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Abstract: Physical activity and exercise have several beneficial roles in enhancing both physiological and psychological

well-being of an individual. In addition to aiding the regulation of aerobic and anaerobic metabolism, exercise can

stimulate the synthesis of exerkine hormones in the circulatory system. Among several exerkines that have been

investigated for their therapeutic potential, Brain-derived neurotrophic factor (BDNF) is considered the most

promising candidate, especially in the management of neurodegenerative diseases. Owing to the ability of physical

activity to enhance BDNF synthesis, several experimental studies conducted so far have validated this hypothesis and

produced satisfactory results at the pre-clinical level. This review highlights some of the recent animal model studies

that have evaluated the efficiency of exercise in enhancing BDNF synthesis and promoting neuroprotective effects.

Further, this review focuses on understanding the therapeutic benefits of exercise-induced exerkine synthesis as a

non-pharmacological strategy in Parkinson’s disease (PD). Regarding physical activity and exerkine induction, the

neuromuscular electrical stimulation (NMES) strategy could be considered as an alternate treatment modality for

patients affected with PD.

Introduction

Parkinson’s disease (PD) is one of the most prevalent
neurological disorders, clinically next to Alzheimer’s disease
(AD). It is characterized by rigidity, tremors, and motor
deficiency as a result of the death of dopaminergic neurons
(DA) at the substantia nigra in the mid-brain [1]. It is
commonly observed among the elderly, and with longer
lifespans and with an increasing geriatric population, such
neurodegenerative diseases are on the rise [2]. As per the
Global Burden of Disease Study, the number of PD cases is
estimated to reach nearly 15 million by 2040 [3]. It is
consequential to bring about a therapeutic strategy to treat
and increase the quality of life for patients with PD. With
no cure for PD currently, research has shifted to controlling
PD symptoms with strategies to supplement, stimulate, and
maintain healthy DA neurons [4]. Recently, studies have

shown the importance of physical activity and its potential
benefits in treating a wide range of neurological disorders [5].

Exerkines are a class of proteins and nucleic acids, which
are secreted by multiple body tissues in response to endurance
exercise. The term myokines was first used to describe the
secretions of interleukin-6 (IL-6) and other cytokines from
the skeletal muscles. Apart from myokines, various other
tissues also release cytokines into circulation, such as
nephrokines from the kidneys, neurokines from the brain,
and hepatokines from the liver [6]. Skeletal muscle acts as
an endocrine organ by producing and releasing myokines.
These later help in the maintenance of nervous, endocrine,
and immune systems. Myokines were later defined to
include peptides and nucleic acid cytokines, produced,
expressed, and secreted from the muscle fibers [7].

The majority of exerkines released into circulation fall
into one of two categories. These can either be classified as
growth factors or could be nucleic acids like microRNAs
(miRNAs). Growth factors such as vascular endothelial
growth factor A and fibroblast growth factor 2 (FGF-2),
among others, are found in large quantities in blood,
following exercise. On the other hand, miRNAs have found
to be involved in pathways such as myocardial remodeling
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and sarcoplasmic hypertrophy. miRNAs were initially thought
to be restricted to be within the cell, but have also been
detected in blood plasma; hence, these are known as
circulating miRNAs. Similar to growth factors, miRNAs are
also detected in the blood following intense exercise [8].

Since skeletal muscle contributes to 40% of the total body
weight, they are considered to be amongst the largest organs in
the body [9]. Hence, exerkines released have great potential to
induce changes in multiple peripheral organs. Skeletal muscle
serves as a factory for the synthesis of numerous myokines
such as IL-6 family proteins, brain-derived neurotrophic
factor (BDNF), FGF-2, and insulin-like growth factor 1
(IGF-1). IGF-1 and FGF-2 are important in communication
between the bone and skeletal muscle. By inducing myotube
and myoblasts, BDNF facilitates muscle regeneration [10].

Exercise therapy was generally found to alleviate a few
symptoms exhibited by patients with PD, such as a decline
in physical and cognitive function. However, the precise
factors responsible for such beneficial effects were unknown
[11,12]. Besides releasing CO2, water, and energy from
carbohydrates, muscles were also found to be secreting other
independent cytokines. Although exercise-based cytokines
were discovered, they were extracted, isolated, and
characterized much later.

Decades later, exercise physiologists could determine the
role of these ‘exercise-factors’ in the signaling of central and
peripheral organs where the beneficial properties of these
cytokines were understood [8,13,14]. Studies have shown a
direct link between physical inactivity and the development
of metabolic and aging-related diseases like diabetes
mellitus, cardiovascular diseases, and other progressive
neurodegenerative disorders. This review majorly focuses on
understanding the influence of exercise in enhancing
exerkine synthesis, particularly with emphasis on the role of
BDNF in mediating neurogenesis in the PD-affected brain.

Regulatory Pathways of Exerkines

In humans, exerkines as well as other cytokines, are secreted in
one of three ways, namely, exosomes, microvesicles, and
apoptotic bodies. While the differentiation between the three
classes remains ambiguous, exosomal secretion is widely
accepted as they are important in both local and systemic
cellular communication. Following aerobic exercises, a
notable decrease in exosomes (containing exerkines) is
observed within the skeletal muscle while, there is a
simultaneous increase in the circulating serum. Thus, it
leads to the creation of the term exersomes, referring to
exosomes carrying exerkines [15].

