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RESUMO

Embora a estimulacdo do sistema nervoso simpético (SNS) seja uma resposta
bem estabelecida durante o exercicio, a participacdo das catecolaminas nas
mudancas induzidas pelo exercicio resistido (RE) no metabolismo de proteinas do
muasculo esquelético permanecem obscuras. Este estudo teve como objetivo
investigar os efeitos do bloqueio dos receptores [32-adrenérgico (B2-AR) nas respostas
moleculares agudas induzidas por uma Unica sessdo de RE em musculos
esqueléticos de roedores. Camundongos machos C57BL6/J foram submetidos a uma
Unica sessédo de RE progressivo em uma escada vertical sob bloqueio especifico dos
B2-AR com ICI 118,551 (ICI; 10 mg.kg™, i.p.) ou veiculo (solucéo salina estéril; 0,9%,
i.p.). A expressdo génica e o estado de ativacdo de proteinas sinalizadoras
intracelulares foram analisadas nos musculos tibial anterior (TA) e/ou gastrocnémio
(GAS) por meio das técnicas de RT-gPCR e Western Blot, respectivamente.
Demonstramos que os niveis circulantes dos hormoénios associados ao estresse,
norepinefrina (NE) e corticosterona encontravam-se elevados imediatamente apds a
sessdo de RE, assim como os niveis de fosforilacdo de AMPK, p38-MAPK e CREB
apenas nos musculos GAS. O aumento agudo nos niveis de fosforilacdo de CREB foi
acompanhado pela regulacéo positiva dos genes-alvo de CREB, Sikl e Nr4a3, trés
horas ap6s a sessao de RE. Por outro lado, o bloqueio dos B2-AR preveniu totalmente
0 aumento de Sik1l e atenuou a expressao de e Nr4a3. Além disso, uma Unica sessao
de RE estimulou a expressdo de genes relacionados a autofagia (Mapllc3b e
Gabarapll) e miostatina (Mstn), mas nao alterou a expressao de Igf-1 ou II-6. Por outro
lado, os genes relacionados a atrofia (Murfl e Atrogin-1), assim como o conteddo
proteico de Atrofin-1, estavam aumentados apenas nos musculos dos camundongos
exercitados sob bloqueio dosB2-AR. Curiosamente, o aumento na expressao de Mstn
foi amplificado nos musculos dos camundongos exercitados sob bloqueio dos B2-AR.
Em concluséo, nossos dados sugerem que o RE agudamente aumenta a expressao
de genes envolvidos no controle do metabolismo de proteinas musculares e que pelo

menos parte das alteragdes moleculares dependem da ativagao de B2-ARs.

Palavras-chave: exercicio resistido, B2-adrenoceptor, musculo esquelético, CREB,

expressao génica



ABSTRACT

Although stimulation of the sympathetic nervous system (SNS) is a well-
established response during exercise, the role of catecholamines in resistance
exercise (RE)-induced changes in skeletal muscle protein metabolism remains
unclear. This study investigated the effects of B2-adrenergic receptor (82-AR) blockade
on the acute molecular responses induced by a single RE session in skeletal muscles
of rodents. Male C57BL6/J mice underwent a single session of progressive RE on a
vertical ladder under B2-AR blockade with ICI 118,551 (ICI; 10 mg.kg-1, i.p.) or vehicle
(sterile saline; 0.9%, i.p.) and gene expression analyzed in tibialis anterior (TA) and/or
gastrocnemius (GAS) muscles. We demonstrated that a single RE session acutely
increased circulating levels of the stress-associated hormones norepinephrine (NE)
and corticosterone and levels of AMPK, p38-MAPK and CREB phosphorylation only in
GAS muscles. The acute increase in CREB phosphorylation levels was accompanied
by upregulation of CREB target genes Sik1l and Nr4a3.3h after the RE session. On the
other hand, B2-AR blockade completely prevented the Sikl increase and attenuated
Nr4a3 mRNA levels. Furthermore, a single RE session stimulated mRNA levels of
genes related to autophagy (Mapllc3b and Gabarapll) and myostatin, but did not alter
gene expression of igf-1 or il-6, while genes related to atrophy (Murfl and Atrogin-1)
were increased only in mice under B2-AR blockade. Interestingly, performing a single
RE session under 2-AR blockade amplified the increase in myostatin mRNA levels in
GAS muscles of exercised mice. In conclusion, our data suggest that at least part of
the acute molecular changes induced by RE depend on the activation of B2-ARs in

skeletal muscle.

Keywords: resistance exercise, [B2-adrenoceptor, skeletal muscle, CREB, gene

expression
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1 INTRODUCAO

Dentre os varios fascinios com o corpo humano, o estudo anatémico e funcional
da musculatura esquelética sempre se manteve em foco ao decorrer da historia.
Compreendendo quase metade da massa corporal total de um individuo, o musculo
esquelético é caracterizado por sua atividade mecanica para a realizacdo de
movimento, sustentacdo postural e respiracdo, a qual depende da contracdo de
diferentes tipos de fibras musculares (Bell RAV, Al-Khalaf M, Megeney LA, 2008).
Atualmente, no entanto, o musculo esquelético é considerado mais do que apenas um
componente do nosso sistema locomotor, uma vez que este tecido contribui
significativamente para a producdo de calor e a homeostase metabdlica. Nesse
sentido, evidéncias recentes identificaram o musculo esquelético como um tecido
enddcrino que sintetiza e secreta diversas citocinas e outros peptideos, denominados
de “miocinas” (Pedersen BK 2013; Schnyder S, Handschin C, 2015). Elas, por sua
vez, exercem seus efeitos de forma autdcrina, paracrina e/ou endécrina e, portanto,
influenciam o metabolismo e a funcao do préprio tecido muscular, assim como de
outros tecidos e orgaos distantes (Pedersen BK 2013).

Devido a essas multiplas acdes, a regulacdo da massa e da funcdo muscular
sdo temas de grande interesse na area da saude. Nesse contexto, estudos recentes
apontam uma intima relacao entre a massa/forca muscular e a morbidade/mortalidade
de individuos saudaveis e acometidos por diversas doencas debilitantes. De fato, a
perda de massa muscular (atrofia) associada ao envelhecimento (sarcopenia), ao
cancer (caquexia), a doenca pulmonar obstrutiva crénica (DPOC), entre outras
doencas, sao preditores da perda de funcao fisica e mortalidade nesses pacientes
(Santana FM et al., 2019; Roubenoff R, Hughes VA, 2000; Tisdale MJ, 2005; Mathur
S, Brooks D, Carvalho CR, 2014). Apesar desses dados alarmantes, ainda ndo ha
tratamento efetivamente capaz de prevenir a atrofia muscular, destacando-se a
importancia da pesquisa basica atuando na identificacdo de possiveis novos
mecanismos de controle e alvos terapéuticos.

Sabe-se que o citoplasma das fibras musculares esqueléticas é constituido
principalmente de proteinas contrateis (e.g. miosina e actina) envoltas por organelas,
em especial mitocondrias e o reticulo sarcoplasmatico. Assim, a renovacao destas
estruturas intracelulares impacta sobre o volume e a funcéo da fibra muscular (Sartori

R, Romanello V, Sandri M, 2021). Reforgcando essa ideia, em resposta a acdo de



horménios anabdlicos ou exercicio de forca (resistido) observa-se um aumento no
volume da fibra muscular (hipertrofia) devido a estimulacdo do processo de sintese e,
consequentemente, acimulo de novas proteinas e organelas em seu citoplasma
(Yoshida T, Delafontaine P, 2020; Baar K, Nader G, Bodine SC et al., 2006). Por outro
lado, em condicBes catabdlicas como o cancer, diabetes e 0 excesso de
glicocorticoides, ocorre reducdo no volume dessas fibras musculares (atrofia) como
consequéncia das elevadas taxas de degradacao proteica (Bonaldo P, Sandri M,
2013). Portanto, embora seja possivel apontar que uma reducdo na sintese proteica
possa contribuir para a perda de massa muscular, € de consenso que 0 aumento da
atividade dos sistemas proteoliticos na degradacdo total de proteinas, estimulados por
varios fatores extrinsecos e intrinsecos reflete de forma mais intensa na
reducao/atrofia desse tecido.

O exercicio fisico realizado de forma regular (i. e. treinamento fisico) agrega
diversas melhorias psicossociais em seus praticantes e é capaz de aumentar a
sensibilidade a insulina e a densidade mineral Ossea, enquanto que o
aperfeicoamento de alguns parametros especificos, como mudanca do tipo de fibra,
depende da modalidade de exercicio praticada (Egan B, Zirath JR, 2013; Shestack
R,1987). Interessante notar que em ambos extremos das principais modalidades de
exercicio (resistido e aerdbio) a hiperatividade simpatica e as adaptacdes benéficas
ao organismo sdo pontos em comum. Apesar disso, pouco se conhece sobre a
contribuicdo fisioldgica do SNS nas alteracbes do metabolismo proteico provocadas
pelo exercicio fisico. Assim, 0 modelo fisiolégico de hiperativacao simpatica escolhido
nesse projeto foi o exercicio resistido (RE), uma vez que essa modalidade de exercicio
induz aumentos mais pronunciados nas catecolaminas plasméticas e musculares
(Egan B, Zirath JR, 2013; Katayama K, SaitoM, 2019), além de ser mais efetivo, a
longo prazo, em aumentar a massa muscular esquelética através do treinamento fisico
(Khamoui AV et al.,2016; Kim JS et al. 2016; Padilha CS et al. 2021). Assim,
levantamos a hipotese de que a liberagéo de catecolaminas durante o RE modula a
expressdo de genes troficos de maneira dependente de B2-AR do musculo
esquelético. O objetivo do presente estudo foi investigar os efeitos do bloqueio
espercifico dos B2-ARs nas respostas moleculares agudas induzidas por uma Unica
sessdo de RE em musculos esqueléticos de roedores. Demonstramos que o RE
aumenta agudamente a expresséo de genes envolvidos no controle do metabolismo

de proteinas musculares e que pelo menos parte dessas alteracbes dependem da
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ativacao dos B2-ARs. Finalmente, o desdobramento deste projeto de pesquisa permitiu
o aprofundamento nos estudos relacionados ao controle do metabolismo proteico

muscular pelo SNS.

1.1 SISTEMAS PROTEOLITICOS INTRACELULARES NA MUSCULATURA
ESQUELETICA

Sabemos atualmente que existem pelo menos trés sistemas proteoliticos
envolvidos no processo de renovacdo de proteinas intracelulares do musculo
esquelético: o sistema proteolitico dependente de célcio (Ca*?), o sistema proteolitico
dependente de Ubiquitina (Ub)-proteassoma (UPS) e o sistema autofagico/lisossomal
(Goll DE et al., 2008; Aweida D, Cohen S, 2021). A atividade conjunta destes sistemas
€ de fundamental importancia para a manutencdo da homeostase celular, uma vez
gue estdo envolvidos no processamento de antigenos, na remocao de proteinas
anormais, degradacdo de proteinas regulatorias de meia-vida curta (e.g., fatores de
transcricdo) e meia-vida longa (e.g., proteinas miofibrilares), assim como para o
fornecimento de aminoacidos para outros processos metabolicos (Lecker, Goldberg e
Mitch, 2006). Além disso, também atuam na reciclagem de receptores de membrana,
no ciclo celular, crescimento e diferenciacdo e na liberacdo de aminoacidos para a
gliconeogénese, entre outras funcdes (Lecker SH et al., 1999). Entretanto, sob
estimulos catabdlicos, o aumento sustentado da degradacéo proteica, principalmente
por meio da hiperativacdo dos sistemas proteassomal e lisossomal, pode levar ao
quadro de atrofia muscular.

O UPS é o principal sistema presente na musculatura esquelética (Lecker,
Goldberg e Mitch, 2006). Paraque os substratos possam ser degradados pelo
proteassoma é necessario que estes sejam inicialmente ligados covalentemente a
uma proteina de 76 aminoacidos chamada de ubiquitina (Ub). A ligacdo da Ub, por
sua vez, depende da acéo de trés familias de enzimas: a E1 ou enzima ativadora, a
E2 ou enzima carreadora e a E3 ouUb-ligase. A Ub-ligase é a enzima limitante de
todo o processo de ubiquitinagdo, poisesta tem a capacidade de reconhecer
especificamente os substratos proteicos a serem degradados e de liga-los a Ub
sucessivamente, formando complexos poliubiquitinados. Uma vez poliubiquitinado,
0 substrato-alvo pode ser reconhecido e degradado pelo proteassoma 26S

(Ciechanover A et al.,, 1980; Jackman RW, Kandarian SC, 2004), um complexo
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multienzimatico presente no citosol de todas as células que é constituidopor uma
estrutura central 20S, e duas subunidades periféricas 19S (Figura 1).

