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Diurnal Regulation of Peripheral Glucose Metabolism:
Potential Effects of Exercise Timing
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Study Importance

What is already known?

Diurnal oscillations in energy metabolism are linked to the activity of
biological clocks and contribute to whole-body glucose homeostasis.
Postprandially, skeletal muscle takes up approximately 80% of circulatory
glucose and hence is a key organ in maintenance of glucose homeostasis.
Dysregulation of molecular clock components in skeletal muscle disrupts
whole-body glucose homeostasis. Next to light-dark cycles, nonphotic
cues such as nutrient intake and physical activity are also potent cues to
(re)set (dys)regulated clocks. Physical exercise is one of the most potent
ways to improve myocellular insulin sensitivity. Given the role of the biologi-
cal clock in glucose homeostasis and the power of exercise to improve in-
sulin sensitivity, one can hypothesize that there might be an optimal time for
exercise to maximally improve insulin sensitivity and glucose homeostasis.
In this review, we aim to summarize the available information related to the
interaction of diurnal rhythm, glucose homeostasis, and physical exercise

» Most of the cells of the human body ex-
press a molecular clock machinery that is
able to drive circadian oscillations in mul-
tiple metabolic process throughout the
day. Disrupted molecular clock expres-
sion in human skeletal muscle is asso-
ciated with metabolic disarrangements,
such as insulin resistance and type 2
diabetes. Exercise and diet are the main
nonphotic cues to entrain the peripheral
clocks and first-line treatments for meta-
bolic disorders. Previous human-based

as a nonphotic cue to correct dysregulation of human glucose metabolism.

reports displayed that human skeletal
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Introduction

Whole-body glucose homeostasis is under the control of multiple
hormones, including insulin, glucagon, cortisol, and adrenergic hor-
mones. Insulin resistance of liver, skeletal muscle, and white adipose
tissue is an early hallmark of type-2 diabetes mellitus pathogenesis.
Interestingly, whole-body glycemic regulation and insulin sensitivity
exhibit diurnal variations (1,2). These diurnal variations are mainly
driven by circadian changes in circulatory glucoregulatory hormones,
whole-body substrate oxidation and tissue-specific insulin responsive-
ness (3,4). While circadian changes in hormonal patterns have been
appreciated for some time, recent work has identified the molecular
machinery present in mammalian cells that is able to control a roughly
24-hour pattern of mRNA expression. Thus, the importance of chrono-
biology and tissue-specific biological clocks in the regulation of meta-
bolic health in humans has become an area of increasing focus during
the past decade.

Virtually all cells of the human body have an internal timekeeping
system (5) composed by the master molecular clock located in the
hypothalamic superchiasmatic nucleus of the brain. This clock is pri-
marily entrained by light. In the remainder of this paper, we will refer

muscle mitochondrial function and in-
sulin-stimulated plasma glucose uptake
exhibit diurnal oscillations.

What does this review add?

» The skeletal muscle peripheral clock
might interact with insulin-sensitizing ef-
fects of exercise and nutritional status of
subjects, subsequently triggering differ-
ent metabolic responses to exercise ac-
cording to time of the day.

to the master molecular clock as the “master clock” to clearly make
the distinction from the peripheral biological clock referred to as
“peripheral clock,” with reference to the relevant tissues/organs, such
as adipose tissue, liver, and skeletal muscle, that also possess biolog-
ical clocks (6). The cell-autonomous autoregulatory mechanism of
the master clock relies on transcriptional and post-translational nega-
tive feedback loops. The transcriptional factors Circadian Locomotor
Output Cycles Kaput (CLOCK) and Brain and Muscle ARNT-Like
(BMAL)-1 (or Aryl hydrocarbon receptor nuclear translocator like
[ARNTLY]) constitute the positive regulation of these feedback loops,
which activate their target genes cryptochrome-2 (CRY), period
(PER), and nuclear receptor subfamily 1 group D member 1 (Rev-
erbA-a), which, in turn, are negative regulators of clock feedback
loops that eventually supress transcriptional activity (7). Recent
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results from animal models have indicated that the peripheral clock
in skeletal muscle orchestrates a temporal organization of metabolic
gene expression, thereby affecting glucose homeostasis (8). Similar
observations have been reported in humans; laboratory-induced
circadian misalignment interventions affect the diurnal pattern of
peripheral clock gene expression in skeletal muscle (9). Moreover,
in night-shift workers, master and peripheral clock disruption has
been reported to coincide with an elevated risk for type 2 diabetes
development (10).

