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Skeletal muscle is an important organ in the human body for maintaining overall strength and mobility. Skeletal muscle has the capability of self-regeneration, which can be achieved by utilizing specific energy pathways. Therefore, understanding the energy metabolism of skeletal muscle is essential to exploring its regenerative mechanisms. This review addresses the current progress in understanding the essential role of metabolic pathways in skeletal muscle function, regeneration, and muscle dysfunction as it relates to diseases such as type 2 diabetes mellitus (T2DM), obesity, and aging (sarcopenia). Furthermore, we explore the fundamental metabolisms of skeletal muscle while considering not only disease progression but also therapeutic strategies. Experimental models (in vivo and in vitro) and other signaling pathways are additionally discussed while proposing that the association between energy metabolism markers and metabolic diseases in skeletal muscle could provide innovative implications. Finally, the need for developing human-relevant models to study muscle regeneration is emphasized as most current findings are derived from in vivo and in vitro models.
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INTRODUCTION
Skeletal muscle is essential for maintaining strength and mobility, with an ability to regenerate after injury (Kangalgil et al., 2024). However, due to the accumulation of stress resulting from continuous over-exercising, illnesses, injuries, or aging, skeletal muscle becomes susceptible to significant muscle mass and strength loss (sarcopenia), reduced regenerative ability, and weakened physical performance (Distefano and Goodpaster, 2018). Skeletal muscle regeneration is crucial for preserving muscle function, as it plays an important role in mobility, strength, and overall physical performance (Ahmad et al., 2023). Muscles can continuously lose their function when regenerative processes are impaired (Ahmad et al., 2023). Reduced regenerative capabilities of skeletal muscle can lead to chronic diseases such as atrophy and fibrosis (Muscaritoli et al., 2013). With aging, the capacity for muscle regeneration declines, leading to an increased risk of muscle-related diseases such as sarcopenia (Muscaritoli et al., 2013). Therefore, maintaining skeletal muscle regeneration is crucial for physical health and the prevention of chronic diseases (Alway et al., 2023). Understanding the mechanisms of skeletal muscle regeneration is essential for developing robust therapeutic strategies to enhance muscle regeneration (Alway et al., 2023).
Metabolism involves a series of cellular reactions essential for preserving life by providing energy for cellular functions, and these cellular reactions occur in the cytosol and mitochondria, primarily utilizing glucose or fatty acids as energy sources (Judge and Dodd, 2020). Understanding the processes of energy production and consumption is essential for investigating mechanisms during skeletal muscle regeneration (Judge and Dodd, 2020). Skeletal muscle generates energy by breaking down carbohydrates, fats, and proteins (Hargreaves and Spriet, 2020). Glycolysis in the cytoplasm produces a small amount of ATP, and pyruvate from glycolysis enters the mitochondria, where it undergoes the tricarboxylic acid cycle (TCA) and electron transport chain (ETC.) to produce most of the ATP required for cellular function (Hargreaves and Spriet, 2020). Through these processes, mitochondria regulate skeletal muscle metabolism and adapt to conditions such as muscle disuse, aging, and disease (Hargreaves and Spriet, 2020). Mitochondrial function and structure play a key role in maintaining and stabilizing muscle energy reserve (Hood et al., 2019).
This review aims to provide an overview of the current understanding of the essential role of metabolism in skeletal muscle function and regeneration, with a focus on how metabolic diseases such as type 2 diabetes mellitus (T2DM), obesity, and aging-related sarcopenia contribute to muscle dysfunction (Figure 1). We also discuss key experimental models and metabolic signaling pathways that regulate skeletal muscle regeneration (Figure 2). Understanding the fundamental mechanisms of skeletal muscle regeneration provides deeper insights into muscle regeneration, disease progression, and potential therapeutic strategies.
