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Sarcopenia, a disorder characterized by age-related muscle loss and reduced muscle strength, is associated with decreased individual independence and quality of life, as well as a high risk of death. Skeletal muscle houses a normally mitotically quiescent population of adult stem cells called muscle satellite cells (MuSCs) that are responsible for muscle maintenance, growth, repair, and regeneration throughout the life cycle. Patients with sarcopenia are often exhibit dysregulation of MuSCs homeostasis. In this review, we focus on the etiology, assessment, and treatment of sarcopenia. We also discuss phenotypic and regulatory mechanisms of MuSC quiescence, activation, and aging states, as well as the controversy between MuSC depletion and sarcopenia. Finally, we give a multi-dimensional treatment strategy for sarcopenia based on improving MuSC function.
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1 INTRODUCTION
The international generic diagnosis of sarcopenia encompasses aspects such as reduced muscle mass and reduced muscle strength. Prevention and intervention of sarcopenia is essential to human health, as even healthy individuals lose muscle mass and function as they age. As a syndrome, sarcopenia is caused by various factors, such as physiological aging, malnutrition, lack of exercise, disease, and inflammation. The pathogenesis of sarcopenia is complex, with hormonal disorders, reactive oxygen species (ROS) accumulation, pro-inflammatory cytokines, defective autophagy, and dysfunction of muscle satellite cells (MuSCs) adding to the complexity of its treatment. Existing therapeutic strategies for sarcopenia include exercise, dietary supplementation, and hormonal interventions that partially rescue the adverse consequences of sarcopenia by inducing autophagy, enhancing energy metabolism, suppressing inflammation, and increasing protein synthesis. MuSCs, located in a niche between the plasma membrane and basement membrane of muscle fibers, represent a heterogeneous population that is usually in a quiescent state. However, when muscle fiber injury or myotonic disease occurs, quiescent MuSCs are activated. A subset of activated MuSCs differentiates and fuses to regenerate muscle for post-injury repair, whereas another subset replenishes the quiescent satellite cell pool by inhibiting myogenic decisions. Whether it is maintenance of the quiescent state or regulation of the activated state, MuSCs are regulated by signals in the niche and circulation. With aging, MuSCs are extensively affected by environmental signals, leading to a decrease in their number and degradation of their function that affects muscle regeneration and worsens sarcopenia. As the correlation between MuSCs and muscle hypertrophy has been addressed, MuSC-based interventions for sarcopenia have been widely studied. We believe that the best interventions to protect the functionally intact MuSC pool during aging are through rescue of the cell cycle, signaling pathways, autophagy, DNA damage and epigenetics of aging MuSCs. In addition, modulation of neighboring cell signaling and substrates in the ecological niche; inhibition or supplementation of soluble small molecules such as cytokines, growth factors, and hormones in the circulation; as well as interventions that reverse the overall level of aging in the organism are likely useful measures.
2 SARCOPENIA
2.1 Definition and diagnosis of sarcopenia
Sarcopenia (Rosenberg, 1997) was originally coined by Evans and Campbell as a combination of two Greek words sarx (meat) and penia (loss). In the 1980s, Irwin Rosenberg defined sarcopenia as age-related muscle mass loss. In 2010, the European Working Group on Sarcopenia in Older People (EWGSOP) defined low muscle function (characterized by low muscle strength) and reduced muscle mass as two criteria for the clinical diagnosis of sarcopenia (Cruz-Jentoft et al., 2010). In 2016, sarcopenia was recognized as an independent disease (Cruz-Jentoft et al., 2019) and in 2018, EWGSOP updated EWGSOP2 to include low muscle strength as the primary index for diagnosis of sarcopenia, and define suspected sarcopenia as the presence of decreased muscle strength. Sarcopenia is characterized by decreased muscle strength and muscle mass, whereas severe sarcopenia is characterized by decreased muscle strength, muscle mass, and physical function (Cruz-Jentoft et al., 2019). In 2020, the Asian Working Group of Sarcopenia (AWGS) updated its Expert Consensus on the Diagnosis and Treatment of Sarcopenia Asia (AWGS2019), which defines sarcopenia as low muscle mass, low muscle strength, and/or low physical function. Currently, there is no internationally accepted diagnostic standard for the definition of sarcopenia.
Diagnosis of sarcopenia is based on the definition of sarcopenia, which requires a comprehensive assessment of the patient’s muscle mass, muscle function (strength), and body function. According to the stepwise diagnostic approach and defined cutoff points proposed by EWGSOP2 (Cruz-Jentoft et al., 2019), sarcopenia is usually evaluated from grip strength, which is easy to measure and highly predictive of adverse outcomes, to detect muscle strength. According to EWGSOP2, the grip strength of men with sarcopenia is less than 27 kg, and that of women is less than 16 kg (Cruz-Jentoft et al., 2019). The second step in diagnosis of sarcopenia is measurement of muscle mass. AWGS2019 recommends using DXA or DSM-BIA combined with the height-corrected appendicular skeletal muscle mass (ASM) index (ASM/height2) to evaluate muscle mass. According to EWGSOP2, this ratio is less than 7 in men and 5.5 in women with sarcopenia (Cruz-Jentoft and Sayer, 2019). The concept of body function includes muscle function as well as central and peripheral nerve function, which are used to evaluate the cooperation of individual tissues and organs. The normal walking pace of patients is often used in clinical evaluation of physical function because it can predict the occurrence of adverse health events related to sarcopenia, such as disability, cognitive impairment, weakness, and fall susceptibility. According to EWGSOP2, the walking pace of men and women with sarcopenia is less than 0.8 m/s (Cruz-Jentoft et al., 2019).
2.2 Causes of sarcopenia
Like other syndromes, the causes of sarcopenia syndrome are varied. Even healthy individuals can gradually lose muscle mass and function with aging. During early growth and development, muscle weight gradually increases to a peak and is generally maintained subsequently. Each person loses about half a pound of muscle a year between the ages of 30 and 60 (Figure 1). But this loss of muscle mass is accompanied by a doubling of fat gain (Forbes, 1999; Barazzoni et al., 2018), so it is usually not noticeable (Gallagher et al., 2000). Changes in amounts of muscle and fat can also lead to changes in muscle composition, with fat infiltration into muscle to form “marbling” (Visser et al., 2002), which can also reduce muscle mass and performance.
[image: Figure 1]FIGURE 1 | Over a lifetime, the body’s muscle mass and strength peaks in adulthood and then gradually declines with aging. The rate of decline varies between people with different lifestyles. The causes of sarcopenia include but are not limited to aging, malnutrition, MuSC dysfunction, physical inactivity, hormone disorders and diseases.
Multiple factors, not just aging, can contribute to the onset and progression sarcopenia, including poor nutrition, lack of exercise (Glover et al., 2008; Tanner et al., 2015), disease, inflammation, and iatrogenic factors (Cruz-Jentoft et al., 2019). Protein intake is closely related to skeletal muscle health (Cruz-Jentoft et al., 2010; Cruz-Jentoft et al., 2014; Lorenzo-Lopez et al., 2017). In sarcopenia, muscle protein synthesis and muscle protein breakdown (MPB) are unbalanced (Paddon-Jones et al., 2008; Breen and Phillips, 2011), and the response of older people to muscle myofibrillar protein synthesis supplied by protein/amino acid is also weakened (Cuthbertson et al., 2004; Katsanos et al., 2005; Moore et al., 2015; Brook et al., 2016). Long-term bed rest or an otherwise sedentary or low-exercise lifestyle negatively impact the volume, structure, chemical composition, and muscle nerve excitability of muscle fibers (Zampieri et al., 2015), which accelerates the process of sarcopenia. Chronic heart and lung diseases (such as chronic heart failure, chronic obstructive pulmonary disease) (Buchman et al., 2009; Bouillon et al., 2013; Elbaz et al., 2014; Navarro-Cruz et al., 2019), diabetes (Sinclair et al., 2017), metabolic diseases (Cleasby et al., 2016), endocrine diseases (such as androgen deficiency or deprivation), cancer, liver, and kidney diseases, bone and joint diseases, and even nervous system disorders can aggravate sarcopenia by restricting the absorption of nutrients and increasing inflammation.
Mechanisms of sarcopenia are complex and varied. Reduction of insulin-like growth factor-1 (IGF-1), a major anabolic signal of muscle protein synthesis, is associated with skeletal muscle mass (Ari et al., 2004; Bian et al., 2020), lower grip strength (van Nieuwpoort et al., 2018), and reduced physical performance. Insulin is also an anabolic hormone acting on myocyte (Bouchi et al., 2017; Tokarz et al., 2018). The sensitivity of myocyte to insulin decreases during aging, resulting in a decrease of muscle mass. In addition, elevation of glucocorticoids under stress, cachexia, and other conditions can increase MPB (Hoppeler, 2016). Decreased numbers of mitochondria and mitochondrial dysfunction occurring with aging can lead to muscle reduction and functional decline (Chabi et al., 2008; Wawrzyniak et al., 2016; Picca et al., 2018). Simultaneously, accumulated ROS leads to production of faulty proteins and overall dysfunction of mitochondria (Chabi et al., 2008; Chocron et al., 2019), which reduce muscle function. One of characteristic of aging is the increase of circulating proinflammatory cytokines [such as interleukin 1 (IL-1), IL-6, tumor necrosis factor (TNF-α), and C-reactive protein] that can promote MPB (Argiles, 2017; Dalle et al., 2017) and downregulate IGF-1 (Piotrowicz and Gasowski, 2020), thereby affecting muscle strength and activity. In addition, decreases of autophagy associated with aging can lead to accumulation of damaged cell components and misfolded proteins (Mizushima et al., 2008), as well as decreased numbers and function of MuSCs (Garcia-Prat et al., 2016), which affect the function and regeneration of myocytes (Garcia-Prat et al., 2016; Jiao and Demontis, 2017). The negative effects of MuSC quiescence and impaired self-renewal capacity on sarcopenia will be discussed in the next section.
2.3 Treatment of sarcopenia
Several approaches, including exercise, dietary supplements, and hormonal interventions are presently the main interventions for managing sarcopenia. Exercise reduces age-related oxidative damage and chronic inflammation, increases autophagy, improves mitochondrial function, and enhances IGF-1 signaling and insulin sensitivity. Resistance exercise (RE) is generally considered to alleviate sarcopenia by increasing skeletal muscle mass and strength (Cruz-Jentoft and Landi, 2014; Landi et al., 2014; Karlsen et al., 2020). Mechanistic studies found that RE can reduce age-induced intracellular lipid (IMCL) accumulation and enhance expression of glucose homeostasis regulatory components (e.g., glucose transporter type 4, glucose-6-phosphate dehydrogenase, hexokinase 2, and glycogen synthase 1) to resist sarcopenia (Ribeiro et al., 2017). RE can also induce autophagy, which is closely related to sarcopenia (Masiero et al., 2009; Sandri, 2010), by regulating Akt/mechanistic target of rapamycin (mTOR) and Akt/FOXO3a signaling pathways, as well as AMPK-mediated mitochondrial quality control (Zeng et al., 2020). Most exercise interventions currently used to treat sarcopenia involve a combination of aerobic, balance, and resistance exercises, which are more effective than RE alone (Moore et al., 2020). However, even in elderly individuals who are physically active, the loss of muscle weight and increase in body fat percentage are still significant (Hawkins et al., 2001), so exercise is not a radical cure.
Nutritional supplementation combined with exercise intervention is a very common treatment for sarcopenia (Abizanda et al., 2015; Naclerio and Larumbe-Zabala, 2016; McKendry et al., 2020). In young individuals, RE makes the body more sensitive to protein supplemented in the diet (Symons et al., 2009). During this time, a combined approach of RE with intake of more protein can be directly used for skeletal muscle synthesis. However, owing to problems related to anabolic resistance (Burd et al., 2013), older people need to eat more protein to maintain muscle mass and function. Protein intake of 1.0–1.3 g/kg/day reduced muscle mass loss in older people by 40% (Houston et al., 2008; Valenzuela et al., 2013) compared with the previously recommended (Manore and Meacham, 2003; Wolfe et al., 2017) intake of 0.66–0.80 g/kg/day. Balanced meal frequency and total protein intake at each meal are more beneficial to MSP in older people (Loenneke et al., 2016; Smeuninx et al., 2020). Notably, animal-derived proteins are more widely recommended than plant-based proteins for sarcopenia owing to their comprehensive amino acids (Gorissen et al., 2018; Churchward-Venne, 2019), high digestibility, and low anti-nutritional factors (Gilani et al., 2012). In particular, branched-chain amino acids, including leucine, valine, and isoleucine, can increase muscle mass by directly promoting protein synthesis through activation of the mTOR signaling pathway (Katsanos et al., 2006; Le Couteur et al., 2020). In addition, the leucine metabolite β-hydroxy-β-methylbutyrate has a positive effect on protein synthesis and mitochondrial dynamics in muscle (Sanz-Paris et al., 2018; Standley et al., 2020), and its oral administration of together with other protein supplements is beneficial for maintaining muscle mass in older people (Sanz-Paris et al., 2018). Supplementation with omega-3 polyunsaturated fatty acids, polyphenols, and vitamin D can also suppress inflammation and improve metabolism, thereby supporting skeletal muscle function (Domingues-Faria et al., 2016; Dupont et al., 2019; Du et al., 2020).