Increased physical activity is a clinically proven first-line strategy to
improve glucose homeostasis. Most of the benefits noted in skeletal
muscle that are associated with increased physical activity emerge from
an upregulation of multiple components in the myocellular insulin sig-
naling cascade after exercise training that jointly promote postprandial
glucose clearance (11). In this regard, animal studies have revealed
that the peripheral muscle clock is involved in the regulation of insu-
lin-stimulated glucose disposal and exercise-induced changes in whole-
body glucose homeostasis (12). Exercise is an external nonphotic
(not related to light) modulator of the expression and rhythmicity of
the peripheral muscle clock (13). This has led to the suggestion that
peripheral clock dysfunction and its related metabolic effects may be
corrected by resetting peripheral clocks in metabolically compromised
participants. Considering the interplay between the peripheral clock in
skeletal muscle and exercise as a nonphotic cue tool to readjust the
clock, an emerging area of research aims to maximize the beneficial
effects of exercise for glucose homeostasis by optimizing timing of the
performed exercise (14).

In this review, we summarize current information related to the interac-
tion of diurnal rhythm, glucose homeostasis, and physical exercise as a
nonphotic cue to correct dysregulation of glucose metabolism.

Diurnal Rhythmicity in Substrate
Metabolism

Postprandial glucose disposal possesses a diurnal pattern in healthy
normoglycemic individuals as well as in patients with impaired
glucose tolerance. Plasma glucose clearance rates are higher in the
morning compared with the evening in response to similar glucose
loads (3,15). Elegant studies using tissue-specific catheterization and
continuous glucose infusion techniques have revealed that glycemic
dysregulation during evening time originates from a progressive im-
pairment of skeletal muscle insulin responsiveness (4). Moreover,
pancreatic insulin secretion exhibits rhythmicity in humans, with a
lower rate of insulin secretion at evening hours (16). Thus, tempo-
ral fluctuation of skeletal muscle insulin sensitivity and a time-de-
pendent insulin secretion rate both contribute to a diurnal pattern in
whole-body glucose metabolism in humans. Additionally, diurnal
fluctuations in key metabolic hormones such as cortisol and mela-
tonin (17), as well as diurnal elevations of nonesterified free fatty
acids (NEFA) concentration in blood plasma (18), will affect whole-
body glucose homeostasis. White adipose tissue also possesses a pe-
ripheral clock, contributing to oscillations in lipase activity (19,20),
triacylglycerol turnover (21) and plasma NEFA levels. Tracer studies
using continuous intravenous infusion of [*H,]-Palmitate reveal that
postprandial storage of fatty acids in adipose tissue (NEFA buffer-
ing capacity) is higher during evening versus morning hours in lean
participants (22). Interestingly, the postprandial NEFA buffering ca-
pacity of white adipose tissue is compromised in participants with

Obesity

obesity who do exhibit different diurnal variations upon consecutive
meals throughout the day, variation patterns of which are similar to
those noted in lean participants (22). Lower buffering capacity of ad-
ipose tissue in the evening contributes to a timing-dependent NEFA
spillover to other peripheral tissues. This, combined with timing-de-
pendent disinhibition of adipose tissue lipolysis (23), promotes in-
tracellular substrate competition as well as lipid storage in ectopic
tissues such as muscle. Augmented myocellular lipid storage often is
associated with compromised insulin signaling. Thus, compromised
adipose tissue NEFA buffering capacity and disinhibition of adipose
tissue lipolysis may contribute to rhythmicity in insulin sensitivity.

Insulin-stimulated intramyocellular glucose disposal comprises oxidative
and nonoxidative glucose disposal. While nonoxidative glucose disposal
predominantly reflects glucose storage as muscle glycogen or conver-
sion to lactate (24), oxidative glucose disposal is partly determined by
mitochondrial oxidative capacity. We have shown rhythmicity in skeletal
muscle mitochondrial oxidative capacity in humans, with peak oxidative
capacity in the evening (23:00 hours). The peak in oxidative capacity
coincided with a peak resting energy expenditure predominantly rely-
ing on carbohydrate oxidation (25). Whether this temporal variation of
human skeletal muscle oxidative capacity and preferential glucose oxi-
dation at evening times represents an intrinsic circadian-related oscilla-
tion or is merely a reflection of behavioral cues such as meal times or
physical activity needs to be determined. Furthermore, if peak skeletal
muscle mitochondrial function and predominant glucose oxidation in the
evening are triggered to counteract impaired evening glycemic regula-
tion to maintain glucose homeostasis warrants further investigation.

