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I’m glad to be here right now, poking at my threshold. 
 I want to get more comfortable being uncomfortable. 

I want to get more confident being uncertain. 
I don’t want to shrink back just because something isn’t easy. 

I want to push back, and make more room in the area between I can’t and I can. 
Maybe that spot is called I will! 

 

Kristin Armstrong 
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Resumo 

Estudos recentes demonstram que o sedentarismo é um fator de risco 

independente que afeta negativamente o estado de saúde geral. Os seus 

diversos efeitos promovem disfuncionalidade em vários órgãos e sistemas. Dos 

diferentes órgãos afetados, o músculo esquelético – frequentemente submetido 

a estímulos lesivos e caracterizado pela sua grande plasticidade – é 

extremamente vulnerável a esta condição. Contudo, apesar dos efeitos 

negativos do sedentarismo na sua morfologia e funcionalidade estarem bem 

documentados, há pouca evidência que demonstre o seu efeito durante o 

processo de reparação muscular (RM). Sabendo que este processo é decisivo 

para a determinação do fenótipo do músculo esquelético ao longo da vida, 

determinando tanto a sua qualidade como a sua funcionalidade máxima, parece 

ser pertinente estudar os efeitos do sedentarismo na RM. Assim, este trabalho 

verificou se o sedentarismo tem efeitos nocivos na RM (estudo 1), e na resposta 

inflamatória local (estudo 2) em ratos Wistar submetidos a lesão muscular 

induzida por cardiotoxina (CTX). Para tal, os ratos, alojados individualmente, 

passaram 8 semanas em gaiolas sem acesso a roda livre, o grupo sedentário 

(SED), ou em gaiolas com acesso a roda livre e com a possibilidade de correr 

voluntariamente, o grupo controlo (EX). Posteriormente, todos os ratos foram 

injetados com CTX no tibial anterior direito (músculos CTX) e com soro no tibial 

anterior esquerdo (músculos Sham), e foram sacrificados nos dias seguintes à 

injeção. Foram realizadas análises histológicas e imunohistoquímicas dentro da 

área lesada para a quantificação da percentagem de miotúbulos e determinação 

da sua fase de desenvolvimento, para a quantificação de fibrose, e para a 

determinação do número de neutrófilos e macrófagos, do tipo 1 e 2. Os 

resultados obtidos demonstram que o sedentarismo deteriora a RM, após lesão 

induzida por CTX, favorecendo o aumentado da deposição de fibrose, em 

detrimento do crescimento e maturação miotubular. Este efeito geral parece ser 

suportado pelo facto do sedentarismo: alterar a resposta inflamatória local 

(intensificando o estado pró-inflamatório e inibindo o estado anti-inflamatório); 

diminuir a funcionalidade dos miotúbulos (tanto a sua taxa de formação como o 

seu processo de maturação e crescimento); e alterando a funcionalidade dos 
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fibroblastos (promovendo a formação de fibrose). Assim, tendo em conta a 

importância dos músculos esqueléticos para a manutenção da qualidade de vida 

e para a potencialidade na diminuição do risco de doenças, os nossos resultados 

demonstram que o sedentarismo promove efeitos extremamente nocivos 

durante a RM, favorecendo a fibrose. Consequentemente, estes efeitos irão 

aumentar a possibilidade dos músculos esqueléticos serem, progressivamente, 

substituídos por tecido conjuntivo, resultando numa progressiva perda de 

qualidade e máxima funcionalidade ao longo da vida. 

  

PALAVRAS CHAVE: REGENERAÇÃO; FIBROSE; CÉLULAS SATÉLITE; 

CARGA; INATIVIDADE FÍSICA 
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Abstract 

Recent evidence demonstrates that sedentary behaviour (SB) negatively impacts 

health independent of other factors. Indeed, the SB-related deleterious effects 

effectively promote multiple organ dysfunction. From the several organs 

disturbed, the skeletal muscles – often subjected to various stressful conditions, 

and characterised by great plasticity – are highly susceptible to SB. However, 

despite the increasing data addressing SB-related effects on muscle functionality 

and morphology, less is known regarding its effects on skeletal muscle repair 

(SMR) process. Knowing that the SMR outcome is pivotal in governing the 

skeletal muscles phenotype during the life time, determining its quality, and, 

therefore its maximal functionality, it seems relevant to study the SB effects 

during the SMR process. Thus, this work addressed if SB has detrimental effects 

on SMR (study 1) and if it modulates the tissue inflammatory response (study 2) 

in male Wistar rats after cardiotoxin (CTX)-induced injury. Individually caged rats 

spent 8 weeks either as a sedentary group (SED) – in cages without running 

wheel – or as a control group (EX) – in cages with running wheel for voluntary 

running. Subsequently, all rats had each tibial anterior muscles infused either with 

