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RESUMO 

 

 

EFEITOS DO TREINAMENTO MUSCULAR VENTILATÓRIO SOBRE O 

ESTRESSE OXIDATIVO EM RATOS COM DIABETES MELLITUS TIPO 2 

 

AUTOR: Carlos Cassiano Figueiró da Silva 

ORIENTADOR: Prof. Dr. Rodrigo Boemo Jaenisch 

COORIENTADORA: Profª. Drª. Liliane de Freitas Bauermann 

 

O diabetes mellitus (DM) é uma doença crônica que está em ascensão em todo o mundo. É 

classificada em: diabetes mellitus tipo 1 (DM 1) e diabetes mellitus tipo 2 (DM 2). O DM 2 é a 

forma mais prevalente, e que resulta na inadequada secreção das células β pancreáticas e do 

aumento da resistência periférica à insulina, ocasionando hiperglicemia. A hiperglicemia 

corrobora para a formação excessiva de espécie reativas de oxigênio (EROs) e provoca o 

aumento estresse oxidativo (EO). O treinamento muscular ventilatório (TMV) é uma 

ferramenta não farmacológica, que determina benefícios em pacientes com DM, entretanto não 

são conhecidos os efeitos sobre o EO no modelo experimental. Assim, o objetivo do presente 

estudo foi avaliar os efeitos do TMV sobre o EO em ratos com DM 2. Foram utilizados ratos 

Wistar machos, alocados em 4 grupos: Grupo 1: animais sem DM sedentários (Sham-Sed); 

Grupo 2: animais sem DM treinados (Sham-TMV); Grupo 3 animais com DM sedentários 

(DM-Sed) e Grupo 4: animais com DM treinados (DM-TMV). O DM 2 foi induzido através de 

uma dieta de alta densidade energética e baixa dose de estreptozotocina (35 mg/kg), enquanto 

os animais dos grupos Sham receberam somente ração padrão comercial. O protocolo de TMV 

foi realizado durante 6 semanas, 5 dias/semana 30min/dia. Após 24 horas do último dia de 

intervenção os animais foram eutanasiados e amostras sanguíneas e de tecidos (coração, 

pulmões, rins, diafragma, gastrocnêmio e sóleo) foram coletados, pesados e armazenados para 

posterior análises. O protocolo de TMV reduziu os níveis de TBARS no plasma de ratos com 

DM 2. Em relação aos marcadores antioxidantes, quando comparamos os grupos Sham-Sed 

com DM-Sed, houve uma redução da MTT nos pulmões, de NPSH no coração, pulmões e 

diafragma, e da SOD no coração, rins, gastrocnêmio e plasma, caracterizando o modelo 

experimental de DM 2.  Após o protocolo de TMV houve um aumento da atividade da SOD 

nos pulmões e rins quando comparamos os grupos DM-Sed com DM-TMV. Em conclusão, o 

protocolo de TMV reduziu a atividade oxidante no plasma, aumentou a antioxidante nos 

pulmões e rins. 

 

Palavras chaves: Diabetes Mellitus, Exercício Respiratório, Dano Oxidativo, Antioxidantes.  

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 

 

EFFECTS OF VENTILATORY MUSCLE TRAINING ON OXIDATIVE STRESS 

IN RATS WITH MELLITUS DIABETES TYPE 2 

 

AUTHOR: Carlos Cassiano Figueiró da Silva 

ADVISOR: Prof. Dr. Rodrigo Boemo Jaenisch 

CO-ADVISOR: Profª. Drª. Liliane de Freitas Bauermann 

 

Diabetes mellitus (DM) is a chronic disease that is on the rise all over the world. It is classified 

as: type 1 diabetes mellitus (DM 1) and type 2 diabetes mellitus (DM 2). DM 2 is the most 

prevalent form, resulting in inadequate secretion of pancreatic β cells and increased peripheral 

insulin resistance, causing hyperglycemia. Hyperglycemia supports the excessive formation of 

reactive oxygen species (ROS) and causes increased oxidative stress (EO). Ventilatory muscle 

training (VMT) is a non-pharmacological tool that provides benefits in patients with DM, 

however the effects on OS and inflammation in the experimental model are not known. Thus, 

the aim of the present study was to evaluate the effects of VMT on EO in rats with DM 2. Male 

Wistar rats were used, divided into 4 groups: Group 1: sedentary animals without DM (Sham-

Sed); Group 2: trained animals without DM (Sham-VMT); Group 3 sedentary DM animals 

(DM-Sed) and Group 4: trained DM animals (DM-VMT). DM was induced through a high 

energy density diet and a low dose of streptozotocin (35 mg/kg), while the animals in the Sham 

groups received only standard commercial chow. The VMT protocol was performed for 6 

weeks, 5 days/week 30min/day. Twenty-four hours after the last day of intervention, the 

animals were euthanized and blood and tissue samples (heart, lungs, kidneys, diaphragm, 

gastrocnemius and soleus) were collected, weighed and stored for further analysis. The VMT 

protocol reduced plasma TBARS levels in DM 2 rats. Regarding antioxidant enzymes, when 

comparing the Sham-Sed and DM-Sed groups, there was a reduction in MTT in the lungs, 

NPSH in the heart, lungs and diaphragm, and SOD in the heart, kidneys, gastrocnemius and 

plasma, characterizing the model experimental DM 2. After the VMT protocol, there was an 

increase in SOD activity in the lungs and kidneys when comparing the DM-Sed with DM-VMT 

groups. In conclusion, the VMT protocol reduced oxidant activity in plasma, increased 

antioxidant activity in lungs and kidneys.  

 

 

Keywords: Diabetes Mellitus, Breathing Exercises, Oxidative Stress, Antioxidants. 
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1. INTRODUÇÃO 

 

O diabetes mellitus (DM) é uma doença que está em ascensão no mundo todo. Em 2045, 

a estimativa de pessoas com DM é de 700 milhões, principalmente em países de baixa e média 

renda (INTERNATIONAL DIABETES FEDERATION, 2019; WORLD HEALTH 

ORGANIZATION, 2016). No ano de 2017, o Brasil ocupava a quinta posição entre os países 

com maior número de pessoas com DM. Projeções para o ano de 2045 demonstram que 20,3 

milhões de brasileiros serão portadores dessa patologia (DIRETRIZES DA SOCEIDADE 

BRASILEIRA DE DIABETES, 2018).  

O DM possui duas classificações principais: i) diabetes mellitus tipo 1 (DM 1), que tem 

como causa uma resposta autoimune, onde as células que produzem insulina são acometidas 

pelo sistema de defesa do organismo, o que resulta em pouca ou nenhuma produção de insulina; 

ii) diabetes mellitus tipo 2 (DM 2), que caracteriza-se pela resistência à insulina 

(INTERNATIONAL DIABETES FEDERATION, 2019). 

 O DM 2 é a forma mais prevalente, e acomete cerca de 90-95% dos casos. É resultante 

da secreção inadequada das células β pancreáticas e do aumento da resistência periférica à 

insulina (AMERICAN DIABETES ASSOCIATION, 2019; INTERNATIONAL DIABETES 

FEDERATION, 2017). A perda de sensibilidade à insulina pelos tecidos promove a falta de 

captação de glicose, ocasionando a hiperglicemia, que de forma crônica como ocorre no DM, 

favorece a formação de radicais livres, culminando em um dano oxidativo (BANDEIRA et al., 

2013; MOHAMED et al., 2016). 

Essas alterações podem danificar a integridade funcional e estrutural das células β 

pancreáticas, formando espécies reativas de oxigênio (EROs) juntamente com outros pró-

inflamatórios.  (AKASH et al., 2012; AKASH; REHMAN; CHEN, 2013). Quando há o 

desequilíbrio entre o sistema oxidante, predominantemente caracterizado pela produção de 

radicais livres, e o sistema antioxidante, denominamos de estresse oxidativo (EO).  Visto que,  

quando produzido em excesso, os radicais livres ocasionam danos oxidativos, havendo a 

necessidade de o organismo desenvolver mecanismos de defesa, capaz de neutralizar as 

espécies reativas (ER) (REHMAN; AKASH, 2017).  

Dessa forma, é importante que haja uma manutenção do equilíbrio entre os níveis de ER 

e a capacidade das enzimas antioxidantes,  pois esse desequilíbrio pode ocasionar o 

desenvolvimento de várias patologias e doenças crônicas, dentre elas o DM (REHMAN; 
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AKASH, 2017). Diante disso, há inúmeras complicações associadas ao DM que podem ser 

causadas pela hiperglicemia e EO, como: disfunção endotelial, complicações cardiovasculares 

e hepáticas, retinopatia, neuropatia, nefropatia e alterações musculares (ASFANDIYAROVA 

et al., 2006; MAHBOOB; RAHMAN; GROVER, 2005; WERF et al., 2018). 

