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EPIGRAFE

“Frequentemente é necessdrio mais coragem para ousar fazer certo do
que temer fazer errado.”

Abraham Lincoln.



RESUMO

Doenga hepatica gordurosa nao alcodlica (DHGNA) é caracterizada pelo
acumulo excessivo de gordura no figado e tem intima relagdo com a obesidade e
diabetes mellitus do tipo 2 (DM2). Sabe-se que o figado é um dos principais 6rgaos
responsaveis pela manutengao da normoglicemia, e o combate a DHGNA para o
aumento da a¢ao da insulina no figado é uma das estratégias primdrias no manuseio
da DM2. Apesar dos avangos da medicina, o treinamento fisico € considerado uma das
principais estratégias para o aumento da agao hepatica da insulina e reducao da
DHGNA em obesos. Porém, os mecanismos envolvidos nesses processos ndo sao
completamente compreendidos. Portanto, o nosso objetivo foi investigar os
mecanismos biomoleculares pelos quais diferentes protocolos de treinamento fisico
atuam no combate a DHGNA e melhoram o controle da producao hepatica de glicose
(PHG) em camundongos obesos. Apds aprovacao do Comité de Etica, camundongos
Swiss machos foram alimentados com dieta rica em gordura saturada para a indugao
da obesidade e em seguida foram submetidos a diferentes protocolos de treinamento,
sendo: treinamento de forca em escada, treinamento aerdbio em esteira e treinamento
combinado (forga e aerébio na mesma sessao). O treinamento de forga consistiu de 1
sessao diaria durante 15 dias; o treinamento aerdobio em 1 sessao diaria durante 7 dias;
e o treinamento combinado em 1 sessao diaria durante 7 dias. O treinamento de forca
reduziu a DHGNA, inibindo a atividade da proteina lipogénica Acetyl-CoA carboxylase
(ACC), reduzindo o contetido proteico de Fatty Acid Synthase (FAS) e ACC e os niveis
de RNA mensageiro de Fasn e Scdl. Observamos também reducdo da atividade de
Forkhead box protein O1 (FOXO1), reduzindo assim o contetido de Glucose 6 Phosphatase
(G6Pase) e Phosphoenolpyruvate Carboxykinase (PEPCK). Os niveis da proteina
gliconeogénica Pyruvate Carboxylase (PC) e da proteina induzida por inflamacao Protein
tyrosine phosphatase 1B (PTP1B) também foram reduzidos. Quando analisamos o
treinamento combinado, observamos que essa modalidade também reduziu a
DHGNA e o estimulo lipogénico. Por fim, observamos que tanto o treinamento de
forca quanto aerébio aumentaram o contetido hepatico de clusterina nos animais
obesos. Juntos, esses resultados nos permitem concluir que os 3 protocolos de
treinamento apresentam interessante potencial contra a DHGNA, reduzindo o
conteudo de lipidios no figado, inibindo a maquinaria de lipogénese hepatica e
melhorando o controle da PHG.

Palavras-chave: DHGNA, obesidade, DM2, PHG, treinamento fisico.



ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is characterized by excessive
liver fat accumulation and is closely related to obesity and type 2 diabetes mellitus
(T2DM). The liver is one of the main organs responsible for normoglycemia, and the
fight against NAFLD to increase hepatic insulin action is one of the main strategies in
T2DM management. Despite medical advances, the plysical training is the primary
interventions for increasing the hepatic insulin sensivity and reducing NAFLD in
obese individuals. However, the mechanisms involved in these processes are not fully
understood. The our aim was to investigate biomolecular mechanisms by which
different physical training protocols act against NAFLD and increase insulin sensivity
and hepatic glucose production (HGP) control in obese mice. After Ethics Committee
approval, male Swiss mice were fed a high saturated fat diet for obesity induction and
then subjected to different training protocols: ladder climb strength training, treadmill
aerobic training and combined training (strength and aerobic in the same session).
Strength training consisted of 1 daily session for 15 days; aerobic training in 1 daily
session for 7 days; and the combined training in 1 daily session for 7 days. Strength
training reduced NAFLD, inhibiting the activity of the lipogenic protein Acetyl-CoA
carboxylase (ACC), reducing the protein content of Fatty Acid Synthase (FAS) and
ACC and the messenger RNA levels of Fasn and Scdl. We also observed a reduction
in Forkhead box protein O1 (FOXO1) activity, reducing Glucose 6 Phosphatase
(GbPase) and Phosphoenolpyruvate Carboxykinase (PEPCK). The gluconeogenic
protein levels of Pyruvate Carboxylase (PC) and inflammation-induced protein
Protein tyrosine phosphatase 1B (PTP1B) were also reduced. When we analyzed
combined training, we found that this modality also reduced NAFLD and lipogenic
stimulation. Finally, we observed that both strength and aerobic training increased
clusterin hepatic content in obese animals. Together, these results allow us to conclude
that the 3 exercise training protocols have interesting potential against NAFLD,
reducing liver lipids, inhibiting the hepatic lipogenesis machinery and improving the
control of HGP.

Keywords: NAFLD, obesity, T2DM, HGP, physical training.
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1. INTRODUCAO

De acordo com a Organizacdo Mundial de Saude (OMS), a obesidade
pode ser definida como um estado de excessiva quantidade de massa adiposa,
sendo essa uma condicdo crénica e multifatorial (WORLD HEALTH
ORGANIZATION, 2020a). Trata-se de uma doenca envolvida com tanto com fatores
genéticos quanto ambientais (GLUCKMAN et al., 2011), com custos globais
relacionados ao tratamento de suas complicacfes que irdo ultrapassar a cifra de
U$1,2 trilhdo ao ano a partir de 2025, quando estima-se que mais de um terco da
populacdo mundial sera obesa (mais de 2,7 bilhdes de pessoas) (WORLD OBESITY
FEDERATION, 2021).

No Brasil o cenario é igualmente preocupante. No periodo compreendido
entre 2003 e 2019, o numero de de homens com excesso de peso se elevou de
43,3% para 60%, e de obesos de 9,6% para 22,8% (INSTITUTO BRASILEIRO DE
GEOGRAFIA E ESTATISTICA, 2020). Atualmente, segundo os dados mais recentes
da Vigitel (6rgdo que compde o sistema de Vigilancia de Fatores de Risco para
doencas crbnicas ndo transmissiveis do Ministério da Saude no Brasil), 55,4% da
populacdo brasileira apresenta excesso de peso e 20,3% apresenta obesidade
(VIGITEL BRASIL 2019, 2020). Um recente estudo constatou que em 2018 mais de
1,8 milhdes de internacdes no Sistema Unico de Saude (SUS) foram relacionadas a
obesidade e suas comorbidades, o que corresponde a aproximadamente 16% das
internacdes (NILSON et al., 2020). O mesmo estudo ainda mostrou que 0s custos
totais com hospitalizacdes e gastos com medicamentos somam R$ 669 milhdes e R$
722 milhdes, respectivamente, totalizando R$ 1,39 bilhdo aos cofres publicos
(NILSON et al., 2020).

Ja é bem descrito que a obesidade apresenta uma intima relacdo com
diversas outras doencas de cunho metabdlico como doencas cardiovasculares,
aterosclerose, alguns tipos de cancer e a diabetes mellitus do tipo 2 (DM2), sendo
essa Ultima a doenca destacada na presente tese. A DM2 é uma doenca
caracterizada pela hiperglicemia de jejum, em um estado em que o corpo nao é capaz
de produzir insulina suficiente para a captacao de glicose ou a insulina ndo é capaz
de exercer devidamente suas fungbes (PETERSEN; SHULMAN, 2017; SOCIEDADE
BRASILEIRA DE DIABETES, 2021). A OMS estimou que em 2014 aproximadamente
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8,5% da populacéo adulta apresentavam DM2 (WORLD HEALTH ORGANIZATION,
2016) e que em 2012 a DM2 foi responséavel por 1,5 milhdo de mortes (WORLD
HEALTH ORGANIZATION, 2016). No Brasil, 15,9% da populacdo é diabética
(INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA, 2020) e estima-se que
aproximadamente 50% dos acometidos por essa doencga ndo sabem de sua condi¢ao
(SCHMIDT et al., 2014).

Apesar dos inUmeros avanc¢os da ciéncia sobre o entendimento da relacao
causal entre a obesidade e a génese da DM2, esse € um assunto ainda nao
totalmente compreendido. Entretanto, alguns possiveis mecanismos podem ser
apontados:

1) A hipertrofia do tecido adiposo que culmina em uma hiperativacdo do
sistema imune e maior recrutamento de monacitos por esse tecido e diferenciacéo a
macréfagos do tipo M1, com maior potencial inflamatério e maior producédo de
citocinas-proé inflamatérias (HOTAMISLIGIL, 2006; MARZULLO et al., 2021);

2) O aumento nos niveis circulantes de &cidos graxos livres que
sabidamente comprometem tanto a secrecdo quanto a acdo da insulina de modo
dose-dependente tanto em diabéticos quanto nado-diabéticos (GOLAY; YBARRA,
2005);

3) O estresse de reticulo endoplasmatico (ERE) devido a uma saturacéo
do sistema de degradacdo de proteinas mal enoveladas, induzindo aumento na
ativacdo da maquinaria biomolecular inflamatéria que contraregula a acao da insulina
(OZCAN et al., 2004; ZHANG et al., 2013);

4) Alteragbes nas populagdes da microbiota intestinal, aumentando a
razdo Firmicutes:Bacteroidites e favorecendo a absorcao de lipopolissacarideos,
estimulando a condicéo préinflamatéria (LIU et al., 2021; MARZULLO et al., 2021,
ZWARTJES; GERDES; NIEUWDORP, 2021).

Porém, todos esses fendbmenos parecem se encontrar em um ponto em
comum para o desencadeamento do DM2 induzido pela obesidade: a resisténcia a
insulina. A insulina apos ser secretada em condi¢des de disponibilidade de nutrientes
se liga ao seu receptor tirosina quinase Insulin Receptor (IR), uma proteina
transmembrana composta por uma porgéo extracelular com um dominio de ligacéo
para a insulina e que regula sua atividade intrinseca de se auto-fosforilar em residuos
de tirosina. Uma vez ligada a subunidade a extracelular do IR, a insulina promove a

fosforilagdo em tirosina da porg¢ao 3 transmembrana, recrutando assim uma familias
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de proteinas downstream a sua via conhecidas como scaffold, fundamentais para o
inicio da transducgé&o do seu sinal biomolecular. Dentre elas, as mais responsivas ao
sinal insulinico parecem ser os substratos do receptor de insulina 1 e 2 (IRS1 e IRS2,
respectivamente), apesar de outras proteinas como IRS3, IRS4, SHC, CBL, APS,
SH2B, GAB1, GAB2, DOCK1, e DOCK2 também serem recrutadas por IR. As
proteinas IRSs se associam aos motifs NPXY no IR e também sao fosforiladas
principalmente em sitios de tirosina, que vao proporcionar a ligacdo a proteinas
efetoras como phosphatidylinositol 3-kinase (PI3K). Por sua vez, PI3K converte o
fosfolipidio de membrana PIP2 para PIP3, que recruta as proteinas serina/treonina
quinase B / Akt (PERRY et al., 2014; SALTIEL, 2021). As proteinas Akt comp&em
uma familia de proteinas composta por 3 isoformas altamente homdélogas, sendo
Akt1 (PKBa), Akt2 (PKBB) e Akt3 (PKBy), que embora codificadas por diferentes
genes em diferentes cromossomos, apresentam mais 80% de similaridade (TOKER;
MARMIROLI, 2014). Trata-se de uma proteina de atividade nodal, com a¢des tecido-
especificas relacionadas ao controle metabdlico e energético. Dentre elas, 4 podem
ser destacadas: 1) a atuacao no nucleo arqueado do hipotalamo potencializando a
acdo da leptina e promovendo saciedade, progando seus sinais anorexigenos por
meio dos seus receptores Leptin Receptor b (LepR-b) e IR, respectivamente,
principalmente nos neurénios agouti-related protein (AgRP) e proopiomelanocortin
(POMC) (VARELA; HORVATH, 2012); 2) a captacdo de glicose, sintese de
glicogénio e a sintese proteica no musculo esquelético, por mecanismos
relacionados, respectivamente, a translocacdo do glucose transporter 4 (GLUT4)
para a membrana plasmatica mediada pelo substrato da Akt de 160kDa (AS160),
gue permite a entrada da glicose por meio de difusdo facilitada, a fosforilacdo e
inibicdo da proteina glycogen synthase kinase 3 (GSK3) que permite a acao da
glycogen synthase (GS), e a ativacdo de mammalian target of rapamycin complex 1
(MTORC1) e seus efetores downstream p70 ribosomal S6 protein kinase-1 (S6K1) e
eukaryotic translation initiation factor-4E (elF4E)-binding protein-1 (4E-BP1) (HUANG
et al., 2018); 3) o estimulo lipogénico no tecido adiposo, regulando principalmente a
sintese de acidos graxos e de colesterol pela ativagdo de sterol regulatory element-
binding proteins (SREBP) e inibigdo da lipdlise pela inativacdo da Forkhead box O1
(FOX01), proteina que regula a lipdlise controlando a expressdo de adipose
triglyceride lipase (ATGL) (HUANG et al., 2018) e 4) a sintese de glicogénio e de

lipidios no figado por mecanismos semelhantes aos descritos no musculo e tacido
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adiposo previamente, além da inibicdo da producdo hepatica de glicose (PHG)
principalmente por meio da migragdo para o nucleo e fosforilagdo do fator de
transcricdo FOXO1, induzindo sua extrucdo nuclear e a impossibilitando de
transcrever 0os genes gliconeogénicos de Phosphoenolpyruvate Carboxykinase
(PEPCK) e Glucose- 6-Phosphatase (G6Pase) (PERRY et al., 2014). Entretanto, na
condicdo de obesidade a insulina comeca a ter sua efetividade reduzida,
principalmente devido aos fendmenos previamente citados, induzindo assim
hiperfagia, reducdo da captacdo de glicose e perda do controle da PHG
(HOTAMISLIGIL, 2006; MAGNUSSON et al., 1992; VAN DE SANDE-LEE et al.,
2011). Uma vez instaurada a resisténcia insulina, um mecanismo compensatorio
frente a reducdo da acédo do hormonio é o aumento de sua producao, gerando assim
o fenotipo de hiperinsulinemia que, de modo croénico, induz faléncia e morte das
células beta pancreaticas, sendo esse o fendmeno tido como maior contribuidor para
o desenvolvimento e progressao da DM2 (KHIN; LEE; JUN, 2021; SHANIK et al.,
2008).

A ciéncia tem apresentado importantes avancos no tratamento das
condigbes obesidade e DM2. Tratando-se da obesidade, diversas estratégias
farmacolégicas e intervencbes como cirurgias bariatricas e o uso de baldes
intragastricos tém apresentado considerada eficiéncia. Drogas como orlistate,
fentermina/topiramato, naltrexona/bupropiona, e liraglutide sdo exemplos de
substéancias ja aprovadas pela agéncia federal do departamento de Saude e Servicos
Humanos dos Estados Unidos, a Food and Drug Administration (FDA) por seus
promissores efeitos gastrointestinais de reducdo na absorcdo de lipidios,
anorexigénicos e de aumento de gasto energético. Porém, podem apresentar alto
custo e seus efeitos ainda sdo limitados e/ou seus colaterais requerem cautela no
uso (TAK; LEE, 2021). J& o uso a cirurgia bariatrica e os balBes intragastricos ainda
tem sua aplicabilidade limitada, apesar do crescente nimero de casos em seus usos
(KIM et al., 2016; KUSHNER; EAGON, 2021). Em relacdo a DM2 associada a
obesidade, drogas como agonistas de GLP-1 (Exenatide BID, Liraglutide, Exenatide
QW, Albiglutide, Dulaglutide e Lixisenatide), inibidores dos sodium-glucose
cotransporter-2 (SGLT-2), analogos da amilina, inibidores de alfa-glicosidase e
metformina sdo largamente utilizados, ainda que possam promover efeitos adversos
como nauseas, vomitos, infec¢Bes urinarias, hipoglicemias, flatuléncias, diarreias e
deficiéncias de vitaminas (ESQUIVEL; LANSANG, 2017). Portanto, mudancas no
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estilo de vida como altera¢cdes comportamentais, intervencdes dietéticas e a pratica
de exercicios sdo apontadas como as mais eficientes estratégias para a reducao da
adiposidade e reducéo dos niveis glicémicos, além de ser a mais sustentavel a longo
prazo para a manutencdo do peso (FOSTER et al.,, 2018; JEVTOVIC, 2021;
OLATEJU et al., 2021).

Entretanto, um O&rgdo merece destaque para a perpetuacdo da
hiperglicemia de jejum que caracteriza a DM2: o figado. Dentre suas funcdes, 3
podem ser destacadas: 1) metabolismo glicidico, atuando na manuten¢ao dos niveis
glicémicos seguros por meios dos mecanismos de gliconeogénese, glicogendlise e
glicogénese; 2) funcdo secretéria e excretéria pela formacao da bile e 3) funcéo de
sintese proteica como albumina e fatores de coagulacdo (WORLD HEALTH
ORGANIZATION, 2020b). Tratando-se do metabolismo glicidico, esse 6rgdo é
responsavel pela producdo de aproximadamente 90% da glicose enddgena, e
acredita-se que o aumento da gliconeogénese e perda do controle da PHG sé&o os
fendbmenos proximais para a hiperglicemia na DM2 devido a falha da insulina em
controlar esses processos, em um estado conhecido como resisténcia hepatica a
insulina (PETERSEN; SHULMAN, 2017).

A resisténcia hepatica a insulina parece ser um fendémeno reversivel.
Novamente, a reducdo da adiposidade e a pratica de exercicios ainda sdo as
estratégias mais eficientes para esse fim (BACCHI et al., 2013; PETERSEN et al.,
2005; TILG; MOSCHEN; RODEN, 2017). Um elegante estudo, revelou que a perda
de aproximadamente 8 kg foi eficiente para obesos diabéticos normalizarem os niveis
de glicose sérica em jejum e a supressdo da PHG induzida por insulina (PETERSEN
et al.,, 2005). JA uma importante revisdo sistematica revelou que mesmo sem a
reducado de peso o exercicio € capaz de melhorar a sensibilidade hepéatica a insulina
por proporcionar reducao nos triglicerideos intra-hepaticos, embora seus beneficios
sejam substancialmente maiores quando a reducdo de peso € observada
(SARGEANT et al.,, 2018a). Entretanto, os mecanismos pelos quais o exercicio
promove beneficios ao metabolismo hepatico, refletindo em um melhor controle
glicémico na condicdo da obesidade, sdo pouco conhecidos. Portanto, a presente
tese foi desenvolvida com o objetivo de investigar mecanismos biomoleculares
regulados pela obesidade e por diferentes modalidades de treinamento fisico no
figado de camundongos obesos, avaliando o impacto dessas intervengdes no

metabolismo hepético e no controle glicémico desses animais.
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2. REVISAO DA LITERATURA

2.1 CAPITULO 1: O FiGADO COMO TECIDO-CHAVE PARA A

HIPERGLICEMIA INDUZIDA PELA OBESIDADE

O figado é o principal 6rgédo responsavel pela producdo endogena de
glicose, e a falha da acédo da insulina em inibir essa producdo em periodos de
abundancia de nutrientes é tida como o principal evento para a inducdo da
hiperglicemia caracteristica da DM2 (PETERSEN; SHULMAN, 2017). Os
mecanismos de controle da PHG mediados por insulina ocorrem por dois processos:
1) pela inibicdo da quebra do glicogénio hepatico, processo chamado de
glicogendlise e 2) pela inibicdo da produgédo de uma nova molécula de glicose a partir
de corpos nao-glicidicos, processo esse chamado de gliconeogénese (PAREDES-
FLORES; MOHIUDDIN, 2021; PERRY et al.,, 2014). E para que possamos
compreender a influéncia negativa da obesidade sobre esses mecanismos, €
necessario antes compreender como esse controle é realizado nas condi¢cdes em
que a insulina exerce efetivamente suas fungoes:

Glicogendlise: trata-se do processo bioquimico pelo qual o glicogénio é
quebrado para a liberacdo de glicose. O glicogénio trata-se de um polissacarideo
ramificado constituido por unidades de glicose, servindo como o principal estoque de
glicose para situacdes de privacao de nutrientes (ELLINGWOOD; CHENG, 2018).
Tanto o musculo esquelético quanto o figado tém a capacidade de armazenar glicose
na forma de glicogénio, entretanto, enquanto o figado o utiliza para a manutencao da
normoglicemia, 0 musculo esquelético o utiliza para o fornecimento de energia para
a contracao muscular (PAREDES-FLORES; MOHIUDDIN, 2021). A principal enzima
responsavel por regular esse processo € a glycogen phosphorylase,
predominantemente expressa no musculo esquelético, cérebro e figado (NADEAU,;
FONTES; CARLSON, 2018), que catalisa a liberacao de glicose-1-fosfato do fim da
cadeira do glicogénio, pela clivagem das liga¢gdes do tipo a-1,4 (ELLINGWOOD;
CHENG, 2018). Pode ser estimulada por horménios como glucagon e catecolaminas,
além do aumento dos niveis de AMP ciclico (cCAMP) e pelo influxo de Ca+2
(PAREDES-FLORES; MOHIUDDIN, 2021).



19

Gliconeogénese: conforme comentado anteriormente, esse € 0 nome
dado ao grupo de reacdes metabdlicas responsavel pela producdo de uma nova
molécula de glicose, sendo esse um sistema fundamental para a manutencdo dos
niveis minimamente seguros de glicose circulante em situacfes de privacdo de
nutrientes (CHOURPILIADIS; MOHIUDDIN, 2021). De fato, durante as primeiras
horas de jejum o processo de gliconegdlise € o principal mecanismo para a
manutencao da normoglicemia, porém, estimasse que apos 14 horas de jejum 54%
da glicose circulante seja oriunda da gliconeogénese hepatica, podendo chegar a
84% apds 42 horas (CHANDRAMOULI et al., 1997). O primeiro passo no processo
de gliconeogénese é mediado pela enzima Pyruvate Carboxylase (PC), responsavel
pela adicdo de um grupo carboxil oriundo do dioxido de carbono (CO2) ao piruvato,
formando oxaloacetato no interior da mitocéndria, para que possa ser enviado ao
citosol por meio do transporte de malato. Uma vez no citosol, o oxaloacetato sera
convertido novamente a fosfoenolpiruvato pela acdo da enzima
Phosphoenolpyruvate Carboxykinase (PEPCK), usando agora GTP como doador de
fosfato. As proximas reacdes sao reversiveis e comuns a glicélise, até a formacgéao de
frutose-1,6-bifosfatase, que sofrera a acado irreversivel de conversdo a frutose-6-
fosfato pela acdo da enzima Fructose-1,6 bisphosphatase (FBPase), sendo esse um
passo determinante para todo o processo, finamente regulado pelos niveis de ATP,
citrato e glucagon. Finalmente, frutose-1,6-bifosfatase sera convertida a frutose-6-
fosfato e em seguida a glicose-6-fosfato, para entdo sofrer a dltima reacéo
irreversivel no processo de gliconeogénese, a hidrélise mediada pela proteina
Glucose-6 Phosphatase (G6Pase) para a formacdo da molécula de glicose
(CHOURPILIADIS; MOHIUDDIN, 2021).

Um estudo classico conduzido ainda na década de 90 foi um dos pioneiros
a demonstrar a participacdo fundamental da perda do controle da PHG na
hiperglicemia durante a DM2 (MAGNUSSON et al., 1992). Utilizando a técnica de
ressonancia magnética nuclear de carbono 13 os autores mensuraram o volume de
glicogénio hepético e as taxas de glicogendlise e gliconeogénese em sujeitos
saudaveis e com DM2. Conforme esperado, sujeitos diabéticos apresentaram niveis
reduzidos de glicogénio hepatico quando comparados aos nao-diabéticos, mesmo o0s
participantes submetidos a refeicbes padronizadas durantes 3 dias antes das
avaliacdes. Dessa forma, a participacéo liquida da glicogendlise mostrou-se inferior

para os sujeitos com DM2 para a manutencao dos niveis glicémicos constantes em
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periodos de jejum, porém, a taxa de gliconeogénese hepética mostrou-se elevada,
responsavel por 88+2% da PHG em diabéticos contra 70+6% nos saudaveis
(MAGNUSSON et al., 1992). Coerentemente, estudos posteriores trouxeram mais
informacdes e nos proporcionaram uma maior compreensao a respeito dos
mecanismos biomoleculares de controle de PHG afetados pela obesidade.

Ainda na década de 90, um estudo com roedores demonstrou que um
mecanismo pelo qual individuos diabéticos tem menores estoques de glicogénio no
estado de resisténcia hepatica a insulina se da por meio da maior ativacdo de GSK3
(ELDAR-FINKELMAN et al., 1999), uma vez que, conforme j& descrito, essa proteina
tem a habilidade de inibir a atividade de GS, proporcionando assim menor estimulo
para a sintese de glicogénio. Sabendo que GSK3 é diretamente fosforilada e
inativada por Akt apds estimulo de insulina (HERMIDA; DINESH KUMAR; LESLIE,
2017), é esperado uma maior atividade dessa proteina em sujeitos diabéticos.
Coerentemente, intervencdes que proporcionam aumento da sensibilidade hepatica
a insulina e aumento da atividade de Akt resultam em maior fosforilagédo e inbicdo de
GSK3, com concomitante aumento no contetdo hepatico de glicogénio em modelo
animal (MARINHO et al., 2012a). Quanto aos processos de gliconeogénese, foi
demonstrado que camundongos obesos apresentam menor fosforilagdo de FOXO1
hepatica (WANG et al., 2018), com muitos estudos mostrando aumento tanto de
PEPCK quanto de G6Pase na condicdo de obesidade (HONMA et al.,, 2018;
MARINHO et al., 2012a). Ainda, foi demonstrado que o acumulo de triglicerideos
intra-hepaticos tem uma grande participacdo na perda do controle da PHG, sendo
gue pessoas obesas com essa condicdo apresentam a gliconeogénse aumentada
em 25%, com aumento também no estresse oxidativo e dano hepatico (SUNNY et
al., 2011).

N&o obstante, a inibicdo farmacoldgicas dos mecanismos de PHG sao
alvos terapéuticos no tratamento da obesidade e DM2, focando principalmente na
inibicdo da atividade de FOXO1 hepatica (CHOI et al., 2021; LANGLET et al., 2017).
Recentemente, o composto JY-2, foi proposto como uma promissora droga para o
tratamento da DM2, inibindo a atividade transcricional de FOXO1 hepéatica e
melhorando a tolerancia a glicose de animais com obesidade induzida tanto por
alteracdes genéticas (db/db) quanto por dieta hiperlipidica (CHOI et al., 2021). Em
seu estudo, Langlet e colaboradores (2017) também identificaram varios inibidores

de FOXO1, que foram efetivas em sensibilizar o figado de roedores a insulina e
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reduzir a PHG, reduzindo a hiperglicemia (LANGLET et al., 2017). Entretanto, a
aplicabilidade desses inibidores ainda apresenta algumas limitagdes: 1) o uso de
inibidores tem um efeito colateral indesejavel de aumentar a sintese de triglicerideos
e 2) as propriedades farmacocinéticas de alguns compostos impedem sua aplicacao
in vivo.

Outro modelo de medicamentos propostos para 0 combate da
hiperglicemia focando na PHG envolve a inibicdo dos receptores de glucagon (CHO;
MERCHANT; KIEFFER, 2012). Conforme descrito, o glucagon tem um efeito
hiperglicemiante por estimular a glicogenolise, porém ele também tem a fungéo de
estimular a gliconeogénese hepéatica (KALANT, 1956). Esse hormdnio atua por seu
receptor glucagon receptor (GCGR), aumentando os niveis de cAMP e estimulando
a ativacao da proteina quinase A (PKA) (AUTHIER; DESBUQUOIS, 2008). No figado,
a proteina PKA tem a funcao de regular a expressao das ja descritas aqui proteinas
gliconeogénicas como PEPCK, G6Pase e FBPase (JIANG; ZHANG, 2003), além de
aumentar a atividade de Peroxisome proliferator-activated receptor y coactivator-
1 (PGC1a), conhecida por se associar a FOXO1 hepética e aumentar a sua atividade
transcricional dos genes de PEPCK e G6Pase (ROPELLE et al., 2009).
Coerentemente, a inibicdo transiente pelo uso de antisense oligonucleotideos
(ASOs) de GCGR em modelo animal de ratos diabéticos reverteu a hiperglicemia e
aumentou a tolerancia a glicose (LIANG et al., 2004; SLOOP et al., 2004). Em
humanos, estratégias para a inibicdo do glucagon incluem antagonistas e anticorpos
monoclonais, porém poucos produtos ja foram testados. Um farmaco oral
desenvolvido pela Marck® que tem se mostrado promissor trata-se de um
antagonista de GCGR contendo uma cadeia lateral de B-alanina, chamado de MK-
0893. Em seus primeiros testes clinicos ele tem se mostrado eficiente na reducao
dos niveis glicémicos quando combinado a metformina em pacientes diabéticos
(CHO; MERCHANT; KIEFFER, 2012; FILIPSKI et al., 2012). Outra promissora
molécula é conhecida como Bay 27-9955, e que demonstrou promissores resultados,
reduzindo a PHG induzida por glucagon em sujeitos saudaveis (PETERSEN,;
SULLIVAN, 2001). Ja o agonista de GCGR LY 2409021 foi eficiente em reduzir a
hiperglicemia de jejum e os niveis de HbAlc em diabéticos do tipo 2, com aumento
nos niveis de GLP-1 (KELLY et al., 2015). Ja se tratando das terapias com anticorpos
monoclonais, essa é uma estratégia que aboliu a acéo hiperglicimiante em modelo

experimental de ratos diabéticos (BRAND et al., 1994). Em camundongo ob/ob,
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apenas uma dose de anticorpo monoclonal melhorou a toleréncia a glicose por
reduzir a PHG, e de modo crénico o tratamento reduziu também os niveis circulantes
de glicose, triglicerideos e HbAlc (SORENSEN et al., 2006). Resultados
semelhantes também foram observados em primatas, sem ocorréncia de
hipoglicemia (YAN et al.,, 2009). Porém, ainda carecemos de estudos que
investigaram os efeitos dessa terapia em humanos. Entretanto, todas essas
estratégias farmacologicas ainda sao limitadas para a manutencdo de um controle
glicémico duradouro, de modo que a perda progressiva de peso continua sendo a
principal estratégia para o tratamento da DM2 associada a obesidade. Ainda, as
estratégias de inibicdo de GCGR requerem grande cuidado, pois proporciona
predisposicao a hipoglicemia, compromete a recuperacéao de quadros hipoglicémicos
pela bloqueio de mecanismos contra-regulatorios, podem induzir danos hepaticos ou
ainda apresentam custos inacessiveis (CHO; MERCHANT; KIEFFER, 2012).
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2.2 CAPITULO 2: DOENCA HEPATICA GORDUROSA NAO ALCOOLICA

(DHGNA): UM LINK ENTRE A OBESIDADE E A DM2

De modo intimamente proximo a crescente nos numeros de obesidade e
DM2 ao redor do mundo, uma terceira condicdo diretamente relacionada ao
metabolismo hepéatico e as complicacdes metabdlicas também apresenta um grande
aumento nas ultimas décadas, a DHGNA (PAIS; MAUREL, 2021). A DHGNA é
caracterizada pelo acumulo de gordura no figado com quantidade superior a 5% do
perénquima, sendo conhecida como uma “condi¢gdo guarda-chuva” que abrange um
spectro de fendtipos incluindo a esteatose hepéatica sem dano celular, a
esteatohepatite ndo alcodlica (do inglés non-alcoholic steatohepatitis — NASH) com
um processo necroinflamatério com dano celular, a fibrose, a cirrose e o
hepatocarcinoma (BENEDICT; ZHANG, 2017). Essa é a doenca hepatica cronica
mais comum. Dentre a populacado geral, estima-se que até 25% da populacéo geral
apresenta DGHNA (LAZARUS et al., 2021), e devido a sua intima relacdo com a
sindrome metabdlica, a DHGNA é encontrada em 63,7% das pessoas com DM2 e
80% das pessoas com obesidade ao redor do mundo, porém podendo ocorrer
também em pessoas eutréficas (POWELL; WONG; RINELLA, 2021). Embora pouco
compreendidas as relacbes de causalidade, condicbes como obesidade, DM2,
dislipidemias e resisténcia a insulina sdo conhecidas como associadas ao
desenvolvimento da DHGNA (MARUSIC et al., 2021). Nessas condicbes, s&o
observados acumulos de lipidios toxicos, como ceramidas e diacilglicerdis,
conhecidos lipidios bioativos capazes de inibir a ativacdo da via da insulina por
mecanismos envolvendo a ativagcdo de isoformas alternativas do proteina kinase C
(PKC), como a isoforma épsilon (PKCe¢) (PETERSEN; SHULMAN, 2017). Esses
lipidios sabidamente também provocam eventos como ERE, estresse oxidativo e
disfuncéo mitrocondrial, induzindo inflamacéo e morte celular (FERGUSON; FINCK,
2021).

