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The mammalian circadian clock regulates the day and night cycles of various
physiological functions. The circadian clock system consists of a central clock in the
suprachiasmatic nucleus (SCN) of the hypothalamus and peripheral clocks in peripheral
tissues. According to the results of circadian transcriptomic studies in several tissues,
the majority of rhythmic genes are expressed in a tissue-specific manner and are
influenced by tissue-specific circadian rhythms. Here we review the diurnal variations of
musculoskeletal functions and discuss the impact of the circadian clock on homeostasis
in skeletal muscle and bone. Peripheral clocks are controlled by not only photic
stimulation from the central clock in the SCN but also by external cues, such as feeding
and exercise. In this review, we discuss the effects of feeding and exercise on the
circadian clock and diurnal variation of musculoskeletal functions. We also discuss the
therapeutic potential of chrono-nutrition and chrono-exercise on circadian disturbances
and the failure of homeostasis in skeletal muscle and bone.
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INTRODUCTION

Various physiological functions, including the sleep wake cycle, body temperature, hormone
secretion, and locomotor activity, exhibit circadian rhythms. This time-dependent regulation is
driven by an internal circadian clock. In mammals, the circadian clock is divided into two parts, the
master clock in the suprachiasmatic nucleus (SCN) of the hypothalamus and peripheral clocks in
the peripheral tissues, such as the liver, skeletal muscle and so on, as well as brain areas other than
the SCN. The master clock in the SCN acts as a time keeper in the whole body; thus, it integrates and
entrains the peripheral circadian clocks by regulating neural and endocrine pathways, such as the
sympathetic nervous system and glucocorticoid signaling (Schibler et al., 2003; Shibata, 2004). Light
is the major entraining factor for the SCN. On the other hand, the peripheral clocks are entrained
by not only the light-dependent regulation of the SCN but also scheduled feeding and scheduled
exercise in an SCN-independent manner (Tahara and Shibata, 2013). The molecular mechanisms
of circadian clock systems in mammals have been investigated since Clock (Circadian locomotor
output cycles kaput) was discovered in 1997 (King et al., 1997). Circadian rhythm is produced by
the transcriptional and translational regulation feedback loop of core clock genes, which include
Bmall (Bain and muscle ARNT-like 1), Clock, Perl (Periodl), Per2, Cryl (cryptochromel), and Cry2.
CLOCK and BMALLI are transcriptional factors that have a basic helix-loop-helix PAS domain,
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and the heterodimer of CLOCK and BMALLI proteins binds to an
E-box binding element in the promoter regions of Per and Cry,
and its binding activates the transcription of these genes (Gekakis
etal., 1998). After transcription and translation, PER1/2 proteins
localize to the cytoplasm and are phosphorylated by CKIe (Casein
kinase Ie) (Lowrey et al, 2000). The phosphorylated PER1/2
proteins are not stable and are degraded by ubiquitination
systems. CRY1/2 proteins in the cytoplasm are also degraded
by ubiquitination systems via FBXL3 (F-box and leucine rich
repeat protein 3) (Busino et al., 2007). The localization of CRY1/2
and PERI1/2 to the cytoplasm promotes the formation of the
PERs/CRYs/CKIe complex. This complex accumulates in the
nucleus and suppresses the transcription of Pers and Crys by
CLOCK and BMALL. In addition, Rev-erbs (nuclear receptor
subfamily 1, group D) and Rors (RAR-related orphan receptor)
genes are the target genes of the complex of BMAL1 and CLOCK
(Preitner et al., 2002; Sato et al., 2004). REV-ERBs and RORs act
as the repressor and activator of Bmall and Clock transcription,
respectively, via binding to an ROR-responsive element (Preitner
et al., 2002; Sato et al., 2004). Recent circadian transcriptomic
studies revealed that clock genes are expressed in several tissues,
and that the expression of rhythmic genes in each tissue occurs
in a tissue-specific manner (Miller et al., 2007; Zhang et al.,
2014), suggesting that peripheral clocks in each tissue generate
the biological rhythm of tissue-specific functions.

Clock genes are also expressed in skeletal muscle and bones
of the skeleton, and it is thought that the clock genes regulate
muscular- or osseous-specific biological functions (Dudek and
Meng, 2014; Mayeuf-Louchart et al., 2015; Chatterjee and Ma,
2016; Yang and Meng, 2016). Skeletal muscle and bone have roles
in not only the regulation of locomotion and postural support but
also the control of nutritional homeostasis, such as maintaining
glucose and calcium levels. Feeding and exercise stimulate these
tissues and change their functions, including the maintenance
of tissue mass and metabolism. Here, we review and discuss
mainly two topics as follows: (1) the role of circadian rhythms
in the biological functions of muscles and bone, and (2) the
entrainment or regulation of the circadian clock or biological
rhythm in skeletal muscle and bone by feeding and exercise.

