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Abstract

Growing evidence has shown the beneficial influence of exercise on humans. Apart from classic cardioprotection, numerous
studies have demonstrated that different exercise regimes provide a substantial improvement in various brain functions.
Although the underlying mechanism is yet to be determined, emerging evidence for neuroprotection has been established in
both humans and experimental animals, with most of the valuable findings in the field of mental health, neurodegenerative
diseases, and acquired brain injuries. This review will discuss the recent findings of how exercise could ameliorate brain
function in neuropathological states, demonstrated by either clinical or laboratory animal studies. Simultaneously, state-of-
the-art molecular mechanisms underlying the exercise-induced neuroprotective effects and comparison between different
types of exercise will be discussed in detail. A majority of reports show that physical exercise is associated with enhanced
cognition throughout different populations and remains as a fascinating area in scientific research because of its universal
protective effects in different brain domain functions. This article is to review what we know about how physical exercise

modulates the pathophysiological mechanisms of neurodegeneration.

Introduction

Physical activity is a crucial element throughout human life.
The evolutionary theory suggests that humans need basal
physical activities for survival [1]. In the US, approximately
26% of premature deaths can be attributed to physical
inactivity [2]. In recent decades, there are compelling lines
of evidence which support that exercise not only protects
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against cardiovascular diseases, but also reduces the risks of
several cancers and metabolic dysfunction [3]. In the central
nervous system (CNS), the protective effects of both short
term and long term physical exercise on neurodegeneration
and cerebrovascular diseases have attracted many
researchers’ attention. For instance, acute aerobic exercise
(AE) modulates neurotransmitter release and modulates
neural circuitry [4]. Endurance AE is also known to ame-
liorate symptoms of major depression, prevent neuronal
dysfunction, and slow down the progression of different
diseases [5, 6]. Both preclinical animal models and human
patients with neurodegeneration have shown convincing
evidence that exercise improves cognitive performance
[7, 8]. Moreover, with the advancement of molecular
techniques, researchers have discovered and identified the
involvement of several molecular pathways involved in
exercise-related beneficial effects [9].

On the other hand, although solid evidence has demon-
strated the neuroprotective effects of exercise, whether
different neuroprotective mechanisms are involved in each
specific type of exercise remains one of the debated topics
in the exercise medicine field. The answer to this debate is
important to determine since exercise can be divided into
different types, depending on the purpose of the training
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regime [10]. It remains controversial whether the ther-
apeutic efficacy of a specific type of exercise surpasses
another type of exercise, and needs further investigation.

In this review, we will present the updated findings on
the beneficial effects of physical exercise in brain disorders
and neurodegeneration. More importantly, we will also
summarize the novel underlying molecular mechanisms
about the neuroprotective actions of exercises from recent
research, mainly laboratory studies. Finally, we will briefly
introduce and compare different types of exercise which
have been explored for their potential value in treating brain
disorders.

Beneficial effects of physical exercise in
different brain disorders

Mental disorders

Mental disorders are common health problems character-
ized by abnormal emotions, perceptions, behaviors, and
relationships with others [11]. Among adults in the US, one
year and lifetime morbidities of major depressive disorder
(MDD) in 2011 (10.4% and 20.6%, respectively) were
nearly doubled when compared with 2001 (5.3% and
13.2%, respectively) [12]. In 2017, an estimated 18.9% of
adults in the US experienced any mental illness (AMI)
within the past year, while about 23.8% of the adults having
AMI suffered from serious mental illness [13]. Accumu-
lating studies have indicated that mental disorders are
becoming one of the most common causes of disability and
death worldwide [13]. Medications like antidepressants are
available for moderate to severe mental disorders, but are
not recommended for mild mental disorders and should be
used with caution while dealing with patients under 18
years old due to a poor risk-benefit ratio [14].

Many studies suggested physical exercise as an effective
nonpharmacologic treatment for different psychiatric pro-
blems like depression, anxiety, and dementia, either alone
or as an adjunctive therapy for antidepressants/psychotropic
drugs [15]. However, most of these studies had small
sample sizes and included few types, frequencies, and
durations of exercise. Moreover, the dose-response rela-
tionship between exercise and mental health remains
unclear. In a recent cross-sectional study of a representative
sample including more than one million people aged above
18, which was the largest study of its kind to date [5], the
authors showed that individuals in the exercise group had
1.49 fewer days of bad self-reported mental health in the
past month than individuals in the control group. Further-
more, they demonstrated that all kinds of physical exercise
were associated with better mental health. The largest
associations were seen for popular team sports, cycling, as
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well as aerobic and gym activities. This research also
indicated that the best duration and frequency of exercise
were 45 min and 3-5 times per week, respectively.

Among patients who have taken antidepressants, about
60% of them have reported adverse effects, which include
negative events in sex life, work or study, and social life
[16]. Another common problem in depression treatment is
drug and/or psychotherapy resistance. Treatment-resistant
depression (TRD) is a complex condition hardly reaching
full remission, with very few “next choice” treatments.
Mota-Pereira and colleagues showed that a 3-month walk-
ing exercise program improved all depression and func-
tioning parameters in TRD patients. In addition, 26% of
these patients met the criteria of remission [17], suggesting
that moderate-intensity exercise might be a helpful and
effective adjuvant therapy for TRD. Similar findings are
reported with schizophrenia, which is a major psychiatric
disease that affects approximately 24 million people
worldwide [18]. Antipsychotic drugs are effective when
dealing with the positive symptoms in schizophrenia, but
can induce many side effects, such as weight gain and
metabolic syndromes [19]. Furthermore, negative symp-
toms, which are highly associated with the functional out-
come of schizophrenia patients, show poor response to
antipsychotic drugs [20]. Interestingly, physical exercise
has not only been demonstrated to reduce overall symptoms
in schizophrenia, but also was found to be more effective in
dealing with negative symptoms than positive symptoms
[21]. These benefits suggest that physical exercise could be
a therapy to decrease the negative symptoms in patients
with schizophrenia.