Dentre as diferentes Ub-ligases, as mais estudadas sao a MuRF1 (Muscle Ring
Finger protein 1) e a Atrogin-1 (Muscle Atrophy F-box) (Glass DJ, 2003), uma vez que
sao expressas exclusivamente nos musculos estriados (esquelético e cardiaco) e
participam de umprograma génico atréfico que precede a atrofia muscular (Lecker
SH et al., 2004). A importancia fisiopatolégica da hiperexpressao destas Ub-ligases
para estabelecimento da atrofia muscular foi demonstrada em experimentos nos
quais a atrofia muscular induzida pelo modelo de desnervacdo motora foi
parcialmente bloqueada em musculos de animais knockout para ambas as Ub-
ligases (Bodine SC et al.,, 2001a), sendo consideradas marcadoras de atrofia
muscular em diversos modelos experimentais (Bodine SC et al.,2001b; Gomes MD
et al., 2001). Assim, faz-se necessario compreender como 0s marcadores da

ativacado desse sistema comportam-se em um modelo de hipertrofia muscular.

Figura 1 - Representacdo esquemética do processo de ubiquitinacdo e degradacéo

de substrato pelo complexo multienzimatico do proteasoma.

Protein
fragments
('
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-

ATP

AMP
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’ Base
E N Substrate €
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© 2012 American Association for Cancer Research

198

Fonte: Adaptado de Rahimi N, 2012.
Nota: Ub, ubiquitina; E1, enzimas ativadoras de Ub; E2, enzimas carreadoras de Ub; E3, enzimas
ligadoras de Ub.

No sistema proteolitico autofagico/lisossomal, os lisossomos sao as organelas

envolvidas no processo de degradacdo de grande parte das proteinas extracelulares
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e de membrana endocitadas, proteinas citoplasmaticas e até mesmo organelas
inteiras (Tanida |, Ueno T, Kominami E, 2004). Essas vesiculas delimitadas por
membrana contém em seu interior as enzimas responsaveis pela sua capacidade
proteolitica, conhecidas como catepsinas (B, D, H e L). No entanto, existem diferentes
vias de entrega de substratos ao lisossomo, como a microautofagia, a autofagia
mediada por chaperonas e a macroautofagia (Bechet D et al., 2005). Dentre essas, a
macroautofagia (ou apenas, autofagia) parece ser a via de entrega de substratos mais
importante na musculatura esquelética.

O inicio do processo autofagico depende da formacdo de uma vesicula de
membrana dupla que engloba por¢bes inteiras do citoplasma junto com varios
substratos e os entrega ao lisossomo para que assim sejam degradados (Figura 2).
Neste processo, o complexo fosfatidilinositol-3-quinase (PI3K) de classe llI, beclina e
0 conjugado das proteinas autofagicas Atg5-Atgl2 sdo necessarios para a geracao
da estrutura do pré-autofagossomo (PAF). Além disso, a conjugacao de lipidios as
Atg8, LC3 (microtubule-associated protein light chain 3) e GABARAP (y-aminobutyric
acid receptor-associated protein), parece ser o evento decisivo para o alongamento e
expansdo da membrana de isolamento do PAF (Bechet D et al.,, 2005). Apos a
formacdo do autofagossomo, a membrana externa dessa estrutura se funde ao
lisossomo, formando o autolisossomo, onde havera a degradacao das proteinas por
acdo das hidrolases acidas (Bechet D et al.,, 2005). H& evidéncias de que a
hiperexpressao de genes autofagicos também esteja diretamente associada a atrofia
das fibras musculares (Mammucari C et al., 2007; Zhao J et al., 2007). Assim, a
expressao dos genes das proteinas autofagicas LC3 e GABARAP, 0s quais possuem
papel fisiolégico importante no processo de formagédo do autofagossomo, tém sido
utilizados como marcadores de autofagia em diversos tecidos, inclusive na
musculatura esquelética atréfica (Mammucari C et al., 2007; Ogata T et al., 2010).
Assim como no USP, esse sistema também é estimulado com o ambiente catabdlico
promovido pelo RE, todavia, pouco se conhece da relacdo que esses marcadores

possuem agudamente apds o exercicio, bem como a interagao dos B2-AR.

Figura 2 - Representacdo esquematica do processo macroautofagico (autofagia) de

entrega de substratos ao lisossomo.
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Nota: Atgs, proteinas autofagicas; Gabarap, Aminobutyric acid receptor-associated protein; LC3,
Microtubule-associated protein light chain 3.

1.2 VIAS DE SINALIZACAO NO CONTROLE DO METABOLISMO PROTEICO

Nos ultimos anos as vias de sinalizacdo intracelular envolvidas no controle do
metabolismo proteico tém sido bastante investigadas no musculo esquelético (Sartori
R et al., 2021; Glass DJ, 2003; Sandri M, 2008). Nesse sentido, a ativacdo de uma
das vias mais estudadas se inicia com a atuacao de hormoénios anabdlicos como a
insulina e o fator de crescimento semelhante a insulina-1 (IGF-1). Esses hormonios
atuam na fibra muscular por meio da ligagdo com seus receptores transmembrana,
com atividade tirosina quinase intrinseca, e ativam a cascata de sinalizacdo da
fosfaditilinositol-3-quinase classe | (PI3K) e proteina quinase B (Akt) (Figura 3). A Akt
possui atividade serina (Ser)/treonina (Thr) quinase e € considerada uma enzima-
chave no controle da massa muscular (Bodine SC et al.,, 2001a; Glass DJ, 2003;
Sandri M, 2008). Uma vez ativada por fosforilagdo em residuos especificos (Ser 473

e Thr 308) a Akt passa a fosforilar proteinas envolvidas na estimulacdo da sintese
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proteica, como a mTOR (mammalian target of rapamycin) e seu substrato p70S6K
(S6K1).

Além de suas ac¢des no processo de sintese, essa via de sinalizagdo também
favorece o anabolismo muscular por meio do controle da atividade dos sistemas de
degradacédo de proteinas intracelulares. Assim, em situacfes normais, a Akt ativada
também fosforila os fatores de transcricdo FoxO (Forkhead box class O) em residuos
especificos, os quais se associam as proteinas 14-3-3 no citoplasma, impedindo a
translocacdo desses fatores para o nucleo e, consequentemente, a transcricdo das
Ub-ligases (Atrogin-1 e MuRF-1) e das proteinas autofagicas (Maplllc3b e Gabarapll)
(Sandri M et al., 2004; Zhao J et al., 2007). Por outro lado, em situacdes atroficas
como no jejum, diabetes ou tratamento com glicocorticoides, a inativagdo/supressao
da cascata de sinalizacao da Akt diminui os niveis de fosforilagdo de FoxO e favorece
sua translocacao para o ndcleo e a transcricao génica (Van Der Heide LP, Hoekman
MF, Smidt MP, 2004; Schakman O et al., 2013). Dessa forma, acredita-se que 0s
sistemas proteoliticos autofagico/lisossomal e dependente de Ub-proteassoma sejam
regulados por uma mesma via de sinalizacdo envolvendo Akt/FoxO (Figura 3) (Zhao
J et al., 2007). Embora a sinalizacao intracelular IGF-1/Akt seja a mais estuda e
conhecida sinalizagdo anabdlica no musculo esquelético, numerosos estudos tem
demonstrado que a ativagao de receptores adrenérgicos do tipo B, principalmente do
subtipo 2 (B2), promove hipertrofia e atenua a atrofia muscular (Yimlamai T et al.,
2005; Gongalves DA et al., 2012; Berdeaux R, Stewart R, 2012; Lynch GS, Ryall JG,
2008).

Figura 3 - Representagdo esquematica da via de sinalizacdo PI3K/Akt e sua relagédo
com a sintese e degradacéo de proteinas.
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Nota: IGF-1, Fator de crescimento semelhante a insulina 1; IGF-1 Rec,Receptor de IGF-1; PI3K,
fosfatidilinositol-3-quinase; Akt, proteina quinase B; mTOR, Mammalian target of rapamycin; S6k1,
proteina ribossdmica S6 quinase beta-1; 4EBP1, proteina de ligagao ao fator de iniciagdo da traducao
eucaridtica 1; FoxO, Forkhead box class O; MAFbx, Muscle Atrophy F-box; MuRF1, Muscle ring finger
1; LC3, Microtubule-associated protein light chain 3. Setas em azul indicam estimulacdo e setas em
vermelho inibi¢&o; setas pontilhadas indicam efeito indireto.

Outra via também importante para o controle do metabolismo proteico é a via
da proteina quinase regulada por sinal extracelular 1/2 (ERK 1/2), também conhecida
como MAPK (mitogen-activated protein kinase) 1/2, que desempenha um papel
importante na regulagcdo da musculatura esquelética. As ERK 1/2 séo parte da cascata
de sinalizacao intracelular e sdo ativadas em resposta a uma variedade de estimulos
extracelulares, como fatores de crescimento, hormoénios e estresse mecanico,
desempenhando um papel crucial no crescimento e na hipertrofia muscular (Boyer et
al., 2019). Quando ativadas, elas sinalizam para as células musculares a sintese de
proteinas musculares, o que leva ao aumento do tamanho e da massa muscular em
resposta ao treinamento de resisténcia e estimulos de crescimento (Boyer et al.,

2019). Como salientado acima, as ERK 1/2 podem ser ativadas por horménios, como
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a insulina e o IGF-1, que desempenham um papel importante na regulacdo do
metabolismo e no crescimento muscular. Além disso, 0 estresse mecanico pode
diretamente estimular as ERK1/2 na musculatura esquelética, em particular durante o
exercicio resistido, e participar do processo de adaptacdo do musculo frente ao
treinamento de forca (Boyer et al., 2019; Richter et al., 2004).

Por fim, outras duas proteinas que desempenham papeis importantes na
regulacdo da musculatura esquelética, especialmente durante o exercicio fisico, séo
a proteina p70S6 (também conhecida como ribossomal proteina S6 quinase 1 ou
S6K1) e a GSK3p (Glycogen Synthase Kinase 3 beta) que fazem parte da cascata de
sinalizacdo que controla a sintese de proteinas musculares e regulam tanto o
crescimento, quanto a adaptagcéo muscular. Quando ativada, p70S6K sinaliza para as
células musculares aumentarem a sintese de proteinas, fator importante durante o
exercicio de resistido, uma vez que as fibras musculares sofrem microlesdes e
precisam se reparar e crescer para se adaptar ao estresse (McGlory et al., 2014). Ja
a proteina GSK3[3 atua como reguladora do metabolismo de glicogénio no musculo
esquelético, uma vez que ela inibe a glicogénio sintase, enzima responsavel por
sintetizar o glicogénio a partir da glicose, o que leva a quebra do glicogénio
armazenado em glicose, fornecendo uma fonte de energia rapida durante o exercicio
intenso (Markuns, Wojtaszewski e Goodyear, 1999). Durante o exercicio fisico, a
regulacdo da GSK3B também influencia a resposta adaptativa do musculo
esquelético, visto que ela esta envolvida na sinalizagdo IGF1/mTOR que promove a
hipertrofia muscular e outras adaptacdes, como a regulacédo da expressao de genes
relacionados ao crescimento e a sintese de proteinas musculares citados

anteriormente (Sakamoto et al., 2004).

1.3 PARTICIPACAO DA MIOSTATINA E INTERLEUCINA-6 NA MODULACAO
PROTEICA

Miocinas sdo um grupo de proteinas produzidas e liberadas por células
musculares, especialmente células musculares esqueléticas (musculos que se
movem voluntariamente), em repouso e durante a contragdo muscular. Elas
desempenham um papel crucial na regulacdo do metabolismo, no controle da

inflamacgé&o, na promoc¢ao do crescimento muscular e na comunicacgéo entre o musculo
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esquelético e outros sistemas do corpo (Barbalho et al.,, 2020). Desempenhando
importante papel na saude geral e na adaptacado do corpo ao exercicio fisico, bem
como na resposta a lesées musculares.

A miostatina (MSTN), também conhecida como GDF-8 (Fator de
Crescimento/Diferenciacdo 8), € uma proteina que participa no controle da
plasticidade muscular, principalmente na inibicdo do crescimento excessivo do tecido
muscular, sendo, por isso, conhecida como uma reguladora negativa do crescimento
muscular (Planella-Farrugia et al., 2019). A MSTN regula a expressdo génica e a
funcdo muscular através da ativacdo receptor tipo IIB de activina (ActRIIB),. Para isso,
uma proteina co-receptora chamada betaglicano auxilia a ligacdo da MSTN ao seu
receptor principal (ActRIIB), presente na superficie das células musculares (Barbalho
et al.,, 2020; Planella-Farrugia et al., 2019). Apés a ligagdo da MSTN ao receptor
ActRIIB, receptor ocorre a ativagao dos fatores de transcricdo, em particular, Smad2
e Smad3,(Esposito et al., 2022). que se difundem para o nucleo das células
musculares para regular a expressao de genes especificos. Por exemplo, a ativacéao
de Smad2/3 resulta na inibicdo da expressdo de genes envolvidos na hipertrofia e no
crescimento muscular (e.g. PGC-1a e ATF2), limitando a hipertrofia das fibras
musculares e impedindo o crescimento excessivo do musculo.

