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Abstract
Exercise is a well-known non-pharmacological intervention to improve brain functions, including cognition, memory, and motor
coordination. Contraction of skeletal muscles during exercise releases humoral factors that regulate the whole-body metabolism
via interaction with other non-muscle organs.Myokines are muscle-derived effectors that regulate bodymetabolism by autocrine,
paracrine, or endocrine action and were reportedly suggested as Bexercise factors^ that can improve the brain function. However,
several aspects remain to be elucidated, namely the specific activities of myokines related to the whole-body metabolism or brain
function, the mechanisms of regulation of other organs or cells, the sources of Bexercise factors^ that regulate brain function, and
their mechanisms of interaction with non-muscle organs. In this paper, we present the physiological functions of myokines
secreted by exercise, including regulation of the whole-body metabolism by interaction with other organs and adaptation of
skeletal muscles to exercise. In addition, we discuss the functions of myokines that possibly contribute to exercise-induced
improvement of brain function. Among several myokines, brain-derived neurotrophic factor (BDNF) is the most studied
myokine that regulates adult neurogenesis and synaptic plasticity. However, the source of circulating BDNF and its upstream
effector, insulin-like growth factor (IGF-1), and irisin and the effect size of peripheral BDNF, irisin, and IGF-1 released after
exercise should be further investigated. Recently, cathepsin B has been reported to be secreted from skeletal muscles and
upregulate BDNF following exercise, which was associatedwith improved cognitive function.We reviewed the level of evidence
for the effect of myokine on the brain function. Level of evidence for the association of the change in circulating myokine
following exercise and improvement of neuropsychiatric function is lower than the level of evidence for the benefit of exercise on
the brain. Therefore, more clinical evidences for the association of myokine release after exercise and their effect on the brain
function are required. Finally, we discuss the effect size of the action of myokines on cognitive benefits of exercise, in addition to
other contributors, such as improvement of the cardiovascular system or the effect of Bexercise factors^ released from non-muscle
organs, particularly in patients with sarcopenia.
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Introduction

It is well known that exercise can provide multi-organ benefits
through several mechanisms, including reduced adiposity, im-
proved insulin sensitivity, and increased cardiopulmonary ca-
pacity, cerebral blood flow, brain oxygenation, and muscle
mass and power [149]. The pluripotent characteristics of these
effects induced by exercise are not fully understood, but close-
ly associated with physical activity-dependent changes of
metabolic profiles in each organ, which are dependent on
molecules regulating cellular homeostasis. Among the health
benefits of regular physical activity, the improvement of brain
health has been recognized for centuries. In particular, several
lines of evidence suggested that physical activity constitutes
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an inducer of neurogenesis, and therefore, an effective non-
pharmacological intervention against neurodegenerative dis-
eases [79, 105, 170]. In fact, among the seven modifiable risk
factors (i.e., diabetes mellitus, midlife hypertension, midlife
obesity, physical inactivity, depression, smoking, and low ed-
ucational attainment) of Alzheimer’s disease (AD), physical
inactivity was the modifiable risk factor with greatest impact
in the USA, Europe, and the UK, followed by low educational
attainment [101]. Ameta-analysis of prospective clinical stud-
ies reported a protective effect of physical activity against the
cognitive impairment [131]. Furthermore, clinical interven-
tion studies showed that subjects at risk of AD that participat-
ed in aerobic exercise or combined aerobic and resistance
exercise training showed modestly better cognitive function
than sedentary controls [76, 105]. Although the brain health is
likely attributed to the improvement of vascular function and
the whole body metabolism induced by exercise [5], the
mechanism of activation of neural network mediated by exer-
cise, followed by an increase in cognitive or brain reserve
capacity remains largely unknown.

Skeletal muscle is the largest organ in our body, forming
about 40% of the total body weight. In 1961, Goldstein sug-
gested that contracting skeletal muscle cells release humoral
factors regulating metabolic processes [46]. During the past
decades, several studies have shown that skeletal muscles se-
cret muscle-cell-derived effector molecules, named
Bmyokines^ by Pedersen and coworkers, which mediate
Bexercise effect^ and exert endocrine or paracrine effects by
intercellular communication [38, 108]. In addition to the ef-
fects of myokines on muscle-fat crosstalk [14, 121], recent
studies suggested that myokines regulate brain function, in-
cluding the mood [32, 106], feeding behavior [39, 139], learn-
ing [161], and locomotor activity [167], concomitantly
protecting neuronal injury [80, 111] in animal or in vitro
models. Furthermore, acute and/or chronic intervention by
exercise changes circulating levels of specific myokines in
humans. More importantly, however, the extent to what the
peptides classified as Bmyokines^ are regulated by exercise is
largely unknown. This uncertainty may be attributed to the
premature labeling of peptides as myokines before appropriate
validation and to the ambiguous sources of circulating
myokines. For example, interleukin-6 (IL-6), a prototypal
myokine, is also released from the lymphocytes and macro-
phages, as well as from the skeletal muscle cells, and acts both
as a pro-inflammatory cytokine and an anti-inflammatory
myokine, depending on the stimuli [107]. Exercise model in
animals to study the mechanisms for the effects of exercise-
induced myokines has been used; however, there are limited
human studies. Therefore, it is noteworthy that sophisticated
clinical studies are necessary to draw a conclusion in human.
In this review, we first discuss the physiological function of
peptides that meet the criteria of a myokine. Second, we high-
light the effects of exercise on cognitive function in relation to

molecular changes in the brain. Finally, we discuss selected
myokines that may play a role in regulation of brain function
via diverse pathways of neural activation and the possibility of
using myokines as preventive and/or therapeutic targets for
neurodegenerative diseases.

