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Abstract: Skeletal muscle functions in locomotion, postural support, and energy metabolism.
The loss of skeletal muscle mass and function leads to diseases such as sarcopenia and meta-
bolic disorders. Inactivity (lack of exercise) and an imbalanced diet (increased fat or decreased
protein intake) are thought to be involved in the prevalence of such pathologies. On the other
hand, recent epidemiological studies of humans have suggested that circadian disruption caused
by shift work, jet lag, and sleep disorders is associated with obesity and metabolic syndrome.
Experimental studies of mice deficient in clock genes have also identified skeletal muscle defects,
suggesting a molecular link between circadian clock machinery and skeletal muscle physiology.
Furthermore, accumulating evidence about chronotherapy, including chronopharmacology,
chrononutrition, and chronoexercise, has indicated that timing is important to optimize medi-
cal intervention for various diseases. The present review addresses current understanding of
the functional roles of the molecular clock with respect to skeletal muscle and the potential of
chronotherapy for diseases associated with skeletal muscle.

Keywords: biological rhythm, metabolic syndrome, physical activity, neural signal,
chronotherapy

Introduction

Skeletal muscle comprises 40% of the body mass and it functions in locomotion and
postural support and as a major metabolic organ that contributes to basal metabo-
lism, glucose uptake, and fatty acid oxidation. Balanced muscle protein synthesis
and degradation can retain skeletal muscle mass and muscle performance. Muscle
protein metabolism varies according to nutritional and environmental circumstances,
increasing in response to exercise, food (protein) intake, and anabolic hormones such
as testosterone, insulin, and insulin-like growth factor 1 and decreasing in response
to aging, starvation, cancer, diabetes, immobility, loss of neural input, and catabolic
hormones such as glucocorticoids.! Compromising muscle protein metabolism results
in a net loss of muscle mass and power, which prevents optimal muscle function,
leading to sarcopenia, diabetes, and obesity.! Conventional methods to stimulate
muscle protein synthesis and prevent muscle protein degradation focus on the intake
of adequate dietary protein and regular exercise. However, Yu et al recently found that
the prevalence of diabetes, metabolic syndrome, and sarcopenia is 8.2%, 7.4%, and
6.7% higher, respectively, in individuals classified as having an evening, rather than a
morning, chronotype among middle-aged Korean population, although the average age
was lower in individuals with an evening, rather than a morning, chronotype.? Although
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a direct relationship between shiftwork and loss of muscle
mass and strength has not been established, the disruption of
circadian rhythms is found to be associated with obesity and
metabolic syndrome in shift workers.? These findings suggest
that skeletal muscle homeostasis might be disturbed not only
by a lack of exercise and low intake of dietary protein but also
by the disruption of circadian rhythm circumstances such as
continuous night work, shift work, lack of sleep, and jet lag.
This review explores the potential molecular mechanisms
that link the circadian clock machinery with skeletal muscle
physiology and discusses the potential therapeutic implica-
tions for disturbed skeletal muscle physiology associated
with pathologies such as sarcopenia and diabetes based on
the circadian system.

Circadian clock machinery

Organization of the central clock

Circadian rhythms are evolutionally conserved, 24h biologi-
cal cycles that prepare life forms ranging from bacteria to
plants and mammals for daily environmental fluctuations. An
internal circadian machinery controls various physiological
and behavioral rhythms such as sleep/wake cycles, body tem-
perature, metabolism, and hormone secretion. This mecha-
nism functions to optimize the timing of cellular events in
anticipation of environmental changes such as daylight, food
availability, and predator/prey interactions. The mammalian
master clock is located in the suprachiasmatic nucleus (SCN)
of the anterior hypothalamus.** The dominant environmental
time cue for circadian clocks is light, which is collected via
the retinohypothalamic tract and input into the SCN, where
the master clock synchronizes an endogenous circadian tim-
ing system to a 24-h light—dark cycle.”® Molecular studies
suggest that transcriptional feedback loops comprising the
periodic expression of clock genes drive the circadian oscilla-
tor in the SCN.? The positive loop of the core clock is formed
by the basic helix-loop-helix-PER-ARNT-SIM (bHLH-PAS)
transcription factors, CLOCK and BMAL1.>!"* CLOCK and
BMALI form heterodimers and transactivate other clock
genes such as Perl, Per2, Cryl, and Cry2 via E-box elements
in their promoters.>!° These molecules are referred to as core
molecular components. The resulting PER and CRY proteins
localize in the cytoplasm, where the accumulation of PER1/2
and CRY1/2 promotes the formation of PERs/CRYs/CKle
complexes!! that translocate to the nucleus and interact with
CLOCK-BMALI complexes to inhibit Per and Cry gene
transcription.'? Thereafter, CLOCK-BMALI can activate a
new cycle of transcription. These processes are considered
to comprise the main feedback loop of the molecular clock

