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Abstract: Despite being the second-most common neurodegenerative disease, the etiology
of Parkinson’s disease (PD) remains uncertain with current knowledge suggestive of
multiple risk factors. Furthermore, curative treatment does not yet exist, and treatment is
primarily symptomatic in nature. For this reason, supportive therapies such as exercise are
a crucial tool in PD management. It is useful to better understand how exercise affects the
brain and body in the context of PD to guide clinical decision-making and determine the
optimal exercise intensity and modality for PD patients. This review outlines the various
mechanisms by which exercise can be beneficial as a therapeutic option in PD.
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1. Introduction

Parkinson’s disease (PD) is the second-most common neurodegenerative disease, and
its etiology remains to be elucidated. PD continues to be diagnosed primarily based on
clinical criteria, which require the presence of bradykinesia along with supportive cardinal
motor signs; however, a wide range of non-motor symptoms can also occur. The latter
includes autonomic dysfunction, mood changes, cognitive impairment, and psychosis,
which can be more frequent with disease progression [1]. The pathophysiological hallmark
of PD involves loss of dopaminergic neurons in the substantia nigra pars compacta (SNc)
and aggregation of misfolded alpha-synuclein (x-Syn) into Lewy body intraneuronal inclu-
sions. The loss of dopaminergic neurons results in an imbalance between dopamine and
other neurotransmitters such as glutamate, as well as other pathological cascades such as
neuroinflammation and mitochondrial dysfunction [2,3]. It is becoming increasingly recog-
nized that PD is a heterogeneous disease with a multifactorial etiology [4]. One hypothesis
implicates the gut microbiome and disruption to the gut-brain axis, and many studies link
PD with aging and environmental exposure. Mitochondrial dysfunction, oxidative stress,
metal ion dyshomeostasis, neuroinflammation, compromise of the glymphatic system and
several gene mutations have been shown to contribute to Parkinsonian etiology [1,5-7].

Due to the lack of curative potential of current existing PD treatment options, adjunc-
tive therapies such as exercise are often recommended, and their benefits are increasingly
supported in multiple studies [8-10]. Aside from improving general health with minimal
negative consequences, exercise is thought to be neuroprotective and has been shown to
play a therapeutic role in many neurodegenerative diseases that may delay both disease
onset and progression [11,12]. In the context of PD, numerous mechanisms can explain the
beneficial effects of exercise, and this will be further detailed in this review. Understanding
these mechanisms can help justify the role of exercise in PD and direct further research
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into targeted physical therapies for those with debilitating disease who can no longer be
physically active.

2. Neurotrophic Factors

Neurotrophic factors are important in neuronal health and in the context of neurode-
generation. They have a range of neuroprotective roles, including the promotion of neuron
proliferation and survival, synapse formation and reduction of x-Syn aggregation [13-16].
There are three broad categories of neurotrophic factors implicated in PD; neurotrophins
such as brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic fac-
tor (GDNF)-family ligands, and the cerebral dopamine neurotrophic factor /mesencephalic
astrocyte-derived neurotrophic factor (CDNF/MANF) family [17]. BDNF and GDNF are
the best characterized neurotrophic factors and produce similar effects in the brain [17].
The main mechanism of BDNF signaling is via tropomyosin-related kinase B (TrkB) recep-
tors, which activate downstream signaling pathways that result in neuronal differentiation
and survival, anti-apoptotic gene expression and Ca?" mobilization for synaptic plastic-
ity [18-20]. GDNF activates similar pathways but does so through the Rearranged During
Transfection (RET) receptor [21,22]. More recently, the beneficial effects of CDNF and
MANTF signaling in PD have been investigated, and although these molecules are still
classed as neurotrophic factors, they function quite differently to other biomolecules [15,17].
It has been suggested that the chronic endoplasmic reticulum (ER) stress response and
the Unfolded Protein Response (UPR) are involved in PD pathogenesis [23]. CDNF and
MANF both reside in the ER and downregulate the UPR pathway, which can promote
dopaminergic neuron survival [15].

