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Abstract: The circadian clock has a critical role in many physiological functions of skeletal muscle
and is essential to fully understand the precise underlying mechanisms involved in these complex
interactions. The importance of circadian expression for structure, function and metabolism of skeletal
muscle is clear when observing the muscle phenotype in models of molecular clock disruption.
Presently, the maintenance of circadian rhythms is emerging as an important new factor in human
health, with disruptions linked to ageing, as well as to the development of many chronic diseases,
including sarcopenia. Therefore, the aim of this review is to present the latest findings demonstrating
how circadian rhythms in skeletal muscle are important for maintenance of the cellular physiology,
metabolism and function of skeletal muscle. Moreover, we will present the current knowledge about
the tissue-specific functions of the molecular clock in skeletal muscle.
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1. Introduction

Recently it has been observed that skeletal muscle exhibits a variety of behavioural, physiological
and biochemical variations that occur over the course of the day/night cycle [1]. These rhythms, termed
“circadian”, comprise a series of interconnected transcriptional feedback loops that optimize the timing
of cellular events in anticipation of environmental conditions [2]. The internal master circadian clock
resides within the suprachiasmatic nuclei (SCN) of the anterior hypothalamus [3] and autonomous
circadian clocks are present in all cells of the body, including skeletal muscle cells.

Skeletal muscle comprises approximately 40% of the total body mass; it is therefore the most
abundant tissue in the body and one of the main components of the locomotor apparatus [4]. It is
composed of more than 600 muscles, with different fibre-type compositions, metabolic capacities,
and mechanical functions that consequently produce forces and enable locomotion [5]. In addition to
this, skeletal muscle is the main reserve for amino acids in the absence of nutrient intake, allowing the
maintenance of protein synthesis in other tissues of the body. Muscle functions are thus critical for
body health and their deterioration can lead to the development of disease.

Aging is responsible for many changes in body composition, including a reduction of muscle
mass [6]. According to Deschenes et al. [7] from the age of 25 there is a progressive reduction in the size
and number of muscle fibres resulting in a total decrease of about 40% in muscle mass. Furthermore,
it was demonstrated that the turning point between muscle gain and muscle loss occurs around
27 years [8]. In recent years, a large percentage of individuals have shown an accentuated muscle loss,
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diminished strength and impaired muscle metabolism that can lead to a significant increased frequency
of subsequent adverse health outcomes (e.g., physical frailty, falls, fractures, disability etc.) [9,10].
This progressive reduction of muscle mass, muscle strength and function that occurs with aging leads
to a pathological functional impairment that has been defined with the term “sarcopenia” (Greek, Sarx
for “flesh” and Penia for “loss”) [11].

Maintenance of circadian rhythms is emerging as an important new factor in human health
with disruptions linked to ageing as well as to the development of many chronic diseases, including
sarcopenia. Therefore, the aim of this review is to present the latest findings demonstrating how
circadian rhythms in skeletal muscle are important for maintenance of the cellular physiology,
metabolism and function of skeletal muscle. Moreover, we will present the current knowledge about
the tissue-specific functions of the molecular clock in skeletal muscle.