Neurodegenerative diseases

Over the last decade, with a continually aging population,
age-related neurodegenerative diseases are dramatically
becoming more prevalent and represent one of the major
health problems in society. The etiology of neurodegen-
erative diseases is multifactorial and complex, including not
only genetic predispositions, but also environmental and
endogenous factors. Nutritional deficiencies, hypertension,
diabetes, hypercholesterolemia, obesity, and inflammation
are associated with the onset and the deterioration of neu-
rodegenerative diseases [22]. Physical exercise has been
suggested as one of the best lifestyle interventions for both
healthy aging and patients with neurodegenerative diseases
including Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD).

AD is a progressive neurodegenerative disease affecting
about 40 million people globally, and the number of
patients is expected to triple by 2050 [23]. At present, AD
patients are commonly treated with combined pharmaco-
logical treatment and supportive therapy, such as counseling
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and social care, to slow down the progression of the disease,
and no disease-modifying treatment exists yet. There are
promising findings in clinical studies that demonstrate
physical exercise as an effective treatment to AD patients,
which may even be a disease-modifying therapeutic
approach [6, 24]. The beneficial effects of physical exercise
include stimulating the release of neurotrophic factors, anti-
inflammatory effects, and induction of angiogenesis [6].
Furthermore, accumulating evidence shows that exercise is
associated with decreased deposition of AP [24, 25] and
improvement of tau pathology [26] in the brain. However, it
might be too early to reach any definite conclusion as the
quality of current studies varies with sample size and defi-
nite diagnosis of disease; also the type, duration, and fre-
quencies of physical exercise were different during these
studies. High-quality studies with a large sample size are
needed to illustrate the relationship between exercise and
the pathology of AD.

PD is a mobility-related neurodegenerative disease
directly related to the degradation of the nigrostriatal path-
way, in which the extent of degeneration predicts increased
disability and mortality in patients [27]. Previous studies
suggested that exercise ameliorated a variety of symptoms
in PD patients, including not only executive dysfunction,
but also psychiatric problems and cognitive impairment
[28]. A recent clinical trial, which was designed to inves-
tigate the dose-response of treadmill exercise to PD, showed
that only high-intensity exercise successfully improved
motor symptoms of PD patients [29]. Therefore, the inten-
sity of exercise is an important factor to optimize its effect
on symptom remission and disease progression in PD.
Moreover, animal studies demonstrated that exercise could
rescue the loss of dopaminergic neurons and fibers, as well
as decrease the expression of a-synuclein in the nigrostriatal
region [30, 31], which emphasized the therapeutic potential
of exercise as a disease-modifying treatment for PD.

Acquired brain injuries

Acquired brain injuries (ABI) include traumatic brain injury
(TBI) and stroke. More than ten million people suffer from
TBI annually worldwide, which lead to temporary brain
dysfunction or permanent mood, physical, and cognitive
deficits. Only a few noninvasive interventions have been
shown to be beneficial to the brain after TBI, among which,
physical rehabilitation is one of the most promising strate-
gies to promote functional recovery after TBI [32]. Clinical
studies suggested that exercise could improve fatigue and
enhance recovery of cognitive functions in patients who
have suffered from TBI [33, 34]. On the other hand, animal
experiments suggested that treadmill exercise might be an
important mediator to enhance the survival of Purkinje
neurons, to help overcome TBI-induced apoptotic neuronal

death, and to suppress the formation of reactive astrocytes
[35]. In addition, the effects of exercise preconditioning on
TBI might be associated with increased expression of
neuroprotective genes and proteins including vascular
endothelial growth factor (VEGF) and erythropoietin in the
brain [36].

Stroke is the second leading cause of death and adult
disability worldwide, affecting approximately 15 million
individuals annually. Approximately 50 to 75% of all stroke
survivors have residual physical or cognitive impairments
[37]. Evidence suggests that patients with cardiovascular
disease, diabetes, dyslipidemia, obesity, and physical inac-
tivity are at an increased risk for stroke [38]. Therefore, the
application of exercise in the prevention of stroke is more
like an etiological treatment, through the improvement of a
variety of conditions and diseases. The typical beneficial
effects of exercise include lower body weight, better control
of hypertension, glucose tolerance, decreased LDL choles-
terol level, and an overall reduction in the risk of cardio-
vascular diseases and diabetes mellitus [39]. A clinical
study showed that highly active individuals exhibit a 21%
lower risk of ischemic stroke and a 34% lower risk of
hemorrhagic stroke [40]. The benefits of exercise have also
been demonstrated in post-stroke intervention. Physical
training after stroke improves walking speed, balance,
optimal recovery and promotes the earlier return to an
independent life [41].

Pathophysiological mechanisms
Neurotrophic factors

The induction of neurotrophic factors is considered as a
central mechanism that mediates the benefits of physical
exercise on brain functions. Exercise has been shown to be
associated with the expression of neurotrophic factors
including brain-derived neurotrophic factor (BDNF),
insulin-like growth factor 1 (IGF-1), and VEGEF, thereby
promoting neural plasticity and adult hippocampal neuro-
genesis [42].