The term extracellular vesicles (EV) encompasses
different types of secretions, such as exosomes and
microvesicles. Cells usually sequester peptides, nucleic acids,
and other compounds in the form of intracellular vesicles.
These vesicles are called endosomes. Upon fusion with the
plasma membrane, they bud out and form vesicles called
exosomes. Exosomes are 50–100 nm in diameter and are
majorly composed of lipids and protein ligands. The exact
composition of each exosome varies with the target tissue
and the cargo. The surface-proteins on these EVs have a
unique set of ligands, which aids in fingerprinting. This

helps identify and characterize each exosome to its
respective cargo [16].

Myokine Regulation

Experimental studies have shown that upon AMP-activated
protein kinase (AMPK) activation, IL-6 secretion from
skeletal muscle increases. Many metabolic and transcriptional
responses to exercise have been hypothesized to be regulated
by 5-aminoimidazole-4-carboxamide riboside (AICAR)
activation. AMPK has been linked to IL-6 expression and
secretion in response to contraction. Exercise has been
shown to increase AMPK activity in the muscle and IL-6
levels in the blood. Apart from IL-6, the AMPK-dependent
pathway aids in determining the intracellular source and
depletion kinetics of a variety of other myokines. A research
study has found that intact muscle fibers act as endocrine
cells by rapidly decreasing exosomal content in response to
muscle contractions [17].

Apart from muscle contraction and exercise, studies have
also employed mechanisms to study the effect of various
synthetic/natural compounds that induce myokine secretion.
Many such chemicals targeted induction of myokine
production, i.e., upregulation/downregulation of one
particular hormone. Only AICAR and leptin could mediate
multiple myokine secretion. AICAR is an AMPK activator
that plays a pivotal role in the synthesis of many myokines,
including BDNF, IL-6, and irisin [18]. Meanwhile, leptin is
a peptide that regulates energy balance by majorly acting on
the adipocytes. They have the ability to induce the secretion
of IL-6, IL-15, and irisin [19]. Proteomic and transcriptomic
profiling of these myokines have revealed that they can
carry out autocrine, paracrine, and endocrine actions [20].

Myokines have been shown to display autocrine
pathways of regulation. Myokines such as IL-6 and BDNF
were discovered to be acting on the muscle cells themselves
to promote lipolysis, glucose uptake, and lipid oxidation. On
the other hand, a few myokines, such as apelin, helped in
the inhibition of muscle hypotrophy [21]. It is well known
that skeletal muscle expresses a wide range of myokines, but
it seems unlikely that AMPK is the only factor responsible
for their release. Given the energy-saving nature of AMPK,
it is possible that AMPK from the skeletal muscle is
involved in the release of myokines that aid in the
maintenance of skeletal muscle energy homeostasis. If so,
myokines like IL-6, IL-15, BDNF, and leukemia inhibitory
factors could be potential candidates [22].

Their paracrine actions include immune cell activation
and differentiation, and extracellular matrix production and
remodeling. These myokines recruit immune cells to control
inflammation and muscle regeneration post-exercise. Apart
from the immune system, exercise-derived myokines have
been shown to positively impact the vascular and the central
nervous systems [20].

Human-exercise studies have shown that the
bioavailability of myokines decreases four hours post-exercise.
This indicates the rapid absorption of myokines in distant
organs. This also confirms the previously hypothesized
multiple muscle-organ cross-talk, contributing to rapid
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metabolism [23]. Further studies are required to explore the
mechanisms of muscle-brain cross-talk [21].

Significance of Exercise in Enhancing Exerkine Synthesis

Physical activity is defined as skeletal-muscle-mediated body
movement, which burns more energy when compared to the
resting state [24]. As per the current estimates, nearly one-
third of the world population is physically inactive. The
World Health Organization recommends 150 min of
moderate-vigorous exercise per week, which is not met by
the general population [25]. An unhealthy lifestyle is a
consequence of the additive results of physical inactivity and
improper diet patterns. These factors can lead to the
development of hyperglycemia, hypertension, and obesity,
which are the key hallmarks of metabolic disorders [26]. By
preventing and treating many metabolic disorders, physical
exercise plays a vital role as an ideal non-pharmacological
therapeutic strategy. The benefits of physical activity
attribute skeletal muscle with the maintenance of body
homeostasis. Myokine secretion protects against physical
inactivity and other related diseases [27]. Physical inactivity
is consistently associated with an increased risk of
neurodegenerative diseases in the older population [28].
With the increasing life expectancy due to better healthcare,
geriatric care has become vital, and physical inactivity is
especially significant in this population [29].

Aerobic as well as anaerobic training can involve isotonic
and isometric muscle contractions. Isometric contractions do
not cause a change in muscle length. They are not involved in
limb/body movement. Whereas isotonic contractions involve
a change in muscle length, thereby producing a muscle
movement. Isotonic contractions mediate limb movement
without change in muscle tension, such as walking, running,
and cycling. They are also called endurance training
(aerobic) because they involve highly repetitive but low-
resistance movements. Contrarily, isometric contractions do
not involve any joint movement but still undergo muscle
tension. This includes exercises commonly incorporated in
strength training regimes [30]. Thus, it is known as
resistance training (anaerobic) owing to the high resistance
and low-repeating movements. Most physical activities
require both types of muscle contractions; however, the
extent of their effectiveness is dependent on the type of
contraction involved [31,32].