CIRCADIAN RHYTHM IN SKELETAL
MUSCLES

Most mammalian cells express molecular clock genes and have
a circadian clock system. Skeletal muscle cells also express
molecular clock genes and show a circadian rhythm expression
pattern. Using DNA microarray and RNA-seq methods Zhang
et al. reported on the circadian transcriptome of 12 mouse organs
and found that most rhythmic genes show an organ-specific
pattern (Zhang et al, 2014). The circadian transcriptome of
adult mouse skeletal muscle has also been identified by Miller
et al., McCarthy et al,, and Dyar et al. (McCarthy et al., 2007;
Miller et al., 2007; Dyar et al.,, 2015). A small number, 3.4%, of
the expressed genes in skeletal muscle show a circadian rhythm
expression pattern (Miller et al., 2007). In addition, it has been
reported that the number of rhythmic genes in skeletal muscle

depends on the muscle fiber type; 684 rhythmic genes were
found in the fast-twitch tibialis anterior muscle, while 1359 were
identified in the slow-twitch soleus muscle (Dyar et al., 2015).
The phase of expression of many rhythmic genes in skeletal
muscle occurs at the mid-point of the subjective active phase
(McCarthy et al., 2007; Miller et al., 2007). In liver, the phase
expression of many rhythmic genes is different from that in
skeletal muscle, the large cluster of phase expression occurs at
the mid-point of subjective day and subjective night, respectively.
One of the reasons for this may be that scheduled exercise
can entrain the circadian clocks in skeletal muscles (Wolff and
Esser, 2012), i.e., the phase of rhythmic gene expression in
skeletal muscle may be regulated by the rhythm of locomotor
activity. These results from circadian transcriptomic studies in
skeletal muscle suggest circadian regulation of several muscle
functions. For example, Myodl (myogenic differentiation I),
Ucp3 (uncoupling protein 3), Atroginl (F-box protein 32), Myhl
(myosin heavy chain 1) are muscle-specific genes that play
roles in myogenesis, muscle lipid utilization, protein metabolism
and the organization of myofilaments, respectively. They have
shown the circadian rhythms of gene expression, some of
which have been shown to be directly regulated by clock
genes (Andrews et al., 2010; Zhang et al., 2012). On the other
hand, since the rhythmic expressions of Myodl and Atroginl
in ad libitum feeding mice are not observed in fasting mice
(Shavlakadze et al., 2013), feeding and fasting patterns may be
important factors for the rhythmic expression of muscle specific
genes.

THE ROLE OF THE CIRCADIAN CLOCK IN
MUSCLE MASS, MUSCLE STRENGTH,
AND MYOFIBER TYPE

The roles of molecular circadian clocks in skeletal muscle mass,
strength, and myofiber type are demonstrated with the use
of molecular clock gene-deficient or mutant mice (Table 1).
Kondratov et al. were the first to report on the effect of the
molecular clock on muscle phenotype (Kondratov et al., 2006).
Whole body Bmall knockout in mice causes sarcopenia, i.e.,
age-dependent reduction of muscle mass, thus muscle loss
is not observed in young Bmall knockout mice (Kondratov
et al., 2006). In recent years, the muscular phenotypes of some
Bmall knockout mice have been reported, with time-dependent
knockout or tissue-specific knockout (Dyar et al., 2014; Schroder
et al., 2015; Harfmann et al., 2016; Schiaffino et al., 2016; Yang
et al., 2016). Yang et al. reported that body weight loss and
early aging were not observed in tamoxifen-inducible Bmall
knockout mice under the treatment of tamoxifen after muscle
development (>3 months) (Yang et al., 2016). In addition, Dyar
et al. showed that reductions in muscle weight and strength
were not observed in inducible muscle-specific Bmall knockout
mice once Bmall knockout was induced after development
(Dyar et al., 2014). These reports suggest that Bmall expression
during development is important for the maintenance of weight
gain and muscular strength. In addition to the timing of
Bmall expression, the role of intrinsic muscular Bmall in
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TABLE 1 | Summary of the muscular and osseous phenotypes in clock gene mutant mice.

Genotype

Muscular or osseous phenotypes

Bmal1 knockout

Muscle

Age-related muscle loss (sarcopenia) (Kondratov et al., 2006)
Reduction in muscle fiber size (Kondratov et al., 2006; Chatterjee et al., 2013)
Fiber-type shift (Dyar et al., 2014; Schroder et al., 2015)

Disruption of myofiber architecture (Andrews et al., 2010)

Reduction of mitochondrial volume (Andrews et al., 2010)

Impaired muscle regeneration (Chatterjee et al., 2015)

Bone

High bone mass at young age (Fu et al., 2005)

Age-related bone loss (Samsa et al., 2016)

Abnormal bone calcification and arthropathy (McDearmon et al., 2006)

Inducible Bmal1 knockout mice after development
(> 3 months)

Bone
Normal bone and joint (Yang et al., 2016)

Muscle-specific Bmal1 knockout

Muscle

Insulin resistance and glucose intolerance (Dyar et al., 2014; Harfmann et al., 2016)
Impaired insulin stimulated glucose uptake (Dyar et al., 2014; Harfmann et al., 2016)
Increased muscle mass and size (Dyar et al., 2014)

Decreased muscle strength (Dyar et al., 2014)

Slight shift in fiber type (Dyar et al., 2014)

Bone

Thick bone (Schroder et al., 2015)

Muscle-specific inducible Bmal1 knockout after
development (> 3 months)

Muscle
Normal muscle weight and normal size (Dyar et al., 2014)

No significant change (Dyar et al., 2014) or a slight decrease in muscle strength (Schroder
etal., 2015)

No significant change (Dyar et al., 2014) or a slight shift in fiber type (Schroder et al., 2015)

Osteoclast-specific Bmal1 knockout

Bone
High bone mass (Xu et al., 2016)

