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Abstract

Circadian rhythms are intrinsic 24 h cycles that regulate metabolic processes across mul-
tiple tissues, with skeletal muscle emerging as a central node in this temporal network.
Muscle clocks govern gene expression, fuel utilisation, mitochondrial function, and in-
sulin sensitivity, thereby maintaining systemic energy homeostasis. However, circadian
misalignment, whether due to behavioural disruption, nutrient excess, or metabolic dis-
ease, impairs these rhythms and contributes to insulin resistance, and the development
of obesity, and type 2 diabetes mellitus. Notably, the muscle clock remains responsive
to non-photic cues, particularly exercise, which can reset and amplify circadian rhythms
even in metabolically impaired states. This work synthesises multi-level evidence from
rodent models, human trials, and in vitro studies to elucidate the role of skeletal muscle
clocks in circadian metabolic health. It explores how exercise entrains the muscle clock via
molecular pathways involving AMPK, SIRT1, and PGC-1«, and highlights the time-of-day
dependency of these effects. Emerging data demonstrate that optimally timed exercise
enhances glucose uptake, mitochondrial biogenesis, and circadian gene expression more
effectively than time-agnostic training, especially in individuals with metabolic dysfunc-
tion. Finally, findings are integrated from multi-omic approaches that have uncovered
dynamic, time-dependent molecular signatures that underpin circadian regulation and
its disruption in obesity. These technologies are uncovering biomarkers and signalling
nodes that may inform personalised, temporally targeted interventions. By combining
mechanistic insights with translational implications, this review positions skeletal muscle
clocks as both regulators and therapeutic targets in metabolic disease. It offers a conceptual
framework for chrono-exercise strategies and highlights the promise of multi-omics in
developing precision chrono-medicine approaches aimed at restoring circadian alignment
and improving metabolic health outcomes.

Keywords: circadian rhythm; skeletal muscle; obesity; metabolic disease; circadian
misalignment; exercise timing; chronotherapy; type 2 diabetes

1. Introduction

Circadian rhythms are endogenous ~24 h cycles that regulate a wide array of physiolog-
ical and behavioural processes, including sleep-wake timing, feeding behaviour, hormone
secretion, and energy metabolism [1]. These rhythms are orchestrated by a hierarchical
system of clocks, with the suprachiasmatic nucleus (SCN) in the hypothalamus acting as
the master pacemaker. The SCN synchronises peripheral clocks located in nearly every
tissue, including skeletal muscle, through neural and hormonal signals [2]. While the SCN
is entrained primarily by light, peripheral oscillators are also responsive to non-photic cues
such as feeding schedules, temperature fluctuations, and physical activity [3], Figure 1.
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Figure 1. The role of timed exercise in circadian reprogramming and metabolic health.

Skeletal muscle accounts for ~40% of body mass and serves as a key site of glu-
cose uptake, lipid oxidation, and thermogenesis, making it a pivotal tissue in metabolic
homeostasis [4]. Importantly, skeletal muscle exhibits robust circadian rhythms in gene
expression, mitochondrial activity, substrate utilisation, and insulin sensitivity [5,6]. These
oscillations coordinate metabolic processes with behavioural cycles such as feeding and
exercise, ensuring temporal synchrony between internal physiology and external environ-
mental demands. The muscle clock consists of a transcriptional-translational feedback
loop involving core clock genes such as BMAL1, CLOCK, PERs, and CRYs, which regulate
downstream clock-controlled genes that govern local and systemic metabolism [7].

This schematic highlights the potential of chronotherapeutic exercise interventions
as a strategy to counteract circadian misalignment and mitigate obesity-related metabolic
disorders, illustrating the interaction between the central and peripheral clocks in the
regulation of metabolic homeostasis. The central clock located in the suprachiasmatic
nucleus (SCN) is primarily entrained by light, whereas peripheral clocks, particularly in
skeletal muscle, are responsive to non-photic zeitgebers such as feeding patterns, sleep—
wake cycles, and exercise. In obesity and type 2 diabetes mellitus (T2DM), skeletal muscle
clocks can become misaligned, leading to disrupted rhythmic gene expression, metabolic
inflexibility, and systemic dysfunction. However, timed exercise can promote metabolic
health by re-aligning muscle clocks to restore circadian rhythmicity.
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Disruption or misalignment of these intrinsic muscle clocks can lead to impaired sub-
strate metabolism, altered gene expression, and metabolic dysfunction [8,9]. For instance,
skeletal muscle-specific Bmall knockout in mice displays glucose intolerance, reduced
insulin-stimulated glucose uptake, and defective mitochondrial respiration [10]. In hu-
mans, individuals with obesity or type 2 diabetes (T2DM) exhibit blunted circadian gene
expression in skeletal muscle, including reduced rhythmicity of core clock factors [11,12].

