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RESUMO

LADEIRA, Luiz Carlos Maia, D.Sc., Universidade Federal de Vigosa, junho de 2021. Efeitos
da infusiao de Camellia sinensis (L.) Kuntze sobre parametros morfofisiolégicos cardiacos
e renais de ratos Wistar com diabetes tipo 1. Orientadora: Izabel Regina dos Santos Costa
Maldonado. Coorientadores: Eliziaria Cardoso dos Santos, Mariana Machado Neves e Marcio
Roberto Silva.

Introducdo: O diabetes tipo 1 ¢ um grupo heterogéneo de distirbios metabolicos que se
desenvolve principalmente na infancia e adolescéncia. A hiperglicemia decorrente do diabetes
gera estresse metabolico sistémico favorecendo o desenvolvimento de varias comorbidades,
dentre elas a nefropatia diabética (ND) e a cardiomiopatia diabética (CD). Ambas as doencas
sdo prevalentes em pacientes com diabetes e se ndo tratadas ou prevenidas podem evoluir para
faléncias dos orgdos e morte do paciente. O chd verde ¢ tradicionalmente utilizado como
tratamento do diabetes ¢ seus efeitos foram relacionados a capacidade hipoglicemiante,
reduzindo a sobrecarga glicémica e o dano oxidativo nos tecidos. Entretanto, estes resultados
ainda s3o0 controversos e nem sempre o cha exerce uma agao hipoglicemiante, podendo levar a
efeitos positivos por outras vias. Objetivo: Avaliar como os efeitos da infusdo de cha verde
(Camellia sinensis L. Kuntze) afetam pardmetros morfologicos, bioquimicos e funcionais dos
rins e do coragdo frente a um estado hiperglicémico grave gerado pelo diabetes tipo 1
experimental em animais jovens. Metodologia: Utilizamos neste trabalho um total de 18 ratos
Wistar, machos e jovens. Tratamos seis ratos com diabetes tipo 1 induzido por estreptozotocina,
com 100 mg/kg de cha verde, diariamente, por 42 dias. Além disso, um grupo controle saudavel
(n=6) e um diabético (n=6) também compuseram o experimento. A infusdo foi preparada com
o0 objetivo de reproduzir a forma consumida normalmente por humanos ¢ os animais foram
mantidos em condi¢gdes controladas de temperatura (22 = 2 °C) e luminosidade (12/12h), e
receberam alimento e agua ad [libitum. Todos os procedimentos deste experimento foram
aprovados pelo CEUA/UFV (protocolo n® 53/2018). No Artigo 1 (Capitulo 2), foram avaliados
marcadores soroldgicos da funcdo renal e marcadores teciduais de estresse oxidativo,
homeostasia i6nica e fun¢do de transportadores de ions, alteragdes morfologicas glomerulares
e tubulares, bem como o dano ao DNA em células renais. Ainda, utilizamos a ferramenta de
network pharmacology para explorar as vias de sinalizacdo relacionadas aos resultados
encontrados in vivo. No Artigo 2 (Capitulo 3) foram avaliados os marcadores séricos e teciduais
para funcdo cardiaca e estresse oxidativo. Além disso, analisamos por microscopia de campo

claro, as alteracdes morfologicas e os danos ao DNA. Ainda, avaliamos também as alteragdes



teciduais e ultraestruturais mitocondriais em fragmentos do ventriculo esquerdo por
microscopia eletronica de varredura. Resultados: Nossos resultados revelaram que uma dose
diaria de 100 mg/kg de tratamento com infusdo de chéa verde por 42 dias evitou danos renais
cardiacos desencadeados pela hiperglicemia em ratos jovens com diabetes tipo 1 de inicio
precoce, mesmo sem conseguir controlar a hiperglicemia grave nos animais. Os dados relativos
as analises renais (Capitulo 2) revelaram que os componentes do cha verde interagem em vias
de sinalizacdo que regulam o metabolismo energético, incluindo a sintese ¢ degradagdo da
glicose e do glicogénio, além da reabsorc¢ao de glicose pelos rins, manejo da hipoxia e morte
celular por apoptose. Tais interacdes levaram a redugdo do acimulo de glicogénio no 6rgio e
protecdo do DNA ao dano oxidativo. Além disso, o cha verde foi capaz de prevenir danos
morfoldgicos nos glomérulos, sugerindo um efeito protetor ao 6rgdo e a preservagdo de sua
funcdo. No coragdo (Capitulo 3), apesar da falta de efeito direto sobre as atividades das enzimas
antioxidantes, o cha verde preveniu a fibrose cardiaca e a hipertrofia dos cardiomidcitos,
mantendo a distincia de difusdo dos vasos sanguineos e a area de seccao transversal das fibras
em niveis semelhantes aos encontrados nos animais saudaveis. Além disso, a quantidade de
células marcadas com iodeto de propidio foram mais baixas no grupo tratado com cha verde do
que nos animais com diabetes ndo tratado, indicando um efeito protetor do cha verde contra
danos ao DNA. Ainda, menores taxas de infiltragdo de mastdcitos foram encontradas nos
animais tratados com cha verde quando comparados ao controle diabético. Da mesma forma,
menores taxas de mastocitos ativados também foram encontradas no grupo tratado com cha
verde quando comparado ao controle diabético. Adicionalmente, foram encontradas alteracdes
morfoldgicas nas mitocondrias dos animais diabéticos, com maiores frequéncias de fusdo
mitocondrial que no grupo controle, e que foram prevenidas pelo tratamento com cha verde.
Esses resultados positivos refletiram nos niveis mais baixos de creatina quinase (CK-MB) e
lactato desidrogenase (LDH), sugerindo uma melhor fungéo cardiaca no grupo tratado com cha
verde, independentemente de quaisquer melhorias nos valores de glicose no sangue.
Conclusdes: A ingestdo da infusdo de cha verde ¢ capaz de prevenir a remodelagdo dos tecidos
do coragdo e dos rins, neutralizando as altera¢des induzidas pelo diabetes, prevenindo fibrose
no miocardio e pericardio e a nefrose glicogénica nos rins, a remodela¢do vascular no miocardio
e infiltragdo e ativagdo de mastdcitos no coragdo, e o desenvolvimento de alteracdes patologicas
nos glomérulos. Além disso, o chd verde foi capaz de prevenir danos ao DNA dos
cardiomiocitos e nas células renais, e controlar a dinamica morfologica da mitocondria, que

ocorre como uma adaptagdo metabolica ao diabetes. Esses resultados benéficos, considerados



em conjunto, refletem-se no potencial efeito protetor da infusdo de cha verde frente as

comorbidades decorrentes do diabetes envolvidas neste estudo.

Palavras-chave: Cardiomiopatia diabética. Cha verde. Diabetes tipo 1. Fitoterapia. Nefropatia
diabética.



ABSTRACT

LADEIRA, Luiz Carlos Maia, D.Sc., Universidade Federal de Vigosa, June, 2021. Effects
of Camellia sinensis (L.) Kuntze infusion on cardiac and renal morphophysiological
parameters of Wistar rats with type 1 diabetes. Adviser: Izabel Regina dos Santos Costa
Maldonado. Co-advisers: Eliziaria Cardoso dos Santos, Mariana Machado Neves and Marcio
Roberto Silva.

Introduction: Type 1 diabetes is a heterogeneous group of metabolic disorders that develop
mainly in childhood and adolescence. Hyperglycemia resulting from diabetes generates
systemic metabolic stress, favoring the development of several comorbidities, including
diabetic nephropathy (DN) and diabetic cardiomyopathy (DC). Both diseases are prevalent in
patients with diabetes and if left untreated or prevented they can progress to organ failure and
patient death. Green tea is traditionally used as a treatment for diabetes and its effects were
related to its hypoglycemic capacity, reducing glycemic overload and oxidative damage to
tissues. However, these results are still controversial and tea does not always exert a
hypoglycemic action, which can lead to positive effects in other ways. Objective: To evaluate
how the effects of green tea infusion (Camellia sinensis L. Kuntze) affect morphological,
biochemical and functional parameters of the kidneys and heart in a severe hyperglycemic state
generated by experimental type 1 diabetes in young animals. Methodology: In this work we
used a total of 18 male and young Wistar rats. We treated six streptozotocin-induced type 1
diabetes rats with 100 mg/kg of green tea daily for 42 days. In addition, a healthy control group
(n=6) and a diabetic group (n=6) also composed the experiment. The infusion was prepared
with the objective of reproducing the form normally consumed by humans and the animals were
kept under controlled conditions of temperature (22 = 2 °C) and light (12/12h), and received
food and water ad libitum. All procedures of this experiment were approved by CEUA/UFV
(protocol no. 53/2018). In the Article 1 (Chapter 2), serological markers of renal function and
tissue markers of oxidative stress, ionic homeostasis and ion transporter function, glomerular
and tubular morphological changes, as well as DNA damage in renal cells were evaluated.
Furthermore, we used the network pharmacology tool to explore the signaling pathways related
to the results found in vivo. In the Article 2 (Chapter 3), serum and tissue markers for cardiac
function and oxidative stress were evaluated. In addition, we analyzed by brightfield
microscopy, morphological changes and DNA damage. Furthermore, we also evaluated

mitochondrial tissue and ultrastructural changes in left ventricular fragments by scanning



electron microscopy. Results: Our results revealed that a daily dose of 100 mg/kg of green tea
infusion treatment for 42 days prevented cardiac renal damage triggered by hyperglycemia in
young rats with early-onset type 1 diabetes, even without being able to control severe
hyperglycemia in animals. The data related to kidney analysis (Chapter 2) revealed that the
components of green tea interact in signaling pathways that regulate energy metabolism,
including the synthesis and degradation of glucose and glycogen, in addition to glucose
reabsorption by the kidneys, management of hypoxia and cell death by apoptosis. Such
interactions led to a reduction in the accumulation of glycogen in the organ and protection of
DNA from oxidative damage. Furthermore, green tea was able to prevent morphological
damage to the glomeruli, suggesting a protective effect on the organ and the preservation of its
function. In the heart (Chapter 3), despite the lack of direct effect on the activities of antioxidant
enzymes, green tea prevented cardiac fibrosis and cardiomyocyte hypertrophy, maintaining the
diffusion distance of blood vessels and the cross-sectional area of fibers in levels similar to
those found in healthy animals. Furthermore, the amounts of cells labeled with propidium
iodide were lower in the group treated with green tea than in animals with untreated diabetes,
indicating a protective effect of green tea against DNA damage. Also, lower rates of mast cell
infiltration were found in animals treated with green tea when compared to diabetic control.
Likewise, lower rates of activated mast cells were also found in the group treated with green
tea when compared to the diabetic control. Additionally, morphological alterations were found
in the mitochondria of diabetic animals, with higher frequencies of mitochondrial fusion than
in the control group, which were prevented by treatment with green tea. These positive results
reflected lower creatine kinase (CK-MB) and lactate dehydrogenase (LDH) levels, suggesting
better cardiac function in the green tea-treated group, regardless of any improvements in blood
glucose values. Conclusions: The ingestion of green tea infusion is able to prevent the
remodeling of heart and kidney tissues, neutralizing the changes induced by diabetes,
preventing fibrosis in the myocardium and pericardium and glycogenic nephrosis in the kidney,
vascular remodeling in the myocardium and infiltration and activation of mast cells in the heart,
and the development of pathological changes in the glomeruli. Furthermore, green tea was able
to prevent damage to the DNA of cardiomyocytes and renal cells, and to control the
morphological dynamics of the mitochondria, which occur as a metabolic adaptation to
diabetes. These beneficial results, taken together, are reflected in the potential protective effect

of green tea infusion against comorbidities resulting from diabetes involved in this study.



Keywords: Diabetic cardiomyopathy. Diabetic nephropathy. Green Tea. Phytotherapy. Type
1 diabetes.
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Capitulo 1

Introdugdo (Historico da doenga)

A primeira descri¢do de uma doenca que seria nomeada “diabetes” data de 1550 a.C. e foi
encontrada em papiros egipcios descobertos pelo alemao George Ebers em 1862 d.C. Por mais
de trés milénios os papiros de Ebers guardaram os registros das caracteristicas observadas pelos
egipcios: politria (aumento na producao de urina), polidipsia (aumento no consumo de agua) e
perda de peso, quadro em que, naqueles tempos, levava a morte pela doenca inevitavelmente

(VIGGIANO, 2009).

Muitos séculos se passaram até a palavra “diabete” ser usada para descrever tal
patologia, sendo no século 1I da era moderna (d.C.) que Aratacus da Cappadocia!, notavel
médico grego, usou o termo “diafntnc” ou “diabeinein” — que significa “fluir por um sifao” —
para nomear uma “doenga terrivel, que se desenvolve durante um longo periodo de tempo”,
como descrito pelo proprio médico (TEKINER, 2015). Aratacus acreditava que a poliuria dos
individuos com diabetes acontecia pelo “derretimento de suas carnes e membros em urina” e
que era causada por outras doengas em outros 6rgaos, como a bexiga e os rins (TEKINER,

2015). Ja naquele tempo, o médico grego observou que o desenvolvimento da doenca era de

! Aratacus da Cappadocia - Apetaiog 0 Kanmadokng — (séc. I —1I d.C.) um dos grandes médicos da antiguidade
greco-romana ap6s Hipocrates. Seu pensamento era moldado pela escola pneumatica — que acreditava que a saude
depende do balango harmoénico entre os elementos basicos (calor, frio, imido e seco) e a pneuma (elemento
espirito). E autor do tratado de medicina “Das causas, sintomas e cura das doengas”, obra de grande importancia
na histdria da medicina que descreve em detalhes variadas doencas (TEKINER, 2015).
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natureza cronica e, que ao estar completamente estabelecida, os danos causados levariam o

paciente a uma vida sofrida e curta.

Dois tipos distintos de diabetes foram descritos pelos médicos indianos Sushruta e
Charaka, ja no tempo comum (400 — 500 d. C.), que hoje sdo conhecidos como diabetes mellitus
tipo 1 e diabetes mellitus tipo 2 (AHMED, 2002). O termo mellitus foi usado pela primeira vez
em 1675, pelo médico inglés Thomas Willis, para diferenciar o tipo de diabetes onde a urina do
paciente era adocicada (mellitus vem de mel) do tipo onde ela ndo possui o gosto doce (diabetes
insipidus, onde insipidus ¢ o termo latino para insipido, sem sabor) (VECCHIO et al., 2018).
Tal sabor adocicado na urina provém da excrecdo anormal de glicose pelos rins, descoberto em

1776 por Matthew Dobson (VECCHIO et al., 2018).

No século seguinte o jovem pesquisador Paul Langerhans® identifica, em 1869,
estruturas pancreaticas conhecidas hoje como “Ilhotas de Langerhans” (ou ilhotas
pancreaticas), onde se localizam as células responsaveis pela produgdo de insulina, também
chamadas de células beta (B). Porém, naquele tempo, o jovem pesquisador ainda ndo sabia da
importancia que seu achado teria na medicina moderna. Langerhans achava que a estrutura se
tratava de linfonodos presentes no pancreas. O termo Ilhota de Langerhans foi criado pelo
histologista francés Gustave-Edouard Laguesse, ¢ se popularizou posteriormente (JOLLES,
2002). Foi somente a partir de 1909, com o trabalho de Jean de Mayer, e 1910 com Sir Edward
Albert Sharpey-Schafer, que de forma independente®, nomearam uma molécula hipotética

secretada pelas ilhotas de Langerhans, responsavel por reduzir os sintomas do diabetes

2 Paul Langerhans descreveu as ilhotas pancreaticas aos seus 22 anos de idade, durante seu doutorado no Berlin
Pathological Institute.

3 O crédito da criagdo do nome pode variar dependendo da fonte. Alguns autores afirmam ter sido de Meyer o
primeiro, outros Sharpey-Schafer. E importante, entretanto, levar em conta que no inicio do século XX, antes da
inven¢do da internet, a comunicagao cientifica levava mais tempo e o trabalho independente dos pesquisadores
leva alguns autores a creditarem a criagdo a ambos (VECCHIO et al., 2018).
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(VECCHIO et al., 2018). A Insulina é entdo nomeada assim por ser produto da ilhota (ilhota

vem do latim: insula, ou ilha).

A Figura 01 mostra detalhes do pancreas com destaque para a ilhota pancreatica,

estrutura onde se localizam as células f.

A

Figura 01. Pancreas e ilhota pancreatica. Fotografia produzida a partir de lamina do acervo do
Departamento de Biologia Geral da Universidade Federal de Vigosa, corada com H.C. Floxina.
A — Pancreas. B — Detalhe do pancreas em regido de ilhota pancreatica (regido delimitada pelo
pontilhado), rodeada pelos acinos, unidades secretoras do pancreas exdcrino. Na ilhota, as
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células volumosas com citoplasma em azul correspondem as células beta, produtoras de
insulina. As mais clarinhas sdo células alfa, secretoras de glucagon. As estruturas cujo limen
aparece rosado s3o vasos sanguineos. Fotografia do acervo pessoal do autor.

Ainda em 1910, o médico estadunidense Joseph Pratt relaciona o pancreas ao diabetes
(PRATT, 1910) e afirma que o pancreas tem uma fung¢ao importante no metabolismo da glicose,
possivelmente por meio de “secrecdes internas” (endocrinas), que ainda ndo haviam sido
provadas mas que eram altamente provaveis dadas as evidéncias a época. Pratt foi o primeiro a
fazer essa suposi¢cdo, porém outros pesquisadores ja haviam feito diversas descobertas em
relagdo aos extratos pancreaticos de varias naturezas e sobre as fun¢des pancreaticas utilizando
orgaos caninos e humanos. Dez anos apds Pratt, Moses Barron, em 1920, relaciona as Ilhotas
Pancreaticas ao diabetes no trabalho intitulado “Relation of the Islets of Langerhans to Diabetes

with special reference to cases of pancreatic lithiasis” (VECCHIO et al., 2018).