2. Sarcopenia: The Loss of Muscle Mass, Strength and Function

Generally, sarcopenia is characterized by a progressive reduction in skeletal muscle mass and
quality [11]. In particular, it has been observed that there is replacement of muscle fibres with fat over
the time, with a progressive increase in fibrosis, changes in muscle metabolism, oxidative stress and
degeneration in the neuromuscular junction that ultimately leads to frailty [12]. From a histological
point of view the sarcopenic status predominantly affects type II muscle fibres that can be reduced
up to 50, whereas type I fibres are less affected [13]. Since these reductions are only moderate when
compared to the overall decrease in muscle mass it has therefore been stated that sarcopenia represents
both a reduction in muscle fibre quantity and size [11]. To demonstrate this, Lexell et al. [14], compared
muscle cross-sections and observed that elderly subjects in the ninth decade had 50% less type I and
type 1I fibres that younger people. Moreover, evidence from anatomical and electrophysiological
studies demonstrates a marked loss of anterior horn cells and ventral root fibres that occurs with
ageing [15,16]. From a molecular point of view, changes in myofibers is caused also by the increase
of insulin-like growth factor 1. In fact, it activates PI3K/Akt signalling and increases the expression
of Atrogin-1 and the muscle ring finger protein 1 (muscle-specific E3 ligases that play a key role
in regulating ubiquitin-driven protein degradation in skeletal muscle tissues, via the suppression
of forkhead box transcription factors). In addition, this activation of PI3K/Akt signalling has been
shown to result in an increase in protein synthesis, by activating the mechanistic target of rapamycin
(mTOR) complex and inhibiting glycogen synthase kinase (GSK)-f3 [17]. In addition, myostatin,
activin A, and transforming growth factor (TGF)-3, bind activin type 2 receptor B (ActR2B), and this
contributes to inducing sarcopenia, by activating Smad2/3, which reduces the phosphorylation of
Akt [18]. Furthermore, the apoptosis of myofibers is considered as another mechanism of sarcopenia.
Apoptotic loss of skeletal muscle mass can lead to lipid droplet accumulation in skeletal muscle tissues,
which is associated with poor skeletal muscle function. The sarcopenic process can be also accelerated
by numerous factors, including nutritional deficiencies, lack of physical exercise, hormonal changes,
metabolic disturbance, comorbidities, inflammation, drug adverse effects, genetic predisposition and
the effect of early environments [19].

For these reasons, sarcopenia is associated with functional disabilities, quality-of-life impairments,
falls, osteoporosis, dyslipidaemia, an increased cardiovascular risk, metabolic syndrome and
immunosuppression [10], consequently leading to an increase in morbidity. In fact, it has been
observed that both muscle mass and muscle function are independently associated with a 3.7-fold
increase in mortality [20-22], a two-fold increase in risk of falling [23], as well as with a greater risk
of dependency [24]. Moreover, sarcopenia is associated with a 50% increase in the risk of admission,
a 20-day increase in hospital stay length, and a 34% to 58% increase in hospital care cost [25,26].

A large variability in the prevalence of sarcopenia is observed in the general population.
von Haehling et al. [27] stated that the 5%—13% of 60 to 70-year-old people and 11%-50% of those older
than 80 years are in a sarcopenic status. More specifically, Patel et al. [28] observed a prevalence
of sarcopenia in older adults of 4.6% in men and 7.9% in women; Brown et al. [29] observed
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36.5%; Kim et al. [30] observed from 2.5% to 28.0% in men and 2.3% to 11.7% in women;
and Wu et al. [31] observed from 3.9% to 7.3%.

Early recognition of sarcopenia is therefore essential. Screening patients for impairment in
their physical function should be routine with subsequent, more specific testing for sarcopenia.
Several objective methods for evaluating sarcopenia are currently used including calf circumference,
bio-impedance analysis (BIA), dual-energy X-ray absorptiometry (DEXA), computerized tomography,
magnetic resonance imaging, hand-grip strength, and walking speed [32]. However, none of these
measures are considered the gold standard for evaluating sarcopenia [33]. In 1998, Baumgartner and
colleagues [34] proposed using DEXA to assess lean body mass, comparing it to gender specific healthy
young adults with a cut-off point of two standard deviations below the mean of lean mass. However,
this method is not able to distinguish water retention or fat infiltration within muscle or the muscle mass
in relation to total body mass. Since sarcopenia encompass both quantitative (i.e., muscle mass) and
qualitative (i.e., strength and/or function) decline in skeletal muscle, several definitions of sarcopenia
have been proposed [21,34-38]. For that reason, the European Working Group on Sarcopenia in Older
People (EWGSOP) proposed in 2010 the following criteria for diagnosing sarcopenia [11]: (i) Low
muscle mass: Assessed by skeletal mass index with threshold levels of <8.90 kg/m? for men and
<6.63 kg/m? for women; (i) Low muscle strength: Assessed with handgrip strength with threshold
levels of <30 kg for men and 20 kg for women; and (iii) Low physical performance: Assessed by gait
speed of <0.8 m/s during a six minute walking test. It is important to note that sarcopenia is now
recognized as an independent condition by an ICD-10-CM code [39].

