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Abstract

The incidence of Parkinson’s disease (PD) is expected to increase as our population ages and will
likely strain the projected capacity of our health care system. Despite being the most common
movement disorder, there have been few noninvasive therapeutic advances for people with PD
since the first levodopa clinical trial in 1961. The study of PD pathogenesis, combined with

an appreciation for the biochemical mechanisms by which physical activity and exercise may
impact physiology, has resulted in emerging hypotheses for new modifiable risk factors for PD.
Physical activity and exercise as a means of preventing PD, or maintaining the functionality

of people with PD, are a promising area of investigation. Conversely, physical inactivity is
implicated in many disease states, some of which are also correlated with the development

of PD, such as metabolic syndrome. The primary relationship between these diseases is likely
rooted in heightened inflammation and oxidative stress at the cellular level. Physical activity and
exercise as a means of attenuating inflammation have led to increased interest in related potential
therapeutic targets for PD. Ultimately, these findings may translate into low-cost, universally
available therapies for PD disease modification or prevention.
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Better to hunt in fields for health unbought
Than fee the doctor for a nauseous draught.
The wise for cure on exercise depend;

God never made his work for man to mend.

John Dryden, Epistle to John Dryden of Chesterton,
1700
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Parkinson’s disease (PD) is expected to increase significantly in future decades. Identifying
measures for preventing the consequent increased burden on people with PD and on
society is imperative. Drugs that target the underlying causes of PD would be expected

to reduce disease burden, but the etiology of PD is likely multifactorial, including genetic
and nongenetic factors, and an effective disease-modifying therapy remains elusive.1 A
complementary approach would be to identify modifiable risk factors for PD. Physical
activity,10 defined as any bodily movement caused by skeletal muscles resulting in energy
expenditure, and exercise,10 defined as structured, repetitive physical activity with a goal of
physical fitness, have long been known to reduce mortality and lower the risk of developing
many diseases, including cardiovascular disease, stroke, diabetes, and, more recently,
dementia.11~21 Conversely, physical inactivity is a contributing factor in many diseases,
including metabolic syndrome (MetS), which is a constellation of symptoms including
abdominal adiposity, insulin resistance, dyslipidemia, and hypertension.22-24 Inflammation
and oxidative stress, the central mechanisms underlying MetS, are also putative pathogenetic
mechanisms in PD.25:26 Given the integral role of oxidative stress and inflammation in the
pathogenesis of both PD and MetS, it is not surprising that MetS may increase the risk

of developing PD.27:28 |n this review, we will consider the benefits of physical activity,
including exercise, and the adverse metabolic effects of physical inactivity as they relate to
Parkinson’s disease risk and progression.

Physical Activity, Exercise, and Reduction of Parkinson’s Disease Risk —
Epidemiologic Studies

A beneficial relationship between physical activity and PD was first suggested in 1992,
when Sasco and colleagues reported that the future risk of PD was reduced in men who
played sports in college and adult life and that PD risk was increasingly lower as activity
levels increased.2? This finding has been replicated in nearly all subsequent epidemiologic
studies30:31 (Table 1). For example, among the more than 200,000 participants in the NIH-
AARP Diet and Health Study cohort, those who participated in consistent and frequent
moderate to vigorous activities had a 40% lower risk of developing PD compared with
sedentary participants. Similarly, risk of PD was reduced in participants in the Cancer
Prevention Study Il Nutrition Cohort who engaged in vigorous but not light physical
activity.32 In the latter 2 large prospective cohort studies, greater intensity of physical
activity was associated with greater reduction in PD risk.32:33

Participants in the Swedish National March reported on a broad spectrum of physical
activities, including leisure, occupational, household, and commuting activities, at study
enrollment.34 Over approximately 13 years of follow-up, 286 of 43,368 participants
developed PD. People with greater than 6 hours per week of activities when enrolled had

a 43% lower risk of PD. This study is particularly important, as it demonstrates that all
physical activity, not just exercise, can reduce the risk of PD. Incremental lifestyle changes,
such as walking to work or taking the stairs, may be more realistically achievable for many.
Although not studied directly, similar incremental changes may benefit people with PD,
given the many barriers that people with PD face in order to exercise.3°

Mov Disord. Author manuscript; available in PMC 2022 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LaHue et al.