Given their potential for therapeutic use, trials of exogenous BDNF and GDNF ad-
ministration have been undertaken; however, the outcomes have been inconsistent [13].
In contrast, exercise has been found to increase levels of endogenous neurotrophic factors
in rodent models [24,25], and may do so regardless of disease severity [26]. This result
is supported by increased levels of blood BDNF-TrkB signaling in PD patients after exer-
cise [27]. A recent systematic review and meta-analysis concluded that the type of exercise
has no significant impact on BDNF levels, but higher intensity exercise is likely to be a
more effective and beneficial determinant [28]. This notion is also true for CDNF but not
MANF [29]. In contrast, a study investigating GDNF levels in the spinal cord of healthy
rats found that lower intensity, involuntary exercise increased GDNF more than other
modalities [30]. The latter finding has not been corroborated by human studies.

3. Synaptic Regulation

Recent studies have demonstrated that physical activity can modulate synaptic plastic-
ity in brain regions affected by PD, particularly glutamatergic inputs into the basal ganglia
and dopaminergic neurotransmission within basal ganglia structures [17]. Following
dopaminergic neuron loss, imbalances in glutamatergic and dopaminergic neurotransmis-
sion occur, which modify the activity of direct and indirect basal ganglia loops [31]. The
striatum contributes to both direct and indirect loops via projections of medium spiny neu-
rons (MSNs). Direct pathway MSNs express excitatory D1 dopamine receptors, and indirect
pathway neurons express inhibitory D2 receptors [32]. Both direct and indirect MSNs have
dendrites with dense dendritic spines, and receive a combination of dopaminergic inputs
from the SNc and glutamatergic inputs from the cortex and thalamus [33]. Loss of SNc
dopaminergic input into the striatum—a pathophysiological hallmark of PD—results in
disruption to the homeostasis of dopamine and glutamate neurotransmission [17]. Reduced
dopamine activation of D2 receptors on striatal MSNs leads to excessive glutamate in the
synaptic cleft from either increased presynaptic release or impaired reuptake [2]. This
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increases calcium signaling through N-methyl-D-aspartate (NMDA) receptor activation or
voltage-gated calcium channels, which can lead to calcium overload on MSN dendrites [34].
Consequently, the density, length and total number of MSN dendritic spines are reduced in
PD [35].

It appears that exercise can remediate these pathological changes to some extent by
reducing the amount of glutamate in the synaptic cleft and restoring dendritic spine den-
sity [36,37]. Some studies have also suggested that exercise could stimulate neurogenesis of
substantia nigra or striatum dopaminergic neurons, or increase expression of the dopamine
reuptake transporter to increase the availability of dopamine in presynaptic neurons [38,39].
For example, a small study by de Laat et al. [39] found that six months of treadmill exercise
increased dopamine transporter availability and substantia nigra neuromelanin content
on PET imaging in patients with mild PD. However, studies based on induced PD rodent
models were unable to replicate similar findings [37,40]. Additionally, the effect of exercise
on striatal MSN «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors
can upregulate the GluA2 subunit of the receptor in rodent models, rendering it less per-
meable to calcium and thereby protecting the MSN from excitotoxicity [41,42]. Though it is
currently unclear what the best intensity and modality of exercise for improving synap-
tic plasticity may be, several studies have found a positive correlation between high- or
moderate-intensity aerobic exercise and measures of synaptic plasticity [39,43], but the
effects of low-intensity or resistance exercise have not yet been investigated.

4. Neural Oscillation

Functional deficits in PD are associated with abnormalities in the oscillatory activity of
basal ganglia neurons [44]. Degeneration of dopaminergic neurons causes an imbalance in
excitatory and inhibitory input into the basal ganglia, leading to abnormal functioning of
the cortico-basal ganglia-thalamo-cortical (CBGTC) loop [45,46]. The abnormal oscillatory
activity arises from dysfunctional coordination [47]; specifically, the motor cortex and vari-
ous basal ganglia nuclei have been studied regarding abnormal firing rates, excessive beta
frequency oscillations and unusual neuronal synchronicity [48]. This has been supported
by studies using animal and human PD models [45]. It remains contentious in the literature
as to exactly how abnormal beta oscillations translate into PD motor symptoms [49]. An
electroencephalography study of PD patients suggested that increased cortical beta band
oscillations causes abnormal synchronicity of muscle groups involved in posture holding,
which increases the difficulty of initiating movement [50].