Noninvasive measurement of muscle and hepatic glycogen content
by '3C magnetic resonance spectroscopy indicated that glycogen con-
tent in liver and muscle was higher in the evening versus morning in
healthy individuals (26). Although feeding-induced hyperglycemia per
se upregulates both intracellular glucose disposal pathways (oxidation
and storage), animal studies have highlighted a crucial role of muscle-
(12) or liver-specific peripheral clocks (27) in the circadian regulation
of glucose metabolism. Muscle-specific ablation of BMAL-1 not only
disrupted glucose metabolism in muscle but also profoundly compro-
mised whole-body glucose homeostasis (12). Liver-specific ablation
of CLOCK dampened circadian variation in hepatic glycogen storage
(27). Jointly, these observations coincide with fasting hyperglycemia
and impaired glucose tolerance (12,27) and stress the importance of
peripheral clocks in the maintenance of glucose homeostasis.

Thus, the clock could play a role in orchestrating the anticipation of mul-
tiple insulin-responsive peripheral tissues to timely promote glucose dis-
posal and avoid undue peaks in blood glucose. Eating behavior throughout
wakefulness could contribute to maintain diurnal responses of peripheral
clocks in different insulin target organs, which may serve to fine tune cir-
cadian regulation of plasma glucose clearance over the day. Nevertheless,
more tightly controlled studies exploring the prime involvement of
peripheral clocks and relevant downstream targets in maintaining glucose
homeostasis in humans are required to elucidate whether the clock can be
endorsed as a therapeutic target to improve glucose homeostasis.

The Peripheral Clock in Skeletal Muscle

Expression of clock genes in human skeletal muscle exhibits a profound
day-night rhythmicity with alternating peak-expression of the posi-
tive (BMALI1 and CLOCK) and negative (PER and cryptochrome-2)
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clock components (25). In addition, multiple clock-controlled genes
related with substrate oxidation (pyruvate dehydrogenase complex),
tricarboxylic acid cycle/respiratory electron transport chain (NADH
dehydrogenase complexes), and ATP synthase (ATPSF1, ATP5G3,
ATP5A1, and ATP5L) possess periodic expression, concomitant with
an oscillatory mitochondrial respiratory capacity and mitochondrial
dynamic in healthy individuals over a 24-hour period (25). Whether
the temporal changes in expression of the peripheral muscle clock and
its target genes in human skeletal muscle reflect an intrinsic circadian
rhythmicity or originate from the interaction of the master clock with
external cues such as meal times and daily physical activity is hard to
disentangle. Furthermore, the physiological relevance of a peripheral
clock in human skeletal muscle requires sequential muscle biopsies
and hence is not straightforward to accomplish. Nevertheless, current
findings indicate the peripheral muscle clock might sense and antic-
ipate diurnal feeding-fasting and activity cycles, likely orchestrating
diurnal gene expression and substrate selection in a circadian fashion
(28). In addition, clock-governed events such as peak mitochondrial
oxidative capacity match with a peak in carbohydrate oxidation (25)
and a peak in human physical performance (29) (Figure 1). This dis-
closes new avenues of research pointing toward the timing of inter-
ventions to prime skeletal muscle metabolic capacity and optimizes
buffering responses to subsequent daily challenges such as feed-
ing-fasting and physical activity—rest transitions.

