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The role of exercise-induced peripheral factors
in sleep regulation
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ABSTRACT

Background: Recurrently disrupted sleep is a widespread phenomenon in our society. This is worrisome as chronically impaired sleep increases
the risk of numerous diseases that place a heavy burden on health services worldwide, including type 2 diabetes, obesity, depression, car-
diovascular disease, and dementia. Therefore, strategies mitigating the current societal sleep crisis are needed.
Scope of review: Observational and interventional studies have found that regular moderate to intensive exercise is associated with better
subjective and objective sleep in humans, with and without pre-existing sleep disturbances. Here, we summarize recent findings from clinical
studies in humans and animal experiments suggesting that molecules that are expressed, produced, and released by the skeletal muscle in
response to exercise may contribute to the sleep-improving effects of exercise.
Major conclusions: Exercise-induced skeletal muscle recruitment increases blood concentrations of signaling molecules, such as the myokine
brain-derived neurotrophic factor (BDNF), which has been shown to increase the depth of sleep in animals. As reviewed herein, BDNF and other
muscle-induced factors are likely to contribute to the sleep-promoting effects of exercise. Despite progress in the field, however, several
fundamental questions remain. For example, one central question concerns the optimal time window for exercise to promote sleep. It is also
unknown whether the production of muscle-induced peripheral factors promoting sleep is altered by acute and chronic sleep disturbances, which
has become increasingly common in the modern 24/7 lifestyle.
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1. WHAT IS SLEEP?

At times of high sleep propensity (i.e., at night), neurons of the hy-
pothalamic ventrolateral preoptic nucleus release inhibitory neuro-
transmitters, mainly gamma-aminobutyric acid and galanin. These
neurotransmitters inhibit neurons of the ascending arousal system
involved in wakefulness and arousal, including histaminergic neurons
and brainstem arousal regions, thereby facilitating the transition from
wake to sleep [1]. By measuring eye movements, the activity of
voluntary muscles, and electrical activity in the outer layer of the brain,
human sleep can be divided into four distinct sleep stages ([2]; see
Figure 1): sleep stage 1 (also called N1; transitional phase between
wake and sleep), sleep stage 2 (also called N2; the most abundant
sleep stage during sleep and hallmarked by sleep spindles and k-
complexes), slow-wave sleep (SWS or N3; mainly characterized by
slow, high-voltage cortical brain activity), and rapid eye movement
(REM) sleep (characterized by skeletal muscle paralysis; rapid, low-
voltage cortical brain activity, and intermittent REMs).
Our current understanding of how sleep is regulated comprises two
highly dynamic, co-existing processes: homeostatic sleep pressure
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(process S) and the circadian drive for arousal (process C). Process S is
dependent on wake duration and is best characterized by measuring
slow-wave activity (SWA) most prominently detected over frontal
cortex areas [3]. SWA is the electroencephalographic power between
0.5 and 4 Hz and mainly found during deep non-REM sleep (i.e., SWS).
SWA increases as a function of preceding wake duration and de-
creases during sleep [4]. Process C is mainly driven by the central
circadian pacemaker, the suprachiasmatic nuclei (SCN) located in the
hypothalamus. The SCN regulates the timing of sleep and wakefulness
and synchronizes the rhythms of peripheral metabolic oscillations. This
occurs through multiple mechanisms, including rhythms in core body
temperature, cortisol, melatonin, paracrine signaling, and neural cir-
cuits [5]. Light exposure leads to SCN neuronal firing by triggering
electric impulses in retinal photosensitive ganglion cells. The optic
nerve then transmits these electric impulses along the reti-
nohypothalamic tract to the SCN. The SCN can be compared to an
orchestra’s conductor, which uses external time cues (‘Zeitgebers’),
such as light, to align the sleep/wake cycle with the environmental
light/dark cycle (for more details, see [6]). Apart from light, there are
also non-photic Zeitgebers, such as exercise [7].
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Figure 1: Hypnogram depicting normal sleep in a healthy young adult. Normal nocturnal sleep consists of 4e6 sleep cycles, each lasting around 90 min, during which non-
rapid eye movement (REM) and REM sleep stage alternate. During the first half of the night, slow-wave sleep prevails, whereas REM sleep predominates the latter half of the night.
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2. PHYSICAL EXERCISE AS A LIFESTYLE INTERVENTION TO
REDUCE SLEEPLESSNESS

Chronically curtailed and disturbed sleep are widespread in our 24/7/
365 society [8]. An estimated 35e50% of adults in industrial countries
report chronic insomnia symptoms, such as difficulty initiating and
maintaining sleep at night [9]. Additionally, close to one billion people
suffer from obstructive sleep apnea (OSA) worldwide [10]. Hallmarked
by partial or total cessation of breathing during sleep, this condition can
result in less restorative sleep and excessive daytime sleepiness.
Finally, 20% of employees in industrialized countries have atypical
work schedules. The resulting improper circadian timing of sleep due
to shift work, in turn, increases the risk of sleep disturbances [11].
Chronically impaired sleep has been associated with numerous dis-
eases that place a heavy burden on health services worldwide, including
type 2 diabetes, obesity, depression, cardiovascular disease, and de-
mentia [12e16]. Therefore, strategiesmitigating the current sleep crisis
are needed. In this context, promoting exercise could represent a
promising lifestyle solution. Observational and interventional studies
have found that regular moderate to intensive exercise is associated
with better subjective and objective sleep among young, middle-aged,
and older healthy subjects [17e19], as well as patients with sleep
disorders [20]. In healthy subjects, aerobic and resistance exercise
programs increase the time spent in light and deep sleep stages,
enhance sleep depth, and improve sleep efficiency (i.e., the time spent
asleep while in bed) [21e26]. Results from a meta-analysis including
305 participants (80% female) aged over 40 years with different sleep
problems suggest that regular aerobic or resistance exercise training
between 10 and 16 weeks may affect sleep quality. Specifically, it was
found that both types of exercise decrease the global Pittsburgh Sleep
Quality Index score (PSQI, indicating better overall sleep quality, [27]).
This was primarily driven by improved subjective sleep quality, short-
ened sleep latency, and reduced sleep medication usage [18]. In
addition to its sleep-improving effects, regular exercise may also exert
positive effects on sleep-disordered breathing. According to the results
from a meta-analysis that enrolled 129 patients with OSA, exercise
training lasting between 12 and 24 weeks resulted in a mean apnea-
hypopnea index (AHI) reduction of 6.27 events/h [28]. The AHI is a
clinical sleep parameter that can assess the severity of OSA [29].
Noteworthy, the exercise-induced reduction in OSA severity was ach-
ieved without a significant decrease in body weight [28].
Several theories exist regarding the mechanisms through which ex-
ercise may improve sleep. For instance, exercise during the day is
associated with a steeper drop in core body temperature (CBT) during
the evening. The decline in CBT before and during sleep represents a
critical prerequisite to fall and stay asleep during the night [30].
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However, less attention has been paid to the potential sleep-
modulatory role of molecules expressed, produced, and released by
the skeletal muscle in response to exercise. For instance, exercise
increases the skeletal muscle production and secretion of brain-
derived neurotrophic factor (BDNF; [31]), which is known to affect
multiple tissues, including the brain [32]. Therefore, this review’s
objective is to provide a brief and updated overview of skeletal muscle-
induced factors that may contribute to the sleep-improving effects of
exercise. A summary of proposed mechanisms through which these
skeletal muscle-induced molecules may alter sleep can be found in
Figure 2AeC.