Exercise has been shown to positively impact neural oscillatory activity in PD patients
and animal models as well as healthy subjects. Shi et al. [44] used a 6-hydroxydopamine
(6-OHDA) rat model of PD to record local field potentials before and after exercise. They
recorded lower beta band power in rats that underwent treadmill exercise, and the abnormal
synchronicity within the CBGTC loop was disrupted. The exercised rats also showed
functional improvements, which suggested an association between oscillatory activity
regulation and motor symptoms. Results from Bougou et al. [51] support this finding and
indicated that cycling can reduce beta oscillatory activity in the subthalamic nucleus of PD
human patients. The authors proposed cycling as a more accessible mode of exercise for
PD patients compared to walking, so it may, therefore, be a useful therapeutic modality for
patients in more advanced stages of PD. In addition, although it is still uncertain how other
bands of oscillation frequency are altered in PD, exercise can modulate alpha oscillatory
activity in healthy young adults [52]. This change is associated with improved attention
and, therefore, may contribute to alleviation of non-motor symptoms such as cognitive
impairment and excessive daytime somnolence.
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5. Cerebral Perfusion

Research into cerebral perfusion and microvasculature as they pertain to PD pathogen-
esis is relatively new, but it is ever-expanding, and the positive effects of exercise appear
promising. Cerebral perfusion abnormalities arise early in the disease course, and this
correlates with executive dysfunction [53]. Recent studies using single-photon emission
computed tomography (SPECT), diffusion tensor imaging (DTI) and arterial spin labelling
(ASL) have concluded that perfusion of the cortex is decreased in PD [54,55]. Conversely,
there is conflicting evidence in the literature regarding perfusion of subcortical structures
including the basal ganglia; while some ASL studies demonstrate perfusion is decreased,
others found no change or increased perfusion [55-57]. At the microscopic level, loss of
dopaminergic neurons results in decreased blood flow in the surrounding area [58]. It is
suggested that dopamine is a regulator of blood flow to surrounding structures [55]. In
particular, the SNc is highly vascularized, but post-mortem studies have shown signifi-
cant loss of surrounding blood vessels [59]. These changes in perfusion can elicit further
pathological sequelae such as neuroinflammation, metabolic dysfunction and increased
iron deposition, manifesting in motor and non-motor PD symptoms [60].

Although there are few studies that have directly linked exercise with remediation
of cerebral perfusion abnormalities in PD, it is understood that exercise can modulate
cerebral blood flow, so it is likely that this is another of the mechanisms by which exercise
can improve PD symptoms [31,61,62]. The mechanism behind exercise increasing cerebral
blood flow is complex and multifactorial. It occurs in part due to metabolic demands in
the relevant brain regions involved in the activity—as such, studies have demonstrated
a positive correlation between exercise intensity and cerebral blood flow [63]—but other
physiological factors such as sympathetic tone and baroreflex control also contribute [64].
Moreover, exercise may increase expression of angiogenic factors such as vascular en-
dothelial growth factor (VEGF) for the formation of new blood vessels [65]. In other body
regions, aerobic exercise has a more prominent effect than resistance exercise [66], but this
comparison requires more study in PD.