O trabalho de Barron foi determinante para o que se sucederia até a descoberta da
insulina. No mesmo ano (1920) o médico canadense Frederick Grant Banting, trabalhando no
laboratorio liderado por John James Richard MacLeod na Universidade de Toronto, conseguiu
isolar o extrato das ilhotas pancreaticas. Banting teve ajuda do estudante Charles Best na
execucdo dos experimentos para extracao do extrato de pancreas de caes. Com este extrato, pela
primeira vez, Banting e Best conseguiram controlar a hiperglicemia decorrente do diabetes em
animais. Com ajuda do bioquimico James Collip na purificacdo do extrato, foi possivel alcancar
sucesso nos testes em humanos (VECCHIO et al., 2018). Apos as publicacdes, a empresa
farmacéutica Eli Lilly and Company, em parceria com os pesquisadores, langcam a insulina
comercialmente no mercado em 1923, revolucionando o tratamento do diabetes. Fredrick Grant
Banting e John James Richard Macleod receberam o Nobel de Fisiologia e Medicina de 1923 e
dividiram o prémio com os colegas Charles Best e James Collip, que participaram da

descoberta.
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Outras descobertas e outros pesquisadores foram de grande importancia na historia do
diabetes, e sdo apresentados mais detalhadamente nos trabalhos de Vecchio e colegas (2018) e
Ahmed (2002). Ainda, a matéria publicada na revista Pesquisa Fapesp intitulada “A descoberta
da Insulina”, em homenagem aos 100 anos de sua historia, conta detalhes da participacdo
brasileira no processo de industrializagdo e escalonamento da producdo da insulina humana
recombinante (FIORAVANTI, 2021), que possibilitou um imenso avango na producgdo e

distribuicdo do horménio no mundo todo.

O diabetes e as comorbidades cardiaca e renal

O diabetes mellitus (DM) afeta, segundo as estimativas mais recentes, cerca de 9,3% da
populacao mundial (463 milhdes de pessoas), podendo chegar a 700,2 milhdes de pessoas com
a doenca em 2045 (INTERNATIONAL DIABETES FEDERATION, 2019). O Brasil era o
quarto pais com maior incidéncia de DM em adultos no mundo, com 14,3 milhdes de casos
estimados em 2017 (SOCIEDADE BRASILEIRA DE DIABETES, 2017). Nos dados de 2019,
o Brasil € o quinto colocado, com 16,8 milhdes de pessoas diagnosticadas com a condicao, atras
da China, India, Estados Unidos da América e Paquistio. Considerando os casos em criangas e
adolescentes, o Brasil ¢ o terceiro no mundo. (INTERNATIONAL DIABETES
FEDERATION, 2019; SOCIEDADE BRASILEIRA DE DIABETES, 2019). Ainda, a projegao

¢ que este nimero chegue a 26 milhdes de individuos com diabetes somente no Brasil.

A definigdo utilizada pela Sociedade Brasileira de Diabetes é de que a doencga “consiste
em um disturbio metabolico caracterizado por hiperglicemia persistente, decorrente de
deficiéncia na producdo de insulina ou na sua acdo, ou em ambos os mecanismos”

(SOCIEDADE BRASILEIRA DE DIABETES, 2019).
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A maioria dos casos de diabetes se divide em dois tipos: diabetes mellitus tipo 1 (DM1)
e tipo 2 (DM2). Ainda, figuram entre os casos de DM o diabetes gestacional e outros tipos
especificos de diabetes. A condi¢do origindria da produc¢do insuficiente ou auséncia completa
da producio e secrecdo de insulina pelo pancreas, o que comumente exige a reposi¢ao sintética
do horménio, € categorizada como DM 1. Ainda, o DM1 pode ser subdividido em DM tipo 1 A,
quando a causa da deficiéncia insulinica esta associada a destruicdo autoimune das células 3
pancreaticas, ¢ DM tipo 1 B, quando essa deficiéncia ¢ de natureza idiopatica (AMERICAN

DIABETES ASSOCIATION, 2021; SOCIEDADE BRASILEIRA DE DIABETES, 2019).

Por outro lado, a doenga desenvolvida a partir da redugdo progressiva da producdo de
insulina combinada a resisténcia sistémica a sua ac¢do ¢ categorizada como DM2, que pode ser
tratada com a reposi¢@o da insulina em casos mais graves ou outros agentes hipoglicemiantes,
como a metformina, em casos menos graves. Além dos agentes hipoglicemiantes, a terapia
nutricional e a fitoterapia sdo grandes aliadas no tratamento do diabetes e prevencdo do
agravamento das patologias decorrentes dele (AMERICAN DIABETES ASSOCIATION,

2021; SOCIEDADE BRASILEIRA DE DIABETES, 2019).

O DMI esta associado a varias complicagdes sistémicas, geralmente causadas por
distirbios micro e macrovasculares que resultam em retinopatia, doenca das artérias
coronarianas, além de comprometimento do sistema arterial periférico (SOCIEDADE
BRASILEIRA DE DIABETES, 2019). Além disso, também ocorrem danos hepaticos e no
sistema reprodutor (BAOTHMAN et al., 2016; SOUZA et al., 2018, 2019), comprometimento
renal (RASCH, 1980; SERTORIO et al., 2019) e danos cardiacos, favorecendo o aparecimento
da nefropatia diabética (HERMAN-EDELSTEIN; DOI, 2016) e da cardiomiopatia diabética

(BOUERI et al., 2015; DA SILVA et al., 2013; RITCHIE; DALE ABEL, 2020).
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A nefiropatia diabética

A nefropatia diabética atinge entre 25% e 35% dos pacientes, independente do tipo de
diabetes mellitus (HERMAN-EDELSTEIN; DOI, 2016), e ¢ responsavel por cerca de 45% dos

casos de faléncia renal nesta populagdo (SU et al., 2020).

Seus sintomas iniciais sdo o aumento na taxa de filtracdo glomerular, caracterizando a
politria, e alteracdes morfoldgicas glomerulares e tubulares, que se refletem no aumento da
excrecdo de proteinas, principalmente albumina. Além disso alteracdes glomerulares tipicas
como a expansdo mesangial, espessamento da capsula glomerular (de Bowman), e alargamento
do espago urinario contribuem para o comprometimento da fun¢io renal. Nos tiibulos ¢ comum
encontrar alteragdes como a cariomegalia, fusdo exacerbada de mitocondrias e vacuolizacio

das células (GILBERT, 2017; HERMAN-EDELSTEIN; DOI, 2016).

Uma das caracteristicas mais frequentes e iniciais neste processo patologico € o acimulo
de glicogénio nos tubulos proximais (GILBERT, 2017; HARAGUCHI et al., 2020). A glicose
presente no filtrado glomerular é normalmente reabsorvida quase que completamente nos
tubulos proximais pelos transportadores de glicose dependentes de s6dio 2 (SGLT2) e em
menor quantidade pelos mesmos transportadores do tipo 1 (SGLT1), e s6 é detectada na urina
quando essa capacidade de reabsorcdo ¢ extrapolada (BAILEY, 2011; VALLON; THOMSON,
2017). No diabetes, por motivos de maior demanda de adenosina trifosfato (ATP) para as
funcdes vitais celulares e para a manutengao da reabsor¢cdo aumentada de glicose, a expressao
do SGLT2, também, aumentada, eleva a disponibilidade de glicose no meio intracelular
(HERMAN-EDELSTEIN; DOI, 2016). Ainda, as células do tibulo proximal tem uma grande
capacidade gliconeogénica, e se utilizam basicamente de substratos como o lactato, glutamina
e glicerol para isso, porém este processo ¢ reforcado no diabetes (EID et al., 2006). Desta forma,

o acumulo de glicogénio no 6rgdo ¢ facilitado pela soma destes processos: reabsorcio e
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gliconeogénese aumentadas (HERMAN-EDELSTEIN; DOI, 2016; MATHER; POLLOCK,
2011). Tal acamulo, se ndo tratado, pode progredir para lesdes pré-neoplasicas e posteriormente

cancer renal (RIBBACK et al., 2015).

Em nivel macroscopico, os rins sofrem hipertrofia e hiperplasia como um mecanismo
compensatorio aos danos causados pela hiperglicemia, de forma a preservar a funcdo
glomerular (HERMAN-EDELSTEIN; DOI, 2016). Entretanto, quando a glicemia elevada se
instala ainda em idade jovem, os danos podem ser extensos o suficiente para inibir o mecanismo
de compensagdo do 6rgdo, resultando em aumento diminuto ou ausente do peso e tamanho dos

rins (ARATAKI, 1926).

Os mecanismos moleculares e as alteragdes morfologicas causadas pela alteracdo destes

mecanismos serdo descritos e explorados no Capitulo 2.

A cardiomiopatia diabética

No musculo cardiaco o DM predispoe a complicagdes funcionais, teciduais e
metabolicas. Em nivel celular ha desregulagdo da homeostase de célcio (Ca?"), sodio (Na¥) e
potassio (K) com prejuizo no funcionamento das bombas destes ions (Ca>*ATPase e Na-K-
ATPase); disfungdo mitocondrial e aumento na producdo de espécies reativas de oxigénio
(EROs) e nitrogénio; desregulacdo do ciclo celular; apoptose e autofagia; inflamagdo; e
hipertrofia celular, dentre outras alteragcdes (BABU; SABITHA; SHYAMALADEVI, 2006a;
BATTIPROLU et al., 2013; CHEN et al., 2017; DA SILVA etal., 2016, 2015; HUANG et al.,

2017; LIAO et al., 2016; OKOSHI et al., 2007; OU et al., 2010; VARGA et al., 2015).

A doenca impacta no processo de remodelamento patolégico do ventriculo esquerdo

(VE), como a redugao na densidade capilar, aumento na quantidade de colageno total e fibras
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reticulares, necrose e vacuolizagdo dos cardiomidcitos, além de estimular o aumento da
quantidade de glicogénio citoplasmatico e glicoproteinas na matriz extracelular (BABU et al.,
2007; DA SILVA etal., 2013, 2016; LEVELT et al., 2018; OKOSHI et al., 2007; ZHI; PRINS;

MARWICK, 2004).

Estas alteracdes celulares e teciduais levam disfuncdo dos cardiomidcitos, causando
reducdo na fragdo de ejecdo do ventriculo e na frequéncia cardiaca (DA SILVA et al., 2015;
HUANG et al., 2017; OU et al., 2010). Quando ndo tratadas, tais alteracdes podem evoluir para
faléncia cardiaca e morte subita (DA SILVA et al., 2015), fazendo com que a disfungdo cardiaca
(CHEN etal., 2017; YE et al., 2004), seja responsavel por cerca de 80% das mortes decorrentes

do diabetes (BABU; SABITHA; SHYAMALADEVI, 2006a).

Um marco da disfungfo cardiaca amplamente aceito na comunidade médica e cientifica
¢ a disfuncdo diastdlica do ventriculo esquerdo, que ¢ um dos primeiros sinais da cardiomiopatia
diabética. Geralmente ela ¢ detectada antes da disfungdo sistolica do ventriculo esquerdo
(BOYER et al., 2004; RITCHIE; DALE ABEL, 2020). Tais disfun¢des tem sido atribuidas as
alteracdes morfologicas cardiacas, ja em estagios avancados da doenga (WOOD; PIRAN; LIU,
2011). No modelo experimental de diabetes induzido por estreptozotocina, 42 dias sdo
suficientes para o agravamento da doenga e o aparecimento das disfungdes sistolica e diastolica,
ja sendo possivel detectar alteragdes morfologicas no coracdo (GERBER; ARONOW;
MATLIB, 2006). Estes danos funcionais cardiacos geralmente sdo silenciosos no DM e
frenquentemente s6 sdo detectados nas fases mais avangadas da doenca (RITCHIE; DALE
ABEL, 2020), tornando ainda mais dificil o manejo apropriado e agravando ainda mais a

condicao.

A reposicdo de insulina exogena (insulinoterapia) ¢ a principal forma de controle da

glicemia e danos associados a ela em individuos com DM tipo 1 ¢ DM tipo 2 grave
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(SOCIEDADE BRASILEIRA DE DIABETES, 2019). Entretanto, o estudo conduzido pelo
grupo de estudos ACCORD (Action to Control Cardiovascular Risk in Diabetes), por 9 anos,
descreveu que o controle glicémico intensivo ndo apresenta efeitos quanto a reducdo nas
chances de faléncia cardiaca, e ainda, aumenta a chance de morte por faléncia cardiaca em
pacientes com DM2 (ACCORD STUDY GROUP, 2016). O tratamento convencional para a
faléncia cardiaca ¢ o mesmo para pacientes com ou sem diagnostico de DM e tratamentos que
consideram mecanismos especificos (i.e., endotypes) para a faléncia cardiaca associada ao

diabetes ainda nao estio disponiveis (RITCHIE; DALE ABEL, 2020).

No Capitulo 3 sdo exploradas as alteragcdes morfologicas e os mecanismos moleculares

que levam a tais alteracdes no coragdo dos animais diabéticos.

O diabetes tipo 1

Apesar da maior frequéncia do DM2 dentre os individuos com diabetes
(aproximadamente 90% a 95% dos casos), o DM1 ¢ uma das doengas mais prevalentes na
infancia e adolescéncia (NOVATO; GROSSI, 2011). Nesta populagdo jovem com diabetes, a
prevaléncia do DM1 chega a 90% dos casos (SOCIEDADE BRASILEIRA DE DIABETES,
2019). Tal fato ¢ agravante da condi¢do, em que a exposi¢do precoce a hiperglicemia antecipa
os danos e o desenvolvimento de comorbidades associadas em uma populacao jovem. Quando
estes pacientes ndo tem acesso a insulina, sua expectativa de vida ¢ drasticamente reduzida.
Além disso a educagdo no manejo do diabetes € um determinante no sucesso da insulinoterapia

(SOCIEDADE BRASILEIRA DE DIABETES, 2019).

O tratamento do jovem com diabetes tem suas peculiaridades inerentes a esta fase da

vida, visto que fatores sociais e familiares influenciardo grandemente no sucesso do controle
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metabolico (DA CRUZ; COLLET; NOBREGA, 2018). Mudangas na sensibilidade a insulina
relacionadas a maturidade sexual e ao crescimento, bem como a capacidade de iniciar o
autocuidado devem ser monitoradas para poder balizar os ajustes nas dosagens da insulina.
Entretanto, o tratamento do diabetes vai além da insulinoterapia. A terapéutica do DMI,
historicamente, segue a triade composta por insulina, alimenta¢ao e atividade fisica. e educagao,
monitorizacdo e orientacdo para os pacientes e seus familiares. Porém, com os avangos na
terapia os fatores psicossociais devem ser considerados e a monitoracao e educacao no diabetes
passam a ser essenciais no tratamento (SOCIEDADE BRASILEIRA DE DIABETES, 2019).
Dentre os cuidados relacionados a alimentag¢do, o acompanhamento nutricional e a prescri¢ao
de fitoterapicos auxilia em varias frentes, como o aumento da sensibilidade a insulina, controle

da glicemia e prevencao e redugdo dos danos associados as comorbidades.

Estratégias Terapéuticas

A insulinoterapia ¢ a principal forma de controle da glicemia em individuos com DM1
(SOCIEDADE BRASILEIRA DE DIABETES, 2019) podendo ser uma estratégia eficiente no
controle e tratamento das alteragdes metabolicas e funcionais nos individuos que possuem
diabetes, porém com algumas inconsisténcias. Em estudos com ratos Wistar foi demonstrado
que a insulina foi capaz de controlar algumas alteragdes funcionais cardiacas, com melhora na
frequéncia cardiaca e tempo de relaxamento miocardio em animais experimentais tanto em
fémeas (FEIN et al., 1981) quanto em machos (DA SILVA et al., 2015). A insulina ainda
mostrou-se eficiente em modular algumas vias de neutralizagdo de EROs reduzindo a oxidagdo
de proteinas, além de favorecer o aumento da captacdo de Ca’>' nos cardiomidcitos com
consequente melhoria da fun¢do cardiaca (DA SILVA et al., 2015). Por outro lado, ndo foi

capaz de reverter completamente outras alteracdes metabolicas (i.e. niveis de superoxido
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dismutase, glutationa, producdo de peroxido de hidrogénio [H20:]) e funcionais (fragdo de
ejecdo e encurtamento fracionario) dos coragdes de animais com diabetes (DA SILVA et al.,
2015). Em outro estudo a insulina foi capaz de reverter algumas alteragcdes mitocondriais no
coracdo, normalizando a homeostase de ions, reduzindo o estresse oxidativo e aumentando a
eficiéncia da fosforilagdo oxidativa, além de normalizar os niveis glicémicos no individuo
diabético (MOREIRA et al., 2006). Porém, mesmo com a insulinoretapia, o risco de danos
cardiacos ainda ¢ elevado no paciente diabético (HOLSCHER; BODE; BUGGER, 2016), e o
controle metabdlico baseado na insulinoterapia esta associado a maiores taxas de faléncia

cardiaca e morte, como revelado pelo estudo ACCORD (ACCORD STUDY GROUP, 2016).

A combina¢do de insulinoterapia com outros tratamentos essenciais, cComo o exercicio
fisico, e tratamentos complementares, como o uso de fitoterapicos, tem demonstrado resultados
ainda melhores no manejo dos sintomas e danos causados pelo DM (DA SILVA et al., 2015;

LE DOUAIRON LAHAYE et al.,, 2011, 2012; WU et al., 2004).

O cha verde (Camellia sinensis (L.) Kuntze (Theaceae)), ¢ uma bebida popularmente
utilizada como medicamento tradicional, na forma de infusdo, para varios propositos incluindo
a hiperglicemia e o controle do peso corporal (BARKAOUI et al., 2017; CHOPADE et al.,
2008; FALLAH HUSEINI et al., 2006; MENG et al., 2019; RACHID et al., 2012; SEA-TAN;
GROVE; LAMBERT, 2011). Ainda, ¢ sabido que ele possui diversos efeitos positivos no

manejo do diabetes (MENG et al., 2019; MOHABBULLA MOHIB et al., 2016).

Um estudo recente demonstrou os mecanismos de reconhecimento ¢ iniciacdo da
sinalizacdo, até entdo desconhecidos, da epigalocatequina gallato (EGCG), principal
componente ativo do cha verde, com foco especialmente nos podocitos (HAYASHI et al.,
2020). Tal mecanismo se da através da ativacdo do receptor de laminina de 67kDa (67LR) pelo

EGCQG, levando a mecanismos de preservagdo da morfologia e fungdo da filtragdo gomerular,
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regulada principalmente pelos podoécitos, sugerindo uma melhora na nefropatia diabética. Tal
mecanismo de ativagdo de sinalizacdo intracelular também poderia explicar os efeitos positivos

encontrados em outros 6rgaos, como o coracao que também expressa o receptor 67LR.