[image: Diagram illustrating the impacts of type 2 diabetes mellitus (T2DM), obesity, and aging on metabolic dysregulation and regenerative impairment. T2DM leads to decreased insulin signaling and glucose uptake, while obesity increases free fatty acids and inflammation. Aging reduces myokines and causes hormonal decline. All conditions contribute to muscle issues: T2DM and obesity result in skeletal muscle dysfunction, while aging leads to sarcopenia.]FIGURE 1 | Metabolic and regenerative mechanisms underlying skeletal muscle dysfunction and sarcopenia. Distinct but overlapping mechanisms contribute to skeletal muscle impairment in type 2 diabetes (left), obesity (center), and aging (right). Type 2 diabetes and obesity involve metabolic dysregulation and impaired regeneration, leading to muscle dysfunction. Aging contributes to sarcopenia through hormonal decline, oxidative stress, and impaired mitochondrial and regenerative function. Created in BioRender.[image: Diagram illustrating metabolic pathways in skeletal muscle regeneration. Four pathways include glucose metabolism, fatty acid oxidation, amino acids, and mitochondria (TCA cycle). Each pathway supports ATP production, stem cell activation, or proliferation. Glucose metabolism involves GLUT4 and AMPK; fatty acid oxidation involves CD36 and CPT1b; amino acids involve mTOR signaling with leucine and glutamine; mitochondria involve TCA cycle and ROS regulation. These pathways contribute to satellite cell activation, proliferation, differentiation, and myofiber repair, promoting muscle regeneration.]FIGURE 2 | Key metabolic pathways involved in skeletal muscle regeneration. Glucose metabolism supports muscle regeneration by enhancing insulin sensitivity, GLUT4-mediated uptake, and AMPK activation, which promotes satellite cell (SC) activity. Lipid metabolism contributes via CD36-mediated fatty acid uptake and CPT1b-driven β-oxidation, generating ATP that supports regenerative processes. Amino acids such as leucine and glutamine activate mTOR signaling, which promotes SC proliferation. Mitochondrial metabolism, through the TCA cycle, supplies ATP for regeneration and regulates ROS levels, helping maintain SC function and muscle integrity. Created in BioRender.METABOLIC DISEASES AND MUSCLE DYSFUNCTION
Type 2 diabetes (T2DM)
Skeletal muscle is the major site of glucose uptake in the postprandial state in humans. Under euglycemic hyperinsulinemic conditions, approximately 80% of glucose uptake occurs in skeletal muscle (DeFronzo and Tripathy, 2009). Skeletal muscle insulin resistance, a hallmark of T2DM, caused by a reduced response to insulin, impairs glucose uptake and disrupts the maintenance of normal glucose levels after food intake (DeFronzo and Tripathy, 2009).
Mitochondrial dysfunction plays an important role in the development of T2DM and contributes to subsequent skeletal muscle dysfunction (Phielix and Mensink, 2008). In T2DM, skeletal muscle dysfunction is characterized by elevated levels of circulating free fatty acids (FFAs), which impair fat oxidation and promote lipid accumulation in muscle cells and lead to reduced insulin-stimulated glucose uptake (Phielix and Mensink, 2008). Mitochondrial dysfunction in skeletal muscle contributes to acute insulin resistance by reducing mitochondrial function and increasing oxidative stress (Lee et al., 2021). Skeletal muscle from C57BL/6 mice fed a high-fat diet to induce acute or chronic insulin resistance shows significant mitochondrial dysfunction, as evidenced by reduced citrate synthase activity, ATP production, mitochondrial DNA content, and oxygen consumption (Lee et al., 2021).
Currently, there are no FDA-approved drugs specifically targeting skeletal muscle dysfunction in metabolic diseases. In contrast, pharmacological regimens for inherited muscular disorders, such as Duchenne muscular dystrophy (e.g., Eteplirsen, Casimersen), and for acute or chronic musculoskeletal pain (e.g., Carisoprodol, Diazepam) are actively used in clinical practice. Interestingly, several established medications for T2DM have positively influenced skeletal muscle function. Tofogliflozin, a novel sodium glucose co-transporter 2 (SGLT2) inhibitor, improves metabolic outcomes, including insulin resistance in skeletal muscle and lipolysis in adipose tissue (Obata et al., 2016). A recent clinical study further demonstrated that Tofogliflozin enhances glucose metabolism and insulin sensitivity without inducing muscle loss in patients with non-alcoholic fatty liver disease (Goya et al., 2022). Additionally, the endothelial DII4-muscular Notch2 signaling axis has been identified as a key regulator of skeletal muscle mass under diabetic conditions, offering a novel therapeutic target for maintaining muscle homeostasis in T2DM (Fujimaki et al., 2022).
