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Abstract

Circadian rhythms drive our daily behaviors to coincide with the earth’s rotation on an
approximate 24-hour cycle. The circadian clock mechanism present in nearly every cell is
responsible for our circadian rhythms and is comprised of a transcriptional — translational
feedback loop in mammals. The central clock resides in the hypothalamus responding to external
light cues, whereas peripheral clocks, receive signals from the central clock and are also sensitive
to cues from feeding and activity. Of the peripheral clocks, the skeletal muscle clock is particularly
sensitive to exercise which has shown to be an important time cue with the ability to influence
and adjust the muscle clock phase in response to exercise timing. Since the skeletal muscle clock
is also involved in the expression of tissue specific gene expression — including glucoregulatory
genes — this might suggest a role for exercise timing as a therapeutic strategy in metabolic
diseases, like type 2 diabetes. Notably, type 2 diabetics have accompanied disruptions in their
skeletal muscle clock mechanism which may also be related to the increased risk of type 2
diabetes seen among shift workers. Therefore, the direct influence of exercise on the skeletal
muscle clock might support the use of exercise timing to provide disease-mitigating effects. Here
we highlight the potential use of time-of-day exercise as a chronotherapeutic to improve the
metabolic profile of type 2 diabetes and support long-term glycemic control, potentially working
through the skeletal muscle clock and circadian physiology.
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Introduction

Circadian rhythms which influence our overall physiology and health, have evolved to
coincide with the earth’s rotation on an approximate 24-hour cycle (Takahashi et al.,
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2008; Richards and Gumz, 2013; Gerhart-Hines and Lazar, 2015; Pilorz et al., 2018). The
circadian clock mechanism that is responsible for our circadian rhythms is present in nearly
every cell, whereupon its disruption can lead to deleterious consequences. Evidence of
clock disruption is commonly seen among shift workers, who display metabolic disruptions
similar to prediabetes, likely contributing to high rates of developing type 2 diabetes in shift
workers (Wang et al., 2011; Gan et al., 2015; Manodpitipong et al., 2017). Additionally,
type 2 diabetics also show signs indicative of clock disruption, further highlighting the
connection between clock function and metabolic diseases (Hansen et al., 2016; Gabriel et
al., 2021). However, in the last 10 years, research has demonstrated that clocks in peripheral
tissues can respond to non-photic cues such as exercise and feeding even though the central
clock in the brain stays locked in phase with the light-dark cycle. This raises the possibility
of new health related interventions, such as scheduled exercise, as a therapeutic strategy to
support clock and systems health.

Exercise has long been recognized as a treatment strategy to combat metabolic diseases
(Thyfault and Bergouignan, 2020) and has recently been shown to directly influence the
skeletal muscle clock. Specifically, exercise can serve as a time-cue for the muscle clock,
with the phase of the muscle clock sensitive to the timing of exercise (Wolff and Esser,
2012; Kemler et al., 2020; Adamovich et al., 2021). Since the muscle clock is a significant
contributor to muscle-specific gene expression — many of which are metabolism related —
suggests that exercise timing may provide a pretext for reinforcing good metabolic health.
Therefore, exercise timing could be used as a promising preventative or therapeutic avenue
for metabolic diseases, such as type 2 diabetes.

In this review we start by highlighting the fundamental muscle clock mechanism and its
interactions with exercise, with a particular focus of the role of exercise as a time-cue. We
next present the close association between disrupted circadian rhythms (i.e., misalignment)
and metabolic health. Lastly, we propose a paradigm through which consistent time-of-day
exercise could be tested as a therapeutic strategy to improve glucose handling and long-term
glycemic control, thus serving as a promising chronotherapy.

The Muscle Clock Mechanism

The circadian clock mechanism is found in virtually all cells throughout the body and

is defined as a transcriptional-translational feedback loop (TTFL). The positive arm of

the feedback loop consists of basic helix-loop-helix (bHLH)-PAS family of transcription
factors, circadian locomotor output cycles kaput (CLOCK) (Gekakis, 1998) and Brain and
Muscle ARNT-like 1 (BMALL) (Bunger et al., 2000), that heterodimerize and bind to E box
elements (Hardin, 2004) within the promoters of the negative arm genes, Period (Per 1/2/3)
and Cryptochrome (Cry 1/2) genes, facilitating their transcription. Once translated, PERS
and CRY'S dimerize, translocate back to the nucleus and inhibit the transcriptional activity
of the CLOCK: BMAL1 complex facilitating the negative limb of the feedback loop (Kume
et al., 1999; Eide et al., 2002). Other regulatory proteins including the retinoic acid-related
orphan nuclear receptors, REV-ERBs (Nrld1, Nr1d2) and ROR, which compete for binding
to retinoic acid-related orphan receptor response elements (RORES) within the BMAL1
promotor either inhibiting or activating BMAL 1 transcription, respectively (Preitner et al.,
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2002; Akashi and Takumi, 2005). This fundamental mechanism cycles within approximately
24-hours and is required for circadian rhythms (Figure 1).

