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A B S T R A C T

Exercise is an effective strategy to prevent and improve obesity and related metabolic diseases. Exercise increases
the metabolic demand in the body. Although many of the metabolic health benefits of exercise depend on skeletal
muscle adaptations, exercise exerts many of its metabolic effects through the liver, adipose tissue, and pancreas.
Therefore, exercise is the physiological state in which inter-organ signaling is most important. By contrast,
circadian rhythms in mammals are associated with the regulation of several physiological and biological func-
tions, including body temperature, sleep-wake cycle, physical activity, hormone secretion, and metabolism, which
are controlled by clock genes. Glucose and lipid tolerance reportedly exhibit diurnal variations, being lower in the
evening than in the morning. Therefore, the effects of exercise on substrate metabolism at different times of the
day may differ. In this review, the importance of exercise timing considerations will be outlined, incorporating a
chrono-exercise perspective.
Introduction

Physical inactivity is a risk factor for lifestyle-related diseases. One in
four people worldwide does not reach the amount of physical activity
recommended by the exercise guidelines.1 Physical activity (exercise and
daily physical activity) is recognized as the basis for the prevention,
management, and treatment of chronic diseases such as obesity and type
2 diabetes.2,3 Physical activity is a movement that is carried out by the
skeletal muscles that require energy. In other words, any movement one
does is physical activity. Exercise, however, is planned, a structured,
repetitive, and intentional movement intended to improve or maintain
physical fitness. Exercise is a subcategory of physical activity. Most daily
physical activity is considered light to moderate in intensity. However,
certain health benefits can only be accomplished with more strenuous
physical activity. Improvement in cardiovascular fitness is one example.
Jogging or running provides greater cardiovascular benefits than walking
at a leisurely pace.4 This recognition is premised on the axiomatic un-
derstanding that “exercise is medicine.” Lifestyle interventions that
incorporate increased physical activity are a major preventive approach
to metabolic diseases, such as obesity and type 2 diabetes mellitus, and a
possible reason why exercise is effective in preventing and improving
them is the increased energy expenditure caused by exercise.5 In
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addition, exercise increases the metabolism in the skeletal muscles used
for exercise. Repeated and appropriate exercises have been shown to
improve the ability of skeletal muscles to uptake glucose.6 Thus, exercise
is a powerful tool for metabolic disease prevention and improves the
metabolic phenotype of the skeletal muscle, liver, adipose tissue, and
pancreas. In addition, these tissue adaptations are important in the body's
response to exercise, not only because exercise activates signaling
intrinsic to each tissue, but also because interorgan communication by
various signaling molecules, hormones, myokines, cytokines, adipokines,
and other exercise-induced soluble factors plays an important role in the
body's response to exercise.7 These humoral factors secreted into circu-
lation by the tissues in response to exercise are collectively referred to as
"Exerkine".8 Exerkine is released in response to acute and chronic exer-
cise and exerts its effects through endocrine, paracrine, and/or autocrine
pathways. Therefore, in this review, we provide a well-established broad
concept rather than delve into the specific mechanism of action. In
addition, we introduce a new perspective on chrono-exercise and outline
the effects on inter-organ communication during exercise execution at
different times.

Chrono-exercise

Exercise guidelines, which are effective in promoting health and
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Abbreviations

SCN suprachiasmatic nucleus
CREB cAMP response element binding protein
AMPK adenosine monophosphate-activated protein kinase
TG triglycerides
LDL-C low-density lipoprotein cholesterol
HDL-C high-density lipoprotein cholesterol
FFA free fatty acids
GLP-1 glucagon-like peptide 1
LPL lipoprotein lipase
SCFAs short-chain fatty acids
ZMP 5-aminimidazole-4-carboxamide ribonucleotide
AICAR 5-aminimidazole-4-carboxamide ribonucleoside
ATP Adenosine triphosphate
BCAA branched-chain amino acid
BHBA β-hydroxybutyrate
HIF1α hypoxia-inducible factor 1α
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preventing or improving metabolic diseases, have recommended exercise
volume, frequency, and intensity.2,3 However, these guidelines do not
mention the timing of the exercise. One reason is the insufficient evi-
dence regarding the biological effects of exercise timing. By contrast, the
endocrine and nervous systems associated with metabolic responses
exhibit diurnal variations.9,10 These include various cytokines that play
an important role in the development of obesity and diabetes and cate-
cholamines (adrenaline and noradrenaline) related to energy meta-
bolism.11,12 Previous studies have reported that catecholamines are
affected by diurnal variations, with concentrations increasing from
morning to midday.11 Thus, physiological responses may differ depend-
ing on the timing of the exercise.