3. BDNF

BDNF is a signaling protein that is encoded by the gene BDNF (found in
humans on chromosome 11) [33]. BDNF belongs to the neurotrophin
family, regulating neurons’ survival, development, and function
[34,35]. Both men and women display circadian rhythms in plasma
BDNF, with the peak occurring earlier in women than men (7.5 h
before dim-light melatonin onset (DLMO) vs. two hours before DLMO)
[36]. In addition to the circadian variation of plasma BDNF, recent
studies suggest that exercise may acutely increase blood concentra-
tions of this protein. A meta-analysis involving 910 participants (61.3%
male, mean age: 42.2 years) showed that the blood concentration of
BDNF increases acutely in response to aerobic but not resistance
exercise training [31]. However, some evidence exists that intense
resistance exercise can also elevate blood concentrations of BDNF
[37,38]. As indicated by results from a more recent meta-analysis
involving 1,180 participants (75.4% male; mean age: 27.9 years),
the increase of BDNF in blood appears to be positively associated with
exercise duration [39]. It was also observed that exercise induces a
pronounced rise in blood BDNF levels in both males and females;
however, the effect is seemingly more substantial in men [39]. This sex
difference might be explained by lower skeletal muscle mass in
women compared with men. Although exercise acutely results in
elevated gene expression of BDNF in human skeletal muscle [40],
suggesting that myocytes may drive the exercise-induced increase of
plasma BDNF, this tissue is not the sole source of BDNF. For instance,
both at pre-exercise rest and during a subsequent 4-h-long rowing
exercise, the brain contributes 70e80% of circulating BDNF [41].
There are several hypotheses on how exercise may increase the
production of BDNF in the brain. One theory is that the ketone body D-
b-hydroxybutyrate (DBHB) induces BDNF expression in the brain
(primarily hippocampus) following exercise [42]. DBHB is an energy
metabolite that is increased in the liver after prolonged exercise.
Circulating levels of DBHB increase in response to exercise, starvation,
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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or absence of dietary carbohydrates [43]. DBHB is transported in the
bloodstream to the brain to serve both as an energy source and
signaling molecule [44]. In mice, DBHB acts as an inhibitor of class I
histone deacetylases (HDACs) to activate the BDNF gene promoters in
the brain, thus enhancing brain production of BDNF [42]. Neuronal
activity is a potent stimulus eliciting the production of BDNF [45,46].
Thus, the activation of motor control-related brain areas during exer-
cise may additionally contribute to the increased production of BDNF in
the brain. It is not known whether the type and complexity of exercise
and the sex of the subject alter brain BDNF; therefore, further inves-
tigation is warranted.
Supporting amechanistic role of BDNF in sleep regulation, a study in rats
showed that the larger the increase in BDNF in the cortex during
wakefulness, the higher the power and incidence of SWA during the
subsequent sleep period [47]. By performing unilateral cortical micro-
injections of BDNF in awake rats, it was further demonstrated that SWA
is higher in the injected hemisphere. The same study also showed that
the infusion of two different BDNF blockers during enforcedwakefulness
resulted in a blunted SWA response in the injected frontal cortex relative
to the contralateral side during subsequent recovery sleep [36]. Alto-
gether, these results indicate that the higher the BDNF concentration in
the brain, which occurs in animals after exercise [48], the deeper is the
sleep.
What are the mechanisms by which BDNF leads to an increase in rats’
sleep SWA? In the brain, BDNF produces a sustained enhancement of
synaptic strength [49]. As suggested by large-scale computer simu-
lations of corticothalamic circuits under low and high synaptic strength
[50,51], a local increase in the synaptic strength of corticocortical
connections powerfully affects the dynamics of slow cortical oscilla-
tions. The increased coupling among connected cells also results in a
more robust synchronization of single-cell slow oscillations within a
network. The combination of these two effects may explain why BDNF
increases SWA once it has reached the brain.
It remains unclear whether an increase in brain BDNF accounts for the
sleep-deepening effects of exercise in humans. For instance, a study
including a group of participants with heterogeneous sleep problems
found that those with higher basal serum BDNF concentrations have
lower SWS and REM sleep [52]. Of note, serum BDNF levels are
increased two-to three-fold after acute exercise compared to resting
conditions [53]. Thus, it remains unclear whether exercise-induced
increases in blood and brain BDNF concentrations would show
similar negative associations with time spent in SWS and REM sleep as
described under rest conditions in [52].

4. IRISIN

Studies have demonstrated that irisin, a 112-amino acid polypeptide
hormone, is released by the skeletal muscle upon enzymatic cleavage
of the membrane of fibronectin type III domain-containing protein 5
(FNDC5) in response to exercise [54]. While research suggests that
irisin is involved in body weight regulation, e.g., through adipocyte
browning [55], less attention has been paid to its potential role in
promoting sleep upon exercise. In the acute exercise setting, irisin
stimulates the expression of BDNF in the hippocampus of the brain
[56]. As mentioned previously, BDNF injected during wakefulness into
the rat brain can increase the depth of subsequent non-REM sleep
[47]. However, whether an exercise-induced increase in brain irisin
signaling may alter sleep directly is not known. Future mechanistic
studies, e.g., using an exercise protocol in a knockdown animal model
of brain irisin (as utilized in [57]) may provide valuable insights into the
role of brain irisin signaling in exercise-mediated effects on sleep.
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Newer research has demonstrated that irisin may partially account for
the brain health-promoting effects of exercise. In an animal model of
Alzheimer’s disease (AD), the upregulation of irisin signaling in the
brain increased neuronal synaptic strength and antagonized patho-
physiological processes involved in the development and progression
of AD, such as reduced binding of neurotoxic soluble amyloid-beta
peptides to neurons [57]. Brain areas involved in regulating sleep
and arousal, such as the SCN, can undergo neurodegeneration
because of AD [58]. Thus, an exercise-induced increase in irisin may
help protect these brain regions against neurodegeneration, at least
when pursuing regular exercise.

5. PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR
GAMMA COACTIVATOR 1a (PGC-1a)

PGC-1a is a protein encoded by the PPARGC1A gene. PGC-1a in-
creases in skeletal muscle in an exercise intensity-dependent manner
[59] and can simultaneously induce transcription of a broad set of
genes, most of which are involved in energy metabolism [60]. As
suggested by animal studies, PGC-1a increases the production of
fibronectin type III domain-containing protein 5 (FNDC5), a membrane-
bound protein. Due to enzymatic processing, irisin can then be cleaved
from FNDC5 and released into the circulation [55]. A recent study in
mice also suggests that PGC-1a in hippocampal neurons can be
stimulated by lactate to increase the production of irisin in response to
exercise [61]. As mentioned in the previous section, this molecule may
increase the depth of sleep by stimulating the expression of BDNF in
the hippocampus [36].
PGC 1a also promotes the expression of the core clock gene Bmal1
in the skeletal muscle [62]. Together with Clock, another core
circadian transcription factor, Bmal1 forms a heterodimer to drive the
expression of Period (Per) and Cryptochrome (Cry) proteins [63]. Per
and Cry proteins form a complex that translocates to the nucleus to
inhibit the expression of Bmal1 and Clock [64]. This ensures proper
functioning of the 24-h molecular oscillator, including the skeletal
muscle clock. The skeletal muscle clock’s significance in muscle
physiology has been addressed using genetic loss-of-function mouse
models targeting the Bmal1 gene (reviewed in [65]). For instance,
using both constitutive and inducible muscle-specific Bmal1
knockout models, insulin-stimulated glucose uptake was found to be
impaired in the skeletal muscles from muscle-specific Bmal1
knockout mice, likely due to reduced transcript and protein levels of
glucose transporter 4 (Glut4), the insulin-dependent glucose trans-
porter [66].
As suggested by findings from a recent animal study, skeletal
muscle Bmal1 may also play a role in sleep regulation. Specifically,
restoring Bmal1 in the skeletal muscle of otherwise Bmal1-deficient
mice promoted the SWA rebound response to 6 h of forced wake-
fulness [67]. It is unclear whether direct or indirect pathways
mediate the effects of skeletal muscle Bmal1 on sleep regulation. A
recent study utilizing primary human skeletal myotubes found that
the muscle clock plays an important role in regulating basal myokine
secretion by skeletal muscle. For instance, the secretion of inter-
leukin (IL)-6 was strongly downregulated upon skeletal myotube
clock disruption [68]. Thus, it could be speculated that BMAL1 may
alter sleep through its effects on myokine production. Studies
measuring the protein abundance of BMAL1 in muscle biopsies from
human subjects under exercise conditions may help decipher
whether the exercise-induced increase in skeletal muscle expression
of BMAL1 correlates with sleep parameters during the post-exercise
night.
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Figure 2: Overview of proposed mechanisms through which exercise alters sleep in humans. A) Following exercise, the brain-derived neurotrophic factor (BDNF) expression
is upregulated in the skeletal muscle. Exercise also increases the hepatic production of the ketone body D-b-hydroxybutyrate (DBHB), which can increase the expression of BDNF in
the brain (mainly the hippocampus) via inhibition of histone deacetylases (HDACs). Mediated by the protein peroxisome proliferator-activated receptor gamma coactivator 1-a
(PGC1-a), exercise increases the skeletal muscle expression of fibronectin type III domain-containing protein 5 (FNDC5). This membrane-bound protein can undergo proteolytic
cleavage to release irisin into the blood. In turn, the myokine irisin can stimulate the expression of BDNF in the brain. Notably, lactate produced by the skeletal muscle following
exercise can stimulate the production of irisin in the brain in a PGC-1a-dependent manner. Brain BDNF increases slow-wave activity (SWA) of non-rapid eye movement (REM)
sleep, suggesting a potential role of this neurotrophin in deepening sleep. Finally, Bmal1, a core clock protein that is upregulated in a PGC-1a-dependent manner, may, by an
unknown mechanism, influence the regulation of SWA and sleep homeostasis. B) In response to exercise, interleukin-6 (IL-6) is expressed and released into the blood by the
skeletal muscle. Circulating IL-6 stimulates macrophages to produce interleukin-1 receptor antagonist (IL-1ra). IL-6 and IL-1ra have been shown to deepen non-REM sleep (i.e.,
increased SWA). Microdamage in the skeletal muscle due to eccentric exercise (symbolized by the yellow flash) may stimulate the monocyte production of tumor necrosis factor-
alpha (TNF-a). This cytokine may increase total sleep duration (TST) and SWA. C) In animals, a brain infusion of the tryptophan metabolite kynurenic acid (KYNA) reduces the time
spent in slow-wave sleep (SWS) and REM sleep. Brain KYNA also increases the time awake. Due to its inability to pass the bloodebrain barrier, KYNA can only be enzymatically
produced by astrocytes in the brain from kynurenine (KYN). In contrast to KYNA, KYN can pass the bloodebrain barrier. Exercise upregulates the skeletal muscle expression of
kynurenine aminotransferases (KATs) in a PGC-1a-dependent manner. These enzymes catalyze the conversion of the KYN into KYNA. As a result, less KYN is available in the blood,
with possible indirect positive effects on sleep.
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6. IL-6

The cytokine IL-6, a glycosylated protein of 21e28 kDa, is encoded by
the IL-6 gene and produced by various cells in the human body, such
as monocytes and macrophages, fibroblasts, lymphocytes, myocytes,
and endothelial cells [69]. IL-6 is not only involved in inflammation and
infection responses but also in the regulation of metabolic, regener-
ative, and neural processes [70]. The cytokine can alter target cells’
functions, either by binding to the membrane-bound IL-6 receptor
(mIL-6r) or forming a complex with its soluble IL-6 receptor (sIL-6r)
[71]. The IL-6/sIL-6r complex can act on cells that express the
membrane-bound receptor glycoprotein 130 (gp130; a process named
trans-signaling). Only a few cell types express mIL-6r on the cell
surface (e.g., macrophages, neutrophils, some T-cells, and hepato-
cytes) [71]. In contrast to the mIL-6r, gp130 is ubiquitously found [71].
Under rest conditions, serum IL-6 concentrations exhibit a biphasic
circadian pattern with two nadirs around 08:00 and 21:00 h and two
peaks around 19:00 and 05:00 h [72]. It has also been shown that
nocturnal sleep strongly enhances concentrations of sIL-6r, exceeding
wake levels by 70% at the end of sleep [73]. Overall, this could indicate
that the night represents a period of increased IL-6 trans-signaling
capacity, with possible implications for immunity and sleep.
In addition to circadian variations of circulating concentrations of IL-6
under rest conditions, the cytokine is produced and secreted by the
skeletal muscle during exercise [74]. Serum levels of IL-6 increase
exponentially during exercise (up to 100-fold), and the magnitude of
increase depends on exercise intensity, duration, the mass of muscle
recruited, and the subject’s endurance capacity [74]. Through the
blood, IL-6 can reach sites behind the bloodebrain barrier, but due to
substantial enzymatic degradation, the blood’s uptake may be limited
[75]. The significant enzymatic degradation of IL-6 may also ensure
that the brain’s exposure to IL-6 is kept at physiologically acceptable
levels. This is important as chronically elevated brain IL-6 concen-
trations have been tied to neuropathological changes, such as multiple
sclerosis, Parkinson’s disease, and Alzheimer’s disease [76].
Emerging evidence from human and animal studies suggest that IL-6
may affect sleep. By utilizing the intranasal drug delivery method (a
noninvasive option for delivering drugs from the nasal cavity to the
brain with minimal peripheral exposure, [77]), IL-6 was shown to
enhance the depth of late episodes of SWS at night (i.e., a period of
increased IL-6 trans-signaling capacity, [73]), compared with placebo
in 17 healthy young adults (age range 20e36 years) [78]. In a study
using transgenic mice, blocking IL-6 signaling in the periphery (rather
than the central nervous system) has been shown to shorten sleep
duration and decrease time spent in SWS and REM sleep [79].
IL-6 may also alter sleep through interleukin-1 receptor antagonist (IL-
1ra). Following exercise, IL-6 released by the skeletal muscle stimu-
lates the secretion of IL-1ra into the bloodstream (e.g., by circulating
immune cells) [80]. As suggested by a study involving 16 healthy men
(mean age: 23 years), a single subcutaneous administration of IL-1ra
(anakinra) before sleep increases the depth of sleep, particularly during
early episodes of SWS [81].
Collectively, these findings support the hypothesis that exercise im-
proves sleep through the IL-6 pathway.

7. TUMOR NECROSIS FACTOR a (TNF-a)

The cytokine TNF-a is a pleiotropic cytokine that constitutes a critical
element in the pathogenesis of chronic inflammatory states, including
rheumatoid arthritis and insulin resistance [82]. TNF-a can be directly
transported from the blood to the brain [83] and induces its production
MOLECULAR METABOLISM 42 (2020) 101096 � 2020 The Author(s). Published by Elsevier GmbH. This is
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in the brain via the vagus nerve [84]. Studies have shown that re-
combinant TNF dose-dependently enhances the depth and quantity of
SWS in animal models [85]. Moreover, higher blood levels of TNF-a
have been linked to higher SWA in humans with HIV [86]. The in-
creases in non-REM sleep induced by TNF-a, depending on dose and
species, persist for 4e10 or more hours [87].
TNF-a does not typically increase in response to moderate exercise
in healthy subjects [80]. Moreover, the exercise-induced increase in
IL-6 results in the release of soluble TNF-a receptors, which inhibit
the action of TNF-a [80]. Thus, at first glance, an increase in
circulating TNF-a concentration is unlikely to be a mechanism
through which exercise might alter sleep. However, in contrast to
moderate exercise, strenuous, prolonged exercise (e.g., marathon
running) can increase the plasma concentration of TNF-a [88]. A
possible explanation could be that muscle and connective tissue
microtrauma caused by high volume/intensity training, with insuf-
ficient rest, can trigger the production of TNF-a by monocytes
located in the recruited skeletal muscle [89]. Increased circulating
TNF-a in response to vigorous exercise may explain the increase in
total sleep time and SWS, as seen in athletes on four successive
nights after completing a 92-kilometer road race [90]. TNF-a also
increases after moderate exercise in subjects with lower exercise
capacity, e.g., as shown for patients with chronic obstructive pul-
monary disease [91].