Além da miostatina, outra miocina importante para o controle da plasticidade
muscular € a interleucina-6 (IL-6) a qual € uma citocina inflamatéria que desempenha
um papel importante na regulacdo da plasticidade muscular, especialmente em
resposta ao exercicio fisico. A IL-6 € liberada por varias células, incluindo células
musculares, células imunologicas e tecido adiposo. Além disso, frente ao dano
muscular causado pelo exercicio intenso ou lesdes, a IL-6 atua na resposta
inflamatoria aguda, recrutando células do sistema imunoldgico para a area afetada e
promovendo a reparacéo e a regeneracao dos tecidos danificados (Macédo Santiago
et al., 2018). Além disso, ela tem a capacidade de estimular a hipertrofia muscular
devido a resposta adaptativa ao treinamento de resisténcia, onde o exercicio fisico
intenso leva a liberacao de IL-6 e ela, juntamente com outras miocinas, sinalizam para
as fibras musculares hipertrofiarem em resposta a esse estresse muscular
(Ellingsgaard, Hojman e Pedersen, 2019). Apesar de seu papel na resposta
inflamatoria aguda, a IL-6 também pode ter um efeito anti-inflamatério de longo prazo.
Ela pode ajudar a modular a resposta inflamatoria cronica, contribuindo para a

resolucdo da inflamacdo apds o dano muscular agudo (Ellingsgaard, Hojman e
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Pedersen, 2019). Em resumo, tanto a IL-6, quanto a MSTN desempenham um papeis
multifacetados na regulacdo da plasticidade muscular. Elas estdo envolvidas na
resposta inflamatdria, na hipertrofia muscular e na comunicacdo sistémica. A
participacdo de ambas é especialmente relevante no contexto do exercicio fisico e do
treinamento de resistido, onde contribuem para a adaptacao muscular e a melhoria do

desempenho fisico.

1.4 A VIA DE SINALIZACAO ADRENERGICA NO CONTROLE DO
METABOLISMO PROTEICO

O sistema nervoso simpético (SNS), um ramo do sistema nervoso autbnomo
(SNA), reage a situagOes de estresse alterando a fungcdo e o metabolismo do
organismo. A ativacdo do SNS causa a liberacdo dos horménios adrenalina (ADR) e
noradrenalina (NE)produzidos pela medula da glandula adrenal, os quais agem em
todo o corpo via sistema circulatorio. Além da acdo hormonal, a ativacdo do seu
componente neural estimula neurénios pos-ganglionares simpaticos a secretarem o
neurotransmissor NE diretamente nos vasos, glandulas e tecidos periféricos,
controlando suas funcoes.

A maioria das ac6es metabdlicas do SNS é exercida por meio da ativacdo de
receptores adrenérgicos do tipo B, que sdo receptores de membrana acoplados a
proteina G estimulatoria (Gs) (Lynch GS, Ryall JG, 2008). Quando o receptor (3 é
ativado pelas catecolaminas, ocorre a substituicdo da guanosina difosfato (GDP) por
guanosina trifostato (GTP) na subunidade alfa (a) da proteina Gs, levando a sua
dissociacao das subunidades beta-gama (By) (Berdeaux R, Stewart R, 2012; Lynch
GS, Ryall JG, 2008). Entdo, a subunidade a se desloca e estimula a enzima de
membrana adenilil ciclase (AC), responsavel pela sintese do segundo mensageiro
monofosfato ciclico de adenosina (AMPc) a partir da molécula de ATP. O AMPc, por
sua vez, se liga as subunidades regulatorias (R) da proteina quinase dependente de
AMPc (PKA) permitindo a dissociagao de suas subunidades cataliticas (Ca) (Berdeaux
R, Stewart R, 2012; Lynch GS, Ryall JG, 2008). Uma vez dissociadas e ativas, as Ca
podem fosforilar diversas proteinas citoplasmaticas e nucleares, incluindo os fatores
de transcricdo CREB (cyclic AMP-responsive element-binding protein) no residuo de
serina 133 (Ser'%3), levando a estimulagdo da transcricdo de genes-alvos que contém

a regiao promotora o CRE (cyclic AMP-responsive element) (Altareos JY, Montminy
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M, 2011; Ron D, Jurd R, 2005). Um destes genes-alvo de CREB € o co-ativador
transcricional PGC-1a (peroxisome proliferator-activated receptor y coactivator 1a),
considerado o principal regulador da biogénese mitocondrial (Lin J, Handschin C,
Spiegelman BM, 2005). Outro gene também induzido pela sinalizacdo adrenérgica é o
NR4A3 (Nuclear receptor subfamily 4, group A, member 3) importante regulador do
metabolismo oxidativo na musculatura esquelética que também é ativado por meio da
contracdo muscular durante o exercicio fisico (Pearen MA et al., 2013; Kawasaki E et
al.,2011; Pattamaprapanont et al., 2016).

Ja esta bem estabelecido na literatura que as catecolaminas exercem efeitos
catabdlicos no metabolismo de carboidratos e lipideos, como a ativacdo da
glicogendlise e lipdlise, respectivamente. Entretanto, diversos estudos tém
demonstrado que a estimulacdo adrenérgica pode exercer acdes anti-catabdlicas
sobre o metabolismo de proteinas do musculo esquelético (Silveira WA et al., 2014;
Graca FA et al., 2013; Navegantes LCC et al., 2000; Navegantes LCC et al., 1999).
De fato, a reducdo das catecolaminas plasmaticas e/ou musculares induzida pela
adrenodemedulacdo (ADMX) ou simpatectomia quimica, respectivamente, exacerbou
a hiperatividade dos sistemas proteassomal e lisossomal, acelerando-se, assim, o
estabelecimento da atrofia muscular (Graca FA et al., 2013; Baviera AM et al., 2009).
Por outro lado, o tratamento in vivo com NOR ou com clenbuterol (agonista seletivo
do receptor adrenérgico do tipo (B2) foi capaz de atenuar significativamente a
hiperexpressao das Ub-ligases e dos genes autofagicos em musculos atréficos de
roedores (Gongalves DA et al., 2012; Silveira WA et al., 2020).

Apesar de grandes avan¢os nos ultimos anos, 0s mecanismos moleculares
envolvidos nesses efeitos ainda séo pouco conhecidos. Evidéncias prévias sugeriram
que a acdo anti-catabodlica das catecolaminas e dos agonistas dos receptores
adrenérgicos do tipo B2 poderia ser mediada por um mecanismo de cross-talk entre
as sinalizacdes do AMPc e da insulina, resultando na ativacdo da via Akt/FoxO
(Brennesvik EO, 2005; Kline WO et al., 2007; Goncgalves DA et al., 2009; Baviera AM
et al., 2010; Graca FA et al.,, 2013). Em contrapartida, outras evidéncias in vitro
mostraram que musculos de ratos incubados na presenca de NOR ou de um ativador
especifico da PKA apresentaram elevados niveis de fosforilagdo de FoxO1, mas sem
alteracdo no estado de fosforilagdo da Akt (Silveira WA et al.,, 2014). Mais
recentemente foi demonstrado in vivo que a hiperexpressao musculo-especifica da

Ca da PKA suprimiu a atividade transcricional de FoxO em musculos de camundongos
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(Silveira WA et al., 2020). Ainda, a demonstracdo de que a atrofia muscular induzida
pela inibicdo da PKA foi abolida pela hiperexpressao de um dominante negativo (d.n.)
de FoxO (d.n.FoxO) indica que a supressao de FoxO induzida pela PKA é essencial
para manter a massa muscular em condi¢des basais (Silveira WA et al., 2020). Em
conjunto, esses resultados sugerem que as catecolaminas endogenas, através da
sinalizacdo canbnica AMPc/PKA, inibem os fatores de transcricdo FoxO e,
consequentemente, a atividade dos principais sistemas proteoliticos envolvidos na
atrofia muscular.

E importante salientar que, embora estudos utilizando farmacos
simpatomiméticos e ferramentas genéticas tenham auxiliado na compressao dos
mecanismos de ag¢do molecular do SNS no musculo esquelético, ainda ndo estédo
claros os efeitos da ativagdo adrenérgica fisioloégica sobre o metabolismo proteico.
Desse modo, neste projeto de pesquisa seréo investigados os efeitos da ativacéo
adrenérgica induzida pelo exercicio fisico no metabolismo proteico muscular de

roedores.

1.5 O EXERCICIO FiSICO COMO MODELO FISIOLOGICO DE HIPERATIVACAO
ADRENERGICA

Durante o exercicio fisico ocorre ativagcdo do SNS com o objetivo de se realizar
0s ajustes cardiovasculares e hemodindmicos necesséarios para satisfazer as
demandas metabdlicas impostas pelos musculos em atividade (Katayama K, Saito M,
2019). Existem, basicamente, duas modalidades de exercicio fisico: exercicio aerébio,
de baixa intensidade e longa duracéo (baseado na resisténcia muscular) e exercicio
resistido, de alta intensidade e curta duragao (baseado na for¢ga muscular) (Egan B,
Zirath JR, 2013). Ambas as modalidades de exercicio sdo capazes de causar
hiperatividade simpatica durante a sua realizacdo, sendo as mudancas nos niveis
plasmaticos de ADR e NOR, assim como na atividade nervosa simpatica muscular
(MSNA), dependentes das variaveis intensidade, volume e duracgéo (Galbo H, 1986;
Kraemer WJ, Ratamess NA, 2005; Katayama K, Saito M, 2019). Em repouso, a ADR
compreende aproximadamente 80% da secrecdo hormonal total da glandula adrenal,
enquanto a NOR por apenas 20%. Entretanto, a NOR também é produzida e

secretada como neurotransmissor nos terminais nervosos dos axonios pre-sinapticos,
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0 gue justifica sua maior concentracdo plasmatica, em relacdo a ADR, durante a
ativacado simpatica induzida pelo exercicio fisico (Robergs RA, Roberts SO, 2002).

Sabe-se que o exercicio fisico atua mantendo um estado catabdlico durante
sua execu¢ao e momentos apos seu término, acentuando a protedlise, a qual promove
a homeostase do tecido evitando o acumulo de proteinas danificadas, favorecendo o
turnover tecidual (Soto C, Estrada LD, 2008; Aweida D, Cohen S, 2021). Tanto estudos
antigos quanto recentes demonstraram que uma Unica sessao de exercicio fisico pode
atuar promovendo a melhora na contracdo do sarcomero e aumento da dinamica
mitocondrial (e.g. fusdo e ficcdo mitocondrial), como também pode contribuir na
modulacéo de ions como sédio (Na*), potassio (K*) e célcio (Ca?*) (Elfellah MS et al.,
1989; Voltarelli VA et al.,2021). Uma Unica sessdo também provoca uma série de
adaptacdes fisioldgicas no sistema cardiovascular como elevacdo da frequéncia
cardiaca e do volume sistolico, bem como na atividade nervosa simpatica,
principalmente decorrente da ativacdo de metaborreceptores musculares que
somadas coordenam as respostas adaptativas do musculo esquelético (Forjaz CLM,
Tinucci T, 2000; Abreu P, Cardoso JHL, Ceccatto VM, 2017).

Tem sido constantemente apontado na literatura que o treinamento resistido &
mais efetivo em aumentar a sintese de proteinas, a area de seccéo transversal (CSA)
e a massa muscular esquelética, quando comparado ao treinamento aerébio (Egan B,
Zirath JR, 2013; Bodine SC et al., 2001a; Hornberger TA Jr, Farrar RP, 2004). Além
dos efeitos anabdlicos em condic¢des basais, tem sido demonstrado que o treinamento
resistido também previne a atrofia muscular em situacdes catabdlicas (Khamoui AV et
al., 2016; Kim JS et al. 2016; Padilha CS et al. 2021). Contudo, ainda que as
adaptacdes musculares induzidas pelo treinamento fisico sejam consequéncia da
repeticdo do exercicio, as alteracdes no metabolismo proteico induzidas ap6s uma
Unica sessdo de exercicio resistido ndo estdo bem determinadas, carecendo de

maiores estudos.

1.6 O ESTRESSE MECANICO AGUDO E SINALIZACOES PROTEICAS ATIVADAS
DURANTE O EXERCICIO FiSICO

A sobrevivéncia de todos os organismos depende do controle dinamico do
metabolismo energético durante a escassez aguda ou prolongada de suprimento de

nutrientes, com também durante o gasto energético no desempenho de atividades de
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vida diaria e exercicio fisico. Para tanto, € lancado mao de diversos sinais e vias
metabdlicas que desempenham esse controle minucioso do balangco energético nos
seres vivos. Dentro das medidas para esse fim temos a atividade da proteina quinase
ativada por AMP (AMPK) e da proteina quinase ativada por mitbgeno p38 (p38-
MAPK), ambas importantissimas para o controle metabdlico e demanda energética,
principalmente durante estimulos estressante como o promovido pela contracédo
mecéanica e/ou estresse energético, ambos ocasionados pelo exercicio fisico (Kim J
et al. 2016; Kim SH et al. 2013; Kjgbsted R et al. 2018; Kurauti MA et al. 2016; Ludlow
AT et al. 2017).