3. Human Biological Rhythms

Chronobiology is the science that objectively quantifies the biological mechanisms of time
structures. The expression of biological rhythms seems to be crucial for body homeostasis, as individuals
perform optimally when all biological rhythms are synchronized [40]. Human rhythms are present at all
levels of biologic integration and they are typically classified in three categories: i) Circadian rhythms:
A period between 20 h and 28 h [40,41]; ii) Ultradian rhythms: A period <20 h [40,41]; and iii) Infradian
rhythms: A period >28 h, including circaseptan and circannual rhythms [41,42]. Each biological rhythm
is characterized by: i) The acrophase, which indicates the time interval within which the highest values
are observed; ii) The amplitude, a measure of one half of the extent of rhythmic variation in a cycle;
and iii) The MESOR (midline estimating statistic of rhythm), the mean of a rhythmic function [42,43].
Therefore, human circadian rhythms are affected by the interaction of several exogenous, endogenous,
and lifestyle mechanisms that work at the same time [44]. The internal master circadian clock is located
within the suprachiasmatic nuclei (SCN) of the anterior hypothalamus [3], with autonomous circadian
clocks that are also present in nearly all tissues [45]. In particular, the SCN is also synchronized with the
external environment by exogenous factors called “synchronizers” (or “zeitgebers”, i.e., “time-givers”
in German). The primary synchronizer for the human body clock is the light-dark cycle that provides
information to the SCN, through the retinohypothalamic tract, leading to a synchronization of the
peripheral clocks by neuro-hormonal signalling [46]. The secondary synchronizers are physical activity,
sleep and meal timing, and social routine [47,48].

The peripheral clocks regulate many functions of tissues and they contribute to their
homeostasis [46,49]. At the molecular level, a complex transcriptional-translational network of
the circadian clock circuit, which is able to generate circadian rhythmicity, has been described in detail,
although new modulators of the circadian clock loop continue to emerge [50,51]. The molecular clock
is based on the activity of two positive elements, clock (circadian locomotor output cycles kaput) and
Bmall (brain and muscle Arnt-like protein 1). Their dimerization activates the rhythmic transcription
of Per and Cry genes. Per and Cry proteins dimerize and migrate to the nucleus where they inhibit the
Clock-Bmall dimerization, resulting in the inhibition of Per and Cry transcription in a process that takes
approximately 24 h for a complete feedback cycle [51]. This molecular clock regulates the expression
of several clock-controlled genes which are responsible for the rhythmicity of many physiological
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processes [1] and this highlights that the components of the molecular clock work together to coordinate
the circadian rhythmicity of the peripheral tissue-specific genes, including those in the skeletal [52,53].

4. The Molecular Clock in Skeletal Muscle

Despite the intrinsic mechanism being the same across cell types, the molecular clock output
is highly tissue-specific [54] and it has been observed that it acts in skeletal muscle as well as in
bone [51,55]. Skeletal muscle, which represents the most abundant tissue in mammals (~40% of body
mass), possesses a self-sustaining endogenous molecular clock [56].