Figure 1 The master clock drives circadian variations in human metabolism. The
intracellular timekeeping system composed by the clock orchestrates temporal
organization of organismal homeostasis. In humans, skeletal muscle mitochondrial
oxidation capacity, whole-body insulin sensitivity, and maximal aerobic performance
(upper, middle, and lower rhythms, respectively) all exhibit diurnal variations.
Mitochondrial oxidative capacity is highest at evening time (23:00 hours) and coincides
with peak resting energy expenditure predominantly fueled by glucose oxidation (25).
Whole-body insulin sensitivity possesses diurnal fluctuation related to changes in
glucoregulatory hormones and oscillations in glycogen content and glycolytic gene
expression (52) with diurnal fluctuations in insulin sensitivity as a consequence.
Furthermore, maximal aerobic capacity displays diurnal variations, with a peak in
maximal exercise performance at evening hours. As mitochondrial oxidative capacity
affects maximal exercise performance and is paralleled by a shift in substrate selection
(9), it can be speculated that distinct times throughout the day the muscle can more
readily meet its metabolic demands than during other periods.

Diurnal Glucose Metabolism and Exercise Timing Mancilla et al.

Consistent with the results from human muscle biopsy samples, previ-
ous data has shown circadian rhythmicity of peripheral clock genes and
other energy cellular sensor enzymes in primary human muscle cells
after in vitro synchronization (30,31). Remarkably, a dampened gene
expression of the clock gene Rev-erb-a and NAD-dependent deacetyl-
ase Sirtuin (SIRT)1 in cultured myotubes from metabolically compro-
mised donors was reported (31). The blunted oscillation was in sharp
contrast to profound fluctuations observed in the same genes in myo-
tubes cultured from endurance-trained individuals (31). Particularly,
the nuclear receptor Rev-erb-a and SIRT1 can modulate the oxidative
phenotype in skeletal muscle. Importantly, both rev-erb-a and SIRT1
are highly sensitive to feeding-fasting transitions and strongly associate
with glucose homeostasis (32). Emerging evidence from animal studies
has indicated that functional expression of peripheral clocks in muscle
controls insulin-stimulated skeletal muscle glucose uptake, not only via
transcriptional regulation of insulin signaling—related proteins (TBC1
domain family member 1 and Glucose Transporter [GLUT]4) but also
via conserving a diurnal expression of glycolytic rate-limiting enzymes
(8). Robust cellular metabolic networks that are under the control of the
peripheral clock have recently been discovered. These interconnected
cellular pathways anticipate time-dependent nutrient availability along
with transient alterations in fuel oxidation upon feeding/exercise in
mice skeletal muscle (33). In more detail, peripheral clock genes in
muscle are involved in the regulation of the class I histone deacetylase
Histone Deacetylation 3 to adjust glycolysis and plasma glucose clear-
ance along with muscle performance during exercise (33). Collectively,
one can hypothesize that disruptions of the peripheral clock in skeletal
underlies the pathophysiology of insulin resistance and related com-
promised metabolic health (10,34). In this regard, our group previously
showed that short-term laboratory-induced day-night shift resulted in
circadian misalignment of both the master and peripheral clock, which
was accompanied by lowered muscle insulin sensitivity in healthy vol-
unteers (9). The compromised insulin sensitivity was mainly explained
for by a deteriorated nonoxidative glucose disposal pathway, while
oxidative glucose disposal remained unaltered. Clearly, more well-con-
trolled human intervention studies are needed to examine if restoring
master and peripheral clocks can be used as interventions aiming to
promote insulin sensitivity and glucose homeostasis.

Exercise and the Peripheral Clock

The intimate interplay between the peripheral muscle clock and sub-
strate metabolism indicates that intramyocellular clock functioning
might dictate different periodic responses to exercise and modulates ex-
ercise-induced changes in gene expression. This interplay raises two dif-
ferent questions. First, how much and in what context (for example diet)
can exercise affect the peripheral muscle clock? Second, one may ask if
the muscle clock dictates the effect of a given exercise bout (and thereby
is a determinant of the outcome of an exercise training intervention).
The latter notion is triggered by previous reports showing that muscle
contractile bioenergetics and fiber-type—specific gene expression upon
exercise are regulated by peripheral clocks in mice muscle cells (12,35).
In humans, exercise-induced hormonal responses are highly affected by
the time of the day; this supports the notion that timing of exercise may
also affect the hormonal responses and thereby energy metabolism and
substrate selection postexercise (36). Although the impact of timing of
exercise on exercise-induced improvements in glucose homeostasis re-
mains to be determined, it is appealing to hypothesize that the therapeu-
tic potential to optimize exercise timing can be used to maximize health
outcomes in a clinical context. In this regard, one can argue for timing
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exercise when mitochondrial oxidative capacity peaks, as at that time,
the muscle is primed to meet the energy requirements of contraction.
Consequently, premature muscle fatigue may be diminished, and long-
term adherence might be promoted. Considering that mitochondrial
oxidative capacity in skeletal muscle plays a crucial role determining
exercise performance, timing of exercise training might also be rele-
vant to optimize (health) performance benefits. Alternatively, it could
be hypothesized that exercising at times when mitochondrial oxidative
capacity is lowest provides a relatively stronger trigger for adaptation,
thus creating more room for improvement than applying the same type
of exercise when mitochondrial capacity peaks.