In contrast, chronic use of metformin, the first-line treatment for T2DM, has been linked to muscle atrophy in some patients (Das et al., 2012; de Fatima Silva et al., 2018; Baker et al., 2021). Metformin has been shown to downregulate myostatin expression via the AMPK-FoxO3a-HDAC signaling pathway (Kang et al., 2022). This mechanism suggests that careful monitoring may be necessary to prevent potential muscle loss in patients with T2DM.
Obesity
Obesity impairs skeletal muscle function by decreasing mobility, strength, and balance and is also linked to impaired skeletal muscle regeneration and function due to interrupted muscle metabolic processes, including insulin resistance, increased fatty acid absorption, and intramuscular fat accumulation (Tomlinson et al., 2016; Verpoorten et al., 2020).
Lipid overfeeding in patients with obesity induces a metabolic shift in skeletal muscle, characterized by increased lipid accumulation, reduced fatty acid oxidation, and downregulation of PDK4, potentially due to inhibition of the SIRT1-PGC-1α pathway and reduced NAD+ levels (Seyssel et al., 2014). Impaired phospholipid methylation in skeletal muscle has been linked to reduced calcium transport efficiency, leading to decreased energy expenditure and contributing to obesity-related metabolic dysfunction (Verkerke et al., 2019). Obesity also alters extracellular matrix (ECM) organization in both lung and muscle tissues post-injury, leading to decreased expression of ECM-related genes, impaired muscle force recovery, reduced satellite cell activation, and prolonged inflammatory responses (Gihring et al., 2020). In sarcopenic obesity, skeletal muscle maintenance and regenerative potential are also severely compromised due to altered cell cycle progression, inflammatory signaling, and disrupted protein turnover due to upregulation of MyoD and downregulation of IGF-1 gene expression (Brown et al., 2021). A high-fat diet also altered fatty acid composition, such as saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) in both phospholipid and triglyceride fractions in the skeletal muscle (Werner et al., 2018).
Several therapeutic strategies targeting obesity have demonstrated efficacy in modulating skeletal muscle function. Celastrol treatment mitigates obesity-induced metabolic dysfunctions by enhancing insulin sensitivity in skeletal muscle via upregulation of GLUT4, improvement of mitochondrial function, and activation of antioxidant defense mechanisms (Abu Bakar et al., 2020). Metformin also reduces fat mass, mitigates ectopic lipid accumulation, and lowers systemic inflammation markers in both sarcopenic and obese sarcopenic mice, potentially via AMPK activation (Rowan et al., 2018). Interestingly, unlike its effects in T2DM, metformin treatment may play a beneficial role in skeletal muscle function in individuals with obesity. Maternal metformin treatment improves impaired skeletal muscle development in offspring exposed to an obesogenic environment (Rowan et al., 2018), and metformin treatment has been shown to prevent a high-fat diet induced myofiber atrophy and fibrosis via the PGC-1α/FOXO3 signaling pathways (Hasan et al., 2019). These findings suggest a critical need for further investigation into the differential effects of metformin on skeletal muscle function across various metabolic diseases.
Aging (sarcopenia)
Sarcopenia is a progressive loss of skeletal muscle mass and intensity associated with aging and significantly affects mobility and independence in the elderly (Tosato et al., 2024). Skeletal muscle peaks in early adulthood, followed by a gradual decline that becomes more pronounced after age 40 (Tosato et al., 2024).
