:' frontiers ‘ Frontiers in Physiology

MINI REVIEW
published: 25 April 2022
doi: 10.3389/fphys.2022.902031

OPEN ACCESS

Edited by:
Karyn Esser,
University of Florida, United States

Reviewed by:

Kenneth Allen Dyar,

Helmholtz Association of German
Research Centres (Hz), Germany
Jonas Thue Treebak,

University of Copenhagen, Denmark

*Correspondence:
Christoph Handschin
christoph.handschin@unibas.ch

Specialty section:

This article was submitted to
Exercise Physiology,

a section of the journal
Frontiers in Physiology

Received: 22 March 2022
Accepted: 08 April 2022
Published: 25 April 2022

Citation:

Mansingh S and Handschin C (2022)

Time to Train: The Involvement of the

Molecular Clock in Exercise Adaptation
of Skeletal Muscle.

Front. Physiol. 13:902031.

doi: 10.3389/fphys.2022.902031

Check for
updates

Time to Train: The Involvement of the
Molecular Clock in Exercise
Adaptation of Skeletal Muscle

Shivani Mansingh and Christoph Handschin*

Biozentrum, University of Basel, Basel, Switzerland

Circadian rhythms regulate a host of physiological processes in a time-dependent manner
to maintain homeostasis in response to various environmental stimuli like day and night
cycles, food intake, and physical activity. Disruptions in circadian rhythms due to genetic
mutations, shift work, exposure to artificial light sources, aberrant eating habits, and
abnormal sleep cycles can have dire consequences for health. Importantly, exercise
training efficiently ameliorates many of these adverse effects and the role of skeletal muscle
in mediating the benefits of exercise is a topic of great interest. However, the molecular and
physiological interactions between the clock, skeletal muscle function and exercise are
poorly understood, and are most likely a combination of molecular clock components
directly acting in muscle as well as in concordance with other peripheral metabolic organ
systems like the liver. This review aims to consolidate existing experimental evidence on the
involvement of molecular clock factors in exercise adaptation of skeletal muscle and to
highlight the existing gaps in knowledge that need to be investigated to develop
therapeutic avenues for diseases that are associated with these systems.
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INTRODUCTION

Physiological and behavioral processes of almost all organisms are dependent on time-of-day. In
mammals, light entrains these processes in the hypothalamic suprachiasmatic nucleus (SCN), which
forms the central clock, and tightly synchronizes whole-body function to a 24-h light-dark cycle (Ko
and Takahashi, 2006). Systemic cues like the ‘master clock’ in the SCN, metabolic cues like feeding,
and cues such as stress or exercise influence the regulation of circadian factors to generate tissue-
specific changes in transcription, mRNA accumulation and translation (Takahashi, 2017).
Fluctuations of these perturbations are closely tied to day-night cycles and thus serve as time
cues, so-called Zeitgeber, that modulate the clock in peripheral tissues (Takahashi, 2017). While the
core clock machinery is conserved across all cell types, clock output is highly tissue-specific and
dependent on the downstream targets.

The core machinery of the circadian clock in mammals consists of autoregulatory transcription
and translation feedback loops that respond to environmental and metabolic stimuli to maintain
temporal homeostasis (Ko and Takahashi, 2006; Takahashi, 2017). The primary arm of the core loop
consists of Circadian Locomotor Output Cycles Kaput (CLOCK) and Brain and Muscle ARNT-Like
1 (BMAL1), members of the basic-helix-loop-helix/Per-ARNT-SIM (bHLH-PAS) family of
transcriptional regulators (Ko and Takahashi, 2006; Partch et al., 2014; Takahashi, 2017). These
proteins reach their peak activity during the inactive phase (humans: night, mice: day) and
heterodimerize to bind to E-box elements in the nucleus, thereby driving the transcription of
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FIGURE 1 | The circadian clock and downstream signaling in skeletal muscle. Clock factors regulate the expression of hundreds of genes, often termed clock-
controlled genes (CCGs), outside of the circadian feedback loop. In skeletal muscle, these downstream targets are involved in a host of signaling processes that regulate
skeletal muscle function, plasticity and adaptation to exercise. See text for details. Abbreviations: CLOCK, Circadian Locomotor Output Cycles Kaput; BMAL1, Brain and
Muscle ARNT-Like 1; PER, Period; CRY, cryptochrome circadian regulator; ROR, retinoic acid-related orphan receptors; RORE, ROR/REV-ERB-response
element; CCGs, clock controlled genes; UBC, Ubiquitin C; MURF1, Muscle RING-finger protein-1; BNIP, BCL2 Interacting Protein; MYOD, myoblast determination
protein; HIF-1a, hypoxia-inducible factor 1a; PGC-1a, peroxisome proliferator-activated receptor y coactivator 1a; AMPK, AMP/ADP-dependent protein kinase; AKT,
Protein kinase B; SIRT1, Sirtuin 1; GLUT4, Glucose transporter type 4; CD-44, cluster of differentiation 44; IL-6, Interleukin 6; IL-8, Interleukin 8; VEGF, vascular
endothelial growth factor; FAPBS, fatty acid binding protein 3. Created with BioRender.com.

the target genes Period (PER1/2/3) and cryptochrome circadian
regulator (CRY1/2) (Partch et al., 2014). PER and CRY exhibit
peak activity at the beginning of the active phase and form
repressor complexes that inhibit transcriptional activity of
CLOCK and BMALI, thus including their own gene
expression (Shearman et al, 2000; Partch et al, 2014; Ye
et al, 2014). These feedback cycles last approximately 24 h
(“circa diem”) and define the period length. The secondary
arm of the loop is comprised of the retinoic acid-related
orphan receptors (RORa/P/y, NRIF1/2/3) and REV-ERBa/p
(NRID1/2), which exert opposite effects on the molecular
clock by activating or repressing BMALIL transcription,
respectively, via ROR-response elements (RORE) in the
BMALI1 promoter (Ko and Takahashi, 2006; Partch et al,
2014; Takahashi, 2017). Apart from their role in maintaining
clock oscillation, these factors regulate the expression of
hundreds of genes outside of the circadian feedback loop.
The downstream targets, clock-controlled genes (CCGs), are
highly tissue-specific and govern the specific physiological
consequences of the clock (Figure 1) (Takahashi, 2017).

