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Abstract

To be prepared for alternating metabolic demands occurring over the 24-hour day, the body
preserves information on time in skeletal muscle, and all cells, through a circadian clock
mechanism. Skeletal muscle can be considered the largest collection of peripheral clocks in the
body with a major contribution to whole body energy metabolism. Comparison of circadian clock
gene expression between skeletal muscle of nocturnal rodents and diurnal humans reveals very
common patterns based on rest/active cycles rather than light/dark cycles. Rodent studies in which
the circadian clock is disrupted in skeletal muscle demonstrate impaired glucose handling and
insulin resistance. Experimental circadian misalignment in humans modifies the skeletal muscle
clocks and leads to disturbed energy metabolism and insulin resistance. Preclinical studies have
revealed that timing of exercise over the day can influence the beneficial effects of exercise on
skeletal muscle metabolism and studies suggest similar applicability in humans. Current strategies
to improve metabolic health, e.g. exercise, should be reinvestigated in their capability to modify
the skeletal muscle clocks by taking timing of the intervention into account.
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1. Introduction

Circadian rhythms are endogenously generated 24h cycles that can be observed in behavior,
physiology and metabolic processes. The molecular mechanism that drives circadian
rhythms is the circadian clock and this is found in virtually every cell in mammals. While
the circadian clock has been studied most in the suprachiasmatic nucleus of the brain
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(central clock) we are now learning more about the role of the circadian clocks in peripheral
tissues such as skeletal muscle. The molecular clock generates circadian rhythms through a
translational-transcriptional feedback loop (TTFL) mechanism, in which CLOCK and
BMAL1 proteins act as transcriptional activators of Cryptochrome (Cry1-2) and Period
(Per1-3) genes, which encode proteins that repress CLOCK:BMAL1 with a periodicity of
~24h (Figure 1). In addition to the TTFL, CLOCK:BMAL1 also contribute to the expression
of a large number of genes, called clock-controlled genes (CCGs). Transcriptomics has been
the most used tool to identify CCGs in mammalian tissues. Early skeletal muscle
transcriptomic studies relied on sampling every 4h and identified >200 rhythmic genes in
mice, including components of the molecular clock and genes involved in transcription, lipid
metabolism, protein degradation, ion transport, and vesicular trafficking (1, 2). Zhang et al.
(2014) performed a circadian timeseries analysis of gene expression in mice every 2 hours
for 48 hours in 12 different mouse organs, including skeletal muscle (gastrocnemius), using
microarrays and targeted RNA-seq data. They found that skeletal muscle expresses ~1600
circadian genes and that more than 40% of all mammalian protein-coding genes are
expressed rhythmically somewhere in the body, mainly in an organ-specific manner (3, 4).
The components of the core circadian clock mechanism are ubiquitous across all cells;
however, the CCGs are unique to each tissue. Skeletal muscle-specific CCGs include
Myod1, Atroginl (Fbxo32), Mef2 and Glut4 highlighting the role of the clock for expression
of genes important for the daily maintenance of skeletal muscle (1, 4).

By constituting ~40% or more of body mass, skeletal muscles can be considered the largest
collection of peripheral clocks in the human body (5). In the context of metabolic health, the
relevance of studying skeletal muscle clocks in particular becomes clear considering the
important role of skeletal muscle in maintaining whole body energy, substrate metabolism
and glucose homeostasis; one example being that skeletal muscle accounts for ~80% of
postprandial glucose uptake in humans (6, 7). Skeletal muscle is also a metabolically active
tissue especially when considering the energy cost of skeletal muscle force, as well as the
pumps managing intracellular calcium stores and those pumps maintaining membrane
potential, thereby being the largest contributor to whole body energy requirement (8-10).
Moreover, skeletal muscle is able to rapidly adapt to metabolic demand (e.g. exercise) and
nutrient status by modulating substrate storage and matching substrate oxidation to glucose
or fat availability, respectively (11). Whereas its flexibility to either use or store energy is
mostly dependent on the change from feeding to fasting and from activity to rest, recent
evidence suggests that skeletal muscle metabolism is further governed by the intrinsic
skeletal muscle clocks (4).

