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As 14:00 horas do dia 15 de maio de 2023, a comiss3do examinadora, indicada pelo Colegiado do Programa de
Pés-Graduacdo em Ciéncias do Esporte, reuniu-se no miniauditério e por videoconferéncia, para julgar, em
exame final, a dissertacdo intitulada "Adapta¢oes morfologicas, metabdlicas e moleculares da musculatura
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conhecer aos presentes o teor das Normas Regulamentares de Defesa do Trabalho Final, passou a palavra para
o candidato, que realizou a apresentacdo da sua dissertacdo. Seguiu-se a arguicdo pelos examinadores, com a
respectiva defesa do candidato. Logo apds, a comissdo se reuniu, sem a presenca do candidato e do publico,
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Nada mais havendo a tratar, eu, Prof. Dr. Dawit Albieiro Pinheiro Goncalves, presidente da comissdo
examinadora, dei por encerrada a reunido, da qual, para constar, lavrei a presente Ata, que, lida e aprovada,

vai por todos assinada eletronicamente.
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RESUMO

Apesar do desempenho fisico aerébico ser reduzido na exposi¢do aguda ao
ambiente quente (Q), a exposicdo cronica modula o metabolismo muscular e
induz um fenotipo muscular mais oxidativo. Entretanto pouco se sabe sobre a
exposicao ao estresse térmico quente durante o treinamento fisico aerdbico
(TFA) de longo prazo (i.e., > 4 semanas) nos diferentes tipos de fibras
musculares esqueléticas, em seu metabolismo e nas sinaliza¢gdes intracelulares
mediadoras desses efeitos. Objetivo: Avaliar as adaptacdes morfologicas,
metabdlicas e moleculares na musculatura esquelética induzidas pelo TFA de
longo prazo em ambiente Q. Camundongos suicos machos e adultos foram
divididos em quatro grupos: 1) Sedentarios (SED) mantidos em ambiente
temperado (T) (22 °C; SED/T), 2) SED mantidos em ambiente (Q; 32 °C; SED/Q),
3) submetidos ao TFA [lh/dia, 5dias/semana, durante 8 semanas a 60% da
velocidade maxima (Vmax) € 5° de inclinacdo] em T (TFA/T) e 4) submetidos ao
TFA em Q (TFA/Q). Testes incrementais (TCIl) na esteira em T e Q foram
realizados antes do treinamento e ap6s 4 semanas para a prescricdo do TFA de
TFA/T e TFA/Q, respectivamente. Apds o periodo de treinamento, 0s animais
foram eutanasiados e amostras de sangue e tecido muscular e hepatico foram
congeladas e armazenadas. O contetdo de glicogénio hepético e muscular foi
mensurado pelo método de Antrona e a atividade mitocondrial e area de seccao
transversa (AST) das fibras musculares foi mensurada por meio da técnica
histolégica de atividade da succinato desidrogenase (SDH). Os tipos de fibras
musculares foram determinados pela expressao de miosinas de cadeia pesada
(do inglés; myosin heavy chain — MyHC) por meio da técnica histoldgica de
imunofluorescéncia. O conteudo e atividade das proteinas musculares
envolvidas na sintese/degradacdo proteica e metabolismo energético
mitocondrial foram quantificados por meio de western blot. Com base no TCI pré-
TFA, a velocidade de corrida de TFA/Q foi menor (~30%) do que TFA/T.
Contudo, ambos os grupos TFA apresentaram melhora semelhante do
desempenho fisico (e.g., tempo de corrida) apos 8 semanas. O contetudo de
glicogénio hepético também aumentou (~34%) de forma semelhante nos grupos
TFA/T, TFA/Q e SED/Q quando comparado ao SED/T, sem alteracdo do
glicogénio muscular. A atividade de SDH muscular aumentou (~9%) em ambos
0os grupos TFA quando comparado ao SED/T, e apenas o grupo SED/Q
aumentou a CSA das fibras oxidativas em relacdo ao grupo SED/T. Apesar do
contetdo de MyHC fast e slow ndo ter alterado entre os grupos, observamos um
aumento no percentual de fibras do tipo 2A nos grupos TFA (~16%) em relagéo
ao grupo SED/T. A anélise molecular revelou que o grupo TFA/Q apresentou
uma reducdo no conteudo das proteinas FoxOl (~30%; marcador de
degradacgdo proteica e metabolismo energético). O contetdo de proteinas dos
complexos da fosforilagdo oxidativa mitocondrial (OxPhos) bem como da
membrana mitocondrial (TOM20) e reguladores da qualidade dessa organela
(AMPK/CAMKII/p38 - PGC1a e TFEB) n&o foram alterados em qualquer
condi¢cdo. Concluséo: A melhora do desempenho fisico promovida por TFA em
Q parece exigir uma menor intensidade de exercicio para promover mudanca no
tipo de fibra, para um padrdo mais oxidativo/lento e aumentar o conteudo de
glicogénio hepético, se comparado ao TFA em Q. Além disso, apenas o TFA em
Q reduziu o contetudo basal de FoxO1.



Palavras-chave: treinamento fisico aerdbico; ambiente quente; metabolismo

muscular; musculatura esquelética.
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ABSTRACT

Heat (H; =232°C) stress acutely worsens aerobic performance. However, H has
emerged as a potential therapy to modulate muscle metabolism inducing aerobic
phenotype and it is unknown the effects of training in this condition for long
periods (> 4weeks) on muscle fiber type and trophism and intracellular pathways
regulating muscle phenotype. To evaluate the morphological, metabolic and
molecular adaptations in skeletal muscle induced by long-term endurance
training (ET) in H. Adult, male Swiss mice (40g) were divided in: 1) Sedentary
(SED) mice kept in the temperate (T) environment (22°C;SED/T), 2) SED kept in
H (32°C;SED/H), 3) mice ET in treadmill (1h/day, 5days/week, 8weeks, 60% of
maximum speed (Smax)) in T (ET/T), and 4) ET in H (ET/H). All groups performed
incremental load tests in T and H before (pre-training) and after 4 and 8 weeks of
training. The liver and muscle glycogen content were measured by Anthrone
method and mitochondrial activity. Muscle fiber types were determined by
analyzing SDH activity and myosin-heavy chain (MyHC) isoforms by
immunofluorescence techniques in histological slices. The content and activity of
muscle proteins involved in protein synthesis/degradation (Akt/FoxQO) and energy
metabolism (AMPK-p38/PGC1a) were quantified by western blot (WB). In pre-
training period, H impaired performance by reducing (~30%) Smax. After 8weeks,
although ET/H exercised at a lower (26%) absolute intensity than ET/T, Smax were
similarly increased (~22%) in both ET groups compared with SED/T. The liver
glycogen content also increased by ~34% in the ET/T, ET/H and SED/H groups
when compared to SED/T. The skeletal muscle SDH activity increased ~9% in
both ET groups when compared with SED/T. SED/H group increased (~15%)
cross sectional area (CSA) of oxidative fibers with no additional effects of ET. The
protein content of slow (type 1) and fast (type 2) MyHC by WB did not change in
any condition, but % of type 2A fibers was higher (~16%) in both ET groups than
in SED/T group. The protein content of mitochondrial oxidative phosphorylation
complexes (OxPhos) as well as mitochondrial membrane (TOM20) and the
intracellular regulators of these organelles and oxidative fiber phenotype (i.e.,
AMPK/CAMKII/p38 - PGC1a and TFEB) were not altered in any group. Molecular
analysis revealed that ET/H group reduced the content of FoxOl (~30%; an
inducer of protein degradation and energy metabolism and an inhibitor of
angiogenesis). Although exercise in H is performed at a lower absolute intensity,
training in both environments similarly improved performance and increased the
proportion of type 2A fibers, the activity of the mitochondrial enzyme SDH, and
the hepatic content of glycogen. Thus, the similar improvement in physical
performance of ET in H and T appears to be due to a change in fiber type to a
more oxidative phenotype. In summary, ET in H requires lower intensity to induce
fast-to-slow fiber type shift and increase glycogen than ET in T. Furthermore, only
ET in H reduce basal levels of FoxO1.

Keywords: mitochondria; heat stress; skeletal muscle metabolism; mitochondria;

signaling pathways.
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VO2 Consumo de oxigénio

VO2max Consumo méximo de oxigénio

VO2pico Consumo pico de oxigénio

Vmax Velocidade maxima
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1 INTRODUCAO

O desempenho esportivo de atletas de elite envolvidos em competi¢cdes de longa
duracéo (i.e., World Marathon Majors, Circuito Mundial de maratona aquatica e
Tour de France) é produto da integracdo de fatores psicobiolégicos, do
regulamento da competicdo e das condicdes ambientais (Furrer; Hawley;
Handschin, 2023). Nesse cenério, o principal desafio desses atletas é conseguir
manter altas taxas de producéo de energia a fim de manter elevada capacidade
aerobica por um longo periodo de tempo. Tal capacidade deriva do preciso
controle do metabolismo energético a fim atrasar a fadiga (Furrer; Hawley;
Handschin, 2023; Hawley, 2002). O treinamento fisico aerdbico (TFA),
constituido por repetidas sessfes de exercicio fisico aerébico, promove efeitos
sistémicos que melhoram a resisténcia a fadiga. Na musculatura esquelética o
TFA promove a transi¢ao das fibras musculares para um padréo lento/oxidativo
(aumentando fibras do tipo 1 e 2A), aumenta a sintese, densidade e funcao
mitocondrial e, por consequéncia, melhorar a capacidade oxidativa (Egan;
Zierath, 2013).

Por outro lado, a inadequada prescricdo do TFA pode levar a comprometimentos
fisicos e mentais nos atletas (Schwellnus et al., 2016). Jacobsson et al.
(Jacobsson et al., 2012), observaram que mais de 60% dos quadros de lesdo
fisica em atletas acontecem durante o treino. Segundo os autores, fatores como
a sobrecarga na prescricado do treino podem explicar esse fendbmeno, visto que
boa parte desses eventos acontecem na pré-temporada, quando os atletas estao
menos condicionados. Além dos danos a integridade individual dos atletas,
lesdes fisicas impactam na permanéncia no programa de TFA. Corredores de
elite apresentam uma prevaléncia anual de 43% para quadros de lesdes fisicas
com duracdo minima de trés semanas (Jacobsson et al., 2012). Por um periodo
coincidente, a interrupcdo do TFA (2 — 8 semanas) reduz a capacidade aerdbica
em 5 a 10%. Dessa forma, ressalta-se a importancia de estratégias que
contribuam para atenuacg&o da sobrecarga fisica imposta nas sessoes de TFA e

gue mitiguem a perda das adaptacdes durante os processos de recuperagéao.



28

1.1Respostas aguadas e fatores limitantes do exercicio fisico aerdbico

1.1.1 Consumo oxigénio

Os beneficios do TFA derivam de adaptactes as repetidas repostas induzidas
pelas sessdes exercicio fisico de resisténcia aerdbica. Agudamente o exercicio
fisico aerdbico, causa um desequilibrio na homeostase sistémica por aumentar
a demanda do metabolismo energético e aumentar o consumo de oxigénio (VO2)
(Egan; Zierath, 2013). De acordo com a teoria do deslizamento dos filamentos
(Podolsky e Schoenberg, 1983), a hidrolise do ATP é um processo fundamental
para que ocorram as contracdes musculares provenientes da formacao de
pontes cruzadas entre os filamentos das proteinas musculares actina e miosina.
Por consequéncia, os produtos provenientes da quebra do ATP [i.e., Adenosina
difosfato (ADP) e moléculas inorganicas de fosfato (Pi)] estimulam sua
ressintese pelas organelas mitocondriais, via metabolismo dependente de O:2
(oxidativo). Portanto, a contracbes musculares durante o exercicio fisico

aumentam o VOo.

Robisson et al., (1937) foram os primeiros a identificar que 0 consumo maximo
de oxigénio (VO2max) € um dos fatores limitantes do desempenho aerdbico. O
VO2max € a capacidade maxima do organismo em captar e utilizar o O2, e por
isso é limitado pela capacidade dos sistemas em captar (capacidade de difuséo
pulmonar e débito cardiaco maximo), transportar (contetdo de proteinas
carreadoras de Oz e capilarizacdo dos tecidos) e utilizar o Oz (capacidade
oxidativa do tecido muscular) (BASSETT; HOWLEY, 2000). Entretanto,
simplesmente aumentar o fluxo sanguineo para o musculo ndo é suficiente para
aumentar o VO2. Segundo modulacbes matematicas (HONIG; CONNETT;
GAYESKI, 1992) o espaco entre as células transportadoras de Oz (hemacias) e
a membrana muscular (sarcolema) € a regido que apresenta maior resisténcia
para a difusdo do O2. O aumento do consumo do O: pela atividade mitocondrial
durante a contracdo muscular € uma etapa crucial para o transporte de O2. Para
atender a demanda de energia pelas contracdes musculares, as mitocondrias
consomem mais Oz e favorecem o gradiente para difusdo do Oz da hemacia para

0 musculo. De fato, Ivy et al. (1980) mostraram que 0 VO2max esta
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significativamente relacionado ao conteddo de mitocondrias musculares.
Embora individuos treinados apresentem maior VO2max € capacidade oxidativa
muscular (biopsia) se comparados a individuos sedentérios, em ambos 0s

grupos as variaveis apresentavam relagcéo positiva.

A capacidade oxidativa e o conteudo mitocondrial, varia de a cordo com o tipo
de fibras. Os diferentes tipos de fibra podem ser classificados de acordo com sua
atividade contratil e atividade de enzimas relacionas ao metabolismo glicolitico e
oxidativo. Mamiferos apresentam quatro principais tipos de fibras musculares
cuja classificagdo coincide com a atividade da classe de enzimas que hidrolisam
0 ATP (ATPase) (Schiaffino; Reggiani, 2011). Segundo Schiaffino et al. (2011), as
fibras do tipo 1 sdo fibras de contracdo lenta (baixa atividade da ATPase), ricas
em proteinas musculares transportadoras de O2 (mioglobinas) e alta atividade e
contetdo mitocondrial, o que lhes confere predominio do metabolismo oxidativo
e alta resisténcia a fadiga. J4 as fibras do tipo 2A s@o de contracdo rapida, mas
possuem metabolismo misto (oxidativo-glicolitico) e apresentam alta resisténcia
a fadiga. Costil et al. (1976) compararam a capacidade oxidativa do muasculo
esquelético e resisténcia aerdbica de individuos ndo treinados, corredores de
média distancia e maratonistas de elite (42 km). Dos trés grupos, os corredores
de elite apresentavam menor tempo para realizar provas acima de 5 km, assim
como maior capacidade oxidativa muscular. Segundo os autores os musculos
dos corredores de elite (biopsia) apresentavam aumento na proporc¢ao das fibras
do tipo 1 e na atividade de enzima relaciona ao metabolismo oxidativo (SDH).
Portanto, a resisténcia aerdbica ndo depende apenas de fatores individuais,
como a vascularizacao do tecido ou da capacidade oxidativa muscular, mas sim

da interacao entre esses fatores como um sistema.

1.1.2 Producédo metabdlica de calor

Outro subproduto da hidrolise do ATP é a produgédo metabdlica de calor. Durante
a contracao muscular, uma significativa parte da energia produzida (~75 - 95%)
€ convertida em energia térmica e liberada na forma de calor (Edwards et al.,

1973; Wasserman, K.; Van Kessel; Burton, 1967). Dependendo da duracao, a
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producdo metabdlica de calor aumento a temperatura muscular (Tm) (Sawka,
Michael N. et al., 2011), uma resposta imprescindivel para a funcéo desse tecido
durante o exercicio (Cheuvront et al., 2010). Isso porque, o0 aumento da Tm
causado pelo exercicio fisico aumenta a capacidade fosforilagdo dos complexos
mitocondriais (responsaveis pela produ¢do do APT) mitocondrial (Brooks et al.,
1971).

A literatura destaca que, dependendo da duracdo e intensidade de exercicio
fisico, a medida que a Tm aumenta, observa-se consequente aumento na
temperatura central (Tc) do corpo. Em reposta, mecanismos termorregulatérios
sao ativados a fim de estabelecer um balancgo entre a producéo e perda de calor
para tecidos periféricos a musculatura (conducéo) e o meio ambiente (convecc¢ao
do sistema circulatdrio). Isso porque, o sangue que perfunde a musculatura atua
como um transportador do calor para outros tecidos do corpo. Destaca-se a
transferéncia de calor para a pele a fim de facilitar a troca de calor com o meio,
evitando acumulo nas cavidades internas do corpo e retardando o aumento da
Tc (Sawka et al.,, 2011). (Sawka, Michael N. et al., 2011). Sabendo que a
temperatura da pele (Tpele) aumenta em proporcéao direta a temperatura ambiente
(Ta) (Gagge; Gonzalez, 2011). A elevacgao da Ta constitui um estressor adicional
ao exercicio fisico, por reduzir o gradiente de temperatura entre a Ta € Tpele €
dificultar a transferéncia de calor para o meio. O acumulo de calor aumenta da

Tc durante o exercicio fisico e exacerba diversas respostas fisiolégicas.

1.2 Resisténcia aerdbica no ambiente quente

1.2.1 Exercicio fisico aerébico agudo no ambiente quente

Guy et al. (2015) analisaram as médias dos 10 melhores desempenhos em
competi¢cdes de atletismo ao longo de 7 consecutivos Campeonatos Mundiais da
IAAF (International Association of Athletics Federations) ocorridos entre 0s anos
de 1999 e 2011. Os autores observaram uma reducao significativa do
desempenho fisico tanto em homens como em mulheres nas provas de longa

distancia (5, 10 e 42 km) realizadas em ambiente quente (Q, = 25 °C). A principal
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resposta fisiolégica que explica a reducao de resisténcia aerdbica pelo estresse
térmico Q é o aumento na demanda cardiovascular (Rowell, 1974). Nessas
condic¢des, hd o aumento da concorréncia do débito cardiaco para a pele (funcéo
termoregulatéria) e para os tecidos/6rgdos mais ativos, em especial o
musculoesquelético (aporte de substratos energéticos). Assim, ao comprometer
0 aporte adequando de sangue para a musculatura ativa ha uma diminuicdo do
VO2max associada ao desenvolvimento de hipertermia que limitam a realizac&o
de exercicio prolongado em ambiente quente (Febbraio, 2000; Périard; Racinais,
2015).

Além da corrida, outros esportes de longa duracéo tém apresentado prejuizo na
resisténcia aerdbica em ambiente Q. Nadadores competitivos expostos a uma
Unica sessao de exercicio em agua quente (33 °C) reduziram a distancia de nado
no teste de contra relégio de 20 min, comparado a avaliacdo em agua mais fria
(28 °C) (Bradford et al., 2015). Portanto, fica evidente que a exposi¢cao aguda ao
ambiente Q prejudica a resisténcia a fadiga por aumentar a demanda fisioldgica.
Quanto a isso a literatura destaca algumas estratégias que mitigam os efeitos
deletérios do ambiente Q (Ely et al., 2007), é bem estabelecido que repetidas
exposicées ao ambiente Q combinadas ao exercicio fisico podem melhorar o
desempenho fisico nesse ambiente, processo conhecido como aclimatacdo ao
calor (AAC).

1.2.2 Aclimatacao ao calor

A exposicao repetida ao ambiente Q com estresse de magnitude suficiente para
elevar tanto Tc como Tpele € provocar transpiracdo profusa, induz ajustes
biologicos que reduzem os efeitos negativos, fenbmeno denominado AAC
(Périard et al., 2016; Racinais et al., 2015). No geral, as principais melhorias
induzidas pela AAC derivam de aprimoramentos na capacidade
termorregulatoria (Sawka, Michael N. et al., 2011). Isso por que, a extensao do
efeito da Ta sobre a capacidade de se exercitar aerobicamente depende da
capacidade corporal de dissipar calor e manter o fluxo sanguineo para 0s
musculos ativos (Sawka, Michael N. et al., 2011). De fato, individuos AAC
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apresentam reducgéo da Tpele, melhora da capacidade sudoripara e aumento do
fluxo sanguineo cutédneo o que favorece a termorregulagédo e reduz a Tc durante
o exercicio fisico no ambiente Q (Eichna et al., 1950; Lorenzo et al., 2010; Nadel
et al., 1974; Roberts, M. F. et al., 1977). Além disso, individuos ACC apresentam
nao s6 melhorias na capacidade de dissipar calor, mas também menor producao
metabdlica de calor pelos tecidos ativos (Sawka, M. N. et al., 1983). Em conjunto,
aprimoramentos na termodinamica (i.e, balango entre a producgéo e dissipacéo
de calor) contribuem para o para aumento da resisténcia aerobica durante o
exercicio em ambiente Q (Sawka, Michael N. et al., 2011). Em geral, observa-se
um aprimoramento significativo das respostas fisiolégicas apdés 15 dias de
exposicao repetida ao ambiente Q (Karlsen et al., 2015).

1.2.3 Adaptacdes ao treinamento fisico aerébico no ambiente quente

Embora os multiplos efeitos benéficos da AAC em curto e médio prazo sejam
relativamente bem conhecidos, a intensidade dos protocolos utilizados é
atenuada (Lorenzo et al., 2010). Com isso, poucos estudos tém investigado os
efeitos fisioldgicos envolvidos no processo adaptativo ao TFA em ambiente Q
por um longo periodo tanto. Resultando em uma escassez de informacfes
quanto as demandas fisiolégicas impostas sobre individuos que cronicamente se
excitam sob altas temperaturas, como atletas que treinam ao ar livre. I1sso
porque, durante os meses de verdo muitas regides geograficas apresentam
temperaturas acima de 29 °C (Sawka, Michael N. et al., 2011). O trabalho de
Kodesh e Horowitz (2010) foi um dos poucos que de fato se propds a investigar
a somacdo de efeitos do TFA de corrida e do estresse térmico Q (34 °C) em
médio-longo prazo (i.e., 4 semanas) em ratos. Apés 30 dias de TFA em
ambientes Q, os ratos apresentam aumento da massa e da forga muscular
quando comparado com o TFA em ambiente T (24 °C). Mas curiosamente 0s

autores ndo avaliaram a resisténcia aerdbica

Em vista dos dados escassos na literatura, desenvolvemos um trabalho de
iniciacdo cientifica (resultados ainda nédo publicados; apéndice 1) no qual a
resisténcia aerdbia foi comparada entre camundongos submetidos ao TFA (60%
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da velocidade maxima de corrida; Vmax) em ambiente Q (32 °C) e T (22 °C) ao
longo de 8 semanas (1 h/dia, 5 dias/semana). Embora o ambiente Q tenha
piorado a resisténcia aerdbica (~30%), os grupos nao apresentaram diferencas
no VOzpico. Assim 0 ambiente Q poderia promover uma dissociagdo entre
intensidade absoluta e relativa de exercicio, ao demandar uma menor
intensidade de corrida para se atingir o mesmo VO2zpico. O que indica uma
possivel equivaléncia entre a demanda fisiolégica apesar da reduzida demanda
a mecanica (Vmax). De fato, treinar sob essas condi¢des fez com que ambos 0s
grupos melhorassem de forma equivalente a resisténcia aerdbica no ambiente T
e Q. Tais achados ressaltam a manipulagédo da Ta como uma ferramenta para
reduzir a intensidade absoluta de exercicio e manter a demanda fisiolégica

necessaria para promover adaptacdes ao TFA em ambos ambientes T e Q.

1.2.4 Contribuicbes das adaptacdes ao treinamento fisico aerébico no

ambiente quente para aresisténcia aerébica em ambiente temperado

Em vista do potencial do ambiente Q em aumentar a intensidade relativa de
exercicio, Lorenzo et al. (Lorenzo et al., 2010) propuseram o protocolo de AAC
como uma ferramenta pra melhorar a resisténcia aerébica em ambiente T.
Ciclistas treinados foram submetidos a um protocolo de AAC de intensidade
reduzida (50%V0O2max). ApOs 10 dias de AAC, os autores observaram que além
da AAC os ciclistas aumentaram o VO2max em comparacao aqueles treinados em
ambiente T (13 °C).

Por outro lado, no recente trabalho de Mikkelsen et al. (Mikkelsen et al., 2019)
os autores pretendiam também avaliar potencial do ambiente Q para melhora da
resisténcia aerobica em T, mas em condi¢cdes de TFA. Por esse motivo, 0s
voluntarios formam orientados a realizar seu TFA habitual (i.e., prescrito pelos
préprios treinadores) mas em ambiente quente (40 °C) por 5% semanas. O
protocolo foi responsavel por induzir a ACC nos atletas reduzindo a FCmax ao
término do exercicio, mas ndo promoveu aprimoramentos adicionais no VO2max
durante o teste em ambiente T (14 °C). Segundo os autores, as adaptacdes
promovidas pelo TFA em ambiente Q, sdo dependentes do nivel de treinamento
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e se mostram pouco proveitosas para individuos treinados se exercitando em
ambiente T. Com isso, entender os mecanismos bioldgicos regulados pelo TFA
em ambiente Q podem contribuir para o entendimento das incongruéncias na

literatura.

1.3Adaptacdes celulares do tecido muscular esquelético induzidas pelo

treinamento fisico aerébico

A adaptacéao das fibras musculares ao treinamento € mediada pelos padrdes de
disparo dos neurdnios motores (Chin et al., 1998), como ocorre durante o
exercicio fisico. Os padrdes observados em fibras musculares do tipo 1 e do tipo
2A sdo responsaveis pela liberacédo frequente de pequenas quantidades de Ca?*
do reticulo sarcoplasmatico para o citosol (Chin, 2010). Por sua vez, essa
liberacdo de Ca?* ativa membros da familia das proteinas cinases dependentes
de célcio/calmodulina (CAMKII), que juntas alteram o estado de fosforilacdo de
multiplos agentes envolvidos na regulacdo do fenétipo oxidativo muscular. Um
desses alvos € PGC-1a, um coativador transcricional envolvido com a biogénese
mitocondrial. O papel de PGC-1a foi confirmado por estudos em camundongos
transgénicos que suprexpressam PGC-1a (Lin et al., 2002). Nesses animais
ocorreu mudanca do tipo de fibra aumentando a proporcéo de fibras musculares
do tipo 1 e do tipo 2A com alta densidade e funcdo mitocondrial, metabolismo
oxidativo e expressdo de proteinas musculares caracteristicas das fibras

musculares tipo 1 e tipo 2A (i.e., troponina 1 e mioglobina) (Lin et al., 2002).