Aerobic exercise ensures the involvement of large
muscles of the cardiovascular and respiratory systems, as
oxygen is utilized, which is vital for losing fat. On the other
hand, anaerobic exercise involves bursts of high-intensity
activity independent of oxygen uptake, which helps increase
muscle mass [24]. The anaerobic exercise showed increased
circulating levels of asprosin, irisin, and IL-6 [33]. Myokines
such as omentin, follistatin, and FGF-21 were secreted in
response to both low and high-intensity endurance training.
They were present in the circulating plasma in significant
quantities. They also discovered that higher-intensity
exercise induced greater levels of the same myokine when
compared to low-intensity training [34]. Another study
found the upregulation of myokines like BDNF, follistatin,
decorin, and insulin sensitizing agent Metrl, post

resistance training [35]. It was proven that growth factors
are released after both aerobic exercise and resistance
training. These growth factors, which are secreted from the
skeletal muscle, include BDNF, IGF-1, and VEGF. Between
aerobic exercise and resistance training, the circulating levels
of myokines were higher in the case of aerobic/endurance
exercise [36].

Role of Exerkine Secretion

Cross-talk between muscle and the brain in response to exercise
Skeletal muscles comprise several muscle bundles called
fascicles, which in turn, consists of muscle fibers called
myofibrils. Hence, skeletal muscles have a complex
anatomical organization and exhibit various physiological
activities in response to their usage associated with
voluntary movements. Being an abundant tissue in the
human body, which also acts as a storage site of major
biomolecules, such as, glucose, amino acids, and fatty acids,
the muscles are, therefore, important regulators of whole-
body metabolic homeostasis. Skeletal muscles are involved
in a myriad of activities like maintaining body posture,
generation of force along with power while during
movements that are voluntary, and, most importantly,
breathing and thermoregulation [37].

Physical activity in any form particularly exercise, has a
plethora of benefits that help enhance the anatomical,
physiological, and biochemical characteristics of the skeletal
muscle. With special emphasis, several studies conducted in
the past have brought some perspectives about the beneficial
effects of physical activity in the form of aerobic and
resistance exercise on brain health and function [38–40].
Apart from a scientific point of view, perspectives from
historical as well as evolutionary aspects tend to suggest that
there is a significant association between muscles and the
organ–brain [41]. Exercise has several instrumental effects
on brain health by alleviating symptoms of stress and
depression, reducing the risk of developing neurological
disorders like dementia and Alzheimer’s disease, and
maintaining metabolic control as well as cognitive function
[41,42]. Recently, studies have been conducted using
animal models to specifically deconstruct the mechanisms
behind the beneficial effects of physical exercise-induced
spatial learning and memory improvement, including
neurodegenerative conditions [40].

Studies conducted ‘hitherto’ have identified that almost a
large network of areas in the brain that is nearly 82% of the net
grey matter volume can be modified by the effects of exercise
[43]. Studies conducted in mouse models have demonstrated
that exercise results in an increased blood supply as well as an
increased volume of the hippocampal region of the brain [44].
Similarly, experimental results of several other mouse model
studies displayed that exercise leads to increased synaptic
plasticity along with the induction of morphological changes
in dendrites [38,45]. Given that the brain can sense physical
activity, as evidenced by morphological and physiological
changes, [43,44] these results suggest that there should be a
cross-talk between muscle and the brain through muscle-
induced peripheral factors [41].
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Vigorous findings related to exercise and brain health
indicate the presence and existence of the muscle-brain
endocrine loop. However, their clarity regarding which
peripheral mechanism brings positive, beneficial effects of
exercise is lacking [41]. Nevertheless, studies have elucidated
that skeletal muscle functions as an endocrine organ. These
muscles have the ability to produce and secrete hormones
called as myokines that deploy their function either in
autocrine, paracrine, or endocrine ways [46]. Recent
advanced studies have portrayed the fact that skeletal
muscles process myokines in response to physical exercise,
which thereby allows cross-talk between the muscle and
brain, including other organs and components such as liver,
gut, adipose tissue, bone, pancreas, vasculature bed, skin as
well as within the muscle itself [41,46]. In addition to
circulating myokines, many other exerkines (including
peptides, nucleic acids metabolites) that are released by the
skeletal muscle in response to exercise, direct feedback from
the muscle through the peripheral nervous system and
central nervous system (CNS) to the brain, is involved in
muscle-to-brain communication as well [41].

Cross-talk between the brain and the muscle, in turn, is
regulated by the blood brain barrier (BBB), which primarily
separates components of the CNS- brain and spinal cord
from the rest of the peripheral organs [47]. For maintenance
of homeostasis in the CNS, BBB takes the lead control and
regulates the transfer of nutrients and cells from the blood
to the brain and vice-versa. BBB restricts the entry of
peripheral inflammatory mediators (antibodies, cytokines)
and also aids in the clearance of harmful toxins from the
brain to blood, and regulates the volume and composition
of the cerebrospinal fluid (CSF) [48]. Similar to the effects
of physical activity in enhancing muscle-brain cross-talk,
there is a cross-talk between physical activity and BBB
permeability. This is of interest because pathological changes
caused to the brain due to genetic mutations or secondary
to other neurodegenerative conditions can lead to
aberrations in the CNS microvasculature, thereby affecting
BBB. These factors have the potential to affect the
permeability of BBB and can result in its breakdown and
cause several neurodegenerative disorders such as AD,
multiple sclerosis, and PD [49]. Interestingly, there is a
strong theoretical framework suggesting that physical
activity is effective in modulating the BBB permeability in
several neurodegenerative diseases, owing to its influence on
systemic inflammation, the nor-adrenergic systems, and
brain renin-angiotensin systems, central autonomic
function, and the kynurenine pathway [48].

