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The circadian system regulates core physiological processes, including muscle regeneration, protein synthesis, and cellular homeostasis. Disruptions in circadian rhythms contribute to impaired muscle function in older adults, with age-related declines in muscle mass and regenerative capacity serving as major contributors to sarcopenia. Emerging evidence indicates that exercise—a powerful modulator of muscle adaptation—can also influence circadian regulation, offering a potential avenue to enhance muscle repair in aging populations. This review examines how physical activity interacts with circadian mechanisms in aged skeletal muscle, emphasizing key molecular and cellular pathways involved in muscle regeneration. Central circadian regulators such as Clock, BMAL1, and PER1 are discussed in the context of muscle protein turnover, satellite cell activity, and mitochondrial function. Aligning exercise timing with circadian rhythms is proposed as a promising strategy to enhance muscle recovery and functional capacity in older individuals. Furthermore, the review highlights the therapeutic potential of chrono-exercise to delay the onset of sarcopenia and promote healthy aging. By integrating insights from chronobiology, geroscience, and exercise physiology, this analysis underscores the importance of chrono-exercise in supporting muscle health during aging.
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1 Introduction

The preservation of muscle structure and function plays a crucial role in supporting healthy aging and independence. Sarcopenia, the degenerative loss of muscular strength and mass with age, is a major factor underlying elevated risks of injury, diminished mobility, and mortality among older adults (Shen et al., 2023; Kamel, 2003; Larsson et al., 2019). These physiological functions are modulated by circadian rhythms, the internal, near-24-h biological clock that orchestrates key processes such as the sleep–wake cycle, hormone secretion, and metabolic homeostasis (Zisapel, 2007). Muscle regeneration, the process by which damaged muscle tissue is repaired and rebuilt, is crucial for maintaining muscle health throughout life, and its efficiency can diminish with advancing age (Shen et al., 2023; Domingues-Faria et al., 2016; Conboy and Rando, 2005; Joanisse et al., 2016). Exercise, a well-established non-pharmacological intervention, has the potential to influence both circadian rhythms and muscle regeneration processes (Zisapel, 2007; Ciorciari, 2025; Wolff and Esser, 2019; Yamanaka et al., 2006).

Older adults often experience disruptions in their circadian rhythms and a decline in their capacity for muscle regeneration, which can significantly aid in the development of sarcopenia and cause a notable decline in quality of life (Domingues-Faria et al., 2016; Conboy and Rando, 2005; Marzetti, 2022; Colleluori and Villareal, 2021; Rodrigues et al., 2022). Given the increasing prevalence of sarcopenia in the aging population, identifying effective strategies to counteract this decline is crucial. Exercise, as a modifiable lifestyle factor, presents a promising avenue for intervention. Furthermore, the fact that disruptions in circadian rhythms are not merely a consequence of aging but can also contribute to conditions like sarcopenia suggests a potential cyclical relationship where a disturbed body clock might exacerbate muscle aging. Exercise’s potential as a non-drug treatment for circadian rhythm issues and muscle recovery underscores its importance as a vital research area, especially considering the limitations and potential side effects associated with pharmacological treatments for sarcopenia (Fernández-Martínez et al., 2023; Palmese et al., 2025; Vitale et al., 2019). This review will explore how strategically timed physical activity—a concept we will refer to as “Chrono-exercise”—can serve as a powerful intervention.

Furthermore, this review synthesizes the evidence on the interplay between exercise, circadian rhythms, and muscle regeneration in aging. Beyond summarization, we propose a novel conceptual framework—the “Chrono-Adaptive Framework for Muscle Health in Aging”—to integrate these components. This model provides a testable hypothesis on how strategically timed exercise can counteract age-related disruptions in hormonal and molecular pathways to optimize satellite cell function and muscle protein synthesis. The ultimate goal is to guide the development of targeted Chrono-exercise interventions aimed at alleviating sarcopenia and promoting healthy aging.



2 The science of circadian rhythms

As a vital biological system, the circadian rhythm controls the timing of a wide array of physiological and behavioral activities, operating within a roughly 24-h cycle. At the center of this system is the suprachiasmatic nucleus (SCN), located in the hypothalamic region of the brain. The SCN, acting as the central pacemaker, interprets light information from the retina and ensures the coordination of the body’s internal time-regulating systems (Vitale et al., 2019; Patton and Hastings, 2018; Ono et al., 2021; Van Drunen and Eckel-Mahan, 2021; Meléndez-Fernández et al., 2023).

Circadian clocks are not limited to the central SCN; they also exist in peripheral tissues, including skeletal muscle, throughout the body (Shen et al., 2023; Zhang et al., 2009). These peripheral clocks possess the ability to function autonomously, maintaining their own rhythmic activity. However, their synchronization with the central clock and the external environment is crucial for overall physiological coordination (Dibner et al., 2010). The SCN’s role as the central pacemaker, along with the presence of local oscillators in peripheral tissues, ensures the balance between global coordination and tissue-specific responses to environmental signals (Begemann et al., 2020).