Os efeitos positivos do ché verde na nefropatia diabética eram creditados a capacidade
hipoglicemiante do cha (RENNO et al., 2008; YOKOZAWA; NOH; PARK, 2012), que levaria
a menor sobrecarga glicémica no 6rgdo e consequentemente a menor dano oxidativo e glicacdo
de proteinas. Entretanto, em humanos estes efeitos ainda sdo controversos. O primeiro estudo
clinico controlado duplo-cego tratando pacientes com diabetes (100% DM2) com polifendis
proveniente do cha verde descreve uma redugdo na morte dos pododcitos por apoptose e uma
melhora considerdvel na fungdo renal, com consequente reducdo da microalbuminuria
(BORGES et al., 2016). Outro estudo clinico controlado duplo-cego mais recente, com 70,3%
dos pacientes sendo DM1, falhou em alcangar controle glicémico ou em melhorar a fun¢do
renal apos tratamento com o cha verde (VAZ et al., 2018). Entretanto, as catequinas do cha
verde conseguem inibir a gliconeogénese (COLLINS et al., 2007), reduzindo o acimulo de
glicogénio e o desenvolvimento da nefrose glicogénica. Ainda, a EGCG pode ativar a proteina
kinase B (AKT) aumentando a sinalizagdo de vias de sobrevivéncia celular, preservando a
morfologia do néfron e a fung@o renal (HAYASHI et al., 2020). Estes efeitos podem contribuir
para a prevencdo do desenvolvimento da nefropatia diabética no paciente jovem

(HARAGUCHI et al., 2020), por mecanismos que independem do controle glicémico.

No coragdo do individuo com diabetes, o cha verde e seus polifenois estdo associados a
reducdo do dano oxidativo, inflamacao, fibrose ¢ morte celular (OTHMAN et al., 2017).
Entretanto, no estudo de Othman e colaboradores utilizando o modelo de DM2 induzido por
estreptozotocina e nicotinamida, o cha verde conseguiu alcangar o efeito de controle glicémico,

reduzindo os niveis de glicose sanguinea nos animais tratados a niveis comparaveis aos dos
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animais ndo diabéticos. Outros estudos também descrevem efeitos positivos relacionados a
prevencdo e ao tratamento da cardiomiopatia diabética, porém com algumas inconsisténcias
que podem levar a conclusdes precipitadas quanto a estes resultados. Na maioria dos estudos,
efeitos positivos como a melhora da pressao arterial, redug¢do da hipertrofia cardiaca e da morte
celular, manutengdo do perfil lipidico e da homeostase i6nica no 6rgéo e a prevencao de dano
oxidativo que poderia levar a faléncia do 6rgdo foram alcangados em animais com DM1
induzido experimentalmente apo6s idade adulta, onde os efeitos metabdlicos da hiperglicemia
ndo sdo tdo graves quanto quando induzidos em animais jovens (BABU et al., 2007; BABU;
SABITHA; SHYAMALADEVI, 2006b; FIORINO et al, 2012; SAMARGHANDIAN;

AZIMI-NEZHAD; FARKHONDEH, 2017).

Desta forma, este trabalho foi proposto para investigar os efeitos do tratamento com cha
verde no diabetes tipo 1 induzido por estreptozotocina em animais jovens, de forma a avaliar o
potencial preventivo da bebida especificamente no desenvolvimento da nefropatia diabética e

da cardiomiopatia diabética.
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Hipotese

Durante o desenvolvimento do projeto percebemos que na maioria dos trabalhos o
tratamento com o cha verde era capaz de controlar a glicemia dos animais, mesmo que de forma
parcial, e a isso era creditado os outros efeitos positivos encontrados. Desta forma, nossa
principal hipotese era de que a infusdo de chad verde é eficiente em atenuar os danos renais e
cardiacos causados pelo diabetes tipo 1, ainda, através do controle glicémico. Do mesmo
modo, a hipotese nula automaticamente seria de que a infusdo de cha verde nao ¢ eficiente em
atenuar os danos causados pela hiperglicemia. O leitor encontrard nos proximos capitulos um
cenario que ndo previmos: o tratamento nao foi capaz de controlar a hiperglicemia, nem mesmo
de forma parcial, porém foi capaz de prevenir muitos dos danos causados pelo diabetes

induzido, tanto nos rins como no coragdo dos animais.

Objetivos

Investigar os efeitos do tratamento com cha verde (Camellia sinensis L. Kuntze) no
diabetes tipo 1 induzido por estreptozotocina em animais jovens, de forma a avaliar o potencial
preventivo da bebida especificamente no desenvolvimento da nefropatia diabética ¢ da

cardiomiopatia diabética.
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Metodologia geral

Consideracoes éticas

O estudo foi conduzido em ratos (Rattus novergicus) e todos os procedimentos
experimentais foram realizados em consonéancia com os padroes determinados pelo Conselho
Nacional de Controle de Experimentagdo Animal (CONCEA). O estudo foi submetido a
avaliaciio da Comissdo de Etica no Uso de Animais da Universidade Federal de Vigosa (CEUA-
UFV), e aprovado, tendo como registro o nimero de protocolo 53/2018. O certificado de

autorizacdo do CEUA-UFV pode ser encontrado no Anexo I.

Modelo animal

Foram utilizados 18 ratos da linhagem Wistar, machos, com 30 dias de idade,
provenientes do Biotério Central da Universidade Federal de Vigosa. Os animais foram
distribuidos aleatoriamente em alojamentos plasticos (41x34x16cm), com grade de ago, sendo
dois animais por gaiola, em ambiente de temperatura (22 £ 2 °C) e luz controladas, em ciclo

claro-escuro de 12 h, tendo acesso a alimento (dieta padrdo para roedores) e agua ad libitum.

Preparo da infusdo de chd verde

Foram adquiridos e homogeneizados o contetido de 5 embalagens de lotes diferentes de
cha verde (Camellia sinensis) puro da marca comercial Ledo® - Food and Beverages (Coca-
Cola Company®™). Os lotes foram misturados (1:1) e a infusdo foi preparada misturando-se as
folhas com 4gua destilada aquecida (1:40 w/v, 80 °C) (PERVA-UZUNALIC et al., 2006). A
mistura permaneceu em infusdo por 20 minutos sob agitagdo em um agitador magnético. Apos,

a infusdo foi filtrada em filtro de papel com poros de 0,45 pm, congelada a -80 °C e liofilizada.
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As amostras liofilizadas foram armazenadas e foram dosadas e ressuspendidas em agua
destilada no momento de uso. A avaliacdo da quantidade total de fendis ¢ de EGCG, ¢ a

capacidade antioxidante total do extrato esta detalhada na metodologia dos proximos capitulos.

Desenho experimental

Apods sete dias de aclimatacdo no biotério, os grupos foram designados a seus
respectivos propositos (tratamento e controles) por sorteio. Um grupo (n = 6) foi designado
como controle saudavel. O diabetes tipo 1 experimental foi induzido nos outros 12 ratos dos 2
grupos restantes. Todos os animais ficaram em jejum de 12 h e ap6s isso, o diabetes foi induzido
pela inje¢do intraperitoneal (i.p.) de uma dose tUnica de estreptozotocina (STZ) (Sigma
Chemical Co., St, Louis, MO, USA) na dosagem de 60 mg/Kg de peso corporal, diluida em
solugdo tampao citrato de sodio 0,01M, pH 4,5 (DA SILVA et al., 2016). O grupo controle
recebeu a inje¢do de apenas tampao, no mesmo volume, pela mesma rota (DA SILVA et al.,
2016), de forma a reproduzir o estresse da injecdo. Apos dois dias da indugdo, foi feito novo
jejum de 12 h e coletamos amostras de sangue da veia caudal para medir a glicemia usando um
glicosimetro (Accu-Chek® Performa, Roche LTDA). Todos os animais que foram induzidos
ao diabetes apresentaram a glicemia de jejum acima de 250 mg/dL e foram incluidos no estudo
(OTHMAN et al., 2017). Os ratos hiperglicémicos integraram os grupos diabéticos (n = 6,
cada). Desta forma, o experimento consistiu em trés grupos experimentais: controle saudavel
(n = 6); controle diabético (n = 6); diabéticos tratados com infusdo de cha verde (n = 6), que
recebeu uma dosagem de 100 mg de extrato liofilizado de cha verde por Kg de peso corporal,
ressuspendidos num volume de 0,6 mL de dgua destilada. Os grupos controle receberam apenas
a agua, no volume de 0,6 mL. Todos os tratamentos foram administrados via gavagem,

diariamente, por 42 dias.
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Ap6s o periodo experimental, os animais foram eutanasiados por aprofundamento em
anestesia (tiopental sodico, 60 mg/Kg i.p.) seguido de pun¢@o cardiaca e exsanguinacio

(RASHEED et al., 2018).
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Abstract

Ethnopharmacological relevance: Green tea, traditionally used as antidiabetic medicine, affects
positively the diabetic nephropathy and it was assumed that these beneficial effects were due to
the tea’s hypoglycemiant capacity, reducing the glycemic overload and, consequently, the
advanced glycation end products rate and oxidative damage. However, these results are still
controversial because tea is not always able to exert a hypoglycemic action, as shown by

previous studies.

Aim: Investigate if green tea infusion can generate positive outcomes for the kidney

independently of glycemic control, using a model of severe type 1 diabetes.

Material and methods: We treated streptozotocin type 1 diabetic young rats with 100 mg/Kg of
green tea, daily, for 42 days, and evaluated the serum and tissue markers for stress and function,
also, we analyzed the ion dynamics in the organ and the morphological alterations promoted by
diabetes and green tea treatment. Besides, we analyzed, by an in silico approach, the interactions

of the green tea main catechins with the proteins expressed in the kidney.

Results: Our findings reveals that the components of green tea can interact with proteins
participating in cell signaling pathways that regulate energy metabolism, including glucose and
glycogen synthesis, glucose reabsorption, hypoxia management, and cell death by apoptosis.
Such interaction leads to reduced accumulation of glycogen in the organ, as well as protects
DNA. These results also reflect in a preserved glomerulus morphology, with improvement in

pathological features, and suggesting a prevention of kidney function impairment.

Conclusion: Our results show that such benefits are achieved regardless of the blood glucose

status, and are not dependent on the reduction of hyperglycemia.

Keywords

Diabetic nephropathy; type 1 diabetes; recent-onset diabetes; diabetic kidney disease; green tea.
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1. Introduction

Diabetic nephropathy (DN) affects 25% - 35% of type 1 and 2 diabetic patients
(Herman-Edelstein and Doi, 2016), and account for about 45% of the patients with end-stage
renal disease (Su et al., 2020). It progresses from the increase in the glomerular filtration rate
to the total failure of the kidneys, passing through alterations that indicate damage to the renal
glomeruli and tubules, albuminuria, mesangial expansion, fibrosis, and vascular damage
(Gilbert, 2017; Herman-Edelstein and Doi, 2016). In addition, glycogenic accumulation in the
proximal tubules is a common feature in DN, and one of the earliest signals of metabolic
impairment in the organ (Gilbert, 2017; Haraguchi et al., 2020). Such damage can progress in
renal cells to pre-neoplastic lesions which, if left untreated, may progress to renal cancer

(Ribback et al., 2015).

Green tea (Camellia sinensis (L.) Kuntze (Theaceae)), popularly used as a traditional
medicine, in the form of infusion, for many porpoises including hyperglycaemia (Barkaoui et
al., 2017; Chopade et al., 2008; Fallah Huseini et al., 2006; Rachid et al., 2012), is known to
exert positive effects in diabetes management (Meng et al., 2019; Mohabbulla Mohib et al.,
2016). Recent studies have shed light on the mechanisms that tea catechins affect positively the
DN, with special focus on the podocyte (Hayashi et al., 2020), through the activation of the
67kDa laminin receptor (67LR) by the epigallocatechin gallate (EGCG), the main polyphenol
in green tea. Such interaction results in the preservation of podocyte morphology and the
glomerular filtration function, suggesting an improvement in DN. However, tubular alterations,
with glycogen accumulation, and aberrant activation of the advanced glycated end-products and
its receptor (AGE/RAGE system), affecting the cellular renovation and survival, are seem to be
the primary cause of proximal tubular function disruptment (Haraguchi et al., 2020). This, in
turn, can affect glomerular function by the proximal tubule/glomerulus feedback system,

leading to glomerular damage and contributing to the progression of DN.
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It was assumed that the beneficial effects of the green tea on proximal tubules were due
to the tea’s hypoglycemiant capacity (Renno et al., 2008; Yokozawa et al., 2012), reducing the
glycemic overload and consequently AGE rate and oxidative damage. However, tea effects in
diabetic human subjects are still controversial. The first double-blind controlled trial treating
diabetic patients (being 100% type 2 diabetic) with green tea polyphenols describes a reduction
in podocyte apoptosis and an improvement of kidney function by reducing microalbuminuria
(Borges et al., 2016). Another double-blind controlled trial conducted with diabetic adult
patients (being 70.3% type 1 diabetic) fail to achieve glycemic control or improve renal function
after green tea consumption (Vaz et al., 2018). On the other hand, tea catechins can inhibit
gluconeogenesis by activating the 5’ AMP-activated protein kinase (AMPK) (Collins et al.,
2007), possibly reducing glycogenic nephrosis. Also, EGCG can activate the protein kinase
B (AKT) pathway enhancing cell survival and preserving nephron morphology (Hayashi et al.,
2020). These effects may contribute to the prevention of DN development in recent-onset

diabetes (Haraguchi et al., 2020).

In a previous study, our group demonstrated that the infusion of green tea was not able
to prevent hyperglycemia in animals with experimental type 1 diabetes induced by
streptozotocin (STZ) in young male Wistar rats (Ladeira et al., 2020a). Therefore, in the same
model, we tested the hypothesis that the beneficial effects of tea in DN go beyond glycemic
control. In this way, we investigated the effects of green tea infusion treatment on diabetic
kidney disease in recent-onset type 1 diabetic young rats. Also, we used bioinformatics tools to

explore tea catechin interaction in signaling pathways in the kidney.
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2. Materials and methods

2.1. Animals and ethics

Eighteen male Wistar rats (30 days old; 82.52 + 10.83g) were housed, two per cage, in
polypropylene cages with autoclaved sawdust as cage bed, under controlled conditions of
temperature (22 + 2 °C) and light-dark cycles (12/12h), and received food (Presence Alimentos,
Paulinea, SP, Brazil) and water ad /ibitum. The use of animals in the research was approved by
the Ethics Committee of Animal Use of the Federal University of Vigosa (CEUA/UFV —

protocol number 53/2018).

2.2. Green tea infusion preparation and analysis

Green tea (Camellia sinensis) leaves were obtained from Ledo® - Food and Beverages
(Coca-Cola Company®, lot LO159), and prepared as infusion, to mimic the way it is normally
consumed by humans. The infusion was prepared mixing the leaves with warm distilled water
(1:40 w/v, 80 °C) (Perva-Uzunali¢ et al., 2006). The mixture remained infused for 20 minutes
on a magnetic stirrer. Then, it was filtered through a 0.45 um porous filter, frozen at -80 °C and
lyophilized. The lyophilized samples were resuspended in distilled water at the moment of use.
The treatment and placebo (water) were administered by gavage.

The chromatographic profile, or fingerprint, was determined as described by Kim-Park
et al. (2016), with some modifications. High-performance liquid chromatography (HPLC)
(Prominence LC-20A, Shimadzu, Kyoto, Japan), equipped with Diode Arrangement Detector
(DAD), LC-20AD pump, SPD-M20A detector, CTO-20A oven and LabSolutions software,
was used to determine the EGCG content using a maximal absorption peaks at 272nm. It was
used a Vydac C18 (4.6 x 250 mm) column, at 30 °C, with a SuL injection volume. The mobile

phase was composed of water and 2.0% acetic acid (1:1). The infusion lyophilized powder was
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suspended in methanol before analysis. The mobile phase flow rate was 1.0 mL/min and the
run time was 15 min. The retention time of the main component, EGCG, was 4.5 min and the
total amount of it was calculated using a standard curve (1> = 0.9967) developed under the same
conditions using an EGCG chemical standard (> 98.0%, Sigma Aldrich Inc. - CAS Number
989-51-5. St. Louis, MO, USA). The EGCG content was shown to be 19.38% of the total GTI
content. The fingerprint is presented in the Figure 1.

Also, we determined the total phenolic content and antioxidant capacity as previously
described (Ladeira et al., 2020a). GTI presented a total amount of phenolic components of 3.88
+ 2.49 mg gallic acid equivalent (GAE)/g GTI. The extract presented an antioxidant capacity
0f 3.26 + 0.06 uMol Trolox equivalent (TE)/g GTI in the 2,2'-Azinobis-[3-ethylbenzthiazoline-
6-sulfonic acid] (ABTS) assay and 46.38 + 4.10 uMol FeSO4/g GTI in the ferric reducing

antioxidant power (FRAP) assay.

2.3. Experimental design, euthanasia, and tissue collection

Twelve rats were randomly selected to integrate the diabetics groups. After 12h fasting,
diabetes was induced by a single intraperitoneal (i.p.) injection of streptozotocin (STZ) (Sigma
Chemical Co., St, Louis, MO, USA) at a dosage of 60 mg/kg of body weight (BW) diluted in
0.01 M sodium citrate buffer, pH 4.5. The healthy control group (n=6) received the buffer alone
(i.p.) to simulate the injection stress. Fasting blood glucose levels were measured after 2 days
using a glucometer (Accu-Chek® Performa, Roche LTDA. Jaguaré, SP, Brazil) in blood
samples collected at the tail vein. All STZ-injected animals presented the fasting glycemia
levels higher than 250 mg/dL and were included in the study. The diabetic rats were divided
into two groups (n=6, each). Therefore, the experiment consisted of three groups: the healthy
control group (Ctrl, n=6), which received water as a placebo; the diabetic control group (STZ,

n=6), which also received water; and the diabetic group treated with the green tea infusion
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(STZ+GTI, n=6), that received the GTI (100 mg/kg body weight). All treatments were
administered by gavage, daily, for 42 days. The dosage was equivalent to 7 cups (200mL) of
tea, prepared according to the manufacturer instructions, mimicking a feasible human

consumption dosage, considering survey data from the Asian population (Mineharu et al.,

2011).