and ~24 h are needed to complete one feedback cycle. The
posttranslational modification and degradation of molecular
clock proteins are also important for determining circadian
periodicity. Accumulated PER1/2 proteins are phosphory-
lated in the cytoplasm by CKl1e.!* Phosphorylated PER1/2
is a target for polyubiquitination via the function of B-TrCP
ubiquitin ligase and degradation by the 26S proteasome.'
Cytoplasmic CRY1/2 proteins are also degraded by the
ubiquitination system mediated via FBXL3 ubiquitin ligase.'
CLOCK-BMALL also initiates the transcription of a second
feedback loop that is involved in the E-box-mediated tran-
scription of RORa and Rev-erba.'*'’ REV-ERB. protein can
repress Clock and Bmall via RORE transcription sequences
located within their promoters, whereas RORa can activate
Bmall transcription,!6181

Peripheral clocks

Core clock components have been identified in most periph-
eral organs including the lungs, liver, and skeletal muscle,
indicating that circadian oscillators (called peripheral clocks)
are located in these tissues.?*>> Comprehensive gene analysis
of the liver using DNA microarrays has shown that molecular
clock components regulate the expression of hundreds of
genes outside the feedback loop.” These genes are called
clock-controlled genes and they are direct transcriptional
targets of the core clock machinery.*** Comparisons of
circadian transcriptomes among tissues have indicated a
low ratio of circadian genes that are commonly expressed in
various tissues.??>2 This tissue specificity of circadian genes
is considered to govern the physiological characteristics of
each tissue.

Discovery of molecular clocks in skeletal

muscle

Zylka et al discovered the circadian expression of Per1/2/3 in
skeletal muscle and proposed that circadian oscillators reside
in skeletal muscle.?” To identify transcripts with circadian
expression in skeletal muscle, Miller et al?® and McCarthy
et al® independently used DNA microarrays to find 267 and
215 genes, respectively, with expression that oscillated over
a 24 h period. Among them, some genes belonged to the core
molecular clock, whereas others were specific to muscles and
involved in metabolism (ATP synthases, Fbxo32 also known
as Mafbx or Atrogin-1, and/or Trim63 also known as Murf1),
transcription (Myod1), and cytoskeletal organization (7ropo-
nins and Myhl).?® The profiling of circadian gene expression
has provided basic evidence with which to understand the
role of the molecular clock in skeletal muscle.
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Synchronization of circadian

rhythms in skeletal muscle

A critical feature of peripheral clocks is that the phase of
circadian clock gene expression can be synchronized with
the SCN, which was originally thought to have a master—
slave relationship with peripheral clocks by coordinating
their respective circadian rhythms via neural and humoral
signals.”3® However, more recent studies have found that
scheduled feeding or exercise can phase-dissociate the molec-
ular clock in peripheral tissues from that in the SCN.*!'%2 The
dominant stimuli for synchronization of the skeletal muscle
clock to the SCN remain controversial. When SCN-lesioned
and intact mice were parabiotically linked and shared a cir-
culatory system, humoral and behavioral signals could not
reinstate the circadian expression of clock genes in skeletal
muscle, heart, and spleen, but they resynchronized clock gene
expression in the liver and kidney, suggesting that humoral
signals are insufficient to enforce rhythmicity in skeletal
muscle.*® This section discusses the intensity of feeding and
exercise as entrainment factors for skeletal muscle clocks.