Chrono-disruption is increasingly recognised as a contributing factor in the pathogen-
esis of obesity and T2DM [13,14], and temporal misalignment between behavioural cycles
and endogenous clocks has been shown to impair glucose tolerance and rewire metabolic
gene networks [15]. For example, forced circadian misalignment in healthy adults reduces
skeletal muscle insulin sensitivity and alters core clock gene expression [13]. These effects
are exacerbated by nutrient excess, particularly saturated fatty acid exposure, which further
blunts circadian amplitude and impairs metabolic flexibility, which can lead to obesity or
metabolic disorders [16].

However, skeletal muscle clocks remain remarkably responsive to physiologically
relevant stimuli. Exercise, in particular, has emerged as a potent non-photic zeitgeber
capable of resetting and amplifying muscle circadian rhythms [17]. Preclinical and clinical
evidence demonstrate that both acute and chronic exercise can re-establish rhythmicity in
metabolic gene expression, enhance mitochondrial function, and improve insulin sensitivity,
even in metabolically impaired states [18,19]. These effects appear to be highly time-of-day
dependent, with late-active phase training producing superior outcomes in both rodents
and humans [20,21].

This review provides a timely synthesis of emerging evidence linking skeletal muscle
circadian rhythms to metabolic health, with a particular emphasis on how exercise serves
as a potent zeitgeber capable of restoring rhythmicity in metabolically compromised states
such as obesity and T2DM. By integrating data from rodent models, human trials, and
in vitro studies, it explores the mechanisms by which muscle clocks influence systemic
metabolism and highlights the time-of-day specificity of exercise interventions. Critically,
it outlines how cutting-edge multi-omic approaches have begun to unravel the temporal
complexity of circadian—metabolic interactions. Structured into five core sections, this work
progresses from the fundamental role of skeletal muscle in circadian regulation, through the
consequences of misalignment, to therapeutic avenues such as exercise and omics-driven
discovery. By the end, readers will be equipped with a comprehensive understanding of
current research and insight to inform future investigations or develop chronotherapeutic
strategies aimed at restoring and improving metabolic health.

2. Skeletal Muscle Is a Central Regulator of Circadian Metabolic Health

Skeletal muscle comprises almost 40% of body mass in healthy adults and is a primary
site for glucose disposal, fatty acid oxidation, and circadian entrainment [6,22], positioning
it as an important tissue for metabolic regulation. Skeletal muscle exhibits robust circadian
rhythms across multiple domains, including gene expression, mitochondrial function,
substrate metabolism, and contractile activity [23,24]. These rhythms are essential for
aligning metabolic processes with behavioural cycles such as feeding and activity [25,26],
thereby ensuring energetic efficiency and homeostasis. The intrinsic molecular clock in
muscle, reviewed in detail in [1], is a transcriptional-translational feedback loop comprising
core oscillators, such as BMAL1, CLOCK, PERs, and CRYs, which in turn drive tissue-
specific rhythmic transcription of clock-controlled genes. The coordination of these rhythms
and their associated specific output is what contributes to optimal muscle function and
systemic metabolic homeostasis.
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In healthy physiology, circadian gene expression in skeletal muscle orchestrates time-
of-day-specific variation in fuel utilisation, insulin sensitivity, and mitochondrial effi-
ciency [27,28]. High-resolution transcriptomic studies have revealed that approximately
2300 genes in skeletal muscle cycle diurnally in both rodents and humans, many of which
are directly implicated in pathways governing insulin signalling, mitochondrial respiration,
lipid metabolism, and protein turnover [5,8]. For example, Ppargcla, Glut4, and Cptlb
demonstrate circadian variation in expression, with peaks generally coinciding with the
active phase of the diurnal cycle [5]. These molecular oscillations not only affect muscle
function locally but are also synchronised with systemic rhythms in nutrient availability,
hormonal signalling, and energy expenditure [6,24].

Functional disruption of the muscle clock, as demonstrated in skeletal muscle-specific
Bmall knockout mice, leads to profound impairments in metabolic regulation. These
animals fail to anticipate daily cycles of activity, exhibit glucose intolerance, and show
mislocalisation of GLUT4, impairing insulin-stimulated glucose uptake [9]. Mice lacking
Bmall specifically in skeletal muscle also exhibit mitochondrial dysfunction, increased
oxidative stress, and disrupted amino acid and lipid metabolism [10]. Moreover, the muscle-
specific Bmall knockout impairs the rhythmic expression of genes involved in calcium
handling and sarcomeric integrity, potentially linking circadian disruption to reduced
fatigue resistance and altered excitation—contraction coupling [29]. Collectively, these data
underscore the importance of circadian regulation in muscle physiology and highlight its
critical role in maintaining metabolic health.

