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ABSTRACT

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder marked by memory impairment, cognitive
deterioration, and neurobiological changes, notably the accumulation of amyloid-beta (AP) and tau pathology. Recent data
suggests that consistent physical activity (PA) may delay the onset and progression of Alzheimer's disease (AD) through
various neuroprotective mechanisms. This research synthesizes results from 31 contemporary investigations encompassing
both human and animal subjects. The focus is on the impact of physical activity on brain-derived neurotrophic factor (BDNF)
expression, cerebral blood flow, inflammation reduction, and proteinopathy management. Brain-Derived Neurotrophic
Factor (BDNF) is crucial for maintaining synaptic plasticity and promoting neurogenesis in the hippocampus, both of which
are significantly compromised in Alzheimer's Disease (AD). PA-induced elevations in BDNF enhance cognitive resilience
and neuronal integrity. Furthermore, exercise has been shown to enhance cerebral perfusion, so improving the delivery of
oxygen and nutrients while promoting the disposal of waste, including glymphatic flow. The anti-inflammatory effects ot
PA entail the downregulation of pro-inflammatory cytokines (e.g., IL-6, TNF-a) and the upregulation of anti-inflammatory
mediators, which alleviate chronic neuroinflammation commonly seen in Alzheimer's disease. Furthermore, PA appears to
reduce oxidative stress by enhancing innate antioxidant systems, including superoxide dismutase and glutathione peroxidase.
PA may significantly affect essential pathophysiological features of AD, such as amyloid-beta buildup and tau
hyperphosphorylation, by promoting proteostasis and stimulating autophagy. Research from both preclinical and clinical
studies repeatedly reveals associations between regular physical activity and improved cognitive function, augmented brain
structural integrity, and less neurodegeneration. The data indicate that physical activity serves as a cost-effective, accessible,
and non-pharmacological intervention with significant neuroprotective potential to reduce the risk of Alzheimer's disease
and delay its development.
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Methods: A structured search was conducted on the PubMed database using combinations of the
following keywords: "Alzheimer’s disease", "physical activity", "exercise", "BDNF", "neuroprotection",
"amyloid-beta", and "tau protein". Peer-reviewed articles published within the past 10 years were selected,
with preference for original research and systematic reviews. Thirty-three studies were selected for inclusion.
Data were synthesized qualitatively, focusing on mechanistic insights and clinical relevance.

Introduction

The examination of Alzheimer's disease within populations

Alzheimer's disease constitutes around 60—80% of all dementia cases. The aging population is projected
to quadruple the global frequency by 2050, with the most significant increases anticipated in low- and middle-
income nations [32]. Presently, more than 6 million individuals in the United States are afflicted with
Alzheimer's disease. In the absence of new treatments, this figure is projected to exceed 13 million by 2050
[33]. The disease predominantly impacts individuals over 65; however, approximately 5% of cases are early-
onset Alzheimer's dementia, occurring prior to age 65. Advanced age, genetic predisposition (notably the
APOE €4 allele), cardiovascular comorbidities, insufficient physical exercise, and diminished cognitive
reserve constitute risk factors for Alzheimer's disease. Alzheimer's disease imposes significant financial
burdens on society and the economy, encompassing direct healthcare expenses, informal caregiving, and
diminished productivity. Estimates indicate that the amount exceeds hundreds of billions of dollars annually.

Contemporary treatment approaches and their constraints

The majority of currently approved medications for Alzheimer's disease concentrate on alleviating
symptoms rather than altering the disease's progression. Physicians frequently prescribe cholinesterase
inhibitors, such as donepezil and rivastigmine, along with the NMDA receptor antagonist memantine, to
enhance cognitive function; however, these medications provide only temporary benefits and lack enduring
efficacy. Several novel pharmaceuticals, such as aducanumab and lecanemab, are monoclonal antibodies that
specifically target amyloid-beta. They are ineffective and potentially hazardous, leading to cerebral edema and
microhemorrhages [33]. Moreover, these treatments are costly and inaccessible to numerous patients,
particularly in resource-limited areas. Current treatments for Alzheimer's disease do not target the several
underlying causes, such as inflammation, vascular issues, mitochondrial dysfunction, and protein misfolding.