In 2017, the Nobel Prize in Physiology or Medicine was awarded for
the elucidation of the molecular mechanisms of the biological clock.
Interest in the biological clock is growing in the applied research field.
Specifically, it has been applied in the field of sports science, leading to a
Fig. 1. Schematic diagram of chrono-exercise.
There are two aspects to chrono-exercise. The effect of exercise timing on a biological
and other factors regulated by the biological rhythm, exercise timing is considered (
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new field called chrono-exercise, which considers exercise timing
“when”.13 Since then, chrono-exercise has emerged as a research field
focused on the study of biological rhythms and interactions between
metabolic processes. Sports science focuses on the type and intensity of
exercise. On the contrary, chrono-exercise is a discipline that aims to
maintain and improve people's health by adding factors such as “when”
people exercise throughout the day. Chrono-exercise is considered to
have two major aspects. The first is a regulatory effect that contributes to
changing or resetting the biological clock through exercise. The biolog-
ical clock is important in forming a rhythm of approximately 24 h per
day, and disruption of the biological clock contributes to various meta-
bolic abnormalities, including obesity and diabetes.14 Hence, the idea is
to promote health by correcting disturbances in the biological clock
through exercise (Fig. 1A). The second is the concept of devising exercise
timing based on circadian rhythm. Diurnal variations exist in the secre-
tion of various hormones that are involved in energy metabolism. The
idea is to use this time information for efficient exercise, energy substrate
utilization, or metabolic enhancement (Fig. 1B).

Overview of circadian rhythm on substrate metabolism

The biological clock provides a constant cycle (biological rhythm) in
the body and is related to the regulation of various physiological and
biological functions, including digestion, absorption, metabolism, and
endocrine functions.15 The biological clock of mammals, including
humans, is broadly classified into a central clock in the suprachiasmatic
nucleus (SCN), which resides in the microscopic neuronal nucleus in the
hypothalamus of the brain, and a peripheral clock in other brain regions
and all tissues in the body, including the liver, kidney, adipose tissue, and
skeletal muscle. Photic stimulation is the most important stimulus for
central clock synchronization. The photic signal information received
from the retina is transmitted to the SCN, and synchronization is initiated
by promoting the transcription of Per1 (Period1) and Per2 through
phosphorylation of cAMP response element binding protein (CREB).
Subsequently, the phases of downstream peripheral tissues are adjusted
by signals from humoral factors such as neurogenic factors and hormones
in the body.16,17 By contrast, peripheral organs are also entrained by
stimuli other than the central clock (e.g., exercise and diet).18,19 The
clock (A), Considering the diurnal variation of substrate metabolism, hormones,
B).
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mechanism that generates these circadian rhythms is thought to be a
negative feedback loop via the transcription and translation of clock
genes in cells.

This clock system collectively regulates a wide range of metabolic
targets, including glucocorticoids, the master energy sensor adenosine
monophosphate-activated protein kinase (AMPK), the rate-limiting step
in fatty acid and cholesterol synthesis, and the hepatic CREB, which
regulates gluconeogenesis.20–24 As a result, various metabolic processes,
such as insulin sensitivity, insulin secretion, cholesterol synthesis, fat
oxidation, and energy expenditure, are in rhythm throughout the 24-h
daily cycle25,26 (Fig. 2). In addition, the disruption of circadian
rhythms is associated with the development of metabolic diseases, such
as obesity and diabetes.14 Therefore, exercise timing should be consid-
ered to reduce the risk of obesity, diabetes, and other metabolic diseases.