Clock mutant

Muscle

The disruption of myofiber architecture (Andrews et al., 2010)
Reduction in muscle strength (Andrews et al., 2010)
Reduction in mitochondria (Andrews et al., 2010)

Per1 knockout

Muscle

No significant change in muscle mass (Bae et al., 2006)
Bone

No significant change in bone mass (Fu et al., 2005)

Per2 knockout or Per2 mutant

Muscle

No change in muscle mass and lower exercise tolerance (Bae et al., 2006)
Bone

High bone mass at 3 months of age (Maronde et al., 2010)

No significant change in bone mass (Fu et al., 2005)

Per1/2 knockout or Per1/2 mutant mice

Bone
High bone mass (Fu et al., 2005)

Per1~/~ /Osteoblast-specific-Per2 mutant mice

Bone
High bone mass (Fu et al., 2005)

(Continued)
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TABLE 1 | Continued

Genotype

Muscular or osseous phenotypes

Cry1 knockout

Bone
No significant change in bone mass (Fu et al., 2005)

Cry2 knockout

Bone

High bone mass at 3 months of age (Maronde et al., 2010)
No significant change in bone mass (Fu et al., 2005)

Bone

High bone mass (Fu et al., 2005)

Per2 mutant / Cry2 knockout

Bone
No significant change in bone mass (Maronde et al., 2010)

Rev-erbaa knockout

Muscle

Disruption of myofiber architecture (Woldt et al., 2013)

Reduction of mitochondrial volume (Woldt et al., 2013)

Lower exercise capacity (Woldt et al., 2013)
Slight fiber-type shift (Pircher et al., 2005)

the muscle weight and strength has also been reported (Dyar
et al, 2014; Schroder et al, 2015). Muscle-specific Bmall
knockout mice showed an increase in muscle weight and a
decrease in muscle strength, although the whole body Bmall
knockout mice exhibited muscle loss. These reports indicate
that while a circadian clock during development regulates
muscle mass, an intrinsic skeletal muscular clock may not
directly regulate it. Lack of muscle use and the lowering of
daily locomotor activity levels reduce muscle mass (Powers
et al., 2005). Disruption of Bmall in the whole body, and
not in only skeletal muscle, induces the disappearance of an
activity rhythm and a reduction in daily locomotor activity
levels (Kondratov et al, 2006). In another report, muscle-
specific over expression of Bmall partially restores the Bmall
knockout-induced reduction of activity levels and body weight
loss without improving arrhythmic behavior (McDearmon et al.,
2006). In addition, the locomotor activity of muscle-specific
Bmall knockout mice, which show an increase in muscle mass,
have a normal circadian rhythm, and is increased activity during
the active phase (Dyar et al., 2014). These reports suggest that
circadian clock-regulated activity levels may have an important
role in the growth of skeletal muscle. Taken together, the results
suggests that early aging and muscle weight loss in whole body
Bmall knockout mice are controlled in non-myofiber cells by
Bmall during development. Although the role of Bmall for the
developing fetus has not been described, it is possible that the
rhythmic expression-independent functions of Bmall in skeletal
muscle growth are observed because Bmall, just as other core
clock genes, does not show rhythmic expression in the embryo
(Dolatshad et al., 2010). Indeed, Lipton et al. found that the
phosphorylation of BMAL1 by S6K1 (ribosomal S6 protein
kinase 1) regulates translation, independently of its regulatory
role in transcription (Lipton et al., 2015), suggesting that the
phosphorylation of BMALI may affect the synthesis of muscle
proteins, which is an important process for muscle growth.

Further investigation is required of the role of molecular clocks
in skeletal muscle growth.