Physiological function of myokines secreted
by exercise

During exercise, active skeletal muscles need huge energy
supply; as a result, multiple organs coordinate to maintain an
adequate supply of ATP and communicate with skeletal mus-
cles [10]. In addition, the strenuous contraction of skeletal
muscles transiently increases oxidative stress. As compared
to acute strenuous muscle contraction, regular exercise of lon-
ger duration (e.g., three times a week for 6 months) changes
the molecular pattern in skeletal muscles through compensa-
tory and adaptive mechanisms contributing to health benefits.
It is noteworthy that exercise-induced adaptation differentially
regulates the expression of myokines, similarly to non-
exercise cellular stress (e.g., unfolded protein response)
[102]. Myokines contribute to autocrine regulation of metab-
olism in the muscle itself and paracrine/endocrine regulation
of other adjacent/remote organs. Therefore, the myokines are
potentially significant factors to regulate the whole-body me-
tabolism, as well as to maintain functional and structural prop-
erties of skeletal muscles. Using an elegant in vitro model of
electrical pulse stimulation of myotubes mimicking muscle
contraction [36] or in vivo post-exercise muscle samples
(i.e., plasma or biopsied muscle), a number of myokines have
been discovered and tested regarding their metabolic effects
[108]. Contraction-induced myokines that are probably
Bexercise factors^ regulating energy metabolism and neurobi-
ological response through their endocrine function and in ad-
aptation of skeletal muscle to the exercise by an auto/paracrine
mechanism are listed in Table 1. Of note, these myokines
showed several evidences of Bexercise factors^; however,
the specific activity of myokines related to the whole-body
metabolism remains largely unknown and its mechanisms
are enigmatic. Furthermore, since myokines discovery is chal-
lenging, the effects of myokines that were previously reported
should be further validated by appropriate analysis [156]. The
rapidly evolving BOmics^ technologies with reference gene or
protein databases (e.g., UniProt) can be powerful approaches
to discover novel candidates of myokine from various in vitro
or in vivo model of exercise. However, the appropriate exper-
imental design and analytical methods are necessary to vali-
date the presence of the putative myokines. For example, a
mouse model that is genetically modified by CRISPR tech-
nology or adenovirus-mediated overexpression system may
be a key approach to preclinical myokine validation. In hu-
man, analysis of samples by unbiased assay system (e.g.,
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targeted assay by mass spectrometry) with consideration of
statistical power may be critical. To satisfy the myokine defi-
nition, a proposed protein should fulfill the following criteria:
must be released (transiently or continuously) from skeletal
muscles; must exert a biological function in an autocrine,
paracrine, or endocrine fashion. Numerous studies in animal
models or human have reported that the effects of exercise on
the circulating levels of several myokines are variable accord-
ing to the types, intensities, or duration of exercise
(Supplementary Tables 1–3). Therefore, using advanced tech-
niques described above, the source of production, distribution,
and biological functions of previously reportedmyokines war-
rant further investigation. In particular, elucidation of an

increase (or indeed a decrease) in the circulating level of spe-
cific myokine by exercise is required to define the endocrine
signal of myokine.

Regulation of the whole-body metabolism
by myokines through communication with other
organs

As a counterpart of proinflammatory adipokines secreted from
the white adipose tissue in obesity, such as leptin and tumor-
necrosis factor-alpha (TNF-α), it has been suggested that sev-
eral myokines produced by and released from contracting
skeletal muscles during exercise may contribute to metabolic

Table 1 Physiological effects of exercise, underlying mechanisms and myokine

Physiological effects of exercise Proposed mechanisms of action Myokines

Effects on glucose metabolism
(autocrine/endocrine)

Glucose uptake, insulin
sensitivity, glycolysis

Stimulate GLUT4 expressiona, b, c, f, g,
AMPK activationa, b, c, d, f, h, regulation of
PI3K/Akt/GSK3 pathwayb, c, e, f, g, h,
NO synthesisa, b, c, f, h

a. IL-6 [44, 60, 66, 125, 136, 171]

b. Irisin [14, 77, 83, 120, 147]

c. BDNF [110, 137, 143, 144, 166]

d. METRNL [64, 117]

e. LIF [16, 40]

f. Follistatin [12, 78, 103]

g. IL-15 [73]

h. FGF-21 [153, 164, 165, 169]

