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Abstract

Circadian rhythms are the approximate 24-h biological cycles that function to prepare an organism
for daily environmental changes. They are driven by the molecular clock, a
transcriptional:translational feedback mechanism that in mammals involves the core clock genes
Bmall, Clock, Per1/2, and Cryl/2. The molecular clock is present in virtually all cells of an
organism. The central clock in the suprachiasmatic nucleus (SCN) has been well studied, but the
clocks in the peripheral tissues, such as heart and skeletal muscle, have just begun to be
investigated. Skeletal muscle is one of the largest organs in the body, comprising approximately
45% of total body mass. More than 2300 genes in skeletal muscle are expressed in a circadian
pattern, and these genes participate in a wide range of functions, including myogenesis,
transcription, and metabolism. The circadian rhythms of skeletal muscle can be entrained both
indirectly through light input to the SCN and directly through time of feeding and activity. It is
critical for the skeletal muscle molecular clock not only to be entrained to the environment but
also to be in synchrony with rhythms of other tissues. When circadian rhythms are disrupted, the
observed effects on skeletal muscle include fiber-type shifts, altered sarcomeric structure, reduced
mitochondrial respiration, and impaired muscle function. Furthermore, there are detrimental
effects on metabolic health, including impaired glucose tolerance and insulin sensitivity, which
skeletal muscle likely contributes to considering it is a key metabolic tissue. These data indicate a
critical role for skeletal muscle circadian rhythms for both muscle and systems health. Future
research is needed to determine the mechanisms of molecular clock function in skeletal muscle,
identify the means by which skeletal muscle entrainment occurs, and provide a stringent
comparison of circadian gene expression across the diverse tissue system of skeletal muscle.
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The importance of skeletal muscle to health is often underestimated, yet skeletal muscle is
the most abundant tissue in the human body, comprising approximately 45% of total body
mass (Goodpaster et al., 2000; Hoppeler and Fluck, 2002). Skeletal muscle tissue is an
intricate network of more than 600 individual muscles that have different fiber-type
compositions, metabolic capacities, and mechanical functions (Poole, 1986). As a whole,
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skeletal muscle tissue is critical for systemic health and quality of life. It is well understood
that skeletal muscle functions to produce force and enable locomotion, but skeletal muscle is
involved in a number of integral processes that are frequently forgotten. Skeletal muscle
serves as a principal reservoir for amino acids in the absence of nutrient intake, thereby
allowing the maintenance of protein synthesis in other tissues. This supply of amino acids
also serves as a pool of precursors for hepatic gluconeogenesis, which is significant in
sustaining blood glucose levels in the fasting state (Ripperger et al., 1995). Not only does
skeletal muscle serve as a reserve of amino acids, but it also acts as a depot for glucose in
the postprandial state. As much as 80% of postprandial glucose is taken up by skeletal
muscle (Defronzo et al., 1981; Ferrannini et al., 1988). Consequently, skeletal muscle is vital
for systemic-level glucose homeostasis. Furthermore, it has been demonstrated in recent
years that skeletal muscle is an endocrine tissue. Factors (known as myokines) are secreted
from the muscle and work both locally on the muscle tissue and remotely on other tissues.
For example, interleukin (IL)-6 is a myokine that is secreted from muscle following
exercise. Contracting muscle releases IL-6 into the bloodstream, and it acts locally on
muscle to promote glucose uptake and fat oxidation and remotely on liver and adipose tissue
to increase glucose production and lipolysis, respectively (Febbraio and Pedersen, 2002).
Other identified myokines include IL-8, IL-15, and brain-derived neurotrophic factor and
Irisin (Febbraio and Pedersen, 2002; Nielsen and Pedersen, 2007; Matthews et al., 2009).