Bmall knockout mice and Clock mutant mice have disrupted
myofilament architecture in their skeletal muscle and decreased
muscle strength at a single-fiber level (Andrews et al., 2010). The
disruption of the myofilament architecture is observed in Myod
knockout mice as well as Bmall knockout mice (Andrews et al.,
2010). There is a binding site for the heterodimer of CLOCK and
BMALL in the promoter region of MyodlI and this heterodimer
directly regulates the rhythmic expression of Myod1, which is not
seen in Bmall knockout mice or Clock mutant mice (Andrews
etal., 2010; Zhang et al., 2012). MyoD plays a role in myogenesis,
which includes the formation of myofibers from satellite cells
and myoblast cells. Cahtterjee et al. demonstrated that BMAL1
is one of the key players of myogenesis (Chatterjee et al., 2013).
Deficiency of Bmall in myoblast cells suppresses myogenesis
related-gene expression, including Myod, Myf5 (myogenic factor
5), and Myogenin expression, and impairs the differentiation
of myoblasts to myofibers (Chatterjee et al., 2013). Moreover,
they have shown a role for the Wnt (wingless-type MMTV
integration site family) pathway in Bmall-induced myoblast
differentiation, since the circadian regulation of Wnt pathway-
related genes is regulated by Bmall (Chatterjee et al., 2013). In
addition, they have demonstrated that Bmall in skeletal muscle
also promotes skeletal muscle regeneration via satellite cell
proliferation using in vivo muscle injury models (Chatterjee et al.,
2015). However, Schiaffino et al. reported that MyodI expression
in the skeletal muscle of muscle-specific Bmall knockout mice
showed rhythmicity and was increased during the active phase
(Schiaffino et al., 2016), while a previous study showed that
whole body Clock?!® mice did not show rhythmicity (Andrews
et al., 2010). As one of the reasons, the up regulation of Myod1
in muscle-specific Bmall knockout mice may be due to the
increase in locomotor activity during the active phase (Dyar et al.,
2014); this hypothesis is supported by the finding that mechanical
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stimulation, such as during exercise, increases Myod expression
(Legerlotz and Smith, 2008). Indeed, a stimulation such as
fasting, which might cause hypolocomotion, down regulated
the rhythmic expression of MyodI under conditions when the
rhythmic expression of Bmall is maintained (Shavlakadze et al.,
2013). As another reason, the rhythmic expression of Myodl
in muscle-specific Bmall knockout mice may be because of the
tissue-specific promoter driving genetic ablation. Myosin light
chain 1f (Mlclf) promoter was used to drive the ablation of
muscle-specific Bmall (Dyar et al., 2014). MlcIf promoter is
active in mature myocytes, but not in muscle precursor cells,
such as satellite cells (Lee et al., 2012), suggesting that deficiency
of Bmall occurs only in mature myocytes. Myod is expressed
not only in muscle precursor cells, such as activated satellite
cells and myoblasts, but also in the mature muscle myocytes,
albeit at low levels (Voytik et al., 1993; Hughes et al., 1997). The
transcriptional regulation of Myod occurs through two elements,
the “core enhancer” and a bipartite element containing the “distal
regulatory region” and the “proximal regulatory region” (Charge
et al,, 2008). Myod expression in myoblasts is activated through
the core enhancer, and its expression in mature myocytes is up
regulated through the bipartite element (Charge et al., 2008). In
addition, BMAL1 and CLOCK bind to the core enhancer, but
not the bipartite element (Andrews et al., 2010). The rhythmic
expression of Myodl in muscle-specific Bmall knockout mice
may reflect its rhythmic expression in activated satellite cells
and myoblasts, which are included in adult skeletal muscles.
Therefore, these reports indicate that clocks in myoblasts and
satellite cells and locomotor activity rhythms regulate skeletal
muscle functions, including the formation and growth of skeletal
muscle, via skeletal muscle specific regulators such as MyoD.
Skeletal muscle fiber is divided into the two types, slow-twitch
fiber and fast-twitch fiber, according to the myosin heavy chain
isoform composition (Schiaffino and Reggiani, 1996). The slow-
twitch fiber is mainly composed of myosin heavy chain isoforms I
and ITa. It has high oxidative capacity and mitochondrial volume.
On the other hand, the fast-twitch fiber is mainly composed
of myosin heavy chain isoforms IIx and IIb. Some circadian
clock genes regulate fiber type composition in skeletal muscle.
Muscle-specific Bmall knockout mice show a shift in their fiber
type from slow- to fast-twitch compared with wild type mice
(Dyar et al., 2014; Schroder et al., 2015). Deficiency of Rev-
erba, a repressor of Bmall transcription, induces a shift in
fiber type from fast- to slow-twitch in the slow-twitch soleus
muscle, however, its effects are small (Pircher et al., 2005). On
the other hand, Woldt et al. showed that fiber type did not
shift significantly in the wild type and Rev-erbar mice, although
the genetic expression of slow-twitch fiber markers was lower
in muscle from Rev-erba mice than in wild type mice (Woldt
et al,, 2013). The reason for this discrepancy may be in the
independent line of the global genetic targeting of the Rev-erba
allele. While there are few reports regarding the relationship
between molecular clocks and muscle fiber types, Bmall has the
potential to shift fiber types from fast- to slow-twitch. In contrast,
Rev-erba, the repressor of Bmall, has opposing effects on fiber

types.