Desynchronization of circadian rhythms, e.g., due to irregular
work schedules or lifestyle choices, e.g., inactivity or diet, has
contributed to the increased occurrence of metabolic disorders
such as obesity and insulin resistance (Potter et al., 2016). The
skeletal muscle clock has emerged as an interesting candidate in
understanding how clocks and tissue (patho-) physiology are
linked (Turcotte and Fisher, 2008; Gabriel and Zierath, 2019).
The skeletal muscle circadian transcriptome affects numerous
processes, for example, proteostasis or lipid metabolism
(McCarthy et al, 2007; Dyar et al, 2018), thus playing a
central role in the regulation of muscle function. Similar to
other cell types, the muscle clock plays an important role in
anticipating metabolic fluctuations, e.g., due to feeding time or
activity patterns, and therefore prepares the transition from
fasting/rest phases to feeding/active phases by regulating a
pleiotropic response (Dyar et al., 2014; Hodge et al, 2015;
Harfmann et al, 2016). Disruption of the molecular clock in
muscle exacerbates muscle atrophy and metabolic dysfunction
(Zhang et al., 2020). Therefore, proper regulation of the muscle
clock is essential for maintaining physiological homeostasis
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FIGURE 2 | Exercise affects the molecular clock in skeletal muscle through modulation of various interconnected signaling pathways that regulate muscle
metabolism and function, and improve exercise performance. See text for details. Abbreviations: ROS, reactive oxygen species; AMP, adenosine monophosphate; ATP,
adenosine triphosphate; NAD*, nicotinamide adenine dinucleotide (oxidized form); NADH, nicotinamide adenine dinucleotide (reduced form); O,, oxygen; Ca2*, calcium;
cAMP, cyclic adenosine monophosphate; HIF-1a, hypoxia-inducible factor 1a; PGC-1a, peroxisome proliferator-activated receptor y coactivator 1a; AMPK, AMP/
ADP-dependent protein kinase; PPARS, peroxisome proliferator-activated receptor §; SIRT1, Sirtuin 1; GLUT1, Glucose transporter type 1; VEGF, vascular endothelial
growth factor; CaM/CaMKI|, caimodulin/Ca2+/calmodulin-dependent protein kinase Il; PKA, protein kinase A; CREB, cAMP response element-binding protein; CLOCK,
Circadian Locomotor Output Cycles Kaput; BMAL1, Brain and Muscle ARNT-Like 1; PER2, Period 2; CRY1, cryptochrome circadian regulator 1; RORa/y, retinoic acid-
related orphan receptor o/y; RORE, ROR/REV-ERB-response element; CCGs, clock controlled genes. Created with BioRender.com.
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(Figure 1), with exercise as a potential modulator of this process
(Figure 2).

MUSCLE CLOCK FACTORS

Brain and Muscle ARNT-Like 1 and

Circadian Locomotor Output Cycles Kaput
BMALL global knockout (KO) models display muscle wasting,
neurodegeneration, premature ageing, altered glucose uptake
and metabolism, and are more susceptible to chronic diseases
(Schiaffino et al, 2016). These phenotypes are linked to an
increase in pro-inflammatory cytokines and oxidative stress
due to CLOCK-mediated upregulation of nuclear factor-xB
(NF-kB) in the absence of BMALI1 (Spengler et al., 2012). The
defects in muscle function and structure, and accelerated aging
in the BMALI1 KO, were also attributed to loss of MyoD activity
(Andrews et al., 2010). Muscle-specific restoration of BMALLI in
global KO mice rescues body weight, sarcopenic pathogenesis,
activity levels, and improves life span (McDearmon et al., 2006).
Experiments in primary human skeletal myotubes not only
confirmed the presence of cell-autonomous circadian
rhythms, but also revealed time-of-day-dependent secretion of
various myokines (Perrin et al., 2015). Altered secretion of
myokines by the muscle transmitting signals to other tissues
could thus also contribute to the rescue effect, suggesting a
molecular link between the muscle clock and systemic
physiology. Moreover, BMALI links the circadian network to
mammalian target of rapamycin (mTOR) signaling by
promoting protein synthesis in the muscle in response to
phosphorylation by the mTOR-effector kinase S6KI,
potentially linked to the muscle wasting phenotype (Lipton
et al,, 2015).

Similar to BMAL1, CLOCK-regulated pathways in human
skeletal muscle are involved in glucose uptake, myokine secretion,
and lipid metabolism (Perrin et al, 2018). Disrupting the
circadian clock in muscle cells by silencing CLOCK strongly
downregulated the secretion of interleukin-6 (IL-6) amongst
other myokines, which is in-line with the proposed role of the
muscle clock in regulating inflammation and metabolism (Perrin
et al,, 2015). Muscle adaptation to hypoxia is also dependent on
interactions between hypoxia-inducible factor la (HIF-1a) and
clock pathways (Peek et al,, 2017). Disruption of BMALL in
myotubes reduced levels of HIF-1a and its target genes, resulting
in impaired anaerobic glycolysis and mitochondrial respiration,
indicating clock-controlled fuel selection in skeletal muscle (Peck
et al,, 2017). Additionally, the peroxisome proliferator-activated
receptor y coactivator la (PGC-1a), a key regulator of muscle
plasticity in endurance exercise, can stimulate the expression of
BMAL1 by co-activating RORs, thereby potentially coupling
contractile activity and energy metabolism to circadian
oscillations (Lin et al., 2002; Liu et al., 2007; Summermatter
et al., 2012). The skeletal muscles of Clock- and Bmall-defective
mice also have profound mitochondrial pathologies associated
with altered expression of PGC-la, PGC-1f and the
mitochondrial transcription factor A (TFAM), which
intriguingly were rescued with endurance training (Andrews
et al., 2010; Pastore and Hood, 2013).

Muscle-specific inhibition of BMALI causes impaired insulin-
stimulated glucose uptake in the muscle due to reduced levels of
the insulin-dependent glucose transporter 4 (GLUT4) and
regulators of translocation of this transporter (Dyar et al,
2014; Harfmann et al, 2016). CLOCK and BMALI1 also
regulate insulin sensitivity in muscle myotubes through
sirtuinl (SIRT1), a NAD"-dependent deacetylase (Liu et al.,
2016). Furthermore, BMAL1 KO mice display a shift from fast
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glycolytic to slow oxidative fiber-type gene expression, consistent
with decreased and elevated expression of genes involved in
glucose utilization and lipid utilization, respectively (Hodge
et al, 2015). While some studies reported increased muscle
mass and protein turnover with no differences in endurance
capacity in muscle-specific BMALI knockouts (Dyar et al., 2018),
others observed higher energy expenditure and endurance
capacity associated with reduced obesity and improved
metabolic profiles (Wada et al., 2018). Therefore, BMAL1/
CLOCK regulate circadian gene expression, contribute to
maintaining muscle oxidative capacity and coordinate time-of-
day dependent shifts in carbohydrate/lipid metabolism in the
muscle.

Period and Cryptochrome Circadian

Regulator

The stability and accumulation of PER and CRY proteins is
tightly regulated by E3 ligases (FBXL3) and kinases (CKle)
(Gallego and Virshup, 2007; Yoo et al.,, 2013). SIRT1 provides
a functional link between energy homeostasis and circadian
control by deacetylating PER2, thereby facilitating degradation
(Asher et al., 2008). The efficacy of CRY in interacting with and
silencing CLOCK-BMALL is also reduced by SIRT1-mediated
deacetylation of BMALIL, highlighting the complex multi-level
regulation of the molecular clock (Nakahata et al., 2008).