We monitored body weight and water consumption using a precision scale (BEL M503,
e=0.001g, Piracicaba, SP, Brazil), and 12h fasting blood glucose using test strips and a
glucometer (Accu-Chek® Performa, Roche LTDA. Jaguaré, SP, Brazil) in blood samples from

the tail vein.

After the experimental period, the animals were euthanized by deep anesthesia (sodium
thiopental, 60 mg/kg i.p.) followed by cardiac puncture and exsanguination. The kidneys were
removed and weighed. One kidney (right) of each animal was frozen in liquid nitrogen and
stored at -80 °C for enzymatic analysis, the other one (left) was immersed in Karnovsky fixative
solution for 24h for histopathological analyses. The renal somatic index (RSI) was calculated
using the ratio between the kidney weight (KW) and BW, where RSI=KW/BW x 100 (Sertorio

etal., 2019).

2.4. Renal function markers

Blood samples collected by cardiac puncture at the euthanasia were centrifuged at 4600
rpm for 15 min at 4 °C and the serum was separated. Then we performed the analysis for
quantification of urea and creatinine in the serum using biochemical kits (Bioclin Laboratories,
Belo Horizonte, MG, Brazil) at the BS-200 equipment (Bioclin Laboratories, Belo Horizonte,

MG, Brazil) following the manufacturer’s instructions.
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2.5. Antioxidant enzyme and nitric oxide analysis

The antioxidant enzyme analysis was performed with the supernatant obtained from 100
mg of frozen kidney tissue homogenized in ice-cold phosphate buffer (pH 7.0) and centrifuged
at 12000 rpm for 10 minutes at 4 °C. The activity of the superoxide dismutase enzyme (SOD)
was assessed by the pyrogallol method based on the ability of this enzyme to catalyze the
reaction of the superoxide (O?) and hydrogen peroxide (H>0,) (Dieterich et al., 2000). The
glutathione S-transferase (GST) activity was measured according to the method of Habig et al.
(1974), and calculated from the rate of NADPH oxidation. The activity of catalase (CAT) was
determined by measuring the kinetics of hydrogen peroxide (H202) decomposition as described
by Aebi (1984). The nitric oxide (NO2" and NOs") levels were quantified by the Griess method
(Ricart-Jané et al., 2002). The values of enzyme activities were normalized by the total protein

content, determined with the Folin—Ciocalteu method according to Lowry et al. (1994).

2.6. Determination of Ca’*, Na*/K"*, Mg’*, and total ATPase activities

The ATPase activity was determined following the procedure described by Al-Numair
et al (2015). Briefly, 100mg of kidney fragments were homogenized in Tris-HCI buffer (0.1M,
pH 7.4) and centrifuged at 12000 rpm for 10 min at 5°C. The supernatant was used for the
determination of the ATPase activity using NaCl, KCI, MgCl, and CaCl solutions at 0.1M. ATP
solution (0.1M) was used as a substrate to generate free phosphate by the ATPases. The reaction
was stopped with a cold solution of 10% TCA. Then, we centrifuged at 6000 rpm for 10 min
and the supernatant was used to determine the inorganic phosphorus content by the Fiske and
Subbarow method (Fiske and Subbarow, 1925). The ATPase activities were expressed as pMol

of inorganic phosphorus/min mg of protein.
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2.7. Chemical elements analysis

The proportion of chemical elements in the renal cortex was assessed per area in fragments
of frozen kidney, as described before (Ladeira et al., 2020b). We measured the proportion of
sodium (Na), magnesium (Mg), chlorine (Cl), potassium (K), and calcium (Ca). Fragments
were dried at 60 °C for 96h, coated with carbon (Quorum Q150 T, East Grinstead, West Sussex,
England, UK), and analyzed in a scanning electron microscope (JEOL, JSM-6010LA) with a
Silicon Drift type X-ray detector system. The analysis was performed in an area of 50 pum?,
using an accelerating voltage of 20 kV and a working distance of 10 mm. The results were

expressed as a mean value of the proportions between the elements present in the samples.

2.8. Histopathological, stereological analysis, and assessment of DNA damage

The fragments fixed in Karnovsky solution were then dehydrated in a crescent ethanol
series and embedded in Historesin® (Leica, Nussloch, Germany). A rotary microtome (RM
2255, Leica Biosystems, Nussloch, Germany) was used to cut the material into histological
sections of 3 pm thickness, then, the section was mounted in glass slides and reacted with
periodic acid and Schiff reagent (PAS), and counterstained with hematoxylin for
histopathological and stereological evaluation. The analysis was carried as described before by
Sertorio et al (2019). Also, slices stained with Toluidine Blue — Sodium borate 1% were used
to analyze qualitatively the glomeruli morphopathological features. We analyzed 40 glomeruli,

randomly photographed, per experimental animal.

DNA damage was evaluated in sections of the kidney cortex stained with acridine orange
(AO; green) and propidium iodide (PI; red) (Bernas et al., 2005; Suzuki et al., 1997). This
fluorescent stain allows to evaluate the DNA damage, as damaged DNA presents red color,

marked with PI, and integral DNA is marked in green by the AO (Dias et al., 2019). Digital
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images were captured using a photomicroscope (Olympus AX 70 TRF, Tokyo, Japan) and
analyzed with Image-Pro Plus® 4.5 (Media Cybernetics, Silver Spring, MD) software

according to Lima et a/ (2018).

2.9. Statistical analysis

All the results were submitted to the Shapiro-Wilk test to check normality. The data
expressed as percentages were transformed by angular transformation before the analysis.
Results were expressed as mean =+ standard deviation (mean + SD) and analyzed using unpaired
t-test when the variances are equal (by F test) and unpaired #-test with Welch's correction for
data with unequal variances (Ctrl vs STZ; STZ vs STZ+GTI). The non-parametric data were
compared with the Mann-Whitney test. The correlation analysis was carried out following
Pearson’s correlation method, as the analyzed data were normally distributed. Statistical

significance was established at P < 0.05.

2.10. In silico pathway exploration

After the in vivo experiment, we explored, through an in silico approach, the interactions
of green tea catechins with proteins, in search of possible signaling pathways involved in the
generation of the observed effects. For this, we built and analyzed a network of interactions

based on information from the STRING and STITCH databases (Szklarczyk et al., 2017, 2016).

A chemo-biology interactome network was built to elucidate the interactions between
the tea compounds (catechins) and proteins expressed in the kidneys related to the positive
effects founded in the in vivo experiment with diabetic rats. A prospective evaluation of
compound-protein interactions (CPI) was done with the STITCH v.5.0 database

(http://stitch.embl.de/) (Szklarczyk et al., 2016). The CPI settings were done according to (de
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Godoi et al., 2020). Briefly, the network downloaded from the database was limited to no more
than 50 interactions, medium confidence score (0.400), network depth equal to 1, and the
following methods of predictions were activated: experiments, databases, co-expression, and
predictions. The search was set to retrieve results for seven green tea catechins (Catechin,
Catechin gallate, Epicatechin, Epicatechin Gallate, Epigallocatechin Gallate, Gallocatechin,
and Gallocatechin Gallate), using the Homo sapiens species. All the catechins were imputed
individually in the search, however, only four (Catechin, Epicatechin, Epicatechin Gallate, and
Epigallocatechin Gallate) retrieve results of interactions, generating four small CPI

subnetworks (data not showed), that were used in the posterior analysis.

The four catechin-proteins network analysis was performed using Cytoscape v.3.8.0
(Shannon, 2003). The four subnetworks were merged using the merge tool with the union
function of the software. Then, we “STRINGfy” the resultant network, through the STRING
v.1.5.1 (Szklarczyk et al., 2017) to enable the protein interaction functions analysis. After that,
we performed the Molecular Complex Detection analysis to detect clusters (i.e. densely
connected regions) that may suggest functional protein complexes, with the MCODE v.1.6.1
app (Bader and Hogue, 2003). To that, the app was set up as described before (de Godoi et al.,
2020). An MCODE score was calculated for each cluster. Additionally, the Reactome Pathways

(Jassal et al., 2020) related to diabetic nephropathy pathogenesis were selected.

To identify proteins that could be considered as a key regulator of essential biological
processes to the network da network, we performed a centrality analysis, using the CentiScaPe
v.2.2 app (Scardoni et al., 2009) for Cytoscape. This app identifies the node (i.e. protein) that
has a central position in the network by measuring the “betweenness” and “degree” of the node.
Nodes with high betweenness and degree levels are named “bottlenecks” and are more probable

to connect different clusters in the network (Yu et al., 2007).
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The functional information about all the network proteins, as the tissue-specific
expression score and the cellular location score, was accessed by the ClueGO v.2.5.7 and
CluePedia v.1.5.7 apps (Bindea et al., 2013, 2009). The Specific Organ Expression Score
(SOES) was accessed in this analysis and a filter to protein expression was used to apply the
SOES to the PPI (Protein-Protein Interactome). Protein functions were accessed in the Human

Gene database - GeneCards (http://www.genecards.org/) (Rebhan et al., 1998) and compared

with the functions related to their effects in diabetic nephropathy, described in the scientific

literature.

3. Results

3.1. Experimental results

Diabetic animals showed classical signs of polydipsia (Table 1) and polyuria observed
during the experiment (noted in the cage bed). The initial body weight was maintained
throughout the experimental period in the animals of the two diabetic groups, indicating a
stagnation in the body weight gain, and a commitment of the body development by
hyperglycemia, when compared to the healthy control group. Both diabetic groups remain
severely hyperglycemic, and green tea infusion did not reduce blood glucose levels in the
treated group.

The kidney weight was reduced in the diabetic groups when compared with the Ctrl
group (P < 0.0001) and it was reflected in the kidney somatic index (P < 0.0001). In addition,
this result may be related to the body development impairment due to hyperglycemia, as showed
by bodyweight reduced values. These data are presented in Table 1.

The serological analysis revealed that diabetes increased the serum levels of urea and

the GTI did not act modifying this parameter (Figure 2, A). In the same way, creatinine levels
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were also higher in the diabetic groups than the healthy control without effect by GTI treatment
(Figure 2, B).

The GTI was capable of inducing a higher activity of GST enzyme (Figure 3, C), and
nitric oxide levels were increased in both diabetics groups, without any effect of GTI treatment
(Figure 3, D). The activity of SOD and CAT in the kidney were not impacted by diabetes or

GTI treatment in the kidney.

Figure 4 shows the measurements of microelements and ions that participate in the
filtration and reabsorption dynamics in the kidney. Despite diabetes have not affected any of
the elements analyzed (Figure 4, A — F), green tea infusion altered Mg and CI amounts
compared to the STZ group (Figure 4, B and D). Although all altered values (Mg and Cl) remain
between the Ctrl normal reported values, the relationship between all these elements were
impaired by diabetes (Figure 4, G), and GTI was not able to restore the homeostatic
environment of ion dynamics. Additionally, we detected a reduced activity of the Na*/K*
ATPase pump in the diabetic group (Figure 4, H). The Ca?" and Mg>" ATPases, as the total

ATPase activity were not affected.

Histopathological analysis revealed a reduced glomerular volume in the diabetic groups
(Figure 5, C), despite no differences in the glomeruli number per area (mm?) (Figure 5, B).
Sections of the healthy control group did not show any pathological feature, and the
measurements are compatible with the described ones for the species. However, the diabetic
groups presented an abnormal accumulation of glycogen in the tubules, known as glycogen
nephrosis. The volume of glycogen accumulation in the diabetic group was increased compared
with the Ctrl group (Figure 5, D), however the GTI treatment was able to prevent the glycogen

granules accumulation in the diabetic animals (Figure 5, D).
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Diabetes led to a reduced proportion of AO-positive cells in the renal cortex (Figure 6,
A), indicating a reduced proportion of cells without DNA damage. A direct consequence of that
is the increased proportion of IP-positive cells, shown in Figure 6, B. On the other hand, GTI
was able to counteract these effects, improving the proportion of AO-positive cells (Figure 6,

A), and reducing the proportion of the IP-positive cells (Figure 6, B).

Glomerular morphological analysis reveals diabetic glomerulus surrounded by flattened
epithelial cells, with pathological alterations that were less frequent in the group treated with
GTI. Diffuse mesangial expansion was more frequent, present in almost every glomeruli in the
STZ group. Bowman’s capsule lesions were more frequent in the untreated diabetic than in the
STZ+GTI group. Nodular mesangial expansion was not observed in any group. Moderate
dilation in the lumen of the proximal tubule was more frequent in the STZ group. Also in the
STZ group, the basal region of the proximal tubular cells presented the accumulation of
aggregated stained granules, more densely than in the healthy group, possible mitochondria
aggregation (Itagaki et al., 1995). Furthermore, karyocytomegaly was frequently observed in
the STZ group and less frequency in the STZ+GTI group, as so as cytoplasmatic microvesicles,

possibly lipid droplets, in the proximal tubule cells (Figure 7).

3.2. Virtual analysis

The STRING network is presented in Figure 8, A, and highlights the two main
functional clusters (Cluster 1 and Cluster 2). The Reactome Pathway analysis for each cluster
is summarized in Table 2. The centrality analysis showed that protein kinase B 1 (AKT1) is the
protein classified as the “bottleneck” in the network and has the capacity to integrate the
functional pathways that participate in the catechins effects in the kidney (Figure 8, B). The
implications of AKT1 in green tea induced signaling in diabetic nephropathy are discussed

below. All proteins in the PPI network are expressed in the normal kidney in different degrees.
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4. Discussion

Our results showed that green tea infusion treatment was able to prevent glycogen
accumulation in the renal tubules, reduce the DNA damage caused by the hyperglycemic state
in renal cortex cells, and act preventing the aggravation of glomerular morphological
alterations, independently of any hyperglycemia reduction. These outcomes confirm that green
tea positive effects in diabetic nephrosis are broader than glycemic regulation related effects.
Although our study has not shown a strong improvement in organ function, DNA preservation
is determinant in cell survival and proper function, and glomerular morphological integrity is
elemental to the filtration process. Such results, together with the in silico considerations, may
indicate key points in the signaling pathways to improve diabetic nephropathy treatment, as
coadjuvant, and prevention, with an herbal medicine, widely distributed and highly accepted

around the world.

In adult animals, the weight of the kidney is increased by the damage caused by
hyperglycemia. Such injuries lead to hypertrophy and compensatory hyperplasia in the tubules,
in order to preserve the glomerular filtration function, thus increasing the kidney’s weight
(Herman-Edelstein and Doi, 2016). However, our animals were induced to diabetes at a younger
age, so that they had not passed the full development process of the body and organs, including
the kidneys, that would still go through a period of growth, with subsequent weight gain
(Arataki, 1926). The damage caused by hyperglycemia at this stage of life seems to have been
severe enough to delay the progression of the organ's normal growth, stagnating the weight gain
together with the entire body development of the animal, as described in other experimental
conditions with young animals (da Silva et al., 2016; Haraguchi et al., 2020; Silva et al., 2009).
Besides, such damage may have extended to prevent green tea's positive effects on kidney
function markers found in other studies with adult animals (Hayashi et al., 2020; Renno et al.,

2008). Our data suggest that diabetes, when rises early, impairs the development of the kidney,
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as well as the glomerulus, reflected in the low volume of the glomerulus and appearance of
pathological features (e.g. mesangial expansion, karyocytomegaly, and glomerular basal
membrane alterations) in the diabetic animals compared to healthy control. Although we have
not observed statistical difference, the size of glomerulus was observed to have a higher mean
and a lower variance (SD) in the group treated with green tea compared with the diabetic one,
approaching the characteristics that describe the control group. Such data are in line with the
protective effects on glomerular morphology exercised by EGCG, the main catechin found in

green tea (Yoon et al., 2014).

It is known that catechins in green tea have a hypoglycemic and preventive effect on
high glucose levels (Fu et al., 2017), and it was assumed that the beneficial effects of green tea
in diabetic nephropathy, especially concerning the tubular glycogen nephrosis, were due to this
hypoglycemiant capacity (Renno et al., 2008). However, green tea treatment, or its isolated
catechin administration, can generate positive outcomes without the achievement of proper
glycemic control (Hayashi et al., 2020), confirming that tea’s effect on diabetes goes beyond

improving glucose-related harms.

The glycogen accumulation in renal tubules, as presented in our study, is a hallmark of
experimental diabetic nephropathy induced by STZ or Alloxan in experimental models (Kang
et al., 2005). In normal conditions, glucose is reabsorbed almost completely in the proximal
tubule by sodium-dependent glucose transporter 2 (SGLT2) and, in lower levels, by sodium-
dependent glucose transporter 1 (SGLT1), and appears in the urine when the absorptive capacity
is extrapolated (Bailey, 2011; Vallon and Thomson, 2017). Additionally, proximal tubule cells
have a greater capacity to perform gluconeogenesis from lactate, glutamine, and glycerol, and
this is an upregulated process in diabetes (Eid et al., 2006). The glycogen accumulated in the
tubule may result from the sum of factors including abnormally increased absorption, and

increased gluconeogenesis (Herman-Edelstein and Doi, 2016; Mather and Pollock, 2011).
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Green tea catechins are shown to act as SGLT1 inhibitors in vitro (Kobayashi et al.,
2000), suggesting that tea treatment forces the glucose reabsorption process in the kidney to be
done by SGLT2 alone. At the time, there is no evidence suggesting an inhibitory effect of
catechins on SGLT2. However, EGCG was shown to inhibit glucose production via
gluconeogenesis in cells by activating the AMPK (Collins et al., 2007). Also, EGCG suppresses
gluconeogenic gene expression (e.g. glucose-6-phosphatase and phosphoenolpyruvate
carboxykinase) via the phosphoinositide 3-kinase (PI3K) pathway (Waltner-Law et al., 2002).
Such a mechanism in kidney cells could lead to a reduced glucose overload and the
improvement of glycogen accumulation in proximal tubules and may explain the positive

outcomes of GTI treatment in our study.