There are various markers associated with sarcopenia progression. Myokines are cytokines secreted by skeletal muscle, including interleukin (IL)-6, IL-8, IL-5, brain-derivded neurotrophic factor (BDNF), fibroblast growth factor (FGF)-21, leukemia hibihitory factor (LIF), irisin and secreted protein acidic and rich in cysteine (SPARC) and are responsible for inhibiting the progression of sarcopenia, but its ability to secrete decreases with age (Aryana et al., 2018). The deletion of transferrin receptor 1 (Tfr1) in skeletal muscle aging impairs skeletal muscle regeneration through the activation of ferroptosis (Ding et al., 2021). Sarcopenia is also characterized by a wide range of fluctuations in various hormones, especially sex hormones such as testosterone and dehydroepiandrosterone (DHEA), and growth hormones such as growth hormone (GH) and insulin-like growth factor 1 (IGF-1) (Curcio et al., 2016).
There are several ways to prevent sarcopenia in relation to aging. Overexpression of the antioxidant enzyme glutathione peroxidase 4 (GPX4) can reduce oxidative damage, preserve muscle mass, and maintain mitochondrial function, thereby potentially mitigating the effects of sarcopenia (Czyżowska et al., 2023). Intramyocellular lipids (IMCL) and extramyocellular lipids (EMCL) have distinct impacts on muscle and physical function, less lipid accumulation is generally associated with better performance in muscle function and activities of daily living (ADLs) in healthy, non-athlete older individuals (Yoshiko et al., 2022). Vitamin D intake improved muscle quality in elderly men and positively affected fiber type morphology and myostatin expression in young men (Agergaard et al., 2015). These results suggest that vitamin D might contribute to better muscle function and quality, particularly in older adults (Agergaard et al., 2015).
Several studies have reported a potential protective effect of metformin against sarcopenia (Lyu et al., 2022; Petrocelli et al., 2021; Long et al., 2017). Metformin significantly activates AMPK signaling pathways and suppresses the expression of pro-inflammatory cytokines in the skeletal muscle of sarcopenic mice (Lyu et al., 2022). Furthermore, metformin and leucine co-treatment has been shown to improve muscle quality during aging by increasing satellite cell content but reducing collagen accumulation in skeletal muscle (Petrocelli et al., 2021). In addition, a randomized controlled clinical trial demonstrated that 10 weeks of metformin administration significantly decreased the expression of inflammation-related genes in the skeletal muscle of older adults aged over 65 years (Long et al., 2017).
METABOLIC PATHWAYS IN MUSCLE FUNCTION AND REGENERATION
Glucose metabolism
Skeletal muscle is a regulator of glucose homeostasis, responsible for 80% of postprandial glucose uptake from the circulation (Merz and Thurmond, 2020). It is essential for metabolism, both for its role in glucose uptake and its importance in exercise and metabolic disease (Merz and Thurmond, 2020). Skeletal muscle is the predominant site of insulin-mediated glucose uptake in the postprandial state (DeFronzo and Tripathy, 2009). Insulin resistance in skeletal muscle is particularly important since it is normally responsible for more than 75% of all insulin-mediated glucose disposal (Wei et al., 2008).
Glucose metabolism in skeletal muscle is closely associated with insulin resistance, as documented in several studies. IL-10, a Th2-type cytokine that is produced by a wide range of immunological cell types, increased insulin sensitivity and protects skeletal muscle from obesity-associated macrophage infiltration, increases in inflammatory cytokines, and their deleterious effects on insulin signaling and glucose metabolism (Hong et al., 2009). Secretions of tumor necrosis factor α (TNF-α) activated macrophage-induced insulin resistance in skeletal muscle in a dose-dependent manner (Bu et al., 2020). Fibroblast growth factor 21 (FGF21) increases insulin-stimulated glucose uptake in human myotubes (Mashili et al., 2011). FGF21 has direct effects in enhancing skeletal muscle glucose uptake, providing additional points of regulation that may contribute to the beneficial effects of FGF21 on glucose homeostasis (Mashili et al., 2011).