The regulation of these circadian rhythms, which approximate a 24-h cycle, is controlled by complex molecular processes that involve core clock genes such as BMAL1, CLOCK, PER (Period), and CRY (Cryptochrome). These genes contribute to the feedback loops that link transcription and translation (Andreani et al., 2015; Csép, 2021; BaHammam and Pirzada, 2023; Gabryelska et al., 2022; Costello and Gumz, 2021). BMAL1 and CLOCK proteins, by forming heterodimers, bind to targeted DNA sequences and promote the expression of the PER and CRY genes. Once the PER and CRY proteins accumulate in the cytoplasm, they translocate into the nucleus and inhibit the function of the BMAL1/CLOCK complex, effectively repressing their own gene expression (Langmesser et al., 2008; Qu et al., 2021; Schibler, 2021; Qu et al., 2023). The negative feedback cycle results in the periodic gene expression patterns that govern the biological processes of circadian rhythms (Rosbash, 2021). Disruptions in this fundamental molecular clockwork, whether occurring centrally or in the periphery, can have far-reaching consequences for health, as the precise timing of biological processes is essential for maintaining physiological balance. These kinds of misalignments have been found to be related to the occurrence of multiple diseases (Cornelissen and Hirota, 2024; Weston and Hood, 2004).

The circadian system is not solely driven by internal mechanisms; It is notably responsive to environmental cues, called zeitgebers, which serve to entrain or reset the body’s internal timekeeping mechanisms. The most potent zeitgeber is light, detected by the eyes and transmitted to the SCN. Beyond light, factors like the timing of food intake (diet) and physical activity (exercise) can effectively function as zeitgebers, with particular impact on peripheral clocks (Sharma and Chandrashekaran, 2005; Golombek and Rosenstein, 2010; Quante et al., 2019). The sensitivity of peripheral clocks to these non-photic cues, especially exercise, suggests that lifestyle interventions can directly impact tissue-specific circadian rhythms, potentially offering targeted therapeutic benefits for conditions affected by circadian disruption (Ciorciari, 2025; Fagiani et al., 2022; Neves et al., 2022; Figure 1).
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FIGURE 1
 Overview of the circadian rhythm system.


The diagram illustrates the structure of the circadian rhythm system, with the brain at its core, where the suprachiasmatic nucleus (SCN), the master circadian clock, processes light input from the retina via the optic nerve. The SCN orchestrates the synchronization of peripheral timekeeping systems in the body, including those found in skeletal muscle. The core clock mechanism, detailed in the text, relies on a transcription-translation feedback loop involving key proteins like BMAL1/CLOCK and PER/CRY. External zeitgebers, such as light, diet, and physical activity, help synchronize central and peripheral clocks, ensuring the maintenance of physiological balance. Disruptions in this system may give rise to a variety of health disorders.



3 Skeletal muscle and the circadian clock

The skeletal muscle tissue features an internal circadian clock, evident in the expression of core clock genes present in muscle cells (Shen et al., 2023; Harfmann et al., 2015). The local circadian clock coordinates the timed expression of multiple genes within the muscle, including those involved in crucial processes such as muscle development, hypertrophy (growth), metabolism (the utilization of glucose and lipids for energy), and repair (Crislip et al., 2022; Schiaffino et al., 2013; Juliana et al., 2023; Morrison et al., 2022; Morena da Silva et al., 2024). Examples of these clock-controlled genes include MyoD, a key regulator of muscle differentiation, and genes involved in energy utilization like Ucp3 (Mayeuf-Louchart et al., 2015).

The existence of a functional circadian rhythm in skeletal muscle has substantial implications for its physiological activity. The muscle clock influences various aspects of muscle function throughout the day-night cycle, such as muscle strength and power, which tend to be at their greatest in the late afternoon or early evening (Zhang et al., 2009; Ashmore, 2019; Mirizio et al., 2020). It also regulates the metabolism of glucose and lipids, ensuring that energy substrates are available at the appropriate times to support muscle activity (Vitale et al., 2019). In addition, the muscle circadian clock is involved in the muscle tissue’s capacity to repair and regenerate after injury or exercise (Vitale et al., 2019; Tidball, 2011; Seene and Kaasik, 2013). The regulation of muscle-specific genes by circadian rhythms highlights the importance of the timing of activities, such as exercise, can profoundly impact muscle adaptation and performance by interacting with these rhythmic processes (Mansingh and Handschin, 2022; Pearson, 2000).