The rhythmicity of locomotor activity, measured by
spontaneous wheel-running activity in mice, is disrupted in
PERI1/PER2 KOs, and CRY1/CRY2 KOs (van der Horst et al.,
1999; Zheng et al., 2001). This might be a result of proteostatic
stress in the muscle, implied by increased heat shock protein 90
(HSP90) protein levels, and a greater dependence on glycolysis
(Bae et al., 2006). PER2 also binds to tuberous sclerosis complex
(TSC1-TSC2), RAPTOR, and mTOR, thereby inhibiting mTOR
complex 1 (mTORCI1)-mediated protein synthesis (Wu et al,
2019). In line, PER2 is upregulated in mouse models of spinal
muscular atrophy and denervation-induced muscle atrophy
(Nakao et al., 2015; Walter et al., 2018) whereas siRNA-
mediated downregulation of PER2 enhances protein synthesis
and suppresses autophagy in skeletal muscle (Kalfalah et al.,
2016). The knockout of CRYI/CRY2 genes, on the other hand,
enhances autophagy due to a dysregulated accumulation of PER2
and the ensuing inhibition of mTORCI (Kalfalah et al., 2016).
Furthermore, PER1/PER2 influence skeletal muscle regeneration
in a circadian manner by activating insulin-like growth factor 2
(IGF2), which then engages the RAS/mitogen-activated protein
kinase (MAPK) and phosphoinositide 3-kinase (PI3K)-AKT
pathways (Katoku-Kikyo et al, 2021). These observations
allude to circadian control of muscle function and regeneration.

CRY1/CRY2 modulate metabolic flexibility in response to
circadian fluctuations by repressing the activity of peroxisome
proliferator-activated receptor § (PPARS), an important
regulator of energy homeostasis and lipid oxidation in the
muscle, especially in the context of exercise (Jordan et al,
2017). Inhibition of CRY1/CRY2 leads to de-repression of
muscle PPARS, increased fatty acid oxidization and energy
uncoupling, and ultimately enhanced endurance capacity

Exercise, Muscle and the Clock

(Jordan et al,, 2017). In turn, exercise also regulates the muscle
clock by activating the AMP-dependent protein kinase (AMPK).
AMPK-mediated phosphorylation results in degradation of PER2
and CRY1, thereby activating PPARS and shifting substrate
utilization towards lipids during exercise to enhance
performance (Lamia et al, 2009). The daytime variance in
exercise capacity in mice relied on PER1/2 expression and
AMPK activation (Ezagouri et al, 2019). The complex
interaction between physical activity and the molecular clock
is further highlighted by the induction of cAMP response
element-binding protein (CREB)-mediated expression and
phase-shift of PER2 in contracting muscle cells, juxtaposed to
the inhibitory effect of AMPK on PER2 protein levels in this
context (Small et al., 2020).

Retinoic Acid-Related Orphan Receptors

and REV-ERB

RORs and REV-ERBs activate and repress transcription of
BMALI1, CLOCK, and other oscillating gene networks involved
in glucose and lipid metabolism, respectively, thereby fine-tuning
the rhythmic activity of these pathways (Cho et al, 2012;
Marciano et al, 2014). REV-ERBa/f double-knockouts
(Nr1d1/27") display significantly altered circadian wheel-
running behavior and lipid metabolism (Cho et al., 2012).
RORa KOs (RORa’®*8) exhibit dyslipidemia, aberrant feeding
and locomotion, atherosclerosis, hyper-inflammation, muscle
atrophy and ataxia (Steinmayr et al, 1998). RORa is
abundantly expressed in skeletal muscle where it directly
interacts with p300 and MYOD to promote myogenesis and
differentiation of muscle cells (Lau et al., 1999). These effects
could at least partially explain the reduced skeletal muscle
strength and increased atrophy observed in RORa™®*® mice
(Steinmayr et al., 1998).

Cholesterol and intermediates  (7-dehydrocholesterol,
cholesterol sulfate) are RORa agonists that induce RORE-
dependent transcriptional activation of downstream genes
involved in lipid metabolism, at least in part when co-
activated by p300 and PGC-1a (Kallen et al., 2002; Lau et al,
2004; Kang et al., 2007). In line, repression of RORa in skeletal
muscle cells results in attenuated expression of a host of genes
involved in triglyceride hydrolysis and fatty acid uptake and
oxidation, as well as cholesterol homeostasis (Lau et al., 2004).
Further, in a dominant-negative RORa model (RORalADE),
alterations in skeletal muscle insulin signaling and glucose
tolerance through modulation of the AKT2-AMPK signaling
pathway were reported (Raichur et al, 2010). Collectively,
these observations imply that RORa serves as a metabolic
sensor and regulates energy homeostasis in the muscle by
shifting preferential fuel utilization towards fatty acid
catabolism (Lau et al., 2004; Kang et al., 2007).

REV-ERBs regulate skeletal muscle oxidative capacity by
modulating mitochondrial biogenesis and fatty acid oxidation
(Amador et al.,, 2018). Loss of REV-ERBa deactivates the LKB1-
AMPK-SIRT1-PGC-1a axis resulting in reduced mitochondrial
content and increased organelle clearance, collectively impairing
endurance capacity (Woldt et al., 2013). The expression of several
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mitophagy and autophagy genes is upregulated in skeletal muscle
of REV-ERB-null mice, associated with reduced skeletal muscle
mass and decreased fiber size (Mayeuf-Louchart et al., 2017).
Inversely, muscle-specific overexpression or pharmacological
activation of REV-ERBa inhibit autophagy and protein
ubiquitination, rescue mitochondrial number and respiratory
function, and thereby enhance exercise capacity (Woldt et al,
2013; Mayeuf-Louchart et al., 2017). REV-ERBa also regulates
muscle fiber-type distribution and is selectively expressed in
glycolytic type IIB and intermediate type IIA muscle fibers,
with a shift towards oxidative type I fibers in REV-ERBa-null
mice (Pircher et al., 2005). These studies indicate a physiological
role of REV-ERBs in the modulation of muscle mass and exercise
capacity.

CONCLUSION: CIRCADIAN CONTROL OF
EXERCISE ADAPTATIONS

Exercise and the molecular clock are tightly inter-connected and
mutually entrain each other (Figure 2). For example, BMALL,
PER2, and CRY1 expression modulates exercise capacity via
regulation of mitochondrial function and fuel-optimization
through modulation of lipid and glucose metabolism
(Gutierrez-Monreal et al., 2020). Exercise, in turn, affects the
molecular clock and induces expression of clock proteins
(Rovina et al,, 2021), leading to phase-shifts in the expression
and oscillation patterns of clock factors in skeletal muscle
(Wolff and Esser, 2012; Kemler et al., 2020), in line with
altered expression of CRY1, PER2, and BMALI in trained
human muscle biopsies promoting phase shifts in circadian
rhythmicity (Zambon et al., 2003). Most circadian muscle genes
show peak expression in the middle of the active phase,
attributed to higher metabolic demands and increased
contractile activity (McCarthy et al., 2007). AMPK, PGC-1aq,
and HIF-1a are just some of the many proposed candidates that
mediate the interplay between exercise, skeletal muscle function,
and circadian rhythmicity (Liu et al., 2007; Peek et al., 2017;
Gabriel and Zierath, 2019). Exercise increases cellular energy
demands, e.g., as manifested in reduced levels of ATP and
NADH, activating AMPK and SIRT1 pathways, which
modulate the stability of the PER2-CRY1 complex (Lamia
et al, 2009; Jordan et al., 2017). Exercise capacity is also
improved through AMPK-mediated activation of PPARS,
which regulates lipid metabolism and energy uncoupling in
skeletal muscle (Jordan et al, 2017). PGC-1a, activated by
exercise in skeletal muscle, stimulates mitochondrial
biogenesis in response to energy stress. PGC-la influences
muscle function and exercise capacity by affecting
angiogenesis, fiber-type transition, and RORa/y-mediated
BMALI-CLOCK expression (Handschin et al, 2007; Liu
et al., 2007). Exercise also modulates HIF-1a activity in the
muscle, with ensuing clock-HIF interactions that regulate
oxidative metabolism and anaerobic glycolysis (Peek et al.,
2017). In summary, exercise affects the molecular clock in
the muscle through complex modulation of many
interconnected signaling pathways, and vice versa, the phase