Function of feeding and humoral factors
on circadian expression of clock genes in

skeletal muscle

Feeding time is a dominant zeitgeber for peripheral clocks
in mammals. Exposing nocturnal rodents to time-imposed
restricted feeding (RF) for 4 h/day during the light period
inverts the circadian phase of clock gene expression in the
liver but does not affect that in the SCN.?!23 The possibil-
ity that insulin causes feeding-induced phase shifts in clock
gene expression within peripheral tissues has been consid-
ered. We found that the temporal expression of circadian
clock genes in mice became synchronized in the liver, but
not in skeletal muscle when feeding is restricted to 8 h/day
during the light period.**3® We also found that RF inverts
the circadian phase of plasma insulin,?*3¢ suggesting that
the circadian fluctuation of plasma insulin is not a dominant
zeitgeber for the skeletal muscle clock. Nocturnal wheel-
running activity, body temperature, and corticosterone secre-
tion were similar between mice fed only during the nighttime
or the daytime under our experimental conditions.** Neural
signals from the central clock in the SCN, corticosterone,
physical activity, and body temperature might be more
potent zeitgebers for the skeletal muscle clock than feeding
time and insulin, although intraperitoneally injected insulin
induces Perl and Per2 gene expression in mouse skeletal

muscle.*® Differences in tissue sensitivity to feeding time
might cause desynchronization among molecular clocks
in metabolic organs such as the liver and skeletal muscle,
leading to disrupted metabolism.

Impact of physical activity on circadian

clock gene expression in skeletal muscle

Exercise is also a time cue for skeletal muscle clocks that
is independent of the SCN. Several studies have shown that
scheduled wheel running or treadmill exercise during the
inactive period advances the phase of the circadian activity
rhythm in rodents.?”® Zambon et al reported that the human
clock genes, PER2 and BMALI, are upregulated by resis-
tance training in one leg compared with the contralateral
untrained leg.** McCarthy et al identified 215 circadian
genes in a DNA microarray analysis of mouse skeletal
muscle, among which expression peaked in 40% of them
at the middle of the dark (active) period.?® Wolff and Esser
showed that the circadian phase of bioluminescence rhythms
in the skeletal muscle of PER2-Luciferase knock-in mice
was advanced 3 h by forced treadmill exercise for 4 weeks
during the light (inactive) period, but the SCN was not
affected.*’ These findings indicated that muscle contractile
activity might be a zeitgeber in skeletal muscle indepen-
dently of the SCN. However, exercise is accompanied by
systemic changes, such as accelerated energy metabolism,
hormonal fluctuations, increased body or local muscle
temperature, and neural adaptation,* and which factor is
critical for resetting muscle clocks has not been determined.
Glucocorticoids are critical time cues for peripheral clocks*
and their release is increased by exercise. We have shown
that the peak plasma corticosterone levels in mice given
free access to a running wheel for 4 weeks were twice as
high as those in mice housed under sedentary conditions,
and temporal profiles of corticosterone concentration were
phase advanced in mice housed with a running wheel.**#
We also have shown that phase advance of corticosterone
concentration coincided with the elevation of peak expres-
sion level and slight phase advance of circadian clock
gene expression in skeletal muscle of mice housed with a
running wheel.** Sasaki et al showed that forced treadmill
running increased serum corticosterone concentration and
it seemed to contribute to the phase shift of peripheral
clocks.® These findings suggest that corticosterone secre-
tion might be a potent zeitgeber in skeletal muscle during
exercise. We previously reported that neural signals are
indispensable to retain the normal oscillation of clock
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gene expression in the skeletal muscle of mice with sciatic
denervation.*® The expression levels of most clock genes
such as Bmall, Perl, Rev-erba, and Dbp were reduced in
denervated muscle, although circadian Per2 expression was
significantly augmented (Figure 1). The circadian expres-
sion of Bmall and Dbp is phase advanced in denervated
muscle.*® Dyar et al also recently found that Bmall and
Dbp are phase advanced in denervated muscle and they
interpreted this as resulting from total muscle inactivity.*’
Sciatic denervation did not affect clock gene expression in
the contralateral muscle (Figure 1), indicating that humoral
changes are not involved in muscle clock disruption induced
by denervation. Sciatic denervation did not alter the circa-
dian rhythms of body temperature, spontaneous behavior
rhythms, corticosterone concentrations, and hepatic clock
gene expression, indicating that systemic circadian rhythms
do not affect disrupted clock gene expression in denervated
muscle.*® However, whether the effect on atypical clock
gene expression depends upon the loss of nerve activity or
muscle contraction is not understood. We postulate that the

activity of nerves and accompanying muscle contraction
are more potent synchronizers for skeletal muscle than
glucocorticoids during exercise (Figure 2).