Synergism between Exercise-Exerkine and Dopaminergic
Neurons Regulation

Exercise has been demonstrated through several pre-clinical
studies to be invaluable in alleviating oxidative stress and
damage caused to DA during PD progression [50,51]. This
is partly attributed to the enhanced secretion of exerkines
into the circulatory system, which confers neuroprotective
effects on the brain [52]. A classic example of exercise in
providing neuroprotection to animal models of PD includes

the work of Zigmond and his team. The authors have
demonstrated the beneficial effects of exercise in attenuating
the behavioral deficits caused in a neurotoxic mouse model
of PD. Such behavioral deficits are incurred because of the
loss of DA neurons along with the effect of dopaminergic
toxins [53]. A group of researchers employed a
heterozygous knockout (KO) mouse of BDNF +/− and
compared the dopaminergic output with respect to wild-
type (WT) controls. Both groups of mice were enrolled in a
30-day voluntary exercise regimen by means of wheel-
running to examine the exercise dependent DA release. Two
regions of the brain were particularly analyzed to test the
difference in BDNF-dependent DA secretion. They were the
dorsal striatum (dStr) and in the nucleus accumbens (NAc)
shell and core. After the 30-day exercise regimen, an
enhancement of DA in WT, along with the absence of DA
secretion in BDNF +/− KO, pointed to the vital role of
BDNF in the synthesis of DA. The results of NAc core and
dStr were congruent with the hypothesis due to their
involvement in the nigrostriatal pathway [54].

Another similar study concluded two endpoints favoring
the positive link between BDNF and DA. Striatal
dopaminergic deficient mice models were developed by
artificially injecting lipopolysaccharide into the peritoneum.
To reverse this induced state, the mice were enrolled in a 4-
week exercise regimen, which showed healing effects in the
striatum. The first endpoint showed that exercise regimen
restored low DA levels and DA neurons. The second
endpoint dealt largely with the mechanism behind the
restoration of DA neurons. It was shown that when
mice were administered with tropomyosin receptor kinase
B (TrkB) receptor antagonist, a similar reversal of
dopaminergic deficiency was not observed, thus pointing to
the importance of the TrkB-BDNF pathway in nigrostriatal
maintenance [55]. As shown in Fig. 1, we can observe the
BDNF cascade and its mechanism of action via the TrkB
and cAMP-response-element-binding protein (CREB)
pathway. Additional studies have shown the molecular
mechanism behind DA upregulation [56]. When BDNF
binds with TrkB receptors, it promotes CREB protein
expression, which leads to the production of tyrosine
hydroxylase (TH). TH plays a vital role in DA secretion as
it converts L-tyrosine to L-DOPA, which serves as the
precursor for DA. The resulting DA enhances neuronal
survival and differentiation [57].

Human mesenchymal stem cells (hMSCs) were
established from dental pulp, adipose tissue, and bone
marrow. Later, when exposed to BDNF, it induced neuronal
cell lineages. Differentiated cells were confirmed with the
presence of biomarkers like TH and nestin. Among the
three tissue sources, dental pulp showed the greatest
efficiency in differentiating into DA. Therefore, the
dopaminergic cell phenotype was achieved in vitro with
minimal induction. hMSCs thus have great potential to
develop functional DA models for both drug testing and
transplantation purposes [57].

Additional neurotrophic factors (NTFs), particularly,
glial cell line-derived neurotrophic factor (GDNF) and
cerebral DA neurotrophic factor (CDNF), function similarly
to BDNF in many aspects. GDNF functions by activating a
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canonical receptor tyrosine kinase (RTK) called rearranged
during transfection and confers protection to DA from α-
synuclein aggregates, as observed in both in vitro and in
vivo PD models [58]. α-synuclein build-up leads to the
formation of aggregates known as Lewy bodies that affect
neurotransmission and is one of the key hallmarks of PD
[59]. Whereas, CDNF and its homologous protein
mesencephalic astrocyte-derived neurotrophic factor have
been linked with neurorestorative function by regulating
endoplasmic reticulum stress from within the cells. CDNF
knockout was found to decrease dopaminergic
neurotransmission in mice striatum, likely due to abnormal
DA transporter (DAT) [60]. Both GDNF and CDNF help
overcome neurodegeneration by increasing survival via the
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt)
pathway, as observed in BDNF [61]. Rodent studies have
demonstrated that high-intensity endurance and treadmill
training can improve CDNF synthesis in the cerebral cortex
and PD-induced spinal cord, respectively [62,63]. Further,
it was observed that the introduction of exogenous
CDNF rescues neurodegeneration at the corpus striatum.
Zigmond and colleagues proclaimed that by performing
exercise, there is an enhanced expression of neurotrophic
factors, especially GDNF. They also indicated that GDNF
can lower the damage engendered to DA neurons owing to
the activation of important intracellular cascading
molecules. Their work signified the intrinsic ability of DA
neurons to respond to both intracellular and extracellular
stress signals by activating endogenous neuroprotective
mechanisms [53].