Além disso, outro importante regulador do remodelamento mitocondrial € o fator
de transcricdo EB (TFEB) (Mansueto et al., 2017). A localizacdo nuclear e a
funcdo de TFEB sao reguladas por sua fosforilagdo. Quando TFEB é fosforilado
em residuos de serina (Ser?!1) pela proteina alvo da rapamicina de mamiferos
(mMTOR) e pelas cinase regulada pelo sinal extracelular (ERK2), esse fator
transcricional é translocado para o citosol, mantendo-se inativo (Settembre et al.,
2011). J4, sob condicdes de estresse como o jejum, ha uma inibicdo de mTOR
e com isso TFEB é desfosforilado e translocado para o nucleo celular, onde
aumenta a transcricdo de genes relacionados a autofagia. Entretanto, estudos

recentes indicam que TFEB atua também na  biogénese mitocondrial
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independentemente de PGC-1a (Mansueto et al., 2017). Assim, PGC-1a e TFEB
sdo importantes reguladores contetdo mitocondrial 0 que promove a resisténcia
a fadiga ao favorecer a maior capacidade do tecido muscular esquelético de

oxidar substratos energéticos.

A disponibilizagéo de substratos energéticos durante a sessfes de TFA depende
da mobilizacdo dos substratos. Assim, em condicfes de déficit energético, como
acontece durante as sessdes de TFA, o aumento na razdo entre ADP/ATP e de
Ca?* é responsavel por ativar AMPK. AMPK é uma enzima cinase com papel
fundamental na regulacdo do metabolismo energético celular (Hardie; Carling,
1997). Quando fosforilada em residuos de treonina (Thrt’?) fosforila um fator de
transcricdo Forkhead box O3 (FoxO3) em residuos de serina (Ser#'3)
aumentando seu papel transcricional e ativa a degradacdo de substratos
energéticos. De fato Slopack et al. (2014), observaram que uma Unica sessao de
exercicio fisico aumentou os niveis de mRNA dos is6tipos FoxOl1 e FoxO3.
Entretanto, o TFA promoveu uma atenuacdo nessa reposta de FoxO1 induzida
pelo exercicio. Além disso, a repressédo do FoxO é critica para a angiogénese
induzida pelo TFA. Ao estudarem animais transgénicos nocautes (KO) para
FoxO1l no tecido endotelial vascular os autores observaram uma resposta
antecipada no tecido endotelial para promocéo de angiogénese. Portanto, FoxO,
atua ndo s6 no fornecimento de substratos, principalmente em exercicios de

longa duracéo, mas também nas adaptacdes decorrentes do ET.

1.4Adaptacdes celulares do musculo esquelético ao estresse térmico

quente

O aumento da producdo metabdlica de calor € essencial para o0 aumento da
atividade muscular durante o exercicio fisico. Segundo Brooks et al. (Brooks et
al., 1971), o aumento da Tm facilita a dissociagdo do O2 da hemoglobina e
aumenta a atividade mitocondrial. De forma passiva. Kuhlenhoelter et al.
(Kuhlenhoelter et al., 2016) demonstraram que o aumento da Tm dos membros
inferiores em ~0,5 °C ao longo de 90 min promoveu aumento da expressao de
MRNA de VEGF (vascular endothelial growth factor) e de ANGPT2
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(Angiopoietina-2), fatores que favorecem a angiogénese (i.e., aumento da
capilarizacéo). Sugerindo que o aumento da capilarizagdo em reposta ao TFA,
pode ser mediado pelo aumento da producdo metabdlica de calor.

A avaliacdo em larga escala de mRNA muscular por microarranjo de DNA em
resposta ao estresse térmico local também identificou um aumento significativo
da expressédo da proteina ligante da ubiquinol-citocromo c redutase (UQCRB),
um gene relacionado a fosforilagdo oxidativa, sugerindo que o estresse térmico
também poderia estimular a ressintese de ATP por vias oxidativas (Goto et al.,
2011). Em concordancia, a exposicao de corpo inteiro de ratos ao ambiente
quente (40 °C, 30 min/dia, 5 dias/semana, 3 semanas) apds a sessdo de
exercicio fisico potencializou as adaptacfes induzidas pelo treinamento fisico em
diferentes enzimas mitocondriais (i.e., citrato sintase e complexos da OxPhos) e
a aumentou a ativacado da proteina cinase p38 MAPK e AMPK (TAMURA et al.,
2014). Ambas proteinas AMPK e p38 tém sido classicamente associada a
estimulacdo da expressdo e atividade de PGC-1a (Bartlett et al., 2012;
Puigserver et al., 2001). Em especial, foi observado que a proteina cinase AMPK
aumenta atividade de PGC-1a em resposta ao exercicio fisico (Bartlett et al.,
2012) e ambas contribuiram para a biogénese mitocondrial induzida por estresse
térmico em miotubos C2C12. Dessa maneira, de forma isolada tanto o TFA
qgquanto o ambiente Q sdo potencialmente capazes de gerar beneficios ao
metabolismo aerdbico, ao promover a capacidade oxidativa do tecido

musculoesquelético.

Em conjunto, as adaptacdes celulares induzidas pelo TFA em Q, podem elucidar
as melhorias de resisténcia aerébica a um menor custo mecanico, conforme
observado em nosso estudo anterior. Destacando o potencial para manter a
aptidao fisica ou atenuar a perda de capacidade aerObica associada a um
processo prolongado de reabilitacdo apds uma lesdo, especialmente naqueles

incapazes de se exercitar em altas intensidades.
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2 OBJETIVO

O presente trabalho avaliara as possiveis adaptacdes morfologicas, metabdlicas
e moleculares na musculatura esquelética induzidas pelo TFA de longo prazo

em ambiente quente.

2.20bjetivos especificos

Analisar o conteudo/estado proteico, variaveis histoldégicas e morfolégicas dos
diferentes tecidos, em especial muscular esquelético de camundongos que
foram submetidos ao TFA por 8 semanas em ambiente quente. Mais

especificamente, propomos avaliar:

a. A massa, a morfometria e os tipos de fibras do musculo esquelético;

b. Os niveis hepaticos e musculares de glicogénio;

c. A localizacdo nuclear e a integridade das miofibrilas, por meio de
coloracdo com Hematoxilina e eosina (H&E);

d. Alteracdes na atividade mitocondrial por meio de marcagao do complexo
Il da OxPhos, a Succinato desidrogenase (SDH);

e. ldentificacdo de modificacBes do tipo de fibra muscular por meio de
Imunofluorescéncia;

f. O conteudo proteico de PGC-1a, TFEB, OxPhos, Miosinas musculares
(MyHC lenta e rapida) e marcador mitocondrial (TOM20) e o estado de

fosforilacdo de suas proteinas reguladoras (AMPK, p38, CAMKII e FoxO).
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3 MATERIAIS E METODOS

3.1Animais

Para realizacdo do experimento, foram utilizados 32 Camundongos suicos
(Software G*Power configurado da seguinte forma: Test Family = F tests;
Statistical test = ANOVA: repeated measures, within-between interaction; Type
of power analysis = A priori; Effect size “f’ = 0,25; a err prob = 0,05; Power (1-8
err prob) = 0,9 (90%); Number of groups = 4 Number of measurements = 3; Corr
among rep measures = 0,7; e Nonsphericity correction e = 1), machos, 2-3 meses
de idade, provenientes do Centro de Bioterismo (CEBIO) do ICB-UFMG e
mantidos no Biotério do Laboratério de Fisiologia do Exercicio (LAFISE) da
Escola de Educacéo fisica, Fisioterapia e terapia ocupacional (EEFFTO) da
UFMG. Todos os animais receberam dieta balanceada para roedores e agua ad
libitum em ambiente com ciclos luz-escuro de 12 horas e temperatura ambiente
(Ta) controlada para 24 + 2 °C. Todas as avaliacdes feitas durante o periodo de
TFA (descrito a seguir) foram realizadas no intervalo das 7 as 14h. Assim, apés
o termino da execucdo do protocolo de TFA, as amostras de tecidos foram
armazenadas em freezer a -80 °C para analises a serem executadas
posteriormente no laboratério de controle do metabolismo da Faculdade de
medicina de ribeirdo preto (FMRP) da USP. Todos os procedimentos
experimentais desenvolvidos neste projeto foram aprovados pela Comisséo de
Etica no Uso de Animais — CEUA da UFMG (220/2019).

3.2Grupos experimentais

Com base no primeiro teste de carga incremental (TCI; descrito abaixo), os
animais foram divididos de forma balanceada em 4 grupos experimentais: 1)
animais Sedentarios (SED) mantidos em ambiente temperado (T; 22 °C) (SED/T)
durante o protocolo de treinamento fisico aerdbico (TFA), 2) animais submetidos
ao protocolo de TFA (descrito abaixo) em T (TFA/T), 3) animais SED mantidos
em ambiente quente (Q; 32 °C) (SED/Q) durante o protocolo de TFA e 4) animais

submetidos ao protocolo de TFA em Q (TFA/Q). A intensidade de treinamento
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dos grupos TFA foi prescrita com base no teste de carga incremental (TCI) em

seu respectivo ambiente.

3.3Delineamento experimental

Conforme a figura 1, todos animais foram submetidos a 5 sessdes/dias de
familiarizacdo a corrida na esteira rolante e, dado 3 dias de repouso, iniciou-se
a primeira rodada de TCI. Assim, todos os animais, independente do grupo,
realizaram dois TCl em ambiente T e Q com intervalo de 48h de repouso. Como
ja mencionado, o desempenho obtido nesses dois primeiros TClI, foi utilizado
para balancear os grupos experimentais. Apos 1 a 2 dias de repouso, iniciou-se
o protocolo de TFA por 4 semanas, prescrito com base no desempenho dos
animais em seu respectivo ambiente. Assim, a intensidade do grupo TFA/T foi
relativa ao teste em T e, da mesma forma, a intensidade do grupo TFA/Q foi
relativa ao teste em Q. Dado trés dias de repouso ap0ds o termino das primeiras
4 semanas de TFA, todos os animais foram submetidos novamente a segunda
rodada de TCI, nas mesmas condi¢cdes da primeira. Na sequéncia, 1 a 2 dias
apos o ultimo TCI, as cargas de treinamento foram reajusta com base nos ultimos
testes e as sessdes de TFA foram reiniciadas por mais 4 semanas, totalizando
as 8 semanas de TFA. Novamente, ao termino da 82 semana de TFA, 0os animais
foram reavaliados na terceira e ultima rodada TCI, executada nas mesmas
condicBes das anteriores. Vale mencionar que o estudo foi realizado de forma
cruzada-balanceada (crossover), para metade da amostra a ordem dos TCI foi
cronologicamente realizada em T e Q, enquanto que para segunda metade do
namero amostral realizou em ordem inversa (i.e., primeiro teste em Q e depois
teste em T). Por fim, apds 1 a 2 dias de repouso, foram realizadas mais 3 sessfes
do TFA e, apés 2 dias de repouso, 0s animais foram decapitados com guilhotina

para coleta dos tecidos de interesse.
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Figura 1. Representacdo esquematica dos procedimentos experimentais em
camundongos. TFA, treinamento fisico aerébico. Temperado, ambiente

temperado (22 °C). Quente, ambiente quente (32 °C) (Fonte: elaboracao

prépria).

72hde 48hde 24hde
repouso repouso repouso
Teste de carga Teste de carga Primeiras 4
Incremental Incremental semanas do
{temperado) {quente) Protocolo TFA

Crossover
=

48h de 24hde
72hde
repouso Teste de carga Teste de carga Ultimas 4
e ¢ Incremental Incremental semanas do
{temperado) {quente) Protocolo TFA
72hde 48h de 24hde
repouso repouso ~
Teste de carga Teste de carga Ultimas 3
e ¢ INcremental Incremental sessoes do

{temperado) {quente) Protocolo TFA

Crossover
!

48h de
repouso

Coleta de sangue e tecidos

3.4Familiarizacdo a corrida na esteira rolante

Realizado por todos animais em esteira rolante (Panlab/Havard Apparatus,
Cornella, Espanha; Figura 2) mantida em inclinacdo de 5° e durante 5
sessOes/dias consecutivos, como descrito na tabela 1. O protocolo consistiu em
3 estagios, sendo que sempre o primeiro deles era de repouso de 3 min dentro
da baia da esteira desligada. Ja no segundo estagio a duracéo foi fixada em 5
min e intensidade aumentou progressivamente de 5 — 6 m/min ao longo dos dias.
Ja no terceiro estagio, ao longo dos dias, houve aumento progressivo da duracao
e intensidade de 3 - 5 min e 6 - 8 m/min, respectivamente (adaptado de Wanner
et al.,, 2014). No entanto, no quinto dia os animais foram submetidos a

familiarizacdo ao teste de carga incremental com atenuado critério de
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interrupcéo (5 s na zona de fadiga; Figura 2) (Dougherty; Springer; Gershengorn,
2016). A familiarizacdo a esse teste € importante, uma vez que experimentos
piloto do nosso laboratério, avaliando 3 testes incrementais sequenciais
aplicados com intervalo de 48 h, foi demonstrado que os animais apresentam um
aumento significativo no tempo de corrida € na Vmax ho 2° teste, quando
comparado ao 1° teste, e ndo hé altera¢des adicionais no 3° teste (dados ainda
ndo publicados), sugerindo que o aprimoramento do desempenho fisico entre o
1° e 2° teste deve depender da aprendizagem nesse curto periodo, o que
inevitavelmente criaria um “artefato” na interpretacéo entre os nossos testes em

ambientes T e Q.

Os camundongos foram encorajados a correr por meio de estimulacdo elétrica
leve (0,5 mA) que foi fornecida por uma grade localizada no final da cinta da
esteira. Durante as sessOes de familiarizagdo e todos os experimentos, um
ventilador, que produz uma velocidade de fluxo aéreo de 2,0-2,5 m/min, foi
posicionado na frente e atras da esteira rolante. A Ta foi controlada em 24 + 2 °C

durante a familiarizacao.

Tabela 1. Protocolo de familiarizagédo planejado para ensinar o camundongo a
correr na esteira rolante* (Fonte: elaboragéo propria).

Dia Estagio 1 Estagio 2 Estagio 3
1 3 min de repouso 5 min a 5 m/min 3 min a 6 m/min
2 3 min de repouso 5 min a 6 m/min 3 min a 8 m/min
3e4 3 min de repouso 5 min a 6 m/min 5 min a 8 m/min

Familiarizacdo ao teste de carga incremental
(na mesma esteira do teste)

* ainclinacdo da esteira rolante foi sempre configurada em 5°

5

3.5Protocolo do teste de carga incremental em esteira rolante

Utilizado como parametro do desempenho fisico, o TCl em esteira rolante
(Panlab/Havard Apparatus, Cornella, Espanha; Figura 2) foi executado por todos
animais em ambas temperaturas (22 e 32 °C) em 3 momentos, i.e., pré-TFA,

apos 4 e 8 semanas de TFA, a fim de determinar as variaveis de desempenho
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fisico [tempo até a fadiga e distancia percorrida]. O teste foi iniciado na
velocidade de 10 m/min, com aumento de 3 m/min a cada 3 min (inclinacdo em
59). A fadiga foi determinada quando os animais eram incapazes de acompanhar
o ritmo da esteira, permanecendo na grade de choque (Figura 2) por 5 s (Ayachi
et al., 2016).

Durante o teste em ambiente Q, para aquecer aparte interna da camara de
acrilico que contém a esteira rolante, um aquecedor elétrico (Britania modelo AB
1100, Curitiba, Brasil) foi posicionado no mesmo nivel de distancia (~40 - 45 cm)
do ventilador e foi ligado a 1.200 W (Wanner et al., 2014). Os testes em ambiente
T e Q foram separados por pelo menos 48 h e realizados entre 7:00 e 14:00 para

minimizar as influéncias cronobioldgicas.

Figura 2. llustracdo representativa da esteira utilizada no protocolo de
familiarizacdo a corrida e teste de carga incremental (fonte: adaptado de
Panlab/Havard Apparatus, Cornella, Espanha).

Zona de

fadiga
——

Grade de
choque
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3.6Protocolo do teste de carga incremental em esteira rolante

A progressao do volume e intensidade relativa de cada sesséo de TFA foi o
mesmo para os grupos TFA. Em resumo, os animais iniciaram o TFA 1 a 2 dias
apos os primeiros TCI realizados no periodo pré-TFA. Apesar de todos animais
realizarem TCI em ambos ambientes T e Q, a intensidade de treino prescrita foi

relativa a Vmax obtida no TCI no respectivo ambiente de cada grupo TFA.

Como mostra a tabela 2, os camundongos iniciaram o protocolo de TFA correndo
em esteira rolante na velocidade equivalente a 50% da Vmax (0° de inclinacéo)
por 25 e 35 min na 12 e 22 sessao, respectivamente. A partir da 22 semana, a
duracdo das sessfes continuou aumentando em 15 min por dia até atingir 60
min e, a partir da 42 sesséao, a intensidade do esforco aumentou para 60% da
Vmax. Finalmente, a partir da 32 semana até a concluséo do protocolo de TFA (82
semana), as sessdes de corrida foram realizadas a 60% da Vmax por 60 min com
a inclinagéo da esteira mantida em 5°. Destaca-se que a intensidade de TFA foi
determinada novamente apds a 42 semana, ajustando assim a intensidade

relativa dos grupos ao segundo TCI.

Vale destacar que, por serem condicbes ambientais diferentes, as sessdes de
TFA dos grupos TFA/T e TFA/Q nao foram concomitantes. Desse modo, durante
a sessoes de TFA do grupo TFA/Q, a Ta foi mantida em 32 °C pela combinagéo
de aquecimento promovido tanto pelo ar-condicionado da sala (KOP4UQC,
KOMECO™, Palhoca, Brasil) quanto por dois aquecedores elétrico (Britania
modelo AB 1100, Curitiba, Brasil) ligado a 1.200 W e posicionado a ~40 - 45 cm

das baias da esteira de corrida.
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Tabela 2. Protocolo de treinamento fisico aerébico (TFA) (baseado em Ferreira
et al., 2007; Kodesh; Horowitz, 2010; Wanner et al., 2014) (Fonte: elaboracéo

propria).
Sessdo Sessdo Sessao Sessao Sesséo
#1 #2 #3 #4 #5
12 Semana
Inclinacao (°) 0 0
Intensidade (% da Vmax) 50 50 _ _ __
Duracéao (min) 20 35
22 Semana
Inclinacao (°) 0 0 0 0 0
Intensidade (% Vmax) 50 50 50 60 60
Duracéao (min) 45 60 60 60 60
3-82 Semana
Inclinacao (°) 5
Intensidade (% Vmax) 60
Duracéao (min) 60

Vmax, Velocidade maxima

3.7Determinacédo do glicogénio hepético e muscular

As determinacdes do conteudo de glicogénio foram realizadas a partir de

amostras de tecido hepéatico e muscular colhidas imediatamente apos a

eutanasia, pesadas e armazenadas em freezer -80 °C. No momento da

quantificacdo, os tecidos foram colocados em tubos de centrifuga contendo 2 ml

de KOH 30%. A extracdo foi realizada através do método de Sjogren et al. (1938)

e a quantificagdo do glicogénio foi realizada pelo método da Antrona (Carroll;

Longley; Roe, 1956).

3.8Morfologia muscular e tipagem de fibras musculares

Para analise histologica foram utilizados cortes do musculo triceps sural (TS).

Apoés a eutanasia, o tecido foi cuidadosamente excisado da pata do animal,
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estirado cuidadosamente sobre uma plataforma acrilica, congelados em
nitrogénio liquido e armazenados em freezer -80 °C. Para montagem das
laminas, os musculos foram cortados a -20 °C em uma espessura de 10 pm em
um criostato (Criostato — Leica CM 1860). Os cortes foram cuidadosamente
posicionados em laminas gelatinizadas para posteriores tratamentos e

avaliacOes histologicas.

3.8.1 Coloragdo com hematoxilina e eosina (H&E)

Cortes histolégicos de TS foram corados com Hematoxilina & eosina (H&E) para
demonstracdo da integridade das fibras do musculo esquelético e visualizagédo
da localizacdo do nucleo celular, um indicativo de processo de regeneracdo
muscular (Clark, 1946).

A hematoxilina por possui caracteristica acidéfila marca em azul-parpura os
acidos nucleicos presentes no nucleo miofibrilar. Ja a eosina, como é basdfila
cora em rosa as proteinas nao especificas no citoplasma e na matriz extracelular
(Fischer et al., 2008). Na sequéncia, as laminas foram montadas com solugéo
Entellan™ (Merck KGaA, Darmstadt, Alemanha) e as imagens foram coletadas
com microscopio de fluorescéncia Olympus BX61VS e a proporcdo de nucleo
centralizados foi quantificada com o software ImageJ (Fiji is Just) verséo 1.51h.

3.8.2 Atividade mitocondrial

A SDH é uma importante enzima aderida a parede interna nas organelas
mitocondriais e possui um papel importante no metabolismo energético, atuando
tanto no ciclo do &cido tricarboxilico quanto na fosforilagdo oxidativa (complexo
Il da OxPhos). Dessa forma, a mensuracéo da atividade mitocondrial por meio
SDH, ocorre pela capacidade da enzima em converter o sal tetrazolium no sal
de cor azul, formazan. Dessa maneira, a interagao com o sal indica visualmente

fibras com maior (oxidativas) ou menor (glicoliticas) atividade da enzima.
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Portanto, cortes histoldgicos de TS foram incubados em solucdo contendo sal de
tetrazolium a 37 °C por 30 min. ApGs lavagem com agua destilada, as laminas
foram montadas com solugéo Entellan™ (Merck KGaA, Darmstadt, Alemanha) e
as imagens foram coletadas com microscopio de fluorescéncia Olympus
BX61VS. A intensidade da marcacao e a area de seccao transversa (AST) foram

mensuradas no software ImageJ (Fiji is Just) versao 1.51h.

3.8.3 Ensaio de imunofluorescéncia para a marcacdo do tipo de fibra

muscular

Imunomarcacgdes especificas marcam os diferentes tipos de miosinas de cadeia
pesada por meio de interacdo com anticorpo especifico (acoplado a marcador
florescente), indicando os diferentes tipos de miosinas presentes e suas

respectivas AST (Gongalves et al., 2019).

Cortes histologicos de TS foram lavados em PBS (Phosphate buffer saline) e
incubados com reagente de bloqueio Mouse on Mouse (M.O.M™) em
temperatura ambiente por 1 h. Apés lavagem em PBS, os cortes foram
incubados por aproximadamente 12h (overnight) a 4 °C em solucédo (BSA 5%)
contendo os anticorpos primarios fornecidos pela Developmental Studies
Hybridoma Bank (DSHB, University of lowa): SC-71 (IgG1, 1:150) para MyHC2A,
BF-F3 (IgM, 1:200) e MyHCX néo recebeu marcacao e por isso apareceram em
preto. Para facilitar a visualizacdo do perimetro das fibras, Distrofina (Dys;
1:100). No dia seguinte, os cortes foram novamente lavados em PBS e foram
incubados por 1h a 37 °C em solucao (goat sérum (2%) e BSA (0,5%) em PBS)
contendo os anticorpos secundarios Alexa Fluor 488 anti-mouse (1:150) e Alexa
Fluor 647 anti-rabbit (Life Technologies) (1:200). Apés rapida lavagem em PBS
as laminas foram montadas com solugdo DAKO Fluorescent Mouting Medium e
as imagens foram coletadas com microscépio de fluorescéncia Olympus
BX61VS. A proporcdo entre os tipos de fibra e a AST foram mensuradas no

software ImageJ (Fiji is Just) versdo 1.51h.
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3.9Conteudo e estado de fosforilagc&o de proteinas

Os tecidos musculares (Gastrocnémio) congelados foram homogeneizados no
Politrom tampéao Tris-HCI (50 mM; pH 7,4; 4°C) contendo 150 mM de NacCl, 1
mM de EDTA, 1% de Triton X-100, 1% de deoxicolato de sddio, 1% de dodecil
sulfato de sédio (SDS), inibidores de proteases (1 mM PMSF, 5 pg/ml de
aprotinina e 1 upg/ml de leupeptina) e inibidores de fosfatases (10 mM
ortovanadato de sédio, 10 mM pirofosfato de sédio e 100 mM fluoreto de sédio).
O homogenado foi centrifugado a 15.000 rpm, 4°C, durante 20 minutos. Parte do
sobrenadante foi utilizada no método de Lowry e colaboradores (1951) para a
quantificacdo proteica. Em seguida, na parte restante do sobrenadante, foi
adicionado o tampao de Laemmli [solu¢cdo contendo SDS 4%, 125 mM de Tris-
HCI, glicerol 20%, 100 mM de DTT, azul de bromofenol 2% e pH 6,8 ajustado
com 1M de HCI].

A corrida eletroforética foi realizada em gel de SDS-PAGE, segundo o método
de Laemmli (1970). Apdés aquecimento (70 °C, 10 min), as amostras foram
aplicadas em sistema de mini-gel vertical (modelo Protean Il e IV Cell BioRad,
Bio-Rad Laboratories, CA, EUA) de acrilamida:bisacrilamida com 1,00 (para
MyHC) ou 0,75 mm (para demais proteinas) de espessura, gel de separacao
variando de 06 a 16%. No primeiro poco foi aplicado o padrdao de massa
molecular PageRuler™ Prestained Protein Ladder (apenas MyHC, 10-250 kDa;
Fermentas Life Sciences, EUA) ou Prestained Protein Ladder (10-170 kDa,;
Fermentas Life Sciences, EUA). A eletroforese foi realizada em cubas de acrilico
preenchidas por tampao de corrida (25mM de Tris-HCI, pH 8,4,115mM de glicina,
SDS 0,1%), sob voltagem de ~100 Volts, durante 1,5 - 2 horas.

Apés a corrida eletroforética, o gel foi preparado para a transferéncia em sistema
molhado (exclusivamente para MyHC, Mini trans-blot cell BioRad, Bio-Rad
Laboratories, CA, EUA) ou em sistema semisseco (BioRad Trans-Blot SD Cell,
EUA) (TOWBIN et al., 1979). Inicialmente, o gel e a membrana de nitrocelulose
foram colocados na solucéo de transferéncia (48mM de Tris, 39mM de glicina,
SDS 10% e 0,2M de metanol). Apos a montagem dos sistemas de transferéncia,
as proteinas presentes no gel de poliacrilamida foram transferidas para a

membrana de nitrocelulose, sendo o processo de transferéncia molhada



50

realizado durante 1,5h sob a voltagem de 100 - 110 volts; ou semisseco por 30
minutos sob a amperagem de 400 mA e voltagem de no maximo 25 volts, a
temperatura ambiente. Apos o término da transferéncia, a membrana de
nitrocelulose foi submetida a incubacao por 1 hora, sob agitacdo, a temperatura
ambiente com leite desnatado em p6 10%, diluido em TBS-T (0,02 M de Tris-
HCI, 0,16M de NaCl e 0,1% Tween 20).

