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RESUMO

A obesidade esta implicada em uma variedade de comorbidades, como doencgas
cardiovasculares, hipertensao, dislipidemia, resisténcia insulinica e inflamacéo
cronica. Como resultado do tecido adiposo em expanséo, a deposicéo ectopica
de lipideos e infiltracdo de células imunes no tecido adiposo estédo envolvidas na
producdo de citocinas pro-inflamatorias e  desenvolvimento  de
inflamacéao/resisténcia insulinica. Uma das principais medidas nao
farmacoldgicas de combate a obesidade é a realizacdo de exercicios fisicos. A
oxidacdo de lipideos imposta pelo exercicio, em jejum ou ndo, em individuos
obesos, € capaz de melhorar a relacdo entre mobilizacdo e oxidacao lipidica
através da ativacdo da via AMPK-SIRT1-PGC1a. A despeito disso, é de
fundamental importancia o papel da HSP70 no combate a inflamacé&o, onde seus
efeitos sobre a inflamacé&o/resisténcia insulinica se ddo, em parte, por sua acao
inibitéria sobre citocinas proé-inflamatdrias. Dessa maneira, o objetivo do
presente trabalho foi comparar os efeitos agudos e subagudos de uma sessdo
de exercicio aerobio de intensidade moderada, realizado em estado alimentado
ouU em jejum em animais magros e obesos sobre marcadores metabdlicos,
oxidacao de diferentes substratos, expressdo génica e imunocontetdo das vias
AMPK-SIRT1-PGC1 e HSF1-HSP70. Dois artigos resultaram do presente
trabalho. No artigo “Metabolic and Molecular Subacute Effects of a Single
Moderate-Intensity Exercise Bout, Performed in the Fasted State, in Obese Male
Rats” foi avaliado o efeito de uma sessdo de exercicio aerébio moderado em
jejum em ratos obesos 12h ap6s a intervencao. Os achados mostraram que nao
houve interacdo entre exercicio e jejum, embora o exercicio tenha provocado
respostas positivas no imunoconteddo das proteinas avaliadas, bem como
promissores resultados lipidemia dos animais mesmo depois de 12h da
realizagédo do exercicio. Ja no artigo “Acute Effects of a Single Moderate-Intensity
Exercise Bout Performed in Fast or Fed States on Cell Metabolism and Signaling:
Comparison between Lean and Obese Rats”, a associagao de jejum e exercicio
apresentou diferentes efeitos no gastrocnémio em relacdo ao séleo em animais
obesos imediatamente apds o exercicio. No séleo, a combinacdo de jejum e
exercicio teve um efeito poupador de glicogénio associado ao aumento da
oxidacdo de palmitato, enquanto no gastrocnémio, aumentou a oxidacao de
glicose. Além disso, a expressdo de AMPK foi mais sensivel as intervengdes em
animais magros do que em obesos e sua resposta foi diferente entre os musculos
oxidativos e glicoliticos. Apesar da dificuldade da extrapolacdo destes achados
em ratos para a populacdo humana obesa, eles contribuem para o conhecimento
sobre os efeitos do exercicio em jejum. No entanto, as alteracdes metabdlicas
induzidas na lipidemia e o fato de perdurarem por até 12 horas, sdo efeitos que
precisam ser investigados em humanos. Diante do exposto, o atual trabalho
apresenta como perspectiva a elucidacdo do mecanismo de mobilizagcdo de
substratos e ativagdo de vias controladoras do metabolismo glicidico e lipidico.



ABSTRACT

Obesity is implicated in a variety of comorbidities, such as cardiovascular
disease, hypertension, dyslipidemia, insulin resistance, and chronic
inflammation. In consequence of the adipose tissue expansion, ectopic lipid
deposition and infiltration of immune cells into adipose tissue are involved in the
production of pro-inflammatory cytokines and development of inflammation and
insulin resistance. Physical exercise is one of the main non-pharmacological
measures to combat obesity. The lipid oxidation imposed by exercise, fasting or
not, in obese individuals, is able to improve the relationship between mobilization
and lipid oxidation through the activation of the AMPK-SIRT1-PGCla pathway.
The heat shock response, another molecular pathway triggered by exercise, has
a fundamental role against inflammation because it inhibits pro-inflammatory
cytokines and improve insulin resistance. Thus, the objective of the present study
was to compare the acute and sub-acute effects of a moderate-intensity aerobic
exercise session, performed in a fed or fasted state, in lean and obese animals
on metabolic markers, oxidation of different substrates, gene and protein
expression of the AMPK-SIRT1-PGC1 and HSF1-HSP70 pathways. Two papers
resulted from the present work. In the paper “Metabolic and Molecular Subacute
Effects of a Single Moderate-Intensity Exercise Bout, Performed in the Fasted
State, in Obese Male Rats”, the effect of a fasted moderate aerobic exercise
session in obese rats 12 h after the intervention was evaluated. The findings
showed that there was no interaction between exercise and fasting, although
exercise caused positive responses in the immunocontent of the proteins
evaluated, as well as promising lipidemia results in the animals even after 12
hours of exercise. In the article “Acute Effects of a Single Moderate-Intensity
Exercise Bout Performed in Fast or Fed States on Cell Metabolism and Signaling:
Comparison between Lean and Obese Rats”, the association of fasting and
exercise had different effects on the gastrocnemius in relation to the soleus in
obese animals immediately after exercise. In the soleus, combination of fasting
and exercise had a glycogen-sparing effect associated with increased palmitate
oxidation, whereas in the gastrocnemius, it increased glucose oxidation.
Furthermore, AMPK expression was more sensitive to interventions in lean
animals than in obese animals and its response was different between oxidative
and glycolytic muscles. Despite the difficulty of extrapolating these findings in rats
to the obese human population, they contribute to the knowledge about the
effects of exercise in the fasted state. The metabolic changes induced in lipidemia
by exercise while fasting and the fact that they last for up to 12 hours are effects
that need to be further investigated in humans. Furthermore, the endocrine and
molecular pathways that control these metabolic switches should also be
investigated.
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1. INTRODUCAO
1.1. Obesidade

Obesidade é o resultado direto de um desequilibrio entre ingesta e gasto
energético, e é definida por um indice de Massa Corporal (IMC) = 30kg/m?2 ou
um percentual de gordura corporal > 25% para homens e > 32% para mulheres.
Entretanto, apesar de medicdo mais facil e pratica quando comparada a
avaliacdes de composicéo corporal, o0 IMC ndo consegue determinar diretamente
o risco cardiometabdlico de medidas de adiposidade central, como a
circunferéncia da cintura, por exemplo (HESHKA; ALLISON, 2001; STIENSTRA

et al., 2007; YUSUF et al., 2005).

E bem sabido que a obesidade esta implicada em uma variedade de
problemas de saude, como desenvolvimento de doencgas cardiovasculares e
musculoesqueléticas, hipertensado, dislipidemia, prejuizo na qualidade de vida,
resisténcia insulinica e que apresenta uma intima relagcdo com diabetes melito
tipo 2 (DM2) e inflamagdo (CARBONE et al.,, 2019; CHOBOT et al., 2018;
HERZOG, 2020; NIMPTSCH; KONIGORSKI; PISCHON, 2019; STIENSTRA et
al., 2007; WIRTH; WABITSCH; HAUNER, 2014). O tecido adiposo ndo € mais
considerado apenas um local de estoque energético, mas sim um &rgao
enddcrino ativo intrinsecamente ligado ao metabolismo intermediario (WIRTH,;

WABITSCH; HAUNER, 2014).

Embora individuos obesos apresentem uma diminuida capacidade
muscular oxidativa, uma das principais medidas nédo farmacolégicas de combate
a obesidade € a realizacao regular de exercicios fisicos devido a sua capacidade

de melhorar os perfis insulinémico e trigliceridémico e capacidade oxidativa de
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seus praticantes (Figura 1) (CARBONE et al., 2019; FUJITA et al.,, 2018;

HOUMARD, 2008; KIM et al., 2000; WIRTH; WABITSCH; HAUNER, 2014).
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Figura 1. Alteragbes metabdlicas promovidas pelo comportamento sedentario e inatividade fisica
e os efeitos benéficos da atividade fisica e do treinamento fisico nas mitocéndrias, muasculo
esquelético, miocardio e circulagcdo. AGE, advanced glycation end products; AKT, protein kinase
B; B-HAD, beta-hydroxyacyl-CoA dehydrogenase; CRP, C-reactive protein; FOX0O3a, forkhead
box O3a; DNA, deoxyribonucleic acid; IL-6, interleukin-6; MHC, myosin heavy chain; mRNA,
messenger ribonucleic acid; MuRF-1, muscle RING-finger protein-1; MMP, matrix
metalloproteinase; mTOR, mammalian target of rapamycin; NADPH, nicotinamide adenine
dinucleotide phosphate; NO, nitric oxide; NOS, nitric oxide synthase; PGC-1a, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PI3K, phosphoinositide 3-kinase;
SERCAZ2a, sarcoplasmic reticulum calcium adenosine triphosphatase; SIRT3; nicotinamide
adenine dinucleotide dependente deacetylase sirtuin-3 SOD (CARBONE et al., 2019).

1.1.1. Obesidade, inflamacéao e resisténcia insulinica

Como resultado do tecido adiposo em expanséo, a deposicdo de lipideos
fora deste tecido é caracterizada como um acumulo ectépico e se da pela
formacado de goticulas lipidicas citoplasmaticas, podendo resultar em disfuncao
celular pelo seu excesso e culminar com morte celular, o que é descrito na
literatura como lipotoxicidade (BANDET et al.,, 2019; BOSMA et al., 2012;
MENGESTE; RUSTAN; LUND, 2021; MONTGOMERY; DE NARDO; WATT,

2019; SCHAFFER, 2003; SZTALRYD; KIMMEL, 2014). Todavia, é importante
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gue acidos graxos livres liberados de forma excessiva pela lipdlise do tecido
adiposo possam ser armazenados, a curto prazo, em 6rgdos como musculo
esquelético, figado, coracdo, rins e pancreas, atuando assim de forma
tamponante (ZACHAREWICZ; HESSELINK; SCHRAUWEN, 2018). Este
tamponamento de acidos graxos livres, de maneira geral, é realizado por
macréfagos infiltrados nesse tecido adiposo em expansao (VERBOVEN et al.,
2018). Os macroéfagos infiltrados no tecido adiposo estdo envolvidos no
desenvolvimento da inflamag&o cronica, incluindo obesidade induzida por
inflamacédo, visto que sao o principal local de producdo de citocinas pro-
inflamatoérias (CHEN et al., 2015; NIMPTSCH; KONIGORSKI; PISCHON, 2019).
Um aumento na captacdo de acidos graxos por esses macrofagos, decorrente
de uma dieta rica em lipideos, pode alterar seu fendtipo, promovendo assim uma
polarizacdo inflamatoria (M2 para M1) e consequente inflamacéo do tecido
adiposo (KLEIN-WIERINGA et al., 2013; LUMENG et al., 2007; MORIGNY et al.,
2016; PRIEUR et al., 2011). Embora a maior fonte de citocinas pro-inflamatoérias
na obesidade seja o proprio tecido adiposo, os adipécitos, per se, apresentam
uma discreta participacdo na sintese destas substancias comparados a grande
producéo realizada pelos macréfagos infiltrados neste tecido (RODRIGUEZ-

HERNANDEZ et al., 2013).

Em individuos obesos, a hidrélise de triacilglicerois (TAG) se apresenta
normal pela adipose triglyceride lipase (ATGL), resultando na formacao de
diacilglicerois (DAG). Entretanto, a hidrdlise de DAG pela hormone-sensitive
lipase (HSL) encontra-se reduzida nesta populacdo devido a uma redugcao no
conteudo da enzima, culminando com acumulo do substrato (Figura 2) (JOCKEN

et al, 2010; MENGESTE; RUSTAN; LUND, 2021; ZACHAREWICZ;
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HESSELINK; SCHRAUWEN, 2018). Todavia, a literatura nos mostra que, em
individuos obesos, ndo ha modificacdo na maquinaria que controla o equilibrio
entre sintese e degradacao lipidica, mas sim uma aumentada captacdo de
acidos graxos, capaz de ser observada por um maior conteddo de
transportadores de &cidos graxos em suas membranas celulares, resultando
assim em um maior acumulo de lipideos intracelulares (BERGMAN et al., 2018;

KELLEY et al., 1999).

Mais relevantes ainda do que o contetdo de triacilglicerois
intramusculares (TGIM), sdo os contetidos de espécies especificas de DAG e
ceramidas intracelulares, componentes que efetivamente séo capazes de alterar
a sinalizacao insulinica (JOCKEN et al., 2010). Embora alguns estudos tenham
mostrado uma piora na sinalizacdo insulinica correlacionada ao conteudo de
DAG, outros mostraram uma correlagdo positiva entre acumulo de DAG
intramuscular e sensibilidade insulinica (BERGMAN et al., 2018; BONI; RANDO,
1985; HANNUN et al., 1986). Dessa maneira, o conteudo de DAG total ndo esta
necessariamente envolvido em um prejuizo na sinalizagdo hormonal
(MORALES; BUCAREY; ESPINOSA, 2017). Essas diferencas de resultados
podem ser atribuidas ao tipo de DAG formado e o tipo de célula onde se
encontram. Embora o subtipo de DAG que apresenta marcadas propriedades
dessensibilizadoras de insulina seja o 1,2DAG formado pela hidrélise do
fosfatidilinositol da membrana celular, tanto a hidrolise de fosfatidilcolina como a
hidrélise incompleta de TAG resulta em elevadas concentracfes de 2,3DAG e
1,3DAG (ASAOKA et al., 1992; BONI; RANDO, 1985). Em individuos acometidos
por resisténcia insulinica hepética, ha um acumulo de triacilglicerois intra-

hepaticos (TGIH) que, por sua vez, esta correlacionado positivamente com um
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acumulo de DAG (PETERSEN; SHULMAN, 2017). Esse DAG acumulado nos
hepatdécitos ativa a protein kinase C ¢ (PKCg) ancorada na membrana celular. A
PKCe, por sua vez, fosforila o receptor de insulina em um residuo de treonina,
resultando em uma inibigéo de sua capacidade de tirosina quinase (PETERSEN,;
SHULMAN, 2017, 2018). Dessa maneira entédo, toda cascata de sinalizagéo

adiante fica prejudicada.

Sendo assim, o DAG é capaz de alterar a sinalizacdo insulinica por
ativacdo de diferentes isoformas de PKC, dependendo do tecido em que se
encontra. Porém, deve ser levado em consideracdo que as concentracdes
intracelulares aumentadas de DAG podem ser resultado tanto da hidrélise de
fosfatidilinositol como da reesterificacdo de acidos graxos livres captados pela

célula, como o que acontece na obesidade (PETERSEN; SHULMAN, 2018).
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Figura 2. Alteracdes metabdlicas causadas pela obesidade no musculo esquelético. Aumento
na captacao de 4cidos graxos (FA) circulantes, prejuizo na sinalizacdo insulinica, diminuicdo do
metabolismo oxidativo, aumento do fluxo glicolitico e concomitante aumento na formacéo de
lactato sdo alguns dos efeitos causados pela obesidade no musculo esquelético. ATGL, adipose
triglyceride lipase; CPT, carnitine palmitoyltransferase; DAG, diacylglycerol; FA, fatty acid; GLUT,
glucose transporter; HSL, hormone-sensitive lipase; IMTG, intramuscular/intramyocellular
triacylglycerol; IR, insulin receptor; IRS1, insulin receptor substrate 1; LD, lipid droplet; MAG,
monoacylglycerol; MCT, monocarboxylate transporter; PDC, pyruvate dehydrogenase complex;
PDK4, pyruvate dehydrogenase lipoamide kinase 4; TAG, triacylglycerol; TCA, tricarboxylic acid
(MENGESTE; RUSTAN; LUND, 2021).

Além do DAG formado, ceramidas sao moléculas lipidicas bioativas que
também estao relacionadas ao desenvolvimento de resisténcia insulinica sendo
originadas da hidrélise de lipideos de membrana, como esfingomielina, pela
acdo de uma esfingomielinase ativada por citocinas pro-inflamatérias ou
sintetizadas através da condensagéo entre serina e palmitoil-CoA (GOMEZ-
MUNOZ et al., 2016; LARSEN; TENNAGELS, 2014; PERALDI et al., 1996;
PETERSEN; SHULMAN, 2018; SAMUEL; SHULMAN, 2016; SAWAI; HANNUN,

1999).
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Concentra¢gbes plasmaticas de ceramidas encontram-se elevadas em
individuos obesos e diabéticos tipo 2 (DM2) relacionando-se intimamente com a
capacidade de captacao de glicose mediada por insulina em tecidos periféricos.
Dessa maneira, parece 6bvio que as ceramidas sejam 0s metabdlitos que
interconectam obesidade, diabetes e inflamacgéo, relacionando-se ainda a
mecanismos como apoptose, formacdo de espécies reativas de oxigénio,
estresse de reticulo endoplasmaético e autofagia (Figura 3) (FUCHO et al., 2017;

GOMEZ-MUNOZ et al., 2016).

Além destas moléculas contribuirem para a estabilidade estrutural da
célula, agem como lipideos bioativos em diferentes rotas de sinalizagédo celular
e sdo capazes de inibir a captacdo de glicose, sintese de glicogénio e ativacédo
da protein kinase B (AKT) através da ativacdo de enzimas como a protein
phosphatase 2A (PP2A) (ITANI et al.,, 2000; KURZ et al., 2019; LARSEN;
TENNAGELS, 2014; MAHFOUZ et al., 2014). Esta enzima, cuja atividade esta
estimulada no musculo esquelético de humanos obesos e hepatdcitos de ratos
resistentes a insulina, é capaz de inibir a sinalizacdo insulinica. (DOBROWSKY

et al., 1993; GALBO et al., 2011).