CTX (CTX; right muscle) or saline solution (Sham; left muscle), and were 

sacrificed on the following days post-injection. Histological and 

immunohistochemical analyses from the muscle damaged area were used for 

calculating the myotubes percentage and their developmental phase, the fibrosis 

accretion, and for measuring the number of neutrophils, and M1 and M2 

macrophages subtypes. Our results show that SB impairs rat SMR after CTX-

induced damage, supporting fibrosis instead of myotubes growth and maturation. 

This overall outcome seems to be supported by the negative effects of SB on the 

local inflammatory response (exacerbating the Th1 phase, and impairing the Th2 

phase); on the myotubes functionality (postponing their formation rate, maturation 

and growth); and on the fibroblasts activity (increasing the fibrotic tissue 

accretion). Our results clearly show that SB greatly prejudices the SMR process, 

favouring scar tissue formation. Consequently, considering the importance of 

skeletal muscles on the overall quality of life and ability to decrease the 
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predisposition to diseases, these SB-related effects will increase the skeletal 

muscles possibility to be progressively substituted by connective tissue, when 

coping with daily wear and tear, resulting in loss of their quality and maximal 

functionality throughout the lifespan. 

 

KEYWORDS: REGENERATION; FIBROSIS; SATELLITE CELLS; LOADING; 

PHYSICAL INACTIVITY 
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Sedentary behaviour overall effects 

Lack of voluntary skeletal muscle activity, also known as sedentary behaviour 

(SB) – any waking behaviour inducing an energy expenditure £1.5 metabolic 

equivalent (MET) during sitting or reclined position (Sedentary Behaviour 

Research, 2012) – is a rapidly growing field of research. Recent evidence linking 

SB with all-cause mortality, cardiovascular disease, type 2 diabetes and 

metabolic syndrome, and some types of cancer has been thoroughly addressed 

(de Rezende et al., 2014; Thyfault et al., 2015). In fact, SB not only substantially 

decreases the total years of life and their quality, but also deeply impairs multiple 

organs functionality, inducing several and general tissue maladaptation (Booth et 

al., 2012). Besides these overall detrimental effects, increasing data is also 

showing the SB-related effects on skeletal muscle functionality. For example, 

recent studies demonstrate that SB impairs the skeletal muscle metabolic 

capacity, i.e., prejudicing glucose metabolism and fat oxidation, and promoting 

mitochondrial dysfunction (Rynders et al., 2017). Indeed, SB severely affects the 

skeletal muscle tissue phenotype, its morphology and function, e.g., endorsing 

skeletal muscle atrophy and loss of strength (Booth et al., 2012; Fiuza-Luces et 

al., 2013). Moreover, some studies evince the relationship between the skeletal 

muscle mass and the survival prediction capacity in older adults (Srikanthan & 

Karlamangla, 2014), and the relationship of muscle function, i.e., muscle 

strength, with premature death in male adolescents (Ortega et al., 2012). These 

considerable amounts of data corroborate the increasingly importance of 

maintaining a healthy and functional skeletal muscle. 

 

Regular exercise and physical activity effects 

Interestingly, paralleled to this growing field of research, several groups are 

comprehensively investigating the so-called “exercise is medicine”, i.e., the 

general positive effects of regular exercise and/or physical activity on the 

prevention and treatment of several chronic diseases (Lobelo et al., 2014). This 

rapidly increasing research area is supported by (1) epidemiological evidence 
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showing that regular exercise has many therapeutic and preventive effects on 

various diseases – curiously some research groups advocate that exercise 

functions like a polypill (Fiuza-Luces et al., 2013); (2) several recent studies 

demonstrating that, when appropriately recruited, the skeletal muscle tissue is 

able to produce several cytokines (commonly known as myokines) that effectively 

produce positive systemic effects in other organs and tissues, by endocrine 

signalling, and locally, by paracrine or autocrine signalling (Pedersen, 2009, 

2013; Whitham & Febbraio, 2016); and (3) data showing that both acute and 

chronic regular exercise effectively modulate systemic inflammation, and has a 

plausible role in exerting significant anti-inflammatory effects (Gleeson et al., 

2011). Thus, it is clear that the literature has strong evidences demonstrating both 

the detrimental effects of SB on the multiple organs functionality and, specifically, 

on the skeletal muscle phenotype, and the beneficial effects of regular exercise. 