Effects on fat metabolism (endocrine)

Lipolysis, fat browning, thermogenesis,
β-oxidation (fatty acid oxidation)

UCP-1 upregulationa, b, c, e, g, f, g,
induction of thermogenic genes
(i.e., Cidea, PRDM16)a, b, c, d, e, f, g,
increase fatty acid transport protein and
fatty acid binding proteina, b, c, f, g,
PGC1α-PPARα activationa, b, d, e, f, g,

a. IL-6 [70, 86, 158]

b. Irisin [14, 98, 163]

c. BDNF [100, 144]

d. METRNL [98, 117]

e. Follistatin [15, 130]

f. IL-15 [7, 140]

g. FGF-21 [68, 165]

Effects on muscle adaptation (auto/paracrine)

Muscle hypertrophy, Inhibition of inflammation,
muscle satellite cell proliferation,
mitochondrial biogenesis

Activation of myogenic transcription factorsa, b, d, e, f,
inhibition of atrophic transcription factors
(i.e., MAFbx, MuRF1)b, d, induction of
protein synthesis pathway as
Akt/mTORC1/S6Ka, b, c, d, Increase
mitochondrial biogenesis geneb, e, f,
decrease inflammatory cytokinesa, b, f

a. IL-6 [43, 57, 109, 135]

b. Irisin [90, 119, 147]

c. LIF [43]

d. Follistatin [12, 157]

e. IL-15 [42, 115, 116, 140]

f. FGF-21 [84, 153]

Effects on neurobiological response
in the brain (endocrine)

Neurogenesis, neuroprotection against injury
or degeneration, improvements of
memory and cognition

Proliferation of hippocampal neurona, b, c,
increase neuronal plasticity and
synaptogenesisa,b, increase neurotrophin
expressiona,c, inhibition of neuroinflammationa, b, c

a. Irisin [52, 94, 154, 160]

b. BDNF [47, 72, 110]

c. IGF-1 [127, 155]

Abbreviations: IL-6, interleukin-6; FNDC5, fibronectin type III domain-containing protein 5; BDNF, brain-derived neurotrophic factor; METRNL,
meteorin like; LIF, leukemia inhibitory factor; IL-15, interleukin-15; FGF-21, fibroblast growth factor-21; GLUT4, glucose transporter type 4; AMPK, 5′
adenosine monophosphate-activated protein kinase; PI3K, phosphoinositide 3-kinase; GSK3, glycogen synthase kinase 3; NO, nitric oxide; UCP-1,
uncoupling protein-1; Cidea, cell death activator; PRDM16, PR domain containing 16; PGC1α, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; PPAR α, peroxisome proliferator-activated receptor-alpha; MAFbx, muscle atrophy F-box; MuRF1, muscle RING finger 1;
mTORC1, mammalian target of rapamycin complex 1; S6K, ribosomal protein S6 kinase beta-1; IGF-1, insulin-like growth factor 1
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benefits of exercise [107]. IL-6 was the first myokine found to
be produced bymuscle cells in response to muscle contraction
induced by exercise, and this finding was supported by evi-
dences from the analysis of biopsied muscles and microdial-
ysis studies [55, 123, 134]. The paradoxically higher resting
level of plasma IL-6 in patients with metabolic syndrome or
physical inactivity can be explained by its proinflammatory
roles. However, as an anti-inflammatory myokine, IL-6 can be
considered an effector of exercise-induced alteration of meta-
bolic sensitivity to IL-6 in skeletal muscles. In other words,
trained skeletal muscles are sensitive to IL-6 activity to in-
crease α-oxidation, lipolysis, triglyceride oxidation, and skel-
etal muscles’ glycogen content, which would parallel the
higher insulin sensitivity in trained subjects as compared to
patients with metabolic syndrome. In addition, the higher sen-
sitivity to IL-6 in exercise-trained skeletal muscle contributes
to the anti-inflammatory effects of IL-6, a fact that was dem-
onstrated by inhibition of lipopolysaccharide-induced TNF-α
production and by stimulation of anti-inflammatory cytokines
IL-1Ra and IL-10 by IL-6 [133, 135]. In addition to autocrine
or paracrine effects, IL-6 mediates the increase in hepatic glu-
cose output during exercise by the skeletal muscles-liver
crosstalk [38]. Therefore, exercise-induced alteration of sensi-
tivity to IL-6, a myokine prototype, is likely to confer benefi-
cial effects of this Bexercise factor^ against the metabolic
syndrome.