Hormonal modulation, a classic strategy to alleviate sarcopenia (Kwak and Kwon, 2019), offers new options for elderly individuals suffering from exercise intolerance. One of the key options is to promote myogenic cells and protein synthesis by activating androgen receptor (AR) expression in satellite cells and myoblasts. Testosterone is age-dependently reduced as a ligand for ARs. Supplementation with testosterone promotes satellite cell entry into the cell cycle, thereby increasing the number of satellite cells (Hikim et al., 2002). Moreover, testosterone increases the response of fusion-impaired myoblasts, enhances AR levels, and increases the abundance of AKT expression (Hughes et al., 2016; Pal et al., 2019). In addition, testosterone improves the efficiency of amino acid utilization after proteolysis and promotes muscle synthesis (Ferrando et al., 1998). Experiments have proven that testosterone can increase muscle protein synthesis in frail and elderly patients with heart failure, thereby improving muscle strength and increase walking distance. However, there are risks associated with testosterone therapy, including sleep apnea, thrombotic complications, and increased risk of prostate cancer. Accordingly, the potential risks of testosterone use in older people population may outweigh its benefits, so it is not widely used. Selective androgen receptor modulators (SARMs), a new class of AR ligands, have the same effect as androgens with higher selectivity for bone and muscle tissues with fewer side effects. Embosarm, for example, successfully increased muscle mass and body functions in patients without cancer and patients with advanced lung, colorectal, breast cancer, or lymphoma. The Embosarm Phase II study in 120 healthy older adults showed both lean body mass gain and dose-dependent improvement in stair climbing (Dalton et al., 2011). However, Embosarm has not been approved by the United States Food and Drug Administration owing to hepatotoxicity and unpredictable post-administration prognosis.
Melatonin, an effective substitute for testosterone, was shown to prevent muscle atrophy induced by the IGF-1 axis in rats. In addition, melatonin can reduce adipose formation in obese mice by regulating autocrine and paracrine responses in muscle and adipose tissue (Jin et al., 2021).
3 MUSCLE SATELLITE CELLS
As the tissue with the largest body mass, skeletal muscle is composed of myofibers fused by large numbers of myogenic progenitor cells, which affect body movement, respiration, and metabolism. Skeletal muscle can maintain its size and function through regeneration after injury thanks to resident MuSCs, also known as “satellite cells”, which were discovered in 1961 by Mauro in vertebrate muscle using electron microscopy (Mauro, 1961). MuSCs are located in a unique anatomical position between the myofiber plasma membrane and basal lamina (Mauro, 1961), and normally reside in a quiescent state. When muscle fiber injury or muscular dystrophy occurs, changes in niche signaling cause quiescent satellite cells (QSCs) to become activated satellite cells (ASCs) (Wosczyna and Rando, 2018). A subset of ASCs subsequently differentiates and fuse to regenerate muscle for post-injury repair, whereas another subset replenishes the QSC pool by inhibiting myogenic determination (Evano et al., 2020).
Normally, MuSCs stay within their stable, although complex, niche. Single-cell RNA sequencing revealed the diversity of cell types in the MuSC niche, including resident macrophages, T cells, B cells, neutrophils, endothelial cells, fibroadipogenic progenitor cells (FAPs), Schwann cells, tenocytes, and smooth muscle-mesenchymal cells (Mashinchian et al., 2018). MuSCs and myofibers can interact directly [e.g., through muscle cadherins (M-CADH) and the Notch signaling pathway] (Goel et al., 2017; Baghdadi et al., 2018) or indirectly by expressing related receptors in response to cytokines produced by other cells in the niche (e.g., hepatocyte growth factor receptor and epidermal growth factor receptor) (Tatsumi et al., 1998; Bentzinger et al., 2010). In addition, MuSCs can also interact with extracellular matrix (ECM) components, such as the interaction between laminin-integrin and calcitonin receptor (CALCR) expressed on the surface of MuSCs (Baghdadi et al., 2018).
3.1 MuSC quiescence and activation
3.1.1 Characteristics of MuSC quiescence
Cell surface markers of QSCs are distributed unevenly on the cell surface, including CD34, c-Met, syndecans 3 and 4, integrins α7 and β1, neural and vascular cell adhesion molecules, neural and muscle cadherins (N-CADH and M-CADH), C-X-C motif chemokine receptor 4, CALCR (Zhang et al., 2019), and calveolin 1 (Feige et al., 2018; Garcia-Prat et al., 2020), which jointly control QSC quiescence by integrating signals from the external niche and intercellular interactions.
Under normal circumstances, MuSCs reside in a quiescent state in adults (Cheung and Rando, 2013). The quiescence and activation of MuSCs are crucial for maintaining the stem cell pool and muscle regeneration (Relaix and Zammit, 2012), which require precise regulation. Several transcription factors have been identified as key regulators and markers of MuSCs and their progression toward myogenic lineages. Paired-box transcription factor (Pax7) is a canonical marker of MuSCs because of its continuously high expression, in which some subgroups co-express Pax3 (Buckingham and Relaix, 2015). Hierarchical expression pattern of myogenic regulatory factors (MRFs) including Myf5, MyoD, MRF4, and myogenin determine the sequential control of myogenic development (Relaix and Zammit, 2012). In general, QSCs express Pax7 without expressing MRFs. When QSCs were activated to proliferate and differentiate into myoblasts, Pax7 expression decreased and MRFs began to be expressed. Myoblasts expressed MyoD and MYF5, whereas Pax7 was lowly expressed. Subsequently, myoblasts differentiated into myocytes expressing both myogenin and MRF4 (Almada and Wagers, 2016), before further fusing to form multinucleated myotubes. Finally, myotubes combine to form muscle fibers (Figure 2).
[image: Figure 2]FIGURE 2 | Fate regulations of MuSC towards muscle differentiation and self-renewal. Quiescent MUSC express Pax7, and symmetric division upon MuSC activation can produce two identical MuSCs to maintain a stable MuSC pool, and asymmetric division can produce one MuSC, one myogenic committed cell. Myogenic committed cells express MRFs step-by-step to differentiate into myocytes. Myocytes stop proliferating and fuse to form multinucleated myotubes. Myotubes further mature and bundle together to form myofibers.
3.2 Regulations of MuSC quiescence
The quiescence of MuSCs is jointly regulated by extracellular cues and intracellular molecules. Abnormal activation of QSCs leads to the accumulation of aging-related damage and depletion of the stem cell pool (Chakkalakal et al., 2012; Kimmel et al., 2020). Therefore, ensuring accurate expression of these regulatory factors is very important for muscle regeneration.
3.2.1 Extracellular cues on MuSC quiescence
Owing to the anatomical location of QSCs, muscle fibers and ECM play important roles in maintenance of their quiescent state. N-CADH and M-CADH expressed on the surface of QSCs are in direct contact with muscle fibers, and their genetic removal leads to QSC activation. The ligand Delta-like 1 located on muscle fibers can bind to Notch1–3 receptors expressed by QSCs, causing translocation of the Notch intracellular domain to the nucleus, whereby it regulates expression of quiescence-related genes (e.g., Hes/Hey family genes) (Fujimaki et al., 2018; Yartseva et al., 2020). The role of Notch signaling in maintenance of MuSC quiescence is well characterize (Bjornson et al., 2012). Interference of Notch signaling can damage MuSC self-renewal, thereby causing spontaneous differentiation and depletion of the stem cell pool. Activation of KLF7, a downstream target of Notch important for maintaining MuSC quiescence, induces upregulation of the cyclin-dependent kinase (CDK) inhibitor P21 CIP1, which inhibits MuSC entry into the cell cycle (Wang et al., 2016). FOXO, a transcription factor highly expressed in QSCs, can further consolidate Notch signaling. In MuSCs with a disturbed FOXO axis, constitutive Notch activation can re-establish MuSC quiescence and prevent their depletion (Gopinath et al., 2014). Moreover, Notch signaling was found to induce miR-708 transcription, which inhibits MuSC migration by anchoring them within the niche and promoting maintenance of a quiescence state (Baghdadi et al., 2018). The MuSC surface marker CALCR is critical for maintaining MuSC quiescence and anchoring it in its niche, and the progressive decrease of CALCR with aging may contribute to MuSC loss. Given that the intrinsic ligand of CALCR, collagen V (COLV) (Ikemoto-Uezumi et al., 2019), and its upstream regulator Notch signaling (Baghdadi et al., 2018) are unaffected by age, targeting CALCR or its downstream signaling may be a therapeutic strategy to rescue age-related loss of MuSCs.
Paracrine regulation within the MuSC niche cannot be ignored. Serial transplantation assays showed that oncostatin M, a member of the IL-6 cytokine family secreted by muscle fibers, could protect the quiescent state of MuSCs and sustains their stemness (Sampath et al., 2018). Wnt4, another cytokine secreted by muscle fibers, can delay MuSC entry into the cell cycle and activate Rho-GTPase acting on the cytoskeleton, causing mechanical sclerosis of MuSCs (Eliazer et al., 2019). Wnt4 also inhibits transcription of Yap, a key cellular mechanotransducer implicated in the mechanical process of cell regeneration (Sun et al., 2017), thereby maintaining the quiescent state of MuSCs.
Other components in the niche, such as the key basal lamina component laminin, provide binding sites for integrins α7 and β1 expressed on the surface of MuSCs to anchor MuSCs to the ECM and provide physical support for their quiescence. Skeletal muscle is rich in blood vessels. Interactions between vascular endothelial cells and MuSC participate in the maintenance MuSC quiescence and MuSC-mediated muscle regeneration. VEGF secreted by satellite cells recruits vascular endothelial cells. Notch ligand Delta-like 4 expressed on endothelial cells activates Notch signaling of MuSCs, which maintains their quiescence and inhibits their myogenic progression (Verma et al., 2018). FAPs have the ability to differentiate into fibroblasts, adipocytes, osteoblasts, and chondrocytes under specific circumstances. FAP-depleted mice exhibited symptoms of MuSC loss and muscle atrophy (Wosczyna et al., 2019), although whether this occurs through maintenance of MuSC quiescence remains to be studied. There are few immune cells in homeostatic skeletal muscle, but their number rapidly increases after muscle injury, which will affect MuSC activation. For example, in situ phenotypic transformation from pro-inflammatory macrophages to antigen macrophages can stimulate differentiation of MuSCs (Perdiguero et al., 2011). Moreover, a macrophage subgroup identified in zebrafish secreted nicotinamide phosphoribosyltransferase, which bound to CCR5 receptors of MuSCs to stimulate their mitosis, thus promoting regeneration after injury (Ratnayake et al., 2021).
3.2.2 Intracellular molecules on MuSC quiescence
To maintain QSCs in stasis at the G0 phase of the cell cycle, transcription factors driving cell cycle progression and myogenic differentiation must be minimally expressed. In contrast, PAX7 and stemness genes related to cell regeneration and differentiation were highly expressed (Pietrosemoli et al., 2017). The cell cycle of MuSCs is regulated by cyclins (cycA, cycB, cycC, cycD, and cycE) and CDK, whose expression is regulated by the E2F family. Activity of E2F family members is inhibited by CDK inhibitors of the CIP/KIP and INK4A families, thus limiting the mitotic process of QSCs. For example, activation of p21CIP1, downstream of the Notch signaling pathway, inhibits QSC entry into the cell cycle (Wang et al., 2016). P57 translocates from the cytoplasm to the nucleus, causing myogenic myoblasts to exit the cell cycle (Wang et al., 2016). p27 KIP1-Null mice exhibited reduced MuSC reserves and MuSCs that could not be restored to quiescence after two rounds of serial injuries, resulting in stem cell pool depletion. Examination of involved signaling pathways revealed upregulation of TNF/nuclear factor κB (NF-κB), IL-6-Janus kinase (JAK)-STAT3, AMP-activated protein kinase (AMPK), and Notch signaling pathways. Moreover, genes associated with cell cycle progression (e.g., G2/M cell cycle checkpoint-related genes) were downregulated in QSCs.
Post-transcriptional regulation is also important for maintaining MuSC quiescence. Previously, we mentioned that Mir-708 anchors MuSCs in the niche to maintain their quiescence (Baghdadi et al., 2018). Indeed, multiple miRNAs were found to be involved in QSC maintenance. Mir-489 targets Dek mRNA to inhibit maturation and processing of myogenic transcripts (Cheung et al., 2012), whereas Mir-31 binds Myf5 mRNA to ribonucleoprotein granules to prevent their translation (Crist et al., 2012). Matrix metalloproteinase 9, which degrades skeletal muscle matrix, prevents MuSCs from quiescence and regeneration. AUF1 targets the 3′ AU-rich elements of matrix metalloproteinase 9 mRNA to counteracts its adverse effects (Chenette et al., 2016). Similarly, Staufen1 prevents translation of MyoD by interacting with the MyoD 3′ untranslated region (de Morree et al., 2017). Simultaneously, the MyoD mRNA 3′ untranslated region can bind to tristetraprolin, which promotes its decay (Hausburg et al., 2015).
Autophagy refers to the process of self-degradation of organelles, cytoplasmic parts, and misfolded proteins in lysosomes, which is essential for maintaining MuSCs in a quiescent state. Impaired autophagy activity in elderly MuSCs accelerates stem cell depletion (Garcia-Prat et al., 2016; Wang et al., 2016). Genetic inhibition of autophagy-related genes in healthy young mice results in rapid MuSC senescence, resulting in a decreased MuSC numbers and function, thus affecting muscle regeneration (Garcia-Prat et al., 2016).
The importance of epigenetic modifications on gene expression is also reflected in the control of MuSC quiescence (Liu et al., 2013). For example, the NAD+-dependent deacetylase SIRT1 associates histone acetylation with MuSC fate by sensing NAD+ levels (Feige et al., 2008). The NAD+ level of QSCs is 10 times higher than that of ASCs. During quiescence, SIRT1 inhibits the expression of genes related to MuSC cell cycle entry and myogenic development by deacetylating histone H4K16 (Ryall et al., 2015). Evidence shows that MuSC-specific deletion of SIRT1 can induce abnormal expression of MyoD and cause MuSC activation (Ryall et al., 2015).