Exercise, Muscle and the Clock

of the clock impacts muscle metabolism and function
(Figure 2). It however is unclear whether the clock
components exert these effects in their capacity as clock
genes, or via additional biological functions in the muscle
cell. This mutual interaction raises the question of when the
best time-of-day to exercise is, a topic which is of high relevance
in maximizing the beneficial effects of training.

Circadian differences in peak performance for strength
and endurance activities are reflected in the greater number
of world records in early evening compared to early morning
(Atkinson and Reilly, 1996; Lok et al., 2020; Kusumoto et al.,
2021). According to these studies, skeletal muscle strength
changes with time-of-day, peaking during the late afternoon
(~16:00-20:00 h) (Douglas et al., 2021). In line, 12 weeks of
strength and endurance training in the evening led to
improved physical performance, muscle hypertrophy, and
serum hormone concentrations compared to morning
exercise (Kuusmaa et al., 2016). Similarly, in metabolically
compromised humans, training in the afternoon had greater
benefits on metabolic parameters like peripheral insulin
sensitivity, adipose tissue lipolysis, fasting plasma glucose
levels, exercise performance and fat mass (Savikj et al., 2019;
Mancilla et al., 2021). However, these circadian fluctuations
in peak endurance and strength performance cannot be
replicated in all human studies, alluding to a much more
complicated and multifactorial relationship between
circadian rhythmicity of central and peripheral clocks,
environmental and lifestyle factors including sleep,
nutrition, psychological aspects, ambient temperature and
ultimately muscle function (Facer-Childs and Brandstaetter,
2015; Aoyama and Shibata, 2020). Individual variance in
biological clocks and preference for either morning/
evening can be used to classify circadian phenotypes into
early/intermediate/late chronotypes (ECT/ICT/LCT)
(Duglan and Lamia, 2019). For example, peak performance
depends not only on time-of-day but also on chronotype and
time since entrained waking, with ECTs performing better in
early-afternoon and LCTs in late-evening (Facer-Childs and
Brandstaetter, 2015). Regular training at a particular time-of-
day can entrain performance leading to greater adaptations at
that time (Kusumoto et al., 2021). For practical purposes, this
would imply that athletes should match regular training
hours with the time-of-day of required peak performance
at competitions. Notably however, the time of peak
performance and of optimal training effect might not
necessarily coincide. For example, endurance capacity in
mice is highest at the dark/light phase transition, when
muscle and liver glycogen storage is maximized (Maier
et al, 2022). However, the markedly different
transcriptome, proteome and phosphoproteome in skeletal
muscle at Zeitgeber time 12 implies strong activation of
signaling pathways important for training adaptation, for
example, the AMPK signaling axis, reflecting a “train-low”
paradigm with an improved outcome despite reduced
performance and exacerbated perception of effort (Hearris
et al, 2018). Finally, at least in mice, a circadian shift in
activity, e.g., induced by daytime running, has very small
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effects on the phase of the molecular clock in muscle or liver
(Adamovich et al., 2021; Maier et al., 2022). Furthermore, in
stark contrast to the liver clock exhibiting a complete 12-h
shift, daytime eating does not affect the muscle clock,
implying a greater robustness of the latter towards
perturbations (Maier et al., 2022).

In summary, as outlined, the “time to train” is strongly
individualized and multifactorial, and our knowledge of the
intersection of the molecular clock, muscle function, exercise
capacity, and training effect still is rudimentary. For practical
purposes, other commitments, logistical and infrastructural
aspects, psychological factors, adjusting to members of a group
in team sports, recovery and rehabilitation could complicate
precise and personalized chrono-exercise. Therefore, for most
people, finding a time to train that fits within personal
schedules and preference most likely supersedes circadian
considerations.

REFERENCES

Adamovich, Y., Dandavate, V., Ezagouri, S., Manella, G., Zwighaft, Z., Sobel, J.,
et al. (2021). Clock Proteins and Training Modify Exercise Capacity in a
Daytime-dependent Manner. Proc. Natl. Acad. Sci. U S A. 118, €2101115118.
doi:10.1073/pnas.2101115118

Amador, A., Campbell, S., Kazantzis, M., Lan, G., Burris, T. P, and Solt, L. A.
(2018). Distinct Roles for REV-Erba and REV-Erbp in Oxidative Capacity and
Mitochondrial Biogenesis in Skeletal Muscle. PLoS One 13, €0196787. doi:10.
1371/journal.pone.0196787

Andrews, J. L., Zhang, X., Mccarthy, J. J., Mcdearmon, E. L., Hornberger, T.
A., Russell, B., et al. (2010). CLOCK and BMAL1 Regulate MyoD and Are
Necessary for Maintenance of Skeletal Muscle Phenotype and Function.
Proc. Natl. Acad. Sci. U.S.A. 107, 19090-19095. doi:10.1073/pnas.
1014523107

Aoyama, S., and Shibata, S. (2020). Time-of-Day-Dependent Physiological
Responses to Meal and Exercise. Front. Nutr. 7, 18. doi:10.3389/fnut.2020.
00018

Asher, G., Gatfield, D., Stratmann, M., Reinke, H., Dibner, C., Kreppel, F.,
et al. (2008). SIRT1 Regulates Circadian Clock Gene Expression
through PER2 Deacetylation. Cell 134, 317-328. d0i:10.1016/j.cell.
2008.06.050

Atkinson, G., and Reilly, T. (1996). Circadian Variation in Sports Performance.
Sports Med. 21, 292-312. doi:10.2165/00007256-199621040-00005

Bae, K., Lee, K., Seo, Y., Lee, H., Kim, D., and Choi, L. (2006). Differential Effects of
Two Period Genes on the Physiology and Proteomic Profiles of Mouse Anterior
Tibialis Muscles. Mol. Cells 22, 275-284. Available at https://pubmed.ncbi.nlm.
nih.gov/17202855

Cho, H., Zhao, X., Hatori, M., Yu, R. T., Barish, G. D., Lam, M. T,, et al. (2012).
Regulation of Circadian Behaviour and Metabolism by REV-ERB-a and REV-
ERB-B. Nature 485, 123-127. doi:10.1038/nature11048