In addition to the cell timing, it is now clear that the core clock factors contribute to
transcriptional regulation of a large number of genes that are important for daily cell
physiology. Work by Zhang et al., described circadian output genes in over 12 mouse organs
and found that the number of oscillating mMRNAs varies across tissues ranging from ~1000
to 3000 mRNAs (Zhang et al., 2014). While the core clock mechanism is common to all
tissues, they found that the circadian output genes were largely unique to each tissue and
reflected the cell and organ specific functions. Data supporting a significant role for CLOCK
and BMAL1 in genome wide gene expression was first highlighted by Koike et al., when
they performed a comprehensive study looking at temporal patterns of core clock factor
binding across liver chromatin, demonstrating that CLOCK and BMAL1 target binding at
5000-6000 sites in a time of day pattern in the liver (Koike et al., 2012). Likewise, clock
output genes have been identified in mouse and human skeletal muscle (Miller et al., 2007;
Dyar et al., 2018). Skeletal muscle exhibits a sleuth of clock-controlled genes that are
reflective of the myogenic cell specificity, partially through interactions with the muscle
transcription factor Myogenic cell differentiation factor 1 (MYOD1) and the CLOCK:
BMALL1 heterodimer (Hodge et al., 2019). Most recently, BMAL1:CLOCK binding to

over 5000 sites within chromatin was reported in mouse skeletal muscle (Gabriel et al.,
2021). These studies demonstrate the clock mechanism in skeletal muscle contributes to a
fundamental daily myogenic specific transcriptional program.

As prior investigations highlighted transcriptomic differences in clock outputs across a
variety of tissues, additional studies using mouse genetic approaches have sought to
understand the physiological influence of the skeletal muscle clock. Both skeletal muscle
specific and inducible skeletal muscle specific mouse models of Brmall ablation have been
performed. The combination of these studies has consistently found that loss of Bmal1
function in skeletal muscle is sufficient to induce alterations in the ability of muscle to
uptake and utilize glucose coupled with an inability to respond to insulin.

For the purpose of this review, we will focus on the role of the skeletal muscle clock, which
has emerged as a key regulator in metabolism. As skeletal muscle is the primary site of
glucose uptake, storage, and utilization, the disruption of the muscle clock has implications
in metabolic disease. Disruption of the skeletal muscle clock using Clock mutant mice

and the muscle-specific Bmal1~'~ model have demonstrated widespread transcriptional
disruption and loss of rhythmicity, particularly of genes related to glucose and lipid
metabolism (Miller et al., 2007; Dyar et al., 2014; Hodge et al., 2015; Schroder et al., 2015;
Dyar et al., 2018). Specifically, muscle-specific BmalI~~ mice display genes related to
carbohydrate metabolism are downregulated whereas genes associated with lipid metabolism
are upregulated (Hodge et al., 2015; Harfmann et al., 2016). As a result, muscle-specific
Bmal1™~ mice exhibit higher levels of insulin while maintaining a normal fasting blood
glucose and glucose tolerance tests (GTT) confirm that muscle-specific Bmall~~ mice are
glucose intolerant (Harfmann et al., 2016). Consistent with the GTT results, muscles in

the muscle specific Bmal1~/~ mice have lower mMRNA and protein levels of Glut4 (S/c2a4)
as well as reduced glucose uptake stimulated through insulin-dependent or independent
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mechanisms (Dyar et al., 2014; Harfmann et al., 2016). Comparatively, myotubes generated
from human muscle primary myoblasts treated with small-interfering RNA complementary
to Clock also exhibited reduced expression of Glut4 (Perrin et al., 2015; Perrin et al., 2018),
further demonstrating the close association of the muscle clock and glucose uptake. Aside
from glucose uptake, rate limiting enzymes associated with glycolysis including hexokinase
2 (hk2), phosphofructokinase (prkZ) show reduced transcript levels and enzymatic activity
(Harfmann et al., 2016). Others using the same muscle-specific BmalI~'~ mice also

showed an upregulation of pyruvate dehydrogenase 4 kinase (pdk4) and a downregulation
of pyruvate dehydrogenase phosphatase 1 (Pap) which are involved in the reversible
phosphorylation of the PDH-E1a subunit of PDH, necessary for catalyzing pyruvate to
acetyl-CoA for oxidative metabolism (Dyar et al., 2014). Thus, as glycolytic pathways
become obstructed due to altered enzyme expression and activity brought on by a disrupted
muscle clock, shifts substrate metabolism away from carbohydrates and toward lipid and
potential protein sources. This also means that the ability of muscle to serve as a glucose
sink in the body is diminished, challenging other organs in the system to manage circulating
glucose levels with feeding (Table 1).