ApoOs a eletro-transferéncia das proteinas do gel e o bloqueio, as membranas
foram incubadas a 4 °C com anticorpos primarios especificos (Tabela 3).
Posteriormente a remocé&o do excesso de anticorpo, por meio de lavagem (TBS-
T), as membranas foram incubadas com anticorpo secundario conjugado com
peroxidase (1:10000 para MyHC lenta, B-actin; 1:8000 para MyHC rapida; 1:6000
para OxPhos, TOMZ20; 1:5000 para a-tubulin; 1:3000 para p-ERK e
pThri&/Tyrl82-.p38, TFEB; 1:2000 para pThr¥-CAMKII, CAMKII, p38; 1:1000
para p-Ser*’3-Akt, Akt, ERK, pThrl”2-AMPK, PGC-1a, pThr?*-FoxO1/pThr3?-
FoxO3, pSer*3-Fox03, pSer?®*-Fox03, FoxO3, FoxO1, Dynein). A revelacéo foi
feita com reagente amplificador de quimiluminescéncia em fotodocumentador
digital (ChemiDoc XRS+ BioRad, Bio-Rad Laboratories, CA, EUA). A analise da
concentracdo das proteinas de interesse, indicada pela densidade das bandas
(densitometria), foi realizada no software ImageJ (Fiji is Just) versdo 1.51h e os
resultados obtidos foram comparados aos do grupo controle (SED/T), o qual foi

considerado como 100%.

Tabela 3. Lista de anticorpos para Western blot (fornecidos por: Cell Signaling
Technology, Massachusetts, EUA; Santa Cruz Biotech, Texas, EUA; Merck
KGaA, Massachusetts, Alemanha; AbCam, Cambridge, Reino Unido) (Fonte:
elaboracgéo propria).

Anticorpo primario Diluicado Numero no catalogo Fornecedor
Anti-CAMKI|I 1:1000 sc-5606 Santa Cruz
Anti-FoxO1 1:1000 #94545 Cell
Signaling
Anti-FoxO3 1:500 #2497 Cell
Signaling
Anti-MyHC fast 1:5000 M4276 Merck KGaA,
Anti-MyHC slow 1:5000 M8421 Merck KGaA

Anti-OxPhos 1:1000 ab110413 AbCam
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Anti-PGC-1a 1:500 sc-13067 Santa Cruz
Anti-TFEB 1:500 sc-48784 Santa Cruz
Anti-TOM20 1:500 #4206 s
ignaling
i ) Cell
Anti-p38 1:1000 #9212 : .
Signaling
Anti-pThr286-CAMKII 1:500 #12716S Cell
Signaling
Anti-pser?%-Fox03 1:500 #5538 Cell
Signaling
Anti-pser*13-Fox03 1:500 #8174S Cell
Signaling
Anti-pthr'72-AMPK 1:1000 sc-33524 Santa Cruz
Anti-pthr4-foxo1/pthr32- _ Cell
FoxO3 1:500 #9464L Signaling
, Cell
. 180/T/182_ )
Anti-pThr'®%/Tyr'%2-p38 1:1000 #9211S Signaling

Anti-pThr?92/Tyr204-ERK1

/ pThr'85/Tyr'87-ERK2 1:1000 #9102 Santa Cruz
Anti-pSert3-Akt 1:1000 #9271S S Cell
ignaling
Anti-Akt 1:1000 #92725 Cell
Signaling
Anti-dynein 1:1000 sc-13524 Santa Cruz
Anti-a-tubulin 1:1000 sC-32293 Santa Cruz
Anti-B-actin 1:2000 sc-81178 Santa Cruz
Anti-ERK1/2 1:1000 $C-292838 Santa Cruz

3.10 Andlise estatistica

Os resultados de desempenho fisico foram expressos como % de alteragdo em
relacdo ao grupo SED/T + EPM (Erro Padrdo da Média). A distribuicdo normal
dos dados foi conferida pelo teste de normalidade de Shapiro-Wilk. Para os
resultados de desempenho fisico, comparacdes de duas dos resultados pré-TFA
foram feitas por meio do Teste-t de Student e para multiplas comparacdes dos
resultados de pré e apos 4 e 8 semanas de treinamento, foram realizadas
analises de variancia de duas vias e de medidas repetidas (two-way ANOVA-
RM), seguido pelo pés-teste de Tukey. Para a analise do glicogénio hepatico e
muscular, morfologia muscular, Identificagdo do tipo de fibra muscular e

conteudo/estado de fosforilagdo de proteinas, mdultiplas comparagdes foram
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feitas também usando o ANOVA de duas vias ordinaria (two-way ANOVA),

seguido pelo pos-teste de Tukey. O nivel de significAncia utilizado foi de 5%.
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Resultados
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4 RESULTADOS

4.1Efeitos agudos e cronicos do ambiente quente no desempenho de

resisténcia aerdbica

Primeiramente, o TCI foi realizado em todos os camundongos em ambientes
tanto T como Q a fim de: 1) determinar o desempenho fisico aerdbico e 2)
balancear os grupos experimentais. Como esperado, o ambiente Q causou uma
reducdo nos parametros relacionados a resisténcia a fadiga, como tempo até a
fadiga (38%) e distancia percorrida (35%), quando comparado com o teste em
ambiente T (Figuras 4A e B). Esses achados estdo de acordo com aqueles
obtidos pelo nosso grupo anteriormente (apéndice 1, dados ndo publicados), o
ambiente Q também reduziu a Vmaxno TCI realizado no periodo de pré-TFA. Por
essa razéo, a velocidade de corrida absoluta (m/min) correspondente a 60% de
Vmax prescrita para o grupo TFA/Q durante 8 semanas de TFA foi ~30% menor

se comparada ao do grupo TFA/T.

Figura 3. Efeito agudo do ambiente quente (Q) no tempo até a fadiga (A) e
distancia percorrida (B) no teste de carga incremental (TCI) comparado ao
ambiente temperado (T) no periodo pré-treinamento fisico. Os valores séo
expressos como média * erro padrdo da média * erro padrdo da média. ¢, P <

0,05vs. T (n =12 — 13/grupo) (Fonte: elaboracéo prépria).

A B
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Para além do TCI realizado no periodo pré-TFA, outros dois TCI em ambos
ambientes T e Q foram realizados apos 4 e 8 semanas de TFA a fim de avaliar
a resisténcia aerdbica dos animais. Os dados referentes ao TFA mostram que,
no ambiente T, os todos 0s grupos apresentaram semelhantes valores pré-TFA
de tempo até a fadiga (~27 min) e distancia percorrida (~630 m) (Figuras 5A e
B). As Figuras 5A e B mostram que ambos os grupos TFA (i.e., TFA/T e. TFA/Q)
aumentaram ~18% o tempo até a fadiga e a distancia percorrida na 42 e 82
semana, em comparacao com seu periodo de pré-TFA (semana 0) e com seus
respectivos grupos SED no mesmo periodo (i.e., TFA/T vs. SED/T e TFA/Q vs.
SED/Q). No ambiente Q, os valores pré-TFA do tempo até a fadiga (~21 min) e
distancia percorrida (385 m) também foram semelhantes entre os grupos (Figura
6A e B). Na semana 4, apenas o grupo TFA/Q aumentou significativamente o
tempo até a fadiga e a distancia percorrida (~20%) em compara¢cdo com seu
periodo de pré-TFA (Figura 6A e B). Na semana 8, os grupos TFA/T e TFA/Q
aumentaram (~20%) o tempo até a fadiga e a distancia percorrida em
comparacao com seu respectivo periodo de pré-TFA. Esses achados estdo de
acordo com aqueles obtidos pelo nosso grupo anteriormente (apéndice 1, dados
ndo publicados), quando observamos melhora na resisténcia aerdbica, indicada
pela Vmax, acompanhada de aumento no VOzpico ap0s TFA. Em conjunto, esses
achados mostram que embora o ambiente Q prejudique o desempenho fisico
aerobico e a intensidade de exercicio fisico, TFA melhora a resisténcia aerébica
de forma semelhante em qualquer Ta avaliada.

Figura 4. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) no tempo até a fadiga (A) e na distancia
percorrida (B) em ambiente T. Os valores estdao expressos como % do grupo
SEDI/T no pré-TFA. *, P < 0,05 vs. TFA/T no pré-TFA; &, P = 0,05 — 0,09 vs.
TFA/Q no pré-TFA; @, P < 0,05 vs. SED/T no mesmo periodo. SED/T, grupo de
animais sedentario mantidos em ambiente T. TFA/T, grupo de animais
submetido ao TFA em ambiente T. SED/Q, grupo de animais SED mantidos em
ambiente Q. TFA/H, grupo de animais submetido ao TFA em ambiente Q. Pré-
TFA representa a semana 0 do protocolo de TFA, ou seja, antes do inicio do
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programa de TFA. 4 e 8 semanas, representam os testes de carga incremental

realizados na 42 e 82 semana de protocolo experimental, respectivamente (n =
12 — 13/grupo).
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Figura 5. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em

ambiente quente (Q) e temperado (T) no tempo até a fadiga (A) e na distancia

percorrida (B) em ambiente Q. Os valores estdo expressos como % do grupo
SED/T no pré-TFA. *, P < 0,05 vs. TFA/T no pré-TFA; y, P = 0,05 — 0,09 vs.
SED/T no mesmo periodo. SED/T, grupo de animais sedentario mantidos em

ambiente T. TFA/T, grupo de animais submetido ao TFA em ambiente T. SED/Q,

grupo de animais SED mantidos em ambiente Q. TFA/H, grupo de animais

submetido ao TFA em ambiente Q. Pré-TFA representa a semana 0 do protocolo

de TFA, ou seja, antes do inicio do programa de TFA. 4 e 8 semanas,
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representam os testes de carga incremental realizados na 42 e 82 semana de

protocolo experimental, respectivamente (n = 12 — 13/grupo).
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4.2 A exposicéo cronica ao ambiente quente ndo causa danos musculares

em animais sedentarios ou treinados

O estresse térmico causa uma sobrecarga fisioldgica que pode evoluir para
complicacBes relacionadas ao exercicio fisico no calor, conhecido em inglés
como Exertional heat illness, dentre elas destaca-se a lesdo muscular
(ROBERTS, WILLIAM O. et al., 2021) que poderia prejudicar a saude do animal
e o desempenho de resisténcia aerobica. A andlise qualitativa de cortes
musculares pela técnica de H&E revelou que todos os grupos estudados
apresentam uma boa integridade histomorfolégica do musculo TS, ou seja, ndo
ha alteragcbes morfolégicas caracteristicas do processo de degeneracgao-
regeneracdo e miopatias, como fibras atroficas pequenas, achatadas ou
irregularmente formadas, fibras com nucleos centralizados, fibras alvo e fibras
necroticas (Figura 7). Nossos resultados sugerem que a exposi¢cao cronica ao
ambiente Q ndo causa danos musculares ou outras anormalidades histologicas

em animais.
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Figura 6. Imagens microscoOpicas de cortes histolégicos transversais de fibras
musculares coradas com hematoxilina e eosina (H&E) do musculo triceps sural
de camundongos. O azul-purpura € marcado pela hematoxilina e evidencia os
acidos nucleicos presentes no nucleo. A coloracdo rosa marcada pela eosina
evidencia as proteinas ndo especificas no citoplasma e na matriz extracelular.
SED/T, grupo de animais sedentério mantidos em ambiente T. TFA/T, grupo de
animais submetido ao TFA em ambiente T. SED/Q, grupo de animais SED
mantidos em ambiente Q. TFA/H, grupo de animais submetido ao TFA em

ambiente Q. Barra de escala de 50 pum.

4.3Efeitos do treinamento fisico aerdbico no conteudo de glicogénio

hepatico e muscular

Para avaliar se o glicogénio hepatico e muscular poderia explicar a
melhoria de desempenho de resisténcia aerdbica induzidas pelo TFA,
o conteudo de glicogénio nesses 6rgdos foi avaliado. O contetdo de
glicogénio no figado aumentou aproximadamente 34% nos grupos
TFA/T, SED/Q e TFA/Q em comparagcdo com SED/T (Figura 8A). Por
outro lado, o glicogénio no musculo gastrocnémio nao foi afetado em
nenhum grupo (Figura 8B). Esses dados indicam que tanto a exposicao
ao ambiente Q quanto o TFA de corrida promovem acUumulo de
glicogénio no figado, mas ndo no musculo esquelético. Além disso,
outras adaptacdes musculares deveriam explicar a melhora do

desempunho.
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Figura 7. Efeito do treinamento fisico aerobico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) no conteudo relativo (%) de glicogénio
hepatico (A) e muscular (B). @, P < 0,05 vs. SED/T. SED/T, grupo de animais
sedentario mantidos em ambiente T. TFA/T, grupo de animais submetido ao TFA
em ambiente T. SED/Q, grupo de animais SED mantidos em ambiente Q. TFA/H,

grupo de animais submetido ao TFA em ambiente Q (n = 12 — 13/grupo).
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4. 4Efeitos do treinamento fisico aer6bico em ambiente quente na
expressdo de miosinas de cadeia pesada e nos tipos das fibras

musculares

Considerando que os grupos TFA/T e TFA/Q aumentaram a resisténcia a fadiga
e essa € uma das caracteristicas funcionais das fibras musculares de contracdo
lenta, analisamos por meio da técnica de WB o conteudo das isotipos de MyHC
slow e fast no musculo gastrocnémio a fim de estimar se o TFA e/ou o0 ambiente
Q causariam mudancas no tipo de fibra musculares, mas ndo foram observadas
diferenca entre os grupos (Figuras 9A e B). Entretanto, as fibras musculares que
expressam MyHC fast podem ser subdivididas em fibras rapidas intermediarias
de metabolismo oxidativo e glicolitico (MyHC2A) e fibras rapidas de metabolismo
predominantemente glicolitico (MyHC2X e 2B) (SCHIAFFINO; REGGIANI,
2011). Por isso, imunomarcacao para essas trés isoformas de MyHC fast foram
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realizadas em cortes transversais do musculo TS. A analise dos tipos de fibra
reportou que ambos os grupos TFA/T (~ 30%) e TFA/Q (~ 30%, P = 0,072)
apresentaram uma propor¢ao maior de fibras do tipo 2A em comparacéo ao o
grupo SED/T (Figuras 10A e B). Em contrapartida, a proporcéo de fibras do tipo
MyHC 2X e 2B néo foi alterada em nenhum grupo (Figuras 10A e B). O grupo
SED/Q evidenciou que apenas a exposicdao ao ambiente Q ao longo de 8
semanas levou a uma tendéncia (16%, P = 0,087) de aumento da AST das fibras
musculares em comparacédo com o grupo SED/T (Figuras 10A e C). Em resumao,
esses resultados indicam que o TFA de intensidade absoluta reduzida no
ambiente Q promove transi¢éo no tipo de fibra para um fenétipo possivelmente

mais oxidativo de forma similar ao ambiente T.

Figura 8. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) no contetdo de miosinas de cadeia pesada
(do inglés, Myosin heavy chain; MyHC) slow (lenta) e fast (rapida). As bandas
(blots) representativas (A) ilustram os valores expressos como Média £ EPM no
histograma (B). A a-tubulin foi usada como controle da quantidade de proteina
aplicada para a eletroforese. SED/T, grupo de animais sedentario mantidos em
ambiente T. TFA/T, grupo de animais submetido ao TFA em ambiente T. SED/Q,
grupo de animais SED mantidos em ambiente Q. TFA/H, grupo de animais
submetido ao TFA em ambiente Q (N = 6 - 7/grupo).
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Figura 9. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) nos isotipos (2A, 2X e 2B) da miosina de
cadeia pesada (do inglés, Myosin heavy chain; MyHC) fast marcadas em ensaio
de imunofluorescéncia. As imagens representativas de cortes transversais do
musculo triceps sural (A) ilustram a proporc¢ao do tipo de fibra e a area de secc¢éo
transversa (AST) expressos como Média £+ EPM no histograma (B e C,
respectivamente). @, P < 0,05 vs. SED/T; y, P = 0,05 — 0,09 vs. SED/T. SED/T,
grupo de animais sedentario mantidos em ambiente T. TFA/T, grupo de animais
submetido ao TFA em ambiente T. SED/Q, grupo de animais SED mantidos em
ambiente Q. TFA/H, grupo de animais submetido ao TFA em ambiente Q (N =5

- 8/grupo).
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4.5Efeitos do treinamento fisico aerébico em ambiente quente na atividade

e conteudo de enzimas mitocondriais

Além do tipo de fibra determinado pelo conteudo das MyHC, o fen6tipo muscular
depende de diversas caracteristicas celulares. Assim, caracterizamos ainda
mais a identidade do tipo de fibra estimando a atividade metabdlica oxidativa em
cortes histologicos transversais corados para a atividade da enzima mitocondrial
SDH. Como esperado, a atividade de SDH em todas as fibras, sem distingui-
las, aumentou em cerca de 9% em ambos grupos TFA/T e TFA/Q (Figuras 11A
e B). Entretanto, ndo observamos mais esse tipo de alteracdo quando
analisamos a atividade de SDH em fibras pobres em mitocdndrias com
predominio do metabolismo glicolitico (fibras palidas) e as fibras ricas em
mitocéndrias com predominio do metabolismo oxidativo (fibras escuras; Figuras
11A e C). Da mesma forma, a proporcéo de fibras oxidativas e glicoliticas nédo
foi afetada por nenhuma condicao (Figuras 11A e C). Como esperado, a andlise
da AST pela marcacao da atividade da SDH confirmou os resultados obtidos na
imunofluorescéncia para isoformas de MyHC, ou seja, as fibras oxidativas (15%)
e a média de todas as fibras (~14%, P = 0,065) do grupo SED/Q apresentaram
uma maior AST do que SED/T, (Figuras 11A e D). Os grupos TFA/T e TFA/Q
nao apresentaram qualquer alteracdo na AST. Em contraste com a atividade do
SDH, a avaliacéo por Western blot do contetdo dos cinco complexos da OxPhos,
que inclui: Complexo I, NADH desidrogenase (NDUFBS8), Complexo II, SDH
(SDHB), Complexo lll, oxidoredutase da ubiquinona-citocromo ¢ (UQCRC?2),
Complexo 1V, citocromo c oxidase | (MTCO1); Complexo V, adenosina trifosfato
sintase (ATPsintase; ATP5a); revelou que o TFA e o ambiente Q ndo foram
capazes de alterar o conteudo dessas proteinas mitocondriais (Figuras 12A - F).
Além disso, nenhuma condicdo alterou o contetdo da mitocondrial quantificado
pela proteina de membrana mitocondrial externa (TOMZ20; Figura 12G). Assim,
nossos dados sugerem que o TFA, tanto em T quanto em Q, induz aumento na
atividade das mitocondrias do musculo esquelético, estimada pela marcacao da
atividade da SDH em cortes histologicos, sem alterar o conteldo da organela

mitocondrial (TOM20) dos complexos da OxPhos.



63

Figura 10. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) na capacidade oxidativa do musculo
esquelético mensurada por marcacdo histolégica da atividade da enzima
succinato desidrogenase (SDH). As imagens representativas de cortes
transversais do muasculo triceps sural (A) ilustram a atividade de SDH, proporcéo
do tipo de fibra e a &rea de seccao transversa (AST) expressos como Média +
EPM no histograma (B, C e D, respectivamente). @, P < 0,05 vs. SED/T; vy, P =
0,05 — 0,09 vs. SED/T. SED/T, grupo de animais sedentdrio mantidos em
ambiente T. TFA/T, grupo de animais submetido ao TFA em ambiente T. SED/Q,
grupo de animais SED mantidos em ambiente Q. TFA/H, grupo de animais
submetido ao TFA em ambiente Q (N =5 - 8/grupo).
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Figura 11. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) no conteddo dos complexos (I — V) da
cadeia transportadora de elétrons (OxPhos) e no conteddo mitocondrial. As
bandas (blots) representativas (A) ilustram os valores expressos como Média *
EPM nos histogramas (B - G). A a-tubulin foi usada como controle da quantidade
de proteina aplicada para a eletroforese. SED/T, grupo de animais sedentério
mantidos em ambiente T. TFA/T, grupo de animais submetido ao TFA em
ambiente T. SED/Q, grupo de animais SED mantidos em ambiente Q. TFA/H,

grupo de animais submetido ao TFA em ambiente Q (N = 6 - 7/grupo).
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4.6Efeitos do treinamento fisico aerébico em ambiente quente nas vias de

sinalizagdo que regulam fenétipo muscular oxidativo

O fendtipo de fibras musculares oxidativas pode ser determinado por diferentes
vias de sinalizacao intracelular, dentre elas as vias mediadas pelas proteinas
cinases AMPK, CAMKIlI e p38 tém mostrado envolvimento no controle de
diversos processos adaptativos em resposta ao TFA (Akimoto et al., 2005;
Bergeron et al., 2001; Raney; Turcotte, 2008). As figuras 13A - F mostram que o
conteldo e o estado de fosforilacdo de AMPK, CAMKII e p38 nao diferiu entre
0S grupos experimentais. Trabalhos mais recentes tém atribuido também um
papel importante no controle do fenétipo oxidativo para as proteinas cinases Akt
e ERK1/2 (Boyer et al., 2019; Jaiswal et al., 2022). Contudo, conteudo dessas
proteinas nao foi alterado por nenhuma condicao (Figuras 14A - E). Embora
essas sinalizacdes ndo apresentem alteracbes no momento estudado (i.e., 2
dias apdés a ultima sessao de exercicio) em nossas condicdes experimentais, é
possivel que elas tenham sido ativadas durante as sessdes de exercicio fisico e
isso tenha desencadeado a estimulacdo de fatores ou coativadores

transcricionais envolvidos com o fenétipo oxidativo.

Figura 12. Efeito do treinamento fisico aerébico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) no conteddo e estado de fosforilacdo de
AMPK, CAMKII e p38. As bandas (blots) representativas (A) ilustram os valores
expressos como Média + EPM nos histogramas (B - F). A a-tubulin foi usada
como controle da quantidade de proteina aplicada para a eletroforese. SED/T,
grupo de animais sedentario mantidos em ambiente T. TFA/T, grupo de animais
submetido ao TFA em ambiente T. SED/Q, grupo de animais SED mantidos em
ambiente Q. TFA/H, grupo de animais submetido ao TFA em ambiente Q (N =6

- 7/grupo).
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Os alvos controladores da transcricdo avaliados foramPGC1a e TFEB. Da
mesma forma que as sinaliza¢des, nenhuma mudanca significativa nos niveis de
PGC-1a e TFEB foi detectada em qualquer condi¢cao experimental (Figuras 15A
e C). Para além dessas proteinas, FoxO1l e FoxO3 sdo fatores chave da
homeostase energética muscular. As figuras 15A e | mostram que o contetdo
total de FoxO1 diminuiu (~32%) apenas em resposta ao TFA/Q em comparacao
ao SED/T. O estado de fosforilagcdo de FoxO1 [em residuos treonina (Thr?4)
regulado por Akt] e o contetdo total e estado de fosforilacdo de FoxO3 (em
residuos de treonina (Thr3?) regulado por Akt e residuos de serina (Ser®®* e
Ser*’?) regulados por ERK1/2 e AMPK) ndo apresentaram alteracdes
significativas entre os grupos experimentais (Figuras 15A, D - H). Nossos
resultados indicam que 8 semanas de TFA em ambiente Q promovem reducéo

cronica no conteddo FoxOl, mas nao alteram 0s niveis basais de outras
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proteinas envolvidas no fendtipo muscular oxidativo como PGCla, TFEB e
FoxO3.

Figura 13. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) no conteudo e estado de fosforilacdo de
Akt e ERK1/2. As bandas (blots) representativas (A) ilustram os valores
expressos como Média = EPM no histograma (B - E). A a-tubulin foi usada como
controle da quantidade de proteina aplicada para a eletroforese. SED/T, grupo
de animais sedentario mantidos em ambiente T. TFA/T, grupo de animais
submetido ao TFA em ambiente T. SED/Q, grupo de animais SED mantidos em

ambiente Q. TFA/H, grupo de animais submetido ao TFA em ambiente Q (N =6

- 7/grupo).
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Figura 14. Efeito do treinamento fisico aerdbico (TFA) por 8 semanas em
ambiente quente (Q) e temperado (T) no conteido de PGC-1a e TFEB e
conteudo e estado de fosforilacdo de FoxOl e FoxO3. As bandas (blots)
representativas (A) ilustram os valores expressos como Média + EPM nos
histogramas (B - 1). A a-tubulin foi usada como controle da quantidade de
proteina aplicada para a eletroforese. @, P < 0,05 vs. SED/T. SED/T, grupo de
animais sedentario mantidos em ambiente T. TFA/T, grupo de animais
submetido ao TFA em ambiente T. SED/Q, grupo de animais SED mantidos em
ambiente Q. TFA/H, grupo de animais submetido ao TFA em ambiente Q (N =6
- 7/grupo).
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5 DISCUSSAO

Embora seja bem conhecido que a AAC é capaz de mitigar os efeitos deletérios
da exposicdo ao Q na resisténcia aerobica, até o presente momento nenhum
estudo havia avaliado o efeito do TFA em Q nas adaptacdes musculares
esqueléticas e nas vias de sinalizacao intracelular, como PGC1a, TFEB, FoxO e
seus reguladores, responsaveis por essas possiveis alteracdes fenotipicas.
Apesar do ambiente Q reduzir significativamente a intensidade absoluta do
exercicio (i.e., velocidade de corrida) durante o TFA, as melhorias na resisténcia
aerodbica dos animais treinados nessa condicao foram semelhantes aquelas do
grupo treinado em ambiente T com intensidade absoluta mais elevada. Esse
efeito no desempenho de ambos os grupos treinados foi acompanhado de uma
mudanca no fenétipo das fibras musculares para um perfil rapido oxidativo-
glicolitico, caracterizado pelo aumento na propor¢éao de fibras do tipo 2A e na

atividade da enzima relacionada ao metabolismo oxidativo, a SDH.