Nonetheless, less is known regarding the possible effects of different levels of 

physical activity on the important physiological mechanism that regulates the 

skeletal muscle phenotype during the lifespan, i.e., the skeletal muscle repair.  

 

The skeletal muscle repair process 

The skeletal muscle repair (SMR) is a very intricate process, comprising a 

coordinated interaction of multiple cells, that may determine the development of 

a favourable skeletal muscle phenotype – when the damaged fibres are replaced 

by new ones, and not by fat or fibrosis, i.e., skeletal muscle regeneration (SMReg) 

– with consequent morphological and functional maintenance; or an adverse 

phenotype – upon substitution of the damaged fibres by fat or scar tissue –  with 

subsequent morphological and functional impairment (Moyer & Wagner, 2011). 

Briefly, SMR comprises two distinct phases: firstly, upon injury, the pro-

inflammatory immune system response – usually referred as Th1 phase, and 

mainly accomplished by pro-inflammatory neutrophils and M1 macrophages – 

promotes cellular debris and necrotic tissues clearance, and, concurrently, the 

activation and proliferation of satellite cells (SCs) and/or myogenic stem cells, 

fibroblasts, (Tidball, 2017; Tidball & Villalta, 2010) and fibro\adipogenic 
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progenitors (FAPs) (Joe et al., 2010). This phase culminates with an increased 

number of proliferating myogenic progenitor cells (Tidball, 2017; Tidball & Villalta, 

2010) and fibroblasts that start an atypical deposition of fibrotic tissue in the extra 

cellular matrix (ECM) (Moyer & Wagner, 2011). Secondly, following this 

proliferative/cleaning period, the anti-inflammatory immune system response, the 

Th2 phase, mainly accomplished by anti-inflammatory M2 macrophages, 

supports myoblasts fusion and terminal differentiation, and tissue resolution 

(Tidball, 2017; Tidball & Villalta, 2010). This occurrence is paralleled with a 

reduction in fibroblasts and FAPs number, alongside with an ECM remodelling, 

operated mainly by matrix metalloproteinases (MMPs) (Moyer & Wagner, 2011), 

i.e., proteases that degrade ECM (mainly collagen), in order to reduce the 

excessive amount of fibrotic tissue initially synthesized. Regardless of the initial 

fibrosis and its scaffold importance, setting a structural support for the SMReg, 

the SMR may be compromised when there is an excessive fibrotic production 

during the Th1 phase, and/or when, during the Th2 phase, the later ECM 

remodelling fails on removing the unnecessary added fibrotic tissue, 

circumstance that will consequently develop a more fibrotic and dysfunctional 

muscle phenotype. Considering the presented data, the SMR balances between 

SMReg and fibrosis, being more successful, as already mentioned, if it develops 

a more functional phenotype, i.e., if it ends on adequate myofibers replacement 

rather than their substitution by fibrotic or fat tissue. Nevertheless, the plausible 

detrimental effects of prolonged SB in the skeletal muscle myogenic potency, and 

its modulating effects in the SMR process, shown to be pivotal in regulating the 

skeletal muscle phenotype, remain poorly addressed. Indeed, considering that 

skeletal muscles are organs frequently subjected to various stressful conditions, 

like the mechanical, metabolic, thermic and oxidative stress, the consequent 

damage to muscle fibres substantiate the day-to-day wear and tear. 

Consequently, if the repeated insults are effectively repaired by SMReg, the 

muscles tend to maintain their quality and function, otherwise, if the muscles 

fibres are recurrently substituted by scar tissue, the muscles progressively lose 

their maximal functionality, which compromises the ability to restore systemic 

homeostasis imbalances increasing predisposition to diseases, with a decreased 
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capacity to perform muscular work and overall impaired quality of life (Booth et 

al., 2012).    