Additionally, glucose metabolism related to skeletal muscle is also involved in the process of exercise. During exercise, muscles contract and secrete factors called myokines which can act in an autocrine/paracrine fashion to improve muscle energy metabolism including glucose (Balakrishnan and Thurmond, 2022). Myokines have been shown to increase insulin sensitivity, thereby improving glucose disposal and regulating glucose and lipid metabolism (Garneau and Aguer, 2019). SPARC, an exercise-responsive myokine, improves glucose tolerance and concomitantly activates AMPK in skeletal muscle (Aoi et al., 2019).
Fatty acid oxidation
Skeletal muscle myocyte mitochondria are primary sites of fatty acid oxidation (Watt and Hoy, 2012). Carnitine palmitoyltransferase 1 (CPT1) catalyzes the first step in long-chain fatty acid import into mitochondria, and it is believed to be rate limiting for β-oxidation of fatty acids (Sebastián et al., 2009). Plasma free fatty acids (FFAs), when entering the myocyte in skeletal muscle, are converted into fatty acyl-CoA, with the enzymatic regulation of CPT-I controlling their transport into the mitochondria for oxidation (Rasmussen and Wolfe, 1999). Once inside, β-oxidation enzymes break down fatty acyl-CoAs to generate ATP, with regulation occurring at fatty acid transport, CPT-I activity, and mitochondrial β-oxidation enzymes (Rasmussen and Wolfe, 1999). Overexpression of CPT1 in skeletal muscle is sufficient to enhance fatty acid oxidation and improve insulin resistance (Bruce et al., 2009). In skeletal muscle, carnitine palmitoyltransferase 1b (CPT1b) overexpression could be helping to maintain metabolic health with increasing age (Bétry et al., 2019).
Fatty acid oxidation is regulated in skeletal muscle during exercise, and is also determined by FA availability to mitochondria, dependent on trans-sarcolemmal FA uptake via cluster of differentiation 36/SR-B2 (CD36) and FAs mobilized from myocellular lipid droplets (Lundsgaard et al., 2018). CD36 is a scavenger receptor that functions in high affinity tissue uptake of long chain fatty acids (FA) and contributes under excessive fat supply to lipid accumulation and metabolic dysfunction (Pepino et al., 2014). CD36 functions as both a signaling receptor and fatty acid transporter in various immune and non-immune cells (Chen et al., 2022). CD36-deficient mice have impaired satellite cell differentiation and skeletal muscle regeneration, which links CD36 as a key regulator of processes involving mitochondrial fatty acid oxidation and bioenergetics (Verpoorten et al., 2020).
Amino acids
Amino acids influence several signaling pathways that control muscle metabolism. In skeletal muscle, leucine, a nutritionally essential branched-chain amino acid (BCAA), promotes energy metabolism (glucose uptake, mitochondrial biogenesis, and fatty acid oxidation) to provide energy for protein synthesis, while inhibiting protein degradation (Nair et al., 1992; Duan et al., 2016).
Skeletal muscle is a major organ for glutamine synthesis, storage, and release (Cruzat, 2019). Low glutamine levels stimulate macrophages to increase glutamine synthase (GS) activity, reducing glutamine oxidation via glutamate dehydrogenase (GLUD)1, which ensures sufficient glutamine supply for satellite cells (Shang et al., 2020). This glutamine, taken up through solute carrier family 1 member 5 (SLC1A5), activates mammalian target of rapamycin (mTOR), promoting satellite cell proliferation and differentiation, thus enhancing muscle regeneration when GLUD1 is inhibited (Shang et al., 2020).
Extracellular metabolites such as amino acids and carbohydrates regulate muscle satellite cell function by modulating key metabolic and signaling pathways, including AMPK and mTOR. These nutrients influence satellite cell proliferation, differentiation, and overall regenerative capacity (Zhang et al., 2020; Hernandez-Benitez et al., 2024; Kang et al., 2024).