8. TRYPTOPHAN, KYNURENINE, AND KYNURENIC ACID

Tryptophan is an essential amino acid critical for protein synthesis. In
the brain, it serves as a precursor for sleep-regulatory signaling
molecules, such as melatonin and serotonin [92]. In mammals, most of
the free tryptophan is processed through the kynurenine (KYN)
pathway [92]. When directed into the KYN pathway, tryptophan is
converted into KYN by the enzyme indoleamine-2,3-dioxygenase (IDO)
[92]. Because of its lipophilic properties, KYN readily crosses the
bloodebrain barrier [92]. KYN can then be converted by astrocytes into
kynurenic acid (KYNA) and other active metabolites [93]. A study in
adult male wild-type rats demonstrated that increased brain KYNA
levels delay the onset of REM sleep, reduce total time spent in REM
sleep and SWS, and increase wake duration [94]. The animals also
spent more time awake during the 12-h light phase (i.e., when rodents
typically rest and sleep) [94].
Endurance exercise (150 km cycling, 12 training hours per week) has
been shown to increase the skeletal muscle expression of kynurenine
aminotransferases (KATs) four-fold in physically active men, compared
to those who had the same baseline exercise level without specific
training [95]. These enzymes catalyze the conversion of KYN into the
KYNA. Thus, as reviewed elsewhere [92], exercise should lower blood
concentrations of KYN and concomitantly increase those of KYNA. In
contrast to KYN, KYNA cannot cross the bloodebrain barrier due to its
hydrophilic properties [92]. Consequently, brain KYNA should drop in
response to exercise, with potentially positive sleep implications, as
suggested by findings described in [94].
Experiments directly measuring blood KYN levels in humans have
challenged the assumption that exercise reduces blood concentrations
of KYN. One study found that acute 20-minute exhaustive aerobic
exercise increases serum KYN among 33 trained athletes [96]. The
same study also showed that exhaustive aerobic exercise decreases
the serum level of tryptophan. The drop in serum tryptophan following
exhaustive exercise could result from increased uptake of this amino
acid from the blood into skeletal muscles. This exercise-induced drop
in tryptophan may be disadvantageous to sleep since tryptophan is
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required to synthesize sleep-regulatory factors, such as serotonin and
melatonin, in the brain. Another study among 117 patients with mild-
to-moderate depression found that a 60 min per week, 12-week ex-
ercise does not change KYN, KYNA, or the KYN/KYNA ratio in blood
[97]. Given the high heterogeneity of the study population, exercise
intensity, and duration of the previous studies, the possible contribu-
tion of the KYN pathway to the sleep-modulatory effects of exercise
remains an important area of future research.

9. CONCLUSIONS AND FUTURE PERSPECTIVES

Exercise-induced skeletal muscle recruitment increases blood con-
centrations of signaling molecules, such as BDNF and IL-6, and
stimulates the production of factors in the skeletal muscle, such as
PGC-1a and Bmal1. As reviewed herein, these factors may promote
sleep; however, evidence in humans is limited and warrants further
investigation. Restorative sleep at night is essential for recovery and
growth of skeletal muscles that were challenged during preceding
wakefulness, e.g., through the release of growth hormone [98,99].
Thus, current evidence points toward the existence of a bidirectional
relationship between sleep and exercise.
To advance our knowledge of the potential role of muscle-induced
factors for the sleep-improving effects of exercise, future research
should address the following questions:

1) Does the (pharmacokinetic or transgenic) inhibition of exercise-
sensitive signaling pathways in the skeletal muscle alter the ef-
fects of exercise on sleep in animal models?

2) Does acute sleep loss result in a compensatory increase in muscle-
induced factors promoting sleep (e.g., TNF-a) in response to
exercise?

3) Is the skeletal muscle production and secretion of sleep-promoting
factors in response to exercise attenuated in people with chronic
sleep problems?

4) Which is the optimal time of day for exercising in order to promote
sleep? Does aerobic and resistance exercise equally affect the
skeletal muscle production and secretion of sleep-regulatory
molecules?

5) Previous studies suggest that there are sex differences in human
skeletal muscle composition and expression patterns (e.g., differ-
ences in PGC-1a expression) [100]. With this in mind, are the
pathways as proposed in the present review differently affected by
exercise in men and women and may differently alter sleep?
10. IMPORTANT CONSIDERATIONS

Other mechanisms not reviewed herein may account for variance in
sleep quality and duration following exercise. For instance, high-
intensity exercise increases the production of adenosine in the rat
brain [101]. The accumulation of brain adenosine promotes sleep
and increases SWA [102]. Reduced pain may represent an additional
mechanism through which regular exercise eases sleep issues, such
as insomnia. For instance, a recent meta-analysis involving 40
randomized clinical trials has shown that exercise can prevent low
back pain [103], which is the most common type of chronic pain and
is often associated with low sleep quality [104]. Finally, type,
duration, and timing of exercise, a person’s condition (disease,
trained, untrained, age, gender), and genetics may alter the myokine
response to exercise and are, therefore, important variables to
consider.
6 MOLECULAR METABOLISM 42 (2020) 101096 � 2020 The Author(s). Published by Elsevier G
FUNDING

The authors’ work is funded by the Novo Nordisk Foundation (C.B.,
NNF19OC0056777), Skandia (C.B.), Swedish Brain Research Foun-
dation (C.B., FO2020-0044), Swedish Research Council (C.B., 2015-
03100), Åke Wiberg Foundation (X.T., M18-0169, M19-0266), Fredrik
and Ingrid Thuring Foundation (X.T., 2019-00488), and the Swedish
Medical Research Society (J.C., X.T.).

ACKNOWLEDGMENTS

Figure 2 was created with BioRender.com. We would also like to thank the anon-

ymous academic peer reviewers who provided helpful and detailed comments on

earlier drafts of this review manuscript.

CONFLICT OF INTEREST

The authors have no conflicts of interest to report.

REFERENCES

[1] Saper, C.B., Fuller, P.M., 2017. Wake-sleep circuitry: an overview. Current

Opinion in Neurobiology 44:186e192.

[2] Rasch, B., Born, J., 2013. About sleep’s role in memory. Physiological Re-

views 93(2):681e766.

[3] Borbély, A.A., Achermann, P., 1999. Sleep homeostasis and models of sleep

regulation. Journal of Biological Rhythms 14(6):557e568.

[4] Rodriguez, A.V., Funk, C.M., Vyazovskiy, V.V., Nir, Y., Tononi, G., Cirelli, C.,

2016. Why does sleep slow-wave activity increase after extended wake?

Assessing the effects of increased cortical firing during wake and sleep.

Journal of Neuroscience 36(49):12436e12447.

[5] Cedernaes, J., Waldeck, N., Bass, J., 2019. Neurogenetic basis for circadian

regulation of metabolism by the hypothalamus. Genes & Development

33(17e18):1136e1158.

[6] Semo, M., Peirson, S., Lupi, D., Lucas, R.J., Jeffery, G., Foster, R.G., 2003.

Melanopsin retinal ganglion cells and the maintenance of circadian and

pupillary responses to light in aged rodless/coneless (rd/rd cl) mice. European

Journal of Neuroscience 17(9):1793e1801.

[7] Youngstedt, S.D., Elliott, J.A., Kripke, D.F., 2019. Human circadian phase-

response curves for exercise. Journal of Physiology 597(8):2253e2268.