This review summarizes the literature on how the skeletal muscle clocks of nocturnal
rodents and diurnal humans are organized. The ability to perform repeated biopsies of
skeletal muscle from the same individual over a 24h period provides an opportunity to
directly compare the expression of circadian clock factors between humans and rodents.
Based on these comparisons, we discuss the relevance of findings from clock-disruption
rodent models for human metabolic health. The aim is to evaluate the physiological
relevance of the skeletal muscle clocks for human metabolic health and to give an outlook on
how future studies could usefully further investigate clockwork in skeletal muscle.
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2. Study of circadian rhythms in nocturnal rodents and diurnal humans

The proper functioning of the circadian clock in skeletal muscle is likely to be crucial for the
regulation of whole-body energy and substrate metabolism. However, scientific interest in
skeletal muscle clocks in humans has only recently emerged, so that our current knowledge
about skeletal muscle clocks is mostly based on studies in nocturnal rodents. Evolutionarily
diverged from humans approximately 96 million years ago (12), the mouse is widely viewed
as a representative model to study mammalian gene expression. However, in particular when
it comes to investigating circadian rhythms, differences to humans should be considered.
Among the obvious differences are the opposing times of activity and feeding versus rest.
For example, in preclinical studies, mice are generally fed ad libitum but data indicates that
75-80% of intake occurs in the dark phase (13, 14). Mice also exhibit polyphasic or
segmented bouts of sleep but the majority of sleep episodes are in the light phase (15). In
contrast, humans are physically active and eat mostly during the light phase and exhibit
consolidated sleep in the dark phase. Thus, most of the rhythms found in behavior,
physiology and metabolism are antiphase when comparing nocturnal and diurnal animals
against the light/dark phases of the day.

The analysis of circadian rhythms requires standardized conditions to control for
environmental cues. Under normal circumstances mice are housed under defined conditions
with regards to lighting, feeding and activity, and tissues can be collected at any given time
of the day to investigate rhythmic patterns in skeletal muscle and other tissues. The current
guidelines for discovering circadian patterns recommend that tissues are collected for at least
two complete 24h cycles during which mice are under constant dark conditions with no
input from light (16).

For human studies, consistent conditions (e.g., regular meals, physical activity, and bed
times) are critical. However, to study the human skeletal muscle clocks a more elaborate and
careful study design is required to avoid confounding factors in the face of ethical standards.
For this purpose, two approaches have currently been used: constant routine or realistic life-
style protocols. Constant routine protocols are designed to avoid confounding factors, known
to affect skeletal muscle clocks, as much as possible. For example, Perrin et al. (2018)
collected skeletal muscle biopsies every 4h over 24h in ten healthy volunteers constantly in a
semi-recumbent position, under constant hourly feeding via meal-replacement solutions,
under constant artificial lighting and ambient temperature (17). By contrast, van Moorsel et
al. (2016) collected five skeletal muscle biopsies within 24h from twelve young healthy
males under ‘normal’ living conditions (i.e. 3 meals per day, some physical activity) to
mimic realistic daily lifestyle conditions as much as possible (18). Sleeping was facilitated
for 8-9h with lights switched off in both protocols. The direct comparison of specific
analyses, such as metabolome or transcriptome, in muscle samples derived from these two
different protocols may contribute to a better understanding of the relative roles of the
circadian versus behavioral components of biological rhythmicity.
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3. The skeletal muscle clocks in rodents and humans

Circadian clock genes have been shown to exhibit 24h rhythmic expression in human and
mouse skeletal muscle samples. In this section, we will refer to light/dark but we will also
include the descriptors rest/active, as a way to compare the daily patterns of clock gene
expression between rodents and humans. The core clock genes Bmall and Clock function as
the positive arm of the transcriptional-translational feedback mechanism and in mouse
skeletal muscle Bmall mRNA exhibits a peak expression at the transition from the dark/
active to the light/rest phase. In contrast, the genes that comprise the negative arm of the
clock Perl, Per2 Per3, Cryland Cry2exhibit an antiphase pattern with their peak of
expression prior to the transition from rest to the active phase (3, 4). Expression of core
clock genes have also been measured in human skeletal muscle of lean volunteers, both
when measured directly in human skeletal muscle biopsies (17-19) and by /n vitro
differentiation of human primary skeletal myotubes established from human donor biopsies
(17, 20, 21). /n vivo studies show that Bmal1 expression also peaks during the transition
from active to the rest phase in human skeletal muscle, while Peri, Per2, Per3, Cryl, Cry2
are antiphase to Bmal1, and their expression peaks at the transition from rest to the activity
phase. The expression of Clock mRNA is more variable with either very low amplitude (17,
18) or no circadian variation (21). Expression patterns of the clock genes /n vitro are less
robust. In differentiated human myotubes, Bmall, Per1, Per2, Per3, Cryland Cry2are
rhythmic after synchronization with forskolin (17). A previous study found oscillations in
Bmall, Per2, Per3and Cry1 after synchronization with dexamethasone (20). Hansen et al.
reported rhythmic expression in the same genes, but PerZ and Cry2 could not be detected,
after serum shock synchronization (21). In differentiated C2C12s myotubes, a mouse
skeletal muscle cell line, the expression of Clock, Bmall, Cry1, Perl, and Per2was found to
be rhythmic after dexamethasone synchronization (22). This direct juxtaposition of available
data on the skeletal muscle clocks in mice and humans reveals that if expression is
normalized to activity/rest cycles, the skeletal muscle clocks of humans and mice show very
common patterns of gene expression as illustrated in Figure 2A and B.