Changes in muscle composition and function are also strongly correlated with disease
development. Two of the most common diseases in the United States, cardiovascular disease
and cancer, are associated with loss of muscle mass, diminished strength, and impaired
muscle metabolism. Notably, severe loss of muscle mass is a significant risk factor for
mortality in these disease states (Kadar et al., 2000; Akashi et al., 2005). Another common
health concern, diabetes, is intricately tied to skeletal muscle function. Decreased insulin
sensitivity in skeletal muscle is involved in the onset of type 2 diabetes (DeFronzo et al.,
1992; Reaven, 2005). It is clear that changes in skeletal muscle mass and metabolism affect
human health, but recently a new skeletal muscle property that may affect disease
development has come to light. Skeletal muscle, like virtually every cell in the body, has
circadian rhythms, and recent studies have begun to demonstrate that disruptions in
circadian rhythms can be detrimental to skeletal muscle health (Yoo et al., 2004; Andrews et
al., 2010). The goal of this review is to present the concept of circadian rhythms in skeletal
muscle, provide insight into the role of circadian rhythms in skeletal muscle function and
metabolism, and highlight skeletal muscle as a potential therapeutic target in circadian
rhythms disruption and associated diseases.

Circadian Rhythms in Skeletal Muscle

As previously stated, skeletal muscle, similar to almost every cell of the body, has circadian
rhythms. These rhythms are generated by a transcriptional-translational feedback loop
known as the molecular clock, and this mechanism has been reviewed in more complete
detail elsewhere (Shearman et al., 2000; Buhr and Takahashi, 2013; Robinson and Reddy,
2014). At a basic level, Clock, Bmall, Cryl/2, and Per1/2 are all core molecular clock
components (Kume et al., 1999; Shearman et al., 2000). Bmal1 and Clock make up the
positive limb of the molecular clock. They are bHLH transcription factors, which
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heterodimerize in the nucleus and transactivate Per and Cry family genes by binding E-box
elements in their regulatory regions. PER and CRY then accumulate, multimerize, and
translocate to the nucleus, where they inhibit BMAL1:CLOCK activity, thereby repressing
their own expression. The accumulation of PER and CRY protein is also tightly controlled
through phosphorylation and degradation via E3 ubiquitin ligases and the proteasome
system, so the inhibition of BMAL1:CLOCK activity is lifted (Gallego and Virshup, 2007;
Yoo et al., 2013). Proper timing of the molecular clock mechanism requires transcription,
translation, and important rate-modifying posttranslational steps, thus presenting many sites
through which information from environmental cues and physiological function can support
or modify the clock.

Aside from a timekeeping role, the clock modulates the transcription of a large number of
genes within the cell (clock-controlled genes [CCGs]); some of these are regulated directly
by the binding of the core clock transcription factors Bmall and/or Clock to their promoters.
To date, the identities of the direct CCGs in a specific tissue, such as skeletal muscle, have
not been defined, but circadian transcriptome results suggest that they often encode
transcription factors (e.g., MyoD1, Pgcla) or proteins that control rate-limiting steps in cell
physiology (e.g., Pdk4, Dbp; Fig. 1). Tissue-specific detailed reviews of the molecular clock
mechanism and CCGs within individual tissues are available in several recent reviews by
other groups (Panda et al., 2002; Storch et al., 2002; Kornmann et al., 2007; Nakahata et al.,
2008; Lee et al., 2013; Shostak et al., 2013). The most direct evidence for the contribution of
BMAL1:CLOCK regulation of gene expression outside of the timekeeping function comes
from chromatin immunoprecipitation studies followed by DNA sequencing. These studies,
performed in liver, determined that the BMALL: CLOCK transcription factors bind to more
than 2000 sites across the chromatin, with up to 85% of the sites being associated with
actively expressed genes. Gene ontology analysis showed that the BMAL1:CLOCK-
targeted expressed genes are highly enriched for metabolic, cancer, and insulin signaling
pathways in liver (Rey et al., 2011; Koike et al., 2012). Chromatin immunoprecipitation
studies have not yet been performed in skeletal muscle, but the results from liver highlight
the breadth of transcriptional regulation by the molecular clock factors BMAL1 and
CLOCK.