[8] Watson, N.F., Badr, M.S., Belenky, G., Bliwise, D.L., Buxton, O.M.,

Buysse, D., et al., 2015. Recommended amount of sleep for a healthy adult: a

joint consensus statement of the American academy of sleep medicine and

sleep research society. Sleep 38(6):843e844.

[9] Buysse, D.J., 2013. Insomnia. Journal of the American Medical Association

309(7):706e716.

[10] Benjafield, A.V., Ayas, N.T., Eastwood, P.R., Heinzer, R., Ip, M.S.M., Morrell, M.J.,

et al., 2019. Estimation of the global prevalence and burden of obstructive sleep

apnoea: a literature-based analysis. Lancet Respir Med 7(8):687e698.

[11] Akerstedt, T., Wright Jr., K.W., 2009. Sleep loss and fatigue in shift work and

shift work disorder. Sleep Med Clin 4(2):257e271.

[12] Tan, X., van Egmond, L., Chapman, C.D., Cedernaes, J., Benedict, C., 2018.

Aiding sleep in type 2 diabetes: therapeutic considerations. Lancet Diabetes

Endocrinol 6(1):60e68.

[13] Blanken, T.F., Borsboom, D., Penninx, B.W., Someren, E.J.V., 2020. Network

Outcome Analysis identifies difficulty initiating sleep as primary target for

prevention of depression: a six-year prospective study. Sleep 43(5):zsz288.

[14] McHill, A.W., Wright Jr., K.P., 2017. Role of sleep and circadian disruption on

energy expenditure and in metabolic predisposition to human obesity and

metabolic disease. Obesity Reviews 18(Suppl 1):15e24.
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

http://refhub.elsevier.com/S2212-8778(20)30170-8/sref1
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref1
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref1
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref2
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref2
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref2
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref3
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref3
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref3
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref4
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref4
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref4
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref4
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref4
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref5
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref5
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref5
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref5
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref5
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref6
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref6
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref6
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref6
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref6
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref7
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref7
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref7
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref8
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref8
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref8
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref8
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref8
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref9
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref9
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref9
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref10
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref10
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref10
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref10
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref11
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref11
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref11
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref12
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref12
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref12
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref12
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref13
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref13
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref13
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref14
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref14
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref14
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref14
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


[15] Daghlas, I., Dashti, H.S., Lane, J., Aragam, K.G., Rutter, M.K., Saxena, R.,

et al., 2019. Sleep duration and myocardial infarction. Journal of the

American College of Cardiology 74(10):1304e1314.

[16] Cedernaes, J., Osorio, R.S., Varga, A.W., Kam, K., Schiöth, H.B., Benedict, C.,

2017. Candidate mechanisms underlying the association between sleep-

wake disruptions and Alzheimer’s disease. Sleep Medicine Reviews 31:

102e111.

[17] Gubelmann, C., Heinzer, R., Haba-Rubio, J., Vollenweider, P., Marques-

Vidal, P., 2018. Physical activity is associated with higher sleep efficiency in

the general population: the CoLaus study. Sleep 41(7):10.

[18] Yang, P.Y., Ho, K.H., Chen, H.C., Chien, M.Y., 2012. Exercise training im-

proves sleep quality in middle-aged and older adults with sleep problems: a

systematic review. Journal of Physiotherapy 58(3):157e163.

[19] Kredlow, M.A., Capozzoli, M.C., Hearon, B.A., Calkins, A.W., Otto, M.W.,

2015. The effects of physical activity on sleep: a meta-analytic review.

Journal of Behavioral Medicine 38(3):427e449.

[20] Tan, X., Alén, M., Cheng, S.M., Mikkola, T.M., Tenhunen, J., Lyytikäinen, A.,

et al., 2015. Associations of disordered sleep with body fat distribution,

physical activity and diet among overweight middle-aged men. Journal of

Sleep Research 24(4):414e424.

[21] Mesas, A.E., Hagen, E.W., Peppard, P.E., 2018. The bidirectional association

between physical activity and sleep in middle-aged and older adults: a

prospective study based on polysomnography. Sleep 41(9).

[22] King, A.C., Pruitt, L.A., Woo, S., Castro, C.M., Ahn, D.K., Vitiello, M.V., et al.,

2008. Effects of moderate-intensity exercise on polysomnographic and

subjective sleep quality in older adults with mild to moderate sleep com-

plaints. Journals of Gerontology Series A: Biological Sciences and Medical

Sciences 63(9):997e1004.

[23] Aritake-Okada, S., Tanabe, K., Mochizuki, Y., Ochiai, R., Hibi, M., Kozuma, K.,

et al., 2019. Diurnal repeated exercise promotes slow-wave activity and fast-

sigma power during sleep with increase in body temperature: a human

crossover trial. Journal of Applied Physiology 127(1):168e177.

[24] Chen, L.J., Stevinson, C., Fang, S.H., Taun, C.Y., Ku, P.W., 2019. Effects of

an acute bout of light-intensity walking on sleep in older women with sleep

impairment: a randomized controlled trial. Journal of Clinical Sleep Medicine

15(4):581e586.

[25] Stutz, J., Eiholzer, R., Spengler, C.M., 2019. Effects of evening exercise on

sleep in healthy participants: a systematic review and meta-analysis. Sports

Medicine 49(2):269e287.

[26] Kovacevic, A., Mavros, Y., Heisz, J.J., Fiatarone Singh, M.A., 2018. The effect

of resistance exercise on sleep: a systematic review of randomized controlled

trials. Sleep Medicine Reviews 39:52e68.

[27] Buysse, D.J., Reynolds 3rd, C.F., Monk, T.H., Berman, S.R., Kupfer, D.J.,

1989. The Pittsburgh Sleep Quality Index: a new instrument for psychiatric

practice and research. Psychiatry Research 28(2):193e213.

[28] Iftikhar, I.H., Kline, C.E., Youngstedt, S.D., 2014. Effects of exercise training

on sleep apnea: a meta-analysis. Lung 192(1):175e184.

[29] Pevernagie, D.A., Gnidovec-Strazisar, B., Grote, L., Heinzer, R., McNicholas, W.T.,

Penzel, T., et al., 2020. On the rise and fall of the apnea-hypopnea index: a historical

review and critical appraisal. Journal of Sleep Research, e13066.

[30] Atkinson, G., Davenne, D., 2007. Relationships between sleep, physical

activity and human health. Physiology & Behavior 90(2e3):229e235.

[31] Dinoff, A., Herrmann, N., Swardfager, W., Liu, C.S., Sherman, C., Chanet, S.,

et al., 2016. The effect of exercise training on resting concentrations of

peripheral brain-derived neurotrophic factor (BDNF): a meta-analysis. PloS

One 11(9):e0163037.

[32] Pedersen, B.K., 2019. Physical activity and muscle-brain crosstalk. Nature

Reviews Endocrinology 15(7):383e392.

[33] Jones, K.R., Reichardt, L.F., 1990. Molecular cloning of a human gene that is

a member of the nerve growth factor family. Proceedings of the National

Academy of Sciences of the U S A 87(20):8060e8064.
MOLECULAR METABOLISM 42 (2020) 101096 � 2020 The Author(s). Published by Elsevier GmbH. This is

www.molecularmetabolism.com
[34] Hempstead, B.L., 2006. Dissecting the diverse actions of pro- and mature

neurotrophins. Current Alzheimer Research 3(1):19e24.

[35] Reichardt, L.F., 2006. Neurotrophin-regulated signalling pathways. Philo-

sophical Transactions of the Royal Society of London B Biological Sciences

361(1473):1545e1564.

[36] Cain, S.W., Chang, A.M., Vlasac, I., Tare, A., Anderson, C.,

Czeisler, C.A., et al., 2017. Circadian rhythms in plasma brain-derived

neurotrophic factor differ in men and women. Journal of Biological

Rhythms 32(1):75e82.