Skeletal Muscle Growth and Maintenance

Previous studies performed on mice with clock genes mutations have demonstrated a clear link
between the maintenance of skeletal muscle development and growth and the molecular clock circuit
as a whole [57]. To deeply understand the role of the molecular clock in peripheral tissues, the use of
genetic mouse models targeting the loss of Bmall have been adopted [58]. It has been shown that the
loss of Bmall leads to severe aging-associated sarcopenia: The genetic loss of Bmall at 9 months of age,
resulted in the decrease of about half of the body weight, indicating a premature aging phenotype [59].
However, recent findings highlight that the intrinsic muscle clock is not essential for muscle growth
and its inactivation does not lead to reduced life span and premature aging [60]. It has been reported
that muscle phenotype, in different models of Bmall knockout (KO), is variably affected; the muscle
loss and early ageing process observed in the global conventional KO are not present in muscle-specific
Bmall KO [61] or in global KO induced in adults [60], and thus must reflect the loss of Bmall function
during development and in non-muscle tissues [62]. Clock mutant mice showed a clear skeletal
muscle weakness, structural muscle pathology and altered mitochondrial volume and myofilament
architecture [56]. About 20% of genes show 24 h oscillations in skeletal muscle and about the 30% of
those circadian transcripts decrease or lose their rhythmicity in clock-mutant animals [63] and this
supports the hypothesis that the molecular clock has a key role in maintaining the correct temporal
regulation of clock-controlled genes (CCGs) in muscles. During the first stages of muscle growth and
myoblast differentiation, the MyoD1 (myogenic differentiation 1) is activated and it has emerged as a
CCG based on its distinct circadian expression trend in adult muscle [64]. Furthermore, the ablation of
clock or Bmall, the key elements of the molecular clock, blunts both MyoD1 circadian expression and
its target genes. This consequently leads to a disruption of muscle contractile function and alteration in
the organization of the sarcomeric myofibers [63]. Similar results were found in MyoD1 null mice and,
consequently, Myodl was reported to be a target of Brmall, and Myod1 was reported to lose its circadian
oscillation in Bmall KO mice [64]. However, these data are in contrast with a subsequent study that
showed Myod1 gene expression is increased rather than decreased in in muscle-specific Bmall KO
mice and maintains its circadian oscillation [62]. A similar effect, with an even greater upregulation
of Myod1, was observed after denervation. Based on these results, it seems unlikely that MyoD can
mediate the effect of Bmall function on the skeletal muscle.

Since the maintenance of skeletal muscle mass encompasses both the myonuclear accretion
in first stages of growth and the mature myofiber hypertrophy in adulthood [65], the muscle loss
in adult Bmall-null mice may result from a combination of both components. The surveying of
clock-controlled mRNA expression in the skeletal muscle reveals that differentiation and proliferation
comprise about 15% of the total transcripts [63] and, in line with these data, it has been demonstrated
that regulation of myogenic progenitor cells by Bmall is essential for the regeneration of muscle
tissue after injury [66]. To confirm this, animals without Bmall showed a defect in regenerative
myogenic process accompanied by lowered repair and an altered satellite cell expansion process when
evaluated in muscle injury-elicited regeneration models [66]. Muscle growth and homeostasis needs
the contribution of muscle satellite cells and their proliferative capacity is constantly reduced with
age [67]; the status of sarcopenia observed in Bmall-null mice could be partially mediated by the
decline of the clock function.
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Cytosolic Bmall is indicated as a factor, able to facilitate protein translation, that links the circadian
network and the mechanistic target of rapamycin (mTOR) signalling pathway [68], which is a one of the
major mechanisms of regulation that supports protein synthesis and induces hypertrophy in skeletal
muscle [65,69]. It is noteworthy that the mTOR signalling pathway is reported to be under circadian
regulation and the Bmall-mediated mTOR circadian modulation of translation activities is controlled
by the circadian oscillatory magnesium levels in cells [66,68]. Furthermore, both the clock repressor,
Rev-erba, and its reciprocal transcription activator Rora on the Rore responsive element are involved in
the regulation of myogenic differentiation [70,71]. The loss of Rev-erbx deficient mice leads to a lower
body weight and non-regular myosin heavy chain (MyHC) isoform expression, with a fast-to-slow
MyHC isoform transformation in skeletal muscle. This suggests the involvement of Rev-erba in muscle
mass maintenance and metabolic control [71].

5. Muscle Strength and Physical Function

The circadian clock in animals has strong control of locomotor activity cycles. The strict behavioural
circadian rhythmicity of animals ensures their survival. Humans also perform optimally when all
biological rhythms are correctly synchronized [72]. It has been widely demonstrated that human muscle
torque, strength and power are higher in the late afternoon than they are in the morning [73,74] and
many other metrics of athletic performance, e.g., reaction time, joint flexibility, and sprint ability, display
significant circadian variations and time of day dependence [44,75]. Athletes” knee muscles, evaluated
during a maximal isometric strength test, displayed a typical circadian pattern with an acrophase
occurring in the mid-to-late afternoon period (16:00-20:00) [76]. Furthermore, a chronotype effect on
the circadian expression of many types of physical performance has been recently observed [77-79].