5.1Efeito do ambiente quente no desempenho fisico aerébico

Inicialmente, observamos no TCI que a exposi¢cdo aguda ao ambiente Q piorou
a resisténcia aerobica, levando a reducao do tempo até a fadiga e da distancia
percorrida. Os nossos dados estdo de acordo com a literatura em estudos com
humanos e roedores (Galloway; Maughan, 1997; Guy et al., 2015; Parkin et al.,
1999; Wanner et al., 2014). Isso provavelmente ocorre porque o ambiente Q atua
como um agente estressor adicional ao exercicio fisico, aumentando ainda mais
a demanda do sistema cardiovascular (Périard et al., 2016). Essa resposta
cardiovascular “exagerada” ocorre na tentativa de manter o fluxo sanguineo para
os tecidos ativos (i.e., musculo esquelético) e ainda redistribuir parte do débito
cardiaco para a periferia do corpo, em especial a pele, a fim de facilitar a troca
de calor com o ambiente. Assim, condi¢Oes de altas Ta, a redistribuicdo do debito
cardiaco pode ser inadequada, limitando a perda de calor e levando a um
aumento exacerbado da Tc. Apesar de alguns achados na literatura
guestionarem sobre a existéncia de um valor critico de Tc responséavel pela fadiga

(Ely, Brett R. et al., 2009; Nybo, 2012), sabe-se que ocorre uma progressiva
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inibicdo de areas cerebrais responsaveis pela ativacdo motora a medida que a
Tc e temperatura cerebral aumentam (Nybo; Nielsen, 2001; Thomas et al., 2006),
0 que poderia prejudicar a resisténcia aerébica. Em camundongos, Wanner et
al. (2014) reportaram que o aumento da Ta aumenta a magnitude da hipertermia
induzida pelo exercicio fisico. De forma semelhante, observamos em estudos
prévios (dados ndo publicados, apéndice 1) que o ambiente H foi capaz de

aumentar a Tasbmax N0 TCl em comparacéo ao ambiente T.

O VO2zmax € um fator importante para resisténcia aerobica (Bassett; Howley,
2000) e depende da capacidade méxima integrada dos sistemas respiratério,
cardiovascular e musculoesquelético para captar, transportar e utilizar Oz,
respectivamente. Por isso, Gonzalez-Alonso & Calbet (2003) avaliaram 0 VO2max
durante o exercicio fisico em cicloergbmetro (80% do pico de poténcia) em
ambiente Q e observaram uma reducdo nesse parametro. Segundo esses
autores, a reducao do VO2max N0 ambiente Q pode ser explicada pela sobrecarga
no sistema cardiovascular que limita o fluxo sanguineo muscular e, consequente,
a entrega de Oz para os musculos ativos. Em desacordo, em nosso estudo prévio
(dados nao publicados, apéndice 1) ndo observamos reducado do VOzpico €M
ambiente Q em comparacdo a avaliacdo ambiente T. essas diferencas devem
ser explicas por diferencas entre os protocolos utilizados e/ou por diferencas na

termorregulacéo entre as espécies.

Por outro lado, apesar de ser bem conhecido que a ACC promove adaptacdes
fisiologicas importantes beneficiando a resisténcia aerdbica (Périard et al., 2011;
Sawka, Michael N. et al., 2011), ndo fomos capazes de encontrar na literatura
qualquer estudo investigando os efeitos fisiolégicos envolvidos no processo
adaptativo do TFA em ambiente Q por um longo periodo (i.e., superior a 6
semanas). Dessa forma, desenvolvemos em nosso estudo anterior (dados néo
publicados, apéndice 1) um modelo com camundongos submetidos ao protocolo
de TFA por 8 semanas em ambiente Q e observamos que esses animais,
juntamente com o grupo TFA em ambiente T, aumentaram o tempo até a fadiga
e por consequéncia a distancia percorrida apos 4 semanas, essas alteracdes se
mantiveram até a 82 semana de TFA. A melhora semelhante de desempenho
aerobico em ambos os grupos TFA é surpreendente, ja que o primeiro TCl em Q
(i.e., pré-TFA) resultou em uma reducéo de 30% no desempenho fisico do grupo
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TFA/T comparado ao grupo TFA/Q. Portanto, embora a intensidade relativa
tenha sido igual para os dois grupos submetidos ao TFA (i.e., 60% da Vmax do
TCI no respectivo ambiente de treinamento), a intensidade absoluta, ou seja,_a
velocidade de corrida (m/min), foi 30% menor para o grupo TFA/Q em
comparacao ao grupo TFA/T. O desafio cardiovascular imposto aos individuos
submetidos ao TFA em Q pode explicar essa dissociagdo entre intensidade
absoluta e relativa. Arngrimsson et al. (2002) demonstraram que o aumento da
frequéncia cardiaca observado durante o exercicio fisico submaximo no H esta
parcialmente relacionado a uma maior utilizacdo da fracdo do VO2max (%0VO2max)
em menor intensidade. Embora ndo tenhamos observado uma reducdo do
VOz2pico, 0 ambiente Q pode ter aumentado o %VO2pico Utilizado para uma mesma
intensidade absoluta em comparacdo ambiente T. Com isso, apesar do exercicio
fisico praticado no ambiente Q reduzir a intensidade absoluta de treino prescrita
para TFA/Q, tal combinacdo também deve aumentar 0 %V Ozpeak COrrespondente
a prescricao. Treinar sob essas condi¢des, pode fornecer um caminho alternativo

para realizar exercicio em alta intensidade relativa a um baixo custo mecanico.

O aumento da demanda fisiolégica induzida pelo ambiente Q tem ressaltado sua
utilizacdo ndo s6 como um meio para promover AAC nos individuos, mas
também como potencial ferramenta para induzir aprimoramentos exacerbados
(i.e., efeito ergogénico) do desempenho fisico aerébico em T. Todavia, em
especial no que diz respeito ao estado de treinamento, existem controvérsias
sobre os beneficios do TFA em ambiente Q para a resisténcia aerébica em T
mensurada pelo VO2max. Estd bem consolidado que a ACC aumenta 0 VO2max de
individuos néo treinados durante avaliacdo em T (Takeno; Kamijo; Nose, 2001;
Young et al., 1985), contudo, os achados em individuos treinados sdo ambiguos.
Lorenzo et al. (2010) relataram melhora do desempenho fisico aerébio (ciclismo)
e do VO2max avaliados em ambiente T (13 °C) em atletas de elite submetidos ao
protocolo de AAC (50%V0O2max a 40 °C por 10 dias). Vale destacar que, segundo
esses autores, a intensidade prescrita nesse protocolo nédo levaria a aumento de
VO2max dado o nivel de treinamento dos voluntarios. Por outro lado, Mikkelsen et
al. (2019) observaram que o ET em ambiente H (40 °C) por 5 %2 semanas ciclistas
de sub-elite promoveu AAC, marcada pela reducéo da FC ao final da sesséo,

mas nao promoveu aprimoramentos adicionais no VO2max durante avaliagdo em
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ambiente T (14 °C). Entretanto, os pesquisadores nao prescreveram o protocolo
de TFA e orientaram aos atletas que realizassem o treino habitual, mas no
ambiente Q. Sugerindo diferengas individuais na intensidade de TFA de cada
atleta. Dessa forma, ndo ha consenso na literatura sobre uma prescricao
adequada e/ou controlada do TFA em ambiente Q. Nesse sentido, fomos os
primeiros a observar que a TFA em Q é realizada em moderada intensidade
relativa e menor intensidade absoluta, mas mesmo assim promove melhorias
semelhantes no VOzpico (dados ndo publicados, apéndice 1) e desempenho

aerobico, quando comparado ao ambiente T.

Portanto, os resultados dessa parte do trabalho sugerem que o TFA em Q é
capaz de reduzir a intensidade absoluta de treino, mas promover as mesmas
adaptacdes na resisténcia aerébica em comparacdo ao TFA em ambiente T.
Assim, individuos (i.e., atletas lesionados e individuos com sobrepeso ou
obesidade) que por alguma razdo nao podem se exercitar em altas intensidade
absolutas devido ao grande estresse mecanico poderiam se beneficiar da
manipulagdo da Ta que, aparentemente, apresenta um papel importante no
controle das respostas fisiolégicas. Além disso, mesmo para individuos higidos,
0 ambiente Q poderia ser considerado como uma variavel no programa de TFA,
dado seu papel ndo sé na AAC, mas também na promocao do desempenho

fisico aerébico com estresse mecénico reduzido.

5.2Adaptacdes no tecido musculoesquelético e hepatico induzidas pelo

treinamento fisico aer6bico em ambiente quente

A fim de entender as adaptacdes metabdlicas que poderiam explicar a melhora
da resisténcia aeroObica, avaliarmos o conteudo de glicogénio muscular e
hepatico. Isso porque carboidratos sdo um dos principais substratos energéticos
utilizados durante o exercicio fisico de resisténcia aerdbica (Van Loon et al.,
2001) e seu esgotamento € uma das principais causas da fadiga (Xirouchaki et
al., 2016). Em desacordo com a literatura (Bergstrom; Hultman, 1966), nao
observamos aumento no contetdo de glicogénio muscular e, ao contrario,

observamos aumentos no contetdo de glicogénio hepatico em todos 0s grupos.
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Quanto a isso, € conhecido que a mobilizacdo do glicogénio hepatico contribui
para o atendimento da demanda aumentada de glicose do musculo esquelético
em contracao (Petersen; Price; Bergeron, 2004; Wasserman, D. H. et al., 1989).
Em estudo realizado com camundongos noucute (knockout, KO) para glicogénio
sintase (enzima responsavel pela sintese do glicogénio), os autores observaram
uma reducéo de 95% no conteudo de glicogénio hepatico acompanhada por uma
reducdo da resisténcia aerdbica durante teste de corrida em esteira até a
exaustao (Irimia et al., 2010). Dessa forma, propomos que o TFA aumenta o
conteudo de glicogénio no figado, o que pode contribuir para uma melhora na

resisténcia aerobica.

Considerando os efeitos promovidos pelo TFA em ambiente Q para a resisténcia
aerobica e a importancia da capacidade oxidativa do musculo esquelético para
0 VO2max (Korzeniewski; Zoladz, 2001), avaliamos as adaptacdes desse tecido
em nosso modelo. O estudo de Kodesh e colaboradores (2010) foi o Unico que
avaliou as adaptacdes do tecido muscular em resposta ao TFA realizado em
ambiente Q por médio a longo prazo (i.e., 30 dias) e observou um aumento da
massa e forgca muscular. Contudo, de forma surpreendente, apesar dos autores
terem empregado um protocolo de TFA, os efeitos sobre o metabolismo
aerobico/oxidativo ndo foram avaliados neste estudo. Assim, fomos 0s primeiros
a descrever os efeitos do TFA em ambiente Q sobre aspectos morfologicos e
celulares do tecido musculoesquelético e a demonstrar que essa intervencéo foi
capaz de induzir um fendétipo rapido oxidativo-glicolitico muscular ao aumentar a
proporc¢ao de fibras do tipo 2A, avaliadas pela marcacéo por imunofluorescéncia
das diferentes MyHC. Os musculos dos animais do TFA em ambiente T
exercitados em maior intensidade absoluta apresentaram a mesma adaptacao.
Embora ndo existam estudos que avaliaram as adaptacfes fenotipicas do
musculo esquelético em reposta ao TFA em ambiente Q, o TFA em ambiente T
€ conhecido por promover a capacidade oxidativa de todos os tipos de fibras, em
especial das fibras do tipo 2A (Howald et al.,, 1985). Aagaard et al. (2011)
observaram uma melhora da resisténcia aerdbica, mensurada por um teste de
contra relogio de 45 min (ciclismo), acompanhado por aumento na proporcéo das
fibras do tipo 2A em biopsias do musculo vasto lateral. Destaca-se que ao

comparar as propriedades contrateis e metabdlicas das fibras musculares,
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revelou que as fibras do tipo 2A sdo aquelas com menor velocidade de
encurtamento (lentas) (Bottinelli; Schiaffino; Reggiani, 1991) e maior atividade e
contetdo mitocondrial avaliados pela enzima SDH (Bloemberg; Quadrilatero,
2012), por consequéncia, apresentam menor fatigabilidade se comparadas as
fibras do tipo 2X (Bottinelli et al., 1999). Esses fatores poderiam explicar a
contribuicdo das fibras do tipo 2A para o aumento da resisténcia aerébica. Além
disso, a literatura tem apresentado correlacdo positiva entre o contetdo de

mitocondrias musculares e 0 VO2zmax (Hoppeler et al., 1973).

De fato, Sjostrom et al. (1982), mensuraram a densidade mitocondrial
intermiofibrilar pré e pés-TFA de 6 semanas nas fibras do masculo vasto lateral.
Os autores observaram que as fibras do tipo 2A apresentam maior intervalo de
aumento do volume mitocondrial entre o valor pré e pés-TFA (3,6 — 4,5%) se
comparada as do tipo 1 (5,2 — 5,5%). Essas alteracdes mitocondriais foram
acompanhadas por um aumento de 26% no VO2max. Em concordancia, 0s nossos
achados indicam que o aumento na proporcdo das fibras do tipo 2A foi
acompanhado por aumento na atividade da enzima mitocondrial SDH. Contudo,
0 conteudo proteico dos complexos da OxPhos, incluindo o complexo Il que se
refere & SDH, e da proteina TOM20, um marcador de contetdo mitocondrial, ndo
foram alterados em qualquer condicdo estudada. Isso sugere que a melhora da
resisténcia aerdbica induzida pelo TFA nos ambientes Q e T foi resultado de um
aumento da proporcao de fibras rapidas oxidativas-glicoliticas do tipo 2A e da
atividade mitocondrial, mas nao de sua quantidade.

Para além das adaptac6es musculares do TFA associado ao estresse térmico
Q, Horowitz et al. (1986) submeteram ratos ao protocolo de 3 semanas de ACC
passiva (32 °C, em repouso e ao longo de 2 meses) e observaram mudanca na
distribuicdo dos tipos de fibra do masculo cardiaco para um fenétipo mais lento,
caracterizado pelo aumento da isoforma da enzima (isoenzima) ATPase lenta (V3)
em comparacgao a isoenzima rapida (V1). Tais mudancas podem desempenhar
um papel importante na adapta¢cdo do muasculo cardiaco ao estresse térmico Q,
pois, segundo os autores, das trés isoenzimas avaliadas, a V3 é a ATPase mais
eficiente em termos de metabolismo energético o que garante a mesma atividade
a um menor custo metabolico. Assim, o aumento na eficiéncia do musculo deve

contribuir para a AAC, pois os efeitos deletérios da exposicdo aguda ao ambiente
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Q estao relacionados ao aumento da intensidade relativa, conforme ja discutido.
No presente trabalho, observamos que ambos grupos TFA apresentaram
aumento na proporgao de fibras do tipo 2A e aumento da resisténcia fadiga no
ambiente Q, um indicativo de AAC. Ressalta-se o grupo T, que mesmo sem 0
aumento da Ta apresentou equivalente AAC. Quanto a isso, um importante
mecanismo de AAC é o aumento da atividade da proteina de choque térmico
(Hsp) que respondem a diversas situagdes de estresse, incluido o exercicio fisico
(Henstridge; Febbraio; Hargreaves, 2018). Ao serem ativadas, as Hsp atuam na
protecdo celular contra apoptose e protegem proteinas a desnaturacdo por
estresse térmico quente (funcédo chaperona). O'Neill et al. (O’neill et al., 2006)
sugeriram que a transi¢cao para do tipo de fibra para um padréo oxidativo parece
ser um processo critico para induzir mudancas cronicas na expressao
constitutiva da proteina de choque térmico Hsp70, um membro da familia das
Hsp. Desse modo, o0 aumento da capacidade oxidativa do musculo esquelético,
além de melhorar o desempenho fisico aerdbico, pode ter contribuido para o
processo de ACC.

Em vista da auséncia de estudos que poderiam explicar a regulagcdo molecular
da alteracédo do fenétipo muscular, experimentos in vitro indicaram que a repetida
exposicdo ao estresse térmico Q pode levar a um aumento na atividade
mitocondrial, no contetdo de MyHC do tipo 1 (Patton et al., 2018) e na mudanca
do tipo de fibra para um padrdo lento, atribuido a ativagcdo de PGC-1a
(Yamaguchi et al., 2010). No entanto, em nosso estudo, o TFA em ambos 0s
ambientes T e Q, ndo aumentou o contetdo de PGC-1a e, tao pouco, o de TFEB.
Dessa forma, como fizemos uma avaliacdo do conteudo de PGC-1a, optamos
por avaliar também as proteinas AMPK, CAMKII e MAPK p38, reconhecidas pela
regulacdo na atividade de PGC-1a (Finck; Kelly, 2006). No entanto, ndo
observamos alteragBes nos niveis dessas proteinas 48 horas ap0s a Ultima
sessdo de TFA. Vale ressaltar que o presente estudo se prop6s a investigar os
efeitos do TFA de 8 semanas nas adaptacdes cronicas dessas vias moleculares.
Com isso, o periodo de descanso entre a ultima sessdo e o momento da
eutanasia, pode ter ocultado a participacdo de vias oscilatorias nas adaptacdes

permanentes (i.e., tipo de fibra). Portanto, até o momento, o papel da mudanca
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de tipo de fibra e do aumento da atividade mitocondrial por meio da sinalizacao

de quinases e PGC-1a permanece incerto.

Uma possivel explicacdo para isso € o potencial de TFEB em regular a
biogénese mitocondrial de forma independente de PGC-1a (Mansueto et al.,
2017). Para entender mais especificamente o papel de TFEB para o metabolismo
mitocondrial, Mansueto et al. (2017) analisaram musculos de animais
transgénicos que hiperespesavam TBEB e animais KO. Os autores observaram
gue a auséncia de TFEB causou uma intolerancia ao exercicio fisico, devido um
acumulo de mitocondrias disfuncionais que apresentam comprometimento na
atividade do complexo Il da OxPhos. Por outro lado, 0 aumento na expresséo de
TFEB aumentou biogénese mitocondrial, resultando na melhoria da atividade
dos complexos da cadeia respiratoria e aumentos a producédo de ATP. Entanto,
o TFA nos ambientes Q e T ndo foi capaz de aumentar o conteudo de TFEB
sugerindo que outras vias estejam envolvidas na regulacéo do fenétipo oxidativo

do musculo esquelético.

Visto que a qualidade mitocondrial ndo € regulada apenas pela indug¢do do
processo de biogénese dessa organela, mas sim por um equilibrio homeostatico
com processos de degradacao, como a mitofagia, os fatores de transcricdo de
FoxO1 e FoxO3 tém sido apontados como proteinas chave no remodelamento
mitocondrial (Cheng, 2022). Além disso, uma das funcdes importantes de FoxO1
e FoxO3 é a regulacao da degradacéao proteica por meio de diferentes sistemas
proteoliticos, incluindo o sistema ubiquitina-proteassoma (UbP) e a autofagia
(MILAN et al., 2015). Em relacdo ao sistema ubiquitina-proteassoma, estudos
mostraram que a ativacdo de FoxO leva a um aumento na expressao de genes
que codificam proteinas envolvidas na marcacdo de proteinas para a
degradacédo (ubiquitinagcdo), como a atrogin-1 e MuRF-1 (Mammucari et al.,
2007). Ja o sistema autofagico é uma das principais vias de degradacédo de
componentes celulares danificados atuando na remocgdo de mitocondrias
disfuncionais pelo processo conhecido como mitofagia (lvankovic et al., 2016;
Sandri et al., 2004). Contudo, a ativacdo exacerbada desses sistemas pode levar
a perda de mitocondrias e a atrofia muscular (Sartori; Romanello; Sandri, 2021).
Camundongos transgénicos que hiperexpressavam FoxO1l no musculo

esquelético apresentam uma reducdo significativa na massa muscular
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esquelética em comparagdo com os camundongos controle (Kamei et al., 2004).
Além disso, segundo os autores os camundongos transgénicos apresentaram
uma reducao dos genes associados as fibras musculares do tipo 1 (i.e., troponin
C), o0 que sugere uma alteracdo na composicao das fibras musculares do tipo 1.
E interessante observar que os musculos dos animais do grupo TFA/Q
apresentaram reducao nos niveis de FoxO1 que foi associada a um aumento da
proporcdo de fibras rapidas oxidativas-glicoliticas e da atividade mitocondrial,
sugerindo que a reducao de FoxO1 poderia ter contribuido para a mudanca do

tipo de fibra rapidas oxidativas-glicoliticas do tipo 2A

Além do controle mitocondrial, a capacidade oxidativa muscular € 0 VOzpico SA0
determinados pela vascularizacéo, cujo aumento otimiza a entrega de oxigénio
e nutrientes para os tecidos e a extracdo de CO: e produtos do metabolismo a
partir deles (Bassett; Howley, 2000; Saltin, 1998) e consequentemente aumentar
a resisténcia a fadiga. Hesketh et al. (2019) relataram que a terapia de calor
passiva em humanos sedentérios, aumentou a capilarizacdo da musculatura
esquelética e aumentou o VO2zico. Entendendo o importante papel da
vascularizagdo muscular para o desempenho, Slopack et al. (2014) investigaram
0S mecanismos moleculares que controlam essas adaptacdes. Esses autores
relataram que o exercicio fisico aumenta agudamente os niveis musculares, em
especial das células endoteliais vasculares, de FoxO1 e FoxO3 que, por sua vez,
estimulam a transcricdo da proteina angiostatica trombospondina-1 (THBS1),
impedindo a angiogénese nos primeiros dias de TFA. Contudo, ap6s 10 dias, o
TFA atenua os niveis de FoxO1 e reduz a sua localizacdo nuclear nos vasos
sanguineos, o que também resulta na reducao da expressao de THBS1. Neste
mesmo estudo, 0s autores geraram animais com deleg&o génica (KO) de FoxO1
e FoxO3 exclusivamente nas células endoteliais e reportaram que esses animais
aceleravam a resposta angiogénica de 14 dias em animais selvagens para 7 dias
em animais KO para FoxOl e FoxO3. Portanto, a redugcdo de FoxOl1l que
observamos nos musculos dos animais TFA/Q pode ter contribuido para
angiogénese nesses animais mais precoce nesses animais, comparado com o

grupo TFA/T. Estudos futuros devem testar essa hipétese.
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6 CONCLUSAO

A respeito dos efeitos induzidos pelo ambiente quente na resisténcia aerodbica,
conclui-se que, de forma aguda, o ambiente quente reduziu a resisténcia
aerobica, indicada pela reducdo do tempo até a fadiga e distancia percorrida
durante teste de carga incremental. Confirmando nossas hipéteses, o
treinamento fisico aerébico em ambiente em ambiente Q, embora executado em
menor intensidade absoluta, promoveu o aumento da resisténcia aerdbica da
mesma forma que o treinamento fisico aerdbico em ambiente T. Além disso,
tanto o treinamento fisico aerdbico quanto a exposicdo ao ambiente Q
aumentaram similarmente o contetdo de glicogénio hepatico, sem alteracdes no

conteudo de glicogénio muscular;

Na tentativa de identificar os mecanismos histolégicos e moleculares,
observamos que o treinamento fisico aerébico em ambos ambientes T e Q
aumentou a proporcdo de fibras rapidas glicoliticas-oxidativas do tipo 2A, a
atividade mitocondrial e apenas o treinamento fisico aerébico no ambiente Q

reduziu o conteldo total de FoxO1.

Portanto, o treinamento em ambiente Q apresenta-se como uma potencial
ferramenta que contribui para a prescricao do treinamento fisico aerébico. Uma
vez que, parece compensar a reducéo de intensidade absoluta e pode contribuir
para a prescri¢ao e exercicios fisico para populagéo geral, apresentando-se com
mais um possivel componente da carga de treino, mas também como uma
estratégia para grupos que nao podem se exercitar em altas intensidades ou

para aqueles em processo de recuperacao/retorno a pratica esportiva.
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ABSTRACT

This study investigated the impact of long-term heat acclimation (HA) training on mouse
thermoregulation, metabolism, and running performance in temperate (T) and hot (H)
environments. Male Swiss mice were divided into 1) Sedentary (SED) mice kept in T (22
°C; SEDI/T), 2) Endurance Trained mice (ET, 1 hour / day, 5 days / week, 8 weeks, 60%
of maximum speed) in T (ET/T), 3) SED kept in H (32 °C; SED/H), and 4) ET in H
(ET/H). All groups performed incremental load tests (ILT) in both environments before
(pre-ET) and after four and eight weeks of ET. In the pre-ET period, H impaired (~30%)
performance variables (maximum speed and external work) and increased (1.3 °C)
maximum abdominal body temperature compared with T. In T, after four weeks, although
ET/H exercised at a lower (~30%) absolute intensity than ET/T, performance variables
and aerobic power (peak oxygen uptake, VOzpea) Were similarly increased in both ET
groups compared with SED/T. After eight weeks, the external work was higher in both
ET groups compared with SED/T. Only ET/T significantly increased VOzpeak (~11%)
relative to its pre-ET period. In H, only after eight weeks, both ET groups improved
(~19%) maximum speed and reduced (~46%) post-ILT blood lactate concentrations
compared with their respective pre-ET values. Liver glycogen content increased (34%)
in both ET groups and SED/H compared with SED/T. Thus, ET/H was performed at a
lower absolute intensity but promoted similar effects to ET/T on metabolism, aerobic
power, and running performance. Our findings open perspectives for applying HA
training as part of a training program or orthopedic and metabolic rehabilitation programs
in injured or even obese animals, reducing mechanical load with equivalent or higher
physiological demand.

Keywords: Aerobic training; Heat stress; Peak oxygen consumption; Thermoregulation.
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ABBREVIATIONS

BAT - Interscapular brown adipose tissue;

EDL - Extensor digitorum longus;

EPI — Epididymal white adipose tissue;

ET - Endurance training;

ET/H - Endurance-trained mice in a hot environment;

ET/T - Endurance-trained mice in a temperate environment;

H - Hot environment;

HA - Heat acclimation;

HR - Heart rate;

ILT - Incremental load test;

MES — Mesenteric white adipose tissue;

SED/H - Sedentary mice kept in a hot environment;

SED/T - Sedentary mice kept in a temperate environment;

RETRO — Retroperitoneal white adipose tissue;

SUB — Subcutaneous white adipose tissue;

T - Temperate environment

Ta - Ambient temperature;

TA - Tibialis anterior;

Teore - Core body temperature;
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TS - Triceps surae;
VO, - Oxygen uptake;
VOzmax - Maximal oxygen uptake;

VOgzpeak - Peak oxygen uptake;
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1. INTRODUCTION

Exercise training promotes a variety of health and performance benefits that depend upon
the intensity, frequency, duration, and type of exercise along with the progression (Egan
and Zierath, 2013; Haugen et al., 2022; Powell et al., 2011; Smith, 2003). It is well known
that the higher the exercise intensity, the greater the challenge to physiological
homeostasis and adaptations (Egan and Zierath, 2013). However, despite the benefits of
exercise training, more intense exercise, like a faster running pace, increases peak vertical
and horizontal forces, thereby leading to overload injuries in the lower limb (Boullosa et
al., 2020). To decrease injury, improve the adaptive response to endurance training (ET),
and potentially enhance endurance performance, coaches and athletes have searched for
strategies to maximize metabolic and physiological strain at a lower level of mechanical
stress. Still, only a few of them have been scientifically tested.