It is known that several factors like age, genetics, type of insult and its 

severity may influence SMR outcome, and, intriguingly, it is also known that 

skeletal muscle loading may also modulate this capacity. Indeed, augmented 

muscle recruitment, through regular exercise and enhanced physical activity, 

seems to be beneficial in both improving SCs functionality, their development and 

maturation processes, i.e., increasing myogenic potency, and impairing fibrosis 

during SMR (Teixeira & Duarte, 2016). Moreover, several studies suggest that 

different patterns of muscle recruitment may interact with the immune system 

cellular response. Indeed, some studies showed that both acute exercise (60 min 

of swimming) seems to effectively increase the circulating 

monocytes/macrophages phagocytic capacity (Silveira et al., 2007), and also 

chronic exercise (voluntary running) positively modulated both macrophages and 

lymphocytes cytokine production (Sugiura et al., 2002). Furthermore, both acute 

and chronic muscle loading conditions, also seem to increase macrophages 

tumor cytotoxicity and chemotaxis capacities (Woods et al., 2000). Interestingly, 

the effects of SB or increased voluntary physical activity on the overall SMR 

cellular dynamics, i.e., SCs, fibroblasts, and immune cells functions, and their 

interaction, remain undetermined. 
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Hypotheses and general organization  

Considering the questions raised, the global purpose of this thesis is to 

scrutinise how prolonged SB in Wistar rats, achieved through restricted physical 

activity, affects the overall quality of the SMR process after a chemical insult – 

studying the skeletal muscle inflammatory response, the subsequent SCs 

activity and the fibrotic tissue accretion. The working hypotheses to be tested 

are: 

1. The SB negatively affects the SMR, impairing SCs activity and favouring 

scar tissue accretion. 

2. The SB influences the Th1 inflammatory phase, comprising the tissue 

resolution, and impairs the subsequent Th2 phase. 

 

The present work is organized into five chapters: Chapter 1 provides a broad 

general introduction which addresses the overall theoretical background and 

supports the rationale for this work; Chapter 2 is constituted by a narrative review 

article, mainly exploring the skeletal muscle loading potential effects on its 

regenerative capacity; Chapter 3 is comprised by two experimental studies. The 

first study addresses the plausible effects of SB during the SMR after a chemical 

injury, mainly analysing the histomorphological features of the healing process; 

the second study analyses the SB-related effects on the skeletal muscle 

inflammatory response and its consequences on the overall SMR; Chapter 4 

comprises the overall discussion; and, finally, in Chapter 5 the main conclusions 

of the present work and perspectives for future research are presented. 
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4. GENERAL DISCUSSION 
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This chapter comprises a discussion about the used methodology – addressing 

the reasons that substantiate the options for the used experimental protocol and 

the used technics to collect data – followed by an integral overview of the 

obtained results in the experimental studies. 

 

Methodological Discussion 

Considering the methodological difficulties and ethical limitations to appropriately 

investigate the influence of SB on the SMR process in humans, animal models 

are usually favoured to adequately address this important issue. A great variety 

of exercise models can be used to analyse the physiological effects of either 

strength (Lowe & Alway, 2002) or endurance training (Fonseca et al., 2011; 

Holloszy & Booth, 1976) in the rodents’ skeletal muscle morphologic and 

biochemical characteristics. The most commonly used are the forced treadmill 

running, and the voluntary wheel running. Both models have their own 

specificities, advantages, and disadvantages. The use of forced exercise assures 

a precise control of the applied training stimulus and, therefore, a more accurate 

control of the rodents’ exercise intensity and duration. Nonetheless, using this 

method implies the animal removal from the habitual housing cage to a treadmill 

apparatus, whenever the exercise protocol is to be performed. This means that 

the animal will lose the possibility to perform wild-like activity patterns and, after 

the exercise onset, it will be restrained to the cage dimensions and will be forced 

to SB for most of the time. This type of training also relies on the use of adverse 

stimuli, such as electric shock to persuade running, implies training for extended 

periods of time in the absence of food and water, and typically happens during 

daytime hours when, usually, the animals are less active (Henriques-Coelho et 

al., 2008). Therefore, along with beneficial skeletal muscle functional adaptations 