Ainda, ndo somente a presenca de obesidade, mas também a distribui¢cao
da gordura corporal é aceita como um fator de predisposi¢cdo para a ocorréncia de
DHGNA (PAIS; MAUREL, 2021). E sabido que o tecido adiposo visceral trata-se de
um tecido mais metabolicamente ativo quando comparado ao tecido adiposo

subcutaneo, com grande producdo de citocinas proéinflamatorias (ALVEHUS et al.,
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2010). Recentemente foi demonstrado que metabdlitos préinflamatoris liberados pelo
tecido adiposo visceral sdo diretamente relacionados a progrecdo da DHGNA para
NASH (MUSSO et al., 2018). E, coerentemente, uma importante revisao sistematica
demonstrou que a razéo da taxa de acumulo de gordura no tronco/membros aumenta
conforme 0 aumento da severidade da doenca hepatica (BEDOSSA et al., 2017)

E conforme descrito acima, a DHGNA também comumente coexiste com
a DM2 e a resisténcia a insulina. Ja foi demonstrado que individuos diabéticos com
DHGNA apresentam maiores niveis de insulina circulante e apresentam resiténcia a
insulina mais severa quando comparados aos diabéticos sem DHGNA
(GASTALDELLI et al., 2007), e sujeitos com DM2 apresentam até 5 vezes mais
chances de serem hospitalizados devido a complicacées do acumulo excessivo de
gordura (WILD et al., 2016). E de fato, a insulina sabidamente apresenta um papel
fundamental no controle das vias moleculares de sintese de lipidios no figado,
estimulando principalmente um processo conhecido lipogénese de novo (SANDERS;
GRIFFIN, 2016). Como descrito no tépico anterior, uma vez ligada ao seu receptor
transmembranico, a insulina apresenta a habilidade de inibir a producdo hepatica de
glicose e estimular a sintese de glicogénio, principalmente por mecanismos
envolvendo as proteinas FOXO1 e GSK3, ambas com atividade regulada pela
proteina Akt. Por outro lado, a Akt também tem a habilidade de estimular a sintese
de lipidios no figado (SANDERS; GRIFFIN, 2016). Uma vez ativada, a Akt promove
a ativacao do fator de transcricdo Sterol Regulatory Element Binding Protein 1c
(SREBP1c), que ira transcrever o genes lipogénicos de Fatty Acid Synthase (FAS),
Acetyl-CoA Carboxylase (ACC) e Stearoyl-CoA Desaturase 1 (SCD-1), proteinas
fundamentais nos processos bioquimicos de sintese de lipideos (SANDERS;
GRIFFIN, 2016), conforme melhor descrito a seguir. Entretanto, paradoxalmente ao
observado com os mecanismos de controle da PHG, no estado de obesidade tanto
a atividade de SREBP1c quando os niveis de FAS, ACC e SCD-1 estdo aumentados,
mesmo com a insulina tendo sua funcéo reduzida (NTANDJA WANDJI et al., 2020;
PEREIRA et al., 2019). Recentemente, foi demonstrado que no estado de resisténcia
hepatica a insulina, esse hormdnio realmente perde a capacidade de fosforilar e inibir
FOXO1, entretanto as vias lipogéncias envolvendo SREBP1c continuam ativas
(BROWN; GOLDSTEIN, 2008). Esse fendmeno passou a ser chamado como
resisténcia seletiva a insulina, em que esse hormoénio falha em inibir a PHG, porém

continua estimulando vias de sintese de lipidios. Embora esse conceito ja tenha mais
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de uma década, ainda hoje os mecanismos envolvidos nesse processo continuam
desconhecidos.

A lipogénese de novo hepatica trata-se de uma fina cadeia de reagdes
bioquimicas fundamental para a sintese, estoque e secrecéo de lipidios pelo figado,
sugerida como a principal anormalidade para a génese da DHGNA e comumente
aumentada na condicdo de DM2 e resisténcia a insulina (AMEER et al., 2014,
DONNELLY et al., 2005). Tem como objetivo a sintese de cadeias de acido graxo a
partir das moléculas de acetil-CoA oriundas da glicolise, associando-as a esqueletos
de glicerol (COLEMAN, 2004; SMITH; TSAI, 2007). O processo inicia-se pela
converséo de acetil-CoA em malonil-CoA em uma reagdo catalisada pela enzima
ACC. O malonil-CoA entéo sera processado pelo complexo proteico FAS, passando
por processos de condensacéao, desidratacao e alongamento repetidas vezes para a
formacao de corpo de 16 carbonos chamado de acido palmitico (PAGLIALUNGA;
DEHN, 2016; SANDERS; GRIFFIN, 2016).

Apesar da DHGNA ser tdo presente, ainda ndo existem drogas licenciadas
para o seu tratamento. Entretanto, algumas drogas utilizadas no tratamento da DM2
apresentam alguns beneficios contra a DHGNA e na reducdo de marcadores de
NASH, mais uma vez expondo a intima inter-relacdo entre essas duas doencas.
Interessantemente, a principal droga utilizada no tratamento da DM2, a metformina,
parece ndo apresentar efeitos benéficos contra a NASH, entretanto moduladores de
GLP-1, tiazolidinedionas (pioglitazona e rosiglitazona) e inibidores de SGLT-2
apresentam resultados interessantes (FERGUSON; FINCK, 2021). Os tratamentos
de diabéticos com agonistas dos receptores de GLP-1 liragluteide e semaglutide
foram eficientes em reduzir os niveis de gordura no figado dos participantes, com
reducdo também em marcadores de inflamacéo e dano hepatico (ARMSTRONG et
al., 2016; NEWSOME et al., 2019). Tiazolidinedionas parecem aumentar a captacao
de triglicerideos pelo tecido adiposo e potencializar a acao antilipolitica da insulina,
reduzindo assim os niveis de acidos graxos livres circulantes e a oferta de substrato
para o acumulo de lipidios hepaticos, atuando no tecido adiposo aumentando a agéo
da proteina lipogénica Peroxisome proliferator-activated receptor y (PPARYy)
(GROSS et al., 2017; MAYERSON et al., 2002). Coerentemente, uma importante
meta-analise incluindo somente estudos clinicos randomizados e controlados com
grupo placebo concluiu que as tiazolidinedionas reduzem a inflamacéo e a esteatose
hepatica no tratamento da NASH (BOETTCHER et al.,, 2012). O tratamento de
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diabéticos com inibidores de SGLT-2 os lipidios hepéticos foram reduzidos,
aumentando a sensibilizade hepética a inslina, a secrecdo de insulina e reduzindo o
peso corporal (CUSI et al., 2019).

Ainda sobre o tratamento farmacoldgico contra a DHGNA, alguns
inibidores dos intermediarios da lipogénese de novo hepatica também ja foram
desenvolvidos, e embora alguns deles ja sejam estudados em humanos, ainda séo
considerados como experimentais. A inibicdo farmacolégica da ACC reduziu a
lipogénese hepatica em roedores de modo dose-dependente, porém aumentou 0S
niveis de triglicerideos plasmaticos em 200% (KIM et al., 2017). Ja a inibicdo de FAS
apresenta resultados promissores, reduzindo a lipogénese de novo em até 90% e
reduzindo marcadores de dano hepatico em obesos apés 10 dias de tratamento, sem
alterar a trigliceridemia (SYED-ABDUL et al., 2020). Similarmente, a inibicdo de SCD-
1 também reduziu a gordura no figado de modo dose-dependente apds 3 meses de
uso (SAFADI et al., 2014). Nesse estudo, o0s pacientes que receberam 300mg/dia do
composto Aramchol apresentaram 12,57% de reducao dos lipidios hepaticos e sem
eventos adversos, enquanto o grupo placebo apresentou aumento de 6,39%. Por fim,
0 uso de ASO para a inibicdo de DGAT-2 hepatica também reduziu os niveis
hepaticos em pacientes com DM2 e DHGNA, mesmo sem alterar o perfil lipidico e
glicémico, e também sem sérios efeitos adversos (LOOMBA et al., 2020).

Entretanto, diversos efeitos adversos ainda impedem a expanséo do uso
desses farmacos. Quanto aos agonistas do receptor de GLP-1, apesar dos
importantes resultados apresentados na reducdo dos marcadores de NASH, parece
que esses beneficios sdo alcancados por mecanismos indiretos relacionados a
reducao da adiposidade e melhora metabdlica sistémica, uma vez que os receptores
de GLP-1 sdo pouco expressos no figado (MULLER et al., 2019). J& uma meta-
analise concluiu que a rosiglitazona esta associada ao aumento do risco de morte
por complicacdes cardiovasculares e risco de infarto do miocardio, sendo assim
pouco usada em pacientes diabéticos (NISSEN; WOLSKI, 2007). E assim como 0s
receptores de GLP-1, SLGT-2 nédo é expresso no figado (HEERSPINK et al., 2016),
com seus efeitos hepaticos também acontecendo de modo indireto. Porém, os
inibidores de SLGT-2 parecem apresentar maior risco de amputacdo de membros e
de ocorréncia de cetoacidose em diabéticos, em comparagao ao tratamento com 0s
agonistas dos receptores de GLP-1 (UEDA et al., 2018). Dessa forma, estratégias

relacionadas a alteragbes no estilo de vida que promovem reducao da adiposidade
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e aumento do gasto energético diario continuam sendo consideradas as estratégias
primarias no combate a DHGNA (BACCHI et al., 2013; FRANCO et al., 2019; TILG;
MOSCHEN; RODEN, 2017).
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2.3 CAPITULO 3: O EXERCICIO FiSICO COMO ALIADO NO COMBATE A

DHGNA E A PERDA DO CONTROLE DA PHG

Apesar dos importantes avan¢os na area da saude, altera¢des no estilo
de vida continuam sendo a intervencao primaria no tratamento da DHGNA e no
aumento da sensibilidade hepatica a insulina e melhor controle da PHG. Dessa
forma, a aderéncia a um programa de exercicios mostra-se como uma excelente
estratégia, uma vez que € largamente demonstrado que o exercicio fisico é eficiente
em proporcionar tanto reducéo da adiposidade corporal (SARGEANT et al., 2018b)
guanto do consumo energético (RODRIGUES et al., 2018; VATANSEVER-OZEN et
al., 2011), proporcionando também redugcdo do acumulo excessivo de gordura
hepatica (PEREIRA et al., 2019; SARGEANT et al., 2018b), melhor controle da PHG
(PEREIRA et al., 2017b, 2019) e melhora na homeostase glicémica (PEREIRA et al.,
2020; SARGEANT et al., 2018a).

Tratando-se do exercicio aerdbio, € relativamente maior o ndmero de
evidéncias mostrando seus beneficios contra a DHGNA e resisténcia hepatica a
insulina. Recentemente, duas meta-analises demonstraram que o0 treinamento
aerobio é eficiente em reduzir diversos marcadores de DHGNA e de dano hepéatico
induzidos pela obesidade em humanos (SARGEANT et al., 2018b; ZOU et al., 2018).
Similarmente, Abdelbasset e colaboradores demonstraram que 8 semanas de
treinamento aerdbio de alta intensidade combinado ao tratamento farmacoldgico
contra DHGNA em obesos diabéticos proporcionou beneficios mais robustos quando
comparados ao tratamento farmacologico realizado de modo isolado
(ABDELBASSET et al., 2019). Logo, toda a maquinaria biomolecular de lipogénese
hepatica também é reduzida com a préatica dessa modalidade de exercicios (CHO et
al., 2014; VAN DER WINDT et al., 2017; YU et al., 2019). Em seu estudo, Yasari e
colaboradores observaram que ratos tanto magros quanto obesos reduzem o
conteudo proteico de SCD-1 ap0s 8 semanas de treinamento aerébio em esteira
(YASARI et al., 2010). Camundongos obesos submetidos a um protocolo de
treinamento de natagdo por 10 semanas apresentaram o mesmo resultado, com
reducdo também na expressdo tanto Scdl quanto Fasn (WU et al., 2015). Kalaki-
Jouybari e colaboradores também observaram consistentes reduc¢des na expressao

de Fasn e Acc no figado de ratos obesos que realizaram treinamento aerdbio de alta
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intensidade durante 8 semanas (KALAKI-JOUYBARI et al.,, 2018). Por fim, 8
semanas de treinamento em esteira proporcionaram aumento na inibicdo da
atividade da proteina lipogénica ACC no figado de camundongos obesos (CHO et
al., 2014). Consequentemente, estudos prévios também demonstram que o exercicio
e o treinamento aerdbio sédo eficientes em aumentar a acado hepética da insulina e
mitigar as disfungbes hepatica tanto em modelo animal (MARCINKO et al., 2015;
MUNO?Z et al., 2018a) quanto em humanos (DONG et al., 2016; SHAH et al., 2009).
Camundongos obesos apresentaram reducdo da PHG apds 6 semanas de
treinamento aerdbio de alta intensidade (MARCINKO et al., 2015). Similarmente, 6
meses de um programa de treinamento aerébio aliado a orientagBes dietéticas
proporcionou reducédo no perfil lipidico e marcadores de dano hepatico em obesos,
com aumento da sensibilidade hepatica a insulina (SHAH et al., 2009). Um dos
mecanismos propostos pelo qual o treinamento aerébio contribui para esse melhor
controle da PHG no estado obeso esta relacionado a reducdo do conteudo proteico
de PC, inibindo assim os passos iniciais da gliconeogénese (MUNOZ et al., 2018b).
Porém, demais estudos com roedores também demonstram que o treinamento
aerdbio atua em pontos mais distais no processo de gliconeogénese. Camundongos
obesos que realizaram natacdo por 8 semanas apresentaram aumento da
fosforilacdo de FOXO1 hepética, reduzindo assim sua capacidade de transcrever
genes gliconeogénicos e culminando em reducdes no contetdo proteico de PEPCK
e G6Pase (MARINHO et al., 2012b). Resultados semelhantes foram encontrados por
Chang e colaboradores, que também observaram reducdo de PEPCK no figado de
ratos Zucker obesos treinados, com reducédo também da hiperglicemia induzida pela
obesidade (CHANG et al., 2006).

Embora seja mais recente o interesse da comunidade cientifica sobre os
efeitos metabdlicos do exercicio de forca, ja existem importantes achados sobre 0s
beneficios hepaticos proporcionados por essa modalidade. Em 2013, o primeiro
estudo randomizado controlado mostrou que individuos diabéticos apresentavam
reducdo do acumulo de gordura hepética apds 4 meses de treinamento de forga, de
modo similar a reducdo apresentada pelo grupo que realizou treinamento aerdbio
(BACCHI et al., 2013). Posteriormente, Shamsoddini e colaboradores observaram
que 2 meses de treinamento de forca eram capazes de reduzir os niveis circulates
de alanina aminotransferase e aspartate aminotransferase (SHAMSODDINI et al.,

2015). Botezelli e colaboradores demonstraram que o treinamento de forca é mais
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eficiente do que o treinamento aerdbio em reduzir o acumulo de gordura hepatica e
inflamagéo tecidual induzidas por dieta rica em frutose em roedores (BOTEZELLI et
al., 2016). Por fim, uma meta-analise concluiu que o treinamento de forca pode ser
também uma eficiente estratégia na reducdo do excesso de gordura hepatica
(MEDRANO et al., 2018). Recentemente, Pereira e colaboradores mostraram que
camundongos obesos que realizaram somente 15 sessdes de treinamento de forga
ja apresentavam reducdo na maquinaria de lipogénese hepética, com reducdo no
contetdo de mRNA de genes lipogénicos Fasn e Scdl, aumento do mRNA de genes
oxidativos Cptl e Ppara, reducdo do contetdo proteico de FAS e ACC e reducao da
inflamacéo hepatica (PEREIRA et al., 2019). Dessa forma, os animais apresentaram
aumento da fosforilacdo da Akt apds estimulo intraperitoneal de insulina e melhor
controle da PHG durante o teste de tolerancia ao piruvato. Interessantemente, esse
protocolo de treinamento de curta duragdo nao proporcionou reducdo na massa
corporal e na adiposidade dos animais, concluindo assim que o0s efeitos
proporcionados pelo treinamento de forca no metabolismo hepético séo
proporcionados efetivamente pela pratica da modalidade, e ndo como um efeito
secundario a reducdo da massa adiposa. Em outro estudo, animais obesos
submetidos a0 mesmo protocolo de treinamento também apresentaram reducao do
contetdo hepatico de PC, trazendo mais evidéncias de que o treinamento de forca
pode também ser uma eficiente estratégia para o controle da PHG por meio da
inibicdo da maquinaria de gliconeogénese hepética (PEREIRA et al., 2020).
Similarmente, mulheres idosas que realizaram treinamento de forca por 4 meses
apresentaram reducédo da producao endégena de glicose apos estimulo com insulina
(HONKA et al., 2016), evidenciando assim o treinamento de forca como uma eficiente
estratégia no combate tanto a DHGNA quanto a perda do controle da PHG.
Entretanto, € crescente o numero de estudos propondo a combinacgéo de
exercicios tanto de carater aerdbio quanto de forca para a promoc¢ado de saude
(AMERICAN COLLEGE OF SPORTS MEDICINE, 2009; GARBER et al., 2011;
PEREIRA et al.,, 2017b), dando assim origem a modalidade de treinamento
conhecida como treinamento combinado. Apesar de sabido que essa modalidade de
treinamento proporciona diversos beneficios metabdlicos na condicdo da obesidade
como reducéo da hiperglicemia e hiperinsulinemia de jejum (MEDEIROS et al., 2015),
reducdo dos niveis de leptina e aumento dos niveis de adiponectina (BHARATH et

al., 2018), os efeitos relacionados ao metabolismo hepatico continuam pouco
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explorados. Em um estudo pioneiro, Antunes e colaboradores observaram que 20
semanas de treinamento combinado reduziu a adiposidade corporal, esteatose
hepatica, colesterol total e LDL-c em adolescentes obesos (ANTUNES et al., 2013).
Posteriormente, foi demonstrado que 10 semanas de treinamento combinado é
eficiente em reduzir a gordura hepatica em mulheres diabéticas, culminando assim
em reducBes nos niveis de glicemia e insulinemia de jejum (BANITALEBI et al.,
2019). No ja citado estudo com roedores conduzido por Botezelli e colaboradores, foi
demonstrado que 8 semanas de treinamento combinado séo eficientes para prevenir
as complicacdes metabdlicas induzidas por dieta rica em frutose, reduzindo a
hiperglicemia, hiperinsulinemia, resisténcia a insulina e intolerancia a glicose, além
de proteger os animais de ganhos excessivos de gordura hepatica e reduzir a
inflamacé&o nesse tecido (BOTEZELLI et al., 2016). Recentemente, foi demonstrado
que o treinamento combinado de curta duragcdo reverte a resisténcia hepatica a
insulina em camundongos obesos, aumentando assim a fosforilagdo da Akt ap6s
estimulo de insulina e reduzindo a hiperglicemia de jejum (CAMPOS et al., 2020).
Entretanto, o conhecimento detalhado de como as diferentes modalidades de
treinamento proporcionam seus efeitos metabdlicos reduzindo o acumulo excessivo
de gordura hepatica, aumentando a acdo hepética a insulina e auxiliando no controle

da PHG continuam limitados.
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2.4 CAPITULO 4: REDUCAO DA ACAO HEPATICA DA INSULINA MEDIADA
POR PTP1B INDUZIDA POR INFLAMACAO: MAIS UMA PROTEINA SENSIVEL

AO EXERCICIO FiSICO

A fosforilacéo proteica em residuos de tirosina € um mecanismo biomolecular
pos-traducional indispensavel para o controle da homeostase glicémica e metabdlica,
sendo esse um processo minuciosamente regulado por Proteinas Tirosina Quinase
(PTKs) e Proteinas Tirosina Fosfatase (PTPs) (TONKS, 2006). Apl6s o
sequenciamento do genoma humano aproximadamente 100 proteinas foram
identificadas como pertencentes a grande familia de PTPs (CHEN et al., 2015), e
dentre elas, destaca-se a Protein-tyrosine phosphatase 1B (PTP1B), que dentre
outras funcbes tem a habilidade de regular negativamente a acédo da insulina em
tecidos que regulam o metabolismo da glicose como figado, musculo esquelético e
tecido adiposo (BAKKE; HAJ, 2015; TIGANIS, 2013). Trata-se de uma abundante
fosfatase n&o-receptora intracelular e codificada pelo gene PTPN1, inicialmente
purificada na placenta humana ainda no fim da década de 80 (CHARBONNEAU et
al., 1989). Conforme ja descrito, a insulina exerce seus efeitos no figado promovendo
a fosforilacdo principalmente em sitios de tirosina do seu receptor IR e dos seus
substratos, os IRSs. Nesse contexto, a contra regulacao da via da insulina mediada
por PTP1B da-se justamente por sua funcdo de fosfatase sobre IR e IRS1/2 (KOREN;
FANTUS, 2007; TIGANIS, 2013). Portanto, a remocdao dos fosfatos nos residuos de
tirosina dessas proteinas envolvidas com a transducdo do sinal da insulina pela
PTP1B a coloca como um importante alvo terapéutico para o combate a resisténcia
a insulina e desenvolvimento do diabetes do tipo 2 (T2DM) (CHO, 2013; FERBER,
1999).

Recentemente, foi demonstrado que a administracdo oral cronica de
inibidores de PTP1B aumenta a sensibilidade hepética a insulina e reduz a
hiperglicemia em diabetic BKS db mice (LI et al., 2019). Similarmente, liver-specific
PTP1B” mice apresentaram increased hepatic insulin signaling e maior supresséao
da HGP pela insulina, mesmo sem alteracdes de adiposidade (DELIBEGOVIC et al.,
2009b). O knockdown de PTP1B induzido por tamoxifeno no figado de camundongos
obesos adultos também melhorou ndo s6 a tolerancia a glicose como também

promoveu melhor controle da HGP durante o teste intraperitoneal de tolerancia ao
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piruvato (ipPTT), proporcionando melhora no perfil lipidico e reducéo dos niveis de
triglicérides hepéticos (OWEN et al., 2013). E quanto a DHGNA, a PTP1B parece
também ter crucial importancia no desenvolvimento da doenca, regulando ndo so a
resisténcia a insulina mas também a lipogénese (CHEN et al., 2015; SHIMIZU et al.,
2003). De modo geral, PTP1B vem sendo descrita como uma proteina capaz de
ativar o processo de lipogénese hepatica. Em roedores, diferentes modelos de
inducdo de DHGNA apresentam aumento nos niveis hepaticos de PTP1B, tanto
alimentados com dieta rica em gordura saturada e rica em frutose (TAGHIBIGLOU
et al., 2002; ZABOLOTNY et al., 2008) quanto em modelos com obesidade induzida
por alteracbes genéticas (ZABOLOTNY et al., 2008). E um dos mecanismos
propostos pelos quais a PTP1B pode regular o acumulo de gordura hepatica esta
relacionado ao controle do conteudo de SREBP-1c. Em seu estudo, Waring e
colaboradores observaram que o tratamento de roedores diabéticos ob/ob e db/db
com PTP1B oligonucleotidio antisense reduziu a expressdo de SREBP-I1c,
culminando em ocorréncia de esteatose hepatica (WARING et al., 2003).
Similarmente, a delecdo de PTP1B especificamente no figado de roedores também
culminou em niveis reduzidos de SREBP-1c no figado dos animais ap0s a exposi¢ao
a dieta rica em gordura saturada, com reducdo também nos niveis das proteinas
lipogénicas ACC e FAS, resultados ainda acompanhados de reducdes nos niveis de
triglicerideos e colesterol hepatico (AGOUNI et al., 2011; DELIBEGOVIC et al.,
2009a; OWEN et al., 2013). Por outro lado, a superexpressédo do gene de PTP1B
culminou em aumento também na maior expressdo de SREBP-1c, tornando os
animais hipertrigliceridémicos e hiperglicémicos (UGI et al., 2009). Assim, é proposto
que PTP1B pode se associar a regidao promoter do gene de SREBP-I1c,
potencializando sua atividade transcricional, que vai culminar em um aumento no
contetdo proteico de proteinas lipogénicas e proporcionando mais acumulo de
gordura hepéatica (CHEN et al., 2015).

E também sabido que os niveis hepéaticos de PTP1B s&o afetados pela
pratica de exercicio fisico. Somente uma sessao de natacao foi capaz de reduzir os
niveis de PTP1B hepética de ratos idosos, aumentando assim o0s niveis de ativagéo
da Akt em resposta a insulina e reducéo da gliconeogénese (DE MOURA et al.,
2013). Similarmente, o treinamento de 8 semanas em esteira reduziu PTP1B no
figado de ratos obesos (PASSOS et al.,, 2015). Por fim, mostramos em nosso

laboratorio que o treinamento de forca de curta duracdo reduz o conteudo total de
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PTP1B no figado de camundongos obesos, mesmo sem alteracdo na adiposidade
(DA CRUZ RODRIGUES et al., 2021). E recentemente, foi demonstrado que 12
semanas de treinamento de forca reduz também a atividade de PTP1B hepatica de
ratos obesos (VIVERO et al., 2020). Dessa forma, o melhor entendimento sobre os
efeitos de diferentes modalidades de treinamento sobre a expressao e atividade de
PTP1B hepética pode fornecer importantes informacfes para a proposta de
estratégias para o tratamento da perda da PHG e génese da DM2 e DHGNA

associadas a obesidade.
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2.5 CAPITULO 5: CLUSTERINA: UM POSSIVEL LINK ENTRE O EXERCICIO E

A REDUCAO DA RESISTENCIA HEPATICA SELETIVA A INSULINA

Inicialmente descrita por Blaschuk e colaboradores (BLASCHUK;
BURDZY; FRITZ, 1983), uma proteina conhecido como apolipoproteina J ou
clusterina vem chamando a atencao por sua capacidade de regular diversas funcdes
metabdlicas (ARONIS; KIM; MANTZOROS, 2011; KWON et al., 2014). Presente na
maioria dos fluidos corporais, sua isoforma predominante trata-se de uma
glicoproteina secretada na forma de um heterodimero de 75-80 kDa de peso
molecular, composta por duas cadeias de monémeros nomeados de alpha e beta
unidas por cinco pontes de dissulfeto (RIZZl; COLETTA; BETTUZZI, 2009). Seu gene
codificador mostra-se altamente conservado entre os mamiferos, sugerindo a
proteina como fator fundamental para a evolucéo, sendo sintetizada na maioria dos
tecidos (PARK; MATHIS; LEE, 2014). Em humanos, um gene de coOpia simples de
nove éxons com mais de 16 kb e localizado no cromossomo 8p21—p12 codifica seu
RNA mensageiro (MRNA) de aproximadamente 2kb, que por sua vez sintetizara sua
cadeia primaria polipeptidica de 449 aminoacidos (JONES; JOMARY, 2002). A
clusterina é conhecida por participar de diversos processos, como transporte de
lipideos, maturacdo de esperma, apoptose, processo inflamatério, aterosclerose e
cancer e diabetes mellitus (PARK; MATHIS; LEE, 2014; TROUGAKOS; GONOS,
2002). Porém, por mecanismos ainda desconhecidos, a clusterina pode escapar de
sua via de secrecdo e ser encontrada no citosol, originando sua isoforma
citoplasmatica (TROUGAKOQOS, 2013). E nos ultimos anos, diversos estudos surgem
trazendo a ideia de que a clusterina secretada pode estar relacionada a resisténcia
a insulina e DM2 (ARONIS; KIM; MANTZOROS, 2011; SEO et al., 2018). Porém, os
mecanismos biomoleculares pelos quais ela atua nesse contexto ainda sao muito
pouco explorados.

E crescente o nimero de evidéncias sugerindo a clusterina secretada
como um importante componente no controle da resisténcia a insulina e no
desenvolvimento de doencgas metabdlicas. Inicialmente, Trougakos e colaboradores
em 2002 observaram que 0s niveis séricos de clusterina sdo aumentados com o
avancar da idade, e que individuos com DM2 também apresentam esse aumento em

relacdo a individuos saudaveis (TROUGAKOS et al., 2002). Posteriormente, esses
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resultados foram confirmados por Kujiraoka e colaboradores, que observaram que o
aumento de clusterina secretada associado ao DM2 ocorre em ambos 0s sexos,
sendo esse um mecanismo compensatoério frente a uma condicdo metabolicamente
adversa (KUJIRAOKA et al., 2006). Ainda, Won e colaboradores em 2014
encontraram uma correlagdo positiva entre os niveis séricos de clusterina e diversos
marcadores de inflamagéo sistémica (WON et al.,, 2014). E recentemente, Seo e
colaboradores observaram uma correlacdo positiva dos niveis de clusterina
circulante com insulinemia, glicemia de jejum, resisténcia a insulina e indice de
massa corporal (IMC) (SEO et al., 2018). Por outro lado, em 2010 foi observada uma
correlagdo negativa entre a associagdo da clusterina ao HDL e IMC e resisténcia a
insulina (HOOFNAGLE et al., 2010). Dessa forma, apesar de 0s niveis séricos de
clusterina estarem aumentados na obesidade e no DM2, algumas de suas funcdes
parecem estar comprometidas, de modo muito semelhante ao que acontece com o0s
hormonios insulina e leptina (MYERS et al.,, 2010; TEMPLEMAN et al., 2017),
originando um estado que podemos chamar de “resisténcia a clusterina”. Por fim, um
estudo investigando polimorfismos no gene da clusterina observou que mutagdes em
apenas um nucleotideo ja apresentava uma forte correlagdo com a presenca de DM2
em japoneses (DAIMON et al.,, 2011), exaltando o potencial envolvimento da
clusterina na manutencgdo dos niveis glicémicos saudaveis.

Entretanto, pouco se sabe ainda sobre os mecanismos pelos quais a
clusterina esta envolvida com o controle metabdlico e com a homeostase glicEmica.
Um dos principais estudos nesse contexto foi conduzido em 2014 por Kwon e
colaboradores, em que os autores mostraram que animais obesos que nao
expressam clusterina possuem resisténcia a insulina mais severa frente aos seus
controles selvagens, mesmo sem alteracdo na composicao corporal (KWON et al.,
2014). Ap6s 8 semanas de exposicao a dieta rica em gordura saturada (HFD) , os
animais que nao expressavam clusterina apresentaram elevagdo do estresse
oxidativo e da inflamacéo no musculo esquelético e no figado (KWON et al., 2014).
Coerentemente, hepatdcitos e miotubos que superexpressavam clusterina ficaram
protegidos do danos proporcionados pelo tratamento com palmitato (KWON et al.,
2014). Os animais selvagem tiveram ainda a expressdo de clusterina aumentada
nesses dois tecidos quando alimentados com HFD, reforgcando a hipétese do papel
protetor da clusterina sobre a resisténcia a insulina induzida por dieta (KWON et al.,

2014). Resultados semelhantes foram encontrados no tecido adiposo subcutaneo,
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com os niveis de mRNA de clusterina aumentados em individuos obesos e com DM2
(KLOUCKOVA et al., 2016). Interessantemente, a expressdo de clusterina nesse
tecido foi reduzida apos cirurgia bariatrica. Todavia, esse estudo ndo observou
diferenca nos niveis circulantes de clusterina entre individuos obesos e magros,
porém seus niveis foram reduzidos apds 2 semanas de dieta com alto déficit calérico
(KLOUCKOVA et al., 2016).

Entretanto, a ideia de que a clusterina citoplasmatica hepatica pode
apresentar um papel importante no controle das funcdes metabdlicas do figado é
bastante recente. Esta teoria foi iniciada ainda nessa década, quando Kim e
colaboradores em 2011 observaram que o tratamento de hepatocitos primarios de
camundongos com altas doses de glicose proporcionava 0 aumento tanto da
expressao quanto dos niveis proteicos de diferentes formas de clusterina (KIM et al.,
2011). Analisando o sequenciamento de seu gene, foi encontrado um Glucose
response element (GIRE) constituido por dois E-box motifs em sua primeira regiao
intronica que se assemelham a um Carbohydrate response element (ChoRE).
Entretanto, curiosamente, esses E-box motifs foram ativados somente pelo fator de
transcricdo SREBP-1c e ndo por ChoRE binding protein (ChREBP) e Liver X receptor
(LXR), conhecidos por mediar sinalizagdes biomoleculares em resposta a nutrientes.
Dois anos depois, em 2013, Seo e colaboradores observaram que a clusterina podia
exercer um papel regulador sobre a atividade da SREBP-1c em resposta a insulina,
uma vez que hepatdcitos AML-12 que superexpressavam clusterina apresentavam
uma menor quantidade de SREBP-1c em resposta a insulina (SEO et al., 2013).
Consequentemente, proteinas envolvidas com o processo de lipogénese FAS, ACC
e SCD1 apresentaram 0 mesmo comportamento. Esse fenbmeno também foi
observado em roedores que superexpressavam clusterina no tecido hepatico,
ficando protegidos do excessivo acumulo de gordura no figado apds a exposicao
cronica a dieta rica em gordura saturada (SEO et al., 2013). Por fim, foi visto que
clusterina inibia a expressdo de SREBP-1c reprimindo a atividade de LXR e
Specificity Protein 1 (SP-1) (SEO et al., 2013), proteinas conhecidas por associarem-
se a sequéncia promotora no gene de SREBP-1c e proporcionarem a plena ativacéao
de sua transcricdo em resposta a insulina (CAGEN et al., 2005). Juntos, esses dados
nos permitem acreditar que em uma situacdo de abundancia de nutrientes, SREBP-
1c tem sua atividade aumentada, induzindo assim tanto a expresséao de CLU quanto

de genes lipogénicos. Entretanto, por um mecanismo de feedback negativo,
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clusterina inibe a atividade de LXR e SP-1, culminando em um menor estimulo
lipogénico mediado por SREBP-1c. Este trata-se de um novo mecanismo pelo qual
a clusterina hepatica apresenta um importante papel na reducdo da lipogénese
hepatica e, consequentemente, da resisténcia a insulina nesse tecido, sendo assim
um importante componente no controle metabolico geral.

Adiante, em 2015, foi constatado que o tratamento com insulina era capaz
de promover 0 aumento dos transcritos de clusterina tanto em células HepG2 quanto
em hepatocitos primarios de camundongos (OH et al.,, 2015), dado este que
corrobora achados mais antigos que revelam que sujeitos diabéticos do tipo 2
apresentam niveis séricos de clusterina mais elevados (KUJIRAOKA et al., 2006).
Esse controle da transcricao do gene da clusterina regulado por insulina parece ainda
ser mediado por SREBP-1c, que associa-se a um non-canonical E-box no promotor
de CLU em resposta a insulina (OH et al., 2015). Portanto, uma vez observado que
um dos mais importantes hormoénios para o controle do metabolismo de
macronutrientes também era capaz de modular a expressédo de clusterina no tecido
hepatico, foi reforcada a hipotese de que essa nova proteina era capaz de exercer
diversas fungdes relacionadas ao controle da homeostase glicémica por influenciar
as fun¢des metabolicas do figado.