The resultant metabolic impact from the loss of Bmall function in skeletal muscle
demonstrates the role of the skeletal muscle clock in metabolic physiology. Importantly, the
transcriptional regulation of clock-controlled genes related to muscle metabolism indicate
that changes related to the skeletal muscle clock may also influence the clock output and
resulting physiology. Thus, means of influencing the skeletal muscle clock may provide an
avenue of affecting whole-body physiology.

Exercise and the Muscle Clock

It is now recognized that human exercise performance displays a diurnal pattern, as peak
levels of performance most frequently occur in the late afternoon/evening compared to
the morning hours. Such aspects of performance are not specific to exercise modality as
measures of endurance capacity, power output, force production, and maximal uptake of
VO, have been shown to be elevated in the evening (Souissi et al., 2007; Chtourou et al.,
2011; van Moorsel et al., 2016; Sedliak et al., 2018; Knaier et al., 2021). The observation
that performance displays a diurnal pattern has led to the suggestion of a relationship
between exercise and the circadian clock, especially in skeletal muscle.

Exercise and Circadian Behaviors

More recent studies of exercise have shown that it can function as a potent, non-photic time
cue (i.e., zeitgeber, or time giver) capable of influencing circadian rhythms. Youngstedt

et al. showed that 3 days of 1-hour of scheduled moderate exercise was sufficient to

shift the onset of urinary 6-sulphatoxymelatonin (aMT6s), a metabolite of melatonin used
in characterizing human circadian rhythms (Youngstedt et al., 2019). Interestingly, early
morning exercise (0700) induced an advance in circadian rhythm, as indicated by aMT6s
onset; whereas evening exercisers (1900) were accompanied with a phase delay. Melatonin
secretion originates from the pineal gland, downstream of the SCN, so these results suggest
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that time of exercise does impact the SCN in humans and may serve to coincide with
anticipated activity times (Youngstedt et al., 2019).

Furthermore, young sedentary adults exercised for 5 consecutive days during either morning
or evening hours. The morning exercise group exhibited a phase advance in dim light
melatonin onset (DLMO) whereas there was no phase shift was observed in the afternoon
exercise group (Thomas et al., 2020). Thus, these recent studies indicate that exercise does
function as a non-photic time cue and can influence circadian rhythms in humans.

Earlier studies in mice have corroborated the influences of exercise on circadian rhythms.
Mice exposed to consistently timed exercise have shown to align rhythmic activity and
drinking behaviors with exercise timing after several days (Edgar and Dement, 1991;
Marchant and Mistlberger, 1996). Hughes et al. showed that activity patterns in free running
mice, showed entrainment to scheduled daily exercise up to 70 days (Hughes et al., 2021),
indicating exercise does serve as a key time-cue for activity behaviors. Furthermore, Sasaki
et al. utilized treadmill running on mice during the inactive phase which resulted in activity
patterns shifting to correspond with exercise timing, where upon removal of the exercise
stimulus led to a gradual re-shift in activity patterns, regressing to the innate rhythm prior
to the exercise intervention (Sasaki et al., 2016). Prior behavioral studies have shown that
non-photic time cues have an impact on activity and drinking behaviors (Dallmann and
Mrosovsky, 2006; Dallmann et al., 2007), consistent with an impact of activity timing on the
central clock. Indeed, running wheel access in mice while on an inverted L:D cycle show
greater rates of entrainment, indicating that physical activity feeds back onto the central
clock (Castillo et al., 2011; Hughes and Piggins, 2012). These studies support a model in
which time of exercise has direct effects on the central clock and this change will regulate
the changes in the peripheral clocks through neural and humoral pathways.

Exercise directly influences the Muscle Clock

In this section, we review the recent studies that have analyzed muscle clock function
following scheduled exercise and we raise the potential that exercise can directly modify the
muscle clock independent or concomitant with cues from the SCN. The availability of the
Period 2::Luciferase (Per2::Luc) reporter mouse model allows for investigators to monitor
clock function through tracking PER2 protein levels using real time bioluminescence
recording over days and this data provide a sensitive output of core clock function in tissues
of interest (Yoo et al., 2004). Wolff and Esser performed a training study that included

both treadmill running and voluntary wheel running during the light phase to test the role

of scheduled exercise on Per2::Luc rhythms. The ability to compare results from voluntary
wheel running to treadmill running was a unique aspect of this design and controlled for

the potential for stress, as a result of forced treadmill exposure, to be a modifying factor

of peripheral clocks. Following 4 weeks of training, the tissues were collected 24 hours
after the last exercise bout and they found that lung and different skeletal muscles displayed
significant ~2—4 hour changes in Per2::Luc rhythms demonstrating a significant phase shift
compared to non-exercised mice. Importantly, they also found that there was no change in
Per2::Luc rhythms in the SCN with exercise (Wolff and Esser, 2012). However, it is possible
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the absence of a phase shift in the SCN was due to re-setting by light during the L:D cycle as
phase shifts in the SCN can respond to activity rather than light (Castillo et al., 2011).