BDNEF is a neurotrophic growth factor that is essential to
neuronal survival, growth, differentiation, as well as
synaptic plasticity [43, 44]. Notably, it has been found to be
involved in adult neurogenesis and myelin repair [45].
BDNF is widely expressed in the CNS, with a particularly
high concentration in the hippocampus and cortex, and has
also been found in the peripheral nervous system as a proxy
of cortical BDNF [44]. Furthermore, a decrease of BDNF in
the periphery and CNS is found in many neurodegenerative
and psychiatric diseases [46]. Exercise induced the upre-
gulation of BDNF, both in circulation and in the brain, and
the increased levels of BDNF were associated with
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improved cognitive function [42, 46, 47]. Although exercise
increased the levels of BDNF mRNA and proteins in ske-
letal muscle, this muscle-derived BDNF was not released
into circulation. Instead, the brain contributed 70-80% of
the BDNF in circulation during exercise [48]. It is suggested
that the increased expression of BDNF in the brain, espe-
cially in the hippocampus or dentate gyrus (DG), attenuates
cognitive deterioration and improves memory formation.

The underlying mechanism of how exercise mediates the
expression of BDNF in the brain remains unclear. Wrann
and colleagues found that exercise increased BDNF
expression in the hippocampus via the PGC-1a/FNDC5
pathway [49]. They demonstrated that endurance exercise
induced the expression of the Fndc5 gene in the hippo-
campus, accompanied with the expression of peroxisome
proliferator-activated receptor gamma coactivator-1o (PGC-
la), which co-regulated the expression of neuronal fibro-
nectin type III domain-containing protein 5 (FNDC5) with
estrogen-related receptor . In addition, overexpression of
FNDCS in the periphery increased the expression of BDNF
in the hippocampus, indicating that the exercise-induced up-
regulation of BDNF in the hippocampus was mediated via
both the neuronal PGC-1o/FNDC5 pathway and the
muscle-derived irisin (the secreted form of FNDCS5) in
serum. On the other hand, evidence also suggested that
exercise induced an accumulation of metabolite-like ketone
bodies in the hippocampus, which promoted the expression
of BDNF by altering the Bdnf promoter [50]. Moreover,
accumulating bodies of evidence showed that the effect of
exercise on brain BDNF expression was regulated by
multiple genetic factors including the Val66Met mutation
[51], APOEe4 allele carriers [7] and methyl CpG binding
protein 2 [45].

VEGEF is a hypoxia-induced protein, which is expressed in
different kinds of cells, such as smooth or skeletal muscle
cells, endothelial cells, macrophages and glial cells [42].
VEGEF plays a critical role in vasculogenesis and angiogen-
esis by promoting the formation of blood vessels and
increased blood flow in both the peripheral nervous system
and CNS [42, 44]. Several reports showed that increased
levels of brain-derived VEGF from exercise reduced
ischemic injury and attenuated ischemia-induced cognitive
deficits by promoting the proliferation of progenitor cells and
neuronal differentiation in the ischemic penumbra [52, 53].

Naturally, exercise can induce accumulation of lactate,
thereby activating hydroxycarboxylic acid receptor 1
(HCARI1) and improving the activity of downstream path-
ways like ERK1/2 and Akt signaling, which are linked to
the expression of VEGF as well as angiogenesis in the
hippocampus [54]. A recent study indicated that exercise
increased the levels of VEGF and angiogenesis in the brain
through the lactate receptor HCAR1 [54]. In the ischemic
brain, exercise-induced neurogenesis and angiogenesis rely
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on enhanced VEGF expression, resulting in the reduction of
infarct volume and alleviation of cognitive decline. On the
other hand, in a conditional skeletal myofiber-specific
VEGF gene ablation mouse model, it was shown that
muscle-derived VEGF induced by exercise increased the
levels of VEGF in the hippocampus [55]. More interest-
ingly, skeletal muscle-derived VEGF has been reported to
enhance neurogenesis in the hippocampus [42]. One
hypothesis for this phenomenon is that exercise-induced
VEGF in the periphery can cross the blood-brain barrier
(BBB) and mediate neurogenesis and angiogenesis in CNS,
similar to the mechanisms of IGF-1. The BBB is formed by
a monolayer of endothelial cells, supplemented with capil-
lary pericytes and astrocyte perivascular end-feet. Tight
junctions are also present to limit the paracellular flow of
substances across the BBB [56]. The mechanism of how
VEGF crosses the BBB remains an issue to be investigated,
though it is expected that exercise could alter the physical
status of endothelial cells, leading to increased BBB per-
meability [57, 58].

IGFs are proteins that have highly similar sequences to
insulin. Serum IGF-1 has emerged as a key growth factor to
modulate synaptic plasticity, neurotransmission, and neu-
rogenesis in the adult hippocampus [59]. It was demon-
strated that a lack of serum IGF-1 caused cognitive
impairment and depressive behavior [59], while diminished
Igf-1 gene expression with aging was associated with cog-
nitive decline [60]. It has been reported that muscle-derived
IGF-1 enhanced muscle mitochondria functions and the
levels of IGF-1 in the hippocampus [57]. The high BBB
permeability of IGF-1 allows serum IGF-1, instead of other
neurotrophic factors, to access the brain and increase uptake
of IGF-1 in the brain; this underlying mechanism may be
linked to the regulation of IGF binding proteins (IGF-BPs)
and expression of IGF-1 receptors on the BBB [59].
Moreover, in some pathological statuses, exercise is able to
attenuate neurodegeneration or neuropathological behaviors
by altering cytokine production, which indirectly restores
normal IGF-1 levels [61].