Alguns estudos demonstraram que o EO tem uma forte ligação para a patogênese do 

DM, potencializando a geração de vários mediadores inflamatórios, além do aumento nos níveis 

de agentes oxidantes e redução da atividade das enzimas antioxidantes (BURGOS-MORÓN et 

al., 2019; GOBOZA et al., 2019; REHMAN; AKASH, 2016, 2017). A hiperglicemia é um dos 

fatores principais que corrobora para a formaçao excessiva de EROs, juntamente com a redução 

da defesa antioxidante provoca o aumento do EO no DM (BARSSOTTI et al., 2021). Estudos 

experimentais em modelo de DM já confirmaram o aumento da atividade oxidante decorrente 

do quadro hiperglicêmico (OGAR et al., 2019; SANKARANARAYANAN; KALAIVANI, 

2020; SARANDOL et al., 2020), através dos níveis de substância reativa ao ácido tiobarbitúrico 

(TBARS) (SANKARANARAYANAN; KALAIVANI, 2020) e a redução da atividade das 

enzimas antioxidantes, como os níveis de SH não proteico (NPSH) e da superóxido dismutase 

(SOD) (DOS SANTOS et al., 2017; GOBOZA et al., 2019). Além de induzir processos crônicos 

de EO, o DM ocasiona inflamação vascular, aumentando a ativação de neutrófilos e a liberação 

de enzimas que elevam a atividade inflamatória (WEIHRAUCH et al., 2020). 

O treinamento muscular ventilatório (TMV) é uma ferramenta não farmacológica que 

tem como objetivo aumentar a força e resistência dos músculos ventilatórios (LANGER et al., 

2018,  ARCHIZA et al., 2018 YEH 2019, AZAMBUJA 2020). Alguns estudos verificaram que, 

o TMV em indivíduos com DM 2 promoveu o aumento da pressão inspiratória máxima 

(CORREA et al., 2011; KAMINSKI et al., 2015, MOAWD 2020, ALBARRATI 2021), a 

redução dos níveis de glicose (CORRÊA et al., 2015; SCHEIN et al., 2020; SILVA et al., 2012), 

a melhora da resistência insulínica (SILVA et al., 2012), e consequentemente a melhora da 

capacidade funcional (MOAWD et al., 2020). 

Estudos que utilizaram o TMV no modelo experimental animal encontraram resultados 

interessantes nos últimos anos. Em ratos saudáveis, pesquisadores verificaram o aumento da 

espessura e hipertrofia do músculo diafragma (BISSCHOP et al., 1997). O nosso grupo vem 

contribuindo com o conhecimento sobre o TMV no modelo experimental. Em ratos com 

insuficiência cardíaca (IC); verificamos que o protocolo de TMV, proporcionou melhora da 

função hemodinâmica, da sensibilidade barorreflexa e da mecânica respiratória (JAENISCH et 
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al., 2011), além de benefícios na variabilidade da frequência cardíaca (JAENISCH et al., 

2017a). Quando analisamos os efeitos do TMV sobre o diafragma verificamos que, em ratos 

com IC, o TMV aumentou a enzima citrato sintase (JAENISCH et al., 2017b) e reduziu dano 

do DNA (JAENISCH et al., 2018). Recentemente publicamos um estudo que demonstrou que 

após o protocolo de TMV em ratos com DM, houve o aumento na atividade parassimpática, o 

que sugere benefícios frente o controle autônomo e função cardiovascular (TREVISAN et al., 

2021). 

Considerando que, o DM pode ocasionar complicações locais e/ou sistêmicas, por meio 

do aumento da atividade oxidante, redução da antioxidante, (ALHAIDER et al., 2011; GUEX 

et al., 2019), novas ferramentas terapêuticas não farmacológicas, como o TMV, no modelo 

experimental de DM, podem ser testadas frente a essas alterações. 

Até o nosso conhecimento, há apenas um estudo que utilizou o TMV como forma de 

tratamento em ratos com DM. Diante disso, a hipótese do nosso estudo é a de que o TMV possa 

melhorar o EO em ratos com DM 2. Acreditamos que o presente estudo possa esclarecer e 

fortalecer os efeitos do TMV, além de elucidar os efeitos fisiopatológicos do DM 2 no modelo 

experimental. 

Este projeto fez parte de um projeto guarda-chuva intitulado “Efeitos do treinamento 

muscular ventilatório e da laserterapia sobre o perfil inflamatório e o estresse oxidativo em ratos 

com diabetes mellitus tipo 2”, o qual foi registrado no Gabinete de Projetos (GAP) (ANEXO 

A) do Centro de Ciências da Saúde (CCS), aprovado pelo Comitê de Ética no Uso de Animais 

(CEUA) da UFSM (ANEXO B) sob o número 6622101118, autorizado pelo Departamento de 

Fisiologia e Farmacologia (APÊNDICE C) e do laboratório de Fisiologia Experimental 

(LaFEx) (APÊNDICE D). O pesquisador responsável teve o termo de compromisso 

(APÊNDICE A) e termo de responsabilidade (APÊNDICE B) assinados, seguindo as normas 

conforme diretrizes do Conselho Nacional de Controle de Experimentação Animal (CONCEA). 
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2. REVISÃO DE LITERATURA 

 

2.1. DIABETES MELLITUS 

 

 O diabetes mellitus (DM) é uma doença que está em ascensão no mundo todo. Em 2045, 

a estimativa de pessoas com diabetes é de 700 milhões, principalmente em países de baixa e 

média renda (INTERNATIONAL DIABETES FEDERATION, 2019; WORLD HEALTH 

ORGANIZATION, 2016). O Brasil tem apresentado um aumento na incidência de DM e, nas 

últimas décadas, vem sendo considerado o país com o quarto maior número de indivíduos 

acometidos por essa patologia (DE ALMEIDA-PITITTO et al., 2015; DIRETRIZES DA 

SOCEIDADE BRASILEIRA DE DIABETES, 2018). 

O DM é considerado uma doença metabólica crônica, e ocorre quando o pâncreas não 

produz insulina suficiente, ou essa é incapaz de exercer de forma adequada a sua função 

(INTERNATIONAL DIABETES FEDERATION, 2017, 2019). A perda de sensibilidade à 

insulina pelos tecidos promove a falta de captação de glicose, ocasionando a hiperglicemia, 

caracterizada por níveis elevados de glicose no sangue ocasionando um distúrbio no 

metabolismo dos carboidratos, lipídios e proteínas (INTERNATIONAL DIABETES 

FEDERATION, 2017, 2019).  Além disso, a hiperglicemia crônica possui associação a longo 

prazo com disfunções, danos e falência de diferentes órgãos, como os olhos, nervos, rins e vasos 

sanguíneos (AMERICAN DIABETES ASSOCIATION, 2019). 

O DM pode ser categorizado em duas formas principais: diabetes tipo 1 (DM 1) ou tipo 

2 (DM 2) (AMERICAN DIABETES ASSOCIATION, 2019). O DM 1, que acomete de 5-10% 

dos casos, tem como causa a deficiência absoluta da secreção de insulina, há presença de 

autoanticorpos que destroem as células β pancreáticas, tornando o paciente insulinodependente. 

O DM 2, considerada a forma mais prevalente da doença, acometendo entre 90-95% dos casos, 

é resultante de um defeito progressivo da secreção de insulina e resistência à insulina, devido a 

um desgaste do pâncreas por um processo de hiperfuncionamento compensatório (AMERICAN 

DIABETES ASSOCIATION, 2019; INTERNATIONAL DIABETES FEDERATION, 2017). 

Alguns estudos demonstraram que um dos principais fatores causais para o 

desenvolvimento de EO é a patogênese do DM 2, além da redução da secreção de insulina 

através das células β pancreáticas e o desenvolvimento da resistência insulínica (AKASH; 

REHMAN; CHEN, 2013; REHMAN; AKASH, 2017). Vários fatores estão envolvidos na 
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indução do EO, como: mediadores pró-inflamatórios, resistência à insulina, hiperglicemia e 

dislipidemia, inatividade física e tolerância à glicose reduzida. Esses fatores podem danificar a 

integridade funcional e estrutural das células β pancreáticas, além do mais, a formação de EROs 

juntamente com outros pró-inflamatórios são potencializadas pelo EO, podendo interromper o 

fluxo sanguíneo nas células β pancreáticas abolindo sua função (AKASH et al., 2012; AKASH; 

REHMAN; CHEN, 2013). 

O EO é induzido nas ilhotas pancreáticas por diversos fatores, dentre eles, a 

hiperglicemia, que faz com que aumente o estresse celular (REHMAN; AKASH, 2017; 

TIEDGE et al., 1998). Segundo Grankvist et al., 1981 e Tiedge et al., 1998, nas células β 

pancreáticas os níveis de capacidade das enzimas antioxidantes são muito baixos quando 

comparadas a outros tecidos metabólicos, além de que, essas células são mais vulneráveis e 

suscetíveis à geração de EROs e EO (GRANKVIST; MARKLUND; TALJEDAL, 1981; 

TIEDGE et al., 1998). Alguns estudos experimentais, encontraram que a capacidade 

antioxidante total reduz significativamente em DM 2, indicando a diminuição dos níveis de 

componentes antioxidantes enzimáticos e não enzimáticos (DEMIRCAN et al., 2008; FORD et 

al., 2003), ao mesmo tem em que os níveis biomarcadores de EO são aumentados (DEMIRCAN 

et al., 2008). 