The first evidence of circadian rhythms in glucose metabolism was
reported in the late 1960s.27 Since then, glucose tolerance in humans has
been shown to exhibit diurnal variation and has been reported to be
lower in the evening than in the morning.28–30 The diurnal variation in
glucose tolerance is surprisingly large, and even adults with normal
glucose tolerance in the morning have been reported to be metabolically
comparable to prediabetics in the evening.28,31 Furthermore, oral glucose
tolerance studies in prediabetics have shown that blood glucose levels are
40 mg/dL higher in the evening than in the morning and are metaboli-
cally comparable to prediabetics and early-stage diabetics at dinner.32 In
addition, previous studies have shown that insulin sensitivity and β-cell
reactivity to glucose, which are thought to contribute to impaired glucose
tolerance, are decreased at dinner compared with that at breakfast.33

Therefore, postprandial blood glucose levels are more likely to be higher
after dinner than after breakfast.34,35 Postprandial hyperglycemia is an
independent risk factor for diabetes and cardiovascular disease.36

Therefore, it is important to control postprandial hyperglycemia and
fasting blood glucose levels.

Lipid metabolism also exhibits circadian rhythm. Previous studies
have shown that triglyceride (TG) and cholesterol syntheses exhibit
diurnal variations and are higher at night.37,38 In other words, lipid
tolerance is also lower in the evening than in the morning. Most studies
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have shown that TGs exhibit diurnal variations.39,40 TGs vary by 33%–

63% during the day, with peaks in the late afternoon and evening.39,41

However, the diurnal variability in cholesterol levels was small, and
there was no consistency in the peak time. The diurnal variation in
low-density lipoprotein cholesterol (LDL-C) levels is less than 10%, and
total cholesterol and high-density lipoprotein cholesterol (HDL-C) levels
do not show diurnal variation or exhibit rhythms of very small
amplitude.38–40,42,43 However, the synthesis rate of cholesterol has been
reported to peak at approximately 22:00 and fluctuates widely.44

Effect of exercise on metabolic health

Adaptation to exercise is a complex process involving diverse changes
in transcriptional and translational responses, mitochondrial function,
metabolic regulation, and the signaling pathways that govern these
changes.6 Briefly, molecular and metabolic responses to exercise can be
categorized into acute and chronic exercises. Acute exercise alters the
expression of various genes and protein phosphorylation to promote
muscle adaptation.45,46 The effect of acute exercise on the major pe-
ripheral organs involved in the regulation of energy homeostasis is that
muscles immediately mobilize stored glucose and fatty acids and uptake
glucose and fatty acids from the plasma to meet energy demands. In
endurance exercise, adipose tissue and the liver mobilize fatty acids and
synthesize glucose, respectively, to keep muscles fueled.47 However, the
acute exercise response is not sufficient to alter muscle phenotype.
Rather, phenotypic adaptation in response to chronic exercise training
requires the accumulation of repeated transient exercise-induced stimuli
(Fig. 3).

Exercise training changes protein levels and subsequent enzyme
functions, resulting in improved exercise capacity. Exercise training in-
creases maximal oxygen uptake, decreases resting heart rate and blood
pressure, and increases muscle mass.5,6,48 Blood glucose uptake by the
muscle, adipose tissue, and liver is increased, peripheral tissue insulin
sensitivity is improved, and β-cell function is improved.49,50 The ability
to mobilize free fatty acids (FFA) from adipose tissue is improved, as is
the ability of the liver to produce glucose and decrease lipogenesis.47 The
Fig. 2. The architecture of the circadian system
The biological clock is divided into the central clock
and the peripheral clock. The central clock resides in
the suprachiasmatic nucleus (SCN) in the hypothala-
mus of the brain. Light is the most powerful stimulus
that regulates the central clock, and this stimulus is
transmitted through the optic nerve of the eye to the
SCN, where the internal clock is synchronized. Signals
from the central clock are transmitted to peripheral
tissues by humoral and neural factors such as hor-
mones to synchronize the peripheral clocks. On the
other hand, exercise and food intake synchronize the
body clock without mediating the central clock. Also,
the synchronization of clocks in different tissues cre-
ates a coordinated circadian rhythm of metabolic
processes such as insulin secretion, cholesterol syn-
thesis, and energy expenditure.