3.3 MuSC activation and cell fate
Just as MuSCs are regulated to remain quiescent, their activation is also directly influenced by cell cycle regulators. Perturbation of the signaling pathways and regulators that maintain MuSC quiescence activates QSCs to enter the cell cycle. As the regulatory center of MuSC activation, PI3K-AKT mediates the activation of mTOR signaling and inhibits high expression of FOXO in QSCs, which is closely related to their activation.
In 2014, Rodgers et al. reported the existence of an intermediate state (Galert) between quiescence and activation of MuSCs (Rodgers et al., 2014). Compared with QSCs, Galert MuSCs were in a state of mobilization, with larger cell sizes and higher mitochondrial activity (Rodgers et al., 2014). Later studies confirmed that hepatocyte growth factor activator generated from tissue injury binds to C-Met on the surface of MuSCs, whereby it activates mTORC1 through PI3K to trigger the Galert state of MuSCs (Rodgers et al., 2017).
MuSCs undergo two cell division patterns: symmetrical division to produce two stem cells and asymmetric division to produce one differentiated cell and one stem cell. MuSCs produced by symmetric division and the offspring MuSC produced by asymmetric division need to return to quiescence to supplement the MuSC pool. In contrast, myogenically committed cells produced by asymmetric division need to differentiate and fuse to form muscle fibers (Figure 2). Regardless of the division mode and ultimate cell fate, both processes are accompanied by withdrawal from the cell cycle.
p38α stimulates cell cycle exit by inducing expression of cell cycle inhibitors. In addition, p38α induces MuSC myogenic differentiation by activating MyoD and MEF2 transcriptional activities (Aziz et al., 2010) and promoting the action of chromatin remodeling complex on myogenic promoters (Wu et al., 2000; Forcales et al., 2012). MyoD can also induce expression of muscle-specific miRNAs (miR-206 and miR-133), downregulate Pax7, and activate the main regulator of differentiated myogenin through transcriptional (Dey et al., 2011; Dong et al., 2020) and post-transcriptional mechanisms. Finally, MyoD and myogenin work together to activate MRF4 and other muscle-derived terminal differentiation genes, causing the cell to exit the cell cycle (Bi et al., 2017).
Induction of myogenic differentiation should be avoided in the selection of a self-renewal fate during MuSC proliferation. p38-mitogen-activated kinase (MAPK) (Bernet et al., 2014), fibroblast growth factor (FGF)-extracellular-regulated kinase (ERK)/MAPK (Pawlikowski et al., 2017) and JAK-STAT3 (Pietrosemoli et al., 2017) pathways are involved in determination of the self-renewal fate. During asymmetric division and in contrast to the myogenically committed cell, the self-renewing MuSC daughter cell exhibits Notch3 receptor expression, Notch pathway activation, increased Pax7 expression, and inhibited MyoD expression, which induce the renewed MuSC to resume quiescence.
At present, how MuSCs choose a differentiation or self-renewal fate is not fully understood. In vivo and in vitro studies found that the division pattern and number of MuSCs depend on their internal counting mechanism (Evano et al., 2020), indicating the complexity of their proliferative regulation. Activation of QSCs and subsequent determination of their cell fate are precisely controlled by a variety of signals and factors.
3.4 Heterogeneity of MuSCs
Not all stem cells within a tissue are homogeneous, and this is true of MuSCs. Indeed, heterogeneity is considered a beneficial feature of stem cells, enabling them to improve their ability to adapt to the environment and respond to signals. The complex quiescent and active regulatory networks of MuSCs are also inseparable from their heterogeneity. Accordingly, the heterogeneity of MuSCs can be described from multiple perspectives.
First, MuSC subsets can be distinguished according to different cell surface markers. CD34 is the first candidate, according to which QSCs can be divided into two subgroups: CD34hi and CD 34low. The former exhibits more stem-like properties, but represents no more than 15% of total cells, whereas the latter is more committed to myogenic differentiation (Garcia-Prat et al., 2020). In addition, expression of CD9 alone or in combination with CD104 can be used to distinguish between quiescent and activated myogenic progenitor cell populations (Porpiglia et al., 2017)—the CD9+/CD104− subgroup of MuSCs is more likely to self-renew (Porpiglia et al., 2017).
MuSC activation and subsequent myogenic differentiation or self-renewal are continuously regulated by transcription factors, which are regarded as myogenic markers. Thus, QSC heterogeneity can also be defined by the expression patterns of transcription factors. Previous studies linked the loss of Myf5 expression to the maintenance of MuSC quiescence. However, with more widespread use of lineage-tracing techniques, a subset of Pax7+ was identified in mice that never express Myf5. Compared with Myf5-expressing subpopulations, Pax7+/Myf5- MuSCs performed better at reconstructing the quiescent MuSC pool after transplantation, suggesting that Pax7+/Myf5− MuSCs retained more stemness (Kuang et al., 2007). In addition, Pax7hi and Pax7low MuSCs were identified by their relative expression of Pax7, with Pax7hi MuSCs exhibiting a more quiescent state with lower metabolic activity (Rocheteau et al., 2012).
MuSC heterogeneity can also be distinguished according to differences in gene expression, which can be confirmed by single-cell sequencing (scRNA-seq). MuSC subsets encoding growth arrest-specific protein (Gas1), Notch-targeted Hes1, Pax7, and CALCR genes are more quiescent. MuSC subsets expressing ribosomal genes Myf5 and MyoD were more inclined to exhibit early activation (Dell'Orso et al., 2019).
To determine whether labeling was retained during proliferation, MuSCs were artificially labeled with a histone H2B pulse-chase system or the fluorescent dye PKH26. MuSCs that retained the label (H2B-GFP+) exhibited a low degree of differentiation, preference for self-renewal to maintain the stem cell pool, and high expression of cell cycle inhibitors p21 and p27. Unlabeled MuSCs (H2B-GFP-) retained fast division speeds and tended to undergo myogenic differentiation. Similarly, MuSCs exhibiting high retention of the fluorescent dye PKH26 exhibited higher stemness than MuSCs exhibiting low retention.
3.5 MuSCs in aging
Aging impairs both autonomous and niche-dependent regulation of MuSCs, eliciting changes in their ability to maintain quiescence and functional loss of self-renewal and regeneration—the main factors driving age-related muscle changes (Carlson et al., 2008; Sousa-Victor et al., 2014). External cues, such as changes in inflammatory factors and extracellular components [e.g., Wnt ligands (Brack et al., 2007), transforming growth factor β (TGF-β) (Carlson et al., 2008), and FGF2 (Chakkalakal et al., 2012)], may influence MuSC function. In addition, intrinsic factors including oxidative stress, DNA damage, altered signaling pathways, protein damage, and metabolic changes, can impair MuSC function (Sousa-Victor et al., 2014).
The mainstream view is that the number of MuSCs decreases in an age-dependent manner (Day et al., 2010; Verdijk et al., 2012; Verdijk et al., 2014). The data showed a significant decrease in the number of MuSC in type II muscle fibers of the vastus lateralis muscle in older (50–59 years) and senescent (70–86 years) populations compared with younger adults (18–49 years) (Verdijk et al., 2014). However, other studies show no significant difference in the number of MuSCs between young and aged mice (van der Meer et al., 2011). Therefore, this review is skeptical about the correlated changes between MuSCs and aging. In any case, there are various mechanisms for aging to affect the number of MuSCs, as suggested by the mainstream view. Although QSCs are in a dormant state of low metabolism, they still exhibit continuous autophagy to remove damaged proteins and organelles. With age, this protective mechanism is gradually lost (Sandri, 2010). Aging-dependent autophagy impairments or genetic damage of MuSCs will lead to the loss of protein homeostasis and increased oxidative stress, which further promotes aging, resulting in declining numbers and function of MuSCs (Revuelta and Matheu, 2017). These negative effects can be reversed by genetic and pharmacological manipulation. MuSCs isolated from elderly mice exhibited increased numbers of lesions containing the DNA damage marker γH2AX (Sinha et al., 2014), suggesting a potential influence of genomic instability on muscle aging. Owing to the non-mitogenic nature of QSCs, repair of DNA damage is achieved by non-homologous end joining, a repair mechanism different from cell cycle-dependent double-strand break repair (Ferdousi et al., 2014). However, because non-homologous end joining does not require template strands for DNA repair, its error rate is increased, thus increasing the possibility of cell mutagenesis (Burkhalter et al., 2015).
Insulin and IGF provided by aging muscle activate the PI3K-Akt signal pathway (classical pathway regulating the transformation of QSCs into ASCs), which subsequently activates expression of mTORC1 and inhibits expression of FOXO. Chronic activation of mTORC1 associated with aging or repeated stimulation of mTORC1 to maintain ASC proliferation and differentiation leads to depletion of the MuSC pool (Haller et al., 2017). Moreover, reduced inhibition of FOXO activity by Akt promotes expression of myogenic regulatory factors (e.g., MyoG), leading to the withdrawal of the MuSC from its quiescent state. Measures to inhibit mTORC1 activation are conducive to protection of the MuSC pool. FGF2, another cytokine whose production is increased in aging muscle (Bernet et al., 2014), binds FGF receptors on MuSCs to cause their continuous activation, which also causes MuSC depletion (Bernet et al., 2014). Overexpression of SPRY1 can counteract increases of FGF2 and protect the quiescence of aging MuSCs (Chakkalakal et al., 2012). Other studies evaluating signaling pathways found that Notch-dependent activation of p53 was decreased during regeneration of aging MuSCs, which led to impaired MuSC self-renewal and increased mitosis-related mortality of MuSCs (Liu et al., 2018). Restoring the activity of p53 in aging MuSCs can promote their survival and regeneration. Notably, a reduction of AMPK/p27 pathway activation was observed in aging MuSCs, which exhibited impaired autophagy and an increased propensity for apoptosis, thus consuming the MuSC pool (White et al., 2018).
During aging, the loss of MuSC stemness and their withdrawal from the quiescent state caused by abnormal activation can occur simultaneously. TGF-β promotes expression of CDK inhibitors and inhibits MuSC proliferation through the pSmad3 intracellular pathway (Carlson et al., 2008). Notch signaling can antagonize this function by removing pSmad3 from the promoter of CDK inhibitor genes. Therefore, continuous enhancement of TGF-β signaling and continuous consumption of Notch signaling in aging muscle may lead to increased expression of CDK inhibitors, which are related to defects in proliferation and differentiation (Carlson et al., 2008). Accordingly, blocking TGF-β signal transduction is beneficial to reducing aging and promoting MuSC function. The key reason for the loss of regenerative potential of MuSCs with aging is upregulated expression of the CDK inhibitor p16INK4a, which helps MuSCs permanently withdraw from the cell cycle, resulting in impaired self-renewal ability (Sousa-Victor et al., 2014). Factors associated with high expression of p16INK4a include ROS accumulation in mitochondria, constitutive activation of p38/MAPK signaling (Cosgrove et al., 2014), and low expression of the p16INK4a repressor Slug (Li et al., 2019). Silencing of p16INK4a in MuSCs by gene knockdown or overexpression of Slug restores MuSC quiescence and rescues their ability to transplant and return to quiescence. During mitosis occurring with muscle regeneration, p53 can inhibit and defect the spindle assembly, causing apoptosis of MuSCs in the process of regeneration (Liu et al., 2018).
4 MUSCS AND SARCOPENIA
There is a correlation between MuSC-dependent decline in muscle regenerative capacity and age (Sadeh, 1988), and this phenomenon is particularly evident in sarcopenia (Welle, 2002; Sousa-Victor and Munoz-Canoves, 2016). It has also been suggested that sarcopenia can be separated from MuSC dysfunction (Fry et al., 2015), as sarcopenia occurs before MuSC impairment (Sousa-Victor et al., 2014). The etiology of sarcopenia is complex and diverse (Figure 3). Although the role of MuSCs in sarcopenia is questionable, maintaining the integrity of MuSC number and function is indispensable for muscle health (Keefe et al., 2015).
[image: Figure 3]FIGURE 3 | Changes of MuSC in aging. The decrease in MuSC number and functional degradation in aging is accompanied by the onset and development of sarcopenia. MuSC internal changes that increase with aging include but are not limited to: ROS, DNA damage, oxidative stress, expressions of TGF-β, FGF2, p38, p16Ink4, and Wnt signaling pathway. Those that decrease with aging include but are not limited to: autophagy, protein homeostasis, expressions of Sprouty, p27Kip1, p53, and notch signaling pathway.
4.1 Relationship between MuSCs and sarcopenia
The loss of muscle mass in sarcopenia is mainly characterized by type II muscle fiber atrophy, which is accompanied by a decrease in the amount of type II muscle fiber type-specific MuSCs in aging muscle (Leenders et al., 2013; Mackey et al., 2014; Verdijk et al., 2014). Based on studies showing that the onset of MuSC reduction precedes age-related muscle fiber atrophy (Brack et al., 2005) and MuSC content is a strong predictor of muscle fiber size in aged individuals (Verdijk et al., 2010), it has been hypothesized that age-related decreases in type II muscle fiber MuSC content may lead to decreased muscle fiber maintenance capacity, resulting in the specific type II muscle fiber atrophy observed in aged muscle (Snijders et al., 2009). Although it has been reported that muscle mass in humans is relatively stable between developmental maturity and 40 years of age, and MuSC function is often well preserved thereafter, signs of sarcopenia and a slow and steady decline in muscle mass can also occur (Mitchell et al., 2012). Compared with younger mice, old mice (20–24 months of age) showed a significant decrease in MuSCs along with fiber atrophy, but geriatric mice (28–32 months of age) showed no further loss of MuSCs when multiple sarcopenic symptoms increased (Sousa-Victor et al., 2014). Considering the conflicting evidence, it remains controversial whether the loss of MuSCs directly causes sarcopenia, although MuSCs are thought to be the sole source of new muscle nuclei and there is an inextricable link between the decay of MuSCs and poor muscle progression.