Furthermore, diabetes can increase the expression of SGLT2 and sodium-hydrogen
antiporter 3 (NHE3), in response to the higher demand for adenosine triphosphate (ATP) to
maintain the glucose reabsorption flow (Herman-Edelstein and Doi, 2016). The great capacity
of tubular cells to perform gluconeogenesis, a process that consumes a lot of ATP, further
increases the demand for the molecule (Gilbert, 2017). Such increased demand for energy
therefore enhances the oxygen (O2) demand creating a hypoxic environment in the tubular cells
(Herman-Edelstein and Doi, 2016). However, the blood supply of O in this case is severely
affected by the endothelial damage caused by glucose, leading to loss and obstruction of
capillaries, worsen the oxygen supply (Herman-Edelstein and Doi, 2016). In this way, a deeper
hypoxic environment is generated, favorable to the activation of apoptosis via the Caspase
pathway, and the fibrosis development in the organ by stimulating the Transforming growth
factor-beta (TGF-B) pathway. In turn, the progression of fibrosis further worsens hypoxia,
aggravating cell death in the organ (Gilbert, 2017). This mechanism is also accompanied by
increased expression of stem cell factor (SCF) and proto-oncogene c-kit (c-kit) (Yin et al.,

2018). In contrast, ellagic acid, a derivative polyphenol found in green tea (Yang and Tomas-
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Barberan, 2019), is shown to inhibit tyrosinase activity (Yoshimura et al., 2005) inhibiting the

SCT-Kit pathway and alleviating the damages caused by hypoxia.

In this same line, green tea extract can inhibit the fibroblast growth factor receptor
(FGFR) signaling by reducing the expression of fibroblast growth factor (FGF) (Sartippour et
al., 2002), and EGCG impedes the signaling pathway of the platelet-derived growth factor

(PDGF), other profibrotic factors (Park et al., 2006).

Hypoxia can aggravate diabetic kidney disease by upregulating the expression of Toll-
Like Receptor 4 (TLR4) ligands in diabetes, as fibronectin (Zhang et al., 2018) and high-
mobility group box 1 (HMGB1) (Feng et al., 2020). The activation of the TLR4 signal mediated
by the TIR-domain-containing adaptor-inducing Interferon- (TRIF) culminate in the activation
of the nuclear factor « B (NF-«xB) that lead to inflammation and fibrosis in the kidney (Feng et
al., 2020). However, EGCG was shown to inhibit the TLR pathway activation iz vitro (Youn et
al., 2006) and to reduce the NFxB expression (Yamabe et al., 2006) suggesting that tea may act

through this mechanism to promote anti-inflammatory and antifibrotic protection in the kidney.

Our results showed that green tea was able to reduce the binding of propidium iodide to
DNA and enhance GST activity, suggesting an improvement in DNA integrity or that there was
some reduction in the damage caused by hyperglycemia or oxidizing agents. A previous study
showed that EGCG can inhibit apoptosis induced by oxidative stress (Itoh et al., 2005)
preserving renal cells in an irn vitro model. Also, green tea polyphenols can contribute to reduce
apoptosis levels in diabetic nephropathy by blocking the glycogen synthase kinase-3 B (GSK3p)
interaction with the tumor protein 53 (TP53), reducing Caspase 3 activity in podocytes leading
to higher cell survival rates (Borges et al., 2016; Peixoto et al., 2015). A review study by

Mohabbulla Mohib et al. (2016) summarizes other possible mechanisms that green tea protects
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the nuclear envelope and the genome, including the stabilization of the DNA strand and also

the reduction of NF-kB expression culminating in the already discussed positive outcomes.

The homeostatic maintenance of the ions inside the cell may influence the antioxidant
enzyme activities (Soetan et al., 2010). Our results show that green tea was not able to reverse
the dysregulation in the relationship between the ions in the kidneys, which actively participate
in the functioning of antioxidant enzymes. Also, oxidative stress may be responsible to inhibit
Na*/K* ATPase activity by oxidation of thiol groups in the pumps (Al-Numair et al., 2015), and
despite the increased GST activity shown in our study, Na"/K* ATPase function was not

recovered.

The PI3K/AKT/mammalian target of rapamycin (mTOR) pathway is linked to
metabolic regulation in diabetic nephropathy and also in the development of human kidney
cancer. This signal cascade is upregulated in diabetes and is closely related to glycogen tubular
accumulation (Ribback et al., 2015). EGCG is shown to inhibit both PI3K and mTOR, by
competitively binding in the ATP-binding sites in these proteins (Van Aller et al., 2011).
Additionally, mTOR inhibition can restore the autophagy mechanism, reduced by mTOR
overexpression in diabetes, and contribute to cellular renovation in the kidney. Also, the
PI3K/AKT/mTOR pathway is related to de novo lipogenesis in the kidney (Ribback et al.,
2015), which can lead to lipid accumulation, as in line with the microvesicles showed in Figure

6 D. Green tea treated animals didn’t present this cytoplasmic microvesicles.

Our in silico results show that protein kinase B (AKT) is the central protein in the
catechin mediated effects in the kidney. EGCG can activate the diacylglycerol kinase (DGK)
pathway, promoting the inactivation of protein kinase C beta (PKC-B) and improving the
condition of diabetic nephropathy (Hayashi et al., 2020). Such a process is initiated the

interaction of EGCG with the 67-kDa laminin receptor (67LR), which is known as an EGCG
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receptor (Tachibana et al., 2004), and is also capable of activating the AKT in the kidney
(Kumazoe et al., 2020). Hayashi et al (2015) showed that EGCG activates DGK-a via 67LR
binding. In a recent study (Hayashi et al., 2020), the authors proposed that this mechanism
occurs by activating 67LR receptors in the cell membrane, which, when activated, promotes
the translocation of the DGK to the membrane, through the formation of 67LR-DGK-a and a3-
B1 integrin’s complex, promoting greater focal adhesion of podocyte foot process in the
glomerular basement membrane, ensuring cell adhesion, in addition to inhibiting o and p PKC
(Hayashi, 2020), preserving glomerular morphology. This mechanism may be responsible for
the positive effects concerning glomerular preservation by green tea ingestion. Other catechins
present in green tea composition may exert effect by AKT pathway activation by a different
receptor, as they do not bind with the 67LR (Tachibana et al., 2004), however the primary

membrane receptor for them are still unknown.

5. Conclusion

The components of green tea can interact with proteins participating in cell signaling
pathways that regulate energy metabolism, including glucose and glycogen synthesis, glucose
reabsorption, hypoxia management, and cell death by apoptosis. Such interaction leads to
reduced accumulation of glycogen in the kidney’s cells of the proximal tubules in diabetes, as
well as to reduce DNA damage. These results also reflect in a preserved glomerulus
morphology, with improvement in pathological features, and suggesting a prevention of kidney
function impairment. Our results show that such benefits are achieved regardless of the blood

glucose status, and are not dependent on the reduction of hyperglycemia to be achieved.
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Abbreviations

67LR - 67kDa laminin receptor; ABTS - 2,2'-Azinobis-[3-ethylbenzthiazoline-6-sulfonic acid]; NOS1 - Nitric Oxide Synthase
1; AGE/RAGE - advanced glycated end-products and its receptor; AKT - protein kinase B; AMPK - 5’-AMP-activated protein
kinase; AO — acridine Orange; APC - APC Regulator Of WNT Signaling Pathway; ATP - adenosine triphosphate; BAX -
BCL2 Associated X; BCL2 — BCL2 Apoptosis Regulator; BID - BH3 Interacting Domain Death Agonist; BW — body weight;
Ca — calcium; CaCl — calcium chloride; CASP3 — Caspase 3; CASP8 — Caspase 8; CASP9 — Caspase 9; CAT — catalase; CAV1
- Caveolin 1; CCL2 - C-C Motif Chemokine Ligand 2; CDK2 - Cyclin Dependent Kinase 2; CDKNIA - Cyclin Dependent
Kinase Inhibitor 1; CIAPIN1 - Cytokine Induced Apoptosis Inhibitor 1; c-kit — proto-oncogene c-kit; Cl — chlorine; CPI —
compound-protein interactions; CTNNBI - Catenin Beta 1; Ctrl — control group; DB02077 - L-N(omega)-nitroarginine-(4R)-
amino-L-proline amide (NOS3); DB08019, DB08018 and NOS3- Nitric Oxide Synthase 3; DKG - diacylglycerol kinase; DN
— Diabetic nephropathy; EGCG - epigallocatechin gallate; FGF — fibroblast growth fator; FGFR — fibroblast growth factor
receptor; FOS - Fos Proto-Oncogene; FRAP — ferric reducing antioxidant power; GSK3p - glycogen synthase kinase-3 §; GST
— glutathione S-transferase; GTI — Green tea infusion; H>O2 — hydrogen peroxide; H6PD - Hexose-6-Phosphate
Dehydrogenase/Glucose 1-Dehydrogenase; HIF1 A - Hypoxia Inducible Factor 1 Subunit Alpha; HMG1 — high-mobility group
box 1; HSP9OAA1 - Heat Shock Protein 90 Alpha Family Class A Member 1; i.p. — intraperitoneal; IL6 — Interleukin 6; IL8 —
Interleukin 8; JUN - Jun Proto-Oncogene; K — potassium; KCI — potassium chloride; KW —kidney weight; MAP2K 1 - Mitogen-
Activated Protein Kinase Kinase 1; MAPKI1 - Mitogen-Activated Protein Kinase 1; MAPK3 - Mitogen-Activated Protein
Kinase 3; MAPKS - Mitogen-Activated Protein Kinase 8; MAPKAPKS - MAPK Activated Protein Kinase 5; Mg — magnesium;
MgCl — magnesium chloride; MLH1 - MutL Homolog 1; mTOR — mammalian target of rapamycin, MTRR - 5-
Methyltetrahydrofolate-Homocysteine Methyltransferase Reductase; Na —sodium; NaCl — sodium chloride; NADPH —reduced
nicotinamide adenine dinucleotide phosphate; NDOR1 - NADPH-dependent diflavin reductase; NFxB - nuclear factor k B;
NO2/NOs" - nitric oxide; NOS2 - Nitric Oxide Synthase 2; NR1H4 - Nuclear Receptor Subfamily 1 Group H Member 4 ; Oz —
oxygen; Oz — superoxide; PARP1 - Poly(ADP-Ribose) Polymerase 1; PDGF — platelet-derived growth fator; PGD -
Phosphogluconate Dehydrogenase; PGLS - 6-Phosphogluconolactonase; PI — propidium iodide; PI3K — phosphoinositide 3-
kinase; PIN1 - Peptidylprolyl Cis/Trans Isomerase, NIMA-Interacting 1; PKC-f — protein kinase C beta; POR - Cytochrome
P450 Oxidoreductase; PPI — Protein-Protein Interactome; RPIA - Ribose 5-Phosphate Isomerase A; RSI — renal somatic index;
SCF — stem cell fator; SD — standard deviation; SGLT1 — sodium-dependent glucose transporter 1; SGLT2 — sodium-dependent
glucose transporter 2; SOD — superoxide dismutase; SOES — Specific Organ Expression Score; STAT3 - Signal transducer and
activator of transcription 3; STZ — streptozotocin; TCA - Trichloroacetic acid; TCF7L2 - Transcription Factor 7 Like 2; TE —
Trolox equivalente; TGF-B — transforming growth factor-beta; TLR4 — toll-like receptor 4; TP53 — tumor protein 53; TRIF —
TIR domain-containing adaptor-inducing Interferon- f; TYW1 - TRNA-YW Synthesizing Protein 1 Homolog; UBC -
Ubiquitin C.
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Tables
Table 1. Blood Glucose, biometric parameters and water consumption of male Wistar diabetic

rats treated or not with green tea infusion and a healthy control group.

Ctrl STZ STZA+GTI
Blood Glucose (mg/dL) 85.38+7.53 475.00 + 33.14* 542.80 + 42.20"
Initial body weight (g) 84.26 £ 14.97 81.27+£9.46 81.75+7.57
Final body weight (g) 288.10 £ 44.16 93.08 +£23.42%* 99.75+13.04
Body weight gain (g) 203.80 + 30.81 11.82 +£21.87* 18.00 £16.18
Kidney weight (g) 0.98 £0.07 0.78 £0.18" 0.86 + 0.08
Renal somatic index (%) 0.34 +0.05 0.84 £0.13* 0.87+0.10
Initial water consumption (mL/day) 44.45 +10.02 4448 £9.87 41.78 £11.16
Final water consumption (mL/day) 39.25+6.13 118.8 +17.45% 139.8 £ 10.26#

Mean + SD. Data were compared by Student z-test (Ctrl vs STZ; STZ vs STZ+GTTI) considering
statistical differences when P < 0.05. Asterisk (*) indicates difference with P <0.0001, and the

hash (#) indicates different means with P < 0.05. (n = 6 animals/group).
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Table 2. Reactome pathways identified for each cluster with specific interest to the diabetic

nephropathy pathological state, identified by the comparison of the CPI network with the

Reactome Pathway database with the corresponding adjusted P-values.

Cluster  Proteins Reactome Pathway Adjusted P-value

Cluster 1 NRIH4, CCL2, IL8, IL6, Apoptosis 1.76 x 107
MAPKAPKS, STAT3, PINI, Signaling by SCF-KIT 1.06 x 10°
PARPI,  CASP8,  MTOR,  gjonaling by FGFR in disease 4.35x10°
MAPK3,  MAPKS,  MLHI, " gionaling by PDGF 6.00 x 106
CASP3,  CASPY,  GSK3B, 1pip mediated TLR3/TLR4 signaling 6.00 x 10
HIFIA, BID, MAPKI, AKT phosphorylates targets in the cytosol 1.15x 103
MAP2K1, BAX, BCL2, FOS, ’
JUN, APC, AKTI, CDKNIA,
CDK2, TP53, CTNNBI,
TCF7L2

Cluster 2 DB02077, RPIA, POR, H6PD, eNOS activation 1.05x 10
PGLS, PGD, AKTI, TYWI, Pentose phosphate pathway 1.30 x 10
MTRR,  NOS2,  DBO08019, AKT phosphorylates targets in the cytosol 3.70 x 10
DB08018, ACINDS4X, NOSL, - Nfetabolism of carbohydrates 1.53 x 10*
511;}};10’ A AIIID[%RCI’N O(S:I3APIN1’ Cellular response to hypoxia 1.50 x 103

’ ’ PI3K/AKT/mTOR activation 6.29 x 103
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Figure 1. Chromatogram of the green tea infusion (Camellia sinensis). In detail: peak of the

major compound (Epigallocatechin gallate).
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Figure 2. Renal function markers of male Wistar diabetic rats treated or not with green tea
infusion and a healthy control group. A — Urea (mg/dL). B — Creatinine (mg/dL). Mean + SD.
The statistical differences are indicated with lines with the P-value above or below them. Data
were compared by Student #-test (Ctrl vs STZ; STZ vs STZ+GTI) considering statistical

differences when P < 0.05. (n = 6 animals/group).
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Figure 3. Antioxidant enzymes and nitric oxide levels of male Wistar diabetic rats treated or
not with green tea infusion and a healthy control group. A — Superoxide dismutase. B —
Catalase. C — Glutathione S-Transferase. D — Nitric oxide. Mean + SD. The statistical
differences are indicated with lines with the P-value above or below them. Data were compared
by Student #-test (Ctrl vs STZ; STZ vs STZ+GTI) considering statistical differences when P <

0.05. (n = 6 animals/group).
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Figure 4. Microelement proportions and its correlations, and ATPase activity in the kidney of
male Wistar diabetic rats treated or not with green tea infusion and a healthy control group. A
— Sodium (%). B — Magnesium (%). C — Phosphorus (%). D — Chlorine (%). E — Potassium
(%). F — Calcium (%). G — Elemental correlations. H - Na*/K*, Ca?", Mg?" and total ATPase
activity. Mean + SD. The statistical differences are indicated with lines with the P-value above

or below them. Data were compared by Student z-test (Ctrl vs STZ; STZ vs STZ+GTI)
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considering statistical differences when P < 0.05. The correlations were calculated by Pearson’s
method and the 12 is shown in the upper number of each graph cell, the bottom number in each

graph cell corresponds to the P-value of each correlation. (n = 6 animals/group).
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Figure 5. Representative PAS stained photomicrographs, histopathological and stereological

parameters of the kidney’s cortex of male Wistar diabetic rats treated or not with green tea

infusion and a healthy control group. A — Kidney’s cortex photomicrography. The glomeruli

are delimited by the dotted line. The glycogen nephrosis areas are indicated by the arrowheads.

The scale bar is indicated in the figure. B — Glomeruli / mm? C — Total glomerular volume

(mm?®). D — Glycogen nephrosis volume (mm?). The box represents the interquartile interval

with the median indicated (horizontal line), and the whiskers represent the superior and inferior

quartiles. The statistical differences are indicated with lines with the P-value above or below

them. Data were compared by Student #-test (Ctrl vs STZ; STZ vs STZ+GTI) considering

statistical differences when P < 0.05. (n = 6 animals/group).
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Figure 6. Representative acridine orange (AO) and propidium iodide (IP) stained
photomicrographs of the kidney’s cortex of male Wistar diabetic rats treated or not with green
tea infusion and a healthy control group. A — Kidney’s cortex photomicrography. Green nuclei
— AO-positive; Yellow to reddish nuclei — IP-positive; Arrows indicate PI-positive nuclei.
Scales bars are indicated in the figure. B — AO-positive cells (%). C — IP-positive cells (%).
Mean £ SD. The statistical differences are indicated with lines with the P-value above them.
Data were compared by Student #-test (Ctrl vs STZ; STZ vs STZ+GTI) considering statistical

differences when P < 0.05. (n = 6 animals/group).
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Figure 7. Representative photomicrographs of the glomerulus, stained with Toluidine Blue —
Sodium borate 1%, of male Wistar diabetic rats treated or not with green tea infusion and a
healthy control group. A — A normal glomeruli of an animal from the healthy control group. B

— Diabetic glomeruli. Arrowhead indicates a thickening in the glomeruli basal membrane. C —
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Diabetic glomeruli. Arrow indicates a region of diffuse mesangial expansion. D — Diabetic
glomeruli. Thick arrow indicates a remarkable vacuolization in the macula densa region. Thin
arrows indicate cytoplasmic microvesicles in the proximal tubule cells. E — Diabetic glomeruli.
Squares indicate karyocytomegaly in the proximal tubule. Dotted circles indicate basal regions
in the tubular cells with accumulation of stained granules, possible mitochondria aggregation.