In the context of obesity and metabolic disorders, muscle clocks are often dampened
or phase-shifted, which may contribute to the systemic metabolic inflexibility observed in
these conditions. Human studies show that individuals with obesity or insulin resistance
exhibit reduced rhythmicity and amplitude of muscle clock gene expression, particularly
PER2, NR1D1 (Rev-erbx), and BMALI, alongside diminished temporal variation in mi-
tochondrial oxidative capacity and glucose oxidation [7]. For example, forced circadian
misalignment protocols in healthy volunteers reveal that desynchronisation between be-
havioural cycles and internal muscle clocks acutely impairs insulin-stimulated glucose
uptake and reduces phosphocreatine recovery following exertion, highlighting the sensitiv-
ity of muscle energetics to temporal regulation [30,31].

Recent integrative approaches have identified key clock-regulated metabolic nodes
in muscle, including NAD™ /SIRT1 signalling, mTORC1 activity, and AMPK responsive-
ness, that oscillate across the circadian cycle and modulate nutrient sensing and energy
metabolism [23,24,32]. These pathways serve as molecular links between circadian con-
trol and cellular bioenergetics, and their disruption may partially underlie the metabolic
dysfunction seen in circadian misalignment and obesity. For example, SIRT1-mediated
deacetylation of BMAL1 and PGCla integrates metabolic stress with clock regulation,
allowing circadian systems to adapt to cellular energy status. Whereas, in obese states,
where NAD* availability is diminished and SIRT1 activity impaired, this axis may become
uncoupled, resulting in chrono-disruption and metabolic inflexibility [33,34].

Importantly, skeletal muscle circadian clocks are not isolated. They operate within
an integrated temporal network involving endocrine signals (e.g., cortisol, insulin), nu-
trient flux, and neural cues [35]. While the central clock in the SCN primarily governs
behavioural rhythms, the muscle clock responds predominantly to feeding—fasting cy-
cles and activity-induced contraction [36,37]. This decentralised regulation allows muscle
to anticipate metabolic demands and synchronise tissue-level metabolism with ongoing
environmental conditions.

There is now emerging evidence that skeletal muscle clocks may influence other
tissues through myokine secretion and metabolic cross-talk. Although the mechanisms are
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incompletely understood, studies suggest that muscle-specific clock disruption can lead to
altered gene expression in liver and adipose tissue, indicating a systemic effect of muscle
circadian misalignment [38]. This reinforces the concept that skeletal muscle acts not just
as a passive responder to circadian signals but as a central node in the body’s temporal
metabolic network.

Together, this work positions skeletal muscle as a core regulator of circadian metabolic
health. Its intrinsic clock coordinates local energy metabolism and systemic homeostasis.
As such, maintaining robust circadian rhythms in skeletal muscle represents a potential
strategy to help mitigate metabolic disease risk. However, the dysfunction of the intrinsic
clock mechanism in skeletal muscle contributes significantly to the pathophysiology of
obesity, insulin resistance, and circadian misalignment. A deeper understanding of the
molecular interactions between clock components and metabolic signalling pathways in
muscle is essential for understanding the impact of such a relationship and for the devel-
opment of effective chronotherapeutic interventions in obesity and metabolic disorders
like type 2 diabetes. Circadian disruption has also been implicated in the development of
sarcopenia, with evidence showing that core clock components regulate muscle protein
turnover and mitochondrial maintenance. Age-related dampening of circadian rhythms
in skeletal muscle may therefore contribute to anabolic resistance and metabolic decline
associated with sarcopenia [39].

3. Circadian Misalignment Contributes to Obesity and
Metabolic Disorders

Circadian misalignment, characterised by the desynchronisation of behavioural
rhythms from endogenous clocks, has emerged as a critical contributor to the pathogenesis
of metabolic disorders, particularly obesity and type 2 diabetes mellitus (T2DM). Skeletal
muscle, which accounts for approximately 80% of postprandial glucose uptake [40], and a
large portion of whole-body energy expenditure, plays a central role in this process due to
its intrinsic circadian clock system. Disruption of this system impairs temporal regulation of
substrate metabolism, reduces insulin sensitivity, and reprograms metabolic gene networks.
Chrono-disruption also substantially reshapes mitochondrial dynamics [41]. Thus, obese
individuals exhibit blunted mitochondrial fusion—fission cycles and dampened respira-
tory oscillations across 24 h, whereas lean counterparts maintain rhythmic mitochondrial
network integrity that aligns with respiratory capacity peaks [42].