Fry et al. (2015) observed significant muscle mass loss only in flounder muscle after induced depletion of MuSCs from adult mouse skeletal muscle. In aged mice (24 months old), muscle atrophy consistent with criteria for human sarcopenia was observed in both control and MuSC-depleted groups, indicating that MuSC-dependent loss of regenerative capacity in adulthood does not accelerate sarcopenia in aging mice. However, there was a low frequency of MuSC depletion in this experiment (range 64%–87%) and normally aging control mice may still lack the muscle fiber regeneration that inhibits sarcopenia. Keefe et al. (2015) used a similar strategy to induce MuSC depletion in adult mouse skeletal muscle and found that MuSCs continued to contribute to muscle fibers even in the absence of injury, but were unnecessary to maintain muscle fiber CSA in uninjured adult muscle. The reduced number of muscle fibers in sarcopenia (Lushaj et al., 2008) is not mentioned in the MuSC-depleted mouse model.
The changes that muscles undergo over the lifetime of model mice cannot be fully analogous to humans, and a recent study based on human muscle samples is exciting. Although it is generally accepted that the decreased regenerative capacity of MuSCs correlates with aging (Forcina et al., 2019), Novak et al. (2021), who xenografted human muscle from different age sources into an immunodeficient mouse model, found that the muscle-forming capacity of MuSCs was not impaired with age and loss of muscle mass during aging was not attributable to any intrinsic myogenic loss of MuSCs. These findings confirmed that muscle regeneration can still occur even in MuSCs from elderly individuals in a friendly environment, suggesting the possibility of improving the environment for MuSC survival to protect muscle health.
Neuromuscular junctions (NMJs) are synapses located between motor neurons and skeletal muscle cells that are important for maintaining muscle mass and function (Liu et al., 2018). Degeneration of NMJs is associated with aging and one of the manifestations of sarcopenia. Depletion of MuSCs accelerates age-related degeneration of NMJs and significantly induces early onset of reduced cross-sectional area of muscle fibers, a sarcopenic phenotype (Liu et al., 2017). Activation of MuSCs in the vicinity of NMJs has been shown to be essential for promoting myofiber reinnervation and restoring muscle atrophy and fibrosis (Liu et al., 2015). Previous experiments demonstrated that overexpression of Spry1 in SCs attenuates age-related SC decline (Chakkalakal et al., 2012; Bigot et al., 2015). To verify that functional MuSCs are the key factor for maintaining muscle mass and strength, and slowing the progression of sarcopenia, Liu et al. (Liu et al., 2017) compared SC-specific Spry1-overexpressing Pax7 CreER/+; CAGSpry1/+ (Spry1OX) mice with Pax7+/+; CAGSpry1/+ (control) mice. Flow cytometric analysis confirmed that aging muscles of Spry1OX mice had significantly more SCs at 12 months of age, and that Spry1OX muscles had diminished age-related neuromuscular junction degeneration and a robust increase in postsynaptic myonuclear cluster size. In behavioral tests, older Spry1OX mice had significantly longer run times and distances, and exhibited a significant increase in the peak absolute force produced by the muscle. This experiment demonstrates that retention of functional MuSCs in aging skeletal muscle is essential to maintain muscle mass and strength, and to slow the development of sarcopenia. Collectively, these findings lay the theoretical foundation for subsequent treatment of sarcopenia by improving MuSC function.
4.2 MuSC and muscle hypertrophy
As humans age, numbers of MuSCs decrease dramatically. Sarcopenia also elicits age-related loss of skeletal muscle, encompassing declines in both muscle fiber size and number. Experiments have validated the relationship between MuSCs and muscle hypertrophy, which is related to their potential to differentiate into muscle fibers.
In the 1990s, Rosenblatt and Parry used γ-irradiation to ablate MuSCs and observed virtually no muscle fiber growth in mice (Rosenblatt and Parry, 1992; Rosenblatt and Parry, 1993). However, due to controversy surrounding the low specificity of γ-irradiation on MuSCs, this test cannot fully prove a relationship between MuSCs and muscle hypertrophy. Therefore, in 2011, McCarthy et al. (2011) used the Pax7CreER-diphtheria toxin A (Pax7CreER-DTA) strain of mice that allows for conditional ablation of Pax7+ cells (MuSCs) to verify the hypothesis that MuSCs supports skeletal muscle hypertrophy. The results showed that muscle fiber hypertrophy induced by 2 weeks of overload was accompanied by the production of new myonuclei in muscle with MuSCs. However, similar hypertrophy of muscle fibers was observed in MuSC-ablated muscle. Therefore, the authors believe that MuSCs are not necessary for mouse skeletal muscle hypertrophy. In 2014, Fry et al. (2014) used the same mouse model and found that muscle fiber hypertrophy without satellite cells was impaired after 8 weeks of overload, providing a role for satellite cells in long-term muscle fiber hypertrophy. To explain the above controversy, Egner et al. (2016) used the exact same experimental model and found that increases of muscle fiber cross-sectional area and myonuclei contents were observed after 2-weeks overload, but not in MuSC-deficient muscles. The authors suggest that the reason for this discrepancy results from the use of different criteria for evaluating muscle fiber cross-sectional area in McCarthy’s experiment. McCarthy’s assessment included fibers showing signs of damage, whereas (Egner et al., 2016) observed that damaged muscle fibers were generally smaller than normal muscle fibers. If a large number of damaged muscle fibers are included in the statistics, it will mask the growth of muscle fibers in response to overload. Notably, (Egner et al., 2016) did observe a difference in muscle mass gain between normal and MuSC-ablated mice (112% and 55%, respectively), but they considered muscle mass to be an unreliable indicator of hypertrophy in the plantaris overload model due to complications after synergistic ablation. Hall et al. (2010) showed that transplantation of MuSCs (along with some muscle fibers) into injured muscles of young mice contributed to an increase in muscle mass and strength, and this positive effect persisted as the mice aged. In this transplantation model, the lifetime increases in muscle mass arose from an increase in muscle fiber number and progressive muscle fiber hypertrophy, providing new evidence that MuSCs can cause muscle hypertrophy.
Studies on the relationship between MuSCs and muscle hypertrophy in humans are mostly descriptive, however numerous studies have confirmed that the hypertrophy of muscle fibers during long-term resistance exercise is accompanied by increases in MuSCs and muscle nuclei content, as observed in both healthy young and old adults (Petrella et al., 2006; Leenders et al., 2013; Bellamy et al., 2014; Farup et al., 2014; Abou Sawan et al., 2021). Thus, MuSCs do indeed play an important role in muscle fiber hypertrophy under stimulation with human muscle growth factors, regardless of age.
These results demonstrate that MuSCs have a positive role in long-term muscle fiber hypertrophy, which is of great significance in resisting muscle loss associated with sarcopenia. Moreover, these findings suggest that optimizing the function of MuSCs with aging may be a feasible strategy to combat skeletal sarcopenia.
4.3 Interventions and mechanism of treating sarcopenia with MuSC
The quantity and function of MuSCs are subject to a combination of intra- and extracellular signals. Therefore, restoration of MuSC function should be addressed from multiple perspectives (Figure 4).
[image: Figure 4]FIGURE 4 | Rejuvenation strategies for MuSC. To restore the number and function of the aging MuSC requires restoring the overall rejuvenation of MuSC itself, niche and the system, by balancing dysregulated signaling pathways, cytokines, cellular metabolism, and genetic modifications etc., through various means. Cell transplantation and hiPSCs technologies in regenerative medicine also offer new approaches to MuSC rejuvenation.
4.3.1 Strategies acting directly on MuSCs
Autonomous rejuvenation of MuSCs can be achieved by regulating cell cycle inhibitors, intracellular signaling pathways, autophagy, DNA damage, and epigenetics.
Expression of cell cycle inhibitors such as p16 Ink4, p53, and p57 Kip2 increases with aging, causing irreversible cell cycle arrest in MuSCs that severely affects their regeneration. Inhibition of p16 expression restores the asymmetric division potential of MuSCs and prevents their aging and depletion (Sousa-Victor et al., 2014). Given the ability of p53 to regulate the balance between quiescence, proliferation, and differentiation of MuSCs, inhibition of its expression could improve the proliferative capacity of MuSCs under certain diseases (Flamini et al., 2018; Kitajima et al., 2018).
As discussed above, p38/MAPK, JAK/STAT, Notch, mTOR, and other signaling pathways are aberrantly expressed within MuSCs during aging, and Stat3 has been identified to increase activity in sarcopenia (Tierney et al., 2015). Inhibition of p38/MAPK (Bernet et al., 2014) and JAK/STAT (Sorensen et al., 2018) signaling pathways, which are aberrantly activated in aging, rescues aging MuSC function. Conditional knockout of Stat3 in MuSCs confirms its critical role in regulating MuSC self-renewal during muscle regeneration (Zhu et al., 2016). Meanwhile, restoration of deficient Notch signaling could enhance MuSC stemness and proliferation (Conboy et al., 2005).
Autophagy plays an important role in cellular homeostasis by degrading intracellular waste through lysosomes. Autophagy provides temporary energy replenishment for activation and proliferation of MuSCs with low metabolic activity (Tang and Rando, 2014), whereas decreased autophagy levels due to senescence affect MuSC stemness. Balancing of autophagy and apoptosis in senescent MuSCs facilitates rescue of muscle regenerative capacity (White et al., 2018).
Histone H2A phosphorylation and comet tails, two DNA damage markers, were observed to become more abundant in MuSCs (Sinha et al., 2014; Liu et al., 2018). Accumulation of DNA damage in senescent MuSCs induces the onset of apoptosis, whereas activation of p53 inhibits the probability of DNA damage and apoptosis (Liu et al., 2018).
Although they do not alter the original gene sequence, epigenetic modifications control global gene expression patterns in cells and play a central role in cellular function. Young and aging MuSCs have different patterns of chromatin modifications (Liu et al., 2013), and these age-dependent epigenomic changes lead to decreased function of MuSCs. However, it has been demonstrated that histone deacetylase inhibitors can be used to treat stem cell senescence in MuSCs (Minetti et al., 2006).
4.3.2 Strategies acting on the environment
The MuSC niche is the microenvironment with which they are in direct contact. Signal changes from the niche directly act on MuSCs to make them respond accordingly. Therefore, it is necessary to manage niche signals to reverse the aging of MuSCs and improve their function. The JAK/STAT pathway is involved in self-renewal of MuSCs (Sorensen et al., 2018), and studies have demonstrated that both Jak2 or Stat3 knockdown and pharmacological inhibition can significantly stimulate symmetric division of MuSCs on cultured muscle fibers (Price et al., 2014). Use of inhibitors such as sodium salicylate to target upregulation of the NF-κB signaling pathway with aging can inhibit chronic inflammation and improve the myogenic function of aging MuSCs (Oh et al., 2016). FGF2 induces QSCs to escape from their quiescent state, and inhibition of FGF2 by the FGFR1 inhibitor SU5402 or by increasing Spay1 expression helps rescue the senescence phenotype of MuSCs to improve their self-renewal ability (Chakkalakal et al., 2012). Injection of fibronectin, an extracellular matrix protein underexpressed in the senescent MuSC niche, can enhance the proliferative and myogenic potential of senescent MuSCs by activating the FAK signaling pathway (Lukjanenko et al., 2016). Interleukin-33 (IL-33) regulates muscle regulatory T (Treg) cells homeostasis in young mice. Muscle supplementation with IL-33 can improve defects in Treg cell recruitment and muscle regeneration following injury in elderly mice (Kuswanto et al., 2016). It should be noted that the presence of pro-inflammatory factors is essential for activation of MuSCs, and inflammatory pathways are an important regulator of muscle regeneration. For example, the inflammatory cytokine prostaglandin E2 (PGE2) can directly target MuSCs through EP4 receptors, resulting in MuSC proliferation. Inhibition of this PGE2 signal will damage muscle regeneration, and intramuscular injection of PGE2 can significantly enhance repair of damaged muscle (Ho et al., 2017). Therefore, we suggest that the above measures should be used with caution and moderation.