The glomeruli present a dilated Bowman’s space.
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Figure 8. In silico exploration of catechins effects in the kidney. A — Compound-Protein
Interactome network, highlighting tea catechins (green nodes), bottleneck protein (red node),

cluster 1 (grey nodes), and cluster 2 (light blue nodes). B — Centrality analysis for the CPI

network, the blue lines represent the threshold of the parameter.
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Green tea protects against diabetic cardiomyopathy-induced

morphophysiological damage in recent-onset severe type 1 diabetes
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Abstract

Diabetic cardiomyopathy (DC) is a comorbidity resulting from diabetes, which develops from
the stress generated by hyperglycemia, causing morphophysiological damage to the heart,
which may progress to heart failure and death. Although there is no specific treatment for this
type of heart failure, it is known that antioxidant substances can help relieving the symptoms.
Green tea is traditionally used as a treatment for diabetes and its effects have been related to its
hypoglycemic capacity, reducing oxidative damage. We investigated whether the infusion of
green tea could prevent the development of morphophysiological changes in the heart caused
by diabetes. We treated six young male Wistar rats, with type 1 diabetes induced by
streptozotocin, with 100 mg/kg of green tea, daily, for 42 days. In addition, a healthy control
group (n=6) and a diabetic group (n=6) also integrated the experiment. The infusion was
prepared with the objective of reproducing the usual consumption by humans and the animals
were kept under controlled conditions of temperature (22 + 2 °C) and light cycle (12/12h), and
received food and water ad libitum. Serum and tissue markers for cardiac function and oxidative
stress were evaluated. In addition, we analyzed morphological changes and DNA damage by
bright field microscopy. Furthermore, we also evaluated the cardiac tissue and ultrastructural
changes in mitochondria in the left ventricular fragments by scanning electron microscopy. Our
results revealed that a daily dose of 100 mg/kg of green tea infusion treatment for 42 days
prevented cardiac damage triggered by hyperglycemia in young rats with early-onset type 1
diabetes, even without being able to control the severe hyperglycemia in the animals. The green
tea infusion was able to prevent the remodeling of the heart, attenuating the changes induced
by diabetes, preventing fibrosis in the myocardium and pericardium, vascular remodeling in the
myocardium and infiltration and activation of mast cells in the heart. Furthermore, it prevented

damage to the cardiomyocytes DNA and control the morphological dynamics of the
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mitochondria, which occur as a metabolic adaptation to diabetes. These beneficial results, taken

together, are reflected in a positive profile of cardiac function markers.

Keywords

Diabetic cardiomyopathy; Diabetic heart disease; Green tea; Recent-onset diabetes; Type 1

diabetes.
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1. Introduction

Diabetes Mellitus (DM) affects 9.3% (463 million) of the global population, and the
projected numbers reach up to 700.2 million people with the disease in 2045
(INTERNATIONAL DIABETES FEDERATION, 2019). In the heart, DM predisposes to
morphologic, metabolic, and functional complications that might lead to heart failure and
evolve to the patient's death. At the cellular level, impaired processes include dysregulation of
ion homeostasis with impaired functioning of these ion pumps (Ca** ATPase and Na-K-
ATPase), intense generation of reactive oxygen species (ROS), switch of energy substrate to
lipids, cardiomyocyte hypertrophy, mitochondrial dysfunction, and cell death (BUGGER;
ABEL, 2014; CHEN et al., 2017; DA SILVA et al., 2016, 2015; LIAO et al., 2016; OU et al.,

2010; RITCHIE; DALE ABEL, 2020).

DM may also impacts the process of pathological remodeling of the left ventricle (LV),
with a reduction in capillary density, reduced coronary microvascular perfusion, inflammation,
vacuolization of cardiomyocytes, necrosis, and fibrosis, in addition to stimulating an increase
in the amount of cytoplasmic glycogen and glycoproteins in the extracellular matrix (BABU et
al.,2007; DA SILVA etal., 2013, 2016; RITCHIE; DALE ABEL, 2020). These alterations may
lead to cardiomyocyte dysfunction, causing a reduction in ejection fraction of the LV and heart
rate (DA SILVA et al., 2015; HUANG et al., 2017). When left untreated, such changes can
progress to heart failure and sudden death (DA SILVA et al., 2015; RITCHIE; DALE ABEL,
2020). Cardiac dysfunction may result from both types of DM, DM type 1 and type 2 (CHEN
etal., 2017; YE et al., 2004) and accounts for about 80% of deaths of diabetic patients (BABU;

SABITHA; SHYAMALADEVI, 2006a).

A landmark of cardiac dysfunction widely accepted in the medical and scientific

community is the diastolic dysfunction of the left ventricle, one of the first signs of diabetic
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cardiomyopathy (DC) (RITCHIE; DALE ABEL, 2020). It is usually detected before left
ventricular systolic dysfunction (BOYER et al., 2004; RITCHIE; DALE ABEL, 2020). Such
dysfunctions have been attributed to cardiac morphological changes, already at the advanced
stages of the disease (WOOD; PIRAN; LIU, 2011). In the experimental model of diabetes
induced by streptozotocin (STZ) in rats, 42 days are sufficient for the worsening of the disease
and the appearance of systolic and diastolic dysfunctions, and this period usually allows the
detection of morphological changes in the heart (GERBER; ARONOW; MATLIB, 2006).
Cardiac functional damage is usually silent in DM patients and is often only detected in the
more advanced stages of the disease (RITCHIE; DALE ABEL, 2020), making appropriate

management even more complex and further aggravating the original condition.

In general, insulin therapy is the primary hyperglycemic damage control strategy in type
1 and severe type 2 DM patients (SOCIEDADE BRASILEIRA DE DIABETES, 2017).
However, a long-term research conducted by the ACCORD study group found that intensive
glycemic control has no effect on reducing the chances of heart failure and also increases the
cardiac-related deaths in patients with type 2 DM (ACCORD STUDY GROUP, 2016). Whether
the patient has a DM diagnosis or not, conventional treatment for heart failure is currently the
same in both cases, since specific treatment for heart failure associated with diabetes mellitus

is not yet available (RITCHIE; DALE ABEL, 2020).

Among the therapeutics of cardiac disfunction, those that can modulate lipid metabolism
might be great allies for DM patients (RITCHIE et al., 2017). Camellia sinensis (L.) Kuntze
(Theaceae) teas are quite popular in traditional medicine and are consumed worldwide for
different purposes. Green tea is the most trendy of them, and its therapeutic potential is

frequently linked to effects related to metabolic, glycemic, and weight control (BARKAOUI et
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al., 2017, CHOPADE et al., 2008; FALLAH HUSEINI et al., 2006; MENG et al., 2019;

RACHID et al., 2012; SEA-TAN; GROVE; LAMBERT, 2011).

Epigallocatechin gallate (EGCG), the main polyphenol in green tea, can protect the heart
of adult Wistar rats with experimental type 2 diabetes induced by STZ and nicotinamide by
reducing oxidative stress, inflammation, fibrosis, and cell death (OTHMAN et al., 2017).
However, in Othman's study, the used EGCG doses made possible a glycemic reduction to
levels near the healthy control (< 100 mg/dL). Other studies also associated positive effects of
green tea intake to improvements on glycemic control (BABU et al., 2007; BABU; SABITHA,;
SHYAMALADEVI, 2006b; FIORINO et al., 2012; SAMARGHANDIAN; AZIMI-NEZHAD;

FARKHONDEH, 2017), although evidence in young developing animals is scarce.

In a previous study, we demonstrated that the green tea infusion could counteract kidney
damage progression, even though green tea was ineffective in preventing hyperglycemia in pre-
clinical type 1 diabetes models (LADEIRA et al., 2021). Here we aimed to investigate the
effects of green tea infusion treatment on diabetic cardiomyopathy induced in recent-onset
experimental type 1 diabetic young rats to further evaluate whether green tea may also prevent

heart damage under uncontrolled hyperglycemia.

2. Materials and methods

2.1. Green tea infusion preparation and analysis

Green tea (Camellia sinensis) infusion was prepared and analyzed as previously described
before (LADEIRA et al., 2021). Briefly, leaves were obtained from Ledo® - Food and
Beverages (Coca-Cola Company®). The infusion was prepared mixing the leaves with warm

distilled water (1:40 w/v, 80 °C) (PERVA-UZUNALIC et al., 2006). The mixture remained
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infused for 20 minutes on a magnetic stirrer. Then, it was filtered through a 0.45 um porous
filter, frozen at -80 °C, and lyophilized. The lyophilized samples were resuspended in distilled
water at the moment of use.

We determined the total phenolic and EGCG content and antioxidant capacity as
previously described (LADEIRA et al., 2020a). The HPLC fingerprint and the total phenolic

content and antioxidant capacity results are summarized in Figure 1.

2.2. Animals and treatments

Eighteen male Wistar rats (30-days-old; weighting 82.52 + 10.83g) were housed under
controlled conditions of temperature (22 = 2 °C) and light/dark cycles (12/12h). They received
food (Presence Alimentos, Paulinea, SP, Brazil) and water ad libitum. The use of animals in the
research was approved by the Ethics Committee of Animal Use of the Federal University of
Vigosa (CEUA/UFV — protocol number 53/2018).

The animals were randomly assigned to three groups, and after 12h fasting, diabetes was
induced in 12 animals (2 groups) by a single intraperitoneal (i.p.) injection of streptozotocin
(STZ) (Sigma Chemical Co., St, Louis, MO, USA) at a dosage of 60 mg/kg of body weight
(BW) diluted in 0.01 M sodium citrate buffer, pH 4.5 (DA SILVA et al., 2016). The healthy
control group (n=6) received the buffer alone (i.p.) to simulate the injection stress (LAHAYE
et al., 2010). Fasting blood glucose levels were measured after two days using a glucometer
(Accu-Chek® Performa, Roche LTDA. Jaguaré, SP, Brazil) in blood samples collected at the
tail vein. All animals presented fasting glycemia levels higher than 250 mg/dL and were
included in the study. The experiment consisted of three groups: the healthy control group
(Healthy Ctrl, n=6), which received water as placebo; the diabetic control group (Diabetic, n =

6), that also received water; and the diabetic group treated with the green tea infusion (Diabetic
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+ GTI, n = 6), that was treated with green tea infusion (GTI) (100 mg/kg body weight). All
treatments (GTI and water) were administered by gavage, daily, for 42 days.
We monitored the body weight using a precision scale (BEL M503, e =0.001g, Piracicaba,

SP, Brazil), and 12h fasting blood glucose in blood samples from the tail vein.

On the 43" day, the animals were euthanized by deep anesthesia (sodium thiopental, 60
mg/kg i.p.) followed by cardiac puncture and exsanguination. The hearts were removed,
weighed and their volume was determined using a submersion method (SCHERLE, 1970). The
left ventricles (LV) were dissected, weighed and their volume was determined, then they were
divided into three fragments. One fragment was frozen in liquid nitrogen and stored at -80 °C
for enzymatic and chemical elements analysis. The second was immersed in Karnovsky fixative
solution for 24h for histopathological analyses (KARNOVSKY, 1965). The third was immersed
in Glutaraldehyde 4% solution for electron microscopy analysis. The relative weight of the
heart and LV were calculated using the ratio between the organ weight (OW) and body weight

(BW), where Relative Weight = OW/BW x 100 (SERTORIO et al., 2019).

2.3. Serum biochemical analysis

Blood samples collected by cardiac puncture following the euthanasia were centrifuged
at 4600 rpm for 15 min at 4 °C, and the serum was separated. Then we performed the analysis
for quantification of creatine kinase (CK-MB) and lactate dehydrogenase (LDH) in the serum
using biochemical kits (Bioclin Laboratories, Belo Horizonte, MG, Brazil) at the BS-200
equipment (Bioclin Laboratories, Belo Horizonte, MG, Brazil) following the manufacturer's

instructions.
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2.4. Anti-oxidant capacity

The oxidative and nitrosative stress markers analysis was performed with the supernatant
obtained from the following: 100 mg of frozen LV tissue was homogenized in ice-cold
phosphate buffer (pH 7.0) and centrifuged at 12000 rpm for 10 minutes at 4 °C. We quantified
the activity of the superoxide dismutase (SOD) (DIETERICH et al., 2000), glutathione-S-
transferase (GST) (HABIG; PABST; JAKOBY, 1974), and catalase (CAT) (AEBI, 1984). The
nitric oxide (NO2/NO;3") was quantified by the Griess method (RICART-JANE; LLOBERA;
LOPEZ-TEJERO, 2002). The total antioxidant capacity by ferric reducing antioxidant power
(FRAP) as described before by Benzie and Strain (1996). The values of enzyme activities were
normalized by the total protein content, determined with the Folin—Ciocalteu method according

to Lowry et al. (1994).

2.5. Chemical elements analysis

The proportion of chemical elements in the LV was assessed per area in fragments of the
frozen LV, as described before (LADEIRA et al., 2020b). We measured the proportion of
calcium (Ca), sodium (Na), magnesium (Mg), manganese (Mn), potassium (K), iron (Fe),
copper (Cu), zinc (Zn), and selenium (Se). Fragments were dried at 60 °C for 96h, mounted in
a stub, and analyzed in a scanning electron microscope (JEOL, JSM-6010LA) with a Silicon
Drift type X-ray detector system. The analysis was performed under a low vacuum in an area
of 250 um?, using an accelerating voltage of 20 kV and a working distance of 10 mm. Data
were normalized using the carbon (C) and oxygen (O) measurements. The results were

expressed as a mean value of the proportions between the elements present in the samples.
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2.6. Histopathological, stereological analysis, and assessment of DNA damage

The fragments fixed in Karnovsky solution were divided following the orientator method
to obtain uniform and isotropic random sections, necessary for the stereological study
(MANDARIM-DE-LACERDA, 2003). Then, they were dehydrated in a crescent ethanol series
and embedded in Historesin® (Leica, Nussloch, Germany). A rotary microtome (RM 2255,
Leica Biosystems, Nussloch, Germany) was used to cut the material into histological sections

of 3um thickness, then the section was mounted in glass slides (MISHIMA et al., 2021).

The sections were stained with Hematoxylin and Eosin (H&E) for histopathological and
stereological evaluation (NOVAES et al., 2018). In summary, we quantified the volume density
occupied by cardiomyocytes (Vv [cmy] %), interstitium (Vv [int] %), and blood vessels (Vv
[bvs] %), the length density of the cardiomyocytes (Lv [cmy]) and blood vessels (Lv [bvs]), the
mean diffusion distance from capillary to tissue (r [bvs] pm), and the mean cross-sectional area
of cardiomyocytes (a [cmy] um?). Additionally, we calculated the blood vessels and interstitium
relative volumes to the cardiomyocyte volume: Vv [bvs] / Vv [cmy] and Vv [int] / Vv [cmy].
All the stereological methods and equations used in this work were previously described

(NOVAES et al., 2018).

We also stained sections with Toluidine Blue — Sodium borate 1% for mast cell
quantification and classification and stratified into activated and inactivated mast cells based
on the morphology of the cell, being degranulating cells considered activated ones (YIN et al.,
2018). In addition, DAPI (4',6'-diamino-2-fenil-indol) was used to count cell number in the

cardiac tissue sections (NOVAES et al., 2018).

DNA damage was evaluated in sections of the LV stained with acridine orange (AQO;
green) and propidium iodide (PI; red) (BERNAS et al., 2005; SUZUKI et al., 1997). This

fluorescent stain allows to evaluate DNA damage, as damaged DNA presents red color, marked
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with PI, and integral DNA is marked in green by the AO, also, in the superposed images, the
yellow marked nuclei was considered as in the initial damage process (LIMA et al., 2018).
Digital images were captured using a photomicroscope (Olympus AX 70 TRF, Tokyo, Japan)

and analyzed with Image-Pro Plus® 4.5 (Media Cybernetics, Silver Spring, MD).

2.7. Qualitative analysis of the extracellular matrix

Left ventricle glutaraldehyde fixed fragments were submitted to the NaOH
decellularization maceration process for the isolation of the fibrillary collagen matrix (ROSSI;
ABREU; SANTORO, 1998). The fragments were immersed in a 10% NaOH (w/w) solution
for 7 days at room temperature. Then they were rinsed in distilled water until they became
transparent. After, they were immersed in 1% tannic acid solution for 4 hours and rinsed in
distilled water overnight, rinsed again, and post-fixed in a 1% osmium tetroxide solution for 2
hours. Subsequently, the fragments were dehydrated in a crescent series of ethanol (70% to
Absolute ethanol), submitted to critical point drying (CPD 030, Baltec, Witten, North Rhine-
Westphalia, Germany), coated with powdered gold, and observed under a scanning electron
microscope (SEM) (JEOL, JSM-6010LA), with an accelerating voltage of 5 kV and a minimum
working distance of 10 mm (STEPHENSON et al., 2016). The extracellular matrix of the left

ventricle fragments was analyzed qualitatively.

2.8. Qualitative analysis of the left ventricle fragments

Glutaraldehyde fixed fragments were dissected and prepared for cryofractured scanning
electron microscopy imaging as described before (CURY et al., 2013). Briefly, the fragments

were rinsed in distilled water and immersed in a crescent series of dimethyl sulfoxide (DMSO)
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solution (12.5%, 25%, and 50%). The fragments were frozen in liquid nitrogen and fractured
with a frozen razor. Then, they were immersed in the 50% DMSO solution for 30 min, rinsed
in distilled water, post-fixed with a 2% osmium tetroxide solution for 2h (4° C), and immersed
in a 2% tannic acid solution for 1h at room temperature. Subsequently, the fragments were
dehydrated in a crescent series of ethanol and followed the same final steps of the extracellular
matrix imaging preparation described in item 2.7. The images were composed by the detection

of secondary electrons (SEI).