More recently, a shift in muscle clock phase has been shown in response to a single bout
of running. In this study, Per2::Luc mice underwent a 60 minutes of moderate treadmill
exercise at times corresponding with the middle of the resting, end of rest, and middle of
active phases. Exercise at the midpoint of the active phase did not induce a significant shift
as normal activity is typical at this time. However, exercise during the middle of resting
phase produced an advance in Per2::Luc rhythms and exercise at the end of the rest phase
induced a delay in Per2::LUC rhythms. The observation that exercise can produce either

a phase advance or delay to the muscle clock is consistent with exercise being a bonafide
time cue for the muscle clock (Kemler et al., 2020). While the acute response of the muscle
clocks to exercise suggests a direct effect, these results cannot discriminate between the
SCN regulating the muscle clocks vs. direct effects of exercise on muscle clocks.

Evidence for direct effects of exercise or contractions on muscle clocks comes from two
different studies. Small et al., used electrical stimulation of muscle ex vivo and showed this
was sufficient to induce Per2 gene expression and implicated calcium as the intracellular
signaling pathway linking contractions to clock gene expression (Small et al., 2020).
Another study used a muscle cell line transfected with the Bmall-luciferase reporter vector
and tested time of day stimulations. In this study, bioluminescence recording demonstrated
that a 60-minute bout of contractions of muscle cells /n vitro was sufficient to induce

a sustained advance or delay in circadian clock phase. In addition, they found a similar
phase advance and phase delay were seen /n vitro when compared to the in vivo treadmill
running (Kemler et al., 2020). These ex vivo and /n vitro studies demonstrate that the
circadian clock in mouse skeletal muscle does receive direct time setting information from
contractions/exercise. We note that these findings are also consistent with the changes in
clock genes following an acute bout of resistance exercise in human subjects (Zambon et al.,
2003) Thus, we propose that there is a mechanism whereby exercise can directly modulate
the clock mechanism in muscle. We caution, however, that there is still much research to
be done to determine how exercise information from the SCN is integrated into the muscle
clock exercise response /1 vivo.

Beyond acute exercise or contractions, consistent exercise timing has also demonstrated the
ability to induce a muscle clock phase shift over the course of several weeks. Recently,
Adamovich et al. restricted wheel running activity (i.e., exercise) in Per2::Luc mice to 6
hours either during the early active phase or late active phase for 2 weeks. A phase shift
was only observed in the late exercise group, inducing a phase delay in the gastrocnemius
muscle; whereas the early exercise group displayed no phase shift (Adamovich et al., 2021).
Additionally, our lab has demonstrated in mice that underwent 6 weeks of treadmill running
at 70% max performance at either the early active or late active was accompanied by a
phase advance or delay, respectively. While phase shifts in both groups were responsive to
the respective time of exercise, both early and late exercise groups achieved similar exercise
capacities after the 6-week exercise period (Hesketh biorxiv 2022). Thus, in addition to
acute exercise or muscle contractions, repetitive exercise bouts at a consistent time of day
shifts and maintains the muscle clock phase toward regular exercise timing (Figure 2).
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Other considerations involved with the effect of exercise on the skeletal muscle clock is
whether forced or voluntary exercise results in similar modifications to the muscle clock
phase. Importantly, the exercise field has recognized that the use of electrical shocks

during forced exercise can have detrimental effects on exercise performance (Poole et al.,
2020; Casanova-Vallve et al., 2022) while also inducing stress-related sympathetic and
glucocorticoid responses that can influence peripheral tissue phase (Sasaki et al., 2016).
Additionally, timing of tissue collection is critically important for observing phase shifts, as
modulations to circadian phase are not detectable until several hours from the introduction
of the time-cue (Yannielli et al., 2002). We note that our previous study included groups
with either forced treadmill exercise or voluntary wheel running to study time of exercise
on muscle clocks. The tissues were removed from the exercise mice 24 hours after the final
exercise bout and we found comparable shifts in peripheral tissue phases, indicating that
both forced exercise and voluntary exercise can modulate muscle clocks in a similar manner
(Wolff and Esser, 2012).