Although more thorough investigations of molecular clock targets are needed in skeletal
muscle, there have been studies identifying circadian-expressed genes using expression
profiling. The first article to define circadian gene expression in skeletal muscle was
published in 2007 and identified 215 circadian genes (McCarthy et al., 2007). However,
increased sampling frequency, with tissues collected every 2 h for 48 h, and continued
development of analysis tools for circadian gene expression studies have expanded this list
to more than 2300 genes (Pizarro et al., 2013). A large portion of these genes are involved in
metabolism, transcription, and signaling in muscle (McCarthy et al., 2007). The function of
the molecular clock in skeletal muscle is only starting to be uncovered. Our lab has
demonstrated that MyoD1, which is well characterized for its role as a master regulator of
muscle gene expression, is under direct BMAL1:CLOCK control (Andrews et al., 2010;
Zhang et al., 2012). In work looking at myogenesis, Chatterjee et al. (2013) has
demonstrated that the core molecular clock gene, Bmal1, through transcriptional regulation
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of Wht signaling, temporally regulates myogenic differentiation. Myogenin, a transcription
factor that induces myogenesis, has also been suggested to be circadian in expression
(Shavlakadze et al., 2013). While there is still much to learn, the results of these studies
suggest important links between the molecular clock mechanism and the highly conserved
muscle lineage transcription factors, MyoD1 and Myogenin, consistent with a daily role in
muscle maintenance (Andrews et al., 2010).

Entrainment of the Skeletal Muscle Molecular Clock

Circadian rhythms are oscillations over a period of approximately 24 h, and in skeletal
muscle, these rhythms include oscillations in transcription, metabolism, and myogenic
capacity (Andrews et al., 2010; Chatterjee et al., 2011; Zhang et al., 2012). This oscillation
of physiological processes is believed to be beneficial as it allows an organism to anticipate
changes in environmental cues. These rhythms run in the absence of any external
environmental cues, but a fundamental property of circadian rhythms is the ability to be
entrained. The molecular clock has a phase, defined as the time relative to a specific point of
the circadian cycle. For example, phase of the molecular clock may be determined by the
time of peak Bmal1 expression. Entrainment occurs when the phase of the molecular clock
is reset or modulated to be aligned with the timing of an environmental cue, such as light
(Roenneberg et al., 2003). The skeletal muscle molecular clock can be entrained by cues
such a light, time of feeding, and activity. In the case of light, the skeletal muscle clock is
entrained in an indirect manner through the central clock in the suprachiasmatic nucleus
(SCN). Light is transmitted via the retinohypothalamic tract from the retina to the SCN.
Light evokes signaling in the SCN, through elements such as cyclic-AMP, that then
modulate the molecular clock to affect the peak/phase of molecular clock oscillations
(Gooley et al., 2001; Panda et al., 2002; Lee et al., 2010a; An et al., 2011). The SCN
molecular clock communicates with other tissues, such as the skeletal muscle, using
neurohumoral and temperature signals (Balsalobre et al., 2000; Brown et al., 2002; Abraham
etal., 2010; Saini et al., 2012). It is in this indirect manner that the skeletal muscle clock is
modulated by light cues.