Uma vez que o DM ocorre, há uma produção excessiva de radicais livres que é 

ocasionado por vários mecanismos, além da redução da atividade das enzimas antioxidantes. 

Diante disso, há inúmeras complicações associadas ao DM que podem ser causadas pela 

hiperglicemia e EO, como: disfunção endotelial, complicações cardiovasculares e hepáticas, 

retinopatia, neuropatia e nefropatia (ASFANDIYAROVA et al., 2006; MAHBOOB; 

RAHMAN; GROVER, 2005; WERF et al., 2018). 

 

2.2. ESTRESSE OXIDATIVO 

 

2.2.1. Espécies Reativas e Radicais Livres  

 

O nosso organismo possui um sistema antioxidante complexo, que atua como 

mecanismo de defesa contra radicais livres, que constantemente são formados no metabolismo 

celular que em excesso ocasionam oxidação de moléculas biológicas (HALLIWELL, 2006). O 
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desequilíbrio de pró-oxidantes e antioxidantes que resultam em danos celulares é chamado de 

EO (HALLIWELL, 2006; HALLIWELL; WHITEMAN, 2004). 

Os radicais livres podem ser produzidos de forma natural ou por alguma disfunção 

biológica sendo produto da oxidação, processo fundamental da vida aeróbica e do metabolismo 

celular. O que caracteriza um radical livre é um ou mais elétrons desemparelhados em sua órbita 

externa sendo moléculas altamente instáveis. Quando esses elétrons desemparelhados 

encontram-se centrados nos átomos de oxigênio ou nitrogênio, são denominadas espécies 

reativas de oxigênio (ERO) e espécies reativas de nitrogênio (ERN). As espécies reativas são 

moléculas que possuem uma alta reatividade e podem ser radicais livres ou compostos não 

radicalares (HALLIWELL, 2006). 

As EROs são um dos principais potenciadores do EO, já que sua formação é um 

subproduto inevitável do metabolismo (NOWOTNY et al., 2015), quando essas espécies não 

são removidas de maneira eficaz e segura, o EO pode ser prejudicial à saúde. Há diversas razões 

para a ocorrência do EO, uma delas é a exaustão dos sistemas antioxidantes, o que resulta na 

excessiva produção de EROs ou radicais livres, como: ânions superóxido (O2-) e radicais 

hidroxila (OH-), além disso as EROs incluem compostos não radicalares, como: peróxido de 

hidrogênio (H2O2), ácido hipocloroso (HOCl) e ácido hipobromoso (HOBr) (PUPPEL; 

KAPUSTA; KUCZYŃSKA, 2015). 

O desencadeamento de danos oxidativos a biomoléculas celulares pode acontecer 

sempre que a formação de espécies reativas, principalmente EROs, for superior a capacidade 

antioxidante celular de neutralizá-las, processo esse conhecido como EO. Inúmeras alterações 

celulares possuem associação com o EO, dentre elas: modificação nas funções enzimáticas, 

comprometimento na funcionalidade nuclear, alterações no funcionamento mitocondrial, além 

de participar ativamente no processo fisiopatológico de diversas doenças crônicas (BARBOSA 

et al., 2010; HALLIWELL; CROSS, 1994). 

 

2.2.2. Sistemas de defesa antioxidantes 

 

O dano celular induzido pelo EO, em condições fisiológicas normais é normalmente 

modulado através da capacidade antioxidante auto protetora da célula, chamado de sistema de 

defesa antioxidante, responsável por neutralizar as espécies reativas geradas em excesso que 

podem levar o organismo à situação de estresse. As duas classes principais desses mecanismos 
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antioxidantes celulares são: as defesas enzimáticas (catalase (CAT), superóxido dismutase 

(SOD) e glutationa peroxidase (GPx)) e as não – enzimáticas (glutationa reduzida (GSH) e as 

vitaminas A, C e E) (HALLIWELL; CROSS, 1994; REHMAN; AKASH, 2017).  

 É importante que haja uma manutenção do equilíbrio entre os níveis de espécies reativas 

(ER) e a capacidade das enzimas antioxidantes, para o funcionamento fisiológico normal de 

órgãos e sistemas. Diante disso qualquer desequilíbrio entre esses níveis pode ocasionar o 

desenvolvimento de várias patologias e doenças crônicas, dentre elas a DM 2 e suas 

complicações (REHMAN; AKASH, 2017). 

 

2.2.3. Dano oxidativo 

 

Como consequência da ação deletéria das ER sobre as biomoléculas, há a manifestação 

de danos oxidativos. Para que esse evento não ocorra, é necessário o equilíbrio entre a geração 

de ER e a capacidade de defesa do sistema antioxidante. Tanto a redução da capacidade de 

defesa do sistema antioxidante, quanto a produção excessiva de ER podem ocasionar o 

comprometimento biomolecular, mecanismo esse, conhecido como dano oxidativo 

(HALLIWELL, 2006). Os biomarcadores de dano oxidativo são classificados de acordo com a 

biomolécula sobre a qual as ER atuam: proteína, lipídios ou ácido desoxirribonucleico (DNA) 

(HALLIWELL; WHITEMAN, 2004), também podendo serem avaliados por métodos indiretos, 

baseados na capacidade antioxidante (HUANG; BOXIN; PRIOR, 2005). 

 

 

2.3.  TREINAMENTO MUSCULAR VENTILATÓRIO 

 

O treinamento muscular ventilatório (TMV) é uma ferramenta não farmacológica que 

vem demonstrando diversos benefícios em diferentes populações. Os músculos ventilatórios, 

ao serem treinados, resultam em aumento da força e da resistência muscular ventilatória 

(LANGER et al., 2018; MCCONNELL, 2009),  que determina uma redução da fadiga dos 

músculos respiratórios, a redução na sensação de dispneia (LAOUTARIS et al., 2008), aumento 

da eficiência ventilatória, da capacidade funcional (DALL’AGO et al., 2006) e, 

consequentemente a melhora da qualidade de vida  (LIN et al., 2012; TURNER et al., 2012).  
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Além de promover benefícios em indivíduos saudáveis (ILLI et al., 2012) e em atletas 

de elite (JÚNIOR; GÓMEZ; NETO, 2016), o TMV proporciona efeitos benéficos em diferentes 

populações com diversas condições patológicas. Estudos verificaram bons resultados sobre o 

TMV em pacientes com doença pulmonar obstrutiva crônica (LANGER et al., 2018), no pré e 

pós operatório de cirurgia cardíaca (KODRIC et al., 2013; SAVCI et al., 2011), em pacientes 

com IC (SMART; GIALLAURIA; DIEBERG, 2013; WANG; YEH, 2019),  com insuficiência 

renal (PELLIZZARO; THOMÉ; VERONESE, 2013) e em diabéticos (KAMINSKI et al., 2011; 

SILVA et al., 2012; ALBARRATI 2020).  

Alguns pesquisadores verificaram os efeitos do TMV em indivíduos com DM sobre 

desfechos importantes. O TMV foi capaz de aumentar a força e a resistência muscular 

ventilatória (CORREA et al., 2011; KAMINSKI et al., 2015), reduzir os níveis de glicose 

(CORRÊA et al., 2015; SILVA et al., 2012; SCHEIN ET AL., 2020; PINTO ET AL., 2021, 

MOAWD 2020, ALBARRATI 2021), melhorar à resistência insulínica e os índices glicêmicos 

em idosos (SILVA et al., 2012), além de aumentar a capacidade funcional (MOAWD et al., 

2020). 

Com o intuito de analisar o efeito do TMV no modelo experimental, alguns autores 

desenvolveram estudos em ratos, tanto saudáveis quanto com doenças cardiometabólicas. 

Bisschop et al., (1997), realizaram um protocolo de TMV de 8 semanas em ratos saudáveis, e 

encontraram um aumento da espessura diafragmática e hipertrofia de fibras do tipo IIa e IIX/b. 

Jaenisch et al. (2011) encontraram, após um protocolo de TMV de 6 semanas em ratos com IC, 

a melhora da função hemodinâmica, da sensibilidade barorreceptora e da mecânica respiratória 

(JAENISCH et al., 2011), além do aumento da enzima citrato sintase (JAENISCH et al., 2017b) 

e redução ao dano do DNA no músculo diafragma, o que forneceu indiretamente a possível 

melhora do EO no modelo experimental (JAENISCH et al., 2018). Em um estudo que utilizou 

o TMV em ratos com DM induzido pela estreptozotocina, foi encontrado que essa ferramenta 

resultou na melhora da modulação parassimpática, o que contribui para o melhor entendimento 

dessa ferramenta no sistema nervoso autônomo (TREVISAN et al., 2021). 

Até o momento, resultados interessantes foram obtidos utilizando o TMV em ratos com 

doenças cardiometabólicas. Entretanto, até o nosso conhecimento, nenhum estudo verificou o 

efeito do TMV sobre o estresse oxidativo e a atividade inflamatória em ratos com DM.   
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3. OBJETIVOS 

 

3.1. OBJETIVO GERAL 

 

Avaliar o efeito do TMV, por um período de 6 semanas, sobre o estresse oxidativo em 

ratos com DM 2. 