Douglas, C. M., Hesketh, S. J., and Esser, K. A. (2021). Time of Day and Muscle
Strength: A Circadian Output? Physiology 36, 44-51. doi:10.1152/physiol.
00030.2020

Duglan, D., and Lamia, K. A. (2019). Clocking in, Working Out: Circadian
Regulation of Exercise Physiology. Trends Endocrinol. Metab. 30, 347-356.
doi:10.1016/j.tem.2019.04.003

Dyar, K. A, Ciciliot, S., Wright, L. E., Biense, R. S., Tagliazucchi, G. M., Patel, V.R,,
etal. (2014). Muscle Insulin Sensitivity and Glucose Metabolism Are Controlled
by the Intrinsic Muscle Clock. Mol. Metab. 3, 29-41. doi:10.1016/j.molmet.
2013.10.005

Dyar, K. A., Hubert, M. ], Mir, A. A, Ciciliot, S., Lutter, D., Greulich, F,, et al.
(2018). Transcriptional Programming of Lipid and Amino Acid Metabolism by
the Skeletal Muscle Circadian Clock. Plos Biol. 16, €2005886. doi:10.1371/
journal.pbio.2005886

Exercise, Muscle and the Clock

AUTHOR CONTRIBUTIONS

SM and CH wrote the manuscript, prepared the figures, and
approved the final version.

FUNDING

Work in our group is supported by the Swiss National Science
Foundation (SNSF, grant 310030_184832), Innosuisse
(Schweizerische Agentur fiir Innovationsférderung grant
44112.1 TP-LS), the Jain Foundation, the Novartis Stiftung fiir
Medizinisch-Biologische Forschung, and the University of Basel.
The funders were not involved in the study design, collection,
analysis, interpretation of data, the writing of this article or the
decision to submit it for publication. All authors declare no other
competing interests.

Ezagouri, S., Zwighaft, Z., Sobel, J., Baillieul, S., Doutreleau, S., Ladeuix, B., et al.
(2019). Physiological and Molecular Dissection of Daily Variance in Exercise
Capacity. Cel Metab. 30, 78-91. doi:10.1016/j.cmet.2019.03.012

Facer-Childs, E., and Brandstaetter, R. (2015). The Impact of Circadian Phenotype
and Time since Awakening on Diurnal Performance in Athletes. Curr. Biol. 25,
518-522. doi:10.1016/j.cub.2014.12.036

Gabriel, B. M., and Zierath, J. R. (2019). Circadian Rhythms and Exercise - Re-
setting the Clock in Metabolic Disease. Nat. Rev. Endocrinol. 15, 197-206.
doi:10.1038/s41574-018-0150-x

Gallego, M., and Virshup, D. M. (2007). Post-translational Modifications Regulate
the Ticking of the Circadian Clock. Nat. Rev. Mol. Cel Biol 8, 139-148. doi:10.
1038/nrm2106

Gutierrez-Monreal, M. A., Harmsen, J. F., Schrauwen, P., and Esser, K. A. (2020).
Ticking for Metabolic Health: The Skeletal-Muscle Clocks. Obesity (Silver
Spring) 28 (Suppl. 1), $46-S54. doi:10.1002/0by.22826

Handschin, C., Chin, S., Li, P,, Liu, F., Maratos-Flier, E., Lebrasseur, N. K,, et al.
(2007). Skeletal Muscle Fiber-type Switching, Exercise Intolerance, and
Myopathy in PGC-1a Muscle-specific Knock-Out Animals. J. Biol. Chem.
282, 30014-30021. doi:10.1074/jbc.m704817200

Harfmann, B. D., Schroder, E. A., Kachman, M. T., Hodge, B. A., Zhang, X., and
Esser, K. A. (2016). Muscle-specific Loss of Bmall Leads to Disrupted Tissue
Glucose Metabolism and Systemic Glucose Homeostasis. Skeletal Muscle 6, 12.
doi:10.1186/513395-016-0082-x

Hearris, M. A., Hammond, K. M,, Fell, J. M., and Morton, J. P. (2018). Regulation of
Muscle Glycogen Metabolism during Exercise: Implications for Endurance
Performance and Training Adaptations. Nutrients 10, 298. doi:10.3390/nu10030298

Hodge, B. A, Wen, Y, Riley, L. A,, Zhang, X,, England, J. H., Harfmann, B. D, et al.
(2015). The Endogenous Molecular Clock Orchestrates the Temporal
Separation of Substrate Metabolism in Skeletal Muscle. Skeletal Muscle 5,
17. doi:10.1186/513395-015-0039-5

Jordan, S. D., Kriebs, A., Vaughan, M., Duglan, D., Fan, W., Henriksson, E., et al.
(2017). CRY1/2 Selectively Repress PPARS and Limit Exercise Capacity. Cel
Metab. 26, 243-255. doi:10.1016/j.cmet.2017.06.002

Kalfalah, F., Janke, L., Schiavi, A., Tigges, J., Ix, A., Ventura, N., et al. (2016).
Crosstalk of Clock Gene Expression and Autophagy in Aging. Aging 8,
1876-1895. doi:10.18632/aging. 101018

Kallen, J. A., Schlaeppi, J.-M., Bitsch, F., Geisse, S., Geiser, M., Delhon, L, et al.
(2002). X-Ray Structure of the hARORa LBD at 1.63 A. Structure 10, 1697-1707.
doi:10.1016/50969-2126(02)00912-7

Kang, H. S., Angers, M., Beak, J. Y., Wu, X, Gimble, J. M., Wada, T, et al. (2007).
Gene Expression Profiling Reveals a Regulatory Role for RORa and RORy in
Phase I and Phase II Metabolism. Physiol. Genomics 31, 281-294. doi:10.1152/
physiolgenomics.00098.2007

Katoku-Kikyo, N., Paatela, E., Houtz, D. L., Lee, B., Munson, D., Wang, X,, et al.
(2021). Perl/Per2-Igf2 axis-mediated Circadian Regulation of Myogenic
Differentiation. J. Cel Biol 220. doi:10.1083/jcb.202101057

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 902031


https://doi.org/10.1073/pnas.2101115118
https://doi.org/10.1371/journal.pone.0196787
https://doi.org/10.1371/journal.pone.0196787
https://doi.org/10.1073/pnas.1014523107
https://doi.org/10.1073/pnas.1014523107
https://doi.org/10.3389/fnut.2020.00018
https://doi.org/10.3389/fnut.2020.00018
https://doi.org/10.1016/j.cell.2008.06.050
https://doi.org/10.1016/j.cell.2008.06.050
https://doi.org/10.2165/00007256-199621040-00005
https://pubmed.ncbi.nlm.nih.gov/17202855
https://pubmed.ncbi.nlm.nih.gov/17202855
https://doi.org/10.1038/nature11048
https://doi.org/10.1152/physiol.00030.2020
https://doi.org/10.1152/physiol.00030.2020
https://doi.org/10.1016/j.tem.2019.04.003
https://doi.org/10.1016/j.molmet.2013.10.005
https://doi.org/10.1016/j.molmet.2013.10.005
https://doi.org/10.1371/journal.pbio.2005886
https://doi.org/10.1371/journal.pbio.2005886
https://doi.org/10.1016/j.cmet.2019.03.012
https://doi.org/10.1016/j.cub.2014.12.036
https://doi.org/10.1038/s41574-018-0150-x
https://doi.org/10.1038/nrm2106
https://doi.org/10.1038/nrm2106
https://doi.org/10.1002/oby.22826
https://doi.org/10.1074/jbc.m704817200
https://doi.org/10.1186/s13395-016-0082-x
https://doi.org/10.3390/nu10030298
https://doi.org/10.1186/s13395-015-0039-5
https://doi.org/10.1016/j.cmet.2017.06.002
https://doi.org/10.18632/aging.101018
https://doi.org/10.1016/s0969-2126(02)00912-7
https://doi.org/10.1152/physiolgenomics.00098.2007
https://doi.org/10.1152/physiolgenomics.00098.2007
https://doi.org/10.1083/jcb.202101057
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Mansingh and Handschin