Sob essa Otica, € importante compreender a interacdo da ativacdo de ambas
proteinas (AMPK e p38-MAPK) durante o RE e as suas possiveis implicagfes tanto
no controle da plasticidade muscular, quanto na interacdo com a sinalizagcao
adrenérgica promovida pela ativacdo dos receptores [2. Para tanto, é ja de
conhecimento na literatura que o estresse energético, bem como o0 mecanico
promovem a ativacdo de ambas as proteinas, e que uma vez fosforiladas e ativas elas
atuam principalmente regulando negativamente a via de sinalizacdo do PI3K-mTOR,
via responsavel pelo estimulo de sintese proteica, promovendo um ambiente
catabdlico (Inoki K et al. 2012), acdo importante tanto para o estimulo de renovacao
tecidual, como também para a disponibilizacdo energética no momento critico de

demanda, como no exercicio (Figura 4).

Figura 4 - Representacao esquematica da interacdo de AMPK e P38-MAPK na via de
sinalizacao PI3BK/mTOR.
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Nota: PI3K, fosfatidilinositol-3-quinase; Akt, proteina quinase B; mTORC2, mTOR complexo 1; TSC1,
completo 1 da esclerose tuberosa; TSC2, complexo 2 da Esclerose Tuberosa; Rheb, homologo de Ras,
enriquecido no cérebro; mTOR, alvo da rapamicina em mamiferos; Raptor, proteina associada a
regulacdo de mTOR; 4EBP, proteina de ligacdo ao fator de iniciacdo da traducdo eucaridtica; S6K,
proteina ribossbmica S6 quinase B1; elF4E, fator de iniciacdo de tradugéo eucaridtica 4E; AMPK,
proteina quinase ativada por AMP; p38(, proteina quinase ativada por mitégeno p38.

1.7 PRINCIPAIS GENES ENVOLVIDOS COM A PLASTICIDADE E ADAPTACAO
MUSCULAR, MODULADOS PELO EXERCICIO E/OU PELO RECEPTOR B:-
ADRENERGICO.

Amplamente abordado na literatura, principalmente apdés as famosas
contribuicdes dos estudos de Rosalind Franklin e de J. Watson e F. Crick, o DNA e,
portanto, a expressao dele, tornou-se alvo de diversos caminhos na pesquisa
cientifica. Atualmente, uma das definicbes mais aceitas sobre o processo funcional
provindo diretamente do controle génico sobre a célula (expresséo génica) € apontado
como a manifestacdo do gene a fim de promover a formacéo de um produto genético

funcional, tal como proteinas e RNAs (Snustad PD, Simmons MJ, 2017).
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N&o divergindo dessa Otica, estudar o comportamento do material genético na
fibra muscular, bem como sua contribuicdo durante o processo de contracao e demais
estimulos neste tecido, tornou-se fundamental para o avanco neste campo. Nesse
contexto, diversos genes foram isolados e estudados a fim de alicergar os
mecanismos envolvidos durante estimulos como a contracdo, o exercicio fisico,
estresses energéticos e hormonais. Dessa forma, a literatura vigente aponta
aproximadamente 2.121 genes distintos participantes desses processos (Bizjak DA et
al. 2021). Assim, dentre esses diversos genes ja catalogados, o estudo daqueles que
possuem maior evidéncia cientifica, como também maiores indices de publicacdes
nos ultimos 5 anos, € um cerceamento necessario a fim de concentrar esforcos para
corroborar com tal campo.

Por conseguinte, optamos por estudar 0s genes mais presentes na literatura
gue se relacionam da seguinte forma: 1) os genes que manifestam modulacdo por
meio do aumento nos niveis de fosforilacdo de CREB (SIK1, NR4A3, NR4Al e PGC-
1a); 2) a expressao génica relacionada ao processo de degradacdo entorno dos
sistemas proteoliticos UPS e autofagico-lisossomal ja citados anteriormente (MuRF1,
Atroginl, LC3b e Catepsina L); 3) por fim, os genes de duas miocinas importantes
para o controle da plasticidade muscular (Miostatina e IGF-1).

E comumente apontado na literatura que o estudo da interacdo promovida
pelos diferentes mecanismos (RE e p2-AR) na expressédo génica é um forte indicativo
dos processos biolégicos sinalizados na célula (Bizjak DA et al. 2021; Nagase H et al.
2017). Dessa forma, com base na literatura ja disponivel é possivel correlacionar de
modo geral algumas das principais modulacées e modificagcdes no conteudo celular
gue dependem dessas expressdes génicas aqui citadas.

Assim, é importe apontar as principais contribuicbes desses genes com 0s
efeitos fisiolégicos mais comumente associados a sua ativacdo, no que tange o
musculo esquelético. Em primeiro lugar, é notavel a participacdo de dos genes de
SKI1, familia de receptores nucleares 4A (NR4A) e PGC-1a, que segundo Berdeaux
R et al. 2007, sdo diretamente ou indiretamente responsaveis pela transcricdo das
enzimas de mesmo nome, e em consequéncia disso, da sua traducéo e atuactes
biolégicas a qual pode ser associada, no musculo esquelético, a: aumento de
transportadores de glicose do tipo GLUT4 na membrana tecidual, manutencdo de um
fendtipo glicolitico, estimulo para a hipertrofia e mobilizacdo de fonte energéticas

como acidos graxos e glicogénio (Anderson C et al. 2015; Halling JF, Pilegaard H
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2020; Zhang W et al 2014). Estudos sugeriram que SIK1 pode estar envolvida na
regulacdo da resposta ao estresse e da homeostase energética no musculo
esquelético, que sdo processos influenciados pela sinalizacdo adrenérgica (Takemori
H et al., 2009). No entanto, 0 mecanismo exato pelo qual a sinalizacdo adrenérgica
afeta SIK1 no musculo esquelético ainda ndo esta totalmente elucidado. Também
nesse sentido, os genes da familia NR4A desempenham um papel na regulacdo da
diferenciacéo e desenvolvimento das células musculares, bem como na resposta a
estimulos externos, como o exercicio fisico e a sinalizagdo adrenérgica (Ordelheide et
al., 2013; Pearen et al., 2006; Pillon et al., 2020b; Wei Zhang; John Garvery W; e
Nanlan Luo; W Timothy Garvery; Yuchang Fu, 2014). Contudo, a relacdo entre os
genes NR4A e a ativagdo do receptor B2-AR no musculo esquelético ndo esta
totalmente esclarecida, mas ha evidéncias de que os membros da familia NR4A
podem ser regulados por essa via.

Além desses, outros dois genes sdo primordiais para compreender a
totalidade das acdes envolvidas com os estimulos mecanicos (RE) e farmacoldgicos
(bloqueio B2-AR), sendo eles promotores das seguintes miocinas: 1) gene da
miostatina, que por meio do aumento da fosforilacdo de membros da familia de
SMADSs os quais sao inibidores direto da Akt e portanto dos efeitos na sintese proteica
(hipertrofia) e anti-catabdlicos (modulagédo de FoxO) promovidos por ela (Barbalho SM
et al. 2020; Rodriguez J et al.2014). 2) gene de IGF-1, amplamente conhecido na
literatura pela ativagdo da via de sinalizagao IGF-1/Akt/mTOR, candnica no controle
da plasticidade muscular e estimulo de turnover celular (Gongalves DA et al. 2019,
Yoshida T, Delafontaine P 2020). Por fim, embora a literatura atual apresente diversas
acOes promovidas pela ativacdo génica, ainda € necessario que estudos demonstrem
de forma clara as vias de sinalizacdo que estimulam a expressédo génica durante o
exercicio resistido e principalmente qual o papel da ativacdo simpatica na modulagéo

dessas vias e genes.

2 OBJETIVOS

2.1 OBJETIVO GERAL
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Investigar os efeitos do bloqueio dos B2-ARs nas respostas moleculares
agudas induzidas por uma Unica sessdo de RE em musculos esqueléticos de

roedores.

2.2 OBJETIVOS ESPECIFICOS

* Quantificar as concentrag6es plasmaticas de adrenalina e noradrenalina, assim
como o contetdo muscular de noradrenalina em musculos de animais

* Os niveis séricos de corticosterona.

« Avaliar genes marcadores da ativacao da sinalizacdo adrenérgica no musculo
de animais submetivos ao exercicio resistido agudo.

* Avaliar o estado de sintese proteica por meio do nivel de fosforilacdo de
proteinas marcadores dessa atividade (IGF-1 e Akt),

* Avaliar a expressdo de genes marcadores da hiperativacdo simpatica
muscular, tais como o PGC-1a, SIK1, NR4al e NR4a3, em mausculos de
animais CON e RE;

+ Determinar a expressdo de genes marcadores de atividade dos sistemas
proteoliticos Ub-proteassoma e autofagico/lisossomal , tais como Atrogin-1,
MuRF1, LC3 e Catepsina L em musculos de animais CON e RE;

+ Determinar a expresséo génica de miocinas tal como miostatina e IL-6;

» Verificar se o blogueio adrenérgico sistémico induzido pelo tratamento com
antagonista seletivo dos receptores B2z-adrenérgicos (ICl 118,551) atenua as

alteracdes moleculares observadas em muasculos de animais CON e RE.

3 MATERIAIS E METODOS

3.1 ANIMAIS E TRATAMENTOS

Foram utilizados camundongos machos da linhagem C57BI6/J com 8
semanas de idade e pesando ~20-23g os animais foram mantidos em ambiente com
temperatura controlada (22 £ 1°C) com um ciclo claro-escuro de 12-12 horas

(comecando as 6h00) e receberam livre acesso a agua e dieta normal até o inicio dos
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experimentos. O tamanho da amostra utilizada para cada experimento esta indicado
nas legendas das figuras. Os animais foram divididos aleatoriamente em dois
(Experimento 1) ou trés grupos (Experimento 2) da seguinte forma: controle (CON),
exercicio resistido (RE) e exercicio resistido sob bloqueio de B2-AR (ICl + RE).
Camundongos do grupo ICI +RE foram tratados por via intraperitoneal (i.p.) com 10
mg.kg-1 do antagonista seletivo de 2-AR (ICI 118.551; Sigma-Aldrich) 30 min antes
da luta de RE (Azevedo Voltarelli et al., 2021), enquanto os ratos dos grupos CON e
RE foram injetados com veiculo (solugdo salina a 0,9%). Os animais foram
eutanasiados por decapitacdo (para coleta de amostras de sangue) ou deslocamento
cervical (para coleta de amostras de tecidos) sob anestesia com isoflurano. Apés a
eutanasia, os musculos foram rapidamente coletados, pesados, congelados em
nitrogénio liquido e armazenados a -80°C até analises posteriores. Todos 0s
experimentos e protocolos foram realizados de acordo com 0s principios éticos para
pesquisa animal adotados pelo Colégio Brasileiro de Experimentacdo Animal e foram
aprovados pela Faculdade de Medicina de Ribeirdo Preto da Universidade de S&o
Paulo e Comiss&o de Etica em Pesquisa Animal (n° 207/ 2014).

3.2 DESENHO EXPERIMENTAL

O presente estudo foi realizado em duas etapas. Primeiro, para testar se
nosso modelo de RE agudo levaria ao aumento da atividade simpética, os animais
foram divididos aleatoriamente em dois grupos: o grupo controle (CON) e o grupo de
exercicio resistido. Apos o periodo de aclimatacdo no modelo de escalada e teste de
capacidade maxima de carga voluntaria (MVCC), os camundongos do grupo RE foram
submetidos a uma Unica sessao de RE (ver se¢cdo Protocolo de Exercicio Resistido).
Imediatamente apds a sessao de exercicio (0 h), os animais foram anestesiados com
isoflurano e eutanasiados por decapitacdo para a coleta de sangue e musculos a fim
de realizar a coleta de catecolaminas plasmaticas e a analise de imunoblotting,
respectivamente (Experimento 1). Posteriormente, para determinar a contribuicdo dos
B2-ARs para a resposta transcricional do musculo esquelético ap6s uma unica sessao
de RE, os animais foram divididos aleatoriamente em trés grupos: o grupo controle
(CON), o grupo de exercicio resistido (RE) e o exercicio resistido sob bloqueio do
receotir Bz-adrenérgico (ICI + RE). Apos o periodo de adaptacdo no modelo de

escalada vertical e realizagao do teste de MVCC, os camundongos dos grupos RE e
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ICI + RE foram submetidos ao protocolo RE. Por fim, trés horas apds a sessao de
exercicio, os animais foram anestesiados com isoflurano, eutanasiados por
deslocamento cervical e os musculos rapidamente coletados e armazenados a -80°C
até a analise por RT-gPCR (Experimento 2). Os camundongos do grupo CON
permaneceram confinados em suas gaiolas durante ambos o0s protocolos
experimentais, exceto quando todos os animais foram submetidos ao periodo de

adaptacao no modelo de escalada e ao teste MVCC.