BCAAs, including isoleucine and valine, are essential for protein synthesis and play crucial roles in energy metabolism within the body. Metabolism of these BCAAs in skeletal muscle contributes to insulin resistance in humans (Lerin et al., 2016). Interruptions in BCAAs metabolic pathways can diminish cellular respiration and lipid oxidation, particularly under conditions of lipid excess, which are associated with increased weight gain, accumulation of lipids in muscle tissue, and the development of insulin resistance (Lerin et al., 2016).
Mitochondria and the TCA cycle
The TCA cycle plays a fundamental role in energy production for skeletal muscle (Martínez-Reyes and Chandel, 2020). Mitochondria are well known as biosynthetic and bioenergy cells for their roles in generating metabolites and ATP, which are by-products of the TCA cycle and mitochondrial membrane potential, respectively (Martínez-Reyes et al., 2016). In addition, since mitochondria are important organelles that control the metabolic state of skeletal muscle, studies of mitochondrial function are important to describe the relationship between TCA cycle and skeletal muscle (Hood et al., 2019).
Alterations of skeletal muscle mitochondrial functioning can alter muscular regenerative responses (Heo et al., 2023). During exercise or metabolic stress, skeletal muscle cells utilize substrates like fatty acids, amino acids, and pyruvate, and alterations in mitochondrial function, particularly in the TCA cycle, link disruptions in energy metabolism and riboflavin biosynthesis to the pathogenesis of sarcopenia (Heo et al., 2023). The effect of altered mitochondrial functioning on skeletal muscle regenerative responses is also observed post-injury and skeletal muscle injury leads to varied TCA cycle responses (Hartmann et al., 2020).
Skeletal muscle injury affects the TCA cycle. Muscle repair is energy demanding and mitochondria provide the primary source for energy production during regeneration (Chatzinikita et al., 2023). Excessive ROS caused by skeletal muscle injury can trigger mitochondrial degradation, including mitochondrial DNA damage, electron transport chain abnormalities and disruption of the membrane potential (Lian et al., 2022). Tissue damage immediately triggers the inflammatory response (Chazaud, 2020). Particularly, in pro-inflammatory macrophages, TCA cycle intermediates (citrate, cis-Aconitate, isocitrate, α-ketoglutarate, and fumarate) are remodeled (Choi et al., 2021).
Experimental models for studying muscle regeneration
Skeletal muscle regeneration is a highly coordinated process involving stem cell activation, immune responses, and extracellular matrix remodeling. To dissect this complexity, previous studies utilize a variety of in vitro and in vivo models, each offering distinct advantages for investigating mechanisms of myogenesis, gene regulation, and tissue regeneration under controlled or physiological conditions (Klumpp et al., 2010; Viggars et al., 2023; Ge et al., 2024).
In vitro models are essential tools for investigating the molecular mechanisms of skeletal muscle regeneration as they provide controlled conditions to examine satellite cell activation, myogenic differentiation, immune interactions, and pharmacological responses. Conventional two-dimensional (2D) cultures and advanced three-dimensional (3D) bioengineered muscle tissues enable the modeling of regenerative processes under various cellular microenvironments (Pillon et al., 2013; Lian et al., 2022; Chatzinikita et al., 2023). Recent developments in tissue engineering have enabled the generation of human muscle bundles that replicate clinical drug responses (Madden et al., 2015) and have led to optimized protocols for the expansion, genetic modification, and cryopreservation of primary human muscle stem cells (Juhas and Bursac, 2013). These experimental models have improved our understanding of satellite cell self-renewal, lineage specification, and regenerative signaling pathways (Zammit et al., 2004). In vivo models provide the physiological conditions to study muscle regeneration that involve vascularization, fibrosis, and immune cell infiltration. Rodent injury models utilizing cardiotoxin, notexin, or barium chloride (BaCl2) are widely used to evaluate regeneration kinetics and satellite cell behavior (Hardy et al., 2016). These models have also been used to study systemic regulators such as melatonin, which enhances mitochondrial metabolism and supports vascularized muscle regeneration (Ge et al., 2024) and intrinsic factors like the chromatin remodeler CHD4, which is essential for maintaining satellite cell identity during regeneration (Sreenivasan et al., 2021). Methodologies for modeling both acute and chronic muscle injury have been comprehensively summarized in previous reviews (Grounds et al., 2002; Viggars et al., 2023).