Kemler, D., Wolff, C. A., and Esser, K. A. (2020). Time-of-day Dependent Effects of
Contractile Activity on the Phase of the Skeletal Muscle Clock. J. Physiol. 598,
3631-3644. doi:10.1113/jp279779

Ko, C. H., and Takahashi, J. S. (2006). Molecular Components of the Mammalian
Circadian Clock. Hum. Mol. Genet. 15 Spec No 2, R271-R277.d0i:10.1093/
hmg/dd1207

Kusumoto, H., Ta, C., Brown, S. M., and Mulcahey, M. K. (2021). Factors
Contributing to Diurnal Variation in Athletic Performance and
Methods to Reduce Within-Day Performance Variation: A Systematic
Review. J. Strength Cond Res. 35, S$119-§135. doi:10.1519/jsc.
0000000000003758

Kiitismaa, M., Schumann, M., Sedliak, M., Kraemer, W. J., Newton, R. U., Malinen,
J.-P., et al. (2016). Effects of Morning versus Evening Combined Strength and
Endurance Training on Physical Performance, Muscle Hypertrophy, and
Serum Hormone Concentrations. Appl.  Physiol. Nutr. Metab. 41,
1285-1294. doi:10.1139/apnm-2016-0271

Lamia, K. A, Sachdeva, U. M., Ditacchio, L., Williams, E. C., Alvarez, ]. G., Egan, D.
F, et al. (2009). AMPK Regulates the Circadian Clock by Cryptochrome
Phosphorylation and Degradation. Science 326, 437-440. doi:10.1126/
science.1172156

Lau, P., Bailey, P., Dowhan, D. H.,, and Muscat, G. E. O. (1999). Exogenous
Expression of a Dominant Negative ROR 1 Vector in Muscle Cells Impairs
Differentiation: ROR 1 Directly Interacts with P300 and MyoD. Nucleic Acids
Res. 27, 411-420. doi:10.1093/nar/27.2.411

Lau, P, Nixon, S. J., Parton, R. G., and Muscat, G. E. O. (2004). RORa Regulates the
Expression of Genes Involved in Lipid Homeostasis in Skeletal Muscle Cells.
J. Biol. Chem. 279, 36828-36840. doi:10.1074/jbc.m404927200

Lin, J, Wu, H,, Tarr, P. T., Zhang, C.-Y., Wu, Z, Boss, O., et al. (2002).
Transcriptional Co-activator PGC-1a Drives the Formation of Slow-Twitch
Muscle Fibres. Nature 418, 797-801. doi:10.1038/nature00904

Lipton, J. O., Yuan, E. D., Boyle, L. M., Ebrahimi-Fakhari, D., Kwiatkowski, E.,
Nathan, A., et al. (2015). The Circadian Protein BMAL1 Regulates Translation
in Response to S6K1-Mediated Phosphorylation. Cell 161, 1138-1151. doi:10.
1016/j.cell.2015.04.002

Liu, C,, Li, S., Liu, T, Borjigin, J., and Lin, J. D. (2007). Transcriptional Coactivator
PGC-1a Integrates the Mammalian Clock and Energy Metabolism. Nature 447,
477-481. doi:10.1038/nature05767

Liu, J., Zhou, B., Yan, M., Huang, R., Wang, Y., He, Z,, et al. (2016). CLOCK and
BMAL1 Regulate Muscle Insulin Sensitivity via SIRT1 in Male Mice.
Endocrinology 157, 2259-2269. doi:10.1210/en.2015-2027

Lok, R., Zerbini, G., Gordijn, M. C. M., Beersma, D. G. M., and Hut, R. A. (2020).
Gold, Silver or Bronze: Circadian Variation Strongly Affects Performance in
Olympic Athletes. Sci. Rep. 10, 16088. doi:10.1038/s41598-020-72573-8

Maier, G., Delezie, J., Westermark, P. O., Santos, G., Ritz, D., and Handschin, C.
(2022). Transcriptomic, Proteomic and Phosphoproteomic Underpinnings of
Daily Exercise Performance and Zeitgeber Activity of Training in Mouse
Muscle. J. Physiol. 600, 769-796. doi:10.1113/jp281535

Mancilla, R., Brouwers, B., Schrauwen-Hinderling, V. B., Hesselink, M. K. C,,
Hoeks, J., and Schrauwen, P. (2021). Exercise Training Elicits superior
Metabolic Effects when Performed in the Afternoon Compared to Morning
in Metabolically Compromised Humans. Physiol. Rep. 8, €14669. doi:10.14814/
phy2.14669

Marciano, D. P., Chang, M. R,, Corzo, C. A., Goswami, D., Lam, V. Q,, Pascal, B. D.,
et al. (2014). The Therapeutic Potential of Nuclear Receptor Modulators for
Treatment of Metabolic Disorders: PPARy, RORs, and Rev-Erbs. Cel Metab. 19,
193-208. doi:10.1016/j.cmet.2013.12.009

Mayeuf-Louchart, A., Thorel, Q., Delhaye, S., Beauchamp, J., Duhem, C,
Danckaert, A., et al. (2017). Rev-erb-a Regulates Atrophy-Related Genes to
Control Skeletal Muscle Mass. Sci. Rep. 7, 14383. doi:10.1038/s41598-017-
14596-2

McCarthy, J. J., Andrews, J. L., Mcdearmon, E. L., Campbell, K. S., Barber, B. K.,
Miller, B. H., et al. (2007). Identification of the Circadian Transcriptome in
Adult Mouse Skeletal Muscle. Physiol. Genomics 31, 86-95. doi:10.1152/
physiolgenomics.00066.2007

McDearmon, E. L., Patel, K. N, Ko, C. H., Walisser, J. A., Schook, A. C., Chong,
J. L., et al. (2006). Dissecting the Functions of the Mammalian Clock Protein
BMALLI by Tissue-specific rescue in Mice. Science 314, 1304-1308. doi:10.1126/
science.1132430

Exercise, Muscle and the Clock

Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D, et al.
(2008). The NAD+-dependent Deacetylase SIRT1 Modulates CLOCK-
Mediated Chromatin Remodeling and Circadian Control. Cell 134, 329-340.
doi:10.1016/j.cell.2008.07.002