Improvements in glucose metabolism in multiple peripheral tissues
upon exercise training have partly been attributed to endocrine proper-
ties of the skeletal muscle via release of contraction-induced myokines
into systemic circulation (37). In fact, the synthesis of myokines inter-
leukin 6, Monocyte chemoattractant protein-1, and interleukin 8 with a
putative glucoregulatory role is under control of the peripheral muscle
clock, as was shown in cultured human myotubes (38). This indicates
that humoral effects of exercise via skeletal muscle might be affected by
the status of the peripheral muscle clock and indeed display oscillatory
changes over a 24 hour period. If the ability to secrete myokines upon
muscle contraction indeed exhibits diurnal variation warrants further
investigation.

By mutating the CLOCK gene in somatic cells (39), it has become clear
that disrupting the master clock has metabolic consequences as well
as affects exercise performance (39). In a more tissue-specific man-
ner, it has also been shown that deletion of CLOCK and BMAL-1 in
pancreatic islet cells resulted in hypoinsulinemia and aberrations in
glucose homeostasis (40). Muscle-specific loss of BMAL-1 resulted in
compromised glucose uptake in muscle with disturbed systemic glu-
cose homeostasis as a consequence (12). Earlier studies using global
knockout models of CLOCK (41) or BMAL-1 (42) revealed that life-
long ablation of CLOCK was paralleled by hyperphagia and a sustained
positive energy balance (41), while the global and life-long absence of
BMAL-1 affected timing of locomotor behavior and reduced sponta-
neous activity (42). It could hence be argued that some of the effects
of clock disruption observed may be secondary to developmental
defects and/or to the lifelong absence of a functional clock. However, it
is important to note that mice with inducible muscle-specific ablation
of BMAL-1 showed compromised insulin-stimulated glucose uptake
in muscle, partly originating from downregulation of key insulin-sig-
naling genes and lower levels of the main glucose transporter GLUT4
(8). Interestingly, compelling evidence from animal and human stud-
ies has illustrated that exercise is a potent nonphotic cue, able to reset
the peripheral clock in muscle by modulating the expression of mas-
ter-clock proteins (43). Day versus night exercise was also shown to
differentially phase-shift peaks in the expression of PER2 in explants of
muscle and lungs but not in suprachiasmatic nucleus explants, indicat-
ing that peripheral clock gene expression is responsive to exercise and
the timing of exercise and suggesting that exercise can contribute to
synchronization of peripheral and master clocks (13).

In line with these animal data, one-legged acute resistance exer-
cise was also shown to trigger a rhythmic phase shift of peripheral
clock genes in muscle along with changes in glucose metabolism
and mitochondrial function (43). These data indicate interaction of
exercise timing and metabolism in humans and highlight the role
exercise might have in the restoration of a transiently disturbed clock
(e.g., upon traveling time zones and during shift work). In line with
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this, master-clock and clock-controlled gene expression in cultured
human primary cells reflects the metabolic condition of the donors
and fundamentally preserves a robust intrinsic rhythmicity in mus-
cle cells upon long-term training of the donors (31,38). Furthermore,
the peripheral clock in cultured human myotubes displayed a strong
association with in vivo insulin sensitivity (31,38). It was also
observed that the amplitude of oscillations of the clock gene Rev-Erb
Alpha was blunted in patients with type 2 diabetes compared with
trained lean young individuals (31). This may suggest that regular
exercise training endows the intracellular milieu with a tightly reg-
ulated time-keeping system that enables dampening fluctuations in
substrate availability in a 24-hour cycle, thereby promoting insulin
sensitivity. In summary, these findings indicate it is worth exploring
if the interplay between exercise and circadian rhythmicity can be
used to sustain and promote glucose homeostasis. To this end, we
will need to integrate the knowledge from the chronobiology field
with respect to the timing of exercise with the prescription of exer-
cise regimes meant to improve, for example, glucose homeostasis
predominantly in metabolically deprived individuals. Future studies
should examine if, indeed, appropriate timing of exercise helps to
maximize exercise responsiveness (Figure 2).