Beyond its local functions within the muscle tissue, a well-functioning muscle clock is also closely connected to overall metabolic health. It aids in maintaining insulin sensitivity, which enables cells to respond to insulin and uptake glucose from the bloodstream, while also regulating glucose absorption by muscle cells (Aoyama and Shibata, 2017; Merz and Thurmond, 2011). This connection between the muscle clock and metabolic health reinforces the significance of maintaining a well-regulated circadian rhythm in muscle to avoid metabolic disorders and optimize the body’s energy utilization. Disruptions to the muscle clock, conversely, can result in impaired muscle function and repair, potentially contributing to the age-associated decline in muscle mass and strength observed in sarcopenia (Shen et al., 2023; Juliana et al., 2023; Morrison et al., 2022; Morena da Silva et al., 2024). Just as a misaligned central clock can cause sleep disturbances, a disrupted muscle clock can impair the tissue’s ability to function and repair itself effectively (Morrison et al., 2022; Zelinski et al., 2014; Figure 2; Table 1).
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FIGURE 2
 Circadian regulation of muscle function.



TABLE 1 Effects of exercise timing on circadian markers.


	Exercise timing
	Intensity
	Circadian marker
	Effect
	References

 

 	Short-term evening 	Any 	Melatonin 	Delayed rhythm phase 	
Kim et al. (2023)



 	Short-term evening 	Any 	Core body temp 	Increased nocturnal temperature 	
Kim et al. (2023)



 	Long-term morning 	Any 	Cortisol 	Decreased concentrations after awakening 	
Kim et al. (2023)



 	Long-term morning 	Any 	Sleep quality 	Improved 	
Kim et al. (2023)



 	Evening (17:00–19:00) 	2 h 	Melatonin 	Delayed rhythm phase in healthy males 	
Kim et al. (2023)



 	Morning (10:00–12:00) 	Any 	Melatonin 	Increased onset and peak levels 	
Kim et al. (2023)



 	Long-term morning 	Any (10 weeks) 	Melatonin 	Increased morning levels in postmenopausal women 	
Kim et al. (2023)



 	Acute exhaustive 	Daytime 	Sleep 	Increased slow-wave sleep, decreased first REM period (indirectly linked to melatonin) 	
Kim et al. (2023)



 	High-intensity evening 	Any 	Melatonin 	Delayed production 	
Parke et al. (2022)



 	Morning 	Any 	Circadian phase 	Advanced (greater than evening exercise) 	
Thomas et al. (2020)



 	Evening 	Any 	Circadian phase 	No significant shift overall; advance in late chronotypes, delay in early chronotypes 	
Thomas et al. (2020)



 	Nocturnal (low-intensity) 	3 h 	Circadian phase 	Delayed in both older and young adults 	
Baehr et al. (2003)





 



4 Aging’s impact on circadian rhythms and muscle

The aging process is often accompanied by significant alterations in circadian rhythms. One common change is a phase advance, where older adults tend to shift their sleep–wake cycle earlier, leading to earlier bedtimes and earlier wake-up times (Aoyama et al., 2021; Dijk et al., 2000). Additionally, the amplitude of these rhythms, describing the difference between the peak and the trough of daily fluctuations, often becomes reduced with age, resulting in less pronounced daily fluctuations in physiological processes (Brown et al., 2011). Sleep patterns in older adults also tend to become more fragmented, with increased nighttime awakenings and less time spent in deep, restorative sleep (Newsom and DeBanto, 2020). These age-related changes in circadian rhythms are thought to arise from a combination of factors, including alterations in the SCN, the central pacemaker, and a reduced sensitivity to external time cues such as light (Malhan et al., 2025; Farajnia et al., 2014).

Aging is concurrently associated with a progressive loss of skeletal muscle mass, strength, and function, a condition described as sarcopenia (Larsson et al., 2019). This decline in muscle mass can lead to major functional disabilities, increasing the likelihood of falls and limiting both mobility and independence. Various elements contribute to the progression of sarcopenia, including decreased physical activity, inadequate diet, increased inflammation, hormonal changes, and, importantly, disruptions in circadian rhythms (Shen et al., 2023; Billot et al., 2020; Dos Santos et al., 2017).

The interplay between these age-related changes in circadian rhythms and muscle can create a negative feedback loop, where disruptions in the body’s internal clock can further compromise muscle health and regeneration, potentially accelerating the progression of sarcopenia (Dudek et al., 2023). In older adults, fragmented sleep and reduced deep sleep can affect the levels of key anabolic hormones, such as growth hormone and testosterone, which play a crucial role in muscle protein synthesis and recovery (Aoyama et al., 2021; Zouhal et al., 2022). This combination of age-related impairments in both circadian rhythms and muscle regeneration underscores the significant challenge in maintaining muscle health in older adults and suggests that interventions targeting both of these aspects might be the most effective approach (Drăgoi et al., 2024; Daniels and Bonnechère, 2024). The earlier circadian phase observed in many older adults might also influence their optimal timing for physical activity and the impact of exercise on their circadian system compared to younger individuals, indicating a need for age-specific exercise recommendations. Furthermore, the reduced amplitude of circadian rhythms in older adults could potentially make them more susceptible to the negative consequences of circadian disruption and possibly less responsive to exercise as a modulator of their internal clock (Kripke et al., 2005). The interaction between age-related low-grade inflammation and the disruption of circadian rhythms can further impair muscle function and regeneration, highlighting the importance of interventions that address both of these interconnected factors (Shen et al., 2023; Colombini et al., 2022; Figure 3).
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FIGURE 3
 The impact of aging on circadian rhythms and skeletal muscle performance.