Experimental models of circadian disruption have further demonstrated that periph-
eral clocks such as those in skeletal muscle are sensitive to misaligned behavioural cues,
including altered feeding and sleep—wake cycles. A human study involving 14 healthy men
subjected to a 3.5-day simulated night-shift protocol demonstrated that insulin sensitivity
was reduced by 23% (non-oxidative glucose disposal: 23.7 vs. 18.4 mg/kg/min, p = 0.024),
while fasting glucose and free fatty acids were elevated. Skeletal muscle biopsies revealed
significant transcriptomic reprogramming, notably upregulation of genes related to PPAR
signalling and fatty acid metabolism, as well as altered expression of clock genes such
as PER2, CRY1, and BMALI1 [13]. This implies a temporal uncoupling between tissue
molecular clocks and metabolic pathways, leading to substrate competition and impaired
glucose handling at the cellular level.

There is evidence to show that at the systemic level, misaligned feeding and sleeping
schedules perturb hormone regulation [43]. In rodent studies, a high-fat diet administered
during resting/light periods has been shown to lead to exaggerated weight gain compared
to identical feeding patterns in the active/dark period [44]. Similar circadian disruptions
attenuate leptin-mediated satiety signalling and elevate ghrelin levels, which have been
shown to promote overeating [43]. Interestingly, genetic chrono-disruption, for example,
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Clock and Per2 knockout in mice, has been shown to predispose the animals to obesity,
exacerbated by an inability to regulate feeding rhythms [45], further linking behavioural
disruption and metabolic disorder to the molecular clock.

In skeletal muscle-specific Bmall knockout (KO) mice, deletion of this non-redundant
core clock gene results in profound metabolic derangements. These include downregu-
lation of GLUT4, HK2, and PDH, essential for glucose uptake and utilisation, leading to
reduced insulin-stimulated glucose disposal [9]. Moreover, muscle-specific Bmall loss
reduces mitochondrial oxidative capacity and disrupts the normal rhythmic separation of
carbohydrate and lipid metabolism, suggesting the muscle clock coordinates temporal fuel
partitioning [46]. In complementary in vitro studies, siRNA-mediated CLOCK knockdown
in human myotubes reduces insulin-stimulated glucose uptake, increases expression of fatty
acid transporters like CD36, and impairs rhythmic secretion of metabolic myokines [5,15].
Highlighting the fundamental role of the intrinsic muscle clock in regulating glucose
pathways and substrate metabolism to maintain insulin sensitivity.

Among these myokines, irisin has emerged as a key exercise-induced factor with
potential circadian relevance. Secreted in response to PGC-1« activation during physical
activity, enhances thermogenesis, and improves systemic glucose homeostasis. Beyond
its metabolic effects, irisin has also been linked to neuroprotective and anti-inflammatory
functions, positioning it as a promising mediator of exercise-induced health benefits [47].
Although its circadian regulation remains underexplored, emerging evidence suggests that
its expression and secretion may follow diurnal patterns, potentially coupling muscle clock
function with systematic metabolic adaptation.

Lipid overload, a hallmark of obesity and insulin resistance, exacerbates circadian
dysfunction in muscle [16]. Exposure of synchronised myotubes to palmitate alters the
expression of BMALL1, PER3, CRY2, and DBP, while simultaneously reducing the amplitude
and period of lipid metabolite oscillations [16]. These effects are also mirrored in human
skeletal muscle cells derived from patients with T2DM, where expression of key clock
components such as REV-ERBx and REV-ERB}} is blunted and metabolic genes under clock
control, including NAMPT and SIRT1, display dampened rhythmicity. These data suggest
that diabetogenic conditions lead to a state of circadian inflexibility, impairing the muscle’s
ability to adapt its metabolism to environmental cues.

Notably, metabolic impairments due to circadian misalignment are not limited to
glucose pathways. Disruptions in lipid metabolism, including altered phospholipid and
sphingolipid rhythmicity, have been identified in skeletal muscle under circadian dis-
ruption [48]. Approximately 20% of muscle lipids exhibit [16] diurnal oscillations, and
many of these are lost following CLOCK gene knockdown. These lipid rhythms are be-
lieved to contribute to changes in membrane fluidity and receptor signalling, influencing
insulin sensitivity and nutrient uptake, which are significantly disrupted with circadian
clock knockout.

Circadian misalignment also alters systemic hormonal and metabolic regulation. Ro-
dent studies show that feeding during the resting phase, rather than the active phase results
in significant weight gain, hyperinsulinemia, and lipid accumulation, despite equivalent
caloric intake [49]. In humans, chronic sleep deprivation and misaligned feeding sched-
ules impair insulin sensitivity, elevate circulating lipids, and modify energy expenditure
patterns [14,50]. Moreover, sleep loss selectively impairs skeletal muscle clocks without
significantly affecting adipose clock components, highlighting tissue-specific vulnerability.