Neurotransmitters: serotonin and kynurenine
metabolism

Cerebral serotonin (5-hydroxytryptamine, 5-HT) home-
ostasis has been implicated in mood and cognition, thereby
fundamentally impacting the pathophysiology of brain dis-
orders such as depression and cognitive dysfunctions. In
accordance with the theory of 5-HT dysregulation in
depression and anxiety, selective serotonin reuptake inhi-
bitors (SSRIs) that primarily target the CNS 5-HT system
are now the first-line treatment for MDD and anxiety dis-
orders [62]. Furthermore, the pharmacological effects of
SSRIs are indispensable for hippocampal neurogenesis.
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Evidence from experiments in rats has demonstrated that
exercise increased the levels of 5-HT in different brain
regions, including the cerebellum, striatum, hippocampus,
and frontal cortex [63]. It has been recently reported that
central 5-HT is an essential positive modulator of neuro-
genesis that specifically functions in response to running
stimuli. In addition, Kondo and colleagues demonstrated
that the 5-HT3 receptor was essential for 5-HT action in
hippocampal neurogenesis and antidepressant-like behavior
induced by exercise, but is not responsible for enhancing
learning and memory [64]. Hence, more work is required to
demonstrate the precise mechanisms of action of 5-HT in
cognitive function induced by exercise.

In human studies, physical exercise increases 5-HT
concentrations in urine, whole blood (with mainly platelets
storing 5-HT), as well as in serum (free 5-HT) [65].
Although it was believed that 5-HT could not cross the
BBB, a recent study revealed the presence of the 5-HT
transporter in vascular endothelial cells in the BBB [66]. In
addition, evidence has indicated that central 5-HT levels
were positively correlated with 5-HT levels in the periphery
[67]. These findings suggest that peripheral 5-HT levels
could be a rough indicator for central 5-HT concentrations.
On the other hand, changes in 5-HT precursors, such as
tryptophan, are also used as peripheral proxies of cerebral 5-
HT metabolism. Unlike 5-HT, tryptophan can be transferred
from the brain to the periphery across the BBB. Melancon
and colleagues showed that physical exercise increases the
availability of tryptophan to the brain during exercise in the
elderly [68].

Other than acting as a peripheral predictor of cerebral 5-
HT levels, tryptophan has drawn a lot of attention in recent
studies on depression because of its major degradative
products, kynurenines. 5-HT dysregulation is believed to
play a major role in depression, and it has been long pro-
posed that 5-HT deficiency was mainly due to the shift of
tryptophan metabolism from 5-HT synthesis to kynurenines
[69]. Furthermore, kynurenic acid (KYNA) is a main pro-
duct of kynurenine metabolism, which has a higher affinity
to o-7-nicotinic acetylcholine («7nACh) receptors and
N-methyl-D-aspartate (NMDA) receptors, acting as an
antagonist on NMDA and o7nACh receptors. Since
o7nACh receptors and NMDA receptors are essential for
normal synaptic function and memory formation, the
accumulation of KYNA might contribute to the cognitive
impairment observed in depression and dementia [70].
Kynurenine is actively transported across the BBB, while its
metabolites, such as KYNA and quinolinic acid, cannot
enter the brain freely from circulation. Based on these
important principles, Agudelo and colleagues found that
exercise enhanced the peripheral breakdown of kynurenine
to KYNA in skeletal muscle, thus reducing plasma kynur-
enine to protect the brain from stress-induced depression

[71]. In this groundbreaking study, the authors proposed for
the first time that exercise is beneficial to depression by
targeting kynurenine breakdown in skeletal muscle to
facilitate central kynurenine clearance, without needing to
cross the BBB. More interestingly, as mentioned above,
circulating kynurenine can be transported into the brain by
the large amino transporter 1 (LAT1) in the BBB. A new
study showed that peripheral administration of leucine,
which has a high affinity for LAT1, prevented the entry of
kynurenine into the brain and attenuated inflammation-
induced depression-like behavior in mice [72].

The role of myokines in muscle-brain crosstalk

In recent years, skeletal muscle has been proposed to be a
secretory organ. Accordingly, myokines are defined as
cytokines and peptides that are secreted from skeletal
muscle fibers and exert either autocrine, paracrine, or
endocrine effects [73]. The secretion and release of myo-
kines are mainly mediated by the muscle contraction-
induced factors, also referred to as “the exercise factor”.
Skeletal muscle accounts for about 40% of total body mass
in humans, therefore, exercise can be a powerful way to
impact systemic metabolism and functions in other organs
by mediating the secretion of myokines [74]. Studies
showed that exercise promoted the production of several
hundred myokines in muscle; some of which, like PGC-1a,
Irisin and Cathepsin B, have been shown to be important
parts of the muscle-brain crosstalk. Furthermore, we
also present some evidence suggesting fibroblast growth
factor 21 (FGF-21) and SPARC as novel brain-beneficial
myokines.