Parte do efeito produzido pela PP2A se deve a defosforilacdo e inativacdo
da AKT, proteina envolvida na sinalizacao da fosfatidilinositol-3-kinase (PI3K),
rota esta que é crucial para a correta sinalizacéo insulinica (GALBO et al., 2011;
GOMEZ-MUNOZ et al., 2016). Ceramidas também s&o capazes de ativar a PKC-
¢, proteina responsavel pela inibicdo da translocagdo da AKT até a membrana
dos hepatdcitos. A auséncia da AKT na membrana celular impede a proteina de
participar corretamente na sinalizacdo insulinica, resultando em prejuizo na

resposta hormonal (PETERSEN; SHULMAN, 2017). Uma diminui¢ao na ativacéo
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da AKT (Figura 3) resulta em uma atividade prejudicada da insulina em suprimir
a liberacéo de glicose hepatica e diminuicdo na captacdo de glicose nos tecidos
muscular e adiposo (GALBO et al., 2011). Dessa maneira, essa hiperglicemia
estimula ainda mais secrecdo de insulina, resultando em um quadro de
hiperinsulinemia. Apesar de uma prejudicada capacidade de captacao de
glicose, a insulina mantém inalterada sua capacidade lipogénica através da via
intacta PKC-SREBP1C. Fatores como sterol regulatory element binding protein
1C (SREBP1C) aumentam a expressdao da enzima glicerol-3-fosfato
aciltransferase (GPAT), responséavel pela iniciacdo da cascata de sintese de
TAG (WENDEL et al., 2013). Por fim, hiperglicemia seguida de hiperinsulinemia
resulta em maior atividade lipogénica, criando assim um ciclo “obesogénico”

vicioso.
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Figura 3. Regulagéo da oxidacdo de acidos graxos pelas ceramidas na obesidade. A formacao
de ceramidas (C16:0) inibe diretamente a cadeia transportadora de elétrons (ETC), estimula a
formacado de espécies reativas de oxigénio (ROS) e inibe enzimas relacionadas a oxidagéo de
acidos graxos, como a CPT1. SPT, serine palmitoyltransferase; ER, endoplasmic reticulum; IR,
insulin receptor; CerS6, ceramide synthase 6; PI3K, phosphoinositide 3-kinase; AKT, protein
kinase B; ETC, electron transport chain; ROS, reactive oxygen species; CPT1, carnitine
palmitoyltransferase 1; TG, triglyceride (FUCHO et al., 2017).

1.1.2. Capacidade oxidativa de individuos obesos

Individuos obesos apresentam uma lipdlise basal diminuida tanto no
tecido adiposo subcutaneo como no visceral, bem como uma diminuida
sensibilidade a catecolaminas e um menor fluxo sanguineo no tecido adiposo
(GOODPASTER; SPARKS, 2017; HOROWITZ, 2001; VERBOVEN et al., 2018).
Embora pareca contraditério, essa menor capacidade lipolitica em individuos
obesos apresenta beneficios metabdlicos. Um menor fluxo de &cidos graxos

livres advindos da lipélise do tecido adiposo conserva um equilibrio entre o
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aporte destes acidos e a capacidade oxidativa dos tecidos (HOROWITZ, 2001).
Uma grande concentracdo de acidos graxos livres na circulacdo, somada a sua
menor capacidade oxidativa, é capaz de induzir a um quadro de resisténcia
insulinica através da inibicdo da captacéo de glicose, reduzindo assim tanto sua
oxidacao como a sintese de glicogénio muscular (HOUMARD, 2008; KIM et al.,
2000; SHULMAN, 2000). Além de reduzida atividade de enzimas relacionadas a
oxidacdo de acidos graxos, alteragcdes morfolégicas mitocondriais também

podem acontecer na obesidade (HOUMARD, 2008).

Além da polarizacdo no perfil de seus macréfagos, como citado
anteriormente, individuos obesos também apresentam atividade diminuida de
enzimas relacionadas ao metabolismo oxidativo, como a carnitine
palmitoyltransferase 1 (CPT1), enzima que regula a entrada dos acidos graxos
na mitocondria e que representa um passo limitante no processo de oxidagao
destes (GALIC et al., 2018; HOROWITZ, 2001; KELLEY et al., 1999; KIM et al.,
2000, 2002; ZACHAREWICZ; HESSELINK; SCHRAUWEN, 2018). Este
desequilibrio entre mobilizacdo e oxidacdo de acidos graxos pode explicar o
acumulo de TGIM, podendo contribuir para o surgimento ou manutencdo de
resisténcia insulinica (PERSEGHIN et al., 1999). A captacdo diminuida de
glicose tem uma importante funcéo de protecéo contra lipotoxicidade, ja que uma
concentracdo reduzida de glicose intracelular disponibiliza menos substrato para
liponeogénese, gerando menos efeitos deletérios de seus metabdlitos (UNGER,

2003).

Embora estes TGIM apresentem efeitos deletérios em algumas
populactes, estd bem estabelecido que atletas apresentam conteudos de TGIM

maiores do que seus controles sedentarios, obesos ou diabéticos, nao
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apresentando quaisquer prejuizos na sinalizacao insulinica (GEMMINK et al.,
2018; GOODPASTER et al., 2001). De fato, atletas apresentam uma
sensibilidade insulinica melhorada quando comparada a seus controles,
sugerindo que os TGIM nao sao lipotoxicos, embora sejam importantes
marcadores de acumulo de intermediarios do metabolismo de &cidos graxos
(BOSMA et al.,, 2012; ZACHAREWICZ; HESSELINK; SCHRAUWEN, 2018).
Esta situacdo onde ha um aumento no contetudo de TGIM e uma melhora, ao
invés de um esperado prejuizo, na sinalizacdo insulinica € bem descrita na
literatura como o ‘paradoxo do atleta’ (GOODPASTER et al., 2001; WOLINS;
MITTENDORFER, 2018; ZACHAREWICZ; HESSELINK; SCHRAUWEN, 2018).
Esta sensibilidade insulinica ndo alterada deve-se, em grande parte, a um maior
conteddo de proteinas de revestimento lipidico, conhecidas como perilipinas.
Individuos treinados apresentam maior contelido de perilipina 5 (PLIN5) no
musculo esquelético quando comparados a individuos sedentéarios, obesos ou
diabéticos, por exemplo. Este maior contetudo esta positivamente correlacionado
a sensibilidade insulinica e sua capacidade oxidativa. Além disso, as goticulas
lipidicas intramusculares apresentam marcada funcdo protetora contra
resisténcia insulinica induzida por lipideos, ja que sao capazes de sequestrar 0s
intermediarios lipidicos capazes de prejudicar a sinalizacdo hormonal (DAEMEN;
VAN POLANEN; HESSELINK, 2018; MORALES; BUCAREY; ESPINOSA,

2017).
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1.2. Jejum

O estado de jejum é caracterizado por um switch metabdlico coordenado
na utilizacdo de substratos energéticos com o objetivo de poupar glicose as
custas de um aumento na mobilizagdo de lipideos para garantir a demanda
energética de células dependentes de glicose (BERTHOLDT et al., 2018;
STEINHAUSER et al., 2018). O jejum é capaz de ativar uma série de fatores
transcricionais que estimulam a transcricdo de genes responsaveis pela
codificagcdo de enzimas com papel crucial no metabolismo hepético, como
gliconeogénese, oxidacdo de &cidos graxos e cetogénese, por exemplo
(HILDEBRANDT; NEUFER, 2000). Durante o jejum, quando 0 organismo prioriza
a oxidacao de acidos graxos, fatores como o peroxisome proliferator-activated
receptor a (PPARa) promovem uma maior captacdo e oxidacao destes pelo
tecido hepatico produzindo substratos para cetogénese com o intuito de prover
energia para os tecidos periféricos (PAWLAK; LEFEBVRE; STAELS, 2015). O
PPARa, um receptor nuclear ativado por acidos graxos nado esterificados
(NEFASs), é um fator crucial para as respostas adaptativas normais ao jejum
capaz de regular negativamente vias de sinalizacéo pro-inflamatorias (HOTTA et
al., 2009; PAWLAK; LEFEBVRE; STAELS, 2015; STIENSTRA et al., 2007). O
PPARa ainda é capaz de aumentar a expressao hepatica de horménios como o
fibroblast growth factor 21 (FGF21), um importante regulador metabdlico
envolvido no controle da homeostase glicidica e do metabolismo energético
(HOTTA et al., 2009; VILLARROYA et al., 2018). Tendo o figado como seu
principal local de sintese e secrecdo, 0 FGF21 é capaz de regular a lipolise no
tecido adiposo branco, embora exerca um efeito estimulatério sobre o

escurecimento desse tecido (FISHER et al., 2012; HOTTA et al., 2009; KEIPERT
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et al., 2014; LEE et al., 2014; VILLARROYA et al., 2018). Esse escurecimento
do tecido adiposo branco, conhecido por browning, se da pelo aumento do
namero de suas mitocondrias, fendbmeno que pode ser estimulado por irisina, -
aminoisobutyric acid (BABA), interleucina 6 (IL-6), além do proprio FGF21

(SEVERINSEN; PEDERSEN, 2020).

O PPARa estimula a expressédo de genes relacionados a oxidacéo de
acidos graxos no tecido muscular e ainda regula a biogénese mitocondrial tendo
como alvos que medeiam esse shift da utilizacado de glicose para acidos graxos
0S genes responsaveis pela codificacdo das proteinas cluster of differentiation
36 (CD36), fatty acid-binding protein 3 (FABP3), uncoupling protein 3 (UCP3),
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1a),
pyruvate dehydrogenase kinase 4 (PDK4) e forkhead box O1A (FOXO1A)
(ANTON et al., 2018). E principalmente expresso em tecidos metabolicamente
ativos, como figado, coracdo, musculo esquelético e tecido adiposo marrom
(GRYGIEL-GORNIAK, 2014; PAWLAK; LEFEBVRE; STAELS, 2015;
STIENSTRA et al., 2007). Além destes efeitos lipoliticos, estes autores afirmam
que o PPARa apresenta um importante efeito anti-inflamatorio através da sua
capacidade de estimular a expressdo de genes como interleukin-1 receptor

antagonist (II-1ra) e NF-kB inhibitor a (IkBa), um inibidor citoplasmatico do NFkB.

O aumento da oferta de acidos graxos livres a tecidos periféricos também
€ resultado de outros processos como autofagia mediada por chaperonas. Este
fenbmeno de autofagia é descrito como o reconhecimento das proteinas de
revestimento da gota lipidica perilipina 2 (PLIN2) e perilipina 3 (PLIN3) pela Heat
Shock Protein 70 (HSP70). Ap6s o reconhecimento das proteinas, a HSP70

controla o trafego das perilipinas até os lisossomos para sua posterior
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degradacédo (MORIGNY et al., 2016). Essa diminui¢éo da presenca de perilipinas
sobre a goticula lipidica permite o recrutamento da ATGL e posterior ativacao de
seus intermediarios especificos, culminando com uma maior atividade lipolitica
(MORIGNY et al., 2016). O switch metabdlico ocorre geralmente entre 12 e 36
horas apos a ultima refeicdo, dependendo da concentracdo de glicogénio
hepético e do gasto energético individual durante o jejum (exercicio ou nao).
ApOs isso, os lipideos sdo entdo metabolizados até &cidos graxos livres e
liberados na corrente sanguinea (ANTON et al., 2018; THIERION; ODOM, 2018).
Parte destes &cidos graxos formam cetonas no figado e estas, por sua vez, sao
transportadas aos tecidos ativos como musculos e neurbnios onde seréo
reconvertidas a acetil-CoA, que participa do ciclo de Krebs para a formagéo de
energia. Dessa forma, parece que quando o switch é acionado, a primeira fonte
de energia corporal é trocada de glicose para acidos graxos livres advindos do
tecido adiposo e cetonas do figado, preservando assim o tecido muscular

(ANTON et al., 2018).

Ainda durante o jejum, proteinas como a sirtuina 1 (SIRT1) sao ativadas
neste manejo metabdlico de glicogendlise para cetogénese, o0 que leva a
desacetilacdo e degradacdo do CREB Regulated Transcription Coactivator 2
(CRTC?2), principal mediador de gliconeogénese hepatica (WALKER et al., 2010;
WANG et al., 2009). A SIRT1 ainda é capaz de aumentar a oxidacdo de acidos
graxos através da desacetilacdo de fatores como PGC1a e ativacdo do PPARa
(CANTO et al., 2010; PURUSHOTHAM et al., 2009; RODGERS, Joseph T et al.,

2005).
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1.3. Exercicio e jejum

Muitos ajustes metabdlicos séo similares entre o jejum e o exercicio fisico
prolongado, como deplecdo dos estoques de glicogénio, ativacdo de vias
metabdlicas como lipolise, cetogénese e gliconeogénese, bem como
mobilizagdo de proteinas estruturais para sua utilizagdo como substratos. O
exercicio fisico tem a capacidade de alterar as maquinarias bioquimica e
molecular para modificar a mobilizagcdo de substratos energéticos e essa
flexibilidade metabdlica entre a mobilizacéo de glicose e acidos graxos durante
0 exercicio em individuos saudaveis se d& principalmente pela intensidade e
volume do exercicio (GOODPASTER; SPARKS, 2017). Em situacfes de déficit
energético, uma disponibilidade limitada de glicose para oxidagdo tem de ser
compensada pelo aumento da oxidacdo de acidos graxos com o intuito de
preservar concentracbes adequadas de glicose sanguinea para o correto
funcionamento de tecidos dependentes deste substrato, como o cérebro
(ZACHAREWICZ; HESSELINK; SCHRAUWEN, 2018). Durante o exercicio, a
manutencdo da glicemia é garantida pela mobilizacdo dos estoques de
glicogénio hepético, enquanto a ingestao de glicose durante ou previamente ao
exercicio pode criar uma situacédo atipica onde genes envolvidos no metabolismo
lipidico (CD36, UCP3, CPT1) ou na regulacéo da glicélise (PDK4), que seriam
estimulados pelo exercicio, sdo inibidos pelo uso preferencial de carboidratos
(CIVITARESE et al., 2005; DOHM et al., 1983; WAHREN, 1979). Apesar disso,
o fluxo de glicose aumentado durante o exercicio ndo € capaz de estimular a
expressao de genes relacionados a sinalizacéo insulinica e este efeito é inerente

a contracado muscular (CIVITARESE et al., 2005).
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Apesar do tecido muscular, durante o repouso em estado alimentado,
obter a maior parte de sua energia pela oxidacao de glicose e do repouso em
jejum, ou exercicio de baixa intensidade, obter grande parte da energia através
da oxidacdo de acidos graxos advindos do tecido adiposo, o conteudo prévio de
glicogénio nas fibras musculares é capaz de modificar a utilizagdo de substratos
para formacao de energia (HOROWITZ, 2001; NEWSHOLME, 1979). Quando a
utilizacdo de acidos graxos como substrato energético é aumentada, ha uma
concomitante diminuicdo na utilizacdo de glicose, resultando em uma menor
mobilizacdo de glicogénio dos tecidos e vice-versa (DOHM et al., 1983, 1986).
Apesar da magnitude das respostas transcricionais deflagradas pelo jejum estar
positivamente correlacionada ao seu tempo de duracéo, o exercicio realizado em
jejum é capaz de atenuar esta atividade transcricional induzida pelo jejum per se
(HILDEBRANDT; NEUFER, 2000). Esta atenuagcdo foi comprovada pela
diminuicdo da expressao de enzimas envolvidas no metabolismo lipidico, como

a lipoprotein lipase (LPL), CPT1, e UCP3 (HILDEBRANDT; NEUFER, 2000).

Embora apresentem diferentes atividades em tecidos adiposos
localizados em diferentes regides corporais, as catecolaminas adrenalina e
noradrenalina sdo horménios reguladores lipoliticos por exceléncia (ARNER et
al., 1990; MORIGNY et al., 2016). Apesar da lipdlise ser inibida pela acao de
substancias como adenosina, prostaglandinas e ainda horménios como insulina
e as proprias catecolaminas por meio da ativagdo de receptores a2-
adrenérgicos, quando estimulada, esta lipdlise apresenta mecanismos de agao
diferentes entre o repouso e o exercicio (ARNER et al., 1990; HOROWITZ, 2001;
MORIGNY et al., 2016). Durante o repouso € a inibicado a-adrenérgica que

modula a lipdlise, enquanto no exercicio, sdo mecanismos de estimulagao [3-
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adrenérgicos que a regulam (ARNER et al.,, 1990). Estes mecanismos de
ativacao B-adrenérgica na musculatura vascular lisa sdo capazes ainda de
reduzir o tdnus vascular, aumentando assim o fluxo sanguineo do tecido adiposo,
uma das variaveis que controlam a liberacdo dos acidos graxos livres por este
tecido (HOROWITZ, 2001). Desta maneira, um fluxo sanguineo aumentado e a
deflagracéo de respostas pelos receptores B-adrenérgicos parecem agir em
sinergismo para uma maior mobilizacéo de &cidos graxos do tecido adiposo para
sua posterior oxidacdo durante o exercicio. Individuos obesos podem
desenvolver resisténcia adrenérgica capaz de prejudicar todo esse sistema de
controle de tonus vascular, prejudicando assim o processo de liberacdo de TAG

pelo tecido adiposo branco (GOODPASTER; SPARKS, 2017).

Existem muitos sitios possiveis de controle celular que contribuem para
melhor captagdo, transporte e oxidacdo de substratos sob condi¢cbes de
contracdo muscular aumentada, e a elevacdo da concentracdo de Ca?
citoplasmatico que medeia a contracdo muscular também ativa a
Ca?*/calmodulin-dependent protein kinase IV (CaMKIV) que, por sua vez, ativa 0
fator de transcricio CcAMP response element-binding protein (CREB)
(CIVITARESE et al., 2005). Um aumento tanto na atividade da AMP-activated
protein kinase (AMPK) quanto do CREB sao capazes de estimular a expressao
de PGC1a, o principal regulador da transcricao de genes que codificam proteinas
responsaveis pela divisdo e crescimento mitocondrial e responsavel por
estimular a utilizacdo de acidos graxos como fonte energética (VICENTE-

SALAR; OTEGUI; COLLADO, 2015; WU et al., 2006).

Apesar da realizacdo de treinamento fisico em jejum ndo aumentar o

conteudo de CD36 e UCP3 no tecido muscular, o contetdo de FABPpm, glucose
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transporter 4 (GLUT4) e hexokinase Il (HKII) sdo aumentados, caracterizando
uma maior captacdo de acidos graxos livres plasmaticos, glicose plasmatica e
fosforilacdo dessa glicose para posterior metabolizacéo, respectivamente, pelo
tecido muscular (DE BOCK et al., 2008). O gasto energético aumentado e a
oxidacao de lipideos impostos pelo exercicio, em jejum ou ndo, em individuos
obesos séo capazes de melhorar a relacao entre mobilizacéo e oxidacao lipidica.
Uma proporcao consideravel dos &cidos graxos oxidados durante o exercicio
aerébio de intensidade moderada provém dos TGIM, o que justifica a utilizacdo
destes protocolos de exercicio com o intuito de melhorar a sensibilidade

insulinica de seus praticantes (HOROWITZ, 2001).