Collectively, these data support the notion that skeletal muscle clock dysfunction,
whether from behavioural misalignment, intrinsic genetic defects, or nutrient overload,
serves as a nexus for the development of metabolic disease. In this sense, circadian dis-
ruption also leads to loss of rhythmicity in mitochondrial respiration which has direct
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effects on fuel preference switching and glucose uptake, promoting insulin resistance and
systemic metabolic inflexibility [51]. Importantly, the disruption of muscle clocks under
conditions of obesity and even in T2DM appears to be reversible. A longitudinal study,
took skeletal muscle biopsies from patients before and after Roux-en-Y gastric bypass and
revealed partial restoration of clock gene expression post-intervention, including normali-
sation of BMAL1 and PER2 rhythms. Although it must be acknowledged results are varied
depending on biopsy timing [52]. Nevertheless, these findings suggest that interventions
targeting circadian realignment may improve skeletal muscle metabolism even in advanced
metabolic disease.

Finally, there has been increasing adoption of emerging therapeutic strategies aiming
at restoring circadian synchrony in tissues like skeletal muscle using non-photic time
cues such as exercise and timed feeding [53]. Given the plasticity of muscle clocks and
their central role in whole-body metabolic regulation, aligning skeletal muscle rhythms
with behaviour may prove essential in treating and ultimately reversing the metabolic
derangements associated with obesity and T2DM.

4. Exercise Can Reset Circadian Rhythms to Improve Metabolic Health

Exercise exerts powerful effects on the circadian system and skeletal muscle metabolism,
functioning not only as a behavioural output of the clock but also as a non-photic zeitgeber
capable of entraining peripheral oscillators [54]. Unlike the suprachiasmatic nucleus (SCN),
which is primarily entrained by light, skeletal muscle clocks are particularly sensitive to
contraction-induced cues such as exercise, nutrient flux, and metabolic stress. Emerging
evidence now firmly supports the role of exercise in restoring and amplifying circadian
rhythmicity, especially under conditions of metabolic dysfunction such as obesity and
type 2 diabetes (T2DM), where intrinsic clock gene oscillations and associated metabolic
outputs are disrupted. Through its capacity to reprogram gene expression, metabolism,
and cellular signalling in a time-of-day-dependent manner, exercise represents a potent
chronotherapeutic intervention for circadian misalignment and related metabolic disorders

(Figure 2).
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Figure 2. Mechanisms of exercise-mediated circadian reprogramming.

Rodent and human studies consistently demonstrate that the metabolic and circa-
dian effects of exercise are highly time-dependent. In mice, both acute and chronic bouts
of exercise during the late active phase elicit greater improvements in exercise capacity,
substrate utilisation, and gene expression than equivalent training performed earlier in
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the day. Ezagouri et al. [55] found that exercise capacity, glycolytic flux, and fatty acid
oxidation exhibit strong diurnal variation, and this variance was abolished in Per1/2 knock-
out mice, indicating that the intrinsic muscle clock gates performance through temporal
regulation of metabolism. Consistent with these findings, Adamovich et al. [17] demon-
strated that exercise-induced improvements in running capacity, glucose tolerance, and
muscle mitochondrial biogenesis are significantly greater when training is aligned with
the active phase. This benefit was markedly attenuated in skeletal muscle-specific Bmall
knockout and Clock mutant mice, underscoring the requirement of an intact circadian clock
for optimal exercise adaptation. These impairments extended to systemic metabolism as
well, with reduced exercise-induced transcriptional remodelling observed in the liver and
adipose tissue of clock-deficient animals. Given that obesity and T2DM are associated with
diminished clock amplitude and altered phase relationships in skeletal muscle, these find-
ings suggest that time-of-day-matched exercise may be particularly effective in restoring
clock-controlled metabolic pathways and enhancing therapeutic responses in metabolically
compromised individuals.

Some of molecular pathways through which exercise entrains the skeletal muscle cir-
cadian clock, emphasising time-of-day-dependent effects. Key signalling pathways include
AMPK activation, which promotes PER2 degradation and CRY1 nuclear translocation;
SIRT1 activation via NAD*, which deacetylates core clock proteins and co-activators like
BMAL1 and PGC-1«; and CaMKII activation via contraction-induced calcium flux, en-
hancing BMAL1 transcription and mitochondrial biogenesis. These converging pathways
facilitate clock reprogramming and improve metabolic gene expression. The illustration
also contrasts morning versus evening exercise outcomes, highlighting enhanced mito-
chondrial function, insulin sensitivity, and metabolic flexibility when exercise is aligned
with the active phase. Together, these mechanisms support exercise as a potent circadian
zeitgeber, capable of restoring rhythmicity and improving metabolic health in disrupted or
disease states.

Recent work has shown that the benefits of exercise on circadian and metabolic func-
tion extend beyond transcriptional outputs, encompassing chromatin-level modifications
that further reinforce clock-dependent adaptations. For example, Viggars et al. [38] showed
that training increases chromatin accessibility at promoters of key circadian and metabolic
genes in a BMALIl-dependent manner. These epigenetic changes were associated with
improved mitochondrial function, reduced ROS, and enhanced expression of metabolic
genes across the circadian cycle, suggesting that exercise acts at both transcriptional and
chromatin levels to remodel the circadian-metabolic interface. These muscle-specific Bmall-
deficient mice also failed to exhibit training-induced improvements in the liver and adipose
tissue transcriptome, suggesting that muscle clocks may exert endocrine-like control over
other peripheral tissues.