PGC-1a is dramatically up-regulated during physical
exercise and is considered to be a major mediator of the
beneficial effects of exercise to the brain [49]. Although
initially reported as a transcriptional co-activator of oxida-
tive metabolism and differentiation-induced mitochondrial
biogenesis in brown fat [75], subsequent studies demon-
strated the high expression levels of PGC-la in cells
including cardiac myocytes, neurons, and skeletal muscle
cells, which have a relatively higher demand of energy [76].
One animal study has shown that activating the expression
of PGC-1a by astrocytic nerve growth factor successfully
restored the behavior deficits, sensorimotor disorders, and
neuronal loss in a Huntington’s disease (HD) model [77],
probably because it negatively regulated the activity of
extrasynaptic NMDA receptors, thereby reducing excito-
toxicity in the cortical neurons [78]. PGC-1a has also shown
neuroprotective effects in a MPTP animal model of PD [27],
depression and other neuropsychiatric disorders [71, 74]. In
addition, researchers found that PGC-1a played an important
part in the formation and maintenance of neuronal dendritic
spines and synapses in the hippocampus [79].
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FNDCS was identified as a PGC-1a-dependent myokine
a few years ago [80]. During physical exercise, FNDCS5 is
cleaved and secreted from muscle into the circulation as
irisin [81]. Irisin can act on subcutaneous fat, activating the
thermogenic program and giving the white adipose tissue
“brown fat”-like functions [80]. Recent studies have shown
that the target of irisin is not limited to adipocytes since
FNDCS5 was also found throughout the brain to mediate
cell differentiation [82]. Furthermore, studies have shown
that the irisin in the brain was beneficial to neurons beyond
neonatal development. Centrally administered irisin suc-
cessfully reduced neuronal apoptosis and increased the
expression of BDNF in a mouse model of stroke [83], and
also produced antidepressive effects and modulated
neuroplasticity-related genes in a mouse model of depres-
sion [84]. Interestingly, Wrann and colleagues found that
peripheral delivery of FNDC5 by adenoviral vectors
increased Bdnf expression in the hippocampus [49]. This
study raised suspicions that irisin in the blood can actually
go through the BBB or bind to receptors on endothelial
cells [74], showing that peripheral irisin and centrally
expressed irisin can have synergistic effects on the brain.

Cathepsin B (CTSB) is a lysosomal cysteine protease
found all over the body [85]. It is currently under investi-
gation for its potential use as a tumor marker as increased
expression of this compound is observed in premalignant
and malignant cells [86]. However, one recent study
unearthed its alternative function as a myokine commu-
nicating with the nervous system. Increased CTSB levels
were found in the plasma of rhesus monkeys and humans
under exercise; as well as the gastrocnemius muscle and
plasma in mice after running [87]. In the same study, CTSB
was found to be able to cross the BBB and promote the
induction of BDNF and doublecortin (DCX), which were
responsible for neuronal survival and brain development
[88], respectively. The P11 protein was suggested to be
involved in CTSB-mediated DCX expression, while the
pathway involved in CTSB-mediated BDNF expression
remains unknown [87]. Although exercise was shown to
increase CTSB transcripts in the brain directly, it is sug-
gested that this direct stimulation is supplemented by per-
ipheral CTSB myokine signaling [89].

FGF21 is a peptide hormone mainly produced by the
liver, but is also expressed in skeletal muscles and adipose
tissue. It is known to have beneficial metabolic effects like
weight loss and improved glycaemia, which rely upon its
role on the regulation of fatty acid oxidation and glucose
metabolism [90]. Therefore, FGF21 is regarded as hepato-
kine and adipokine, acting as messengers of the liver and
adipose tissue under dietary stimulation or metabolic stress
[90]. It was demonstrated that the concentrations of FGF21
were increased in both skeletal muscles and serum after
acute exercise [91]. FGF21 can cross the BBB. Although
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FGF21 was previously thought to be expressed only per-
ipherally, it was also found in the CSF of both mice and
humans [92, 93]. FGF21 in the brain was shown to interact
with the brain through its co-receptors, p-Klotho, and
FGFR-1, thereby producing effects such as modulating
sympathetic nerve output to brown fat, controlling circadian
behavior and neuroprotection [90, 94]. Furthermore,
Kuroda and colleagues found that peripherally derived
FGF21 leaked into the brain after injury and promoted
remyelination in a mouse model of demyelination [95].
Hence, although very few studies have demonstrated the
direct link between exercise-induced upregulation of FGF21
and the beneficial effects of exercise in the brain, FGF21
has great potential to be a novel myokine that helps to
promote brain health.

Osteonectin, also known as SPARC, is a bone glyco-
protein that mediates bone mineralization and mineral
crystal formation. Its relationship with muscles remained
hidden until a recent study revealed its alternative function
as a myokine [96]. Increased secretion of SPARC was
found in the gastrocnemius muscle after 60 min of exercise
in a mouse model, while in vitro cell studies found out that
increased SPARC translation was responsible for the
increased secretion. These results were consistent with
study in humans, as exercise was shown to increase SPARC
in the circulation [96]. SPARC is also expressed in the brain
and has many different functions. SPARC knock-out mice
had increased levels of anxiety and depression, but the
expression of SPARC in adult mouse hippocampus was
found to reduce depressive behaviors in SPARC knock-out
mice [97]. SPARC acts synergistically with BDNF to pro-
mote the outgrowth of retinal ganglion cells via Akt phos-
phorylation and BDNF-induced Erk1/2 phosphorylation
[98]. Mature, ramified microglia also expressed SPARC,
and knock-out of the gene resulted in altered microglial
morphology, with increased branching and elongated
microglial processes when compared to the control [99].
Although muscle-derived SPARC has not been shown to
cross the BBB yet, the multitude of its effects on the brain,
as well as its dependency on exercise for secretion, make
SPARC a potential candidate for a myokine that could
benefit the brain.