Prolonged exercise in a hot (H) environment [ambient temperature (Ta) > 25 °C] increases
skin and core body (Tcore) temperatures and induces extreme disturbances to homeostasis,
such as increases in heart rate (HR) and cardiac output to adequately perfuse active
skeletal muscle to support metabolism while simultaneously perfusing the skin to sustain
heat loss (SAWKA et al., 2011). Therefore, environmental heat stress and muscle
metabolic heat production can interact synergistically to increase Tcore, accelerate fatigue,
and degrade endurance performance (Ely et al., 2007; Tatterson et al., 2000). In contrast,
the most critical intervention to alleviate heat strain and optimize endurance performance
is heat acclimation (HA) training, which is developed following exposure to an H
environment during exercise for 1-2 weeks (Pryor et al., 2019; Racinais et al., 2015).
These physiological adaptations to HA training include, for example, reduced oxygen
uptake (VO.) at a given exercise intensity, muscle glycogen sparing (SAWKA, et al.,

1983), reduced blood lactate at a given exercise intensity (Young et al., 1985), and
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improved myocardial efficiency (i.e., a performance measure calculated as the ratio
between the mechanical energy generated by the ventricle and the consumed chemical
energy from aerobic metabolism) (HOROWITZ et al., 1993) in an H environment. While
these effects are well-described, it is uncertain if HA training enhances physiological
response and endurance performance in cool-temperate conditions.

On one hand, McCleave et al. (2017) addressed this issue and showed that nine sessions
of interval training at 33 °C [~24 to 45 min running from 65 to 100% of speed associated
with peak oxygen uptake (VOzpeak; aerobic power) at 33 °C] for three weeks increased 3-
km time-trial performance in cool-temperate conditions (14 °C) in well-trained runners,
but there were no correlations between changes in performance, running economy and
other physiological parameters. On the other hand, KEISER et al. (2015) evaluated the
effects of HA training (90 min at 50% of maximal oxygen uptake (VO2zmax) at 38 °C) for
ten consecutive days in well-trained cyclists. They observed classical HA adaptations
such as increased sweat rate and improved VO2max and time trial performance in the heat,
but not in cool-temperate conditions (18 °C). The difference in findings from these two
studies may be, to some extent, related to the HA duration.

It is recommended that the intervention be for at least two weeks to maximize all benefits,
specifically the endurance improvement in the heat (Racinais et al., 2014). Because most
previous studies have performed HA training for short- and medium-term (< 2 weeks), it
is reasonable to speculate that more extended periods should be necessary to translate the
enhancement of endurance performance in the heat to the cool-temperate conditions.
Animal models could be valuable in evaluating long-term HA training protocols’
physiological and performance adaptations before applying them to humans. KODESH
et al. (2010) assessed global genomic responses of ‘homeostatic genes’ and isometric

force generation in rats training on a treadmill in an H environment (34 °C) for 30 days.
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However, the authors did not analyze endurance performance. To our knowledge, no
study evaluated the effects of long-term HA training in laboratory rodents on running
performance in either temperate (T) or H environment. Based on these gaps in the
literature, we investigated the impact of HA training for eight weeks on thermoregulation,
metabolism, and running performance in both T and H environments in mice. Our data
show that long-term HA training reduces blood lactate and increases liver glycogen,
aerobic power, and endurance performance similar to ET in a T environment but requires

a lower absolute intensity (i.e., running speed).
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2. METHODS
2.1.Animals

Swiss mice (8-week-old male mice, 40g), provided by Centro de Bioterismo (CEBIO) of
the Universidade Federal de Minas Gerais, were used in all experiments. Mice were
housed in the vivarium of the Exercise Physiology Laboratory (LAFISE) in collective
cages under controlled light (7:00 a.m. to 7:00 p.m.) and Ta (24.0 £ 2.0 °C) conditions
with access to water and chow ad libitum for at least one week before the beginning of
the experiments. All experimental procedures were approved by the local Ethics
Commission on the Use of Animals (Comissio de Etica no Uso de Animais - CEUA;
protocol number 220/2019).

A sample size of 53 animals (n = 13-14/group) was reported by G*Power software,
version 3.1.9.4 (Erdfelder et al., 2009), and four experiments (n = 3-4/group/experiment)
were performed to achieve this sample size. In all experiments, mice were divided into
four experimental groups: 1) Sedentary mice (SED) kept on a treadmill turned off in a
temperate environment (T; 22 °C) (SED/T) during the same time as the endurance training
(ET) groups, 2) ET mice exercised on treadmill in T (ET/T), 3) SED mice kept on
treadmill turned off in a hot environment (H; 32 °C) (SED/H) during the same time as the
ET groups, and 4) ET mice in H (ET/H). Mice were counterbalanced among groups based
on running performance immediately after the pre-ET incremental load test (pre-ILT) in
both environments. After completing eight weeks of ET (or SED), animals were
euthanized by decapitation using a guillotine to collect blood. Additionally, muscles were
promptly weighed, frozen in liquid nitrogen, and stored at -80 °C for subsequent analysis.
All experiments were performed between 7 a.m. and 1 p.m. to minimize chronobiological

influences.
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2.2.Experimental design
Fig. 1 shows a schematic representation of the experimental procedures to which SED

and ET mice were submitted.

2.3.Measurements of core body temperature (Tcore) and ambient temperature
(Ta)

For the analysis of Tcore, & temperature telemetry transmitter (G2 E-Mitter series, Mini
Mitter, Bend, OR) was implanted in the mouse peritoneal cavity to register abdominal
temperature (ABT), and the maximum value (ABTmax) Obtained during ILT was taken.
ABT was recorded as an indicator of Tcoe. Before starting the surgery, mice were
anesthetized with ketamine (84 mg/kg body mass, i.p.) and xylazine (8 mg/kg body mass,
I.p.). A small incision was made in the linea alba of the abdominal muscle, and the
peritoneal cavity was exposed. The sensor was affixed to the left lateral abdominal wall
using sutures. Finally, the abdominal muscle and skin were sutured. After seven days of
recovery, mice started the familiarization with treadmill running exercise. As previously
reported (Steiner et al., 2007; Wanner et al., 2014), this recovery period was prescribed
as sufficiently long for mice to recover.
For the analysis of Ta, a thermocouple (YSI-400A, Yellow Springs Instrument, Yellow
Springs, OH) was placed inside an acrylic chamber that contained the treadmill. The
thermocouple was positioned on the ceiling halfway between the fan and the electrical
grid. The thermocouple was connected to a real-time temperature reader displaying Ta

values.

2.4.Regulating ambient temperature (Ta)
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To heat the environment inside the acrylic chamber that contains the treadmill, an electric
heater (Britania model AB 1100, Curitiba, Brazil) was positioned at ~40-45 cm from the
front of the treadmill and turned on at 1,200 W (Wanner et al., 2014). To stabilize the
temperature, the test room air conditioning (KOP4UQC, KOMECOTM, Palhoga, Brazil)
was set at 22 (T) or 32 °C (H). These Ta values were chosen based on previous studies
showing that 31 — 32 °C enhances body hyperthermia and accelerates fatigue in exercising
rats compared with 23 — 24 °C (Ribeiro Hudson et al., 2020; Teixeira-Coelho et al., 2021;

Zaretsky et al., 2018).

2.5.Familiarization with treadmill running

The familiarization protocol was modified from WANNER et al. (2014). The
familiarization protocol consisted of running on a treadmill over five consecutive days.
During the first four days, the protocol consisted of three stages: i) the animals rested for
3 min with the treadmill turned off; ii) mice ran for 5 min, maintaining a pace of 5 m.min-
! onday 1 and 6 m.min"ton days 2 to 4; iii) on days 1 and 2, mice ran for additional 3 min
at speeds of 6 and 8 m.mint, respectively, and, on days 3 and 4, they ran for additional 5
min at 8 m.min%. The treadmill slope was always set at 5°. On the last day (i.e., 5" day),
mice were familiarized with a “lighter version” of ILT. The criterion for test completion
was modified, and mice had to spend five continuous seconds in the designated fatigue
zone (i.e., the rear of the treadmill, ranging from approximately ‘one body length’ from
the shock grid to, and including, the shock grid) as proposed by (DOUGHERTY et al.,
2016).

Mice were encouraged to run by light electrical stimulation (0.4 mA) provided by a grid
at the rear end of the treadmill belt. T. was controlled at 24 + 1 °C during the

familiarization protocol.
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2.6.Measurement of endurance (aerobic) performance by incremental load test

Mice rested for 72 h after familiarization protocol. Then, they were submitted to a
modified ILT (Ayachi et al., 2016) in both T and H environments with two days of rest
in between. The treadmill was set up in a metabolic chamber, and tests were started with
a speed of 10 m.min%, with increments of 3 m.min* every 3 min (2° slope). Exercise
sessions consisted of running to fatigue, defined as the mouse’s inability to maintain
speed despite being in contact with the shock grid for more than five consecutive seconds
(Ayachi et al., 2016; Mille-Hamard et al., 2012). Endurance performance {i.e., maximal
speed, and external work [external work = Zstages (Body mass (kg) x Stage duration (min)
x Stage speed (m.min?) x treadmill grade sin], metabolic [i.e., VOzpeak, and blood lactate
and glucose], and thermoregulatory parameters [i.e., abdominal temperature]} were
measured. The VOzpeak Was taken as the highest VO, value recorded

during the ILT. Blood samples from the tail vein were collected to determine glycaemia

and lactatemia 30 min before starting (pre-ILT) and immediately after (post-1LT) the test.

2.7.Measurements of glycaemia and lactatemia
Blood glucose was measured using the glucometer Accu-chek® Guide (Roche). For
analyzing lactate, a blood samples (30 uL each) from each mouse were collected in a
heparinized capillary tube and transferred to a tube containing 50 uL sodium fluoride
(1%). Blood lactate concentration was determined using an electroenzymatic method with
a lactate analyzer (YSI 1500 Sport Lactate Analyzer; Yellow Springs Instrument, Yellow

Springs, OH, USA).

2.8.Endurance training (ET) protocol
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Mice rested for 48 h after ILT and then were submitted to ET protocol modified from
(Ferreira et al., 2007; Kodesh and Horowitz, 2010). ET protocol was similar for both
trained groups (ET). However, Ta was distinct, i.e., ET/T and ET/H performed exercise
at 22 and 32 °C, respectively. ET consisted of eight weeks of running on a treadmill
(Panlab, Harvard Apparatus, Cornella, Spain), 5 days / week, and intensity and duration
gradually increased over the weeks, as described below. In the first week, mice ran at
50% of the maximum speed (no slope; 0°) for 20 and 35 min in the first and second
sessions, respectively. In the second week, the duration of the first session was 45 min
and increased to 60 min in the next one; exercise intensity increased to 60% of the
maximum speed from the fourth session. From the third week of ET, running sessions
were performed at 60% of the maximum speed, 60 min/day, and 5° slope. An ILT was
performed after four weeks of ET to determine the effects of training on running

performance, especially on maximum speed, thereby adjusting training intensity.

2.9. Quantification of hepatic and muscular glycogen
Hepatic and muscular glycogen were measured using the Antrone method (CARROLL
etal., 1956). Firstly, liver (~500 mg) or skeletal muscle (~70 mg) tissues are homogenized
and treated with alcohol to extract glycogen. The extracted glycogen was then hydrolyzed
with hydrochloric acid. The anthrone reagent (containing 2 g anthrone in 100 ml
concentrated sulfuric acid) was added to the solution, producing glucose derived from
glycogen. The color intensity was measured spectrophotometrically, and a glucose
standard curve calculates the glycogen concentration in the sample. This method, utilizing
hydrochloric acid in the hydrolysis step, provides a quantitative assessment of glycogen
levels in tissues based on color development, with the intensity directly proportional to

the glycogen concentration.
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2.10. Statistical analysis
For ET experiments, each datum was relativized by the mean value of the SED/T group
in the pre-ET period. Thus, data are reported as % of SED/T in pre-ET = SEM. Normality
was assessed by the Shapiro-Wilk test. To compare the means values of two
environmental conditions (T vs. H environment in the pre-ET period), paired Student's t-
tests were used. Multiple comparisons between four groups at different time points were
performed using mixed-model two-way analysis of variance with repeated measures
followed by post hoc Tukey’s test. The significance criterion was set at P<0.05. Statistical

analysis was performed using Prism — GraphPad 8 software.
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3. RESULTS
3.1.Acute exposure to the H environment impairs endurance performance
without affecting VOzpeak and glucose metabolism

ILT was performed in all mice in both T and H conditions to determine endurance
performance and counterbalance experimental groups before starting ET. As expected,
the H environment caused an increase of 1.3 °C in ABTmax and a reduction in endurance
performance as determined by lower maximum speed (27%) and external work (34%)
when compared with T (Fig. 2A - C). Irrespective of Ta, ILT induced a continuous
increase in VO during exercise to fatigue (Fig. 3A). VOzpeak Was similar in T and H
environments (Fig. 3B). Blood glucose concentrations were unaffected by H conditions
and exercise in ILT (Fig. 3C and D). Pre- and post-ILT blood lactate values were similar
between T and H environments (Fig. 3F). Post-ILT blood lactate values were elevated
(65%) compared with pre-ILT values in both T and H. Still, H did not cause any additional
effect (Fig. 3E). These findings indicate that acute exposure to H increased ABTmax and
reduced endurance performance. For this reason, absolute running speed (m.min™)
corresponding to 60% of the maximum speed was 20 and 40% lower in ET/H group than
in ET/T at weeks zero to four (i.e., 0 — 4 wk) and four to eight weeks (i.e., 4 — 8 wk),
respectively (18 m.min"tin ET/H versus 23 m.min in ET/T at weeks 0 —4 and 20 m.min"

Lin ET/H versus 28 m.min™ in ET/T at weeks 4 — 8).

3.2.ET/T and ET/H alters body composition
Fig. 4A shows that from the 3" to the 8" week, the ET/H group exhibited a food intake
57% higher than the SED/H group at the same time. Additionally, in the 4" week, the
food consumption of the ET/H group was 21% higher compared with the SED/T group.

In the 8" week, the food consumption of the SED/T and SED/H groups showed a
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reduction (25% and 66%, respectively) compared with their respective values in the Pre-
ET week. In contrast, body mass gain tended to reduce (62.5%, P = 0.065) between weeks
4 and 8 in ET/H compared with SED/H (Fig. 4B). Intra-group analysis in ET/T revealed
that body mass gain during this period (4 - 8 wk) was significantly lower (45%) than
during the first four weeks (i.e., 0 - 4 wk) (Fig. 4B). Body mass gain was unaltered among
groups between weeks 0 and 4 and analyzing the whole period (i.e., 0 - 8 wk) (Fig. 4B).
Despite these data, the relative muscle masses of extensor digitorum longus (EDL; 11%)
and soleus (21%) were increased in ET/T compared with SED/T (Table 1). The relative
muscle masses of EDL (9%) and gastrocnemius (8%) were increased, and triceps surae
(TS; 7%, P = 0.078) tended to increase in SED/H compared with SED/T. The relative
muscle mass of the soleus (16%) and gastrocnemius (6%) was also significantly increased
in ET/H compared with SED/T. There is no difference among groups in the relative
masses of interscapular brown adipose tissue (BAT) and the and the epididymal (EPI),
retroperitoneal (RETRO), and mesenteric (MES) white adipose tissues (Table 1), as well
as the adiposity index (Oliveira et al., 2013) (24.67, 18.39, 24.89, and 22.31% in SED/T,
ET/T, SED/H, and ET/H, respectively). The relative mass of the adrenal gland, a stress-
responsive organ, was increased in ET/T (33%) and tended to increase in ET/H (14%, P
= 0.080) compared with SED/T, but it was unaffected in SED/H. The relative masses of

tibialis anterior (TA), plantaris muscle, heart, and liver did not alter in any condition.

3.3.ET/T and ET/H similarly improve endurance performance in a Ta-
independent manner

In the T environment, ABTmax (40.9, 39.8, 39.4, and 39.9 °C in SED/T, ET/T, SED/H,

and ET/H, respectively) and endurance performance variables [i.e., maximum speed

(35.9, 36.3, 38.1, and 35.0 m.mintin SED/T, ET/T, SED/H, and ET/H, respectively) and
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external work (8.9, 7.9, 8.8, and 8.1 J in SED/T, ET/T, SED/H, and ET/H, respectively)]
obtained in ILT were similar among groups in the pre-ET period (Fig. 5A - C). At week
4, both the ET/T and ET/H groups exhibited elevated values in maximum speed (30%
and 19% of SED/T at pre-ET in ET/T and ET/H, respectively) and external work (83%
and 49% of SED/T at pre-ET in ET/T and ET/H, respectively) (Fig. 5B — C). Similarly,
by week 8, both ET/T and ET/H groups demonstrated increased maximum speed (25%
and 19% of SED/T at pre-ET in ET/T and ET/H, respectively) and external work (73%
and 63% of SED/T at pre-ET in ET/T and ET/H, respectively) (Fig. 5B — C). In some
instances, both ET/T and ET/H displayed higher values in both maximum speed groups
compared with their respective SED groups at the same time point (i.e., ET/T versus
SED/T and ET/H versus SED/H) (Fig. 5B and C). ABTmax Was unaffected in any group
(Fig. 5A).

In the H environment, Fig. 6A - C shows that ABTmax (41.8, 41.4, 41.9, and 41.5 °C in
SED/T, ET/T, SED/H, and ET/H, respectively), maximum speed (30.3, 35.6, 34.1, and
30.3 m.minin SED/T, ET/T, SED/H, and ET/H, respectively), and external work (6.3,
4.0, 7.1, and 5.9 J in SED/T, ET/T, SED/H, and ET/H, respectively) were also similar
among groups in the pre-ET period. Both ET/T and ET/H groups improved maximum
speed (26 and 22% of SED/T at pre-ET in ET/T in ET/T and ET/H) at week 8 compared
with their pre-ET period (i.e., week 0) (Fig. 6B). At week 8, the external work was
significantly higher (59% of SED/T at pre-ET) only in ET/H than in its pre-ET period
(Fig. 6C). In contrast, only ET/T showed significantly higher values of the maximum
speed (18% of SED/T at pre-ET) and external work (41% of SED/T at pre-ET) at week 4
compared with its pre-ET period (Fig. 6B and C). Again, ABTmax did not change in any
group (Fig. 6A). Together, these findings indicate that ET/T and ET/H for eight weeks

similarly improve running performance in a Ta-independent manner.
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34.ET/T and ET/H improve aerobic power and change glycaemia and
lactatemia during incremental load tests in a Ta-dependent manner

In the T environment, aerobic power [i.e., VOzpeak (52.2, 49.0, 53.8, and 59.3 ml/min.kg"
075in SED/T, ET/T, SED/H, and ET/H, respectively)] and delta values (post- minus pre-
ILT) of blood glucose (11.7, 10.8, -8.1, and -16.4 mmol/L in SED/T, ET/T, SED/H, and
ET/H, respectively) and lactate (8.0, 4.9, 6.4, and 4.7 mmol/L in SED/T, ET/T, SED/H,
and ET/H, respectively) concentrations were similar among groups in pre-ET period (Fig.
7A, D, and E, respectively). Both ET/T and ET/H groups had higher values (14 and 13%
of SED/T at pre-ET in ET/T and ET/H, respectively) of VOzpeak at week 4 compared with
SED/T at the same time-point and, for ET/T, with its pre-ET period (Fig. 7A). At week
8, VOzpeak Was significantly higher (11% of SED/T at pre-ET) only in ET/T than in its
pre-ET period (Fig. 7A). No significant change was observed in post-ILT values of
glycaemia in any time point (Fig. 7B). However, delta values of blood glucose in ET/T at
week 4 were lower (105%) compared with its pre-ET period (Fig. 7D). At the same
period, delta values of blood glucose in ET/H were also lower (133%) compared with
SED/H (Fig. 7D). At week 8, delta values of blood glucose tended to be lower (27%,
P=0.094) only in ET/T, with no significant effects on other groups (Fig. 7D). At week 4,
post-ILT and delta values of blood lactate in ET/T were lower (46 and 72%, respectively)
compared with SED/T at pre-ET period (Fig. 7C and E). Post-ILT and delta values of
blood lactate were unaltered in the other groups at any point in time (Fig. 7B and D).
In the H environment, similar to the T environment, VOzpeak (50.5, 46.4, 47.7, and 47.4
ml/min.kg®"in SED/T, ET/T, SED/H, and ET/H, respectively) and delta values of blood
glucose (-13.5, -9.4, -4.3, and -15.0 mmol/L in SED/T, ET/T, SED/H, and ET/H,

respectively) and lactate (5.3, 5.0, 4.9, and 5.1 mmol/L in SED/T, ET/T, SED/H, and
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ET/H, respectively) obtained in ILT were similar among groups in the pre-ET period (Fig.
8A, D, and E, respectively). No changes in VOzpeak (Fig. 8A) and pre-, post-ILT, and delta
values of glycaemia (Fig. 8B and C, respectively) were observed in any ET group. Post-
ILT concentrations of lactate in ET/T (47%) and ET/H (32%) groups at week 8 were
significantly lower compared with their values at the pre-ET period (Fig. 8C). Delta
values of lactatemia were unaffected in any group and time point (Fig. 8E). Altogether,
these results show that ET/T and ET/H improve VOzpeak and reduce post-ILT glycaemia
in T environment. Still, post-ILT lactatemia is decreased only in the H environment,

indicating that some metabolic effects depend on T..

3.5.ET/T and ET/H increase liver glycogen storage
To understand whether liver and muscle glycogen could explain the adaptive changes in
glycaemia and lactatemia in ET groups in response to ILT, glycogen content in these
organs was evaluated. Liver glycogen content was increased by 39, 45, and 58% in ET/T,
SED/H, and ET/H groups, respectively, compared with SED/T (Fig. 9A). On the other
hand, glycogen in gastrocnemius muscle was unaffected in any group (Fig. 9B). These
data indicate that chronic heat exposure per se and ET in any Ta promote glycogen
accumulation in the liver, but not in skeletal muscle. Moreover, lower glycaemia and
lactatemiain ET groups in response to ILT are unrelated to reductions in glycogen content

in the liver and muscle.
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4. DISCUSSION
To the best of our knowledge, this is the first study to systematically investigate the effect
of long-term HA training on thermoregulation, metabolism, and endurance performance
in mice and the possibility of translating its adaptive effects to the T environment. Our
main findings show that HA training (i.e., ET/H) for eight weeks reduces blood lactate
and increases liver glycogen, aerobic power, and endurance performance similar to ET/T
but requires a lower absolute intensity (running speed) of training.
It has been extensively shown that acute exposure to an H environment has an ergolytic
effect on endurance performance (Ely et al., 2007; Guy et al., 2015; Macaluso et al., 2011;
Maia-Lima et al., 2017). GUY et al. (2015) have shown that marathon running exhibited
the most considerable performance impairment in the heat, with a mean reduction of ~3%
for males and females. Similar findings were reported in a mouse model of exercise in
the heat. The maximum speed and time to fatigue were markedly decreased in mice
running at 34 °C compared with those at 24 °C (Wanner et al., 2014). In agreement, our
data show that the H environment acutely impaired endurance performance during ILT
in SED mice, as indicated by reduced maximum speed and external work.
The H environment acts as an additional stressor to exercise and may exacerbate the
physiological demand for physical activity. In fact, ABTmax in mice running in the H
environment was 1.2 °C higher than in the T environment. WANNER et al. (2014)
reported similar findings in a different incremental exercise protocol in mice, i.e., ABTmax
in mice running at 34 °C was 1.3 °C higher than at 24 °C. These findings confirm the
prominent role played by Ta in determining Tcore levels attained at fatigue in small rodents
(Andrade et al., 2023).
Another physiological response that has been related to degraded endurance performance

in humans performing an ILT in H environment [Ta > 35 °C, 50% relative humidity (RH)]
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is reduced VOamax (Arngrimsson et al., 2004). Severe heat stress has been shown to
diminish VOamax by accelerating the reductions in cardiac output and mean arterial blood
pressure that lead to impairments in muscle blood flow, O delivery, and O uptake
(Gonzalez-alonso and Calbet, 2003). These alterations could also lead to lower aerobic
metabolic rates and higher muscle and plasma lactate, mainly produced by anaerobic
glycolysis, as described in healthy men cycling at submaximal intensity (70% of VO2zma)
in H environment [49 °C, 20% relative humidity (RH)] compared with the cool
environment (21 °C, 30% RH) (Young et al., 1985). However, despite the ergolytic action
in our study, the H environment did not affect either VOgzpeax Or blood lactate
concentrations in mice performing an ILT, suggesting that endurance performance in
mice may be impaired in the heat independently of changes in such metabolic parameters.
These discrepancies may be explained by the differences in exercise protocols, Ta, and/or
the interspecies differences in thermoregulation and metabolism.

On the other hand, repeated exposure to exercise in the H environment, i.e., HA training,
mitigates the ergolytic action of heat stress and enhances endurance performance in the
heat (Périard et al., 2011; Sawka et al., 2011). LORENZO et al. (2010) showed that
medium-term HA training (10 days, ~50% VO2max at 40 °C) increased power output at
the lactate threshold and improved time-trial performance in H environment (38 °C) in
trained cyclists. As expected, our data show that ET/H for eight weeks increased the
endurance-related parameters maximum speed and external work during ILT in H
environment. Unfortunately, we cannot compare our findings with others in the literature
because no study investigated the effects of the HA training on these parameters in mice.
Moreover, the studies in rats (Horowitz, et al., 1993; Kodesh and Horowitz, 2010) have
not determined the efficacy of their HA protocols in improving endurance performance

in the H environment.
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Interestingly, ET/T exhibited similar outcomes to ET/H in endurance-related parameters
in the heat, but the effects occurred earlier in ET/T (i.e., maximum speed and external
work already increased in the 4" week). These findings in mice strengthen the idea of
RACINAIS et al. (2015) that ET/T may elicit partial HA in humans. In agreement, a
previous study demonstrated that young women who performed a high-intensity interval
training in a ‘cool’ environment (22 °C, named here as the T environment) for a total of
40 h (spread over 11 weeks; 30-60 min/day) showed improved endurance performance
(i.e., time to fatigue in walking test at 30-35% VO2max) in the heat (45 °C) (Cohen and
Gisolfi, 1982). Similarly, rats trained for eight weeks at 23 °C also had better tolerance to
an ILT at 32 °C than control rats (Teixeira-Coelho et al., 2021). HA-like adaptation in
ET/T is expected because the augmented metabolic rate in the working muscles during
each exercise bout increases heat production and, consequently, Tcore (Sawka et al., 2011;
Wanner et al., 2015). Indeed, ABTmax was about 40 °C in our mice during ILT in the T
environment. Despite the improvement in ILT’s performance in the H environment in
both ET/T or ET/H groups, no change was observed in VOzpeak. It is reasonable to
speculate that severe hyperthermia during ILT in the T environment could induce blood
flow redistribution from skeletal muscles to thermoregulatory effectors, such as the tail
vasculature (Gordon, 2017; Wanner et al., 2015), compromising gains in VOzpeak.