Nonetheless, as mentioned above, the molecular clock can be influenced through external
manipulations; indeed, it has been demonstrated that scheduled exercise, for instance, is able to shift
behavioural rhythms in mammals, specifically the skeletal muscle molecular clock [80,81]. Different
sessions of long-term (or endurance) exercise led to a modification in the expression of the clock gene,
PER2:LUC bioluminescence, in three different types of muscle as well as in the lungs. Interestingly;
this shift in gene expression was only observed in these two tissues and this result clearly suggests that
exercise is a non-SCN-associated entrainment cue for skeletal muscle. In addition, the phase of the three
selected skeletal muscles was different before exercise, highlighting the complexity and diversity of the
skeletal muscle circadian rhythms [80]. This difference could be partially due to the different muscle
composition and function: The soleus is a postural muscle, mostly composed of type I slow-oxidative
fibres, while the extensors and flexors of the fingers are intermittently recruited during daily activities
and they are principally composed of type Il fast oxidative-glycolytic fibres. Despite structural baseline
muscle differences, authors observed that scheduled activity shifted the phases in the same magnitude,
from about 2 to 3 h [80]. Nonetheless, it is essential to highlight that changes in muscle circadian
rhythms induced by exercise may be due to a direct effect on the muscle clock but also to systemic
effects caused by exercise, such as hormonal changes or variations in body temperature, which are
able to secondarily affect the peripheral oscillators, namely the muscle clock [82-84]. Sleep and the
sleep—wake cycle are also essential to promoting optimal functioning of the molecular clock. It was
found that partial sleep deprivation had negative effects on the power output of muscle performances,
even if this effect was dependent on the timing and duration of sleep disruption and on the time
of the day of the measurements [85]. These results confirm the hypothesis of an intimate interplay
between clock control and physical activity and, in line with this statement, it was also reported that
the increase in activity levels entrained core clock genes and CCGs in human skeletal muscle [86].
Furthermore, strength exercise showed shifts in the expression of diurnally-regulated genes in the
human muscles, both by down-regulating genes that are highly expressed and also by inducing genes
that are normally repressed [86]. On the other hand, loss of muscle activity by unilateral sciatic nerve
denervation leads to marked atrophy and reduces the expression of Bmall, Perl, Rora and Rev-erba in
skeletal muscles [87,88]
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Overall, given that strength exercise is able to affect the expression of core clock components
and downstream targets in human muscles [66,86], the peak expression of rhythmic transcripts in
muscle could be attributed to the orchestration of the endogenous muscle clock control and central
clock-induced locomotor activity rhythm. It is interesting to note that, although physical exercise can
regulate circadian clock genes (Per2, Cryl, and Bmall) and circadian output genes in skeletal muscles,
the SCN rhythms seem to be not affected [80]. The SCN is probably involved in the long-term effects of
clock phase shifting in peripheral tissue and the current evidence suggests that the skeletal muscle
clock responds more quickly to physical exercise by transcriptional regulation of specific clock genes.
These results support the emerging idea that peripheral clocks can regulate themselves independently
of the SCN [48,89] even if the underlying physiological mechanisms need to be elucidated.