Functional roles of the molecular
clock and clock-controlled genes in
skeletal muscle

Phenotype of muscle mass and strength

in clock gene—mutant mice

Kondratov et al discovered that the molecular clock is
important for maintaining skeletal muscle homeostasis.*
They reported that the life span of Bmall-null mice is short
and they develop severe sarcopenia at 40 weeks of age,
whereas these phenomena are not evident in wild-type mice.*
Andrews et al demonstrated reduced muscle force, dysfunc-
tional mitochondria, and disrupted myofilament architecture
in Bmall-null mice and Clk/Clk mutant mice, suggesting
that disruption of the molecular clock leads to structural and
functional changes in skeletal muscle.®
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Figure | Sciatic denervation disrupts circadian rhythms of clock gene expression in skeletal muscle on days 7 and 28 after denervation.

Notes: Messenger RNA expression of clock genes in skeletal muscle at indicated times. Sciatic nerve was unilaterally transected and mice were sacrificed at 4 h intervals
7 and 28 days later. Contralateral innervated muscles of the same mice and muscles of intact mice served as controls. Sciatic denervation is associated with robust and
sequential muscle atrophy. Denervated muscle weight decreased by 30% and 67% at days 7 and 28, respectively, compared with intact muscle.* Upregulated Clock expression
was not associated with progressive muscle atrophy. Expression of Per2, Bmall, and Rev-erba was atypical on days 7 and 28 and became altered as atrophy advanced.
Expression of Per/ and Dbp was atypical only on day 28 (when muscle had become more atrophic). White and black bars below each graph indicate light and dark periods.

‘" indicates no effect. Data from Nakao et al.*
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Light

Central clock; SCN

Neural signal
Muscle contraction

Feeding

Hormone
(insulin, glucocorticoids)

Skeletal muscle clock

Figure 2 Several zeitgebers work for appropriate oscillation of skeletal muscle clock. Light input synchronizes master circadian clock in the SCN to environmental light—dark
cycles, followed by aligned behavioral and physiological rhythms. Peripheral tissues differ in terms of dependence on time cues such as neural or humoral factors. Skeletal
muscle seems more sensitive to neural signals and muscle contraction than to feeding and humoral factors.

Abbreviation: SCN, suprachiasmatic nucleus.

The phenotype of skeletal muscle is heavily influenced by
systemic factors such as hormones, metabolic state, activity
level, and neural input. The possibility that the altered skeletal
muscle in Bmall-null mice and CIk/Clk mutant mice resulted
from a clock gene mutation in other organs could not be
excluded. Dyar et al examined the specific role of the skeletal
muscle clock using mouse models in which Bmall in skeletal
muscle was specifically abolished.® The line was a traditional
tissue-specific knockout (KO); that is, mice with a floxed
Bmall allele were bred with mice carrying a Cre recombinase
transgene under the control of the MlcIf promoter.*® Unlike
Bmall-null mice, these muscle-specific Bmall KO mice did
not develop sarcomere changes or degeneration even at the
age of 26 months.*® In addition, the muscle of these mutants
was heavier, although with slightly less force than those of
wild-type mice at 5 months age.*® We also reported that the
muscle weight of wild-type and muscle-specific Bmall KO
mice was essentially identical in both adult (7-8 months) and
aged (23—-24 months) mice.’!' The extent of muscle mass loss
induced by sciatic denervation was also similar between wild-
type and muscle-specific Bmall KO mice, although Bmall
ablation partly attenuated the upregulation of genes encoding
the muscle atrophy-related ubiquitin ligases, MAFbx and
MuRF1, indicating that muscle Bmall plays a minimal role in
the regulation of muscle mass loss.>! These results suggested
that the circadian clock in organs other than skeletal muscle
causes the aging phenotype in Bmall-null mice.