 

3.2. OBJETIVOS ESPECÍFICOS 

 

Analisar o impacto do TMV sobre o TBARS no plasma sanguíneo em ratos com DM 2. 

Avaliar o impacto do TMV sobre a atividade oxidante por meio da MTT, NPSH e SOD 

no coração, pulmões, rins, diafragma, gastrocnêmio e plasma sanguíneo em ratos com DM 2. 
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Brief Summary 

Our study demonstrated that, after induction of DM 2 in rats, there was an increase in oxidant 

activity, and a reduction in antioxidant activity. Furthermore, VMT in rats with DM 2 reduced 

plasma TBARS levels and increased SOD in the lungs and kidneys.  
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Abstract 

Objective: To evaluate the effects of VMT on oxidative stress in rats with DM 2. 

Method: Male Wistar rats were allocated into 4 groups: Group 1: animals without DM 2 

sedentary (Sham-Sed); Group 2: animals without DM 2 trained (Sham-VMT); Group 3 

sedentary animals with DM 2 (DM-Sed) e Group 4: animals with DM 2 trained (DM-VMT). 

The VMT protocol was performed for 6 weeks, 5 days/week 30min/day. After 24 hours of the 

last day of intervention, the animals were euthanized and blood and tissue samples (heart, lungs, 

kidneys, diaphragm, gastrocnemius and soleus) were collected, weighed and stored for further 

analysis. 

Results: The VMT protocol reduced the levels of TBARS in the plasma of rats with DM 2. 

Regarding antioxidant enzymes, there was a reduction in NPSH levels of the DM group in the 

heart, lungs and diaphragm comparing the DM-Sed group with Sham-Sed. VMT increased SOD 

activity in the lungs and kidneys of rats with DM 2 when comparing the DM-Sed and DM-

VMT groups.  

Conclusion: The VMT protocol reduced plasma TBARS levels and increased SOD in the lungs 

and kidneys. 

 

Keywords: Diabetes Mellitus, Breathing Exercise, Oxidative Damage. 
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Introduction 

Diabetes mellitus (DM) is a disease that is on the rise worldwide. In 2045, the estimated 

number of people with DM is 700 million 1,2. The loss of insulin sensitivity in the tissues 

promotes the lack of glucose uptake, causing the hyperglycemia that chronically occurs in DM. 

Favors the formation of free radicals, which culminates in oxidative damage 3,4. 

These changes can damage the functional and structural integrity of pancreatic β cells, 

with consequent formation of reactive oxygen species (ROS) 5. In addition, inflammatory 

activity is potentiated by the oxidative stress (EO) generated, which can cause damage to 

pancreatic β-cell blood flow, altering their function 5,6. Therefore, there are numerous 

complications associated with DM that can be caused by hyperglycemia and EO, such as: 

endothelial dysfunction, cardiovascular and hepatic complications, retinopathy, neuropathy, 

nephropathy and muscle changes 7,9. 

Some studies have shown that EO potentiates the increase in oxidant enzyme levels, 

reduces antioxidants, as well as exacerbates inflammatory mediators 10,12. Experimental studies 

in the DM model confirmed the increase in oxidant activity resulting from the hyperglycemic 

condition 12,14, through levels of thiobarbituric acid reactive substance (TBARS) 13, and reduced 

activity of antioxidant enzymes, such as non-protein SH (NPSH) and superoxide dismutase 

(SOD) levels 11,15. 

Ventilatory muscle training (VMT) is a non-pharmacological tool that aims to increase 

the strength and endurance of the ventilatory muscles. 16,17. Some studies found that the VMT 

in individuals with DM 2 promoted an increase in maximal inspiratory pressure 18,19, the 

reduction of glucose levels 20,21,  improving insulin resistance 22, in addition to improving 

autonomous control 19 and functional capacity 23. 

Although our group has already demonstrated that VMT improves hemodynamic 

function, baroreflex sensitivity 24, in addition to heart rate variability 25 and reduced DNA 26  

damage in rats with heart failure, only one study associated VMT in rats with DM 21. We 

recently published a study that demonstrated that after the VMT protocol in rats with DM, there 

was an increase in parasympathetic activity, which suggests benefits in terms of autonomic 

control and cardiovascular function 21.  

Therefore, the present study aimed to evaluate whether the VMT protocol can improve 

OS in rats with DM 2, in addition, we believe that it is able to clarify and strengthen the effects 
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of VMT, in addition to elucidating the pathophysiological effects of DM 2 in the model 

experimental. 

 

Materials and Methods 

Use of experimental animals 

The research was carried out at the Experimental Physiology Laboratory of the Federal 

University of Santa Maria (LaFEx, UFSM) – RS. For this study, 32 male Wistar rats, 7 weeks 

old, weighing approximately 200 - 250g were used. The animals came from the Central Animal 

Facility of UFSM, isolated in polypropylene boxes (41 x 33 x 16 cm) in a group of 3 animals 

per box, with a floor covered with shavings. The animals were kept in the rat vivarium of  

building 21 of the UFSM in a room with controlled temperature and humidity (22 ± 2ºC and 50 

to 60%), with air exhaustion and a 12-hour “light-dark” cycle. The animals were acclimatized 

for 14 days prior to the beginning of the experiment and they received water and food ad 

libitum. All animals were maintained and handled in accordance with the ethical principles in 

animal experimentation developed by the Brazilian College of Animal Experimentation 

(COBEA), and following principles determined in law nº 11,794, of October 08, 2008.  

 

DM 2 induction 

After the acclimatization period, the animals had their basal blood glucose checked with 

a manual glucometer (G TECH FREE Lite, Infopia Co., Ltd., South Korea), through a small 

puncture in the caudal vein, being collected 0.1 – 0.5 ml of blood 27. For DM 2 induction, the 

animals were fed a high-energy-density diet (70% standard commercial chow, 15% sucrose, 

10% lard and 5% yolk powder) 28 for an initial period of four weeks. 

The animals in the control group received standard commercial chow and all animals 

received water ad libitum. The animals were submitted to a 12-hour fast and on the 29th day 

the blood glucose was checked again, on the 30th day the animals of the DM 2 group were 

administered a single dose of streptozotocin (STZ) - 35 mg/kg - intraperitoneally (ip) , dissolved 

in vehicle (0.01 M sodium citrate solution, pH = 4.5) with a volume of 1 ml/kg 29,30. The animals 

in the Sham group that consumed a standard diet received only the vehicle intraperitoneally. 

One week after the administration of STZ or vehicle, the fasting blood glucose was checked 

again and the animals that presented blood glucose greater than or equal to 200 mg/dL were 

considered diabetic. The groups received their respective diets for another four weeks and then 
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the VMT protocol was started. The diets were followed as described above until the end of the 

experiment 31 and blood glucose was checked again one day before euthanasia. 

Animals that did not become diabetic after drug infusion and a hypercaloric diet 

received humane euthanasia with anesthetic overload according to the regulations of the 

National Council for the Control of Animal Experiments (CONCEA).   

 

Experimental draw 

The animals were divided into 4 experimental groups: 

 Group 1: Sedentary Sham rats (Sham-Sed; n=8). 

 Group 2: Trained Sham rats (Sham-VMT; n=8). 

 Group 3: DM 2 Sedentary rats (DM-Sed; n=8). 

 Group 4: Rats with DM 2 trained (DM-VMT; n=8). 

 

Ventilatory Muscle Training Protocol 

To perform the VMT, the animals were conditioned to breathe through a one-way valve 

connected to a mask. Conditioning was performed so that the position of the animal's head is 

adequate (at the anterior end of the equipment where resistance is carried out during breathing, 

which makes the training effective) 24. 

The VMT protocol was performed for 30min/day, 5 days/week, for 6 weeks 21,24. The 

load offered, for the training of the ventilatory muscles, was generated by means of an alinear 

resistor, coupled to an acrylic cylinder, with an initial hole diameter of 0.8 mm. At the end of 

the first week, the diameter was reduced to 0.3 mm, imposing maximum resistance to the 

training 21,32. 

 

Euthanasia 

At the end of the 6-week protocol, 24 hours after the last day of intervention, the animals 

were euthanized under deep anesthesia with isoflurane (4% - until the animal showed no reflex) 

33. To complete the euthanasia of the animals, blood was collected by cardiac puncture (1 to 

2mL). To complete the euthanasia of the animals, blood was collected by cardiac puncture (1 

to 2mL). Confirmation of the death of the animals was made by observing the respiratory arrest 

for a time greater than 180 seconds. In addition, the absence of respiratory movement (apnea); 
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absence of heartbeat (asystole); absence of pulse, pale mucous membranes, and loss of corneal 

reflex 34. The same protocol was used in case of humanitarian euthanasia. 

The organs heart, lungs, liver and kidneys, in addition to the diaphragm, gastrocnemius 

and soleus muscles, were collected and weighed. The samples were homogenized and stored in 

a freezer at -80ºC and the blood was centrifuged and plasma extracted for further biochemical 

analysis. 