Nesse mesmo sentido, recentemente Park e colaboradores publicaram
um estudo em que foram utilizados roedores que superexpressam clusterina
especificamente em hepatécitos (PARK et al., 2018). Apds exposicao cronica a dieta
pobre em metionina e colina, conhecida por induzir doenc¢a hepatica gordurosa nao-
alcodlica (DHGNA) e esteato-hepatite ndo alcodlica (NASH), foi visto que os animais
modificados apresentaram reducdes nos niveis de triglicerideos hepaticos e
marcadores de inflamacéo, como infiltragdo de macrofagos, expressao de Toll-like
Receptor-4 (TLR-4) e niveis de Tumor Necrosis Factor-a (TNF-a). Esses dados
confirmam achados prévios do ja comentado estudo de Kwon e colaboradores, em
que os animais knockout de clusterina apresentam uma inflamagéo hepatica mais
severa apos serem alimentados com HFD por 8 semanas, com niveis elevados da
isoforma induzida da proteina Nitric oxide synthase (INOS) e de Interleukin-6 (IL-6)
(KWON et al., 2014). Da mesma forma, células de cultura primaria de hepatocitos
desses animais apresentavam aumento também na expressao de Interleukin-18 (IL-
18) e TNF-a quando tratadas com palmitato, refletindo em uma menor fosforilagao

da Akt em resposta a insulina, em comparacéo as células controle submetidas ao
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mesmo tratamento. Apesar desses animais apresentarem maior expressdo dos
genes relacionados a gliconeogénese Fructose-1,6-bisphosphatase (FBPase) e
Glucose 6-phosphatase (G6Pase) e demonstrarem uma menor supressao da
producdo hepatica de glicose durante o clamp euglicémico-hiperinsulinémico, os
mecanismos biomoleculares envolvidos nesse processo ndo foram explorados.
Assim, ainda ndo é claro na literatura se esses resultados estdo relacionados a
inflamacé&o gerada pela auséncia da clusterina, que conduziria uma menor acéo da
insulina, ou se a auséncia da clusterina per se compromete diretamente a inibicdo da
producdo hepatica de glicose mediada pela insulina.

Ainda, um importante achado do estudo de Park e colaboradores é que
apesar de a constitutiva expresséao de clusterina em hepatdécitos proteger os animais
da NASH induzida por dieta, um pequeno aumento na infiltracdo de macrofagos e
inflamacéo é visto no figado dos animais alimentados com dieta comercial (PARK et
al., 2018). Esse € um resultado que vai ao encontro de dados prévios encontrados
pelo mesmo grupo de pesquisadores que, apesar das ja bem-descritas funcbes
protetoras da clusterina, viram que macrofagos Raw264.7 apresentavam um
aumento na expressao de diversos genes relacionados com quimiotaxia como
monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein-18
(MIP-1B) e TNF-a apo6s estimulo com clusterina (SHIM et al.,, 2012). Ainda,
recentemente também foi demonstrado que a ativacdo do sistema imune
proporcionado pela clusterina e a inducdo do processo inflamatério da-se por
mecanismos semelhantes a lipopolissacarideos (LPS), dependentes de TLR-4
(SHIM et al., 2017). Todavia, como a clusterina mostrou uma consistente protecao
hepatica, com efeitos anti-oxidantes e anti-inflamatoérios, podemos considera-la como
um regulador de pré-condicionamento imunolégico (PARK et al., 2018). Esse
processo de pré-condicionamento ja € um conhecido fenébmeno desde a década de
40, quando foi observado que coelhos desenvolviam uma resisténcia a infeccdes
bacterianas apo0s constantes injecdes de vacinas contendo E. typhosa inativa
(BEESON, 1946). E recentemente, Nakasone e colaboradores mostraram que o
tratamento de camundongos com baixas doses de LPS protegeu o figado desses
animais de danos proporcionados por uma posterior injecdo de alta dose de LPS
(NAKASONE et al., 2016).

Ademais, como jaA comentado anteriormente, diversas evidéncias mostram

que a clusterina parece ter a capacidade de promover a ativagdo da proteina Akt,
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sendo assim uma importante proteina sinalizadora para a sobrevivéncia celular (LIU
et al., 2015; WANG et al., 2015a; XIU et al., 2013). Em 2013, Xiu e colaboradores
(XIU et al., 2013) observaram que ap0s a superexpressao de clusterina em células
de hepatocarcinoma (HCC) os niveis de Akt em sua forma ativa foram elevados,
proporcionando uma diminuicdo na apoptose induzida pelo tratamento anticancer.
Da mesma forma, o mesmo estudo revelou que a deplecao da clusterina diminuiu a
fosforilacdo da Akt e aumentou os niveis de caspase 9 clivada, conhecido marcador
da ativacdo da via mitocondrial de apoptose (CZABOTAR et al., 2014). Entretanto,
apesar de os estudos supracitados ndo deixarem claro que a clusterina pode
promover diretamente a ativacao de proteinas da via da insulina em hepatdcitos, um
recente estudo publicado por Liu e colaboradores revelou que células HPASMCs,
guando tratadas com clusterina recombinante, apresentavam um aumento na
fosforilacdo tanto de Akt quanto de Extracellular signal-regulated kinases 1/2 (ERK
1/2), de modo tempo-dependente (LIU et al.,, 2015). Portanto, acreditamos que a
clusterina pode estar diretamente envolvida com a ativacdo de proteinas-chave para
o controle da producdo hepatica de glicose por mecanismos independentes da
insulina.

Ja é bem estabelecido pela literatura cientifica que o figado é um 6rgao
de grande importancia para o controle dos niveis glicémicos considerados saudaveis
(TILG; MOSCHEN; RODEN, 2017). Para que isso ocorra, a insulina secretada, em
periodos de abundancia de nutrientes, precisa agir nesse tecido suprimindo a
producdo hepética de glicose (WANG et al.,, 2015b). Como ja discutido, em uma
situacdo em que a resisténcia hepatica a insulina ndo esta presente, a insulina ira
promover a ativacdo da Akt que, dentre outras funcdes, promovera a fosforilacdo de
FOXO para a inibicdo da transcricdo de genes da gliconeogénese e a ativacdo de
SREBP-1c, promovendo a transcricdo de genes lipogénicos como FAS e ACC
(SANDERS; GRIFFIN, 2016). Entretanto, individuos resistentes a insulina
apresentam reducdo na supressao da producao hepatica de glicose estimulada por
insulina, mas também mantém as vias lipogénicas ativas, apresnetando assim a
resisténcia hepatica seletiva a insulina previamente descrita. Dessa forma, sabendo
gue o treinamento fisico € uma eficiente estratégia tanto contra a DHGNA (BACCHI
et al., 2013; PEREIRA et al., 2017a) quanto para a resisténcia hepatica a insulina
(SARGEANT et al., 2018a), aventa-se a hipétese que um dos mecanismos pelos

quais o exercicio fisico pode ser um eficiente meio para o combate a esse fendbmeno
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estd envolvido com a modulagdo da clusterina hepatica citoplasmética.
Recentemente, Jeon e colaboradores publicaram um importante estudo com
informacdes que reforcam essa hipétese. Nele, mulheres menopausadas com DM2
participaram de um programa de exercicios durante 12 semanas. Ap0s o protocolo
de treinamento, os autores observaram que a elevagcdo dos niveis circulantes de
clusterina foi reduzida em 19,4%, concomitantemente a reduc¢des da adiposidade e
da resisténcia a insulina (JEON et al., 2020). Essa foi a primeira evidéncia de que o
treinamento fisico € capaz de modular os niveis de clusterina secretada, porém os
efeitos do treinamento sobre a isoforma citoplasmatica de clusterina hepatica

continuam inexplorados.
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3. OBJETIVOS

3.1 OBJETIVO GERAL

Uma vez que a resisténcia hepatica a insulina e a DHGNA estéo
intimamente ligadas as complicacbes metabdlicas relacionadas a obesidade e a
DM2, o presente trabalho teve como objetivo investigar novos mecanismos pelos
quais diferentes modalidades de treinamento fisico proporciona aumento da acao da

insulina e reducdo do acumulo de gordura hepética em roedores.

3.2 OBJETIVOS ESPECIFICOS

1. Investigar os efeitos do treinamento de forca de curta duracdo sobre o
controle da producdo hepatica de glicose e sensibilidade hepatica a insulina de
camundongos obesosm, avaliando a resposta glicémica dos animais apoés
administracdo intraperitoneal de piruvato e a ativacdo da Akt apds estimulo de
insulina;

2. Avaliar os efeitos do treinamento de forca de curta duracdo sobre as
vias de lipogénese e oxidacao lipidica no figado de camundongos obesos, analisando
o conteudo e atividade de proteinas lipogénicas e o contetudo de transcritos de genes
envolvidos com o metabolismo lipidico;

3. Investigar se o0 maior controle da producdo hepatica de glicose
proporcionando pelo treinamento de forca de curta duracdo esta relacionado a
reducdo da atividade da FOXO1 hepatica, avaliando a sua sublocalizacdo celular e
o conteudo proteico de seus transcritos PEPCK e G6Pase;

4. Investigar os efeitos do treinamento de for¢ca sobre os niveis hepaticos
da proteina PC;

5. Investigar se o aumento da sensibilidade hepéatica a insulina
proporcionado pelo treinamento de forca de curta duracdo estd relacionado a
alteracdes no conteudo hepatico de PTP1B;

6. Investigar os efeitos do treinamento combinado de curta duragao sobre
o controle da producéo hepatica de glicose e sensibilidade hepatica a insulina de

camundongos obesos;
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7. Avaliar os efeitos do treinamento combinado de curta duragéo sobre as
vias de lipogénese e oxidacao lipidica no figado de camundongos obesos;

8. Investigar se 0 aumento da sensibilidade hepatica a insulina e reducéo
da DHGNA proporcionados pelo treinamento de forca de curta duracdo em
camundongos obesos estdo relacionados a alteracdes no contetudo hepatico de
clusterina;

9. Investigar se 0 aumento da sensibilidade hepatica a insulina e reducéo
da DHGNA proporcionados pelo treinamento aerobio de curta duracdo em
camundongos obesos estdo relacionados a alteracdes no conteldo hepatico de

clusterina.
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4. MATERIAIS, METODOS, RESULTADOS E DISCUSSOES

Os materiais, métodos, resultados e discussfes da presente tese estao

apresentados sob forma de artigos.
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4.1 ARTIGO 1

Uma vez que a literatura cientifica ainda carecia de um protocolo de
treinamento de forca sistematizado e controlado para camundongos obesos, nosso
primeiro trabalhou focou-se em estabelecer um protocolo de treinamento de forca
para camundongos alimentados com dieta rica em gordura saturada e avaliar se este
protocolo é eficiente em proporcionar redugcdo do acumulo de gordura hepatica e
influenciar as vias biomoleculares de sintese e oxidacdo de gordura no figado dos

camundongos.
Artigo publicado em The Journal of Endocrinology:
PEREIRA, R. M. et al. Short-term strength training reduces gluconeogenesis and

NAFLD in obese mice. The Journal of Endocrinology, v. 241, n. 1, p. 59-70, 1 abr.
20109.
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Abstract

Non-alcoholic fatty liver disease (NAFLD) has a positive correlation with obesity, Insulin Key Words
resistance and type 2 diabetes mellitus (T20), The aerobic training is an important tool » strangzh training
In combating NAFLD. However, no studies have demonstrated the molecular effects » NAFLD
of short-term strength training on the accumulation of hepatic fat in obese mice, This > obesty
study aimed to investigate the effects of short-term strength training on the mechanisms  »
of oxidation and lipid synthesis in the liver of obese mice. The short duration protocol =

L3

Iver
insulin sensitivity
was used to avoid changing the amount of adipose tissue, Swiss mice were separated
into three groups: lean control (CTL), sedentary obese (OB} and strength tralning obese
(STOL The obese groups were fed a high-fat diet (HFD) and the STO group performed the
strength training protocol 1 session/day for 15 days. The short-term strength training
reduced hepatic fat accumalation, increasing hopatic insulin sensitivity and controlling
hepatic glucose production. The obese animals increased the mRNA of lipogenic genes
Fasn and Scd? and reduced the oxidative genes Cprfa and Ppora. On the other hand,
the STO group presented the cpposite results. Finally, the obese animals presented
higher levels of lipogenic proteins (ACC and FAS) and proinflammatory cytokines (TRF-«
and IL-1))), but the short-term strength training was efficent in reducing this condition,
regardless of body weight less. In conclusion, there was a reduction of obesity-related
hepatic lipogenesis and inflammation after short-térm strength training, independent
of weight loss, leading to improvements in hepatic insulin sensitivity and glycemic
homeostasls in obese mice. Key points: (1) Short-term strength training (STST) reduced
fat accumulation and inflammation in the liver; {2) Hepatic insulin sensitivity and HPG
control were increased with STST; (3) The content and activity of ACC and content of
FAS were reduced with STST; (4) STST improved hepatic fat accumulation and glycemic

A s Journa of Enducrinalgy
homeostasis; (5} STST effects were observed independently of bady weight change. (2075} 249, 59-70
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Introduction

Nonalcoholic fatty  liver disease (NAFLD) & a pres
condition for most common liver diseases, and it can
be developed from  hepatic steatosls, non-alcoholic
steatohepatitis  (NASH), cirrhosis, to  hepatocellular
carcinoma (HCC) (Tilg e al, 2017), Insulin resistance,
hyperinsulinemia and excess of circulating lipids may
contribute to both increased liver lipid synthesis and
hepatic insulin resistance (Marchesini et al. 2001, Roden
2006). Considering the liver is one of the primary organs
responsible for glycemic control (Magnusson ef al. 1992,
Basu ef al. 2005}, NAFLD development may be linked to
obesity and type 2 diabetes (12D). Therefore, the discovery
of strategies for the prevention and treatment of excessive
accumulation of lipids in the liver Is of great Importance.

Although some therapeutic Interventions such as the
use of peroxisome proliferator-activated receptor (PPAR)y
agonists, vitamin E or lirglutide showed some efficacy
in the treatment of NAFLD (Tilg et al. 2017), body fat
reduction is still considered the primary form of treatment
of this condition (Bacchi of @l 2013). Thus, acrobic
physical exercise is considered an effective strategy in
controlling NAFLD due to the reduction of both adiposity
and hepatic lipids (Pereira et al. 2017, Mufioz & al. 2018,
Satgeant ¢f al. 2018). On the other hand, the effects of
strength exercise In the fatty liver accumulation and its
conscquences have not vet been deeply investigated

In 2013, the first randomized controlled study showed
that diabetic subjects who underwent four months of
aerobic or strength training reduced their hepatic fat
accumulation (Bacchi ef al. 2013), In 2015, Shamsoddini
et al. showed 2 months of acroblkc and resistance
exercise training were enough to find a reduction in the
circulating levels of alanine aminotransferase and aspartate
aminotransferase  (Shamsodding e al. 2015). Recently,
Botezelli ef al. showed strength training was more efficient
than acrobic training in reducing the content and activation
of several proteins of pro-inflammatory activity (n the liver
af animals with hepatic steatosis (Botezelli ¢f al, 2016),
Moreover, the expression of lipogenic genes such as sterol
regulatory element-binding protein-1c (SREBP-1¢), acetyl-
CoA carboxylase (ACC) and stearoyl CoA desaturase-1
(SCI1) was reduced In the liver of ovarlectomized sats after
10weeks of strength training (Domingosetal, 2012), Finally,
a recent meta-analysis showed that strength training could
also be an important strategy for the reduction of hepatic
fat content (Medrano of @l 2018).

However, many studies investigating the effects of
acrobic or strength training on the reduction of NAFLD

were accompanied by a reduction of body fat, Therefore,
it has not vet been possible to determine the direct effects
of exercise on NAFLD, independently of weight loss. Thus,
this study aimed to investigate the influence of short-term
strength training on the hepatic mechanisms of oxidation
and liptd synthesis in obesity. The short-term training
protocol was prescribed in order to avoid a reduction in
the volume of adipose tissue,

Methods

Experimental animals

Male Swiss mice from the Unicamp Central Animal Facility
(CEMIB) at 8 weeks old were used in the present study. The
animalexperiments were carried out respecting the Brazilian
legislation on the scientific use of animals (Law No. 11.794,
of October 8, 2008), The Ethics Committee on Anlmal Use
(CEUA} of Biological Sciences (UNJCAMP-Campinas-SF,
number 4406-1) accepted all experiments, Four-week-old
animals were maintained individually in polyethylene
cages with the enrched environment (PVC pipes were
sawed in the middle generating a shelter of 10« 10cm of the
base and Scm of height) and under controfled conditions
of the light-darkness cycle (12/12h), The light switched
on at 06:00 and off at 18:00h, temperature controlled at
2222°C, relative humidity maintained at 45-55% and
on-site noises bedow 85 decibels. 100W lamps were used
during the clear perdod of the day (Phillips soft white light;
2700K; 565-590nm; 601ux), Mice had free access to water
and conventional feed.

Initially, the animals were divided into two groups:
the control lean group (CTL) that were fed @ chow diet
and the Obesity group that were fed a high-fat diet (HFD),
The high-fat dlet was prepared according to the American
Institute of Nutrition (AIN-93G) guidelines (Reeves f al,
1993}, modibed to contain 35% of fat (4% soy oil and 31%
of lard) (Oliveira ef al. 2015). After 14 weeks of exposure to
HFD, the obese animals were equally distributed according
to body weight and fasting glycemia into two groups: 1 -
sedentary obese (OB), animals which remained sedentary
throughout the experiment; 2 - strength training obese
(STO), animals which underwent a short-term strenyth
training,.

Description of apparatus for performing the strength
training for mice

A ladder of (ron teet and stalnless steel steps with 10om
wide, 1.5cm distance between the steps and an angle of
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80 degrees to the ground was used {AVS projects), The
ladder is 70cm high, and the animals perfoomed 1241
dynamic climbing movements with each of the hind legs,
as proposed by Frajacomo ef al. (2015). At the top of the
ladder, there is a 30am? chamber that serves as a shelter
for the animals during the rest perfod, between attempts
to climb during the adaptation. A loading apparatus (i.c,,
a conical plastic tube with approximately 7.5cm of height
and 25cm of diameter) was fixed with adhesive tape
across the length of the tail of the animal, where the loads
were coupled

Adaptation of animals to the apparatus

The adaptation of animals to the apparatus, proposed
by Cassilhas of al,, was performed (Cassithas of al. 2013),
The procedures were carried out for five consecutive days.
Before the start of the fisst attempt to climb and with the
loading apparatus empty on its tail, the animal was Xept
inside the chamber at the top of the ladder for 60s. For
the first attempt at climbing, the animal was positioned
on the ladder at 15cm from the entrance of the chamber.
For the second attempt, the animal was positioned 25¢m
away from the chamber. For the third attempt onward,
the animal was positioned at the base of the ladder, 70em
away from the chamber. When the animal reached the
chamber, an Interval of 60s was given. The attempts
starting from the ladder base continued until the animal
performed three successful attempts without the need for
any stimulus.

Maximal voluntary carrying capacity (MVCC)
determination

A test to determine the maximal voluntary carrying
capacity (MVOC) proposed for rats (Homberger & Farrar
2004, Speretta ef al. 2016} was adapted lor mice in the
present study. An Incremental test to identify the individual
maximum load in which the animal cain perform one
attempt of 70¢m climbing was pedformed. After the fifth
day of adaptation to the apparatus, the animals remained
at rest for one more day until the beginning of the test,
During the test, the animals started from the base of the
stalrs, and the attempt was considered successful when
the animals climbed a distance of 70cm, The initial serics
was performed with an overload of 75% of the animal’s
body weight, and an incremental losd of Sg was added
at each further attempt to climb until the animal could
no longer complete the entire course. At each successful
attempt, the animal was removed from the Jadder and

placed In an individual cage, where it rested for Smin
until the start of the next attempt. The heaviest load in
which the animal performed was considered the MVCC
and was used for the prescription of the individual loads
In the experiment,

Short-term strength training

Forty-eight hours after the MVCC determination, the
strength tralning protocol was Initiated. The exerclse
sessions consisted of 20 ¢limbing series with an overload
of 70% of the MVCC and with a rest interval of 60-%0s
between sets. After compleling a series, the animal was
removed from the ladder and placed in an individual cage
during the resting time of 60s. The animals were exercised
for five consecutive days per week, followed by 2 days of
rest, until they completed 13 sessions of physical exercise.
Subsequently, mice were submitted to the pyruvate
tolerance test, After 24 h, the animals performed two more
sessions of exercise, totaling 15 sessions, as summarized
in Fig. I and more detailed in Supplementary Fig. 1 (see
section on supplementary data given at the end of this
article).

Intraperitoneal pyruvate tolerance test (ipPTT)

After an 8-hour fasting perlod and after the 13th exerclse
training session, the animals were submitted to an ipPTT
(2.0g of pyruvate/kg body weight) to estimate the hepatic
glucose production (HGP). The pyruvate was injected
intraperitoneally (i.p.), and the blood samples were
collected at 30, 60 and 120min from the tail for blood
glucose determination. Glucose levels were determined
using a glucometer (Accu-Chek; Roche Diagnostics),
The results were evaluated determining the areas under
the serum glucose curves (AUC) during the test by
the trapezoidal method (Matthews et al. 1990), using
Microsoft Excel,

Tissue extraction and immunoblotting analysis

After the iplTT, all animals were submitted to other two
sessions of strength exercise and were anesthetized i.p. by
the injection of chloral hydrate of ketamine (SOmg/kg,
Parke-Davis, Ann Arbor, M1, USAl and xylazine (20mg/kg,
Rompun, Bayer, Leverkusen) respecting an 8-h fasting
period and 8h after the last exercise session, After the
verification and assurance of the comeal reflexes, mice
were Injected Lp. with human insulin (8U/kg body
wt Humulin-R: Lilly, Indlanapolis, IN, USA} or saline.
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After 10min, the liver was rapidly removed and soap-
frozen in liquid nitrogen and stored at <80°C until
analysis and adipose tissue (right side) was removed and
weighted. The liver was homogenized in an extraction
buffer (1% Triton-X 100, 100mM Tris (pH 7.4}, 100mM
sodium  pyrophosphate,  100mM  sodium  fluoride,
I0mM EDTA, 10mM sodium vanadate, 2mM PMSF
and 0.1 mg of aprotinin/ml) at 4°C with a Tissuelyser
I (QIAGEN) operated at maximum speed for 1205, The
lysates were centrifuged (Eppendarf 5804R) at 12.851g
at 4°C for 1Smin to remove insoluble materlal, and
the supernatant was used for the assay. The protein
content was determined by the bicinchoninic acid
method (Walker 1994). The samples containing 60pg
of total protein were applied to a polyacrylamide gel for
sepatation by SDS-PAGE and transferred to nitrocellulose
membranes, The membranes were biocked with 5%
dry milk at room temperature for 1h and incubated
with primary antibodies against the protein of interest,
After that, a specific secondary antibody was used. The
specific bands were labeled by chemiluminescence and
visualization was performed by photo documentation
system In G: box (Syngene). The bands were quantified
using the software UN-SCAN-IT gel 6.1. The primary
aptibodies wsed were anti-Phospho-AKU serd73 (4060),
anti-Akt (4685), anti-phospho-Acetyl-CoA Carboxylase
set79 (3661), anti-acetyl-coA carboxylase (3662), anti-a-
tubulin (2144) from Cell Signaling Technology, anti-fatty
acid synthase (s¢-48357) from Santa Cruz Biotechnology
and anti-TNF- a (Cat # 506107) and 111 (Cat # 503501)
from BioLegend. The secondary antibodies used wese
anti-zabbit [gGG, HRP-linked antibody (7074} and anti-
mouse IgG, HRP-linked antibody (7076) from Cell
Signaling Technology,

Liver hematoxylin-eosin histology and oil red O
staining

Liver samples were collected and fixed in isopentane
for cryopreservation at —80°C, The tissue was sticed n
a Leica Cryostat cryostat (CMIB30) to a thickness of
10pm and placed on identified adhesion slides. The
slices were subjected to the hematoxylin-eosin (H&E)
and oll red O staining methods. The slices were stalned
with hematoxylin for 10min or with oll red O solution
(Sigma-Aldrich) for 25min, washed and stained with
cosin (Smin). The slices stained with oil red O were used
to analyses of lipid droplets area and red stained area
using Image] {Schneider et al. 2012) program using the
40x image, In agreement with previous studies (Botezelll
et al. 2016, da Rocha ef al. 2017, Munoz er al. 2018),

Triglycerlde assay

Hepatic  triglyceride  (TG)  content  was - determined
using a commercial kit according to the manufacturer’s
instructions (Laborlab). TG values were normalized to
total liver weight.

Real-time PCR

Total RNA was isolated using the PureZOLTM reagent (BIO-
RAD) A 2pg quantity of total RNA was used as a template
tor the synthesis of cDNA, according 1o the instructions
of the kit (High Capacity ¢DNA Reverse Transctiption,
Applied  Biosystemns). Real-time PCR reactions were
performed using 40ng ¢cDNA, 0.5pl primers and SplL
TagMan Universal PCR Master Mix (Applicd Biosystems),
The primens used  were  Fasnt (MmOO662319_m1),
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Scdl (MmO0772290_m1), Cptla (MmO1231183), Ppara
(MmO0440939 m1) and  Gapdh  (Mm99999915 gl),
The relative content of mRNAs was determined after
normalization with GAPDH using the AACT method.

Bioinformatics analysis

Correlation  analyses were  performed  as previously
described (Andreux et al. 2012) using hepatic mRNAs
(EPFL/UISP BXD HFD Liver Affy Mouse Gene 1,0 ST
{Augls) RMA), proteome (bvEPFL/ETHZ BXD Liver, High
Fat Ivet (Junl6) ToplOO SWATH) and phenotypes (BXD
Published Phenotypes) of BXD inbred mice families fed
with high-fat diet and are sccessible on Genenetwork
(http://www.genenetwork.org).

Statistical analysis

All results were presented as the mean £ standard error of
the mean (L), The Gaussian distribution of the data
was assessed sing o Kolmogorov-Smirnov test. Data were
analvzed using Student’s test to compare two groups or
ANOVA 10 compare 3+ groups, for data with Gaussian
distributions in each of the groups, When the data were
found to be not following a Gaussian distribution, the
Mann-Whitney test was used (if homoscedasticity) or
Welch’s &test technique was used (If heteroscedasticity)
to compare 2 groups and Kruskal Wallis to compare 3+
groups. If found statistically significant, the onc-way

A Initial Body Mass B Final Body Mass

w
o » .
{ b olafe
o o
»
. ! - » -
&P & R L
D Final Fasting Insulin  E  Epididymal Fat
. b 13

Tl

&SP &SP

- L

ANOVA test was followed by Bonferroni's past Jie test
and the Kruskal-Wallis test followed by Dunn's multiple
comparisons tests to compare between the different
groups, Two-way ANOVA, with Bonferroni's correction
for multiple comparisons, when appropeiate, was used
to analyze each point of pFIT. The Jevel of statistical
significance used was P<0.05. The construction of the
graphics and the statistical analysis were performed using
CGraphPad Prasm 7.00.

Results

Short-term strength training reverses fasting
hyperglycemia regardless of changes in body mass
and adiposity

After 14 weeks of obesity Induction, animals trom the STO
group started the short-term strength training. After 15
strength training sessions, the trained animals showed no
statistical significant difference in body mass (Fig. 2A and
B) and adiposity (Fig. 2E and F) when compared to the OB
grosip. However, the hyperglycemia induced by obesity
was reversed by strength tralning as observed In the STO
animals, equating to that of the CTL group (Fig. 2C), The
insulin concentration was higher for both obese groups,
However, no statistical significant difference was observed
between them (Fig. 2D), More details can be found in
Supplementary Fig. 2.

C Final Fasting Glucose

Figure2
Friysological parameters of CTL, OB ana 510
groups, (A snd B) Body mass of the sremas af the
—t beginning ana at the end of the expermant. {C
and D) Fasting gplocoss and insutnemia (after 80
of tasting), respectively. (E and F) Adipose tistue
weght of the epitidymal and retropertoneal
regians, respectivey, *P< 005y CTL P <005 vs
OF |n « 4-6 por group). Wa used Kruskal-Wallis
R test folfowed by Dunin’s muRiple compansons
60' db © tersts i [B) a0 (D] 3t ane-way ANOVA followed
) by Borferronis posthoc test in A C Eand #
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Short-term strength training decreases the fatty liver
accumulation

The next step was to evaluate the lipld deposits and TG
levels in the mice liver after short-term strength training,
Initially, by the analyses of hematoxylin and cosin
staining, the OB group presented higher lipid stocks when
compared to the CTL group (Fig. 3A). However, the STO
group presented an expressive reduction in lipid droplets
size (Fig. 3A and C). These results were confirmed with
oil red O staining for detection of neutral lipids, with
a reduction in the stained area (Fig. 3A and D), Similar
data were observed for the hepatic TG concentrations, in
which the strength training reduced the TG levels in the
liver of obese animals (Fig. 3B). More detalls can be found
in Supplementary Fig, 3

Short-term strength training reduces hepatic glucose
production (HGP) and increases hepatic insulin
sensitivity

The ipPTT was carried out 8h after the last strength
session for HGP controlevaluation. Initially, we observed
that the glycemic values of OB group were higher than

A Hematoxylin-eosin staining

STO

Figure 3

CTL group at all times of the test (Fig, 4A), Moreover,
obese trained animals presented Jower glycemia at all
points when compared to sedentary obese animals,
with no statistically  significant  difference when
compared to lean animals (Fig. 4A). Thus, the AUC of
the OB group was higher during the test, while the STO
group presented a reduction in these values compared
to OB without significant differences compared to the
CTL group (Fig. 4B8). Interestingly, the increase in blood
glucose during the test remained high until 90 min in
the OB group but gradually increased and peaked at
60min in the STO group and then gradually decreased
(Fig- 4A), emphasizing the effectiveness of short-term
strength training on glucose homeostasis,

Next, we evaluated the hepatic insulin sensitivity
by Akt protein phosphorviation In respoase to insulin
stimulus. The OB group reduced Akt phosphorviation
at serine 473 residue, while the STO group reversed this
result (Fig. 4C, D and ¥). More details can be found in
Supplementary Fig. 4.

Once observed that HFD Induced elevation in
glycemia, reduced HGP control and decreased hepatic
Insulin sensitivity, bioinformatics analyses were performed
to evaluate the relationship between fasting glycemia

Qil red O staining B

Hepatic Triglyceride

- - 2
* .

.
& & e

The hepatic fat contant of CTL, OF and 5TO grougms, (A Hamataxylin and sosin staining and oil red O staining of the rgnt labe trom three exparmental
groups. (8) TG content nocmakzed for liver weight. {C) Liver lipid dropiet ares of the theee groups, from ol red © stairing (D) ©il red O stained ares of the
e grovgrs. *L2 <005 vs CTL %2 < 0,05 s 08 {n = 5-6 per group). I [BL we used ane-way ANOVA lodlowed by Bonferranis post hogTest. In (C) we used
Mann-Whitney test between OF and STO groups. In (D) 'we used Student's ttest batween OB and STO groups.
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anowog coerelimions betaven basal glucose hevels (Tasted state) hepat mANAS [shown in greeny and protein (shown in purplel of BXD mice Ted with
nghdat dlat. Poskim and negative Puarsan’s correiation coatlconts are Indicated by red and blue Wnes. respectively, Comralatian piots of aach analysls
are oo displayed, with Pearzarrs r and Fvalues indicated, In (AL “#* <006 for CT vs OB ¢P<0.06 for CT vs STO; '/P< 005 for OB ve 5T0. In (8, Dand Ex
*P<0O595 CT, P <005 v OB Jn =7 pe group In A and B =6 per Zrovp in D and E) 10 (A) we 15008 twd-waiy ANOVA tesT with Bonfesronis correction

for multiple comparsons. In (B) we usad Kruskai-Walks test folowed by Dunn's multtiphe compartsons 1ests, in (D and £) we used Student's ttest

of obese animals with genes and proteins involved in
hepatic lipid oxidation and synthesis. For this, tamilies
of isogenic mice were used os a reference 10 integrate
transcriptome, proteome and phenotypes (Andreux of al,
2012). Fasting glycemia presented a negative correlation
with lipid oxidation, which was assessed through analysis
of the protein levels and mRNA of CPTTA. Coherently,
fasting glycemia presented a positive correlation with
hepatic lipogenesis, as assessed by the FAS (fatty acid
synthase) content (Fig. 4F and G, Bloinformatics analysis
~Supplementary Table 1),

Short-term strength training reduces lipogenesis,
Increases lipid oxidation and reduces inflammation
In the liver

Finally, we investigated whether the short-term strength
training led to molecular changes refated to the synthesis
and oxidation of lipids in the liver of obese mice. Initially,
the obesity state increased the miNA levels of Hpogenic
genes Fasn and Scdl, while the mRNA of oxidative genes
Cptta and Ppara were reduced (Fig. SA), Also, an obesity-
induced reduction in ACC phosphorylation and an
increase in total ACC and FAS content (Fig. 58, C, Dand E)

were observed, However, the STO group reduced Fasn
and SedI and increased the Cptla and Ppara mRNA levels
(Fig. 51). Also, this group increased ACC phosphorylation
and reduced ACC and FAS content (Fig. §f, K, L and
M), We also observed that obesity increased the
proinflammatory cytokines tumor necrosis factor alpha
(INF-) and interleukin 1 beta (IL-1f) levels (Fig. 55 G
and H) and the short-term strength training reversed this
condition (Fig, SN, O and P). More details can be found In
Supplementary Fig. 5.

Discussion

Previous studies indicated hepatic Insulln resistance was
strongly associated with NAFLD (Petersen & Shulman
2M7, Tilg ef al. 2017), Approximately 70% of T2DM
individuals (Leite ef @l. 2009) and 94% of obese diabetics
(Silverman ef al. 1990) are diagnosed with NAFLD, Here,
we found that 14 weeks of exposure to HFD was efficient
In generating our background of interest (obesity, T2DM
and NAFLD). Also, we demonstrated strength training
could be an effective altermative for reducing hepatic fat
accumulation, reflecting a reduction in fasting glycemia,
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anincrease in hepaticinsulin sensitivity and, consequently,
an improvement in the control of HGE. We observed the
reduction of hepatic lipids occurred by the reduction in
the protein content of ACC and FAS, All these results were
observed Independently of the body mass and adiposity
reductions.

The literature provides evidence that acrobic training
reduces NAFLD (Shen ef al. 2015, Wu ef al. 2015), Shen
et al. (2015) observed reductions in liver fat depots in
obese rodents which underwent aerobic exercise for
10 weeks, Also, acrobic training reduced TG and total
cholesterol levels In hepatic and serum samples (Wu ef al,
2015). However, the effects of strength training, with no
change in adiposity on these parameters, had not yet
been explored in the literature. Herein, the short-term
strength training was effective In reducing both the slze
af fat deposits and TG fevels in the liver. These results
reinforce strength training may be another strategy for
the treatment of NAFLD.