Apart from the effects of IL-6 on glucose and lipid metab-
olism via communication with the liver, irisin, which is
encoded by FNDC5 (fibronectin type III domain-containing
protein 5) gene, is another myokine that induces beige fat
development (white fat browning). Irisin is cleaved and secret-
ed from the FNDC5 membrane protein, which is upregulated
in a peroxisome-proliferator-activated receptor-α co-activator
1 α (PGC-1α)-dependent manner. Irisin is likely an exercise
factor that plays a role in exercise-induced fat browning via
upregulation of uncoupling protein 1 (UCP1) in the white
adipose tissue [14, 63]. Another myokine that communicates
with adipose tissue is meteorin-like protein (METRNL; also
known as subfatin). METRNL indirectly induces fat brow-
ning via stimulation of eosinophil-dependent IL-4 and IL-13,
which in turn determines adipose tissue macrophages to adopt
M2 phenotype. Exercise-induced increase in circulating levels
of other myokines has also been suggested to be associated
with beneficial effects against obesity-induced metabolic
problems. For example, myonectin is predominantly pro-
duced by the skeletal muscles during exercise and may medi-
ate exercise-induced reduction of circulating free fatty acid
levels. Fibroblast growth factor 21 (FGF21) was suggested
to be a myokine [61, 67], since C2C12 cells release FGF21
in vitro, and serum FGF21 level increases following exercise
in humans. However, it should be noted that FGF21 is pro-
duced abundantly by the liver, and the hepatic source of
FGF21 is mandatory for elevation of its circulating levels

during exercise. Nevertheless, the increase in the expression
of FGF21 in skeletal muscles observed in a transgenic mouse
model of muscle hypertrophy is worthy of more than passing
attention [62]. Therefore, skeletal muscles produce and release
myokines contributing to increased energy expenditure via
communication with other tissues, such as the adipose tissue
and the liver, which consequently provide potential therapeu-
tic strategy for obesity by the Bexercise pill.^

Myokines responsible for muscle adaptation
to exercise

Among the myokines, myostatin (MSTN, also known as
growth differentiation factor 8, GDF-8), leukemia inhibiting
factor (LIF), decorin, YKL-40 (also termed chitinase-3-like
protein 1), and musclin (also known as osteocrin) were sug-
gested as myokines playing roles in Bmuscle adaptation.^
MSTN has been shown to be a muscle atrophic factor, as
MSTN ablation in mice led to hypermuscularity [92].
Consistent with this finding, both endurance and resistance
exercise downregulatedMSTN expression in skeletal muscles
[6, 56], while the inactivation of MSTN by blocking antibod-
ies or mutant peptide increased muscle mass and reversed
muscle atrophy in mice [75, 81, 142]. Recently, a double-
blind, placebo-controlled trial on bimagrumab, a human
monoclonal antibody targeting the MSTN binding activin II
receptor, showed that a single injection of bimagrumab in-
creased muscle mass and decreased intermuscular adipose tis-
sue in a human model of full-length cast of one of the lower
extremities [122]. Endogenously, MSTN production is
inhibited by follistatin and decorin, whose levels are increased
by exercise training. Follistatin is not a myokine, but a
contraction-induced hepatokine, suggesting that the muscle-
liver crosstalk during and following exercise regulates the
muscle mass and the whole-body metabolism [51]. Decorin
is a proteoglycan consisting of extracellular matrix that pro-
motes muscle hypertrophy via inhibitory binding withMSTN.
Decorin expression levels in muscles and circulation were
found to increase in healthy subjects following acute resis-
tance exercise and combined exercise training [65].
Exercise-induced endogenous reciprocal regulation of
MSTN and decorin is likely to contribute to muscle hypertro-
phy. Another exercise-induced myokine involved in muscle
hypertrophy and regeneration is LIF, which acts via autocrine
effects on satellite cells following the inflammatory response
suppression [13, 17, 132]. YKL-40, a gene product ofCH3L1,
a secreted glycoprotein playing a role in tissue remodeling,
has been suggested to be a contractionmyokine that stimulates
myoblast proliferation and downregulates pro-inflammatory
signaling in an auto/paracrine fashion. However, it is not un-
likely that circulating levels of YKL-40 reflect its secretion by
the skeletal muscles, since YKL-40 is not only secreted by the
skeletal muscles but also from other cells, including
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macrophages. Musclin is produced by myocytes consisting of
fast-glycolytic type IIb fibers [11] and is involved in insulin
resistance [82].

Exercise-induced improvement of brain
function via possible myokines

There is plenty of epidemiological and clinical evidence that
physical activity and exercise are positively associated with
brain function, including memory, cognition, academic per-
formance, and decision-making [1, 2, 9, 19, 21, 30, 50, 74,
76]. Using neuroimaging techniques in humans, it has been
reported that aerobic exercise improved both the function and
structure (volume and intensity) of specific regions related to
memory and cognition, including prefrontal cortex, entorhinal
cortex, and hippocampus [24, 34, 112, 150, 151]. In fact, the
hippocampal volume in healthy elderly adults was increased
by a moderate-intensity (intensity reaching 50–60% of the
maximal heart rate) aerobic exercise intervention for 1 year
[35], which is consistent with the association of aerobic fitness
and hippocampal volume reported by other cross-sectional
studies [34]. The positive association of aerobic exercise with
hippocampal volume was observed not only in elderly adults
but also in children [22] and adolescents [53]. The functional
and structural improvement of brain by exercise is closely
linked with evidence that exercise activates signaling path-
ways associated with long-term potentiation, synaptic plastic-
ity, and neurogenesis in animal studies, which was further
supported by human studies revealing that physical activity
increases neural activity and functional network [152].
Underlying molecular mechanisms for the increasing neural
networks by exercise are not fully understood; however, it is
likely that the positive effects of exercise are not only elicited
by increased expression of neurotrophic factors within CNS
but also molecules derived from peripheral tissues [93, 99,
128]. Although the source of circulating neurotrophic factors
(e.g., brain-derived neurotrophic factor; BDNF) following ex-
ercise is not clear, exercise increased the levels of
neurotrophins both in the brain and serum of exercised ani-
mals [32, 93, 126, 128, 161].