This illustration highlights the interplay between circadian rhythm alterations and muscle degeneration with aging. The SCN, the central circadian pacemaker, processes light signals from the retina, which in turn influences the secretion of melatonin from the pineal gland. With age, the circadian system undergoes a phase advance and reduced amplitude, driven by molecular disruptions in core clock genes such as CLOCK, BMAL1, PER, and CRY. These changes contribute to fragmented sleep and impaired hormonal regulation. In parallel, skeletal muscle exhibits signs of sarcopenia—characterized by reduced mass and strength—which is exacerbated by circadian misalignment. The figure emphasizes how age-induced circadian disruption impacts both central and peripheral tissues, suggesting the need for targeted interventions to support muscle health in older adults.



5 Exercise as a zeitgeber

Beyond light, physical activity serves as a powerful non-photic zeitgeber capable of entraining circadian rhythms, particularly in peripheral tissues like skeletal muscle (Shen et al., 2023; Back et al., 2007; Bennett and Sato, 2023; Gabriel and Zierath, 2022; Maier et al., 2022). Different types of exercise, as well as their intensity and timing, can have varying effects on key circadian markers. For instance, while evening exercise can delay melatonin rhythm and increase core body temperature, studies consistently show that these physiological shifts often do not negatively impact, and may even improve, subsequent sleep quality (Drăgoi et al., 2024; Kim et al., 2023). Conversely, long-term engagement in morning exercise tends to lower cortisol levels after waking and enhance the quality of sleep (De Nys et al., 2022). High-intensity physical activity, even if performed just once in the evening, can inhibit the production of melatonin, a hormone that supports sleep (Parke et al., 2022).

Exercise timing is critical in influencing the direction and magnitude of changes in circadian phases. Studies have indicated that morning exercise generally induces a phase advance, shifting the circadian rhythm to an earlier time (Thomas et al., 2020; Eastman et al., 1995), although it is important to note that much of this foundational research was conducted in younger populations. The magnitude of this shift may therefore differ in older adults due to age-related changes in circadian amplitude and sensitivity to zeitgebers. Conversely, evening exercise might lead to a phase delay in some individuals, although the effects can vary depending on an individual’s chronotype (Thomas et al., 2020). For example, Conversely, evening exercise might lead to a phase delay in some individuals, although the effects can vary depending on an individual’s chronotype (Thomas et al., 2020; Glavin et al., 2021).

On a molecular scale, exercise has the potential to influence the circadian clock in both the central SCN and peripheral tissues, such as skeletal muscle. It has been shown to alter the expression of essential clock genes, including BMAL1 and PER2 (Shen et al., 2023; Schroder and Esser, 2013). Exercise-induced factors like heat, glucocorticoid release, and mechanical loading may play pivotal roles in entraining the circadian rhythm of connective tissues (Steffen et al., 2024). Exercise entrainment may trigger molecular pathways like AMPK (AMP-activated protein kinase) activation and the induction of HIF-1α (hypoxia-inducible factor 1-alpha), which can regulate the stability of clock proteins and the expression of circadian genes (Maier, 2020; Yan et al., 2025; Post et al., 2025; Gabryelska et al., 2025; Moon and Jeong, 2023; Cho et al., 2023; Pourabdi et al., 2025; Chen et al., 2025). Exercise can also act as a synchronizer for peripheral clocks in tissues like skeletal muscle, potentially helping to reset disrupted rhythms (Choi et al., 2020).

The bidirectional relationship between exercise and sleep quality is essential for the modulation of circadian rhythms. Regular physical activity generally promotes better sleep by helping to regulate the circadian rhythm, reducing stress, and promoting relaxation (Chennaoui et al., 2015). However, intense exercise performed too close to bedtime might be disruptive for some individuals due to increased body temperature and alertness (Parke et al., 2022). This draws attention to the need for customized exercise prescriptions that account for a person’s chronotype and intended objectives (Thomas et al., 2020). Exercise’s capacity to entrain peripheral clocks independent of the central clock suggests that tailored exercise interventions may be effective in enhancing the function of specific tissues affected by circadian rhythm disruptions. Furthermore, the interaction between exercise and sleep quality is crucial, as improved sleep can reinforce a healthy circadian cycle, and appropriately timed exercise can contribute to better sleep (Wolff and Esser, 2019; Figure 4). The effects of exercise timing on various circadian markers are summarized in Table 1. However, it is crucial to interpret these findings with caution, as the cited studies vary significantly in their methodologies. Key differences include the duration of the intervention (e.g., acute single bouts vs. long-term training), exercise intensity and modality, and the specific populations studied (e.g., healthy young men, postmenopausal women, older adults). This heterogeneity complicates direct comparisons and the formulation of universal guidelines. Furthermore, many studies rely on a limited number of central circadian markers, such as melatonin and core body temperature, and may not fully capture the influence of exercise on peripheral clocks within skeletal muscle itself. This highlights a critical gap in the literature and underscores the need for more standardized research in diverse age groups.
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FIGURE 4
 Exercise and circadian rhythm modulation.