Dyar et al further generated an inducible muscle-specific
Bmall KO (im-Bmall KO) line to eliminate any effects of
the Bmall deletion on skeletal muscle development and
postnatal maturation. These mice were generated by crossing
floxed Bmall mice with HSA-Cre-ER mice, in which the
human skeletal actin promoter controls a Cre recombinase
fused with a mutated estrogen receptor that can be activated
by tamoxifen.® Dyar et al found no differences in muscle
weight and force between the two types of mice after 5
months of tamoxifen administration.®® On the other hand,
Schroder et al found reduced specific tension and increased
muscle fibrosis in a similar im-Bmall KO model after 58
weeks of tamoxifen treatment.*? They also found significant
bone calcification and decreased joint collagen at that age,
suggesting that the muscle clock functions in both skeletal
muscle and systemic tissues via an endocrine/paracrine
function.” Regarding the discrepancies in the results of the
studies by Dyar et al and Schroder et al, Schroder et al noted
that differences in experimental design might have been the
cause.” Tamoxifen was injected into mice at 8 weeks of age
(Dyar et al), when satellite cell fusion to myofibers is still
enhanced, and into mice aged between 12 and 16 weeks
(Schroder et al). Schroder et al estimated that in Dyar et al’s
study, Bmall-negative myonuclei could have been diluted
by adding Bmall-positive nuclei after tamoxifen adminis-
tration.”> Regardless, the Bmal/l mRNA content in skeletal
muscle remarkably decreased in both studies. The second
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difference that Schroder et al pointed out was the age of mice
when they were analyzed. Dyar et al found no difference in
muscle force between im-Bmall KO and wild-type mice
after 5 months (20 weeks) of tamoxifen treatment, while
Schroder et al analyzed muscle phenotype of im-Bmall KO
mice after 56 weeks of tamoxifen treatment. We estimated
that the effect of Bmall deletion might be compensated by
unknown molecules or other organs in younger mice. Aging
leads to systemic changes such as denervation of motor units,
anabolic resistance, and reduced blood flow, as well as defects
in mitochondria and other organelles.”*** Molecular clock
disruption accelerates such changes. For example, hepatic
Bmall gene deletion elevates oxidative damage associated
with abnormal mitochondrial morphology, although infor-
mation about oxidative stress in muscle-specific Bmall KO
mice is not available.** Aging and molecular clock disruption
might additively increase health risk for skeletal muscle in
aged im-Bmall KO mice.

Yang et al recently generated ubiquitously inducible
Bmall KO mice by crossing a floxed Bmall line with a
tamoxifen-inducible universal Cre line.*® Tamoxifen started
at the age of 3 months inactivated Bmall in all tissues in adult
mice. Life span, body weight, organ weight including muscle,
fertility, blood glucose levels, and arthropathy did not signifi-
cantly differ between Bmall KO and Bmall-positive mice.
These findings suggested that the extreme aging phenotype
in Bmall null mice was caused by Bmall function during
development.>® The functional role of Bmall during develop-
ment remains unknown. It might play a role independently of
its transcriptional rhythmicity because its expression does not
oscillate throughout the day in embryonic tissues.’” Indeed, a
recent study found that BMAL1 rhythmically interacts with
translational machinery and promotes protein synthesis in the
mouse liver and brain during the active period independently
of its role as a transcription factor.*® To identify the role of
Bmall in protein synthesis in the skeletal muscle of adult
mammals requires further study.