Beyond the core clock factors, the study from Perrin and colleagues (2018) performed a
genome-wide transcriptome analysis by high-throughput RNA sequencing from skeletal
muscle biopsies from ten healthy volunteers (17). A comparison of the oscillating genes
found by Perrin et al. with the circadian gene expression dataset of mouse skeletal muscle
previously published by Zhang et al. revealed 430 common circadian oscillating genes
between mouse and human skeletal muscle (3, 17). Surprisingly, the phase difference in the
expression of the core clock components between diurnal humans and nocturnal rodents was
shorter than the expected 12h phase difference. This likely reflects the differences in
entrainment as humans were entrained to a 15h:9h LD cycle while mice were kept on a
12h:12h LD prior to placing constant darkness during tissue collections. It is also important
to note that the mouse dataset has a temporal resolution of 2h while the humans is 4h and
this can impact phase determination (3, 17). It also needs to be taken into account that
human studies are primarily done with biopsies from the vastus lateralis while most mouse
studies investigate muscles of the lower leg such as gastrocnemius. So far, there are no
datasets for direct skeletal muscle type comparisons between humans and mice.
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To date, transcriptomic studies have been published in three different mouse skeletal
muscles. Dyar et al. (2014) evaluated the expression of circadian genes in two skeletal
muscles with distinct fiber type composition (23): soleus composed of a mixed Type I:Type
Il fiber type with a majority of oxidative fibers and tibialis anterior (TA), comprised of
mostly fast-twitch glycolytic fibers (24). They identified 1359 circadian genes in the soleus,
while 684 circadian genes were found in TA. Interestingly, a majority of CCGs were specific
for each skeletal muscle, with 75% and 51% of circadian genes cycling only in soleus or TA,
respectively (25). Circadian transcriptome studies using the mouse gastrocnemius muscle
(about 75% Type 11 glycolytic, about 12% Type Il oxidative and 13% Type | oxidative)
found diverse signatures with greater than 50% of the genes differentially expressed (1-4).
Thus, while all the different skeletal muscles express the core circadian clock factors, the
differences in CCGs across skeletal muscles highlights the specificity of circadian regulation
and may reflect differences in skeletal muscle use, metabolism and/or functional properties.
Also, it is likely that there will be sex-specific differences, however, to date, there is little
data on sex as a variable with the circadian clock mechanism in skeletal muscle.

Among the molecular pathways in common between human and mouse circadian datasets is
the category of gene transcription. As previously demonstrated in mice, gene transcript
accumulation followed a rhythmic pattern with peaks in the middle of both active and rest
phases in humans (17). The active phase peak was characterized by enhanced expression of
genes associated with mitochondrial activity and skeletal muscle contraction. In contrast, the
homologous genes in rodents were partitioned across both the active and rest periods (1, 2,
4). In humans, the genes peaking during the middle of the rest period were enriched for the
immune response and inflammation pathways. Furthermore, various transcription factors
related to skeletal muscle metabolism demonstrated a rhythmic expression, such as K/715,
which plays a crucial role in regulating skeletal muscle lipid metabolism (26), 77feb, which
regulates oxidative phosphorylation and glucose homeostasis (27), and Myod1, the master
myogenic regulatory factor, which peaks during the active phase. MyodI was previously
identified as having a robust circadian pattern of expression in mice with a peak expression
during the active phase (2). Since this early observation, studies have demonstrated that
Myod1 is a direct target of the CLOCK:BMAL1 complex (28), and as a clock co-factor
regulating the expression of CCGs in skeletal muscle (29, 30). It will be interesting to
determine if this role for Myod1 is conserved between mouse and human skeletal muscle. In
addition to the transcription factors, genes involved in the secretion of myokines, glucose
homeostasis and lipid metabolism displayed rhythmic transcription in humans (17). Taken
together, these transcriptomic data strongly suggest an important role of the skeletal muscle
clocks in regulating human and mouse muscle physiology.