6 Exercise and muscle regeneration

Physical activity, with a focus on resistance and endurance training, plays a significant role in stimulating muscle regeneration (Von Ruff et al., 2025). This process encompasses the activation of muscle protein synthesis, the stimulation of satellite cells (specialized muscle stem cells), and the subsequent regeneration and expansion of muscle fibers (Hu et al., 2022; Liu et al., 2023; Chen et al., 2022; Kaczmarek et al., 2021). Exercise triggers various molecular pathways that contribute to muscle regeneration, including the generation of oxidative stress, metabolic reprogramming within muscle cells, and the involvement of microRNAs (Negri et al., 2025).

Situated between the sarcolemma (muscle cell membrane) and the basal lamina of the myofiber, satellite cells are integral to the process of muscle regeneration (Dumont et al., 2015). In response to muscle damage from exercise, quiescent stem cells are activated, proliferate, and differentiate into myoblasts, which either fuse with existing damaged fibers or form new muscle fibers, facilitating muscle tissue repair and regeneration (Kaczmarek et al., 2021).

Different types of exercise can influence muscle regeneration in distinct ways. Endurance exercise, including activities like running and cycling, induces muscle fiber-type regeneration and enhances mitochondrial biogenesis within muscle cells, supporting muscle recovery after injury (Hu et al., 2022; Oliveira et al., 2021; Lippi et al., 2022; Pellegrino et al., 2022; Chatzinikita et al., 2023). Resistance training, where the body works against external resistance, is particularly efficient in stimulating muscle hypertrophy, contributing to an increase in muscle size and strength (Sayer et al., 2021).

Allowing adequate recovery time post-exercise is essential for the body to recover and adjust to the stresses introduced during the workout (Bouchard, 2021). During recovery, the body works to replenish energy supplies, repair muscle damage, and return hormone levels to baseline. Without sufficient rest, the body may not have enough time to fully recover, potentially leading to injuries or decreased performance (In and Vasanthi, 2024). Exercise, therefore, acts as a potent stimulus for muscle regeneration through multiple pathways, highlighting its therapeutic potential for combating muscle loss associated with aging and other conditions (Chen et al., 2022). The activation of satellite cells by exercise is a critical step in this process, suggesting that interventions aimed at enhancing satellite cell function could improve muscle repair capacity, especially in older adults where their activity might be impaired (Kaczmarek et al., 2021; Negri et al., 2025). The need for adequate recovery after exercise underscores the importance of balancing training load with sufficient rest to allow for muscle repair and prevent overtraining, particularly in older adults who might have slower recovery rates (Kumar and Vinayakan, 2024; Bushman, 2024; Figure 5).
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FIGURE 5
 Role of physical exercise in muscle regeneration and satellite cell activation.


This figure illustrates the mechanisms by which exercise stimulates muscle regeneration. Exercise-induced stress activates resident muscle stem cells (satellite cells), which then proliferate, differentiate, and fuse with muscle fibers to facilitate repair and growth. Different exercise types elicit distinct outcomes; endurance training enhances mitochondrial biogenesis while resistance training primarily drives hypertrophy. Key regulators include oxidative stress, metabolic shifts, and microRNAs. Adequate recovery is crucial for completing the regenerative process, highlighting exercise’s therapeutic potential against sarcopenia.



7 The interplay in older adults

The capacity for exercise to induce muscle regeneration can be influenced by age. Older adults may experience impairments in their muscle regeneration response to exercise, including a reduction in the activity of satellite cells and a blunted rate of muscle protein synthesis (Shen et al., 2023; Peake et al., 2010). Specifically, the age-related circadian disruptions discussed previously can dampen the anabolic response to exercise, thereby compromising muscle regeneration (Silva et al., 2021). For instance, the disrupted sleep patterns common in older adults can negatively impact the levels of anabolic hormones that are essential for muscle repair processes (Aoyama et al., 2021; Zouhal et al., 2022; Oliveira et al., 2021; Franzago et al., 2023; Watson et al., 2021; Sansone and Romanelli, 2021).