Due to these constraints, there has been an increased focus on preventive strategies that address
modifiable lifestyle factors. Physical activity is crucial as it can significantly alter certain neurobiological
processes associated with Alzheimer's disease. Exercise mitigates disease progression by elevating
neurotrophin levels, enhancing the integrity of cerebral blood vessels, regulating immunological responses,
and facilitating the clearance of proteins. Given the absence of very effective treatments that alter the disease's
trajectory, consistent physical activity serves as a pragmatic and comprehensive method to reduce the risk of
Alzheimer's disease and postpone cognitive deterioration.

Over 50 million individuals globally suffer from Alzheimer's disease, which remains a significant cause
of disability and dependence among the elderly. Pathologically, this indicates that AP plaques accumulate
extracellularly, tau tangles aggregate intracellularly, synaptic function is impaired, mitochondrial efficacy is
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diminished, and neuroinflammation persists. As Alzheimer's disease progresses, cerebral blood flow and
neurotrophin levels decline, resulting in neuronal death and exacerbating cognitive impairment [1, 2, 3, 4, 5].
Although pharmacological interventions continue to advance, their efficacy is frequently limited and mostly
addresses symptoms. This illustrates the significance of identifying efficient methods to avert these issues.

Recent studies indicate that lifestyle modifications, particularly consistent physical activity, may serve
as a therapeutic intervention to postpone the onset of Alzheimer's disease or mitigate its severity. Researchers
have demonstrated that exercise can alter various brain health indicators, including elevating neurotrophic
factors such as brain-derived neurotrophic factor (BDNF), enhancing cerebral blood flow, reducing oxidative
stress, and modifying inflammatory pathways [9, 10, 11, 12]. PA can assist in eliminating misfolded proteins,
reducing the accumulation of AP, and stabilizing tau phosphorylation [13, 14, 15]. These circuits elucidate the
mechanism by which physical activity may mitigate the risk of Alzheimer's disease.

This review aims to synthesize and critically assess the evidence from clinical and experimental studies
regarding the impact of regular physical activity on the progression of Alzheimer's disease via neuroprotective
mechanisms. This study examines the molecular, vascular, immunological, and metabolic pathways influenced
by exercise to provide a comprehensive and current understanding of how physical activity may aid in the
prevention of Alzheimer's disease [16, 17, 18, 19, 20].

The Role of BDNF in Alzheimer's Disease

Brain-derived neurotrophic factor (BDNF) is a crucial neurotrophin that supports the survival, growth,
and health of neurons in the central nervous system. Synaptic plasticity, learning, and memory are significantly
impacted by Alzheimer's disease (AD). Brain-derived neurotrophic factor (BDNF) primarily functions by
binding to the tropomyosin receptor kinase B (TrkB), initiating intracellular signaling cascades, including the
PI3K/Akt, MAPK/ERK, and PLCy pathways. These pathways facilitate neuronal survival, promote dendritic
growth, and enhance synaptic connections over time (LTP) [1, 2, 3]. Individuals with Alzheimer's disease
exhibit significantly reduced BDNF levels in impacted brain regions, such as the hippocampus and cortex.
This correlates with the severity of the disease and cognitive impairments [4, 5, 6]. Decreased BDNF signaling
exacerbates synaptic loss, accelerates neuronal degeneration, and diminishes cognitive reserve, rendering it a
critical diagnostic and therapeutic target.

Numerous studies have shown that exercise significantly enhances the expression of BDNF in both
animal models and humans. Elevated BDNF levels resulting from exercise are associated with enhanced
neurogenesis in the hippocampus, increased synaptic formation, and improved cognitive performance [6, 7, 9].
In rat models of Alzheimer's disease, voluntary wheel running and treadmill training elevate BDNF mRNA
and protein concentrations in the hippocampus. This enhances cognition and reduces amyloid pathology [10,
11, 14]. In elderly individuals, elevated blood levels of BDNF are associated with enhanced executive function,
reduced cognitive decline, and a decelerated transition from moderate cognitive impairment (MCI) to
Alzheimer's disease (AD) [15, 20, 23]. BDNF is crucial as it regulates proteostasis by promoting autophagy
and reducing the accumulation of AP, hence enhancing neuronal protection.