Metabolic phenotype of muscle-specific

Bmal | -deficient mice

Studies of skeletal muscle—specific Bmall KO mice have
focused on metabolic effects. Glucose uptake in the skeletal
muscles of muscle-specific Bmall KO mice is impaired
with reduced protein levels of GLUT4, an insulin-dependent
glucose transporter, and TBC1D1, a Rab-GTPase involved
in GLUT4 translocation.>® The activity of pyruvate dehy-
drogenase that catalyzes the decarboxylation of pyruvate to
acetyl CoA is also reduced in muscle-specific Bmall-KO

mice, indicating depleted glucose oxidation. These findings
suggest that the muscle clock functions using glucose as the
predominant energy substrate to fuel skeletal muscle at the
light-to-dark transition. The findings of the DNA microar-
ray analyses by Hodge et al indicated that genes involved in
carbohydrate catabolism and storage peak early during the
dark and the mid-active periods, respectively.® This type
of time-dependent gene expression is disrupted in muscle-
specific Bmall KO mice. These findings suggest that the
intrinsic muscle clock temporally regulates genes involved in
substrate utilization and storage and that a disrupted muscle
clock diminishes the ability of skeletal muscle to maintain
metabolic homeostasis.

Application of circadian rhythms
to maintenance of skeletal muscle

function

Pharmaceutical (e.g., testosterone, estrogen, and growth
hormone) and non-pharmaceutical (e.g., resistance training,
increased protein intake, and amino acid supplementation)
approaches are applied to counteract muscle defects such
as sarcopenia.®®*®! Although pharmaceutical therapies can
combat sarcopenia to some degree, resistance training when
combined with amino acid supplementation is the most effec-
tive means of preventing and treating sarcopenia.®? However,
the temporal specificity of these therapeutic methods for
muscle defects has not been confirmed. In this section, we
explain the studies on chronopharmacology, chrononutri-
tion, and chronoexercise and discuss the potential of each
for skeletal muscle health.

Chronopharmacology

Chronopharmacology aims to treat illnesses according to
the endogenous biological rhythms that modify xenobiotic
metabolism and cellular drug responses.®® Early studies of
chronopharmacology published between the 1960s and 1970s
identified several-fold changes in toxicity as a function of the
time when a fixed dose of medicine was delivered. This is
particularly important for treating cancer and inflammation.*
The recent development of programmable drug-delivery
pumps has enabled anti-cancer drug release in specific tis-
sues at selective time points with minimal or no nursing
intervention.®** New drug formulations have also been
developed to control the timing of drug release in the body.
For example, capsules of montelukast sodium, a drug to treat
asthma, are administered before bedtime, and its formulation
enables pulsatile release to prevent episodic asthma attacks
in the early morning.% Modifications in dosing time have
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also progressed. One type of conventional chronotherapy
for hypertension aimed to attenuate the morning increase
of blood pressure and thus medications such as angiotensin
II inhibitors and calcium channel blockers were taken in
the morning. However, a number of clinical trials failed to
substantiate the merit of targeting the morning to decrease
risk of cardiovascular diseases.®” Recent clinical trials showed
that the ingestion of these agents at bedtime could shift 24 h
blood pressure profiles toward normal and reduce the risk of
vascular disease incidents.®*"!

To our knowledge, pharmacological interventions for
sarcopenia and muscle defects have not been proven. As an
example of chronopharmacology to treat skeletal muscle
mass loss, we showed that muscle atrophy as a side effect
of glucocorticoid treatment can be attenuated by optimizing
the dosing schedule.” Muscle atrophy was more extreme in
mice injected intraperitoneally with 10 mg/kg dexamethasone
(a synthetic glucocorticoid), at ZT1 (inactive period) than
at ZT13 (active period), when endogenous glucocorticoid
release is lowest and highest during the day, respectively.”
Dexamethasone similarly decreased the weight of the spleen
at both dosing times, indicating that the immunosuppressive
effect of dexamethasone is time independent.” These findings
suggested that circadian rhythms should be considered during
various types of therapy to retain skeletal muscle mass. We
postulate that the molecular circadian clock was involved
in these findings because the attenuation of muscle atrophy
induced by time-dependent dosing with dexamethasone was
abolished in CIk/Clk mutant mice.”” However, we could not
determine whether the dosing time-dependent attenuation of
muscle atrophy was regulated directly by the muscle clock, or
indirectly by molecular clocks in other organs, because Clock
gene was mutated throughout the body in CIk/Clk mutant
mice. Further study using muscle specific-Bmall KO mice
is needed to establish the role of muscle molecular clock on
dosing time-dependent sensitivity to drugs.