Given these challenges, strategically timed exercise emerges as a potential countermeasure. By carefully considering the timing of physical activity, it might be possible to modulate circadian rhythms in older adults in a way that optimizes their capacity for muscle regeneration (Dose et al., 2023). The interplay of age-related deficits in circadian rhythms and muscle regeneration represents a major challenge to sustaining muscle health in older adults, suggesting that interventions that address both aspects simultaneously might be the most effective (Agostini et al., 2023). Exercise timing appears to be a critical factor in optimizing muscle regeneration in this population by potentially aligning physical activity with more favorable circadian phases for muscle repair and growth (Drăgoi et al., 2024). Although research on the interplay of circadian rhythms, exercise, and muscle regeneration in older adults is still evolving, there is a clear need for further studies aimed at this particular population (Morrison et al., 2022).



8 A conceptual model: the Chrono-adaptive framework for muscle health in aging

To synthesize the complex interactions discussed, we propose the Chrono-Adaptive Framework for Muscle Health in Aging (Figure 6). This model provides a conceptual basis for understanding how timed exercise interventions can mitigate age-related muscle decline. The framework posits that the efficacy of exercise in older adults can be significantly enhanced by tailoring its timing to achieve specific biological goals: either reinforcing central rhythms or capitalizing on windows of peak peripheral function.

[image: Flowchart depicting the impact of aging on muscle regeneration. Aging causes disrupted alignment, affecting hormonal rhythms and the peripheral muscle clock. This disruption impairs regeneration, leading to sarcopenia. Timed exercise, with variations between morning and afternoon, influences systemic rhythms through interactions with the central clock, enhancing regenerative responses like satellite cell activation and muscle protein synthesis.]

FIGURE 6
 The Chrono-adaptive framework for muscle health in aging. This diagram illustrates how aging disrupts the alignment between the central clock (SCN), peripheral muscle clocks, and hormonal rhythms, leading to impaired muscle regeneration and sarcopenia. Timed exercise is presented as a key intervention. Morning exercise primarily targets the central clock and systemic rhythms to improve sleep and hormonal profiles. Afternoon/evening exercise is shown to align with peaks in peripheral muscle clock function and performance, directly optimizing the local regenerative response (satellite cell activation and muscle protein synthesis). The model proposes that by strategically timing exercise, it is possible to counteract age-related disruptions and enhance the overall adaptive response, thereby promoting muscle health. Draw scientific illustration for this.


The framework is built on two primary pathways:


	1. Central Rhythm Reinforcement: Morning exercise is proposed to act as a powerful zeitgeber for the central SCN clock. This helps to correct the phase-advances and dampened amplitudes common in aging, leading to improved sleep architecture and the restoration of a more robust anabolic hormonal milieu (e.g., nocturnal growth hormone release) (Hower et al., 2018; Shen et al., 2023). This systemic effect creates a more favorable internal environment for muscle repair.

	2. Peripheral Anabolic Optimization: Afternoon/evening exercise is proposed to align with the natural peaks in peripheral muscle clock function, neuromuscular performance, and core body temperature. This timing may directly maximize the local stimulus for muscle protein synthesis and satellite cell activation by capitalizing on the period when the muscle is most physiologically prepared for an anabolic challenge (Silva et al., 2021; Augsburger et al., 2025; Procopio and Esser, 2025).



By strategically choosing exercise timing based on these pathways, the model suggests it is possible to counteract the anabolic resistance of aging and promote more effective muscle regeneration.



9 Chrono-exercise for muscle health in older adults

It is crucial to state upfront that the following recommendations are largely extrapolated from mechanistic studies, short-term trials, and research in younger populations. Robust, long-term clinical trials that definitively establish the optimal exercise timing to combat sarcopenia in older adults are currently lacking. Therefore, these suggestions should be interpreted as a theoretical framework to guide future research and personalized approaches, rather than as definitive clinical guidelines.

Based on current research, the optimal timing for exercise in older adults may depend on the desired physiological outcome, which is rooted in molecular rhythms. For instance, morning exercise may be particularly effective for reinforcing the central clock in the SCN. On a molecular level, this strong zeitgeber input helps stabilize the expression of core clock genes like Per2, leading to a robust cortisol awakening response and properly timed melatonin suppression. This central alignment improves sleep quality, which in turn promotes the nocturnal release of anabolic hormones like growth hormone, creating a favorable systemic environment for muscle repair (Hower et al., 2018; Shen et al., 2023). Furthermore, exercising during the early active phase aligns with the natural peak expression of the transcriptional activator BMAL1, a master regulator of metabolic pathways essential for muscle energy utilization (Ehrlich et al., 2025; Viggars et al., 2024).

Conversely, scheduling resistance training in the late afternoon or early evening may better align with the peripheral muscle clock’s rhythms. This period often corresponds to the peak expression of genes involved in glycolysis, mitochondrial function, and muscle contractility, providing a molecular basis for the observed afternoon peak in strength and power (Ashmore, 2019; Mirizio et al., 2020; Negri et al., 2025; Mansingh and Handschin, 2022; Smith et al., 2023). Moreover, some evidence suggests that the key anabolic signaling pathway mTORC1, a critical driver of muscle protein synthesis, may be more responsive to the stimulus of resistance exercise later in the active phase, potentially leading to greater hypertrophic gains (Ashmore, 2019). A study in older adults also found that afternoon exercise was more effective in improving postural control, highlighting a functional benefit to this timing (Shen et al., 2023).