Classically, the insulin-sensitizing effects of exercise are explained
via 5’-Adenosine Mono Phosphate—activated protein kinase (AMPK)-
mediated GLUT4 translocation to the subsarcolemmal membrane,
thereby promoting insulin-stimulated myocellular glucose uptake (44).
Interestingly, phosphorylation of specific catabolic («) and regulatory
(B and y) AMPK-containing subunits exhibit circadian variation in
mammalian muscle cells (45), and mice lacking the gamma 3 subunit
of AMPK do not display diurnal changes in the respiratory exchange
ratio between the light and dark phase that are commonly observed
in wild-type mice (46). In addition, some fundamental clock-network
elements possess AMPK target activation sites (45,47), providing a
molecular mechanism for exercise-stimulated insulin sensitivity to
interact with the clock genes. Bearing in mind that phosphorylation of
specific AMPK subunit complexes upon exercise is highly dependent
on intensity/duration and exercise type (48,49), dosing precise exer-
cise methodologies at certain times of the day might be crucial to max-
imize glycemic outcome in metabolically compromised participants.

Exercise Timing

Timing of exercise can be related to clock time, timing relative to
meals, timing relative to light exposure, and timing relative to sub-
strate stores. Obviously, these tightly intertwined factors hamper
making the distinction between the contributions of the individual
components. In this section, we aim to summarize the effects of tim-
ing of exercise without the aim to disentangle the individual contrib-
uting components.

Studies in humans consistently revealed that interaction of exer-
cise-induced AMPK phosphorylation with subsequent TBC1D4
(AS160)-GLUT4 activation upon insulin stimulation mitigates
24-hour hyperglycemia (50,51). Time of day—specific responses to an
acute exercise bout have been noted at both the transcriptomic and
the metabolomics level in mice (52). Almost 25% of skeletal mus-
cle transcripts responded to exercise in the early active phase. In the
early rest phase, however, only around 5% of the transcripts responded
to an exercise stimulus (52). In individuals with prediabetes, timing
of exercise relative to meal time differentially affects blood glucose
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Molecular clock oscillations

24-hour glucose homeostasis
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Figure 2 Exercise is a nonphotic cue able to reset peripheral clocks. Expression of clock genes in human skeletal muscle exhibits a profound day-night rhythmicity with alternating
peak expression of the positive (BMAL1 and CLOCK) and negative (PER and CRY) clock components. The amplitude of these oscillations is more profound in physically fit,
lean, young individuals (upper left-hand part) and is blunted in patients with type 2 diabetes (middle left-hand part). We hypothesize that exercise, as an external nonphotic (not
related to light) modulator of the expression and rhythmicity of peripheral (muscle) clocks, can restore the amplitude in clock genes (lower left-hand part). At the right-hand side
of the image, postprandial glucose peaks in physically fit, lean, young individuals (upper right-hand part) and in patients with type 2 diabetes (middle right-hand part), and the
hypothetical exercise-mediated restoration of postprandial glucose peaks is shown schematically (lower right-hand part).

control; short-term (6 x 1 minute) intense (90% maximal heart rate) 30
minutes of exercise prior to each meal was found to attenuate postmeal
glucose peaks more profoundly than one 30-minute exercise session
of moderate intensity (30% maximal heart rate) before dinner (53).
It has, however, also been shown that low-intensity exercise after a
meal lowers postprandial glucose excursions (54), indicating that tim-
ing of the exercise relative to nutrient intake is not the sole determi-
nant of the timing effects of exercise. In fact, nutritional status before
as well as after exercise dictates substrate availability and hormonal
concentration in plasma, consequently affecting the resynchroniza-
tion of whole-body glucose homeostasis. For instance, performing
short cycling bouts while being fasted triggers elevated synthesis of
stress-related hormones in individuals with type 2 diabetes and does
not result in improved glucose homeostasis directly postexercise (55).
Notably, such findings do not match the previously reported dimin-
ished postprandial glucose excursions when participants with type 2
diabetes perform similar high-intensity intermittent cycling bouts at
fed condition (56).