The reduction of hepatic lipogenesis in the STO
group was linked to Increased hepatic insulin sensitivity
and reduced HGE Previous studies have found lower
glycemic values during the IpPTT for obese mice that
swam for § weeks compared to the sedentary control
group (Marinho o al. 2012, Souza Pauli of al. 2014),
Nevertheless, both aerobic training and the acute
aerobic session can improve hepatic insulin sensitivity
{de Moura ef al. 2013, Munoz of al. 2018}, However,
little is known about strength training in this context,
Recently, Botezelly of al, (2016) observed that long-term
strength training (8 weeks) reduced the levels of hepatic
steatosis and Inflammation in the liver of rodents fed a
high fructose diet, These anlmals showed better glycemic
control in glucose tolerance and insulin tests. However,
the control of hepatic glucose production during ipPTT
and the activation of insulin pathway protemns in the liver
of trained animals were not evaluated. In our study, we
showed short-duration strength tialning was efficient In
reversing Inflaimmation (TNF-u and [L-1)) and hepatic
insulin  resistance provided by HFD-induced obesity,
improving the HGP control during ipPTT,

The ACC  protein  catalyzes  the  acetyl-CoA
carboxylation for the synthesis of malonyl-CoA and
FFA. playing a key role in triacylglycerol synthests. On
the other hand, the ACC inhibits the oxidative activity
of the ccll by reducing camitine palmitoyltransferase
I A (CPTIA) (Kobavashi ef ol 2010, Bechmann e al.
2012). Consistently, knockout mice for the isoform 2 of
the ACC gene were protected from NAFLD Induced by

both diets high in saturated fat as high carbohydrate
diets (Abu-Elheiga of al. 2012), Nevertheless, ob/ol mice
with the deletion of ACC, specifically in the liver, did
not present an increase In the accumulation of lver fat
(Kim ¢f @l. 2017), Finally, subjects with hepatic steatosis
treated with MK-4074 (liver-specific Inhibltor of ACCI
and ACC2) had a 36% reduction in lipid content after
4 weeks of intervention (Kim ef al. 2017). Thus, therapies
that reduced the content levels activity of ACC in the liver
were the subject of several studies for the prevention and
treatment of NAFLD (Nunez-Durin ot al, 2018, Romier
of al. 2018). In this context, acrobic training Is known
to provide an increase in the phosphorylation of ACC in
the fiver of obese animals, inhibiting its lipogenic action
(Rector et ai. 2008), Here, we showed for the fiest time the
short-term strength tralning was able to reduce the activity
and amount of ACC, increasing its phosphorylation and
reducing its expression and total content

In turn, the FAS protein is responsible for the
synthesis of palmitic acid (Chakeavarty ef al. 2004), and it
Is identified as another key protein In the development of
NAFLD (Dorn et @, 2010). Dorn ef al. observed that Fasn
expresston was increased In mice with fatty liver (Dorn
et al, 2010), The same study showed the hepatic expression
of Faser was positively correlated with NAFLD degree in
humans. As ACC, FAS inhibition was also investigated
to combat NAFLD. Chronic use of FAS Inhibitor reduced
lipogenesis in both mice and monkeys (Singh ef af, 2016),
Herein, the short-term strength training reduced the levels
of mRNA and FAS conterx, reinforcing the efficiency of
this protocol in downregulating the synthesis of lipids
In the liver of obese animals, regardless of body weight
change.

Furthermore, besides the reduction of lipid synthesis,
we wverified an incease in the transcription of genes
involved in lipid oxidation Cpriae and Ppan in the liver
of trained animals. Therefore, the oxidative mechanism
may be considered as another positive effect by which
strength training acts against obesity-induced NAFLD,
Several studies  investigated approaches to  combat
hepatic steatosis with these strategies. Recently, Hsiao
¢f al, {2017) observed that the treatment of obese mice
with ploglitazone, described as peroxisome proliferator-
activated receptor gamma (PPARy) agonist, Increased
hepatic levels of mRNA Cpt Ia even without a significant
increase in Ppara, These animals had hepatic steatosis
attenuated. Similarly, a period of 8 weeks of acrobic
training increased Ppvea and Cptla, reducing the levels
of hepatic lipids In obese mice (Munoz ef al. 2018),
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Here, we bring the first evidence that the short-term
strength tralning provides an Increase n lipid oxidation
in the lver, countering obesity-induced NAFLD.

In summary, short-term strength training reduced
hepatic fat accumulation and inflammation, incressed
hepatic Insulin sensitivity and provided better control
of the HGP, contributing to the reduction of obesity-
induced hyperglycemia, These phenomena  occurred
through the reduction of both activity and content of the
proteins involved with lipogenesis in the fiver as well as
the increase of transcription of genes involved with lipid
oxidation, independently of changes in body mass and
adiposity (Fig. 6). In summary, we provided new evidence
supporting the practice of strength training as a strategy
for the prevention and treatment of NAFLD.
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4.2 ARTIGO 2

Uma vez demonstrado que o protocolo de treinamento de forca de curta
duracdo era capaz de aumentar a sensibilidade a insulina e reduzir o acimulo de
gordura hepatica em camundongos obesos, nosso proximo estudo teve como
objetivo avaliar os efeitos do treinamento de for¢ca de curta duracdo sobre um dos
principais mecanismos de controle da producdo hepatica de glicose afetados pela
obesidade e resisténcia hepatica a insulina, que culminam na hiperglicemia

associada a obesidade: o eixo Akt / FOXOL1.

Artigo em processo de finalizacao:

Short-term strength training reduces hepatic FOXO1 activity and hyperglycemia in

obese mice
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Short-term strength training reduces hepatic FOXO1 activity and
hyperglycemia in obese mice

Running title: Strength training decreases hepatic nuclear FOXO1

Keywords: short-term strength training; diabetes; obesity; liver; insulin sensitivity,

gluconeogenesis

Key points:

. Short-term strength training (STST) enhances the hepatic insulin sensitivity
and the control of hepatic glucose production;

. Hepatic FOXO1 phosphorylation and nuclear extrusion is higher in strength-

trained animals;

. STST reduces the gluconeogenic protein content of G6Pase and PEPCK;
. All these results occurred without corporal adiposity reduction.
ABSTRACT

Obesity is a worldwide health problem and is directly associated with insulin
resistance and type 2 diabetes. The liver is an important organ for the control of
healthy glycemic levels, since insulin resistance in this organ reduces phosphorylation
of FOXO1 protein, leading to higher hepatic glucose production (HGP) and fasting
hyperglycemia. Aerobic physical training is known as an important strategy in
increasing the insulin action in the liver by increasing FOXO1 phosphorylation and
reducing gluconeogenesis. However, little is known about the effects of strength
training in this context. This study aimed to investigate the effects of short-term
strength training on hepatic insulin sensitivity and GSK3B and FOXO1
phosphorylation in obese mice. To achieve this goal, obese Swiss mice performed
the strength training protocol (1 daily session for 15 days). Short-term strength training
increased the phosphorylation of Akt and GSK3p in the liver after insulin stimulus and
improved the control of HGP during the pyruvate tolerance test. On the other hand,
sedentary obese animals reduced FOXO1 phosphorylation and increased the levels
of nuclear FOXO1 in the liver, increasing the PEPCK and G6Pase content.
Bioinformatic analysis also showed positive correlations of hepatic FOXOL1 levels and

gluconeogenic genes, reinforcing our findings. However, strength trained animals
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reverted this scenario, regardless of body adiposity changes. In conclusion, short-
term strength training is an efficient strategy to enhance the insulin action in the liver
of obese mice, contributing to glycemic control by reducing the activity of hepatic
FOXO1 and lowering PEPCK and G6Pase contents.

INTRODUCTION

Obesity is considered a worldwide health problem and is directly
associated with several metabolic disorders. Among these complications, insulin
resistance stands out, because this is the initial phenomenon for the onset of type 2
diabetes mellitus (T2DM) (TEMPLEMAN et al., 2017). In this scenario, hepatic insulin
resistance is considered one of the main key points for hyperglycemia associated to
T2DM, since this hormone is responsible for the suppression of hepatic glucose
production (HGP) (PETERSEN; SHULMAN, 2017). However, the mechanisms
underlying how obesity is related to hepatic insulin resistance and collaborates with
the perpetuation of fasting hyperglycemia are not fully understood.

The inhibition of HGP provided by insulin action requires the proper
functioning of complex biomolecular machinery in this tissue. Once secreted under
nutrient-abundant conditions, insulin binds to a tyrosine kinase receptor (IR) and
initiates a signaling cascade that culminates in protein kinase B / Akt phosphorylation
and activation (PERRY et al., 2014). Once activated, Akt inhibits HGP by two
mechanisms: 1- stimulating glycogen synthesis by phosphorylation and inactivation
of Glycogen Synthase Kinase-3B (GSK3[) protein, which once phosphorylated no
longer inhibits the action of Glycogen Synthase (GS) (PERRY et al., 2014); 2- by
phosphorylation and nuclear exclusion of the transcription factor Forkhead box protein
1 (FOXO1) in three phosphorilations sites (thr24, ser256 and ser319), thereby
reducing transcription of the pro-gluconeogenic genes Phosphoenolpyruvate
Carboxykinase (PEPCK) and Glucose- 6-Phosphatase (G6Pase). It is importante to
highlight that among those phosphorilation sites in FOXO1 described above, ser256
is knowed as “gatekeeper”, necessary for the phosphorilation in the other sites, been
the main target in several studies (BARTHEL; SCHMOLL; UNTERMAN, 2005).
However, obesity can downregulate these two pathways. Initially, obese diabetes-
prone mice have increased GSK3p activation (ELDAR-FINKELMAN et al., 1999), and

its inhibition in liver provided an overall improvement for glycemic homeostasis
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(MARINHO et al., 2012a). Therefore, GSK3p phosphorylation in response to insulin
Is considered an important marker of hepatic sensitivity to this hormone. Similarly, the
hepatic nuclear FOXO1 phosphorylation is impaired in obese mice (WANG et al.,
2018). Moreover, the selective pharmacological inhibition of FOXO1 reduced PEPCK
and G6Pase expression in hepatocytes (LANGLET et al., 2017) and mice with liver-
specific deletion of FOXO1 showed lower postprandial glycemic levels than wild type
animals (LU et al.,, 2012). Therefore, the reduction of FOXOL1 activity is also
considered an important strategy to combat hyperglycemia in T2DM.

Several pieces of evidence have pointed out aerobic physical exercise as
an important non-pharmacological strategy to increase hepatic insulin sensitivity
(MARCINKO et al., 2015; SARGEANT et al., 2018a). Endurance physical training
reversed the reduction in obesity-induced GSK3B phosphorylation by increasing
glycogen content and improving HGP control (MARINHO et al., 2012a). Consistently,
increased hepatic FOXO1 phosphorylation has also been observed following chronic
aerobic exercise in obese rodents, culminating in a reduction in the protein content of
PEPCK and G6Pase as well as in the glycemic levels of animals (MARINHO et al.,
2012a).

On the other hand, strength training has gained attention because also
provides benefits for liver metabolism, combating the deleterious effects associated
with obesity and T2DM (DOS SANTOS et al., 2019; HONKA et al., 2016; PEREIRA
etal., 2017a). Recently, regardless of the adiposity reduction, we observed that obese
mice performing 15 strength exercise sessions increased hepatic Akt phosphorylation
after insulin stimulation, culminating in better control of HGP (PEREIRA et al., 2019).
Consistently, Honka and colleagues demonstrated that older women with hepatic
insulin resistance reduced endogenous glucose production after four months in a
strength training program (HONKA et al., 2016). However, the direct effects of
strength training on the biomolecular mechanisms involved with HGP remain poorly
explored. Therefore, our study aimed to investigate the direct effects of strength
training on hepatic FOXO1 and GSK3[ activity and, consequently, on the control of

gluconeogenesis in obese mice, regardless of body composition alterations.

METHODS

Animals and diet
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In the present study, we used male Swiss mice from the Unicamp Central
Animal Facility (CEMIB) at eight weeks old. The animal experiments were carried out
respecting the Brazilian legislation on the scientific use of animals (Law No. 11.794,
of October 8, 2008). All experiments were accepted by the Ethics Committee on
Animal Use (CEUA) of Biological Sciences (UNICAMP-Campinas-SP, number 4406-
1). Animals were maintained individually in polyethylene cages with the enriched
environment as previously described (PEREIRA et al., 2019). The light switched on
at 06:00 and off at 18:00 h, the temperature was controlled at 22 + 2° C, relative
humidity maintained at 45-55%, and on-site noises below 85 decibels. One-hundred
W lamps were used during the clear period of the day (Phillips® soft white light; 2700
K; 565-590 nm; 60 lux). Mice had free access to water and conventional diet.

At the beginning of the experiment, the animals were divided into two
groups: the Control Lean group (CTL) fed a chow diet, and the Obesity group fed a
high-fat diet (HFD). After 14 weeks of exposure to HFD, the animals of the obese
group were equally redistributed according to body weight and fasting glycemia into
two groups: a) Sedentary Obese (OB), which remained sedentary throughout the
experiment; b) Strength Training Obese (STO), which performed a short-term
strength training. The high-fat diet was prepared based on the American Institute of
Nutrition (AIN-93G) guidelines (REEVES; NIELSEN; FAHEY, 1993) with an alteration
to contain 35% of fat (4% soy oil and 31% of lard) (OLIVEIRA et al., 2015).

Experimental design and training protocol

As previously described (PEREIRA et al., 2019), mice performed the short-
term strength training in a ladder with 1.5 cm distance between the steps and 70 cm
of high, with a loading apparatus that was fixed with adhesive tape across the length
of the tail of the animal, where the loads were coupled. The load apparatus was a
conical plastic tube with approximately 7.5 cm of height and 2.5 cm of diameter.

Firstly, the animals were adapted to the apparatus for 5 consecutive days.
On the first day, the animals were placed in a chamber at the top of the ladder for 60
seconds with the loading apparatus empty attached on its tail. For the first climbing
attempt, the animal was placed on the ladder at 15 cm from the entrance of the
chamber. For the second attempt, the animal has placed 25 cm away from the
chamber. For the third attempt onwards, the animal was positioned at the base of the

ladder, 70 cm away from the chamber. The attempts starting from the base of the



63

ladder and continued until the animal reaches the chamber three times without the
need for any stimulus.

Forty-eight hours after the last day of adaptation, the animals underwent
the maximal voluntary carrying capacity (MVCC) test. This is an incremental test to
determine the maximum load in which each animal can climb the entire length of the
ladder. The initial series was performed with an overload corresponding to 75% of the
animal's body weight, and an incremental load of 5 g was added at each further
attempt to climb until the animal could no longer complete the entire course. At each
successful attempt, the animal was removed from the ladder and placed in an
individual cage, where it rested for 5 minutes until the next attempt. The heaviest
overload in which the animal performed a successful climb was considered the
MVCC, and this value was used to prescribe the individual loads in the experiment.

Forty-eight hours after the MVCC determination, the strength training
protocol was initiated. The exercise sessions consisted of 20 climbing series with an
overload of 70% of the MVCC and with a rest interval of 60-90 seconds between sets.
The animals were exercised for five consecutive days per week, followed by two days
of rest, until they completed 13 sessions of physical exercise. Subsequently, mice
were submitted to the pyruvate tolerance test. After 24 hours, the animals performed

two more sessions of exercise, totaling 15 sessions, as showed in Figure 1.

2 days of strength
exercise

13 cays of
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14 weeks of obesity 5 days of
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=
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Figure 1. Experimental design. Schematic representation of the experiments. The

IpPTT and tissue extraction were performed 8 hours after the exercise session and

respecting a fast period of 8 hours.

Intraperitoneal Pyruvate Tolerance Test (ipPTT)
After the 13" exercise session, we performed the ipPTT to estimate HGP
control. The animals were submitted to 8 hours of fasting, and the test was performed
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8 hours after the end of the exercise session. The pyruvate was injected
intraperitoneally (i.p.), 2.0 g of pyruvate/kg body weight, and the blood samples were
collected at 30, 60, 90 and 120 min from the tail of the animal for blood glucose
determination. Glucose levels were determined using a glucometer (Accu-Chek;
Roche Diagnostics®). The results were evaluated determining the areas under the
serum glucose curves (AUC) during the test by the trapezoidal method (MATTHEWS
et al., 1990), using Microsoft Excel.

Tissue extraction and immunoblotting analysis

After the ipPTT, animals of STO group were submitted to two more
exercise sessions and were anesthetized i.p. by the injection of chloral hydrate of
ketamine (100 mg/kg, Parke-Davis, Ann Arbor, MI) and xylazine (10 mg/kg, Rompun,
Bayer, Leverkusen), after 8 hours of fasting and 8 hours after the last exercise
session. After the verification and assurance of the corneal reflexes, mice were
injected i.p. with human insulin (8 U/kg body wt Humulin-R; Lilly, Indianapolis, IN) or
saline. After 10 min, the liver was rapidly removed, snap-frozen in liquid nitrogen, and
stored at -80° C until analysis. Also, the epididymal adipose tissue (right side) was
removed and weighted. The liver was homogenized in extraction buffer [1% Triton-X
100, 100 mM Tris (pH 7.4), 100 mM sodium pyrophosphate, 100 mM sodium fluoride,
10 mM EDTA, 10 mM sodium vanadate, 2 mM PMSF and 0.1 mg of aprotinin/mL] at
4° C with a TissueLyser Il (QIAGEN®) operated at maximum speed for 120 s. The
lysates were centrifuged (Eppendorf 5804R) at 12.851 x g at 4° C for 15 min to
remove insoluble material, and the supernatant was used for the assay. The protein
content was determined by the bicinchoninic acid method (WALKER, 1994). The
samples containing 60 pg of total protein were applied to a polyacrylamide gel for
separation by SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were blocked with 5% dry milk at room temperature for 1 h and incubated
with primary antibodies against the protein of interest. After that, a specific secondary
antibody was used. The specific bands were labeled by chemiluminescence and
visualization was performed by photo documentation system in G: box (Syngene).
The bands were quantified using the software UN-SCAN-IT gel 6.1. The following
primary antibodies were used: anti-Phospho-Akt ser473 (4060), anti-Akt (4685), anti-
Phospho-GSK3[3 (5558), anti-GSK3B (5676), anti-Phospho-FOXO1 ser256 (9461),
anti-FOXO1 (2880) and anti-GAPDH (2118) from Cell Signaling Technology®
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(Beverly, MA), anti-PEPCK (LS-C178341) from LifeSpan BioSciences and anti-
G6Pase (sc-398155) and anti-HISTONE3 (sc-517576) from Santa Cruz
Biotechnology® (Santa Cruz, CA). The following secondary antibodies were used:
Anti-rabbit 1gG, HRP-linked Antibody (7074) and Anti-mouse IgG, HRP-linked
Antibody (7076) from Cell Signaling Technology® (Beverly, MA).

Nuclear extraction

The liver samples were removed and homogenized in STE buffer [0.32 M
of sucrose, 20 mM of Tris-HCL (pH 7.4), 2 mM of EDTA, 1 mM of DTT, 100 mM of
sodium fluoride, 100 mM of sodium pyrophosphate, 10 mM of sodium orthovanadate,
1 mM of PMSF, and 0.1 mg aprotinin/mL] at 4°C with a Polytron PTA 20S generator.
The homogenates were centrifuged (1000 x g, 25 min, 4°C), the obtained pellets were
washed with STE buffer (1000 x g, 10 min, 4°C), suspended in Triton buffer (1%
TritonX-100, 20 mM of Tris HCI 9PH 7.4), 150 mL of NaCl, 2 mM of EDTA, 100 mM
of NaF, 100 mM of sodium pyrophosphate, 10 mM of sodium orthovanadate, 1 mM
of PMSF and 0.1 mg of aprotinin/mL), kept on ice for 30 minutes, and centrifuged
(15000 x g, 30 min, 4°C). The supernatant collected is referred to as a nuclear

fraction.

Liver immunohistochemistry analysis

Liver samples were collected and fixed in isopentane for cryopreservation
at —80° C. The tissue was sliced in a Leica™ Cryostat cryostat (CM1850, Heidelberg,
Germany) to a thickness of 10 ym and placed on identified adhesion slides.

The slices of liver tissue derived from three animals in each experimental
group were subject to immunohistochemistry. Antigenic recovery was performed in a
pressure cooker (Electrolux Chef), and endogenous peroxidase activity was blocked
with 3% of hydrogen peroxide diluted in methanol for 15 minutes. Subsequently,
tissue was blocked with 3% bovine serum albumin (BSA), diluted in TBS-T (1% Triton
X-100, 100 mM of Tris, pH 7.4) for one hour and incubated with polyclonal primary
antibodies anti-Phospo-FOXO1 from Bioss (bs-3142r) diluted in 1% BSA overnight.
The following day, the sections were incubated with secondary goat anti-rabbit HRP
antibody (Santa Cruz sc-2030; 1:200) diluted in 1% BSA for 2 hours in room
temperature. The liver sections of each experimental group were evaluated through

the brownish precipitate of diaminobenzidine that was used as the chromogen
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indicating immunoreactivity (DAB diluted 1:50 for 3 minutes) and after stained with
Harris hematoxylin during five minutes. Positive and negative controls were
performed.

Samples of the liver were acquired using photomicroscope Zeiss
Axiophoto (Zeiss, Munich, Germany) at 40x magnification. The intensity of
iImmunoreactivity of p-FOXO antigens was examined in 10 fields per animal using
ImageJ software (version 1.50i), and the percentage of tissue marking was quantified

for each image.

Triglyceride assay
Hepatic and serum triglyceride (TG) contents were determined using a
commercial kit according to the manufacturer’s instructions (Laborlab®). Hepatic TG

values were normalized by total liver weight.

Bioinformatics analysis

Correlation analyses from BXD mice families (ANDREUX et al., 2012) and
enrichment analyses (WANG et al., 2017) were performed as previously described.
Databases from the liver (EPFL/LISP BXD HFD Liver Affy Mouse Gene 1.0 ST
(Augl8) RMA) and phenotypes (BXD Published Phenotypes) are accessible on

Genenetwork (http://www.genenetwork.org).

Statistical analysis

All results were presented as the mean * standard error of the mean
(SEM). The Gaussian distribution of the data was assessed using a Shapiro-Wilk test
and analyzed by Student’s t-test for parametric data to compare two groups when
necessary. We used the one-way Analysis of Variance (ANOVA) test followed by
Bonferroni's post-hoc test to compare more than two groups. Two-way ANOVA (with
repeated measures when appropriate), with Bonferroni’s correction for multiple
comparisons, was used to analyze each point of ipPTT. The level of statistical
significance was P<0.05. The construction of the graphics and the statistical analysis
were performed using GraphPad Prism 7.00.

RESULTS
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Short-term strength training reverses fasting hyperglycemia, reduces serum and
hepatic TG levels and improves HGP control, regardless of body mass and adiposity
alterations:

Initially, we observed that 14 weeks of obesity induction was efficient to
increase body mass, adiposity, fasting glucose, as well as serum and hepatic TG
levels (Fig. 2A-F). On the other hand, short-term strength training protocol was able
to reverse obesity-induced hyperglycemia, without reducing the amount of adipose
tissue (Fig. 2A-D). Besides, the strength training protocol was effective in reducing
serum and hepatic TG levels in obese mice (Fig. 2E and F).

Our next step was to evaluate whether short-term strength training was
able to improve the control of HGP in obese animals regardless of adiposity reduction.
Eight hours after the 13™ exercise training session, the animals underwent the ipPTT,
and blood glucose was assessed every 30 min for 120 min. Initially, we observed that
obesity worsened HGP control since the glycemia in the OB group was elevated at
all points during the test when compared to the CTL group (Fig. 2A). However,
animals from the STO group presented lower glycemic levels than the OB group, with
a difference in all points (Fig. 2A). Consequently, the AUC during the test was
elevated for the OB group and short-term strength training was able to reverse this
condition (Fig.2B).
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Figure 2: Physiological parameters of experimental groups. A and B) Initial and

final body mass of three experimental groups. C) Adipose tissue weight of the

epididymal region. D) Fasting glucose at the end of the experimental period. E and F)

Blood and hepatic triglycerides levels, respectively. G) Glycemic curve during ipPTT.
H) Area under the curve during ipPTT. In figure G: a=p<0.05 for CT vs OB; b=p<0.05
for CT vs STO; ¢=p<0.05 for OB vs STO. In others: *=p<0.05 vs CT; #=p<0.05 vs OB
(n = 5-6 per group). In figure G we used two-way ANOVA test with Bonferroni’s
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correction for multiple comparisons. We used one-way ANOVA followed by

Bonferroni’s post-hoc test in others.

Short-term strength training increases hepatic insulin sensitivity and GSK3(

phosphorylation:

To assess hepatic insulin sensitivity of these animals, the Akt activation
levels were evaluated in the liver after i.p. insulin injection. As shown in Figure 3,
obesity reduced p-Akts®™’3 (Fig. 3A and B). On the other hand, short-term strength
training reversed this situation, since the STO animals increased p-Aktse™73 levels
when compared to sedentary obese animals (Fig. 3A and C). Consistent with these
results, we also evaluated the activation of GSK3 protein, which is directly involved
with glycogen synthesis control. Similar to the results observed for Akt activity, obesity
decreased GSK3[%¢"™ phosphorylation in animals from the OB group, and short-term

strength training reversed this parameter (Fig. 3).
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Figure 3: Parameters of hepatic insulin sensitivity. A) Bands of proteins related to
hepatic insulin sensibility of mice from CTL and OB groups. B and C) Quantification
of hepatic p-Aktse™73 and p-GSK3Bse™ contents of CTL and OB groups, respectively.
D) Bands of proteins related to hepatic insulin sensibility of mice from OB and STO
groups. E and F) Quantification of hepatic p-Akts®™73 and p-GSK3Bs¢" contents of OB
and STO groups, respectively. Only the bands of the animals stimulated with insulin



70

were quantified. *=p<0.05 vs CT; #=p<0.05 vs OB (n = 6 per group). We used
Student’s t-testz in these analyses.

Effects of short-term strength training in FOXO1 activity and bioinformatics analysis:

Once demonstrated that Akt protein activation was increased after short-
term strength training, we investigated whether the increased Akt activation in
response to insulin would reduce FOXO1 activity. Initially, we performed western blot
analyses with an antibody anti - phosphorylated FOXO1 specific on serine residue
256 using whole-liver homogenates sample. As shown in Figure 4, obesity reduced
the p- FOXO1%¢2% (Fig. 4A and B); however, short-term strength training reversed
this situation, since the STO animals increased FOX01%°2% compared with the
sedentary obese animals (Fig. 4A and C). Furthermore, once it is known that after
being phosphorylated by Akt, FOXO1 translocate from the cell nucleus to the
cytoplasm, we performed experiments to observe the amount of FOXO1 located in
the nucleus and the cytoplasm. The OB group mice reduced the cytoplasmic FOXO1
levels and increased the nuclear FOXO1 content, indicating a greater translocation of
FOXO1 from the cytoplasm to the nucleus (Fig. 4D and E). On the other hand, animals
from the STO group increased cytoplasmic FOXO1 levels and reduced FOXO1
permanence in the cell nucleus when compared to sedentary obese animals (Fig. 4D
and F), which indicates that animals submitted to the short-term strength training
decreased FOXO1 translocation to the hepatocyte cell nucleus. Finally,
immunohistochemistry analyses confirmed these results, with the STO group
presenting higher amounts of p- FOX013¢?%6 in the cytoplasm compared to the OB
group (Fig. 4G).

Using a publicly accessible dataset from isogenic BXD mice, we correlated
the FOXOL1 levels in the liver of mice treated with a high-fat diet and the levels of
genes related to gluconeogenesis (Fig. 4l). There were significant correlations
between FOXO1 and Gsk3b, G6pc and Pck1, as well as with two phenotypes: running
distance and glycemia. These correlations highlight our hypothesis that physical
exercise (in our case, short-term strength training) could affect not only glycemia but
also gluconeogenic targets, as well as FOXO1l. Mammalian ontology analysis
highlighted the evaluated genes as involved with abnormal glycogen homeostasis
(Fig. 4J), also pointing towards strength training, as high-intensity exercise is known

to deplete glycogen levels in a potent manner (NIELSEN et al., 2011). Finally,
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enrichment analysis (Fig. 4K) added FOXO1 signaling pathway, as well as insulin

signha

ling pathway and others, indicating that a treatment that affects the evaluated

genes and ameliorates insulin sensitivity could also be affecting the FOXO1 pathway.
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Figure 4: FOXO1 phosphorylation and nuclear extrusion of CT, OB and STO

groups, and bioinformatics analysis. A) Bands of whole-liver p-FOXQ15¢2% of

mice

from CTL and OB groups (up), and OB and STO groups (down). B)

Quantification of p-FOX0O1%°2%¢ content of CTL and OB groups. C) Quantification of
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p-FOX015¢2% content of OB and STO groups. D) Bands of nuclear FOXO1 of mice
from CTL and OB groups (up), and OB and STO groups (down). E) Quantification of
nuclear FOXOL1 content of CTL and OB groups. F) Quantification of nuclear FOXO1
content of OB and STO groups. G) Immunohistochemistry analyses of the liver of OB
and STO group, magnification of 40X, bar=50um. H) Marked area with p-FOX0Q15¢256,
Only the bands of the animals stimulated with insulin were quantified. 1) Corrgram
analysis from liver mRNA of BXD mice families fed with High Fat Diet and phenotypes.
J) Mammalian Phenotype Analysis. K) Pathway Enrichment Analysis. *=p<0.05 vs
CT; #=p<0.05 vs OB (n = 6 per group in A-F; n = 3 per group in G and H). We used

Student’s t-test in these analyses.

Short-term strength training reduces the content of gluconeogenesis proteins PEPCK
and G6Pase in response to insulin:

Since short-term strength training provides improvements in HGP control,
enhances hepatic insulin sensitivity, and increases the exclusion of FOXO1 from the
nucleus, we evaluated the levels of gluconeogenesis pathway proteins that are
transcribed by FOXO1. The results show that animals from the OB group increased
the protein contents of PEPCK and G6Pase (Fig. 5A-C). In contrast, animals from the
STO group presented reduced content of these two proteins, which are crucial for

controlling hepatic gluconeogenesis (Fig. 5A-C).
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Figure 5: Gluconeogenic protein levels of CT, OB and STO groups. A) Bands of
PEPCK and G6Pase of mice from CTL and OB groups. B) Quantification of PEPCK
contents of CTL and OB groups. C) Quantification of G6Pase contents of CTL and
OB groups. D) Bands of PEPCK and G6Pase of mice from OB and STO groups. E)
Quantification of PEPCK contents of OB and STO groups. F) Quantification of
G6Pase contents of OB and STO groups. Only the bands of the animals stimulated
with insulin were quantified. *=p<0.05 vs CT; #=p<0.05 vs OB (n = 6 per group). We

used Student’s t-test in these analyses.

DISCUSSION

Obesity is closely associated with hepatic insulin resistance, which is one
of the major phenomena responsible for fasting hyperglycemia and T2DM origin
(PETERSEN; SHULMAN, 2017; TILG; MOSCHEN; RODEN, 2017). Thus, it is of
great importance to identify new strategies to increase hepatic insulin sensitivity and
to reduce hepatic gluconeogenesis. Here, we demonstrated that strength training
could increase hepatic insulin sensitivity, resulting in greater GSK3 phosphorylation,
increasing FOXO1 translocation from nucleus to the cytoplasm, which in turn reduces
its activity and leads to a decrease of PEPCK and G6Pase. Thus, the HGP control
has been improved in trained animals, culminating in the reduction of fasting
hyperglycemia. Interestingly, these results were observed regardless of reduction in
animals adiposity.

Aerobic training has been pointed as an efficient tool to combat obesity-
associated liver metabolic complications (CHANG et al., 2006; MARCINKO et al.,
2015; SARGEANT et al., 2018a; SHAH et al., 2009). Obese mice that performed
aerobic swimming training for 8 weeks reduced the glycemic levels during ipPTT
when compared to sedentary obese animals (MARINHO et al., 2012a). It has been
recently shown that aerobic treadmill training prevents the reduction of Akt
phosphorylation in the liver of HFD-induced obese mice (MUNOZ et al., 2018a).
Moreover, a recent meta-analysis concluded that aerobic training is an efficient
strategy for increasing hepatic insulin sensitivity in overweight and obese subjects,
being considered an important tool in T2DM treatment (SARGEANT et al., 2018a).
On the other hand, despite the growing evidence that strength training has a
protective effect against metabolic disorders (KLIMCAKOVA et al., 2006; PEREIRA
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et al., 2017a), its effects on HGP mechanisms in obesity and T2DM remains poorly
investigated. As commented above, in the present study we found that obese mice
submited to short-term strength training increases liver Akt phosphorylation after
insulin stimulus, reverting the obesity-induced hepatic insulin resistance. Thus, we
can affirm that strength training can be a good tool to improve the insulin action in the
liver in obese state.

As previously described, one of the main functions of insulin in the liver is
to provide GSK3B phosphorylation and inactivation by mechanisms dependents of
Akt activation, thereby increasing GS activity and initiating glycogen synthesis
(PERRY et al., 2014). Thus, GSK3[ activity has been described as a determinant in
the genesis of complications associated with insulin resistance (NABBEN;
NEUMANN, 2016; RAO et al., 2007). In their study, Rao and colleagues observed
that the use of L803-mts (highly specific peptide inhibitor of GSK3) improved glycemic
homeostasis and reduced hyperinsulinemia and hyperleptinemia in obese mice (RAO
et al., 2007). Coherently, overexpression of constitutively activated GSK3f increased
the degradation of key proteins for insulin signal transduction in hepatocytes, while
inhibition of GSK3 kinase activity provided the opposite effect (LENG et al., 2010).
Finally, obese and insulin-resistant animals decreased hepatic GSK3[3
phosphorylation in response to insulin (MARINHO et al., 2012a). Also, aerobic training
was effective in reversing this situation, culminating in an increase in hepatic glycogen
(MARINHO et al., 2012a). Herein, we demonstrated that 15 strength exercise
sessions were able to augment GSK3[ phosphorylation, which is a new biomolecular
mechanism whereby strength training can provide benefits for hepatic glycemic
metabolism, regardless of the reduction in body fat.

