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Abstract

Neurodegenerative disorders include multiple disease types
characterized by a progressive loss of function or death of cells,
leading to varying symptoms such as decreased coordination,
cognition, or sensation. The development of neurodegenerative
diseases has been linked to the natural process of aging.
Neuroplasticity is the brain’s ability to modify the connectivity
of its neurons throughout an individual’s life. This is an
especially important topic of research for those impacted

by neurological diseases that depend upon mechanisms of
neuroplasticity for recovery. Current research is focused on
aging, its effects on neuroplasticity, and treatments aimed

to promote neuroplasticity. Neurotrophins, such as BDNF,
IGF-1, and VEGF, are present with physical exercise and

are recognized as influencing and enabling neuroplasticity.
Therefore, physical exercise is being explored as both a
cognitive repair technique after stroke and a neuroprotective
mechanism for Parkinson’s disease and Alzheimer’s disease.
Furthermore, various exercise types have been shown to
produce different neuroplastic outcomes. The purpose of this
literature review was to examine current information regarding
the potential role of physical exercise-induced neuroplasticity in
stroke rehabilitation, as well as in the treatment and prevention
of Parkinson’s disease and Alzheimer’s disease.

Introduction

Neuroplasticity is the central nervous system’s ability to
adapt or recover following injury, aging, or other impactful
occurrences by reorganizing its structure, connections, and
functions throughout life (1, 2). More specifically, it involves
neurogenesis, reorganization of neural networks, and
synaptogenesis to persevere and prosper
after or through acute and long-term

transformative events (1, 2). Intrinsically, Neurotrophin

promising rehabilitation method to improve brain function
following stroke (11-14).

The idea of PE having a major impact on preventing a significant
decline in cognition has been a topic of much research (4).

Not only does PE help manage weight, strengthen the body,
and assist in combating illness, it positively impacts the

brain’s ability to rearrange and restore itself (15, 16). There
remains uncertainty in the scientific community regarding

the specific biochemical mechanism behind the relationship
between neuroplasticity and PE. It is important to further
investigate the mechanism responsible for this relationship

to understand how to utilize it clinically in the treatment of
neurodegenerative disorders and neurological damage (15).
The hippocampus is linked to spatial memory, consolidation, and
ahigh degree of plasticity (1). Therefore, many investigations
have focused on this area when exploring the effects of
exercise-induced neuroplasticity (1, 3, 17). Although the PE-
induced neuroplasticity biological process remains primarily
undetermined, it is believed that neurotrophins produced
during and after exercise facilitate neuroplasticity through
neurogenesis, angiogenesis, and synaptogenesis, in addition to
increasing cerebral blood flow (3, 16, 18-20). Neurogenesis
(when new neurons in the brain are formed) improves spatial
learning, memory, and cognition (1, 21). Angiogenesis, when
new blood vessels are formed, is vital in neurorepair and takes
place following PE (1).

Several different neurotrophins are consistently identified in
mediating, regulating, and otherwise impacting neuroplasticity
(Table 1). Brain-derived neurotrophic factor (BDNF) is an
important modulator of plasticity and increases cell survival
with respect to learning and memory (1, 3, 19, 22). Exercise
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and disorders (1,4). Physical exercise (PE)
may be a neuroprotective mechanism for
Parkinson’s disease (PD) and Alzheimer’s
disease (AD) (6-10). PE may also be a
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effect that exercise has on their expression in the human body.




increases BDNF transport and production (1, 3). Lactate,
essential for the brain’s metabolism, has been associated with
greater BDNF levels and may play a role in exercise neuro-
benefits (19, 23, 24). Insulin-like growth factor 1 (IGF-1), a
hormone involved in many functions including neurogenesis, is
suggested to be another mediator of neuroplasticity, and seems
to support cognitive function (1, 15, 22). Previous research

has identified increased IGF-1 post-exercise, particularly in
resistance training (1). Several other growth factors, such as
vascular endothelial growth factor (VEGF), appear to contribute
to neurogenesis and cognitive improvement as well (1, 25, 26).
Protein kinase C (PKC), known for mediating inflammation and
immunity in various ways and is part of differentiation, survival,
and development, has also shown better memory and learning
with direct involvement (3, 15). N-methyl-D-aspartate (NMDA)
receptors are a glutamate receptor family integral for learning,
memory, and excitation (1, 3). Higher expression of some NMDA
receptors has been reported after exercise, with the possibility
of more remarkable plasticity at glutamatergic synapses (1, 27).