[37] Marston, K.J., Newton, M.J., Brown, B.M., Rainey-Smith, S.R., Bird, S.,

Martins, R.N., 2017. Intense resistance exercise increases peripheral brain-

derived neurotrophic factor. Journal of Science and Medicine in Sport 20(10):

899e903.

[38] Lira, F.S., Conrado de Freitas, M., Gerosa-Neto, J., Cholewa, J.M.,

Rossi, F.E., 2018. Comparison between full-body vs. Split-body resistance

exercise on the brain-derived neurotrophic factor and immunometabolic

response. The Journal of Strength & Conditioning Research. https://doi.org/

10.1519/JSC.0000000000002653.

[39] Dinoff, A., Herrmann, N., Swardfager, W., Lanctôt, K.L., 2017. The effect of

acute exercise on blood concentrations of brain-derived neurotrophic factor in

healthy adults: a meta-analysis. European Journal of Neuroscience 46(1):

1635e1646.

[40] Matthews, V.B., Aström, M.B., Chan, M.H., Bruce, C.R., Krabbe, K.S.,

Prelovsek, O., et al., 2009. Brain-derived neurotrophic factor is produced by

skeletal muscle cells in response to contraction and enhances fat oxidation

via activation of AMP-activated protein kinase. Diabetologia 52(7):1409e

1418.

[41] Rasmussen, P., Brassard, P., Adser, H., Pedersen, M.V., Leick, L., Hart, E.,

et al., 2009. Evidence for a release of brain-derived neurotrophic factor from

the brain during exercise. Experimental Physiology 94(10):1062e1069.

[42] Sleiman, S.F., Henry, J., Al-Haddad, R., El Hayek, L., Abou Haidar, E.,

Stringer, T., et al., 2016. Exercise promotes the expression of brain derived

neurotrophic factor (BDNF) through the action of the ketone body b-

hydroxybutyrate. Elife 5:e15092.

[43] Newman, J.C., Verdin, E., 2017. b-Hydroxybutyrate: a signaling metabolite.

Annual Review of Nutrition 37:51e76.

[44] Shimazu, T., Hirschey, M.D., Newman, J., He, W., Shirakawa, K., Le

Moan, N., et al., 2013. Suppression of oxidative stress by b-hydrox-

ybutyrate, an endogenous histone deacetylase inhibitor. Science

339(6116):211e214.

[45] Tao, X., Finkbeiner, S., Arnold, D.B., Shaywitz, A.J., Greenberg, M.E., 1998.

Ca2þ influx regulates BDNF transcription by a CREB family transcription

factor-dependent mechanism. Neuron 20(4):709e726.

[46] Gärtner, A., Staiger, V., 2002. Neurotrophin secretion from hippocampal

neurons evoked by long-term-potentiation-inducing electrical stimulation

patterns. Proc Natl Acad Sci U S A 30 99(9):6386e6391.

[47] Faraguna, U., Vyazovskiy, V.V., Nelson, A.B., Tononi, G., Cirelli, C., 2008.

A causal role for brain-derived neurotrophic factor in the homeostatic

regulation of sleep. Journal of Neuroscience 28(15):4088e4095.

[48] Neeper, S.A., Gómez-Pinilla, F., Choi, J., Cotman, C.W., 1996. Physical ac-

tivity increases mRNA for brain-derived neurotrophic factor and nerve growth

factor in rat brain. Brain Research 726(1e2):49e56.

[49] Kang, H., Schuman, E.M., 1995. Long-lasting neurotrophin-induced

enhancement of synaptic transmission in the adult hippocampus. Science

267(5204):1658e1662.

[50] Esser, S.K., Hill, S.L., Tononi, G., 2007. Sleep homeostasis and cortical

synchronization: I. Modeling the effects of synaptic strength on sleep slow

waves. Sleep 30(12):1617e1630.

[51] Steriade, M., Timofeev, I., Grenier, F., 2001. Natural waking and sleep states:

a view from inside neocortical neurons. Journal of Neurophysiology 85(5):

1969e1985.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 7

http://refhub.elsevier.com/S2212-8778(20)30170-8/sref15
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref15
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref15
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref15
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref16
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref16
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref16
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref16
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref16
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref17
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref17
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref17
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref18
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref18
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref18
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref18
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref19
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref19
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref19
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref19
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref20
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref20
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref20
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref20
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref20
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref21
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref21
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref21
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref22
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref22
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref22
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref22
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref22
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref22
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref23
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref23
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref23
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref23
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref23
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref24
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref24
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref24
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref24
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref24
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref25
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref25
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref25
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref25
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref26
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref26
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref26
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref26
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref27
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref27
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref27
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref27
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref28
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref28
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref28
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref29
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref29
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref29
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref30
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref30
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref30
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref30
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref31
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref31
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref31
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref31
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref32
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref32
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref32
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref33
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref33
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref33
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref33
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref34
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref34
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref34
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref35
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref35
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref35
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref35
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref36
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref36
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref36
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref36
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref36
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref37
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref37
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref37
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref37
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref37
https://doi.org/10.1519/JSC.0000000000002653
https://doi.org/10.1519/JSC.0000000000002653
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref39
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref39
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref39
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref39
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref39
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref40
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref40
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref40
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref40
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref40
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref41
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref41
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref41
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref41
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref42
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref42
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref42
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref42
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref43
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref43
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref43
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref104
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref104
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref104
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref104
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref104
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref44
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref44
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref44
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref44
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref44
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref45
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref45
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref45
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref45
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref46
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref46
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref46
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref46
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref47
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref47
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref47
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref47
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref47
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref48
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref48
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref48
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref48
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref49
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref49
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref49
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref49
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref50
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref50
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref50
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref50
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Review
[52] Deuschle, M., Schredl, M., Wisch, C., Schilling, C., Gilles, M.,

Geisel, O., et al., 2018. Serum brain-derived neurotrophic factor (BDNF)

in sleep-disordered patients: relation to sleep stage N3 and rapid eye

movement (REM) sleep across diagnostic entities. Journal of Sleep

Research 27(1):73e77.

[53] Schmolesky, M.T., Webb, D.L., Hansen, R.A., 2013. The effects of

aerobic exercise intensity and duration on levels of brain-derived

neurotrophic factor in healthy men. Journal of Sports Science and

Medicine 12(3):502e511.

[54] Jedrychowski, M.P., Wrann, C.D., Paulo, J.A., Gerber, K.K., Szpyt, J.,

Robinson, M.M., et al., 2015. Detection and quantitation of circulating

human irisin by tandem mass spectrometry. Cell Metabolism 22(4):

734e740.

[55] Boström, P., Wu, J., Jedrychowski, M.P., Korde, A., Ye, L., Lo, J.C., et al.,

2012. A PGC1-a-dependent myokine that drives brown-fat-like development

of white fat and thermogenesis. Nature 481(7382):463e468.

[56] Wrann, C.D., White, J.P., Salogiannnis, J., Laznik-Bogoslavski, D., Wu, J.,

Ma, D., et al., 2013. Exercise induces hippocampal BDNF through a PGC-1a/

FNDC5 pathway. Cell Metabolism 18(5):649e659.

[57] Lourenco, M.V., Frozza, R.L., de Freitas, G.B., Zhang, H., Kincheski, G.C.,

Ribeiro, F.C., et al., 2019. Exercise-linked FNDC5/irisin rescues synaptic

plasticity and memory defects in Alzheimer’s models. Nature Medicine 25(1):

165e175.