Fig. 3. Organs and tissues affected by exercise
Exercise has tremendous health benefits, including reducing the incidence and severity of metabolic diseases and increasing healthy life expectancy. In addition,
peripheral organs and tissues engage in inter-organ crosstalk through bioactive substances such as hormones and cytokines.

Fig. 4. The effect of different exercise timings on metabolic health.
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ability to oxidize lipids in the muscle and liver is improved along with
improved mitochondrial oxidative capacity, biosynthesis, and dynamics.
As a result, the accumulation of visceral adipose tissue is reduced. These
structural, functional, and metabolic adaptations improve aerobic ca-
pacity, systemic insulin sensitivity, glucose control, and oxidative ca-
pacity and decrease dyslipidemia and chronic inflammation.51,52 These
changes reduce the risk of insulin resistance, obesity, type 2 diabetes, and
cardiovascular diseases (Fig. 3).
53
Effect of different exercise timings on metabolic health (Fig. 4,
Table 1)

Skeletal muscle

The skeletal muscle is the largest anatomical organ, occupying
approximately 40% of the total body, and plays various physiological
roles as a functional tissue that regulates metabolism.6 Skeletal muscle



Table 1
Changes in metabolism-related indicators in exercise timing.

Morning Evening Metabolic effects

IL-6 Increase glucose uptake, lipolysis, fat
oxidation, and hepatic glucose
production

GH Improve visceral adipose tissue,
circulating lipid levels, and insulin
resistance

Catecholamines Increase lipolysis and glycogenolysis

Corticosterone Increase in free fatty acid consumption
and β-oxidation

SCFAs Regulates metabolic and immune
function

IL-6, interleukin 6; GH, growth hormone; SCFAs, short-chain fatty acids.
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accounts for 75% of insulin-stimulated glucose uptake, and
insulin-stimulated skeletal muscle glucose uptake is important for
maintaining normal glucose homeostasis.53 IL-6 is a myokine produced
and released by skeletal muscle cells (muscle fibers) in response to
muscle contraction.46 IL-6 stimulates glucose transporter type 4 trans-
location to the plasma membrane by activating AMPK in muscle cells,
thereby enhancing skeletal muscle insulin sensitivity.54 IL-6 promotes
pancreatic α-cell expansion and improves insulin secretion and hyper-
glycemia by stimulating glucagon-like peptide 1 (GLP-1) secretion from
intestinal L cells and pancreatic α cells.55,56 By contrast, IL-6 responds
differently depending on the timing of exercise. Changes in blood IL-6
levels after acute endurance exercise were greater in the evening than
in the morning.57 Therefore, the effect of exercise timing on glucose
metabolism may differ; however, the detailed mechanism remains un-
clear. Recently, several previous studies in humans have examined the
effects of different exercise timings on blood glucose levels and insulin
sensitivity and have shown that evening exercise is more effective than
morning exercise in improving blood glucose control and insulin
sensitivity.58–61 By contrast, a previous study in patients with type 1
diabetes reported that morning exercise lowers the risk of delayed hy-
poglycemia occurring later in the evening and improves metabolic con-
trol on the following day compared with evening exercise.62 These
findings suggest that the effects of exercise timing on the prevention and
improvement of diabetes may vary depending on the type and presence
of diabetes.