Page 3

Two studies suggested that physical activity may influence PD risk differently for men
and women. In the Health Professionals Follow-Up and Nurses’ Health studies, higher
levels of exercise reduced the risk of PD for men but not for women, although more
strenuous exercise showed a nonsignificant reduced risk in women.38 Similarly, in the
Swedish National March study, physical activity was associated with a decreased PD

risk for men, but the benefit was less clear for women.34 Men and women may have
different biological responses to physical activity. For instance, the long-term metabolic
consequences of exercise appear to be of greater benefit in men, whereas women exhibit
increased stabilization of resting metabolic rate, post-prandial triglyceride concentrations,
blood glucose concentrations, fuel selection, and fasting lipolytic rates, with a consequent
reduction in the overall impact on metabolism after exercise for women compared with
men.37 Although differential effects in men and women are plausible, other large studies
found physical activity to similarly benefit both men and women, were limited to men, or
did not evaluate sexes separately.2931-33 Determining whether physical activity has different
effects in men and women will be important in developing appropriate interventions.

Taken together, these studies provide compelling evidence for an inverse association
between physical activity or exercise and risk of PD. Understanding the mechanisms
underlying this beneficial effect may lead to key understandings for the prevention of PD.

Molecular Mechanisms Underlying the Impact of Physical Activity and

Exercise on Parkinson’s Disease Physiology

Exercise has been shown to upregulate the production of growth factors and receptors,
attenuate dopaminergic neuron damage, and reduce cellular inflammation and oxidative
stress (Fig. 1).20:38-41 Rodent models of PD using the neurotoxins 6-hydroxydopamine
(6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) enabled researchers
to study the impact of exercise on the striatum in greater detail.#? In rodent models,
brain-derived neurotrophic factor (BDNF) protects dopaminergic cells from 6-OHDA- and
MPTP-induced damage, as well as widely promotes synaptic transmission.*2 In healthy
humans, exercise promotes neuroprotective growth factors such as BDNF and glial-derived
neurotrophic factor.#3 Furthermore, serum levels of BDNF are significantly reduced in
people with early PD compared with healthy controls.#* Exercise may also increase the
production of dopamine receptors in the striatum. For example, in a small study of people
with PD, those randomized to undergo intensive treadmill training exhibited an increase

in dopamine receptor DA-D2R expression using positron emission tomography imaging.*®
Dopaminergic signaling neuroplasticity may be integral to affecting PD pathogenesis.

Exercise also attenuates damage to dopaminergic neurons within the motor circuits.
Dopamine depletion, as seen in PD, may result in glutamatergic-mediated hyperexcitability
that damages the medium spiny neurons critical to the functionality of the basal

ganglia. However, rodent models have shown that exercise can attenuate this cellular
injury. For example, exercise may induce postsynaptic alterations of glutamatergic
neurotransmission because of changes in the expression of the alpha-amino-3-hydroxy-5-
methyl-4-isoazoleproprionic acid receptors within the medium spiny neurons, resulting
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in tempering of this pathologic hyperexcitability.*6 Rodent models of PD exposed to
6-OHDA or MPTP have shown preserved striatal dopamine levels with treadmill running
postexposure and increased loss of dopamine neurons with forced nonuse of a forelimb from
casting.#7-%0 In addition, in 1 series of animal experiments, rodent limb disuse from casting
resulted in decreased levels of dopamine markers in the striatal dopamine system, including
the dopamine transporter, vesicular monoamine transporter-2, and tyro-sine hydroxylase,
negatively impacting the homeostasis of this system.®1 Importantly, the beneficial effects
of exercise may use different mechanisms in normal than in diseased basal ganglia.>2 The
decreased motor function that results from loss of striatal dopaminergic neurons and overall
dopamine depletion may be both a symptom of and a contributor to further destruction of
this integral circuit.%!