 

Tissue preparation 

Heart, lung, liver and kidney organs were removed, weighed and homogenized 

(UltraTurrax, Staufen, Germany) in phosphate buffer (heart 1:4, lung 1:5, liver 1:10 and kidney 

1:10 – g/mL). The diaphragm, gastrocnemius and soleus muscles were removed, weighed and 

homogenized (UltraTurrax, Staufen, Germany) in sodium chloride (NaCl) (0.9%) (diaphragm 

1:10 and gastrocnemius 1:10 – g/mL). After homogenization, the organ and muscle samples 

were centrifuged at 3000 rpm for 10 minutes (SPIN MAX 80-2B, Didactic SP, SP), in order to 

obtain a low-speed supernatant fraction (S1), which was used for different assays. biochemicals 

35. 

 

Protein quantification 

Protein content was measured according to the method described by Lowry et al., using 

bovine serum albumin as a standard. Aliquots of 20 μL of the supernatant fraction from the 

organs and muscles and 180 μL of comassie were pipetted into a cell culture plate – 90 wells 

and measured at 595 nm (SpectraMax® i3x Multi-Mode Microplate Reader) 36. 

 

Determination of TBARS levels 

TBARS levels were determined according to the method described by Ohkawa et al. 

Plasma homogenate (40 μL of sample) was placed in an eppendorf and 20 μL of distilled water, 

100 μL of acetic acid, 100 μL of thiobarbituric acid (TBA) and 40 μL of sodium dodecyl sulfate 

(SDS) were added. Then, they were incubated for 120 minutes at 100°C. 500 μL aliquots of the 

S1 plasma supernatant fraction were added to the color reaction. TBARS levels were measured 

at 532 nm (SpectraMax® i3x Multi-Mode Microplate Reader) using malondialdehyde (MDA) 

standard curve and corrected for protein content 37. 
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Determination of mitochondrial dehydrogenase activity (MTT reduction assay) 

The homogenates of organs (heart and lungs), muscles (diaphragm and gastrocnemius) 

and plasma (27 μL of sample) are incubated with 2.7 μL of MTT in eppendorf at 34ºC for 

60min. After this period, 270 μL of dimethyl sulfoxide (DMSO) are added to extract colored 

components, transferred to a cell culture plate – 90 wells and measured at 570 nm 

(SpectraMax® i3x Multi-Mode Microplate Reader). Results are expressed as a percentage of 

control values 38. 

 

Determination of non-protein SH (NPSH) levels 

NPSH levels were determined in organ homogenates (heart and lungs), muscle 

(diaphragm and gastrocnemius) and plasma through 134 μL of sample precipitated with 67 μL 

of TCA (5%) and subsequently centrifuged in eppendorf at 2000 rpm for 10 minutes in a 

microtube centrifuge (Hitachi Medical Systems - CF15RX II). The supernatant fraction (60 μL) 

was added to a reaction medium containing K-phosphate buffer (TFK) (100 μL, pH 7.4), 

distilled water (38 μL) and DTNB (2 μL) in a cell culture plate. – 90 wells. Measurements at 

412 nm (SpectraMax® i3x Multi-Mode Microplate Reader). The results were calculated in 

relation to a standard curve constructed with GSH (reduced glutathione) at known 

concentrations (98, 58, 48, 38, 28 μL of distilled water, respectively; 100 μL of TFK; 0, 40, 50, 

60 μL of GSH, respectively and 2 μL of DTNB) and corrected for the protein content 39. 

 

Superoxide dismutase (SOD) 

In the SOD analysis, the homogenates of the samples were added to a medium 

containing ethylenediamine tetraacetic acid (2mM EDTA) and bicarbonate buffer (50mM 

NaHCO3/Na2CO3, pH 10.3). Epinephrine (4mM) was added at the time of plate reading to 

initiate SOD kinetic activity for 5 minutes. The colored product of epinephrine degradation 

(which was inhibited by SOD cellular activity) was verified spectrophotometrically at 480 nm. 

SOD enzyme activity was expressed in units of enzyme activity per milligram of protein 40. 
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Statistical analysis 

The program used was GraphPad Prism (GraphPad Software, CA, USA). Data 

distribution was evaluated using the Kolmogorov-Smirnov normality test. Variables with more 

than two measurements were compared by two-way ANOVA for repeated measurements 

followed by post hoc Bonferroni. The significance level of 5% was considered significant 

(p<0.05). 

 

Results 

The experiment started with 32 animals. During the DM 2 and VMT induction protocol, 

there were two losses, 1 from the DM-Sed Group and 1 from the DM-VMT Group. 30 animals 

completed the experiment. Body weight and blood glucose are shown in Table 1. In relation to 

body weight, in all groups there was an increase (p<0.05) at the end of the experiment, 

compared to the initial weight. In addition, the groups with DM, at the end of the experiment, 

showed an increase (p<0.05) in blood glucose (Table 1). 

 

Determination of TBARS levels 

Regarding plasma TBARS levels, DM groups showed higher levels (p<0.001) when 

compared to Sham groups. When comparing DM-Sed versus DM-VMT diabetic groups, the 

trained group had lower (p<0.001) levels of TBARS, indicating that VMT was able to reduce 

this marker in the plasma of rats with DM (Figure 2). 

 

Determination of mitochondrial dehydrogenase activity (MTT reduction assay) 

 The DM-Sed group showed a lower MTT activity in the lungs when compared to the 

Sham-Sed group (p<0.01), characterizing the experimental model of DM. In the gastrocnemius 

muscle, when we compared the Sham-VMT group with the DM-VMT, the DM group showed 

higher (p<0.05) MTT activity. No differences were observed in heart, diaphragm and plasma 

(Table 2). 

 

Determination of non-protein SH (NPSH) levels 

 In the heart, when we compared Sham-Sed with DM-Sed, the DM group showed lower 

levels (p<0.001). Comparing the DM-VMT group to the Sham-VMT group, the DM group had 

lower levels (p<0.05) of this marker. The DM groups had lower levels in relation to NPSH. The 
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Sham-VMT group had lower levels (p<0.001) compared to the Sham-Sed group, showing that 

the VMT group reduced NPSH levels when compared to the untrained group. 

 In the lungs, the DM-Sed group presented lower (p<0.05) levels of NPSH when 

compared to the Sham-Sed group, characterizing the experimental model of DM. When 

comparing the Sham-VMT group with the Sham-Sed group, the trained group showed lower 

levels (p<0.01). 

 Regarding the NPSH levels in the diaphragm muscle, the DM-Sed and DM-VMT 

groups, when compared to the Sham-Sed and Sham-VMT groups, respectively, the DM groups 

showed lower levels (p<0.001), confirming the reduction of antioxidant markers in an 

experimental model of DM. 

 In the gastrocnemius muscle, the DM-VMT group compared to the Sham-VMT group 

showed lower levels (p<0.001), evidencing that VMT in healthy rats increases NPSH levels. 

When comparing two healthy groups, the Sham-VMT group compared to the Sham-Sed group 

showed higher levels (p<0.01) of NPSH. The NPSH results are shown in Table 2. 

 

Superoxide dismutase (SOD) 

 When comparing the Sham-Sed and Sham-VMT groups with the DM-Sed and DM-

VMT groups, respectively, the DM groups showed lower levels (p<0.01) in SOD activity in the 

heart.  

 Regarding SOD activity in the lungs, the DM-Sed group, when compared to the Sham-

Sed group, showed higher levels (p<0.001), we also found higher levels (p<0.001) in the DM-

VMT group compared to the Sham-VMT group . When comparing the two diabetic groups, the 

DM-VMT group had a higher (p<0.001) SOD activity. 

 In the kidneys, when comparing DM-Sed with Sham-Sed and DM-VMT with Sham-

VMT, the DM groups showed lower levels (p<0.05) in SOD activity. When we compared the 

Sham-Sed group with Sham-VMT and DM-Sed with DM-VMT, the groups that received VMT 

showed higher levels (p<0.001) in SOD activity, showing benefits of VMT. 

 In the diaphragm muscle, the DM-VMT group compared to the Sham-VMT group 

showed lower levels (p<0.001) in SOD activity, while when we compared the two Sham groups, 

the VMT group showed higher levels (p<0.01). 

 Regarding SOD activity in the gastrocnemius muscle, when we compared DM-Sed and 

DM-VMT with Sham-Sed and Sham-VMT, respectively, lower levels (p<0.05) were found in 
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the DM groups. On the other hand, when comparing Sham-Sed with Sham-VMT, the sedentary 

group presented higher levels (p<0.01). 

 In plasma comparing the DM-Sed groups with Sham-Sed and DM-VMT with Sham-

VMT, the DM groups showed lower levels (p<0.001). When comparing the two Sham groups, 

the VMT group showed higher levels of this marker (p<0.05). The results of SOD activity are 

shown in Table 2. 

 

Discussion 

Some studies have already evaluated the effect of this VMT protocol in an experimental 

model in healthy rats and, in recent years, our group has found interesting results from the use 

of this tool in rats with heart failure 32 and, in recent years, our group has found interesting 

results from the use of this tool in rats with heart failure 24,26,41. We recently published a study 

that verified the effects of VMT on hemodynamic function, heart rate variability and muscle 

morphology in rats with DM 21. We believe that the present study is the first to investigate the 

effects of VMT on oxidative stress in rats with DM 2. Therefore, we demonstrated the 

effectiveness of the DM 2 induction protocol, since the final glycemia of the DM-Sed and DM-

VMT groups increased at the end of the experiment compared to the Sham groups. The 

induction of DM 2 was through feeding with a high energy density diet, associated with a low 

dose of STZ, other studies confirm that this combination induces DM in rats, increasing 

glycemic indices and other markers 21,29,30,42. 