Muscle Metabolic Pathways

Skeletal muscle is a predominant contributor to whole-body metabolism and it seems that the
molecular clock may regulate the temporal control of metabolic mechanisms [90]. Alterations to
this regulatory mechanism significantly disrupt the metabolic homeostasis, possibly determining the
development of insulin resistance and obesity [91-93], and previous studies in clock mutants report
that about 35% of rhythmic genes in skeletal muscle are involved in metabolism [56,66]. Furthermore,
clock-controlled regulation of anabolic and catabolic metabolic pathways has been observed in skeletal
muscles and a different temporal activation of genes that regulate substrate storage and utilization was
revealed over a daily period [94,95]. Itis clear that skeletal muscle Bmall is necessary for maintenance of
the skeletal muscle metabolism, particularly glucose handling pathways and a specific Bmall deletion
in skeletal muscle was created to test the function of Brmall in skeletal muscle glucose metabolism
to confirm this [93,94]. The results showed that the muscle-specific deletions of Bmall lead to an
altered insulin-dependent glucose uptake and to a reduction in glucose oxidation [61]. In addition,
GLUT4 glucose transporter levels, responsible for glucose uptake, were significantly lower, whereas the
insulin signalling pathway was not affected [61]. Furthermore, it was also shown that the deletion of
muscle-specific Bmall may lead to an increase of oxidative capacity in mice, specifically to an increased
energy expenditure, oxygen consumption and resistance to obesity with improved metabolic profiles.
This mechanism includes the regulation of Cacnals expression, followed by the activation of the
calcium—nuclear factor of activated T cells axis and it was concluded that Bmall is a critical regulator
of the muscular fatty acid level under nutrition overloading [96]. Following studies conducted with
a mouse model of Bmall ablation in muscle, revealed abnormal expression of the genes involved
in metabolic substrate oxidation [94]: A clear up-regulation of genes involved in lipid metabolism
was observed with a concomitant down-regulation of circadian genes involved in glucose utilization.
These findings lead to the observation that muscle fiber type switches to a slow oxidative fiber-type,
together with a substrate shift from carbohydrate to lipid utilization [94].

Rev-erba, which is the circadian clock repressor gene, plays also key functions in metabolic
regulations in the skeletal muscle [97-99]. It has been found that Rev-erba is highly expressed in
oxidative fiber types and that it also promotes the oxidative capacity in skeletal muscle inhibition
of mitochondria autophagy [100]. In Rev-erba-deficient mice, a clear fast-to-slow MyHC isoform
transformation was observed, albeit only in soleus muscle [101]. Furthermore, it was observed that
a Rev-erba-deficiency resulted in increased fatty acid utilization and hyperglycemia suggesting a
preference toward glucose utilization at the expense of peripheral lipid utilization for Rev-erba [100].
Interestingly, the activation of Rev-erba by synthetic agonists, that display lipid lowering and anti-obesity
efficacy, demonstrate oxidation of fatty acid pathways while suppressing lipid synthesis genes in
skeletal muscle [102]. Overall, the current results suggest that the molecular clock machinery could
play an essential role for skeletal muscle metabolism.
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6. Conclusions

The circadian clock has a critical role in many physiological functions of skeletal muscle and it is
essential to fully understand the specific underlying bio-physiological processes that regulate these
complex interactions. The importance of circadian expression for skeletal muscle structure, function
and metabolism is clear when observing the muscle phenotype in models of molecular clock disruption.
To confirm this, the loss of the Brmall gene leading to sarcopenia and several pathological muscle
conditions, has been observed, including effects such as lowered mitochondria density and altered
mitochondrial respiration, fibre-type shifts, impaired sarcomeric structure and restricted function [64].
However, it is important to highlight that the rescue of the Bmall in the skeletal muscle protected
animals from the decrease in muscle mass and function [103] and, therefore, this was able to mitigate
the pathological mechanisms of the skeletal muscle. An increased entrainment of skeletal muscle
circadian rhythms may also contribute to systemic health. These suggests that the correct circadian
expression of skeletal muscle may represent a possible target of intervention in many diseases.

It is also necessary to understand how other kinds of clock disruptions, such as the
desynchronization between endogenous circadian clock cycles and the exogenous light-dark cycle
(commonly identified in our society as “social jetlag”), could affect muscle growth and maintenance,
especially in an aging population with frequent sleep disorders. Overall, it is fundamental to maintain
and promote the correct functions of the muscle intrinsic clock machinery with the aim to protect
against the loss of muscle during aging or in chronic disease conditions that could lead to muscle
wasting. As a consequence, increased knowledge of the relationship between the skeletal muscle
molecular clock and muscle-bone crosstalk may lead to a better understanding of aging-related diseases
such as sarcopenia and osteoporosis.
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