Evening exercises are more effective in improving muscle func-
tion.63,64 A previous study showed that evening exercise produces
greater increases in muscle mass than morning exercise.64 The physio-
logical context of the time-dependent effects on muscle performance
varies. Specifically, elevated body temperature, inflammatory profile,
muscle metabolism, muscle tone, and resting and exercise circadian
rhythms may contribute to muscle function.65,66 In previous studies,
high-throughput gene expression and metabolic profiling in skeletal
muscle revealed metabolic pathways that are activated in a diurnal
time-dependent manner during exercise.67,68 The endogenous AMPK
activator, 5-aminimidazole-4-carboxamide ribonucleotide (ZMP), in-
creases in concentration during exercise, with a peak observed in the
evening ZMP is produced during de novo purine and histidine biosyn-
thesis and is known to act as it is known to act as an allosteric activator of
AMPK.69 It acts endogenously or, when administered as the corre-
sponding cell-permeable ribonucleoside (5-aminimidazole-4-carbox-
amide ribonucleoside, AICAR), exogenously.70,71 The latter has been
shown to enhance exercise performance in both mice and humans. Thus,
ZMP is induced by exercise in a time-dependent manner and may
enhance athletic performance by regulating key steps in the glycolytic
and fatty acid oxidation pathways.72,73 AMPK is also a master metabolic
sensor that activates a myriad of pathways to replenish cellular Adeno-
sine triphosphate (ATP) levels through the inhibition of anabolic path-
ways and induction of catabolic pathways.74 Hence, nutrient utilization
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during exercise timing may be regulated by ZMPs via the activation of
AMPK. On the other hand, one previous study has confirmed that
morning exercise has a greater metabolic impact than evening exercise
by increasing muscle acylcarnitine, branched-chain amino acid (BCAA),
and ketone body has been shown to have a significant impact on meta-
bolism by increasing levels of β-hydroxybutyrate (BHBA).66 In particular,
activation of the glycolytic system is specific to morning exercise. At the
molecular level, it has been shown that hypoxia-inducible factor 1α
(HIF1α), a central regulator of glycolysis during hypoxia, is activated in a
time-dependent manner during exercise, leading to carbohydrate
exhaustion, use of alternative energy sources, and adaptation of systemic
energy expenditure. While it is true that the time of day is a major
regulator of metabolic pathways associated with exercise capacity as
described above, the issue of time-specific effects of exercise on meta-
bolic pathways remains largely unexplored and requires further
investigation.

Adipose tissue

Exercise is physiologic stress that stimulates lipid metabolism in ad-
ipose tissue and skeletal muscle. The mechanism by which exercise
promotes increased lipid metabolism is thought to be the activation of
the sympathetic nervous system, whereby catecholamines stimulate
β-adrenergic receptors in adipocytes, resulting in intracellular lipolysis
and increased fatty acid release into the blood, which is then oxidized by
mitochondria in the muscle.75 However, the effects of exercise timing
remain unclear. By contrast, we examined the effects of exercise timing
on blood metabolism-related hormones and cytokines in healthy young
men.57,76 The participants performed 60 min of endurance exercise on a
treadmill in the morning or evening. The results showed that evening
exercise significantly increased blood adrenaline, growth hormone, and
IL-6 levels immediately after exercise compared with morning exercise.
Furthermore, evening exercise showed a significant increase in blood
FFA levels after exercise compared with morning exercise, indicating
accelerated lipolysis. The increases in blood adrenaline, growth hor-
mone, and IL-6 caused by exercise promote lipolysis, suggesting that
evening exercise is more effective in promoting lipolysis.54,75,77 How-
ever, these were acute studies, and the effects of exercise with chronic
intervention have not been evaluated. Therefore, more detailed studies
are needed.