The beneficial effects of VMT in different populations and pathologies are already well 

established in the literature 48,51. Regarding the use of this tool in patients with DM 2, some 

studies show that VMT caused an increase in maximal inspiratory pressure, a reduction in 

glucose levels, an improvement in insulin resistance, in addition to an improvement in 

autonomous control and functional capacity 18,19, a reduction in glucose levels 20,22, an 

improvement in insulin resistance 22, in addition to an improvement in autonomous control 19 

and functional capacity 23. 

Based on the determination of TBARS levels, in our study we found an increase in 

plasma in the DM groups. Hyperglycemia increases the formation of ROS which, in 

combination with reduced antioxidant defense, leads to increased oxidative stress in diabetics 

46. In addition, experimental studies in a DM model found an increase in oxidant activity as a 

consequence of the hyperglycemic state that induces lipid peroxidation 13,14,47. These findings 
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are in agreement with our study, which showed an increase in oxidant markers in STZ-induced 

DM rats 13,48,49, as Sankaranarayanan et al. found an increase in plasma TBARS levels 13. 

Our results showed that after 6 weeks of VMT, it was possible to reduce plasma TBARS 

levels in the DM-VMT group compared to the DM-Sed group, demonstrating that VMT 

possibly causes systemic benefits. It is believed that this finding may be due to the attenuation 

of the metaboreflex, but we did not evaluate the redirection of blood flow in our study. In 

patients with DM 2, there is a reduction in the bioavailability and activity of nitric oxide, which 

causes micro and macrovascular changes 50. Regarding muscle changes, there is an impairment 

of skeletal muscles, as a result of endothelial wall injuries and a reduction in the capillary 

density of this muscle group, causing a reduction in mass, peripheral muscle strength and 

respiratory dysfunctions 51, causing a reduction in mass, peripheral muscle strength and 

respiratory dysfunctions 52. We recently published a study that showed that in rats with DM 

there was a reduction in the cross-sectional area in the diaphragm, tibial anterior and soleus 

muscles 21, confirming that DM reduces muscle mass. 

Faced with these muscle changes, fatigue of the diaphragm muscle can occur, causing 

an accumulation of metabolites, which in turn causes the metaboreceptors to accumulate by-

products of metabolism. From this, information is sent to the central nervous system causing 

sympathetic hyperexcitation. As a result, there is an increase in sympathetic activity that 

establishes peripheral vasoconstriction, redirecting blood to the diaphragmatic musculature, 

which results in reduced peripheral blood flow 17,53,54. We know that the VMT increases 

diaphragmatic muscle strength 16, so the fatigue perception threshold also increases, through 

the activation of the metaboreflex, which causes a reduction in the perception of effort, 

preserving peripheral blood flow 53,54. The increase in blood flow provides the release of nitric 

oxide, which, in turn, exerts the function of vasodilation and smooth muscle relaxation, in 

addition to inducing the response of antioxidants that can inhibit or balance the action of oxidant 

enzymes 55. Thus, in the present study, the reduction in plasma TBARS levels in the DM-VMT 

group may be related to the mechanisms mentioned above. 

Another interesting finding in our study is that DM is associated with a decrease in 

antioxidant markers, consistent with previous findings 46,56,57. Comparing the Sham-Sed and 

DM-Sed groups, the DM group showed a reduction in antioxidant activity through the levels of 

MTT in the lungs, NPSH in the heart, lungs and diaphragm, and SOD in the heart, kidneys, 

gastrocnemius and plasma, going to the meeting of other studies that confirmed that the 
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experimental model of DM 2 reduces the activity of antioxidant enzymes 11,25. When we 

compared the two DM groups, VMT increased SOD levels in the lungs and kidneys. Previous 

studies have shown that prolonged and/or high-intensity exercise promotes oxidative stress and 

skeletal muscle is the main source of ROS production. However, when this production occurs 

at moderate levels during exercise, there is a positive physiological adaptation in skeletal 

muscles through mitochondrial biogenesis and synthesis of antioxidant enzymes, whereas the 

production of ROS at high levels can result in damage to macromolecular structures 58,59.  

Regarding the antioxidant markers in the skeletal muscles, especially in the diaphragm 

and gastrocnemius, when we compared the Sham-Sed with Sham-VMT groups, we found an 

increase in the trained group. However, we were unable to confirm whether this tool is capable 

of increasing antioxidant activity in general. Recent studies published by our group confirm 

that VMT effects on diaphragmatic musculature in rats with heart failure increased the citrate 

synthase enzyme 41 and reduced DNA damage 26, suggesting a reduction in oxidative activity 

and a possible increase in antioxidant. In addition, the VMT protocol in DM rats was able to 

potentiate parasympathetic modulation 21, although the impact of VMT on the activity of 

oxidant and antioxidant markers has not been evaluated. 

There are some limitations in relation to the present study that may help to better 

understand the effects of VMT. First, we did not analyze other parameters of oxidative stress, 

which would allow a better understanding of the effect of VMT in this model. Second, we did 

not perform histological analysis, which could have confirmed some findings on the effect of 

VMT on the muscles analyzed in our study. 

 

Conclusion 

We concluded that VMT reduced the oxidant activity, through the levels of TBARS in 

the plasma of rats with DM 2. In addition, VMT was able to increase the activity of SOD in the 

lungs and kidneys of rats with DM 2, which infers in benefit of antioxidant activity. 
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Figure 1. Instrument developed by Jaenisch et al. 2011, for ventilatory muscle training in rats. 
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Figure 2. Plasma TBARS levels. 

Values expressed as mean ± SD. The groups were compared by two-way ANOVA with Post Hoc Bonferroni. 

Sedentary control group (Sham-Sed, n=8); Control group ventilatory muscle training (Sham-VMT, n=8); 

Sedentary diabetic group (DM-Sed, n=7); Diabetic group ventilatory muscle training (DM-VMT, n=7). 

* p<0.001 compared to Sham-Sed and Sham-VMT. 

** p<0.05 compared to DM-Sed. 
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Table 1 - Weight and blood glucose of animals 

      

Weight and Blood Glucose 

Groups Starting Weight (g) Last Weight (g) Basal Blood 

Glucose (mg/dL) 

Post STZ blood 

glucose and vehicle 
(mg/dL) 

Last Blood Glucose 

(mg/dL) 

Sham-Sed 266±18,29 486±23,93* 125±7,85 113±12,35 124±21,56 

Sham-VMT 267±18,22 411±56,94* 130±14,06 127±33,66 127±31,11 

DM Sed 248±17,23  362±45,57* 139±16,91 407±70,33* 428±44,28* 

DM VMT 251±26,73 381±57,80* 130±10,9 403±63,70* 434±67,99* 

Values expressed as mean ± SD. Sedentary control group (Sham-Sed, n=8); Control group ventilatory muscle training (Sham-

VMT, n=8); Sedentary diabetic group (DM-Sed, n=7); Diabetic group ventilatory muscle training (DM-VMT, n=7). 

* p<0.05 comparing initial and final values. 
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Table 2 - Antioxidant Activity Markers in the heart, lungs, kidneys, diaphragm, gastrocnemius and plasma. 

MTT 570 nm       

Groups Heart Lungs Diaphragm Gastrocnemius Plasma  

Sham-Sed 90,68±14,51 155,54±27,11  103,08±11,92 98,48±7,53 113,32±20,98  

Sham-VMT 67,54±2,24 119,22±24,43  102,41±9,16 92,97±10,96  119,37±14,42  

DM-Sed 96,34±23,79 93,92±3,05 a 111,52±8,43 115,52±11,30 108,62±6,45  

DM-VMT 85,25±0,57 104,67±26,27  104,29±12,88 111,16±15,91 b 103,74±5,93  

NPSH (nmol SH/mg of protein)      

Groups Heart Lungs Diaphragm Gastrocnemius Plasma  

Sham-Sed 136,40±1,35 74,62±9,36 48,50±1,31 42,50±14,04 13,10±2,96  

Sham-VMT 13,04±2,43 c 36,88±10,69 c 46,60±12,56  62,50±14,53 c 13,00±2,19   

DM-Sed 15,83±7,18 a 44,50±17,32 a 19,00±4,80 a 35,70±1,76 13,20±4,52  

DM-VMT 29,33±15,62 b 47,37±13,96 17,10±5,15 b 24,80±1,22b 18,20±1,45 b  

SOD (U/mg of protein)      

Groups Heart Lungs Kidneys Diaphragm Gastrocnemius Plasma 

Sham-Sed 0,0017±0,00  0,0006±0,00  0,0014±0,00 0,0007±0,00  0,03±0,01 0,03±0,00  

Sham-VMT 0,0020±0,00  0,0007±0,00  0,0021±0,00 c 0,0013±0,00 c 0,01±0,00 c 0,04±0,00 c 

DM-Sed 0,0007±0,00 a 0,0016±0,00 a 0,0005±0,00 a 0,0007±0,00 0,00±0,00 a 0,00±0,00 a 

DM-VMT 0,0010±0,00 b 0,0027±0,00 b, d 0,0015±0,00 b, d 0,0006±0,00 b 0,00±0,00 b 0,00±0,00 b 

Values expressed as mean ± SD. Sedentary control group (Sham-Sed, n=8); Control group ventilatory muscle training (Sham-VMT, n=8); Sedentary diabetic group (DM-Sed, 

n=7); Diabetic group ventilatory muscle training (DM-VMT, n=7); Determination of Mitochondrial Dehydrogenase (MTT) activity; Determination of non-protein SH (NPSH) 

levels; Superoxide dismutase (SOD). a P<0.05 comparing Sham-Sed; b P<0.05 comparing Sham-VMT; c P<0.05 comparing Sham-Sed; d P<0.05 comparing DM-Sed; (Two-

way ANOVA with Bonferroni post hoc). 
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5. CONCLUSÃO 

 

O presente estudo teve como objetivo avaliar os efeitos do treinamento muscular 

ventilatório sobre o estresse oxidativo em ratos com DM 2. Confirmamos que, o protocolo de 

indução do DM 2 foi eficaz, comprovado pelo aumento dos índices glicêmicos, parâmetros de 

atividade oxidativa e antioxidante nos animais com DM 2.  