(Moraska et al., 2000), the use of this forced-exercise model could lead to 

systemic alterations, like increased stress levels, replicating chronic stress 

situations and its deleterious-related effects, which affect neuroendocrine tissues 

and immune response (Moraska et al., 2000), particularly, increasing 

glucocorticoids production (Koh et al., 2005). An alternative to the forced exercise 
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is the voluntary running model. This technique allows animals to run voluntarily 

within their usual housing conditions while having access to food and water and, 

most importantly, do not use noxious stimuli to induce running. Indeed, despite 

the usual concern advocating that voluntary running, in cages equipped with the 

wheel system, is a stereotypic behaviour, expressing the animals’ psychosis or 

obsession for being kept in captivity (Fisher et al., 2016), an interesting study 

demonstrated that wild animals often use the running wheels when placed in 

nature, mimicking the type of exercise bouts of the captive animals, and without 

extrinsic reward provided (Meijer & Robbers, 2014). Additionally, this model 

seems to enhance the animals’ survival rate and decrease their body fat content 

(Narath et al., 2001). Nonetheless, it´s relevant to consider that the voluntary 

running results in an activity that consists of small, discontinuous bouts of running 

at velocities higher than those feasible with imposed, continuous treadmill 

running (Ferreira et al., 2012; Marques et al., 2011), and, contrary to forced 

exercise, do not guarantee an accurate control of the animals’ physical activity 

intensity and duration. Collectively, despite the disadvantages of the wheel 

running system in precisely monitoring the exercise characteristics, this model is 

the one that better replicates the animals’ wild type behaviour. Therefore, the 

mentioned data support our option to consider the animals of the control group 

those with access to the running wheel system, and the experimental group those 

without this device, contrary to most of the published literature (Abedi et al., 2004; 

Arsic et al., 2004; Koh et al., 2005). Moreover, the presented evidence, not only 

changes the idea that captive animals adopt a stereotypic conduct, advocating 

that voluntary running wheel is an optional behaviour, but also, considering that 

the modern common (sedentary) lifestyle and the lack of exercise are a major 

cause of disease worldwide, reinforces the use of this model in this field of 

research. The used model to induce SB did not allow to analyse if the effects 

induced on the SMR process were the result of the time spent in this condition 

previously to the injection, or instead, the consequence of low muscle recruitment 

after the CTX-induced injury. Nevertheless, since the main objective of our work 

was to mimic SB in general, and not to precisely study the muscle loading during 

the healing, we do not consider this fact a methodological limitation. 
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Regarding the injury inducing protocol, we opted for the local injections with 

venom from Naja mossambica mossambica snakes, also known as cardiotoxin, 

to produce skeletal muscle damage. This widely used procedure in the literature, 

effectively induces local skeletal muscle damage (Lepper et al., 2009; Sousa-

Victor et al., 2014), through the generation of a vigorous and irreversible muscle 

contracture, possibly accomplished by major membrane-calcium imbalances (Lin 

Shiau et al., 1976). Besides this immediate and powerful toxic CTX-related effect 

to muscle fibres, it seems appealing to consider that the sustained muscle 

contraction, caused by the irreversible contracture, effectively contributes to an 

impaired blood flow (Wisnes & Kirkebo, 1976), exacerbating the physiopathology 

of venom-induced damage. In order to preserve the experimental procedure 

homogeneity, i.e., ensuring the injuries similarity, the infusion was induced by an 

appropriate syringe and needle, with the animals lightly anesthetised, in a 

subcutaneous muscle with the correspondent limb shaved, and all the injections 

performed by the same researcher. Nevertheless, considering the chance that 

the procedure homogeneity is very difficult to maintain – by the infusion of 

different amounts of CTX and/or different locations within the muscle tissue – the 

considered area for data collection was only that within clear muscle damage. 

Moreover, it seems important to acknowledge that the aim of our studies was not 

to compare the total damaged area produced by CTX infusion between groups, 

but to analyse the main features and characteristics of the healing process within 

those damaged regions. 

Finally, regarding the used techniques for studying the SMR process, we selected 

a histological approach and not biochemical procedures. Histology techniques 

allow to accurately assess tissue organization, the existence of cellular damage 

and the type of infiltrating cells, allowing a more precise evaluation of these 

characteristics. Inversely, with biochemical techniques, and the inherent 

homogenised tissue, it would be impossible to precisely evaluate the cellular and 

molecular parameters studied. 
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Results Discussion 

In general, the main outcomes of the presented studies support the hypothesis 

that SB negatively affects the SMR process in general, and, in particular, SB has 

adverse consequences on the myotubes formation rate, growth and maturation 

processes, the local cellular inflammatory response, and the fibrotic tissue 

accretion.  