In support of in vivo findings, in vitro studies further demonstrate the plasticity of the
skeletal muscle clock and its responsiveness to physiologically relevant stimuli. CLOCK
knockdown in human primary myotubes impairs insulin-stimulated glucose uptake, ele-
vates CD36 expression, and disrupts the rhythmicity of lipid metabolites, clear hallmarks
of circadian-metabolic dysfunction [16]. However, these impairments can be partially re-
versed by AMPK activation or electrical pulse stimulation, which mimics contractile activity,
reinstating elements of rhythmic gene expression and improving substrate handling [56].
These results highlight that the circadian machinery within muscle remains functionally
adaptable and can be re-entrained through targeted metabolic or mechanical cues. No-
tably, exercise may not only reset phase and improve synchrony but also amplify circadian
amplitude, an effect associated with enhanced metabolic robustness [57]. This may be
particularly beneficial in conditions such as obesity and T2DM, where circadian rhythmicity
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is often dampened, and restoring clock amplitude could be critical to improving future
metabolic outcomes.

At the molecular level, exercise has been shown to entrain the muscle clock through
multiple converging pathways that link mechanical and metabolic cues to circadian regu-
lation. AMPK activation in response to energetic stress promotes CRY1 phosphorylation
and degradation, destabilises the CRY1-PER2 complex, and thereby modulates the pace of
the molecular clock [58]. Concurrently, contraction-induced calcium flux activates CaMKII
and PGC-1«, both of which upregulate BMAL1 transcription and stimulate mitochondrial
biogenesis [59]. Another key mediator is SIRT1, a NAD"-dependent deacetylase that regu-
lates clock protein acetylation and serves as a molecular mediator connecting redox state
to circadian control [60]. This SIRT1-BMAL1-PGC1« axis forms a crucial signalling hub
through which exercise can reinforce rhythmic gene expression and metabolic adaptation.

In obesity and T2DM, this pathway is frequently impaired due to NAD* depletion
and oxidative stress, resulting in reduced clock gene amplitude and metabolic inflexi-
bility [61,62]. However, targeted exercise interventions can restore SIRT1 activity and
circadian transcriptional output. For instance, Hansen et al. [11] reported that patients with
T2DM exhibited blunted REV-ERBa/ 3 and NAMPT rhythmicity in skeletal muscle, which
was partially recovered following structured lifestyle interventions including exercise.
Further support comes from Saner et al. [19], who demonstrated in healthy individuals
that a single session of endurance exercise induced significant changes in skeletal muscle
gene expression across both metabolic and clock pathways, including increased levels of
PGC1la, NR4A3, and PER2. These effects occurred in parallel with enhanced mitochondrial
respiration and substrate utilisation, indicating that exercise acts not only as a metabolic
stimulus but also as a zeitgeber capable of influencing the circadian programme in human
muscle. Although the study focused on healthy participants, the responsiveness of circa-
dian genes to exercise even in basal states suggests preserved plasticity that may extend
to metabolically impaired populations [19]. Together, these data position exercise as a
molecular re-entrainment strategy that can overcome metabolic inertia by reactivating core
circadian pathways in skeletal muscle.

Multi-tissue transcriptomic analyses have shown that exercise synchronises not only
clocks in skeletal muscle, but also within adipose tissue. In an 8-week intervention study
by Dreher et al. [63], both tissues displayed convergent yet tissue-specific adaptations.
Skeletal muscle showed enrichment in genes related to oxidative phosphorylation and
circadian transcription, while adipose tissue displayed reduced expression of lipogenic
and inflammatory genes alongside restored rhythmicity of NR1D1 and PER2. These
adaptations were accompanied by improved metabolic flexibility, indicating that exercise
can remodel circadian transcriptional architecture in a systemic, tissue-coordinated fashion.
These coordinated adaptations across metabolically active tissues highlight the potential
of exercise not only to restore local clock function but to recalibrate whole-body circadian
homeostasis, offering a powerful strategy to counteract the multi-organ dysregulation seen
in obesity and T2DM.

Translational human studies have produced similar findings, highlighting that the
metabolic and circadian benefits of exercise are preserved even in individuals with insulin
resistance. Shen et al. [18] demonstrated that a single session of moderate-intensity aerobic
exercise in both insulin-sensitive and insulin-resistant participants upregulated skeletal
muscle expression of core clock genes PER1, PER2, and NR1D1, alongside key metabolic
regulators such as PGCla and GLUT4. These molecular changes were accompanied by
acute enhancements in fatty acid oxidation and glucose handling, suggesting that skeletal
muscle clocks retain a degree of plasticity and responsiveness to exercise despite metabolic
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impairment. This is particularly important in the context of obesity and T2DM, where
circadian gene amplitude and phase coherence are often diminished.