Exercise-Induced Brain-Derived Neurotrophic Factor
Synthesis

Upregulation of brain derived neurotrophic factor
Endurance exercise was found to be beneficial in the prognosis
of neurodegenerative diseases with the discovery of the
peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a)/fibronectin type III domain-
containing protein 5 (FNDC5)/irisin/BDNF pathway as
shown in Fig. 1. Skeletal muscle undergoing contraction
releases PGC-1a, which later synergistically acts along with
estrogen-related receptor proteins to induce the expression
of FNDC5 gene [64]. FNDC5 is a membrane protein that
gets activated in a PGC-1a-dependent manner. It is initially
produced in the contractile state of the skeletal muscle and
is secreted following proteolytic cleavage [65]. The
circulating form is known as irisin, which is one of the
newly discovered myokines [66].

Irisin is directly linked with the upregulation of BDNF
and improving the overall cognitive and memory function.
Studies have shown the ability of irisin to regulate
neuroprotective function in the brain directly or via other
neurotrophin molecules [67]. Given that the PGC1a/
FNDC5/irisin/BDNF pathway has been identified as a
critical mechanism in exercise-induced neuroprotection, it
can potentially be used for a variety of therapeutic purposes.
BDNF is synthesized by neurons and promotes many
intracellular signaling events via TrkB receptors, enhancing
CREB activity and PGC1a expression. It all usually
equates to improved overall brain activity. Numerous

FIGURE 1. The muscle-contraction-derived BDNF is upregulated in a proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α)/
fibronectin type III domain-containing protein 5 (FNDC-5)-dependent manner. The brain-derived neurotrophic factor (BDNF) thus
produced confers neural longevity and memory via the TrKB and CREB pathways, respectively.
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neurodegenerative conditions, such as AD and PD, have
directly benefited from the neuroprotective effects of
exercise. Nonetheless, the mechanisms by which exercise
improves the neuro-disease condition are still not clear. It is
widely accepted that exercise boosts the production of
neurotrophic factors like BDNF and other factors that
enhance the survival and activity of neuronal tissues in
general [68].

Molecular Pathways Involved in Brain Derived
Neurotrophic Factor Action on Dopaminergic Neurons

BDNF is a neurotrophic growth factor synthesized along with
neurotrophins. It is initially synthesized in its inactive form
(pro-BDNF) at the endoplasmic reticulum. It is later
transported to the Golgi apparatus for packaging into
vesicles, where it is activated to mature BDNF (mBDNF)
[69,70]. This conversion is mediated by metalloproteinases
known as carboxypeptidase E (CPE) [71]. BDNF signaling is
mediated by both TrKb and CREB pathways and is
represented in Fig. 1. While the TrKb pathway promotes
neural survival, growth, and synaptic plasticity, the CREB
pathway upregulated the mechanism of learning and
memory in the hippocampus [72].

BDNF actively binds to TrkB, a member of the RTKs
superfamily, and is found in the brain. BDNF binding
induces dimerization and auto-phosphorylation of the
tyrosine residues, which activates G proteins. These
activated G proteins then modulate secondary signaling
via Ras/mitogen activated protein kinase (MAPK), PI3-
kinase, and phospholipase-C-γ (PLC). Ras acts as a
common inducer for the activating MAP kinase, PI3-kinase,
and PLC pathways. Ras activates the MAPK/ extracellular
signal-regulated kinases (ERK) pathway, which is critical for
the survival of the neuron as it inhibits pro-apoptotic factors
and promotes the expression of pro-survival genes. Ras also
promotes the uptake and capture of pro-apoptotic factors via
the PI3K/AKT pathway. Additionally, the Ras phosphorylates
PLC-γ protein, which relays the activation of the
diacylglycerol/inositol trisphosphate pathway. Throughout
life, the BDNF-TrkB signaling pathway in the CNS performs
a wide range of functions, including cell survival, migration,
synaptogenesis, and synaptic repairing. While the same
neurotrophins bind to TrkB, they are involved in many
signaling pathways [73–75].

These pathways finally result in the upregulation of
transcription factors like CREB and CREB-binding protein
(CBP) that promote the expression of pro-survival genes in
neuronal cells [71]. In cultured neurons, it was discovered
that, upon exposure to BDNF, the neurons upregulate the
gene expression via activation of transcription factor CREB.

CREB is phosphorylated by the activation of the calcium-
calmodulin-dependent kinase pathway and Ras-dependent
pathway. It was observed that BDNF performed the
following function via the CREB activation.

BDNF exposure in cortical neurons increased the
secretion of neurotransmitters and the formation of new

synaptic junctions, and improved axonal sprouting and
dendritic growth [76]. The BDNF plays a pivotal role in
neurogenesis by controlling the growth of dendrites. As
previously seen, BDNF promotes the survival of neurons by
several pathways. Further, BDNF also induces Ca2+

signaling, which serves to improve synaptic plasticity.
BDNF, through TrkB signaling, has been shown to inhibit
the termination of GABAergic neurons in the substantia
nigra, which plays a therapeutic role in PD. Moreover, it
also causes the enlargement of nigral neurons. Contrarily,
the decrease in BDNF levels in plasma has been indicated in
many neurological disorders like PD, AD, Huntington’s
disease, and bipolar disorders [71].