Entretanto, parece que os mecanismos de preferéncia de substratos
metabdlicos ainda estdo longe de serem completamente elucidados, visto que
h& divergéncia em resultados que avaliam a oxidacdo de substratos durante o
exercicio realizado em jejum. Alguns autores afirmam que o exercicio aerdbio
de baixa intensidade realizado em jejum nao oferece nenhuma vantagem no que
concerne a oxidacdo de acidos graxos quando comparado ao exercicio realizado
em estado alimentado, enquanto outros mostram que, no musculo esquelético,
0 exercicio realizado em jejum estimula a utilizacdo de acidos graxos como fonte
primaria de energia enquanto suprime o metabolismo glicidico comparado ao
estado alimentado (AIRD; DAVIES; CARSON, 2018; IWAYAMA et al., 2015; VAN
PROEYEN et al., 2011; VICENTE-SALAR; OTEGUI; COLLADO, 2015; VILACA-
ALVES et al, 2018; ZOUHAL et al., 2020). Além disso, propriedades
morfologicas, fisiolégicas e metabdlicas que caracterizam os diferentes tipos de
musculos devem ser levadas em consideragdo, jA& que, musculos glicoliticos

apresentam maiores quantidades de enzimas da via glicolitica, menor
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vascularizacdo e sdo conhecidos por fibras de contracdo rapida, enquanto
musculos oxidativos apresentam propriedades de fibras chamadas de contracdo
lenta, caracterizadas por alta densidade mitocondrial, grande contetdo de
mioglobina e aumentada vascularizacdo (SIMONEAU; BOUCHARD, 1989,
1995). Caracteristicamente, o musculo séleo do rato € classificado como
predominantemente oxidativo, enquanto o gastrocnémio, predominantemente

glicolitico (ARMSTRONG; PHELPS, 1984).

Todavia, independente do grupo muscular avaliado, vale ressaltar que
todos estes trabalhos avaliaram apenas individuos saudaveis. Assim, os efeitos
do exercicio e do jejum (Figura 4) parecem contribuir para um melhor perfil
metabdlico geral, sugerindo que sua associa¢do pode potencializar seus efeitos,
0 que levaria a uma melhora mais rapida na resisténcia a insulina e inflamacéao
crbnica de baixo grau. Os possiveis efeitos do exercicio realizado no estado em
jejum nos tecidos muscular e adiposo branco sdo demonstrados na Figura 4 a

sequir.
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Figura 4. Exercicio em jejum em comparagao ao estado alimentado. Potencial efeito do exercicio
aerobio realizado em jejum no aumento da oxidagdo de &cidos graxos. Efeitos inibitorios da
alimentacdo pré-exercicio sobre a oxidacdo de acidos graxos através da estimulacdo da
secrecao de insulina e sua consequente inibicdo da atividade de proteinas como UCP-3, SIRT1,
AMPK e HSL. SIRT1, sirtuin 1; pAMPK, phosphorilated AMP-activated protein kinase; CD36,
cluster of differentiation 36; CPT-1, carnitine palmitoyltransferase 1; UCP-3, uncoupling protein
3; NEFA, non-esterified fatty acids; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive
lipase (ZOUHAL et al., 2020).

1.4. Via AMPK-SIRT1-PGC1a

A AMPK é uma molécula heterotrimérica com uma subunidade catalitica
a e duas subunidades regulatérias p e y (CARLING, 2019; FORETZ; EVEN;
VIOLLET, 2018; TAMARGO-GOMEZ; MARINO, 2018). A subunidade a
apresenta um dominio quinase serina/treonina na regido N-terminal onde se
encontra um residuo critico de treonina (Thr172). Esse residuo de treonina pode
ser fosforilado por inidmeras enzimas quinases, 0 que constitui o principal
mecanismo pela qual a atividade da AMPK é regulada a curto prazo (TAMARGO-

GOMEZ; MARINO, 2018).
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A AMPK pode ser encontrada em quase todas as células do corpo na
forma quiescente, sendo ativada em situagfes de estresse energético induzido
por contracdo muscular, hipéxia e privacdo de nutrientes, que basicamente
modificam a razdo AMP/ATP causando um aumento no consumo de ATP ou
reduzindo sua producdo (ALLEN; SAHA, 2017; FORETZ; EVEN; VIOLLET,
2018; GALIC et al., 2018; JEON, 2016; SAMOVSKI et al., 2015). Estes e outros
fendmenos capazes de ativar a AMPK sdo mostrados na Figura 5. Além disso,
essa proteina é capaz de se apresentar em diferentes fragdes celulares, como
lisossomal, mitocondrial e citosélica, deflagrando assim diferentes respostas
(CARLING, 2019). Dessa maneira, as diferentes fragdes da AMPK celular podem
ser ativadas por diferentes vias. A AMPK lisossomal é a mais sensivel, sendo
ativada por diminuicbes nas concentracdes celulares de fructose 1,6-
bisphosphate (FBP). J4 a AMPK citosdlica necessita de modestos aumentos nos
niveis de AMP, enquanto a AMPK mitocondrial apresenta baixa sensibilidade,
precisando de altas concentracoes de AMP. Em contrapartida, a AMPK nuclear
ndo é capaz de ser ativada por nenhum desses estimulos citados (CARLING,

2019).
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A AMPK é capaz de estimular a oxidacdo de acidos graxos através da
fosforilacdo e inativacdo da enzima acetyl-CoA carboxylase 2 (ACC2) em um
residuo de serina na posicdo 222 (Ser222), causando uma reducdo na
concentracdo de malonil-CoA, importante inibidor da B-oxidacdo através da
diminuicdo da captacdo de acidos graxos pela mitocondria por seu sistema de
transporte CPT1 (BHUTTA; GALLO; BORENSTEIN, 2021; FORETZ; EVEN,;
VIOLLET, 2018; GALIC et al., 2018; MCGARRY; BROWN, 1997; SAMOVSKI et
al., 2015). Além de prevenir um possivel acimulo de malonil-CoA, a AMPK é

capaz de inibir diretamente a lipogénese através da inibicdo da atividade da
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SREBP1, proteina chave da via lipogénica (TAMARGO-GOMEZ; MARINO,

2018).

Um aumento na atividade da AMPK ainda esta relacionado a um aumento
na expressao de PLIN3, demonstrando sua importancia na regulacdo da
mobilizagdo também de &cidos graxos (KLEINERT et al., 2016). Além da
regulacdo da mobilizacdo de substratos, a AMPK é indispensavel para o
catabolismo muscular, provendo assim substratos para o0 processo de
gliconeogénese hepatica, prevenindo um quadro de hipoglicemia e hipercetose
(BUJAK et al., 2015). Somado a seu papel inibitério na via lipogénica, a AMPK
ainda apresenta uma importante fungdo no metabolismo glicidico, onde promove
aumento da captacdo de glicose por sua fosforilacao inibitéria no TBC domain
family member 1 (TBC1D) e thiredoxin-interacting protein (TXNIP), fatores estes
gue inibem a translocagéo dos transportadores de glicose glucose transporter 1
(GLUT1) e GLUT4, respectivamente, a membrana celular (BHUTTA; GALLO;
BORENSTEIN, 2021; TAMARGO-GOMEZ; MARINO, 2018). Por ultimo, mas
ndo menos importante, a AMPK pode aumentar a biogénese mitocondrial em
situacdes de déficit energético, com o intuito de aumentar a producédo de ATP.
Isto se da tanto pela regulacdo da AMPK sobre a fosforilacdo de proteinas como
SIRT1 e outras MAPK quanto pela fosforilacdo de PGC1a (TAMARGO-GOMEZ;
MARINO, 2018; VAN PROEYEN et al., 2011). Fatores como peroxisome
proliferator-activated receptor 6 (PPARJ) ainda apresentam um papel crucial no
metabolismo de acidos graxos e colesterol, jA que sua estimulacdo pode ser
controlada pela AMPK, sendo capaz de aumentar o numero de fibras musculares

oxidativas (VAN PRAAG et al., 2014).
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Figura 6. Esquema de proteinas que podem ter suas atividades estimuladas ou inibidas pela
ativagdio da AMPK (BHUTTA; GALLO; BORENSTEIN, 2021).

AMPK, SIRT1 e PGC1la constituem uma rede de controle energético que
controla o metabolismo celular e estéo intrinsicamente envolvidas com exercicio
fisico (DRAZNIN et al., 2012). A SIRT1 é ativada por uma modificacdo na razao
NADH/NAD*, onde é capaz de aumentar a oxidacdo de acidos graxos através
da desacetilacdo de fatores como PGC1la e deflagrar respostas de resolugéo de
inflamacgéo através da ativacdo de fatores como heat shock factor 1 (HSF1)
(CANTO et al., 2010; NEWSHOLME; DE BITTENCOURT JR, 2014; PARDO;
BORIEK, 2011; RODGERS, Joseph T. et al., 2005). O PGCla, por sua vez, €
capaz de deflagrar respostas como a ativagéo de receptores nucleares e induzir
a transcricdo de fatores como PPARa, PPARS, nuclear respiratory factor 1
(NRF1), nuclear factor erythroid 2—related factor 2 (NRF2) e novamente HSF1

(MA et al.,, 2018). Dessa maneira, a modulagdo da expressdo dos genes
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codificadores destas proteinas parece de grande valia no combate a obesidade
relacionada a inflamacédo crbénica e na potencializacdo da oxidacdo de acidos
graxos diminuidas pela obesidade. Na figura 6, é mostrado um esquema
resumido das proteinas que podem ter suas atividades moduladas pela ativagcédo

da AMPK.

1.5. Resposta de choque térmico

N&o obstante, é de fundamental importancia o papel da HSP70 no
combate a inflamacéo crénica de baixo grau que, por sua vez, modifica o controle
metabolico glicidico, sendo o exercicio um dos fatores de estresse capazes de
aumentar seu conteudo e de seu fator de transcricio HSF1 no musculo
esquelético (KRAUSE et al., 2015a, 2007; NOBLE; MILNE; MELLING, 2008;
SARGE; MURPHY; MORIMOTO, 1993). As HSPs estdo envolvidas em
processos essenciais para a funcao celular como apresentacdo de antigeno,
ligacdo ao receptor de esteroides, trafego intracelular, ligacdo ao receptor
nuclear e apoptose (YENARI et al.,, 1999). Contudo, é na biossintese de
proteinas que desempenham sua funcdo mais importante, agindo como
chaperonas moleculares, auxiliando polipeptideos nascentes a assumirem sua
conformacao tridimensional correta (BECKER; CRAIG, 1994; FEDER;
HOFMANN, 1999; MORTON et al., 2006). As HSPs ainda protegem as células
da desnaturacao e da agregacao de polipeptidios induzidos durante o estresse,
aumentando as chances de sobrevivéncia celular (BECKER; CRAIG, 1994;

SALO; DONOVAN; DAVIES, 1991; YENARI et al., 1999).

Todos os efeitos da HSP70 sdo dependentes de seu principal fator de

transcricdo HSF1, que encontra-se ligado a propria HSP70 de forma quiescente
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até que seja imposto algum estresse a célula (KRAUSE et al., 2015b). O HSF1
€ ativado em resposta a varios tipos de estresse, fosforilado, trimerizado,
translocado ao nucleo celular, mantido desacetilado e ligado a regido promotora
do gene de interesse pela SIRT1, onde vai regular a transcricdo de alguns genes,
dentre eles o responsavel por codificar a HSP70 (KRAUSE et al., 2015a; SINGH
et al.,, 2002; WU et al.,, 2013). Sendo assim, os mesmos eventos celulares
capazes de aumentar a atividade e expressao do gene da HSP70 s&o capazes
de ativar seu proéprio fator de transcricdo HSF1, tornando mais rapida e eficiente
a resposta contra algum insulto. De maneira geral, individuos obesos
apresentam aumento de fosforilacdo de fatores pro-inflamatorios, como c-Jun N-
terminal kinase (IJNK) e I/kB kinase-B (IKK-B), inibicdo do insulin receptor
substrate 1 (IRS1), reduzida translocacdo de GLUT4 em resposta a insulina e
ativacdo de fatores como nuclear factor of kappa-light-polypeptide gene
enhancer in B-Cells (NF-kB) (HOOPER et al., 2014; ZEYDA,; STULNIG, 2009).
Esse quadro culmina com maior ativacao de vias pré-inflamatdérias e resisténcia
insulinica, que, por sua vez, pode ser deflagrada pela obesidade, podendo
resultar em DM2 e outros desfechos como dislipidemias e hipertensao (ZEYDA;
STULNIG, 2009). Os efeitos benéficos da HSP70 sobre a inflamacéo/resisténcia
insulinica se ddo em parte pela acédo inibitéria tanto sobre IKK-f e JNK, quanto
da inibicdo da translocagédo nuclear do NF-kB (Figura 7) (ARCHER; VON
SCHULZE; GEIGER, 2017; CHUNG et al., 2008; DE TODA; DE LA FUENTE,
2015; HOOPER et al., 2014). Esses efeitos indicam que a HSP70 apresenta um
papel protetor e anti-inflamatorio associado a sensibilidade insulinica normal

(KRAUSE et al., 2015a).
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Figura 7. Papel da HSP70 intracelular no combate a inflamacéo. A HSP70 intracelular atua como
um mecanismo de defesa antioxidante por: 1) redobramento ou direcionamento, por degradagéo,
de proteinas dobradas incorretamente; 2) aumentando a expressdo ou atividade de proteinas
antioxidantes, como catalase ou superéxido dismutase; e 3) manutencdo do potencial de
membrana mitocondrial. Além disso, a HSP70 pode combater o estresse inflamatério através do
blogueio da ativacéo do fator de transcricdo NF-kB por: 1) estabilizacdo do complexo inativo Nf-
kB-IkB; 2) blogueio da degradagéo do inibidor IkB; e 3) impedindo a translocagdo do complexo
NF-kB ativo ao nucleo celular (DE TODA; DE LA FUENTE, 2015).

Em conclusédo, tendo em vista a relevancia da pratica de exercicios fisicos
no controle metabdlico e molecular, faz-se necessaria a investigacédo do efeito
do exercicio aerébio continuo realizado em jejum sobre estes marcadores para
gue se possam ser normatizadas variaveis como volume e intensidade desta
pratica com o intuito da potencializacdo de seus possiveis resultados. Embora
efeitos subagudos sejam caracterizados como os fenbmenos observados entre
duas sessdes seguidas de exercicio (DA NOBREGA, 2005), no presente
trabalho serdo caracterizados como efeitos subagudos os efeitos observados

12h apéds a realizagdo do exercicio, j& que apenas uma sessao foi realizada.
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2.  HIPOTESE

2.1 O exercicio aerdbio continuo de moderada intensidade realizado
em jejum pode potencializar respostas metabdlicas tanto agudas (imediatas)
quanto subagudas (12 horas apdés sua realizacao) ja identificadas em condi¢cfes
de jejum ou de exercicio separadamente. Podem ser observadas respostas
agudas, como modificacdo no conteldo de substratos intramusculares, bem
como na expressao de genes relacionados ao controle metabdlico celular
imediatamente apds o exercicio. Doze horas apos a realizagdo do exercicio,
respostas subagudas também podem ser observadas, como modificagdes no
conteddo de substratos intramusculares e séricos, e também no contetdo de
proteinas relacionadas a resposta de choque térmico em animais obesos. A
figura 8 a seguir mostra a inter-relagéo entre as vias AMPK-SIRT1-PGC1a e a

via de choque térmico.

HSP70

Figura 8. Interacao entre as vias AMPK-SIRT1-PGC1la e de choque térmico (HSF1-HSP70).
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2.1. Hipotese do artigo 1

Em ratos obesos, o exercicio aerobio continuo de moderada intensidade
em jejum pode potencializar respostas metabdlicas e moleculares, tais como
alteracdes nas concentracfes de substratos e na expressdo da resposta de

choque térmico, 12 horas apds a sua execucao.

2.2. Hipotese do artigo 2

Ratos magros e obesos apresentam respostas positivas agudas
(imediatas) a realizacdo do exercicio aerébio continuo em jejum tanto no que
concerne as concentracdes séricas de substratos, bem como a mobilizacdo de
substratos para oxidacdo e expressdo de genes relacionados ao controle do
metabolismo glicidico e lipidico. Ratos magros apresentam diferentes padrées
de expressao dos genes relacionados ao metabolismo e diferente mobilizacao
de substratos musculares quando comparados aos obesos. Além disso, tanto
ratos magros como obesos, apresentam diferencas metabdlicas e moleculares

entre musculos glicoliticos e oxidativos.
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3. OBJETIVOS
3.1. Objetivo geral

Levando em consideracdo a importancia do exercicio fisico, de qualquer
intensidade, no controle metabdlico, pretende-se investigar o efeito de uma
sessdo de exercicio aerobio continuo de intensidade moderada realizado em
estado alimentado ou em jejum sobre marcadores metabdlicos séricos, a
oxidagdo de diferentes substratos, a expressdo de genes relacionados ao
metabolismo lipidico e quantificar o contetdo destas proteinas em ratos machos

magros e obesos.

3.1.1. Objetivo geral do artigo 1

Avaliar os efeitos subagudos (12h apds sua execucdo) de uma Unica
sessdo de exercicio de intensidade moderada, realizado no estado alimentado
ou em jejum, em parametros metabdlicos e moleculares em ratos Wistar machos

obesos.

3.1.1.1. Objetivos especificos do artigo 1

¢ Quantificar a concentracdo de substratos plasméaticos 12h apds a
intervencao;

e Quantificar o conteltdo de substratos (glicogénio, lactato e
triglicerideos) no figado, coracdo e musculos gastrocnémio e soleo
12h apds a intervencao;

e Avaliar o imunoconteudo de proteinas da via de choque térmico
como SIRT1 e HSP70 nos musculos gastrocnémio e soleo 12h apos

a intervencgao.
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3.1.2. Objetivo geral do artigo 2

Investigar a contribuicdo de diferentes tipos de substratos oxidativos
(glicose, alanina e palmitato) durante o exercicio em jejum em musculos
oxidativos e glicoliticos de ratos sedentarios magros e obesos. A expressao de
genes envolvidos no controle metabdlico e no equilibrio inflamatoério também foi

investigada.