In patients with type 2 diabetes, afternoon high-intensity interval training
more effectively improved 48-hour blood glucose profile than morning
training, which in fact had deleterious effects on blood glucose values
(57). These findings are in line with mice data showing that glycolytic
activation is specific to exercise at the early active phase rather than the
early rest phase (52), suggesting that time of day affects the beneficial
health effects of exercise. In a recent study (58), normoglycemic individu-
als with overweight and patients with type 2 diabetes followed a 12-week
training program of 30 minutes of moderate-intensity walking combined
with four resistance-based exercises performed in the morning or after-
noon. While the training program improved all glycemic markers, no dif-
ferences were observed between morning and afternoon exercise (58).
This may indicate that timing effects of exercise might be (partly) related
to exercise intensity, but clearly more research is needed on this topic.

Twelve weeks of multimodal exercise training improved glycemic con-
trol and postprandial glycemic responses in individuals with overweight
with or without type 2 diabetes. However, no distinct glycemic benefits

or alterations in circadian rhythm were associated with morning versus
evening exercise when performed three times per week in this cohort.

Another crucial factor likely influencing temporal fluctuations on exer-
cise-induced glycemic control is skeletal muscle glycogen content. It
has been previously reported that skeletal muscle glycogen content per
se stimulates glucose uptake by a negative feedback loop (high muscle
glycogen content, low glucose uptake) (59,60). Moreover, glycogen
acts as a signaling molecule (61), altering, for instance, exercise-in-
duced myokines synthesis (62-64) and mitochondrial-related gene
expression (65). Subsequently, one can hypothesize that the beneficial
effects of exercise on blood glucose homeostasis are more pronounced
after an overnight fast (when glycogen depots may be lowered) relative
to exercise in the postprandial state. On the other hand, it is important
to highlight that exercise-induced skeletal muscle glycogen turnover is
governed by absolute glycogen content (66,67), which is expected to
be higher in the evening. If exercise in the evening indeed amplifies
exercise-induced blood glucose homeostasis in the morning via higher
rates of muscle glycogen degradation is currently unknown.

Exercise-induced catecholamine synthesis is the main humoral factor pro-
moting white adipose tissue and visceral lipolysis (68). Catecholamines
possess circadian variation with a peak during the day under resting
conditions and two peaks in the morning and the evening upon exercise
(69) indicating involvement of the master clock in catecholamine reac-
tivity to exercise. Thus, interplay between the master clock and exercise
triggers timing-dependent metabolic responses (Figure 3). On the one
hand, it could be argued that performing exercise when the adrenergic
responsiveness is greatest might maximize the exercise-induced lip-
olytic response and could lead to a higher Free fatty acids overflow,
thereby stimulating ectopic fat turnover. Consequently, peripheral fat
accumulation might be reduced and aberrations in lipid-induced insulin
signaling alleviated. On the other hand, however, the stimulatory effects
of catecholamines on hepatic glucose output and inhibitory effects on
peripheral glucose uptake may translate into elevated blood glucose lev-
els (55,70). Thus, it is currently unknown if alignment of exercise with
the adrenergic circadian peak will be beneficial for glucose homeostasis.
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Catecholamine levels

Exercise when glycogen is low Exercise when glycogen is high

Exercise when (nor)adrenaline levels are peaking |Exercise in evening increases muscle mass

More profound exercise-induced glycogen
depletion promotes glucose uptake to match
glucose utilization and replenish glycogen stores

glycogen turnover

[Evening exercise triggers glucose uptake to match

Catecholamine-induced fatty acid release
promotes muscle lipid droplet turnover

Catecholamine-induced hyperglycemia. The net
effect of morning exercise at the catecholamine
peak on blood glucese levels is unknown