Alternative and emerging models are increasingly being adopted to complement conventional approaches in muscle regeneration research. Zebrafish have been used to study age-related muscle degeneration (Ichii et al., 2022) and to establish 3D muscle culture systems that mimic physiological conditions (Vishnolia et al., 2020). Bioengineered systems integrating 3D bioprinting and nanomaterials have introduced novel systems for investigating regenerative processes (Jo et al., 2024). In addition, large animal models such as dystrophic dogs, closely replicate the pathological conditions of human muscular dystrophy and serve as valuable tools for translational studies (Kornegay, 2017). Collectively, these complementary models provide experimental systems that enhance our understanding of the cellular and molecular mechanisms involved in muscle regeneration (Table 1).
TABLE 1 | Summary of experimental models used to study skeletal muscle regeneration. Multiple in vitro, in vivo, and emerging models are employed to investigate distinct aspects of muscle regeneration. These include satellite cell activation, immune interactions, gene editing, and functional recovery. The table highlights representative examples, their research applications, and key insights derived from each system.	Model type	Specific example	Application/Purpose	Key insights/Notes
	 In vitro	2D cultures, 3D engineered tissues	SC activation, differentiation, immune interaction	High experimental control, drug testing platform
	 In vitro	Bioengineered human muscle bundles	Response to therapeutic agents	Clinically relevant responses
	 In vitro	Primary human muscle stem cells	Expansion, gene editing, cryopreservation	Optimized protocols for manipulation
	 In vivo	Rodent injury models (cardiotoxin, notexin, BaCl2)	Regeneration kinetics, SC behavior	Standardized and physiologically relevant
	 In vivo	Melatonin treatment	Enhanced mitochondrial metabolism and repair	Systemic modulation of muscle regeneration
	 In vivo	CHD4 chromatin remodeling	Maintenance of satellite cell identity	Highlights epigenetic regulation
	 Emerging	Zebrafish models	Aging muscle decline, 3D culture development	Regenerative capacity, real-time observation
	 Emerging	3D bioprinted constructs + nanomaterials	Advanced regeneration platforms	Mimics structure and microenvironment
	 Emerging	Dystrophic dogs	Modeling human muscular dystrophy	Translational large animal model


MOLECULAR MECHANISMS IN MUSCLE INJURY AND REGENERATION
Signaling pathways modulating satellite cell metabolism
Multiple signaling pathways regulate the regenerative capacity of muscle satellite cells by directing cell fate decisions and modulating key aspects of cellular metabolism. These metabolic pathways play important roles in controlling satellite cell activation, proliferation, and contribution to tissue regeneration (Forcina et al., 2020).
Satellite cell metabolism is regulated by a variety of signaling pathways that respond to mechanical forces, stress, and environmental changes. Mechanosensitive regulators such as Piezo1 modulate mitochondrial function and redox balance (Peng et al., 2022; Hirano et al., 2023), while cytoskeletal regulators like rho guanine nucleotide exchange factor 3 (ARHGEF3) promote autophagy to sustain regenerative capacity during injury or aging (You et al., 2021). Transcriptional and epigenetic factors, including neurogenic locus notch homolog (NOTCH) and DNA-methyltransferase 1 (Dnmt1), further modulate the balance between self-renewal and differentiation (Iio et al., 2021; Cariati et al., 2022; Zhou et al., 2022). Energy-sensing pathways and mitochondrial regulators also play significant roles in satellite cell activation. AMPK activation induced by stimuli such as low-intensity pulsed ultrasound enhances mitochondrial function and glucose uptake (Duan et al., 2024). Structural and membrane-associated proteins like Desmin and Tmem30a also contribute to mitochondrial stability and metabolic readiness, thereby supporting effective regenerative responses (Goldfarb and Dalakas, 2009; Winter et al., 2016; Sun et al., 2021).