Indeed, skeletal muscle clocks may contribute to the circadian rhythms of human resting
energy expenditure, with lowest levels seen in the late biological night and highest in the
afternoon/evening. Another metabolic variable, respiratory exchange ratio (RER, carbon
dioxide production/oxygen consumption) exhibits a circadian pattern indicating a preference
for carbohydrate oxidation in the biological morning and lipid oxidation in the evening as
was reported recently (31). Furthermore, exercise performance displays diurnal variation,
e.g. increased strength, power and endurance in the afternoon and evening compared with
the early morning (32, 33). Also, glucose tolerance and insulin sensitivity were shown to be
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higher in the morning compared to later on in the day in healthy individuals (34). Further,
we showed pronounced 24h rhythmicity of skeletal muscle mitochondrial function in
humans with a peak during the late phase and a trough during the early phase of the day,
both for basal and maximally-stimulated mitochondrial respiration (18). However, with the
‘normal’ lifestyle protocols applied in these examples the rhythms in these physiological
markers cannot only be attributed to the influence of the skeletal muscle clocks per se but
also on external factors such as nutrient composition of the provided meals, i.e. higher fat
content of the dinner compared to breakfast and lunch, as well as timing of the meal relative
to the biopsy taken (although biopsies were always taken just before each meal to avoid
direct postprandial effects).

4. Disruption of skeletal muscle clocks and its effects on metabolism

Chronic disruption of circadian rhythms has been associated with metabolic disturbances in
humans and mice (35). The importance of skeletal muscle clocks in physiology and behavior
has been addressed using genetic loss-of-function mouse models targeting the BmalZ gene.
Bmall is the common target as it is the one non-redundant component of the clock
mechanism. Global Bmall knockout (KO) mice are characterized by an arrhythmic behavior
under free-running conditions, growth retardation at 16-18 weeks of age, and a very short
lifespan (average of 37 weeks) with hallmarks associated with premature aging, such as
skeletal muscle wasting, cataracts, hair loss, arthropathy, and age-related body and organ
reduction (36, 37). Metabolically, these mice show no circadian variation in plasma glucose
or triglycerides, a profound hypoglycemic response after insulin administration, and an
impaired conversion of exogenous pyruvate to glucose (38). The size of skeletal muscle in
the global Bmal1 KO was first described to be reduced in an age-dependent manner (37). A
more detailed analysis of the skeletal muscle cell structure and function showed that the
global Bmall KO mice have a reduction in force generation, a significant myofilament and
sarcomere disorganization, and mitochondrial pathologies, highlighting the importance of
the skeletal muscle clocks in the maintenance of skeletal muscle function and metabolism
(28).

Skeletal muscle-specific Bmall KO mouse models have been generated to study the effects
of circadian disruption on skeletal muscle. While there are some differences in strength
outcomes, these mouse models have a common phenotype that includes disrupted regulation
of insulin-stimulated glucose uptake and its metabolism (23, 39). Skeletal muscle-specific
Bmall KOs exhibited reductions in the mRNA and protein levels of GLUT4 and TBC1D1,
glucose transporter in skeletal muscle and the translocator of GLUT4-containing vesicles,
respectively. In addition to the change in glucose transport, the decrease in Bmal1 in skeletal
muscle causes a downregulation of the key enzymes for the use of glucose, such as
hexokinase 2 (HK2) and pyruvate dehydrogenase (PDH) (4, 23). The skeletal muscle-
specific Bmall KO mice display normal circadian behavior under free-running conditions,
unlike the global Bmal1 KO, suggesting that the changes observed in the metabolism are
more likely to be downstream of the skeletal muscle clock mechanism in skeletal muscle.
These results indicate that the circadian clock generates the circadian rhythm of
carbohydrate metabolism in skeletal muscle and that its disruption leads to metabolic
dysfunction in skeletal muscle.

Obesity (Silver Spring). Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gutierrez-Monreal et al. Page 7

Complementary to the data from the BmalZ KO mice, circadian transcriptomic studies have
been performed using the Clock mutant mouse. It is important to note that this is neither a
KO nor a knock down but it is a mouse that carries a non-specific skeletal muscle mutation
in the Clock gene that leads to a dominant negative type version of CLOCK in the whole
mouse (40, 41). These studies (1, 2) found that 78% of the rhythmic genes in wild-type
skeletal muscle had an altered magnitude of expression levels in Clock mutant skeletal
muscle, while 11% of the rhythmic genes from wild-type skeletal muscle were shifted out of
phase in the Clock mutant mice. Analysis of these datasets revealed that CLOCK-regulated
genes were associated with the cell cycle and cell proliferation, the insulin signaling
pathway, protein translation, gluconeogenesis, and muscle contraction (1).