3.1.2.1. Objetivos especificos do artigo 2

Quantificar a concentragdo de substratos plasmaticos

imediatamente apos a intervencao;

e Quantificar o contetdo de glicogénio e de triglicerideos no figado,
coracdo e musculos gastrocnémio e séleo imediatamente apés a
intervencao;

e Avaliar a oxidagdo de substratos como Y14C-glicose, **C-alanina e
14C-palmitato nos musculos gastrocnémio e séleo imediatamente
apos a intervencao; e

e Quantificar a expressao génica de AMPK, HSP70, HSF1, SIRT1 e

PGC1a nos musculos gastrocnémio e séleo imediatamente apds a

intervencao.
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4. MATERIAIS E METODOS

4.1. Consideracdes éticas

O presente estudo foi aprovado pela Comissdo de Etica no Uso de
Animais (CEUA) da Universidade Federal do Rio Grande do Sul (UFRGS) sob o
protocolo 34271 (comprovante disponivel no Anexo 1). O projeto foi desenvolvido
no Laboratério de Metabolismo e Endocrinologia Comparada (LaMEC) em
conjunto com o Laboratério de Fisiologia Celular (FisCel) no Departamento de
Fisiologia do Instituto de Ciéncias Basicas da Saude (ICBS) da UFRGS. Todos
os procedimentos deste trabalho foram realizados de acordo com as diretrizes

do Conselho Nacional de Controle de Experimentagdo Animal (CONCEA).

4.2. Manutencé&o dos animais e desenho experimental

Foram utilizados 110 Rattus norvegicus linhagem Wistar, machos,
adultos, com 8 semanas de idade, obtidos do Centro de Reproducdo e
Experimentacdo de Animais em Laboratorio (CREAL) da UFRGS, os quais foram
alojados no Biotério setorial do Departamento de Farmacologia do ICBS da
UFRGS. Os animais foram alojados em caixas/moradias de polipropileno
(420mm x 340mm x 160mm) com grades altas que asseguram altura minima de
17,8cm. A é&rea interna de cada gaiola era de 1110cm?. Os animais foram
mantidos em temperatura controlada de 21°C, ciclo de 12h claro/12h escuro e
umidade mantida entre 40-60% (3 animais por caixa). Foram realizadas trés
trocas de caixas por semana, com aproximadamente 5cm de cama de maravalha

de Pinnus sp previamente autoclavada. A higienizacdo das caixas, grades,
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bebedouros e bicos foi realizada com detergente neutro e imersas por 2h em

solucéo de hipoclorito a 10%.

Os animais foram distribuidos aleatoriamente em dois grupos principais e
alimentados por 12 semanas com dieta padrao Nuvilab (Quimtia®) (DP: 4,48%
lipidios; 64,98% carboidratos e 11,75% proteinas) ou dieta hiperlipidica
modificada (HFD: 31,07% lipidios, 49,09% carboidratos e 8,18% proteinas) para
inducdo a obesidade. Ao final desse periodo, os animais magros (n=40)
pesavam 502,7g (x45,1), enquanto os obesos (n=40) pesavam 643,0g (+86,0)
(artigo 2). Durante a ultima semana de protocolo experimental, todos os animais
foram aclimatados a esteira, o que consistiu em uma sessao diaria de 15 minutos
em velocidade muito baixa e inclinagéo de 0° por cinco dias consecutivos. Ainda
neste momento, um teste de tolerancia a glicose foi realizado, onde a glicose foi
administrada por gavagem (OGTT) (1g.kg™?) ou injetada intraperitonealmente
(IPGTT) (1g9.kg?) apdés 8 horas de jejum overnight. A glicemia foi quantificada,
no sangue da cauda do animal, com a utilizacdo de um glicosimetro (On Call
Plus, Acon Laboratories Inc., San Diego, CA, EUA) em 0, 15, 30, 45, 60, 90 e
120 minutos apo6s a administracdo da solucéo de glicose. Para ambos os testes,
foi calculada a area incremental sob a curva tanto para 0os animais magros, como

para 0s obesos.

Um periodo de washout de 5 dias entre o ultimo dia de aclimatacéo e a
sessdo de exercicio agudo foi incluido para evitar quaisquer ajustes ou efeitos
subagudos da ultima sessédo de aclimatagdo (VOGT et al., 2021). Ao final do
tratamento experimental, animais magros e obesos foram alocados
aleatoriamente em quatro grupos experimentais: alimentados em repouso (fed

and rested, FER), alimentados e exercitados (fed and exercised, FEE), jejuados



em repouso (fasted and rested, FAR) e jejuados e exercitados (fasted and

exercised, FAE), totalizando oito grupos experimentais com 10 animais em cada

grupo. Antes da sessao de exercicio, os animais dos grupos FAR e FAE foram

submetidos a um periodo de jejum de 8h.

Para a realizagdo do trabalho onde foram utilizados apenas animais

obesos (artigo 1), o mesmo protocolo experimental foi executado, entretanto,

foram utilizados 30 animais, pesando 657,29 (x69,0). Estes animais realizaram

a mesma aclimatacdo a esteira e mesmo protocolo de exercicio, mas foram

eutanasiados 12 horas ap6s a realizacdo do mesmo, como descrito na

metodologia do Artigo 1 (Figura 9).

Exercise Acclimatization

(
| | | 12t week
A
p”\/< OGTT ! IPQ]T
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FER - Fed and Rested

FAR

FAR - Fasted and Rested 12h Recovery / Oh Recovery

12h Recovery / Oh Recovery I

8h Fasting

FEE - Fed and Exercised

EUTHANASIA

FAE - Fasted and Exercised 8h Fasting 12h Recovery / Oh Recovery

Figura 9. Desenho experimental. Inducéo a obesidade, alocacdo dos animais em seus grupos,

submissao ao jejum e realizacdo do protocolo de exercicio.

4.3. Protocolo de exercicio

O protocolo de exercicio utilizado foi desenvolvido a partir do descrito em

Rodrigues et al. (2007) e consistiu em uma sesséo de 30 minutos em esteira com
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velocidade e inclinacdo correspondentes a uma intensidade de 60% do VO2max
(10m.min, inclinacdo 0° da esteira). Os animais em repouso foram mantidos em
esteira desligada por 30 minutos. Para testar os efeitos agudos da presente
intervencgdo, os animais foram sacrificados imediatamente apos a sesséo de
exercicio (artigo 2) ou 12h apdés a mesma (artigo 1). Os animais foram
eutanasiados por decapitacdo e foram coletadas amostras de sangue, figado,
coracado, sOleo e gastrocnémio. As amostras de sangue foram centrifugadas
(10min, 1510g) e o soro foi utilizado para avaliar as concentragdes de glicose,
lactato, proteinas totais, colesterol total e triglicerideos. Os conteudos de
glicogénio e triglicerideos foram determinados nas amostras de tecido. Tanto a
expressdo dos genes HSP70, HSF1l, PGCla, SIRT1 e AMPK como o
imunocontetdo de SIRT1 e HSP70 foram determinados em amostras de

gastrocnémio e séleo.

122 semana washout Exercicio
5x/semana SESSAO UNICA
15min . 30min
10m.min-" (2.dfas) 15m.min"1
0% inclinagao 0% inclinagao

600/0 V02Méx

Figura 10. Protocolo de exercicio realizado pelos animais (RODRIGUES et al., 2007).



47
4.4. Analises bioquimicas

Glicose, lactato, proteinas totais, colesterol total e triglicerideos séricos
foram quantificados por meio de kits de ensaios enzimaticos (Labtest
Diagnéstica SA, Lagoa Santa, Minas Gerais, Brasil) para analise em
espectrofotdbmetro. As concentracdes de glicose, triglicerideos, e colesterol total
foram expressas em mg-dL* de soro, lactato em mmol.L* e proteinas totais em
g-dL. A concentracdo de glicogénio nas amostras de tecido foi determinada
conforme descrito anteriormente (MODEL et al.,, 2021a). Resumidamente, as
amostras de tecido foram primeiramente homogeneizadas com KOH a 30%,
apos, lavadas com etanol, hidrolisadas com HCI 4N, neutralizadas com Na2COs
2M e finalmente diluidas com agua destilada. As concentracdes de glicogénio
foram determinadas como equivalentes de glicose utilizando um kit de glicose e
expressas em mg de glicogénio.g de tecido (peso Umido). Para a extragcédo dos
triglicerideos, as amostras de tecido foram homogeneizadas com solucéo salina
0,9% na proporcdo de 10:1 (1mg de tecido para 10uL de solugao salina) e a
concentracdo de triglicerideos foi determinada com o mesmo kit usado para o
ensaio de soro (MODEL et al., 2021b). Os resultados foram expressos em mg

de triglicerideo.g de tecido (peso Umido).

4.5. Oxidacao de substratos (Y14C-glicose, *C-alanina e *C-palmitato)

Fatias de tecido (300 + 10mg) foram incubadas por 60 minutos em frascos
selados com 1mL de tampao Krebs Henseleit pH 7,4 mais 0,1% BSA, 0,1uCi Y-
14C-glicose (55mCi/mmol GE Healthcare) mais 5mM de glicose ndo marcada,

equilibrada com 02:CO2 (95:5, v/v) (COZER et al., 2017). *C-alanina e *C-
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palmitato foram incubados nas mesmas condi¢des, mais 10mM ou 0,05mM de
substrato ndo marcado, respectivamente. Os frascos continham pequenos po¢os
de vidro no interior que foram fixados a tampas de borracha e continham
pequenas tiras de papel Whatman 3MM. A incubacao foi interrompida pela
adicdo de 0,25mL de TCA a 50% no fundo do frasco através da tampa de
borracha e 0,25mL de NaOH 2M nos pocos de vidro para reter o “CO:2
produzido. Posteriormente, as tiras de papel Whatman 3MM foram transferidas
para frascos contendo liquido de cintilacdo (MODEL et al., 2021b). Os valores
de producédo de *CO: foram expressos em pmol de #C-substrato incorporado
em “CO2-g de tecido’-hl. A radioatividade foi estimada por um contador de

cintilacdo liquida Beckman.

4.6. Isolamento de RNA, sintese de cDNA e RT-gPCR

Amostras congeladas dos musculos gastrocnémio e soOleo foram
homogeneizadas em TriReagent® (Sigma) e o RNA foi extraido pelo método do
cloroférmio-isopropanol. Amostras de RNA (1ug) foram submetidas a transcricéo
reversa utilizando o GoScript Reverse Transcription System (Promega) em um
volume total de 20ul, conforme protocolo do fabricante. Para analise de mRNA,
primers especificos de genes (Tabela 1) foram misturados a GoTag® gPCR e
RT-gPCR Systems (Promega) para uma concentracdo final das aliquotas de
cDNA de 0,2uM e triplicado de acordo com o protocolo do fabricante. As
condicOes de ciclagem térmica foram de 2 minutos a 95°C, 10 segundos a 95°C,
1 minuto a 60°C, 10 segundos a 95°C, 1 minuto a 60°C, 15 segundos a 95°C (35

ciclos) seguido de analise da curva de melting no Stratagene Mx3000P
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(Tecnologias Agilent). O método AACt foi utilizado para calcular as mudancgas

relativas nas concentragdes de mRNA.

Tabela 1. Sequéncia dos primers.

Sequéncias dos primers:

HSP70 forward primer 5-3’ GTGCGGCCTTAGTAGAGGTG
HSP70 reverse primer 5-3’ GGTCCACCTGCATCTTCTCT
HSF1 forward primer 5-3’ TAGCCTGCCTAGACAAGAACG
HSF1 reverse primer 5-3’ TCACCGAGGGGCTGAACA
PGC1a forward primer 5-3° | TTGACTGGCGTCATTCAGGA
PGC1a reverse primer 5’-3’ CAGGGCAGCACACTCTATGT

SIRTL1 primers

PrimePCR™ Assays BIORAD

AMPK forward primer 5’-3’

TCGGCAAAGTGAAGATTGGAG

AMPK reverse primer 5-3’

CCAACAACATCTAAACTGCGAA

B-Actin forward primer 5-3’

ATTGCTGACAGGATGCAGAA

B-Actin reverse primer 5-3’

TAGAGCCACCAATCCACACAG

4.7. Western blotting

Para a separacao das proteinas foi utilizado SDS-PAGE (eletroforese em

gel de poliacrilamida com dodecil sulfato de s6dio) com uma concentragéo de
poliacrilamida de 10%. Aproximadamente 30ug da proteina extraida das
amostras foram incubados com solucdo de Laemmli e adicionadas em cada poco
do gel para eletroforese. O equipamento utilizado foi o mini-PROTEAN® 3
Electophoresis Cell (BioRad, EUA). Depois de efetuada a eletroforese, o gel de

poliacrilamida foi retirado das placas de vidro e colocado em moédulo de
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eletrotransferéncia em contato com a membrana de nitrocelulose (NC) coberto
com tampao de transferéncia. A transferéncia foi efetuada no sistema Trans-Blot
SD — Semi Dry Electrophoretic Transfer Cell (BioRad, EUA) por uma hora a uma
diferenga de potencial de 25V. As membranas de NC contendo as proteinas
foram entédo incubadas durante uma hora em solucao blogueadora. Esta solugéo
satura sitios de ligagéo inespecificos na membrana de NC. Apds o bloqueio, as
membranas de NC foram incubadas por, no minimo, 16 horas a 4°C sob agita¢éo
constante com os anticorpos (nimeros do catalogo SAB4200714: HSP70;
AV32386: SIRT1 (Sigma Aldrich)) para as proteinas especificas diluidos em
Tween Tris Buffer Saline (TTBS). Ap6s a incubacdo, as membranas foram
lavadas com TTBS (1%) e entdo incubadas com o segundo anticorpo (nUmero
do catalogo A9044: AntiMouse IgG (whole molecule) — rabbit Peroxidase
antibody produced IgG fraction of antiserum, (Sigma Aldrich) por 2 horas em
temperatura ambiente. Logo apés, as membranas foram lavadas com Tris Buffer
Saline (TBS) e incubadas, em sala escura, com solugao de quimiluminescéncia
por um minuto. A reacdo de quimiluminescéncia ocorreu por meio do sistema de
deteccdo baseado em substratos luminescentes (luminol e 4cido p-cumarico).
ApOs a incubagdo com a solugdo de quimiluminescéncia, as membranas de NC
foram colocadas em contato com o filme fotografico (GE Healthcare® /
Amersham HypperfilmTM ECL). Realizada a revelagéo, o filme foi analisado por
densitometria 6ptica e as bandas medidas por um processamento de imagem
(ImageMaster VDS, Pharmacia Biotech, EUA). Os resultados foram expressos

em unidades arbitrarias (UA).
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4.8. Anélise estatistica

Os resultados obtidos foram primeiramente submetidos ao teste de
normalidade de Kolmogorov-Smirnov para verificar a distribuicdo dos dados e,
posteriormente, ao teste de homogeneidade de Levene. Os dados normalmente
distribuidos foram analisados usando ANOVA de duas vias para comparar 0s
efeitos do jejum (alimentado x jejum), do exercicio (repouso x exercicio), bem
como a interacdo entre esses fatores, com post hoc de Bonferroni para dados
homogéneos ou Games-Howell para dados ndo homogéneos. Os dados nao
paramétricos foram examinados com o teste ndo paramétrico de Kruskal-Wallis,
complementado pelo pés-teste de Dunn. Os resultados foram considerados
estatisticamente diferentes quando p<0,05. As andlises foram realizadas com o
Statistical Package for the Social Sciences (SPSS verséo 25.0, IBM, Armonk,

NY, EUA).
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Abstract: Introduction and objectives: Obesity represents a major global public health problem. Its etiology
is multifactorial and includes poor dietary habits, such as hypercaloric and hyperlipidic diets (HFDs), physical
inactivity, and genetic factors. Regular exercise is, per se, a tool for the treatment and prevention of obesity,
and recent studies suggest that the beneficial effects of exercise can be potentiated by the fasting state,
thus potentially promoting additional effects. Despite the significant number of studies showing results that
corroborate such hypothesis, very few have evaluated the effects of fasted-state exercise in
overweight/obese populations. Therefore, the aim of this study was to evaluate the subacute effects (12 h
after conclusion) of a single moderate-intensity exercise bout, performed in either a fed or an 8 h fasted
state, on serum profile, substrate-content and heat shock pathway-related muscle protein immunocontent
in obese male rats. Methods: Male Wistar rats received a modified high-fat diet for 12 weeks to induce
obesity and insulin resistance. The animals were allocated to four groups: fed rest (FER), fed exercise (FEE),
fasted rest (FAR) and fasted exercise (FAE). The exercise protocol was a 30 min session on a treadmill, with
an intensity of 60% of VO2max. The duration of the fasting period was 8 h prior to the exercise session. After
a 12 h recovery, the animals were killed and metabolic parameters of blood, liver, heart, gastrocnemius and
soleus muscles were evaluated, as well as SIRT1 and HSP70 immunocontent in the muscles. Results: HFD
induced obesity and insulin resistance. Soleus glycogen concentration decreased in the fasted groups and
hepatic glycogen decreased in the fed exercise group. The combination of exercise and fasting promoted a
decreased concentration of serum total cholesterol and triglycerides. In the heart, combination fasting plus
exercise was able to decrease triglycerides to control levels. In the soleus muscle, both fasting and fasting
plus exercise were able to decrease triglyceride concentrations. In addition, heat shock protein 70 and sirtuin
1 immunocontent increased after exercise in the gastrocnemius and soleus muscles. Conclusions: An acute
bout of moderate intensity aerobic exercise, when realized in fasting, may induce, in obese rats with
metabolic dysfunctions, beneficial adaptations to their health, such as better biochemical and molecular
adaptations that last for at least 12 h. Considering the fact that overweight/obese populations present an
increased risk of cardiovascular events/diseases, significant reductions in such plasma markers of lipid
metabolism are an important achievement for these populations.
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1. Introduction

Resulting from an imbalance between acquired and expended
calories, overweight and obesity have replaced tobacco
consumption as the number one lifestyle-related major health
problem worldwide [1-3]. According to the World Health
Organization (WHQO), overweight and obesity are the fifth highest
risk factor for global deaths [4]. At least 2.8 million adults die each
year because of being overweight or obese. Dietary fat plays a major
role in obesity and is linked with the development of several chronic
health problems, such as hyperglycemia, dyslipidemia, hypertension,
type 2 diabetes mellitus (T2DM) and certain types of cancer [3,5].