6. Glymphatic System

The brain has very high metabolic activity with no lymphatic system, and until
just over a decade ago, it was unclear how metabolic waste was removed [67]. The
glymphatic system describes this missing link in the system of interstitial fluid movement
and solute clearance from brain parenchyma. It is a three-stage process of firstly, CSF
production and periarterial influx into the brain parenchyma; then, CSF exchange with
interstitial fluid; and finally, perivenous efflux. The second stage of this process—the
mixing of CSF with interstitial fluid—is particularly relevant in neurodegenerative diseases
such as PD. Astrocytes are the most abundant cell type in the brain, and they play a key
role in regulating CSF flow into the interstitial space and the clearance of extracellular
solutes [68]. This is accomplished through expression of the aquaporin 4 (AQP4) protein
on astrocytic end feet, which surround the blood vessels [69,70]. A study of DTI along
the perivascular space found decreased glymphatic function in PD patients compared to
healthy controls [71], and several other studies have associated decreased AQP4 expression
and polarization on astrocytes with other neurodegenerative diseases such as Alzheimer’s
disease [69,72]. Zhang et al. [73] determined a bidirectional relationship between AQP4 and
a-Syn pathology. Loss of AQP4 increases «-Syn accumulation, and x-Syn overexpression
decreases the expression and polarization of AQP4. This suggests that reversing AQP4
degradation could contribute to x-Syn clearance.

Due to the relatively recent recognition of glymphatic dysfunction in PD, research on
the effects of exercise in the glymphatic system and PD are required. Extrapolation from
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other studies in an Alzheimer’s disease mouse model has reported that exercise can improve
glymphatic clearance in both healthy and disease subjects [74,75]; hence, the notion that
exercise could increase x-Syn clearance in PD is promising. Recent work by Li et al. [76]
found that exercise could promote AQP4 polarization in aged mice with Alzheimer’s
disease, but this study is yet to be replicated. Von Holstein-Rathlou et al. [75] suggested
that improved cerebral perfusion from exercise may instead be the mechanism behind
increased glymphatic clearance. As arterial pulsatility is thought to be a major driving
force of glymphatic flow, increased heart rate during exercise may also contribute. It is also
possible that exercise promotes protein clearance through improving sleep. Glymphatic
system function is enhanced during sleep [77], and physical activity of any intensity is
known to improve sleep duration and quality [78].

7. Neuroinflammation

Neuroinflammation is inextricably linked to the pathophysiology of PD, with complex
genetic and environmental components that are yet to be completely understood [79].
Microglia, the key central nervous system immune cells, become abnormally activated
early in the disease process and release pro-inflammatory cytokines [80]. Pro-inflammatory
cytokines, such as interleukin-1 beta (IL-13) and tumor necrosis factor alpha (TNF-«), are
increased in PD compared to controls [81], and the levels of these cytokines are associated
with the severity of motor and non-motor symptoms; to this end, pro-inflammatory cy-
tokines have been suggested as a marker for early PD to predict disease prognosis [82].
Several factors may influence microglia activation. Many of the gene mutations and envi-
ronmental exposures associated with PD exert their effects through neuroinflammation; for
example, LRRK2 is expressed in microglia, and mutation is associated with innate immune
system activation and pro-inflammatory cytokine release [83]. Another significant con-
tributor is o-Syn oligomerization, which stimulates an inflammatory reaction in microglia
as well as astrocytes, the most abundant glial cell in the brain [84,85]. «-Syn oligomers
bind directly to toll-like receptor 2 (TLR2), causing a downstream signaling cascade and
production of the pro-inflammatory cytokines TNF-«, IL-1(3 and IL-6 [86]. TLR4 is also
upregulated in PD and is expressed by both astrocytes and microglia, which activate the
NLRP3 inflammasome via a signaling cascade [85,87]. Activated microglia and astrocytes
stimulate further signaling pathways that culminate in chronic inflammation, reactive
oxygen species (ROS) production and reactive gliosis, resulting in neuronal injury and
death [88,89].