3.3 PROTOCOLO DE EXERCICIO RESISTIDO

O protocolo de exercicio resistido foi baseado em modelos ja descritos
anteriormente (Frajacomo et al., 2015; Padilha et al., 2019) e consistiu em movimento
de escalada em modelo de escada vertical (inclinacéo de 80°; espaco de 1,0 cm entre
os degraus e 56 cm de altura) utilizando sobrecarga progressiva de peso (ver Figura
1A, 1B e C). Inicialmente, foi realizado a adaptacdo de todas as cobaias ao modelo
de escalada no decorrer de 5 dias. Para isso, os camundongos foram posicionados
na base da escada e estimulados a subir para iniciar os movimentos. Estimulos de
impulso foram aplicados até que cada animal conseguisse completar uma subida
completa (Padilha et al., 2017). Quarenta e oito horas apds a ultima sessao de
adaptacao, os animais foram submetidos ao teste MVCC, que consistiu em carregar
cargas equivalentes a 50%, 75%, 90% e 100% da massa corporal fixadas na cauda
de cada camundongo. Imediatamente apdés o animal alcancar a camara coberta
(Figura 1A), foi dado intervalo de 60s, e mantido esse padrdo entre cada escalada.
Apés uso da carga de 100% do seu peso corporal, foi acrescentada 3g a cada nova
série até que a carga incapacitasse o animal de subir todo o comprimento da escada.
A carga maxima (MAX) alcancada no teste MVCC foi utilizada como parametro para
determinar a carga da sessao de RE. Finalmente, quarenta e oito horas apds o teste
de MVCC, apenas os animais dos grupos RE e ICI + RE foram submetidos ao
protocolo de RE agudo baseado em MAX (50%, 75%, 90%, 100%, 100% mais 3 g até
a falha). A falha foi definida como a incapacidade de levantar o peso mesmo apos
duas tentativas sucessivas. Todos 0s animais permaneceram privados de alimentos

desde o inicio dos experimentos até a eutanasia.

3.4 ANALISE DE CATACOLAMINAS E CORTICOSTERONA
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Os musculos gastrocnémio (GAS) e tibial anterior (TA) e as catecolaminas
plasmaticas foram analisados como descrito anteriormente (Garofalo et al., 1996)
usando HPLC (LC-7A, Shimadzu Instruments) com uma coluna de fase reversa
Spherisorb ODS-2 de 5 ym (Sigma-Aldrich). Os niveis séricos de corticosterona foram
medidos por radioimunoensaio especifico conforme descrito anteriormente (Durlo et
al., 2004).

3.5 ANALISE POR WESTERN BLOTTING

Os musculos gastrocnémio (GAS) e tibial anterior (TA) foram
homogeneizados em tampé&o RIPA contendo pirofosfato de sddio 10 mM, fluoreto de
sédio 100 mM, ortovanadato de sédio 10 mM, 5 ug.mL-1 de aprotinina, 1 mg mL-1 de
leupeptina e Fluoreto de fenilmetil-sulfonil 1 mM (PMSF). Os lisados foram submetidos
a eletroforese em gel de poliacrilamida com dodecil sulfato de so6dio (SDS-PAGE) e
imunotransferidos usando anticorpos listados na Tabela 1. Os anticorpos primarios
foram detectados usando anticorpos secundarios conjugados com peroxidase e
visualizados usando reagentes de quimiluminescéncia aprimorada (ECL) no sistema
ChemiDoc XRS + (Bio -Rad). As intensidades das bandas foram quantificadas

utilizando o software ImageJ/Fiji (versdo 1.52 d, National Institutes of Health, EUA).

3.6 QUANTIFICACAO POR Qpcr

O RNA total foi extraido de musculos gastrocnémios individuais (GAS) usando
TRIzol (Invitrogen, Carlsbad, Califérnia), depois transcrito reversamente em cDNA
usando o sistema de sintese de primeira cadeia Super-Script IV (Invitrogen, Carlsbad,
Califérnia) de acordo com os protocolos do fabricante. A PCR quantitativa foi realizada
utilizando PowerUp SYBR Green Master Mix (Thermo-Fisher) com primers conforme
detalhado na Tabela 2 e normalizada para Rpl39.

3.7 ANALISE ESTATISTICA

Os dados séao expressos como média + média do erro padrao (EPM). De

acordo com cada delineamento experimental, foram utilizados o teste t de Student ndo
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pareado ou a analise de variancia (ANOVA) unidirecional seguida de post hoc de
Tukey nas variaveis com distribuicdo normal ou que apresentaram distribuicdo normal
apos a transformacéo logaritmica. O teste de Kruskal-Wallis seguido do teste post
post hoc de Dunn foi utilizado para dados ndo paramétricos. Os dados foram
analisados utilizando o software JASP 0.16.2 (licenca GNU Affero GPL v3,
Departamento de Métodos Psicologicos, Universidade de Amsterdd) e GraphPad
Prism verséo 7.0 (Graph Pad Softwares, San Diego, CA, EUA). O nivel de significancia
adotado foi de 5% (p= 0,05).
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ABSTRACT

Resistance exercise (RE) training and pharmacological stimulation of B2-
Adrenoceptors (B2-ARs) alone can promote muscle hypertrophy and prevent muscle
atrophy. Although the activation of the sympathetic nervous system (SNS) is a well-
established response during RE, the physiological contribution of the endogenous
catecholamines and B2-ARs to the RE-induced changes on skeletal muscle protein
metabolism remains unclear. This study investigated the effects of the p2-ARs
blockade on the acute molecular responses induced by a single bout of RE in rodent
skeletal muscles. Male C57BL6/J mice were subjected to a single bout of progressive
RE (until exhaustion) on a vertical ladder under B2-AR blockade with ICI 118,551 (ICl;
10 mg.kg?, i.p.), or vehicle (sterile saline; 0.9%, i.p.), and the gene expression was
analyzed in gastrocnemius (GAS) muscles by gPCR. We demonstrated that a single

bout of RE acutely increased the circulating levels of stress-associated hormones
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norepinephrine (NE) and corticosterone (CORT), as well as the muscle
phosphorylation levels of AMPK, p38 MAPK and CREB, immediately after the session.
The acute increase in the phosphorylation levels of CREB was followed by the up-
regulation of CREB-target genes Sik1, Ppargcla and Nr4a3 (a central regulator of the
acute RE response), 3h after the RE session. Conversely, B2-AR blockade fully
prevented the increase in Sik1l and significantly attenuated the Nr4a3 mRNA levels in
muscles of exercised mice. Furthermore, a single bout of RE stimulated the mRNA
levels of the atrophic genes Maplic3b and Gabarapll (autophagy-related genes) and
Mstn (a well-known negative regulator of muscle growth). Unexpectedly, the gene
expression of Igf-1 or II-6 were not affected by RE, while the atrophic genes
Murfl/Trim63 and Atrogin-1/Mafb32 (ubiquitin-ligases) were increased only in muscles
of exercised mice under B2-AR blockade. Interestingly, performing a single bout of RE
under B2-AR blockade further increased the mRNA levels of Mstn in muscles of
exercised mice. These data suggest that (B2-ARs stimulation during acute RE
stimulates the hypertrophic gene Nr4a3 and prevents the overexpression of atrophic
genes such as Mstn, Murfl/Trim63, and Atrogin-1/Fbxo32 in the first hours of
postexercise recovery, indicating that he SNS may be physiologically important to

muscle adaptations in response to resistance training.

Keywords: Resistance exercise, Bz-adrenoceptor, skeletal muscle, myostatin, NR4A3

1. INTRODUCTION

Skeletal muscle is the most abundant and plastic tissue in the human body,

comprising approximately 40-50% of total body mass (Sartori, Romanello e Sandri,
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2021). This tissue is fundamental for locomotion, breathing, thermogenesis, energy
expenditure, and glycemic control (Pedersen, 2013; Schnyder e Handschin, 2015). In
addition, muscle wasting and weakness have been associated with reduced quality of
life and increased mortality in several physiopathological conditions, such as cancer,
chronic obstructive pulmonary disease (COPD) and aging (Mathur, Brooks e Carvalho,
2014; Roubenoff e Hughes, 2000; Santana et al., 2019; Tisdale, 2005). Despite these
alarming findings, there is no effective pharmacological treatment for preventing
muscle atrophy in such conditions.

Resistance exercise (RE) training, on the other hand, may increase muscle
mass (hypertrophy) and strength (Hornberger Jr. e Farrar, 2004; Ruas et al., 2012)
and prevent muscle wasting in catabolic situations, such as cancer, glucocorticoids
treatment, and sarcopenia (Kim et al., 2016; Macedo et al., 2023; Padilha et al., 2021;
Testa et al.,, 2022). These long-term adaptations to RE training involve acute and
transient changes in mRNA expression of various genes in response to each single
bout of exercise, including the muscle-derived myokines insulin-like growth factor 1
(IGF-1), myostatin (MSTN) and interleukin 6 (IL-6), among others(Cornish et al., 2020;
Piccirillo, 2019). Such changes in mRNA expression occur between 3 and 12h after an
exercise bout and result in a gradual modification in protein content and activity (Egan
and Zierath, 2013). Ultimately, the transcriptional and post-translational regulation
induced by RE leads to muscle growth, when the rate of protein synthesis exceeds
protein degradation over time (Phillips et al., 1997), while reduced rates of protein
degradation seem to be necessary for attenuating muscle atrophy (Graham et al.,
2021). Although the health benefits of regular RE training on skeletal muscle are well
established, the molecular mechanism and signaling pathways controlling protein

metabolism after a single bout of RE remains elusive.
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Most physiological systems of the body (i. e. nervous, cardiovascular,
respiratory, endocrine and musculoskeletal) are stimulated during RE (Athanasiou,
Bogdanis e Mastorakos, 2023). For example, the RE acutely increases the secretion
of catabolic hormones such as glucocorticoids (e. g. cortisol in humans; corticosterone
in rodents) and reduces the anabolic hormone insulin (INS) (Athanasiou, Bogdanis e
Mastorakos, 2023; Kraemer e Ratamess, 2005), extracellular alterations associated
with decreased protein kinase B (PKB)/Akt and mitogen-activated protein kinases
(MAPKs) ERK1/2 phosphorylation/activation in skeletal muscle (Abdullah et al., 2000;
Yang et al., 2008; Hu et al., 2009). On one hand, the dephosphorylation of these
intracellular mediators of the INS can activate the Forkhead box class O (i.e., FoxO),
leading to transcription of several components of the ubiquitin-proteasome (UPS) and
autophagic-lysosomal (ALS) systems (Zhao et al., 2007), which degrade most cellular
proteins and organelles in skeletal muscle (Yang et al., 2008; Milan et al., 2015).
Accordingly, the rate of protein degradation increases immediately after the cessation
of an acute RE session, probably to prevent the accumulation of damaged proteins
and organelles (Phillips et al., 1997; Grumati et al., 2011; Aweida and Cohen, 2021).
On the other hand, decreased Akt and ERK1/ 2 phosphorylation and their downstream
targets GSK-3 and mTOR activities are associated with reduced protein synthesis
(Figueiredo e Markworth, 2015; Miyazaki e Takemasa, 2017; Rommel et al., 2001).
Despite that, enhanced myofibrillar and mitochondrial protein synthesis appear to be a
critical step in the recovery of muscle homeostasis in the hours after acute
RE(Wilkinson et al.,, 2008; Egan and Zierath, 2013). Although the molecular
mechanisms involved in the increase of the protein synthesis are well characterized,
the physiological role of the proteolytic systems after a single bout of RE and during

adaptive muscle hypertrophy is not completely understood.
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As a physiological stress, RE also stimulates the activity of the sympathetic
nervous system (SNS), a branch of the autonomic nervous system (ANS), to meet the
metabolic demand of active skeletal muscles during exercise (Athanasiou, Bogdanis e
Mastorakos, 2023). Indeed, RE stimulates the sympathoadrenal axis to increase the
plasma catecholamines levels (epinephrine [EPI] and norepinephrine [NE]) as a
function of exercise intensity (Athanasiou, Bogdanis e Mastorakos, 2023; Kraemer e
Ratamess, 2005), which return to the basal levels between 5 and 15 min after the end
of exercise (Fatouros et al., 2010; Goto et al., 2008). Moreover, it has been shown that
muscle sympathetic nerve activity (MSNA) also increases in proportion to the rise in
intensity (Katayama e Saito, 2019). Based on that, the adrenergic actions of SNS can
be mediated by a hormonal (catecholamines released from adrenal medulla) and/or a
neural mechanism (NE secreted from sympathetic nerve ends) in many tissues,
including skeletal muscle(Graca et al., 2013; Khan et al., 2016; Rodrigues, Anna C. Z.
et al., 2019a).