Presently, it has been shown that there are differences in the
effect on neuroplasticity among exercise types. One study
determined that the longer duration of exercise produced
elevated BDNF (20), while another determined that high-
intensity interval training (HIIT) did the same as continuous
exercise (23). Aerobic exercise regulates cellular redox
homeostasis, improves memory, cognition, and learning, and
increases synaptic plasticity and corticospinal excitability
(22,23, 28). Aerobic and strength training both have

exhibited neuroplasticity and facilitated better memory (15).
However, more research is needed focusing on strength and
resistance training regarding its relation to exercise-induced
neuroplasticity specifically (1, 3). This review aims to determine
if, based on all available research, PE can be an effective
treatment in neurological damage caused by AD, PD, and stroke.

Methods

Athorough literature search was conducted utilizing databases
including Google Scholar and PubMed. A combination of
search terms including aging, stroke, exercise, aerobic exercise,
Parkinson’s disease, and Alzheimer’s disease were utilized to
select sources. We only examined relevant articles published
within the past 25 years, with a specific focus on exploring
exercise as a therapeutic strategy for the treatment of
neurological degeneration specifically due to stroke, AD, and
PD. In order to ensure the reliability of included studies, we
selected articles that were published in peer-reviewed journals
and sourced from reputable databases.

Discussion

Benefits of Exercise for Stroke Recovery

Stroke is one neurological disease that remains a major concern
and a prominent area of investigation, and the role of PE as

a therapeutic tool for stroke has continued to spark great
interest. It is a leading cause of death and long-term disability in
the United States (U.S.) (29). Every year, over 795,000 people
have a stroke, with the most common type of stroke being
ischemic (29). In this type of stroke, blood flow to cerebral
tissue is substantially reduced causing a time-sensitive cascade
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of events (30). First, there is a loss of tissue function because

of disturbances in normal electrical and membrane functioning
(30). These disturbances can eventually lead to reactive oxygen
species (ROS) generation, and eventually, cell lysis and neuronal
death (30). The excessive production of ROS has been linked

to severe functional deficits by causing oxidative stress and,
consequently, neuronal damage (31). Moreover, the loss of
these neurons is one of the most direct causes of neuronal
injuries observed after stroke (32). Thus, neuronal regeneration
and neuronal protection are key areas worth investigating

to prevent cerebral functional deficits (33). PE is believed to
help with post-stroke recovery by increasing the expression

of proteins involved with neuroplasticity and serving as a
neuroprotective mechanism against neuronal damage (13).

A recent study investigated the ways in which rehabilitation
exercises improved neurological function in rats that had
undergone middle cerebral artery occlusion (MCAQ). The
results indicated that treadmill exercise 24 hours after MCAO
increased the expression of VEGF (34). The increased VEGF
expression by endothelial cells was linked to promoting
neurological functioning by stimulating angiogenesis

and reducing apoptosis (25, 26). In another report, the
neuroprotective effects of PE in rats following an ischemic
stroke were analyzed, and similar effects were observed (35).
However, compared to the previous study mentioned (34),
this investigation revealed a different molecular pathway and
mechanism for neuroprotection (35). Post-stroke treadmill
exercise increased oxaloacetate, as well as decreased glucose
and phosphoenolpyruvic acid (PEP) in rats (35). During
ischemic injury, the switch to gluconeogenesis due to impaired
mitochondrial oxidative phosphorylation, leads to excess PEP
and lactic acidosis activity, contributing to ROS production and
cell death (35-37). Therefore, the researchers suggested that
the process of gluconeogenesis in these rats was suppressed
because of the PE, and consequently, helped protect against
neuronal death (38).

Moreover, a type of exercise known as skilled reaching

training (SRT) had positive effects on the cognitive function of
transient MCAQ rats (39). Specifically, it upregulated BDNF
and stimulated gray and white matter plasticity (39, 40).
Furthermore, antisense BDNF oligonucleotide was injected into
the contralateral lateral ventricle of rats after ischemic stroke
to determine the role of this molecule in improving cognitive
performance. The blocked production of BDNF mRNA due to
the injected oligonucleotide resulted in the ineffectiveness of
the rehabilitation on the recovery (41). Thus, this study further
emphasized the importance of increased BDNF in synaptic
plasticity resulting from PE therapy post-stroke. PE may serve
as an important non-invasive therapeutic tool for ischemic
stroke by modulating synaptic plasticity.