Genetic variations also alter BDNF signaling. The Val66Met polymorphism influences the activity-
dependent release of BDNF, resulting in Met carriers exhibiting reduced BDNF release and less plasticity, but
still deriving benefits from exercise therapy [20, 28]. Individuals possessing the APOE &4 allele, which
increases their likelihood of developing Alzheimer's disease, typically exhibit reduced baseline levels of BDNF.
Nevertheless, they exhibit significant elevations in BDNF levels subsequent to adherence to regular exercise
regimens [3, 6, 15]. The data indicate that exercise can diminish genetic susceptibility by enhancing BDNF
activity.

Brain-Derived Neurotrophic Factor (BDNF) is crucial in the neuroprotective benefits of physical
exercise. Its influence on neuronal resilience, plasticity, and protein clearance renders it a crucial element in
the battle against Alzheimer's disease. Lifestyle modifications that enhance BDNF expression, like as regular
exercise, may assist individuals, particularly those at elevated risk, in preserving cognitive function and
mitigating neurodegeneration.

PA diminishes pro-inflammatory cytokines such as TNF-a and IL-6 while elevating anti-inflammatory
molecules including IL-10 and adiponectin. This mitigates persistent neuroinflammation and glial activation
[9, 10, 23, 30]. It enhances the body's capacity to combat free radicals by increasing the amounts of enzymes
such as superoxide dismutase, catalase, and glutathione peroxidase, which reduce reactive oxygen species and
lipid peroxidation [18, 27, 31]. Moreover, consistent physical activity regulates proteostasis pathways, thereby
diminishing the amyloidogenic processing of APP, accelerating the clearance of AP via neprilysin and insulin-
degrading enzyme, and stabilizing tau by inhibiting kinases such as GSK-3p [11, 12, 13, 26, 28].
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In murine models, physical activity reinstated cognitive function and enhanced learning by elevating
BDNF levels in the hippocampus, reducing oxidative stress, and normalizing mitochondrial function and
synaptic protein expression [14, 18, 20, 27]. Cognitive assessments indicated that physical activity mitigates
the advancement from moderate cognitive impairment (MCI) to Alzheimer's disease (AD), enhances executive
function, and aids memory retention [15, 19, 21, 25, 29, 30, 31]. These data indicate that regular exercise
safeguards the brain through its influence on biochemical, structural, vascular, and immunological pathways
critical to the progression of Alzheimer's disease.

The differential impacts of aerobic and resistance training on the progression of Alzheimer's
disease

The nature of physical activity significantly influences the strength and specificity of neuroprotective
advantages in Alzheimer's disease. Aerobic and resistance training have both been shown to be beneficial,
albeit through distinct mechanisms.

Walking, cycling, and swimming are forms of aerobic exercise that enhance hippocampus volume,
increase cerebral blood circulation, and elevate BDNF levels, so facilitating memory and learning. Aerobic
exercises significantly enhance neurovascular coupling, facilitate angiogenesis, and accelerate the clearance
of metabolic waste, including AP peptides [8, 10, 13, 28]. Longitudinal studies on humans indicate that
consistent aerobic exercise may prevent cerebral atrophy, particularly in regions predisposed to Alzheimer's
disease, such as the precuneus and posterior cingulate cortex [22, 29].

Conversely, resistance exercise, such as weight lifting or utilizing resistance bands, has been associated with
enhancements in executive function, working memory, and functional connectivity, particularly in older adults with
moderate cognitive impairment (MCI) [15, 25, 30]. Resistance exercise appears to enhance outcomes by elevating
insulin-like growth factor 1 (IGF-1), improving mitochondrial function, and augmenting the synthesis of synaptic
proteins [3, 24]. Resistance training may significantly impact anti-inflammatory mechanisms and glucose
metabolism, both of which are disrupted in Alzheimer's disease [23, 27].