Intriguingly, blood lactate concentrations were lower post-ILT in the H environment in
both ET/T and ET/H groups at week 8 compared with respective groups in the pre-ET
period, which may be due to 1) lower motivation of mice to achieve their maximal effort,
2) lower pre-exercise (basal) concentrations of muscle glycogen, or 3) higher oxidative
muscle phenotype. Our findings show that both ET/T and ET/H presented a higher
maximum speed and external work at week 8, suggesting that the first possibility could

be ruled out. Regarding muscle glycogen, our data show that its content in resting mice
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was unaffected in ET/T and ET/H. Moreover, it has been demonstrated that ET/T can
spare muscle glycogen content in humans during exercise in the heat (Young et al., 1985).
Although it is unknown whether the same adaptation occurs in mice, these pieces of
evidence suggest that the second possibility could also be ruled out. Finally, lower blood
lactate concentrations in both ET/T and ET/H might be explained by increased
mitochondrial enzyme activity in skeletal muscle, lowering the dependence on glucose
metabolism and the appearance of lactate and maximizing the use of lipid metabolism
and the disposal of lactate, as observed in endurance athletes (Brooks, 2018; Furrer et
al., 2023). Although this hypothesis may explain the lower blood lactate concentrations
in ET/T post-ILT in the H environment, no study has adequately investigated the effects
of long-term HA training on skeletal muscle mitochondrial adaptations. KODESH et al.
(2010) have added evidence about muscle oxidative adaptation, showing that ET/H (34
°C) for 30 days in rats on a treadmill up-regulated the muscle expression of the gene
related to mitochondrial lipid oxidation, mitochondrial carnitine O-palmitoyltransferase
Il precursor (CPT2), when compared with ET/T (24 °C). Further experiments are
underway to evaluate whether and how long-term HA training may promote the oxidative
muscle phenotype in mice.

The most exciting finding is that the ET/H group had a similar improvement to ET/T in
aerobic power and endurance performance in ILT in the T environment. These data are
very impressive because the ET/H group performed each exercise bout at 20 to 40% lower
absolute intensity (running speed) than ET/T, causing a lower level of mechanical stress
but a similar adaptive enhancement in maximum speed and external work during ILT in
the T environment. Similarly, LORENZO and coworkers (2010) showed that medium-
term HA training at 40 °C in an exercise intensity insufficient to induce training

adaptations for highly trained cyclists, i.e., ~50% of VOgzmax, improved time-trial
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performance in a cool (13 °C) environment. In agreement, PHILP et al. (2022) observed
that HA training prescribed via absolute intensity in the heat (1 h/day, rowing or cycling
at 45-55% of average power output at 34 °C) for 10 days caused a large (Cohen’s d effect
size) non-significant decrease in the rate of perceived exertion, a large significant
decrease in HRpeak, and a large non-significant increase in power output in performance
tests in T condition in national-level rowers. According to the authors, these signs of HA
could potentially improve short-duration (4-min) rowing time-trial performance in the T
condition while minimizing additional mechanical stress to the athletes.

In partial contrast, MIKKELSEN et al. (2019) have shown that sub-elite cyclists
submitted to long-term HA training (28 + 2 sessions lasting 1 h at 60% of VOzmax at 40
°C for 5 weeks and a half) have some classical HA adaptations, e.g., reduced steady-state
HR and improved submaximal exercise endurance in the heat, but no additional effects
on mean power output and time trial performance in a cool condition (14 °C), when
compared with the control group. Our findings in running mice also show that the effects
of ET/H on metabolism and performance are not superior to those of ET/T. However, any
strategy that elicits similar improvements of ET/T in physiology and performance with
lower mechanical stress may be advantageous as part of a training program. For example,
mdx mice, an animal model for Duchenne Muscular Dystrophy that lacks dystrophin
protein and produces a mechanically fragile sarcolemma, submitted to a single 30-min
treadmill exercise session at ‘moderate to high’ intensity (i.e., 12 m.min) had increased
markers of muscle damage such as serum CK level, oxidative stress and myofiber
necrosis (Radley-Crabb et al., 2012). However, mdx mice subjected to ET for 6 months
(30 min three times a week) at low to moderate intensity (i.e., 8 m.min) improved tetanic
and specific force (Zelikovich et al., 2019). Considering these studies and our findings, it

is tempting to speculate that HA training could maximize metabolic and physiological



527

528

529

530

531

532

117

strain at a lower level of mechanical stress in mdx mice, improving the adaptive response
to ET with reduced muscle injury. This concept could also be applied to obese mice whose
myofiber membranes are more susceptible to mechanical damage in normal cage activity
or strenuous eccentric exercise (Knoblauch et al., 2013) and exhibit impaired running
performance in ILT (Petrosino et al., 2016). Further experiments are needed to confirm

the potential benefits of HA training in such conditions.
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5. CONCLUSION
In summary, ET/H required a lower absolute intensity than ET/T to promote similar
improvements in metabolism, aerobic power, and running performance, representing an
effective alternative to reduce mechanical stress (load). Our findings open perspectives
for applying HA training as part of a training program or orthopedic and metabolic

rehabilitation programs in injured or obese animals.
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LEGENDS
Fig. 1: Schematic representation of the experimental procedures to which mice from SED
and ET were submitted. Seven days post-implantation of the telemetry transmitter,
animals were familiarized with running on a treadmill for five consecutive days. Three
days later, the first incremental load test (ILT) was performed in a ‘crossover design’ (i.e.,
animals from experiments 1 and 3 performed the test in a temperate environment (T; 22
°C) and, two days later, in a hot environment (H; 32 °C); animals from experiments 2 and
4 performed the tests in the opposite Ta order). Two days later, two blocks of 4-week
endurance training (ET) were performed. The second (middle) and third (last) ILTs were
performed at the beginning of weeks 5 and 9, respectively. Animals performed the last
three ET (or SED) sessions and were euthanized after two days. ET, Endurance training.

ILT, incremental load test.

Fig. 2: Acute effect of hot (H) environment on maximal abdominal body temperature
(ABTmax; A), maximum speed (B), and external work (C) during the incremental load test
(ILT) compared with temperate (T) environment in the pre-ET period. ¢, P <0.05 vs. T;

0, P <0.05 vs. same environment (n = 13-14/group).

Fig. 3: Acute effect of hot (H) environment on oxygen consumption (VOz; A), peak
oxygen uptake (VOzpeak; B), pre- and post-incremental load test (ILT) (C) and post-minus
pre-ILT values (D) of blood glucose and pre- and post-ILT (E) and post- minus pre-ILT
values (F) of blood lactate compared with the temperate (T) environment in the pre-ET

period. A P <0.05 vs. same-group during pre-ILT (n = 13-14/group).
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Fig. 4: Effect of endurance training (ET) on the treadmill for eight weeks in temperate
(T) and hot (H) environments on food intake (A) and body mass gain (B). Food intake
was analyzed one week prior to ET (week -1) and during the whole period (8 wk). Daily
body mass gain is shown as mean values of the first four weeks (0 — 4 wk), the last four
weeks (4 — 8 wk) and the whole period (0 — 8 wk). u P <0.05 SED/T vs. same group pre-
ET; TP <0.05 ET/H vs. SED/T same time-point; A P <0.05 ET/H vs. SED/H same time-
point; u P < 0.05 SED/T vs. same group -1 week; = P < 0.05 SED/H vs. same group -1
week. SED/T, sedentary in T. ET/T, endurance-trained in T. SED/H, sedentary in H.
ET/H, endurance-trained in H. 4 wk and 8 wk represent four and eight weeks of the

experimental protocol, respectively (n = 13-14/group).

Fig. 5: Effect of endurance training (ET) on the treadmill for eight weeks in temperate
(T) and hot (H) environments on maximal abdominal body temperature (ABTmax; A),
maximum speed (B), and external work (C) evaluated during the incremental load test
(ILT) in T environment. Data are expressed as % change of SED/T in pre-ET period (0
week). *, P <0.05 vs. same group - pre-ET; @, P < 0.05 vs. SED/T same time-point; f3,
P <0.05 vs. SED/H same time-point; y, P = 005 — 0.09 vs. SED/T same time-point; y, P
= 0.05 — 0.09 vs. SED/H same time-point. SED/T, sedentary in T. ET/T, endurance-
trained in T. SED/H, sedentary in H. ET/H, endurance-trained in H. 4 wk and 8 wk
represent four and eight weeks of the experimental protocol, respectively (n = 13-

14/group).

Fig. 6: Effect of endurance training (ET) on the treadmill for eight weeks in temperate
(T) and hot (H) environments on maximal abdominal body temperature (ABTmax; A),

maximum speed (B), and external work (C) evaluated during the incremental load test



769

770

771

772

773

774

775

776

s

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

129

(ILT) in H environment. Data are expressed as % change of SED/T in pre-ET period (0
week). *, P <0.05 vs. same group - pre-ET; y, P =0.05 - 0.09 vs. SED/T same time-point;
K, P < 0.05 vs. SED/T — 4 wk. SED/T, sedentary in T. ET/T, endurance-trained in T.
SED/H, sedentary in H. ET/H, endurance-trained in H. 4 wk and 8 wk represent four and

eight weeks of the experimental protocol, respectively (n = 13-14/group).

Fig. 7: Effect of endurance training (ET) on the treadmill for eight weeks in temperate
(T) and hot (H) environments on peak oxygen uptake (VOgzpeak; A), the pre- and post-
incremental load test (ILT) and post- minus pre-ILT values [delta (A) values] of blood
glucose (B and D) and lactate (C and E) in T environment. Data are reported as mean +
SEM. * P <0.05 vs. same group - pre-ET; p P < 0.05 vs. SED/H same time-point; & P =
0.05 - 0.09 vs. same group - pre-ET; ¢, P =0.05—0.09 vs. ET/T same time-point. SED/T,
sedentary in T. ET/T, endurance-trained in T. SED/H, sedentary in H. ET/H, endurance-
trained in H. 4 wk and 8 wk represent four and eight weeks of the experimental protocol,

respectively (n = 13-14/group).

Fig. 8: Effect of endurance training (ET) on the treadmill for eight weeks in temperate
(T) and hot (H) environments on peak oxygen uptake (VOzpeak; A), the pre- and post-
incremental load test (ILT) and post- minus pre-ILT values [delta (A) values] of blood
glucose (B and D) and lactate (C and E) in H environment of animals submitted to running
training for eight weeks. Data are reported as mean £ SEM. * P < 0.05 vs. same group -
pre-ET; & P = 0.05 - 0.09 vs. same group - pre-ET. SED/T, sedentary in T. ET/T,
endurance-trained in T. SED/H, sedentary in H. ET/H, endurance-trained in H. 4 wk and
8 wk represent four and eight weeks of the experimental protocol, respectively (n = 13-

14/group).
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Fig. 9: Effect of endurance training (ET) on the treadmill for eight weeks in temperate
(T) and hot (H) environments on the glycogen content of liver (A) and gastrocnemius
muscle (B). @, P < 0.05 vs. SED/T same time-point. SED/T, sedentary in T. ET/T,
endurance-trained in T. SED/H, sedentary in H. ET/H, endurance-trained in H (n = 10-

11/group).

Table 1: Effect of endurance training (ET) on the treadmill for eight weeks in temperate
(T) and hot (H) environments on visceral organs, muscles, and adipose tissue masses.

Values are mean + SEM. TA, tibialis anterior; EDL, extensor digitorum longus; TS,
triceps surae; EPI, epididymal;, RETRO, retroperitoneal; SUB, subcutaneous; MES,
mesenteric; BAT, interscapular brown adipose tissue. @ P < 0.05 vs. SED/T; y. P =0.05
-0.09 vs. SED/T; >.. P <0.05 vs. ET/T. SED/T, sedentary in T. ET/T, endurance-trained
in T. SED/H, sedentary in H. ET/H, endurance-trained in H. 4 wk and 8 wk represent

four and eight weeks of the experimental protocol, respectively (n = 13-14/group).
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ERelative tizsue masz to body mass (g'g)

SEIVT ETT SED/H ETH
Heart 382401 4.07+0.08 3177401 3.87x0.1
Liver 4845051 489740938 4532+ 1.59 43.64=1.55
Adrenal 0.06+0.0 0082007 0.060.0 0.0710.00
Skeletal muscle tiszne,
TA 1.43+0.02 1.53+0.04 1.53+0.04 1514004
EDL 0300 0.330.01° 0.3320.01% 0.31+0.01
TS 316009 3.45£01 3.36=0.097 33240.15
Snlenz 214001 0.2620.01" 0.24+0.01 023001
Caziroeneming 4 48+0.06 4.724+0.03 4 B7£0.1" 4.75+0.087
Plantar 0.46£0.02 0.49+0.02 0.5£0.03 0.48+0.02
Adipose tizaue
EFPI 15.8+1.7 11.81+1.86 1555+£2.25 153+1.52
RETRO 3964039 28104 3044029 2984031
3UB 11.37+0.71 B.6+£0.63 11.65£1.37 9232041
MES 311075 4.49+0.76 T.76£1.57 6.01+0.93
BAT 3424029 3354023 3.16+0.18 3.02+0.15
Adiposity, mdex (%) = 2467237 1B.39+£1.95 24 39+2.85 22.31=2.41
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ABSTRACT

Although heat stress acutely worsens endurance (aerobic) performance, it has emerged as
a potential therapy to modulate muscle metabolism-inducing aerobic phenotype.
However, the effects of endurance training (ET) in this condition for long periods (> 4
weeks) on skeletal muscle phenotype and metabolism remain unclear. Therefore, we
investigate the role of 8-week ET in the hot environment (H) in the fiber type shift and
identify the intracellular mediators. Adult, male Swiss mice (40g) were divided into 1)
Sedentary (SED) mice kept in the temperate environment (T; 22 °C) (SED/T), 2) mice
trained on the treadmill (ET; 1h/day, 5 days/week, 8weeks, 60% of maximum speed) in
T (ET/T), 3) SED kept in H (32 °C) (SED/H); and 4) ET in H (ET/H). In the pre-training
period, H impaired performance by reducing (~30%) time to fatigue (TTF). After 8
weeks, although ET/H exercised at a lower (30%) absolute intensity than ET/T, TTF, and
running distance were similarly increased (~22%) in both ET groups compared with
SED/T. The SDH activity increased ~9% in both ET groups compared with SED/T. The
SED/H group increased (~15%) the cross-sectional area of oxidative fibers with no
additional effects of ET. Although the western blot analyses did not indicate change in
protein content of slow and fast myosin heavy chain, immunofluorescence staining
indicated that % of type 2A fibers was higher (~30%) in both ET groups than in SED/T.
ET/H reduced the content of FoxO1 (~30%) compared with SED/T, however, the content
and activity of other intracellular regulators of oxidative muscle phenotype (i.e.,
mitochondrial oxidative phosphorylation complexes, TOM20, AMPK-p38/PGCla and
TFEB) were not altered. Results from the present study indicate that ET in H requires a
lower absolute intensity to induce a similar fast-to-slow fiber type shift of T by increasing

the proportion of type 2A fibers, and the SDH activity in mice’s skeletal muscle.
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1. INTRODUCTION

Despite muscle contraction being utilized for work production, a significant proportion
(75 —95%) is internally released as heat, leading to an elevation in core temperature (T¢)
(EDWARDS et al., 1973; GLADDEN; WELCH, 1978; WASSERMAN; VAN KESSEL,
BURTON, 1967). This rise in T¢ not only triggers heat dissipation mechanisms but can
also be exacerbated by climatic conditions. Extensive evidence from studies (ELY et al.,
2007; GUY et al., 2015; MACALUSO et al., 2011; MAIA-LIMA et al., 2017) indicates
that brief exposure to a hot environment (H, > 25 °C) has an ergolytic impact on endurance
performance. Wanner et al. (2014) further illustrated that mice running at 34 °C
experienced markedly decreased maximum speed and time to fatigue (TFF) compared to
those at temperate (T; 24 °C) environment. While the longstanding understanding
suggests that repeated exposures over 10 — 15 days ablating the negative acute H effects
[i.e., heat acclimation (HA) (PERIARD et al., 2016; SAWKA, MICHAEL N. et al.,
2011)], recent research has highlighted that endurance HA-training in H can yield similar
metabolic and running performance adaptations, despite a lower absolute training
intensity compared to endurance training (ET) in T (Zanetti et al., 2024). However, the

physiological mechanisms driving these effects remain insufficiently elucidated.

Kodesh and Horowitz (2010) demonstrated that one month of HA at 34 °C for four weeks
enhances force generation and leads to an up-regulation of genes related to lipid
metabolism in the rats’ soleus muscles. While this adaptation could potentially contribute
to improved endurance performance, the study did not evaluate these aspects. In contrast,
in our recent work (Zanetti et al., 2024) we conducted the first assessment of the effects
of eight weeks of HA-training on endurance performance in mice. For this, mice ET in
both H (32 °C) and T (22°C) environments at the same relative intensity (i.e., 60% of

maximum speed) as the test conducted in the respective environment. Despite H reduced
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endurance performance and the ET intensity in H, we observed similar increases in
maximum speed and peak oxygen consumption (VOzpeak) compared to ET in T.
Moreover, ET in H exhibited a comparable improvement to T in aerobic power and
endurance performance during an incremental load test (ILT) in T. The inclusion of heat
stress in training may, therefore, result in an ergolytic effect which reduced mechanical
load cost compared to ET in T conditions. However, our understanding of the molecular

aspects involved in HA-mediated adaptations remains limited.

Several lines of evidence indicate that local heat exposure promotes effects similar to
those classically associated with ET in skeletal muscle. Hafen et al. (2018) reported that
heat stress, leading to a 3.9 °C increase in skeletal muscle temperature, enhances
phosphorylation of AMP-activated protein kinase (AMPK) and an increase in skeletal
muscle mitochondrial function. Traditionally, an increase in the ADP/ATP ratio and Ca?
levels, indicating an energy deficit, enhances AMPK phosphorylation (pThrl’*-AMPK)
and activates members of the CAMKII family. This cascade leads to the activation of
PGC-1la and the nuclear translocation of TFEB, resulting in elevated expression of
mitochondrial electron transport protein complexes (OxPhos) I to V and enhanced
mitochondrial oxidative capacity. In accordance, the large-scale evaluation of muscular
MRNA in response to local heat stress identified a significant increase in the expression
of OxPhos I11 [ubiquinol-cytochrome ¢ reductase binding protein (UQCRB)](Goto et al.,
2011). This finding suggests that the organism responds to heat stress by activating
metabolic pathways involved in cellular energy production by stimulating ATP
resynthesis through oxidative pathway, although the mechanism leading to this outcome
remains poorly elucidated. Given that, according to Zwaard et al. (2016), succinate
dehydrogenase (SDH, i.e., Oxphos Il) activity (indicative of oxidative capacity) is

proportional to VOzmax in humans, the regulation of oxidative pathways by exposure to
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heat stress could justify the ergolytic effect in VOzpeak Observed in our previous study
(Zanetti et al., 2024). However, there is a gap in the literature regarding the molecular

mechanisms underlying this relationship.

The availability of energy substrates through energy metabolism and their delivery via
the vascular system during ET bouts represent additional factors regulating endurance
performance. pThr174-AMPK is also responsible to phosphorylates a transcription factor
Forkhead Box O3 (FoxO3) at serine residues (Ser*'), enhancing its transcriptional role
and activating pathways of energy substrate degradation. Indeed, Slopack et al. (2014)
observed that a single session of physical exercise increased mMRNA levels of the FoxO1
and FoxO3 isoforms. However, ET attenuated this exercise-induced FoxO1 response.
Furthermore, transgenic knockout (KO) animals for FoxO1 in vascular endothelial tissue
exhibited an early angiogenic response. Underscoring the critical role of FoxO repression
in ET-induced angiogenesis. Therefore, FoxO not only acts in the provision of substrates,
especially in long-duration exercises but also in adaptations resulting from physical
exercise. Similarly to ET, Ihsan et al. (2020) demonstrated that whole-body heat treatment
(44 - 55 °C, 50% humidity, 60 min) up-regulated mitochondrial biogenesis and FoxO1
and FoxO3 phosphorylation (i.e., reduction in transcriptional activity). This indicates that
multiple mechanisms may be involved in regulating the improved oxidative function
following heat exposure, but the studies did not investigate the effects of long-term HA

training on molecular pathways which regulates oxidative metabolism.

Given the role of heat and ET on muscle oxidative capacity, identifying mechanisms
underlying musculoskeletal-specific adaptations to training under heat stress is an
attractive target and worthy of investigation for the development of athletes’ rehabilitation
programs and novel training strategy development. Thus, the purpose of the present work

was to investigate the role of nine-week ET in H in the in vivo skeletal muscle adaptation
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and identify the intracellular mediators of these processes. We report that ET in H reduces
absolute training intensity compared to ET in T, but it induces similar increases in the
proportion of skeletal muscle 2A fiber type, enzyme succinate dehydrogenase (SDH)

activity, cross-section area (CSA), and FoxO1 downregulation.
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2. METHODS

2.1. Animals

Swiss mice (8-week-old male mice, ~40g) were housed in the vivarium of the Exercise
Physiology Laboratory (LAFISE) in collective cages under controlled light conditions
(7:00 a.m. to 7:00 p.m.) and a temperature (Ta) of 24.0 £ 2.0 °C, with access to water and
chow ad libitum. All experiments were conducted in accordance with protocols approved
by the Ethics Commission on Animal Use of the Universidade Federal de Minas Gerais

(CEUA; 220/2019).

A sample size of 53 animals (n = 13-14/group) was determined using G*Power software,
version 3.1.9.4 (Erdfelder et al., 2009), and four experiments (n = 3-4/group/experiment)
were performed to achieve this number of sample size. Due to the consistency and clarity
of the results obtained with a representative sample, not all animals from the sample size
were used in the molecular biology and histological analyses. Mice were counterbalanced
based on running performance immediately after the first incremental load test (ILT),
with the following groups: 1) Sedentary mice (SED) kept on a treadmill turned off in the
temperate environment (T; 22 °C; SED/T) during the same time as the endurance training
(ET), 2) ET mice on the treadmill in T (ET/T), 3) SED mice kept on a treadmill turned
off in the hot environment (H; 32 °C; SED/H) during the same time as the ET groups, and
4) ET mice in H (ET/H). 48-hours after the nineth ET week, animals were euthanized
using a guillotine. Tissue and blood collection were quickly performed and storage in a -
80 °C freezer. All experiments procedures were performed between 7 a.m. and 1 p.m. to

minimize chronobiological influences.

2.2 Experiment design
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Fig. 1 illustrates a schematic representation of the protocols to which the mice were

subjected.

2.3 Ta control

To monitor temperature changes, a thermocouple (YSI-400A, Yellow Springs
Instruments, Yellow Springs, OH) was situated inside an acrylic chamber housing the
treadmill. Positioned on the ceiling midway between the fan and the electrical grid. The
temperature detectors were connected to a data logging device (data logger, model Al-
24, Dianachart, Rockaway, NJ, USA). To regulate the temperature within the acrylic
chamber encompassing the treadmill, an electric heater (Britdnia model AB 1100,
Curitiba, Brazil) was positioned approximately 40-45 cm from the front of the treadmill
and operated at 1,200 W, as per the method described by WANNER et al. (2014).
Additionally, room air conditioning was employed, set at 22 °C (T test) and 32 °C (H test).
The H ILT setup was previously verified to induce additional environmental heat stress,
resulting in a significant increase in core body temperature (Tcore) by ~1.3 °C when

compared to tests conducted in temperate conditions (Zanetti et al., 2024).

2.4 Treadmill running familiarization protocol

Modified from Wanner et al. (2014), the familiarization protocol consisted of running on
a treadmill over five consecutive days. During the initial four days, the protocol
comprised three stages: | - a three-min rest period with the treadmill turned off; 11 - mice
ran for five min, maintaining a speed of 5 m.min* on the first day and 6 m.min* by the
second to fourth day; Il — on the first and second day, mice ran an additional three min

at speeds of 6 and 8 m.min, respectively, and on the third and fourth day they ran an
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additional five min at 8 m.min. The treadmill slope was consistently set at 5°. On the
fifth day mice were acquainted with a lighter version of the ILT. As proposed by
Dougherty et al. (2016), the ILT completion criterion was determined when the animal
spent five continuous seconds in the designated fatigue zone (i.e., the rear of the treadmill,

ranging from approximately ‘one body length’ from the shock grid to, and including, the

shock grid).

Mice were encouraged to run by light electrical stimulation (0.4 mA) provided by a grid
at the rear end of the treadmill belt. Ta was controlled at 24 + 1 °C during the

familiarization protocol.

2.5 ILT protocol

To evaluate physical performance, mice familiarized with running underwent a 72-hour
rest period and were then subjected to the ILT, modified from Ayachi et al. (2016) as
adapted by Zanetti et al. (2024). The ILT tests were conducted in both T and H
environments in a cross-balanced manner, with a 48-hour interval between sessions. The
ILT session commenced at 10 m.min%, with velocity increasing by 3 m.min every 3
min, lasting until exhaustion (Ayachi et al., 2016; Mille-Hamard et al., 2012). Physical
performance parameters, such as maximum speed and time to fatigue (TTF), were
measured during ILT. Maximum speed achieved during the first and fourth ILT sessions
were utilized to prescribe the intensity of training sessions in the subsequent weeks. Mice
were encouraged to run through light electrical stimulation (0.5 mA) provided by a grid

located at the rear end of the treadmill belt.