In addition to the memory and cognitive function of the
brain, exercise is likely to be beneficial to alleviate depression
and anxiety [25, 113], although not all individuals respond to
exercise intervention in human [129]. The roles of myokines
in the exercise-induced improvement of depression are largely
unknown, and the association of neurotrophic factors with the
benefits of exercise reducing depression in human is not con-
clusive [29]. For example, BDNF is a candidate of the bene-
fits, since the circulating level of BDNF was lower in patients
with depression [18]. However, although the association of the
lower level of irisin and BDNF with development of depres-
sion has been argued in several animal models, the clinical

studies to reveal the association of BDNF levels with the ben-
efits of chronic exercise against depression were limited [29,
32, 58, 106, 145].

There is a large variability in the effects of exercise on the
blood concentration of the skeletal muscle-derived molecules,
although the molecular signals from peripheral tissues proba-
bly mediate the beneficial effects of exercise on the brain. The
beneficial effects of exercise on the neuropsychiatric function
of brain are convincing. In numerous randomized controlled
clinical trials (RCTs), the improving effects of aerobic exer-
cise on global cognition, memory, and executive function in
older adults with or without neurodegenerative diseases or on
depressive symptoms were reproducible. The positive effects
of resistance exercise on global cognition and executive func-
tion were also consistently observed in RCTs. However, the
levels of evidence whether the molecules are derived from
skeletal muscle or non-muscle tissues by exercise, and wheth-
er the myokine directly plays a role in exercise-mediated ben-
efits to improve brain function are relatively low. Here, we
summarized several myokines that have been recently sug-
gested as molecular signals of exercise to the brain. Until
now, the myokines were mostly studied in animal models or
in vitro system, and there are little clinical evidences for the
exercise-induced modulation of myokine expression and for
the direct effects of the myokine on neuropsychiatric function.
There is a big gap between the evidence that exercise is ben-
eficial to the brain and the roles of themyokines because of the
limitation of prior studies (Fig. 1).

Brain-derived neurotrophic factor

To understand the molecular mechanisms underlying the ben-
efits of exercise for the brain, investigators used animal
models to focus on neurotrophic factors that regulate adult
neurogenesis and synaptic plasticity [114]. The most studied
neurotrophic factor is BDNF, which was found to induce
neurogenesis in the dentate gyrus of hippocampus and to in-
crease synaptic plasticity through tropomyosin receptor kinase
B and the NMDA receptor-mediated CAMK-II-MAPK acti-
vation followed by CREB activation [37, 48, 148, 162]. The
cellular and molecular association of BDNF with exercise has
been supported by functional measures of brain connectivity,
which documented a positive correlation between BDNF
levels and changes in temporal lobe connectivity after aerobic
exercise [150]. It has been estimated that 70–80% of circulat-
ing BDNF levels, both at rest and during exercise, originates
from the brain [118], although it is likely that reactive BDNF
production is also induced by exercise, both in human and
animal skeletal muscle models [54, 87, 89]. BDNF freely
crosses the blood-brain barrier (BBB) [104]; therefore, if the
exercise contributes to an increase in the skeletal muscle-
derived BDNF, exercise-induced improvement of brain func-
tion can be partially explained by the beneficial effects of
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BDNF originating from the skeletal muscles. However, the
source of elevated peripheral BDNF induced by exercise re-
mains very controversial. It should be noted that more than
90% of circulating BDNF is stored in platelets; therefore, the
serum levels of BDNF following exercise should be carefully
interpreted [49, 69]. Although the sources of circulating
BDNF were not explored, several meta-analyses found that
acute and regular aerobic exercise transiently increased circu-
lating BDNF levels in humans [59, 69, 138]. Combined, it is
likely that aerobic exercise increases BDNF circulating levels
in an exercise duration and intensity-dependent manner, par-
ticularly in men [28, 138], and that exercise-induced BDNF
provides benefits to the cognition and mood. However, the
effect size (e.g., correlation coefficient or Cohen’s d) of exer-
cise (acute and regular) on the circulating level of skeletal
muscle-derived BDNF is dependent on the duration and type
of exercise [138], and the role of BDNF, as a myokine, in the
improvement of brain function should be further evaluated
particularly in human. Furthermore, the effect size of exercise
on the level of BDNF according to demographic characteris-
tics (e.g., age, sex category) and disease status (e.g., metabolic
disease, cognitive dysfunction) should be clarified [69]. In
addition, the genetic factors (e.g., genetic polymorphism of
Val66Met in BDNF) that were rarely reported may be impor-
tant to understand the degree of BDNF response to interven-
tion of exercise to improve cognitive function.