Higher muscle mass, better glucose
homeostasis

Figure 3 Exercise timing and hypothetical effects on glucose homeostasis. (A) In morning exercise, low glycogen content promotes glucose uptake to match exercise-mediated
glucose utilization and to replenish glycogen stores. Evening exercise triggers glucose uptake to match glycogen turnover. (B) In morning exercise, catecholamine levels are
peaking. This induces free fatty acid release from white adipose tissue and may promote uptake and utilization of plasma fatty acids by skeletal muscle, thus preventing ectopic
fat storage and putatively ameliorating insulin resistance. Also, catecholamine-induced hyperglycemia caused by increased hepatic glucose output and reduced peripheral
insulin sensitivity can be alleviated by exercise. At the same time, it should be noted that exercise induces a second peak of catecholamines later in the day. The net effect on
blood glucose homeostasis of exercise timed at the catecholamine peak remains to be elucidated. (C) Muscle mass is a major determinant of insulin-stimulated glucose and
glucose homeostasis. For optimal maintenance of muscle mass and to promote muscle mass accretion, data indicate that evening premeal resistance exercise promotes muscle
protein synthesis by increasing diet-derived amino acid incorporation in muscle. If this effect is due to the mode of exercise, is due to the timing of the evening relative to clock

time, or is relative to the meal is currently unknown.

Preservation of muscle mass throughout the lifespan is crucial for the
maintenance or improvement of glucose homeostasis. In this regard,
it is important to note that there is a synergistic interaction between
resistance-type exercise training and protein (or protein hydrolysates)
ingestion to stimulate muscle mass gain in healthy individuals (71)
and/or in individuals at risk for or diagnosed with type 2 diabetes (72).
Resistance exercise training stimulates muscle protein synthesis via
mammalian Target of Rapamycin-p70s6K signaling (73), which inter-
acts with the peripheral clock to regulate cell growth in a rhythmic fash-
ion (74). A study in male elderly patients showed that the overnight
response of muscle protein synthesis to presleep protein ingestion was
stimulated by evening exercise (75). Interestingly, the stimulatory effect
of exercise on muscle mass accretion was found to be more prominent
in the evening than in the morning (76). In contrast, a recent meta-anal-
ysis concluded that the gain in muscle mass upon resistance exercise
training does not differ when exercise is performed in the morning ver-
sus the evening. It should be noted, though, that the putative interaction
between food ingestion and exercise timing was not taken into account
in this meta-analysis (77), possibly explaining the difference with the
study by Kuusmaa et al. (76), in which the participants were instructed
to adhere to the national dietary guidelines These findings suggest an
interaction between exercise-induced skeletal muscle adaptations and
the peripheral clock in humans.

As dietary-derived amino acids constitute the main substrate for a pos-
itive protein balance postexercise (78,79), it could be suggested that
timed ingestion of amino acids can result in optimized amino acid sup-
ply to peripheral organs, thus stimulating muscle mass accretion and
maintenance (80). Different regimes for diet and exercise timing have
been explored with the aim to identify the optimal timing and mode
of exercise to promote or maintain muscle mass (81-83). Resistance
exercise performed in the evening followed by dietary amino acids
ingested before sleep promotes de novo myofibrillar protein synthesis
and results in a positive net protein balance during overnight sleep in
young as well as older participants (75,84).

Conclusion and Future Perspectives

Glucose homeostasis, and the regulation thereof, exhibits diurnal vari-
ation. Specifically, reduced skeletal muscle insulin responsiveness
toward the evening coincides with dysregulation of plasma glucose.
Alignment of master and peripheral clocks is most likely essential to
maintain glucose homeostasis. Exercise training is a first-line preven-
tion/treatment strategy to circumvent glycemic dysregulation in hu-
mans. Acute metabolic exercise-derived responses and transcriptional
adaptations display periodic oscillations over the day. Thus, timing of
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the exercise session relative to clock time and meals is likely to affect
(and possibly maximize) the consequences for glucose homeostasis.
Dosing exercise at different times of the day translates into a natural in-
terplay with the nutritional status of patients in a 24-hour cycle. Hence,
we would like to stress the need to integrate the new knowledge from
the chronobiology with the aim to understand how the synergistic inter-
play between exercise and nutritional cues can modulate human (patho)
physiology. Importantly, exercise training and nutrition are two potent
nonphotic cues that can affect the master as well as peripheral clocks.
Conversely, the master and peripheral clocks also affect exercise-
mediated responses. Thus, for optimal alignment of the cellular micro-
environment to oscillatory metabolic challenges throughout the day,
more information on how the biological clock and physical exercise
bidirectionally interact is needed.O
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