In addition to the direct effect of its resident niche, the function of MuSCs is also affected by cytokines, growth factors, hormones, exosomes, and circulating microRNA secreted by various cells in the circulation. Serum levels of TGF-β are elevated in aged mice and humans, leading to damage and aging of MuSCs. A TGF-β receptor kinase inhibitor restored the regeneration function of aging MuSCs by blocking TGF-β signaling (Carlson et al., 2009). Serum expression of Wnt ligands similarly exhibited an age-related rise. Activation of the Wnt signaling pathway mediated a change of lineage tendency during MuSC proliferation in elderly mice and antagonized Notch signaling. Intramuscular injection of a Wnt inhibitor can improve the proliferation potential of MuSCs (Brack et al., 2007). Expression of β1-integrin and fibronectin receptors on the surface of MuSCs is dysregulated in aged muscles (Brack et al., 2007). The function of aging MuSCs can be rescued by intramuscular injection of β1-integrin receptor activator or fibronectin (Lukjanenko et al., 2016; Rozo et al., 2016). Granulocyte colony-stimulating factor (G-CSF) receptors are asymmetrically expressed in activated MuSCs. Experiments confirm that G-CSF is essential for long-term muscle regeneration and functional maintenance in mouse models of Duchenne muscular dystrophy (Hayashiji et al., 2015). WNT1 inducible signaling pathway protein 1 (WISP1) controls the expansion and asymmetric commitment of MuSCs through Akt signaling, which is essential for effective muscle regeneration and lost during aging. Systemic treatment with WISP1 can restore the myogenic capacity of MuSCs and rescue skeletal muscle regeneration in aged mice (Lukjanenko et al., 2019). Oxytocin levels in plasma decrease with age. Genetic deficiency of oxytocin will lead to the premature occurrence of sarcopenia. Inhibition of oxytocin signaling in young mice reduces muscle regeneration, whereas systemic administration of oxytocin improves muscle regeneration by activating the MAPK/ERK signaling pathway and enhancing proliferation of aging MuSCs (Elabd et al., 2014). Epigenetic control of the “anti-aging” protein α-Klotho promoter is lost with age. Exogenous supplementation of α-Klotho restores MuSC mitochondrial DNA integrity and energy supply to enhance muscle regeneration (Sahu et al., 2018).
Aging is a process of progressive loss of physiological integrity over time that manifests at multiple levels, including genomic instability, telomere shortening, loss of heterochromatin, programmed aging, and free radical accumulation. Interventions targeting rejuvenation of the whole living organism will likewise have a positive impact on the abrogation of MuSC function due to aging. Caloric restriction has been shown to extend lifespan and ameliorate age-related diseases in most species, and can have beneficial effects on mitochondrial function and apoptotic signaling in skeletal muscle of both young and old animals (Cerletti et al., 2012). Statistics show that even a reduction in food intake of as little as 8% still provides protection against sarcopenia (Marzetti et al., 2008), and both short- and long-term caloric restriction enhances myogenic cell proliferation (Abreu et al., 2020). Activation of mTOR signaling is one of the mechanisms of aging and many studies have confirmed that rapamycin can improve aging-related diseases and effectively prolong lifespan by inhibiting the mTOR pathway. Evidence suggests that rapamycin treatment restores age-related muscle fiber loss (Tang et al., 2019) and rescues exercise capacity (Fischer et al., 2015; Xue et al., 2016) by inhibiting the AKT-mTORC1 signaling pathway. Increasing circulating NAD+ levels through supplementation with NAD+ precursors such as nicotinamide riboside has been shown to have a delaying effect on aging (Zhang et al., 2016). Recent experiments showed that the NAD+-dependent deacetylase SIRT2 mediates deacetylation of PAX7, leading to an increase in asymmetric cell division and stabilization of the MuSC pool, thus contributing to the maintenance of skeletal muscle homeostasis (Sincennes et al., 2021).
Finally, it is important to mention exercise, a measure that has been shown to improve overall health and promote MuSC function in multiple ways. Apelin induced by muscle contraction during exercise has been found to promote MuSC mediated muscle repair (Vinel et al., 2018). In fact, resistance and endurance training have different degrees of MuSC mobilization function (Ingjer, 1979; Mackey et al., 2009). However, the mechanism by which exercise activates MuSCs remains largely unknown, but it may reshape the MuSC niche by inducing local micro-injuries and the release of inflammatory cytokines and growth factors to maintain MuSC activity, thus maintaining skeletal muscle health.
4.3.3 Strategies of regenerative therapies
Cell transplantation therapy is one strategy to maintain a functional MuSC pool. First, there is evidence that direct transplantation of highly purified muscle stem cells can ameliorate muscle degenerative disease. A subpopulation of CSM4B sorted on the basis of cellular muscle satellite cell surface markers is capable of stable clonal myogenic differentiation in cell culture assays. Direct isolation and transplantation of this subpopulation into mdx mice (a model of Duchenne Muscular Dystrophy) and cardiotoxin-injured wild-type mice not only reconstituted mature muscle fibers, it replenished the primitive muscle precursor pool for future muscle growth and repair (Cerletti et al., 2008). Human induced pluripotent stem cells (hiPSCs) can be induced to differentiate into myogenic cells and mature skeletal muscle cells (Kodaka et al., 2017), thus offering a good solution to problems associated with transplanting cells from other donor sources, including ethics and immune rejection. In addition, the patient’s original genetic mutations can be corrected in hiPSCs by gene editing technology (van der Wal et al., 2018), so hiPSCs have great potential for clinical applications. Generation of human myogenic cells from hiPSCs can be achieved by overexpression of myogenic transcription factors (e.g., PAX3 or PAX7, and MyoD) by means of lentiviral vectors to mimic the induction pattern of mesoderm and activate myogenic cells (Roca et al., 2015). This technique allows for large-scale generation of human myogenic cells, but has the pitfall of integration of lentiviral gene sequences in the host genome, which limits clinical translation. Use of small molecule induction protocols such as WNT, FGF, and BMP avoids the introduction of viral vectors, but is inefficient and difficult to control the purity of the induced cell population (Wang et al., 2019). In the last two years, studies have pointed to the genomic safe harbor expression of PAX7 for induction of myogenic programs in hiPSCs to generate transplantable myogenic cells, providing a new idea for clinical application of hiPSCs (Kim et al., 2021).
5 CONCLUSION AND PERSPECTIVE
The etiology of sarcopenia is diverse and has a significant impact on the quality of life of older people. Current treatments for sarcopenia focus on physical exercise, nutritional supplementation and pharmacological interventions, but these approaches are not suitable for everyone and do not completely curb sarcopenia. Therefore, it is necessary to find new treatments for sarcopenia. Although it has been more than 70 years since the discovery of MuSC, the complex and delicate regulation of MuSC and its enormous potential applications is still fascinating. Numerous animal experiments as well as human-based cross-sectional studies have described the relationship between sarcopenia and MuSC, suggesting the possibility of treating sarcopenia by improving MuSC. However, we are still on the verge of deciphering the regulation of MuSC activation, proliferation and differentiation during muscle degeneration during aging. Many questions remain: What are the similarities and differences between the MuSC that can be captured by current experimental methods and its state in vivo? What changes and roles do MuSC subpopulations undergo during muscle aging? Can it use as a target for future therapies? With the application of new technologies such as bioinformatics, in situ sequencing and 3D imaging, these questions will be answered perfectly in the future. Since many questions are still unclear, we propose an improvement scheme for endogenous repair of aging MuSC combined with rejuvenation of niche signaling as well as circulatory signaling in the organism to act integrally to prevent, delay or reverse the loss and dysfunction of MuSC in relation to sarcopenia, thus achieving a long and healthy life in older people.
AUTHOR CONTRIBUTIONS
FH and QL drafted the manuscript. HL critically reviewed and revised the manuscript. HL supervised the entire project; All authors approved the final manuscript.
FUNDING
This work was supported by grants from the National Key Research and Development Program of China (2020YFC2002800), and Major Program of Development Fund for Shanghai Zhangjiang National Innovtaion Demonstration Zone<Stem Cell Strategic Biobank and Stem Cell Clinical Technology Transformation Platform> (ZJ2018-ZD-004), and the Oasis Scholars Support Program of Shihezi University (for HL).
ACKNOWLEDGMENTS
We are very grateful for Dr. Jianjie Ma and Dr. Jerome Parness invitation to this topic.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abizanda P., Lopez M. D., Garcia V. P., Estrella J. D., Gonzalez A. D. S. Vilardell N. B., et al. (2015). Effects of an oral nutritional supplementation plus physical exercise intervention on the physical function, nutritional status, and quality of life in frail institutionalized older adults: The ACTIVNES study. J. Am. Med. Dir. Assoc. 16, 439. doi:10.1016/j.jamda.2015.02.005
 Abou Sawan S., Hodson N., Babits P., Malowany J. M., Kumbhare D., Moore D. R. (2021). Satellite cell and myonuclear accretion is related to training-induced skeletal muscle fiber hypertrophy in young males and females. J. Appl. Physiol. 131, 871–880. doi:10.1152/japplphysiol.00424.2021
 Abreu P., Serna J. D. C., Munhoz A. C., Kowaltowski A. J. (2020). Calorie restriction changes muscle satellite cell proliferation in a manner independent of metabolic modulation. Mech. Ageing Dev. 192, 111362. doi:10.1016/j.mad.2020.111362
 Almada A. E., Wagers A. J. (2016). Molecular circuitry of stem cell fate in skeletal muscle regeneration, ageing and disease. Nat. Rev. Mol. Cell Biol. 17, 267–279. doi:10.1038/nrm.2016.7
 Argiles J. M. (2017). The 2015 ESPEN Sir David Cuthbertson lecture: Inflammation as the driving force of muscle wasting in cancer. Clin. Nutr. 36, 798–803. doi:10.1016/j.clnu.2016.05.010
 Ari Z., Kutlu N., Uyanik B. S., Taneli F., Buyukyazi G., Tavli T. (2004). Serum testosterone, growth hormone, and insulin-like growth factor-1 levels, mental reaction time, and maximal aerobic exercise in sedentary and long-term physically trained elderly males. Int. J. Neurosci. 114, 623–637. doi:10.1080/00207450490430499
 Aziz A., Liu Q. C., Dilworth F. J. (2010). Regulating a master regulator Establishing tissue-specific gene expression in skeletal muscle. Epigenetics 5, 691–695. doi:10.4161/epi.5.8.13045
 Baghdadi M. B., Castel D., Machado L., Fukada S., Birk D. E. Relaix F., et al. (2018). Reciprocal signalling by Notch-Collagen V-CALCR retains muscle stem cells in their niche. Nature 557, 714–718. doi:10.1038/s41586-018-0144-9
 Baghdadi M. B., Firmino J., Soni K., Evano B., Di Girolamo D. Mourikis P., et al. (2018). Notch-induced miR-708 antagonizes satellite cell migration and maintains quiescence. Cell Stem Cell 23, 859–868. doi:10.1016/j.stem.2018.09.017
 Barazzoni R., Bischoff S. C., Boirie Y., Busetto L., Cederholm T. Dicker D., et al. (2018). Sarcopenic obesity: Time to meet the challenge. Clin. Nutr. 37, 1787–1793. doi:10.1016/j.clnu.2018.04.018
 Bellamy L. M., Joanisse S., Grubb A., Mitchell C. J., McKay B. R. Phillips S. M., et al. (2014). The acute satellite cell response and skeletal muscle hypertrophy following resistance training. Plos One 9, e109739. doi:10.1371/journal.pone.0109739
 Bentzinger C. F., von Maltzahn J., Rudnicki M. A. (2010). Extrinsic regulation of satellite cell specification. Stem Cell Res. Ther. 1, 27. doi:10.1186/scrt27
 Bernet J. D., Doles J. D., Hall J. K., Tanaka K. K., Carter T. A., Olwin B. B. (2014). p38 MAPK signaling underlies a cell-autonomous loss of stem cell self-renewal in skeletal muscle of aged mice. Nat. Med. 20, 265–271. doi:10.1038/nm.3465
 Bi P., Ramirez-Martinez A., Li H., Cannavino J., McAnally J. R. Shelton J. M., et al. (2017). Control of muscle formation by the fusogenic micropeptide myomixer. Science 356, 323–327. doi:10.1126/science.aam9361
 Bian A., Ma Y., Zhou X., Guo Y., Wang W. Zhang Y., et al. (2020). Association between sarcopenia and levels of growth hormone and insulin-like growth factor-1 in the elderly. BMC Musculoskelet. Disord. 21, 214. doi:10.1186/s12891-020-03236-y
 Bigot A., Duddy W. J., Ouandaogo Z. G., Negroni E., Mariot V. Ghimbovschi S., et al. (2015). Age-associated methylation suppresses SPRY1, leading to a failure of Re-quiescence and loss of the reserve stem cell pool in elderly muscle. Cell Rep. 13, 1172–1182. doi:10.1016/j.celrep.2015.09.067
 Bjornson C. R. R., Cheung T. H., Liu L., Tripathi P. V., Steeper K. M., Rando T. A. (2012). Notch signaling is necessary to maintain quiescence in adult muscle stem cells. Stem Cells 30, 232–242. doi:10.1002/stem.773
 Bouchi R., Fukuda T., Takeuchi T., Nakano Y., Murakami M. Minami I., et al. (2017). Insulin treatment attenuates decline of muscle mass in Japanese patients with type 2 diabetes. Calcif. Tissue Int. 101, 1–8. doi:10.1007/s00223-017-0251-x
 Bouillon K., Batty G. D., Hamer M., Sabia S., Shipley M. J. Britton A., et al. (2013). Cardiovascular disease risk scores in identifying future frailty: The whitehall II prospective cohort study. Heart 99, 737–742. doi:10.1136/heartjnl-2012-302922
 Brack A. S., Bildsoe H., Hughes S. M. (2005). Evidence that satellite cell decrement contributes to preferential decline in nuclear number from large fibres during murine age-related muscle atrophy. J. Cell Sci. 118, 4813–4821. doi:10.1242/jcs.02602
 Brack A. S., Conboy M. J., Roy S., Lee M., Kuo C. J. Keller C., et al. (2007). Increased Wnt signaling during aging alters muscle stem cell fate and increases fibrosis. Science 317, 807–810. doi:10.1126/science.1144090
 Breen L., Phillips S. M. (2011). Skeletal muscle protein metabolism in the elderly: Interventions to counteract the 'anabolic resistance' of ageing. Nutr. Metab. 8, 68. doi:10.1186/1743-7075-8-68
 Brook M. S., Wilkinson D. J., Mitchell W. K., Lund J. N., Phillips B. E. Szewczyk N. J., et al. (2016). Synchronous deficits in cumulative muscle protein synthesis and ribosomal biogenesis underlie age-related anabolic resistance to exercise in humans. J. Physiol. 594, 7399–7417. doi:10.1113/JP272857
 Buchman A. S., Boyle P. A., Leurgans S. E., Evans D. A., Bennett D. A. (2009). Pulmonary function, muscle strength, and incident mobility disability in elders. Proc. Am. Thorac. Soc. 6, 581–587. doi:10.1513/pats.200905-030RM
 Buckingham M., Relaix F. (2015). PAX3 and PAX7 as upstream regulators of myogenesis. Semin. Cell Dev. Biol. 44, 115–125. doi:10.1016/j.semcdb.2015.09.017
 Burd N. A., Gorissen S. H., van Loon L. J. C. (2013). Anabolic resistance of muscle protein synthesis with aging. Exerc. Sport Sci. Rev. 41, 169–173. doi:10.1097/JES.0b013e318292f3d5