 

Our results demonstrate that the used protocol effectively induced marked 

skeletal muscle damage. The equivalent percentage of necrotic fibres, during the 

1st day post-injection (dpi), indicated that the CTX-induced injury was similar in 

both groups, demonstrating that the experimental procedure was homogenous 

between groups, and that neither SB nor regular voluntary running changed the 

susceptibility to CTX toxicity. Curiously, current data evinces the protective 

effects of regular exercise and physical activity in both cardiac (Moreira-

Goncalves et al., 2015; Powers et al., 2014) and skeletal muscle (Kavazis et al., 

2014; Lawler et al., 2016). Our data did not demonstrate this protective effect, 

possibly because of the high dose of CTX infused to produce damage.  

Regarding the inflammatory response, it was clear that SB exacerbated the Th1 

phase, which was characterized by an increased number of both neutrophils and 

M1 macrophages compared to voluntary exercise control group. These results, 

considering the effects of regular exercise in increasing macrophages functions, 

like their phagocytic activity (Silveira et al., 2007; Sugiura et al., 2002; Woods et 

al., 2000), suggest that SB has evident adverse effects on the functionality of 

these immune cells, fact that was corroborated by the increased number of cells 

needed to accomplish the Th1 phase. Additionally, pro-inflammatory 

macrophages effectively increase both the tissue damage and the scar tissue 

formation (Wynn & Vannella, 2016). Consequently, considering these deleterious 

effects, the aggravated Th1 inflammatory response induced by SB may explain 

the postponement of the overall SMR in this group. Moreover, our data also 

demonstrated that regular exercise during SMR has significant effects on both 

neutrophils, M1 and M2 macrophages response, attenuating the Th1 phase – 
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diminishing the number of both neutrophils and M1 macrophages needed – and 

immediately intensifying the Th2 phase – promptly increasing the number of M2 

macrophages. In agreement with our results, showing the quicker SMR on the 

control group, is the fact that anti-inflammatory macrophages are able to promote 

the tissue resolution phase during repair (Wynn & Vannella, 2016). Moreover, 

considering both the low grade chronic inflammation endorsed by SB (Booth et 

al., 2012) and the general anti-inflammatory effects of regular exercise (Gleeson 

et al., 2011), one could conceive the question whether these overall systemic 

alterations may be reflected locally on tissue response and, in the specific case 

of the skeletal muscle, on the immune inflammatory reaction during SMR. 

Interestingly, one example of this interaction may be explained by the modulatory 

effect of interleukin (IL)-10. Expression of IL-10, a potent anti-inflammatory 

cytokine – neutralising the production of cytokines and pro-inflammatory soluble 

mediators on neutrophils, monocytes and macrophages (Moore et al., 2001) – is 

effectively increased by exercise in both the skeletal muscle (Batista et al., 2010) 

and other tissues (Lira et al., 2009; Rojas-Ortega et al., 2015). Considering the 

presented evidences, it is difficult to justify whether this altered local inflammatory 

response in damaged skeletal muscle is the result of the systemic environment 

or the tissue milieu promoted by SB, being probably the results of both influences. 

Indeed, future studies should address this issue in order to clarify the importance 

of these SB-related detrimental effects. 

It might be argued that the absence of SCs activity evaluation – usually identified 

by combined immunofluorescence of laminin and the paired domain transcription 

factor Pax7, respectively labelling the basal lamina and all quiescent and 

proliferating SCs (Yin et al., 2013) – could be a possible limiting factor of our work. 

Indeed, it is known that upon injury, SCs activate, proliferate and fuse to form 

functional regenerated myotubes (Persson, 2015), i.e., central nucleated fibres 

that, when stained with haematoxylin and eosin (H&E), display a predominantly 

basophilic (slightly purple) stain, possibly due to large amounts of RNA 

characteristic of actively differentiating and growing cells. Moreover, in addition 

to the SCs role in SMR, other myogenic stem cells, either resident or circulating, 

are known to contribute to the SMReg (Yin et al., 2013). Consequently, the lack 
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of SCs activity evaluation in our study only has limited the knowledge of the 

relative contribution of all these potential sources of myoblasts for myotubes 

formation, which, in fact, was not our objective. Therefore, as a mean to estimate 