Another important factor is the impact of exercise on oxidative stress and mitochondrial
dysfunction. For example, exercise is associated with protection against proinflammatory
cytokines tumor necrosis factor (TNF)-a and interleukin (1L)-6.2° This is particularly
important in the substantia nigra, which is especially susceptible to mitochondrial
dysfunction and neuroinflammatory processes as a result of chronic oxidative damage.53:54
Rodent models of PD demonstrated both elevations of p53 gene expression and increased
release of cytochrome ¢ from the mitochondria, resulting in cell death and ultimately
further neurodegeneration within this network.4% Such mitochondrial disturbances may be
attenuated by exercise.%0 Although exercise acutely increases the production of reactive
oxygen species, rodent models demonstrated that activity chronically suppresses systemic
oxidative stress through an adaptive process that increases antioxidants (eg, superoxide
dismutase and glutathione) and oxidative damage repair enzymes.>>:56 Consistent exercise
can even increase serum levels of glutathione in humans.>’ This is especially important
because in human studies, people with PD have decreased baseline levels of antioxidants,
such as glutathione and urate, compared with people without PD, providing support for
recent clinical trials.58-61

Physical activity and exercise disrupt the molecular mechanisms underlying PD
pathogenesis in numerous ways. Reduction of cellular oxidative stress, mitochondrial
dysfunction, and inflammation paired with upregulation of beneficial growth factors and
antioxidants results in a compelling explanatory model for why physical activity and
exercise should have an integral role in discussions of PD therapy.

Physical Inactivity: Parkinson’s Disease and Metabolic Syndrome

Physical inactivity is associated with the development of many devastating chronic diseases,
including type 2 diabetes and obesity.24 Some studies suggest a relationship between

insulin resistance, diabetes, obesity, dyslipidemia, or diet and the development of PD (Table
2).27.62-71 Together, these traits define an endocrine disease of epidemic proportion rooted

in systemic inflammation and oxidative stress: metabolic syndrome (MetS).26 MetS is a
cluster of abnormalities that contribute to an increased risk of cardiovascular disease, type 2
diabetes mellitus, kidney disease, and overall mortality.22:23 Although diabetes is known to
cause nerve damage such as retinopathy and peripheral neuropathy, little is understood about
the relationship between MetS and the development of PD.27.72
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Most studies have evaluated the risk of PD from a single component of MetS, rather than
the sum of its parts. For example, increased body mass index and adiposity are associated
with the risk of PD in a dose-dependent fashion in some82:64.65 put not all studies.67.73
Rodent studies suggest a possible mechanism for this, as obesity has been shown to produce
a-synucleinopathy through changes in Akt phosphorylation states, which are important for
insulin and neurotropic factor signaling.”* Furthermore, adipocytes secrete the cytokines
TNF-a and IL-6, which precipitate a proinflammatory intracellular cascade, subsequently
inducing oxidative stress and an inflammatory state2>75; however, IL-6 is even increased in
subjects with low levels of physical activity independent of obesity.”6

Several prospective studies have implicated diabetes as an independent risk factor for
PD.68.77.78 Fyrthermore, diabetes that precedes PD has been associated with more severe
PD symptomology, as determined by higher UPDRS motor scores and larger doses of
levodopa.9:80

The proposed impact of diabetes on PD risk has a plausible molecular basis. The substantia
nigra contains numerous dopaminergic neurons and insulin receptors.81 Selective loss of
the dopaminergic cells is integral to the development of PD, and immunologic studies
suggest dysfunction of the insulin/insulin receptor system in PD as well.82:83 For example,
Moroo and colleagues used immunohistochemistry to stain brain tissue of people diagnosed
with PD using anti-insulin receptor antibodies.83 They found that neurons in multiple
regions, including the substantia nigra pars compacta, did not stain, suggesting defects in
the insulin/insulin receptor system in these people.83 Levels of insulin receptor mRNA

and tyrosine hydroxylase mMRNA — essential for the rate-limiting step of dopa-mine
biosynthesis — were also found to be depressed in people with PD compared with healthy
controls.8485 In addition to impaired insulin signaling, PD and diabetes share similar
pathways of molecular dys-regulation, including mitochondrial dysfunction, oxidative stress,
and augmented inflammation.86:87