 Burkhalter M. D., Rudolph K. L., Sperka T. (2015). Genome instability of ageing stem cells-Induction and defence mechanisms. Ageing Res. Rev. 23, 29–36. doi:10.1016/j.arr.2015.01.004
 Carlson M. E., Conboy M. J., Hsu M., Barchas L., Jeong J. Agrawal A., et al. (2009). Relative roles of TGF-beta1 and Wnt in the systemic regulation and aging of satellite cell responses. Aging Cell 8, 676–689. doi:10.1111/j.1474-9726.2009.00517.x
 Carlson M. E., Hsu M., Conboy I. M. (2008). Imbalance between pSmad3 and Notch induces CDK inhibitors in old muscle stem cells. Nature 454, 528–532. doi:10.1038/nature07034
 Cerletti M., Jang Y. C., Finley L. W. S., Haigis M. C., Wagers A. J. (2012). Short-term calorie restriction enhances skeletal muscle stem cell function. Cell Stem Cell 10, 515–519. doi:10.1016/j.stem.2012.04.002
 Cerletti M., Jurga S., Witczak C. A., Hirshman M. F., Shadrach J. L. Goodyear L. J., et al. (2008) Highly efficient, functional engraftment of skeletal muscle stem cells in dystrophic muscles. Cell 134, 37–47. doi:10.1016/j.cell.2008.05.049
 Chabi B., Ljubicic V., Menzies K. J., Huang J. H., Saleem A., Hood D. A. (2008). Mitochondrial function and apoptotic susceptibility in aging skeletal muscle. Aging Cell 7, 2–12. doi:10.1111/j.1474-9726.2007.00347.x
 Chakkalakal J. V., Jones K. M., Basson M. A., Brack A. S. (2012). The aged niche disrupts muscle stem cell quiescence. Nature 490, 355–360. doi:10.1038/nature11438
 Chenette D. M., Cadwallader A. B., Antwine T. L., Larkin L. C., Wang J. H. Olwin B. B., et al. (2016). Targeted mRNA decay by RNA binding protein AUF1 regulates adult muscle stem cell fate, promoting skeletal muscle integrity. Cell Rep. 16, 1379–1390. doi:10.1016/j.celrep.2016.06.095
 Cheung T. H., Quach N. L., Charville G. W., Liu L., Park L. Edalati A., et al. (2012). Maintenance of muscle stem-cell quiescence by microRNA-489. Nature 482, 524–528. doi:10.1038/nature10834
 Cheung T. H., Rando T. A. (2013). Molecular regulation of stem cell quiescence. Nat. Rev. Mol. Cell Biol. 14, 329–340. doi:10.1038/nrm3591
 Chocron E. S., Munkacsy E., Pickering A. M. (2019). Cause or casualty: The role of mitochondrial DNA in aging and age-associated disease. Biochim. Biophys. Acta. Mol. Basis Dis. 1865, 285–297. doi:10.1016/j.bbadis.2018.09.035
 Churchward-Venne T. A. (2019). Myofibrillar and mitochondrial protein synthesis rates do not differ in young men following the ingestion of carbohydrate with whey, soy, or leucine-enriched soy protein after concurrent resistance- and endurance-type exercise. J. Nutr. 149, 1097.
 Cleasby M. E., Jamieson P. M., Atherton P. J. (2016). Insulin resistance and sarcopenia: Mechanistic links between common co-morbidities. J. Endocrinol. 229, R67–R81. doi:10.1530/JOE-15-0533
 Conboy I. M., Conboy M. J., Wagers A. J., Girma E. R., Weissman I. L., Rando T. A. (2005). Rejuvenation of aged progenitor cells by exposure to a young systemic environment. Nature 433, 760–764. doi:10.1038/nature03260
 Cosgrove B. D., Gilbert P. M., Porpiglia E., Mourkioti F., Lee S. P. Corbel S. Y., et al. (2014). Rejuvenation of the muscle stem cell population restores strength to injured aged muscles. Nat. Med. 20, 255–264. doi:10.1038/nm.3464
 Crist C. G., Montarras D., Buckingham M. (2012). Muscle satellite cells are primed for myogenesis but maintain quiescence with sequestration of Myf5 mRNA targeted by microRNA-31 in mRNP granules. Cell Stem Cell 11, 118–126. doi:10.1016/j.stem.2012.03.011
 Cruz-Jentoft A. J., Baeyens J. P., Bauer J. M., Boirie Y., Cederholm T. Landi F., et al. (2010). Sarcopenia: European consensus on definition and diagnosis: Report of the European working group on sarcopenia in older people. Age Ageing 39, 412–423. doi:10.1093/ageing/afq034
 Cruz-Jentoft A. J., Bahat G., Bauer J., Boirie Y., Bruyere O. Cederholm T., et al. (2019). Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 48, 601. doi:10.1093/ageing/afz046
 Cruz-Jentoft A. J., Landi F. (2014). Sarcopenia. Clin. Med. 14, 183–186. doi:10.7861/clinmedicine.14-2-183
 Cruz-Jentoft A. J., Landi F., Schneider S. M., Zuniga C., Arai H. Boirie Y., et al. (2014). Prevalence of and interventions for sarcopenia in ageing adults: A systematic review. Report of the international sarcopenia initiative (EWGSOP and IWGS). Age Ageing 43, 748–759. doi:10.1093/ageing/afu115
 Cruz-Jentoft A. J., Sayer A. A. (2019). Sarcopenia. Lancet 393, 2590. doi:10.1016/S0140-6736(19)31138-9
 Cuthbertson D., Smith K., Babraj J., Leese G., Waddell T. Atherton P., et al. (2004). Anabolic signaling deficits underlie amino acid resistance of wasting, aging muscle. Faseb J. 18, 422–424. doi:10.1096/fj.04-2640fje
 Dalle S., Rossmeislova L., Koppo K. (2017). The role of inflammation in age-related sarcopenia. Front. Physiol. 8, 1045. doi:10.3389/fphys.2017.01045
 Dalton J. T., Barnette K. G., Bohl C. E., Hancock M. L., Rodriguez D. Dodson S. T., et al. (2011). The selective androgen receptor modulator GTx-024 (enobosarm) improves lean body mass and physical function in healthy elderly men and postmenopausal women: Results of a double-blind, placebo-controlled phase II trial. J. Cachexia Sarcopenia Muscle 2, 153–161. doi:10.1007/s13539-011-0034-6
 Day K., Shefer G., Shearer A., Yablonka-Reuveni Z. (2010). The depletion of skeletal muscle satellite cells with age is concomitant with reduced capacity of single progenitors to produce reserve progeny. Dev. Biol. 340, 330–343. doi:10.1016/j.ydbio.2010.01.006
 De Morree A., van Velthoven C. T. J., Gan Q., Salvi J. S., Klein J. D. D. Akimenko I., et al. (2017). Staufen1 inhibits MyoD translation to actively maintain muscle stem cell quiescence. Proc. Natl. Acad. Sci. U. S. A. 114, E8996–E9005. doi:10.1073/pnas.1708725114
 Dell'Orso S., Juan A. H., Ko K. D., Naz F., Perovanovic J. Gutierrez-Cruz G., et al. (2019). Single cell analysis of adult mouse skeletal muscle stem cells in homeostatic and regenerative conditions. Development 146, dev174177. doi:10.1242/dev.174177
 Dey B. K., Gagan J., Dutta A. (2011). miR-206 and -486 induce myoblast differentiation by downregulating Pax7. Mol. Cell. Biol. 31, 203–214. doi:10.1128/Mcb.01009-10
 Domingues-Faria C., Vasson M. P., Goncalves-Mendes N., Boirie Y., Walrand S. (2016). Skeletal muscle regeneration and impact of aging and nutrition. Ageing Res. Rev. 26, 22–36. doi:10.1016/j.arr.2015.12.004
 Dong A. Q., Preusch C. B., So W. K., Lin K. N., Luan S. Y. Yi R., et al. (2020). A long noncoding RNA, LncMyoD, modulates chromatin accessibility to regulate muscle stem cell myogenic lineage progression. Proc. Natl. Acad. Sci. U. S. A. 117, 32464–32475. doi:10.1073/pnas.2005868117
 Du Y., Oh C., No J. (2020). Does vitamin D affect sarcopenia with insulin resistance in aging?Asia Pac. J. Clin. Nutr. 29, 648–656. doi:10.6133/apjcn.202009_29(3).0025
 Dupont J., Dedeyne L., Dalle S., Koppo K., Gielen E. (2019). The role of omega-3 in the prevention and treatment of sarcopenia. Aging Clin. Exp. Res. 31, 825–836. doi:10.1007/s40520-019-01146-1
 Egner I. M., Bruusgaard J. C., Gundersen K. (2016). Satellite cell depletion prevents fiber hypertrophy in skeletal muscle. Development 143, 2898–2906. doi:10.1242/dev.134411
 Elabd C., Cousin W., Upadhyayula P., Chen R. Y., Chooljian M. S. Li J., et al. (2014). Oxytocin is an age-specific circulating hormone that is necessary for muscle maintenance and regeneration. Nat. Commun. 5, 4082. doi:10.1038/ncomms5082
 Elbaz A., Shipley M. J., Nabi H., Brunner E. J., Kivimaki M., Singh-Manoux A. (2014). Trajectories of the framingham general cardiovascular risk profile in midlife and poor motor function later in life: The whitehall II study. Int. J. Cardiol. 172, 96–102. doi:10.1016/j.ijcard.2013.12.051
 Eliazer S., Muncie J. M., Christensen J., Sun X. F., D'Urso R. S. Weaver V. M., et al. (2019). Wnt4 from the niche controls the mechano-properties and quiescent state of muscle stem cells. Cell Stem Cell 25, 654–665. doi:10.1016/j.stem.2019.08.007
 Evano B., Khalilian S., Le Carrou G., Almouzni G., Tajbakhsh S. (2020). Dynamics of asymmetric and symmetric divisions of muscle stem cells in vivo and on artificial niches. Cell Rep. 30, 3195–3206. doi:10.1016/j.celrep.2020.01.097
 Farup J., Rahbek S. K., Riis S., Vendelbo M. H., de Paoli F., Vissing K. (2014). Influence of exercise contraction mode and protein supplementation on human skeletal muscle satellite cell content and muscle fiber growth. J. Appl. Physiol. 117, 898–909. doi:10.1152/japplphysiol.00261.2014
 Feige J. N., Lagouge M., Canto C., Strehle A., Houten S. M. Milne J. C., et al. (2008). Specific SIRT1 activation mimics low energy levels and protects against diet-induced metabolic disorders by enhancing fat oxidation. Cell Metab. 8, 347–358. doi:10.1016/j.cmet.2008.08.017
 Feige P., Brun C. E., Ritso M., Rudnicki M. A. (2018). Orienting muscle stem cells for regeneration in homeostasis, aging, and disease. Cell Stem Cell 23, 653–664. doi:10.1016/j.stem.2018.10.006
 Ferdousi L. V., Rocheteau P., Chayot R., Montagne B., Chaker Z. Flamant P., et al. (2014). More efficient repair of DNA double-strand breaks in skeletal muscle stem cells compared to their committed progeny. Stem Cell Res. 13, 492–507. doi:10.1016/j.scr.2014.08.005
 Ferrando A. A., Tipton E. D., Doyle D., Phillips S. M., Cortiella J., Wolfe R. R. (1998). Testosterone injection stimulates net protein synthesis but not tissue amino acid transport. Am. J. Physiol. 275, E864–E871. doi:10.1152/ajpendo.1998.275.5.E864
 Fischer K. E., Gelfond J. A. L., Soto V. Y., Han C., Someya S. Richardson A., et al. (2015). Health effects of long-term rapamycin treatment: The impact on mouse health of enteric rapamycin treatment from four months of age throughout life. Plos One 10, e0126644. doi:10.1371/journal.pone.0126644
 Flamini V., Ghadiali R. S., Antczak P., Rothwell A., Turnbull J. E., Pisconti A. (2018). The satellite cell niche regulates the balance between myoblast differentiation and self-renewal via p53. Stem Cell Rep. 10, 970–983. doi:10.1016/j.stemcr.2018.01.007
 Forbes G. B. (1999). Longitudinal changes in adult fat-free mass: Influence of body weight. Am. J. Clin. Nutr. 70, 1025–1031. doi:10.1093/ajcn/70.6.1025
 Forcales S. V., Albini S., Giordani L., Malecova B., Cignolo L. Chernov A., et al. (2012). Signal-dependent incorporation of MyoD-BAF60c into Brg1-based SWI/SNF chromatin-remodelling complex. Embo J. 31, 301–316. doi:10.1038/emboj.2011.391
 Forcina L., Miano C., Pelosi L., Musaro A. (2019). An overview about the biology of skeletal muscle satellite cells. Curr. Genomics 20, 24–37. doi:10.2174/1389202920666190116094736
 Fry C. S., Lee J. D., Jackson J. R., Kirby T. J., Stasko S. A. Liu H. L., et al. (2014). Regulation of the muscle fiber microenvironment by activated satellite cells during hypertrophy. Faseb J. 28, 1654–1665. doi:10.1096/fj.13-239426
 Fry C. S., Lee J. D., Mula J., Kirby T. J., Jackson J. R. Liu F. J., et al. (2015). Inducible depletion of satellite cells in adult, sedentary mice impairs muscle regenerative capacity without affecting sarcopenia. Nat. Med. 21, 76–80. doi:10.1038/nm.3710
 Fujimaki S., Seko D., Kitajima Y., Yoshioka K., Tsuchiya Y. Masuda S., et al. (2018). Notch1 and Notch2 coordinately regulate stem cell function in the quiescent and activated states of muscle satellite cells. Stem Cells 36, 278–285. doi:10.1002/stem.2743
 Gallagher D., Ruts E., Visser M., Heshka S., Baumgartner R. N. Wang J., et al. (2000). Weight stability masks sarcopenia in elderly men and women. Am. J. Physiol. Endocrinol. Metab. 279, E366–E375. doi:10.1152/ajpendo.2000.279.2.E366
 Garcia-Prat L., Martinez-Vicente M., Perdiguero E., Ortet L., Rodriguez-Ubreva J. Rebollo E., et al. (2016). Autophagy maintains stemness by preventing senescence. Nature 529, 37–42. doi:10.1038/nature16187
 Garcia-Prat L., Perdiguero E., Alonso-Martin S., Dell'Orso S., Ravichandran S. Brooks S. R., et al. (2020). FoxO maintains a genuine muscle stem-cell quiescent state until geriatric age. Nat. Cell Biol. 22, 1307–1318. doi:10.1038/s41556-020-00593-7
 Gilani G. S., Xiao C. W., Cockell K. A. (2012). Impact of antinutritional factors in food proteins on the digestibility of protein and the bioavailability of amino acids and on protein quality. Br. J. Nutr. 108, S315–S332. doi:10.1017/S0007114512002371
 Glover E. I., Phillips S. M., Oates B. R., Tang J. E., Tarnopolsky M. A. Selby A., et al. (2008). Immobilization induces anabolic resistance in human myofibrillar protein synthesis with low and high dose amino acid infusion. J. Physiol. 586, 6049–6061. doi:10.1113/jphysiol.2008.160333
 Goel A. J., Rieder M. K., Arnold H. H., Radice G. L., Krauss R. S. (2017). Niche cadherins control the quiescence-to-activation transition in muscle stem cells. Cell Rep. 21, 2236–2250. doi:10.1016/j.celrep.2017.10.102
 Gopinath S. D., Webb A. E., Brunet A., Rando T. A. (2014). FOXO3 promotes quiescence in adult muscle stem cells during the process of self-renewal. Stem Cell Rep. 2, 414–426. doi:10.1016/j.stemcr.2014.02.002
 Gorissen S. H. M., Crombag J. J. R., Senden J. M. G., Waterval W. A. H., Bierau J. Verdijk L. B., et al. (2018). Protein content and amino acid composition of commercially available plant-based protein isolates. Amino Acids 50, 1685–1695. doi:10.1007/s00726-018-2640-5
 Hall J. K., Banks G. B., Chamberlain J. S., Olwin B. B. (2010). Prevention of muscle aging by myofiber-associated satellite cell transplantation. Sci. Transl. Med. 2, 57ra83. doi:10.1126/scitranslmed.3001081
 Haller S., Kapuria S., Riley R. R., O'Leary M. N., Schreiber K. H. Andersen J. K., et al. (2017). mTORC1 activation during repeated regeneration impairs somatic stem cell maintenance. Cell Stem Cell 21, 806–818. doi:10.1016/j.stem.2017.11.008
 Hausburg M. A., Doles J. D., Clement S. L., Cadwallader A. B., Hall M. N. Blackshear P. J., et al. (2015). Post-transcriptional regulation of satellite cell quiescence by TTP-mediated mRNA decay. Elife 4, e03390. doi:10.7554/eLife.03390
 Hawkins S. A., Marcell T. J., Jaque S. V., Wiswell R. A. (2001). A longitudinal assessment of change in VO2max and maximal heart rate in master athletes. Med. Sci. Sports Exerc. 33, 1744–1750. doi:10.1097/00005768-200110000-00020
 Hayashiji N., Yuasa S., Miyagoe-Suzuki Y., Hara M., Ito N. Hashimoto H., et al. (2015). G-CSF supports long-term muscle regeneration in mouse models of muscular dystrophy. Nat. Commun. 6, 6745. doi:10.1038/ncomms7745
 Hikim I. S., Artaza J., Woodhouse L., Gonzalez-Cadavid N., Singh A. B. Lee M. I., et al. (2002). Testosterone-induced increase in muscle size in healthy young men is associated with muscle fiber hypertrophy. Am. J. Physiol. Endocrinol. Metab. 283, E154–E164. doi:10.1152/ajpendo.00502.2001