overall myoblats activity, myotubes quantification was assessed by two different 

technics: (1) quantifying the central nucleated fibres in H&E-stained muscle 

sections, one of the histological hallmarks for evaluating regenerating muscle 

fibres (Grounds et al., 2008), and (2) counting myotubes expressing cluster 

differentiation (CD) 68 – commonly expressed in M1 macrophages, but also 

expressed in early developing cells, allowing them to attach to selectins during 

maturation (Gottfried et al., 2008) – by immunohistochemistry, which permitted 

the categorization of an earlier stage of myotubes development. The results 

obtained with this methodology demonstrated that SB impairs myotubes 

development and maturation processes. Indeed, when analysing the myotubes 

formation rate and their cross-sectional area in the experimental group, it seems 

plausible to assume that the reduced muscle recruitment delayed the myoblasts 

activity – as already demonstrated (Fujimaki et al., 2014) – which culminated with 

a decreased percentage of myotubes present in the 7th dpi. Additionally, 

considering the CD-68 expression, our data showed that SB effectively delayed 

the myotubes maturation process, as confirmed by the decreased number of 

normal mature fibres within the original damaged area, on the 15th dpi. A possible 

factor linking SB with the decreased myotubes formation is the lack of adequate 

mechanical tension. Indeed, the importance of mechanical tension in governing 

stem cells fate has already been addressed (Engler et al., 2006), indicating that 

these cells essentially need mechanical signs to improve their functionality. 

Moreover, other factor linking SB with the decreased myotubes muscle mass 

might be myostatin expression. This transforming growth factor-b family member, 

besides effectively reducing skeletal muscle growth (Lee & McPherron, 2001), is 

positively correlated with both age-related SCs dysfunction (McKay et al., 2012), 

and with impaired SMR (Li et al., 2008). Nonetheless, regular exercise, both 

endurance and resistance training, effectively reduces myostatin expression 

(Allen et al., 2011). Consequently, the probable increase in myostatin expression 
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caused by the SB-related reduced muscle recruitment seems to be hindering both 

the myoblasts activity and the muscle growth during the SMR. 

Finally, our results also demonstrated that SB induced an excessive deposition 

of fibrotic tissue during SMR, and before considering the possible mechanisms 

explaining this occurrence, it seems relevant to acknowledge that the skeletal 

muscle organs, besides blood vessels and nerves, are also composed by 

connective tissue that forms the ECM. This important component is usually 

described as being composed by three layers: the epimysium, perimysium, 

endomysium, that are mostly composed by collagens (type I, III, IV, V, VI, XI, XII, 

XIV, XV and XVIII), proteoglycans, glycosaminoglycans, and collagen-

proteoglycans interaction proteins (Gillies & Lieber, 2011). A narrow classification 

of the different ECM layers is difficult because, although each ECM layer seems 

to be composed by a predominant collagen type, there are collagens that have 

linking functions and, therefore, are dispersed between different layers. Type I 

and III collagens predominate in all ECM layers; the perimysium is composed 

mostly by type I collagen but type V collagen links it to the endomysium; the 

endomysium and the epimysium are composed mostly by type III collagen, and, 

finally, the basement membrane mostly constituted by type IV collagen and also 

by type VI, XV and XVIII (Gillies & Lieber, 2011). Finally, type VI collagen has 

been found dispersed throughout the endomysium and basement membrane of 

murine muscles (Urciuolo et al., 2013). Irrespective of this layer classification, 

several studies show that the ECM constituents are pivotal for the overall quality 

of skeletal muscle and, particularly, for the SCs activity. In fact, collagen VI 

integrity seems to be determinant for the skeletal muscles, considering that 

defects on its structure can cause muscle weakness and human myopathies 

(Grounds et al., 2005) and it absence can cause decreased muscle stiffness, 

reduced SCs self-renewal competence and impaired muscle regeneration 

(Urciuolo et al., 2013). Moreover, defects on collagen XV production may also 

impair the normal skeletal and cardiac muscle tissue development (Eklund et al., 

2001). Additionally, resident fibroblasts effectively interact with SCs, increasing 

their proliferation, and positively contributing to an efficient and effective muscle 

regeneration (Murphy et al., 2011). Also, the proteoglycans molecules play a 
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critical role in the skeletal muscle fibrotic response, mainly associated with 

skeletal muscle dystrophies (Brandan & Gutierrez, 2013). Thus, regardless of 

their minor relative mass, the ECM seems to have a major influence on the 

different muscle cells functionality. Considering the described evidence, the lack 

of different collagen types evaluation is possibly the most relevant limitation of 

our study. Indeed, with the used picrosirius red staining methodology, all the 

collagens are identified, without any discrimination among the different types. 