The level of evidence for the effect of exercise on the blood
concentration of BDNF is moderate (levels II~IIIa; systematic
review of cohort or case-control studies or low quality RCTs).
However, the source of exercise-induced increase in blood
BDNF level is largely unknown. Furthermore, whether
BDNF is a mediator of exercise-induced improvement of neu-
ropsychiatric function remains to be elucidated, although
some RCTs showed the association of exercise-induced in-
crease of BDNF and improvement of cognitive function in
human [124].

Insulin-like growth factor-1 (IGF-1)

As an upstream regulator of BDNF, insulin-like growth factor-
1 (IGF-1) is likely to play roles in the exercise-mediated im-
provement of recall performance [27]. Several in vivo studies
showed that exercise increases both central and peripheral
IGF-1 levels [20, 33, 97, 141]. In older adults, aerobic exercise
performed for 1 year significantly increased hippocampal vol-
ume and connectivity, which was associated with serum levels
of BDNF, IGF-1, and vascular endothelial growth factor, al-
though the exercise intervention could not change the levels of
these neurotrophins [35, 150]. IGF-1 is produced primarily by
the liver; however, the sources of exercise-induced circulating
IGF-1 were not fully clarified. In addition, the neuronal uptake
of IGF-1 is stimulated by exercise [20], which increases the

Fig. 1 Level of evidences for the causative relationship between exercise,
myokine, and brain function. We applied the level of evidence proposed
by the Oxford Center for Evidence-Based Medicine to determine the
cause-effect relationship of exercise with circulating level of myokine
and of myokine with the brain function, as well as exercise effect on
neuropsychiatric function. As compared to BDNF, which is the most
studied neurotrophic myokine, the level of evidences for the association
between exercise and myokine level or myokine-mediated exercise
benefit to the brain showed the lower level of evidence (see the text).
On the other hand, numerous previous clinical studies reported the

beneficial effect of exercise on the brain function with little controversy,
although the magnitude of the effect may be dependent on the type,
duration, and intensity of exercise program (high level of evidence).
Therefore, there is a large gap between the level of evidence for the
association of exercise with brain function and the level of other
relationship (i.e., effect of exercise on the level of individual myokine
and effect of a specific myokine on the brain function). Abbreviations:
RCT, randomized controlled clinical trial; LA, lactate; CTSB, cathepsin
B; IGF, insulin-like growth factor 1; BDNF, brain-derived neurotrophic
factor
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expression of neuronal BDNF. Even if the major source of
IGF-1 is not the skeletal muscle, IGF-1 signaling pathways
in the brain are likely enhanced by the exercise. Chronic aer-
obic exercise intervention has been found to reduce systemic
low-graded inflammation in elderly or obese persons, which
was attributed to skeletal muscled-derived anti-inflammatory
factors and fat loss [159]. In combination with enhanced ce-
rebral circulation and permeability of BBB induced by exer-
cise followed by IGF-1 delivery [8], aerobic exercise im-
proved the IGF-1 signaling efficacy, which in turn increased
Akt-CREB-mediated BDNF expression, followed by
neurogenesis and neuron survival [4, 23, 26]. Despite much
speculation, IGF-1 could hypothetically exert hippocampal
neurotrophin functions in response to exercise. The relative
contribution of the liver and muscle-derived peripheral or cen-
tral IGF-1 during and after exercise on the neurogenic and
neuroprotective effects should be further estimated.

The low level of evidence for the direct contribution of
IGF-1 in exercise-induced improvement of neuropsychiatric
function may be attributed to the following: (1) the source of
circulating IGF-1 following exercise is ambiguous. (2) IGF-1
has multifunctional roles in the brain function including neu-
rotrophic, angiogenic, and metabolic effect. (3) IGF-1 can be
an upstream regulator of neuroprotective signals, such as
BDNF. Nevertheless, further well-designed RCTs will warrant
the association of exercise-induced improvement of neuropsy-
chiatric function with alteration of IGF-1 in peripheral tissues,
including skeletal muscle.

Irisin

Irisin was first discovered in 2012 as a myokine cleaved from
FNDC5 precursor protein that is induced by PGC-1α overex-
pression [14]. Although the primary source of irisin in humans
is the skeletal muscle, which produces over 70% of the total
circulating levels of irisin, other organs, including the white
adipose tissue and brain, are non-muscle sources of irisin [31].
The most important target of irisin is the white adipose tissue,
where irisin stimulates browning of the white fat by inducing
the expression of UCP1, thereby increasing thermogenesis
and glucose homeostasis [14]. Via the blood stream, irisin
reaches diverse organs, including the liver, adipose tissue,
kidney, and brain, and regulates signaling pathways that are
directly or indirectly involved in the glucose and lipid homeo-
stasis. The function of irisin in the nervous system is largely
unknown. However, in vitro and animal studies provided ev-
idences that irisin may stimulate neuronal proliferation and
differentiation [52, 94, 161]. Interestingly, exercise induces
the expression of Bneuronal^ FNDC5, which is linked with
hippocampal BDNF expression via a signaling through PGC-
1α-Errα transcriptional complex [161]. The indirect effect of
irisin through BDNF on hippocampal neurogenesis was rep-
licated by peripheral administration of irisin; therefore, the