 Ho A. T. V., Palla A. R., Blake M. R., Yucel N. D., Wang Y. X. Magnusson K. E. G., et al. (2017). Prostaglandin E2 is essential for efficacious skeletal muscle stem-cell function, augmenting regeneration and strength. Proc. Natl. Acad. Sci. U. S. A. 114, 6675–6684. doi:10.1073/pnas.1705420114
 Hoppeler H. (2016). Molecular networks in skeletal muscle plasticity. J. Exp. Biol. 219, 205–213. doi:10.1242/jeb.128207
 Houston D. K., Nicklas B. J., Ding J. Z., Harris T. B., Tylavsky F. A. Newman A. B., et al. (2008). Dietary protein intake is associated with lean mass change in older, community-dwelling adults: The health, aging, and body composition (health ABC) study. Am. J. Clin. Nutr. 87, 150–155. doi:10.1093/ajcn/87.1.150
 Hughes D. C., Stewart C. E., Sculthorpe N., Dugdale H. F., Yousefian F. Lewis M. P., et al. (2016). Testosterone enables growth and hypertrophy in fusion impaired myoblasts that display myotube atrophy: Deciphering the role of androgen and IGF-I receptors. Biogerontology 17, 619–639. doi:10.1007/s10522-015-9621-9
 Ikemoto-Uezumi M., Uezumi A., Zhang L., Zhou H., Hashimoto N. Okamura K., et al. (2019). Reduced expression of calcitonin receptor is closely associated with age-related loss of the muscle stem cell pool. JCSM Rapid Commun. 2, 1–13. doi:10.1002/j.2617-1619.2019.tb00012.x
 Ingjer F. (1979). Capillary supply and mitochondrial content of different skeletal muscle fiber types in untrained and endurance-trained men. A histochemical and ultrastructural study.Eur. J. Appl. Physiol. Occup. Physiol. 40, 197–209. doi:10.1007/Bf00426942
 Jiao J., Demontis F. (2017). Skeletal muscle autophagy and its role in sarcopenia and organismal aging. Curr. Opin. Pharmacol. 34, 1–6. doi:10.1016/j.coph.2017.03.009
 Jin H. F., Xie W. Q., Hu P. W., Tang K., Wang X. H. Wu Y. X., et al. (2021). The role of melatonin in sarcopenia: Advances and application prospects. Exp. Gerontol. 149, 111319. doi:10.1016/j.exger.2021.111319
 Karlsen A., Soendenbroe C., Malmgaard-Clausen N. M., Wagener F., Moeller C. E. Senhaji Z., et al. (2020). Preserved capacity for satellite cell proliferation, regeneration, and hypertrophy in the skeletal muscle of healthy elderly men. Faseb J. 34, 6418–6436. doi:10.1096/fj.202000196R
 Katsanos C. S., Kobayashi H., Sheffield-Moore M., Aarsland A., Wolfe R. R. (2006). A high proportion of leucine is required for optimal stimulation of the rate of muscle protein synthesis by essential amino acids in the elderly. Am. J. Physiol. Endocrinol. Metab. 291, E381–E387. doi:10.1152/ajpendo.00488.2005
 Katsanos C. S., Kobayashi H., Sheffield-Moore M., Aarsland A., Wolfe R. R. (2005). Aging is associated with diminished accretion of muscle proteins after the ingestion of a small bolus of essential amino acids. Am. J. Clin. Nutr. 82, 1065–1073. doi:10.1093/ajcn/82.5.1065
 Keefe A. C., Lawson J. A., Flygare S. D., Fox Z. D., Colasanto M. P. Mathew S. J., et al. (2015). Muscle stem cells contribute to myofibres in sedentary adult mice. Nat. Commun. 6, 7087. doi:10.1038/ncomms8087
 Kim H., Selvaraj S., Kiley J., Azzag K., Garay B. I., Perlingeiro R. C. R. (2021). Genomic safe harbor expression of PAX7 for the generation of engraftable myogenic progenitors. Stem Cell Rep. 16, 10–19. doi:10.1016/j.stemcr.2020.11.001
 Kimmel J. C., Hwang A. B., Scaramozza A., Marshall W. F., Brack A. S. (2020). Aging induces aberrant state transition kinetics in murine muscle stem cells. Development 147, dev183855. doi:10.1242/dev.183855
 Kitajima Y., Suzuki N., Nunomiya A., Osana S., Yoshioka K. Tashiro Y., et al. (2018). The ubiquitin-proteasome system is indispensable for the maintenance of muscle stem cells. Stem Cell Rep. 11, 1523–1538. doi:10.1016/j.stemcr.2018.10.009
 Kodaka Y., Rabu G., Asakura A. (2017). Skeletal muscle cell induction from pluripotent stem cells. Stem Cells Int. 2017, 1376151. doi:10.1155/2017/1376151
 Kuang S. H., Kuroda K., Le Grand F., Rudnicki M. A. (2007). Asymmetric self-renewal and commitment of satellite stem cells in muscle. Cell 129, 999–1010. doi:10.1016/j.cell.2007.03.044
 Kuswanto W., Burzyn D., Panduro M., Wang K. K., Jang Y. C. Wagers A. J., et al. (2016). Poor repair of skeletal muscle in aging mice reflects a defect in local, interleukin-33-dependent accumulation of regulatory T cells. Immunity 44, 355–367. doi:10.1016/j.immuni.2016.01.009
 Kwak J. Y., Kwon K. S. (2019). Pharmacological interventions for treatment of sarcopenia: Current status of Drug development for sarcopenia. Ann. Geriatr. Med. Res. 23, 98–104. doi:10.4235/agmr.19.0028
 Landi F., Marzetti E., Martone A. M., Bernabei R., Onder G. (2014). Exercise as a remedy for sarcopenia. Curr. Opin. Clin. Nutr. Metab. Care 17, 25–31. doi:10.1097/MCO.0000000000000018
 Le Couteur D. G., Solon-Biet S. M., Cogger V. C., Ribeiro R., de Cabo R. Raubenheimer D., et al. (2020). Branched chain amino acids, aging and age-related health. Ageing Res. Rev. 64, 101198. doi:10.1016/j.arr.2020.101198
 Leenders M., Verdijk L. B., van der Hoeven L., van Kranenburg J., Nilwik R., van Loon L. J. (2013). Elderly men and women benefit equally from prolonged resistance-type exercise training. J. Gerontol. A Biol. Sci. Med. Sci. 68, 769–779. doi:10.1093/gerona/gls241
 Li H., Chen Q., Li C. Y., Zhong R., Zhao Y. X. Zhang Q. Y., et al. (2019). Muscle-secreted granulocyte colony-stimulating factor functions as metabolic niche factor ameliorating loss of muscle stem cells in aged mice. Embo J. 38, e102154. doi:10.15252/embj.2019102154
 Liu L., Charville G. W., Cheung T. H., Yoo B., Santos P. J. Schroeder M., et al. (2018). Impaired notch signaling leads to a decrease in p53 activity and mitotic catastrophe in aged muscle stem cells. Cell Stem Cell 23, 544–556. doi:10.1016/j.stem.2018.08.019
 Liu L., Cheung T. H., Charville G. W., Hurgo B. M. C., Leavitt T. Shih J., et al. (2013). Chromatin modifications as determinants of muscle stem cell quiescence and chronological aging. Cell Rep. 4, 189–204. doi:10.1016/j.celrep.2013.05.043
 Liu W., Klose A., Forman S., Paris N. D., Wei-LaPierre L. Cortes-Lopez M., et al. (2017). Loss of adult skeletal muscle stem cells drives age-related neuromuscular junction degeneration. Elife 6, e26464. doi:10.7554/eLife.26464
 Liu W., Wei-LaPierre L., Klose A., Dirksen R. T., Chakkalakal J. V. (2015). Inducible depletion of adult skeletal muscle stem cells impairs the regeneration of neuromuscular junctions. Elife 4, e09221. doi:10.7554/eLife.09221
 Loenneke J. P., Loprinzi P. D., Murphy C. H., Phillips S. M. (2016). Per meal dose and frequency of protein consumption is associated with lean mass and muscle performance. Clin. Nutr. 35, 1506–1511. doi:10.1016/j.clnu.2016.04.002
 Lorenzo-Lopez L., Maseda A., de Labra C., Regueiro-Folgueira L., Rodriguez-Villamil J. L., Millan-Calenti J. C. (2017). Nutritional determinants of frailty in older adults: A systematic review. BMC Geriatr. 17, 108. doi:10.1186/s12877-017-0496-2
 Lukjanenko L., Jung M. J., Hegde N., Perruisseau-Carrier C., Migliavacca E. Rozo M., et al. (2016). Loss of fibronectin from the aged stem cell niche affects the regenerative capacity of skeletal muscle in mice. Nat. Med. 22, 897–905. doi:10.1038/nm.4126
 Lukjanenko L., Karaz S., Stuelsatz P., Gurriaran-Rodriguez U., Michaud J. Dammone G., et al. (2019). Aging disrupts muscle stem cell function by impairing matricellular WISP1 secretion from fibro-adipogenic progenitors. Cell Stem Cell 24, 433–446. doi:10.1016/j.stem.2018.12.014
 Lushaj E. B., Johnson J. K., McKenzie D., Aiken J. M. (2008). Sarcopenia accelerates at advanced ages in Fisher 344XBrown Norway rats. J. Gerontol. A Biol. Sci. Med. Sci. 63, 921–927. doi:10.1093/gerona/63.9.921
 Mackey A. L., Karlsen A., Couppe C., Mikkelsen U. R., Nielsen R. H. Magnusson S. P., et al. (2014). Differential satellite cell density of type I and II fibres with lifelong endurance running in old men. Acta Physiol. (Oxf). 210, 612–627. doi:10.1111/apha.12195
 Mackey A. L., Kjaer M., Charifi N., Henriksson J., Bojsen-Moller J. Holm L., et al. (2009). Assessment of satellite cell number and activity status in human skeletal muscle biopsies. Muscle Nerve 40, 455–465. doi:10.1002/mus.21369
 Manore M. M., Meacham S. L. (2003). New dietary reference intakes set for energy, carbohydrates, fiber, fat, fatty acids, cholesterol, proteins, and amino acids. Acsms Health Fit. J. 7, 25–27. 
 Marzetti E., Lawler J. M., Hiona A., Manini T., Seo A. Y., Leeuwenburgh C. (2008). Modulation of age-induced apoptotic signaling and cellular remodeling by exercise and calorie restriction in skeletal muscle. Free Radic. Biol. Med. 44, 160–168. doi:10.1016/j.freeradbiomed.2007.05.028
 Mashinchian O., Pisconti A., Le Moal E., Bentzinger C. F. (2018). The muscle stem cell niche in health and disease. Curr. Top. Dev. Biol. 126, 23–65. doi:10.1016/bs.ctdb.2017.08.003
 Masiero E., Agatea L., Mammucari C., Blaauw B., Loro E. Komatsu M., et al. (2009). Autophagy is required to maintain muscle mass. Cell Metab. 10, 507–515. doi:10.1016/j.cmet.2009.10.008
 Mauro A. (1961). Satellite cell of skeletal muscle fibers. J. Biophys. Biochem. Cytol. 9, 493–495. doi:10.1083/jcb.9.2.493
 McCarthy J. J., Mula J., Miyazaki M., Erfani R., Garrison K. Farooqui A. B., et al. (2011). Effective fiber hypertrophy in satellite cell-depleted skeletal muscle. Development 138, 3657–3666. doi:10.1242/dev.068858
 McKendry J., Currier B. S., Lim C., Mcleod J. C., Thomas A. C. Q., Phillips S. M. (2020). Nutritional supplements to support resistance exercise in countering the sarcopenia of aging. Nutrients 12, E2057. doi:10.3390/nu12072057
 Minetti G. C., Colussi C., Adami R., Serra C., Mozzetta C. Parente V., et al. (2006). Functional and morphological recovery of dystrophic muscles in mice treated with deacetylase inhibitors. Nat. Med. 12, 1147–1150. doi:10.1038/nm1479
 Mitchell W. K., Williams J., Atherton P., Larvin M., Lund J., Narici M. (2012). Sarcopenia, dynapenia, and the impact of advancing age on human skeletal muscle size and strength; a quantitative review. Front. Physiol. 3, 260. doi:10.3389/fphys.2012.00260
 Mizushima N., Levine B., Cuervo A. M., Klionsky D. J. (2008). Autophagy fights disease through cellular self-digestion. Nature 451, 1069–1075. doi:10.1038/nature06639
 Moore D. R., Churchward-Venne T. A., Witard O., Breen L., Burd N. A. Tipton K. D., et al. (2015). Protein ingestion to stimulate myofibrillar protein synthesis requires greater relative protein intakes in healthy older versus younger men. J. Gerontol. A Biol. Sci. Med. Sci. 70, 57–62. doi:10.1093/gerona/glu103
 Moore S. A., Hrisos N., Errington L., Rochester L., Rodgers H. Witham M., et al. (2020). Exercise as a treatment for sarcopenia: An umbrella review of systematic review evidence. Physiotherapy 107, 189–201. doi:10.1016/j.physio.2019.08.005
 Naclerio F., Larumbe-Zabala E. (2016). Effects of whey protein alone or as part of a multi-ingredient formulation on strength, fat-free mass, or lean body mass in resistance-trained individuals: A meta-analysis. Sports Med. 46, 125–137. doi:10.1007/s40279-015-0403-y
 Navarro-Cruz R., Alcazar J., Rodriguez-Lopez C., Losa-Reyna J., Alfaro-Acha A. Ara I., et al. (2019). The effect of the stretch-shortening cycle in the force-velocity relationship and its association with physical function in older adults with COPD. Front. Physiol. 10, 316. doi:10.3389/fphys.2019.00316
 Novak J. S., Mazala D. A. G., Nearing M., Hindupur R., Uapinyoying P. Habib N. F., et al. (2021). Human muscle stem cells are refractory to aging. Aging Cell 20, e13411. doi:10.1111/acel.13411
 Oh J., Sinha I., Tan K. Y., Rosner B., Dreyfuss J. M. Gjata O., et al. (2016). Age-associated NF-κB signaling in myofibers alters the satellite cell niche and re-strains muscle stem cell function. Aging (Albany NY) 8, 2871–2896. doi:10.18632/aging.101098
 Paddon-Jones D., Short K. R., Campbell W. W., Volpi E., Wolfe R. R. (2008). Role of dietary protein in the sarcopenia of aging. Am. J. Clin. Nutr . 87, 1562S–1566s. doi:10.1093/ajcn/87.5.1562S
 Pal M., Khan J., Kumar R., Surolia A., Gupta S. (2019). Testosterone supplementation improves insulin responsiveness in HFD fed male T2DM mice and potentiates insulin signaling in the skeletal muscle and C2C12 myocyte cell line. Plos One 14, e0224162. doi:10.1371/journal.pone.0224162
 Pawlikowski B., Vogler T. O., Gadek K., Olwin B. B. (2017). Regulation of skeletal muscle stem cells by fibroblast growth factors. Dev. Dyn. 246, 359–367. doi:10.1002/dvdy.24495
 Perdiguero E., Sousa-Victor P., Ruiz-Bonilla V., Jardi M., Caelles C. Serrano A. L., et al. (2011). p38/MKP-1-regulated AKT coordinates macrophage transitions and resolution of inflammation during tissue repair. J. Cell Biol. 195, 307–322. doi:10.1083/jcb.201104053
 Petrella J. K., Kim J. S., Cross J. M., Kosek D. J., Bamman M. M. (2006). Efficacy of myonuclear addition may explain differential myofiber growth among resistance-trained young and older men and women. Am. J. Physiol. Endocrinol. Metab. 291, E937–E946. doi:10.1152/ajpendo.00190.2006
 Picca A., Calvani R., Bossola M., Allocca E., Menghi A. Pesce V., et al. (2018). Update on mitochondria and muscle aging: All wrong roads lead to sarcopenia. Biol. Chem. 399, 421–436. doi:10.1515/hsz-2017-0331
 Pietrosemoli N., Mella S., Yennek S., Baghdadi M. B., Sakai H. Sambasivan R., et al. (2017). Comparison of multiple transcriptomes exposes unified and divergent features of quiescent and activated skeletal muscle stem cells. Skelet. Muscle 7, 28. doi:10.1186/s13395-017-0144-8
 Piotrowicz K., Gasowski J. (2020). Risk factors for frailty and cardiovascular diseases: Are they the same?Adv. Exp. Med. Biol. 1216, 39–50. doi:10.1007/978-3-030-33330-0_5
 Porpiglia E., Samusik N., Van Ho A. T., Cosgrove B. D., Mai T. Davis K. L., et al. (2017). High-resolution myogenic lineage mapping by single-cell mass cytometry. Nat. Cell Biol. 19, 558–567. doi:10.1038/ncb3507
 Price F. D., von Maltzahn J., Bentzinger C. F., Dumont N. A., Yin H. Chang N. C., et al. (2014). Inhibition of JAK-STAT signaling stimulates adult satellite cell function. Nat. Med. 20, 1174–1181. doi:10.1038/nm.3655
 Ratnayake D., Nguyen P. D., Rossello F. J., Wimmer V. C., Tan J. L. Galvis L. A., et al. (2021). Macrophages provide a transient muscle stem cell niche via NAMPT secretion. Nature 591, 281–287. doi:10.1038/s41586-021-03199-7
 Relaix F., Zammit P. S. (2012). Satellite cells are essential for skeletal muscle regeneration: The cell on the edge returns centre stage. Development 139, 2845–2856. doi:10.1242/dev.069088