The silencing of core clock genes and their effect on metabolism have also been evaluated /n
vitro using human skeletal muscle cells. Perrin et al. cultured primary skeletal myotubes and
disrupted their circadian clock by transfecting siRNA targeting Clock (siClock: 11, 14).
Genes involved in contraction-induced and insulin-stimulated glucose uptake were
downregulated upon siClock. Accordingly, basal and insulin-stimulated glucose uptake in
these myotubes were markedly reduced. Taken together, these findings suggest that like
Bmall, the Clock genelprotein in skeletal muscle is important for coordinating glucose
uptake /n vitro (17). Moreover, Clock depletion induced changes in lipid homeostasis (17)
and myokine secretion (20). As shown in the skeletal muscle-specific Bmall KO mouse
model, Clock disruption also facilitated a global switch at the transcriptomic program
towards a more oxidative program (4, 17). Various genes involved in lipid transport and
storage were affected after Clock silencing, leading to alterations in total
phosphatidylcholine and glycosylceramide levels. Particularly, an increase in the long chain
fatty acid transporter CD36 and in FABP3, consistent with the mouse skeletal muscle clock
disruption model was found upon Clock silencing (4).

Loizides-Mangold et al. performed a targeted lipidomics analysis to quantify circadian
rhythmicity within different lipid classes in human skeletal muscle samples (19). In line with
findings from lipidomic analysis of human plasma (42), ~20% of detected lipids displayed
diurnal oscillation /in vivoand in vitro. Most lipids peaked in the early morning phase prior
to awakening. As lipids largely contribute to the formation of the plasma membrane, it can
be assumed that skeletal muscle cell membrane properties are subjected to substantial
changes over the active/rest cycles potentially dictating important metabolic processes, e.g.
receptor signaling and glucose uptake. Moreover, peak levels of major glycerophospholipids
and sphingolipids were found to correlate with the peak of Bmall gene expression in both /in
vivoand in vitro conditions (19), indicating a potential role for skeletal muscle clocks in the
regulation of lipid metabolism. Importantly, ~40% of oscillating lipid metabolites were
downregulated in myotube cultures after si Clock treatment. Furthermore, the analysis of
lipidomic data indicated that there were also changes in the period length and amplitude of
the oscillations after si Clock treatment (19). It is not clear what the impact of period length
changes will be for skeletal muscle but it highlights the variety of possibilities how the
circadian clock can impact metabolic outcomes. Mice skeletal muscle transcriptomics have
demonstrated that genes involved in fatty-acid uptake and p-oxidation peak in the middle of
the rest phase, while lipogenic genes reach peak expression at the end of the active phase,
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suggesting that the clock in skeletal muscle promotes storage of excess energy at the end of
the active phase (4).

5. Circadian misalignment and its impact on skeletal muscle metabolism

Circadian misalignment is often used in both mice and human studies to explore the
consequences of circadian disruption in an experimental setting. Circadian misalignment is
defined by disruption of clock phases across the tissues/organs within the system. This
occurs through disturbing normal circadian time cues relative to the behavioral cycle
including altered phases of light/dark, feeding/fasting, activity/rest. In modern society, many
forms of circadian misalignment already exist, such as common daily routines like artificial
lighting at night, eating at night and sleep deprivation, but also given by the working
conditions, e.g. with shift work and time-zone transitions resulting in jet-lag. While there are
many different ways to induce circadian misalignment, it is unclear if all these forms of
misalignment lead to similar effects on parameters of metabolic health. However, a recent
meta-analysis of observational studies revealed that shift workers, which are exposed to a
mixture of disrupted light exposure, eating at night and sleep deprivation, have an increased
risk to develop type 2 diabetes mellitus (T2DM) (43) and the risk is positively correlated to
the number of night shifts per month (44). To study the underlying mechanisms of this
relationship, circadian misalignment protocols have been developed to simulate conditions
of shift work by shifting the behavioral cycle (including the sleep/wake and fasting/feeding
cycles).