Chrononutrition

Evidence of interaction between the circadian clock machin-
ery and food intake/exercise supports the notion that chro-
nonutrition and chronoexercise have therapeutic value.”®’
Chrononutrition encompasses the timing of food intake and
the contribution of food components to the maintenance of
health, and the timing of food intake or contribution of food
components to rapid changes in or the resetting of circadian
clock systems.™” Factors such as caffeine, nobiletin, and
resveratrol in foods can change molecular and/or behav-
ioral circadian rhythms.”® The relationship between the

timing of food intake and skeletal muscle health remains
controversial. Several studies have shown that the timing
of dietary protein intake contributes to the acceleration of
muscle protein synthesis in humans. Mamerow et al used a
7-day crossover feeding test to examine the effect of protein
distribution among three meals per day in healthy adult men
and women (age, 36.913.1 years; body mass index [BMI],
25.7%0.8).”” The participants consumed isoenergetic and
isonitrogenous diets containing evenly or unevenly dis-
tributed amounts of protein at breakfast, lunch, and dinner
(31.5£1.3,29.9£1.6, and 32.7£1.6 g vs. 10.7£0.8, 16.010.5,
and 63.4%3.7 g protein). The rate of muscle protein synthe-
sis on day 7 was 25% higher in the group that consumed
evenly distributed protein.”” Murphy et al implemented a
randomized trial that included overweight and obese older
men (age, 6614 years; BMI, 31£5).” One group was given
a diet with evenly distributed protein across all daily meals
(~25% of total protein intake at breakfast, lunch, dinner,
and pre-bedtime snack). The other group received most of
the dietary protein at dinnertime (about 7% of total protein
intake at breakfast, 17% at lunch, 72% at dinner, and 4% as
a pre-bedtime snack). One month later, myofibrillar protein
synthesis was stimulated more by the diet with evenly than
with unevenly distributed dietary protein in both the pres-
ence and absence of resistance training.”® Although neither
study determined precise muscle weight and force, both
showed that skewed dietary protein intake with the highest
consumption of dietary protein in the evening stimulated
less muscle-protein synthesis than a balanced distribu-
tion of daily protein intake. Whether or not the molecular
clock in skeletal muscle is relevant to the different rates
of muscle protein synthesis caused by the distribution of
dietary protein intake remains unknown. The absorption
and metabolism of dietary protein in other organs might
cause time-dependent acceleration of protein synthesis
in skeletal muscle, because the activity and expression of
the intestinal H* peptide cotransporter PEPT1 is diurnally
regulated.”3® Lipton et al indicated that hepatic BMALI1
is rhythmically phosphorylated by the mTOR-effector
kinase S6K1 and associated with translational machinery,
suggesting that BMALI regulates the oscillation of pro-
tein synthesis independently of its role in transcriptional
regulation.’® Further study is required to elucidate whether
skeletal muscle protein synthesis oscillates in a circadian
manner and whether it is relevant to muscle clock function.
To understand the optimal timing for dietary protein intake
to accelerate muscle protein synthesis would be useful to
help patients with sarcopenia gain muscle mass.
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Chronoexercise is the study of the role of exercise timing in
health maintenance and the effects of exercise on resetting
the circadian clock system. Skeletal muscle torque, strength,
and power in humans are higher during the late afternoon than
during the morning, and this seems to be a result of muscle
changes rather than central and systemic effects.®! As well as
muscle performance is increased in the afternoon than in the
morning, some groups have investigated whether training
at a specific time of day could maximally increase muscle
strength.®! Souissi et al examined the effect of regular training
in the morning (between 07:00 and 08:00) or in the evening
(between 17:00 and 18:00) for 6 weeks in male university
students (age, 1911.2 years; height, 1.8+0.03 m; body mass,
68.814 .4 kg).®? The results showed that muscle power when
measured in the morning was greater than that measured in the
evening in the group that trained in the morning. On the other
hand, muscle power when measured in the evening increased
more in the group that trained in the evening, suggesting that
adaptation to strength training is greater at the time of day
when training routinely occurs.®? Sedliak et al also evaluated
the effect of training in the morning (between 07:00 and 09:00)
or the evening (between 17:00 and 19:00) for 10 weeks on
muscle strength and electromyographic (EMG) activity in
healthy participants (morning group: age, 3219 years; height,
1.79£0.09 m; body mass, 82.618.5 kg; evening group: age,
3347 years; height, 1.80+0.07 m; body mass, 79.9+11.3 kg).®*
Muscle strength increased when measured during the morning
in the group that trained in the morning and increased when
measured during the evening in the group that trained in the
evening. However, EMG activity during the measurement
of muscle strength did not reveal any time-of-day-specific
adaption, suggesting that peripheral/muscle adaptation rather
than neural adaptation is the main source of temporal speci-
ficity in strength training.** Sedliak et al measured muscle
volume to determine the effects of training-induced muscle
hypertrophy at a specific time of day for 10 weeks in men.3
The results showed that 10 weeks of training in the morning
or in the evening increased the cross-sectional area of the
quadriceps femoris muscle by 2.7% and 3.5%, respectively,
but the difference was not significant.* Adaptation to train-
ing is temporally specific to increase muscle strength, but
not muscle volume, in adult humans.®*# Whether or not a
specific time of training would improve sarcopenia in aged
populations should be determined. The relevance of molecular
clocks to a time-dependent effect of exercise also remains
unknown. Adaptation to chronic exercise in mice does not
require CLOCK protein because voluntary wheel running for