possible effects of exercise-induced Bperipheral^ irisin on
neurogenesis could not be ruled out [160]. Furthermore, irisin
contributes to the neuroprotective effect of exercise, through
the activation of Akt and ERK1/2 signaling pathways against
brain disorders [45, 80, 146]. However, the extent to which
different tissues contribute to the beneficial effects of exercise
on the brain should be further elucidated. Until now, the ef-
fects of exercise on the blood level of irisin are not conclusive.
Although clinical studies showed the transient increase of
irisin level following acute exercise [41], most of the studies
showed contradictory results as to how chronic exercise train-
ing impacts irisin level. Moreover, there are little clinical ev-
idences that irisin has positive effects on the neuropsychiatric
function. Therefore, the level of clinical evidence that
exercise-induced production of irisin from skeletal muscle di-
rectly contributes to neuropsychiatric function of the brain is
low.

Cathepsin B

Cathepsin B (CTSB) is a family of lysosomal cysteine prote-
ases that were found upregulated in multiple human cancers
[3]. Using proteomic and biochemical analyses and an in vitro
model of exercise, Moon et al. [95] found that CTSB was
upregulated in and secreted from L6 muscle cells. They ap-
plied AICAR, an agonist of 5′-AMP-activated protein kinase
(AMPK), to muscle cells to mimic exercise, and detected in-
creased CTSB levels in the conditioned medium. This finding
was replicated in the skeletal muscle of animals following
long-term running exercise, suggesting that CTSB is a
myokine. The increase in plasma CTSB level following
4 months of treadmill exercise was observed in humans as
well; moreover, increased CTSB level was significantly cor-
related with hippocampal function [91]. The plausible mech-
anisms of beneficial effects of skeletal muscle-derived CTSB
on cognitive function include hippocampal upregulation of
BDNF and doublecortin, which regulates synaptic plasticity,
cell survival, and neuronal migration.When the mice received
intraperitoneal AICAR for 1 week, hippocampal neurogenesis
and improved cognitive function were observed [71]. More
importantly, CTSB can cross BBB, while AICAR has very
low ability to cross BBB [88], which theoretically excludes
the possibility of pharmacological effects of AICAR on
neurogenesis in the animal model of exercise-mimic experi-
ments. Therefore, it is plausible that endurance exercise acti-
vates AMPK in skeletal muscles, followed by release of mus-
cle factors, such as CTSB that can permeate across BBB, may
be associatedwith exercise-induced improvement of cognitive
function. Although it should be further clarified whether up-
regulation of CTSB in skeletal muscles following long-term
aerobic exercise is a source of increased plasma concentration
induced by endurance exercise in humans, CTSB is a novel
myokine that plays a role in exercise-induced benefits to brain
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function. Furthermore, there is no further supportive clinical
evidence that exercise-induced CTSB production in skeletal
muscle mediates the neuropsychiatric benefits; hence, more
comprehensive data in human are necessary to increase the
level of evidence.

Lactate

L-Lactate is a metabolite from contracting skeletal muscle.
When the rate of oxygen demand for energy production ex-
ceeds supply in contracting skeletal muscle, conversion of
pyruvate to lactate produces increased level of circulating lev-
el of lactate. During acute and high-intensity exercise, blood-
born lactate may signal, as a mediator of vascularization, to
promote angiogenes i s to the bra in through the
hydroxycarboxylic acid receptor 1 (HCAR1) in BBB. It is
not clear that regular or acute exercise promotes the central
vascularization, Morland et al. showed the lack of increased
VEGFA expression and capillary density in the dentate gyrus
or the sensorimotor cortex in HCAR1 KO mice after wheel-
running exercise [96]. Through the Cori cycle, lactate is rap-
idly converted to glucose in the liver with short blood half-life
(less than 1 h) [85]. Therefore, it should be further clarified
whether increased circulating level of lactate after exercise
plays role in exercise-induced improvement of brain function.