Wefers and colleagues (2018) tested fourteen healthy lean volunteers in a randomized cross-
over design for 3.5 days of either shifting the behavioral cycle by 12h or a control condition
(45). At the end of both periods, insulin sensitivity was determined using the golden
standard hyperinsulinemic-euglycemic clamp at the beginning of the active phase for both
control or misaligned protocols, and skeletal muscle biopsies were taken for mMRNA
analysis. Wefers et al. found that the circadian rhythm of core body temperature did not
adapt to the new day-night rhythm, i.e. indicating circadian misalignment, leading to a
higher body temperature and energy metabolism during sleep and a reduced body
temperature during the waking period in the misaligned condition. Interestingly, this
circadian misalignment resulted in an increase in plasma glucose and free fatty acids levels
and a rapid induction of insulin resistance, which was mainly located at the level of the
skeletal muscle as indicated by a 23% reduction in insulin-stimulated non-oxidative glucose
disposal. Whole genome expression profiling revealed that many of the most highly enriched
gene sets among the genes changed in expression in the misaligned condition were related to
fatty acid metabolism and PPAR signaling (45). In addition, the expression of clock genes at
two time points, 7AM and 7PM, was determined in both conditions. In the control condition,
the core clock genes Bmall, Cry1and Per2displayed diurnal differences in line with the
previously described studies (17, 18). Despite reversing the activity/rest and feeding/fasting
cycle, the expression pattern of Bmall and Clock was conserved highlighting the robustness
of the positive limb of the skeletal muscle clocks to feeding and activity, while the
expression of Per2and CryZ mRNAs was altered.
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Another study investigated the effects of acute sleep loss compared to a full night of sleep on
the transcriptome of skeletal muscle and adipose tissue including their clock machinery (46).
Strikingly, after only one night of sleep loss, pathways indicative of skeletal muscle
breakdown and anabolic processes in adipose tissue were evident. At the same time, only the
skeletal muscle clocks were altered with an upregulation of BMALL protein levels, whereas
the molecular clock in adipose tissue remained unchanged. Interestingly, sleep deprivation
also resulted in molecular changes in skeletal muscle indicating a shift to fatty acid
metabolism, supporting the findings by Wefers et al. (45). Sleep loss further led to higher
postprandial glucose levels, whereas insulin was stable, suggesting reduced glucose handling
in peripheral tissues (46). Accordingly, it has been shown that persistent sleep restriction
with concurrent circadian disruption alters metabolism and could increase the risk of obesity
and T2DM (47). Taken together, these data indicate that circadian misalignment results in
disturbed energy metabolism and insulin resistance in human skeletal muscle which both
could be mediated by impaired skeletal muscle clocks.

6. The skeletal muscle clocks in obesity and under diabetogenic
conditions

The circadian metabolic profile of skeletal muscle cells has further been evaluated under
diabetogenic conditions /n7 vitro. Hansen and colleagues (2016) compared clock gene
expression of human primary myotubes derived from four different groups of donors: (i)
young endurance trained athletes, (ii) their age-matched young, lean sedentary controls, (iii)
healthy, obese subjects and (iv) body mass index- and age-matched T2DM patients (21).
They did not find any differences in the expression of the core clock components between
donor groups. Likewise, Perrin et al. did not find any differences in period length of the
Bmall-luc or PerZ-luc reporter between myotubes established from obese and non-obese
donors (20). However, T2DM patients lacked robust circadian rhythmicity of components of
the core clock, Rev-erba and Rev-erbg (21). Downstream of the core clock, circadian
rhythmicity in the expression of nicotinamide phosphoribosyltransferase (Mampi), sirtuin 1
(Sirt) and insulin receptor substrate 1 (/rs), genes associated with mitochondrial function
and metabolic health, were disrupted in myotubes from T2DM subjects (21). Nampt has
been shown to be regulated by Bmall and Clock in complex with SirtZ (48) and sleep loss
seems to affect rhythmicity of Mamptexpression and might thereby contribute to impaired
postprandial glucose metabolism (49). These results show that primary skeletal muscles cells
were able to maintain the circadian metabolic characteristics /n vitro dependent on the donor
characteristics, resulting in an advantageous /n vitrotool to study the circadian clock from
skeletal muscle cells derived from patients with distinct metabolic diseases.

Recently, Sardon Puig and colleagues (2019) assessed clock gene expression in the vastus
lateralis muscle before and six months after gastric bypass surgery in obese women and men
and compared this data to baseline gene expression in normal weight controls (50). They
found that skeletal muscle clock gene expression is affected by obesity and by the gastric
bypass induced weight loss. However, these results must be interpreted with caution since
only one biopsy was taken at each occasion and the time of day was not standardized for the
biopsies taken at baseline. Accordingly, reported differences can rather be a result of timing
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differences than reflecting weight loss or obesity-induced effects. In the same study,
unsynchronized myotubes from the normal weight controls were exposed to plasma free
fatty acids, i.e. palmitate or oleate, to simulate diabetogenic conditions /n vitro and study the
plasticity of the skeletal muscle clocks under these conditions. For both fatty acids, the
expression of a ubiquitous CCG, Dbp, was reduced while Rev-erbp was upregulated. Also,
serum shock synchronized myotubes were exposed to palmitate for 54h. Over time,
palmitate treatment was found to alter the expression of Bmal1, Cry2, Dbp, Perland Per3.
These findings suggest that circulating lipid metabolites can modify the phase and/or pattern
of skeletal muscle clocks gene expression. It could therefore be speculated that increased
lipid signaling represents a putative component of the time of feeding cue for skeletal
muscle considering that free fatty acids rise during the fasted night under metabolically
healthy conditions in humans (18). As free fatty acids are generally elevated in T2DM
patients (51), diabetic skeletal muscle might lose its sense of time based on nutrient status
and is further confronted with contradicting time cues during daytime.