 Em conclusão, o protocolo de TMV, aplicado durante 6 semanas, por 5 dias 

consecutivos, foi capaz de reduzir a atividade oxidante no plasma e aumentar a antioxidante 

nos pulmões e rins de ratos com DM 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

REFERÊNCIAS  

 

AKASH, M. S. H. et al. Interleukin-1 Receptor Antagonist: A New Therapy for Type 2 Diabetes 

Mellitus. Journal of pharmaceutical sciences, v. 101, n. 5, p. 1647–1658, 2012.  

 

AKASH, M. S. H.; REHMAN, K.; CHEN, S. Role of inflammatory mechanisms in 

pathogenesis of type 2 diabetes mellitus. Journal of Cellular Biochemistry, v. 114, n. 3, p. 

525–531, 2013.  

 

ALHAIDER, A. A. et al. Metformin attenuates streptozotocin-induced diabetic nephropathy in 

rats through modulation of oxidative stress genes expression. Chemico-Biological 

Interactions, v. 192, n. 3, p. 233–242, 2011.  

 

AMERICAN DIABETES ASSOCIATION. Standards of Medical Care in Diabetes. Diabetes 

Care, v. 42, 2019. 

  

ASFANDIYAROVA, N. et al. Risk factors for stroke in type 2 diabetes mellitus. Diabetes and 

Vascular Disease Research, v. 3, n. 1, p. 57–60, 2006.  

 

BANDEIRA, S. DE M. et al. Oxidative stress as an underlying contributor in the development 

of chronic complications in diabetes mellitus. International Journal of Molecular Sciences, 

v. 14, n. 2, p. 3265–3284, 2013.  

 

BARBOSA, K. B. F. et al. Estresse oxidativo: Conceito, implicações e fatores modulatórios. 

Revista de Nutricao, v. 23, n. 4, p. 629–643, 2010.  

 

BARSSOTTI, L. et al. Saccharomyces boulardii modulates oxidative stress and renin 

angiotensin system attenuating diabetes-induced liver injury in mice. Scientific Reports, v. 11, 

n. 1, p. 1–12, 2021.  

 

BELMAN, M. J.; SHADMEHR, R. Targeted resistive ventilatory muscle training in chronic 

obstructive pulmonary disease. Journal of Applied Physiology, v. 65, n. 6, p. 2726–2735, 

1988.  

 

BISSCHOP, A. et al. Intermittent inspiratory muscle training induces fiber hypertrophy in rat 

diaphragm. American Journal of Respiratory and Critical Care Medicine, v. 155, n. 5, p. 

1583–1589, 1997.  

 

BURGOS-MORÓN et al. Relationship Between Oxidative Stress, ER Stress, and Inflammation 

in Type 2 Diabetes: The Battle Continues. Journal of Clinical Medicine, v. 8, n. 9, p. 1385, 

2019.  

 

CORRÊA, A. P. D. S. et al. Effect of acute inspiratory muscle exercise on blood flow of resting 

and exercising limbs and glucose levels in type 2 diabetes. PLoS ONE, v. 10, n. 3, p. 1–15, 

2015.  

 

CORREA, A. P. S. et al. Inspiratory muscle training in type 2 diabetes with inspiratory muscle 

weakness. Medicine & Science in Sports, v. 43, n. 7, p. 1135–1141, 2011.  



50 
 

DALL’AGO, P. et al. Inspiratory muscle training in patients with heart failure and inspiratory 

muscle weakness: A randomized trial. Journal of the American College of Cardiology, v. 47, 

n. 4, p. 757–763, 2006.  

 

DE ALMEIDA-PITITTO, B. et al. Type 2 diabetes in Brazil: Epidemiology and management. 

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy, v. 8, p. 17–28, 2015.  

DEMIRCAN, N. et al. The evaluation of serum cystatin C, malondialdehyde, and total 

antioxidant status in patients with metabolic syndrome. Medical Science Monitor, v. 14, n. 2, 

p. 97–101, 2008.  

 

DIRETRIZES DA SOCEIDADE BRASILEIRA DE DIABETES. SOCIEDADE 

BRASILEIRA DE DIABETES. [s.l: s.n.].  

 

DOS SANTOS, S. A. et al. Effects of Photobiomodulation Therapy on Oxidative Stress in 

Muscle Injury Animal Models: A Systematic Review. Oxidative Medicine and Cellular 

Longevity, v. 2017, 2017. 

  

FORD, E. S. et al. The Metabolic Syndrome and Antioxidant Concentrations. The Metabolic 

Syndrome and Antioxidant Concentrations, v. 52, 2003.  

 

GOBOZA, M. et al. Vindoline effectively ameliorated diabetes-induced hepatotoxicity by 

docking oxidative stress, inflammation and hypertriglyceridemia in type 2 diabetes-induced 

male Wistar rats. Biomedicine and Pharmacotherapy, v. 112, n. January, p. 108638, 2019.  

 

GRANKVIST, K.; MARKLUND, S. L.; TALJEDAL, I. B. CuZn-superoxide dismutase, Mn-

superoxide dismutase, catalase and glutathione peroxidase in pancreatic islets and other tissues 

in the mouse. Biochemical Journal, v. 199, n. 2, p. 393–398, 1981.  

 

GRASSIANO, A. A rationale for training respiratory muscles. International Rehabilitation 

Medicine, v. 6, n. 4, p. 175–178, 1984.  

 

GUEX, C. G. et al. Antidiabetic effects of Olea europaea L. leaves in diabetic rats induced by 

high-fat diet and low-dose streptozotocin. Journal of Ethnopharmacology, v. 235, n. 

February, p. 1–7, 2019.  

 

HALLIWELL, B. Oxidative stress and neurodegeneration: Where are we now? Journal of 

Neurochemistry, v. 97, n. 6, p. 1634–1658, 2006.  

 

HALLIWELL, B.; CROSS, C. E. Oxygen-derived species: Their relation to human disease and 

environmental stress. Environmental Health Perspectives, v. 102, n. SUPPL. 10, p. 5–12, 

1994.  

 

HALLIWELL, B.; WHITEMAN, M. Measuring reactive species and oxidative damage in vivo 

and in cell culture: How should you do it and what do the results mean? British Journal of 

Pharmacology, v. 142, n. 2, p. 231–255, 2004.  

 

HUANG, D.; BOXIN, O. U.; PRIOR, R. L. The chemistry behind antioxidant capacity assays. 

Journal of Agricultural and Food Chemistry, v. 53, n. 6, p. 1841–1856, 2005.  



51 
 

ILLI, S. K. et al. Effect of Respiratory Muscle Training on Exercise Performance in Healthy 

Individuals: A Systematic Review and Meta-Analysis. Sports Medicine, v. 42, n. 8, p. 707–

724, 2012.  

 

INTERNATIONAL DIABETES FEDERATION. IDF Diabetes Atlas, 8th edn. In: IDF 

Diabetes Atlas, 8th edition. [s.l: s.n.]. p. 1–150.  

 

INTERNATIONAL DIABETES FEDERATION. IDF Diabetes Atlas Seventh. [s.l: s.n.].  

 

JAENISCH, R. B. et al. Respiratory muscle training improves hemodynamics, autonomic 

function, baroreceptor sensitivity, and respiratory mechanics in rats with heart failure. Journal 

of Applied Physiology, v. 111, n. 6, p. 1664–1670, 2011.  

 

JAENISCH, R. B. et al. Respiratory Muscle Training Improves Chemoreflex Response, Heart 

Rate Variability, and Respiratory Mechanics in Rats With Heart Failure. Canadian Journal of 

Cardiology, v. 33, n. 4, p. 508–514, 2017a.  

 

JAENISCH, R. B. et al. Respiratory muscle training improves diaphragm citrate synthase 

activity and hemodynamic function in rats with heart failure. Brazilian Journal of 

Cardiovascular Surgery, v. 32, n. 2, p. 104–110, 2017b.  