The effect of exercise timing on blood lipid levels varied. Cholesterol
synthesis shows diurnal variation and is higher at night.78 In fact, the
effect of exercise timing on blood lipids may also differ, as some reports
have suggested that nighttime statin drug intake is more effective.79,80 In
a previous study, the effects of different exercise timings over 12 weeks
on blood lipid and inflammatory marker levels were examined in patients
with cardiovascular disease.81 The results showed greater improvement
in LDL-C with evening exercise than with morning exercise. We also
examined the effects on blood lipid levels in healthy young men who
underwent short-duration endurance exercise for 1 week.61 As a result,
evening exercise was more effective than morning exercise in improving
TG levels and TG/HDL-C ratios. This decrease in TG levels may be due to
lipoprotein lipase (LPL). LPL modulates blood TG levels by promoting the
uptake of fatty acids into tissues. In a previous study, exercise was re-
ported to increase LPL mRNA expression and contribute to decreased
blood TG.82 Furthermore, LPL activity in response to meal load was lower
in the evening than in the morning.83 Therefore, the effect of exercise on
TG levels may have been more pronounced by promoting LPL activity
through endurance exercise in the evening. However, the contribution of
LPL to blood TG levels at different exercise timings has not been exam-
ined and requires further investigation.

By contrast, the effect of exercise timing on lipid oxidation may vary
according to sex. In a previous study of healthy adults, morning exercise
was shown to be more effective than evening exercise in reducing
abdominal fat in women. However, in men, evening exercise increased
lipid oxidation compared with morning exercise.84 In addition, the effect
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of exercise timing on lipid oxidation varied before and after meals. In a
previous study examining the effect of pre-breakfast exercise on lipid
oxidation, 60 min of exercise was performed before and after breakfast
under conditions of equal daily energy balance (difference between en-
ergy intake and consumption). The results revealed that while energy
expenditure over 24 h was comparable, lipid oxidation was significantly
increased in the pre-breakfast exercise compared with the post-breakfast
exercise.85 Because the pre-breakfast period is the longest fasting period
of the day, it is thought to be due to an increase in lipid oxidation caused
by the depletion of liver andmuscle glycogen.86 Thus, exercise during the
longest fasting period of the day and before breakfast may be more
effective in promoting lipid oxidation. However, given that exercise after
prolonged fasting may cause a rapid increase in blood fatty acid con-
centrations and increase the risk of heart failure and that myocardial
infarction and other conditions occur more frequently in the morning,
exercise before breakfast should be performed with great caution.87,88

Gut

The gut microbiota is closely related to various physiological func-
tions of the host, and associations between disturbances in the gut
microbiota and various diseases have become apparent.89 For example,
Firmicutes are increased and Bacteroidetes are decreased in obese pa-
tients.90 Short-chain fatty acids (SCFAs) are produced when the intestinal
microflora ferments and degrades indigestible food components. SCFAs
inhibit the growth of pathogenic and putrefactive bacteria in the gut and
act as regulators of metabolism and immune function.91,92 Hence, the
association between gut microbiota and the physiological state of the
host is thought to be related to SCFAs. A previous study showed that
patients with type 2 diabetes have fewer SCFAs than healthy in-
dividuals.93 Thus, the maintenance of improved gut microbiota is
important for host health.

Exercise alters the gut microbiota. Exercise training in humans and
animal models alters the composition and functional capacity of the gut
microbiota, independent of diet.94 In humans, regular exercise was re-
ported to alter gut microbiota and increase the utilization of SCFAs.95

Furthermore, the effects of exercise timing on gut microbiota have
recently been examined in mice.96 Evening exercise decreased fecal pH,
increased SCFAs, and altered microflora compared with morning exer-
cise. SCFAs promoted GLP-1 secretion in the intestinal tract.97 GLP-1 is
secreted by intestinal L cells and binds to receptors on pancreatic β cells
to stimulate insulin secretion.97 In a previous study, a brief 2-week period
of endurance exercise was reported to increase GLP-1 levels and improve
β-cell function.98 Therefore, changes in the gut microbiota at different
exercise timings may influence the improvement in pancreatic β-cell
function.