Nakao, R., Yamamoto, S., Horikawa, K., Yasumoto, Y., Nikawa, T., Mukai, C., et al.
(2015). Atypical Expression of Circadian Clock Genes in Denervated Mouse
Skeletal Muscle. Chronobiology Int. 32, 486-496. doi:10.3109/07420528.2014.
1003350

Partch, C. L., Green, C. B., and Takahashi, J. S. (2014). Molecular Architecture of
the Mammalian Circadian Clock. Trends Cel Biol. 24, 90-99. doi:10.1016/j.tcb.
2013.07.002

Pastore, S., and Hood, D. A. (2013). Endurance Training Ameliorates the
Metabolic and Performance Characteristics of circadianClockmutant Mice.
J. Appl. Physiol. (1985) 114, 1076-1084. doi:10.1152/japplphysiol.01505.
2012

Peek, C. B., Levine, D. C., Cedernaes, J., Taguchi, A., Kobayashi, Y., Tsai, S. J., et al.
(2017). Circadian Clock Interaction with HIFla Mediates Oxygenic
Metabolism and Anaerobic Glycolysis in Skeletal Muscle. Cel Metab. 25,
86-92. doi:10.1016/j.cmet.2016.09.010

Perrin, L., Loizides-Mangold, U., Chanon, S., Gobet, C., Hulo, N., Isenegger,
L., et al. (2018). Transcriptomic Analyses Reveal Rhythmic and CLOCK-
Driven Pathways in Human Skeletal Muscle. Elife 7, e34114. doi:10.7554/
eLife.34114

Perrin, L., Loizides-Mangold, U., Skarupelova, S., Pulimeno, P., Chanon, S., Robert,
M., et al. (2015). Human Skeletal Myotubes Display a Cell-Autonomous
Circadian Clock Implicated in Basal Myokine Secretion. Mol. Metab. 4,
834-845. doi:10.1016/j.molmet.2015.07.009

Pircher, P., Chomez, P., Yu, F., Vennstrom, B., and Larsson, L. (2005). Aberrant
Expression of Myosin Isoforms in Skeletal Muscles from Mice Lacking Therev-
erbAaorphan Receptor Gene. Am. J. Physiology-Regulatory, Integr. Comp.
Physiol. 288, R482-R490. doi:10.1152/ajpregu.00690.2003

Potter, G. D. M., Skene, D. J., Arendt, J., Cade, J. E., Grant, P. J., and Hardie, L. J.
(2016). Circadian Rhythm and Sleep Disruption: Causes, Metabolic
Consequences, and Countermeasures. Endocr. Rev. 37, 584-608. doi:10.
1210/er.2016-1083

Raichur, S., Fitzsimmons, R. L., Myers, S. A., Pearen, M. A,, Lau, P., Eriksson, N.,
et al. (2010). Identification and Validation of the Pathways and Functions
Regulated by the Orphan Nuclear Receptor, ROR Alphal, in Skeletal Muscle.
Nucleic Acids Res. 38, 4296-4312. doi:10.1093/nar/gkq180

Rovina, R. L., Da Rocha, A. L., Marafon, B. B., Pauli, J. R,, De Moura, L. P., Cintra,
D. E, et al. (2021). One Bout of Aerobic Exercise Can Enhance the Expression
of Nrldl in Oxidative Skeletal Muscle Samples. Front. Physiol. 12, 626096.
doi:10.3389/fphys.2021.626096

Savikj, M., Gabriel, B. M., Alm, P. S., Smith, J., Caidahl, K., Bjornholm, M., et al.
(2019). Afternoon Exercise Is More Efficacious Than Morning Exercise at
Improving Blood Glucose Levels in Individuals with Type 2 Diabetes: A
Randomised Crossover Trial. Diabetologia 62, 233-237. doi:10.1007/s00125-
018-4767-z

Schiaffino, S., Blaauw, B., and Dyar, K. A. (2016). The Functional Significance of
the Skeletal Muscle Clock: Lessons from Bmall Knockout Models. Skeletal
Muscle 6, 33. doi:10.1186/s13395-016-0107-5

Shearman, L. P., Sriram, S., Weaver, D. R., Maywood, E. S., Chaves, 1., Zheng, B.,
et al. (2000). Interacting Molecular Loops in the Mammalian Circadian Clock.
Science 288, 1013-1019. doi:10.1126/science.288.5468.1013

Small, L., Altintas, A., Laker, R. C., Ehrlich, A., Pattamaprapanont, P., Villarroel, J.,
et al. (2020). Contraction Influences Per2 Gene Expression in Skeletal Muscle
through a Calcium-dependent Pathway. J. Physiol. 598, 5739-5752. doi:10.
1113/jp280428

Spengler, M. L., Kuropatwinski, K. K., Comas, M., Gasparian, A. V., Fedtsova, N.,
Gleiberman, A. S., et al. (2012). Core Circadian Protein CLOCK Is a Positive
Regulator of NF-Kb-Mediated Transcription. Proc. Natl. Acad. Sci. U S A. 109,
E2457-E2465. doi:10.1073/pnas.1206274109

Steinmayr, M., André, E., Conquet, F., Rondi-Reig, L., Delhaye-Bouchaud, N.,
Auclair, N., et al. (1998). Staggerer Phenotype in Retinoid-Related Orphan
Receptor a-deficient Mice. Proc. Natl. Acad. Sci. U.S.A. 95, 3960-3965. doi:10.
1073/pnas.95.7.3960

Summermatter, S., Thurnheer, R., Santos, G., Mosca, B., Baum, O., Treves, S., et al.
(2012). Remodeling of Calcium Handling in Skeletal Muscle through PGC-1a:

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 902031


https://doi.org/10.1113/jp279779
https://doi.org/10.1093/hmg/ddl207
https://doi.org/10.1093/hmg/ddl207
https://doi.org/10.1519/jsc.0000000000003758
https://doi.org/10.1519/jsc.0000000000003758
https://doi.org/10.1139/apnm-2016-0271
https://doi.org/10.1126/science.1172156
https://doi.org/10.1126/science.1172156
https://doi.org/10.1093/nar/27.2.411
https://doi.org/10.1074/jbc.m404927200
https://doi.org/10.1038/nature00904
https://doi.org/10.1016/j.cell.2015.04.002
https://doi.org/10.1016/j.cell.2015.04.002
https://doi.org/10.1038/nature05767
https://doi.org/10.1210/en.2015-2027
https://doi.org/10.1038/s41598-020-72573-8
https://doi.org/10.1113/jp281535
https://doi.org/10.14814/phy2.14669
https://doi.org/10.14814/phy2.14669
https://doi.org/10.1016/j.cmet.2013.12.009
https://doi.org/10.1038/s41598-017-14596-2
https://doi.org/10.1038/s41598-017-14596-2
https://doi.org/10.1152/physiolgenomics.00066.2007
https://doi.org/10.1152/physiolgenomics.00066.2007
https://doi.org/10.1126/science.1132430
https://doi.org/10.1126/science.1132430
https://doi.org/10.1016/j.cell.2008.07.002
https://doi.org/10.3109/07420528.2014.1003350
https://doi.org/10.3109/07420528.2014.1003350
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1152/japplphysiol.01505.2012
https://doi.org/10.1152/japplphysiol.01505.2012
https://doi.org/10.1016/j.cmet.2016.09.010
https://doi.org/10.7554/eLife.34114
https://doi.org/10.7554/eLife.34114
https://doi.org/10.1016/j.molmet.2015.07.009
https://doi.org/10.1152/ajpregu.00690.2003
https://doi.org/10.1210/er.2016-1083
https://doi.org/10.1210/er.2016-1083
https://doi.org/10.1093/nar/gkq180
https://doi.org/10.3389/fphys.2021.626096
https://doi.org/10.1007/s00125-018-4767-z
https://doi.org/10.1007/s00125-018-4767-z
https://doi.org/10.1186/s13395-016-0107-5
https://doi.org/10.1126/science.288.5468.1013
https://doi.org/10.1113/jp280428
https://doi.org/10.1113/jp280428
https://doi.org/10.1073/pnas.1206274109
https://doi.org/10.1073/pnas.95.7.3960
https://doi.org/10.1073/pnas.95.7.3960
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Mansingh and Handschin