On the other hand, FOXO1 is known as a crucial protein for general
metabolic control and hepatic gluconeogenesis, being activated under fasting
conditions and inactivated by Akt-mediated phosphorylation (LU et al., 2012; PERRY
et al.,, 2014). Furthermore, mice with liver-specific deletion of both Aktl and Akt2
showed nuclear FOXOL1 hyperactivation, followed by severe hyperglycemia, glucose
intolerance, and hyperinsulinemia. In contrast, FOXO1 deletion in the same animal
model reversed these metabolic complications (LU et al., 2012). Xiong and colleagues
demonstrated that, after being exposed to HFD for 3 months, mice with deletion of
hepatic FOX0O1/3/4 were protected from T2DM, since they were normoglycemic and

with greater insulin sensitivity than their wild type controls (XIONG et al., 2013). On
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the other hand, mice overexpressing FOXO1l in the liver show increased
gluconeogenesis, followed by glucose intolerance and fatty liver accumulation (QU et
al., 2006). Thus, several studies have been conducted aiming to identify strategies to
reduce FOXO1 activity in the liver (LANGLET et al., 2017; PAJVANI; ACCILI, 2015).
Recently, Langlet and colleagues identified several FOXO1 inhibitors (LANGLET et
al., 2017); however, the applicability of these inhibitors has some limitations: 1) the
use of inhibitors has an undesirable side effect of increasing TG synthesis; 2)
pharmacokinetic properties preclude their application in vivo. In contrast, we observed
that strength training is an efficient strategy for reducing FOXO1 activity, ameliorating
not only HGP and glycemia but also serum and hepatic TG levels.

Based on the fact that FOXO1l acts as a transcription factor for
gluconeogenic genes (PUIGSERVER et al., 2003), the increase in its nuclear
extrusion provided by strength training has resulted in a reduction of PEPCK and
G6Pase protein contents, regardless of changes in the amount of adipose tissue.
Several other studies that evaluated the effects of aerobic training in obese animals
had already shown similar results. After 8 weeks of treadmill training, Chang and
colleagues observed a significant reduction in PEPCK expression in obese Zucker
rats, with a reduction in obesity-induced hyperglycemia (CHANG et al., 2006).
Similarly, 8 weeks of swimming reversed the elevation of both PEPCK and G6Pase
in the liver of HFD-fed swiss mice (Marinho et al., 2012). However, despite an
increase in hepatic Akt phosphorylation in response to insulin after short-term strength
training in obese mice (PEREIRA et al., 2019), the mechanisms involved in HGP
control had not been investigated. Thus, for the first time, we highlighted that strength
training could increase FOXOL1 translocation from the nucleus to the cytoplasm,
reducing the content of PEPCK and G6Pase and consequently reducing the
hyperglycemia of obese and diabetic animals. Again, these positive results occurred
regardless of adiposity reduction. Furthermore, even though mice lacking hepatic
G6Pase have Glycogen storage disease type la and hepatocarcinoma (MUTEL et
al., 2011), it has recently been shown that G6Pase partial reduction protected the
mice against gains in adiposity and aging-related insulin resistance (KIM et al., 2015).

In summary, short-term strength training improved hepatic insulin
sensitivity, culminating in increased Akt activation and, consequently, in greater
GSK3p inactivation and FOXO1 nuclear extrusion. Thus, PEPCK and G6Pase levels

were reduced, improving HGP control (Fig. 6). These phenomena were observed
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regardless of body adiposity reduction, which is a new straight mechanism by which
strength training becomes an important strategy in combating hyperglycemia and

hypertriglyceridemia associated with obesity and T2DM.

*Insert Figure 6 here.
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Figure 6: Role of short-term strength training on glucose metabolism in the
liver, independent of body weight change. The diet-induced obesity led to hepatic
liver resistance in mice, providing hyperglycemia and reduction in the control of HGP,
reducing AKTse73 GSK3B%e™ and FOXO1%¢2%6 phosphorylation. Thus, FOXO1 was
maintained in the cellular nucleus, inducing an increase in PEPCK and G6Pase
levels. However, short-term strength training restored liver insulin sensitivity,
increasing the FOXO1 nuclear extrusion and the control of HGP. FOXO1: Forkhead
box protein 1; G6Pase: Glucose- 6-Phosphatase; GS: Glycogen Synthase; GSK3p:
Glycogen Synthase Kinase-3B; IR: Insulin receptor; HGP: Hepatic glucose

production; PEPCK: Phosphoenolpyruvate Carboxykinase.
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4.3 ARTIGO 3

Embora ja bem-descrita a participagédo da proteina FOXO1 no controle da
producdo hepatica de glicose, mais uma proteina vem ganhando destaque nesse
contexto: a proteina Piruvato Carboxilase (PC), que atua no inicio do processo de
gliconeogénese e tem sua atividade aumentada no figado de diabéticos. Portanto,
nosso préoximo estudo teve como objetivo investigar os efeitos do treinamento de

forca de curta duracéo sobre os niveis de PC no figado de camundongos obesos.
Artigo publicado em The Journal of Endocrinology:
PEREIRA, R. M. et al. Strength exercise reduces hepatic pyruvate carboxylase and

gluconeogenesis in DIO mice. The Journal of Endocrinology, v. 247, n. 2, p. 127—
138, nov. 2020.
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Abstract

Obesity Is linked to a reduction In the control of hepatic glucose production, which Key Words
15 the pnmary mechanism related to fasting hypergiycemia and the development of
type 2 diabetes maliitus (TZDM). The main system involved in hepatic gluconeogenesis

strepgth training
ruvate cabaxylase

W WY

synthesis is controlled by pyruvate carboxylase (PC), which increases in obesity obasity
condivons. Recently, we showed that short-term strength training is an important tool ver
against obesity-induced hyperglycemia. As aerobic exercise can reduce the hepatic PC T2DM

content of obese animals, we hypothesized that strength exercise can also decrease
this gluconeogenic enzyme. Tharefore, this study investigated whether tha metabolic
benefits promoted by short-term strength training are related to changes in hepatic PC
content. Swiss mice were divided Into three groups: lean control (Cil), obese sedentary
{ObS), and obese short-term stréngth training [STST). The STST protocol was performed
through one session/day for 15 days. The obese exercised animals had reduced
hyperglycemia and Insulin resistance, These results were related to better control of
hepatic glucose production and bepatic insulin sensitivity, Our bioinformatics analysis
showed that hepatic PC mRNA levels have positive carrelations with glucose levels and
adiposity, and negative correlations with locomotor activity and muscle mass. We also
found that hepatic mRNA levels are related to lipogenic markers in the Hver. Finally,

we observed that the obese animals had an increasad hepatic PC level, however,

STST was efficient in reducing its amount, In conclusion, we provide insights into naw
biomolecular mechanisms by showing how STST Is an efficient tool against obesity-
related hyperglycemis and T20M, even without body weight changes.
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Introduction

De oo synithesis of glucose from glyean precussors (non-
sugars or non-carbohydrates), such as lactate, amino
acids, and glycerol, Is defined as gluconeogenesis, This
synthesis is controlled by the liver and the cortex of the
kidneys and is important for the maintenance of glycemic
homeostasis, mostly under fasting conditions (Zhanyg
o al. 2018). Due to insulin resistance, obese individuals
present uncontrolled hepatic gluconeogenesis; thus, any
derangement in this endogenous glucose production may
contribute to the maintenance of fasting hyperglycemia
and, consequently, to the development of type 2
diabetes mellitus  (12DM)  (Magnusson e al. 1992,
Gastaldelll er al. 2000, Basu et al. 2005). Therefore, It is
of paramount importance to understand the mechanisms
that underlie hepatic gluconeogenesis for the treatment
and prevention of T2DM, providing new perspectives
for glycemic control, since most of the current strategies
are based on modulating insulin secretion and reducing
insulin resistance.

Initially, there are mainly two mechanisms for hepatic
gluconeogenesis to occur. First, inside the mitochondria,
the main mechanism is controlled by the enzyme pyruvate
carboxylase (PC), which forms oxaloacetate (OXA) from
the carboxylation of pyruvate and provides substrate for
the second step to start. In the cytosol, the gluconeogenic
enzymes phasphoenolpyruvate carboxykinase (PEPCK)
and  glucose-6-phosphatase  (GHPase)  continue  the
synthesis of a new glucose molecule from the OXA
generated by the PC (Weber & Cantero 1954, McGilvery
& Mokrasch 1956, Utter & Keech 1960). In 2001, the
enzymes PEPCK and GaPase were listed as the main ones
responsible for increasing hepatic gluconeogenesis {Yoon
e al, 2001), However, in 2009, it was shown that fasting
hyperglycemia was not associated with these enzymes
in humans (Samuel of al. 2009), highlighting that more
attention should be directed to the role of PC in the liver
gluconcogenesis process (Jitrapakdee ef al. 2008), This is
because PC, by providing the substrate, is an indispensable
enzyme for gluconeogenesis,

Gluconeogenesis, hepatic glucose production (HGP),
and hepatic 'C might be regulated by an indirect effect
of insulin on suppressing white adipose tissue (WAT)
lipalysis, which in turn decreases hepatic acetyl-CoA (an
allosteric activator of PC), Jeading to reduced hepatic
PC (Perry ef al, 2015), On the other hand, high fat-fed
rats showed insulin resistance in WAL and increased PC
activity; however, when these animals were treated with
atglistatin, an inhibitor of adipose triglyceride lipase,

they showed normalized hepatic acetyl-CoA content, PC
activity, and HPG (Perry ef ol. 2015), An elegant study
showed that diabetic animals have around 2.5 times more
PC than control lean animals (Weinberg & Utter 1980).
In 2013, Kumashiro and collaborators showed that obese
animals had increased hepatic PC leveds and, after reducing
Its synthesis (using a specific antisense oligonucleotide -
ASQ), it was possible to observe an improvement in insulin
sensitivity, 4 reduction in endogenous glucose production,
and, consequently, a reductlon in hyperglycemia In
obese rodents (Kumashiro ¢f al. 2013). Furthermore, the
authors showed that the relative hepatic PC levels were
directly correlated with serum glucose and  glycated
hemoglobin levels in humans (Kumashiro of al, 2013),
uniike the association of PEPCK and GéPase with serum
glucose (Samuel of @l. 2009), Therefore, as PC has been
highlighted as the main molecule involved in hepatic
gluconcogenesis, studies alming to reduce its activity
are crucial in trying to control fasting hyperglycemia in
diabetic subjects.

In this context, it is known that the regular practice
of acrobic exercise is an important non-pharmacological
tool that assists In the contyol of fasting hyperglycemia,
Munoz and colleagues showed that an S-week aerobic
training  protocol  decreased  body  weight,  fasting
hyperglycemia, and hyperinsulinemia in obese mice, as
well as improving insulin signaling. Interestingly, these
data were accompanied by a reduction in hepatic PC
levels (Munoz ¢f ai. 2018). On the other hand, the effects
of strength physical exercise and body weight changes on
PC levels were not addressed. Recently, we verified that
4 short-term strength exercise protocol reduced HGH,
amellorating glycemic homeostasts without body weight
chinges (Pereira et al. 2019). However, It was not described
whether this Improvement in glucose metabolism is
linked to PC levels. Therefore, the present study evaluated
the effects of short-term strength exercise on the hepatic
PC levels and glucose homeostasis of diet-induced obese
(DIO} mice, with no differences in body adiposity.

Material and methods

Animals and diet

All the animal procedures were previously approved by
the Ethics Committee on Animal Use (CEUA) in Blological
Sciences (UNICAMP - Campinas - SP, case number 4406-1)
and carried out sccording to the Brazilian legistation
on the scientific use of animals (Law No. 11,794, of
October 8, 2008). In the present study, 8-week-old male
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Swiss mice were used, provided by the Multidisciplinary
Center for Biological Research/UNICAMP. The animals
arrived at 4 weeks old and were maintained in individual
polyethvlene cages with an enriched environment as
previously described (Perelra et al, 2019), Briefly, animals
were kept with a ratio of 12 h light:12 h darkness, the
temperature was controlled at 22 £ 2°C, and water and
food (chow or high-fat diet) were offered ad libitum. More
details about animal conditions were published before
(Pereira ot al, 2019).

The first step of this study was to Induce obesity
through diet, and at this point, the animals were
distributed into two groups: control lean group (Ctl), fed
4 chow diet, and DIO group, fed a high-fat diet (HFD),
The diet-induced obesity protocol lasted 14 weeks,
and for the second step of this study, the obese group
was equally redistributed according to the mice’s body
weight and fasting glycemia into two groups: (1) obese
sedentary (ObS), consisting of obese mice that remained
sedentary throughout the experiment, and (2) short-
term strength training (STST), consisting of mice that
performed the strength training protocol, The HFD was
prepared according to the American Institute of Nutrition
(AIN-93G) guidelines (Reeves o al. 1993), and it was
mudified to contain 35% fat (4% soy oil and 31% lard)
(Oliveira ef al. 20151

Short-term strength training protocol

The short-term strength training protocol was already
published in detail by our rescarch group {Pereira of al,
2019). Briefly, the protocol was performed on a ladder
where the mice carried the load apparatus fixed with
adhesive tape to their tails, Before the strength training
protocol, the animats were adapted to the ladder and load
apparatus for § consecutive days,

AMter the adaptation protocol, the mice rested for
48 . Then, the rodents were subjected to the maximal
voluntary carrying capacity (MVCC) test to determine the
maximum load with which each animal could climb the
entire length of the ladder. The load for the first attempt
at the MVCC test was equivalent to 75% of the animals’
body weight. In the subsequent attempts, an incremental
overload (5 g) was added in each further attempt to climb
until the animal could no longer complete the entire
course. The mice rested for 5 min in an individual cage
between cach attempt, and the heaviest overload carried
in the last successtul attempt was considered the animal's
MVCC, and this value was used to prescribe the individual
loads in the experiment.

The short-term strength training protocol started 48
h after the MVCC determination. The STST consisted of
20 climbing series with an overload of 700 of the MVCC
and with a rest Interval of 60-90 s between sets, The mice
were exercised for § consecutive days a week, followed by
2 days of rest, until they completed 13 sesslons of physical
exercise. After that, the mice underwent the pyruvate
tolerance test or insulin tolerance test, and after 24 b, the
animals performed two more training sessions, totaling
15 sesslons, and then they were euthanized (Fig. 1).

Insulin tolerance test (ITT) and intraperitoneal
pyruvate tolerance test (ipPTT)

Eight hours after the end of the 13th exercise session,
some of the animals were subjected to the ITT and the
rest were subjected to the [pPTT, after 8 b of fasting, For
the ITT, the mice received an intraperitoneal injection of
recombinant human insulin (Humulin R) from i Lilly at a
concentration of 1.5 U/kg of body weight. Blood samples
were collected from the tail at 0, 5, 10, 15, 20, 25, and 30
min to determine the glycemic levels using a glucometer
(Accu-Chek: Roche Diagnostics), Time 0 was measured
before the insulin injection. The rate constant for plasma
plucose disappearance (KITT) was calculated using the
formula 0.693/brological half-dite (t, .0, Masma glucose t,
was calculated from the slope of the least squares analysis
of the serum glucose concentration during the linear decay
phase (Bonor ¢f al, 1989). For the ipl'TT, the animals were
subjected to an intraperitoneal injection {i.p.) of pyruvate
(2 why of sodium pyruvate) (Azis Cientifica®, Cotia, ST,
Brazii). The blood samples from the animals were drawn
from the tail before the pyruvate injection, which was
considered as timie 0, and 30, 60, N, and 120 min after the
injection to determine the blood glucose concentration,
The ITT ancd ipPTT results were evaluated based on the
areas under the serum glucose curves (AUC) during the
test using the trapezoidal method (Matthews ef al. 1990)
In Microsoft Excel (2013) (Mlcrosoft Corporation).

Tissue extraction and immunoblotting analysis

T'he euthanasia was performed 8 b after the 15th exercise
session, and during those § b the animals were also
fasted. Ten minutes before the euthanasia, the animals
recefved either human Insulin (8 U/kg body welght
Humulin-R; Lilly) or saline via L.p. The animals were
anesthetized via ip, by the injection of chloral hydrate
of ketamine (100 mg/ky, Parke-Davis, Ann Arbor,
ML, USA) and xylazine (10 mg/kg, Rompun, Bayer),
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and after verification and assurance of the lack of corneal
reflexes, the liver was collected and rapidly snap-frozen
in Hquid nitrogen and stored at -80°C until analysis. The
epididymal and retroperitoneal adipose tissue (right side)
were removed and weighed to measure the fat depots,
The Hver was homogenized in extraction buffer (1%
Triton-X 100, 100 mM Trs (pH 7.4), 100 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA,
10 mM sodium vanadate, 2 mM PMSE and 0.1 mg
aprotinin/ml) at 3°C with a TissueLyser 11 (QUIAGEN®)
operated at maximum speed for 120 s The lysates were
centrifuged (Eppendof S804R) at 12,851 g at 47°C for 15
min to remove Insofuble material, and the supernatant
was used for the assay. The protein content was
determined by the bicinchoninic acd method (Walker,
1994). The samples containing 60 pg of total protein
were applied to 4 polyacrylamide gel for separation by
SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were blocked with 5% dry milk at
mom temperature for 1 h and incubated with primary
antibodies against the protein of interest. After that, a
specific secondary antibody was used. The specific bands
were labeled by chemiluminescence, and visualization
was performed by the G:BOX photodocumentation
system (Syngene), The bands were quantified using the

tolerance test (ITT], intrapesitonea pyruvate
toderance test [IpPTT), and Ussus exiraction wers
performed 8 1 after the oxercee session and 8 1
of fasting. (B) Pipeline schematic dezonbing the
Seps pecformed

Image] 1.51s software, The primary antibodies used were:
anti-Phospho-Akt serd73 (4060), antl-Akt (4685), and
anti-flactin (3700) from Cell Signaling Technology®, and
anti-PC (sc271493) trom Santa Cruz Biotechnology*.
The secondary antibodies used were anti-rabbit and anti-
mouse, from Cell Signaling Technology® . More detalls
about the antibodies used can be found in Supplementary
Table 1 (see section on supplementary materials given at
the end of this article),

Reverse transcription and quantitative polymerase
chain reaction (RTqPCR)

Total RNA was extracted from the tissues using the TRIzol
methodology (Invitrogen). ThecDNAwassynthesized using
the High Capacity cDNA RT Kit (Thermo Fisher Scientific),
The gPCR was performed using SYBR Green PCR Master
Mix (Applied Blosystems), The following primers were
evaluated; PC - forward: GACGGCGAGGAGATAGTGTC;
revense: CATGGACTGTTOGGAACTTCA and
Acth  ~  forward:  TGTCGAGTCGCGTCCA:  reverse:
TCATCCATGGCGAACTGGTG (used as the normalizing
gene). Samples for this reaction, in triplicate, were made
in a 96-well plate (MicroAmp, Applied Biosystems) for
amplification and reading in the Step One Mus Real-Time
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PCR System {Applied Biosystems), The primers used were
designed using the Primer-BLAST software (NCBI),

Biolnformatics analysis

All the data used In this blolnformatics analysis were
provided by  GeneNetwork  (https/ fwww.genenetwork,
org/) using the EPFL/LISP BXD €D Liver Aty Mouse Gene
1O ST (Aug 18) data set. The Pearson’s correlation was
calculated using Prism (8.0.1) GraphPad Software with
phenotypes provided by previous experiments available
in GeneNetwork (Philip ef al, 2010, Andreux ef al. 2012,
Williams ¢ al. 2016) and heat maps were made using the
Morpheus  soltware  (hitpss/ Ssoftware broadinstitute.org/
morpheus/). To better describe the bioinformatics analysis,
a pipeline illustration was drawn and can be found In
Fig. 1B, Bricfly, the same data set was used to devise
the correlations and the heat map. The PC levels were
correlated with phenotypes related 1o body compasition,
glucose metabolism, and locomotor activity. Moreover, to
make the heat map, all data used were distributed in values
between O and § using the z-score distribution method, and
then the data were organized In ascending order and the
three lowest and highest values of the first row (locomotor
activity or fal mass) were used lo create the heat magp.
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Figure 2

Statistical analysis

The results were shown as the mean + s, The Shapiro-
Wik test was used to evaluate the Gaussian distribution of
the data, and Student’s &-test was used to compare the two
groups with parametric data when necessary. Furthermore,
to compare more than two groups, the one-way ANOVA
test was performed, followed by Bonferroni's post hoc
test. To analyze the points of the ITT and ipPTT, the two-
way ANOVA (with repeated measures when appropriate}
was used, with Bonferroni’s correction for multiple
comparisons. The statistical significance level considered
wis ' < 0.05. The graphics were created and the statistical
analysis pertormed using Prism (7.00) GraphPad Software.

Results

Short-term strength training reduces blood glucose
levels and increases insulin sensitivity in obese mice,
even without changes in body adiposity

After obesity induction with a HFD, the animals in the ObS
group presented increased body mass, fasting glycemic
levels, and body adiposity compared to the Cil animals
(Fig. 2ZA, B, C and D), However, after 15 strength training
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Priysiogical parameters of axperenental roups. (A) Body weiht o Deginmeng of HiD, before and altee STST peotocd, (B and C) Weight of epididymal
and retropentoneal fat, respectively. (D) Fasting ghutose levels after B b of fasting. (£) Glucose levels durng ITT. (7} Area under the curve during ITT.(G)
Rute coratant for plasme gucose disappearance. In A and E: 40 < 005 for O vs COS, 2 < 0,05 for CO v STST <P <005 lor CHS w STST mBE C 0, F, antd
G AP« 005 v Cr “P < 0,05 vs OBS (n =& per group)
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sesslons, the animals in the STST group showed identical
fasting glveemic levels to the Ctl group, even without
changes in body composition (Fig. 2A, B, Cand D). After
insulin injection, the animals in the ObS group showed
higher glycemic levels and impaired KITT compared to the
Ctl group, reinforcing the insulin resistance status in these
animils (Fig. 2E, F and G). But the STST group showed the
same pattern as the lean animals, with no difference in
the AUC and KITT (Fig. 2E, I and G). More details about
Fig. 2 can be found in Supplementary Figure 2,

Obese trained animals showed increased hepatic
Insulin sensitivity and better control of HGP
compared to sedentary obese animals

In the next step, the effects of obesity and short-term
strength training were checked using parameters related
to hepatic insulin sensitivity and control of HGP. Eight
hours after the 13th strength training session, the animals
from the three experimental groups were subjected to the
1pPTT, recelving an Intraperitoneal Injection of pyruvate
solution and having their glycemic values checked every

30 min, from O to 120 min into the experiment, As shown
in Fig, 3A, the animals in the ObS group showed increased
glycemic values compared to the animals in the Cl group
throughout the 120 min of the test. However, the animals
In the STST group showed a reduction in these values at
all points, Consequently, the AUC during the test was
higher for the ObS group compared to the other two
groaps, while the STST group showed no difference from
the Ctl group (Fig. 3B).

To assess the hepatic insulin sensitivity, we measured
hepatic pAkt<d7 levels after an Intraperitoneal Insulin
Injection, since Akt activation Is a critical step of the
insulin-signaling pathway in the liver (Kubota et al, 2017),
We observed that the ObS group animals had significant
hepatic insulin resistance, with reduced levels of pAkt=rs’
even without changes in total Akt levels (Fig. 3C, D and
E). On the other hand, the trained animals presented
increased Akt levels and phosphorylation compared to
the animals in the ObS group (Fig. 3F G and H), showing
that STST is a new strategy 1o increase hepatic insulin
sensitivity in obese animals. More details about Fig. 3 can
be found in Supplementary Figure 3,
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Bioinformatics analysis and effects of obesity and
short-term strength training on hepatic PC levels

To check the relevance of PC in overall metabolic control,
we first evaluated the correlation between hepatic PC

levels and several phenotypes using a public database
with & large panel of isogenic BXID mice strains, We
found that the expression of this PC gene was positively
correlated with glucose levels, fat mass, and peritoneal
WAT, revealing the harmful effects of obesity on PC levels
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(Fig. 4A, B, C, D and E). On the other hand, the PC
expression was negatively  correlated with locomotor
activity and muscle mass, indicating that physical activity
might be an alterative to reduce PC levels. Moreover,
the first heat map (Fig. 4F) shows that with an Increase
In locomotor activity, both PC expression and lipogenic
genes (Fasn and Srebpfl) decrease. In contrast, the
opposite effect is shown in the second heat map, where
the expression of those genes increases with the highest
fat mass levels.

Finally, we Investigated whether obesity and STST
can change PC levels in mice hepatocyvtes. Initially, we
observed that obesity incressed the hepatic PC protein
levels of obese mice (Fig. 4H and 1), even without
changing the mRNA levels of PC (Fig. 4G). In contrast,
after 15 sesstons of strength tralning, the trained animals
presented reduced PC protein fevels (Fig. 4K and L), also
without changes in PC mRNA levels (Fig. 47). More details
about Fig. 4 can be found in Supplementary Figure 4.

Discussion

Insulin resistance is  indicated as the main  factor
responsible for the onset of T2DM and cardiovascular
diseases related to hyperglycemia (Patel & Goyal 2019),
By 2050, 1t is estimated that 33% of the US population
will be diagnosed with insulin resistance, and it will be
one of the main causes of death (Bovle e al. 20010), In this
context, hepatic insulin resistance plays a fundamental
e in bepatic glucose production (HGP), since it is
known that the fallure of insulin to Inhibit HGP is a
crucial factor in the perpetuation of hyperglycemia in
diabetic patients (Magnusson ¢f al, 1992, Petersen &
Shulman 2017). Several studies demonstrate that obesity
is strongly associated with hepatic insulin resistance,
and despite the significant advances of medicine (Tilg
et al. 2017, Foretz et wl. 2019), lifestvle changes such as
physical training, leading to increased energy expenditure
and reduced body adiposity, are still the most promising
interventions with the best results (Bacchi «f al. 2013,
Sargeant ef al. 2018, Pereira o al. 2019). However, the
biomolecular mechanisms involved In the increased
hepatic Insulin sensitivity in obese patients provided
by physical exercise remains poorly understoed, In the
present study, we demonstrated that a short pertod of
strength training was able to increase insulin senstivity
and hepatic Akt phesphorylation in response to insulin
in obes¢ mice, culminating in the improved control of
HGP and normalization of fasting blood glucose levels,

Furthermore, we also showed that the training reversed
the increment in hepatic PC content induced by obesity,
indicating & new mechanism by which strength training
can be dlassified as an essential strategy against hepatic
Insulin resistance. Another Important point of our study is
that we did not ebserve any reduction In fat deposits after
the exercise protocol, showing that the aforementioned
effects were directly caused by the training, and were not
side effects related to the decréase in body adiposity after
the long-term exercise protocol.

Previowsly  to short-term  strength  training, the
animals were subjected to DIO. We observed that the
sedentary obese animals showed an increase in both body
mass and body adiposity, providing an increase in fasting
glucose. However, after 15 sessions of strength training,
the glycemic values of the trained animals retumed to
normal Jevels, showing no difference from the lean
animals, thus corroborating data previously found both
in rodents subjected to the same conditions (Pereira ef al.
2019) and in women with liver insulin resistance who
performed strength training for 4 months (Honka ef al.
2016). We also observed that the animals in the ObS group
showed reduced Insulin sensitivity, with higher glycemic
levels and less glucose uptake after intraperitoneal insulin
injection, as iy well described in the literature (Oliveira
of al. 2015, Roden & Shulman 20191 Previous studies
have already shown that strength training can be an
important tool against obesity-associated insulin resistance
(Klimcakova et al. 2000, Tang ¢t al. 2014). After 8 weeks of
strength training, obese rats showed both an improvement
in insulin action and higher glucose tolerance, assessed by
the iplTT and oral glucose tolerance test, respectively (Tang
ef al, 2014). Similar, data were found in a study involving
obese male subjoects that showed Increased Insulin
sensitivity in the euglycemic-hyperinsulinemic  clamp
after 3 months of dynamic strength training (Klimcakova
e al. 2006). In the present study, we showed that a short
pertod of strength training is also able to Increase insulin
action in obese mice, providing higher glucase uptake and
reversing hyperglycemia,

Simifarly, the trained animals also showed more
activation of Akt and better control of HGE' compared to
the animals in the ObS group, reversing obesity-induced
liver insulin resistance, There are already a large number
of studies showing that acrobic training provides several
henefits to the liver in obesity conditions (Pereira ef al,
2017, Sargeant e al. 2018), After 8B weeks of swimming,
obese mice showed higher phosphorylation of hepatic
Akt after Insulin Injection, wso with reduced fasting
glycemia and Independently of any adiposity reduction
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(Marinho ¢tal, 2012), The authors also observed improved
control of HGP in the trained animals, with lower
glycemic valuees at all points in the ipl Il (Marinho et al.
2012). A recent meta-analysis Involving 94 participants
from six different studies showed that acrobic training
can Increase Insulin action In the liver of overweight
subjects (Sargeant ef al. 2018), Another important finding
was that strength training also provided an increase in
total AKXt levels, It is widely demonstrated that despite
the lower activation of Akt In the liver of obese anlmals
with non-alcoholic fatty liver discase (NAFLD), their total
protein levels remain unchanged (Xiao of al. 2018, Xu
et al, 2020}, Similarly, several studies using obese rodents
subjected to aerobic exercise have not observed changes
in Akt levels, not even after an acute session (Ropelle
et gl 2009) such as long-term acrobic training (Oliveira
el al, 2011, Munoz et al, 2018), However, in the present
study, the animals subjected to the short-term strength
training protocol showed an increase in total hepatic Akt
content, revealing another mechanism by which strength
training contributes to an increase in insulin action in
NAFLD. However, despite the Initial evidence showing
that strength training provides significant metabolic
improvements in obesity conditions (Klimeakova ef al,
2006, Peveira ef al. 2017), the mechanisms refated to these
benefits remain poosly explored.

Recently, our research group demonstrated that after
15 sesstons of strength training, obese mice showed
reduced hepatic lipogenesis, fatty acid synthase (FAS), and
acetyl-CoA carboxylase (ACC) contents, and increased
ACC phosphorylation, suppressing their lipogenic activity
(Peseira ef @i, 2019). Thus, the hepatic lipid content was
reduced, Increastng insulin action and the control of
HGP. However, the mechanisms that control hepatic
gluconeogenesis in these animals have not been explored,
We suggest that short-term strength training can provide
better control of HGE, reducing hepatic PC content. As
previously discussed, P'C is known to be an essential
protein in HGP control, mediating the conversion of
pyruvate to OXA and initiating gluconcogencsts (Utter
& Keech 1960). Rumashiro and colleagues ohserved
that HFD-induced obesity increased hepatic PC content,
although their transcripts did not change (Kumashiro
et al. 2013), However, the use of ASO to reduce PC
expression concomitant with a HFD provided better
control of HGP in rodents, since they showed reduced
wlycemic values at all points during the ipPPTT, increased
Akt phosphorylation, and lower basal endogenous glucose
production, confirming the relevant participation of PC
in maintaining healthy blood glucose levels (Kumashiro

ef al, 2013), Similarly, our bioinformatics analysts, which
includes a Jarge panel of isogenic BXD mice strains,
revealed that mice with higher hepatic /C transcription
had elevated glycemic values during a glucose tolerance
test, thus corroborating our data showing increased PC
levels and Impaired [nsulin sensitivity in sedentary obese
mice. Furthermore, our bioinformatics analysis also
demonstrated # strong negative correlation between O
levels and both locomotor activity and muscle mass, two
phenotypes commonly assoclated with physical exerclse
(Ross et al, 2019), thus reinforcing our hypothesis that the
metabolic benefits provided by strength training could be
mediated by mechanisms involving PC,

Finally, we assessed whether strength training was
able to alter the protein content of hepatic PC, Munoz
and colleagues demonstrated that acrobic exercise can
lead to an improvemnent in the hepatic metabolism of
abese rodents by reducing PC levels (Munioz e al. 2018),
However, the effects of strength training in this context
and without changes in body adipose remain unexplored.
In the mitochondria, when there Is an excess of energy,
high levels of Acetyl-CoA activate PC and stimulate the
conversion of pyruvate to OXA to inltiate the formation
of a new glucose molecules. When there are high levels
of mitochondrial NADH, the mitochondrial malate
dehydrogenase converts OXA to malate so it can be carried
to the cytoplasm, Then, In the reduction process (NAD* to
NADH), cytosolic malate dehydrogenase converts malate
Into OXA again (Jitrapakdee ef al, 2008). Furthermore, this
cytoplasmic OXA bs converted 1o phosphoenolpyruvate
by PEPCK and, after passing through a reverse glycolysis
process, the Go6Pase enzyme is able to remove a
phosphate group from the glucose-6-phosphate molecule,
facilitating Its access to the circulatory system (Weber
& Cantero 1954), In the present study, it was possible
to observe that only 15 strength exercise sessions were
sufficient to reduce the HGP of obese animals. According
to the data obtained In this study, we suggest that this
Improvement In the animals” fasting hyperglycemia
was mediated by the reduction in PC levels, Because
the exercised obese animals showed a reduction in PC
content, consequently, it is estimated that there was o
reduction in the intracellular OXA levels and, then, lower
substrate avallability for gluconeogenesis, Nevertheless,
these animals showed an improvement in hepatic insulin
sensitivity, which may have favored the attenuation
of PEPCK and GAPase synthesis, thus contributing to a
reduction in gluconeogenesis.

