
S.E.M. (n=4). *** denotes P < 0.001 as compared to the CT/V group. ## denotes P < 0.001 as
compared to the T2DM/V group. Repeated measures ANOVA followed by Bonferroni's post hoc test.
CT, control; V, vehicle; T2DM, type 2 diabetes mellitus; Met, metformin; PCE, Psidium cattleianum
extract.

Figure 2: Weight gain over three weeks of HFD consumption or normal diet and weight loss after STZ
administration. Data are expressed as mean = S.E.M. (6-8). *** denotes P < 0.001 and ** denotes P <
0.01 as compared to the CT/V group. ## denotes P < 0.001 and #* denotes P < 0.01 as compared to

the T2DM/V group. 22 denotes P < 0.01 as compared to the CT/V and T2DM/V groups. Repeated
measures ANOVA followed by Bonferroni's post hoc test. CT, control; V, vehicle; T2DM, type 2
diabetes mellitus; Met, metformin; PCE, Psidium cattleianum extract.

Figure 3: Effect of treatment with Metformin and Psidium cattleianum extract on levels of glucose (A),
cholesterol (B), triacylglycerol (C), VLDL (D), LDL (E), HDL, (F) TyG index (G) and on PONL1 activity
(H) in serum of animals submitted to the experimental model of Type 2 Diabetes Mellitus. Data are
expressed as mean + S.E.M. (4-8). *** denotes P < 0.001 and * denotes P < 0.05 as compared to the
CT/V group. ## denotes P < 0.001, *# denotes P < 0.01 and # denotes P < 0.05 as compared to the
T2DM/V group. One-way ANOVA followed by Tukey post hoc test. CT, control; V, vehicle; T2DM, type
2 diabetes mellitus; Met, metformin; PCE, Psidium cattleianum extract; VLDL, Very low-density
lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TyG, triacylglycerol-glucose;
PON1, paraoxonase-1.

Figure 4: Effect of treatment with Metformin and Psidium cattleianum extract on levels of IL-6 (A) and
IL-10 (B) in serum of animals submitted to the experimental model of Type 2 Diabetes Mellitus. Data
are expressed as mean + S.E.M. (4-5). *** denotes P < 0.001 as compared to the CT/V group. ?
denotes P < 0.001 and 0.01 as compared to the CT/V and T2DM/V group, respectively. One-way
ANOVA followed by Tukey post hoc test. CT, control; V, vehicle; T2DM, type 2 diabetes mellitus; Met,
metformin; PCE, Psidium cattleianum extract.

Figure 5: Histopathological characteristics of the liver in type 2 diabetic rats treated with Metformin
and Psidium cattleianum extract. (A) Control; (B) T2DM, type 2 diabetes mellitus; (C) Metformin; (D)
Psidium cattleianum extract group. Liver sections were stained with hematoxylin and eosin.

Figure 6: Histopathological characteristics of the pancreas in type 2 diabetic rats treated with
Metformin and Psidium cattleianum extract. (A) Control; (B) T2DM, type 2 diabetes mellitus; (C)
Metformin; (D) Psidium cattleianum extract group. Pancreas sections were stained with hematoxylin
and eosin.
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5 DISCUSSAO

Hipotireoidismo e DM2 sdo duas importantes e prevalentes doencas com
diversas consequéncias que aumentam o risco de morte e diminuem a qualidade de
vida dos individuos. Pacientes portadores de hipotireoidismo possuem niveis
diminuidos de HT circulantes e/ou insuficiente resposta do organismo a esses
horménios e, estdo sujeitos a importantes consequéncias, que vao desde fragueza e
disturbios emocionais a DCV, infertilidade, mau desenvolvimento cerebral fetal e
mortalidade (BIONDI et al., 2019). A DM2 é uma doenca bem prevalente, que
compromete o metabolismo como um todo, resultando em hiperglicemia (OMS,
2016). DCV, como infarto agudo do miocéardio, isquemia e doencas
cerebrovasculares, sdo a principal causa de morte entre os pacientes diabéticos, e
sdo causadas por hiperglicemia, dislipidemia, aumento da circulacdo de AGL e
estresse oxidativo (LEHRKE E MARX, 2017).