Exercise Timing and Muscle Clock Output

Recent work has described differences among the skeletal muscle transcriptional and
metabolomic profiles accompanying time-of-day exercise. Importantly, genes related to
glycolytic pathways and mitochondrial respiration have been shown to be under clock
control (Zambon et al., 2003; Schmitt et al., 2018; Sato et al., 2019), indicating a possible
interaction with time-of-day exercise. A recent study by Ezagouri et al. aimed to dissect
the transcriptional and metabolomic changes related to time-of-day and exercise and noted
that several of the clock, as well as core metabolism genes, including Per1/2, Bmall,

Gck, PPARa, and KI/f10, are influenced by both time-of-day and exercise, indicating

an overlap of controlled expression (Ezagouri et al., 2019). Additionally, exercise timing
influences the skeletal muscle metabolome of mice exposed to treadmill exercise in either
the early rest or early active phase. Whereas exercise during the early rest phase primarily
induced the upregulation of amino acid related metabolites, exercise in the early active
phase substantially increased the overall number of metabolites of amino acids, lipids, and
carbohydrate metabolism, which coupled with an activation of the glycolytic pathway in
skeletal muscle (Sato et al., 2019). Together, time-of-day exercise has a substantial effect of
the transcriptional and metabolic response in skeletal muscle.

As skeletal muscle transcriptional and metabolomic profiles are affected by time-of-day
exercise, additional work has provided insight into the potential feedback between metabolic
associated processes and their influence on the muscle clock. Metabolic pathways associated
with mitochondrial bioenergetics, including the regulation of nicotinamide adenosine
dinucleotide (NAD+) by phosphoribosyltransferase (NAMPT), have been implemented as
having an influence on the muscle clock. NAD+ can further influence mitochondrial
respiration through NAD-dependent deacetylases Sirtuins (SIRTS) (Peek et al., 2013)

which belong to the class 111 histone deacetylation proteins (HDACS) involved in

chromatin remodeling (Asher et al., 2008; Nakahata et al., 2008), providing a possible
connection between metabolism and transcriptional regulation. Other pathways, including
AMP-activated protein kinase (AMPK), which is highly responsive to exercise (Wang

et al., 2018) has also shown to influence the regulation of circadian genes (Lassiter et
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al., 2018). Additionally, transcription factors like hypoxia-inducible factor 1a (HIF1a),
when expressed under hypoxic conditions (1% O2) in vitro, can interact with BMALL,
inducing Per2 expression to a similar extent to the CLOCK: BMAL1 heterodimer (Peek
etal., 2017). Acetylation of histone lysine residues have been identified in whole skeletal
muscle and myotubes by CREB-p300 which are thought to be coactivators under HIF1la
control, further suggesting remodeling of chromatin structure and transcriptional influence
(Dengler et al., 2014; Sato et al., 2019). Thus, the transcriptional and metabolic changes as
well as associated signaling pathways in response to time-of-day exercise could provide a
connection between the intramyocellular milieu and the respective response of clock genes.
However, whether these metabolic mechanism(s) contribute to a muscle phase shift or if the
metabolic profile is significantly different after a muscle phase shift has yet to be revealed.

We are only beginning to understand the multiple connections between exercise and its
effects on circadian rhythms and the muscle clock. Nonetheless, the demonstration that
time-of-day exercise can directly modify the muscle clock points to time-of-day exercise as
a possible therapeutic strategy to help with various diseases, including those accompanied
with clock disruptions.

Circadian Misalignment and Metabolic Disruption: A Potential Target for

Exercise Timing?

Circadian misalignment is defined by the body clocks throughout the system being out

of synchrony. Such misalignment can be attributed to a shifted light/dark cycle with our
behaviors and/or the misalignment between or within tissue clocks. This most commonly
occurs with shift work or travel across time zones (i.e., jet lag) but can also occur as a
result from altered times of light exposure (i.e., light at night), feeding (i.e., night feeding)
and activity occurring during the overnight hours (Vetter, 2020). These behaviors, either
independently or in combination induce circadian misalignment, which has been shown to
have deleterious consequences on metabolic health and contribute to disease development.

Although the underlying mechanisms remain elusive, circadian misalignment is closely
associated with the development of type 2 diabetes. Individuals involved in shift work
are particularly vulnerable as they are continuously exposed to circadian misalignment
with behaviors occurring outside of the normal wake/sleep hours. Prior observational and
epidemiological studies have indicated that shift working individuals are more likely to
develop type 2 diabetes than those working traditional daytime shift hours (Wang et al.,
2011; Gan et al., 2015). Of shift working individuals, odds ratios appear to show men

to be disproportionately affected (1.37) compared to women (1.09) (Gan et al., 2015).
Moreover, night shift workers, with diagnosed diabetes display higher HbA1c levels, a
measure of long-term glycemic control, compared to their diabetic day shift counterparts
(Anothaisintawee et al., 2017; Manodpitipong et al., 2017). Such findings support an
association between shift workers and type 2 diabetes, indicative of an underlying effect
from circadian misalignment and metabolic disruption.