Anti-Inflammatory effects of exercise

Clinical studies demonstrated that persistent systemic
inflammation is a common feature in many neurological
disorders, including depression, AD, PD, and HD [100].
Chronic systemic inflammation predisposes individuals to
insulin resistance, endothelial cell dysfunction, and athero-
sclerosis and exacerbates neuroinflammation, thereby con-
tributing to neuropathological changes in the brain [101].
Exercise is advocated as a powerful anti-inflammatory
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Exercised Wt mice

Sedentary Wt mice

Sedentary 3xTg mice Exercised 3xTg mice

Fig. 1 Five-weeks of RE reduced microglia activation in DG region of 10-month wild type and 3xTg mice. Representative stacked confocal images
of IBA-1 Immunoreactivity in (a—d) low magnification, x20 and (e-h) high magnification, x40. (Scale bar: 20 mm)

therapy for depression and neurodegeneration diseases.
Rethorst and colleagues found that a high level of TNF-«
was linked to poor response to antidepressive effects of
exercise in MDD [102]. Specifically, evidence suggested
that exercise could protect the brain from inflammation,
either by directly mediating inflammatory cytokines [8], or
reducing pro-inflammatory adipokines through the muscle-
adipose crosstalk [103], thereby rescuing the secretion of
growth factors and promoting neural plasticity and neuro-
genesis. Furthermore, exercise has also been suggested to
mediate the innate inflammatory response through the
sympathetic nerves or the hypothalamic-pituitary-adrenal
axis as a physiological stressor [104].

The direct effect of exercise on inflammation can be
varied depending on the different pathophysiological
conditions of individuals, since both pro-inflammatory
cytokines and anti-inflammatory cytokines were increased
immediately in the circulation after exercise [57].
Although there was previously a concern that exercise
might aggravate symptoms of diseases like TBI, stroke,
and multiple sclerosis by exaggerating inflammation
[105], exercise has now been suggested as a protective
intervention to improve symptoms and reduce overall
inflammatory conditions of those diseases if performed
during the appropriate time. Animal studies demonstrated
that exercise could directly improve the immune condition
of the brain by increasing the levels of IL-10 in the hip-
pocampus of aged rats [106], and by reducing the levels of

IL-1 in the brain of a f-amyloid-induced mouse model of
AD [107]. Furthermore, physical exercise has also been
shown to prevent brain inflammation in stroke [108].
Some data indicated that physical exercise could reduce
the production of pro-inflammatory cytokines in the brain
by promoting the clearance of Ap [24, 25], which has pro-
inflammatory effects itself. In line with these studies, we
demonstrated that 5-weeks of resistance training reduced
the activation of microglia, which were important sources
of pro-inflammatory cytokines, in the DG of both wild
type and 3xTg male mice (Fig. 1). In addition, another
study showed that exercise might protect against
inflammation-induced neurological deficits in a TBI
model by activating the HSP70/NF-kB/IL-6/synapsin I
axis [109].

One prominent effect of exercise on the body is reducing
the number and improving the functions of adipocytes,
which are important sources of peripheral inflammatory
cytokines [110, 111]. Recent data also demonstrated a direct
anti-inflammatory effect of irisin by suppressing the pro-
duction of several major pro-inflammatory cytokines
including TNF-a, MCP-1, and IL-6 by adipocytes. In
addition, the presence of irisin inhibited the activity of a
well-known inflammatory transcription factor, nuclear fac-
tor kappa B [103]. More importantly, an adipocyte-secreted
hormone, adiponectin, which is an insulin-sensitizing and
anti-inflammatory factor, has been shown to be essential to
the physical exercise-induced antidepressant effects and
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hippocampal neurogenesis
mouse model [111].

in an adiponectin-deficient

Mitochondrial-mediated mechanisms

Mitochondria are double-membrane bound organelles most
widely known for their role in aerobic respiration [112].
However, with an increasing number of studies that are
focused on this intracellular powerhouse, it has been
revealed that ATP production is only one of the many
functions. Notably, mitochondria have been found to play a
role in exercise-induced neuronal benefits, which might
occur through the mediation of mitochondrial biogenesis
and mitophagy [113]. Mitophagy is the autophagic elim-
ination of damaged mitochondria. It can aid the restoration
of a healthy mitochondrial population by removing the
stressed or damaged parts of the mitochondria [114].
Mitochondrial fusion and biogenesis could rescue mildly
dysfunctional mitochondria, while mitochondrial fission
and mitophagy could clear damaged mitochondria so that
they would not interfere with healthy mitochondria. This
interplay between mitochondrial biogenesis and mitophagy
could maintain the health of mitochondria, contributing to
the overall neuronal health together.

The SIRT1-PGCl1-a axis is an important compensatory
mechanism counteracting excessive mitochondrial fission
and degradation that predominates neurodegenerative
pathologies [115]. Several studies found that the SIRTI1-
PGCl-a axis was associated with exercise-induced mito-
chondria-mediated neuroprotection by increased mitochon-
drial biogenesis [116, 117]. Silent information regulator T1
(SIRT1) is an enzyme that deacetylates peroxisome PGC-
la, which increases its transcriptional activity. Increased
levels of SIRT1 and PGCIl-a were found after moderate
long-term exercise in rats [116] and mice [117], suggesting
that exercise can upregulate the SIRT1-PGCl-a axis. Fur-
thermore, these studies demonstrated various mitochondria-
related beneficial effects of exercise in the brain, including
increased mtDNA content [116], decreased pS3 acetylation,
increased activation of 5’AMP-activated protein kinase
(AMPK), as well as a concomitant increase in the content of
mitochondrial respiratory complexes [117]. The above
evidence suggests that exercise-induced activation of
SIRT1-PGCl-a can increase mitochondrial biogenesis and
promote neuronal health.