Além das doencas acima mencionadas, comumente pacientes diabéticos e
hipotireoidianos podem desenvolver um comprometimento cognitivo e até mesmo
deméncia grave (RIEBEN et al., 2016; DE SOUSA et al., 2020). Nessa perspectiva,
os dois artigos apresentados nessa tese elucidam alteragdes presentes em modelo
experimental de hipotireoidismo e de DM2. A inducdo da DM2 com dieta hiperlipidica
seguida de uma uUnica dose moderada de STZ para induzir DM2 é amplamente
utilizada na literatura (SRINIVASAN et al., 2005; FURMAN, 2015; SINGH et al.,
2017; GHEIBI et al.,, 2017). Os animais desse modelo de DM2 desenvolvem
obesidade, RI, destruicdo parcial das células p-pancreédticas e alteracdes
bioquimicas que naturalmente sdo encontradas em humanos com a doenca (GHEIBI
et al., 2017). O envolvimento da estrutura e funcionamento do cérebro sédo as
principais causas de doencas neurodegenerativas que comumente afetam
individuos com hipotireoidismo e DM2 e que tém o estresse oxidativo como um dos
principais mecanismos envolvidos (MULE E SINGH, 2018).

O artigo 1 elucidou as alteracdes cerebrais presentes no modelo animal de
hipotireoidismo, focando no déficit colinérgico e no estresse oxidativo como
mecanismos envolvidos na sua fisiopatologia. O hipotireoidismo induzido pelo
metimazol causa a diminuicdo dos HT circulantes, além de estresse oxidativo,
indicados pelo aumento dos niveis de ERO e correspondente aumento da
peroxidacéo lipidica, alterac@o da razdo glutationa reduzida e oxidada, bem como
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reducdo da atividade da CAT (CANO-EUROPA et al.,, 2010). Em nosso trabalho
ficou evidente as alteracGes oxidativas em cérebro e soro. Por outro lado, o uso de
resveratrol foi eficaz em proteger contra quase todas as alteracdes (niveis de ERO,
TBARS, conteudo tidlico total, atividade da enzima CAT em soro e ROS em cortex
cerebral e hipocampo). Ainda, é importante ressaltar que até entdo nao haviam
relatos desse polifenol em modelo de hipotireoidismo em ratos. Em modelo
experimental de hipotireoidismo induzido por metimazol, somente outros compostos
foram avaliados e tiveram sua eficacia comprovada em reverter o aumento de
TBARS e a reducao das atividades de SOD e CAT, como 0 caso da quercetina,
flavonoide avaliado por BALDISSARELLI e colaboradores (2016), tornando estes
resultados ainda mais relevantes.

O déficit colinérgico decorre de diversas alteracdes no sistema colinérgico e,
juntamente com neuroinflamacéo e dano oxidativo fazem parte da fisiopatologia de
doencas caracterizadas pelo déficit cognitivo (LAO et al., 2018). Em nosso trabalho,
0s animais com hipotireoidismo apresentaram aumento, em cortex e hipocampo, da
atividade da enzima AChE, responsavel pela degradacdo do neurotransmissor ACh
e consequente diminuicdo da sua disponibilidade na fenda sinaptica. Além disso, foi
possivel observar a diminuicdo da densidade hipocampal dos receptores de ACh,
M1 e a7, que séo receptores do tipo muscarinicos e nicotinicos, respectivamente. A
diminuicdo do receptor M1 observada em modelos animais de doencas
neurodegenerativas e em ratos idosos tem sido associada a distlrbios de meméria e
aprendizagem (HU et al., 2005) e pode estar relacionada a menor expressao e
disponibilidade desses receptores ocasionada pela deficiéncia dos HT (MARTINOU
E MERLIE, 1991). E importante destacar que o resveratrol ocasionou um aumento
na densidade de NeuN, o que pode indicar um efeito neuroprotetor desse composto,
possivelmente devido a sua atividade antioxidante. Os compostos fenolicos podem
reverter a diminuicdo da expressdo de NeuN causada pelo hipotireoidismo,
provavelmente devido a sua atividade antioxidante (TANAKA et al., 2019).

No modelo experimental de DM2 observamos o efeito de P. cattleianum em
parametros bioquimicos, inflamatérios e oxidativos, conforme apresentado no
manuscrito 1. De forma significativa, o extrato de P. cattleianum preveniu diversas
alteracdes nas estruturas cerebrais indicativas de estresse oxidativo, como aumento

dos niveis de ERO e TBARS, evidenciando a ocorréncia de peroxidacao lipidica,
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bem como diminuicdo da atividade das enzimas antioxidantes CAT e SOD foram
observadas. A atividade antioxidante desse fruto ja havia sido evidenciada em
modelo de RI (CARDOSO et al., 2018) e SM (OLIVEIRA et al., 2018), sendo o
manuscrito 1 o primeiro relato do efeito de P. cattleianum em modelo animal de
DM2.