Therefore, our results only show the overall changes in the amount of collagen 

content and do not allow to address any possible mechanisms relating the ECM 

characteristics with SMR. Notwithstanding, our results demonstrated that the 

collagen production was deeply increased by SB. Again, it is well known that the 

interactions between the ECM, the immune system, and the muscle SCs during 

the SMR, may profoundly affect the fibrosis accretion (Moyer & Wagner, 2011). 

Several causes and mechanisms of action may be linked to the obtained results. 

The mechanical tension imposed to fibroblast during contraction seems to be 

pivotal for nuclear signalling with gene expression and protein synthesis, which 

modulate the rates and type of collagen production, and the fibroblasts’ cell cycle. 

Indeed, the increased muscle contraction modulates fibroblasts gene expression 

(Chiquet et al., 2009), and reduce the amount of fibrotic tissue accretion after 

injury (Richard-Bulteau et al., 2008). Accordingly, one can assume that reduced 

muscle use may compromise the fibroblasts functionality, unbalancing the SMR 

process towards the development of a more dysfunctional phenotype. Actually, 

this negative SB-related effect on the muscle phenotype, i.e., more fibrotic and 

with less muscle cross-sectional fibre area, as already been showed (Fonseca et 

al., 2012). Importantly, considering that the matrix metalloproteinases (MMPs) – 

proteases that mainly degrade collagen – functionality may have a dose-

dependent relationship with exercise (Carmeli et al., 2005), it is plausible to 

assume that SB also blunts this mechanism of ECM remodelling. Myostatin 

expression may also be one of the factors linking the decreased skeletal muscle 

recruitment with the excessive fibrosis accretion. Indeed, myostatin expression is 

positively related with fibroblast proliferation and their production of muscle 

fibrosis (Li et al., 2008). Moreover, also supporting our results, is the fact that anti-
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inflammatory macrophages are able to decrease fibrotic activity and increase the 

tissue resolution phase during repair (Wynn & Vannella, 2016). Despite the 

scarcity of studies aiming a thorough understanding of the interaction between 

different levels of physical activity or regular exercise on the ECM remodelling 

during SMR, collectively, our results showed that SB effectively affects fibroblast 

functionality, resulting in increased fibrosis throughout the time course of SMR, 

which apparently has an opposite relationship with SMReg 

 

 

.
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5. CONCLUSIONS AND 
FUTURE PERSPECTIVES 
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Conclusions 

The main findings presented support that SB impairs rat SMR after CTX-induced 

damage, favouring fibrosis instead of SMReg. This global effect seems to be 

substantiated by the negative consequences of SB on: (1) the local inflammatory 

response: exacerbating the Th1 phase – through an augmented presence of 

neutrophils and M1 macrophages; and impairing the Th2 phase – blunting the 

macrophages polarization to the M2-biased phenotype; (2) the myotubes 

functionality: delaying their formation rate, maturation and growth; (3) the 

fibroblasts activity: intensifying the fibrotic tissue deposition. Bearing in mind the 

importance of skeletal muscles on the overall quality of life and ability to decrease 

the predisposition to diseases, our results clearly demonstrate that SB greatly 

prejudices their repair process, favouring scar tissue formation to the detriment 

of SMReg. Consequently, these SB-related outcomes during SMR will increase 

the changes of skeletal muscles to be progressively substituted by connective 

tissue when coping with daily wear and tear, culminating with the loss of their 

quality and maximal functionality throughout the lifespan. 

 

Future perspectives 

The effects of the different types of muscle loading in the SCs activity are well 

documented (Kadi et al., 2005), however, the mechanisms governing the effects 

of muscle loading/unloading in the overall cellular response during SMR are 

greatly unknown. Therefore, it would be relevant to address the mechanisms by 

which muscle function alters: (1) the inflammatory response – mainly the factors 

influencing the Th1 and Th2 phases, and, specifically, the macrophages 

polarization; (2) the fibroblasts activity –  the aspects that influence their activity 

and the type of collagen produced upon SMR. It would also be appropriate to 

address if these SB-related effects on SMR are the result of the time spent in this 

condition prior to insult, or instead, the consequence of the low muscle 

recruitment during the healing process. Finally, it also seems important to study 

the dose-response relationship between muscle recruitment during the healing 
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process and proper SMR, in order to effectively answer the question: how much 

loading is necessary to effectively improve SMR? 
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