As epidemiological studies have suggested an association between circadian misalignment
and type 2 diabetes, prior laboratory-controlled studies have showed that brief periods
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of induced circadian misalignment with healthy participants results in altered glycemic
control that is reminiscent of either pre- or fully-developed diabetes (Scheer et al.,

2009). Ten healthy adults exposed to a 28-hour day resulting in circadian misalignment,
showed elevated blood glucose and insulin across 24-hours by approximately 6% and

22%, respectively. Importantly, the postprandial glucose response to standardized meals
were higher in misaligned subjects compared to normal alignment, suggestive of insulin
insensitivity as the primary contributor to the overall increases in glucose and insulin across
the 24-hour period (Scheer et al., 2009). Others show similar increases in postprandial blood
glucose after misalignment further demonstrating a reduced ability to appropriately respond
to glucose excursions (Morris et al., 2015; Morris et al., 2016; Qian et al., 2018). During

an entire 24-hour period of misalignment, Morris et al. found overall higher blood glucose
levels compared to control subjects while secreted insulin responses remained unchanged
in response to regular meals (Morris et al., 2016). This study also utilized subjects who
were also shift workers, indicating that prior long-term shift work provides no protective
means to induced misalignment. Additionally, others have also incorporated sleep loss as
another modifier of circadian misalignment that results in insulin resistance and poorer
glycemic control (Leproult et al., 2014; Eckel et al., 2015; Simon et al., 2019). Leproult et
al found that circadian misalignment resulted in a 47% reduction in insulin sensitivity when
accompanied with sleep loss compared to 34% with sleep loss alone (Leproult et al., 2014).
Moreover, insulin sensitivity was shown to be reduced as much as 39% after a 5-hour sleep
schedule coupled with elevated melatonin and increased wakefulness (Eckel et al., 2015).
As there appears to be an inverse relationship between insulin sensitivity and melatonin
levels (Rubio-Sastre et al., 2014), shift work which is often accompanied by reduced sleep
and increased wakefulness during a period of higher melatonin levels (Birkeland, 1982;
Lane et al., 2016), supports the association of circadian misalignment and the development
of type 2 diabetes. Thus, misalignment of behavioral and circadian rhythmicity induces a
clinically significant disruption of glycemic control and could be a contributing factor to
type 2 diabetes.

Studies have sought to investigate the underpinnings of circadian misalignment and
glycemic control. Wefers et al. demonstrated in human muscle biopsy samples, insulin
sensitivity was primarily disrupted at the level of skeletal muscle, as hepatic glucose
production (a measure of liver gluconeogenesis and glycogenolysis) remained unchanged
(Wefers et al., 2018). As skeletal muscle accounts for approximately 80-85% of glucose
storage (Carnagarin et al., 2015), disruptions in the storage and/or utilization of glucose at
the site of skeletal muscle has implications in diabetes. Inasmuch, circadian misalignment
has shown to reduce non-oxidative glucose storage (i.e. glycogen synthesis) (Morris et
al., 2015; Wefers et al., 2018; Harmsen et al., 2021). Furthermore, the Bmal1~'~ mouse
model also displays reduced glucose uptake and utilization, similar to misaligned humans,
indicating the need for appropriate muscle clock function (Dyar et al., 2014; Harfmann

et al., 2016). Isolated human primary muscle cells from diabetic donors have previously
showed lower amplitude of REVERB, a key repressor of BMAL 1 expression compared
to their healthy counterparts, further suggesting a connection between type 2 diabetes and
muscle clock function (Hansen et al., 2016). Thus, elevated blood glucose as a result of
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lower glucose uptake and utilization highlights circadian misalignment and its effects on
metabolic disruption and development of disease, with a pivotal role of skeletal muscle.

In addition to the reductions in glucose uptake and metabolism, circadian misalignment is
also associated with an enhanced preference toward lipid metabolism. Misaligned humans
have shown increases in lipid metabolism after simulated shiftwork, indicating an associated
altered metabolic profile (Wefers et al., 2018). Others also highlight increases in lipid
utilization up to 18% whereas lipid oxidation increased as high as 50% in the days following
the onset of laboratory induced misalignment (McHill et al., 2014; Morris et al., 2015).

As the associated between circadian misalignment leads to an altered metabolic preference
toward lipids, may lead to the accumulation of lipid metabolism by-products implicated in
the development of type 2 diabetes and skeletal muscle insulin resistance (Bandet et al.,
2019). Indeed, altered lipid species have been found within human skeletal muscle after
circadian misalignment (Harmsen et al., 2021). Furthermore, the skeletal muscle Bmal1~/~
model also shows a shift in substrate preference favoring lipid metabolism, extending the
connection between the muscle clock and unbalanced substrate utilization (Harfmann et

al., 2016). Therefore, whole body and skeletal muscle metabolic milieus favoring lipid
metabolism with reductions in glucose uptake and utilization in response to circadian
misalignment, indicates a need of synchrony among the body clocks, and particularly
skeletal muscle, for appropriate metabolic control.