THE ROLE OF THE CIRCADIAN CLOCK ON
LIPID AND CARBOHYDRATE
METABOLISM IN SKELETAL MUSCLE

As mentioned previously, there is a lot of evidence regarding the
regulatory effects of circadian rhythm on lipid and carbohydrate
metabolism in the liver (Tahara and Shibata, 2016). In skeletal
muscle, circadian rhythm-regulated lipid and carbohydrate
metabolism may be due to intrinsic molecular clocks or could
be a response to a behavior such as feeding/fasting or neural
and hormonal cues. Hodge et al. have reported that Bmall in
skeletal muscle-regulated genes is involved in the utilization
and storage of energy substrates, independent of circadian
activity (Hodge et al., 2015). For example, the peak time of
lipogenic and lipolytic gene expression occurs at the end of
the active phase and at the middle of the inactive phase,
respectively. Carbohydrate catabolism and storage peak at the
beginning of the active phase and in the middle of the active
phase, respectively. These substrate-dependent peak times for
metabolic genes in skeletal muscle are partially controlled by an
intrinsic skeletal muscle molecular clock (Hodge et al., 2015).
Other reports have demonstrated that insulin-stimulated glucose
uptake, its metabolism, and its related factors are down-regulated
in skeletal muscle-specific Bmall knockout mice (Dyar et al.,
2014; Harfmann et al., 2016). Glucose transporter 4 (GLUT4)
is a key molecule for glucose transport in skeletal muscle.
Insulin translocates GLUT4 from the cytoplasm to the plasma
membrane via the activation of the insulin signaling pathway,
which includes TBC1 domain family, member 1 (TBCI1D1).
Quantities of GLUT4 and TBC1D1 show a diurnal change, with
increased levels during the active phase and decreased levels
during the inactive phase (Dyar et al, 2014). These diurnal
changes are not observed in muscle-specific Bmall knockout
mice (Dyar et al, 2014) and a deficiency in Bmall reduces
levels of these molecules throughout the day (Dyar et al., 2014;
Harfmann et al, 2016). On the other hand, the deficiency
of muscular Bmall did not affect insulin signaling, including
the phosphorylation of Akt (Dyar et al, 2014). In addition
to affecting the transport of glucose, a deficiency in Bmall
causes dysregulation of glycolysis and glucose oxidation via the
inactivity of metabolic enzymes, such as Hexokinase 2 (HK2) and
Pyruvate dehydrogenase (PDH), suggesting abnormal glucose
metabolism (Dyar et al., 2014; Harfmann et al., 2016). Owing
to the dysregulation of the glycolytic pathway, a deficiency of
Bmall in skeletal muscle increases levels of the metabolites
related to the pentose phosphate pathway, the polyol pathway,
and glucuronic acid pathway (Dyar et al., 2014). These results,
which relate not only to the transcriptome, but also to protein
levels and metabolite levels, strongly support the notion that a
major physiological role of the muscle clock is to prepare for the
transition from the rest/fasting phase to the active/feeding phase,
when glucose becomes the predominant fuel for skeletal muscle.
Another investigation, using C2C12 myotubes, showed the role
of muscle clocks in insulin sensitivity through Sirtuin 1 (SirtI)
(Liu et al., 2016). In this report, the knockdown of Clock and
Bmall caused insulin resistance via Sirtl (Liu et al., 2016). The
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muscular clock-regulated Rev-erbo also shows high expression
levels in slow-twitch fiber type muscle, such as soleus muscle, and
regulates lipid uptake and oxidative capacity in skeletal muscle
by controlling mitochondrial biogenesis and autophagy (Woldt
etal., 2013). A deficiency in Rev-erba reduces oxidative capacity,
which causes exercise intolerance (Woldt et al., 2013). ROR« is
highly expressed in skeletal muscles (Becker-Andre et al., 1993).
A deficiency in Rora inhibits the expression of genes involved
in lipid homeostasis in skeletal muscle cells (Lau et al., 2004). In
particular, RORa directly regulates the transcription of Carnitine
palmitoyltransferase-1 (Cpt-1) and Caveolin-3 (Cav3) (Lau et al.,
2004). These data suggest that the molecular clock generates
the circadian rhythm of metabolism in skeletal muscle and that
the disruption of circadian rhythm occurs owing to metabolic
dysfunction in skeletal muscle.

THE PHASE-SHIFTED EFFECTS OF
EXERCISE AND FEEDING TIME ON
MUSCULAR CIRCADIAN CLOCKS

The hierarchy of tissue-specific clocks exists in the mammalian
circadian clock system. The clock in the SCN is termed the
master clock while clocks in other brain areas, such as the
cerebral cortex and hippocampus, and peripheral tissues, such
as the liver and skeletal muscle, are termed brain clocks and
peripheral clocks, respectively. Brain and peripheral clocks are
under the control of the master clock. Classically, the master
clock is entrained by a photic cue, such as the light-dark cycle,
and it is thought that peripheral clocks are also regulated by the
central clock in the SCN. On the other hand, peripheral clocks are
controlled in a central-clock-independent manner under certain
conditions, such as scheduled exercise and restricted feeding
(Damiola et al., 2000; Stokkan et al., 2001). Exercise is one of
the non-photic phase-shifting cues (Figure 1). Several studies
have shown scheduled exercise during the daytime or subjective
daytime advancing of the phase of circadian rhythms in rodents
(Reebs and Mrosovsky, 1989; Marchant and Mistlberger, 1996).
Wolff et al. have shown the phase advanced effects of scheduled
exercise in ex-vivo experiments (Wolff and Esser, 2012). After
scheduled voluntary or involuntary (treadmill running) exercise
during the daytime for 4 weeks, the phase expression of Per2::Luc
advances in skeletal muscle and lung but not in the SCN
(Wolff and Esser, 2012). Scheduled exercise also accelerates re-
entrainment in mouse skeletal muscle and lung but not liver
or the SCN to a new light-dark cycle (Yamanaka et al., 2008).
In addition, Yamanaka et al. have shown that exercise-induced
re-entrainment depends on the timing of exercise and on the
peripheral tissues (Yamanaka et al., 2016). In the phase advanced
light/dark cycle condition, wheel running at the beginning of
the active phase (onset) accelerates the re-entrainment of the
skeletal muscle clock but not the SCN. On the other hand, in the
phase delayed light/dark cycle condition, wheel running at the
end of the active-phase (offset) interferes with the re-entrainment
of the skeletal muscle clock. These reports have indicated the
potential of exercise to induce a phase shifting effect in skeletal
muscle with the use of ex vivo experiments. In recent years,