Consideration

The effects of exercise on the whole-body metabolism and
brain function are mediated by Bexercise factors^ that are
not only derived from skeletal muscles but also from non-
muscle organs. In addition, the beneficial effects of exercise
on brain function may also result from the improvement of
cardiovascular system, which is mediated by several
myokines and molecules released from non-muscle organs,
including the liver and adipose tissue. The beneficial effect
of exercise on the cardiovascular system is well known, and
the removal of cardiovascular risk factor (e.g., high cholester-
ol and blood pressure) by exercise might be important to pre-
vent neurodegeneration by cerebrovascular event.
Furthermore, the improvement of cardiovascular function by
exercise will contribute delivery of nutrient, oxygen, neuro-
trophic factors through the improvement of cerebral circula-
tion. Therefore, the indirect effects of exercise on neural cells
through improvement of cardiovascular function and exercise
factors released from non-muscle organs should be further
investigated in detail, combined with direct effects of
myokines on the neural tissue. In addition, the effects of exer-
cise training according to the types of exercise (i.e., aerobic,
resistance, or combined) on the brain function should be con-
sidered. While endurance exercise training might improve
cardiovascular function and the ability to coordinate motor

function, resistance exercise might have a greater influence
on skeletal muscles than endurance exercise. In particular,
the degree of benefit by exercise according to the type of
exercise, particularly in elderly people with sarcopenia, and
their molecular mechanisms in prevention of neurodegenera-
tion may be one of the most important topics in this field.
Sarcopenia is a disease condition with low quantity and qual-
ity of skeletal muscle, which associates with various chronic
diseases including neurodegenerative diseases. However, the
association of sarcopenia with the risk of neurodegenerative
diseases has not fully evaluated. Furthermore, the regulation
of myokines in patients with sarcopenia and their roles in the
brain function may be subjects for future investigation.
Combined, the type of exercise training may be a factor de-
termining the effect size of myokines on the brain function, as
well as the whole-body metabolism, and the sources of in-
creased myokine levels during or following exercise should
be further characterized (Fig. 2).

In addition to the type of exercise, there might be several
modulators influencing on the neuropsychiatric benefits of
exercise including individual factor (e.g., gender, age, or con-
comitant disease) and duration (e.g., days or weeks versus

Fig. 2 Beneficial effects of exercise on hippocampal neurogenesis
determined via multiple pathways. Aerobic exercise mainly improves
cardiovascular function and/or induces non-muscle exercise factors,
which mediate the improvement in cerebral circulation, followed by
hippocampal neurogenesis. The effect size of resistance exercise on
skeletal muscle hypertrophy might be higher than that on cardiovascular
fitness effects. Therefore, the effect size according to the types of exercise
on brain function may be an important concern in order to clarify the
beneficial effects of exercise on the hippocampal neurogenesis
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years) or intensity of exercise. For example, gender signifi-
cantly influences on the blood level of BDNF following exer-
cise in human, such that studies showed less BDNF change in
women as compared to men [91]. However, efforts for the
elucidation of the factors contributing to the exercise-
induced improvement of brain function were limited. In ani-
mal exercise models, it is difficult to realize the resistance
exercise as compared to aerobic exercise, and studies for the
gender effect are limited. Translational approaches using clin-
ical data on exercise intervention to animal studies (genetic or
pharmacological model) will be a smart strategy to discover
the mechanisms contributing to the effects of exercise on the
brain function. A recent meta-analysis of RCTs showed that
aerobic exercise with low-to-moderate intensity led to an
improvement of global cognitive function and a week positive
benefit on the memory domain in elderly with mild cognitive
impairment, although there are limitations of variable program
of exercise and small number of subjects in individual RCT
[168].

To elucidate the effects of exercise on the circulating level
of myokine and its association with the brain function in hu-
man, pre-analytical variability and methodology to measure
the specific myokine and neuropsychiatric function is critical.
For example, the stability of myokine in plasma or serum
when samples are stored in freezer, post-exercise blood col-
lection time, time window between blood collection and neu-
ropsychiatric testing, and analytical performance of immuno-
assay to measure myokine concentration may be factors of
bias. Therefore, efforts on the standardization of pre-
analytical variability sources and analytical methodology for
individual myokine should be performed, which would allow
researchers to perform better comparisons with the current
literature. In addition, it should be determined whether a spe-
cific myokine that is secreted from skeletal muscle distributes
to the brain through cross BBB. This issue can be resolved by
advanced imaging and genetic manipulation technology to
track the skeletal muscle-derived myokine. Finally, current
studies have focused on the beneficial effects of myokine on
the brain function; however, if any, adverse effects of exercise-
induced myokines, particularly in the situation of excessive
exercise and/or in patients with inappropriate type or intensity
of exercise, on the brain function should be considered.

Conclusion

There are convincing evidences that exercise might improve
the brain function, including cognition, which is closely relat-
ed to hippocampal neurogenesis and improved cerebrovascu-
lar circulation. As an exercise factor, myokines released from
the skeletal muscles may contribute to hippocampal
neurogenesis and improvement of the whole-body metabo-
lism. However, molecular characteristics of exercise-induced

myokines and their direct effects on the neural system are not
fully understood. Furthermore, there is a large gap between
the level of evidence supporting the beneficial effects of exer-
cise on the brain function and the level of evidence for the
sources or magnitude of Bneurotrophic myokines^ following
exercise. To this end, the sources of exercise-induced neuro-
trophic factors, the interaction of skeletal muscle with other
non-muscle organs via myokines, and the effect size of exer-
cise according to the program of exercise for improvement of
brain function should be further clarified.
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