Taken together, these signaling pathways regulate satellite cell metabolism through the integration of mechanical stimuli, stress responses, and intrinsic regulatory pathways. Understanding how these mechanisms modulate satellite cell fate and regenerative capacity is critical for developing targeted therapies for muscle-wasting conditions.
Metabolic regulation of muscle satellite cell activation
Emerging evidence indicates the importance of cellular metabolism in regulating the activation and regenerative potential of muscle satellite cells. In response to systemic injury signals, quiescent satellite cells transition from a deep G0 state to an alert G (Alert) state and are regulated by key signaling pathways including mTORC1 and HGF/c-Met signaling (Goldfarb and Dalakas, 2009; Rodgers et al., 2014; Winter et al., 2016; Sun et al., 2021; Duan et al., 2024). Mitochondrial morphology and redox signaling through the ROS/GSH further modulate the depth of quiescence and readiness for activation (Baker et al., 2022). In addition, ketone body signaling induced by fasting has been implicated in maintaining a resilient quiescent state, suggesting that nutrient availability plays an important role in regulating muscle stem cell metabolism (Benjamin et al., 2022).
Upon activation, satellite cells undergo metabolic remodeling that influences their fate decisions. A metabolic shift from fatty acid oxidation to glycolysis reduces intracellular NAD+ levels and SIRT1 activity, thereby promoting differentiation through epigenetic modifications (Ryall et al., 2015). Similarly, GLUD1 deficiency leads to mitochondrial glutamate accumulation which impairs NADH shuttling and disrupts redox balance, ultimately leading to premature differentiation (Soro-Arnáiz et al., 2024). Mitochondrial dynamics also contribute to long-term regenerative capacity by maintaining energy homeostasis and regulating mitophagy during satellite cell activation (Hong et al., 2022). In addition, energy availability revealed by lipid droplet content contributes to asymmetric cell fate decisions. Cells with low lipid content tend to self-renew, whereas those with high lipid content are more likely to undergo differentiation (Yue et al., 2022). Together, these findings indicate that metabolic reprogramming is closely linked to both the activation of muscle satellite cells and the regulation of their regenerative response.
CONCLUSION
In this review, we have summarized the current understanding of metabolic pathways including glucose metabolism, fatty acid oxidation, and the mitochondrial TCA cycle in relation to skeletal muscle regeneration. We also discussed key metabolic shifts, therapeutic strategies, and the relationship between skeletal muscle metabolism and physiological conditions such as obesity, T2DM, and aging-related sarcopenia. In addition, we examined various metabolic mechanisms associated with the regulation of skeletal muscle regeneration.
Although numerous studies have identified in vivo and in vitro mechanisms involved in musculoskeletal regeneration, our understanding of the comprehensive metabolic regulation of this process remains limited. Further research is needed to investigate the roles of specific genes and their regulatory elements in skeletal muscle regeneration. Moreover, human studies are essential as most current findings are derived from animal or cell-based models. To address this limitation, several research groups have begun developing human-based in vitro models. 3D artificial skeletal muscles have been engineered from human iPSC-derived cells, effectively recapitulating key features of muscular dystrophy (Maffioletti et al., 2018). Despite their potential, these models remain technically challenging and are not yet widely used. Thus, further development of human-relevant models will be essential for translational research in skeletal muscle regeneration.
Skeletal muscle is a major organ responsible for systemic energy metabolism. Therefore, various metabolic regulators should be investigated in relation to skeletal muscle regeneration and their associations with metabolic diseases. Skeletal muscle is adversely affected by metabolic conditions such as obesity, T2DM, and aging-related sarcopenia. Thus, further research is needed to understand how treatments targeting these diseases influence muscle regeneration. In addition, identifying metabolites that are altered during age-related muscle loss and determining whether they promote or inhibit disease progression could provide important insights into muscle maintenance and function. Overall, future studies focusing on the intersection of metabolism and skeletal muscle biology hold strong potential for new discoveries and therapeutic innovation.
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