Further supporting the relevance of circadian timing, time-of-day-specific training
protocols have revealed that the effectiveness of exercise interventions are modulated by
temporal alignment with the endogenous clock. In a crossover trial by Savikj et al. [20], men
with T2DM experienced significantly greater improvements in glycaemic control and mito-
chondrial respiration following afternoon high-intensity interval training (HIIT) compared
to morning sessions. These metabolic benefits were linked to enhanced expression of genes
involved in mitochondrial biogenesis and lipid oxidation during the later part of the day;,
suggesting that training during periods of peak circadian metabolic activity may optimise
therapeutic outcomes. Similarly, Sato et al. [64] reported that afternoon exercise improved
glucose uptake and insulin sensitivity more effectively than morning sessions, reinforcing
the idea that synchronising physical activity with the circadian phase of skeletal muscle
enhances both metabolic efficiency and clinical efficacy. Together, these findings underscore
the potential of personalised, time-of-day-targeted exercise interventions as a strategy to
restore circadian alignment and improve metabolic health in insulin-resistant populations.

To further elucidate how exercise timing influences circadian alignment, Youngst-
edt et al. [65] developed human phase response curves to exercise, demonstrating that
physical activity induces predictable shifts in circadian phase depending on the timing
of the bout. Morning exercise performed between 07:00 and 10:00 advances the circa-
dian phase, whereas late-evening activity between 19:00 and 22:00 induces phase delays.
These effects are highly relevant for clinical populations with circadian disruption: early-
morning training may be particularly beneficial for individuals with delayed sleep—wake
rhythms, such as adolescents, shift workers, or those experiencing social jetlag, while
evening sessions might support those with advanced sleep phase syndromes or metabolic
conditions. Importantly, these phase-shifting effects are modulated by factors including
chronotype, prior light exposure, and sleep pressure, highlighting the need for personalised
exercise chronotherapy. Moreover, combining exercise with other non-photic zeitgebers
may augment its entrainment potential. For instance, Chaix et al. [66] demonstrated that
time-restricted feeding synergises with scheduled exercise to restore circadian alignment
and improve metabolic flexibility in mice. Such findings support the rationale for integrated
circadian interventions incorporating optimally timed physical activity, feeding—fasting
cycles, and sleep hygiene as a holistic strategy to correct misaligned rhythms and improve
metabolic outcomes in individuals with obesity and type 2 diabetes.

Together, these findings establish exercise as a central and versatile regulator of cir-
cadian biology with far-reaching implications for metabolic health. By directly targeting
skeletal muscle clocks through mechanical and /or metabolic pathways, exercise can not
only restore rhythmic gene expression, but enhances clock amplitude, synchrony, and tis-
sue cross-talk. These benefits are retained in metabolically impaired states such as obesity
and T2DM, underscoring the therapeutic value of physical activity even in the context of
circadian dysfunction. Critically, the timing of exercise emerges as a key determinant of
its efficacy, with evidence supporting time-of-day-specific enhancements in mitochondrial
function, insulin sensitivity, and circadian phase resetting. This temporal sensitivity high-
lights the need to move beyond generic exercise prescriptions and toward personalised,
chronotype-informed interventions. When optimally timed and potentially combined
with other zeitgebers such as feeding schedules, exercise can realign peripheral clocks, re-
establish systemic metabolic flexibility, and ultimately serve as a potent chronotherapeutic
tool in the prevention and treatment of circadian-related metabolic disease.

While these findings support a holistic strategy to correct misaligned rhythms, in-
corporating optimally timed physical activity, feeding-fasting cycles, and sleep hygiene.
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It is important to acknowledge that such interventions must be applied with caution.
Chronotherapeutic tools, much like pharmacological agents, carry the potential for both
benefit and harm. For instance, excessively restrictive feeding windows, mistimed exercise,
or inappropriate use of light or sleep promoting agents may inadvertently exacerbate
circadian misalignment or be contraindicated in certain clinical populations, such as indi-
viduals with psychiatric or sleep disorders. Therefore, further research is required to define
evidence-based protocols that maximise therapeutic efficacy while minimising adverse
effects or unintended interactions among zeitgebers.