The low-grade inflammation induced by adipose tissue
expansion is a hallmark of obesity and metabolic diseases [6], leading
to the chronic release of cytokines, such as TNFa, IL-6 and IL-1,
which leads to the activation of serine threonine kinases such as cJun
N-terminal (JNK) and IkB kinase kinase (IKK) [7]. As a result, both JNK
and IKK phosphorylate insulin receptor (IR) substrate-1 (IRS-1) on
Ser-307, leading to the inactivation of the insulin receptor
downstream response [7] and thus causing insulin resistance. Lipid
oversupply and hyperglycemia can lead to increased deposition of
lipid species such as diacylglycerols and ceramides, which can also
activate JNK and IKK in liver and/or skeletal muscle, leading to insulin
resistance and sustained hyperglycemia and hyperlipemia [8]. In
addition to cytokines, the chronic presence of saturated fatty acids
in the diet can directly induce chronic inflammation and its
complications [9-11]. This inflammatory effect can be partially
mediated through their binding to Toll-like receptors (TLRs),
particularly 2 and 4, inducing the activation of pro-inflammatory
pathways that can activate JNK and protein kinase C (PKC), both
inhibitors of the insulin signaling, thus promoting insulin resistance
and cellular dysfunction in several tissues, such as smooth muscle
cells, cardiac tissue, skeletal muscle, hepatocytes, endothelial cells
and others [12-14].

The economic and social consequences of obesity and
inflammation-associated diseases represent a challenge in terms of
assuring sufficient resources and effective health services.
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Therefore, strategies to prevent and treat obesity are essential,
involving a series of lifestyle modifications that include diet and
exercise interventions, pharmacological therapy and bariatric
surgery [15-17]. Physical exercise, an important component of
obesity treatment and prevention, can alter the biochemical and
molecular machinery to modify the mobilization of energetic
substrates [17,18]. Recent studies suggest that the beneficial effects
of exercise can be potentiated if performed while fasting, thus
promoting additional effects in comparison to the fed state, such as
higher lipid mobilization and oxidation as well as superior metabolic
adaptations [19].

Fasting is characterized by the absence of food intake for a
period of time that lasts from several hours to a few weeks [20],
resulting in a metabolic switch in the use of energy substrates in
which non-esterified fatty acids (NEFAs), ketone bodies and glucose
derived from liver glycogen and gluconeogenesis are the
predominant energy sources for ATP production [21]. Fasting is
capable of activating a series of transcription factors responsible for
stimulating the transcription of enzyme genes with a crucial role in
metabolic pathways, such as lipoprotein lipase (LPL), muscle
carnitine palmitoyltransferase | (CPT I) and long-chain acyl-CoA
dehydrogenase (LCAD), changing the rate of gluconeogenesis, fatty
acid oxidation and ketogenesis [22]. Similarly to fasting, aerobic
exercise, particularly that of low-to-moderate intensity, induces an
increased lipolytic activity that results in higher plasma NEFA
availability, causing an important metabolic shift that leads to the
increased utilization/oxidation of fat rather than carbohydrates [23].
In fact, conditions that lead to increased supply of free fatty acids to
skeletal or cardiac muscle reduce utilization and oxidation of glucose
[24]. In both conditions (fasting and exercise), these changes are
attributed to several hormonal modifications, including increased
adrenaline and decreased insulin secretion in the blood [25].

In addition to the metabolic changes, both fasting and exercise
can induce positive adaptations in terms of inflammatory control.
Resolution of inflammation is key to improving insulin sensitivity and
metabolism [26]. The heat shock response (HSR) is one of the
molecular pathways capable of promoting insulin sensitivity and
decreasing inflammation [27]. The nicotinamide adenine
dinucleotide (NADY) dependent deacetylase sirtuin 1 (SIRT1) is
activated by the increase in the NAD*/NADH ratio, induced by
metabolic stress/demand (fasting and exercise) [28]. SIRT1 prolongs
the heat shock factor 1 (HSF1) binding to the promoter regions of
heat shock genes by maintaining HSF1 in a deacetylated and DNA-
binding competent state, enhancing the transcription of molecular



57

chaperones such as heat shock proteins 70 (HSP70) and 25 (HSP25)
[29,30]. HSP70 is a classical molecular chaperone that interacts with
other proteins (unfolded, in non-native state and/or stress-
denatured conformations), avoiding inappropriate interactions,
formation of protein aggregates and degradation of damaged
proteins as well as helping the correct refolding of nascent proteins
[31]. In addition to its several functions (antiapoptosis, protein
translocation, metabolism and others) [27], this protein exerts,
intracellularly, a potent anti-inflammatory effect [32]. The anti-
inflammatory effect of HSP70 is attributed mainly to its interaction
with NF-kB, which is increased together with IKK in different obese
experimental models [27]. The role of HSR in insulin sensitivity has
been recently demonstrated, since HSP70 was shown to protect
against  high-fat-diet- and obesity-induced hyperglycemia,
hyperinsulinemia, glucose intolerance and insulin resistance
[7,33,34].

Recent evidence has shown that, when compared with exercise
performed in the fed state, fasting aerobic exercise increases the fat
contribution as an energy substrate after exercise for up to 24 h [35—
40]. Some authors [41,42] claim that low-to-moderate intensity
aerobic exercise performed on an empty stomach offers no
advantage with regard to fatty acid oxidation when compared to
exercise performed in a fed state, while others [23,43] show that, in
skeletal muscle, exercising while fasting stimulates the use of fatty
acids as the primary source of energy while suppressing glucose
metabolism, as compared to the fed state. However, it is worth
mentioning that these studies evaluated only healthy and lean
individuals. Since higher fat oxidation capacity during exercise seems
to be related to a decrease in the number of metabolic risk factors,
aerobic exercise performed in the fasted state could be considered
a strategy to increase fat oxidation and to promote adaptations that
may be beneficial to health, particularly with regard to obesity [44].
Therefore, it can be hypothesized that the use of simultaneous
metabolic challenges (exercise and fasting) would induce several
changes in skeletal muscle cellular signaling and in lipid, protein, and
carbohydrate metabolism.

Despite the significant number of studies showing results that
corroborate such hypotheses, only a few research studies have
evaluated the effects of exercise in the fasted state in
overweight/obese populations. Therefore, the aim of this study was
to evaluate the subacute effects (12 h after its execution) of a single
moderate-intensity exercise bout, performed in the fed or fasted
state, on biochemical and molecular parameters in HFD obese male
Wistar rats.
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2. Materials and Methods

2.1. Animals and Ethics

Male Wistar rats Rattus novergicus (n = 30), 60 days old, were
obtained from Centro de Reproducdo e Experimentagdo de Animais
de Laboratério (CREAL) of Universidade Federal do Rio Grande do Sul
(UFRGS). The animals were maintained in standard bioterium
conditions: 12 h light/dark cycle, controlled temperature (21 + 2 °C),
70% relative humidity, with food and water ad libitum. This project
was approved by the Ethics Committee on the Use of Animals (CEUA)
of UFRGS (protocol 34271).

2.2. High-Fat Diet and Experimental Groups

The animals received a modified high-fat diet (HFD: 31.07%
lipids, 49.09% carbohydrates and 8.18% proteins) for 12 weeks to
induce obesity. Body mass was recorded weekly. To access glucose
homeostasis and to test the efficiency of the HFD to induce insulin
resistance, an oral glucose tolerance test (OGTT) and an injected
(intraperitoneally) glucose tolerance test (ipGTT) were performed at
the end of the treatment, and the results were compared with an
additional control group (fed a standard diet). This lean control
animals were used only in this test because we were interested in
evaluating the effects of fasting and exercise in individuals with diet-
induced obesity. In the last week of treatment, all animals performed
one week of acclimatization to the treadmill, which consisted of five
daily 15 min sessions at very low speed and 0° treadmill grade. A
washout period of 5 days, between the last day of acclimatization
and the acute exercise session, was included to avoid any
adaptations or subacute effects of the last acclimation session. At
the end of the experimental treatment, the animals were randomly
allocated to one of the four experimental groups: fed rest (FER), fed
exercise (FEE), fasted rest (FAR) and fasted exercise (FAE).

2.3. Glucose Tolerance Tests

Glucose was given by gavage (OGTT) (1 g/kg) or injected
intraperitoneally (IPGTT) (1 g/kg) to overnight fasted mice, and
glycemia was measured using a glucometer (On Call Plus, Acon
Laboratories Inc., San Diego, CA, USA) at 0, 30, 60, 90 and 120 min
after glucose administration. For both tests, the area under the curve
(AUC) was calculated.

2.4. Exercise Protocol and Experimental Design

Prior to the exercise session, animals from the FAR and FAE
groups were subjected to a fasting period of 8 h [45]. The acute
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exercise consisted of a 30 min session on the treadmill, with speed
and inclination corresponding to an intensity of 60% of VO.max (10
m/min, 0° treadmill grade), according to Rodrigues et al. [24]. Since
the VO2 was not directly tested, we measured the lactate
concentration before and after the exercise. Confirming that our
exercise protocol was aerobic (moderate), no changes in lactate
were found between rest and immediately post-exercise (Figure 1,
Supplemental Material). To test the subacute effects of our
intervention, the animals were euthanized 12 h after the exercise
session. Control animals were kept in rest and killed at the same
time. During this recovery period, the animals were resubmitted to
their high-fat diet. The animals were killed by decapitation, and the
blood, liver, heart, soleus, and gastrocnemius samples were
collected. Blood samples were centrifuged (10 min, 1510 g), and the
serum was used to evaluate glucose, total proteins, total cholesterol,
and triglyceride (TGL) levels. Glycogen, lactate and triglyceride
concentrations were determined for the tissue samples. HSP70 and
sirtuin 1 immunocontent were determined for skeletal muscle
samples. From the 32 animals, two refused to perform the exercise
bout (1 from each exercise group). For this reason, they were
excluded from the analysis.
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Figure 1. Total body mass (A) of the rats during the treatment with high-fat diet. Oral glucose tolerance test
(OGTT) (B) and OGTT incremental area under the curve (IAUC) (C) on the 11th week of treatment. Intraperitoneal
glucose tolerance test (IPGTT) (D) and IPGTT incremental area under the curve (IAUC) (E) on the 11th week of
treatment. Data were analyzed by two-way ANOVA (Bonferroni post hoc), one-way ANOVA (Bonferroni post hoc)
or Student’s ¢ test. Results were considered different when p < 0.05. Letters represent significant differences
between weeks. * significant difference between experimental groups.
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2.5. Biochemical Analyses

Glucose, lactate, total proteins, total cholesterol, and
triglycerides in the serum were measured using enzymatic assay kits
(Labtest Diagndstica SA, Lagoa Santa, Minas Gerais, Brazil) for
spectrophotometer analysis. The concentrations of glucose,
triglycerides, lactate, and cholesterol were expressed as mg-dL™ of
plasma and total proteins as g-dL™ . The concentration of glycogen in
the tissue samples was determined as previously described [46].
Briefly, the tissue samples were first homogenized with 30% KOH,
then washed with ethanol, hydrolyzed with 4N HCI, neutralized with
2 M Na:COs and finally diluted with water. The levels of glycogen
were determined as glucose equivalents using a glucose kit and
expressed as mg glycogen.g tissue® (wet weight). To determine
lactate concentration, tissue samples were homogenized with 0.9%
saline solution in tubes previously treated with 0.1 M NaF. Lactate
was measured using the same assay kit as used for plasma. Results
were expressed as mg lactate.g muscle? [47]. To extract
triglycerides, tissue samples were homogenized with 0.9% saline in
a ratio of 10:1 (1 mg of tissue to 10 pL of saline), and the
concentration of triglycerides was determined with the same kit as
used for the plasma assay [46]. The results were expressed as mg-g™*
(wet weight).

2.6. SDS-PAGE and Immunoblotting Analysis

For protein separation, SDS-PAGE (polyacrylamide gel
electrophoresis with sodium dodecyl sulfate, mini-PROTEAN® 3
Electophoresis Cell, BioRad, Hercules, CA, USA) was used with a
polyacrylamide concentration of 10%. Approximately 30 ug of the
protein extracted from the samples was incubated with Laemmli
solution and added to each well of the gel for electrophoresis. After
the electrophoresis, the polyacrylamide gel was removed from the
glass plates and placed in the electrotransfer module in contact with
the nitrocellulose (NC) membrane and covered with transfer buffer.
The transfer was made in the Trans-Blot SD system (Semi Dry
Electrophoretic Transfer Cell, BioRad, USA) for one hour, at a
potential difference of 25 V. The NC membranes containing the
proteins were then incubated for one hour in blocking solution. After
blocking, the NC membranes were incubated with antibodies
(catalog numbers SAB4200714: HSP70; AV32386: SIRT1; Sigma
Aldrich, Saint Louis, MO, USA) and diluted in Tween Tris Buffer Saline
(TTBS) for at least sixteen hours at 4 °C, under constant agitation.
After incubation, the membranes were washed with TTBS (1%) and
then incubated with the second antibody (catalog number A9044:
Anti-Mouse IgG (whole molecule)—Peroxidase antibody produced in
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rabbit— IgG fraction of antiserum, buffered aqueous solution, Sigma
Aldrich) for two hours at room temperature. Soon after, the
membranes were washed with Tris Buffer Saline (TBS) and incubated
in a dark room with chemiluminescence solution for one minute. The
chemiluminescence reaction was performed using a detection
system based on luminescent substrates (luminol and p-cumaric
acid). After incubation with the chemiluminescence solution, the NC
membranes were placed in contact with a photographic film (GE
Healthcare’/Amersham HypperfilmTM ECL, Darmstadt, Germany).
After developing, the film was analyzed by optical densitometry, and
the bands were measured by image processing (ImageMaster VDS,
Pharmacia Biotech, San Diego, CA, EUA). The results were expressed
in arbitrary units (AUs).

2.7. Statistical Analysis

The oral (OGTT) and injected (ipGTT) glucose tolerance tests of
lean and HFD obese animals were analyzed by the area under the
curve (AUC). The results obtained in the diet-induced obese animals
submitted to fasting and exercise were first analyzed with the
Kolmogorov-Smirnov normality test to check the distribution of the
data and, subsequently, by the Levene’s homogeneity test. Normally
distributed data were analyzed using two-way ANOVA to compare
the effects of fasting (fed x fasting) and exercise (rest x exercise), as
well as the interaction between these factors, with Bonferroni’s post
hoc for homogeneous data or Games-Howell for non-homogeneous
data. Non-parametric data were examined with the Kruskal-Wallis
non-parametric test, complemented by Dunn’s post-test. Results
were considered statistically different when p < 0.05. Analyses were
performed with the Statistical Package for Social Sciences (SPSS
version 25.0, IBM, Armonk, NY, USA).

3. Results

The animals’ total body mass increased progressively
(F(2.34,72.62) = 317.212; p < 0.01) along the treatment (Figure 1A).
A high-fat diet, when compared to a usual diet, increased insulin
resistance, as depicted in Figure 1B-D.

Blood glucose levels were not affected by fasting or by exercise,
while total protein levels decreased only in the group submitted to
fasting and exercise (x*(3) = 12.075; p < 0.01) when compared to the
other groups (Figure 2A,B, respectively). Gastrocnemius glycogen
concentration (Figure 3A) was not affected by fasting or exercise,
while soleus glycogen concentration decreased in the fasted groups
(2-way ANOVA, F(1,24) = 18.310, p < 0.01) (Figure 3B). Hepatic
glycogen decreased in the fed exercise group when compared to the
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rest group (x*(3) = 9.294; p = 0.03) (Figure 3C). There were no
differences in the glycogen content in the heart (Figure 3D). Lactate
concentrations were not different between the groups in any of the
analyzed samples, including serum, liver, gastrocnemius, and soleus
muscles (Figure 4A-D).

Serum Glucose = Fed B Serum Total Proteins
Fasti =
120+ Em  rasting 15 :
-
= L o 144 a
o A3 13- -|—
-
T
o 12 i
40- -
11
0 T T 10 T T T
Rest Exercise FER FAR FEE

Figure 2. Concentration of glucose (A) and total proteins (B) in the serum at the end of the experimental
treatment. Animal groups: fed rest (FER), fed exercise (FEE), fasted rest (FAR) and fasted exercise (FAE). Data
were analyzed by two-way ANOVA (Bonferroni post hoc) or Kruskal-Wallis test. Results were considered
different when p < 0.05. Letters represent significant differences between each experimental group.

Although fasting alone was not able to alter the concentrations
of serum total cholesterol, there was a significant decrease caused
by exercise (2-way ANOVA, F(1,25) = 9.168, p = 0.01) and by the
interaction between exercise and fasting (2-way ANOVA, F(1,25) =
10.991, p < 0.01) (Figure 5A). Although fasting did not change serum
triglycerides, both exercise (2-way ANOVA, F(1,25) = 10.799, p <
0.01) and the interaction between exercise and fasting (2-way
ANOVA, F(1,25) = 6.894, p = 0.02) were able to significantly decrease
these concentrations (Figure 5B). Liver triglyceride concentration did
not change between the treatments (Figure 5C). In the heart, there
was an interaction between fasting and exercise, and the
combination of fasting plus exercise was able to decrease
triglycerides to control levels (2-way ANOVA, F(1,25) = 17.169, p <
0.01) (Figure 5D). In the gastrocnemius muscle, the triglyceride
concentration did not change between treatments, while in the
soleus muscle, both fasting and fasting plus exercise were able to
decrease triglyceride concentrations compared to the control group
(x*(3) = 8.109; p = 0.04) (Figure 5E, F).
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Figure 3. Glycogen concentration in the gastrocnemius (A), soleus (B), liver (C) and heart (D) of the rats at the
end of the experimental treatment. Animal groups: fed rest (FER), fed exercise (FEE), fasted rest (FAR) and fasted
exercise (FAE). Data were analyzed by two-way ANOVA (Bonferroni post hoc) or Kruskal-Wallis test. Results were
considered different when p < 0.05. * significant difference between fed and fasted groups. Letters represent
significant differences between each experimental group.

Heat shock protein 70 (HSP70) immunocontent increased after
exercise in the gastrocnemius (2-way ANOVA, F(1,26) = 13.301, p <
0.01) and soleus muscles (2-way ANOVA, F(1,24) = 19.861, p < 0.01)
(Figure 6A, B). In both muscles, fasting was not able to modify HSP70
content, although exercise was able to increase it. Sirtuin 1 (SIRT1)
deacetylase immunocontent behaved similarly to HSP70 in the
gastrocnemius (2-way ANOVA, F(1,26) = 7.331, p = 0.01) and soleus
(2-way ANOVA, F(1,26) = 6.020, p = 0.02) muscles (Figure 6C,D,
respectively). Again, fasting did not change the protein content in the

muscles, but exercise increased it significantly. Once again, there
was no interaction between exercise and fasting.
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Figure 4. Lactate concentration in the serum (A), liver (B), gastrocnemius (C) and soleus (D) muscles at the end of
the experimental treatment. Animal groups: fed rest (FER), fed exercise (FEE), fasted rest (FAR) and fasted exercise

(FAE).
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Figure 5. Concentration of lipids in the tissues. Serum total cholesterol (A). Triglycerides in the serum (B), liver
(C), heart (D), gastrocnemius (E) and soleus (F) muscles at the end of the experimental treatment. Animal
groups: fed rest (FER), fed exercise (FEE), fasted rest (FAR) and fasted exercise (FAE). Data were analyzed by two-
way ANOVA (Bonferroni post hoc) or Kruskal-Wallis test. Results were considered different when p < 0.05. #
Represents significant difference between rest and exercised groups. Letters represent significant differences

between each experimental group.
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Figure 6. Protein immunocontent at the end of the experimental treatment. Heat shock protein 70 (HSP70) in
the gastrocnemius (A) and soleus (B) muscles. Sirtuin 1 (SIRT1) in the gastrocnemius (C) and soleus (D) muscles.
Data were analyzed by two-way ANOVA followed by Bonferroni post hoc. Results were considered different
when p < 0.05. # Represents significant difference between rest and exercised groups.