we have reported that exercise advances the phase of circadian
rhythm in peripheral clocks, such as liver and gastrocnemius
muscle, in in vivo experiments (Sasaki et al,, 2016). In this
report, the exercise-induced phase advance of the liver clock was
stronger following forced exercise rather than voluntary exercise,
although the difference between the two kinds of exercise to cause
entrainment was not observed in the skeletal muscle clock. While
the mechanism of exercise-induced phase shifting has not been
fully elucidated, the role of some factors has been proposed to
date. Adrenocortical hormone (Balsalobre et al., 2000; Hayasaka
et al., 2007; Sujino et al., 2012; Tahara et al,, 2015) and the
sympathetic nervous system (Terazono et al., 2003; Tahara et al.,
2015) play roles as entraining factors of peripheral clocks, and
they are released and activated by exercise (Fediuc et al., 1985;
Chennaoui et al., 2002; Stranahan et al., 2008; Zouhal et al.,
2008; Hansen et al., 2012). In fact, we have shown that forced
treadmill running increases serum corticosterone and tissue
norepinephrine levels and their elevations play an important role
in the forced exercise-induced phase shifting of peripheral clocks
(Sasaki et al., 2016). The effects of inactivity on peripheral clocks
have also been reported (Dyar et al., 2015; Nakao et al., 2015).
Nakao et al. showed that the expression of Bmall, Perl, Per2,
Rora, Nrldl, and Dbp were decreased, and the expression of
Clock was increased, in inactive muscles by denervation of the
sciatic nerve (Nakao et al., 2015). In denervated muscles, Bmall
and Dbp showed phase advance, compared with the contralateral
muscle. The denervation-induced phase advance of muscular
clocks has also reported by Dyar et al. (2015). Although the loss
of muscle activity did not completely abolish the rhythms of
muscular clocks, the rhythmic expressions of many cyclic genes
were altered by denervation (Dyar et al., 2015; Nakao et al,
2015). These data suggest that physical activity affects muscular
clocks. Further investigation is needed into the role of neuronal
signals and physical activity in the direct and indirect regulation
of muscular clocks; physical activity causes several physiological
changes, such as to body temperature and hormonal status, which
are known to affect the peripheral clocks (Tahara et al., 2017). The
phase shifting effects of exercise have been observed in human
studies (Van Reeth et al., 1994; Buxton et al., 1997, 2003; Miyazaki
et al., 2001; Barger et al., 2004). For example, Yamanaka et al.
reported that the sleep-wake cycle but not melatonin rhythm is
accelerated by exercise under dim light conditions and a phase-
advanced sleep schedule (Yamanaka et al., 2010). Zambon et al.
reported that resistant exercise changed the gene expression of
the circadian clock in the skeletal muscle of humans (Zambon
etal., 2003). These reports indicate that exercise acts as a potential
entrainer of skeletal muscle clocks in humans as well as rodents.
As mentioned before, the peripheral clock is regulated by
restricted feeding (Damiola et al., 2000; Stokkan et al., 2001). To
date, restricted feeding shifts and entrains the liver clock in an
SCN-independent manner (Hara et al., 2001; Tahara and Shibata,
2014). It is thought that insulin is the hormone responsible
for the feeding-induced phase advance of the peripheral clock
(Kuriyama et al., 2004; Tahara et al., 2011; Dang et al., 2016).
Skeletal muscle is one of the major insulin sensitive organs
and it controls whole body blood glucose levels via insulin-
stimulated glucose uptake (DeFronzo, 1988). This evidence
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FIGURE 1 | The diurnal regulation of skeletal muscle and osseous
functions by circadian clock systems and chrono-exercise and
—nutrition. The master clock in the suprachiasmatic nucleus (SCN) is reset by
a photic cue and it regulates the peripheral circadian clock and homeostasis in
skeletal muscle and bone via hormonal cues, the nervous system, locomotor
activity and feeding behavior. Muscular clocks are regulated by scheduled
exercise in an SCN-independent manner. Circadian variation of osseous
markers are regulated by scheduled feeding.

gives the expectation that clocks in insulin-sensitive organs are
regulated by restricted feeding, in other words restricted feeding
regulates the peripheral clock not only in the liver but also in
skeletal muscle. However, Guo et al. reported tissue-dependent
regulation of the peripheral clock by hormonal cues in SCN-
lesioned mice (Guo et al, 2005). When circulating factors in
SCN-lesioned mice and intact mice are shared by parabiosis, the
arrhythmic clock gene expression in the liver of SCN-lesioned
mice is restored. On the other hand, the disturbance of the
skeletal muscle clock is not restored by parabiosis, indicating
that circulating factors, such as hormones, are not important for
the regulation of the skeletal muscle clock. In fact, some reports
have shown that the expression of core clock genes, such as
Bmall and Per2, is synchronized by day time feeding in the liver
but not skeletal muscle (Reznick et al., 2013; Yasumoto et al,,
2016). On the other hand, some rhythmic genes, such as Pdk4
(pyruvate dehydrogenase kinase 4) and Ucp3, in skeletal muscles
show arrhythmic or dampened expression patterns owing to day
time feeding. These data suggest that restricted feeding does
not have a major effect on the skeletal muscle clock. However,
further evidence is needed because reports about the effect of
restricted feeding on circadian rhythm in skeletal muscle have
been limited.