Time of feeding also serves as an entrainment cue. Studies of time-restricted feeding in mice
have demonstrated a phase shift in core molecular clock genes in liver and adipose tissue
(Hara et al., 2001; Stokkan et al., 2001; Zvonic et al., 2006). In liver, this was shown to be
independent of SCN input, since time-restricted feeding prevented the shift of the clock
genes when the mice were exposed to a 7-h light:dark cycle advance (Hara et al., 2001).
Although research on time of feeding and skeletal muscle is limited, time of feeding has
been shown to entrain skeletal muscle circadian rhythms. A study from our lab demonstrated
this using PER2:LUC mice. These mice were developed by Yoo et al. (2004) and have
luciferase cDNA knocked into the Per2 coding region to generate a chimeric protein.
Tissues from these mice may be explanted and placed in culture with luciferin to observe
real-time light emission as an indicator of PER2 and thus molecular clock oscillations (Yoo
et al., 2004). To evaluate the effect of time of feeding on skeletal muscle rhythms, our lab
limited access to food to only 4 h/d for 2 wk. The restricted feeding resulted in a shift in
gene expression (PER2:LUC bio-luminescence) in the skeletal muscle of the mice. In
addition to studying the effect of time-restricted feeding, our lab also demonstrated the
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ability of scheduled activity to entrain the skeletal muscle molecular clock (Wolff and Esser,
2012). Scheduled bouts of either voluntary or involuntary endurance exercise resulted in a
significant shift in clock gene expression (PER2:LUC bioluminescence) in 3 different
muscle types as well as the lung. The shift in gene expression was observed in these tissues
but not in the SCN, supporting a role for exercise as a non-SCN-associated entrainment cue
for skeletal muscle. Notably, the phase of the each of the 3 muscles, soleus, extensor
digitorum longus (EDL), and flexor digitorum brevis (FDB), for pre-exercise was distinct,
highlighting the complexity of skeletal muscle and skeletal muscle circadian rhythms. This
may be due to the differences in composition and function of the 3 muscles. The soleus is a
postural muscle that is composed of mostly type | slow, oxidative fibers, whereas the EDL
and FDB are intermittently recruited muscles (for either extension or flexion of the toes) and
composed of more type |1 fast oxidative-glycolytic and glycolytic fibers. Despite differences
in the pre-exercise phase of the muscles, scheduled activity shifted the phases to about the
same magnitude, 2 to 3 h (Wolff and Esser, 2012). In addition, studies with the ClockA19
mice have demonstrated decreases in protein levels of proliferator-activated receptor-y
coactivator-1a (PGCla) and mitochondrial transcription factor A with a concomitant
decrease in mitochondrial content in skeletal muscle. Access to a running wheel under
conditions of 12-h:12-h dark/light cycle and ad libitum access to food resulted in daily
exercise (during the dark/active phase) in the clock mutant mice, which partially rescued the
metabolic phenotype of the skeletal muscle (Pastore and Hood, 2013). This illustrates the
potential impact physical activity may have as an entrainment cue for skeletal muscle and
also suggests that entrainment cues for skeletal muscle may be useful as therapies in
conditions of circadian disruption.

Synchrony Between Skeletal Muscle and Other Peripheral Tissues

Another critical concept is the idea of synchrony and the coordination of rhythms between
clocks among different tissues. A study by Yoo et al. (2004) using the PER2:LUC mice
demonstrated that peripheral (non-SCN) tissues had oscillators and that these oscillators had
very distinct phases. Furthermore, they illustrated the importance of coordination of the
tissue clocks by lesioning the SCN. In the presence of a lesioned SCN, the mice behave
arrhythmically, and the clocks in other tissues no longer express their normal phase
relationships (Yoo et al., 2004).

As mentioned earlier, expression of genes involved in metabolism have been shown to
oscillate in skeletal muscle. In fact, in the study by McCarthy et al. (2007), one of the largest
groups of oscillatory genes in skeletal muscle consisted of genes involved in substrate
metabolism. Skeletal muscle and liver are considered key metabolic tissues, and as such, it
follows that coordination between these tissues would be critical for normal metabolic
function at the systems level. A complete investigation of the coordination of the metabolic
functions of these tissues with regard to circadian rhythms has not been done. However, data
on the expression of circadian genes in skeletal muscle and liver have been collected and are
available on the database CircaDB (Pizarro et al., 2013). Muscle and liver serve as tissues
that participate in the regulation of blood glucose. From CircaDB, one can see that genes
involved in insulin signaling (Irsl, Irs2, Akt2, and Thcldl) and genes important for hepatic
glucose production (Pck1, G6pc, Pep, and Pyg) are circadian in both of these tissues, and the
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phases are coordinated in a manner to facilitate blood glucose regulation (Table 1).
Although protein and activity data are essential to confirm the gene data, it is apparent in
Table 1 that during the light phase (or fasting phase for mice), genes involved in insulin
signaling (Irsl, Thcldl, Akt, and Insr) have reduced expression in both skeletal muscle and
liver. During this time, genes involved in hepatic glucose production (Pckl1, Gépc, Pep, and
Pyqg) have increased expression. Furthermore, it has been shown in rodents that hepatic
glucose production peaks during the fasting phase, at which time insulin sensitivity is low
(la Fleur et al., 2001; Matsumoto et al., 2007; Zhang et al., 2010). In contrast to the fasting
phase, it is necessary for greater insulin sensitivity in the metabolic tissues during the
feeding phase in order to take up and store postprandial glucose (Oakes et al., 1997; Radziuk
and Pye, 2001). Furthermore, the feeding phase is also often the active phase, during which
skeletal muscle requires more substrate. Therefore, during the feeding/active phase, insulin
sensitivity in liver and skeletal muscle needs to be higher (Fig. 2). In this regard, synchrony
between the skeletal muscle and other tissues is critical for normal physiological function.