4. Discussion

Exercise performed in a fasted state induced healthy metabolic
effects on carbohydrate and lipid metabolism, such as reduced levels
of serum cholesterol and triglycerides in the serum, heart, and soleus
muscle, which lasted for up to 12 h after the exercise bout, in an
obese-induced insulin-resistant rat model. The benefits of the
combination fasting plus exercise were previously assessed in other
animal and human studies [19]. However, different from our work,
most studies investigated the effects of fasting and exercise in
healthy and physically active individuals/animals, which were
evaluated immediately after the exercise (i.e., acute effects, for up
to 3 h). To our knowledge, this is the first study looking at subacute
effects of exercise in the fasted state (12 h after the exercise
intervention) in HFD obese and insulin-resistant rats.

Considering that the soleus and gastrocnemius exhibit different
metabolic profiles, we evaluated triglycerides and glycogen in both
muscles. Like previous studies [48,49], a decreased glycogen content
was found in the skeletal muscles from fasted animals (statistically
significant only in the soleus), with no differences between non-
exercised and exercised animals. The same scenario occurred in the
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levels of triglycerides. This is an intriguing finding, since these
animals were fed an HFD during the recovery period, prior to
euthanasia (12 h). The inability to restore muscle glycogen levels
during the fed state may be explained by the increased insulin-
resistance state promoted by the HFD, which can be caused by low-
grade inflammation, accumulation of intramuscular lipid
metabolites, fatty-acid-induced toll-like receptor (TLR) activation
and the higher rates of fatty acid uptake [6]. In fact, other models of
obese insulin-resistant rats confirm that skeletal muscle glycogen
remains reduced during the recovery period [50]. Acute exercise is
known to improve glucose uptake and glycogen synthesis, even in
insulin-resistant individuals [51]. However, this was not the case for
our intervention, since exercised animals had low levels of muscle
glycogen, even after a 12 h recovery period with free access to food.
The increased lipolytic rate induced by fasting and exercise, along
with increased fatty acid uptake and use in the exercise group
(where an enhanced rate of beta-oxidation is expected) may have
led to reduced glucose uptake (Randle’s cycle, [24]), reducing muscle
capacity to use and store glucose as glycogen [24]. In addition, during
the recovery time, the animals returned to their HFD, increasing the
offer of lipids to the muscles, and resulting in diminished glucose
metabolism. This increased fat metabolism (increased lipolytic
activity, fatty acid uptake and use), may be responsible for the lower
serum triglycerides and total cholesterol found in fasted exercised
animals (Figure 5). However, we cannot exclude that our
intervention changed appetite and food intake in the subsequent
hours following exercise, thus inducing modifications in plasma
metabolite concentration [52].

On the other hand, hepatic glycogen followed a different
pattern, in which glycogen levels of fed and rested animals reduced
12 h after the time in which the other groups exercised (Figure 3C).
This indicates that fed animals rely more on glucose metabolism
during exercise, and therefore liver glycogenolysis is increased to
maintain their glycaemia. In contrast, the animals that exercised
during fasting were able to maintain their liver glycogen levels,
probably because the increased availability of fatty acids induced a
glycogen sparing effect. Higher rates of lipolysis during exercise in
the fasted state (thus a greater release of glycerol) may result in
increased gluconeogenesis during the recovery period (by using
glycerol as a source to synthesize new glucose). In addition to the
use of glycerol, amino acids and proteins could also be used for this
purpose. This may explain why only this group of animals was able
to recover their levels of glycogen in the hours after exercise.
Apparently, the unchanged levels of lactate in all tissues indicates
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that this metabolite did not play an important role during the
experimental intervention and confirms that the level of exercise
was not intense.

Curiously, the content of total serum proteins was lower in the
fasted-exercised group (Figure 2B). It is expected the fasting induces
reductions in plasma protein concentration. However, this response
usually occurs after at least 48 h of fasting [53,54]. Since all analyses
were conducted 12 h after the intervention, and the animals were
resubmitted to their high-fat diet during the recovery period, we
suggest that exercise performed in the fasted state may accelerate
the effect of fasting on plasma proteins. This effect may need to be
considered for longer interventions (exercise training in fasted
state), since lower levels of plasma protein can induce changes in
oncotic pressure and thus water homeostasis
(osmolality/volume/pressure).

In obese male rats that were submitted to exercise (in the fasted
or fed state), SIRT1 and HSP70 expression remained increased in
both studied skeletal muscles (gastrocnemius and soleus, Figure 6)
for up to 12 h after the exercise bout. However, no additional effects
of fasting were seen at 12 h after exercise. The increased HSP70
expression induced by exercise is important not only for metabolism
but also for its implication in proteostasis and resolution of
inflammation, particularly in a model of low-grade inflammation,
such as the one in this study.

The metabolic switch that occurs in the fasting state and
exercise depends on the activation of several proteins and
transcription factors, considered as “master regulators” of
metabolism, such as 5' AMP-activated protein kinase (AMPK), SIRT1
and peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a) ([24]. The activation of these factors depends on
the energetic status of the cells; thus, changing the levels of
AMP/ATP and NAD*/NADH will lead to metabolic changes favoring
catabolism and oxidative metabolism. In fact, endurance exercise in
the fasted state results in the activation of AMPK and acetyl-CoA
carboxylase-a [55]. Other molecular pathways that are sensitive to
the changes in cellular energetic status that occur during metabolic
challenges are NAD*-dependent deacetylase sirtuin 1 (SIRT1) and
heat shock response (HSR) [56]. SIRT1 is a deacetylase that is
activated by the increase in the NAD*/NADH ratio, induced by
metabolic stress/demand. Interestingly, a direct crosstalk between
SIRT1, AMPK, PGC-1a and HSR occurs in different cells [28]. For
instance, SIRT1 can activate AMPK by deacetylation, inducing direct
metabolic effects [57].
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Other studies have shown that exercise is able to increase the
expression and synthesis of HSP70 ([33,58,59]. Its decreased
intracellular concentration is correlated with insulin resistance
[7,60], while the induction of its expression, by whatever route, is
related to cell protection against inflammatory damage [61,62]. The
anti-inflammatory role is due to its ability to inhibit the translocation
of factors such as NF-kB (Nuclear Factor-kappa B) to the cell nucleus
[32]; NF-kB activity is increased in obese individuals [60]. An increase
in the intracellular HSP70 immunocontent is also able to oppose the
phosphorylation and activation of pro-inflammatory proteins such as
JNK (c-Jun N-terminal Kinase), induced by hyperlipidic diets [7], thus
reducing its associated harmful effects.

During fasting, proteins such as SIRT1 are activated in the
metabolic management of glycogenolysis for ketogenesis, which
leads to the activation of HSF1 (Heat Shock Factor 1), a HSP70
transcription factor [32], the deacetylation and degradation of
CRTC2 (CREB Regulated Transcription Coactivator 2), the main
mediator of hepatic gluconeogenesis [63,64], and to indirect
increase in fatty acid oxidation through the deacetylation of factors
such as PGCla (Peroxisome Proliferator-Activated Receptor Gamma
Coactivator 1-a) [65,66] and activation of PPARa [67]. Thus, the
effects of both exercise and fasting seem to contribute to a better
overall metabolic profile, suggesting that their association can
potentiate their effects, which would lead to a faster improvement
in insulin resistance and low-grade chronic inflammation.

Most of the significant changes found in our intervention were
induced when exercise was performed in the fasted state. The
combination of these two metabolic challenges resulted in acute and
subacute metabolic changes (particularly in fat metabolism) and in
skeletal muscle signaling. Previous studies have shown that, despite
the performance of fasting, physical training does not increase the
content of FATCD36 (Fatty Acid Translocase) and UCP3 (Uncoupling
Protein 3) in muscle tissue; the content of FABPpm (membrane-
associated Fatty Acid Binding Protein), GLUT4 (Glucose Transporter
4) and HKII (Hexokinase Il) are increased, characterizing a greater
uptake of free fatty acids, glucose and phosphorylation of this
glucose for further metabolization by muscle tissue, respectively
[68]. The increased energy expenditure and the oxidation of lipids
imposed by exercise, fasting or not, in obese individuals are able to
improve the relationship between mobilization and lipid oxidation.
A considerable proportion of the oxidized fatty acids during aerobic
exercise of low-to-moderate intensity comes from intramuscular
triglycerides, which justifies the use of these exercise protocols in
order to improve the insulin sensitivity of its practitioners [36].
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Although the present work has not quantified the oxidation of fatty
acids per se, it seems that an increased uptake of substrates
culminates in the respective increase in their oxidation.

Finally, it must be emphasized that the combination of these
two metabolic challenges resulted in an important reduction of
blood lipids (triglycerides and total cholesterol). This is of particular
interest for the population with obesity and diabetes, since these
lipids are known inducers/markers of the development of
cardiovascular complications [69].

5. Conclusions

We conclude that exercise in the fasted state induces additional
positive metabolic changes in fat metabolism that last forupto 12 h
after the exercise bout. The reduction of blood triglycerides and total
cholesterol (both markers of cardiovascular risk) observed when the
two metabolic challenges are associated indicates that this
intervention may be particularly important for obese and diabetic
subjects. Although no interaction between exercise and fasting was
seen, for 12 h after the intervention, in the immunocontent of HSP70
and SIRT1, metabolic differences were found in glycogen and lipid
metabolism. Despite the lack of visible interactions between exercise
and fasting on HSR and SIRT1, the potential importance of exercise
in managing comorbidities of inflammatory origin is evident. In
addition, the immunocontent of these proteins might have displayed
a different pattern if the exercise recovery intervals were different.
It is important to highlight the main limitations of this study: the
absence of a non-obese control group and the fact that exercise
intensity was not directly measured. Finally, in terms of human
health, it is difficult to extrapolate our findings in rats to the human
obese population. However, the induced metabolic changes
(especially with regard to lower triglycerides and total cholesterol)
and the fact that they can last for up to 12 h after the exercise bout
are promising findings that need to be investigated in humans.

Supplementary = Materials: The following are available online at
www.mdpi.com/16604601/18/14/7543/s1, Figure S1: Blood lactate concentration in
fasting (A) and fed (B) conditions of the rats before and after the exercise protocol., Table
S1: Effects of fasting exercise on plasma biochemical profile, glycogen, triglycerides
storage, and muscle immunocontent of HSP70 and SIRT1.
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Aims: Although it is already known that the benefits of exercise
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sedentary lean and obese rats. Main methods: Male rats received
a high-fat diet (HFD) for twelve weeks to induce obesity. After this
period, the animals were allocated in four groups: fed and rest
(FER), fed and exercise (30 min treadmill session, FEE), 8h fasted
and rest (FAR) and fasted and exercise (FAE). The oxidative
capacity of muscles was investigated using 14Cglucose, 14C-
palmitate, and 14C-alanine as substrates. The gene expression
of AMPK, PGCla, SIRT1, HSF1 and HSP70 were analyzed in
muscle samples. Key findings: The HFD induced obesity,
increased serum lactate and liver glycogen and decreased AMPK
expression and glucose oxidation in soleus and gastrocnemius.
The association of fasting and exercise had different effects in
gastrocnemius, a glycolytic muscle, in relation to soleus, an
oxidative muscle of obese animals. The combination of fasting
and exercise had a glycogen-sparing effect and increased
palmitate oxidation in soleus, while in gastrocnemius, it increased
glucose oxidation. Significance: The AMPK response is more
sensitive to exercise and fasting in lean than obese animals and
is different between oxidative and glycolytic muscles. Therefore,
exercise while fasting may promote different healthy benefits for
sedentary and obese subjects.
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Abstract:

Aims: Although it is already known that the benefits of exercise can be potentiated by the
fasting state in healthy subjects, only few studies evaluated the effects of this intervention on
the metabolism of obese subjects. Therefore, this study aimed to investigate the immediate
effects of a single moderateintensity exercise bout performed in fast or fed states on the
metabolism of sedentary lean and obese rats. Main methods: Male rats received a high-fat diet
(HFD) for twelve weeks to induce obesity. After this period, the animals were allocated in four
groups: fed and rest (FER), fed and exercise (30 min treadmill session, FEE), 8h fasted and rest
(FAR) and fasted and exercise (FAE). The oxidative capacity of muscles was investigated using
14C-glucose, “C-palmitate, and *C-alanine as substrates. The gene expression of AMPK, PGCla,
SIRT1, HSF1 and HSP70 were analyzed in muscle samples. Key findings: The HFD induced obesity,
increased serum lactate and liver glycogen and decreased AMPK expression and glucose
oxidation in soleus and gastrocnemius. The association of fasting and exercise had different
effects in gastrocnemius, a glycolytic muscle, in relation to soleus, an oxidative muscle of obese
animals. The combination of fasting and exercise had a glycogen-sparing effect and increased
palmitate oxidation in soleus, while in gastrocnemius, it increased glucose oxidation.
Significance: The AMPK response is more sensitive to exercise and fasting in lean than obese
animals and is different between oxidative and glycolytic muscles. Therefore, exercise while
fasting may promote different healthy benefits for sedentary and obese subjects.

Keywords: muscle metabolism, obesity, fasting, exercise, glycogen, AMPK

Highlights:

- Exercise and fasting induced different effects in glycolytic and oxidative

muscles of obese rats

- In oxidative muscles, fasting and exercise spared glycogen and increased

palmitate oxidation

- Fasting and exercise increased glucose oxidation in glycolytic muscles of

obese animals

- AMPK response is more sensitive to exercise and fasting in lean than obese

rats

- AMPK response is different between oxidative and glycolytic muscles
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Introduction

Obesity results from an imbalance between energy acquisition and consumption,
is characterized by an expanding adipose tissue, and can be classified by a body mass
index (BMI) higher than = 30kg/m? [1,2]. The adipose tissue is an endocrine-active gland
with important role in the regulation of the intermediary metabolism [2]. Therefore, obesity
is associated with various types of health issues, such as dyslipidemia, hyperglycemia,
type 2 diabetes mellitus (DM2), hypertension, cardiovascular diseases, inflammation,

and musculoskeletal disorders leading to a poor life quality [1-5].

A regular routine of exercise is one of the main non-pharmacological approaches
to treat obesity, improving insulin and triglycerides profiles. [2,6]. Physical exercise can

switch biochemical and molecular pathways increasing energetic substrates availability
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to meet the energetic requirements and preventing insulin resistance (IR) [7,8]. One of
the gene pathways involved in this metabolic switch during exercise is the 5° AMP-
activated Protein Kinase (AMPK), Sirtuin 1 (SIRT1) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1la) pathway [9-12]. Exercise also activates
the heat shock factor 1 (HSF1) that triggers the heat shock response (HSR), leading to
increased expression of the heat shock proteins (HSPs), specially HSP70, which has a
key role in the control of carbohydrate metabolism and low grade inflammation resolution
[13-16].

The metabolic switches that occur during the rest to exercise transition, like
activation of glycogenolysis, lipolysis, ketogenesis and gluconeogenesis, can also be
found during the fed to fasting states transition [7,8,17]. Based on these metabolic
similarities, and to potentiate this metabolic profile, exercise while fasting has been
proposed as a new approach in obesity treatment. Some authors found that exercise
during fasting increase fatty acid oxidation (FAQO) as the primary source of energy [18—
20], while other studies show that low-intensity aerobic exercise during fasting does not
increase FAOQ in relation to exercise in fed state [21,22]. It is important to emphasize that
most of these studies were developed in healthy humans or rodents. Only few studies
with obese subjects and insulin resistant states were reported and their results indicate
that skeletal muscle have decreased oxidative capacity during rest and during exercise
after feeding [6,23—26].

In a previous study, we evaluated the subacute effects (12 hours after) of a single
moderate-intensity exercise bout on male obese rats that were fed or in an 8-hour fasted-
state [23]. The combination of exercise and fasting promoted an important decrease in
serum total cholesterol and triglycerides concentrations in obese animals. Considering
that there are still some important gaps in the comprehension of the effects of exercise
while fasting in obese subjects, this study aimed to investigate the contribution of different
types of oxidative substrates (glucose, alanine, and palmitate) during exercise in the
fasting state in oxidative and glycolytic muscles of sedentary lean and obese rats. The
expression of genes involved in metabolic control and inflammatory balance, were also

investigated.
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Material and Methods
Animal husbandry

Male Wistar rats Rattus novergicus (n = 80), 60 days old, were obtained from
Centro de Reprodugcdo e Experimentacdo de Animais de Laboratério (CREAL) of
Universidade Federal do Rio Grande do Sul (UFRGS). This project was approved by the
Ethics Committee on the Use of Animals (CEUA) of UFRGS (protocol 34271). The
animals were maintained in standard bioterium conditions: 12h light/dark cycle, controlled
temperature (21 £ 2°C), 70% relative humidity, with water ad libitum.

Experimental Design

The animals were randomly distributed in two main groups and fed for 12 weeks
with a standard diet Nuvilab (Quimtia®) (SD: 4.48% lipids; 64.98% carbohydrates and
11.75% proteins) or a modified high-fat diet (HFD: 31.07% lipids, 49.09% carbohydrates
and 8.18% proteins) to induce obesity. At the end of this period, lean animals (n = 40)
weighed 502.7 + 45.1 grams, while the obese animals (n = 40) weighed 643.0 + 86.0
grams. During the last week of treatment, all animals were acclimatized to the treadmill,
which consisted of five daily 15 minutes sessions at very low speed and 0° inclination
grade. A washout period of 5 days, between the last day of acclimatization and the acute
exercise session, was included to avoid any adaptations or subacute effects of the last
acclimation session [23]. At the end of the experimental treatment, healthy and obese
animals were randomly allocated in four experimental groups: fed and rested (FER), fed
and exercised (FEE), fasted and rested (FAR) and fasted and exercised (FAE), totalizing
eight experimental groups with 10 animals in each group. Prior to the exercise session,

animals from the FAR and FAE groups were subjected to a fasting period of 8h.