Exercise can assist in regulating neuroinflammatory processes via several of the pre-
viously mentioned pathways, which in turn have been shown to improve the motor
symptoms of PD [80,89]. Physical activity, even of low or moderate intensity, upregu-
lates anti-inflammatory cytokines such as interleukin-10 (IL-10) and transforming growth
factor beta (TGF-f) [24,90]. TGF-f is an important regulator of microglial activity; it is
involved in shifting the trajectory of microglia from pro-inflammatory M1 activation to
anti-inflammatory and neuroprotective M2 activation, thereby reducing the inflammatory
response [91]. In mice treated with MPTP, exercise downregulated the TLR4 signaling path-
way to suppress the NLRP3 inflammasome, and also blocked the activation of downstream
signaling by TLR2 [87,92]. In addition, exercise can also downregulate pro-inflammatory
cytokines and markers of reactive gliosis. Li et al. [93] examined levels of IL-1f in early-
stage PD patients and healthy controls after Tai Chi training and brisk walking, and found
that Tai Chi significantly reduced IL-1f3 levels. Real et al. [89] demonstrated a reduction
in microglia and astrocyte activation after treadmill walking in a 6-OHDA mouse model,
but this result has yet to be confirmed in human studies. Each of these mechanisms con-
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tributes to the ability of exercise to reduce the immune response and protect vulnerable
dopaminergic neurons.

8. Gut Microbiome

Over the last few decades, research into PD etiology has expanded beyond the central
nervous system. Disturbance of the gut microbiome, known as dysbiosis, has been pre-
sented as a theory. Justification for this comes from the frequency of gut-related non-motor
PD symptoms such as constipation [94], and the discovery of x-Syn deposits in the enteric
nervous system [95]. It has been suggested that abnormality in the gut, whether this be
from inflammation or dysfunctional metabolism, can stimulate the enteric nervous system
to transmit various signals to the central nervous system via the vagus nerve [96]. It has
been established that the composition of the gut microbiome is altered in PD, which also
affects levels of short-chain fatty acid (SCFA) metabolites produced by the bacteria [97]. The
three most abundant SCFAs produced in the gut are acetate, propionate and butyrate, the
last of which is the most drastically reduced in PD patients [98]. A study found that SCFA
administration increased neuroinflammation and caused motor deficits in a PD mouse
model [99]; however, the consensus in the current literature is in favor of the opposite
finding that SCFAs may facilitate neuroprotective effects through multiple mechanisms
from increasing neurotrophic factors and anti-inflammatory markers to reinforcing the
blood-brain barrier [100]. Interestingly, butyrate also acts as a histone deacetylase inhibitor
and has been found to reduce dopaminergic neuron damage from MPP+ via epigenetic
changes that reduce neuroinflammation [101]. Decreased fecal levels of all SCFAs have
been associated with the clinical severity of PD [102].

In general, it appears that physical activity can increase gut microbiota diversity and
improve gut health [103,104]. In healthy rodent and human studies, exercise has been
shown to increase butyrate concentration, perhaps via increasing bacteria that produce
butyrate such as Roseburia and Ruminococcaceae species [105-107]. A study using an MPTP
mouse model of PD found that exercise regulated gut dysbiosis and increased production
of all SCFAs; however, this has not yet been replicated [108]. Currently available evidence
suggests that the gut microbiome is influenced primarily by aerobic exercise, while resis-
tance training has little effect [109,110]. Outcomes are also improved with higher frequency,
duration and intensity of exercise [106,111]. Importantly, some studies have noted that the
positive effects of exercise on the gut microbiota were reversed after cessation of a regular
exercise routine [112]. It should be noted that studies of gut dysbiosis and exercise can be
easily confounded by other factors such as diet [113].