2.9. Statistical analysis

The study design and statistical analysis were inspired by previous studies (CHOO, 2003;
TANG et al., 2013; ZHANG et al., 2021). All animals were evaluated. All the results were
submitted to the Shapiro-Wilk test to check normality. The data expressed as percentages were
transformed by angular transformation before the analysis. Results were expressed as mean +
standard deviation (mean + SD) and analyzed using unpaired #-test when the variances are equal
(by F'test) and unpaired #-test with Welch's correction for data with unequal variances (Healthy
Ctrl vs. Diabetic; Diabetic vs. Diabetic + GTI). The non-parametric data were compared with

the Mann-Whitney test. Statistical significance was established at P < 0.05.

3. Results

After diabetes induction and subsequent hyperglycemia confirmation two days later, both
diabetic groups maintained high blood glucose levels, which remained above 400 mg/dL,
compared with the healthy control group (glucose < 100 mg/dL). Both diabetic groups remained
severely hyperglycemic, and notably, green tea infusion did not reduce blood glucose levels in

the treated group. The body weight was reduced in the two diabetic groups, indicating a
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commitment of the body development by hyperglycemia compared to the Healthy Ctrl group
(Table 1).

The heart weight and volume were reduced in the diabetic groups compared to the
Healthy Ctrl group. However, it was not reflected in the relative heart weight or volume,
indicating that the organ's growth was proportional to the animal's body growth. The LV, on
the other hand, was affected in both parameters, absolute and relative weight and absolute
volume. The absolute weight and volume were reduced in the diabetic groups, and the relative
weight was increased (Table 1), indicating that the LV could have suffered hypertrophy in these
groups.

The serum biochemical analysis revealed that diabetes increased CK-MB and LDH
levels, and the oral administration of green tea infusion was able to prevent the rise of these two
heart function markers levels in the GTI treated group (Figure 2).

Hyperglycemia reduced the NO2/NOs and the total antioxidant capacity (FRAP) in both
diabetic groups (Figure 3); however, differences in the antioxidant enzyme activities were not
detected (i. e. CAT, SOD, and GST).

Elemental mapping of the LV fragments showed a homogenous distribution of the
chemical elements that participate in the cardiomyocyte function and contraction in all three
groups (Figure 4, A). Diabetes induced a reduction in the sodium proportion and a rise in the
magnesium proportion in the tissue (Figure 4, B and C). GTI improved sodium proportion,
reducing its levels in the Diabetic + GTI group; however, no effect was found for Mg
proportion.

Diabetes led to a reduced proportion of AO-positive cells in the LV (Figure 5, D),
indicating a reduced proportion of cells without DNA damage. A direct consequence of that is
the increased proportion of IP-positive cells, showed in Figure 4, F. On the other hand, GTI

was able to counteract these effects, reducing the proportion of the IP-positive cells (Figure 5,
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F), even without statistical differences in the AO-positive cell counting, possibly due to the
variance in the initial damaged DNA %, indicated in Figure 5 (E). No effect was observed in
the nuclei classified as initial damaged DNA labeled. Figure 5 (A to C) shows representative

AO-IP labeled histological LV slices with green, yellow, and red fluorescence.

Animals from both diabetic groups exhibited increased cell count, which could indicate
an inflammatory process (Figure 6, G). Diabetes led to increased counting of the total, inactive,
and activated mast cells, and green tea infusion was able to induce a reduction or prevent the
rise in these three parameters (Figure 6, H, I and J), even exerting no effect on total cell counting

(Figure 6, G).

Stereological analysis showed that diabetes induced a deep myocardial remodeling
compared with healthy control animals (Figure 7). Animals in the Diabetic group presented a
higher Vv [int] % and Vv [int] / Vv [cmy] compared with Healthy Ctrl (Figure 7, F and 1),
indicating an expansion of the interstitial component of the tissue. Also, diabetes induced a
reduction on vascular parameters Vv [bvs] % and Vv [bvs] / Vv [cmy] in the diabetic animals
without treatment (Figure 7, G and H). Simultaneously, green tea infusion prevented this
remodeling, leading to values numerically near the Healthy group, on all these parameters in

the GTI treated animals.

Besides, diabetes induced a marked vacuolization in the cardiomyocytes in the LV of
animals in the Diabetic group without GTI treatment (Figure 7, C'), not observed in the Heathy

Ctrl nor the Diabetic + GTI groups.

Similar to the Vv [cmy] %, the relative cardiomyocyte length (LV [cmy]) was not affected
(Figure 8, A); however, diabetes led to a reduced blood vessel relative length, prevented by

green tea treatment (LV [bvs], Figure 8, B). Furthermore, the cardiomyocyte cross-sectional
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area and the diffusion distance of blood vessels and capillaries were increased by diabetes,

changes also prevented by green tea treatment (Figure 8, C and D).

Qualitative analysis of the LV extracellular matrix revealed a well-organized thin
collagen fibers matrix in the myocardium and pericardium layers in the Healthy Ctrl group
animals (Figure 9, A and B). Untreated diabetic animals presented thick and densely compacted
collagen fibers in the myocardium compatible with tissue fibrosis (Figure 9, C and C').
Moreover, the pericardium fibers also appear more densely organized than the Healthy Ctrl
group (Figure 9, D). On the other hand, green tea treated diabetic group LV collagen fiber
matrix resembles the healthy animal's extracellular matrix, with the fibers loosely organized in
the regions surrounding the cardiomyocytes and without the presence of compaction in the

myocardium and pericardium (Figure 9, E, F, and G).

Scanning electron microscopic qualitative analysis of the cryofractured myocardium
revealed a well-vascularized tissue in the Healthy control animals, without the presence of
leucocytes (Figure 10, A) and typical cardiomyocyte internal organization, with a well-
delimited sarcomere unit by t-tubules structures along the Z-line and multiple individual
mitochondria (Figure 10, B and C). In diabetic group animals, leucocytes were more frequent,
and an extracellular matrix with bundles of collagen fibers was also present (Figure 10, D).
Additionally, leucocytes were frequent in the SEM images of the diabetic group (Figure 10, E).
Myofibrils and sarcomeres were well-delimited; however, mitochondria appeared to fuse,
forming structures similar to bunches of grapes (Figure 10, F). Green tea treated diabetic group
animal's myocardium, and cardiomyocytes structures resembled the Healthy Ctrl group ones
(Figure 10, G and H); however, despite the well-defined mitochondria structures, fusion points
between them were still present (Figure 10, H). Figure 11 summarizes the main results of this

study.
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4. Discussion

Our results revealed that a daily dose of 100 mg/kg of green tea infusion treatment for 42
days prevented heart damage triggered by hyperglycemia in young early-onset type 1 diabetic
rats. Despite the lack of a direct effect on the activities of antioxidant enzymes, green tea
prevented cardiac fibrosis and cardiomyocyte hypertrophy, maintaining the diffusion distance
of the blood vessels and the cross-sectional area of the fibers at similar levels to those found in
healthy animals. Besides, our results indicate a protective effect of green tea against DNA
damage. These positive results reflected in the lower levels of CK-MB and LDH levels,
suggesting a better cardiac function in the Diabetic + GTI treated group, regardless of any

improvements on blood glucose values.

Diabetes modulates the energy metabolism in the heart to shift towards lipid oxidation
instead of the typical turnover of various substrates, including glucose, ketone bodies, and
amino acids, occurring under normal conditions (BERTRAND et al., 2020). This intricated
systemic metabolic control is already reviewed by many studies (BAYEVA; SAWICKI;
ARDEHALI 2013; LEVELT et al., 2018; RITCHIE et al., 2017; RITCHIE; DALE ABEL,
2020), and the main reason for this alternating substrate preference seems to be associated to
the fact that the primary glucose transporter in cardiomyocytes in the adult heart (GLUT4) is
insulin-dependent. The lack of this hormone in type 1 diabetes leads to insufficient signaling to
induce GLUT4 translocation to the cellular membrane (RITCHIE; DALE ABEL, 2020).
However, cardiac-specific GLUT4 knockout mice were able to express GLUTI in cardiac
tissue and maintain basal glucose uptake as an adaptation to the diabetic condition (ABEL et
al., 1999). This mechanism may compensate for the lack of the main glucose transporter to
allow the maintenance of basal glucose uptake. However, GLUT1 does not transport glucose
as efficiently as GLUT4, so the metabolism seems to be modulated towards a preference for

fatty acids oxidation (BERTRAND et al., 2020). Also, beta oxidation induces a simultaneous



105

activation of the pyruvate dehydrogenase kinase (PDK) and inhibition of pyruvate
dehydrogenase, which reduces glucose oxidation in order to improve beta oxidation (RITCHIE
et al., 2017). Accordingly, glucose uptake and use is fairly reduced, both in experimental
models of diabetes (RITCHIE; DALE ABEL, 2020; SOWTON; GRIFFIN; MURRAY, 2019)
and in humans (COOK et al., 2010; NIELSEN et al., 2018; SOWTON; GRIFFIN; MURRAY,
2019). Yet, lipid accumulation in cardiomyocytes, like the evidence found in non-treated
diabetic animals in this study, might indicate lipotoxic damage (RITCHIE et al., 2017;

SOWTON; GRIFFIN; MURRAY, 2019).

As already discussed in our previous work (LADEIRA et al., 2021), PI3K/AKT/mTOR
pathway is related to de novo lipogenesis, which can lead to lipid accumulation and aggravation
of lipotoxicity, which is in line with the microvesicles in diabetic animals, showed in Figure 7
C'. Like the results described for the kidney in our previous work (LADEIRA et al., 2021), GTI
treated animals did not present these findings, possibly by the inhibition of both PI3K and
mTOR, by EGCG through competitively binding in the ATP-binding sites of these proteins

(VAN ALLER et al., 2011).

With low levels of intracellular glucose, muscles depend almost exclusively on fatty acids
oxidation (BAYEVA; SAWICKI; ARDEHALI, 2013; BERTRAND et al., 2020; SOWTON;
GRIFFIN; MURRAY, 2019), a process that requires more oxygen than carbohydrate
metabolism (PERONNET; MASSICOTTE, 1991). Nevertheless, the blood Oz supply is highly
affected by the endothelial damage (including capillary loss and obstruction) caused by
hyperglycemia (HERMAN-EDELSTEIN; DOI, 2016). Accordingly, diabetic patients often
show reduced coronary blood volume and blood flow (HANSEN et al., 2002; MOHAMMED
et al., 2015), which worsens the oxygen delivery to the organ (RITCHIE; DALE ABEL, 2020).
Once installed, a hypoxic environment favors the Caspase pathway activation (HO et al., 2006)

and the development of cardiac fibrosis through TGF-f pathway stimulation (WANG et al.,
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2016). In fact, fibrosis, induced through the increased O2 and nutrients diffusion distance and
decreased capillary density, is frequently observed in pre-clinical studies of diabetes in juvenile
animals (DA SILVA etal., 2013, 2016). Yet, coronary reduction in the human heart, leading to
reduced Oz delivery, was already linked to fibrosis development (MOHAMMED et al., 2015).

This whole mechanism worsens as it feeds back.

Green tea extract has shown to modulate the extracellular matrix architecture through
inhibition of the fibroblast growth factor receptor (FGFR) signaling pathway by reducing the
expression of fibroblast growth factor (FGF) and blocking the signaling of the platelet-derived
growth factor (PDGF), another profibrotic factor, as shown in a study using EGCG (PARK et
al., 2006; SARTIPPOUR et al., 2002). These mechanisms may be involved in the fibrosis
reduction, with collagen extracellular matrix modulation and diffusion distance restauration on
the heart. Yet, fibrosis reduction can help mitigate the damage caused by hypoxia, permitting a

better diffusion of oxygen and improving metabolism efficiency.

Fibrosis and cardiomyocyte hypertrophy, found in our untreated diabetic animals, can be
induced by TGF-f in many cardiac conditions, including diabetes (WENZEL et al., 2010; YUE
et al.,, 2017). However, this factor is also associated with the up-regulation of the 67-kDa
laminin receptor (67LR) expression in the left ventricle cardiomyocytes (WENZEL et al.,
2010). 67LR was identified to be the primary receptor for EGCG (TACHIBANA et al., 2004)
and is capable of triggering the protein kinase B (Akt) pathway (KUMAZOE; FUJIMURA,;
TACHIBANA, 2020), leading to the activation of the diacylglycerol kinase (DGK) pathway,
inactivating the protein kinase C beta (PKC-f) (HAYASHI et al., 2020). These effects
combined might result in improvements in the ongoing systemic vascular disfunction (ISHII et
al., 1996), counteracting one of the major causes associated with cardiac damage progression.

This compensatory mechanism particularly benefits the green tea mode of action since TGF-3
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can elevate the expression of the receptor of the tea's main active compound in the damaged

tissue, providing a better EGCG action.

Circulating fatty acids and TGF-P also play a role in the activation of Toll-Like Receptor
4 (TLR4), which culminates in the activation of the nuclear factor k B (NFxB) that worsens
fibrosis and leads to cardiac inflammation (FRATI et al., 2017). This mechanism is consistent
with the intensification of cardiac cell number and mast cells in our study, that could indicate
an inflammatory process. Interestingly, EGCG was shown to inhibit the TLR pathway
activation in vitro (YOUN et al., 2006) and reduce the NF«xB expression (YAMABE et al.,
2006), suggesting that green tea may act through this mechanism to promote anti-inflammatory
and antifibrotic protection. Although we have not found a reduction in total cell count promoted
by the green tea treatment, mast cells were less frequent and less activated in the Diabetic +
GTI group. Whole green tea preparation, like its infusion, was shown to reduce mast cell
activation in vitro and in vivo (BALAJl et al., 2014; INOUE; SUZUKI; RA, 2010). In addition,
a study with isolated EGCG describes its capacity in reducing mast cell activation, controlling
its degranulation (LI; CHAI; SONG, 2005). Other green tea catechins (e.g., epicatechin) also
have an effect on inhibiting mast cell activity, although not as efficiently EGCG (INOUE;
SUZUKI; RA, 2010). Mast cell infiltration and activation are regulated by many types of
proteins, expressed in humans and rodents (GILFILLAN; TKACZYK, 2006), and the reduced
degranulation might be related to the phosphorylation inhibition of signaling factor such as

AKT and NF-«B (LI et al., 2021).

Our results revealed that propidium iodide bonded to cardiomyocytes DNA was reduced
in the green tea treated group, presenting similar levels of that found in the healthy animals.
Despite that, antioxidant enzyme activities were not impacted by diabetes nor green tea
infusion. Also, NO3;/NOs levels were found to be reduced in both diabetic groups, which is

consistent with diabetic tissue damage, such as fibrosis and microvascular injuries (JOSHI et
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al., 2013), as hyperglycemia reduces the endothelial nitric oxide synthase (eNOS) enzyme
activity. However, none of these results alone explain the preservation of DNA damage in the
heart. We hypothesize that such protection might be related to the antioxidant capacity of green
tea itself and the possible lipotoxic prevention promoted by green tea, although underlying
mechanisms need a deeper investigation. A previous study showed that EGCG could inhibit
apoptosis induced by oxidative stress (ITOH et al., 2005), preserving renal cells in an in vitro
model. In addition, whole green tea extract was shown to prevent apoptosis and improve the
endogenous antioxidant system in adult diabetic animals (OTHMAN et al., 2017). Green tea
can also reduce Caspase 3 activity in a diabetic nephropathy model, leading to reduced DNA
damage levels and higher cell survival rates (PEIXOTO et al., 2015). Although this mechanism
has been described in kidney cells, cardiomyocytes express the complete protein apparatus that

would enable, in the heart, the same protection previously reported.

Ion balance is directly involved in the antioxidant enzyme activities (SOETAN;
OLAIYA; OYEWOLE, 2010). In our study, however, the main involved ions did not show
different levels than those found in healthy animals. Sodium and magnesium, on the other hand,
were affected by diabetes. These ions are involved in several cellular functions (HOLROYDE
et al., 1980; PFEIFFER et al., 2014). Diabetes reduces the exchange capacity of the sodium
ATPase pump, resulting in a deficient transport of the ion to the cell (BABU; SABITHA;
SHYAMALADEVI, 2006a). Magnesium also participates in ATP metabolism (SULLIVAN et
al., 1971). Green tea treatment modulated these two ions positively, bringing them to levels

similar to those found in the control group, contributing to prevent damage in the tissue.

In pre-clinical studies, CK-MB and LDH have the same pattern of variation of Troponin
T (OTHMAN et al., 2017), a specific marker of cardiac damage, and may indicate the global
status of heart health. A study with type 2 diabetic adult rats treated with a single dose of EGCG

(2.0 mg/kg) found that this catechin protects against the progression of diabetic cardiomyopathy
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by oxidative stress modulation and morphological damage protection, reflecting on the cardiac
function (OTHMAN et al., 2017). However, the use of green tea catechins in adult diabetic
animals can also control the rise of glycemic levels, as seen in many studies (BABU et al., 2007;

OTHMAN etal., 2017; RENNO et al., 2008), being this a significant source of tissue protection.

5. Conclusion

The ingestion of green tea infusion is capable of preventing some tissue remodeling in the heart,
counteracting changes induced by diabetes, preventing fibrosis in the myocardium and
pericardium, and infiltration and activation of mast cells in the heart. Moreover, green tea was
able to prevent damage to cardiomyocytes' DNA and control mitochondria morphological
dynamics, which occur as a metabolic adaptation to diabetes. These beneficial outcomes might

contribute to an overall improvement of the cardiac function when green tea is consumed.
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Blood Glucose, biometric parameters, and water consumption of male Wistar diabetic rats

treated or not with green tea infusion and a healthy control group.

Healthy Ctrl Diabetic Diabetic + GTI
Blood glucose (mg/dL) 85.38+7.53 475.00 = 33.14* 542.80 + 42.20%
Initial body weight (g) 84.26 £ 14.97 81.27+£9.46 81.75+7.57
Final body weight (g) 288.10 £ 44.16 93.08 +£23.42%* 99.75+13.04
Body weight gain (g) 203.80 + 30.81 11.82 +£21.87* 18.00 £16.18
Heart weight (g) 1.76 £ 0.11 0.57 £0.14* 0.62+0.13
Heart relative weight (%) 0.65+0.05 0.62 £ 0.06 0.64 £0.11
Heart volume (mm?) 1.35+0.23 0.34 +£0.05* 0.45+0.14
Heart relative volume (%) 0.49 +£0.08 0.42+0.06 0.46+0.13
LV weight (g) 0.67 £0.08 0.29 £ 0.06* 0.30+0.03
LV relative weight (%) 0.24 £0.02 0.31+0.02* 0.31+0.01
LV volume (mm?) 0.52+0.14 0.17 £ 0.02* 0.21 +£0.04
LV relative volume (%) 0.19+£0.04 0.21+£0.01 0.22 £0.03

Mean + SD. Data were compared by Student #-test (Healthy Ctrl vs. Diabetic; Diabetic vs.
Diabetic + GTI) considering statistical differences when P < 0.05. One asterisk (*) indicates a
difference with P < 0.001, and the hash (#) indicates different means with P < 0.05. (n = 6

animals/group). LV = left ventricle.