Benefits of Exercise in the Treatment of Parkinson’s Disease

PD is the second-most common neurodegenerative disorder
diagnosed in North America, currently affecting about 1
million Americans (42). A new study has shown that PD has an
incidence rate of nearly 90,000 diagnoses each year, which is
about 50% higher than current estimates (43). PD incidence
increases with age of 65 or older and is higher in males at all
ages (43). Incidence of PD is higher in certain geographical
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regions, including the “Rust Belt,” southern California,
southeastern Texas, central Pennsylvania, and Florida (43). PD
has an annual economic burden of $52 billion in the U.S. (44).

Pathologically, PD is characterized by the loss of nigrostriatal
dopaminergic innervation, but neurodegeneration seenin
the disease is not limited to just these neurons (45). PD has
avery widespread pathology, so reliable diagnostic tests are
not available yet (45). Diagnosis is based on clinical symptom
presentation (45). Diagnosis requires the presence of two
clinical features: resting tremor, bradykinesia, rigidity, and/
or postural instability (45). These criteria can only diagnose
probable PD (45). True diagnosis requires histopathology
testing to identify alpha-synuclein-containing Lewy bodies (45).
The pathogenesis of PD involves alpha-synuclein misfolding
and aggregation (46), mitochondrial dysfunction (47), and
dysfunctional protein clearance (45).

Treatment of PD includes increasing levels of dopamine in

the brain (48). The current first-line treatment for the motor
symptoms of PD is levodopa (48). Levodopa (or L-dopa) is a
dopamine precursor (49). L-dopa is usually used in combination
with carbidopa, which inhibits aromatic-L-amino-acid
decarboxylase, the enzyme responsible for the breakdown of
dopamine (49). These drugs both work to increase the levels

of dopamine in the synapses (49). This treatment does not
modify the course of neurodegeneration, but it is very effective
at treating the motor symptoms of the disease (49). Drugs like
carbidopa-levodopa extended-release capsules, also called
IPX066, have been shown to have an increased efficacy and
improved patient compliance (50).

Although these treatments can manage the symptoms of PD,
there is currently no cure for this debilitating disease. In a
recent study that evaluated 114 countries from 1994-2019,

it was estimated that there were 1,064,753 deaths due to

PD globally (51). Throughout this period, the mortality rate in
both men and women increased substantially (51). Overall, PD
is the second-most prevalent neurodegenerative disease in
the U.S. for which there is no current cure. Current treatment
methods need improvement to reduce PD-related morbidity
and mortality.

There is widespread evidence of the beneficial effects of
aerobic exercise on inducing neuroplasticity and improving
cognition (52-57). Specifically, it has been shown that exercise
reduces atrophy in the motor systems of aging individuals

and induces neuroplasticity, which preserves motor function
and promotes the relearning of motor skills (53). PE has been
linked to improved motor function which includes increased
gait speed, balance, and coordination (53). Due to these results,
the effects of aerobic exercise have recently been studied

in PD to determine if this could be an effective addition to
current treatment options. The substantia nigra, the main
area affected by PD-related neurodegeneration, can produce
new neurons throughout adulthood (58). Due to this, and the
ability of exercise to induce neuroplasticity, it has been thought
that exercise may improve the symptoms of and possibly
protect from the progression of PD. More recent studies

have shown that exercise induces alterations in dopaminergic
and glutamatergic neurotransmission, which diminishes the
cortically driven hyperexcitability present in the basal ganglia
of PD patients (27). Studies of PD-specific goal-based motor
training and aerobic exercise have shown the potential to

improve the cognitive and autonomic components of motor
control in mild to moderate PD (10). More research is needed
to fully understand the circuitry involved in exercise-induced
neuroplasticity and how it can improve motor function in PD
patients before it is recommended as a therapeutic intervention.
Furthermore, additional study is warranted to evaluate the ideal
amounts of exercise in order to mitigate injury and maximize the
impact of its use.

Benefits of Exercise in the Treatment of Alzheimer’s Disease

The clinical impact of PE extends beyond neuroplasticity to
benefit patients diagnosed with dementia and, specifically, AD.
This disease is characterized by cognitive decline, memory loss,
and disorientation and affects a large percentage of the world
population, specifically individuals 65 years of age and older
(59, 60). Based on the World Alzheimer Report, as of 2016, 47
million people across the world live with dementia, and nearly
70% of them are eventually diagnosed with Alzheimer’s (7).
Due to the irreversibility of AD and the absence of successful
pharmacological treatments, the number of patients with AD
is continuing to increase and is projected to be four times
higher by 2050 (7, 61). This disease explicitly affects the more
complex parts of the brain connected to memory, such as the
hippocampus and neocortex (61). At the cellular level, patients
with AD present with an increased level of amyloid plaques,
composed of A8 peptides and neurofibrillary tangles, which
are connected to the deterioration of cognitive functions (7,
59, 61). Simultaneously, a low count of BDNF also accounts
for the neurocognitive decline of patients with dementia (62).
Along with these pathophysiological features that characterize
Alzheimer’s, risk factors that contribute to worsening and
expedited symptoms of this disorder include diabetes,
hypertension, obesity, and a sedentary lifestyle (8, 60, 63, 64).