[58] Wang, J.L., Lim, A.S., Chiang, W.Y., Hsieh, W.H., Lo, M.T., Schneider, J.A.,

et al., 2015. Suprachiasmatic neuron numbers and rest-activity circadian

rhythms in older humans. Annals of Neurology 78(2):317e322.

[59] Barrès, R., Yan, J., Egan, B., Treebak, J.T., Rasmussen, M., Fritz, T., et al.,

2012. Acute exercise remodels promoter methylation in human skeletal

muscle. Cell metabolism 15(3):405e411.

[60] Hock, M.B., Kralli, A., 2009. Transcriptional control of mitochondrial

biogenesis and function. Annual Review of Physiology 71:177e203.

[61] El Hayek, L., Khalifeh, M., Zibara, V., Abi Assaad, R., Emmanuel, N., Karnib, N.,

et al., 2019. Lactate mediates the effects of exercise on learning and memory

through SIRT1-dependent activation of hippocampal brain-derived neurotrophic

factor (BDNF). Journal of Neuroscience 39(13):2369e2382.

[62] Liu, C., Li, S., Liu, T., Borjigin, J., Lin, J.D., 2007. Transcriptional coactivator

PGC-1alpha integrates the mammalian clock and energy metabolism. Nature

447(7143):477e481.

[63] Takahashi, J.S., 2017. Transcriptional architecture of the mammalian

circadian clock. Nature Reviews Genetics 18(3):164e179.

[64] Eckel-Mahan, K., Sassone-Corsi, P., 2013. Metabolism and the circadian

clock converge. Physiological Reviews 93(1):107e135.

[65] Schiaffino, S., Blaauw, B., Dyar, K.A., 2016. The functional significance of the

skeletal muscle clock: lessons from Bmal1 knockout models. Skeletal Muscle

6:33.

[66] Dyar, K.A., Ciciliot, S., Wright, L.E., Biensø, R.S., Tagliazucchi, G.M., Patel, V.R.,

et al., 2013. Muscle insulin sensitivity and glucose metabolism are controlled

by the intrinsic muscle clock. Molecular metabolism 3(1):29e41.

[67] Ehlen, J.C., Brager, A.J., Baggs, J., Pinckney, L., Gray, C.L., DeBruyne, J.P.,

et al., 2017. Bmal1 function in skeletal muscle regulates sleep. Elife 6:

e26557.

[68] Perrin, L., Loizides-Mangold, U., Skarupelova, S., Pulimeno, P., Chanon, S.,

Robert, M., et al., 2015. Human skeletal myotubes display a cell-autonomous

circadian clock implicated in basal myokine secretion. Molecular metabolism

4(11):834e845.

[69] Van Snick, J., 1990. Interleukin-6: an overview. Annual Review of Immu-

nology 8:253e278.

[70] Garbers, C., Heink, S., Korn, T., Rose-John, S., 2018. Interleukin-6: designing

specific therapeutics for a complex cytokine. Nature Reviews Drug Discovery

17(6):395e412.
8 MOLECULAR METABOLISM 42 (2020) 101096 � 2020 The Author(s). Published by Elsevier G
[71] Scheller, J., Chalaris, A., Schmidt-Arras, D., Rose-John, S., 2011. The pro-

and anti-inflammatory properties of the cytokine interleukin-6. Biochimica et

Biophysica Acta 1813(5):878e888.

[72] Vgontzas, A.N., Bixler, E.O., Lin, H.M., Prolo, P., Trakada, G., Chrousos, G.P.,

2005. IL-6 and its circadian secretion in humans. Neuroimmunomodulation

12(3):131e140.

[73] Dimitrov, S., Lange, T., Benedict, C., Nowell, M.A., Jones, S.A., Scheller, J.,

et al., 2006. Sleep enhances IL-6 trans-signaling in humans. The FASEB

Journal 20(12):2174e2176.

[74] Steensberg, A., van Hall, G., Osada, T., Sacchetti, M., Saltin, B.,

Pedersen, B.K., 2000. Production of interleukin-6 in contracting human

skeletal muscles can account for the exercise-induced increase in plasma

interleukin-6. Journal of Physiology 529(Pt 1):237e242.

[75] Banks, W.A., Kastin, A.J., Gutierrez, E.G., 1994. Penetration of interleukin-6

across the murine blood-brain barrier. Neuroscience Letters 179(1e2):53e

56.

[76] Rothaug, M., Becker-Pauly, C., Rose-John, S., 2016. The role of interleukin-6

signaling in nervous tissue. Biochimica et Biophysica Acta 1863(6 Pt A):

1218e1227.

[77] Chapman, C.D., Frey, W.H., Craft, S., Danielyan, L., Hallschmid, M.,

Schiöth, H.B., et al., 2013. Intranasal treatment of central nervous system

dysfunction in humans. Pharmaceutical Research 30(10):2475e2484.

[78] Benedict, C., Scheller, J., Rose-John, S., Born, J., Marshall, L., 2009.

Enhancing influence of intranasal interleukin-6 on slow-wave activity and

memory consolidation during sleep. The FASEB Journal 23(10):3629e3636.

[79] Oyanedel, C.N., Kelemen, E., Scheller, J., Born, J., Rose-John, S., 2015.

Peripheral and central blockade of interleukin-6 trans-signaling differentially

affects sleep architecture. Brain, Behavior, and Immunity 50:178e185.

[80] Petersen, A.M., Pedersen, B.K., 2005. The anti-inflammatory effect of ex-

ercise. Journal of Applied Physiology 98(4):1154e1162.

[81] Schmidt, E.M., Linz, B., Diekelmann, S., Besedovsky, L., Lange, T., Born, J.,

2015. Effects of an interleukin-1 receptor antagonist on human sleep, sleep-

associated memory consolidation, and blood monocytes. Brain, Behavior, and

Immunity 47:178e185.

[82] Popa, C., Netea, M.G., van Riel, P.L., van der Meer, J.W., Stalenhoef, A.F.,

2007. The role of TNF-alpha in chronic inflammatory conditions, intermediary

metabolism, and cardiovascular risk. The Journal of Lipid Research 48(4):

751e762.

[83] Opp, M.R., George, A., Ringgold, K.M., Hansen, K.M., Bullock, K.M.,

Banks, W.A., 2015. Sleep fragmentation and sepsis differentially impact

blood-brain barrier integrity and transport of tumor necrosis factor-a in aging.

Brain, Behavior, and Immunity 50:259e265.

[84] Zielinski, M.R., Dunbrasky, D.L., Taishi, P., Souza, G., Krueger, J.M., 2013.

Vagotomy attenuates brain cytokines and sleep induced by peripherally

administered tumor necrosis factor-a and lipopolysaccharide in mice. Sleep

36(8):1227e1238A.

[85] Shoham, S., Davenne, D., Cady, A.B., Dinarello, C.A., Krueger, J.M., 1987.

Recombinant tumor necrosis factor and interleukin 1 enhance slow-wave

sleep. American Journal of Physiology 253(1 Pt 2):R142eR149.

[86] Darko, D.F., Miller, J.C., Gallen, C., White, J., Koziol, J., Brown, S.J., et al.,

1995. Sleep electroencephalogram delta-frequency amplitude, night plasma

levels of tumor necrosis factor alpha, and human immunodeficiency virus

infection. Proceedings of the National Academy of Sciences of the U S A

92(26):12080e12084.

[87] Rockstrom, M.D., Chen, L., Taishi, P., Nguyen, J.T., Gibbons, C.M.,

Veasey, S.C., et al., 2018. Tumor necrosis factor alpha in sleep regulation.

Sleep Medicine Reviews 40:69e78.