8 weeks improves the endurance capacity of CIk/Clk mutant
mice, although they had a lower mitochondrial content than
wild-type mice.* Sasaki et al indicated that the feeding phase
was advanced and delayed by evening and morning exercise,
respectively, in mice subjected to scheduled exercise for a
period of 4 h during the early dark period or the late dark
period using a running wheel.** The feeding pattern elicited
by the scheduled exercise may modify skeletal muscle func-
tion.* Further investigation is required to determine the role of
molecular clocks in the effects of time-specific improvements
in muscle performance caused by exercise.

Conclusion
Recent epidemiological studies have suggested that disrup-
tion of the circadian clock by environmental and biological
factors such as aging, shift work, jet lag, and sleep disorders
might contribute to the prevalence of diseases associated with
skeletal muscle such as sarcopenia and metabolic disorders.>*
A direct relationship between circadian rhythm disruption and
skeletal muscle disease has not been identified in humans.
However, several basic studies of different mouse models
of clock gene deficiency have found that molecular clock
disruption affects skeletal muscle physiology. The pheno-
type of muscle-specific Bmall KO mice uses less glucose as
energy fuel, suggesting that the muscle clock functions using
glucose as the predominant energy substrate at the light-to-
dark transition in adult mice.*® On the other hand, clock gene
disruption hardly affects muscle architecture and strength
in young and adult mice.?**2¢ The effects of muscle clock
disruption might be highlighted by aging, since the skeletal
muscle of aged im-Bmal KO mice is fibrotic, has reduced
force, and is accompanied by bone calcification, although
such phenotypes are not evident in younger im-Bmal KO
mice.*? Aging-related systemic changes such as the denerva-
tion of motor units, oxidative damage, as well as anabolic
resistance and molecular clock disruption caused by shift
work, jet lag, and sleep disorders might additively increase
risk for poor skeletal muscle health among aged populations.
Treatment strategies for skeletal muscle-related diseases
such as sarcopenia and metabolic diseases are mainly based
on exercise and adequate protein intake.®? Consideration of
the circadian clock machinery might help to render these
approaches more effective for retaining skeletal muscle health
because their effects might be time dependent, although this
has not yet been directly proven. Several studies have found
that exercise and several nutrients can alter the circadian
phase and amplitude of clock gene expression,’*’63¢ which
implies that intervention could affect the circadian rhythms

54 submit your manuscript

Dove

ChronoPhysiology and Therapy 2017:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Skeletal muscle and circadian rhythm

of skeletal muscle. The best timing for exercise and nutrition
intake should differ among individuals. These facts should
be taken into consideration when creating therapeutic strate-
gies for sarcopenia and metabolic diseases, and maintaining
a finely tuned molecular clock rhythm might be one factor
involved in correcting these conditions.
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