Therefore, we provide fresh evidence about a new
mechanism by which strength training acts against
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metabolic complications. As already  aforementioned,
previous studies have shown that strength training can
reduce the protein content and the activity of lipogenic
proteins in obese mice (Peselra ¢f al. 2019), corroborating
previous data observed in humans (Bacchi ef ol 2013),
abese rats (dos Santos ef al. 2019), and ovariectomized rats
(Domingos ef al. 2012) after long-term strength training,
With the reduction in liver fat, the insulin action and the
control of HPG In these animals were Improved (Percira
e al, 2019); however, the relationship between NAFLD
and liver insulin resistance remains poorly understood, As
shown in the heat map in Fig. 4, mice with reduced levels
of IC mENA also showed a reduction in the expression of
lipogenic genes (Fasn and Seebfl). Therefore, these data
allow us to conclude that changes in the hepatic content
of PC mediated by obesity may be related to the control of
both HGP and fat liver accumulation. On the other hand,
even though our bioinformatics analysis showed a positive
corredation between hepatic levels of PC mRNA and both
total fat mass and perineal white adipose tissue, the STST
animals showed reduced PC protein content without
reducing adiposity, Indicating that strenpgth  exercise
might change P'C metabolism through a non-adiposity
related mechanism. [nterestingly, we found no changes in
PC mRNA levels in the ObS and STST groups, confirming
previous data found in human livers {Kumashiro ef al,
2013) and suggesting that changes in liver PC protein
levels caused by obesity and strength training are related
to post-transcriptional changes. However, more studies
are needed to understand these mechanisms better.

In concluslon, short-term strength training reduced
hepatic PC levels In obese mice, Increasing Insulin action

Figure 5

Schematic mechanam of the effect of thortterm
Srengih training on hepatc #C kak
Inclependent of body weght changes. Obesky
increases hepatic PC levels and reduces hopatic
Ingudin action and HGF control, causing
hyperghycemaa. Short-term strength traming
reduces hepatic PC lews and counteracts these
acverse motabolic sifects In obete mica, aven
withcot changes in adipozity. Thes = a new
Diormaletular mschansm by which short-term
srength training s an efficient tool against
obesity-refated hyperghoemes and T20M, A fud
calor varsion of ths figune Is availabis at hapes/
coLorg/10.15304508-20-0193

in the liver, and counteracting HFD-induced insulin
resistance and hyperglvcemia, as summarized In Fig. 5.
Therefore, we suggest a new mechanism by which short-
term strength training can be an efficient tool against
hepatic metabolic  disorders associated  with  obesity.
Importantly, all these results were observed independently
of a reduction in body adiposity.

Supplementary materials
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4.4 ARTIGO 4

Uma conhecida proteina capaz de regular negativamente a acdo da
insulina no tecido hepético é a Proteina Tirosina Fosfatase 1B (PTP1B), induzida por
inflamac&o e largamente relacionada a hiperglicemia. Ja é sabido que camundongos
idosos resistentes a insulina apresentam reducdo do contetdo hepatico de PTP1B,
porém os efeitos do treinamento de for¢a de curta duracéo sobre a PTP1B hepética
ainda € desconhecido. Portanto, o objetivo do nosso proximo estudo foi avalizar se
os efeitos benéficos do treinamento de forca no metabolismo hepatico de
camundongos obesos esta relacionado a alteragbes no conteudo de PTP1B

hepatica.

Artigo publicado em International Journal of Molecular Sciences, dividindo a

primeira autoria com a pesquisadora Kellen Cristina da Cruz Rodrigues:

RODRIGUES, K. C. C. Short-term strength exercise reduces hepatic insulin
resistance in obese mice by reducing PTP1B content, regardless of changes in body

adiposity. International Journal of Molecular Sciences, v. 22, n. 12, 2021.



International Journal of
Molecular Sciences

oy

Article

Short-Term Strength Exercise Reduces Hepatic Insulin
Resistance in Obese Mice by Reducing PTP1B Content,
Regardless of Changes in Body Weight

Kellen Cristina da Cruz Rodrigues "', Rodrigo Martins Pereira ', Guilherme Francisco Peruca ',

Lucas Wesley Torres Barbosa 2, Marcella Ramos Sant’Ana *, Vitor Rosetto Mufioz ', Ana Paula Morelli ¢,
Fernando Moreira Simabuco **, Adelino Sanchez Ramos da Silva >, Dennys Esper Cintra**,

Eduardo Rochete Ropelle 2, José Rodrigo Pauli 2 and Leandro Pereira de Moura '*

check for

~ updates
Ciation: s Cruse Roxdrigoss, KC.
Martins Pervira, Ry Peruca, GF; Torms
Barbosa, LW, Ranws Soet’Ana, M,
Rosetso Munoz, V; Momedlt, AT,
Moredra Simabooo, F; Sandr Ranws
dasiha, A EsperCintra, D et al.
Surt-Term Strongth Evemcise Redluces
Hepatic Insulin Resistance in Obese
Mice by Reducig PIPIE Coentent,
Regardioss of Changes o Body Woaghe
fwt | Ml Sa 2021, 22, 6402
hittper/ ooz MUK/ Q21 20HT

Acadomic Editors: Ere Hapdudh and
Hervé Le Stunif

Recelved 27 January 221
Acceptedd: 21 April 2021
Peibihend 15 June 221

Publinher’s Note: MOE] stays resutzal
with regard to jurisdicomal daess in
publisted maps and latde-
latins.

oS ®

Copynight: © 221 by the authom
Licenser MUPL Busel. Switcerland.
This article is an open aocess artich
dsrdwted wsder tho temw and
conditions of the Crvatave Cosmmiome
Attrbation (CC BY) heense (hgs://
covativecommmeny, ang/Boorses by /
40/

! Exercse Cell Biology Lab, Faculty of Applied Scences, State Universaty of Campinas,

1300 Pedro Zacoaria Steeet, Limeira 13484-350, SP, Brazil; kethen rodrgues nut@gmall com (KC A.CR.);

rodrigo_mpervirsihotmad com (RM P ); guithermeperucal 2198 gmail com (G

Laboratory of Molecular Bology of Exercise, Faculty of Applied Sclenoes, University of Campinas,

1300 Pedro Zaccaria Stevet, Limeira 13454-350, SP, Brazil! torresbarbosa hicas@gmail com (LW.TE )

vitormunogS3itgmallcom (VR M) eduardoropelle@gmall com (E R R.); rodrigopaulifcaigmail com (LR P)

' Laboratory of Nutritional Genoaics, School of Applied Scrnces, State University of Campinas,
1300 Podro Zaccaria Street, Limetra 13484 250, SP, Brazl: marcellarsantana@fgmall com (MRS )
ddntrafiyahoocom (DEC)

¢ Multidisciplinary Laboratory of Food and Health, Faculty of Applied Sciences (FCA}, State University of
Campinas (UNFCAMP), Linwira 13484-350, 5, Brazl: apm.moreliad@hmail. com (A PM.),
simabuooizmail com (EMS)

 school of Physical Education and Sport of Ribeirao Preto, University of Sio Paulo, 3900 Bandeirantes Aversie,
Ribeirdo Preto 19090-907, SP, Brazil; adelnosanchez@usp br

* Comespondence mouralpiunicamp b Ted: +55-(19)-37016706

t The authors contnbuted equally o thes paper

Abstract: Obesity is closely related to insulin resistance and type 2 diabetes genesis. The liver isa
key organ to glucose homeostasis since insulin resistance in this organ increases hepatic glucose
production (HGP) and fasting hyperglycemia. The protein-tyrosine phosphatase 1B (PTP1B) may
dephosphorylate the IR and IRS, contributing to insulin resistance in this organ. Acrobic exercise
15 & great strategy to increase insulin action in the liver by reducing the PTP1B content. In contrast,
no study has shown the direct effects of strength training on the hepatic metabolism of PTPLB.
Therefore, this study aims to investigate the effects of short-term strength exercise (STSE) on hepatic
msulin sensitivity and PTP1B content in obese mice, regardless of body weight change. To achieve
this goal, obese Swiss mice were submitted to a strength exerase protocol lasting 15 days. The
results showed that STSE increased Akt phosphorylation in the liver and enhanced the control of
HGP during the pyruvate tolerance test. Furthermore, sedentary obese animals increased PTP1B
content and decreased IRS-1/2 tyrosine phosphorylation; however, STSE was able to reverse this
scenarso. Therefore, we conclude that STSE is an important strategy to improve the hepatic insulin
sensitivity and HGP by reducing the PITP18 content in the liver of obese mice, regardless of changes
in body weight.

Keywords: strength exercise; obesity; liver; insulin signaling; diabetes; PTPIB; gluconcogenesis

1. Introduction

In general, proinflammatory proteins reduce insulin signaling, contributing to the
establishment of insulin resistance in different tissues and collaborating with the develop-
ment of type 2 diabetes mellitis (T2ZDM) in obese subjects [1]. In the hepatocytes, the insulin,
after binding to its receptor, initiates a signaling cascade, which will culminate in the phos-
phorylation of nuclear transcription factor Forkhead Box Protein O1 (FOXO1) promoting
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its translocation from the cell nucleus to the cytoplasm [2,3]. One of the main functions of
FOXO1in the hepatocyte cell nucleus is to ally itself with Peroxisome Proliferator-Activated
Receptor Gamma Coactivator 1 Alpha (PGCl-«), which is a nudear transcription cofactor,
and initiate the transcription of molecules that will collaborate with the gluconeogenesis
process in the organ [4]. However, when there is insufficient insulin responsiveness, the
FOXO1 phosphorylation is reduced causing transcription of gluconeogenic genes and
perpetuating exacerbated gluconeogenesis even in postprandial periods [5], Thus, identi-
fying proteins that negatively interfere in the hepatic insulin sensitivity and strategies to
reduce their content become extremely important to improve the quality of life of obese
and diabetic people.

Tyrosine-protein phosphatase non-receptor type 1, also known as protein-tyrosine
phosphatase 1B (PTP1B), is a member of the protein tyrosine phosphatase (PTP) family [6].
PTPs are proteins with high potential to negatively regulate insulin transduction since
PTP1B binds to and dephosphorylates and inactivates important proteins of the insulin
pathway such as Insulin Receptor (IR), as well as Insulin Receptor Substrate (IRS) 1 and
2 [74]. The elevation of PTP1B in the liver of obese mice, caused by the administration
of Tumor Necrosis Factor-alpha (TNF-«), culminated in severe insulin resistance [Y]. On
the other hand, when PTP1B was deleted in hepatic tissue, the glycemic homeostasis
was improved [10,11]. The authors showed that PTP1B reduces the spread of insulin
signaling when PTP1B content is high; it allows greater transcription of gluconeogenic
genes. Differently, when it was deleted, this condition was reverted. In this sense, it is
evident that PTP1B 1s an important molecule responsible for glycemic homeostasis, thus
strategies that are effective in reducing its content might be relevant to improving insulin
sensitivity in obese and diabetic individuals [5]. Since the use of medications can bring
unwanted side effects, non-pharmacological strategies that may reduce PTP1B content are
of paramount importance.

Regular physical exercise is well known to reduce inflammation resulting from obesity
and, consequently insulin resistance in both peripheral and central tissues [12-14]. In
2013, Moura and colleagues showed that aged animals presented an elevation of hepatic
PTP18 levels and after only one bout of aerobic physical exercise, it was possibie to observe
PTP1IB reduction in this tissue and consequent reduction in the hepatic glucose production
(HGP) [15]. In 2015, Passos and co-authors observed that obese animals present increased
PTP1B and, after being submitted to a chronic acrobic exercise protocol (8 weeks), presented
a reduction in PTP1B and an improvement in glycemic homeostasis [16]. On the other
hand, researches involving strength physical exercise, and insulin sensitivity are still little
explored in the literature. Recently, we showed that a short period of strength physical
exercise was effective in reducing insulin resistance and fat accumulation in the liver of
obese mice [17]. However, it is not known whether these findings are linked to PTP1B
metabolism. We hypothesize that diet-induced obesity would increase the 'TP1B content
in the liver of obese animals and impair hepatic insulin sensitivity due to the reduction
of IRS-1/2 phosphorviation. On the other hand, we also hypothesize that the short-term
strength exercise would reverse this scenario, reducing levels of PTP1B, allowing increased
phosphorylation of IRS-1/2 in Y612 residue, even without promoting body weight change.
In this sense, since there are no studies showing the direct effects of strength training on
the metabolism of PTP1B, this study aimed to investigate the effects of STSE on hepatic
insulin sensitivity and whether a short period of strength physical exercise can decrease
PTP1B content and increased tyrosine phosphorylation of IRS-1, allowing increased activity
of Akt, which culminate in lower fasting glycemia and better HGP control, regardless of
changes in body weight,

2 Results

2.1. Short-Term Strength Exercise Ameliorates Glucose Sensitivity without Reducimg Body Weight
and Fal Depots

To evaluate the effects of STSE in obese mice the first step of this study was to induce
obesity using HFD for 14 weeks. After that, the obese animals were dividod into sedentary
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and exercised mice. The exercised animals were submitted to 15 sessions of strength
exercise which consisted of 20 climbing series with an overload of 70% of the maximum
voluntary carrying capacity (MVCC) and with a rest interval of 60-90 s between sets, After
the experimental period, the results demonstrate that the diet-induced obesity protocol
was effective in increasing body weight gain and impairing glucose sensitivity (Figure
1A B.E). Besides, 15 sessions of strength training were able to revert the hyperglycemia
caused by obesity regardless of body weight chance or epididymal fat and retroperitoneal
fat reduction (Figure 1 A-E).
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Figure 1. Physiological parameters. Initial body mass: body weight of the animalks after diet-induced obesity protocol and
before starting the exercise protocol (A), Final body mass: body weight of the animals after short-term strength exercise
protocol (15 exercise sessions) and before euthanasia (B), Retroperitoneal fat (C), Epididymal fat (D), and Fasting glycemia
{E). 1t = & per group. CT « Control group; OB = Obese Sedentary Group and STO = Strength Training Obese. * p < (L5 vs.
CT; #p <003 vs. OB (i = 6 per group).

2.2, Short-Term Strength Excecise Improves Insulin Sensitivity and Reduces Hepatic Glucose
Production in Obese Mice

Once it was observed that obesity impaired fasting glycemia, it was sought 1o in-
vestigate whether hepatic glucose production was affected by obesity, The results of the
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intraperitoneal pyruvate tolerance test (ipPT'T) demonstrated that obese sedentary animals
presented increased hepatic glucose production, as the blood glucose was higher at all
time points of the test when compared to the controd (Figure 2A), culminating in a greater
area under the curve (AUC) during the ipPTT (Figure 2B). In contrast, short-term strength
exercise ameliorates HGP control, reducing blood glucose during ipIT as well as the
AUC of the test (Figure 2A,B). Also, obesity impained insulin signaling in the liver of mice
(Figure 2C,D); however, exercised mice restored Akt phosphorylation, demonstrating an
improvement in hepatic insulin signaling (Figure 2CE).
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Figure 2. Hepatic Glucose Production and Hepatic Insulin Signaling. Glyvcemic curve during Intraperitoneal Pyravate
Tolerance Test (ipPTT) (A); Area Under the Curve (AUC) during ipPTT (B), Bands of phospho-Akt™ and total Akt (C),
Quantification of p-Akt™7 / Akt of CT and OB groups (D); Quantification of p-Akt™7 7 Akt of OB and STO groups (E).
1 = & per group, CT « Control group; OB « Obese Sedentary Group and STO « Strength Training Obese. In (A): a « p < (005
for CTvs OB b = p < 0,05 for OB vs. STO. In (B,D,E): * p < 005 vs, CT; & p < 0,05 vs, OB. CT: p = 8 (2 saline injection + 6
insulin injection}—OB: » = 8 (2 saline injection + 6 insulin injection}—STO n = 6 (all insulin injection). The statistical analysis
was performed with insulin injected mice

2.3. Shrength Exercise Reduces PTP18 Content in the Liver of Obese Mice

The next step of this study was to evaluate the effects of two interventions—obesity
and exercise—in the basal level of PTP1B. To achieve this aim, we measured the protein
content of PTP1B in control, sedentary obese, and strength training obese animals. The
results in Figure 3A,B show that diet-induced obesity (DIO) robustly increased the basal
PTP1B content in sedentary animals, however, STSE reduced the basal PTPIB levels,
Subsequently, our objective was to investigate the effects of obesity and physical exercise
on obese animals stimulated with insulin. When companing the PTP1B levels in CT and OB
mice stimulated with insulin, it is possible to observe that PTP1B is increased in OB mice
(Figure 3C,D), similarly as observed in the PTP1B basal levels (without insulin stimulation).
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Conse?uenlly, it was possible to observe that obese animals showed a reduction in p-IRS-
1/2Y012 Jevels after insulin stimulus (Figure 3C,F). Furthermore, by evaluating the effects
of physical exercise in insulin-stimulated animals, the STSE was able to reduce the PTP1B
content when compared to sedentary obese animals (Figure 3G, H). As a consequence of the
reduction in PTP1B caused by exercise, the p-IRS-1/2Y6" Jevels were elevated (Figure 3G ).
Moreover, to assess if there is a correlation between PTP1B and insulin signaling in this
study, the protein levels of PTP1B were correlated with p-Akt content. The protein content
of PTP1B was negatively correlated with p-Akt in both comparisons CT x OB (Figure 3E)
and OB x STO (Figure 31).

N ACT gy
¥

e
Hall
¢ £

SAMBu)

Figure 3. P'TP1B content 15 increased in obese mice and STO downregulates PTP1B content. Bands of basal PTP1B, f-actin
pIRS-1/2 (Y612) and total IRS-1 of CT, OB, and STO groups (A), Quantification of basal PTPIB normalized with a-tubulin of
CT, OB, and STO groups (B), Bands of PTP1B and c-tubulin of CT and OB groups (C), Quantification of PTP1B normalized
with a-tubulin of CT and OB groups (D), Correlation between the protein content of PTP1B and p-Akt of CT and OB groups
(E), Quantification of p-IRS-1/2 (Y612) normalized with total IRS-1 of CT and OB groups (F), Bands of PT'IB and a-tubulin
of OB and STO groups (G), Quantification of PTPIB normalized with a-tubulin of OB and STO groups (H), Correlation
between the protein content of PTP1B and p-Akt of CT and OB groups (1), Quantification of p-IRS-1/2 (Y612) normalized
with total [RS-1 of OB and 510 groups {J). C1' = Control group; OB = Obese Sedentary Group and STO = Strength Training
Obese * p<0.05vs, CT; #pr < 005 vs, OB, Panels A-B: 1 = 4-6 animals per group—all saline-injected animals, Panels C-H:
CT: n = 8 (2 saline injection + 6 insulin injection)—O0B: n = 8 (2 saline infection + 6 insulin injection}—STO # = 6 {all insulin
injection). The statistical analysis in panels C-H was performed with insulin-injected mice.

Furthermore, a publicly accessible dataset from human liver samples was used to
evaluate the expression of PTP1B, lipogenic, and inflammatory genes., It was observed that
when there is a high amount of Piplb mRNA, the expression of Acaca, Fasn, Tnf, and UTb
is also increased (Figure 4A). Moreover, using obese mice liver dataset, it was evaluated
if there could be a correlation between Ppib levels in the liver of those mice with the
following phenotypes: Blood glucose, locomotor activity, liver mass, and body weight
(Figure 4B-E). Almost all phenotypes evaluated showed a positive correlation with PTP1B,
except for the locomotor activity, highlighting our hypothesis that physical exercise might
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be an interesting strategy to reduce PTP1B content and, consequently, ameliorating hepatic
glycemic control.
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Figure 4. Bioinformatics analysis. Heatmap illustrating the lower and higher expression of Protein-Tyrosine Phosphatase
1B (PTP1B) and the influence in lipogenic genes [Acety-CoA Carboxylase (ACC) and Fatty Acid Synthase (FAS)] and
inflammatory genes [Tumor Necrosis Factor (TNF) and interdeukin 18 (TL13)] on human liver tissue, The figure illustrates
clusters between the groups Low and High showing that they are directly related (A); Correlation between PTP1B gene
expression and Blood Glucose levels (i = 18} (B); Correlation between PTITB gene expression and locomotor activity (n = 30)
{C); Correlation between PTT'1B gene expression and liver mass (i « 28) (D); Correlation between PTPIB gene expression
and body weight (n = 16) (E).

3. Discussion

Obesity is a major risk factor to the development of hepatic insulin resistance culmi-
nating in fasting hyperglycemia and T2DM genesis [ 15,19]. The liver is a key organ for
controlling glucose homeostasis since it regulates gluconeogenesis and glycogenolysis,
controlling the hepatic glucose release [20] Also, the hepatic insulin resistance contributes
to uncontrolled HGP, which in tum, is majorly responsible for hyperglycemia in T2DM
patients [21]. Therefore, it is important to find neéw strategies to increase hepatic insulin
sensitivity and to reduce hepatic gluconeogenesis. Also, studies with animals [22,23] and
humans [24] demonstrated that physical exercise is a great strategy to improve hepatic
insulin sensitivity. Zhang and colleagues evaluated the effects of acute and chronic aerobic
exercise on hepatic insulin sensitivity of diet-induced obese rats and observed that both
protocols were able to increase Akt phosphorylation and insulin release [23].

Moreover, the Otsuka Long-Evans Tokushima Fatty (OLETF) rats were another model
of obesity and type 2 diabetes used to evaluate the role of aerobic exercise on hepatic
insulin sensitivity [22]. The authors submitted OLEFT animals to a voluntary running
wheel for 20 weeks and observed that exercised animals increased the phosphorylation of
Akt in both Threonine 308 and Serine 473 residues [22] Furthermore, Malin and colleagues
evaluated the effects of 12 weeks of aerobic treadmill walking in 20 older adults, and they
observed that exercise was able to reduce hepatic insulin resistance, which was assessed
using the euglycemic-hyperinsulinemic clamp [24]. On the other hand, there is a lack of
studies on the role of strength exercise in hepatic insulin sensitivity in the literature. In
this study, we showed that even without reducing body weight, a short-term strength
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exercise protocol improved hepatic insulin signaling since STSE animals decreased PTP1B
content and increased phosphorylation of IRS-1, allowing increased activity of Akt, which
culminated in lower fasting glycemia and better HGP control.

An inleresting target to improve hepatic insulin signaling is PTP1B since this phos-
phatase can dephosphorylate the insulin receptor and its substrates and biock insulin
signaling [25]. Panzhinskiy and colleagues observed that PTP1B whole-body knockout
mice attenuated the harmful effects of 20 weeks of HFD, such as body weight gain, adipos-
ity, glucose intolerance, and hepatic steatosis when compared with wild-type C57BL/6]
mice that were also fed an HFD, suggesting that PTP1B is an important protein in obesity
development [26]. Studies with liver-specific knockout mice have shown an overall glucose
homeostasis improvement, including enhanced hepatic insulin signaling and increased
suppression of hepatic glucase production in insulin-resistant and high fat diet-induced
obesity models [11,27]. Moreover, there is evidence in the literature showing that Akt might
impair PTP1B function as a positive feedback mechanism of insulin action since PTP1B
could impair the upstream sites to inhibit insulin signaling [25]. Using the cell culture
model, Ravichandran and colleagues showed that Akt can phosphorylate FIP1B at Serine
50 after insulin stimulation, and they also observe that mutations at Serine 50 affect the
ability of PTP1B to dephosphorylate insulin receptor (IR) and IRS [25], As observed in
our data, STSE increased Akt phosphorylation which can have reduced PTP1B activity in
the cellular cytosol, culminating in increased IRS-1/2 tyrosine phosphorylation and better
hepatic insulin signaling. Interestingly, our data showed a negative correlation between
the PTP1B protein content and Akt phosphorylation, when comparing CT vs. OB and OB
vs. STO groups, which indicates thal those proteins are related Lo each other,

Physical exercise seems to be a great strategy to reduce PTP1B content and improve
insulin signaling, Moura and colleagues evaluated the effects of acute aerobic exercise on
the liver content of PTP1B of aged mice and vbserved that two bouts of swimming exercise
were able to reverse the increased content of PTP1IB due to the aging process. Moreover,
aged-exercised mice enhanced insulin signaling and reduced the gluconeogenesis pathway,
suggesting that PTP1B content reduction mediated by physical exercise might be related to
better glucose homeostasis [15]. In contrast, little is known about the effects of strength
exercise on hepatic insulin sensitivity and HGP. Botezelli and colleagues compared the
effects of chronic (8 weeks) acrobic, strength, and combined exercise in fructose-fed rats,
and observed that the strength exercise protocol (which consists of series of jumps in
tanks of water) showed improvements in glucose homeostasis, insulin sensitivity and the
content of lipids in hepatic tissue, which highlights the significance of investigating this
type of exercise [29], Recently our research group showed that short-term strength exercise
reduced the HGP and improved insulin signaling in the liver [17]; however, there is a gap
in the literature about the role of this type of exercise on PTP1B association with proteins
of the insulin pathway. This is the first study showing the efficiency of strength exercise
to reduce PTP1B content in obese mice without body weight interference, and it seems
to be an important non-pharmacological option to treat the complications of obesity and
T2DM. Moreover, it is important to highlight the isolated effect of STSE impacting the
PTP1B levels, since the basal levels of PTP1B in non-insulin stimulated animals were also
reduced in exercised mice when compared with sedentary obese animals.

In conclusion, short-term strength exercise can improve hepatic insulin signaling, in-
creasing IRS-1/2 tyrosine phosphorylation, and Akt activation, as well as lowering hepatic
glucose production and fasting glycemia. Also, we showed that hepatic insulin sensitivity
was increased due to a reduction in PTP1B content, as observed in exercised animals,
reducing IRS-1/2 tyrosine dephosphorylation (Figure 5). It is important to highlight that
these benefits were found regardless of body weight reduction in obese mice. Therefore,
strength exercise may be considered an important strategy to prevent and treat the side
effects of obesity and associated diseases such as T2DM, improving metabolic health even
in the earlier stages of the treatment,
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Figure 5. The effect of short-term strength exercise on hepatic glucose metabolism, regardless of body weight change.
Dict-induced obesity impaired hepatic insulin signaling due to increased PTP1B content, which resuits in hyperglycemia
and impaired control of hepatic glucose production (HGP). On the other hand, short-term strength exercise was able to
reverse the harmful effects of obesity since exercised animals reduced the PTPIB content. Moreover, even though the
exercised animals did not reduce body weight, the hepatic insulin signaling was improved, and they demonstrated better
HGP control and reduced fasting glycemia.

4. Materials and Methods
4.1, Animals and Diet

Male Swiss mice at eight weeks old were used in the present study. The animals were
from the Unicamp Central Animal Facility (CEMIB), and all animals experiments were
previously approved by the Ethics Committee on Animal Use (CEUA) of Biological Sciences
(UNICAMP-Campinas-5F, number 4406-1) and carried out according to the Brazilian
legislation on the scientific use of animals (Law No. 11.794, of 8§ October 2008). The animals
arrived at four-week-old and were maintained in individual polyethylene cages with an
enriched environment, and with inside light, noise, humidity, and temperature control, as
we previously described [17], Water and conventional food were offered ad libitum,

Initially, the animals were divided into two groups: the Control Lean (CT) group
(1 = 8) was fed a chow diet, and the Obesity group was fed a high-fat diet (HFD). The
diet-induced obesity protocol lasted 14 weeks, and after that, the animals of the obese
group were equally redistributed, considering their body weight and fasting glycemia,
into two groups: (a) Sedentary Obese (OB) (n = 8), which remained sedentary throughout
the experiment and (b) Strength Training Obese (STO) (1 = 6), which was submitted toa
short-term strength training. The high-fat diet was prepared according to the American
Institute of Nutrition (AIN-93G) guidelines [30], modified to contain 35% of fat (4% soy
oil and 31% of lard) [31]. Moreover, it is important to highlight that all experiments were
repeated to evaluate the basal levels of PTP1B, therefore, the diet-induced obesity protocol
and the short-term strength training were performed twice. The number of animals used
in the second experiment was: CT—n = 4, OB—n = 5, and STO—n =5,

4.2, Experimental Design and Exercise Protocol

The short-term strength training was performed on a ladder with a 1.5 em distance
between the steps and 70 cm high (AVS projects, Sio Carlos, Brazil), and the mice carried the
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load apparatus fixed with adhesive tape across the length of their tail. The load apparatus
was a conical plastic tube with around 7.5 cm of height and 2.5 cm of diameter.

The first step was the adaptation to the apparatus that lasted five consecutive days.
On the first day, the animals were placed in a chamber at the top of the ladder for 60 s, with
the loading apparatus empty attached on its tail. The animals were progressively placed
away from the chamber. For the first climbing attempt, the animal was placed on the ladder
at 15 am from the entrance of the chamber. For the second attempt, the animal was placed
25 cm away from the chamber. For the third attempt onwards, the animal was positioned
at the base of the ladder, 70 cm away from the chamber. The attempts started from the base
of the ladder and continued until the animal reached the chamber three imes without the
need for any stimulus,

Then, 48 h after the last day of adaptation, the animals were submitted to the maximal
voluntary carrying capacity (MVCC) test to determine the maximum load with which each
animal could climb the entire length of the ladder. The MVCC started with an overload
corresponding to 75% of the animal’s body weight, and an incremental load of 5 g was
added at each further attempt to climb until the animal could no longer complete the entire
course. At the end of each successful attempt, the animal rested in an individual cage
for 5 min until the next attempt. The heaviest overload in which the animal performed
a successful climb was considered the MVCC and this value was used to prescribe the
individual loads in the experiment.

The strength exercise protocol began 48 h after the MVCC determination. The exercise
sessions consisted of 20 climbing series with an overload of 70% of the MVCC and with
a rest interval of 60-9) s between sets. The animals were exercised for five consecutive
days per week, followed by two days of rest, until they completed 13 sessions of physical
exercise. Subsequently, mice were submitted to the pyruvate tolerance test. After 24 h, the
animals performed two more sessions of exercise, totaling 15 sessions, as demonstrated in
Figure &,
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Figure 6. Schematic representation of the experimental design, The ipPTT and tissue extraction were performed 8 h
after the exercise session and 8-h fasting, HFD =~ High Fat Diet: MVCC = Maximum Voluntary Carrying Capacity:
1pPTT = intraperitoneal Pyruvate Tolerance Test,

4.3. Intraperitoneal Pyruvate Tolerance Test (1pTT)

To estimate the hepatic glucose production (HGP) control, an ipPTT was performed
after 13 exercise sessions. The ipPTT protocol consists of intraperitoneal injection of 2.0 g of
pyruvate/kg body weight after 8 h fasting and 8 h after the last exercise session. The blood
samples were collected at 0, 30, 60, 90, and 120 min from the tail of the animal for blood

glucose determination. Point 0 was collected before pyruvate (Exodo Cientifica, Sumaré,

SF, Brazil) injection. The results were evaluated by determining the areas under the blood
glucose curves (AUC) during the test by the trapezoidal method [32], using Microsoft Excel
(Version 2013).
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4.4, Fasting Glycemin Assay
Eight hours after the 15th session of STSE, and 8 h fasting, the blood was collected

from the tail of the animals to determine the fasting glycemia, The blood glucose was
determined wsing a glucometer {Accu-Chek; Roche Diagnostics, Indianapolis, IN, USA).

4.5, Tissur Extraction and Inmmunoblotting Analysis

After 8 h fasting and 8 h after the last exercise session, before receiving saline or
insulin, all animals were anesthetized via ip. by the injection of chioral hydrate of ketamine
(50 mg/ kg, Parke-Davis, Ann Arbor, MI, USA) and xylazine (20 mg /kg, Rompun, Bayer,
Leverkusen). After the verification and assurance of the comeal reflexes, mice were
injected via ip. with human insulin (8 U/kg body wt Humulin-R; Lilly, Indianapolis,
IN, USA) or saline. The first time that the experiment was performed 2 animals from
the CT group and 2 animals from the OB group received saline and 6 animals from each
group (CT, OB, and STO) received insulin. On the other hand, in the second time that
this experiment was conducted all animals received only the saline injection (CT—n = 4,
OB—n =5, and STO—n = 5) because this study aimed to analyze the basal levels of PTP1B.
After 10 min, the liver was rapidly removed and snap-frozen in liquid nitrogen and stored
at ~80 “C until analysis and epididvmal and retroperitoneal adipose tissue (right side)
were removed and weighed, The liver was homogenized in an extraction buffer [19% Triton-
X 100, 100 mM Tris (pH 7.4), 100 mM sodium pyrophosphate, 100 mM sodium fluoride,
10 mM EDTA, 10 mM sodium vanadate, 2 mM PMSF and 0.1 mg of aprotinin/mL] at4 °C
with a TissueLyser Il (QTAGEN?) operated at maximum speed for 120 s. The lysates were
centrifuged (Eppendorf 5804R) at 12.851 g at 4 “C for 15 min te remove insoluble material,
and the supernatant was used for the assay. The protein content was determined by the
bicinchoninic acid method [13]. The samples containing 60 ug of total protein were applied
to a polyacrylamide gel for separation by SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked with 5% dry milk at room temperature for 1 h
and incubated with primary antibodies against the protein of interest. After that, a specific
secondary antibody was used. The specific bands were labeled by chemiluminescence and
visualization was performed by a photo documentation system in G: box (Syngene). The
bands were quantified using the software UN-SCAN-IT gel 6.1. The primary antibodies
used were: anti-Phospho-Akt 5473 (4060), anti-Akt (4685) and anti- a-Tubulin (2144) from
Cell Signaling Technology® (Beverly, MA, USA) and anti-PTP1B (sc14021), anti-IRS-1
(c559), and Phospho-IRS-1/2 Y612 (c17195) from Santa Cruz Biotechnology® (Santa Cruz,
CA, USA). The secondary antibody used was the Anti-rabbit IgG, from Cell Signaling
Technology™ (Beverly, MA, USA).