Exercise Protocol

The exercise protocol was already described in Vogt et al. (2021) and consisted of
a 30min session on a treadmill, with speed and inclination corresponding to an intensity
of 60% of VO2max (10m/min, 0° treadmill grade). The rested animals were also maintained
in treadmill for 30 min. To test the acute effects of our intervention, the animals were
euthanized by decapitation immediately after the exercise session. Samples of blood,
liver, heart, soleus, and gastrocnemius were collected. Blood samples were centrifuged

(10min, 1510g), and the serum was used to evaluate glucose, total proteins, total
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cholesterol, and triglycerides levels. Glycogen and triglycerides concentrations were
determined in the tissue samples. HSP70, HSF1, PGCla, SIRT1 and AMPK gene

expression were determined in skeletal muscle samples.

Biochemical Analyses

Glucose, lactate, total proteins, total cholesterol, and triglycerides in the serum were
measured using enzymatic assay kits (Labtest Diagnostica SA, Lagoa Santa, Minas
Gerais, Brazil) for spectrophotometer analysis. The concentrations of glucose,
triglycerides and cholesterol were expressed as mg-dL? of plasma; lactate as mmol.L?,
and total proteins as g-dL™. The concentration of glycogen in the tissue samples was
determined as previously described [27]. Briefly, the tissue samples were first
homogenized with 30% KOH, then washed with ethanol, hydrolyzed with 4N HCI,
neutralized with 2M Na,COs3 and finally diluted with water. The levels of glycogen were
determined as glucose equivalents using a glucose kit and expressed as mg glycogen.g
tissue? (wet weight). To extract triglycerides, tissue samples were homogenized with
0.9% saline in a ratio of 10:1 (1mg of tissue to 10uL of saline), and the concentration of
triglycerides was determined with the same kit as used for the plasma assay [28]. The

results were expressed as mg-g? (wet weight).

Substrate oxidation (**C-glucose, *C-alanine, and **C-palmitate)

Tissue slices (300 + 10mg) were incubated for 60min in sealed flasks in 1mL of
Krebs Henseleit buffer pH 7.4 plus 0,1% BSA, 0.1uCi Y**C-glucose (55mCi/mmol GE
Healthcare) plus 5mM of unlabeled glucose, equilibrated with O,:CO- (95:5, v/v) [29]. *C-
alanine and *C-palmitate were incubated under the same conditions, plus 10mM or
0.05mM of unlabeled substrate, respectively. The flasks contained small glass wells
inside that were attached to rubber caps and contained small strips of Whatman 3MM
paper. Incubation was stopped by adding 0.25mL of 50% TCA through the rubber cap
and 0.25mL of 2M NaOH was placed inside the glass wells to trap the *CO; produced.
Subsequently, the strips of Whatman 3MM paper were transferred to vials containing
scintillation liquid [28]. Values of *CO; production were expressed as pmol of #C-
substrate incorporated into *CO..g of tissue*h™. The radioactivity was estimated by a

Beckman liquid scintillation counter.
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RNA isolation, cDNA synthesis, and RT-gPCR

Frozen gastrocnemius and soleus muscle samples were homogenized in Tri
Reagent® (Sigma) and RNA was extracted using the chloroform-isopropanol method.
RNA samples (1pg) were submitted to reverse transcription using the GoScript Reverse
Transcription System (Promega) in a total volume of 20ul, according to the manufacture’s
protocol. For mRNA analysis, gene-specific primers (Table 1) were mixed with GoTag®
gPCR and RT-gPCR Systems (Promega) to a final concentration of 0.2uM cDNA aliquots
and run-in triplicate according to the manufacturer’s protocol. Thermal cycling conditions
were 2min at 95°C, 10s at 95°C, 1min at 60°C, 10s at 95°C, 1min at 60°C, 15s at 95°C
(35 cycles) followed by melting curve analysis on Stratagene Mx3000P (Agilent
Technologies). The AACt method was used to calculate relative changes in mRNA

abundance.

Table 1: Molecular sequences of the primers.

Primer sequences:

HSP70 forward primer 5-3’ GTGCGGCCTTAGTAGAGGTG
HSP70 reverse primer 5-3’ GGTCCACCTGCATCTTCTCT
HSF1 forward primer 5-3’ TAGCCTGCCTAGACAAGAACG
HSF1 reverse primer 5-3’ TCACCGAGGGGCTGAACA
PGCl1la forward primer 53’ TTGACTGGCGTCATTCAGGA
PGC1a reverse primer 5-3’ CAGGGCAGCACACTCTATGT
SIRT1 forward primer 5-3’ PrimePCR™ Assays BIORAD
AMPK forward primer 5>-3’ TCGGCAAAGTGAAGATTGGAG
AMPK reverse primer 5-3’ CCAACAACATCTAAACTGCGAA
B-Actin forward primer 5-3’ ATTGCTGACAGGATGCAGAA
B-Actin reverse primer 5-3’ TAGAGCCACCAATCCACACAG

Statistical Analysis

The results were first analyzed with the Kolmogorov-Smirnov normality test to check
the distribution of the data and, subsequently, by the Levene’s homogeneity test.
Normally distributed data were analyzed using two-way ANOVA to compare the effects
of fasting (fed x fasting) and exercise (rest x exercise), as well as the interaction between
these factors, with Bonferroni’'s post hoc for homogeneous data or Games-Howell for
non-homogeneous data. Nonparametric data were examined with the Kruskal-Wallis
non-parametric test, complemented by Dunn’s post-test. Results were considered
statistically different when p<0.05. Analyses were performed with the Statistical Package
for Social Sciences (SPSS version 25.0, IBM, Armonk, NY, USA).

88



Results

Since the animals did not have a regular routine of exercise, all groups can be
considered sedentary. The exercise increased serum glucose levels of sedentary lean
[2way ANOVA, F(1,18)=18.269, p<0.001] and obese animals [2way ANOVA,
F(1,21)=16.412, p=0.001], but fasting [2way ANOVA, F(1,21)=16.412, p=0.001] and the
interaction between fasting and exercise [2way ANOVA, F(1,18)=6.442, p=0.021]
decreased it in lean animals. Lactate levels were 16% higher in obese than in lean
animals [3way ANOVA, F(1,38)=38.204, p<0.001] (Figure 1C, D). Serum lactate levels
of lean animals were different between the groups fed and rested (FER) and fed and
exercise (FEE) [x?(3)=10.248; p=0.017], while in obese animals both exercise [2way
ANOVA, F(1,18)=36.787, p<0.001] and fasting [2way ANOVA, F(1,18)=18.396, p<0.001]
increased it. Serum protein levels were 16% higher in obese than lean animals [3way
ANOVA, F(1,42)=72.053, p<0.001] (Figure 1E, FD). In lean animals, serum protein levels
did not alter, while in obese groups, the interaction between exercise and fasting was
significant [2way ANOVA, F(1,21)=5.179, p=0.033]. The levels of triglycerides were
similar between lean and obese animals and were not affected by fasting or exercise
(Figure 1G, H). In lean animals’ total cholesterol levels, the interaction between fasting
and exercise was significant [2way ANOVA, F(1,20)=4.680, p=0.043] and cholesterol
was higher in lean animals that exercised. In obese animals, total cholesterol levels
decreased during fasting [2way ANOVA, F (1,17) =9.052, p=0.008] in both groups.

Liver glycogen concentration was 70% higher in the obese than lean group
[x?(3)=2.725; p=0.006] (Figure 2 A, B). In lean animals, liver glycogen concentration
decreased during fasting in relation to fed values [x?(3)=17.646; p=0.001] and a similar
pattern was developed by obese animals [2way ANOVA, F(1,18)=19.962, p<0.001].
Glycogen concentration in all types of muscles of lean animals were not affected by
exercise, fasting or their interaction (Figure 2C, E, G). When compared to lean animals,
gastrocnemius glycogen concentration decreased by 60% in obese animals [3way
ANOVA, F (1,37)=32.626, p<0.001] (Figure 2C, D). In obese animals, the concentration
of glycogen in gastrocnemius muscle decreased after the exercise [2way ANOVA,
F(1,18)=7.328, p=0.014]. In soleus muscle of obese animals, the interaction between
fasting and exercise was significant [2way ANOVA, F(1,16)=9.475, p=0.007] (Figure 2F).

In the heart of obese animals, glycogen concentration was not modified (Figure 2H).

Triglycerides’ concentration in the liver and muscles of lean animals were not

affected by any of the interventions (Figure 3A, C, E, G). The same happened in the liver,
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soleus, and heart muscles of obese animals (Figure 3B, F, H). In gastrocnemius of obese
animals, triglycerides’ concentration decreased in fasting groups [2way ANOVA,
F(1,20)=7.105, p=0.015] (Figure 3D). Triglycerides’ concentration in the gastrocnemius
[x?(3)=4.039; p<0.001] and soleus [3way ANOVA, F(1,36)=17.859, p<0.001] of obese

animals were 31% higher and 46% lower than lean animals, respectively.

Glucose, palmitate, and alanine oxidation in gastrocnemius muscle were not
affected by fasting and exercise in lean animals (Figure 4A, C, E). When compared with
lean animals, glucose [3way ANOVA, F(1,41)=4.502, p=0.040] and alanine [3way
ANOVA, F(1,42)=5.442, p=0.025] oxidation decreased by 26% and 38% respectively in
obese animals. In gastrocnemius of obese animals (Figure 4B, D, F), the exercise
increased glucose oxidation [2way ANOVA, F(1,20)=10.646, p=0.004], while fasting
decreased glucose [2way ANOVA, F(1,20)=7.640, p=0.012] and palmitate oxidation
[2way ANOVA, F(1,21)=5.408, p=0.030].

In soleus muscle, glucose oxidation decreased 37% in obese animals in relation to
lean animals [x?(3)=-2.793; p=0.005] (Figure 5A, B). In lean animals, glucose oxidation
was not affected by fasting or exercise, while in obese animals, fasting increased it [2way
ANOVA, F(1,19)=4.721, p=0.043]. Palmitate oxidation in soleus muscle (Figures 5C, D),
increased after fasting in lean animals [2way ANOVA, F(1,23)=6.545, p=0.018], while in
the obese animals, palmitate oxidation decreased in the group of animals that exercised
in the fed state in relation to the group that was only submitted to fasting [x?(3)=9.333;
p=0.025]. In this muscle, alanine oxidation was not altered by any condition (Figures 5E,
F).

The interaction between fasting and exercise affected AMPK gene expression in
the gastrocnemius of lean animals (Figure 6A) [2way ANOVA, F(1,16)=6.319, p=0.023],
while fasting decreased AMPK expression in obese animals (Figure 6B) [2way ANOVA,
F (1,16)=5.026, p=0.039]. When compared with lean animals, AMPK expression in
gastrocnemius decreased 15% in obese animals [3way ANOVA, F(1,32)=5.504,
p=0.025] and the opposite occurred with SIRT1 expression (Figure 6G, H), which
increased 28% [3way ANOVA, F(1,32)=5.150, p=0.030]. The expression of HSP70,

HSF1 and PGC1a genes were not influenced by any of the interventions.

The expression of AMPK was also affected by the interaction between fasting and
exercise in the soleus muscle of sedentary lean animals [2way ANOVA, F(1,16)=8.972,
p=0.009] (Figure 7A). In obese animals, AMPK expression decreased 29% in relation to
lean group [3way ANOVA, F(1,32)=7.544, p=0.010]. The expression of HSP70, HSF1,

SIRT1 and PGC1la genes were not influenced by any of the interventions.
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experimental group.
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Discussion

The metabolic effects of aerobic exercise during different periods of fasting has
been investigated by many research groups [23,30-36]. Most of these studies focused
on lean subjects, and, to our best knowledge, the immediate metabolic effects of fasting
aerobic exercise were not yet investigated in obese rats. In the present study, both lean
and obese animals did not have a regular routine of exercise and therefore, can be
consider sedentary. Both groups presented high basal glucose concentration (Figure 1).
These results may be attributed to the IR that can be induced by both the sedentary
behavior and the HFD [23]. Despite of this, serum glucose of lean animals increased after
exercise in both fed and fasted groups. This elevation of glycemia during the exercise
could result from a combination of factors: higher sympathetic tonus causing liver
glycogenolysis; IR state caused by sedentary behavior; increased availability of free fatty
acids (FA); and the glucose-sparing effect. This higher glucose levels in lean fasted
groups were accompanied by decreased liver glycogen. In the obese animals, glucose
levels were higher in fasted than in fed animals and in exercised than rested animals. In
these groups, liver glycogen concentration was 70% higher than in lean animals,
however, as in lean animals, fasting reduced liver glycogen. This reduction was
expected, given that liver glycogen is an important source of glucose during periods of
food deprivation [37,38]. These findings differ from our previous data, in which obese
animals glycemia were equal in all groups 12h after the exercise bout [23], suggesting
that, at least in obese animals, these alterations in glucose metabolism have a short

duration.

In lean animals, glycogen concentration in the muscles was not affected by fasting,
exercise or the association of both interventions. Gastrocnemius and soleus were chosen
as examples of glycolytic and oxidative muscles, respectively [39]. In soleus and
gastrocnemius of obese animals, glycogen decreased immediately after the exercise in
fed state. Also in obese animals, gastrocnemius glycogen concentration decreased when
compared to lean animals. In our previous study [23], glycogen decreased in both
muscles of fasted animals 12h after the exercise. However, in this study, muscle
glycogen concentration of obese animals that exercised while fasting was not different
from rested animals, suggesting that the association of exercise and fasting had a
glycogen-sparing effect. Similar findings were already described in previous studies
using healthy rats [17,40].

Although lactate is traditionally considered a good biomarker of exercise intensity,
it is also a predictor of metabolic diseases [41,42]. Higher lactate levels in obese subjects

can be associated with loss of oxidative capacity. This reduced mitochondrial activity
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increases the glycolytic flux increasing lactate synthesis and therefore, its serum
concentration [41]. Lactate can also bind to hydroxycarboxylic acid receptor 1 (HCAR-1)
in white adipose tissue and consequently, inhibits lipolysis [43]. This inhibition of lipolysis
will culminate in reduction of the expected increased FAO during exercise. In lean
animals, lactate levels reduced in the exercised and fed group but was restored to control
levels in the group that exercise while fasting. In obese animals, exercise and fasting
increased serum lactate in relation to fed and rest. In obese animals exposed to the same
protocol, lactate levels of the fasted and exercised groups were similar to rested and fed

group 12h after the exercise [23], suggesting that these are short term effects.

Obese animals developed higher concentration of triglycerides than lean animals
only in gastrocnemius. This finding can be related to the fact that both groups were
sedentary. The balance between lipid synthesis and degradation is not always modified
in obese subjects, instead they develop higher FA uptake and increase the content of FA
transporters in the cellular membrane, which may lead to increased lipid accumulation
[44,45]. In addition, the decreased FAO may also contribute to the higher concentration
of lipids [46]. In lean animals, the concentration of triglycerides in all the analyzed tissues
were not affected by fasting and exercise, while the cholesterol levels increased in fasted
and rested animals. In obese animals, fasting reduced serum total cholesterol and
triglycerides concentration in gastrocnemius while exercise had no effect on circulating

lipids.

The capacity to oxidate glucose, alanine and palmitate was investigated in
gastrocnemius and soleus to identify which would be the preferred substrate in each
intervention of this study. Glucose oxidation decreased in both muscles of obese animals
in relation to lean ones. In gastrocnemius of obese animals, fasting decreased glucose
oxidation in relation to fed state, however the exercise was able to restore it. The effects
of fasting on soleus were the opposite than gastrocnemius: glucose oxidation increased
during fasting and was not affected by the exercise. These results are consistent with the

metabolic characteristics of both muscles [47].

Palmitate oxidation was not altered by the HFD. These findings contradict previous
studies that showed decreased palmitate oxidation and activity of oxidative metabolism
enzymes such as carnitine palmitoyltransferase | (CPT1) [6,8,25,26,45]. During low-
intensity exercise, FAO increase in both types of muscles in healthy and obese subjects
[48,49]. In gastrocnemius of obese animals, fasting decreased palmitate oxidation and
the exercise did not alter it. As expected, fasting increased palmitate oxidation in soleus
of lean animals. In obese animals, palmitate oxidation decreased in fed-exercised

animals and were similar to rested animals in the group that exercise during fasting,
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suggesting that the combination of exercise and fast can restore palmitate oxidation in
this muscle. Therefore, the results indicate that the preferential energy substrate during

fasting and exercise is different in each muscle.

When the obese animals fasted, serum protein levels reduced, while the exercise
had no effect on protein levels. In our previous data with obese rats [23], total proteins
decreased 12h after the exercise during fasting, and it is important to point that in the first
study the animals were refed during the recovery after the exercise. However, even after
refeeding, protein levels reduced in the group that exercised during fasting. Taken
together, these results indicate a short-term effect of the association between fasting and
exercise on protein metabolism. To investigate a possible impact of fasting and exercise
on muscle protein metabolism, alanine oxidation was also investigated in soleus and
gastrocnemius. Alanine oxidation decreased in gastrocnemius of obese animals in
relation to lean animals, but in soleus of obese and lean animals, it did not modify. These
findings are in agreement with previous descriptions that amino acids are not an

important energetic source during short time aerobic exercise [50-52].

When compared to lean animals, AMPK expression decreased in both muscles of
obese animals and SIRT1 expression increased only in gastrocnemius of obese. In lean
animals, AMPK expression increased with the association of fasting and exercise in
gastrocnemius while in soleus, it increased only in fed-exercised animals. The lack of
alteration in SIRT1 and PGC1la expression in lean animals can be related to the time of
sampling, because the activation of AMPK after exercise is an early event (minutes) while
SIRT1 and PGC1la activation usually occur more than one hour after the exercise [39,53].
In obese animals, fasting decreased AMPK expression in gastrocnemius and had no
effect in soleus, while exercise had no effect on both muscles. In gastrocnemius of obese
animals, the decreased AMPK expression was combined with decreased glycogen
concentration and glucose oxidation and increased triglycerides concentration. These
were expected findings, because AMPK increase FAO by decreasing malonyl-CoA
concentration, inhibiting lipid synthesis. AMPK also has important effects on
carbohydrate metabolism, promoting glucose uptake through GLUT1 and GLUT4
translocation to plasmatic membrane [10,11,54]. Taken together, these findings suggest
that AMPK is more sensitive in lean than obese animals, and that AMPK response is

different in oxidative and glycolytic muscles.