Brain-Derived Neurotrophic Factor Expression During
Aging

In older population the circulating concentration of BDNF
declines. This contributes to various neurological symptoms,
as observed in geriatric patients. They include cognitive
decline, cerebral atrophy, and loss of neurons along with
synaptic plasticity [77]. Contrarily, studies have shown that
BDNF can protect the brain from neurodegenerative
disorders in the aged population. The exerkine particularly
protects the hippocampal and the dentate gyrus regions of
the brain. However, due to declining levels of BDNF, its
protective nature also gets weakened [78]. Similar studies
have also proven the multifactorial decline in the BDNF
pathway. It was shown that apart from BDNF, FNDC5,
PGC-1α, and other signaling peptides were drastically
reduced from circulation in aged individuals [79].

Importance of exerkine metabolism in influencing
Parkinson’s disease pathophysiology.

Current non-pharmacological treatment strategies for
Parkinson’s disease.

Non-pharmacological treatment modalities for PD range
from conventional complementary and alternate therapies to
modern therapeutic modalities. Complementary therapies
are beneficial to patients with PD because they can offer
both symptomatic relief along with disease-modifying
strategies. Physical activity in the form of exercises has been
identified to confer enormous benefits to patients with PD
because it can attenuate the impact of motor dysfunction
symptoms and improve cognitive abilities [80,81]. Further,
recent studies have highlighted the potential of physio-
exercises in providing neuroprotective effects to PD animal
models by increasing the synthesis of neurotrophic factors,
enhancing mitochondrial function, and stimulating
neuroplasticity [82]. More precisely, recent clinical trials
have further highlighted that aerobic exercise such as
aerobic walking and stretching could mitigate some of the
PD motor dysfunction symptoms, namely, gait, balance,
physical performance, and some non-motor symptoms, such
as depression, fatigue, and cognition, but not for the
prevention of fall in PD affected patients [83,84]. Treatment
modalities such as acupuncture, qi gong, and tai chi
practices, mindfulness meditation, yoga, and other

698 VIRAAJ VISHNU PRASAD et al.



relaxation techniques such as dance and music therapy, usage
of traditional herbal medicines and utility of nutrition
supplements, and life-style habits have also conferred
therapeutic benefits to patients with PD. Tai chi, an ancient
Chinese physical exercise, combined with conscious breath
control, slow movements, and relaxation, has been identified
to be beneficial in reducing falls and balance impairments
along with additional functional improvement. This
combined exercise and conscious breathing strategy has
been proven to be a safe and feasible therapeutic strategy
that could be used for patients with mild to moderate
severity of PD [85].

In addition to the applicability of conventional
treatment modalities for improving PD symptoms, recent
advancements in non-pharmacological therapies have
further revolutionized PD treatment strategies. Deep brain
stimulation, a surgical technique that helps provide electrical
stimulation to the sub-thalamic nucleus and internal
segment of the globus pallidus, helps in the modulation or
disrupting patterns of neural signaling. This electro-
stimulated therapy was found to ameliorate motor
symptoms of PD [86].

Specifically, sub-thalamic nucleus-deep brain stimulation
could be preferentially used in the management of patients
with advanced PD with predominant posture and gait
disorders owing to the improvements in off time [87].
Despite the benefits of DBSs in improving the defects
caused in PD-associated motor symptoms, only less than 5%
of the population is suitable for undergoing this surgical
procedure [88]. With the advancements in the past two
decades, repetitive transcranial magnetic stimulation (rTMS)
has been monitored closely to be considered as a possible
therapeutic modality for patients with PD. As a non-
invasive procedure, rTMS therapy aims to deliver repeated
magnetic pulses to a specific region in the brain within a
short period of time. This procedure is achieved by placing
a stimulation coil over the scalp, which does not require any

usage of anesthetics or surgical maneuvers. The repeated
delivery of magnetic pulses alters the excitability of the local
stimulation site but also has the propensity to influence
distant brain regions through the cortico-basal ganglia-
thalamo-cortical motor circuit [89]. In addition, different
types of rTMS aid in causing different responses of cortical
excitability.

Although rTMS is beneficial due to its non-invasive
technical aspects, the potential risk of developing seizure, as
well as a small risk of scalp pain with transient headaches,
should be of concern [90]. Near-infrared light (NIr) therapy
is selectively used for treating tissue contusion where pre-
clinical studies using animal models have revealed that NIr
could improvise behavioral deficits and dopaminergic
neuronal survivals in PD mouse models [91].

Existing exerkines in the treatment of Parkinson’s
disease.

There are several exerkines whose functions have been
validated through extensive experimental studies; a list of
those few exerkines, along with their source of origin and
function, are listed in Table 1.

Apelin-13
PD is characterized by the loss of DA neurons via dysregulated
autophagy and endoplasmic reticular stress (ERS). Autophagy
ensures that abnormal proteins and damaged organelles are
properly degraded to maintain normal cell morphology.
Failure to undergo autophagy results in the accumulation of
intracellular components and reactive oxygen species (ROS).
In an earlier study, rat models were artificially induced with
dopaminergic neurodegeneration. Later, apelin-13 was
administered via intra-nigral injection in rats to test their
beneficial effects. It was inferred that α-synuclein protein
aggregation was responsible for inducing lysosomal
organelle degradation (autophagy) and ERS. Apelin-13
successfully helped prevent the aggregation of α-synuclein
by improving its clearance rate. Thus, apelin-13 exhibited