The importance of individual chronotype cannot be overstated when recommending exercise timing (Vitale and Weydahl, 2017). Late chronotypes, who naturally have a later sleep–wake cycle, might find evening exercise more suitable and potentially beneficial for inducing phase advances (Rutkowska et al., 2024). Conversely, early chronotypes might experience better outcomes with morning activity and should possibly avoid intense evening workouts that could further delay their circadian rhythm (Goldin et al., 2020).

For older adults seeking to optimize muscle regeneration and align their circadian rhythms, some practical recommendations can be made (Del Río, 2025). Performing moderate-intensity aerobic exercise regularly, such as brisk walking for 30 min or more on most days, is usually beneficial for both general health and sleep patterns (Li et al., 2025). Regular resistance training involving the activation of principal muscle groups no fewer than 2 days per week is integral to the maintenance and augmentation of muscle tissue (Von Ruff et al., 2025). The timing of these workouts can be experimented with to see what feels best for the individual and how it affects their sleep and energy levels. The recommendation to avoid strenuous exercise close to bedtime is common, based on its potential to interfere with sleep onset (Parke et al., 2022; Driver and Taylor, 2000). However, this view is not universally supported, and the literature presents conflicting evidence. In fact, some studies report that evening exercise can be performed without detriment to sleep quality and may even be beneficial for older adults by enhancing deep, slow-wave sleep (Kim et al., 2023). This discrepancy highlights that individual responses can vary significantly, likely influenced by factors such as personal chronotype, fitness level, and exercise intensity. Therefore, while low-impact activities like yoga or light stretching are excellent for evening relaxation (World Health Organization, 2023), the suitability of higher-intensity evening exercise should be determined on an individual basis rather than broadly discouraged.

To maintain muscle function in older adults, established exercise protocols recommend participating in muscle-strengthening routines at least 2 days each week, focusing on comprehensive engagement of major muscle groups (Liu, 2025). The intensity should be moderate to high, using weights or resistance that allows for 6–12 repetitions per set (Hurst et al., 2022). Consistency in adhering to a regular exercise routine is more critical than the specific time of day for many individuals (Gaesser et al., 2025). Tailoring exercise timing to the natural circadian rhythms of older adults could enhance the effectiveness of exercise interventions for muscle health and potentially improve adherence by aligning with their energy levels and preferences (Woodard and Berry, 2001). While general recommendations can be made, the optimal exercise timing for muscle regeneration in older adults likely depends on a complex interplay of individual factors, including chronotype, sleep patterns, health status, and lifestyle. While the potential benefits outlined in Table 2 are promising, it is important to acknowledge that current recommendations are largely extrapolated from studies on younger individuals or from short-term interventions in older adults with varied health statuses. The direct, long-term impact of Chrono-exercise on sarcopenia-related outcomes remains under-investigated. Defining robust, evidence-based exercise timing protocols tailored to support muscle regeneration in older adults—considering the heterogeneity in chronotypes, comorbidities, and baseline fitness levels—requires further systematic, longitudinal research with clinically relevant endpoints such as muscle mass, strength, and physical function (Izquierdo et al., 2021; Figure 7).


TABLE 2 Potential optimal exercise timings for muscle regeneration in older adults based on chronotype and desired outcome.


	Chronotype
	Desired outcome
	Potential optimal timing

 

 	Early (morning lark) 	General muscle maintenance 	Morning or early afternoon for both aerobic and resistance exercise, aligning with natural activity peak and avoiding evening disruption.


 	Early (morning lark) 	Muscle hypertrophy/strength gain 	Morning or early afternoon for resistance training to potentially coincide with favorable hormonal milieu and avoid interference with early evening sleep onset.


 	Intermediate 	General muscle maintenance 	Morning, afternoon, or early evening for both aerobic and resistance exercise, depending on individual preference and schedule. Monitor sleep quality if exercising in the evening.


 	Intermediate 	Muscle hypertrophy/strength gain 	Afternoon or early evening for resistance training to leverage potential peak muscle strength. Ensure sufficient time (at least 2–3 h) between exercise and bedtime.


 	Late (night owl) 	General muscle maintenance 	Afternoon or evening for both aerobic and resistance exercise, aligning with later activity peak. Consider morning exercise for potential phase advance if experiencing circadian misalignment.


 	Late (night owl) 	Muscle hypertrophy/strength gain 	Late afternoon or evening for resistance training to coincide with peak muscle strength. Be mindful of potential sleep disruption from very late, high-intensity workouts. Morning exercise could still be beneficial for muscle protein synthesis if consistent.