Combined training programs incorporating both aerobic and strength exercises may be more effective
in addressing the vascular and metabolic aspects of neurodegeneration. Research on animals indicates that
these therapies are more effective in combination than individually in enhancing learning, memory, and
synaptic plasticity [20, 27]. Research indicates that including both forms of exercise into a training regimen
can enhance cognitive function in an additive or perhaps multiplicative manner [19, 21, 31].

Aerobic and resistance exercises both confer benefits; however, aerobic training may more significantly
enhance hippocampal health and cerebral blood vessels, whereas resistance training may more effectively
improve executive function and metabolic resilience. Experts believe that tailored exercise regimens, which
consider an individual's cognitive profile, physical state, and genetic predisposition (such as the APOE &4
allele), will be the most efficacious in decelerating the advancement of Alzheimer's disease [6, 15, 24].

The impact of exercise intensity, age, and genetic variables on neuroprotective outcomes

The intensity of physical activity is crucial for obtaining neuroprotective advantages. High-intensity
interval training (HIIT) elevates BDNF and IGF-1 levels more rapidly and markedly than moderate-intensity
continuous training (MICT). HIIT is a superior method for enhancing synaptic plasticity and neurogenesis.
Conversely, prolonged moderate-intensity exercise induces cumulative alterations in blood vessels and
sustained anti-inflammatory benefits while minimizing oxidative damage. A balance between intensity and
safety is crucial for individual tolerance, particularly for the elderly.

Age significantly influences the efficacy of neuroprotection following physical activity. Individuals under 65
exhibit more pronounced baseline neurotrophin upregulation and angiogenic responses, whilst those over 65 may
require extended treatment durations to achieve comparable enhancements in BDNF and cerebral perfusion [5, 7,
14]. Commencing exercise later in life persists in mitigating cognitive decline and maintaining hippocampal
function, demonstrating advantages throughout life and across various stages of disease [19, 21, 25].

Genetic variables, particularly the presence of APOE &4, influence the efficacy of exercise. Individuals
possessing the APOE &4 allele exhibited reduced baseline BDNF levels and elevated amyloid levels. Intensive
exercise regimens significantly elevate BDNF levels and diminish AP deposition in this group, hence
mitigating genetic risk disparities [3, 6, 15]. The BDNF Val66Met polymorphism alters the brain's response
to exercise. Individuals possessing the Met variation have reduced BDNF release yet nevertheless derive
cognitive advantages from physical exercise [20, 28]. Customizing pharmacological agents for Parkinson's
disease according to genetic profiles may yield optimal neuroprotective advantages.
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Results

Numerous studies indicate that aerobic and resistance exercises significantly elevate BDNF levels, hence
enhancing synaptic plasticity and neurogenesis, particularly in the hippocampus [4, 5, 6, 16, 17]. Brain-derived
neurotrophic factor (BDNF) and other neurotrophins, including insulin-like growth factor 1 (IGF-1), promote
neuronal survival, enhance dendritic complexity, and facilitate long-term potentiation. This contributes to the
development of cognitive reserve and offers protection against Alzheimer's disease [1, 3, 20, 24]. Functional MRI
studies indicate that individuals who engage in physical activity exhibit increased cerebral blood flow, enhanced
cortical thickness, and improved interconnectivity among brain regions. This is particularly applicable to regions of
the brain that are predisposed to Alzheimer's disease, such as the default mode network and hippocampus [7, 8, 22].
Exercise induces angiogenesis and enhances endothelial function, facilitating the transport of oxygen and nutrients
while eliminating waste via glymphatic channels [2, 10, 13, 28].