SIRT1 activation is one of transcriptional adjustments induced by AMPK and can
switch muscular metabolism from glycogenolysis to ketogenesis and FAO [55]. These
effects are triggered by PGCla deacetylation and PPARa activation [55,56]. In the

present study both SIRT1 and PGCla expression in both muscles were not affected by
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exercise or fasting. It is possible that a longer period of time after the exercise was

necessary to see alterations in the expression of these factors [39,53].

The HSR is another important molecular pathway triggered by exercise and many
types of environmental-related stresses [57]. This pathway starts with increased
expression of HSF1, which in turn activates the transcription of many genes, in particular
the HSPs [58-62]. Besides their actions as molecular chaperones, the HSPs also have
anti-inflammatory actions and many metabolic effects that can prevent IR and the
development of DM2 [57,63]. Exercise is considered a potent inducer of HSP70
expression on muscle, and this is considered one of the mechanisms involved in the
beneficial effects of exercise [57,62—64]. Depletion of energetic substrates such as
glycogen associated with nutritional stresses potentiate this exercise induced HSP70
expression. Surprisingly, neither HSF1 or HSP70 was modified by the HFD, fasting or
exercise. This could be caused by the time the samples were collected, the intensity and

duration of the exercise and the HFD regimen.

Conclusion

In summary, the HFD induced obesity, increased serum lactate and liver glycogen
and decreased AMPK expression and glucose oxidation in soleus and gastrocnemius.
The association of fasting and exercise had different effects in gastrocnemius, a
glycolytic muscle, in relation to soleus, an oxidative muscle in obese animals. In soleus,
the combination of fasting and exercise had a glycogen-sparing effect associated with
increased palmitate oxidation, while in gastrocnemius, it increased glucose oxidation. In
addition, AMPK was more sensitive to the interventions in lean than obese animals and
its response was different between oxidative and glycolytic muscles. In conclusion, these
findings contribute to the knowledge about the effects of conducting exercise while
fasting, specifically in obese subjects. However, more studies are still necessary before

this approach of exercise can be recommended to obese people.
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6. DISCUSSAO GERAL

Apesar dos efeitos metabdlicos do exercicio aerobio durante diferentes
periodos de jejum vir sendo investigados por muitos grupos de pesquisa, ndo se
tem conhecimento ainda do volume e intensidade necessérios para que se
consolidem possiveis efeitos benéficos desta pratica (BJORKMAN; ERIKSSON,
1983; GLEESON; GREENHAFF; MAUGHAN, 1988; KNAPIK et al., 1987; KOUBI
et al., 1991; LOY et al., 1986; MAUGHAN; GLEESON, 1988; VOGT et al., 2021;

ZINKER; BRITZ; BROOKS, 1990).

Imediatamente apds o exercicio, a glicemia dos animais obesos em jejum
foi maior que nos alimentados e nos exercitados do que em repouso. Apés 12h,
a glicemia dos animais obesos foi igual em todos os grupos avaliados, apesar de
ter sido observada uma diminuicdo quando comparada a glicemia dos ratos
obesos logo apos o exercicio [3way ANOVA, F(1,46)=1035,742, p<0,000]. Isso
sugere gue, pelo menos em animais obesos, essas alteracdes no metabolismo

da glicose tém curta duracéo (Figura 11A, B).

Por muito tempo o lactato foi considerado apenas um subproduto da via
glicolitica, mas atualmente vem sendo considerado um bom preditor de doencas
metabdlicas (BROSKEY et al., 2020). Embora seja um bom indicador de
intensidade do exercicio, o propdésito da formacéo de lactato € a regeneracéo de
NAD* consumido na via glicolitica, para que seja mantido o fluxo glicolitico para
producéo de energia (WESTERBLAD; BRUTON; KATZ, 2010). Por natureza,
individuos obesos apresentam maiores concentracfes de lactato sanguineo
gquando comparados a individuos saudaveis, devido a uma perda de funcao

mitocondrial e capacidade oxidativa. Dessa maneira, um menor fluxo
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mitocondrial leva a um aumento no fluxo glicolitico e culmina com maior
producgéo de lactato (BROSKEY et al., 2020). Esse aumento na producédo de
lactato leva a um aumento na concentracdo sanguinea de lactato, o que foi
observado nos ratos obesos quando comparados aos magros imediatamente
apos o exercicio. Nos animais obesos, tanto o exercicio como o jejum foram
capazes de aumentar as concentracdes circulantes de lactato imediatamente
apos o exercicio, apesar destas modificacbes ndo serem capazes de perdurar
pelas 12 horas seguidas ao exercicio, onde a lactatemia retornou a valores

normais em todos os grupos obesos (Figura 11C, D).

Broskey e colaboradores (2020) ainda afirmam que individuos acometidos
por sindrome metabdlica apresentam concentracfes plasmaticas de lactato
aproximadas a de ciclistas treinados se exercitando a uma carga de 300W. Esse
lactato, por sua vez, pode inibir a lipdlise no tecido adiposo branco ligando-se ao
receptor Hydroxycarboxylic Acid Receptor 1 (HCAR-1) (BROOKS, 2020), o que
pode acarretar em uma inibicdo do aumento da oxidacao de acidos graxos em

individuos obesos observadas no presente estudo.

Embora ndo tenha sido observada diferenca entre as concentracdes
séricas de triglicerideos de ratos magros e obesos logo apés o protocolo de
exercicio, 12 horas apds, o0s ratos obesos apresentavam menores
concentragcbes do substrato [3way ANOVA, F(1,46)=5,321, p=0,026] (Figura
11G, H) em comparacdo aos triglicerideos imediatamente apds o exercicio.
Entretanto, ndo foram observadas diferengas na concentragéo de colesterol total

ao longo do tempo de recuperacao (Figura 111, J).
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Imediatamente apds o exercicio, ratos obesos apresentaram menor
diminuicdo de glicogénio hepético do que seus controles magros, o que pode ser
resultado de uma menor producdo hepética de glicose, culminando em uma
menor glicemia, comparados aos magros. Os efeitos no contetdo de glicogénio
hepético 12 horas ap0s o exercicio mostram que o grupo obeso que realizou o
protocolo de exercicio alimentado apresentou a menor concentracdo do
substrato, fendmeno esse que ja foi demonstrado na literatura (ARAGON-
VARGAS, 1993; DOHM et al., 1983). Além disso, ao longo das primeiras 12
horas de recuperacao do exercicio houve um aumento no conteudo de glicogénio
hepético dos animais obesos [3way ANOVA, F(1,44)=22,227, p<0,000] (Figura

12A, B).

O conteudo de glicogénio no gastrocnémio foi menor nos individuos
obesos do que nos magros, diminuindo imediatamente ap0s 0 exercicio nos
obesos (Figura 2, artigo 2). Doze horas ap6s (Figura 12C, D), os animais obesos
nao apresentaram quaisquer diferencas entre 0os grupos avaliados, apesar de
apresentarem um maior conteudo de glicogénio neste muasculo quando
comparados aos obesos imediatamente apO0s o exercicio [3way ANOVA,
F(1,44)=5,577, p=0,023]. Imediatamente apdés o exercicio, ndo foram
observadas diferencas entre magros e obesos no contetudo de glicogénio no

s6leo, bem como néo houve diferenca entre Oh e 12h.
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O conteudo de triglicerideos hepéticos ndo apresentou diferencas entre
ratos magros e obesos, tampouco entre 0s grupos avaliados. Entretanto, 12
horas depois, ratos obesos apresentaram maior conteudo quando comparados
aos ratos sem recuperacao [3way ANOVA, F(1,45)=121,314, p<0,000] (Figura

13A, B).

Os musculos avaliados mostraram diferentes padrdes de estoque lipidico
imediatamente ap6s o exercicio. No muasculo gastrocnémio, os obesos
apresentaram maiores concentracdes de triglicerideos imediatamente apds o
exercicio e 0 jejum reduziu essas concentracbes. Doze horas apéds, as
modificacdes nas concentracdes de TGIM do gastrocnémio néo se sustentaram,
apesar dos obesos apresentarem concentragdes significativamente maiores do
que imediatamente apds o exercicio [3way ANOVA, F(1,40)=105,475, p<0,000]
(Figura 13C, D). De maneira oposta ao gastrocnémio, no soleo os ratos obesos
apresentaram menores concentracdes de TGIM 12 horas apés o exercicio [3way

ANOVA, F(1,41)=7,725, p=0,008] (Figura 13E, F).

No que diz respeito ao coracdo, o conteudo de triglicerideos néo
apresentou diferenca entre ratos magros e obesos imediatamente apos o
exercicio. Apesar disso, quando comparados, ratos obesos 12 horas apés o
exercicio apresentaram um conteddo 7 vezes maior quando comparado aos
ratos avaliados imediatamente ap0s o0 exercicio [3way ANOVA,

F(1,45)=1686,235, p<0,000] (Figura 13G, H).

De maneira geral, o quadro observado 12 horas apoés a realizacado do
protocolo de exercicio apresentou resultados promissores e metabolicamente

relevantes. A diminuicdo da glicemia concomitantemente ao aumento do
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conteudo de glicogénio tanto no gastrocnémio quanto no figado demonstra um
aumento na captacdo de glicose e manutencdo na capacidade de sintese do

substrato e consequente manutenc¢do na sensibilidade insulinica.

De maneira semelhante, a diminuicdo do contetdo de triglicerideos
séricos paralelamente ao aumento no conteddo de triglicerideos no
gastrocnémio, figado e coracédo, parece apresentar um aumento na captacado do
substrato, culminando com maior sintese de triglicerideos teciduais. Todavia,
este aumento na concentracdo de triglicerideos dentro dos tecidos periféricos
deve ser avaliado com cautela, ja que TAG ndo sao sinalizadores intracelulares,
mas sim seus metabdlitos como DAG e ceramidas (JOCKEN et al., 2010). Assim,
um aumento na concentracdo de TAG intracelular ndo deve ser associada a uma
piora na sensibilidade insulinica a primeira vista, visto que ha outros metabdlitos
com papel mais importante no desenvolvimento ou manutengéo deste quadro

(BERGMAN et al., 2018; HANNUN et al., 1986).
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Figura 13. Contetido de triglicerideos dos animais obesos Oh (esquerda) e 12h (direita) apos o
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representam diferencgas significativas entre cada grupo experimental.
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Devido a seus perfis metabdlicos diferentes, onde o musculo
gastrocnémio apresenta marcada capacidade glicolitica e o séleo, oxidativa
(CANTO et al., 2009), ambos apresentaram diferentes padrées de oxidacéo de
glicose. Ratos obesos obtiveram menor oxidagcdo de glicose tanto no
gastrocnémio quanto no soéleo, enquanto, no séleo, o jejum foi capaz de
aumentar a oxidacao de glicose (Figura 5A, B, artigo 2). No gastrocnémio o efeito
foi oposto. O aumento na oxidacéo de glicose observado no gastrocnémio dos
obesos em resposta ao exercicio pode ser atribuido a uma maior captacdo de
glicose imposta pelo exercicio, culminando com diminui¢cdo da glicemia nestes

individuos.

Imediatamente ap0s o exercicio, ndo foram observadas diferengas entre
ratos magros e obesos na oxidacdo de palmitato nos musculos gastrocnémio e
séleo. O gastrocnémio dos ratos magros nao foi responsivo a nenhuma das
intervencdes, enquanto o jejum foi capaz de diminuir a oxidacdo do acido graxo
nos animais obesos. Ja no séleo dos ratos magros, o jejum aumentou a oxidacao
de palmitato, enquanto nos obesos, os animais do grupo exercitado alimentado
(FEE) apresentaram menor oxida¢éo de palmitato quando comparados ao grupo

jejuado em repouso (FAR).

Embora aminoacidos nao representem uma importante fonte energética
durante o exercicio (SHERMAN, 1995), ratos magros apresentaram uma maior
oxidacdo de alanina imediatamente apds a sessdo de exercicio, no musculo
gastrocnémio. Talvez essa menor oxidagdo de alanina por parte dos obesos
possa ser explicada por uma menor atividade do ciclo de Krebs, via esta que se

encontra diminuida por uma menor capacidade oxidativa.
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E de extrema importancia que o controle energético celular realizado pela
via AMPK-SIRT1-PGC1a seja restabelecido, em individuos obesos, em prol de
uma flexibilidade metabdlica funcional que seja capaz de diminuir a inflamacao
crénica de baixo grau e resisténcia insulinica. Ratos obesos apresentaram maior
expressdo de SIRT1 no gastrocnémio logo apds o exercicio, quando
comparados aos magros, e menor expressao de AMPK, tanto no gastrocnémio

quanto no soleo (Figura 6A, B; Figura 7A, B, artigo 2, respectivamente).

A via de choque térmico HSF1-HSP70 apresenta beneficios anti-
inflamatoérios importantes para individuos acometidos por obesidade e/ou
resisténcia insulinica. Um contetdo diminuido de HSP70 intracelular esta
relacionado a um prejuizo na resposta contra doencas cronicas pela oxidacéo e
glicacdo de proteinas, formacéo de espécies reativas de oxigénio e nitrogénio,
agregacao proteica e inflamacéo (CHUNG et al., 2008; HOOPER et al., 2014;
HUEY; MEADOR, 2008). Apesar de ndo terem sido observadas diferencas na
expressdo dos genes codificadores da HSP70, HSF1, SIRT1 e PGCla em
resposta a nenhuma intervencgéo, nos ratos obesos exercitados (em jejum ou
alimentados) logo ap6s a intervenc¢éo, o imunocontetudo de HSP70 e de SIRT1
aumentou em resposta ao exercicio 12 horas apds sua realizacdo. Esse
aumento na HSP70 e na SIRT1 é importante ndo apenas para 0 controle
metabdlico, mas também por sua participagcédo na proteostase celular e resolucao
da inflamacao, principalmente em um modelo de inflamag&o cronica de baixo

grau como o do presente trabalho.

Em resumo, as principais alteracbes metabdlicas no soro, figado e

coragao podem ser observadas na figura 14, enquanto os principais resultados
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obtidos no gastrocnémio e no so6leo estdo resumidos nas figuras 15 e 16,

respectivamente.
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Figura 14. Resumo das alteragBes metabdlicas no soro, figado e coragédo. Seta para cima:
aumento significativo; seta para baixo: diminuicdo significativa; linha horizontal: auséncia de
alteracdo; circulo verde: interagéo entre exercicio e jejum.
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7. CONCLUSOES GERAIS

Contrariamente a hipdtese principal do presente trabalho, o exercicio
aerdbio realizado em jejum néo foi capaz de potencializar as respostas do jejum
ou exercicio quando realizadas separadamente. A associagdo de jejum e
exercicio teve efeitos imediatos diferentes no gastrocnémio (musculo glicolitico)
em relacdo ao sdleo (musculo oxidativo) em animais obesos. No sdleo, a
combinacdo de jejum e exercicio teve um efeito poupador de glicogénio
associado ao aumento da oxidacdo do palmitato, enquanto no gastrocnémio,
aumentou a oxidacdo da glicose. Além disso, a AMPK foi mais sensivel as
intervencdes em animais magros do que em obesos e sua resposta foi diferente
entre os musculos oxidativos e glicoliticos.

Nos ratos obesos, 0 exercicio em jejum provocou modificacdes
metabdlicas positivas adicionais que perduraram por até 12 horas apds sua
realizacdo. A reducdo de triglicerideos e colesterol total sanguineos (ambos
marcadores de risco cardiovascular) pode ser particularmente importante para
individuos obesos e diabéticos. Embora néo tenha sido observada interacdo
entre exercicio e jejum, 12 horas ap0s sua realizagdo, no imunocontetdo de
HSP70 e SIRT1, foram encontradas diferencas significativas no metabolismo
glicidico e lipidico dos animais obesos.

Embora seja dificil extrapolar estes achados em ratos para a populagéo
humana obesa, eles contribuem para o conhecimento sobre os efeitos da
realizacdo de exercicios em jejum, especificamente em individuos obesos. No
entanto, as alteracdes metabdlicas induzidas (principalmente no que diz respeito

a diminuicdo dos triglicerideos e do colesterol total) e o fato de poderem durar
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até 12 horas apds a sessao de exercicio sao promissores achados que precisam

ser investigados em humanos.
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8. PERSPECTIVAS

Conforme mostrado no presente trabalho, existem respostas imediatas e
tardias a realizacdo do exercicio aerébio de moderada intensidade, tanto em
ratos magros como obesos. Embora muitas respostas ndo sejam resultado da
interacao entre exercicio e jejum, mas do exercicio per se, essa modalidade pode
representar uma importante ferramenta no combate a doencas metabdlicas.

Com base no exposto, uma das perspectivas do estudo é a utilizacdo de
protocolos de treinamento ao invés da realizagdo de uma Unica sessdo de
exercicio, bem como a avaliacdo do imunocontetddo de outras proteinas de

interesse, em diferentes tempos pos exercicio.
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ANEXO |

Comprovante de aprovacio pelo Comité de Etica no Uso de Animais

Prezado Pesquisador ANAPAULA SOMMER VINAGRE,

Informamos que o projeto de pesquisa Efeitos de uma sessdo aguda de exercicio aerdbio, realizado em estado
alimentado ou jejum, sobre marcadores metabdlicos e expressdo de genes relacionados ao metabolismo lipidice
em ratos wistar machos, encaminhado para analise em 26/12/2017, foi aprovado no(a) Comiss3o de Etica no Uso
de Animais com o seguinte parecer:

A Comissdo De Etica No Uso De Animais aprovou o trabalho "34271 - Efeitos de uma sessdo aguda de exercicio
aerdbio, realizado em estado alimentado ou jejum, sobre marcadores metabdlicos e expressdo de genes
relacionados ao metabolismo lipidico em ratos wistar machos" em reunido realizada em 85/83/2818 - Sala 338
do Anexo I da Reitoria - Campus Centro - Porto Alegre - RS, em seus aspectos éticos e metodolégicos, para
a utilizacdo de um total de 160 ratos Wistar, machos, com 6@ dias de idade, provenientes do Centro de
Reproducdo e Experimentacdo de Animais de Laboratério (CREAL) da UFRGS, de acordo com os preceitos das
Diretrizes e Normas Nacionais e Internacionais, especialmente a Lei 11.794 de 88 de novembro de 2088, o
Decreto 6899 de 15 de julho de 28089, e as normas editadas pelo Conselho Nacional de Controle da
Experimentacdo Animal (CONCEA), que disciplinam a producdo, manutencdo efou utilizacdo de animais do filo
Chordata, subfilo Vertebrata (exceto o homem) em atividade

de ensino ou pesquisa.

CEUA/UFRGS
Atenciosamente,

Comissdo de Etica no Uso de Animais