9. Mitochondrial Dysfunction and Oxidative Stress

It is becoming increasingly evident that a major contributor to dopaminergic degener-
ation in PD is dysfunction of mitochondria and the resultant increase in reactive oxygen
species (ROS), leading to oxidative stress. Mitochondrial dysfunction is undeniably im-
plicated in PD pathogenesis, evident in the use of mitochondria-disrupting drugs such as
MPTP and rotenone for models of PD [114]. x-Syn accumulation and oligomerization has
been associated with impairment of mitochondrial complex I, which produces ROS and
enacts programmed cell death mechanisms [115]. Other sources of ROS in the parkinso-
nian brain include excess iron in the SN, resulting in lipid peroxidation, ferroptosis and
depleted stores of antioxidants, most notably glutathione (GSH) [116,117]. Moreover, aging
appears to contribute to oxidative stress. Mitochondrial dysfunction leading to increased
ROS production is one key mechanism for this [114], and another is the decline in nuclear
factor erythroid2-related factor 2 (Nrf2) production associated with increasing age [118].
Nrf2 is important for expression of the antioxidant enzyme glutathione peroxidase (GPX4),
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which restores GSH from its oxidized form, glutathione disulfide (GSSG) [119]. Together,
these processes culminate in oxidative stress and cell death in dopaminergic neurons.
There is a clear connection between exercise and oxidative stress: many studies have
demonstrated that muscle contraction during exercise generates ROS [120]. This may seem
like a contradictory tool for reversing oxidative stress; however, exercise has been found to
increase ROS only to the point where it stimulates an adaptive effect, since muscle fatigue
and cardiovascular strain prevent tissue damage from excessive ROS [121]. This adaptive
effect may be the reason behind decreased oxidative stress and increased blood antioxidant
levels after exercise as has been shown by several studies in PD patients [122,123]. Monir
et al. [124] proposed that exercise may facilitate the increase in GSH by upregulating Nrf2
expression in rats with rotenone-induced PD. Other rodent studies have found that exercise
can improve mitochondrial function and turnover [125,126]. There is some controversy
in the literature regarding the effects of exercise modality, intensity and length. It is
generally accepted that long-term exercise results in improved outcomes compared to
short-term training, but results pertaining to exercise intensity have been inconsistent
between studies [127,128]. It appears that both aerobic and resistance training can provide
some protection against oxidative stress, perhaps via different mechanisms [122,129].

10. Irisin: The Molecular Mediator?

In the case of many of the mechanisms outlined in this review, it is clear from the
literature that exercise evokes change in the measured outcome, but exactly how this
change comes about on a molecular level remains unclear. To help explain this, some
studies have suggested the involvement of a signaling molecule known as irisin [130,131].
The precursor to irisin, the membrane protein fibronectin type Il domain-containing
protein 5 (FNDC5), is produced as a response to exercise in various organs such as skeletal
muscle, brain and heart [132]. Once cleaved from FNDC5 and released into circulation,
irisin has been shown to increase expression of neurotrophic factors such as BDNF, as well
as modulating signaling pathways to reduce mitochondrial dysfunction, oxidative stress,
neuroinflammatory responses and apoptosis [133-135]. It has been suggested that irisin
could be exogenously administered to mimic the neuroprotective effects of exercise since it
has been shown to cross the blood-brain barrier [136]. This concept is still in the early stages
of research, and while initial findings are encouraging, more research is needed [131,137].