 

[image: Diagram illustrating the relationship between light, the SCN, CLOCK, BMAL1, PER, CRY, and melatonin production. On the right, silhouettes depict a morning jogger and an afternoon weightlifter. Text advises morning exercise for phase advances and afternoon/evening exercise for late chronotypes. Emphasizes tailoring exercise timing to individual chronotypes, avoiding late evening intense exercise.]

FIGURE 7
 Circadian regulation and optimal exercise timing in older adults.


This illustration shows how light signals regulate the circadian clock via the SCN, influencing CLOCK–BMAL1 activity and melatonin production in a ~ 24-h cycle. On the right, morning exercise is recommended for phase advancement and improved sleep, especially in early chronotypes, while afternoon/evening exercise may suit late chronotypes and support strength gains. Tailoring exercise timing to chronotype and avoiding late evening intensity can optimize muscle health and circadian alignment.



10 The role of sleep and nutrition

Ensuring adequate sleep contributes significantly to the physiological processes involved in muscle healing and regeneration (Webhofer, 2025). Growth hormone activity during sleep is a critical mechanism underlying the recovery and structural renewal of muscle tissue (Lambert, 2025). Conversely, sleep disturbances can disrupt circadian rhythms, potentially hindering the muscle regeneration process (Shen et al., 2023; Morrison et al., 2022). Sustaining appropriate sleep hygiene—characterized by steady sleep timing and tranquil pre-sleep activities—is fundamental for promoting muscle health in older adults (Winegar, 2024).

The intake of adequate protein as part of a balanced diet is fundamental to promoting muscle protein synthesis and the restoration of muscle tissue (Lu et al., 2021). Consuming 25 to 30 grams of protein with each meal may help prevent sarcopenia (Li et al., 2025). Furthermore, the timing of nutrient intake, a concept known as Chrono-nutrition, can influence circadian rhythms and muscle metabolism (Negri et al., 2025). Strategically timed protein intake—whether aligned with circadian cues or following exercise—plays a role in activating the pathways responsible for initiating muscle protein synthesis (Drăgoi et al., 2024; Thomas et al., 2020). Restricting eating to biologically active times has the potential to reinstate proper temporal patterns of gene expression in skeletal muscle (Cardinali, 2019). Optimizing both sleep and nutrition are essential complementary strategies to exercise for promoting muscle health in older adults by supporting both muscle regeneration and a healthy circadian rhythm. According to the principles of Chrono-nutrition, harmonizing nutrient timing with the circadian system could further optimize muscle regeneration and metabolic well-being in elderly individuals (Negri et al., 2025).



11 Conclusion and future directions

In summary, the interplay between exercise, circadian rhythms, and muscle regeneration is critical for healthy aging. As outlined in our proposed Chrono-Adaptive Framework, timed exercise serves as a powerful, non-pharmacological tool to counteract age-related disruptions in circadian and anabolic signaling. By aligning physical activity with internal biological rhythms, it may be possible to enhance muscle repair and combat sarcopenia. Age-related changes in both circadian rhythms and muscle physiology create a challenging scenario, but one that may be overcome with strategic intervention. Time-specific exercise interventions, designed according to chronotype and therapeutic objectives, could act as viable non-pharmacological tools to recalibrate disrupted circadian patterns and facilitate the muscle healing process. The interplay between exercise, circadian rhythms, sleep, and nutrition underscores the need for a holistic approach to promoting muscle health in the aging population.

While acknowledging that the supporting evidence remains preliminary, insights derived from this report present meaningful applications that could guide practical interventions for promoting health in the elderly population. Tailoring exercise routines to align with their natural circadian rhythms, such as considering morning exercise for phase advancement and potential sleep benefits, or afternoon/early evening exercise for capitalizing on peak muscle strength, could enhance the effectiveness of physical activity. Paying attention to individual chronotype and avoiding intense exercise close to bedtime are also important considerations for optimizing both circadian alignment and sleep quality, which are crucial for muscle health.

Ongoing research should aim to explore essential dimensions of the interaction between exercise, biological rhythms, and muscle restoration in older individuals to provide clearer insights into this complex relationship. Future longitudinal research should focus on evaluating the long-term effects of exercise with consistent timing on both muscular health and circadian markers in older populations. Further clinical trials are essential to examine the role of Chrono-exercise interventions in both preventing and managing sarcopenia. Continued research into the molecular pathways that link exercise, circadian rhythm modulation in muscle, and the resulting effects on muscle stem cell behavior and regeneration during aging is necessary for a comprehensive understanding. Research on the combined benefits of timed exercise, sleep optimization strategies, and Chrono-nutrition on muscle health in older adults could lead to more comprehensive and effective interventions. Finally, studies investigating the influence of individual chronotype on the response to Chrono-exercise interventions in older populations will be crucial for developing personalized recommendations (Tables 1, 2).
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