Além de marcadores de estresse oxidativo em figado, ABDULMALEK et al.
(2012) observaram em figado de animais com DM2 induzida, alteragdes histologicas
compativeis com hemorragia, edema e degeneracao gordurosa, além de aumento
da expressdo dos marcadores inflamatérios IL-1B3 e TNF-a. As citocinas pro-
inflamatoérias promovem a fosforilacdo no residuo serina de IRS-1/IRS-2, impedindo
a sinalizacdo da insulina (WHITE, 2002), além de contribuir para o surgimento de
distarbios neurodegenerativos, dada a importdncia dos componentes da via de
sinalizac&o da insulina na proliferacdo de neurdnios e longevidade cerebral (WHITE,
2002). O acumulo de AGL promove a geracao de ERO e o consequente surgimento
de estresse oxidativo, que juntamente com a inflamacdo comprometem o
funcionamento das células B-pancreéticas, ou causam sua morte, reduzindo a
secrecao de insulina (AGRAWAL E KANT, 2014). Por isso, consideramos importante
verificar a histologia do figado e do pancreas, onde foi possivel observar alteracées
hepéticas como vacuolizacdo e desorganizacao celular, nos animais que receberam
dieta hiperlipidica e STZ. Por outro lado, o tratamento com metformina e extrato de
P. cattleianum preveniram essas alteragbes, destacando-se mais o efeito do fruto
gue do medicamento padrdo utilizado como controle positivo. O pancreas dos
animais diabéticos apresentou importante area de necrose das ilhotas de
Langerhans e dos acinos pancreaticos, enquanto o pancreas dos animais que
receberam metformina e extrato ndo apresentou alteracdes celulares.

Conforme referido acima, ambos os modelos experimentais foram capazes de
mimetizar de forma satisfatéria parte da fisiopatologia do hipotireoidismo e da DM2,
a partir de alteragbes metabdlicas, bioquimicas, oxidativas, colinérgicas e
inflamatoérias. Com isso, foi possivel avaliarmos o papel dos produtos naturais de
interesse frente a essas alteracdes e assim, compreendermos melhor a importancia

desses para a ciéncia.
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6 CONCLUSOES

Essa tese proporcionou uma melhor compreensdo dos mecanismos envolvidos
no surgimento e agravo de duas relevantes doencas, o hipotireoidismo e a DM2, e
principalmente, a elucidacéo de alguns efeitos benéficos do resveratrol e do extrato
de P. cattleianum frente as alteracdes encontradas. Cabe salientar, que estas sdo as
primeiras evidéncias do resveratrol em modelo animal de hipotireoidimo induzido por
metimazol e do fruto de P. cattleianum em modelo animal de DM2. Ambos os
produtos naturais, mostraram-se efetivos na prevencéo de alteracdes bioguimicas,
oxidativas, colinérgicas e histolégicas presentes nos animais diabéticos e/ou com
hipotireoidismo. Diante dos resultados aqui encontrados, podemos considerar o
resveratrol e o fruto de P. cattleianum promissores agentes preventivos dessas

doencas e de suas consequéncias.

7 PERSPECTIVAS

Neste trabalho foram apresentados os resultados referentes a avaliacdo do
resveratrol em modelo animal de hipotireoidismo, na forma de um artigo que ja foi
publicado, e do extrato de P. cattleianum em modelo animal de DM2, na forma de
um manuscrito que foi submetido a revista cientifica. Um segundo manuscrito esté
sendo redigido com resultados complementares do efeito de P. cattleianum em
modelo de DM2 e, ndo foi anexado neste trabalho, pois ainda estd em fase de
preparacdo. Neste préoximo trabalho estamos em busca de uma melhor
compreenséo dos efeitos do fruto na sinalizagdo da insulina e como isso pode estar
relacionado ao efeito anti-hiperglicémico e antilipidémico ja encontrado e
apresentado no manuscrito 1. Para isso, estamos realizando andlises moleculares,
mais especificamente a expressdo dos componentes da via de sinalizacdo da
insulina IRS-1, AKT e PI3K. Além disso, a dosagem a insulina em soro sera feita,
utilizando kit comercial.

Por fim, cabe salientar que um dos objetivos deste segundo manuscrito é
compreender a relacdo da patogénese da DM2 com alteragcbes cerebrais e
cognitivas, que parecem ser prevalentes em portadores de DM2. Para isso, a
avaliacdo do sistema colinérgico sera realizada a partir da mensuracao da atividade
das enzimas AChE e BUChE. E ainda, testes comportamentais, como campo aberto
e reconhecimento de objetos, foram realizados e estdo sendo analisados
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estatisticamente, para identificacdo de possiveis alteracbes comportamentais
indicativas de efeito tipo-depressivo ou ansiedade decorrentes da DM2 e, por outro

lado, a prevencao desses disturbios pelo uso do extrato de P. cattleianum.
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