Exercise can also provide protective effects for the brain
by promoting mitophagy through mediating the AMPK-
Ulkl pathway. It was found that LC3-II (a marker for
autophagy) was co-localized with mitochondria and the
autophagic flux was increased following exhaustive tread-
mill running in mice [118]. Moreover, a recently published
study demonstrated that AMPK phosphorylation of Ulkl
was essential for exercise-induced mitophagy [114].
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Exosomes: a bridge between muscle and brain

Exosomes are “saucer-shaped” vesicles [119] first dis-
covered within maturing mammalian reticulocytes in 1987,
which have a phospholipid bilayer and measure between 30
and 100 nm [72]. They are formed intracellularly by the
inward budding of endosomes, with the endosome sur-
rounding them termed multivesicular bodies (MVB). MVB
can then fuse with the plasma membrane to release the
exosomes to extracellular space. Exosomes can be found in
various body fluids, including plasma, saliva, urine,
amniotic fluid, synovial fluid, pleural effusions, and
malignant ascites [119]. It was demonstrated that exosomes
can be secreted into the blood after exercise as signal
transducers, communicating with target cells via surface
interaction or membrane fusion, which in turn mediated the
release of the exosomal contents into the target cells and
activated downstream signaling [120].

Exosomes were suggested to be key players in enabling
muscle-tissue crosstalk during exercise in a recently con-
ducted study. Increased plasma levels of myokines, as well
as proteins highly enriched in small extracellular vesicles,
were observed in humans after an hour of cycle exercise
[121]. Exosomes packed with hundreds of peptides
were also found to be released from skeletal muscles in
mice [122]. In a pilot study, an exosome marker, ALG-2-
interacting protein X was found to be severely depleted
right after acute endurance exercise, suggesting the presence
of exosomes in muscles and their exercise-dependent
release. Moreover, up to 75% of reported myokines were
found to exist in exosomes [123], highlighting the possi-
bility of exosomes mediating exercise-induced myokines
release.

It is well known that the BBB is the most important
insuperable barrier for many signal molecules from the
periphery to interact with the brain. Molecules flowing
freely within the plasma cannot pass through the BBB
easily, but exosomes are capable of migrating across the
BBB via the transcellular route [124]. Multiple pharmaco-
logical studies aimed at treating brain diseases like primary
brain cancer [125] and PD [126] had employed the use of
exosomes as a means to deliver drugs to the brain, while
others merely demonstrated that exosomes could cross the
BBB [124] or deliver genetic cargo like siRNA across the
BBB [127]. Despite the diverse aims and designs of these
studies, they have consistently demonstrated the successful
migration of exosomes across the BBB.

As the above evidence suggests, exosomes carrying
myokines are released during exercise. Moreover, exo-
somes also have a favorable interaction with the BBB.
Taken together, these results lead us to believe that exo-
somes might have an important role in the muscle-brain
crosstalk.
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Brain changes during exercise-induced hippocampal
neuronal activation

Regarding the previously discussed circulating myokine
hypothesis, exercise exerted its effects by blood-borne
muscle-derived factors. Recently, it was proposed that the
direct neuronal stimulation to the brain during exercise
might also be involved with the beneficial effects of exer-
cise in the brain [128]. Neuronal activity could induce
widespread changes in the structure and function of the
brain, including the modulation of membrane receptors,
neurotrophic factors, dendritic spines, and even blood ves-
sel structure [129]. Many studies have shown that hippo-
campal neurogenesis was affected following electrical
activity and neuronal activation [130, 131]. Specifically,
these studies not only showed that neurogenesis occurred in
the presence of stimuli like Ca*" channel and NMDA
activation, but also demonstrated that these stimuli alone are
sufficient to promote differentiation and proliferation of
neurons. Activation of the neurons in the hippocampus
during exercise has been reported in different rodent models
[129, 132], and the specific form of neuronal activation has
been demonstrated as an acute expression in immediate
early genes (IEG) [132, 133] changes in regional
blood flow, increased firing rates of neurons in the hippo-
campus and simultaneous modulation of hippocampal
theta oscillations (4—-12 Hz) [134] and gamma oscillations
(30-120 Hz) [133].

The direct relationship between the average running
speed and the degree of neuronal activity has been
demonstrated by the changes of the IEG, which reflect the
extent of chronic activation since high levels of IEG cor-
relate with increased gene expression and cell remodeling
[135]. Induction of IEG was originally thought to occur
when the animal explored a novel environment [136], but
animal models of exercise have shown that chronic exercise
induced a proportional increase in IEG-activated neurons
[137]. Consistently, electrophysiological studies also
showed a close relationship between the firing rates of
hippocampal neurons and the instantaneous moving speed
of rodents in animal models including voluntary wheel
running [138], treadmills [139] and mazes [140]. Interest-
ingly, another experiment, which compared active and
passive movement, found that spatial movement without
actual physical activity was not enough to excite hippo-
campal neurons [141]. This finding suggests that neuronal
activation during exercise is mainly attributed to the amount
of physical activity, instead of the novelty of experience or
spatial navigation.

Exercise was also found to elicit synchronized hippo-
campal neuronal activations called theta waves, during both
initiation of exercise and ongoing movement [134]. Theta
rhythms are electrical waves ranging from 4 to 8 Hz,

generated from hippocampal regions like CA1-3 and DG
[128]. It is suggested that the inputs from the medial septum
and nucleus of the diagonal band of Broca (MS-DBB) to the
hippocampus are responsible for synchronizing hippo-
campal neuronal activity during theta oscillation [142], with
modulations of the MS-DBB pathway coming from the
posterior hypothalamic nucleus [143] and the vesicular
glutamate transporter 2-positive neurons [139]. The activ-
ities of the MS-DBB axis, as well as the medial entorhinal
cortex, are both shown to predict theta waves and the speed
of locomotion [143].