Circadian misalignment is a prime example in which clock disruption can result in metabolic
disease, with a particular effect on skeletal muscle. As the muscle clock strongly influences
metabolism, coupled with muscle’s sensitivity to exercise timing, suggests that exercise
timing could play a role as a treatment strategy for metabolic disease or a means of long-
term glycemic control.

Time-of-Day Exercise

As metabolic health is influenced by the skeletal muscle clock, treatment options operating
through the skeletal muscle clock could be a promising avenue of therapeutic investigation.
While exercise is well accepted to have a beneficial role in the treatment of metabolic
disease, the direct influence of consistent time-of-day exercise on the skeletal muscle clock
could be a suitable countermeasure to metabolic diseases, like type 2 diabetes.

Here we have described the importance of the skeletal muscle clock in metabolic health
with a particular focus in type 2 diabetes. Importantly, skeletal muscle is the primary site
of glucose handling and metabolism (Carnagarin et al., 2015) which is strongly influenced
by the skeletal muscle clock (Dyar et al., 2014; Harfmann et al., 2016). Exercise, which
has time setting capabilities, can directly affect and modulate the skeletal muscle clock and
thus influence the metabolic profile. Whereas disruptions in the skeletal muscle clock are
associated with metabolic disease as seen in type 2 diabetic muscle (Hansen et al., 2016;
Gabriel et al., 2021), exercise timing may be a noteworthy therapeutic strategy. Therefore,
we propose a paradigm in which consistent time-of-day exercise facilitates changes in
skeletal muscle physiology through directly modulating the skeletal muscle clock and in turn
the expression of skeletal muscle CCGs, reinforcing whole-body metabolic health (Figure
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3). The underlying mechanism(s) through which consistent time-of-day exercise improves
metabolic health are not fully investigated, however could stem from synchrony within
muscle or between skeletal muscle and other organs by the direct effect of exercise on the
skeletal muscle clock. Nonetheless, such a paradigm and its mechanism(s) has yet to be
described, however the expression of glucoregulatory genes by the skeletal muscle clock
(Dyar et al., 2014; Harfmann et al., 2016) stemming from consistent time-of-day exercise,
could benefit individuals with metabolic diseases, like type 2 diabetes.

Exercise has previously demonstrated to have time setting capabilities as isolated skeletal
muscle showed a skeletal muscle clock phase shift in response to muscle contractions
(Kemler et al., 2020; Small et al., 2020), indicating a relationship between exercise timing
and the muscle clock. Recent findings further indicate that consistent exercise timing can
stimulate an exercise-induced muscle clock phase shift /n vivo, shifting the muscle clock
phase in response to exercise timing. Specifically, we and others show that consistent
exercise timing can induce a phase shift while also achieving a similar level of fitness
post-training (Adamovich et al., 2021). These data are evidence of consistent exercise timing
modulating the skeletal muscle clock and thus, supports a paradigm in which exercise
influences resultant circadian physiology.

Few studies have implemented time-of-day exercise as an intervention in type 2 diabetes.
Sedentary overweight participants with or without diabetes were exposed to a multimodal
(aerobic and resistance) exercise regimen for 12-weeks, which participants had to exercise
during either morning (0800-1000) or evening (1700-1900) hours. All disease parameters
including HbA1c, fasting glucose, HOMA-IR, and fasting insulin were lower after exercise
training, however unaffected by time-of-day exercise (Teo et al., 2020). Furthermore,
Chiang et al. monitored 20 type 2 diabetics engaging in either morning (0800-1000),
afternoon (1400-1600), or evening (1800-2000) moderate-high intensity exercise for 12
weeks in a prospective longitudinal study which showed all participants improved baseline
blood glucose after exercise training, regardless of exercise timing (Chiang et al., 2019).
However, Mancilla et al. showed, using a hyperinsulinemic - euglycemic clamp in a
retrospective study of 35 metabolically compromised males after a 12-week cycling

and resistance training program, greater improvements in glucose disposal, carbohydrate
oxidation, and fasting glucose after evening training (1500-1800) compared to the morning
group (0800-1000). In addition to the improvements insulin-stimulated glucose handling,
evening exercisers displayed larger reductions in fat mass and a greater increase in their
maximal workload, highlighting improvements on body composition and exercise capacity,
respectively (Mancilla et al., 2021). Importantly, only 12 of the 32 subjects were diabetic,
which could limit interpretations. Nonetheless, improvements in disease parameters among
both morning and evening exercisers in type 2 diabetics could potentially be due to
modulations in the skeletal muscle clock adjusting to consistent exercise timing.