Engaging in PE has been shown to reduce a patient’s risk of

AD by 45% by impacting the individual at a behavioral, cellular,
and molecular level by enhancing blood flow, improving brain
plasticity, and conserving brain tissue (7, 9). In a 2011 meta-
analysis, patients with dementia scored higher on cognitive tests
following 6 to 12 months of exercise versus a sedentary lifestyle.
Moreover, the patients that took part in PE had improved

spatial memory and larger hippocampus volumes (8). This is
parallel to the neurotrophic hypothesis, which emphasizes that
improved cognition is tied to the increase in growth factors and
neurotrophins induced by PE (59). In a follow-up investigation

in 2020, high levels of AR in rats were reversed by physical

and cognitive exercise, which further reversed damages done

to the hippocampus brought on by neurotoxicity (65). PE also
increased BDNF levels which can further slow the progression
of AD symptoms and reduce the risk of developing Alzheimer’s
in healthy older individuals (61).

While other forms of treatment to slow down the development
of Alzheimer’s are being studied, such as the impact of a healthy
diet with low fat intake and drugs, PE is the most promising. Is
has been shown to slow the spread and low-cost intervention
to treating and lowering the risk of patients with AD (62, 66,
67).1na 2022 study, the benefits of a Mediterranean diet
combined with PE resulted in higher BDNF levels compared

to a Western diet and a sedentary lifestyle (62). Non-
pharmacological interventions such as PE are thought to have a
better success rate in slowing AD compared to pharmaceutical



drug treatments (68). For example, it is hypothesized that
NSAIDs can reduce the risk of AD due to the anti-inflammatory
component; however, there is limited research to prove this

to be as successful as PE (69). Similarly, intranasal insulin,
omega-3 fatty acids, and vitamin B12 are being studied. These
are also more costly than maintaining a healthy diet and PE (63,
70). Moreover, even with the medications that are currently
available, the growth of AD as a leading cause of morbidity in
the U.S. and the lack of clinical trials, with a current 0.4% success
rate, points toward the need for a better understanding of the
progression of this disease (69, 71, 72). Since pharmaceutical
treatments for AD are expensive to develop and test, the
success of PE as a preventative measure points to its benefits as
acheaper alternative while searching to find a cure (7-9).

Conclusion

Neurodegenerative diseases remain a persistent issue in
healthcare since they are often challenging to treat due to the
brain’s complex circuitry. Thus, therapies that help prevent

the onset and progression of these diseases continue to draw
attention in neurology. PE is one noninvasive therapy that

can serve to reduce the burden of these diseases by inducing
neuroplasticity in the hippocampus, an area of the brain

linked to exhibiting high instances of plasticity and memory
consolidation (1). Particularly, neurotrophins produced during
and after exercise improve cognitive function by supporting
cell growth, proliferation, and the processes of neurogenesis
and angiogenesis (1, 3, 16, 18-21, 73). Numerous studies have
found elevated BDNF, VEGF, and IGF-1 after exercise (1, 20,
34,39-41, 61, 62). The upregulation of these molecules is
associated with increased cognitive functioning in experiments
involving rat models with different diseases, such as ischemic
stroke, AD, and PD (10, 34, 39-41, 61, 62). Aerobic exercise,
particularly, improves memory and cognition via neuroplasticity
(74). PE positively influences neuroplasticity, neurorepair, and
rehabilitation of Alzheimer’s disease, Parkinson’s disease, and
stroke (28).

Due to the costly nature of studies centered around human
participants and the availability of current research, there are
limitations on the ability to conduct research on human subjects
with neurodegenerative diseases such as AD and PD (1, 15,
66). Future studies should explore different exercise protocols
for comparison, including more resistance studies or varying
intensity, and more human and animal studies for a more
generalized interpretation (1, 11, 15, 19). Multiple studies have
discussed the idea of utilizing pharmaceuticals to administer
the beneficial exerkines, especially considering some individuals
experiencing the effects of aging, AD, PD, and stroke may be
unable to complete PE (20, 23).
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