5. What-Omics Techniques Can Teach Us in Circadian Obesity Research

Obesity and type 2 diabetes (T2DM) are complex metabolic disorders influenced not
only by lifestyle factors but also by the temporal misalignment of endogenous circadian
rhythms with environmental cues [67]. Multi-omic technologies, e.g., epigenomics, tran-
scriptomics, metabolomics, proteomics, etc., have emerged as powerful tools to dissect
the molecular underpinnings of these diseases, particularly in the context of circadian
disruption. These approaches enable a systems-level understanding of how clock dysfunc-
tion perturbs metabolic homeostasis, identifying new biomarkers, regulatory nodes, and
therapeutic targets.

Circadian biology is characterised by highly dynamic, tissue-specific oscillations in
gene expression, protein activity, and metabolite levels. In skeletal muscle, for instance, over
20% of total transcripts exhibit diurnal rhythmicity, many of which govern pathways central
to energy metabolism, mitochondrial dynamics, and insulin sensitivity [5,23]. Disruption of
these rhythms due to high-fat feeding, sleep deprivation, or genetic deletion of clock genes
such as BMALL, leads to profound metabolic dysfunction [9,49]. However, multi-omic
profiling has helped to map these perturbations and reveal the temporal architecture of
metabolic regulation [24].

Recent studies have begun to integrate multi-omic layers to explore the circadian
control of exercise responses, which are relevant given the role of timed physical activity
as a chronotherapeutic intervention. In a comprehensive mouse study by Maier et al. [68],
combined transcriptomic, proteomic, and phosphoproteomic analyses revealing that early
daytime exercise induced anabolic and regenerative pathways in skeletal muscle, whereas
late-day training preferentially activated catabolic and stress-related signalling cascades.
This temporal partitioning of signalling events suggests that the benefits of exercise are
partly circadian-phase dependent. Despite robust transcriptional effects, these authors
observed only modest changes in core clock gene expression, suggesting that exercise-
induced metabolic reprogramming can occur without necessarily resetting the molecular
clock, which is consistent with findings in similar models (e.g., [55]).

In human studies, proteomic and metabolomic shifts have also been reported in re-
sponse to exercise at different times of day. For example, Dyar et al. [23] showed that
circadian misalignment blunts rhythmic gene expression in metabolically active tissues
and alters time-of-day-dependent responses to physical activity. These effects were pro-
nounced in individuals with obesity, where the amplitude of rhythmic transcription and
mitochondrial function was reduced. Such findings suggest that metabolic flexibility, and
its restoration through chronotherapeutic exercise, may require a personalised approach
based on circadian phenotype or chronotype [64].

Metabolomics has further highlighted specific metabolites and pathways altered by
circadian disruption. For example, the AMPK-activating metabolite ZMP is induced by
exercise in a time-dependent manner, with peak levels correlating with enhanced glycolysis
and fatty acid oxidation during the active phase [55]. This provides a mechanistic link
between energy sensing, the molecular clock, and exercise capacity. Moreover, rhythmic
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metabolite signatures in plasma and muscle can serve as accessible biomarkers of circadian
alignment, which could inform timing of exercise or pharmacological interventions.

The integration of omics data across tissues has also shed light on inter-organ com-
munication in circadian metabolism. Using multi-tissue multi-omic approaches, Wang
et al. [69] demonstrated that obesity-prone and obesity-resistant mice exhibit distinct circa-
dian regulation of hepatic and muscular gene networks, implicating disrupted inter-tissue
signalling in the pathogenesis of metabolic disease. Notably, these alterations were not
confined to traditional metabolic pathways but extended to inflammatory, fibrotic, and
transcriptional control mechanisms as well, indicating broader circadian disruption that
compromises systemic homeostasis and highlights the power to discover novel pathways
through which temporal misalignment may drive metabolic dysfunction.

In conclusion, these multi-omic approaches have illuminated how circadian disrup-
tion contributes to metabolic disease, revealing new time-dependent regulatory circuits
in skeletal muscle and beyond. These insights pave the way for temporally targeted inter-
ventions, whether via exercise, feeding, or pharmacology, to combat obesity and metabolic
disorders. The future of circadian metabolic research lies in combining these data streams
with machine learning to identify predictive signatures of disease and response. Longitudi-
nal, wearable-integrated studies will be key in linking molecular rhythms to behavioural
outputs and clinical outcomes. With the growing accessibility of multi-omics platforms and
bioinformatics pipelines, personalised chrono-medicine is becoming increasingly feasible.

Looking ahead, several important research questions must be addressed to advance the
clinical application of exercise-based chronotherapy. These include determining the optimal
timing of exercise across different chronotypes and metabolic phenotypes, identifying reli-
able biomarkers of circadian alignment and therapeutic responsiveness, and characterising
the interactive effects of physical activity, feeding schedules, and sleep timing on peripheral
clock function. Furthermore, large-scale, longitudinal trials are needed to evaluate the
long-term safety, efficacy, and personalisation of multi-zeitgeber interventions in diverse
populations. Addressing these questions will be essential to translate circadian biology
into practical and effective strategies for preventing and managing metabolic disease.
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