TABLE 1

List of most commonly investigated exerkines

S. No. Name Source Type Transport Target References

1. IL-6 Skeletal muscle Cytokine Blood Adipose, liver [92,93]

2. BDNF Skeletal muscle Cytokine Blood Brain and spinal cord [41,94]

3. FGF-2 Skeletal muscle, Liver Cytokine Blood Bone [10,95]

4. VEGF Skeletal muscle Cytokine Blood Heart, brain [96,97]

5. IGF-1 Skeletal muscle Cytokine Blood Bone [10]

6. miR133a/b Skeletal muscle miRNA Exosome Muscles [98,99]

7. miR122-5p Adipose tissue miRNA Exosome Liver, muscles, vascular tissue [100,101]

8. miR455 Heart muscle miRNA Exosome Kidney, pancreas, bone marrow [102]

9. Apelin Skeletal muscle Cytokine Blood Skeletal muscle [103]

10. Irisin Skeletal muscle Cytokine Blood Adipose and muscles [104,105]
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neuroprotective behavior against PD [106]. Other studies
performed on human neuroblastoma cell lines have
showcased the anti-apoptotic and anti-oxidant properties of
apelin-13. Exposure to apelin-13 lowered levels of ROS,
which in turn, prevented the activation of caspase-3 and
cytochrome-c release, required for the onset of apoptotic
cascade [107,108].

Cathepsin B
In PD mouse models, contraction-dependent CatB was found
to remove α-synuclein aggregates in the brain due to its
autophagic and lysosomal activities, making it an effective
myokine [109,110]. CatB enhanced DA secretion by
upregulating key transcription factors required for the
expression of TH. TH, in turn, amplifies the conversion of
tyrosine, thereby upregulating the DA synthesis. Overall,
CatB was concluded to be responsible for reversing the
artificially induced neurotoxicity [111].

Insulin-like growth factor-1
Research studies have discovered that following physical
exercise, the uptake of circulating IGF-1 increases
tremendously in the brain region. IGF-1 is taken up via the
blood-CSF region. Once in the substantia nigra, the IGF-1
exerts a neuroprotective effect by mimicking BDNF function
[112]. IGF-1 promotes neuronal survival via PI3K/Akt. The
pathway taken by IGF-1 is responsible for motor behavior
and DA neuron viability. Thus it improves the PD
pathology [113].

Fibroblast growth factor-21
FGF-21 was administered to neuroblastoma and primary DA
cell line, which was artificially induced to develop PD
morphology. FGF-21 treatment was found to inhibit loss of
TH and improved mitochondrial function via the PGC-1α
pathway activation [114]. In the studies mentioned above,
PD morphology was artificially induced by treating with a
compound called 1-methyl-4-phenylpyridinium (MPP+).
Alternatively, its precursor molecule, 1-methyl-4-phenyl-1,
2, 3, 6-tetrahydropyridine (MPTP) can also be used to cause
the symptoms of PD by promoting the loss of DA neurons
at the substantia nigra. Both MPP and MPTP are potent
neurotoxins, which are used to understand PD
pathophysiology in animal and cell culture models better.
They induce intracellular oxidative stress, which eventually
leads to apoptosis [115].

Musclin
Musclin is another exercise-derived myokine that is
functionally identical to natriuretic peptides (NPs). NPs
indicated higher mitochondrial biogenesis via cyclic
guanosine monophosphate (cGMP)/PGC-1α pathway. PGC-
1α is a known player in dopaminergic neuroprotection.
Musclin contributes significantly in the regulation of NPs.
One of the major symptoms observed in patients with PD is
the oxidative stress of DA neurons associated with improper
mitochondrial function. Thus, musclin is of great
importance while considering therapeutic solutions to
PD [116].

Drawbacks of Alternative Therapies to Treat Parkinson’s
Disease (Administration of Neurotrophic Factors, Plasma
Transfusion)

NTFs are endogenously produced proteins that are usually
secreted in astrocytes, Schwann, and glial cells. The NTF
superfamily comprises neurokines, neurotrophins, and other
neurotrophic factors. This family of proteins is vital for the
survival and differentiation of neurons and in the regulation
of synaptic transmission and plasticity. They have also been
shown to protect neurons from neurodegeneration in
animal models of PD. Although the available animal models
accurately recapitulate the pathophysiology of PD, they fail
when depicting PD progression timeline in humans. In the
case of direct infusion systems, the location of the drug
delivery system to be implanted is still highly debated [117].

Currently, the treatment of PD involves the external
administration of neurotrophic factors to induce synthesis.
Gene/cytokine administration via viral/non-viral vectors has
shown to be a viable option to upregulate BDNF within the
CNS. However, in humans, this technique is associated with
several limitations, like the possibility of viral infection and
the elicitation of immune response. It is also well-known
that BDNF can be synthesized endogenously by muscles
through physical exercise. Exercises like aerobics, endurance
training, resistance training or a combination of the two
have indicated a decrease in PD symptoms. An increase in
serum BDNF levels was discovered only after several weeks
of intense exercise regimens. Although an increase was
detected after short workouts, the amount of reabsorbed
BDNF outweighed the amount initially secreted by the
skeletal muscle, hence quickly bringing down the circulating
levels back to normal [56]. One study hypothesized the
direct intra-putamen delivery of NTFs would likely be very
invasive and cause many adverse reactions. Even if the
current clinical trials prove effective, NTFs can only be
employed as a defensive mechanism in younger patients
with PD to provide neuroprotection to the intact remaining
nigrostriatal DA. Optimization of delivery methods is vital
for the success of NTF treatment [118,119].