[88] Pedersen, B.K., Ostrowski, K., Rohde, T., Bruunsgaard, H., 1998. The cyto-

kine response to strenuous exercise. Canadian Journal of Physiology and

Pharmacology 76(5):505e511.
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

http://refhub.elsevier.com/S2212-8778(20)30170-8/sref51
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref51
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref51
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref51
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref51
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref51
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref52
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref52
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref52
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref52
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref52
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref53
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref53
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref53
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref53
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref53
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref54
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref54
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref54
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref54
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref55
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref55
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref55
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref55
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref56
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref56
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref56
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref56
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref56
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref57
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref57
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref57
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref57
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref58
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref58
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref58
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref58
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref59
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref59
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref59
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref60
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref60
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref60
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref60
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref60
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref61
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref61
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref61
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref61
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref62
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref62
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref62
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref63
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref63
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref63
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref64
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref64
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref64
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref65
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref65
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref65
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref65
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref66
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref66
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref66
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref67
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref67
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref67
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref67
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref67
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref68
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref68
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref68
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref69
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref69
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref69
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref69
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref70
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref70
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref70
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref70
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref71
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref71
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref71
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref71
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref72
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref72
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref72
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref72
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref73
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref73
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref73
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref73
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref73
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref74
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref74
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref74
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref74
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref75
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref75
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref75
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref75
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref76
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref76
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref76
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref76
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref77
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref77
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref77
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref77
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref78
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref78
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref78
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref78
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref79
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref79
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref79
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref80
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref80
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref80
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref80
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref80
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref81
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref81
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref81
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref81
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref81
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref82
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref82
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref82
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref82
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref82
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref83
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref83
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref83
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref83
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref83
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref84
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref84
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref84
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref84
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref85
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref85
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref85
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref85
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref85
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref85
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref86
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref86
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref86
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref86
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref87
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref87
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref87
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref87
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


[89] Smith, L.L., 2000. Cytokine hypothesis of overtraining: a physiological

adaptation to excessive stress? Medicine & Science in Sports & Exercise

32(2):317e331.

[90] Shapiro, C.M., Bortz, R., Mitchell, D., Bartel, P., Jooste, P., 1981. Slow-wave

sleep: a recovery period after exercise. Science 214(4526):1253e1254.

[91] Rabinovich, R.A., Figueras, M., Ardite, E., Carbó, N., Troosters, T., Filella, X.,

et al., 2003. Increased tumour necrosis factor-alpha plasma levels during

moderate-intensity exercise in COPD patients. European Respiratory Journal

21(5):789e794.

[92] Cervenka, I., Agudelo, L.Z., Ruas, J.L., 2017. Kynurenines: tryptophan’s

metabolites in exercise, inflammation, and mental health. Science 357(6349):

eaaf9794.

[93] Schwarcz, R., Bruno, J.P., Muchowski, P.J., Wu, H.Q., 2012. Kynurenines in

the mammalian brain: when physiology meets pathology. Nature Reviews

Neuroscience 13(7):465e477.

[94] Pocivavsek, A., Baratta, A.M., Mong, J.A., Viechweg, S.S., 2017. Acute

kynurenine challenge disrupts sleep-wake architecture and impairs contex-

tual memory in adult rats. Sleep 40(11).

[95] Schlittler, M., Goiny, M., Agudelo, L.Z., Venckunas, T., Brazaitis, M.,

Skurvydas, A., et al., 2016. Endurance exercise increases skeletal muscle

kynurenine aminotransferases and plasma kynurenic acid in humans.

American Journal of Physiology - Cell Physiology 310(10):C836eC840.

[96] Strasser, B., Geiger, D., Schauer, M., Gatterer, H., Burtscher, M., Fuchs, D.,

2016. Effects of exhaustive aerobic exercise on tryptophan-kynurenine

metabolism in trained athletes. PloS One 11(4):e0153617.

[97] Millischer, V., Erhardt, S., Ekblom, Ö., Forsell, Y., Lavebratt, C., 2017.

Twelve-week physical exercise does not have a long-lasting effect on
MOLECULAR METABOLISM 42 (2020) 101096 � 2020 The Author(s). Published by Elsevier GmbH. This is

www.molecularmetabolism.com
kynurenines in plasma of depressed patients. Neuropsychiatric Disease and

Treatment 13:967e972.

[98] Gautsch, T.A., Kandl, S.M., Donovan, S.M., Layman, D.K., 1999. Growth

hormone promotes somatic and skeletal muscle growth recovery in rats

following chronic protein-energy malnutrition. Journal of Nutrition 129(4):

828e837.

[99] Makimura, H., Stanley, T.L., Sun, N., Hrovat, M.I., Systrom, D.M.,

Grinspoon, S.K., 2011. The association of growth hormone parameters with

skeletal muscle phosphocreatine recovery in adult men. Journal of Clinical

Endocrinology & Metabolism 96(3):817e823.

[100] Maher, A.C., Fu, M.H., Isfort, R.J., Varbanov, A.R., Qu, X.A.,

Tarnopolsky, M.A., 2009. Sex differences in global mRNA content of human

skeletal muscle. PloS One 22(7):e6335.

[101] Dworak, M., Diel, P., Voss, S., Hollmann, W., Strüder, H.K., 2007. Intense

exercise increases adenosine concentrations in rat brain: implications for a

homeostatic sleep drive. Neuroscience 150(4):789e795.

[102] Porkka-Heiskanen, T., Kalinchuk, A.V., 2011. Adenosine, energy metabolism

and sleep homeostasis. Sleep Medicine Reviews 15(2):123e135.

[103] Huang, R., Ning, J., Chuter, V.H., Taylor, J.B., Christophe, D.,

Meng, Z., et al., 2019. Exercise alone and exercise combined with

education both prevent episodes of low back pain and related

absenteeism: systematic review and network meta-analysis of rando-

mised controlled trials (RCTs) aimed at preventing back pain. British

journal of sports medicine, 100035.

[104] Kelly, G.A., Blake, C., Power, C.K., O’keeffe, D., Fullen, B.M., 2011. The

association between chronic low back pain and sleep: a systematic review.

The Clinical Journal of Pain 27(2):169e181.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 9

http://refhub.elsevier.com/S2212-8778(20)30170-8/sref88
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref88
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref88
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref88
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref89
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref89
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref89
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref90
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref90
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref90
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref90
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref90
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref91
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref91
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref91
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref92
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref92
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref92
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref92
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref93
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref93
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref93
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref94
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref94
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref94
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref94
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref94
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref95
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref95
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref95
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref96
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref96
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref96
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref96
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref96
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref97
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref97
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref97
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref97
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref97
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref98
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref98
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref98
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref98
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref98
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref99
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref99
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref99
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref100
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref100
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref100
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref100
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref101
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref101
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref101
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref102
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref102
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref102
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref102
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref102
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref102
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref103
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref103
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref103
http://refhub.elsevier.com/S2212-8778(20)30170-8/sref103
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	The role of exercise-induced peripheral factors in sleep regulation
	1. What is sleep?
	2. Physical exercise as a lifestyle intervention to reduce sleeplessness
	3. BDNF
	4. Irisin
	5. Peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α)
	6. IL-6
	7. Tumor necrosis factor α (TNF-α)
	8. Tryptophan, kynurenine, and kynurenic acid
	9. Conclusions and future perspectives
	10. Important considerations
	Funding
	Acknowledgments
	Conflict of interest
	References