In skeletal muscle, there is a significant proportion of B-adrenoceptors (B-ARS),
predominantly of B2-subtype (B2-AR; ~90%), that can be activated by catecholamines
via circulation and/or direct muscle noradrenergic innervation (Elfellah et al., 1989;
Khan et al., 2016; Lynch e Ryall, 2008). Upon binding of catecholamines, B2-ARs
activate adenylyl cyclase (AC), leading to the increase in intracellular second
messenger cyclic adenosine monophosphate (cCAMP), and subsequent activation of
cAMP-dependent protein kinase (PKA) (Lynch e Ryall, 2008). Once activated, the free
catalytic subunits of PKA phosphorylate several serine (Ser) and threonine (Thr)
residues on specific substrates, including the glycogen synthetase, the ryanodine
receptor (RyR), and the cCAMP response element-binding protein (CREB), resulting in

enhanced glycogenolysis, muscle contractility, and expression of genes involved in
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metabolism, respectively (Altarejos e Montminy, 2011; Berdeaux e Stewart, 2012;
Cairns e Borrani, 2015; Gongalves et al., 2019). Indeed, several CREB-target genes
(e.g., Nrda3, Ppargcla and Sikl) are highly responsive to B2-AR signaling and
regulates skeletal muscle metabolism, phenotype and hypertrophy (Berdeaux et al.,
2007; Bruno et al., 2014; Pearen et al., 2006). In sharp contrast, chronic treatment with
B2-AR agonists promotes muscle protein anabolism, (Pearen et al., 2009; Ryall,
Sillence e Lynch, 2006). We have consistently shown that the SNS and B2-AR agonists
not only stimulate the rate of protein synthesis (Goncalves et al., 2012; Navegantes et
al., 2004) but also suppress the gene expression of multiple components of the major
proteolytic systems, UPS and ALS (Goncalves et al., 2019; Graca et al., 2013;
Joassard et al., 2013; Khan et al., 2016; Silveira et al., 2020). Although the
pharmacological effects of catecholamines and (2-AR on muscle protein metabolism
have been extensively studied, their role as mediators of the muscle metabolic effects
of RE has been scarcely investigated.

Therefore, we hypothesized that catecholamines release during RE modulates
the expression of trophic genes in skeletal muscle B2-AR-dependent manner. The
current study was undertaken to investigate the effects of the 2-ARs blockade on the
acute molecular responses induced by a single bout of RE in rodent skeletal muscles.
By using a pharmacological approach, we demonstrate that the 2-AR activation during
acute RE is required to induce Nr4a3 and to prevent the overexpression of atrophic

genes such as Mstn, Murfl/Trim63, and Atrogin-1/Fbxo32.

2. MATERIAL AND METHODS

2.1. ANIMALS AND TREATMENTS
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C57BI6/J mice (8-week-old male mice, ~20-23g) were housed in a room with a
12-12 h light—dark cycle (starting at 6:00 AM) and given free access to water and a
normal lab chow diet (Nuvilab-CR1; Nuvital, Curitiba, PR, Brazil) until the start of the
experiments. The sample size used for each experiment is indicated in the figure
legends. The animals were randomly divided into three groups as follows: control
(CON), resistance exercise (RE), and resistance exercise under B2-AR blockade (ICI
+ RE). Mice from ICI + RE group were treated intraperitoneally (i.p.) with 10 mg.kg™* of
the selective B2-AR antagonist (ICI 118,551; Sigma-Aldrich) 30 min before the RE bout
(Azevedo Voltarelli et al., 2021), whereas mice from CON and RE groups were injected
with vehicle (0.9 % saline). Animals were euthanized under isoflurane anesthesia by
decapitation for collecting blood and muscle samples (experiment one) or by cervical
dislocation for collecting muscle samples (experiment two). After euthanasia, muscles
were rapidly harvested, weighed, frozen in liquid nitrogen, and stored at —80°C until
further analyses. All experiments and protocols were performed in accordance with the
ethical principles for animal research adopted by the Brazilian College of Animal
Experimentation and were approved by the Ribeirdo Preto Medical School of the

University of S&o Paulo and Commission of Ethics in Animal Research (no. 207/2014).

2.2. EXPERIMENTAL DESIGN

As above mentioned, the present study was divided into two experiments.
Experiment one was performed to test whether the acute RE protocol would be able
to increase sympathetic activity. For that, the animals were randomly divided into two

groups: 1) CON and 2) RE groups. After the familiarization period with the ladder
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apparatus for RE and the maximum voluntary carrying capacity (MVCC) test, mice
from the RE group were subjected to a single bout of RE (see Resistance Exercise
Protocol section). Immediately after the exercise session (0 h), the animals were
anesthetized with isoflurane and euthanized by decapitation for collecting blood and
muscle samples in order to analyze plasma catecholamines by HPLC and muscle
proteins content and phosphorylation by immunoblotting. Experiment two was
performed to determine the contribution of B2-ARs to skeletal muscular transcriptional
response following a single bout of RE. For that, the animals were randomly divided
into three groups: 1) CON, 2) RE, and 3) RE under the B2-AR blockade group (ICI +
RE). After the familiarization period with the ladder apparatus for RE and MVCC test,
mice from RE and ICI + RE groups were submitted to the RE protocol. Three hours
(3h) after the exercise session, the animals were anesthetized with isoflurane,
euthanized by cervical dislocation, and muscles were rapidly harvested and stored at
—-80°C until gPCR analysis. The 3h period was chosen because studies performed in
rodents subjected to a single bout of exercise demonstrated transient changes in
MRNA levels in the first hours of recovery, typically between 3 and12 h after exercise
cessation (Egan and Zierath, 2013; Egan and Sharples, 2023). Mice from the CON
group remained confined in their cages during both experimental protocols, except
when all animals were submitted to the familiarization period with the ladder apparatus

for RE and MVCC test.

2.3. RESISTANCE EXERCISE PROTOCOL

The resistance exercise (RE) protocol was based on previous reports

(Frajacomo et al., 2015; Padilha et al., 2019) and consisted of ladder climbing (80°
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incline; 1.0 cm space between steps, and 56 cm height) using progressive overload
(see Figure 1A, 1B and C). Initially, all mice were familiarized to voluntary climbing the
ladder over five consecutive days. For this, mice were positioned on the base of the
ladder and stimulated to climb by pushing them to initiate movements. Push stimuli
were applied until each animal was able to complete an entire climb (Padilha et al.,
2017). Forty-eight hours after the last familiarization session, the animals were
submitted to MVCC test, which consisted of carrying loads equivalent to 50%, 75%,
90%, and 100% of body mass attached to the tail of each mouse. When the animal
reached the covered chamber (Figure 1A), an interval of 60 s was given between each
climbing bout. After climbing the ladder with 100% of its body mass, a 3 g load was
added for the next climbs until a load that incapacitated the animal to climb the
complete ladder length. The maximum load (MAX) achieved in the MVCC test was
used as a parameter to determine the carrying load during the acute RE session.
Finally, forty-eight hours after MVCC test, only the animals from RE and ICI + RE
groups were submitted to MAX-based protocol of acute RE (50% of MAX, 75%, 90%,
100%, 100% plus 3 g until failure). Failure was defined as the inability to lift the weight
even after two successive attempts. All animals remained food deprived from the start

of the experiments until euthanasia (about 3.5 hours).

2.4. CATECHOLAMINES AND CORTICOSTERONE LEVELS

Both catecholamines, epinephrine (EPI) and norepinephrine (NE) from
gastrocnemius (GAS) and tibialis anterior (TA) muscles and plasma were assayed as
previously described (Garofalo et al., 1996) using HPLC (LC-7A, Shimadzu

Instruments) with a 5-uym Spherisorb ODS-2 reversed-phase column (Sigma-Aldrich).
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Serum corticosterone levels were measured by specific radioimmunoassay as

previously described (Durlo et al., 2004).

2.5. WESTERN BLOTTING ANALYSIS

GAS and TA muscles were homogenized in RIPA buffer containing 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, 10 mM sodium orthovanadate, 5
pug.mL? of aprotinin, 1 mg mL? of leupeptin, and 1 mM phenylmethyl-sulfonyl fluoride
(PMSF). Lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotted using antibodies listed in Table 1.
Primary antibodies were detected using peroxidase-conjugated secondary antibodies
and visualized using enhanced chemiluminescence (ECL) reagents on ChemiDoc
XRS+ System (Bio-Rad). Band intensities were quantified using the software

ImageJ/Fiji (version 1.52 d, National Institutes of Health, USA).

2.6. REAL-TIME gqPCR

The analysis of qPCR was performed at the Laboratory of Metabolism Control
from Ribeirdo Preto Medical School (University of S&o Paulo). After the exercise
protocol described above, GAS muscles were immediately frozen in liquid nitrogen and
stored at -80°C. Total RNA was extracted from muscle using TRIzol (50 mg of muscle
was added to 0,5 ml of TRIzol, Invitrogen®). Samples were homogenized in tubes
using a TissueLyser Il (Qiagen®) with 5 mm stainless steel beads for 2 x 1 min cycles
at 30 Hz, resting on ice in between. Homogenates were cleared by centrifugation at

10,000 x g for 5 min at 4 °C. RNA extraction was performed according to TRIzol
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manufacturer’s instructions (Invitrogen®). RNA was eluted in 50 ul of RNase-free water
and stored at — 80 °C. RNA samples were treated with DNase |, RNase-free (Thermo
Fisher Scientific®), to remove genomic DNA contamination. RNA samples were
quantitated using NanoDrop One spectrophotometer (Thermo Fisher Scientific®),
following the manufacturer’s instructions. The same device was used to assess the
purity of RNA by measuring 260/280 and 260/230 ratios of absorbance values.
Samples presenting a 260/280 ratio of ~2 and 260/230 ratio of 2 to 2.2 were accepted
as “pure” for RNA. According to the manufactures’ protocols, one microgram of RNA
was reverse transcribed into cDNA using 0,5 pL of SuperScript IV First-Strand
Synthesis System (Invitrogen®). cDNA was diluted 25-fold with nuclease-free water.
For gPCR, the total volume per reaction was 10 pL containing 5 uL of cDNA (2 ng/uL),
4.8 uL of PowerUp SYBR Green Master Mix (Thermo Fisher®), and 0.2 uL of primers
(forward and reverse mixture; 50 ymol/L stock; Table 2). gPCR run on Applied
Biosystems™ 7500 Real-Time PCR System, using the recommended cycling
conditions as follows: a pre-incubation of 2 min at 50 °C and 10 min at 95 °C, followed
by a two-step amplification program of 40 cycles set at 95 °C for 15 s (denaturation)
and 60 °C for 1 min (annealing + extension) and, finally, a dissociation stage set at
95°C for 15s, 60 °C for 1 min and 95 °C for 15s. The last stage was performed to
evaluate the quality of gPCR reactions regarding of nonspecific amplification and
primer-dimer formation in a dissociation curve for each gene. The amplification
specificity for each primer was confirmed by observing the single melt curve peak after
the completion of gPCR. Primer sequences were designed utilizing Primer3Plus
(https:/lwww.primer3plus.com/)  in  conjunction  with OligoAnalyzer 3.1
(https://eu.idtdna.com/site) and cross-referenced using the Basic Local Alignment

Search Tool program (https://blast.ncbi.nlm.nih.gov/Blast.cgi). A six-point relative
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standard curve was prepared for each gene by using five-fold serial dilutions of pooled
cDNA samples in duplicate. No threshold cycle quantification value for the no template
control was detected. The relative expression levels of target genes were calculated
using the 2-AACt method (Schmittgen e Livak, 2008). Data from the target genes were

normalized by the expression of Rpl39 as a reference gene.

2.7. STATISTICS

The distribution and variance homogeneity were tested using Shapiro-Wilk test.
The data are expressed as means + standard error mean (SEM). According to each
experimental design, non-paired Student’s t-test or one-way analysis of variance
(ANOVA) followed by Tukey's post hoc were used in normally distributed variables or
those that showed a normal distribution after log transformation. Kruskal-Wallis test
followed by Dunn's post hoc test was used for non-parametric data. Data were
analyzed using JASP 0.16.2 software (GNU Affero GPL v3 license, Department of
Psychological Methods, University of Amsterdam) and GraphPad Prism version 7.0
(Graph Pad Softwares, San Diego, CA, USA). The significance level adopted was 5%

(p= 0.05).

3. RESULTS

3.1. A single bout of RE acutely increases the circulating levels of norepinephrine and
corticosterone
Since it has been demonstrated that RE may stimulate a stress response by

activating both the sympathetic-adrenomedullary and the hypothalamus-pituitary-
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adrenal (HPA) axis (Athanasiou, Bogdanis e Mastorakos, 2023; Kraemer e Ratamess,
2005), we first investigated the acute effect of the ladder climbing-based RE protocol
on circulating catecholamines and corticosterone levels. As expected, a single bout of
RE acutely increased the serum corticosterone (~3-fold) and plasma NE (~2-fold)
levels (Figures 2A and B). On the other hand, plasma EPI levels were not altered
(Figure 2A). Moreover, because muscle sympathetic nerve activity (MSNA) has also
been reported to increase during exercise (Katayama e Saito, 2019), we evaluated the
NE levels in GAS and TA muscles of mice immediately after the RE session. As shown

in Figure 2C, the NE levels in both muscles were unchanged following RE.