4.6. Bioinformatics Analysis

A heatmap was made using the data collected in Gene Network (hitp://www
genenctwork.org /, accessed on 2 October 2019) using the GTExvS Human Liver Ref-
Seq (Sep15) RPKM log2 data set of mRNA expression [34]. Correlations were made using
obese mice liver dataset "EPFL /LISP BXD HFD Liver Affy Mouse Gene 1.0 (Aug18) RMA”,
also available on GeneNetwork. Phenotypes were only inchuded when data were collected
at the same time, excluding ime-courses and also, excluding dats when mice had inter-
ventions such as stress, drug injections, or exposure to different types of environments.
Data were normalized and distributed according to the z-score distribution, using R Project
studio (Version 1.2.3033). More details of the steps of the bioinformatic analysis can be
found in the Supplementary Material,

4.7. Statistical Analysis

All results were presented as the mean + standard error of the mean (SEM). The
Gaussian distribution of the data was assessed using a Shapiro-Wilk test and analyzed
by Student’s I-lest for parametric data to compare two groups when it was necessary. We
used the one-way Analysis of Variance (ANOVA) test followed by Bonferroni’s post-hoc
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test to compare more than two groups. Two-way ANOVA (with repeated measures when
appropriate), with Bonferroni’s correction for multiple comparisons, was used to analyze
each point of ipPTT, The level of statistical significance used was p < 005, The construction
of the graphics and the statistical analysis was performed using GraphPad Prism 7.00.
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article/ 103390 /iims22126402 /51,
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T2DM Type 2 Diabetes Mellitus

FOXO1  Forkhead Box Protein O1

PGC-1a Peroxisome Proliferator-Activated Receptor Gamma Coactivator T Alpha
PIPIE  Protein-Tyrosine Phosphatase 18

P Protein Tyrosine Phosphatase

IR Insulin Receptor

IRS Insulin Receptor Substrate

TNF-x Tumor Necrosis Factor-alpha

HGP Hepatic Glucose Production

SISE Short-term strength exercise

ipPTT intraperitoneal Pyruvate Tolerance Test
AUC Area Under the Curve

ACC Acety-CoA Carboxylase

FAS Fatty Acid Synthase

1IL16 Interdeukin 1§

OLETF  Otsuka Long-Evans Tokushima Fatty
CEMIB  Unicamp Central Animal Facility
CEUA Ethics Committee on Animal Use

(& 3 Control Lean
HFD High-fat diet
OB Sedentary Obese

STO Strength Training Obese

AIN93  American Institute of Nutrition
MVCC  Maximal Voluntary Carrying Capacity
SEM Standard error of the mean

ANOVA  Analysis of Variance
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4.5 ARTIGO 5

Ao longo dos anos, alguns estudos trouxeram evidéncias de que a
combinacéo de diferentes modalidades de exercicio (aerébio e for¢a) pode prejudicar
as adaptacdes promovidas pela pratica de somente uma dessas modalidades de
modo isolado. Porém, estudos em animais investigando vias biomoleculares
utilizando o protocolo de treinamento combinado sdo excassos. Recentemente,
nosso laboratério demonstrou que o treinamento combinado de curta duracdo é
eficiente em reduzir a hiperglicemia e aumentar a acdo da insulina no figado de
camundongos obesos, porém os efeitos dessa nova modalidade de treinamento
sobre o acumulo de gordura hepatica ainda ndo haviam sido explorados. Assim, o
objetivo do nosso proximo estudo foi investigar os efeitos do treinamento combinado
de curta duracdo sobre o acimulo de gordura hepatica e sobre as vias de sintese e

oxidacao de gordura em camundongos obesos.
Artigo publicado em Life Sciences:
PEREIRA, R. M. et al. Short-term combined training reduces hepatic steatosis and

improves hepatic insulin signaling. Life Sciences, v. 287, n. October, p. 120124, dez.
2021.
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ARTICLE INVO ABSTRACT
Kepwonds Hegatic steatosis is directly associnted with hepatic infl ion md insulis resistance, which & lated with
Cataliimad traiuing Byperghveemia and type 2 Gsbetes mellitus (T2DM). Aerobic and strength training have been pointed ou ax
:x""""' efficient stistegies agakset hepatic steatosls. However, lttle [s known about the elfects of the combisation of
um’ those two protocols an hepatke i Thesefore, this snudy almed to evaluote the lmpact of chortterm
Sorulle sosmidvity combised txining (STCT) e gluroee Boeastasis and in the synthesiv and axidation of (a2 in the liver of
Disbelem obesity-imloced mice with hepatic steatosks. Swiss mice were distributad into three greupe control lean (CTLY
sedentary obese (O), and combined training obese (CT0). The CTO group performed the STCT protocol, which
convisted of strength and oerobic exercises in the sanw wssion. The protocal lastel seven dawy, The CTO group
reduced the gucose levels mad fatry lives when coaspured to the OB group. luterestingly, these sesults wese
cbeerved even with ductions in body adiposity. CTO group also showed Increased hepatic insulin sensi-
tivity, with lower bepatic glecose production {HGP). STUT redoced the expression of the lipogesic genes Fam
aml Sed ! amd hepatic inflammation, 35 well o incremed the ACC phospheorylation and the exidative groex Cpetla
aml Ppara, mumglbcnnqallmuuc.-:db;dtuy Sisce this p d | | Lipid osication amd
duced hepatic L fiess of body far mass llumbe Mesedd n eff non
phanmocologicnl strategy for lhe of hepatic
1. Introduction hotmones responsible for controlling this phenomenon (317, A recent
mldyh-dmndmobmpnﬂmmth hepatic stearosis bave more
Hepatic steatosis is the most liver di in the W severe insuli and d insulin ion than obese with
wotld [ 1], is chasnctesized by excessive fat accummlation nmd is directly  nomal hepatic ped levels and gl [ dtigg it inapaiced
associated with hepatic inflammation amd insdin reséstance | 2), Liver Flucoss Tomeostasss [5).
inmilin resistance is one of the main factors triggering hyperglycemia in Ah:xemmbaulmxlulnibemuhwcdmdmlhhayleln-
type:-hh««uﬂnurrwm).mmdw«hremlbkfu omeof e ae coonstdered one of the main weatments for bepatic
the endog gl production, and issulin is one of the peimary steatasis [(.7). Thoma and colleagues observed that strategies
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increasing physical activity levels and reducing energy i

ekuwmwmmmumwmpmomum
steatosis and improving hepatic insulin sensitivity (4] Knowing phys-
ical exercise is n gest stiategy to rechice body fat (91, ersigy con-

Life Sesenees 257 (2021) 12018

water and conventional food nd libituen.

Eight-week-old animals wee first distributed into two groaps: the
lean control group (CTL) that fed o chow diet nnd the obesity group that
fexd & bigh-far diet (HFD), Moceover, the high-for diet was prepared ac-

sumption [10.11], and bepatic steatosis [9.12), It is essential to  conding 10 the Ametican Institute of Nutrition (AIN-93G) guidelines
understand the mechanisms underlying these benefits promoted by [24], modified to contnin 355 of fnt (4% soy il and 31% of laxd) 125,
physical exercise. Ten mksdulhbepnmdmdmupome.lheobmmds

Several types of exercize have been pointed out as efficient -2 were equally di i g to body weight and fasting glycemin
against bepatic steatosis |15 15, Suxlies using todent models have lmnlwpoq::l -ulnnmynbue(om.whchmmhudmhnny

anldednmwao&rMuden
pogeni pna[lwl-x nmhumo.hum
sndauhneslwnlhu b n
bothm'amdutdchldrm(l‘ﬂndnbuedduhr'u) impeoving
glycemic homecstasis. Botezelli and colleagues observed that 8 weeks of
strength exercise is able w insprove insulin sensitivity, glucos: homeo-
stasis and reduce the bepatic lipid levels of obese mm (14, Recently,
Hless of adiposity reduction. obese mice reduced hepatic lipid level
Mswuullipoleuicpmklunﬁuuiwntum gth tialai

throughout the experiment; 2 - combined talning obwse (CTO), which
underwent a shostterm combined tisining.

22 Combined troining
To avoid bady weight loss, a shoat-term protocol lnsting seven dayy

was chosen, In the first step of this pe I, the animals perfe d the
lhﬂg!hmwbchmwdnllodxmhmmnmhtm

g o
tocol [12]. In nddition, Bacchi and colleag led that both aerobs
anwd strength waining (separntely) was effective in redocing fatty lives in
dinbetie subjects nfter fowr months of rervention (1751,

The combined trmining (ie., the combination of aerobic with
stength exercise) has boen gainiog the atteation of the seientific com-
mnhyhpwidm;mnlmaubdxbeuﬁnll.x '] ). After a conr

I, obese huced body weigh
nmlndu li) fasting blood glucose lewlﬂ.andhmhn reslstance
[21]. Moreover, after 12 weeks of combined g obese adol

;uh rexdhiced central adiposicy, hyperinsulinenia, and hyperleptinemia,
as well as incrensed adipanectin levels (2], However, the direct effects
of cambired tmining oa hepatic lipid nccumulation are scarce. High-
fi diet-induced hepatic i performing both swimming
and strength tadning during elght weeks yeduced farty liver and
Inflammation similasdy to rats submirted only 1o swimming uaining
[14). In a recent study, ﬁ-womdcolloapshmdthudxmﬂud
combined training was effective in reduci is in subj

18 to 70% of Maxi Voluntaty Curying Capadty (MYOC)
Mwodmmmtmn?} The adaptation to the apparatus
ansd the MVOC test was perfornsed as proposed by Pereirn and colleogues
[12]. Brefly, the animals were adapted w the ladder (AVS projetoss,
Sno Cardos, SP, Bmzil) for five consecutive days. where they gradually
incresse the distmnce to reach the chamber until they get 70 cm away
from the entrance | 12.265,77]. Two days after the adaptation protocal,
mice were submitted to un incrensental test (MVCC) to determine the
maximal individual load to climb 70 em of the laddes, Lastdy, a paatic-
ular bad corresponding to 70% of MVCC was weighed and placed in o
conical tube and attached to mice's til to perform the climbs during the
training protocol.

Following strength tmining, animals commenced aerobic exercise
which consisted of o neadmill nunning for 30 min at 75% of exhavstion
velocity. To determaine the exbnustion velocity, fimtly, the aalmals were

dopted for five tive days in o treadmill (AVS projetosk, Sao
CubsSP lum‘l)lu !0m/d¢yl6m/mm‘1” Two days nfter the
L, the Is perfocmed an incremental test to define

wilhduundnmﬁednnmdsntemmmu-] However, lheeﬁmd
combined tnining on bomolecular mechanisms undetlying the bepatic
lipid synthesis amd oxidation rensain unexplored. Recenty, o study
wvaluated the effect 7 dayy of readmill walking in obese adult humean

exlmm!onvdodfy Buiefly, the animals sturved the test running at 6 oy
min, and the speed Increased 3 m/min every 3 min wntil the aninal
could no longer run. The highest speed reached by each animal wos
m&mhtsd:mvdnmy and 75% of this velocity was us=d to

nndamwhhnm&ﬂngbodywughwbodyfndne bj
ion nod insulin sensitivity, showing that
abort-team exudulnnble to reverse severnl side effects of bepatic

{131, The hypotk of the pr study is that shoctterm
mmmmmxm@hm&wlmmmm,m
pendlently of changes in body adiposity. M , the nim of this study
is to evaluste the direct impact of short-temm combined training (STCT)
on gl h is and in tee syntbesis and oxidation of fot in the
liver of obesity-induced mice with bepati i

2. Material and methods
2.1, Amimals

Eight weeks old male Swiss mice from die Multidisciplinary Center
fu&olopulﬂue-ch(ml! Um)muedm&epm
study. All procedures wers i ing to the Brazilian legis-
hdmmthnM-uafnnhmh(WNo Ilm.ofOﬂobn&
2008). M I by the Ethics Com-
mittee on Animnl Use (CwA) of Bwlqiﬂl Schxts {UNICAMP-Cam
pinas-SP, nunber 4773-1,/2018).

Initinlly, fous-week-old animals were mosntnined in individual
polyethylene cages with the endchied environment (PVC pipes were
sawed in the middle generating a shelter of 10 » 10 om of the base and 5
em of height) and under controlled conditions of the light-darkness
eyele (12/12h), semperature (22 + 2 °C), relative humidity maintained

the 1g velocity. Mare details can be found in Fig |

23 Intreperitoneal pynnate folesance test (pPTT)

The animals were submitted to introperitoneal Pyruvaze Tolermce
Test (ipPTT) 16 h after the Sth exercise training session and with eight
hows of fasting to evaluate the hepatic ghicose production (HGP), The
dose used was 2.0 g of pyruvate per kilogram of body weight (sodivm
pyruvate Azis Clentifica®, Cotia, SP, Brazil). Time 0 was collected before
the pyruvate imj ax] repr d the basal gh levels. After the
pyruvate injection, the blood sumples were collected ot 30, 60, and 120
min from the tall of the animals 1o measwe the blood glucose, To
determine the glucose levels, n glicometer (Accu-Chek®; Roche Di-
agnostics, Indianapolis, IN, USA) was wed, and the results wete evaly-
ated identifying the nrens under the blood glucose curves (AUC) during
the test by the tmpezoidal method [211].

2.4 Liver hematoxylin-eosin histology and ol rai O saining

The lives fragments were fixed in isop (Synth®, Diad P,
Beazil) to cryopeeserve the samples ot 80 'C. The liver samples were
slices] in n Leica Cryostat model CM1850 (Leica Biosystems®, Buffalo
Grove, [L, USA) to a thickoess of 10 jum and placed on identified adbe-
slon slides, The slices (n = 6 per group) were stained to the b ylin
monmmdodndomm Firstly, the slices were stined with

vlin for 10 min or with oil red O solution (Sigma-Aldrich®,

at 45-55%. and on-site noises below 85 dB. Purthermore, mice had

Snint Louis, MO, USA) for 25 min. Then, the dices were washed and
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,:“.o S s ot Fdapnof
S depnel 18 2 dan Combinan Compices|  pogmrng of sndess
Shgsiey | | | res | e 1 woercion | (14 hours after the st
e Mesion; § heun
taang
Bagiraning of L
& wachy e My Velocity e
arirmaty spparatuy Detarmenation P
adaptaton
Pig. 1. E i | desten. ic rep of the mxperi dering the shoct-term combined training. The phyviological test ipPTT aml tissoe collection

mpah-dlobumdcpnhucndnmubdng

stalned with eosin for 5 min, Furthermore, lmages with 40« zoom
[14,29] of the slices stalned with Ot red © were used to analyze the red-
stained aren and the lipid droplets area using the progrun Imaged | 90]
(Raw Duta Material Fiz 2A),

2.5 Physiological parameters

Blood gluccse levels were determined using a glocometes (Accw-
Chek®; Roche Disgnostics, Indiapapolis, IN, USA) before the tissue
collection, and senmn imsulin wos messwed by ELISA kit (Crysal
Chem®, Elk Grove Village, 11, USA), nccording to the manufacturer's
instroetions.

2.6, Western bloering

hydrate of ketamine (200 mg/kg, Parke-Davis, Anm Arbor, M, USA) and
xylazine (30 mg/kg, Rompan, Bayer, Leverkusen). Purthermore, the
wuthanasio was performed 16 b after the lnst combined exercise session
and with 8 h of fasting. The comeal refloxes were chedond to ensute the
efficiency of the hesia, and the b lin (8 Uskg body wt
HumulinR%; Lilly, Indianapolis, IN, USA) or saline was injected intm.
peritaneally into the mice ten minutes prios the liver harvest, which was
snap-frozen in liquid nitrogen and stoced at 80 Cuntﬂlhemulemlu
analysis. Moreover, the right side of the epsdidynal and ol
fnmh.vmd-ndmmdmmmdnﬁn&poubamdn
Rroups,

The Western blosti chai was pesfi d as tously
dunbdbymmchyoupll 'l Thewunmynnnbocisudm
anti-phospho-Akr serd73 (#4060), ant-phospho-Acetyl-CoA Carbox-
viase ser79 (#3661 ), anti-acety) col carboxylase (#3662 ), anti GAPDH
(#5147) from Cell Signaling Technodogy® (Danvers, MA, USA), anti-
TNF-a (Cat # 5061 01) and IL- 1p (Cat # 503501) from Biokegend® (San
Diego, CA, USA) arxd enti- Akt (sc-8312) from Santa Cruz Biotecnology®
(Dullss, TX, USA). After a specific secondary antibody was incubated,
the speaific bands were labeled by chendluminescence, and the photo
documentation system in Gbox (Syngene®, Fredetick, MD, USA) per-
formed the visualization of the bamls. The software UN-SCANIT gel 6.1
was used to quantify the bands The secoednry antibodies used were
anti-tabbit [gG, HRP-linked atibody (#7074), and anti-mouse 1gG,
HRP-linked antibody (27076) from Cell Signaling Technology ® {(Dan-
vers, MA, USA).

2.7 Reverse rranscription — quantitative polymerase chain reaction (RT-
GPCR)

The total RNA was solated wning the PureZOL™ 1eagent (BIO-RAD
%, Hetenles, CA, USA) and conversed 1o ¢DNA following the instructions

PCR Master Mix (Applied Biosystens®, Foster Gity, CA, USA). The
primers wsed were Fasn (Mn0662319.m1), Sedl (Mm00772290 m1 ),
Cptla  (Mm01231183), Ppaoe (Mm00440939.m]) amxl  Gapdh
(Mir99999915 51). The relative content of mRNAs was determined
after normslization with GAPDH using the AMCT method (41

28 Staristical analysis

All results were presented as the mean < standard error of the mean
(SEM), The Gaussian stribution of the data wos mssessed using the
Kolmogorov-Smirnoy test. Data were analyzed using Student’s rtest to
colpore two groaps of ANOVA to compare 3+ groaps for data with
Gaassian distributions in each of the groups. When the duta wese found
to be not following n Gaussinn distribution, the Mann- Whitney test was
used (if homoscednsticity), or Welcl's t-test technique was used (if
heseroscedasicity) to compare 2 groups and Kruskal Wallis to compare
3+ groups. When nppropriste, the one-way ANOVA test was followed by
Bonfecsoni's post hoc test and the Knuskal-Wallis rest followed by Dune's
multiple i tests to pare b the different groups.
Two-way ANOVA. with Bonferroni's corvection for multiple conspasi-
sous, when appropriate, was used 1o analyze each point of ipPTT. The
Jevel of statistical significance used wos p < 0,05 The coastruction of
the gaphdes and the statistical analysis wos performed using Prism
(7.00) GraphPad Software, San Diego, CA, USA

4. Results

2.1. Short-term combined traming redices obesity related hypergiycamia
event mithout changes in body odipesity

Initially, we evalunted the effects of HFD aix the combined tinining
protocal on parnmetess related to body composition and glycemic ho-
nwostasis. After ton weeks of HFD feeding, the animals showed higher
bodyw.hudngbyp«glynmh.mdhypeﬁnmlhmﬂn.uw!ﬂma
higher volume of adipose tissue in the epididymal
deposits (Fig 2A-F). After the combined tenini: ﬁmnabloal
glocoss returned to typical valoes, dmdx-mgmpdhlnu-bowny
difference between the CTL groug (Fig 7€), No differences in body mass
and body adiposity between CTO and OB groups were observed.
Although there was no statistical difference, we noted a tendency 10-
wards a red in fasting inslin levels in CTO nnimonls when
compared to the OB group (p = 00799},

A2 Shart term combined traimdng reduces hepatic steatosis

The lipid cortent annlyss revealed higher fat accunmlation in the
liver of OB group mnimals when compored to the CTL group (Fig A
}im combined taining was effective in reversing this seenario,

of the High Capacity ¢DNA Reverse Tr iption (Applied Biosy

¥, Foster City, CA, USA}Kir, using 2 pg of total RNA as a remplate for the
synthests of ¢ONA. Furthesmore, real time PCR ieactions were per
foned using 40 ng cDNA, 0.5 pL primers, and 5 plL TaqMan Universal

Vi ingful improvement in liver fat accumulation observed
Ihvugh H&Euﬂoﬂstdoawmdnmmmcmyup
simular 10 CTU mice for this papsmeter (Fig 1A and B). Next, Oil ved O
staining wos used to analyze the lipid droplet area in OB and CTO
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& FL

| segions, sespectively. *p < 005 vu CTL *p < 0.06 vs OB (s ~
tests, anl ope way ANOVA followed by Boafersond's posz hoc test

Fastlug slycemin wd | spectlvely. E aod F) Pat welght of epddicymal and peri
4-0 pes group). Ia Pig. ¥ Xruskal Wallis test was used followed by Dunn's mulktipl
in othem.

groups, The CTO group showed an lmportant reduction in lipid droplet
area miean values, with most of the lipid droplets with less than 20pm®
(Fig 3C and D).

3.3 Short-term combined troiming increses hepatic insulin signaling and
Improves the control of HGP

Next, we assessed whether combined training could increass bepatic
insulin signaling and contribute 1o bester control of HGP in obese mice,
Initially, we performed the ipPTT 16 h after the last exercise sesmon. We
observed that obese animals presented glycemic valises higher than the
lean controls during all-time points (Fig. $A). On the other hand, nni-
mals in the CTO group showed lower glycemic values than the OB group
atall-time points (Fig. 4A). Thus, the AUC during the test was higher for
the 0B group compared to the CTL group, and the combined taining
protocol was efficient in reducing this value (Fig 48), demonstrating
dmuinednmmnlshmbem:mualofﬂ@.

To ness hepatic insulin itivit; imals received an intiaperi-
toneal injecton o( nsulin 10 nyin brfon ll\'u eollection. Indtially, nsulin
was efficient in providing Akt phosphorylation ot serine 473 in the mn
lmaholdmcrl.pwp(hz 4C and D). Hom dwnlnuho‘rheon
group showed a reduction in this p horyl di

blomolecular pathways Involved with lepatic lipogenests. Obesity
increased the levels of mRNA-lipogenic genes Fasn and Sod], while the
axidative genes Cpefa amxd Ppara were decrensed (Fig. SA-D). The ani-
mals in the OB group also reduced the phosphocylation of ACC, even
with no change in their total content (Figz 9E-F). Obese animals also had
more significant liver inflanusstion, with a highet pro-inflanunatory
ptotdnmvmoflbm(hg -Emdl) On the other hand, the com
bined T35 d this i scally, STCTd d Fasn
and Sedl laveks (Fig SPig. J and K) and increased Cptla and Ppum
{Fiz L and M), Considering the total protei STCT i
Accﬂwsﬂwryllmmﬂdeuu.ndmbldcwnml (Fig SN-P), ns well
as decreased IL-1p and TNF-r levels (Fig SN and R)

4. Discussion

Hcpuwmuuucunmlthwnndwlmdlmmn o(ltv«
di and the paactice of and ining is an eff
uuategyimmluungllvublmohnmh- 9,15,32 uowcva litde is
known about the effects of combined timining o hepatic steatosis and
the patlways of Lipogenesis and Epid oxidation in bepatic tissve. In the
pmnm smdy.mclenumuvd tbux comhmd tmlnin;ucﬂomwm

. duced the b

unpndhepnbcmmlmmhumlzdwuhobmy(hg OCnd
D). Importantly, the combined strength trindng lneressed Akt phos-
phocylation In response to insulin (Fig. 4E and F)

3.4, Shart-term combined training redices hepatic inflamsmatian and
lipogenesis

Finally, we evnluated the impact of combined training on the

Here,
Tigid tomeu. which rnuh«l in lucmnnd hqmlc imulin slmnlmx and
bettesr HGP d hyperglycemia.
Furthermore, Liver mﬂnmmmnn (TNF-a nm:l IL-1f) and the lipogenic
stimulue provided by insulin wese reduced with waining. Moveover,
obesity is ane of the risk factors to increase the lipid droplets (LD), nnd
the formation of very large lipid droplees in liver is a hallmark of hepatic
steatosis (53] In this study we showed thar shost-term combined
tmining reduced the size of hepatic LD, demonstrating its efficency to
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saining. *p < 005 vs CTL #p < 0,05 vs OB [n = 6 per group), [n Fig. B one-way ANOVA was used followed by Bonfermons's poet-hoc test aod i Pig. € Student’s ttest

in lipids profile and liver domage markers,
with mcmued m:nlm sensitivity [20]. Despite the smaller volume of

weas wel, (For mterpr af the refi v o coloww in this figure legemd, the reader i reforved in the web version of this articke )
treat ¢ i i " Jm' ‘N IJ'.lth.'L'.A e N .l B obl

There is 2 high munber of evid pporting the benefits of aerobic
training in hep is. I ',.nmmnlyae.lwmld-!

aerobic hm;ucﬁamx in reducing severnl hepatic steatosis markers
and Liver danage caused by obesity (904, Simila to serobic, strength
training might also reduce lver lpids (19], corobomting data from
-mdlureamwinn.ly:n U‘l Finally, some evidence about com-

bined tmining in bepats nlso exists. In ane of the pioneering
3 and collengues observed that 20 weelks of conshined
doot 1, ‘My hr 3 i o‘l ., 1 'wl
dmleaewl and low-degsizy upoprou-ln eholesterol (LDL<) Jevels i
abese adol [36]. Subsequently, it was di i that ten

m&:dmbimdminhgwunﬂetorsluuhtylivuindinlﬂk
women, culminating in reductions in feting glucose and insulinemin
[27]. Finally, we showed that seven sessions of combinad training led to
steniloy tesules oo animad model of obesity- lndoced bepatic seatosis. It
is essentinl to highlight thar ouwr effects were observed] regnrdless of

stucties, there is evidence that strength tainitg is also able to lmprove
insulin action in the liver. Obese mice submitted to 15 sections of
strength exercise showed better control of HOP during IpPTT, with
! i Akt phosphorylation after inmunuu'mm ll':i.cohmuly.
alder | 1 a reduction in gh e
after insulin stimulus in resporse to 4 s of ength g (411,
In a study with 1odents, Bokneﬂinndcoﬂup:sdemonmncdthn
a;htvmholmmbhzd nmmgmdmweinlmmmbdx
," roas induced by a high-f tiet.. ,lwp«gtycmﬁa
h linemin, insulin resi and {12
Akbn;hmhmm:ﬁshnv:*odnwnimwmmg}y
after combi n-mu;[.\l .ul the effects of this
mhhtym"ﬁ? | and hepatic & ativity have not been
exploved yet. In the present audy short-term combined talning pro-
vnded bettes contiol of HGP mobmmlec submitted loawan sessions of

changes in body weight and body far. exercise. Coherently, after insulin i § animals showed
Pmnoulnu&uhv- ulmad) :lwwu(hm mohic wdungiuﬁcicut Iuﬂw hqmie Ah plmqihotylulbn Muu lo obese nnimal
1i y and mitigating liver d that i ughout the exper | period. Thus,

in incrensing b
both n msimil models (35,99) and buane 120, «H Obnem:dr
mitted w six weeks of high- lnm-ty avrobic wadning reduced HGP when

d to sed ¥ ds, with more significant suppeession
ywvidod by insulin [35]. Similorly, after six months ln an aetobic
iated with thempy diet, obese older adults

LN el -

regoudless of thmmhodycwwmmmcm conclude shost-term
combined talning can Inerease liver insulln uﬂon In obese mice,
reversing the loss of HGP | ided by ob
}mn!x.mo(ﬂwmnln mu\hlnttuwmmldymmdut
texm bined training coald reduce Lip gc stimulis i the liver
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Fig. 4. HOP control and bepathe insulin seasitivity. A snd B) Glyeemic cusve aml AUC during ipPTT, sespectively. C) Bauls of hepatic p-Akr™ " an toead Akt of CTL
and OB groepe after insulin stimudes. D) Bands of hepatic p-Akr'™ " and Akt of OB and CTO erovps after insulin smwdus. E) Quaseifiention of hepatic p-Ake™™ ™'/
Ath‘l'I.a-lOﬂmsP)Qmuﬁcaonn!hpukp-»\l#‘"/hho(%mdmmuuiythzhnddmumnkmmhmlvndnmﬁummnﬁd
In Fig, At %p < 0.06 for CT wvu OB; p«OOSfaﬂwcm “p < 0.06 for OB w3 CTO [ = 6), In B, Eaml F; “p < 0.06 w CT; p(OlﬁﬂO.(n 6) In fr A, #t wan
used 2 rwo-way ANOVA 1est with B i's for sulripl gtk lsi fig. B, it was used ¥ ANOV, | by Bessls i's past-hoc test. ln
fig. E and ¥, it was used the Student's teest.

pmkkdbyhmﬂmmmwdmhmkndmdlheﬁmeﬁcgm 5. Conchmsion
Fasm and Scd 1, Liver inflamnmation, as well as activity and protein

of ACC. Aerobic training is an efficient stategy to minimize lip In lusion, short-tenm combined taining reduced hepatic stea-
machinery in liver tissue (40441, In thels study, Y-ulmdmllmgun tosis and hepatic inflammation, (ncressing h-wlc lmﬂlnmlﬂ“ty.
observed both lean and obese ruts reduced SCDY protei after udpuomuqhmuﬂﬁ?mnnnlWe&mdnmdmmhpopn
eight weeks of aetobic treadmill training {1 0. Subsequently, obese mice  genes (e, Fasn and Scd?) and an i in ACC phosphorylati

that underwent swinuming tmining for ten weeks showed the same dmumgllpnptpmbw-ys Wenlnmxﬁednmemondnxhtgma
result, with reduced expression of both Scd! and Fasa [15]. Similndy,  (ie, Gpela and Ppara). These ph occirred independenty of
Kalaki-Jouybaul and eolleagues observed i reductions in Fasn changes in body mass and adipasity. Thus, coxmbined talning can be

and Aec expressions in the liver of obese vats tinined for eight weeks atn pointed out as n good stntegy against hepatic steatosis.
lughmexmlypohcol [l?] In addition, eight weeks of readmill aer-

obic tmining p d ACC inhibition in the liver of obese Funding
mice [43],
Recently, our resesrch group o | thm 15 ions of The present wotk received financal suppost from the Sao Pauke

stength tradning could reduce the hepatic lipogenests of obese mice, Research Foundarion (FAPESP; process pumbers 2016/12560-6, 2016/
also withowt changes in the animals’ body composition |12, However, 248406-4, nnd 201 5/07199-2).

the effects of the combination of these two training models on liver

lipogenesis had never bem investignted Thus, in the present study, CRediT authorship contribution statement

obese mice tecluced hepatic lipogenesis, both ot the mRANA and pootein
levels, after seven sesslons of combined talning, LPM designed the paper. RMP and KCCR wrote the paper and had the
In addition to Jowesing the synthesis pathways, shoet term combined all respoesibilities of the experiments in this stuly. RMP, KCCR,

training also increased the expression of the axidative genes Gpria and MRS, GFP, GPA, TORC, RSC, andd DGM performed the expedments nnd
Ppara. These aie genes with a well desaibed involvement with duumlhuicnkMPndl.Spninmadthlilnlogiuhqmm.

p-oxidation, being the mibject of | studies to | the bepatic MRS performed the PCR analysis. RMP petformed the statistical anal-
steatosis (4647, Both serobie 119] of strength taining [12) can in- ysuns ASRS, Dsc.m JRP, and LPM coatiibuted to discussion ned
cremse the expression of Cptla and Ppara in the lives of obese rod upported the fimancinl costs. All the authors have read md approved

Here, foc the firse tine, we demotstased shott-term combined naining  this manuscript,
could reduce the bepatic lipid Jevels by providiag incressed expression

of the oxidative genes Cptla and Ppam, which is another efficient

stntegy to hepatic steatosis control by exercise,
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were quantified "p < 0.05 vs CT; *p < 0.05 vs OB (o = 4-6 per group). In fig. O, & was wsed the Mame Whitney test. Stodent’s £-test was wed in the others.
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4.6 ARTIGO 6

Ja é bem descrita a participagdo da clusterina hepéatica em proporcionar
reducado da lipogénese hepatica e protecdo contra o acumulo excessivo de gordura
nesse orgao. Similarmente, o treinamento de forca também é uma importante
estratégia tanto para a prevencao quanto tratamento da NAFLD. Entretanto, ainda
nao existem estudos investigando os efeitos do treinamento de for¢a sobre os niveis
de clusterina no figado de individuos obesos. Portanto, nosso proximo estudo teve
como objetivo investigar os efeitos do treinamento de forca de curta duracdo sobre

0s niveis de clusterina no figado de camundongos obesos.

Artigo em processo de finalizagéo:

Short-term strength training increases hepatic clusterin and reduces NAFLD in obese

mice.
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Short-term strength training increases hepatic clusterin and reduces NAFLD in

obese mice.

INTRODUCTION

Clusterin is a disulfide-linked glycoprotein of 75 - 80 kDa and its predominant
isoform is a glycoprotein secreted as a heterodimer composed of two chains of
monomers joined by five disulfide bridges (RIZZI; COLETTA; BETTUZZI, 2009).
Clusterin has a well-described participation in several physiological processes such
as anti-apoptotic and anti-inflammatory actions, oxidative stress reduction, tissue
differentiation and remodeling and HDL efflux (PARK; MATHIS; LEE, 2014; PEREIRA
et al., 2018; TROUGAKOS, 2013). However, by still unknown mechanisms, clusterin
can escape its secretion pathway and be found in the cytosol, originating its
cytoplasmic isoform (TROUGAKOQOS, 2013).

Recently, an elegant study demonstrated that the liver is the main tissue
responsible for clusterin synthesis, defining clusterin as a new hepatokine and
highlighting the importance of this protein for the control of the liver metabolic
functions (SEO et al., 2020). And previous studies shown that hepatic clusterin has
an important role in lipogenesis control in this tissue. In 2013, it was demonstrated
that hepatic clusterin has a suppressive role in Sterol regulatory element-binding
protein-1c (SREBP-1c) (SEO et al., 2013). When the authors overexpressed clusterin
in AML-12 hepatocytes, they observed reduction both in SREBP-1c and their
lipogenics transcripts Fatty Acid Synthase (FAS), Acetyl-CoA carboxylase (ACC) e
Stearoyl-CoA desaturase (SCD). Coherently, rodents overexpressing clusterin were
protected of non-alcoholic fatty liverdisease (NAFLD), with lower leves of hepatic
triglycerides e SREBP-1c expression (SEO et al, 2013). Furthermore, mice
overexpressing clusterin specifically in hepatocytes were protected from nonalcoholic
steatohepatitis (NASH), with less inflammation, macrophage infiltration and hepatic
triglycerides (PARK et al., 2018). Thus, knowing the relationship of NAFLD with the
failure of hepatic insulin action and induction of hyperglycemia and type 2 diabetes
mellitus (T2DM) in obese state (TILG; MOSCHEN; RODEN, 2017), hepatic clusterin
can be an important therapeutic target for the management of hepatic fat

accumulation and associated metabolic complications.
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In this context, recent publications show that strength training is an important
strategy against NAFLD and hepatic insulin resistance. One of the pioneering studies
in the field demonstrated that 4 months of strength training reduced hepatic fat
accumulation in diabetic subjects (BACCHI et al., 2013). Similarly, 2 months of
strength training besides reducing hepatic fat in men with NAFLD, also reduced
markers of liver damage alanine transaminase (ALT) and aspartate transaminase
(AST) (SHAMSODDINI et al., 2015). However, the biomolecular mechanisms by
which strength training fights NAFLD remain unkown. Obese rats who underwent
strength training for 12 weeks showed reduction in SREBP-1c and hepatic fibrosis
(DOS SANTOS et al., 2019). Similarly, short-term strength training promoted
reductions in lipogenic gene expression, protein content and activity in the liver of
obese mice, increasing hepatic insulin sensitivity and better control of hepatic glucose
production (HGP) (PEREIRA et al., 2019). However, the effects of strength training
on proteins that regulate liver lipogenesis such as clusterin remain unexplored.
Therefore, the aim of this study was to investigate the effects of strength training on

hepatic clusterin levels in obese mice.