The common and distinct
pathophysiological changes induced by
different types of exercise

As mentioned previously, great deals of studies have
revealed the effects of physical exercise on cognition and
related pathophysiological mechanisms. In general, there
exists four types of exercise, which are AE (e.g., running,
walking, and yard work), resistance exercises (RE, e.g.,
weightlifting and some types of gym training that use a
resistance band or an individual’s own body weight), bal-
ance exercises (e.g., Tai Chi) and flexibility exercises (e.g.,
Yoga). Although most studies focus on AE, nearly all types
of exercise have been demonstrated to reduce depression,
enhance cognitive function, and promote the recovery from
ABI [5, 144]. Furthermore, the combination of different
types of exercises led to greater benefits in brain functions
[145, 146].

It is suggested that different types of exercise induce
similar physiological and structural changes in the brain.
First of all, the levels of BDNF [147, 148] and serotonin
[149, 150] in serum are increased in different types of
exercise. Secondly, different types of exercise showed
similar anti-inflammatory effects by promoting the
induction of anti-inflammatory factors and inhibiting
the expression of pro-inflammatory factors, thereby
contributing to a healthy immunologic environment
[150, 151]. However, some types of exercise showed
greater benefits than other types of exercise to the brain by
modulating specific brain functions and pathophysiologic
markers, despite the similar cognitive and neuroplastic
outcomes with other types of exercise. A systematic
review suggested that although both AE and RE improved
visuospatial function in older humans, AE induced greater
benefits in cognitive function and executive function than
RE [146]. In addition, it was also demonstrated in a
population-based analysis that AE showed a stronger anti-
inflammatory effect compared to RE, despite the fact
that they both reduced the levels of inflammatory
markers [152].
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Accumulating bodies of evidence from neuroimaging
studies revealed that different types of exercise have
divergent effects on the structure of the brain. It was
reported that AE increased the volume of the right hippo-
campus and prevented the atrophy of the medial temporal
lobe and anterior cingulate cortex [153]. Despite little
research on other types of exercise, a six-month clinical trial
showed that RE increased the volume of the hippocampus
[154], while Tai Chi increased the grey matter volume [155]
and yoga reduced the volume of the amygdala [156]. Taken
together, these results suggest that different types of exer-
cise might induce structural changes in diverse brain
regions. However, the current findings are from limited
studies that varied in frequency and duration of exercise,
and most importantly, the condition of the participants.
Therefore, more studies with larger sample sizes and
involving similar populations should be conducted in the
future to illustrate the diverse effects of different types of
exercise on the structure of different brain regions.

Cassilhas and colleagues demonstrated that, in a rat
model, both AE and RE improved hippocampus-dependent
learning and memory function. They found that AE pre-
ferentially promoted the induction of BDNF, while RE
preferentially increased the levels of IGF-1 in the hippo-
campus [157]. In addition, AE, rather than RE, induced
neurogenesis in the DG of adult male rats [158]. In line with
these results, it was found that AE and RE specifically
induced different isoforms of PGC-la, which has been
mentioned above for its role as an important myokine.
Specifically, PGC-la can be differentially spliced and
translated into different isoforms, including PGC-1al (the
previously described PGC-1a), -a2, -a3 and -o4, perform-
ing functions like promoting mitochondrial biogenesis, fatty
acid oxidation and angiogenesis [159]. The levels of PGC-
lad are most dramatically increased during RE both in
mouse and human muscle [160]. Interestingly, it was found
that SIRT3 and PGC-1a (1) levels were increased following
AE, but not RE [161], indicating that AE and RE promote
the induction of PGC-lal and PGC-lo4, respectively.
Furthermore, since AE was shown to increase BDNF
expression in the hippocampus via the PGC-1a (1)/FNDC5
pathway [49], while PGC-104 is known to regulate genes in
the IGF-1 pathways [159], these findings, which are con-
sistent with the findings of Cassilhas and colleagues, sug-
gest that AE and RE might benefit the brain via distinct
pathways.

Conclusion
In conclusion, exercise will be one of the promising ther-
apeutic strategies in preventing mental disorders, neurode-

generation, and ABI. Several molecular targets have been
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identified, which are critically involved in the different brain
regions that could be beneficial for patients with mental
disorders and neurodegenerative diseases. Exercise mod-
ulates neurotransmitter release, enhances neurogenesis,
exerts anti-neuroinflammatory actions, triggers neurotrophic
factor release, as well as modulates intracellular signaling to
inhibit neuronal dysfunction and promote synaptic plasti-
city. In line with these exciting results, exercise training is
shown to ameliorate different neuropathology in neurode-
generative patients. By discovering more molecular path-
ways which are specifically activated by exercise, potential
biomarkers which reflect the advantage of exercise may be
developed, and it may assist clinicians to tailor make
exercise regimes for individual patients, including the type
and intensity of exercise.

Nevertheless, there are still many obstacles and chal-
lenges along the research path regarding exercise in neu-
roprotection. As indicated in previous reports, exercise is a
complicated behavior that involves the interactions between
the brain and periphery. Multiple, rather than single path-
ways, are expected to be involved in the neuroprotective
mechanisms. Future research should focus on the interac-
tion between the periphery and brain, and how this inter-
action may influence subsequent neuronal dysfunction and
neuropathology in the brain.
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