Skeletal Muscle in Circadian Mutant Models

The role of circadian clocks in regulating physiological processes has been largely studied
through the use of genetic mouse models of clock disruption. These models include the
Per1/Per2 deficient mice, Cryl/Cry2 double knockouts, and Clock™", Clock21®, and Bmal 17/
mice. The first mouse model of clock disruption, the Clock®19, was identified through a
forward genetics screen and is a mouse model in which exon 19 (an exon critical for the
DNA binding of the Clock gene) is mutated. These mice have a free running period of 28 h,
becoming behaviorally arrhythmic after 1 to 2 wk in constant darkness (Vitaterna et al.,
1994). Clock®19 mice are moderately more susceptible to cancer and display a marked
metabolic phenotype involving obesity, dyslipidemia, hepatic steatosis, and hyperglycemia
(Rudic et al., 2004; Turek et al., 2005; Lee, Li, et al., 2010a). Interestingly, the Clock”- mice
(mice deficient of the Clock gene due to targeted gene knock down) do not exhibit the same
phenotype as the Clock®1® mice. Clock” display a slightly shorter period length with
preserved behavioral rhythms. They have reduced life span, age-related cataract
development, and increased risk for dermatitis (Debruyne et al., 2006, 2007; Dubrovsky et
al., 2010). Differences between Clock19 and Clock”~ mouse models likely arise from the
fact that the Clock®1® mice have a dominant negative mutation in Clock whereas Clock”are
deficient of Clock altogether and maybe compensation from NPAS2. Models involving
genes of the negative limb of the molecular clock, Period and Cryptochrome, appear to have
less severe consequences in comparison to the Clock”’-and Clock21® mice. Period and
Cryptochrome knockout mice do not display an altered life span and the serious
physiological phenotype observed in Clock19 and Bmal 17~ mice. However, they do reveal a
significant role for the negative limb clock genes in tumorigenesis. In addition, activity
rhythms are disrupted in these mice. Cry1”~ mice have a shorter period length, and Cry2-
mice have a significantly longer period length, but both maintain rhythmic behavior. Only
the double knockouts, Per1/Per2™™ and Cry1/Cry2, result in arrhythmic behavior
(Vitaterna et al., 1994; van der Horst et al., 1999; Zheng et al., 2001; Liu et al., 2007).

Of the studied circadian mouse models, Bmal17mice exhibit the most severe pathology.
These mice display significantly reduced life span, age-associated weight decling,
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behavioral arrhythmicity ectopic calcification, and sterility (Bunger et al., 2005; Kondratov
et al., 2006; Yu and Weaver, 2011). Furthermore, Bmal17- mice have impaired insulin
sensitivity and glucose tolerance, they are weak, and they develop dilated cardiomyopathy
(Rudic et al., 2004; Andrews et al., 2010; Lefta et al., 2012). These models all illustrate an
essential role for the molecular clock in whole-body physiology and tissue-specific
processes. Although there has been limited research on skeletal muscle circadian rhythms,
skeletal muscle is a major site of pathology in clock-disrupted models. Skeletal muscle
structure and function have been shown to be greatly affected by clock disruption (Andrews
et al., 2010). Bmal17- and Clock®1® mice show significantly reduced force production at
both the whole-muscle and single-fiber level. This may in part be due to disrupted
organization of thick and thin filaments in the sarcomere. The sarcomere is the basic
functional unit of skeletal muscle and is defined by the presence of a conserved group of
proteins in stoichiometric ratios that comprise the thick myofilaments containing myosin
heavy and light chains and thin myofilaments containing actin, tropomyosin, and troponins
as well as important critical accessory proteins such as titin (Huxley and Hanson, 1959;
Eisenberg and Cohen, 1983; Squire, 1997). It has been well established that selective
decreases in the content of proteins within the sarcomere or disruptions in the spatial
organization of the thick and thin myofilaments are causal for diminished force production
by skeletal muscle (Wang et al., 1979; Riley et al., 2000; Laing and Nowak, 2005; Trappe,
2009; Tardiff, 2011). This highly conserved hexagonal arrangement of thick and thin
filaments, with 6 thin filaments surrounding every thick filament, is lost in the Bmal17- and
Clock219 mice. Using 2 skeletal muscle-specific models of Bmal1 disruption, Dyar and
colleagues (2014) showed a reduction in force production in one of their models without a
concomitant change in myofilament architecture. They suggested the difference in force
production between the models was probably the result of developmental differences in one
of their mouse strains (Dyar et al., 2014).