3.2. A single bout of RE acutely stimulates intracellular pathways involved in energy

metabolism and adrenergic signaling in skeletal muscle

Because RE stimulated systemic SNS activity, we examined whether the
canonical B-AR signaling pathway, i.e., PKA/CREB signaling, was also activated in the
muscles of exercised mice. Although TA muscles were unaffected, a single bout of RE
acutely increased the phosphorylation levels of CREB (~30%) in GAS muscles, without
altering the phosphorylation levels of other PKA substrates at Ser/Thr (Figures 3A, 3B,
and 3C). These findings suggest that the activity of transcription factor CREB was
increased, but other upstream kinases than PKA may have also been responsible for
such an effect. In addition to PKA, the protein kinases AMPK, CAMKII, and p38 MAPK
(via mitogen-and stress-activated kinase 1; MSK1), may induce CREB phosphorylation
at Ser'® (Bengal, Aviram e Hayek, 2020; Shaywitz e Greenberg, 1999). Indeed, we
observed a substantial increase in the phosphorylation levels of p38 MAPK (2-fold)

and AMPK (2-fold), but not in CaMKII, in GAS muscles (Figure 4A-4D). Together, these
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data indicate that a single bout of RE acutely stimulates plasma NE and CREB
phosphorylation in muscles, probably via activation of the p38 MAPK and/or AMPK

pathways (Thomson et al., 2008).

3.4. B.-adrenoceptor blockade attenuates the RE-induced increase in CREB-target

genes

Because most of the metabolic actions of catecholamines in skeletal muscle are
exerted through B2-AR (Berdeaux e Stewart, 2012), we hypothesize that the acute
increase in plasma NE levels induced by RE would lead to enhanced muscle
transcriptional activity of CREB through a (B2-AR-dependent mechanism. To test this
hypothesis, we first subjected mice to the maximum voluntary carrying capacity
(MVCC) test under B2-AR blockade with the selective f2-AR antagonist ICI 118,551
(ICI; 10 mg.kg-1, i.p., 30 min prior RE session), in order to evaluate whether ICI pre-
treatment would affect mice performance. As shown in Table 3, the mean values of the
ICI+RE group were very similar to saline treated-group (41,7+1,1 and 42,8+0,7g, for
maximal carrying load; 9,0+1,2 and 10,0+0,7 for number of climbs until exhaustion;
290,69+23,7, and 326,8+24,3g for training volume; and 16,0+0,9 14,5+1,2min for
duration of RE session). Thereafter, we measured the mRNA expression of CREB-
target genes (i.e., Sik1, Nr4a3, Nr4al and Ppargcla) 3h after the exercise session. As
shown in Figure 6, Sikl (~3-fold), Nr4a3 (~6-fold) and Ppargcla (Pgc-1a; ~3.5-fold)
MRNA levels were upregulated after acute RE in GAS muscles. Performing RE under
B2-AR blockage (ICI+RE) prevented the increase in Sikl mRNA expression (Figure
6A) and attenuated Nr4a3 expression (~50%; Figure 6B) when compared with RE. On

the other hand, ICI+RE did not alter the mRNA expression of Ppargcla induced by RE
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(Figure 6D). Thus, our data suggest that acute RE requires the activation of 2-AR to
upregulate the muscle expression of specific CREB-target genes and raise the

possibility that at least part of this effect might be directly mediated by plasma NOR.

3.5. B2-AR blockade exacerbates the expression of atrophic genes after an acute RE

Because we have shown that catecholamines and (32-AR agonists induce anti-
catabolic effects on skeletal muscle protein metabolism (Goncalves et al., 2019; Graca
et al.,, 2013) we next investigated the role of B2-AR activation in the expression of
myokines and UPS- and ALS-related genes after a single bout of RE. As shown in
Figure 7A, the mRNA expression of the negative regulator of muscle mass myostatin
(Mstn; ~70%), but not the growth factor igf-1 or the cytokine II-6, was increased by a
single bout of RE in GAS muscles. Moreover, acute RE only slightly increased the
MRNA expression of mapllc3b (~30%) and Gabarapll (~50%), an effect that was not
observed in Ctsl and Bnip3 (Figures 7B and 7C). In contrast, the B2-AR blockade in
ICI+RE enhanced the expression of MuRF1/Trim63, (~ 3.5-fold), Atrogin-1/Fbx032
(~50%), and Bnip3 (~40%) (Figures 7B and 7C). Importantly, the RE-induced increase
in Mstn mMRNA expression was further upregulated (~ 40%) in GAS muscles of
exercised mice pretreated with ICI (Figure 7A). Taken together, these data indicate
that the B2-AR activation restrains the overexpression of atrophy-related genes after a

single bout of RE.

DISCUSSION
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The present study provides molecular evidence that B2-AR activation during a
single bout of RE acutely upregulates the Nr4a3 gene, a central regulator of the acute
RE response, and prevents the overexpression of atrophic genes such as Mstn,
Murfl/Trim63, Atrogin-1/Fbxo32, and Bnip3 in mice skeletal muscle. These data
provide further evidence that the SNS may be physiologically important to muscle
adaptations in response to resistance training. Here, we demonstrated that mice
performing a single bout of a ladder climbing-based RE protocol showed a marked
increase in plasma NE levels, without significant change in plasma EPI. The increase
in plasma catecholamines was expected, because exercise is considered a stressful
stimulus that stimulates the sympathoadrenal system to meet the physiological
demand of active skeletal muscles (Athanasiou, Bogdanis e Mastorakos, 2023).
Although both plasma NE and EPI levels continuously increase as a function of RE
intensity (Kraemer e Ratamess, 2005), the plasma NE response is greater when
compared to EPI (Greiwe et al., 1999). Similar to plasma catecholamines, muscle
sympathetic nerve activity (MSNA) gradually increases in proportion to the rise in
exercise intensity (Katayama e Saito, 2019). More important, we and others have
recently demonstrated that the SNS directly innervates neuromuscular junctions and
regulates skeletal muscle metabolism, fiber type composition, and cross-sectional area
(Khan et al., 2016; Rodrigues, Anna C. Z. et al., 2019b). In the present study, however,
the increase in muscle content of NE was not observed after the RE bout, most likely
due to NE diffusion from synapses (mainly from active muscles) into the plasma
(Rowell e O’Leary, 1990). Indeed, plasma NE concentration is greatly influenced by
the rate of NE diffusion. Therefore, it cannot be excluded that an increase of NE release
directly into muscle may have occurred during the RE bout. The measurement of

muscle NE turnover (Graga et al., 2013) and muscle sympathetic denervation (Silveira
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et al.,, 2014) would be necessary to determine the direct contribution of muscle
sympathetic activity to the molecular changes induced by acute RE.

Independently of the systemic or local origin of NE, we have pieces of evidence
that SNS stimulates muscle cells in response to RE. The present finding in GAS muscle
that a single bout of RE increased the phosphorylation levels of CREB, a well-
established target of PKA, and its specific target genes (i.e. Sikl, Nrd4a3, and
Ppargcla), suggests that the canonic B2-AR/PKA/CREB signaling pathway were
stimulated. Consistently, the B2-AR blockage completely abolished or attenuated the
upregulation of Sikl and Nr4a3 gene expression, respectively, in GAS muscles from
exercised mice. Similar findings were reported by Bruno et al. (Bruno et al., 2014)
showing that the expression of Sikl mMRNA was markedly induced by a high-intensity
exercise, and this response was prevented by the pre-treatment with propranolol, a
pan B-AR antagonist (Bruno et al., 2014; Goode et al., 2016). However, a few studies
have investigated the role of the kinase SIK-1 on skeletal muscle physiology. Berdeaux
et al. (Berdeaux et al., 2007) proposed that, under adrenergic stimulation with the -
adrenergic agonist isoproterenol, CREB activates the myogenic program by increasing
the amount of SIK-1 in C2C12 cells and adult skeletal muscles. When activated
(dephosphorylated form), SIK-1 phosphorylates class Il histone deacetylases (HDACS)
and indirectly promotes the expression of myocyte enhancer factor 2 (MEF2) target
genes (Berdeaux et al., 2007). Accordantly, the overexpression of SIK1 in muscle cells
induces nuclear export of HDACS5 and increases MEF-2C transcriptional activity in vitro
(Takemori et al., 2009b). Despite these data, there is no evidence that SIK-1 regulates
muscle protein metabolism in response to exercise.

In contrast to our data, Goode et al. (Goode et al., 2016) suggested that the

increase in Nr4a3 mRNA after endurance exercise is independent on B-AR signaling,
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since its expression was not attenuated by the treatment with the B-AR antagonist
propranolol. These conflicting results may be due to differences in the experimental
approaches, including pharmacological treatment (selective versus non-selective -
AR antagonist) and type of exercise bout (endurance exercise versus RE). Despite
that, recent evidences have shown that the Nr4a3 gene was robustly induced by a
novel RE model in mice (Cui et al., 2020) and by acute RE in human skeletal muscle
(Nader et al., 2014). Indeed, using gene ontology and pathway analyses to reveal
pathways activated by inactivity, aerobic versus resistance, and acute versus chronic
exercise training, Pillon (Pillon et al.,, 2020a) identified Nr4a3 as one of the most
exercise- and inactivity-responsive genes, and establish its role in regulating
mitochondrial function and mediating glucose uptake in response to electrical pulse
stimulation in primary human myotubes in vitro. Additionally, it has been shown that
transgenic overexpression of NR4A3 promotes skeletal muscle hypertrophy, oxidative
phenotype, and vascularization in mice (Goode et al., 2016). Although it has already
been shown that acute exercise (Cui et al., 2020; Goode et al., 2016) and B2-AR
stimulation (Berdeaux et al., 2007; Pearen et al., 2009) alone may induce the
expression of Sikl and Nr4a3 mRNA, to our knowledge, this is the first study to
demonstrate that the RE-induced upregulation of both genes is completely or partially
dependent on B2-AR activation, respectively. Further experiments are needed to define
the specific role of Nrda3 and Sik-1 expression in mediating the effects of p2-AR
stimulation on muscle protein metabolism in response to RE.

The reason for differences between TA and GAS muscles in response to acute
RE cannot be accounted for in the present study, but exercised muscles are either
under the influence of extrinsic (e.g. neural and hormonal) and intrinsic (e.g.

mechanical and metabolic) factors that activate/repress several intracellular signaling



60

pathways (Egan and Zierath, 2013). For example, the finding that Sik1 and Nr4a3 gene
expression were induced in a B2-AR-dependent manner reinforces the hypothesis that
acute RE increased the sympathetic activity in GAS muscle, probably by a
metaborreflex-induced mechanism (Fisher, Young e Fadel, 2015), since GAS muscle,
but not TA, is highly recruited during climbing movements (Lourenco et al., 2020). On
the other hand, the fact that the expression of Ppargcla mRNA induced by RE was
not affected by B2-AR blockage raise the possibility that the expression of this
transcription co-activator is under control of intrinsic signals, such as increased
intracellular calcium concentration [Ca?*]i, AMP:ATP ratio and mechanical tension,
among others (Egan and Zierath, 2013). Accordingly, these signals may trigger the
activation of protein kinases involved in several metabolic processes including AMPK,
CaMKIl, and p38 MAPK. In agreement with this notion, we demonstrated that the
phosphorylation levels of AMPK and p38 MAPK, but not CaMKII, increased in GAS
muscle immediately after acute RE. It is important to mention that these kinases seem
to be activated by an intensity-dependent manner and may stimulate Ppargcla gene
transcription by different regulators, such as activating transcription factor2 (ATF2),
myocyte enhancer factor 2 (MEF2), CREB, and HDACs (Wojtaszewski et al., 2000;
Rose et al., 2006; Akimoto et al., 2008; Egan and Zierath, 2013). Indeed, it has been
shown that p38 MAPK can phosphorylate and activate the ATF2 transcription factor,
whereas AMPK can directly phosphorylate CREB during exercise, upregulating
Ppargcla mRNA (Akimoto et al., 2008; Thomson et al., 2008). Taken together, these
data suggest that acute RE may upregulate Ppargcla expression by multiple muscle
intrinsic signals in a B2-AR-independent manner.