Liver

Exercise increases the mobilization of hepatic glycogen to the plasma
and the rate of glycogenesis during prolonged exercise.99 Exercise also
increases the uptake of the glycogenic precursors lactate, pyruvate, and
glycerol to fuel these processes.100 On the contrary, changes in liver
metabolism during exercise are regulated, in part, by myokines released
during exercise; IL-6 was shown to enhance hepatic fat oxidation and
glucose production during exercise.101 Thus, through adaptive responses
in glucose and fatty acid metabolism, there is a well-regulated crosstalk
between the liver and muscle to exchange substrates and maintain
metabolic homeostasis during exercise. In addition, recent studies have
suggested that hepatokines, proteins secreted by the liver, directly in-
fluence metabolic diseases by modulating signaling pathways related to
energy metabolism.102,103 Hepatokines are important regulators of
metabolic organs such as the skeletal muscle, heart, and brain, and have
been shown to enhance mitochondrial function and reduce the risk of
developing chronic diseases such as obesity and type 2 diabetes.104,105
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However, the mechanisms underlying the effects of exercise on the en-
ergy metabolism of hepatokines remain unclear. Therefore, future
studies that include exercise timing are warranted.

Effect of exercise on clock genes

Disruption of the biological clock (circadian rhythm) disrupts glucose
and lipid metabolism and increases the risk of metabolic diseases, such as
obesity and type 2 diabetes.14 In a previous study, peripheral blood
samples were collected from patients with and without type 2 diabetes,
and the mRNA levels of clock genes were compared. The results showed
that non-diabetics had a rhythmic expression of some clock genes,
whereas diabetic patients had reduced, attenuated, or lost expression of
these genes.106 In addition, BMAL1 in the visceral adipose tissue of pa-
tients with metabolic syndrome showed reduced function.107 Therefore,
the biological clock may be impaired in humans with poor metabolic
function.

Exercise is effective for regulating the biological clock.108,109 After
mice were subjected to repetitive exercise during the light period when
they were not normally moving, the rhythms of the clock gene Per2 in
peripheral tissues, such as the lungs and skeletal muscles, were observed
under ex vivo conditions, and a change in the phase of the clock gene due
to exercise was observed.108 This effect was not observed in the central
clock, indicating that exercise might modulate the peripheral clock. We
also examined the effects of exercise on the peripheral biological clocks
(liver, kidney, and submandibular gland) using an in vivo imaging system.
We observed that exercise during the inactive period advances the phase
of the biological clock and that corticosterone secretion and sympathetic
activation are important for this mechanism.109

In a previous study in humans, acute endurance exercise of moderate
intensity using a bicycle ergometer was performed at 7:00 a.m. for
morning exercise and 4:00 p.m. for evening exercise, and the effects on
the rhythm of clock gene expression were compared with those without
exercise.110 The results showed that the BMAL1 expression rhythm
peaked at 15:00 without exercise, at 9:00 in morning exercise, and at
18:00 in evening exercise, indicating an advanced trend in the rhythm
during morning exercise and a delayed trend during evening exercise.
Therefore, the results indicate that transient endurance exercise also
influences the rhythm of the expression of peripheral clock genes and
that this influence depends on the timing of exercise. In addition, biopsies
of skeletal muscles subjected to resistance exercise showed changes in
clock gene expression, indicating the possibility of exercise-induced
regulation of the biological clock in humans.111 We evaluated clock
genes using beard follicle cells in older people112 and observed rhythms
in the expression of clock genes. Furthermore, a positive correlation was
observed between the amplitude of the expression rhythm of clock genes
and the amount of physical activity above moderate intensity and
maximal oxygen uptake, indicating that the biological clock and physical
function are related. Thus, increasing physical activity and daily fitness
levels may be important for maintaining good body rhythm. However,
the relationship between the biological clock and metabolism during
exercise remains unclear. Therefore, further studies are warranted.

Conclusions

In this review, time-dependent physiological responses to exercise are
outlined, incorporating new findings of chrono-exercise. Exercise has
many beneficial effects on various organs. Although there have been
reports on physiological responses during exercise timing, the mecha-
nisms have not been fully elucidated, and these investigations have only
just begun. Therefore, accumulated knowledge of chrono-exercise may
elucidate the molecular mechanisms leading to the interaction between
the biological clock and exercise timing effects and lead to the devel-
opment of more effective timing or new approaches to exercise.
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