In a related field, the composition of gut microbiota has been correlated with the
development of obesity, type 2 diabetes mellitus, and MetS and is how suggested to also
be associated with PD.88 Keshavarzian and colleagues obtained sigmoid mucosal biopsies
and fecal samples from people with and without PD. The subjects with PD were found

to have a significantly higher quantity of “proinflammatory” gut bacteria in their colonic
mucosa.88 In a related study, urinary concentrations of indican, a metric directly associated
with dysbiosis and small intestinal bacterial overgrowth, were measured in people with PD
and healthy subjects.8? Indican urinary concentrations were significantly higher in people
with PD compared with controls even when adjusted for factors such as body mass index,
constipation, or the consumption of dairy products, suggesting greater intestinal dysbiosis in
these people.8?

Understanding the existence of common molecular and pathophysiologic pathways between
PD and MetS may point toward novel therapies for PD. Just as physical inactivity is
correlated with the development of MetS,24 physical activity may be one solution for this
disease.90-92 Current targeted treatments for MetS may also be appropriated for people with
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PD symptoms. The potential relationship between MetS and PD necessitates attention given
the high prevalence of MetS and the expected increase in the incidence of both diseases.?2

Potential Interventions for Parkinson’s Disease and Future Therapeutic
Directions

Certain forms of physical activity such as physical therapy have long been recognized to
provide short-term benefits for motor impairment in people with Parkinson’s disease.%3
Recently, randomized trials investigating many types of physical activity of varying degrees
of intensity, including treadmill training, dance, and tai chi, have similarly demonstrated
improvement in certain PD motor symptoms.94-96 There have been few systematic
comparisons among types of physical activity, and to date no one approach appears to
provide superior benefit.%” Although follow-up was relatively short in most studies, a

few trials have investigated the effects of physical activity continued over several years
(Table 3).96.98 |n the PRET-PD trial, Corcos et al conducted a randomized, controlled

trial comparing the effects of progressive resistance exercise (PRE) versus a combination
of stretching, balance, and strengthening exercises (modified fitness count [MFC]) on the
off-medication UPDRS-I11 scores of people with mild to moderate PD after 24 months.9°
Although the PRE and mFC groups showed similar improvements in UPDRS-III at 6
months, participants undergoing PRE exhibited a significant decrease in UPDRS-1I1 scores
at 12, 18, and 24 months compared with the mFC cohort.% In addition, improvements in
cognition were observed in both the PRE and mFC groups at 24 months, suggesting a more
general benefit of physical activity on brain health in PD.100 |n a second study with 2-year
follow-up, Frazzitta and colleagues evaluated the effects of monthlong multidisciplinary
intensive rehabilitation treatments (MIRTS), including aerobic treadmill, strength, stretching,
and balance training, at baseline and 12 months compared with no treatment in rasagaline-
treated people with early PD.191 After 2 years, motor function in the MIRT group was
improved compared with baseline, and antiparkinsonian therapy dose (measured in levodopa
equivalents) was lower when compared with the group not receiving MIRT, suggesting

a lasting motor benefit that could reflect modification of disease progression. In further
support of a disease-modifying effect of this intervention, after the initial 28-day treatment
with MIRT or no therapy, BDNF levels were increased in the aerobic exercise group
compared with the control group.192 Collectively, these trials reinforce the importance of
structured exercise programs for people with PD. Further study is warranted to better
understand if a particular type of exercise is most beneficial or if less vigorous physical
activity — as described observationally by Yang et al3* and Li et al® — would yield
sufficiently similar gains. The sustained improvement in motor symptoms for 12 months,
increase in BDNF, and improvement in cognition as well as movement also suggests a
possible change in disease trajectory for these people with PD.99:103