Exercise as a tool to reset the clock and improve metabolic health?

It is well known that exercise training is an effective strategy for restoring metabolic
outcomes in skeletal muscle of T2DM patients to levels of age- and BMI-matched healthy
controls, e.g. mitochondrial function, RER, skeletal muscle insulin sensitivity, by improving
skeletal muscle function (52). Whether exercise exerts its benefits through the molecular
clock mechanism has not been studied yet. However, acute exercise is how considered a time
cue for clocks in peripheral tissues and joins other factors such as glucocorticoids, feeding,
neurohumoral input from the central clock and likely temperature (53, 54). Many studies
using the circadian reporter Per2::Luc mice have shown that running exercise can produce a
significant time-dependent phase shift of the Per2::Luc bioluminescence rhythms in several
skeletal muscles. It has also been shown that exercise can improve circadian rhythms in a
genetic mouse model that uncouples the temporal communication within the central clock
and therefore exhibits diminished behavioral and physiological rhythms (55). Schroeder et
al. found that allowing these mutant mice to run on a wheel in the later part of the active/
dark phase improved their rhythmic deficits, including an improved power of locomotion
activity rhythms, a shifting in acrophase of locomotion activity rhythms such that the phase
was no longer different when compared with wild-type mice, and increased the amplitude of
Per2::Lucrhythms in the central clock. Interestingly, the phase of Per2.::Lucrhythms in
peripheral tissues, e.g. adrenals and liver, was also rescued (55).

In humans, data on acute exercise and exercise training effects on the skeletal muscle clocks
are more limited. Zambon et al. compared skeletal muscle clock gene expression in the
exercised and non-exercised leg of four human volunteers 6h and 18h after an acute bout of
resistance exercise (56). First of all, they could confirm diurnal differences in the core clock
factors within the non-exercise control limb. Strikingly, they found that Bmal1, Per2 and
Cry1 were upregulated 6h after exercise , whereas Per1, Cry2and Rev-erbB remained
unchanged. This suggests that skeletal muscle contraction maybe sufficient to alter the gene
expression of skeletal muscle clocks, but the effect of exercise on physiological whole-body
or muscle-specific circadian outcomes was not investigated. Youngstedt et al. (2019)
investigated human circadian phase response curves of urinary melatonin profiles after
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different times of moderate-intensity walking exercise performed for 1h per day for 3 days
(57). Based on a large sample size and under highly standardized conditions, exercise
induced consistent phase advances when performed either at 7 AM or between 1 and 4 PM,
and consistent phase delays when exercise was performed at 10 PM. Future studies are
needed to determine if such phase advances or delays also occur within the skeletal muscle
clock. Previous studies investigating the effect of repeated daytime endurance exercise
suggested a phase advance based on dim-light melatonin onset (58) and rectal temperature
(59). In contrast, acute nocturnal endurance exercise (for 3h) induced a phase delay in
melatonin secretion(60, 61).

There have been several recent studies investigating the time-dependent effects of exercise
on metabolism. One recent study showed that time of acute exercise (early rest phase vs.
early active phase) modifies the diurnal rhythmicity of the transcriptome in mouse skeletal
muscle in a time-of-day-dependent manner (62). A combined analysis of transcriptomics
and metabolomics in skeletal muscle showed that exercise at the early active/dark phase
disrupts circadian rhythmicity of genes and metabolites related to carbohydrate metabolism,
while exercise at the early rest/light phase stimulates the circadian expression of genes and
metabolites related to carbohydrate metabolism and decreases rhythmicity of genes and
metabolites related to glycerol metabolism (62). Moreover, the impact of acute exercise on
systemic energy homeostasis appears to be dependent on the time of day, since oscillations
in RER and energy expenditure respond differently according to the timing of exercise (62).
Another study examined the difference in exercise capacity of mice between two time points
within their active phase, 2h after lights-off and 2h before lights-on (named Early and Late,
respectively) (63). First, they reported that running duration at 55% and 45% of the maximal
aerobic capacity was longer at the Late time. Gene expression analysis of skeletal muscle
samples of non-exercised mice at Early and Late time points showed daily variation in
exercise-related signaling pathways, including peroxisome proliferator-activated receptor
(PPAR), AMP-activated protein kinase (AMPK), and hypoxia inducible factor (HIF) (63),
suggesting that circadian regulation of these pathways may explain daily variation in
exercise capacity that has also been reported previously (62, 64—66).