MATERIAL AND METHODS

Animals and diet

All the animals' procedures were previously approved by the Ethics
Committee on Animal Use (CEUA) of Biological Sciences (UNICAMP-Campinas-SP,
number 4406-1) and carried out according to the Brazilian legislation on the scientific
use of animals (Law No. 11.794, of October 8, 2008). In the present study, eight
weeks old male Swiss mice were used, and the animals were provided by the
Multidisciplinary Center for Biological Research / UNICAMP. The animals arrived at
four-week-old and were maintained in individual polyethylene cages with an enriched
environment as previously described (PEREIRA et al., 2019). Briefly, the light was
switched on at 06:00 and off at 18:00 h, the temperature was controlled at 22 + 2 °C
and water and food (chow or high-fat diet) were offered ad libitum. More details about
animal conditions were published before (PEREIRA et al., 2019).

The first step of this study was to induce obesity by diet, and at this point,
the animals were distributed into two groups: Control Lean group (CTL), fed a chow
diet, and DIO group, fed a high-fat diet (HFD). The diet-induced obesity protocol
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lasted 14 weeks, and for the second step of this study, the obese group was equally
redistributed considering the mice’s body weight and fasting glycemia into two groups:
a) Obese Sedentary (OBSed), obese mice that remained sedentary throughout the
experiment and b) Obese Strength Training (OBStr), mice that performed the strength
training protocol. The HFD was prepared according to the American Institute of
Nutrition (AIN-93G) guidelines (REEVES; NIELSEN; FAHEY, 1993), and it was
modified to contain 35% of fat (4% soy oil and 31% of lard) (OLIVEIRA et al., 2015).

Short-term Strength Training protocol

The short-term strength training protocol was already published in detail by
our research group (PEREIRA et al., 2019)- Briefly, the protocol was performed in a
ladder and the mice carried the load apparatus fixed with adhesive tape in their tail.
Before the strength training protocol, the animals were adapted to the ladder and load
apparatus for 5 consecutive days.

After the adaptation protocol, the mice rested for 48 hours. Then, the
rodents were submitted to the Maximal Voluntary Carrying Capacity (MVCC) to
determine the maximum load in which each animal can climb the entire course of the
ladder. The load of the first attempt of the MVCC is equivalent to 75% of the animals’
body weight. In the subsequent attempts, an incremental overload (5 grams) was
added at each further attempt to climb until the animal could no longer complete the
entire course. The mice rested for 5 minutes in an individual cage between each
attempt, and the heaviest overload carried in the last successful attempt is considered
the MVCC of the animal, and this value is used to prescribe the individual loads in the
experiment.

The short-term strength training protocol started 48 hours after the MVCC
determination. The STST consists of 20 climbing series with an overload of 70% of
the MVCC and with a rest interval of 60-90 seconds between sets. The mice were
exercised for five consecutive days a week, followed by two days of rest, until they
completed 13 sessions of physical exercise. After that, mice underwent the pyruvate
tolerance test, and after 24 hours, the animals performed two more training sessions,

totaling 15 sessions, and were euthanized.

Intraperitoneal Pyruvate Tolerance Test (ipPTT)
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Eight hours after the end of 13™ exercise session, the animals were
submitted to ipPTT, 8 hours fasting. The animals were submitted to an intraperitoneal
injection of pyruvate (2 g/kg of sodium pyruvate Azis Cientifica®, Cotia, SP) and the
blood samples of the animals were drawn from the tail before the pyruvate injection,
which was considered the time 0, and after 30, 60, 90, and 120 min of the injection to
determine the blood glucose concentration. The results of ITT and ipPTT were
evaluated using the areas under the serum glucose curves (AUC) during the test by
the trapezoidal method (MATTHEWS et al.,, 1990) by Microsoft Excel (2013),
Microsoft Corporation, Redmond, WA,USA.

Tissue extraction and immunoblotting analysis

The euthanasia was performed 8 hours after the 15th exercise session,
and the animals also were fasted for 8 hours. Ten minutes before the euthanasia, the
animals received either human insulin (8 U/kg body wt Humulin-R; Lilly, Indianapolis,
IN) or saline via i.p. The animals were anesthetized via i.p. by the injection of chloral
hydrate of ketamine (100 mg/kg, Parke-Davis, Ann Arbor, MI) and xylazine (10 mg/kg,
Rompun, Bayer, Leverkusen), and after the verification and assurance of the lack of
corneal reflexes, the liver was collected and rapidly snap-frozen in liquid nitrogen and
stored at -80 °C until analysis. The epididymal and retroperitoneal adipose tissue
(right side) were removed and weighted to measure the fat depots. The liver was
homogenized in extraction buffer [1% Triton-X 100, 100 mM Tris (pH 7.4), 100 mM
sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium
vanadate, 2 mM PMSF and 0.1 mg of aprotinin/mL] at 4° C with a TissueLyser Il
(QUIAGEN®) operated at maximum speed for 120 s. The lysates were centrifuged
(Eppendorf 5804R) at 12.851 x g at 4 °C for 15 min to remove insoluble material, and
the supernatant was used for the assay. The protein content was determined by the
bicinchoninic acid method (WALKER, 1994). The samples containing 60 g of total
protein were applied to a polyacrylamide gel for separation by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were blocked with 5% dry
milk at room temperature for 1 h and incubated with primary antibodies against the
protein of interest. After that, a specific secondary antibody was used. The specific
bands were labeled by chemiluminescence, and visualization was performed by photo
documentation system in G: box (Syngene). The bands were quantified using the
software UN-SCAN-IT gel 6.1
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Statistical analysis

The results were shown as the mean + standard error of the mean (SEM).
The Shapiro-Wilk test was used to evaluate the Gaussian distribution of the data, and
Student’s t-test was used to compare two groups with parametric data when it was
necessary. Furthermore, to compare more than two groups, the one-way Analysis of
Variance (ANOVA) test followed by Bonferroni's post-hoc test was performed. To
analyze the points of ipPTT, the Two-way ANOVA (with repeated measures when
appropriate), with Bonferroni's correction for multiple comparisons was used. The
statistical significance level considered was P<0.05. The construction of the graphics
and the statistical analysis were performed using Prism (7.00) GraphPad Software
San Diego, CA, USA.

RESULTS

Short-term strength training reverses hiperglycemia, without changes in
adiposity:

At the end of the experimental period, the animals in the OBSed group
showed an increase in body mass and adiposity, with an increase in fasting glycemic
levels (Fig 1 A-D). However, the animals submitted to short-term strength training
showed similar glycemic values to lean animals of CTL group, even without changes

in body composition. (Fig 1 A-D).
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Figure 1: Physiological parameters of CTL, OBS and OBStr groups. A
and B) Body mass of the animals at the beginning and at the end of the experiment.
C) Adipose tissue weight of the epididymal region. D) Fasting glycemia (after 8 h of
fasting). *P < 0.05 vs CTL; #P < 0.05 vs OBSed (n = 6 per group).
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Short term strength training increases HGP control and reduces NAFLD in
obese mice:

Our next step was to analyze HGP control and fat liver in all experimental
groups. Initially, the animals were submitted to ipPTT to evaluate HGP control. After
pyruvate injection, we observed that the animals in OBSed group showed a robust
increase in glycemic values, which remained high during all the subsequent 120
minutes in the testing (Fig 2A). However, the animals in the OBStr group showed
reduced values, with no difference to CTL group (Fig 2A). Consequently, the AUC
during the test was higher for sedentary obese group, returning to similar values to
lean group after strength training (Fig 2B). When we evaluated the hepatic lipid
content using Oil Red O staining, we observed high fat accumulation in obese
animals; however, the short term strength training reverser this excess (Fig 2C).
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Figure 2: ipPTT and hepatic fat content of CTL, OBSed and OBStr
groups. A) Glycemic curve during ipPTT. B) The area under the curve during ipPTT.
C) Oil red O staining of the right lobe from three experimental groups. *P < 0.05 vs
CTL; #P < 0.05 vs OBSed (n = 5-6 per group).
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Trained obese animals have elevated levels of hepatic clusterin:

Finally, we investigated if short-term strength training changes hepatic
clusterin levels. Initially, we observed that the animals in the OBSed group showed
high clusterin levels when compared to CTL group (Fig 3A and B). However, after
short-term strength training, the animals in the OBStr group showed even higher

levels when compared to OBSed group. (Fig 3A and C).
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Figure 3: Hepatic clusterin levels of CTL, OBSed and OBStr groups. A) Bands of
clusterin in the liver of mice from CTL and OBSed groups (upper) and from OBSed
and OBStr groups (lower). B) Quantification of hepatic clusterin / vinculin of CTL and
OBSed groups. C) Quantification of hepatic clusterin / vinculin of OBSed and OBStr
groups. Only bands of the animals stimulated with insulin were quantified. *P < 0.05

vs CTL; #P < 0.05 vs OBSed (n = 6 per group).
DISCUSSION

Despite great advances in medicine, we still need an efficient
pharmacological treatment to NAFLD management. The use of peroxisome
proliferator-activated receptor (PPAR)y agonists as thiazolidinediones (PHIELIX;
SZENDROEDI; RODEN, 2011), vitamin E (SANYAL et al., 2010) and Incretin-based
therapies as glucagon-like peptide 1 (GLP-1) receptor agonists (ARMSTRONG et al.,
2016) show promising results in patients with NAFLD and T2DM, such as increased
insulin action, reduced liver fat and serum liver damage markers. However, these
treatments seem just enhance the results obtained by reducing body adiposity.
Therefore, non-pharmacological strategies such as reducing food consumption and
increasing energy expenditure continue to be primary interventions against NAFLD
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(TILG; MOSCHEN; RODEN, 2017). Important studies provided evidences about
strength training reducing NAFLD and increasing hepatic insulin action, being efficient
to hyperglycemia reduction (MEDRANO et al.,, 2018; PEREIRA et al., 2017a).
However, the biomolecular mechanisms involved in this process remain poorly
understood. In the present study, we demonstrated that short-term strength training
increased clusterin levels in the liver of obese mice, increasing HGP control and
reducing liver fat content. Thus, the glycemic values of trained animals returned to
baseline values presented by lean animals. Interestingly, these results were observed
independently of changes in body composition, showing that this is a direct effect
provided by training, and not a secondary effect to adiposity reduction.

Despite the growing number of studies showing that strength training is
efficient to improving hepatic insulin action and HGP control, the invasive methods
used for analyzing the mechanisms involved in these phenomena turns difficult this
analyzes. Recently, it has been shown that one mechanisms by which strength
training increases HGP control is related to the reduction of Pyruvate Carboxylase
hepatic protein content (PEREIRA et al., 2020), a gluconeogenic protein acting in the
pyruvate to oxaloacetate conversion and described as an important therapeutic target
against obese-related hyperglycemia (KUMASHIRO et al., 2013). Strength training
also reduces hepatic inflammation induced by obese state. Tumor Necrosis Factor-a
(TNF-a) and Interleukin-1p (IL-1B) proteins are known for their pro-inflammatory
activity, reducing insulin action (GREGOR; HOTAMISLIGIL, 2011). In a previous
study, it was demonstrated that short-term strength training was efficient providing
reduction in TNF-a and IL-1p hepatic content in obese mice submitted to the same
training protocol performed in this study, providing increase in hepatic insulin
sensitivity and reducing fasting hyperglycemia (PEREIRA et al., 2019). These anti-
inflammatory and anti-gluconeogenic effects provided by strength training support our
findings in the present study, since that trained animals here presented reduction in
hyperglycemia and better control of HGP after injection of pyruvate.

In the present study, we also observed reduction in hepatic lipid content in
trained animals, confirming previously published data (PEREIRA et al., 2019).
Important studies have already revealed that humans with NAFLD performing
strength training reduces hepatic lipid content (BACCHI et al., 2013; SHAMSODDINI
et al., 2015). And recently, the biomolecular mechanisms involved in this process

have started to be investigated. It has been shown that lipogenic proteins Fatty Acid
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Synthase (FAS) and Acetyl CoA carboxylase (ACC) was reduced after short-term
strength training in the liver of obese mice, with increased expression of oxidative
genes Cptla and Ppara (PEREIRA et al., 2019). Similarly, obese rats that performed
strength training for 12 weeks also reduced Sterol regulatory element-binding protein-
1c (SREBP-1c) content (DOS SANTOS et al., 2019), protein known for its important
role in lipogenic genes transcription (RUI, 2014). Therefore, the reduction in hepatic
lipid content in obese mice is in line with data previously published in the literature.

Finally, the main finding in our study was that strength training increased
hepatic clusterin content in obese mice. As previously described, hepatic clusterin
has a consistent antilipogenic effect in this tissue (PARK et al., 2018; SEO et al.,
2013). It has been shown that hepatic clusterin reduces liver lipogenesis inhibiting
SREBP-1 activity, thereby reducing FAS, ACC and SCD1 levels (SEO et al., 2013).
In that same study, obese rats were fed HFD and received adenovirus for clusterin
overexpression. As expected, obese animals that received adenovirus for
overexpression of GFP showed high liver fat accumulation, but the animals that
overexpressed clusterin were protected from HFD-induced NAFLD (SEO et al., 2013).
Here, we found that obese animals have incresead levels of hepatic clusterin,
confirming previous data (KWON et al, 2014). This phenomena is not fully
understood, but we believe that this is a counter-regulatory mechanism against the
metabolic adverse condition during obesity. However, after 15 sessions of strength
training, obese animals showed even more elevations in hepatic clusterin. Thus, this
training-induced elevation can affect the lipogenic machinery, culminating a reduction
in SREBP-1 transcripts levels such FAS, ACC and SCD-1, as previously
demonstrated (PEREIRA et al., 2019). This is a new mechanism by which this
modality counteracts NAFLD and hyperglycemia.

CONCLUSION

In summary, short-term strength training increases hepatic clusterin levels
in obese mice. Thus, excessive hepatic fat accumulation is reduced, increasing HGP
control and reducing fasting hyperglycemia. This is a new mechanism by which
strength training is an efficient strategy against NAFLD and hyperglycemia in obese

state.
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4.7 ARTIGO 7

Apesar dos grandes avanc¢os da medicina, estratégias que proporcionam
0 aumento do gasto energético e a reducdo do consumo alimentar continuam sendo
a principal intervencao para o tratamento da NAFLD. Nesse contexto, é sabido que
o treinamento aerdbio é eficiente em aumentar a razéo gasto / consumo energeético,
reduzir vias lipogénicas e estimular vias de quebra e oxidacao de lipidios no figado
com NAFLD. Entretanto, ainda ndo se sabe os efeitos do treinamento aerébio sobre
as niveis de clusterina hepatica. Dessa forma, nosso préximo trabalho teve como
objetivo investigar se os efeitos anti-lipogénicos proporcionados pelo treinamento
aerdbio de curta duracdo no figado de camundongos obesos estdo associados a

alteracdes nos niveis hepaticos de clusterina.

Artigo em construcao:

Aerobic training increases hepatic clusterin levels and reverses NAFLD in obese mice
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Aerobic training increases hepatic clusterin levels and reverses NAFLD in

obese mice

INTRODUCTION

It is estimated that around the world more than 400 million people between
20 and 79 years have type 2 diabetes mellitus (T2DM), and this number could
increase to 700 million in 2045 (SAEEDI et al., 2019). Between the T2DM
complications, the non-alcoholic fatty liverdisease (NAFLD) deserves attention,
present in 55% of diabetic subjects (YOUNOSSI et al., 2019). Several studies reveal
that NAFLD is closely related to reduced hepatic insulin sensitivity and general
impairment in glycemic homeostasis (PETERSEN; SHULMAN, 2017; SMITH et al.,
2020). However, despite the advances in medicine, interventions about changes in
lifestyle remain the primary and most efficient recommendation (FRANCO et al.,
2019; TILG; MOSCHEN; RODEN, 2017). Therefore, the study of new mechanisms
involved with the treatment and prevention of NAFLD is of great relevance.

In this context, clusterin (or Apolipoprotein J) is pointed as a possible
functional link with insulin action. It is a disulfide-linked heterodimeric glycoprotein
expressed in most tissues and found in almost all body fluids, found in secreted,
cytoplasmic and nuclear isoforms (TROUGAKOS; GONOS, 2002). Recently It has
been shown that serum clusterin levels are closely correlated with the magnitude of
insulin resistance, and that pharmacological treatment to increase insulin action
provides reduction in Clusterin circulating levels (SEO et al., 2018). These results
reinforce the previous discussion that secreted clusterin may have a protective effect
in metabolically adverse conditions such as obesity and T2DM (KUJIRAOKA et al.,
2006). However, cytoplasmic and nuclear isoforms remain poorly explored. The
cytoplasmic isoform seems to have an important anti-apoptotic action in different
tissues, pointed as an important target in the treatment of different types of cancer
(CHUN, 2014; TROUGAKOS et al., 2009; WANG et al., 2015a), On the other hand,
the nuclear isoform have the opposite effect (BETTUZZI; RIZZI, 2009). However,
there is an increasing number of evidence showing a new function of cytoplasmic
clusterin in regulating the liver fat accumulation in different experimental models.

One of the first studies investigating the role of hepatic clusterin on

lipogenic mechanisms was conducted by Seo and colleagues (SEO et al., 2013). The
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authors observed that hepatocytes AML-12 overexpressing clusterin had a lower
Sterol regulatory element-binding protein-1c (SREBP-1c) activity, reducing Fatty Acid
Synthase (FAS), Acetyl-CoA carboxylase (ACC) and Stearoyl-CoA desaturase (SCD)
levels. Coherently, mice overexpressing clusterin specifically in hepatocytes were
protected from diet-induced hepatic fat accumulation, with reductions in liver
triglyceride levels and inflammation markers such as macrophage infiltration, Toll-like
Receptor-4 (TLR-4) expression and Tumor Necrosis Factor-a (TNF-a) levels (PARK
et al., 2018). Finally, hepatocytes from clusterin knockout mice showed increase in
the Interleukin-13 (IL-1B8) and TNF-a expression after palmitate treatment, reflecting
lower Akt phosphorylation after insulin stimulus and increased gluconeogenic genes
expression as Fructose-1,6-bisphosphatase (FBPase) and Glucose 6-phosphatase
(G6Pase) (KWON et al., 2014). Combined, these data reveal hepatic clusterin as an
important therapeutic target for the treatment and prevention of NAFLD and whole
hepatic metabolism.

As described above, strategies promoting lifestyle changes remain the
most effective in NAFLD prevention and treatment (TILG; MOSCHEN; RODEN,
2017). In this context, aerobic training is an efficient strategy in the management of
NAFLD and its associated complications (CARNEROS; LOPEZ-LLUCH; BUSTOS,
2020). Recently, overweight women with NAFLD and T2DM showed reduction in liver
lipids after 10 weeks of different aerobic training modalities (BANITALEBI et al.,
2019). Similarly, 8 weeks of aerobic training reduced liver fat in inactive and
overweight/obese adults, even when performed at low volume and low intensity
(KEATING et al.,, 2015). Finally, an important meta-analysis revealed that the
reduction in intrahepatic triglyceride provided by aerobic training is associated with an
increase in the hepatic action of insulin, reinforcing the therapeutic potential of aerobic
training in the treatment of NAFLD and T2DM (SARGEANT et al., 2018a). However,
the biomolecular mechanisms by which aerobic training contributes to reduction in
NAFLD are still poorly understood, and there are no studies investigating the effects
of aerobic training on hepatic clusterin levels. Thus, the aim of this study was to
investigate whether short-duration aerobic training alters hepatic clusterin levels in

obese mice.

MATERIAL AND METHODS
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Animals and diet

All procedures were made in accordance with Brazilian law, and accepted
by the Ethics Committee on Animal Use — UNICAMP (#4773-1/2018). Male Swiss
mice were allocated in individual cages with the enriched environment (PVC pipes
were sawed in the middle generating a shelter of 10x10 cm of the base and 5 cm of
height) and under controlled conditions of the light-dark cycle (12 / 12h), food and
water ad libitum, temperature controlled at 22 + 2 ° C, relative humidity maintained at
45-55%, and on-site noises below 85 decibels. Moreover, at 8 weeks old the animals
were divided into two groups: the control (CTL) group kept eating chow diet and the
obese group started a high-fat diet (HFD) treatment to induce obesity. After 8 weeks
of HFD treatment the obese animals were subdivided into sedentary obese (OBSed)
and aerobic trained (OBAer) with no differences in body weight and fasting glycemia

between them.

Short-term aerobic training

Obese trained mice were adapted to the treadmill for 5 days and then
submitted to the maximal power test to determine animals’ aerobic capacity. Briefly,
maximal power is an incremental test in which the animals performed an initial running
at 6 m/min and every 3 minutes the velocity increases 3 m/min until the animal could
no longer run. The stage in which the animal stopped running was considered its
maximal power. After determining maximal power, the short-term aerobic training
protocol started and consisted in 1 hour per day of treadmill running at 75% of
maximum power in the dark cycle and lasted 7 days. Moreover, short-term aerobic
training was chosen to evaluate the effects of physical training without body weight

change.

Intraperitoneal Pyruvate Tolerance Test (ipPTT)

Eight hours after the end of 5" exercise session, the animals were
submitted to ipPTT, 8 hours fasting. The animals were submitted to an intraperitoneal
injection of pyruvate (2 g/kg of sodium pyruvate Azis Cientifica®, Cotia, SP) and the
blood samples of the animals were drawn from the tail before the pyruvate injection,
which was considered the time 0, and after 30, 60, 90, and 120 min of the injection to
determine the blood glucose concentration. The results of ITT and ipPTT were

evaluated using the areas under the serum glucose curves (AUC) during the test by
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the trapezoidal method (MATTHEWS et al.,, 1990) by Microsoft Excel (2013),
Microsoft Corporation, Redmond, WA,USA.

Tissue extraction and immunoblotting analysis

The euthanasia was performed 8 hours after the 7t exercise session, and
the animals also were fasted for 8 hours. Ten minutes before the euthanasia, the
animals received either human insulin (8 U/kg body wt Humulin-R; Lilly, Indianapolis,
IN) or saline via i.p. The animals were anesthetized via i.p. by the injection of chloral
hydrate of ketamine (100 mg/kg, Parke-Davis, Ann Arbor, MI) and xylazine (10 mg/kg,
Rompun, Bayer, Leverkusen), and after the verification and assurance of the lack of
corneal reflexes, the liver was collected and rapidly snap-frozen in liquid nitrogen and
stored at -80 °C until analysis. The epididymal and retroperitoneal adipose tissue
(right side) were removed and weighted to measure the fat depots. The liver was
homogenized in extraction buffer [1% Triton-X 100, 100 mM Tris (pH 7.4), 100 mM
sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium
vanadate, 2 mM PMSF and 0.1 mg of aprotinin/mL] at 4° C with a TissueLyser Il
(QUIAGEN®) operated at maximum speed for 120 s. The lysates were centrifuged
(Eppendorf 5804R) at 12.851 x g at 4 °C for 15 min to remove insoluble material, and
the supernatant was used for the assay. The protein content was determined by the
bicinchoninic acid method (WALKER, 1994). The samples containing 60 ug of total
protein were applied to a polyacrylamide gel for separation by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were blocked with 5% dry
milk at room temperature for 1 h and incubated with primary antibodies against the
protein of interest. After that, a specific secondary antibody was used. The specific
bands were labeled by chemiluminescence, and visualization was performed by photo
documentation system in G: box (Syngene). The bands were quantified using the
software UN-SCAN-IT gel 6.1.

Statistical analysis

The results were shown as the mean + standard error of the mean (SEM).
The Shapiro-Wilk test was used to evaluate the Gaussian distribution of the data, and
Student’s t-test was used to compare two groups with parametric data when it was
necessary. Furthermore, to compare more than two groups, the one-way Analysis of

Variance (ANOVA) test followed by Bonferroni's post-hoc test was performed. To
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analyze the points of ipPTT, the Two-way ANOVA (with repeated measures when
appropriate), with Bonferroni's correction for multiple comparisons was used. The
statistical significance level considered was P<0.05. The construction of the graphics
and the statistical analysis were performed using Prism (7.00) GraphPad Software
San Diego, CA, USA.

RESULTS

Short-term aerobic training reduces hyperglycemia in obese mice, even
without changes in body composition:

Initially, we observed that HFD provided weight and adiposity gains,
inducing fasting hyperglycemia (Fig 1A-D). However, after the short-term aerobic
training protocol, trained animals reversed obesity-induced hyperglycemia, even
without changes in body weight and adiposity. (Fig 2A-D).
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Figure 1. Physiological parameters of CTL, OBSed and OBAer
groups. A and B) Body mass of the animals at the beginning and at the end of the
experiment. C) Adipose tissue weight of the epididymal region. D) Fasting glycemia
(after 8 h of fasting). *P < 0.05 vs CTL; #P < 0.05 vs OBSed (n = 6 per group).

Short-term aerobic training reduces NAFLD and increases HGP control
and liver insulin sensitivity:

Our next step was to check the effects of short-term aerobic training in liver
fat accumulation and hepatic insulin action. Using Oil Red O staining, we observed a

robust liver fat accumulation in OBSed group (Fig 2A). However, short-term aerobic
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training was effective reversing this scenario (Fig 2A). During ipPTT, obese animals
showed a large increase in glycemia after pyruvate injection, with glycemic values
remaining high during all the points during the test (Fig 2B). On the other hand, trained
animals had reduced glycemic values compared to sedentary obese animals (Fig 2B).
Thus, the AUC during the test was higher for OBSed group, and reduced with aerobic
training (Fig 2C). Coherently, after insulin injection we observed that Akt activation
was decreased in OBSed group compared to CTL group, however aerobic training

increased the hepatic insulin action in obese mice (Fig 2D-F).
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Figure 2: Liver fat content, ipPTT and hepatic insulin sensivity of CTL, OBSed
and OBAer groups. A) Oil red O staining of the right lobe from three experimental
groups. B) Glycemic curve during ipPTT. C) The area under the curve during ipPTT.
D) Bands of p-Akt in the liver of mice from CTL and OBSed groups (upper) and from
OBSed and OBAer groups (lower). E) Quantification of hepatic p-Akt of CTL and
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OBSed groups. F) Quantification of hepatic p-Akt of OBSed and OBAer groups. Only
bands of the animals stimulated with insulin were quantified. *P < 0.05 vs CTL; #P <

0.05 vs OBSed (n = 6 per group).

Trained animals have less lipogenesis and liver inflammation:

Next, we evaluated the effects of short-term aerobic training in liver
lipogenesis, fat oxidation and inflammation. As shown in figure 4, trained animals
showed reduction in lipogenic genes expression Fans and Scd1l, with an increase in
the oxidative gene Cptla (Fig 3A-C). We also observed increasement in
phosphorylation and reduction in ACC total content, demonstrating a lower activity of
this protein (Fig 3E-G). Similarly, we also found reduction in FAS, TNF-a and IL-1[3

protein content (Fig 3A, | and J).
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Figure 3. Parameters of hepatic lipogenesis, fat oxidation, and inflammation
profile. A-D) Levels of mMRNA genes related to lipogenesis (Fasn and Scdl) and
oxidation (Cptla and Ppara) of OBSed and OBStr groups. E) Bands of the lipogenic
and inflammatory proteins in the liver of mice from OBSed and OBAer groups after
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insulin stimulus. F) Quantification of hepatic p-ACCs®"°/ACC of OBSed and OBAer
groups. G and H) Quantification of hepatic ACC and FAS content, respectively, of
OBSed and OBAer groups. | and J) Quantification of hepatic TNF-a and IL-1f3 content,
respectively, of OBSed and OBAer groups. Only the bands of the animals stimulated
with insulin were quantified. *P <0.05 vs CT; #P < 0.05 vs OBSed (n = 5-6 per group).

Short-term aerobic training increases clusterin hepatic levels in obese
mice:

Finally, we check the effects of short-term aerobic training in hepatic
clusterin levels. After the experimental period, we observed a tendency to increase
hepatic clusterin levels in OBSed group (P=0.0830) (Fig 5A and B). However, trained

animals showed higher levels when compared to sedentary obese animals (Fig 5A

and C).
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Figure 4: Hepatic clusterin levels of CTL, OBSed and OBAer groups. A) Bands
of clusterin in the liver of mice from CTL and OBSed groups (upper) and from OBSed
and OBAer groups (lower). B) Quantification of hepatic clusterin / vinculin of CTL and
OBSed groups. C) Quantification of hepatic clusterin / vinculin of OBSed and OBAer
groups. Only bands of the animals stimulated with insulin were quantified. *P < 0.05

vs CTL; #P < 0.05 vs OBSed (n = 6 per group).

CONCLUSIONS

In summary, we found that short-term aerobic training increases hepatic
clusterin levels in obese mice, independently of body weight and adiposity changes.

Thus, lipogenesis and liver inflammation are reduced, increasing insulin action and
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HGP control and reducing NAFLD. This is a new mechanism by which aerobic training
is an efficient strategy against NAFLD and hyperglycemia obese-state.
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5. CONCLUSAO

A presente obra traz importantes avancos a respeito das compreensao
dos mecanismos pelos quais a pratica de exercicios fisicos contribui na reducéo do
acumulo de gordura hepatica e melhora a sinalizacdo da insulina no figado,
contribuindo para um melhor controle da PHG e reducao da hiperglicemia associada
a obesidade. Pela primeira vez, demonstramos que diferentes protocolos de
treinamento de curta duracéo sao capazes de reduzir o acimulo de gordura hepatica
por reduzir a ativacdo da maquinaria biomolecular de sintese de lipidios, e
proporcionar aumento na expressao de genes oxidativos. Ainda, assim como
previamente descrito em relacdo ao treinamento aerdbio, o treinamento de forca
contribui para o melhor controle da PHG por aumentar a acao da insulina no figado
e proporcionar maior inativacdo da proteina FOXO1, reduzindo assim o contetdo de
proteinas gliconeogénicas. Um possivel mecanismo proposto pelo qual as diferentes
modalidades de treinamento contribuem para a melhora no quadro de resisténcia
hepatica seletiva a insulina (aumentando a acdo da insulina promovendo controle da
PHG e simultaneamente reduzindo a lipogénese hepatica) se da por meio do
aumento do conteudo proteico da isoforma citoplasmatica de clusterina no figado de

camundongos obesos.
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8. ANEXOS
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CERTIFICADO

Certificamos que a Pwposh intitulada ww

Pereira, que envolve a produgdo, manutengdo ou uﬁﬁzscao de animais pomncemas ao filo Chordata,
subfilo Vertebrata (exceto o homem) para fins de pesquisa cientifica (ou ensino), encontra-se de acordo
com os preceitos da LEI N°® 11,794, DE 8 DE OUTUBRO DE 2008, que estabelece procedimentos para o
uso cientifico de animais, do DECRETO N° 6.899, DE 15 DE JULHO DE 2009, & com as nonmas editadas
pelo Conselho Nacional de Controle da Experimentacao Animal {CONCEA), tendo sido aprovada pela
Comissio de Etica no Uso de Animais da Universidade Estadual de Campinas - CEUAJUNICAMP, em

reuniao de 03 de novembro de 2018.
Finalidade: ( ) Ensino ( X ) Pesquisa Cientifica |
Vigéncia do projeto: 04/11/2016-04/11/2018
Vigéncia da autorizacdo para manipulacdo | 04/11/2016-04/11/2018
animal:
Espécie / linhagem/ raga: Camundongo isogénico / C57BL/I6J
No. de animais: 240
Peso | Idade: 04 semanas / 15g
Sexo: machos
Origem: CEMIB/UNICAMP

A aprovagao pela CEUA/UNICAMP nlo dispensa autorizacdo prévia junto ao IBAMA, SISBIO ou CIBio & &
restrita a protocolos desenvolvidos em biotérios e laboratdrios da Universidade Estadual de Campinas
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Campinas, 03 de novembro de 2016,
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Profa. Dra. Liana Maria Cardoso Verinaud Fétima Nonso'/ !
Presidente Secretaria Executiva
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CERTIFICADO

Certificamos que a nropm intitulada EFEITOS DO EXERCICIO NA INFILTRACAO DE MACROFAGOS E

S, registrada com o n” 4773-1/2018, sob a

raaponsabumado Prof eand de N !
produgdo, manutangao ou utilizacao de animais perﬁencemes ao filo Chom subfilo Verfebrata (exceto o
homem) para fins de pesquisa cientifica (ou ensino), encontra-se de acordo com cos preceitos da LEI N*
11.794, DE 8 DE OUTUBRO DE 2008, que estabelece procedimentos para o uso cientifico de animais, do
DECRETO N° 6.899, DE 15 DE JULHO DE 2009, e com as normas editadas pelo Conselho Nacional de
Controle da Experimentagao Animal (CONCEA), tendo sido aprovada pela Comissio de Etica no Uso
de Animals da Universidade Estadual de Campinas - CEUA/UNICAMP, em 13 de marco de 2018

Finalidade: () Ensino { X) Pesquisa Cientifica
Vigéncia do projeto: 23/02/2018-23/02/2021

Vigéncia da autorizagado  para | 13/03/2018-23/02/2021

manipulagio animal:

“Espécie / linhagem/ raga: Camundongo heterogénico / Unib:SW (Swiss)

No. de animais: 448

Idade/Peso: 04 semanas / 40g

Sexo: machos

Origem: CEMIB/UNICAMP

"Biotério onde serao mantidos os | Biotério da Faculdade de Ciéncias Aplicadas,
animals: FCA/UNICAMP

A aprovagio pela CEUA/UNICAMP nio dispensa autorizagdio prévia junto ac IBAMA, SISBIO ou ClBio e &
restrita a protocolos desenvoividos em biotérios e laboratorios da Universidade Estadual de Campinas.

Campinas, 13 de margo de 2018,
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Coorden Secretaria Executiva
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