2.6 ET protocol
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The mice commenced the ET protocol (Ferreira et al., 2007; Kodesh and Horowitz, 2010;
Wanner et al., 2014) 48 hours after the first block of ILT sessions. In summary, the nine-
week ET protocol involved treadmill running for 5 days per week, with a gradual increase
in both intensity and duration over the ET period. In summary, during the first week,
mice-initiated training by running on a treadmill at a speed equivalent to 50% of the
maximum speed with a 0° slope. The first and second sessions lasted for 25 and 35 min,
respectively. Starting from the second week, the duration of the sessions increased by 15
min per day until reaching a total of 60 min. After the fourth session, the intensity was
adjusted to 60% of the maximum speed. Consequently, from the third week until the
completion of the ET protocol, ET sessions were conducted at 60% of the maximum
speed, lasting 60 min, and with a 5° slope. Maximum speed was reassessed after the fourth
week of ET, and the relative intensity of the groups was adjusted accordingly to ensure

the appropriate ET load.

2.7 Histology and microscopy

Gastrocnemius muscles (GAS) designated for histology were positioned to an acrylic
surface and rapidly frozen in liquid nitrogen. Cryosections of the GAS were then prepared
using a Leica CM1850 UV cryostat (Leica Microsystems, Wetzlar, Germany).
Cryosections were stained for haematoxylin and eosin (H&E) and succinate
dehydrogenase (SDH). H&E staining was performed by successively transferring the
slides into staining jars with xylene, 100, 95, and 70% ethanol (for 3 min in each),
thoroughly rinsing in tap water, immersing in hematoxylin (which stained nuclei dark
blue) for 2 min, thoroughly rinsing in tap water to remove excess hematoxylin, dipping
in eosin (which stained myoplasm pink) for 1 min, washing thoroughly in tap water to

remove excess eosin, and successively transferring the slides into staining jars with 70,
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90, 95, and 100, and finally xylene (for 3 min in each). SDH staining was performed by
incubating sections for 30 min at 37 °C in a 0.2 M sodium phosphate buffer containing
0.2 M sodium succinate and 4.4 mM nitro-blue tetrazolium. Sites of high SDH activity
were colored blue (Drury, 1981). Subsequent examination of H&E and SDH staining was
performed using a fluorescence microscope (Olympus BX61VS; x20 magnification).
Skeletal muscle tissue integrity of more than 270 fibers stained with H&E per muscle was
evaluated. Cross-sectional area (CSA) and SDH activity were determined for over 270

fibers stained with SDH in each muscle.

CSA and fiber typing for the entire muscle were determined through indirect
immunofluorescence (IF) using a combination of monoclonal anti-myosin heavy chain
(MyHC) antibodies obtained from the Developmental Studies Hybridoma Bank (DSHB,
University of lowa)(Gongalves et al., 2019). The antibodies included BA-D5 (1/200 or
1gG2b) specific for MyHC1, SC-71 (1/150 for 1gG1) specific for MyHC2A, and BF-F3
(1/200 for IgM) specific for MyHC2B. Type 2X fibers were purposely not labeled with
antibodies and were identified as black in the analysis. The skeletal muscle cell membrane
was stained for dystrophin (Dys; Abcam, reference ab15277; 1:100 dilution). Single
images were merged to create a complete muscle reconstruction using Adobe Photoshop

CC2019 (Adobe Systems Inc.).

Histological analyses were performed utilizing ImageJ software (Fiji is Just) version 2.3.0
(National Institutes of Health, USA). All histological analyses were carried out by a single

observer (GOZ), who was blinded to the identity of the mice.

2.8 Western blotting analysis
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GAS was homogenized in RIPA buffer [50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 1% SDS, 10 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM sodium orthovanadate, 5 pg/ml
aprotinin, 1 mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 50 uM MG132].
The homogenate was centrifuged at 21,000 g at 4 °C, and the protein content in the
supernatant was determined using the Lowry method (Lowry et al., 1951) with bovine

serum albumin as a standard.

The supernatant was mixed with sample buffer [20% glycerol, 125 mM Tris-HCI, 4%
SDS, 100 mM dithiothreitol, 0.02% bromophenol blue, pH 6.8] and thermomixed at 70
°C for 10 min. Lysates (10-90 pg) were then subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (6-12%). After electrophoresis, proteins were
transferred to a nitrocellulose membrane and probed with primary antibodies [anti-
CAMKII (1:1000), anti-FoxO1 (1:1000), anti-FoxO3 (1:500), anti-MyHC fast (1:5000),
anti-MyHC slow (1:5000), anti-OxPhos (1:1000), anti-PGC-la (1:500), anti-p38
(1:1000), anti-pThr8-CAMKII (1:500), anti-pThr®/Tyr!82-p38 (1:1000), anti-pSer?®-
FoxO3 (1:500), anti-pSer**-Fox03 (1:500), anti-pThri’2-AMPK (1:1000), anti-pThr?*-
FoxO1/pThr32-Fox03 (1:500), anti-TFEB (1:500), and anti-TOM20 (1:500)]. Detection
of primary antibodies was done using peroxidase-conjugated secondary antibodies
(1:20000 for MyHC slow; 1:8000 for MyHC fast; 1:6000 for OxPhos, TOMZ20; 1:3000
for p-p38, TFEB; 1:2000 for P-CAMKII, CAMKII, p38; 1:1000 for pThr172-AMPK,
PGC-1la, pThr24-FoxO1/pThr32-Fox03, pSerd13-FoxO3, pSer294-Fox0O3, Fox03,
FoxO1), and visualization was carried out using enhanced chemiluminescence reagents
on a ChemiDoc XRS+ System (Bio-Rad). Band intensities were quantified using ImageJ

software (Fiji is Just) version 2.3.0 (National Institutes of Health, USA).
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2.9 Statistics

All individual physical performance data were normalized by the mean value of the
SED/T group in the pre-ET period. Therefore, the data are presented as a mean = SEM.
Normality of data distribution was assessed using the Shapiro-Wilk normality test. For
the comparison of means between two groups (T vs. H environments in the pre-ET
period), paired Student's t-test was employed. For analyses involving four groups (SED/T,
ET/T, SED/H, and ET/H) at the same time point (histology and western blotting analysis)
were conducted using one-way analysis of variance (ANOVA one-way) followed by
posthoc Tukey’s test. For analyses involving four groups at different time points (ILT
variables) were conducted using two-way ANOVA with repeated measures (ANOVA
two-way RM) followed by posthoc Tukey’s test. A significance level of o= 0.05 was set
for all analyses. Graphs and statistical analyses were performed using GraphPad Prism

version 8.0.1.
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3. RESULTS

3.1 ET/H induce similar metabolic and running performance adaptations despite a

lower absolute intensity than ET/T

Firstly, ILT was performed in all mice in both T and H conditions to determine endurance
performance and counterbalance experimental groups. As expected, the H environment
caused a reduction in the endurance-related parameters TTF (38%) and running distance
(35%) when compared with the T environment (Fig. 2A and B). We have previously
shown that the H environment also reduced maximum speed and external work in ILT
(Zanetti et al., 2024). For this reason, the absolute running speed (m.min) corresponding
at 60% of maximum speed in the ET/H group during ET period was 20 and 40% lower
than in the ET/T group at first (pre-ET — 4 wk) and least (4 — 8 wk) four weeks,

respectively (Zanetti et al., 2024).

In the T environment, pre-ET values of TTF (~27 min) and running distance (~630 m)
obtained in ILT were similar among groups (Fig. 2C and D). Fig. 2C and D show that
both ET groups increased by ~18% TTF and running distance after four and eight weeks
compared with their pre-ET period and with their respective SED groups (i.e., ET/T
versus SED/T and ET/H versus SED/H). In the H environment, pre-ET values of TTF
(~21 min) and running distance (385 m) were also similar among groups (Fig. 2E and F).
At week four, only ET/T significantly increased TTF and running distance (~20%)
compared with its pre-ET period (Fig. 2E and F). After eight weeks, ET/T and ET/H
groups increased (~20%) TTF and running distance compared with their pre-ET period.
Taken together, these findings show that acute exposure to H reduces endurance
performance, but ET/H improves performance in ILT similar to ET/T in any Ta, even

exercising at a lower absolute intensity than ET/T.
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3.2 ET/H at the same relative intensity as ET/T improves the expected muscle injury-

recovery phenotype after a two-day recovery period

Similar to physical exercise inducing a skeletal muscle process of injury-recovery, heat
stress causes damage and dysfunction through physiological strain that may evolve into
exertional heat illness. We conducted a quantitative-qualitative histological examination
of H&E-stained transverse GAS muscle sections was performed to investigate
morphological characteristics of the degeneration-regeneration process and myopathies
such as small flattened or irregularly shaped atrophic fibers, target fibers, centrally
nucleated fibers (CNFs), and necrotic fibers (Fig. 3A). Quantitative analysis of the
proportion of CNFs revealed a significant increase of 106% in the ratio between cells
with centralized nuclei and intact ones only in ET/T, following two days of rest (Fig. 3B).
Qualitative analysis supported these findings and indicated sites with a high occurrence
of cells with centralized nuclei only in ET/T, while no other irregularities were discerned
(Fig. 3A). These results indicate that even after two days of rest, ET/T exhibited a
musculoskeletal injury-recovery process, but ET/H at the same relative intensity did not

show structural degeneration.

3.3 ET/H induces a shift toward fast oxidative glycolytic fiber similar to ET/T but in

a lowered absolute intensity

The expression of slow and fast MyHC isoforms was analyzed by western blot in the
GAS muscles after nine weeks of ET and there was no difference among groups (Fig. 4A
and B). Because the fast MyHC subtypes in limb muscles may be divided into one fast
oxidative glycolytic fiber (MyHC 2A) and two fast glycolytic fibers (MyHC 2X and 2B)

(Schiaffino and Reggiani, 2011), co-immunostaining for these MyHC isoforms was
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performed in whole muscle cryosection (Fig. 4C). Both ET/T (~30%) and ET/H (~30%,
P =0.072) groups presented a higher proportion of MyHC 2A fibers compared with the
SED/T group (Fig. 4D). The proportion of MyHC 2X and 2B fibers did not change in any
group (Fig. 4D). SED/H showed a tendency for higher values (16%, P = 0.087) of the
CSA of individual muscle fibers compared with the SED/T group (Fig. 4E). Altogether,
these results indicate that ET/H induces a shift toward fast oxidative glycolytic fiber

similar to ET/T, i.e., ET promotes a fiber-type transition in a Ta-independent manner.

3.4 ET/H increases mitochondrial activity without affecting mitochondrial density

similar to ET/T but in a lowered absolute intensity

Next, we further characterized fiber type identity by estimating mitochondria activity in
cryosections stained for SDH activity (Fig. 5A). The average SDH activity of all fibers
was increased by ~9% in both ET/T and ET/H, with no significant change in the oxidative
mitochondrial rich (dark fibers) and the glycolytic mitochondrial poor (pale fibers) fibers
(Fig. 5B). The proportion of oxidative and glycolytic fibers was unaffected by any
condition (Fig. 5C). Interestingly, the analysis of CSA in oxidative and glycolytic fibers
by SDH staining confirmed the results obtained in immunostaining for MyHC isoforms,
i.e., oxidative fibers from SED/H had higher (~15%) diameter than SED/T (Fig. 5D). In
contrast to SDH activity, the content of OxPhos, including complex Il (SDH), was
unaltered in any condition (Fig. 6A - F). Neither ET nor the H environment changed the
mitochondrial content marker TOM20 (Fig. 6A and G). Thus, our data suggest that both
ET/H and ET/T increased muscle mitochondrial activity, estimated by SDH staining in
cryosections. However, these effects were not associated with a parallel up-regulation of

mitochondrial OxPhos and mitochondria content.
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3.5 ET/H regulates the intracellular signaling pathway involved in the oxidative

muscle phenotype

Several studies have shown that AMPK, p38, and CAMKII proteins are involved in the
determination of muscle fiber type phenotypes (Akimoto et al., 2005; Bergeron et al.,
2001; Raney and Turcotte, 2008). However, neither ET nor the H changes the pThr!’2-
AMPK, pThr?®-CAMKII, CAMKII, pThri®/Tyrl®.p38, and p38 content among the
experimental groups (Fig. 7A —F). In addition, these kinases are three important signaling
cascades linked to PGC-1a (Combes et al., 2015), which is one of the factors regulating
the muscle fiber-type determination (Lin et al., 2002). However, no significant change in
the PGC-1a levels was detected after nine weeks of ET (Fig. B). Regardless of PGC-1a,
TFEB regulates mitochondrial biogenesis and function in the skeletal muscle (Grumati et
al., 2010; Mansueto et al., 2017) and could explain the improvement in oxidative

metabolism, however, protein its content also did not change in any condition (Fig. 8C).

In addition to these proteins, FoxOl1 and FoxO3 are key factors of muscle energy
homeostasis through the control of mitochondrial metabolism. Fig. 81 shown that total
FoxO1 content decreases (~32%) only for ET/H compared with SED/T, but
phosphorylated (at Thr?%), as well as total and phosphorylated (at Thr3?, Ser*3, Ser?®)
content of FoxO3 did not present significant alterations among the experimental groups
(Fig. 8A, D - H). These findings indicate that nine weeks of ET/H promotes chronic
FoxO1 downregulation, but did not change the baseline levels of others proteins involved

in oxidative muscle phenotype.
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4. DISCUSSION

This study investigated the effect of prolonged HA training for nine weeks on skeletal
muscles fiber type, muscle metabolism, and intracellular pathways adaptations in mice,
I.e., the cellular mechanism that underlining Ta as a ET intensity compensator. Our main
findings show that mice trained in either T and H environments had similar fast-to-slow
fiber type shift which exerts a crucial role in the regulation of tissue adaptation and
promotes endurance performance, whereas the lower absolute intensity (i.e., maximum

speed) and activation of alternative pathways in H environment.

The effects of acute heat stress on endurance have been extensively revised by literature.
Arngrisson et al. (ARNGRIMSSON et al., 2002) measured VOzpeak during submaximal
exercise (walking for 20-min at ~33%VOzmax) in 25, 35, 40 and 45 °C and consumption
was inversely proportional to test temperature. The analysis of the mean of the top ten
performances in marathon events (i.e., 42km) from seven consecutive International
Association of Athletics Federations (IAAF) World Championships (1999-2011)
revealed a significant impairment of endurance performance in hot environment (>25 °C)
for both males and females (GUY et al., 2015). In accordance, we found that a single
session of exercise (i.e., pre-training ILT) in H caused a marked increase in T¢ and
decrease in endurance performance (i.e., TTF and running distance) in non-HA mice.
Literature suggests that heat stress alone impairs endurance performance when
hyperthermia active a dissipation counter balance mechanism which shift brain and
skeletal muscle blood flow to the skin (Nybo et al., 2014; Périard et al., 2011; Rowell,
1974). Consequently, endurance athletes in the heat perform at a lower work rate than in
temperate environments (Ely et al., 2007; Racinais et al., 2015). These observations
shown that acute heat exposure decline endurance performance by enhanced Tc and acute

increase in physiological strain.
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In our previous paper (Zanetti et al., 2024), we observed that mice aerobically trained in
either T and H environments had similar increases in aerobic power and improvements in
endurance performance, whereas the absolute intensity (i.e., running speed) was lower in
H environment. In accordance, in this study animals exercising in H had lower endurance
performance (i.e., lower TTF and running distance) and absolute training intensity
compared with those who trained in T, however, both ET groups had similar
improvements in endurance performance. As aforementioned, ET bouts in heat provides
a unique and progressively exacerbated challenge to the cardiovascular system compared
to that of temperate conditions (Périard et al., 2013). Increased physiological demand,
may act as exercise load component (i.e., volume, intensity, and bout), which
compensated the reduced absolute exercise intensity prescribed for ET/H group.
Accordingly, although additional environment heat stress acutely impairs the optimal
endurance performance, chronically it may provide an alternative pathway to reach

equivalent physiological strain without having high levels of mechanical workload.

The present study shows that the ET in both T and H has a shift fiber type outcome on
cellular skeletal muscle. For instance, our study is the first to report that ET in T and H
environment similarly enhances skeletal muscle oxidative metabolism by inducing a fast-
to-slow fiber type shift (increase in % 2A fibers), and increasing SDH activity, and 1h/day
heat exposure increase oxidative CSA. The distribution of cardiac myosin isoenzymes
was studied in rats during HA (34 °C, 2-month), and it was demonstrated a fast-to-slow
myosin phenotype shift in conjunction with decreased thyroxin levels (Horowitz et al.,
1986). In accordance, O’Neill et al. (O’Neill et al., 2006) suggested that fast-to-slow
phenotypic remodeling appear to be a critical process to induce chronic changes in
constitutive expression of Hsp70 — a constitutively expressed protein which are

upregulated in response to protein-damaging stress. Furthermore, In vitro experiments
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indicated that repeated hyperthermia may lead to increase in mitochondrial activity, slow
MHC content (Patton et al., 2018), and slow fiber-type shift attributed to activation of
PGC-1a (Yamaguchi et al., 2010). Heretofore, changes of MHC following long-term ET
under additional environment heat stress in vivo have not been reported, however,
increased skeletal muscle oxidative capacity may act as an important HA adaptive

mechanism.

Several signaling pathways regulate skeletal muscle fiber type shift. Although Lin et
al.(Lin et al., 2002) showed that overexpression of PGC-1a induced fast-to-slow fiber-
type transition in mice fast muscle (i.e., plantaris) in mice, Mansueto et al. (Mansueto et
al., 2017) reported that transcription factor EB (TFEB) regulates mitochondrial
biogenesis independently of PGCla. However, in our study ET in both environments
does not increase the content of TFEB and PGC-1a. Besides AMPK, CAMKII, and
mitogen-activated protein kinases (MAPK) p38 pathways have been implicated in the
regulation of PGC-1a expression and activity (Finck and Kelly, 2006), other investigators
suggested that the MAPK pathway played an important role in the maintenance of fast-
twitch fiber phenotype. Ras-ERK pathway was required for reestablishment of the slow
fiber (Murgia et al., 2000). p38 MAPK has been reported to control MHC2X promoter
activity in myotubes (Meissner et al., 2007). AMPK activation during ET, is associated
with increases in PGC-1a expression (Baar, 2004). However, we did not observe changes
in protein levels 48h after the last exercise session of ET. It is worth to mention that the
present study investigated the effects of 8-week training on baseline protein levels, and
rest period may have hidden a transient pathway from a more lasting response. So far, the
role of fiber type shift and increased mitochondrial activity by kinases signaling remains

unclear.
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Although regulators of protein breakdown, FoxO1 and FoxO3 are key factors of muscle
energy homeostasis through the mitochondrial metabolism. Yuan etal. (Yuanetal., 2011)
demonstrated that FoxO1 induces slow to fast-twitch fiber transition, and down-regulates
muscle oxidative capacity by inhibiting the calcineurin pathway and blocked resveratrol-
induced mRNA abundance of myoglobin and gene Tnl slow, i.e., oxidative fiber markers.
In contrast, we observed that the fast-to-slow fiber type shift were accompanied by a
reduction in FoxO1 levels only in ET/H. Furthermore, Slopack et al. (Slopack et al., 2014)
reported that ET down-regulated the acute exercise-induced increase in endothelial
FoxO1 and FoxO3a, and reduction in FoxO1 results in an earlier angiogenic response.
The increase in muscle capillarization is an adaptation that contributes to the increased
VOzpeak, and may optimize delivery and extraction of oxygen to the working tissues
(Bassett and Howley, 2000; Saltin, 1998) which may increase endurance. Hesketh et al.,
(Hesketh et al., 2019) related that passive heat therapy in sedentary humans increased
skeletal muscle capillarization, and in accordance with our previous study (Zanetti et al.,
2024) increased endurance in temperate conditions. Since our western blot analysis was
performed with whole muscle homogenate, including vessels, it remains unclear if this is
a vessel-specific adaptation or muscle also contribute to these reduced protein level.
Concerning FoxO3, its directly accumulated into mitochondria under low-glucose
condition (in an AMPK-dependent manner) increasing mitochondrial respiration by
binding to mitochondrial DNA (Peserico et al., 2013). However, 8-week ET did not
change the content of phosphorylated FoxO3 [at Ser*'® (by AMPK), Ser?®* (by MAPK
ERK1/2), and Thr3? (by Akt)] and its regulators [i.e., AMPK, Protein kinase B (Akt), and
MAPK ERK1/2; data not shown] (Wang et al., 2017). Thus, we hypothesized that training
in heat decrease FoxO1 content and improve endurance by an alternative pathway than

ET in temperate.



506

507

508

509

510

511

512

513

514

166

5. CONCLUSION

Fast-to-slow fiber-type transition is a critical factor that plays an important role in skeletal
muscle to ET. In summary, the Ta-induced dissociation between relative and absolute
exercise intensity allow to train at lower absolute mechanical load, and by alternatives
pathways, i.e., selective increase in oxidative fibers CSA and decreased in FoxO1 content,
achieve the same adaptions. Here, we propose Ta as a novel ET prescription variable
which may assist individuals who are unable to undertake their usual mechanical loading

and aid both sporting and clinical evidence-based heat therapy.
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LEGENDS

Fig. 1: Schematic representation of the experimental procedures that animals were
submitted. €=>», Crossover; ET, Endurance training; FAM, familiarization protocol; H
ILT, Incremental load test in hot environment; TC, Tissue collection; T ILT, Incremental

load test in temperate environment.

Fig. 2: Effect of incremental load test on time to fatigue (TTF) and running distance (B)
in pre-endurance training (ET) period (A and B, respectively) and during nine week ET
on treadmill in temperate (C and D, respectively) and hot (E and F, respectively)
environment. ¢, P <0,05 vs. T; *, P < 0,05 vs. same group - pre-training; @, P < 0,05 vs.
SED/T same time-point; B, P < 0,05 vs. SED/H same time-point; y, P = 0,05 - 0,09 vs.
SED/T same time-point. SED/T, sedentary in T environment. ET/T, trained in T
environment. SED/H, sedentary in H environment. ET/H, trained in H environment. 4wk
and 8wk represent 4 and 8 weeks of experimental protocol, respectively (n = 13-

14/group).

Fig. 3: Effect of endurance training (ET) on treadmill for nine weeks in temperate (T)
and hot (H) environment on skeletal muscle integrity aspects (A) and centrally nucleated
fibers (CNFs; B) proportion. SED/T, sedentary in T environment. ET/T, trained in T

environment. SED/H, sedentary in H environment. ET/H, trained in H environment.

Fig. 4: Effect of endurance training (ET) on treadmill for nine weeks in temperate (T)
and hot (H) environment on total content of slow and fast myosin heavy chain (MyHC;
A and B) and MyHC (C) % fiber type (D), and cross-sectional area (E) by
immunofluorescence. Scale bar, 50um. SED/T, sedentary in T environment. ET/T,
trained in T environment. SED/H, sedentary in H environment. ET/H, trained in H

environment (n = 6-7/group).
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Fig. 5: Effect of endurance training (ET) on treadmill for nine weeks in temperate (T)
and hot (H) environment on staining for succinate dehydrogenase (SDH; A) activity (B),
% fiber type (C), and cross-sectional area (D). Scale bar, 50um. @, P < 0,05 vs. SED/T
same time-point; y, P = 0,05 - 0,09 vs. SED/T same time-point. SED/T, sedentary in T
environment. ET/T, trained in T environment. SED/H, sedentary in H environment.

ET/H, trained in H environment (n = 6-7/group).

Fig. 6: Effect of endurance training (ET) on treadmill for nine weeks in temperate (T)
and hot (H) environment on protein content of mitochondrial oxidative phosphorylation
complexes (OxPhos; A - F) as well as mitochondrial content (TOM20; A and G). SED/T,
sedentary in T environment. ET/T, trained in T environment. SED/H, sedentary in H

environment. ET/H, trained in H environment (n = 6-7/group).

Fig. 7: Effect of endurance training (ET) on treadmill for nine weeks in temperate (T)
and hot (H) environment on the content of the PGC-1a and TFEB intracellular regulators
(i.e., AMPK-p38-CAMKII; A - F). SED/T, sedentary in T environment. ET/T, trained in
T environment. SED/H, sedentary in H environment. ET/H, trained in H environment (n

= 6-7/group).

Fig. 8: Effect of endurance training (ET) on treadmill for nine weeks in temperate (T)
and hot (H) environment on the content of muscle proteins involved in energy metabolism
regulation (A —1). SED/T, sedentary in T environment. ET/T, trained in T environment.

SED/H, sedentary in H environment. ET/H, trained in H environment (n = 6-7/group).
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ABSTRACT

Although there are reports that polyphenol resveratrol (Rsv) may cause muscle
hypertrophy in basal conditions and attenuate muscle wasting in catabolic situations, its
mechanism of action is still unclear. Our study evaluated the ex vivo effects of Rsv on
protein metabolism and intracellular signaling in innervated (sham-operated; Sham) and
3-day sciatic denervated (Den) rat skeletal muscles. Rsv (10 M) reduced total
proteolysis (40%) in sham muscles. Den increased total proteolysis (~40%) in muscle,
which was accompanied by an increase in the activities of ubiquitin-proteasome (~3-
fold) and lysosomal (100%) proteolytic systems. Rsv reduced total proteolysis (59%) in
Den muscles by inhibiting the hyperactivation of ubiquitin-proteasome (50%) and
lysosomal (~70%) systems. Neither Rsv nor Den altered calcium-dependent proteolysis
in muscles. Mechanistically, Rsv stimulated PKA/CREB signaling in Den muscles, and
PKA blockage by H89 (50uM) abolished the antiproteolytic action of the polyphenol.
Rsv reduced FoxO4 phosphorylation (~60%) in both Sham and Den muscles and Akt
phosphorylation (36%) in Den muscles. Rsv also caused a homeostatic effect in Den
muscles by returning their protein synthesis rates to levels similar to Sham muscles.
These data indicate that Rsv directly inhibits the proteolytic activity of lysosomal and
ubiquitin-proteasome systems, mainly in Den muscles through, at least in part, the

activation of PKA/CREB signaling.
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INTRODUCTION

Skeletal muscle is the largest tissue in the body, accounts for 40-50% of body
mass and plays a central role in whole-body metabolism, locomotion, thermoregulation,
and other biological functions. Maintaining skeletal muscle mass and function is
essential for human healthy. Muscle mass is regulated by dynamic protein turnover,
which involves protein synthesis and breakdown. The imbalance between catabolic and
anabolic processes may result in muscle hypertrophy (anabolic > catabolic) or atrophy
(anabolic < catabolic), the latter being a common symptom of chronic diseases such as
diabetes (Perry et al. 2016) and motor denervation (Den) (Furuno et al. 1990).
Therefore, identifying therapeutic targets capable of inhibiting proteolysis is necessary
for treating muscle loss and improve the disease prognosis.