As previously reported (Manfredi et al., 2017; Silvestre et al., 2017), our ladder

climbing-based progressive RE increased serum corticosterone (CORT) levels
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immediately after the end of the exercise session, and probably reduced insulin (INS)
secretion in exercised mice (Kraemer e Ratamess, 2005; Raastad, Bjgro e Hallén,
2000). During catabolic conditions, such as fasting and type 1 diabetes mellitus, the
low levels of circulating insulin and high levels of glucocorticoids drive the activation of
muscle protein degradation by UPS and ALS to support liver gluconeogenesis and the
energy requirements of the organism (Hu et al., 2009; Graca et al., 2013). In fact, Hu
et a., (Hu et al., 2009) have demonstrated that both impaired INS signaling and
increased endogenous glucocorticoids are required to stimulate muscle protein
degradation by UPS. Thus, reduced activity of the INS/Akt signaling leads to a marked
increase in atrophic genes and muscle atrophy via the transcriptional activity of FoxO
members (e.g., FoxO1l and FoxO3a) (Schiaffino e Mammucari, 2011). Due to the
catabolic nature of the acute exercise, it has been shown that the rate of overall protein
degradation and the induction of these atrophic genes also increases in human skeletal
muscle immediately after the acute RE, likely to prevent the accumulation of damaged
proteins and organelles (Phillips et al., 1997; Louis et al., 2007). However, the effect
of a progressive RE bout on acute molecular changes in rodent skeletal muscle is
poorly understood. The present study shows that, immediately after the exercise
session, a single bout of RE performed until exhaustion did not affect the
phosphorylation/activation status of the major signaling pathways stimulated by INS
and IGF1 controlling muscle protein synthesis (i.e., Akt, ERK1/2, and their downstream
targets GSK-3 and mTOR), and protein degradation (i.e., FoxO). These data are
controversial because published data have not been consistent on whether these
signaling are increased or unaffected in response to acute RE (Bolster et al., 2003;
Hamilton et al., 2010; Kido et al., 2016; Mcintosh et al., 2023). Again, these conflicting

results may be due to differences in the experimental approaches, including exercise
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protocol, species (rodents versus humans), and time point of sample collecting after
the session bout, among others.

It is well known that the SNS also contributes to the establishment of a catabolic
state during acute exercise since catecholamines stimulates the catabolism of
glycogen and intramuscular triglyceride through B2-AR/cAMP/PKA signaling in skeletal
muscle (Egan and Zierath, 2013; Bruno et al., 2014). Conversely, we and others have
consistently shown that both catecholamines and B2-AR agonists exert anticatabolic
actions on protein metabolism and contribute to the maintenance of skeletal muscle
mass under basal and catabolic conditions (Navegantes et al., 1999; Baviera et al.,
2008; Graca et al., 2013; Khan et al., 2016; Goncalves et al., 2019; Rodrigues et al.,
2019). Thus, we hypothesized that the activation of B2-ARs during acute RE could
prevent the expression of atrophic genes in the skeletal muscle of exercise mice.
Accordingly, we demonstrate that performing acute RE under B2-AR blockade
upregulates the expression of the Ub-ligases Murf1/Trim63 and Atrogin-1/Fbxo32.
Although the exact molecular mechanisms cannot be accounted for in the present
study, treatment with PBo-agonists has been suggested to inhibit atrophic gene
expression by stimulating Akt/FoxO signaling pathway (Gongalves et al., 2019). Our
findings are in partial agreement with other studies showing that chemical (Baviera et
al., 2008) or surgical (Graca et al., 2013) sympathectomy exacerbates atrophic genes
during type | diabetes and fasting, respectively, apparently by a further decrease in Akt
stimulation. An alternative possibility to the suppressive action of SNS in atrophic
genes during RE is that cAMP/PKA signaling could mediate such an effect. In
agreement with this notion, we have recently shown that muscle-specific
overexpression of PKI (PKA inhibitor peptide) decreased the phosphorylation levels of

CREB and up-regulated the transcriptional activity of FoxO and the mRNA expression
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of Atrogin-1 and MuRF1, resulting in myofiber atrophy (Silveira et al., 2020). More
important, the muscle-specific activating of PKA by the overexpression of PKA catalytic
subunit suppressed FoxO transcriptional activity by multiple mechanisms in vivo, in
addition to FoxO phosphorylation, acetylation, and nuclear export (Silveira et al.,
2020), raising the possibility that this cCAMP/PKA signaling may have mediate this anti-
catabolic action. Further studies are required to confirm this hypothesis.

An interesting finding of this study was that performing acute RE under B2-AR
blockade amplified the expression of Mstn mMRNA in exercised muscles, suggesting
that the B2-AR signaling restrains Mstn overexpression during RE. Since it has been
shown that the expression of a constitutively active form of FoxO1 may upregulate
Mstn mRNA in differenciated C2C12 myotubes (Allen e Unterman, 2007), it is
reasonable to speculate that prevention of the activation of PKA/CREB signaling by
ICI in the muscles of exercised mice could exacerbate FoxO activity and consequently
Mstn expression. Additionally, it is also possible that abrogation of RE-induced N4a3
expression by B2-AR blockade could further upregulate Mstn mRNA. This hypothesis
is based on findings that reduced endogenous Nr4a3 mRNA levels induced by stable
expression of a NOR-1 (i. e., NR4A3) small interfering RNA in C2C12 cells led to a
dramatic upregulation of Mstn mRNA expression, whereas NR4a3 overexpression
induced by an expression vector (pSG5-NOR-1) repressed Mstn promoter activity and
gene expression (Goode et al., 2016; Pearen et al., 2009). Although these findings
suggest that B2-AR/PKA/CREB signaling may contribute to the adaptive anabolic
pathways in response to RE, further experiments are needed to confirm all these
hypotheses.

In summary, the present data suggest that 2-AR stimulation during acute RE

upregulates the expression of the hypertrophic gene Nr4a3 and restrains the atrophic
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genes Mstn, Murfl/Trim63, Atrogin-1/Fbxo32 and Bnip3 in skeletal muscle. These
effects may be physiologically important for preventing excessive protein breakdown
during muscle contractions and for establishing the anabolic state observed during
recovery from acute RE, which may contribute, at least in part, to the muscle

adaptations in response to regular RE training.
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Figure 1. (A) The apparatus for resistance exercise (RE) in mice. (B) At the top of the
ladder is a housing chamber where the mice are allowed to rest between climbs (60
sec). (C) A mouse is shown climbing a 56cm, 80° incline ladder with the weight

attached to the talil.
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Figure 2. Acute effect of a single bout of resistance exercise (RE) on the activation of
sympathetic-adrenomedullary and the hypothalamus-pituitary-adrenal (HPA) axis of
mice. (A) Serum corticosterone, (B) plasma catecholamines and (C) content of
norepinephrine in tibialis anterior (TA) and gastrocnemius (GAS) muscles from
exercised mice. Data are presented as mean + SEM of 7-8 mice. (*p < 0.05 vs CON

group, Student's t-test). NE, norepinephrine; EPI, epinephrine.
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Figure 3. Acute effect of a single bout of resistance exercise (RE) on the PKA/CREB
signaling pathway in skeletal muscle from mice. (A) Representative western blots of
phosphorylation levels of PKA substrates and CREB in muscles of exercised mice. (B
and C) Densitometric and statistical analysis of the p-Ser/Thr PKA substrates and p-

Ser'33 CREB protein content in (B) gastrocnemius (GAS) and (C) tibialis anterior (TA)
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muscles. Phosphorylated proteins were normalized to a-tubulin. Data are presented

as mean + SE of 7-8 muscles. (*P < 0.05 vs CON group, Student's t-test).
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Figure 4. Acute effect of a single bout of resistance exercise (RE) on the activation of
AMPK, p38 MAPK and CaMKIl signaling in muscles of exercised mice. (A)
Representative western blots of phosphorylation levels of AMPK, p38 MAPK and
CaMKIl in gastrocnemius (GAS) muscles of exercised mice. (B, C and D)
Densitometric and statistical analysis of the (B) p-Thr’?2AMPK, (C) p-Thr180/Tyr182 533
MAPK and (D) p-Thr®¢ CaMKIl protein content presented in Figure 4A.
Phosphorylated proteins were normalized to a-tubulin. Data are presented as mean *

SEM of 7-8 muscles. (*P < .05 vs CON group, Student's t-test).
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Figure 5. Acute effect of a single bout of resistance exercise (RE) on the Insulin/IGF-1

signaling in muscles of exercised mice. (A) Representative western blot of

phosphorylation levels of Akt, ERK1/2, GSK3, S6, FoxO1 and FoxO3 in gastrocnemius

(GAS) muscles of exercised mice. (B, C and D) Densitometric and statistical analysis

of the (B) Akt and ERK/12; (C) FoxO1l and FoxO3a; and (D) GSK3 and S6 protein

content. Phosphorylated proteins were normalized to a-tubulin. Data are presented as

mean = SEM of 7-8 muscles. (*P < 0.05 vs CON group, Student's t-test).
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Figure 6. Effect of the B2-AR blockade on CREB-target genes expression in skeletal
muscle of exercised mice. (A) Sikl and Nr4a3; and (B) Nr4al and ppargcla mRNA
levels in gastrocnemius (GAS) muscles from exercised mice pre-treated with B2-AR
antagonist ICI 118,551 (single dose - 10 mg.kg?, i.p., 30 min prior RE). Data are
presented as mean + SEM of 6-7 muscles. (*p < 0.05 vs CON group, #p < 0.05 vs RE

group, bidirectional AVONA test).
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Figure 7. Effect of the B2-AR blockade on the mRNA levels of genes involved in

metabolism and plasticity in muscles of exercised mice. (A) Mstn, igf-1 and II-6

(myokines); (B) Murfl and Atrogin-1 (atrophy-related genes); and (C) Ctsl, map1llc3b,

Gabarapll and Bnip3 mRNA levels (autophagy-related genes) in gastrocnemius (GAS)

muscles of exercised mice pre-treated with B2-AR antagonist ICI 118,551 (single dose;

10 mg.kg?, i.p., 30 min prior RE). Data are presented as mean = SEM of 6-7 muscles.

(*p = 0.05 vs CON group, #p < 0.05 vs RE group, bidirectional AVONA test).

Table 1. Antibodies for western blot

Protein Dilution for WB Manufacturer
phospho-Ser'** CREB 1:2000 Cell Signaling
phospho-Ser/Thr PKA 1:1000 Cell Signaling
phospho-Thrt’? AMPK 1:1000 Cell Signaling
phospho-Ser?® FoxO1 1:4000 Cell Signaling

phospho-Thr?* FoxO1 1:4000 Cell Signaling
phospho-Thr®? FoxO3 1:4000 Cell Signaling
phospho-Thr?2 ERK1 1:2000 Cell Signaling
phospho-Tyr?%* ERK?2 1:2000 Cell Signaling
phospho-Thr®/Tyr82 p38-MAPK 1:1000 Cell Signaling
phospho-Ser*’® AKT 1:1000 Cell Signaling
phospho-Ser?%236 S 1:1000 Cell Signaling
phospho-Ser?4924 56 1:1000 Cell Signaling
phospho-Ser?! GSK3a. 1:1000 Cell Signaling
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phospho-Ser® GSK3p 1:1000

Cell Signaling

phospho-Thr?® CaMKI|I 1:1000 Cell Signaling

Table 2. Oligonucleotide primers used for gPCR analysis

Gene Forward Primer (5°-3’) Reverse Primer (3’-5)
Ppargcla AATCCAGCGGTCTTAGCACT TTTCTGTGGGTTTGGTGTGA
Sikl TCCACCACCAAATCTCACCG GTTTCGGCGCTGCCTCTTC
Map1llc3b CGTCCTGGACAAGACCAAGT TCCGTCCTTCGCTTCATAGG
Gabarapll CATCGTGGAGAAGGCTCCTA ATACAGCTGGCCCATGGTAG
Ctsl CATCGTGGAGAAGGCTCCTA ATACAGCTGGCCCATGGTAG
Bnip3 TTCCACTAGCACCTTCTGATGA GAACACCGCATTTACAGAACAA
Nrd4al AGCTTGGGTGTTGATGTTCC AATGCGATTCTGCAGCTCTT
Nr4a3 TGCAGAGCCTGAACCTTGAT TTAACCCATGTCGCTCTGTG
Mstn TTGCAAAATTGGCTCAAACAGC AAGGGATTCAGCCCATCTTCTC
lgf-1 CTCAGACAGGCATTGTGGATGAGT GGTCTTGTTTCCTGCACTTCCTCT
11-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
Murfl TGTGCAAGGAACACGAAG TGAGAGATGATCGTCTGC
Atrogin-1 GCAGAGAGTCGGCAAGTC CAGGTCGGTGATCGTGAG

Table 3. Body mass and maximum voluntary carrying capacity (MVCC) data.

Parameter CON RE RE+ICI
Body mass (Q) 21,6+0,7 21,8+1,49 21,1+0,6
Maximal load (g) 43,7+1,3 41,741,1 42,8+0,7
Number of climbs - 9,0+1,2 10,0+0,7
Training volume (g) - 290,69+23,7 326,8+24,3
Protocol time (min) - 16,0+0,9 14,5+1,2

All values are presented as means + standard error of the mean; CON: control group; RE:
resistance exercise group; ICI+RE: resistance exercise under >-AR blockade group.
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