Robust data from both animal and human studies indicates that physical activity safeguards the brain in
individuals with Alzheimer's disease. BDNF upregulation is a fundamental step that facilitates neuronal
survival and the generation of new neurons. Both BDNF and IGF-1 elevate with physical activity, and
collectively they enhance synaptic plasticity and long-term potentiation, particularly in the hippocampus and
cortex, regions more susceptible to Alzheimer's disease. Aerobic exercise enhances cerebral blood flow, hence
augmenting oxygen delivery, nutrition supply, and metabolic clearance. This aids in maintaining equilibrium
within neural networks. The vascular advantages encompass an increased capillary density, the formation of
new blood vessels, and the synthesis of endothelial nitric oxide, all of which are crucial for maintaining a
healthy neurovascular system [1, 3, 7, 20].

The anti-inflammatory properties of PA mitigate the progression of neuroinflammation, hence
accelerating neurodegeneration. Exercise decreases the concentrations of pro-inflammatory cytokines in the
bloodstream, including IL-6, TNF-a, and CRP, while elevating the levels of IL-10 and other anti-inflammatory
mediators. This aids in reestablishing the body's immunological equilibrium and prevents microglia from
becoming excessively active [9, 10, 23]. Furthermore, PA enhances the body's capacity to combat free radicals,
thereby safeguarding lipids, proteins, and DNA from damage frequently associated with the onset of AD. The
overexpression of antioxidant enzymes and enhanced mitochondrial activity contribute to antioxidant effects
[18,27,31].

Exercise inhibits the aggregation of AP and tau, potentially via enhancing autophagy, accelerating
lysosomal breakdown, and reducing the activity of kinases such as GSK-3B associated with tau
phosphorylation. These proteostatic systems maintain the integrity of neuronal structure and function.
Moderate-intensity aerobic exercise and resistance training confer cognitive advantages, albeit individuals may
require tailored regimens based on age, initial fitness level, comorbidities, and genetic variables such as APOE-
€4. Neuroimaging studies indicate that individuals who engage in physical activity maintain their hippocampal
volume, cortical thickness, and functional connectivity, which are associated with improved cognitive results
[8, 22, 25, 30].

These data demonstrate the significance of physical activity as a multifaceted intervention addressing
several cellular mechanisms associated with Alzheimer's disease. PA significantly influences neurotrophic
signaling, vascular integrity, immunological responses, redox equilibrium, and proteostasis. This indicates that
it may assist in delaying or halting the onset of Alzheimer's disease.

Conclusions

Consistent physical activity is an effective method to postpone the onset of Alzheimer's disease without
pharmacological intervention. The neuroprotective mechanisms encompass elevated BDNF levels, enhanced
cerebral blood flow, reduced inflammation, and diminished accumulation of deleterious proteins.
Incorporating exercise into standard health regimens may alleviate the increasing burden of Alzheimer's
disease.

Furthermore, exercise has additional advantages beyond mere health maintenance. Physical activity may
decelerate the progression of mild cognitive impairment or early Alzheimer's disease symptoms and enhance
quality of life by preserving brain volume, augmenting executive function, and stabilizing memory
performance. Neuroimaging, biomarker assessment, and behavioral evaluations collectively indicate these
functional enhancements.

Physical activity is a scalable and efficacious component of public health initiatives targeting
neurodegeneration, as it is accessible, cost-effective, and exerts diverse effects on the body. Future research
must concentrate on enhancing exercise prescriptions tailored to individual risk profiles by utilizing genetic,
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physiological, and behavioral aspects to achieve optimal outcomes. Investing substantial effort in advocating
for physical activity in clinical and community environments could significantly postpone the onset of
Alzheimer's disease and mitigate its social and economic repercussions.

Promoting regular exercise among individuals constitutes a cost-effective and easily implementable
public health policy, significantly benefiting the elderly population. With the increasing prevalence of
Alzheimer's disease globally, exercise serves as an effective means to enhance cognitive resilience, improve
quality of life, and address long-term healthcare requirements.

All authors have read and agreed with the published version of the manuscript.
Funding Statement: This research received no external funding.
Conlflicts of Interests: The authors declare no conflict of interest.
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