Disruption of circadian rhythms is associated with an increased risk for development of
metabolic disruption in both animals and humans (Karlsson et al., 2001; Rudic et al., 2004;
Turek et al., 2005; Kroenke et al., 2007; Morikawa et al., 2007; Scott et al., 2008; Scheer et
al., 2009; Marcheva et al., 2010). As stated earlier, skeletal muscle comprises ~45% of the
body mass of most mammals and is a critical component of normal metabolic health.
Skeletal muscle is responsible for approximately 80% of postprandial insulin-mediated
glucose disposal (DeFronzo et al., 1981; Ferrannini et al., 1988). In addition, altered muscle
function can contribute to insulin resistance and metabolic syndrome (Kelley et al., 1999;
Petersen et al., 2007). Our previous work demonstrated that Bmal17- and Clock21® mice
display an ~40% decrease in skeletal muscle mitochondrial volume. The mitochondria
present in these mutant mice displayed aberrant morphology and increased respiratory
uncoupling. Specifically, a significant reduction in state I11 respiration (ADP-stimulated,
mmol O,/min/mg protein) in mitochondria isolated from gastrocnemius muscle was
observed (Andrews et al., 2010). Muscle-specific loss of Bmal1 resulted in decreased
skeletal muscle glucose uptake, reduced glucose oxidation, and increased PDK4 expression
(Dyar et al., 2014). The increase in PDK4 expression coupled with an observed shift toward
more oxidative fibers in the soleus muscle may indicate greater use of lipids for energy
metabolism in the muscle of skeletal muscle—specific Bmal 1 knockout mice. These data
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demonstrate the importance of the skeletal muscle molecular clock in the maintenance of
systemic metabolic health.

The contribution of the molecular clock in skeletal muscle to muscle function and muscle
metabolism is currently being established. In 2006, a study investigating the effects of
Bmal 1 rescue in the germline Bmal 17~ mouse demonstrated a critical role for the skeletal
muscle clock in skeletal muscle maintenance and systemic health (McDearmon et al., 2006).
McDearmon et al. rescued Bmal1 in the brain or muscle of Bmal17- mice using the
tetracycline transactivator system with the brain-specific promoter Scg2 or the muscle-
specific promoter Actal upstream of the Bmal1 transgene. As stated earlier, whole-body
Bmal 1 knockout mice are behaviorally arrhythmic in constant darkness and have decreased
overall activity levels, reduced body weight, and decreased longevity. When Bmal17- was
rescued in the brain, the mice regained rhythmic behavior but daily activity and body weight
remained low. Interestingly, the muscle-specific rescue did not restore rhythmic behavior
but did return daily activity levels back to normal and was associated with maintenance of
body weight. Even more surprisingly, only 75% of brain-specific rescued mice survived to
the end of the experiment, while 100% of the muscle-specific rescued mice survived,
suggesting that muscle-specific rescue of Bmal17- may be sufficient to restore longevity.
These data demonstrate the importance of the muscle clock in overall systems health.