118

Figures

OH
OH
HO 0.~ -
A EGCG "0
m O
Y 1838 °" *@( "
OH

2000-] (1

\ -I | (-) Epigallocatechin gallate (EGCG)

1500-]
IOOD-: | \
500-] ~ ~ [ A
o -
0.0 25 50 ' 75 10,0 min
Cc
Analysis Green Tea Infusion
Total phenolic content 3.88 +2.49 mg GAE/g GTI

Total antioxidant capacity (ABTS) 3.26 £ 0.06 uMol TE/g GTI
Total antioxidant capacity (FRAP) 46.38 £ 4.1 puMol FeSO4/g GTI
EGCG (% w/w) 19.38 %

Figure 1. Chromatogram of the green tea infusion (Camellia sinensis). A — HPLC fingerprint
of the green tea infusion. B - Molecular representation of epigallocatechin-3-gallate (EGCG).
C - Total phenolic and EGCG content and total antioxidant capacity of green tea infusion

samples.
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Figure 2. Cardiac function markers of male Wistar diabetic rats treated or not with green tea
infusion and a healthy control group. A — Creatine Kinase - CK-MB (U/L). B — Lactate
Dehydrogenase - LDH (U/L). Mean + SD. The statistical differences are indicated with lines
with the P-value above or below them. Data were compared by Student t-test (Healthy Ctrl vs.
Diabetic; Diabetic vs. Diabetic + GTI) considering statistical differences when P <0.05. (n=6

animals/group).
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Figure 3. Antioxidant enzymes, total antioxidant capacity, protein and nitric oxide levels of the
heart's left ventricle of male Wistar diabetic rats treated or not with green tea infusion and a
healthy control group. A — NO2/NOs. B — Total antioxidant capacity (FRAP). C — Protein levels.
D - Superoxide dismutase. E — Catalase. F — Glutathione S-Transferase. The box represents the
interquartile interval with the mean indicated (horizontal line), and the whiskers represent the
superior and inferior quartiles. The statistical differences are indicated with lines with the P-
value above or below them. Data were compared by Student t-test (Healthy Ctrl vs. Diabetic;

Diabetic vs. Diabetic + GTI) considering statistical differences when P < 0.05. (n = 6

animals/group).
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Figure 4. Microelement mapping and proportions in the heart's left ventricle of male Wistar
diabetic rats treated or not with green tea infusion and a healthy control group. A — Elemental
mapping. B — Sodium (%). C — Magnesium (%). D — Potassium (%). E — Calcium (%). F —
Manganese (%). G — Iron (%). H — Copper (%). I — Zinc (%). The box represents the
interquartile interval with the mean indicated (horizontal line), and the whiskers represent the
superior and inferior quartiles. The statistical differences are indicated with lines with the P-
value above or below them. Data were compared by Student t-test (Healthy Ctrl vs. Diabetic;
Diabetic vs. Diabetic + GTI) considering statistical differences when P < 0.05. (n = 6

animals/group).
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Figure 5. Representative acridine orange (AO) and propidium iodide (IP) stained
photomicrographs of the heart's left ventricle of male Wistar diabetic rats treated or not with
green tea infusion and a healthy control group. A — Healthy Ctrl group - left ventricle
photomicrography. B — Diabetic group - left ventricle photomicrography. C — Diabetic + GTI
group - left ventricle photomicrography. Green nuclei — AO-positive; Yellow to reddish nuclei
— IP-positive; Dotted squares delimitate AO-positive labeled nuclei; circles delimitate AO and
IP labeled nuclei; arrows indicate PI-positive nuclei. D - AO-positive cells — no damaged DNA

(%). E — AO/IP-positive cells — initial damaged DNA (%). F - IP-positive cells — damaged
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DNA (%). Scale bars =250 um. Mean + SD. The statistical differences are indicated with lines
with the P-value above or below them. Data were compared by Student t-test (Healthy Ctrl vs.
Diabetic; Diabetic vs. Diabetic + GTI) considering statistical differences when P <0.05. (n=16

animals/group).
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Figure 6. Total cell count and mast cell infiltration and activation on the heart's left ventricle
of male Wistar diabetic rats treated or not with green tea infusion and a healthy control group.
A — Healthy Ctrl group — DAPI labeled left ventricle photomicrography. B — Diabetic group -
DAPI labeled left ventricle photomicrography. C — Diabetic + GTI group - DAPI labeled left
ventricle photomicrography. White arrows indicate non-cardiomyocyte cell nuclei. D — Heathy
Ctrl group — Toluidine Blue stained left ventricle photomicrography. D' — Inactive mast cell. E
— Diabetic group - Toluidine Blue stained left ventricle photomicrography. E' — Activated mast
cell. F — Diabetic + GTI group - Toluidine Blue stained left ventricle photomicrography. Thick
black arrows indicate mast cells and thin black arrow indicates mast cell granules. G —
Infiltrated cells (N/mm?). H — Total mast cell (N/mm?). I — Inactive mast cell (N/mm?). I —
Activated mast cell (N/mm?). Scale bars: A, B and C =100 pum; D, E and F = 150 pm; D’ and
E’ = 50 um. Mean £ SD. The statistical differences are indicated with lines with the P-value
above or below them. Data were compared by Student t-test (Healthy Ctrl vs. Diabetic; Diabetic

vs. Diabetic + GTI) considering statistical differences when P < 0.05. (n = 6 animals/group).
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Figure 7. Volume density of morphological features of the heart's left ventricle of male Wistar
diabetic rats treated or not with green tea infusion and a healthy control group. A — Healthy Ctrl
group - left ventricle photomicrography. B — Diabetic group - left ventricle photomicrography.
C — Diabetic group — perivascular fibrosis highlight. C' — Diabetic group — unspecific

vacuolization. D — Diabetic + GTI group - left ventricle photomicrography. Arrowheads
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indicate blood vessels, thick arrows indicate connective tissue in the interstitium, and thin arrow
indicates vacuoles. E — Cardiomyocyte volume density (Vv [cmy] %). F — Interstitium volume
density (Vv [Int] %). G — Blood vessels volume density (Vv [bvs] %). H - Vv [bvs]/ Vv [cmy].
I —and Vv [int] / Vv [cmy]. Scale bars: A and C’ = 50 um; B, C and D = 150 pm. The box
represents the interquartile interval with the mean indicated (horizontal line), and the whiskers
represent the superior and inferior quartiles. The statistical differences are indicated with lines
with the P-value above or below them. Data were compared by Student t-test (Healthy Ctrl vs.
Diabetic; Diabetic vs. Diabetic + GTI) considering statistical differences when P <0.05. (n=6

animals/group).
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Figure 8. Histomorphological features of the heart's left ventricle of male Wistar diabetic rats
treated or not with green tea infusion and a healthy control group. A — Length density of
cardiomyocytes (Lv [cmy]). B — Length density of blood vessels (Lv [bvs]). C — Cross-sectional
area of cardiomyocytes (a [cmy]| um?). D — Diffusion distance from capillary to tissue (r [bvs]
um). The box represents the interquartile interval with the mean indicated (horizontal line), and
the whiskers represent the superior and inferior quartiles. The statistical differences are
indicated with lines with the P-value above or below them. Data were compared by Student t-
test (Healthy Ctrl vs. Diabetic; Diabetic vs. Diabetic + GTI) considering statistical differences

when P < 0.05. (n = 6 animals/group).
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Figure 9. Representative scanning electron micrographs of the collagen matrix in the heart's
left ventricle of male Wistar diabetic rats treated or not with green tea infusion and a healthy
control group. A — Healthy Ctrl group - myocardium extracellular matrix. B — Heathy Ctrl group
- pericardium collagen scaffold. B' — Heathy Ctrl group - pericardium collagen fibers highlight.
C — Diabetic group — myocardium extracellular matrix. C' — Diabetic group — myocardium

extracellular matrix highlight. D — Diabetic group - pericardium collagen scaffold. E — Diabetic
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+ GTI group - myocardium extracellular matrix. E' — Diabetic + GTI group — type 1 collagen
bundle highlight. F — Diabetic + GTI group — collagen fibrin net highlight. G — Diabetic + GTI
group — pericardium collagen scaffold. Cmy indicates space occupied by cardiomyocytes in the
collagenic matrix; thick arrows indicate thick collagen bundle; thin arrows indicate thin
collagens nets; arrowheads indicate erythrocytes. Scale bars: A =10 pm; B=5 pm; B’ =1 pm;

CandC’=20pum; D=2 pum; E=10 um; F=2 pm; G=20 pm; H=2 pm.
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Figure 10. Representative scanning electron micrographs of the cryofractured heart's left
ventricle of male Wistar diabetic rats treated or not with green tea infusion and a healthy control
group. A — Healthy Ctrl group - myocardium. A' — Heathy Ctrl group — myocardium
vascularization highlight. B — Heathy Ctrl group — myofibril details. C — Heathy Ctrl group —
myofibrils, with mitochondria organization. D — Diabetic group - myocardium. E — Diabetic
group — leucocyte and erythrocytes. F — Diabetic group — mitochondria organization, with
highlight to fusion point between them. G — Diabetic + GTI group — myocardium. H — Diabetic

+ GTI group — mitochondria organization, with highlight to fusion point between them.
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Arrowheads indicate mitochondria; small arrow indicates collagen bundles; thick arrow
indicates leucocyte; thin arrow indicates fusion points in the mitochondria. Scale bars: A = 50

pm; A’ =10pum; B=1um; C=2 um; D=20 um; E=5pum; F=1 pum; G=10 pm; H=1 pm.
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Figure 11. Effects of untreated type 1 diabetes and green tea treated type 1 diabetes on the

heart's left ventricle of male Wistar diabetic rats. Figure created with elements by Freepik.com.
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Conclusoes gerais

Os resultados desta tese indicam que a ingestdo da infusdo de cha verde na dose estudada ¢
capaz de prevenir alguns aspectos da remodelacdo dos tecidos do coragdo e dos rins, prevenindo
o agravamento das alteracdes induzidas pelo diabetes tipo 1 nestes orgdos durante o
aparecimento e desenvolvimento da doenca ainda na juventude. Além disso, o tratamento foi
capaz de prevenir o acimulo de glicogénio nos tubulos renais, reduzir o dano no DNA das

células renais e prevenir o agravamento de alteracdes morfoldgicas glomerulares.

No coragdo, o cha verde foi capaz de prevenir em varios aspectos o avango dos danos
teciduais causados pelo diabetes. O cha preveniu a fibrose cardiaca, a hipertrofia dos
cardiomiocitos, o aumento da distdncia de difusdo dos vasos sanguineos, a infiltragdo e
degranulacdo dos mastocitos e anomalias morfologicas mitocondriais, sendo possivel encontrar
valores iguais aos encontrados em animais saudaveis. Além disso, protegeu o DNA dos
cardiomidcitos. Tudo isso refletiu nos niveis dos marcadores de fungéo cardiaca, indicando uma

melhora significativa na func¢ao do 6rgdo, também independente do controle glicémico.

Tudo isso independentemente de controle glicEémico, visto que nosso tratamento ndo
afetou a glicemia. Tais fatos confirmam que os efeitos do cha verde nas doencas relacionadas
ao diabetes sdo independentes do controle glicémico. Tais resultados, considerados em
conjunto, refletem-se em um efeito protetor da infusdo de cha verde frente ao desenvolvimento

da nefropatia e da cardiomiopatia decorrentes do diabetes.
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Consideracoes finais

Além dos capitulos que compdem o texto desta tese, o doutorado me abriu diversas
oportunidades de trabalho em diferentes equipes de pesquisa e treinamento no ensino e
extensdo. Junto a colegas do Programa de Pds-graduagdo em Biologia Celular e Estrutural, em
especial a Dr". Nadja Biondine Marriel, criamos o primeiro Curso de Verdo em Biologia Celular
¢ Estrutural com o intuito de promover o programa ¢ abrir a oportunidade para outros
profissionais conhecerem nosso curso e o trabalho desenvolvido por nés. Em duas edi¢des
trouxemos alunos de diversos estados do pais para Vigosa — MG, para uma semana de intenso
treinamento e troca de conhecimento na area. Alguns destes profissionais hoje sdo estudantes

de mestrado e doutorado do programa.

Criamos também os cursos Ludicos de Biologia Celular e de Histologia, onde
ministramos aulas para mais 300 alunos de diversos cursos de graduacdo das grandes areas das
ciéncias biolodgicas e da saude, ciéncias agrarias e ciéncias exatas, durante 2 anos. Nosso curso
tinha o objetivo de proporcionar um espago de aprendizado dessas disciplinas utilizando-se de
metodologias ativas no ensino. Além disso, foi um grande espaco de formagao docente para os
estudantes de pos-graduacdo envolvidos. Um relato detalhado desta experiéncia pode ser

encontrado no artigo publicado por parte da equipe (https://doi.org/10.21284/elo.v10i.12290)

Durante dois anos, integrei a Comissdo Coordenadora do Programa de Pés-Graduagdo
como representante discente. Tive a oportunidade de participar de processos administrativos
internos ao programa e contribuir representando as demandas dos meus colegas junto a

comissao coordenadora.
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Além disso, ¢ de outras experiéncias Unicas proporcionadas pelo doutorado, como

resultado do trabalho desta tese e do trabalho desenvolvido enquanto pesquisador colaborador

em outros grupos de pesquisa, pude integrar equipes que desenvolveram trabalhos diversos

sobre alimentos funcionais, fitoterapia, toxicologia e ensino em biologia. Os produtos destas

colaboracdes deixo listados abaixo:

[6]

[7]

Ladeira LCM, dos Santos EC, Valente GE, da Silva J, Santos TA, dos Santos Costa Maldonado
IR. Could biological tissue preservation methods change chemical elements proportion
measured by energy dispersive X-ray spectroscopy? Biol Trace Elem Res 2020;196:168-72.
https://doi.org/10.1007/s12011-019-01909-x.

Ladeira LCM, dos Santos EC, Mendes BF, Gutierrez EA, Santos CFF, de Souza FB, et al.
Green tea infusion aggravates nutritional status of the juvenile untreated STZ-induced type 1
diabetic rat. BioRxiv 2020:35. https://doi.org/10.1101/2020.01.13.904896.

Mouro VGS, Ladeira LCM, Lozi AA, de Medeiros TS, Silva MR, de Oliveira EL, et al.
Different Routes of Administration Lead to Different Oxidative Damage and Tissue

Disorganization Levels on the Subacute Cadmium Toxicity in the Liver. Biol Trace Elem Res
2021. https://doi.org/10.1007/s12011-020-02570-5.

Mishima MDYV, Ladeira LCM, da Silva BP, Toledo RCL, de Oliveira TV, Costa NMB, et al.
Cardioprotective action of chia ( Salvia hispanica L.) in ovariectomized rats fed a high fat diet.
Food Funct 2021:0—41. https://doi.org/10.1039/DOFO03206A.

Ladeira LCM, dos Santos EC, Santos TA, da Silva J, Lima GD de A, Machado-Neves M, et al.
Green tea infusion prevents diabetic nephropathy aggravation in recent-onset type 1 diabetes
regardless of glycemic control. J Ethnopharmacol 2021;274:114032.
https://doi.org/10.1016/j.jep.2021.114032.
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diet and caffeine interact to modulate bone microstructure and biomechanics in mice. Life Sci
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Guimaraes-Ervilha LO, Ladeira LCM, Carvalho RPR, Bento IP da S, Bastos DSS, Souza ACF,
et al. Green Tea Infusion Ameliorates Histological Damages in Testis and Epididymis of
Diabetic Rats. Microsc Microanal 2021:1-13. https://doi.org/10.1017/S1431927621012071.

Marriel NB, Ladeira LCM, Aratjo R dos S, Silva J da, Martins ALP, Tavares MG. O ludico no
ensino de biologia celular: possibilidades no ensino superior. Rev ELO — Didlogos Em
Extensao 2021;10:1-11. https://doi.org/10.21284/elo.v10i.12290.
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Anexo [

CERTIFICADO

A Comissdo de Etica no Uso de Animais - CEUA/UFV certifica que o processo n°
53/2018, intitulado “Efeitos da infusio de chi verde (Camellia sinensis) combinada com
insulinoterapia sobre parimetros cardiacos e bioquimicos de ratos wistar diabéticos”,
coordenado pela professora Izabel Regina dos Santos Costa Maldonado do Departamento
de Biologia Geral, estd de acordo com a Legislagdo vigente (Lei N° 11.794, de 08 de
outubro de 2008), as Resolucdes Normativas editadas pelo CONCEA/MCTI, a DBCA
(Diretriz Brasileira de Pratica para o Cuidado e a Utilizagdo de Animais para Fins
Cientificos e Didaticos) ¢ as Direfrizes da Pratica de Eutandsia preconizadas pelo
CONCEA/MCTI, portanto sendo aprovado por esta Comissdo em 21/09/2018, com
validade de 12 meses.

CERTIFICATE

The Ethic Committee in Animal Use/UFV certify that the process number 53/2018,
named “Effects of green tea infusion (Camellia sinensis) combined with insulin therapy
on cardiac and biochemical parameters of diabetic wistar rats", is in agreement with
the a actual Brazilian legislation ( Lei N°® 11.794, 2008), Normative Resolutions edited by
CONCEA/MCTTL, the DBCA (Brazilian Practice Guideline for the Care and Use of Animals
for Scientific Purposes and Teaching) and the Guidelines of Practice the Euthanasia
recommended by CONCEA/MCTI therefore being approved by the Committee on
September 21, 2018 valid for 12 months.

L e Winnoa oD U, ‘EJ,', O
M. Atima Clemente Alves Zuaddn >
Presidente
Comissdo de Etica no Uso de Animais — CEUA/UFV