Motor innervation is crucial for muscle physiology, including development,
differentiation, metabolism, trophic status, and force production (Das et al. 2020). On
the other hand, Den results in muscle inactivity and, consequently, atrophy during the
early stages (Tang et al. 1984, Adhihetty et al. 2007). Den-induced muscle loss may be
due to an increase in the rate of proteolysis exceeding the rate of protein synthesis
(Furuno et al. 1990). Autophagy/lysosomal and ubiquitin-proteasome (UPS) systems
have been considered the critical regulators for the bulk of muscle proteolysis (Sartori et
al. 2021). However, these proteolytic systems cannot degrade myofibrils attached to the
sarcomere. It has been suggested that calpains, the proteases of calcium-dependent
proteolytic system, may initially cleave proteins leading to sarcomere disassembly and
myofibrils degradation by UPS (Tidball & Spencer 2002, Kachaeva & Shenkman

2012). The blockade of calpain via the PD150606, a calpain inhibitor, attenuates UPS
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activity and prevents unloading-induced skeletal muscle atrophy in rats (Shenkman et
al. 2015).

In addition to calpains, the transcription of a common set of atrophy-related
genes termed atrogenes is up- and down-regulated during muscle atrophy in different
catabolic states (Sacheck et al. 2007, Lecker et al. 2004). Muscle RING finger 1
(MuRF1 or Trim63) and Atrogin-1 (also known as MAFbx or Fbxo32) are two muscle-
specific E3 ligases of UPS. These enzymes are up-regulated in several animal models of
atrophy, such as Den and fasting (Sacheck et al. 2007). Autophagy-related genes, such
as microtubule-associated protein 1 light chain 3 beta (Mapllc3b) and GABA type A
receptor-associated protein (Gabarap), are also up-regulated in muscles from Den or
fasted mice (Mammucari et al. 2007, Sartori et al. 2021). Most of these atrogenes are
under transcriptional control of Forkhead box O (FoxO) factors, which play a critical
role in muscle atrophy (Mammucari et al. 2007). FoxO, in turn, may be regulated by
several intracellular pathways, including insulin/insulin-like growth factor-1 (IGF-
1)/phosphatidylinositol 3-kinase (P13K)/Akt signaling (Sandri et al. 2004, Milan et al.
2015, Mammucari et al. 2007). Both insulin and IGF-1 activate Akt that phosphorylates
FoxO proteins exporting them from the nucleus to the cytoplasm and reducing their
activity (Brunet et al. 1999, Sandri 2008) .

Resveratrol (Rsv; 3,5,4'-trihidroxistilbene), a natural antioxidant found in the
skins of red grapes as well as other plants such as peanuts, has shown to induce in vivo
both muscle hypertrophy in rest (Woodman et al. 2021) and exercise trained (Alway et
al. 2017) conditions and muscle antiatrophic effect in several experimental catabolic
situations, such as sarcopenic obesity (Huang et al. 2019) and Den (Asami et al. 2018).
However, the mechanism underlying Rsv action in muscle protein metabolism and

trophic status remains unclear. Moreover, whether Rsv acts directly or indirectly in
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skeletal muscle promoting its protein anabolic and anticatabolic effects has been poorly
investigated. Rsv is a competitive and non-selective inhibitor of phosphodiesterases, a
superfamily of enzymes responsible for the intracellular degradation of cyclic adenosine
monophosphate (CAMP), thereby being able to elevate cCAMP level as soon as 10 min
after the incubation with Rsv (Park et al. 2012). Upon binding of cCAMP to regulatory
subunits of protein kinase A (PKA-R), their catalytic subunits (PKAcat) are activated
and detach from regulatory subunits phosphorylating several proteins, including CREB
transcription factor, the bona fide target of PKA (Silveira et al. 2020). Recently, it has
been shown that the genetic gain-of-fucntion of PKA mitigates FoxO activity and
atrogenes overexpression, and its genetic loss-of-function causes muscle loss in basal
condition (Silveira et al. 2020).

Based on these findings, we hypothesized that Rsv could directly stimulate
protein synthesis and inhibit protein degradation in innervated and denervated muscles
via activation of the cCAMP/PKA pathway. Therefore, this study aimed to evaluate the
ex vivo effect of Rsv on protein metabolism and intracellular signaling pathways in
muscles innervated (sham-operated rats; sham) and undergoing atrophy due to sciatic
nerve resection (Den). Our data indicate that Rsv suppresses total proteolysis in both
innervated and Den muscles, especially the lysosomal and UPS proteolytic systems in
the latter condition. The pharmacological loss-of-function experiments suggest that
these effects of Rsv are mediated by the activation of PKA/CREB signaling. Rsv also
caused a homeostatic effect in Den muscles by returning their protein synthesis rates to

levels similar to Sham muscles.

MATERIALS AND METHODS

Animals and sciatic denervation model
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Wistar male rats (80 g body mass; 4 weeks old; n = 4-6/group) were used in all
experiments. Animals were housed in a room with a 12-12-h light-dark cycle and were
given free access to water and a normal laboratory chow diet for at least 2 days before
the beginning of the experiments, which were performed at 8:00 A.M. All animal
experiments were conducted following with the guidelines established by the Animal
Ethics Committee of Federal University of Pernambuco (CEUA/UFPE), which also
approved the protocols (Approval No. 23076.01234/2012-79), and are in accordance
with ethical principles in animal research.

The animals were anesthetized with ketamine hydrochloride solution (115 mg /
Kg, i.p.) and xylazine (10 mg / Kg, i.p.) and underwent bilateral motor denervation
(Den) caused by a surgical section of the sciatic nerve, with the removal of ~2 mm of
nerve. Den was chosen as an atrophy model because it induces a significant loss of
contractile proteins that is due primarily to the enhancement of protein breakdown
(Gongalves et al. 2012). Sham (innervated) group was subjected to surgical stress,

which included nerve visualization, but not its transection.

Isolated skeletal muscles and resveratrol incubation

Three days after Den (or sham operation), animals were euthanized by cervical
dislocation, and extensor digitorum longus (EDL) muscles were carefully removed,
avoiding damage to the muscles. EDL muscles were chosen due to their high proportion
of fast glycolytic fibers that are more sensitive to the protein anabolic effects of cAMP
enhancers such as rolipram (Lira et al. 2011) and formoterol (Gongalves et al. 2019).
The EDL muscle was rapidly macrodissected, weighed (innervated muscles: ~55g;
denervated muscles: ~40g), and maintained at approximately its resting length by

pinning their tendons on inert plastic supports. Tissues were incubated at 37°C in
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Krebs-Ringer bicarbonate buffer (pH 7.4) containing 5 mM glucose equilibrated with
95% oxygen and 5% carbon dioxide. After 1h of preincubation in buffer medium,
muscle from one limb was incubated for 2 h in the presence of resveratrol (Rsv, 10° or
10* M), while muscle from the contralateral limb was incubated with vehicle

dimethylsulfoxide (DMSO, 1 %).

Determination of total proteolysis and the activity of proteolytic systems

Total proteolysis and the activity of proteolytic systems (ubiquitin-proteasome
(UPS), lysosomal, and calcium-dependent) were measured using a method as described
previously (Gongalves et al. 2019). Briefly, proteolysis was measured by following the
tyrosine released into the medium in the presence of cycloheximide (0.5 mM),
preventing protein synthesis and reincorporation of tyrosine back into proteins. After 1
h preincubation, muscles were incubated for 2 h in a fresh medium with an identical
composition. For measurement of UPS activity, muscles from one limb were incubated
with a calcium-free medium containing 25 uM E64, 50 uM leupeptin, 10 mM
methylamine, 1 U/ml insulin, 170 uM leucine, 100 uM isoleucine, 200 pM valine to
prevent activation of calcium-dependent and lysosomal systems. Muscles from the
contralateral limb were incubated with the proteasome inhibitor MG132 (20 uM). For
measurement of lysosomal proteolysis, muscles from one limb were incubated in the
presence of the inhibitors of lysosomal proteolysis, i.e., insulin, leucine, isoleucine,
valine, and methylamine. Contralateral muscles were incubated in a “normal” buffer
medium without these inhibitors. For measurement of calcium-dependent proteolytic
activity, muscles from one limb were incubated in the presence of calcium and
inhibitors of the lysosomal system. Contralateral muscles were incubated in a calcium-

free medium containing lysosomal inhibitors and cysteine-protease inhibitors (E64 and
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leupeptin). UPS, lysosomal and calcium-dependent proteolytic activities were calculated
from tyrosine release differences between the left and right muscles. Tyrosine release

was assayed using the fluorometric method (WAALKES & UDENFRIEND 1957).

Determination of the rate of protein synthesis

The protein synthesis rate was measured using a method as described previously
(Goncalves et al. 2012). Briefly, EDL muscles were incubated in a buffer containing all
amino acids at concentrations similar to those of rat plasma. After a 1 h equilibration
period, L-[U-*C]tyrosine (0.05 pCi/ml) was added to the replacement medium, in
which the muscles were incubated for the next 2 h. At the end of this period, the specific
activity of acid-soluble tyrosine (intracellular tyrosine pool) in each muscle was
estimated by measuring the radioactivity and the concentration of tyrosine in this pool,
which was determined by the method of (WAALKES & UDENFRIEND 1957). After
that, the rate of protein synthesis was calculated using the specific activity of the

intracellular pool of tyrosine in each muscle.

Analysis of gene expression by real-time gPCR

Real-time qPCR was used to analyze the expression levels of the atrogenes
Fbx032, Trim63, and Mapllc3b. The analysis of qPCR was performed at the Laboratory
of Metabolism Control from Ribeirdo Preto Medical School (University of Sdo Paulo).
After the incubation procedure described above, EDL muscle was immediately frozen in
liquid nitrogen and stored at -80°C for less than one month. 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 1l (Qiagen®)

with 5 mm stainless steel beads for 2 x 1 min cycles at 30 Hz, resting on ice in between.
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Homogenates were cleared by centrifugation at 10,000 x g for 5 min at 4 °C. RNA
extraction was performed according to TRIzol 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 pL. 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 umol/L stock). gPCR run on Applied Biosystems™ 7500 Real-Time PCR
System, using the recommended cycling conditions as follows: a pre-incubation of
2min at 50 °C and 10 min at 95 °C, followed by a two-step amplification program of
40 cycles set at 95°C for 15s (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.

Primers used were Fbxo32 (forward 5’-CTT TCA ACA GAC TGG ACT TCT

CGA-3’ and reverse 5’-CAG CTC CAA CAG CCT TAC TAC GT-3), Trim63
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(forward 5°-TCG ACA TCT ACA AGC AGG AA-3’ and reverse 5’-CTG TCC TTG
GAA GAT GCT TT-3"), Mapllc3b (forward 5°-TTT GTA AGG GCG GTT CTG AC-
3’ and reverse 5'-CAG GTA GCA GGA AGC AGA GG-3") and Rpl39 (forward 5’-
TCC TGG CAA AGA AAC AAA AGC-3’ and reverse 5’-TAG ACC CAG CTT CGT
TCT CCT-3’). Primer sequences were designed utilizing Primer3Plus
(https://www.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

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 slope values and amplification efficiencies estimated from the
standard curve, respectively, were as follows: Fbxo32 (-3,3 and 99%), Trim63 (-3,1 and
112%), Map1llc3b (-3,8 and 83%) and Rpl39 (-3,1 and 108%).

The relative expression levels of target genes were calculated using the 2744¢
method (Schmittgen & Livak 2008). All reactions were carried out in four to five
biological replicates and two technical replicates. Data from the target genes were
normalized by the expression of Rpl39, which was used as a reference gene because it
has been shown to be the most stable gene in Den muscles compared with other
reference genes, such as Gapdh, Actb and, Ppia (unpublished data). Moreover, Rpl39
has been previously used as a reference gene in other studies in skeletal muscle

(Goncalves et al. 2019, de O. Coelho et al. 2019).

Analysis of protein expression by Western Blot
After incubation, EDL muscle was quickly frozen in liquid nitrogen and stored

at -80 °C. These muscles were collected and homogenized in buffer RIPA (Tris-HCI 50
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mM, pH 7.4), containing 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 % sodium
deoxycholate, 1% SDS, 10mM sodium pyrophosphate, 100mM sodium fluoride, 10mM
sodium orthovanadate, 5g/ml aprotinin, Img/ml leupeptin, 1ImM phenylmethylsulfonyl
fluoride (PMSF), 50 uM MG132. The homogenate was centrifuged at 21,000 g at 4 °C.
The supernatant was collected, and the amount of protein was determined by the method
of (Lowry et al. 1951) using BSA (bovine serum albumin) as standard. An equal
volume of sample buffer [20 % glycerol, 125 mM Tris-HCI, 4 % SDS, 100 mM
dithiothreitol (DTT), 0.02 % bromophenol blue, pH 6.8] was added to the supernatant,
and the mixture was boiled at 70 °C for 10 min. 50 pg of total proteins were separated
by SDS-PAGE acrylamide gel at 10-12 %, and after transferred to a nitrocellulose
membrane; and blotted with anti-phospho (p)-Ser*”® Akt (1:750, #9271, Cell Signaling
Technology, Massachusetts, USA), anti-p-Ser?®1% FoxO1/4 (1:750, #9461, Cell
Signaling), anti-p-Ser!3® CREB (1:750, #9198, Cell Signaling), anti-p-Thr'’? AMPK
(1:750, #2531, Cell Signaling), anti-p-Thr®®® S6K1 (1:750, #9234, Cell Signaling) and
anti-p-actin (1:2000; sc-81178; Santa Cruz Biotech, Texas, USA). Primary antibodies
(Ab) were detected using peroxidase-conjugated secondary Ab (1:2000 for p-Ser256/1%3.
FoxO1/4, p- Ser*3-Akt, p-Ser'*® CREB, anti-p-Thrt’> AMPK, anti-p-Thr®®° S6K1 and
1:5000 for other primary antibodies) and visualized using ECL method using a
detection system ChemiDoc MP (Bio-Rad) and software ImageLab (version 5.2.1, Bio-
Rad). Band intensities were quantified using ImageJ2 (version 1.53c, National Institutes

of Health, USA).

Statistical analysis
The distribution and variance homogeneity were tested using Shapiro-Wilk test.

Data were expressed as mean = S.E.M. The one-way analysis of variance (ANOVA)
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followed by the Bonferroni test was employed to analyze total proteolysis in response to
different Rsv concentrations. Two-way analysis of variance (ANOVA) followed by the
Bonferroni test was employed to analyze total proteolysis (Rsv 10“ M), proteolytic
systems, atrogenes MRNA expression and protein synthesis. Paired test-t was employed
to evaluate the phosphorylation levels of proteins because 1) the muscle from one limb
was incubated with Rsv while the muscle from the contralateral limb (control muscle)
was incubated with vehicle DMSO (“paired condition”) in both Sham and Den
conditions, and 2) samples from these conditions (i.e., Sham and Den) ran in different
gels. P < 0.05 was considered statistically significant. GraphPad Prism 5.0 (San Diego,

CA, USA) was used to perform the statical analysis and create the graphs.

RESULTS
Rsv reduces protein degradation in Sham and Den muscles

Sham (innervated) EDL muscles from rats were incubated with either 10~ or 10-
4 M. Figure 1A shows that total proteolysis was reduced by 25 % in muscles incubated
with 104 M of Rsv but not with 10° M. For this reason, the following experiments were
performed on Sham and 3-day Den EDL muscles incubated with the highest
concentration of Rsv (i.e., 10* M) for evaluation of total proteolysis and activity of
UPS, lysosomal and calcium-dependent proteolytic systems. Rsv reduced total
proteolysis (40 %) in Sham muscles (Fig. 1B) but did not cause a significant reduction
in the activity of UPS and lysosomal systems (Fig. 1C). As expected, Den up-regulated
total proteolysis (~40 %, Fig. 1B), which was accompanied by an elevation in the
activities of UPS (~3-fold) and lysosomal (100 %) systems (Fig. 1C). In contrast, Rsv
induced a significant reduction in total proteolysis (~60 %, Fig. 1B) that were paralleled

by an inhibition of UPS (50 %) and lysosomal (~70 %) proteolytic activities in Den
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muscles (Fig. 1C). Neither Rsv nor Den altered calcium-dependent proteolysis in
muscles (Fig. 1C). To further investigate the expression of some essential components
of the proteolytic systems inhibited by Rsv, the expression of UPS-related genes
Fbxo32 (Atrogin-1) and Trim63 (MuRF1) and autophagy-related gene Mapllc3b
(LC3b) was determined. Rsv tended to down-regulate (~50%; P > 0.05) the expression
of Fbxo32, Trim63, and Mapllc3b in Sham and Trim63 and Map1lc3b in Den muscles
(Fig. 1D). Den per se did not change the expression of Fbxo32, Trim63 and Map1lc3b.
These results demonstrate that Rsv mitigates total proteolysis in both Sham and Den
muscles, and this effect in atrophic muscles was due to the inhibition of the

hyperactivation of UPS and lysosomal proteolytic systems.

Rsv reduces phosphorylation levels of Akt/FoxO4 in Den muscles

To further explore the signaling pathways involved in the Rsv-induced
antiproteolytic effects, Akt/FoxO signaling was analyzed in Sham and Den muscles
incubated with the polyphenol Rsv. Analyzing the ratio of phosphoproteins to the
loading control B-actin, we observed that Rsv reduced the phosphorylation level of
FoxO4 (~60 %) in both Sham and Den muscles without altering FoxO1 phosphorylation
(Fig. 2B and D). This effect was associated with the down-regulation (36%) in Akt
phosphorylation only in Den muscles (Fig. 2D), suggesting that Akt/FoxO signaling
pathway does not mediate Rsv-induced inhibition of UPS and lysosomal systems and

other intracellular mediators may be recruited by Rsv.

H89 abolishes the Rsv-induced antiproteolytic effects on Den muscles
In order to determine whether the Rsv-induced antiproteolytic effects are

mediated by PKA/CREB pathway, we first evaluated the phosphorylation levels of
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CREB in Sham and Den muscles. Rsv tended to increase (~50%; P > 0.05) the
phosphorylation levels of CREB in Sham muscles (Fig 3B) and this effect was
statistically significant (~40 %; P < 0.05) in Den muscles (Fig. 3D). These results
suggest that PKA/CREB signaling pathway could mediate the antiproteolytic effects of
Rsv.

In order to confirm the involvement of the PKA signaling in the negative
regulation of total proteolysis by Rsv, we analyzed this metabolic parameter in Sham
and Den muscles incubated in the absence or presence of Rsv and the PKA inhibitor,
H89. Again, Rsv reduced total proteolysis in Sham (~40 %, Fig. 3E). H89 per se
significantly reduced (73 %) total proteolysis in Sham muscles and the co-incubation of
H89, and Rsv did not cause an additional effect on total proteolysis (Fig 3E). In Den
muscles, as previously demonstrated, Rsv also reduced total proteolysis (~35 %, Fig.
3F). In contrast to Sham muscles, H89 did not affect total proteolysis in Den muscles
(Fig. 3F). However, the inhibition of proteolysis induced by Rsv was abolished in
muscles incubated with H89 (Fig. 3F), indicating that PKA mediates the antiproteolytic

effects of Rsv on Den muscles and this effect may depend on muscle innervation.

Protein synthesis is reduced by Rsv in Den muscles

As shown in Fig. 4A, the ex vivo rate of protein synthesis was unaltered by Rsv
in Sham muscles. Den per se tended to increase (~35 %, P > 0.05) muscle protein
synthesis. On the other hand, Rsv reduced (~40 %) rates of protein synthesis in Den
muscles to values similar to those in Sham muscles (Fig. 4A). We next analyzed the
phosphorylation levels of protein kinases S6K, a downstream target of the major
pathway (i.e., Akt/mTOR) that activates protein synthesis, and AMPK, a well-known

target of Rsv that inhibits mTOR and protein synthesis (Sartori et al. 2021). As shown
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in Fig. 4C, analyzing the ratio of phosphoproteins to the loading control -actin, Rsv did
not alter S6K phosphorylation in Sham muscles but tended to increase (P > 0.05)
AMPK phosphorylation. In Den muscles, S6K and AMPK phosphorylation was not
significantly affected by Rsv (Fig 4E). Our data demonstrate a possible homeostatic
effect of Rsv by returning protein synthesis in Den muscles to levels similar to Sham

muscles.

DISCUSSION

The present work sheds new light on intracellular mechanisms Rsv regulates
protein metabolism in Sham (innervated) and Den rat skeletal muscles. It shows that
Rsv directly inhibits lysosomal and UPS systems in Den muscles and suggests the
involvement of PKA/CREB signaling in such effects. Prior studies have examined the
effects of Rsv on muscle growth in cell cultures, animal models, and human beings
(Wilson et al. 2015, Montesano et al. 2013, Woodman et al. 2021, Alway et al. 2017).
Rsv in vitro has shown to induce cell cycle exit in C2C12 myoblasts, differentiation to
myotubes, and hypertrophy in the late phase of the myogenic process (Montesano et al.
2013). In vivo experiments have demonstrated that a “low” dose of 5 mg of Rsv-kg
body mass™-day? for 15 weeks promotes skeletal myofiber hypertrophy in sedentary
mice (Woodman et al. 2021). Similarly, southern flounder fish fed with a diet
supplemented with 600 pug Rsv-g of food™ for 16 weeks had a greater length and body
mass than control fish (Wilson et al. 2015). In humans, it has been shown that 500 mg
of Rsv-day! for 12 weeks combined with aerobic and strength exercise programs in
older men and women increased myofiber cross-section area, total myonuclei, markers

of mitochondrial density, and muscle fatigue resistance (Alway et al. 2017). Altogether,
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these findings indicate a positive effect of Rsv on skeletal muscle growth; however, it
has not been explored the underlying mechanism regulating protein metabolism and
whether this is a direct or indirect effect on skeletal muscle. As far as we know, this is
the first direct evidence showing that Rsv (10 M) ex vivo inhibits protein degradation
rates in innervated skeletal muscles without altering protein synthesis rates. Although a
previous study (Park et al. 2012) has shown that Rsv at low concentrations may activate
intracellular signaling pathways in C>C1> myotubes by causing a significant increase in
CAMP levels that reaches a plateau at 40 UM, we may not rule out the possibility that
higher concentrations of Rsv (i.e., > 10* M or > 100 uM) could stimulate rates of
protein synthesis in innervated muscles. More importantly, it is reasonable to speculate
that antiproteolytic effect of Rsv may be responsible for stimulating muscle growth in
vivo treatments previously reported above (Wilson et al. 2015, Woodman et al. 2021,
Montesano et al. 2013, Alway et al. 2017), because muscle hypertrophy occurs when
rates of protein synthesis exceed rates of degradation.

The protein metabolism imbalance may cause both muscle hypertrophy in
“normal” (innervated) conditions and muscle wasting in catabolic conditions. Since
protein synthesis in the Den muscle remains unchanged (Gongalves et al. 2012, Furuno
et al. 1990) or even risen (Furuno et al. 1990), excessive protein degradation has shown
to essential for the development of skeletal muscle atrophy (Furuno et al. 1990,
Gongcalves et al. 2012, Sartori et al. 2021). Accordingly, we also observed a tendency to
increase protein synthesis and a significant increase in total proteolysis in 3-day Den
muscles. Although calcium-dependent proteolysis has been related to muscle atrophy
induced by unloading (Shenkman et al. 2015) and Den (Furuno et al. 1990), our data
show no change in its activity and are in agreement with data from Gongalves et al.

(2012). UPS is responsible for degrading short- and long-lived proteins (e.g.,
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myofibrillar proteins) and soluble misfolded proteins, whereas autophagy-lysosomal
degrades long-lived proteins, insoluble protein aggregates, and even whole organelles
(e.g., mitochondria). Excessive activation of the autophagy-lysosomal system and UPS
during pathophysiological conditions contributes to the degradation of sarcomeric
proteins and mitochondria loss resulting in energy imbalances, muscle wasting, strength
loss, and fatigue (Sartori et al. 2021). In agreement with previously reported data
(Goncalves et al. 2012), our experiments demonstrated a dramatic activation of UPS
and lysosomal proteolytic systems in Den muscles and implied a role for these
processes in this atrophic model.

Rsv is a potential nutraceutical approach to counteract muscle wasting in a
plethora of conditions, including sarcopenic obesity and Den (Huang et al. 2019, Asami
et al. 2018). For example, Rsv supplementation (0.4 % in the diet) for 10 and 20 weeks
prevented muscle loss and myofiber size decrease and improved grip strength in aged
rats submitted to high-fat diet-induced sarcopenic obesity (Huang et al. 2019).
Moreover, mice feeding a diet containing 0.5% of Rsv were partially protected from
Den-induced muscle and myofiber atrophy (Asami et al. 2018). However, these studies
did not evaluate in Den muscles: 1) the direct action of Rsv in tissue and 2) rates of
protein metabolism, but only markers of protein degradation. Although the latter kind of
analysis may help to identify molecular mechanisms regulated by Rsv, it may
underestimate or overestimate the “real” changes in the rates of protein metabolism.
Indeed, we demonstrated that Rsv suppressed rates of UPS and lysosomal proteolysis in
rat Den muscles without any significant change in the gene expression of the Ub-ligases
Fbxo32 and Trim63 and the autophagy gene Mapl1lc3b. Similarly, Asami et al. (2018)
showed that Rsv did not alter the total amount of atrogin-1 protein in Den muscles,

whereas reducing atrogin-1-positive nuclei in muscle cryosections, suggesting that
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subcellular localization and function of this Ub-ligase may be affected by Rsv rather
than its content or expression. It is noteworthy that there are several other atrophy-
related genes (i.e., atrogenes) belonging to UPS and autophagy-lysosomal systems, such
as the lysosomal protease cathepsin L (Ctsl) and the Ub-ligases Musal and Smart
(Sartori et al. 2021) that were not investigated in our study. Further experiments are
needed to identify the atrogenes that Rsv may specifically regulate in Den muscles.

In skeletal muscle, FoxO proteins upregulate the transcription of several
atrogenes, such as Mapllc3b, Ctsl, Fbxo32, and Trim63, boosting the activity of UPS
and autophagy-lysosomal systems (Sartori et al. 2021). It is well known that Akt
phosphorylates FoxO and blunts its transcriptional function by inducing FoxO nuclear
export and keeping it away from its target genes (Sartori et al. 2021). Although FoxO1
phosphorylation was unaffected in any condition, unexpectedly, the Akt-induced
phosphorylation of FoxO4 was reduced by Rsv in both Sham and Den muscles and Akt
phosphorylation only in Den muscles, indicating that Rsv inactivates Akt/FoxO4
signaling. One limitation of our study was that the total protein levels of Akt and FoxOs
were not evaluated, and their phosphorylation levels were normalized 