11. Discussion

It is undeniable that exercise has merit as a therapeutic tool for PD, with widespread
impacts on many aspects of disease physiology from the dopaminergic synapse to central
nervous system perfusion. These mechanisms provide a basis for the benefits of exercise
in many neurodegenerative diseases, combating motor and non-motor symptoms as well
as building strength in people experiencing age-related frailty and motor decline. The
physiological effects and potential therapeutic mechanisms of exercise in the context of
PD are summarized in Figure 1. Currently, very few studies have investigated different
modalities, intensity and length of exercise in the context of PD, thus more research is
required to further define optimal exercise regimes in PD therapy. Based on current studies,
the consensus is that high-intensity exercise produces the most significant outcomes, and
aerobic exercise is generally more effective than resistance training. However, many studies
highlight that exercise of any intensity or format can still be beneficial [9,138].
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Figure 1. Schematic figure outlining the pathophysiological mechanisms in Parkinson’s disease
(PD) that are modulated by exercise. (A) Pathological beta waves and synchronization of neural
oscillations on electroencephalography can be reduced by exercise. (B) Both macroscopic and
microscopic vessel perfusion is decreased in PD, and exercise can restore perfusion. (C) Gut dysbiosis
is a proposed contributor to PD etiology, leading to decreased levels of beneficial short-chain fatty
acids (SCFAs) such as butyrate; exercise can increase both butyrate and butyrate-producing bacteria.
(D) Exercise reverses the effects of mitochondrial dysfunction and acts via nuclear factor erythroid2-
related factor 2 (Nrf2) to increase glutathione peroxidase (GPX4) levels and restore the glutathione-
to-glutathione disulfide ratio (GSH/GSSG), resulting in reduced oxidative damage. (E) Exercise
can increase the levels of protective neurotrophic factors in the brain, including brain-derived
neurotrophic factor (BDNF), which acts on tropomyosin-related kinase B (TrkB) receptors, glial
cell line-derived neurotrophic factor (GDNF), which acts on rearranged during transfection (RET)
receptors, and cerebral dopamine neurotrophic factor/mesencephalic astrocyte-derived neurotrophic
factor (CDNF/MANF), which regulates the Unfolded Protein Response (UPR). (F) Dopaminergic cell
death leads to a lack of dopamine to oppose glutamate at synapses, causing excitotoxicity manifesting
as loss of dendritic spine density; exercise can reduce excitotoxicity and restore dendritic spines.
(G) Alpha-synuclein («-Syn) binding toll-like receptor 2 (TLR2) on microglia and upregulation of
toll-like receptor 4 (TLR4) causing activation of the NOD-, LRR- and pyrin domain-containing protein
3 (NLRP3) inflammasome result in increased microglia activation and excessive pro-inflammatory
cytokine release; exercise can increase anti-inflammatory cytokines to combat this, and can suppress
the NLRP3 inflammasome. (H) Exercise increases aquaporin 4 (AQP4) receptors on astrocytic end-
feet, which are downregulated in PD, and may augment glymphatic clearance by increasing arterial
pulsatility, increasing clearance of proteins from the brain parenchyma.

One concern regarding exercise as a therapeutic option is the accessibility and suit-
ability in individuals with advanced stages of PD. While some forms of aerobic exercise,
such as running, may be more beneficial for patients in early stages of the disease [139],
other modalities, including dance or virtual reality-assisted exercise, may be more acces-
sible and safer for patients with severe symptoms [140,141]. Mind-body exercises such
as yoga or Tai Chi can also be considered as lower impact alternatives [93,142]. A recent
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study demonstrated the beneficial effects of high-intensity exercise facilitated by immersive
virtual reality technology, finding improvements in functional capacity, quality of life and
disease progression [139]. It should be noted that most types of exercise incur some risk
of adverse effects, primarily falls; hence, precautions such as seated exercise are required
especially in those with more severe disease [138]. Novel technologies such as virtual
reality will likely contribute to the mitigation of these risks [139].

A limitation in the current evidence on therapeutic mechanisms of exercise in PD is
the ongoing reliance on predominant mouse or rat models of PD—typically induced with
neurotoxins such as MPTP or 6-OHDA—rather than human studies. These mouse models
do not fully represent the disease course and symptoms of idiopathic PD nor reflect specific
physiological and pathophysiological responses to interventions such as exercise [143].
Nevertheless, each of the outlined mechanisms is supported by limited human studies
that encompass the comprehensive use of potential biomarkers in the pathophysiology
of disease and neurodegeneration. More human studies should be a priority for future
research to support current animal data.

12. Conclusions

PD is a complex condition with no definitive treatment, so any therapies that may
delay the disease course are valuable. There exists a vast amount of literature validating the
clinical impact of exercise in PD. This review provides a basis for the far-reaching and likely
beneficial effects of exercise in PD that range from gut dysbiosis to neuroinflammation,
and further justifies the need for exercise to form a cornerstone in PD therapeutics. Future
research should supplement presently available animal-based studies. More human-based
research studies will be invaluable in further elucidating the most appropriate form and
intensity of exercise in PD, and this may vary based on the various stages of the disease.
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