So far, human studies investigating the effect of exercise timing on the outcomes of training
are very limited. However, in line with the above mentioned findings in acute exercise
studies, Savikj et al. used a randomized cross over design to compare outcomes with T2DM
subjects that trained in the morning (1h after a meal) vs. afternoon training (3h after a meal).
They found that two weeks of exercise training when performed in the afternoon is more
efficacious than morning exercise at improving 24h blood glucose levels in T2DM patients
(67). Ezagouri et al. exercised human volunteers using a submaximal constant-load exercise
protocol at two times points, 8AM (Early) and 6PM (Late)(63). The results confirmed a
diurnal variance in exercise capacity, where the Late group (vs Early) was characterized by a
lower oxygen consumption, higher RER, lower heart rate, and lower blood glucose levels
after exercise. To what extent the skeletal muscle clocks might contribute to improved
glucose tolerance in response to different timing of exercise training still needs to be
elucidated, as for example also the timing of meals may have influenced these results.
Nevertheless, these studies provide a rationale to continue to test the application of exercise
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timing as a therapeutic strategy to treat metabolic diseases in which the skeletal muscle
clocks might be disrupted.

8. Conclusion and future directions

Nowadays, in a mostly unnoticed manner, circadian disruption is omnipresent. In our
modern society, especially food and artificial lighting are available around the clock. These
environmental cues are coming at irregular times potentially providing conflicting time cues
for all the clocks in our body. With physical activity levels declining the contribution of
exercise as a time cue for our clocks is under-represented. Skeletal muscle is an important
organ for metabolic health, and animal and human data reveal the relevance of circadian
rhythmicity for skeletal muscle metabolic health. The common features of the skeletal
muscle clocks in rodents and humans and the similar impact of clock disruption on substrate
metabolism are important. An implication of these similarities is that preclinical research
and clinical interventions can work together in the future to more rapidly advance our
understanding and use of circadian principles for skeletal muscle and metabolic health. Such
knowledge can help to develop timed interventions that may aid to optimize treatment and
prevention options for obesity and T2DM.
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Questions:
What is already known about this subject?

. Skeletal muscle is important in maintaining whole body energy, and substrate
metabolism and glucose homeostasis.

. Disruption of the skeletal muscle clocks in mice leads to impaired glucose
metabolism and increased insulin resistance.

. Circadian misalignment in humans results in disturbed energy metabolism
and insulin resistance in skeletal muscle.

What are the new findings in your manuscript?

. This is the first review focused on comparing the findings on skeletal muscle
clocks between humans and mice.

. We review the latest progress on the role of the skeletal muscle clocks in
metabolic health.

. We discuss time-dependent exercise as a therapeutic strategy for restoring
metabolic disruption.
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Figure 1.
The molecular clock generates circadian rhythms through a transcriptional-translational

feedback loop (TTFL) mechanism, in which the transcription of Period (PerZ, Per2, and
Per3) and Cryptochrome (Cry1 and Cry2) genes is activated by the heterocomplex formed
by the PAS domain helix-loop-helix transcription factors CLOCK (or its paralogue NPAS2)
and BMALL (also known as ARNTL) via E-boxes elements in their promoter regions. PER
and CRY proteins dimerize, translocate to the nucleus, and repress their own
CLOCK:BMAL1-mediated transcription. This creates a cycle that takes approximately 24
hours to be completed. In addition to the main loop, a secondary feedback loop comprises
the nuclear receptors ROR and REV-ERB that activates or represses, respectively, the
expression of Bmall gene by acting on ROR-binding elements (RORES) within its promoter.
CLOCK:BMAL1 activates the transcription of clock-controlled genes (CCGs) in a tissue-
specific manner and these genes are critical for cell physiology and metabolism.
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Figure 2: A.
Normalized expression of core clock genes, Bmall and Per2, in skeletal muscle of humans

and mice over time of day. The patterns of Bmall and Per2 expression are similar when
viewed from rest/active phases of the day. Human skeletal muscle data was extracted from
Perrin et al. (17) and mouse gastrocnemius data was extracted from Zhang et al. (3). Bmall
circadian expression profile is represented by the red line and Per2 by the blue line. B.
Representation of peak times of expression of a larger composite of clock genes and CCGs
in mouse skeletal muscle (top panel) and human skeletal muscle (bottom panel). Genes of
the positive limb are represented by green bars and genes of the negative limb by red bars.
Zeitgeber time 0 (ZTO) refers to the time when lights are switched on, e.g. in human studies
at 7AM. For illustration purposes, three hour time frames were used taking the mean value
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of peak expression of the respective gene from comparable human (17, 18) and mice (3, 4,
23) studies as the center. Note that if corrected for the rest/activity cycle, peak expression
patterns across the clock components are similar in both species.
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