Impact on Force, Fatigability, and Fiber Type. Am. J. Physiology-Cell Physiol.
302, C88-C99. doi:10.1152/ajpcell.00190.2011

Takahashi, J. S. (2017). Transcriptional Architecture of the Mammalian Circadian
Clock. Nat. Rev. Genet. 18, 164-179. d0i:10.1038/nrg.2016.150

Turcotte, L. P., and Fisher, J. S. (2008). Skeletal Muscle Insulin Resistance: Roles of
Fatty Acid Metabolism and Exercise. Phys. Ther. 88, 1279-1296. doi:10.2522/
Pptj.20080018

van der Horst, G. T. J., Muijtjens, M., Kobayashi, K., Takano, R., Kanno, S.-i,,
Takao, M., et al. (1999). Mammalian Cryl and Cry2 Are Essential for
Maintenance of Circadian Rhythms. Nature 398, 627-630. doi:10.1038/19323

Wada, T., Ichihashi, Y., Suzuki, E., Kosuge, Y., Ishige, K., Uchiyama, T., et al.
(2018). Deletion of Bmall Prevents Diet-Induced Ectopic Fat Accumulation by
Controlling Oxidative Capacity in the Skeletal Muscle. Int. J. Mol. Sci. 19, 2813.
doi:10.3390/ijms19092813

Walter, L. M., Koch, C. E., Betts, C. A., Ahlskog, N., Meijboom, K. E, Van
Westering, T. L. E,, et al. (2018). Light Modulation Ameliorates Expression of
Circadian Genes and Disease Progression in Spinal Muscular Atrophy Mice.
Hum. Mol. Genet. 27, 3582-3597. doi:10.1093/hmg/ddy249

Woldt, E., Sebti, Y., Solt, L. A., Duhem, C., Lancel, S., Eeckhoute, J., et al. (2013).
Rev-erb-a Modulates Skeletal Muscle Oxidative Capacity by Regulating
Mitochondrial Biogenesis and Autophagy. Nat. Med. 19, 1039-1046. doi:10.
1038/nm.3213

Wolff, G., and Esser, K. A. (2012). Scheduled Exercise Phase Shifts the Circadian
Clock in Skeletal Muscle. Med. Sci. Sports Exerc. 44, 1663-1670. doi:10.1249/
mss.0b013e318255cf4c

Wu, R, Dang, F,, Li, P,, Wang, P., Xu, Q, Liu, Z, et al. (2019). The Circadian
Protein Period2 Suppresses mTORCI1 Activity via Recruiting Tscl to mTORC1
Complex. Cel Metab. 29, 653-667. €656. doi:10.1016/j.cmet.2018.11.006

Ye, R, Selby, C. P., Chiou, Y.-Y., Ozkan-Dagliyan, I, Gaddameedhi, S., and Sancar,
A. (2014). Dual Modes of CLOCK:BMALI Inhibition Mediated by
Cryptochrome and Period Proteins in the Mammalian Circadian Clock.
Genes Dev. 28, 1989-1998. doi:10.1101/gad.249417.114

Exercise, Muscle and the Clock

Yoo, S.-H., Mohawk, J. A,, Siepka, S. M., Shan, Y., Huh, S. K., Hong, H.-K,, et al.
(2013). Competing E3 Ubiquitin Ligases Govern Circadian Periodicity by
Degradation of CRY in Nucleus and Cytoplasm. Cell 152, 1091-1105.
doi:10.1016/j.cell.2013.01.055

Zambon, A. C., Mcdearmon, E. L., Salomonis, N., Vranizan, K. M., Johansen,
K. L., Adey, D., et al. (2003). Time- and Exercise-dependent Gene
Regulation in Human Skeletal Muscle. Genome Biol. 4, R61. doi:10.
1186/gb-2003-4-10-r61

Zhang, H., Liang, J., and Chen, N. (2020). Do Not Neglect the Role of Circadian
Rhythm in Muscle Atrophy. Ageing Res. Rev. 63, 101155. doi:10.1016/j.arr.2020.
101155

Zheng, B., Albrecht, U., Kaasik, K., Sage, M., Lu, W., Vaishnav, S,, et al. (2001).
Nonredundant Roles of the mPerl and mPer2 Genes in the Mammalian
Circadian Clock. Cell 105, 683-694. doi:10.1016/s0092-8674(01)00380-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mansingh and Handschin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 902031


https://doi.org/10.1152/ajpcell.00190.2011
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.2522/ptj.20080018
https://doi.org/10.2522/ptj.20080018
https://doi.org/10.1038/19323
https://doi.org/10.3390/ijms19092813
https://doi.org/10.1093/hmg/ddy249
https://doi.org/10.1038/nm.3213
https://doi.org/10.1038/nm.3213
https://doi.org/10.1249/mss.0b013e318255cf4c
https://doi.org/10.1249/mss.0b013e318255cf4c
https://doi.org/10.1016/j.cmet.2018.11.006
https://doi.org/10.1101/gad.249417.114
https://doi.org/10.1016/j.cell.2013.01.055
https://doi.org/10.1186/gb-2003-4-10-r61
https://doi.org/10.1186/gb-2003-4-10-r61
https://doi.org/10.1016/j.arr.2020.101155
https://doi.org/10.1016/j.arr.2020.101155
https://doi.org/10.1016/s0092-8674(01)00380-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Time to Train: The Involvement of the Molecular Clock in Exercise Adaptation of Skeletal Muscle
	Introduction
	Muscle Clock Factors
	Brain and Muscle ARNT-Like 1 and Circadian Locomotor Output Cycles Kaput
	Period and Cryptochrome Circadian Regulator
	Retinoic Acid-Related Orphan Receptors and REV-ERB

	Conclusion: Circadian Control of Exercise Adaptations
	Author Contributions
	Funding
	References