CIRCADIAN RHYTHM OF BONE
FUNCTIONS

Bone is one of the organs to play a major role in the
storage of calcium and phosphorus. Three kinds of cells
exist in bone, namely osteocytes, osteoblasts, and osteoclasts,
(Prideaux et al, 2016). More than 90% of cells in bone
are osteocytes, and these cells play a role in the storage
of bone matrix (Prideaux et al., 2016), whereas osteoblasts
and osteoclasts regulate bone remodeling. Bone homeostasis is
regulated by the balance between the production of bone matrix
by osteoblasts, called bone formation, and the breakdown of
bone matrix by osteoclasts, called bone resorption (Rodan and
Martin, 2000). Not only the process of bone remodeling but
also serum concentrations of some hormones regulating bone
metabolism show diurnal variation (Dudek and Meng, 2014).
For example, it has been reported that serum concentrations
of calcitonin, calcium, osteocalcin, parathyroid hormone C-
telopeptide, skeletal alkaline phosphatase, and tartate-resistant
acid phosphatase show diurnal variation (Greenspan et al., 1997;
Srivastava et al., 2001; Shao et al., 2003; Yang and Meng, 2016). In
addition, Zvonic et al. reported on the circadian transcriptome in
calvarial bone (Zvonic et al., 2007). In this report, more than 26%
of genes expressed in calvarial bone show a rhythmic expression
(Zvonic et al., 2007). Interestingly, among the rhythmic genes in
calvarial bone 64% of genes do not exhibit rhythmic expression
in liver, brown adipose tissue or white adipose tissue. In other
words, a lot of rhythmic gene expression is controlled in a
tissue-specific manner. For example, calcium channels, ADAMs
(a disintegrin and metalloproteinases), FGFs (fibroblast growth
factors), and Runxs (runt related transcription factors), which
have critical roles in bone formation, bone remodeling, bone
metabolism regulated cytokines and bone-specific transcriptional
factors, show diurnal gene expression patterns (Zvonic et al,
2007). The transcriptomic results from calvarial bone suggest
that the process of metabolism in several bones is regulated by
circadian rhythm.

Indeed, it has been reported that some molecular clocks
regulate and maintain bone homeostasis (Table 1). Fu et al.
demonstrated that both Perl deficient and Per2 PAS domain
mutant mice have high bone mass (Fu et al, 2005). This
phenotype is also exhibited by other clock gene modified
mice, ie., Per] and 2 double knockout mice, Cryl and 2
double knockout mice, Bmall knockout mice, Per2 mutant
mice and Cry2 knockout mice (Fu et al., 2005; Maronde et al,,
2010). These reports have suggested that the molecular clock
is a negative regulator of bone mass. The high bone mass
induced by molecular clock-deficiency is controlled by osteoblast
differentiation via leptin-Adrf2 (adrenoceptor beta 2)-Crebl
cascades (Fu et al., 2005). Indeed, leptin levels are elevated in
mice with both genotypes, Perl ™/~ and Per2~/~ mutant mice,
and the elevation of leptin levels may be involved in osteoblast
differentiation via Adrf2 activation. In fact, it has been reported
that both leptin deficient mice and Adrb2 deficient mice display a
low bone mass phenotype (Ducy et al., 2000; Takeda et al., 2002).
Therefore, clock deficiency-induced high bone mass is involved
in leptin-dependent sympathetic activation via the Adrp2. In
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contrast, Samsa et al. reported that deficiency of Bmall in mice
results in age-related bone loss (Samsa et al., 2016), which is
in contrast to the results of a previous report (Fu et al.,, 2005).
The different bone phenotypes in these reports may be due to
the age differences of the mice. Pers, Crys, or Bmall deficiency-
induced high bone mass is observed during young and adolescent
ages (Fu et al,, 2005; Maronde et al., 2010). On the other hand,
Bmall deficiency-induced low bone mass is observed at geriatric
age (Samsa et al., 2016). Bmall knockout mice also show age-
associated phenotypes such as body weight loss and sarcopenia
(Kondratov et al., 2006). In addition, abnormal bone calcification
and arthropathy in Bmall knockout mice did not replicate in
tamoxifen-inducible Bmall knockout mice after development
(Yang et al., 2016). While the reason for the opposing effects
of Bmall on bone mass have not been well elucidated, the
age-dependent effects of Bmall on bone mass may be one
explanation.

The effects of circadian clock genes on bone resorption have
been examined using osteoclast-specific Bmall knockout mice
(Xu et al., 2016). The osteoclast-specific Bmall knockout mice
have a high bone mass. The upregulation of Nfatcl via the
direct regulation of the heterodimer of BMAL1 and CLOCK
induces osteoclast differentiation and then reduces bone mass
(Xu et al, 2016). This report suggests that the osteoclast
clock genes reduce bone mass via the activation of osteoclast
differentiation.

Interestingly, in recent years it has been reported that skeletal
muscle clocks are linked to the maintenance of bone homeostasis.
Schroder et al. reported that muscle specific-Bmall knockout
mice show thickening of the distal tibia (Schroder et al,
2015). Muscle and bone may communicate with each other
via endocrine factors and mechanical loading (Karsenty and
Olson, 2016). For example, myostatin, one of the hormones
secreted from skeletal muscle, regulates osteoclast differentiation
(Dankbar et al., 2015). While the mechanism of interaction of
these tissues has not been fully elucidated yet, the skeletal muscle
clock is closely linked to the maintenance of bone homeostasis.