One understandable concern is the potential cost of certain types of physical activity for
people with PD. Structured, intensive programs such as those implemented by Frazzitta
et al102 may be expensive, whereas community-based dance programs% would be less
so, and individual lifestyle adaptations, such as increased walking during daily activities,
would entail little or no extra expense. For many, instruction and support in establishing
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and sustaining an exercise program may be important. Despite the initial cost of an
exercise program, such an investment will likely be cost-effective given the potential
decreased risk of falls and associated reduction in injuries, hospital stay days, and other
comorbidities,104-106

Medications important in the battle against MetS and diabetes, such as drugs affecting

the glucagon-like peptide-1 (GLP-1) receptor, which is found throughout the brain, show
putative neuroprotective effects in animal models and may provide therapeutic targets for
PD.86.107.108 | an open-label study of the antidiabetic drug exenatide, a centrally-active
synthetic analogue of the GLP-1 agonist exendin-4, people with moderate PD treated for 12
months showed improved MDS-UPDRS scores compared with the control group.109 Motor
benefit was maintained for 2 months posttreatment, suggesting an effect on the underlying
disease process.110

Understanding the beneficial metabolic effects of physical activity, including anti-
inflammatory and antioxidant actions, may also support new directions for disease-
modifying therapeutic interventions. For example, treatments currently under investigation
as disease-modifying agents for PD80.61.111 djrectly or indirectly result in antioxidant
benefits analogous to those associated with physical activity. Other elements directly or
indirectly associated with MetS, such as statin use and dietary modifications affecting

the intake of dairy and certain vitamins, are also under active study.?%:112.113 Ultimately,
regimens combining physical activity and pharmacologic interventions may prove most
useful in modifying progression in people with PD.101

Considerations

Although current studies provide evidence for the benefits of both physical activity and
exercise with regard to improvement in PD symptoms, additional, larger studies are

needed. Current studies use inconsistent terminology, and terms with different meanings
may be used synonymously, for example, using “physical activity,” “exercise,” and/or
“physical fitness” interchangeably.?9:36.114 This lack of standardized language, protocols,
interventions, and outcome measures limits aggregation of these data or comparisons.
Whether reduced activity is a risk for PD may be confounded by the possibility that it

is an early, prodromal disease feature, although studies demonstrating an effect of exercise
many decades before the onset of PD argue against that possibility.33 Ideally, future studies
will take into account total activity, including exercise, leisure sports, occupational activities
(which may vary widely in level of exertion), daily walking routines, and other activities
such as stair climbing. Utilization of standard measures such as metabolic equivalent of
task for all activities will provide a more comprehensive measure and facilitate comparisons
among studies.

Conclusions

The collective evidence supports encouraging physical activity or exercise for PD
prevention. Physical activity can be implemented in any population at a relatively low
cost,104.105.115 \yith few adverse effects and many health benefits.1® Physical activity is
equally important for maintenance of function in people already afflicted with PD. This
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is especially important because people with PD are more likely to become physically
inactive compared with people without PD.116 Physical activity is well tolerated®8

and should be encouraged in all patients. Physical therapy programs should be used

to maintain conditioning in people with PD.% Current evidence suggests that higher-
intensity exercise may be more beneficial for improvement of PD symptoms, although

even leisurely physical activity will likely provide some benefit when compared with
inactivity.26.90.96,98,99,102-106,117 Fyrther understanding of the relationship between physical
activity, inactivity, MetS, and the pathogenesis of PD may lead to disease-modifying
treatments. Appropriation of pharmaceuticals already in use to address components of MetS
has resulted in multiple novel therapies currently under investigation.61:109.118

Physical activity and exercise provide a low-cost and universally available adjunct to current
therapies during a time of soaring medical expenditures. Given the projected increase in

the number of people with PD over the coming decades, further clarification of the role of
physical activity and exercise is imperative. l
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FIG. 1.
Proposed action of physical activity and exercise on the basal ganglia at the cellular level.

Abbreviations: BDNF, Brain-Derived Neurotrophic Factor; GDNF, Glial-Derived
Neurotrophic Factor; IGF, Insulin-like Growth Factor
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