 

JAENISCH, R. B. et al. Respiratory muscle training decreases diaphragm DNA damage in rats 

with heart failure. Canadian Journal of Physiology and Pharmacology, v. 96, n. 3, p. 221–

226, 2018.  

 

JÚNIOR, B. R. V. N.; GÓMEZ, T. B.; NETO, M. G. Use of Powerbreathe® in inspiratory 

muscle training for athletes: systematic review. Fisioterapia em Movimento, v. 29, n. 4, p. 

821–830, 2016.  

 

KAMINSKI, D. M. et al. Inspiratory muscle training in patients with diabetic autonomic 

neuropathy: a randomized clinical trial. Clinical Autonomic Research, v. 25, n. 4, p. 263–266, 

2015.  

 

KAMINSKI, D. M. H. et al. Inspiratory muscle weakness is associated with autonomic 

cardiovascular dysfunction in patients with type 2 diabetes mellitus. Clinical Autonomic 

Research, v. 21, n. 1, p. 29–35, 2011.  

 

KODRIC, M. et al. Inspiratory muscle training for diaphragm dysfunction after cardiac surgery. 

Journal of Thoracic and Cardiovascular Surgery, v. 145, n. 3, p. 819–823, 2013.  

 

LANGER, D. et al. Inspiratory Muscle Training Reduces Diaphragm Activation and Dyspnea 

during Exercise in COPD. New England Journal of Medicine, v. 372, n. 2, p. 2499–2508, 

2018.  

 

LAOUTARIS, I. D. et al. Effects of inspiratory muscle training on autonomic activity, 

endothelial vasodilator function, and N-terminal pro-brain natriuretic peptide levels in chronic 

heart failure. Journal of Cardiopulmonary Rehabilitation and Prevention, v. 28, n. 2, p. 99–

106, 2008.  



52 
 

LIN, S.-J. et al. Inspiratory Muscle Training in Patients with Heart Failure: A Systematic 

Review. Cardiopulmonary Physical Therapy Journal, v. 23, n. 3, p. 29–36, 2012.  

 

MAHBOOB, M.; RAHMAN, M. F.; GROVER, P. Serum lipid peroxidation and antioxidant 

enzyme levels in male and female diabetic patients. Singapore Medical Journal, v. 46, n. 7, 

p. 322–324, 2005.  

 

MCCONNELL, A. K. Respiratory muscle training as an ergogenic aid. Journal of Exercise 

Science and Fitness, v. 7, n. 2, p. S18–S27, 2009.  

 

MOAWD, S. A. et al. Inspiratory Muscle Training in Obstructive Sleep Apnea Associating 

Diabetic Peripheral Neuropathy: A Randomized Control Study. BioMed Research 

International, v. 2020, 2020.  

 

MOHAMED, J. et al. Mechanisms of diabetes-induced liver damage: The role of oxidative 

stress and inflammation. Sultan Qaboos University Medical Journal, v. 16, n. 2, p. e132–

e141, 2016.  

 

NOWOTNY, K. et al. Advanced glycation end products and oxidative stress in type 2 diabetes 

mellitus. Biomolecules, v. 5, n. 1, p. 194–222, 2015.  

 

OGAR, I. et al. Hyptis verticillata attenuates dyslipidaemia, oxidative stress and hepato-renal 

damage in streptozotocin-induced diabetic rats. Life Sciences, v. 219, n. January, p. 283–293, 

2019.  

 

PELLIZZARO, C. O.; THOMÉ, F. S.; VERONESE, F. V. Effect of peripheral and respiratory 

muscle training on the functional capacity of hemodialysis patients. Renal Failure, v. 35, n. 2, 

p. 189–197, 2013.  

 

PUPPEL, K.; KAPUSTA, A.; KUCZYŃSKA, B. The etiology of oxidative stress in the various 

species of animals, a review. Journal of the Science of Food and Agriculture, v. 95, n. 11, p. 

2179–2184, 2015.  

 

REHMAN, K.; AKASH, M. S. H. Mechanisms of inflammatory responses and development of 

insulin resistance: How are they interlinked? Journal of Biomedical Science, v. 23, n. 1, p. 1–

18, 2016.  

 

REHMAN, K.; AKASH, M. S. H. Mechanism of Generation of Oxidative Stress and 

Pathophysiology of Type 2 Diabetes Mellitus: How Are They Interlinked? Journal of Cellular 

Biochemistry, v. 118, n. 11, p. 3577–3585, 2017.  

 

SANKARANARAYANAN, C.; KALAIVANI, K. Isopulegol Mitigates Hyperglycemia 

Mediated Oxidative and Endoplasmic Reticulum Stress in HFD/STZ Induced Diabetic Rats. 

Archives of Medical Research, v. 51, n. 3, p. 204–214, 2020.  

 

SARANDOL, E. et al. Effects of thiamine treatment on oxidative stress in experimental 

diabetes. Bratislava Medical Journal, v. 121, n. 3, p. 235–241, 2020.  

 



53 
 

SAVCI, S. et al. Short-term effects of inspiratory muscle training in coronary artery bypass 

graft surgery: A randomized controlled trial. Scandinavian Cardiovascular Journal, v. 45, n. 

5, p. 286–293, 2011.  

 

SCHEIN, A. S. O. et al. Acute inspiratory muscle exercise effect on glucose levels, glucose 

variability and autonomic control in patients with type 2 diabetes: A crossover randomized trial. 

Autonomic Neuroscience: Basic and Clinical, v. 226, n. March, p. 102669, 2020.  

 

SILVA, M. DOS S. et al. Inspiratory training increases insulin sensitivity in elderly patients. 

Geriatrics and Gerontology International, v. 12, n. 2, p. 345–351, 2012.  

 

SMART, N. A.; GIALLAURIA, F.; DIEBERG, G. Efficacy of inspiratory muscle training in 

chronic heart failure patients: A systematic review and meta-analysis. International Journal 

of Cardiology, v. 167, n. 4, p. 1502–1507, 2013.  

 

TIEDGE, M. et al. Complementary action of antioxidant enzymes in the protection of 

bioengineered insulin-producing RINm5F cells against the toxicity of reactive oxygen species. 

Diabetes, v. 47, n. 10, p. 1578–1585, 1998.  

 

TREVISAN, C. S. C. et al. Effects of respiratory muscle training on parasympathetic activity 

in diabetes mellitus. Brazilian Journal of Medical and Biological Research, v. 54, n. 7, p. 1–

7, 2021.  

 

TURNER, L. A. et al. Inspiratory muscle training lowers the oxygen cost of voluntary 

hyperpnea. Journal of Applied Physiology, v. 112, n. 1, p. 127–134, 2012.  

 

WANG, M.-H.; YEH, M.-L. Respiratory training interventions improve health status of heart 

failure patients: A systematic review and network meta-analysis of randomized controlled 

trials. World Journal of Clinical Cases., v. 7, n. 18, p. 2760–2775, 2019.  

 

WEIHRAUCH, D. et al. Inhibition of myeloperoxidase increases revascularization and 

improves blood flow in a diabetic mouse model of hindlimb ischaemia. Diabetes and Vascular 

Disease Research, v. 17, n. 3, p. 0–4, 2020.  

 

WERF, R. et al. Beneficial effects of cherry consumption as a dietary intervention for 

metabolic, hepatic and vascular complications in type 2 diabetic rats. Cardiovascular 

Diabetology, v. 17, n. 1, p. 1–20, 2018.  

 

WORLD HEALTH ORGANIZATION. Global Report on Diabetes. Isbn, v. 978, p. 6–86, 

2016.  

 

 

 

 

 

 

 

 



54 
 

LISTA DE APÊNDICES 

 

APÊNDICE A – TERMO DE RESPONSABILIDADE 
 

 



55 
 

APÊNDICE B – TERMO DE CONSENTIMENTO DO DEPARTAMENTO DE 

FISIOLOGIA E FARMACOLOGIA 

 



56 
 

APÊNDICE C – TERMO DE CONSENTIMENTO DO LABORATÓRIO DE FISIOLOGIA 

EXPERIMENTAL 
 

 

 

 

 



57 
 

LISTA DE ANEXOS 

 

ANEXO A – REGISTRO GABINETE DE PROJETOS (GAP) 

 

 
 

 

 

 
 



58 
 

ANEXO B – COMPROVANTE DE APROVAÇÃO NA COMISSÃO DE ÉTICA NO USO 

DE ANIMAIS 

 

 

 

 
 



59 
 

ANEXO C – NORMAS DA REVISTA 

 

 
 



60 
 

 
 

 



61 
 

 
 

 

 

 



62 
 

 
 

 

 

 



63 
 

 
 

 

 

 



64 
 

 
 

 

 

 



65 
 

 
 

 

 

 



66 
 

 
 

 

 

 



67 
 

 
 

 

 

 

 



68 
 

 
 

 

 

 



69 
 

 
 

 

 

 

 



70 
 

 
 

 

 

 



71 
 

 
 

 

 



72 
 

 
 

 

 

 



73 
 

 
 

 

 



74 
 

 
 

 

 



75 
 

 