 Revuelta M., Matheu A. (2017). Autophagy in stem cell aging. Aging Cell 16, 912–915. doi:10.1111/acel.12655
 Ribeiro M. B. T., Guzzoni V., Hord J. M., Lopes G. N., Marqueti R. D. C. de Andrade R. V., et al. (2017). Resistance training regulates gene expression of molecules associated with intramyocellular lipids, glucose signaling and fiber size in old rats. Sci. Rep. 7, 8593. doi:10.1038/s41598-017-09343-6
 Roca I., Requena J., Edel M. J., Alvarez-Palomo A. B. (2015). Myogenic precursors from iPS cells for skeletal muscle cell replacement therapy. J. Clin. Med. 4, 243–259. doi:10.3390/jcm4020243
 Rocheteau P., Gayraud-Morel B., Siegl-Cachedenier I., Blasco M. A., Tajbakhsh S. (2012). A subpopulation of adult skeletal muscle stem cells retains all template DNA strands after cell division. Cell 148, 112–125. doi:10.1016/j.cell.2011.11.049
 Rodgers J. T., King K. Y., Brett J. O., Cromie M. J., Charville G. W. Maguire K. K., et al. (2014). mTORC1 controls the adaptive transition of quiescent stem cells from G(0) to G(Alert). Nature 510, 393–396. doi:10.1038/nature13255
 Rodgers J. T., Schroeder M. D., Ma C., Rando T. A. (2017). HGFA is an injury-regulated systemic factor that induces the transition of stem cells into G(alert). Cell Rep. 19, 479–486. doi:10.1016/j.celrep.2017.03.066
 Rosenberg I. H. (1997). Sarcopenia: Origins and clinical relevance. J. Nutr. 127, 990S–991S. doi:10.1093/jn/127.5.990S
 Rosenblatt J. D., Parry D. J. (1993). Adaptation of rat extensor digitorum longus muscle to gamma-irradiation and overload. Pflugers Arch. 423, 255–264. doi:10.1007/Bf00374404
 Rosenblatt J. D., Parry D. J. (1992). Gamma-irradiation prevents compensatory hypertrophy of overloaded mouse extensor digitorum longus muscle. J. Appl. Physiol. 73, 2538–2543. doi:10.1152/jappl.1992.73.6.2538
 Rozo M., Li L. J., Fan C. M. (2016). Targeting beta 1-integrin signaling enhances regeneration in aged and dystrophic muscle in mice. Nat. Med. 22, 889–896. doi:10.1038/nm.4116
 Ryall J. G., Dell'Orso S., Derfoul A., Juan A., Zare H. Feng X. S., et al. (2015). The NAD(+)-Dependent SIRT1 deacetylase translates a metabolic switch into regulatory epigenetics in skeletal muscle stem cells. Cell Stem Cell 16, 171–183. doi:10.1016/j.stem.2014.12.004
 Sadeh M. (1988). Effects of aging on skeletal muscle regeneration. J. Neurol. Sci. 87, 67–74. doi:10.1016/0022-510x(88)90055-x
 Sahu A., Mamiya H., Shinde S. N., Cheikhi A., Winter L. L. Vo N. V., et al. (2018). Age-related declines in alpha-Klotho drive progenitor cell mitochondrial dysfunction and impaired muscle regeneration. Nat. Commun. 9, 4859. doi:10.1038/s41467-018-07253-3
 Sampath S. C., Sampath S. C., Ho A. T. V., Corbel S. Y., Millstone J. D. Lamb J., et al. (2018). Induction of muscle stem cell quiescence by the secreted niche factor Oncostatin M. Nat. Commun. 9, 1531. doi:10.1038/s41467-018-03876-8
 Sandri M. (2010). Autophagy in health and disease. 3. Involvement of autophagy in muscle atrophy. Am. J. Physiol. Cell Physiol. 298, C1291–C1297. doi:10.1152/ajpcell.00531.2009
 Sanz-Paris A., Camprubi-Robles M., Lopez-Pedrosa J. M., Pereira S. L., Rueda R. Ballesteros-Pomar M. D., et al. (2018). Role of oral nutritional supplements enriched with β-Hydroxy-β-Methylbutyrate in maintaining muscle function and improving clinical outcomes in various clinical settings. J. Nutr. Health Aging 22, 664–675. doi:10.1007/s12603-018-0995-7
 Sincennes M. C., Brun C. E., Lin A. Y. T., Rosembert T., Datzkiw D. Saber J., et al. (2021). Acetylation of PAX7 controls muscle stem cell self-renewal and differentiation potential in mice. Nat. Commun. 12, 3253. doi:10.1038/s41467-021-23577-z
 Sinclair A. J., Abdelhafiz A. H., Rodriguez-Manas L. (2017). Frailty and sarcopenia - newly emerging and high impact complications of diabetes. J. Diabetes Complicat. 31, 1465–1473. doi:10.1016/j.jdiacomp.2017.05.003
 Sinha M., Jang Y. C., Oh J., Khong D., Wu E. Y. Manohar R., et al. (2014). Restoring systemic GDF11 levels reverses age-related dysfunction in mouse skeletal muscle. Science 344, 649–652. doi:10.1126/science.1251152
 Smeuninx B., Greig C. A., Breen L. (2020). Amount, source and pattern of dietary protein intake across the adult lifespan: A cross-sectional study. Front. Nutr. 7, 25. doi:10.3389/fnut.2020.00025
 Snijders T., Verdijk L. B., van Loon L. J. C. (2009). The impact of sarcopenia and exercise training on skeletal muscle satellite cells. Ageing Res. Rev. 8, 328–338. doi:10.1016/j.arr.2009.05.003
 Sorensen J. R., Fuqua J. D., Deyhle M. R., Parmley J., Skousen C. Hancock C., et al. (2018). Preclinical characterization of the JAK/STAT inhibitor SGI-1252 on skeletal muscle function, morphology, and satellite cell content. Plos One 13, e0198611. doi:10.1371/journal.pone.0198611
 Sousa-Victor P., Gutarra S., Garcia-Prat L., Rodriguez-Ubreva J., Ortet L. Ruiz-Bonilla V., et al. (2014). Geriatric muscle stem cells switch reversible quiescence into senescence. Nature 506, 316–321. doi:10.1038/nature13013
 Sousa-Victor P., Munoz-Canoves P. (2016). Regenerative decline of stem cells in sarcopenia. Mol. Asp. Med. 50, 109–117. doi:10.1016/j.mam.2016.02.002
 Standley R. A., Distefano G., Trevino M. B., Chen E. M., Narain N. R. Greenwood B., et al. (2020). Skeletal muscle energetics and mitochondrial function are impaired following 10 Days of bed rest in older adults. J. Gerontol. A Biol. Sci. Med. Sci. 75, 1744–1753. doi:10.1093/gerona/glaa001
 Sun C. S., De Mello V., Mohamed A., Quiroga H. P. O., Garcia-Munoz A. Al Bloshi A., et al. (2017). Common and distinctive functions of the hippo effectors taz and Yap in skeletal muscle stem cell function. Stem Cells 35, 1958–1972. doi:10.1002/stem.2652
 Symons T. B., Sheffield-Moore M., Wolfe R. R., Paddon-Jones D. (2009). A moderate serving of high-quality protein maximally stimulates skeletal muscle protein synthesis in young and elderly subjects. J. Am. Diet. Assoc. 109, 1582–1586. doi:10.1016/j.jada.2009.06.369
 Tang A. H., Rando T. A. (2014). Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation. Embo J . 33, 2782–2797. doi:10.15252/embj.201488278
 Tang H. B., Inoki K., Brooks S. V., Okazawa H., Lee M. Wang J. Y., et al. (2019). mTORC1 underlies age-related muscle fiber damage and loss by inducing oxidative stress and catabolism. Aging Cell 18, e12943. doi:10.1111/acel.12943
 Tanner R. E., Brunker L. B., Agergaard J., Barrows K. M., Briggs R. A. Kwon O. S., et al. (2015). Age-related differences in lean mass, protein synthesis and skeletal muscle markers of proteolysis after bed rest and exercise rehabilitation. J. Physiol. 593, 4259–4273. doi:10.1113/JP270699
 Tatsumi R., Anderson J. E., Nevoret C. J., Halevy O., Allen R. E. (1998). HGF/SF is present in normal adult skeletal muscle and is capable of activating satellite cells. Dev. Biol. 194, 114–128. doi:10.1006/dbio.1997.8803
 Tierney M. T., Aydogdu T., Sala D., Malecova B., Gatto S. Puri P., et al. (2015). STAT3 signaling controls satellite cell expansion and skeletal muscle repair. Mol. Biol. Cell 26, 1182–1186. doi:10.1038/nm.3656
 Tokarz V. L., MacDonald P. E., Klip A. (2018). The cell biology of systemic insulin function. J. Cell Biol. 217, 2273–2289. doi:10.1083/jcb.201802095
 Valenzuela R. E. R., Ponce J. A., Morales-Figueroa G. G., Muro K. A., Carreon V. R., Aleman-Mateo H. (2013). Insufficient amounts and inadequate distribution of dietary protein intake in apparently healthy older adults in a developing country: Implications for dietary strategies to prevent sarcopenia. Clin. Interv. Aging 8, 1143–1148. doi:10.2147/Cia.S49810
 Van der Meer S. F., Jaspers R. T., Jones D. A., Degens H. (2011). Time-course of changes in the myonuclear domain during denervation in young-adult and old rat gastrocnemius muscle. Muscle Nerve 43, 212–222. doi:10.1002/mus.21822
 Van der Wal E., Herrero-Hernandez P., Wan R., Broeders M., Groen S. L. M. I. van Gestel T. J. M., et al. (2018). Large-scale expansion of human iPSC-derived skeletal muscle cells for disease modeling and cell-based therapeutic strategies. Stem Cell Rep. 10, 1975–1990. doi:10.1016/j.stemcr.2018.04.002
 Van Nieuwpoort I. C., Vlot M. C., Schaap L. A., Lips P., Drent M. L. (2018). The relationship between serum IGF-1, handgrip strength, physical performance and falls in elderly men and women. Eur. J. Endocrinol. 179, 73–84. doi:10.1530/EJE-18-0076
 Verdijk L. B., Dirks M. L., Snijders T., Prompers J. J., Beelen M. Jonkers R. A., et al. (2012). Reduced satellite cell numbers with spinal cord injury and aging in humans. Med. Sci. Sports Exerc. 44, 2322–2330. doi:10.1249/MSS.0b013e3182667c2e
 Verdijk L. B., Snijders T., Beelen M., Savelberg H. H. C. M., Meijer K. Kuipers H., et al. (2010). Characteristics of muscle fiber type Are predictive of skeletal muscle mass and strength in elderly men. J. Am. Geriatr. Soc. 58, 2069–2075. doi:10.1111/j.1532-5415.2010.03150.x
 Verdijk L. B., Snijders T., Drost M., Delhaas T., Kadi F., van Loon L. J. (2014). Satellite cells in human skeletal muscle; from birth to old age. Age 36, 545–547. doi:10.1007/s11357-013-9583-2
 Verma M., Asakura Y., Murakonda B. S. R., Pengo T., Latroche C. Chazaud B., et al. (2018). Muscle satellite cell cross-talk with a vascular niche maintains quiescence via VEGF and notch signaling. Cell Stem Cell 23, 530–543. doi:10.1016/j.stem.2018.09.007
 Vinel C., Lukjanenko L., Batut A., Deleruyelle S., Pradere J. P. Le Gonidec S., et al. (2018). The exerkine apelin reverses age-associated sarcopenia. Nat. Med. 24, 1360–1371. doi:10.1038/s41591-018-0131-6
 Visser M., Kritchevsky S. B., Goodpaster B. H., Newman A. B., Nevitt M. Stamm E., et al. (2002). Leg muscle mass and composition in relation to lower extremity performance in men and women aged 70 to 79: The health, aging and body composition study. J. Am. Geriatr. Soc. 50, 897–904. doi:10.1046/j.1532-5415.2002.50217.x
 Wang J., Khodabukus A., Rao L. J., Vandusen K., Abutaleb N., Bursac N. (2019). Engineered skeletal muscles for disease modeling and drug discovery, 221, 119416. doi:10.1016/j.biomaterials.2019.119416Biomaterials
 Wang X. B., Shen Q. W. W., Wang J., Zhang Z. G., Feng F. Chen T., et al. (2016). KLF7 regulates satellite cell quiescence in response to extracellular signaling. Stem Cells 34, 1310–1320. doi:10.1002/stem.2346
 Wawrzyniak N. R., Joseph A. M., Levin D. G., Gundermann D. M., Leeuwenburgh C. Sandesara B., et al. (2016). Idiopathic chronic fatigue in older adults is linked to impaired mitochondrial content and biogenesis signaling in skeletal muscle. Oncotarget 7, 52695–52709. doi:10.18632/oncotarget.10685
 Welle S. (2002). Cellular and molecular basis of age-related sarcopenia. Can. J. Appl. Physiol. 27, 19–41. doi:10.1139/h02-002
 White J. P., Billin A. N., Campbell M. E., Russell A. J., Huffman K. M., Kraus W. E. (2018). The AMPK/p27(K)(iP 1) Axis regulates autophagy/apoptosis decisions in aged skeletal muscle stem cells. Stem Cell Rep. 11, 425–439. doi:10.1016/j.stemcr.2018.06.014
 Wolfe R. R., Cifelli A. M., Kostas G., Kim I. Y. (2017). Optimizing protein intake in adults: Interpretation and application of the recommended dietary allowance compared with the acceptable macronutrient distribution range. Adv. Nutr. 8, 266–275. doi:10.3945/an.116.013821
 Wosczyna M. N., Konishi C. T., Carbajal E. E. P., Wang T. T., Walsh R. A. Gan Q., et al. (2019). Mesenchymal stromal cells are required for regeneration and homeostatic maintenance of skeletal muscle. Cell Rep. 27, 2029–2035. doi:10.1016/j.celrep.2019.04.074
 Wosczyna M. N., Rando T. A. (2018). A muscle stem cell support group: Coordinated cellular responses in muscle regeneration. Dev. Cell 46, 135–143. doi:10.1016/j.devcel.2018.06.018
 Wu Z. G., Woodring P. J., Bhakta K. S., Tamura K., Wen F. Feramisco J. R., et al. (2000). p38 and extracellular signal-regulated kinases regulate the myogenic program at multiple steps. Mol. Cell. Biol . 20, 3951–3964. doi:10.1128/Mcb.20.11.3951-3964.2000
 Xue Q. L., Yang H. L., Li H. F., Abadir P. M., Burks T. N. Koch L. G., et al. (2016). Rapamycin increases grip strength and attenuates age-related decline in maximal running distance in old low capacity runner rats. Aging 8, 769–776. doi:10.18632/aging.100929
 Yartseva V., Goldstein L. D., Rodman J., Kates L., Chen M. Z. Chen Y. J. J., et al. (2020). Heterogeneity of satellite cells implicates DELTA1/NOTCH2 signaling in self-renewal. Cell Rep. 30, 1491–1503. doi:10.1016/j.celrep.2019.12.100
 Zampieri S., Pietrangelo L., Loefler S., Fruhmann H., Vogelauer M. Burggraf S., et al. (2015). Lifelong physical exercise delays age-associated skeletal muscle decline. J. Gerontol. A Biol. Sci. Med. Sci. 70, 163–173. doi:10.1093/gerona/glu006
 Zeng Z. Z., Liang J. L., Wu L. W., Zhang H., Lv J., Chen N. (2020). Exercise-induced autophagy suppresses sarcopenia through akt/mTOR and akt/FoxO3a signal pathways and AMPK-mediated mitochondrial quality control. Front. Physiol. 11, 583478. doi:10.3389/fphys.2020.583478
 Zhang H. B., Ryu D., Wu Y. B., Gariani K., Wang X. Luan P. L., et al. (2016). NAD⁺ repletion improves mitochondrial and stem cell function and enhances life span in mice.Science 352, 1436–1443. doi:10.1126/science.aaf2693
 Zhang L. D., Noguchi Y. T., Nakayama H., Kaji T., Tsujikawa K. Ikemoto-Uezumi M., et al. (2019). The CalcR-PKA-yap1 Axis is critical for maintaining quiescence in muscle stem cells. Cell Rep. 29, 2154–2163. doi:10.1016/j.celrep.2019.10.057
 Zhu H., Xiao F., Wang G., Wei X., Jiang L. Chen Y., et al. (2016). STAT3 regulates self-renewal of adult muscle satellite cells during injury-induced muscle regeneration. Cell Rep. 16, 2102–2115. doi:10.1016/j.celrep.2016.07.041
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Huo, Liu and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-892749-g003.gif





OPS/images/fphys-13-892749-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Contribution of muscle satellite cells to sarcopenia		1 Introduction

		2 Sarcopenia		2.1 Definition and diagnosis of sarcopenia

		2.2 Causes of sarcopenia

		2.3 Treatment of sarcopenia





		3 Muscle satellite cells		3.1 MuSC quiescence and activation

		3.2 Regulations of MuSC quiescence

		3.3 MuSC activation and cell fate

		3.4 Heterogeneity of MuSCs

		3.5 MuSCs in aging





		4 MuSCs and sarcopenia		4.1 Relationship between MuSCs and sarcopenia

		4.2 MuSC and muscle hypertrophy

		4.3 Interventions and mechanism of treating sarcopenia with MuSC





		5 Conclusion and perspective

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-892749-g001.gif





OPS/images/fphys-13-892749-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