Although physical activity has been attributed to
improved prognosis of neurodegenerative disorders, it also
has several limitations. The major drawback being the
inability of geriatric patients to undergo rigorous exercise
regimens [120]. A cross-sectional study compared patients
with PD who performed physical exercise vs. those who did
not. The main reason for inactivity in geriatric patients with
PD was found to be due to the dread of falling and the
reduced anticipation of favorable outcomes. Whereas, in
younger patients with PD, the most prevalent reasons for
their inability to exercise was inconvenience and lack of
time [121]. To circumvent this age-dependent challenge,
studies have attempted to understand the potential of blood
transfusion from exercised individuals to patients suffering
from such ailments.

In one such study, the transfusion of plasma from both
agile and sedentary mice was analyzed to study their
therapeutic effect against neurodegenerative disorders. Here,
plasma was extracted from exercised young mice population
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and transferred to the naïve mice population. This was
repeated over eight times in the period of 3 weeks. The
blood was transferred either by parabiosis or plasma
transfusion. It was found that plasma transfusions from
exercised mice improved the number of new neurons in the
hippocampus region. Additionally, the hippocampal
expression of mature neurons also increased in the naïve
mice [120].

Brain-Derived Neurotrophic Factor Synthesis through
Neuromuscular Electrical Stimulation (NMES) Strategy–
Future Perspectives

Exerkines are a group of hormones that are generally
synthesized after performing physical activities such as
aerobic and endurance training. Among all the exerkines
investigated so far, BDNF appears very promising owing to
its multi-beneficiary functions. One major advantage with
regard to BDNF is that by performing physical activity, the
levels of BDNF are further upregulated, which has been
clearly evidenced by the sheer number of experimental
studies. Studies have established a direct relationship
between the intensity of contraction and the BDNF
secretion. In studies involving human subjects with early-
stage PD, the group undergoing rigorous, intensive exercise
had higher levels of BDNF, which in turn also improved the
PD prognosis. Although both the control and intervention
subjects were prescribed the same medication, no significant
changes were seen in the control group, that did not
participate in any exercise regimen [122]. Another similar
pilot study found increased serum BDNF levels post-high-
intensity training compared to no or moderate-intensity
training. However, these changes were observed over a
longer period of training period, and individual training
sessions did not change BDNF levels significantly [123].
Although such studies show a correlation between rigorous
exercise and BDNF levels in patients with PD, the exact
exercise regimen and modality still remain largely debated.
Regardless, the results of such studies are in line with the
trend observed in similar animal models [124–126].

In an experimental setup, skeletal muscle cells were
cultured in a custom-made humidified chamber and
subjected to electrical stimulation. The contracting skeletal
muscle upregulated both BDNF mRNA and the BDNF
proteins. Additionally, along with the mature form of
BDNF, the pro-form was also secreted. This precursor (pro-
BDNF) could be activated by the action of matrix
metalloproteinases [127].

Similar studies showed that BNDF was secreted in the
soleus and medial gastrocnemius muscles in rats when the
sciatic nerve was electrically stimulated. The nerve was
stimulated at different pulse rates, durations, and
frequencies. The quantity of BDNF produced via electrical
stimulation was greater than that produced during
comparable levels of physical exercise. The amount of
BDNF synthesized was found to vary depending on the
type of muscle or nerve fiber stimulated. The study
concluded that longer duration and higher electrical

stimulation frequencies produced greater volumes of BDNF
and vice-versa [128]. NMES is a non-invasive electric
stimulation technique that applies electric current across
the superficial muscles present beneath the skin. It achieves
muscular contraction via conductive pads placed on the
skin surface. This technique was previously used widely in
non-ambulatory patients to promote artificial muscle
contraction. The expression of BDNF in plasma was found
to be consistently higher in patients who have undergone
an NMES regimen. Even a 30-min NMES-treatment
induced a marked increase in BDNF levels in the plasma
[129].

As evidenced through such experimental studies, such
exercise-derived BDNF through electrical stimulation on the
skin surface could be employed on human subjects with
special emphasis on patients with PD. This is because of the
ability of BDNF myokines in enhancing neurogenesis and
differentiation of DA.

Currently, the treatment of PD utilizing BDNF involves
either the use of gene therapy or the induction of
endogenous BDNF synthesis. Gene therapy via viral/non-
viral vectors has shown to be a viable option in animal
models to upregulate BDNF within the CNS. However, in
humans, this technique is associated with several limitations,
owing to the possibility of viral infection and elicitation of
immune response.

Conclusion

PD is a complex progressive neurodegenerative disorder
whose treatment strategy requires a thorough evaluation of
underlying molecular pathophysiology. Of all the strategies
currently available to treat PD, a growing body of evidence
highlights the significance of physical activity in alleviating
symptoms of PD. Of note, exercise-induced exerkine
synthesis, particularly BDNF, has been identified to be
regulating some of the key pathways that are deregulated
during PD. In addition, the emergence of an NMES strategy
could further pave the way for a non-invasive approach to
enhancing therapeutic benefits associated with exercise-
induced BDNF synthesis. Translation of research from pre-
clinical models (bench) to clinical scenarios (bedside) is
inevitable for improvising the existing non-pharmacological
modes of therapy for patients with PD.
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