REGULATION OF THE OSSEOUS
CIRCADIAN RHYTHM BY INTERNAL AND
EXTERNAL CUES

The circadian rhythms of bone functions are controlled by
internal or external cues to maintain a balance between bone
formation and bone resorption. The master clock in the SCN
controls the peripheral circadian clocks via output signals
such as hormonal and sympathetic nervous system signaling.
Leptin is known to be one of the entraining factors of the
circadian clock in osteoblasts (Fu et al., 2005) (Figure 1). Leptin
activates the sympathetic nervous system via the Adrp2, of which
Crebl is a downstream factor (Fu et al., 2005). These reports
indicate that the osteoblast clock is regulated by sympathetic
nervous system signals. In addition, in human osteoblasts,
treatment with a B-adrenergic receptor agonist, isoprenaline, or
synthetic glucocorticoids, dexamethasone, induces the circadian
expression of clock genes (Komoto et al., 2012), suggesting that

both sympathetic nervous system and glucocorticoid signals
are involved in the circadian rhythm in osteoblasts and act as
mediators from the SCN to osteoblasts. On the other hand, in
osteoclasts, glucocorticoid signals rather than sympathetic signals
have the ability to regulate rhythmic gene expression. Fujihara
et al. demonstrated that the rhythmic expression of clock genes is
changed by stimulation with dexamethasone but not isoprenaline
(Fujihara et al., 2014). Osteoclast-specific genes, Nfatcl (nuclear
factor of activated T cells 1) and Ctsk (cathepsin K), show rhythmic
expressions (Fujihara et al., 2014). The rhythmic expression
of Nfatcl participates in Bmall-regulated bone resorption, as
described above (Xu et al., 2016). These rhythmic expressions
are dampened in cancellous bone from adrenalectomized mice,
and glucocorticoid injection restores the rhythmic expression of
these genes (Fujihara et al., 2014). This evidence indicates that
glucocorticoid signaling acts as a mediator between the SCN
and osteoclasts for the synchronization of circadian rhythms in
osteoclasts.

Feeding and fasting regulate the diurnal variation of the bone
resorption marker serum C-telopeptide fragments of collagen
type 1 degradation (s-CTx) (Gertz et al., 1998) (Figure 1). The
levels of s-CTx in humans are higher during early morning, from
05:00 to 08:00, and lower in the late afternoon, from 12:00 to
16:00. The levels of s-CTx show diurnal variation under normal
feeding conditions, such as the consumption of breakfast, lunch
and dinner, while fasting dampens the diurnal variation of s-
CTx (Bjarnason et al, 2002; Qvist et al., 2002). In addition,
the feeding-induced generation of this diurnal variation is also
observed in the intake of glucose, protein, and fat (Bjarnason
et al., 2002). The diurnal variation of levels of s-CTx under
normal feeding conditions only occurs during breakfast but not
lunch or dinner (Bjarnason et al., 2002). A reason for this may
be that fasting plays a role in the feeding-induced generation
of the s-CTx rhythm, since the fasting period from breakfast to
lunch and from lunch to dinner is shorter than that from dinner
to breakfast. These reports suggest that the feeding and fasting
rhythm is an important factor in regulating and maintaining the
circadian rhythm of bone resorption, although the mechanism
for the preventative effects of food intake on bone resorption has
not been well investigated.

Mechanical loading, such as exercise, protects against age-
related bone loss, whereas unloading, such as bed rest, induces
bone loss (Qi et al., 2016). Some reports have shown the
effects of unloading on circadian rhythms of bone resorption
markers (Halloran et al., 1988; Pedersen et al., 1995; Kim
et al., 2000). Pedersen et al. showed that 5 days of bed rest
in healthy women did not change the circadian rhythm of s-
CTx or other serum bone resorption markers, such as alkaline
phosphatase and osteocalcin (Pedersen et al., 1995). No effects
of unloading on diurnal variation of bone resorption markers
have been shown by other reports (Halloran et al., 1988; Kim
et al., 2000). These reports suggest that a common physical
activity rhythm, which also includes low intensity exercise, does
not have the potential to regulate the circadian rhythm of
bone resorption. However, moderate or high intensity scheduled
exercise may affect the circadian variation of bone metabolism,
since mechanical loading influences bone resorption and bone
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formation, as well as circulating factors such as glucocorticoids
and parathyroid hormone (Fragala et al., 2011; Gardinier et al,,
2015; Qi et al., 2016; Sasaki et al., 2016).

PERSPECTIVES

Based on recent findings, circadian rhythms in skeletal muscle
and bone maintain their homeostasis. The disruption of muscle
clocks occurs owing to dysregulation of whole body glucose
metabolism (Harfmann et al., 2016) and bone clocks could
be negative regulators of bone mass through the inhibition
of bone formation and the activation of bone resorption (Fu
et al, 2005; Xu et al, 2016). These finding suggest that
disturbances of circadian rhythms by social or environmental
factors, such as shift work, may result in dysfunctions of skeletal
muscle and bone. In epidemiological studies, the prevalence
of metabolic syndrome, osteoporosis and bone fractures is
increased in shift workers (Feskanich et al., 2009; Pietroiusti
et al,, 2010; Quevedo and Zuniga, 2010). In addition, it has
been reported that long term constant light exposure reduces
muscle strength and bone mass in mice (Lucassen et al., 2016).
These findings indicate that the regulation of circadian rhythms
in skeletal muscle and bone by external cues, such as feeding
and exercise, are important for the maintenance of homeostasis
in these tissues, since circadian rhythm in these tissues can
be entrained or regulated by the feeding/fasting rhythm and
the physical activity rhythm, including scheduled exercise. We
report that disturbances of circadian rhythms in peripheral
clocks under constant light conditions are partially improved by
scheduled feeding and scheduled exercise, although the circadian
clocks in skeletal muscle and bone have not been measured
(Hamaguchi et al, 2015). In addition, the reductions in both
mitochondrial content and exercise tolerance in the skeletal
muscle of Clock mutant mice are restored by endurance exercise
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