Although consistent time-of-day exercise over a few months appears to have a similar
impact on type 2 diabetes, a recent study by Savijk et al. evaluated 20 participants with
diagnosed type 2 diabetes before and after a morning and evening exercise bout of high
intensity interval exercise 3 days/week for 2 weeks in a randomized cross-over approach
(Savikj et al., 2019). Morning exercisers showed larger increases in blood glucose levels
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under continuous glucose monitoring compared to afternoon exercisers, which could be the
result of high-intensity exercise induced hyperglycemia previously observed after morning
exercise (Chiang et al., 2019). What is striking are the elevated blood glucose levels

in morning exercisers on subsequent rest days by the second week; whereas afternoon
exercisers achieving an overall lower blood glucose were largely unchanged. Thus, acute
high intensity morning exercise appears to contribute to an unfavorable hyperglycemic
effect. Type 2 diabetics are prone to elevated blood glucose upon waking known as the
‘dawn phenomenon’ (Roman et al., 2016; Zheng et al., 2020), however it is not clear
whether the increases in blood glucose after morning exercise affected glucose production
in the liver of this study, a known contributor to elevated morning glucose levels (Savikj et
al., 2019). Although morning exercisers may elicit unfavorable effects from acute exercise,
it is speculative to suggest that consistent morning or afternoon (i.e., early active or late
active phase) exercise both would contribute to an improved metabolic profile, accounting
for similar improvements in previous studies of time-of-day exercise in type 2 diabetics (Teo
et al., 2020).

Additionally, consistent time-of-day exercise might also be a potential preventative
measure, serving as a daily time cue modulating the skeletal muscle clock and associated
glucoregulatory mechanisms, providing long-term glycemic control. Obese, prediabetic
individuals showed that after 12-weeks of aerobic exercise intervention induced higher
skeletal muscle PER2 protein and Bmall gene expression which positively correlated with
glucose disposal rate (Erickson et al., 2020). Although time-of-day was not recorded in
this study, the improved glycemic control associated with upregulated core clock genes
may support the notion that consistent time-of-day exercise could act as a preventative
measure for type 2 diabetes. Whether consistent time-of-day exercise ameliorates the
development of type 2 diabetes in prediabetics requires longitudinal studies. Nonetheless,
improvements in the metabolic profile in disease and non-disease states, may stem from
resultant physiological changes accompanying modulations to the skeletal muscle clock as a
result of consistent time-of-day exercise.

So far, the underlying mechanisms driving the modulation of the skeletal muscle clock from
exercise are not yet established. However, what is clear is the emerging importance of the
skeletal muscle clock and its involvement in metabolic health. We propose a paradigm in
which consistent time-of-day exercise can directly adjust the skeletal muscle clock and with
it, adjust our circadian physiology that contributes to a beneficial metabolic environment and
good metabolic health. Thus, exercise timing coupled with its disease-mitigating benefits,
could serve as an important chronotherapeutic in metabolic diseases.
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Figure 1. Basic mechanism of the transcriptional — translational feedback loop of the molecular
clock.

The constituents of the positive arm (BMAL1 and CLOCK) bhind to E-box elements,
facilitating the transcription of repressive genes of the negative arm (Per and Cry), which
repress their own transcription by inhibiting the BMAL1: CLOCK heterodimer. BMAL1 and
CLOCK also facilitate the transcription of Rorand Reverb genes that promote or inhibit the
expression of Bmall, respectively. Additionally, the BMALL: CLOCK heterodimer binds

to E-box elements of genes, often accompanied by tissues specific transcription factors like
MYODL1 in skeletal muscle, facilitating the expression of clock-controlled genes (CCGs)
and contributing to circadian physiology.
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Figure 2. The exercise-induced phase shift of the skeletal muscle clock.
Exercise can induce a phase shift in the skeletal muscle clock in response to the timing of

exercise shown here as a representative effect of either Early Active (AM) or Late Active
(PM) phase exercise (Ex; dashed vertical lines). Shifts in the muscle clock phase (dashed
curve) are identified through Period 2 (Per2) of the muscle clock’s negative arm, from its
rhythm prior to exercise (solid curve). Arrows indicate the direction of the phase shift.
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Figure 3. Paradigm of consistent time-of-day exercise improving metabolic health through
modulating the skeletal muscle clock.

Proposed paradigm of consistent time-of-day exercise directly influencing the skeletal
muscle clock. In turn, the muscle clock then modulates the transcriptional control of muscle
clock-controlled genes involved with muscle physiology, leading to improved metabolic
health.
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Table 1.

Summary of Metabolic Outcomes of Global and Muscle-specific clock models

Model

Metabolic Outcome

Clock Mutant (Clock 219)

Hyperglycemic, Hypoinsulinemic

Muscle-specific BMAL1 KO (MS-BMALL1)

Reduced Glucose Uptake, Increased Insulin Resistance

Inducible Muscle BMAL1 KO (iMS-BMALL1)

Reduced Glucose Uptake, Increased Insulin Resistance
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