Skeletal muscle, similar to practically every organ/tissue in the body, has circadian rhythms
(Yoo et al., 2004). Circadian rhythms and the molecular clock mechanism modulate the
expression of a substantial number of genes in skeletal muscle, many of which participate in
transcription, myogenesis, and metabolism (McCarthy et al., 2007). It is important for
processes such as these to be entrained to the environment to allow an organism to anticipate
environmental changes and respond accordingly. For instance, during the fasting period,
glucose availability is low and the skeletal muscle must alter substrate metabolism
accordingly (Pelley, 2012). Furthermore, the skeletal muscle must work in coordination with
other tissues and so must have rhythms in synchrony with other tissue rhythms. In the
example of fasting, other metabolic tissues, such as liver and adipose tissue, must also alter
their metabolism to work collectively with the skeletal muscle to maintain glucose
homeostasis and spare glucose for the brain. Circadian rhythms may be entrained by cues
such as light, time of feeding, and time of activity (Gooley et al., 2001; Hara et al., 2001,
Panda et al., 2002; Roenneberg et al., 2003; Lee, Li, et al., 2010a; An et al., 2011; Wolff and
Esser, 2012). If skeletal muscle rhythms are disrupted or asynchronous, entrainment cues
may be a useful strategy in resetting the skeletal muscle clock so that it is both entrained to
the environment and in synchrony with other tissue rhythms.

The importance of circadian rhythms for skeletal muscle is made evident by the skeletal
muscle phenotype observed in models of molecular clock disruption, such as the Bmal17-
mice. Loss of the core clock gene Bmal1l results in severe muscle pathology, including fiber-
type shifts, decreased mitochondria, impaired mitochondrial respiration, altered sarcomeric
structure, and debilitated function (Andrews et al., 2010; Dyar et al., 2014). This model
highlights a role for circadian rhythms in muscle structure, function, and metabolism. Many
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common diseases are associated with altered muscle mass, function, and metabolism,
including cancer and heart disease. In fact, the prognosis for these diseases is strongly linked
to the magnitude of skeletal muscle changes (Kadar et al., 2000; Akashi et al., 2005).
Metabolic diseases are also becoming an epidemic in the United States, and the skeletal
muscle is a primary metabolic site disrupted in the development of these diseases (Defronzo
et al., 1981; DeFronzo et al., 1992). The molecular clock significantly affects skeletal
muscle metabolism, as demonstrated in the Bmal 17~ mice. Perhaps there is a disruption or
weakening of circadian rhythms in these diseased states that contributes to the pathogenesis
of skeletal muscle. In this case, entrainment by environmental cues or pharmacological
agents may synchronize or strengthen circadian rhythms and therefore aid in the treatment of
these diseases. In addition to alleviating the skeletal muscle pathology, entrainment of
skeletal muscle circadian rhythms may also contribute to systemic health. This is quite
feasible considering that skeletal muscle—specific rescue of the Bmal17- mice was able to
protect mice from the decrease in activity, body weight, and longevity observed
(McDearmon et al., 2006). These data all suggest a vital role for skeletal muscle circadian
rhythms in both skeletal muscle and systems health and support skeletal muscle circadian
rhythms as a possible target of intervention in prevalent diseases. Further research is needed
to elucidate skeletal muscle molecular clock function across all muscles and to investigate
the role of skeletal muscle circadian rhythms in both skeletal muscle and systemic health.
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Figure 1.
Simplified cartoon of molecular clock components in muscle. This cartoon highlights the

role of CLOCK:BMAL1 as part of the core molecular clock and also illustrates their role
directly targeting transcription of genes important for muscle-specific function.
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090,

Glucose

Figure 2.
Cartoon depicting time-of-day coordination between skeletal muscle and liver metabolism

for the regulation of systems glucose homeostasis. The dark phase/fed phase for mice is
characterized by higher insulin sensitivity in skeletal muscle/liver and decreased hepatic
glucose production. The light phase/fasting phase for mice is characterized by reduced
insulin sensitivity in skeletal muscle/liver and increased hepatic glucose production.
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Table 1

Circadian genes involved in carbohydrate homeostasis.

Skeletal Muscle Liver Expression

Peak Peak
Akt2 ~48
Irsl ~42 ~24
Irs2 ~30 ~23
Thcldl ~42 ~42
Insr ~30
Pck1 ~37
Pep ~48
Pyg ~42
G6pc ~42

Page 16

Approximate time of peak expression of metabolic genes in skeletal muscle and liver based on CircaDB (Pizarro et al., 2013). Dark gray squares

represent the dark phase, and light gray cells represent the light phase. Uncolored cells reflect borderline light/dark times.
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