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Abstract

Context: The correlation between neuroinflammation and neurodegenerative disorders has been extensively documented.

Elevated levels of inflammatory cytokines in the bloodstream have been demonstrated to impair memory function and

heighten susceptibility to neurodegenerative disorders. Furthermore, elevated quantities of reactive oxygen species (ROS) in the

body, known as oxidative stress, exacerbate neurodegenerative illnesses and negatively affect learning and memory.

Neuroprotection prevents neuronal cell death by intervening and blocking the pathogenetic process that leads to cellular

malfunction and death.

Methods: We evaluated several studies in the WEB of SCIENCE, SCOPUS, and PubMed. Furthermore, we identified the central

genes and signaling pathways associated with neurogenesis, the neural system, and neuroplasticity through data mining, a

literature review of artificial intelligence, and an in-silico study.

Results: Physical exercise (PE) benefits various physiological systems, including the central nervous system. The beneficial

impacts of physical activity on cognitive performance, neural well-being, and safeguarding neurons against different brain

injuries are extensively documented. Furthermore, research has demonstrated that PE is a powerful non-pharmacological

intervention that enhances cognitive function, including learning and memory, while decreasing the likelihood of developing

neurodegenerative disorders. Additionally, engaging in moderate physical activity that does not result in extreme fatigue has a

beneficial impact on reducing inflammation and promoting antioxidant effects. According to the hormesis theory, physical

inactivity and extreme overtraining can decrease physiological function.

Conclusions: In summary, a combination of moderate aerobic exercise, HIIT, and resistance training, performed at

appropriate intensities, is most beneficial for neuroprotection and cognitive health. Regular engagement in these activities can

help mitigate the risk of neurodegenerative diseases and enhance overall brain function.
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1. Context

Neuroprotection is a fundamental concept in

neuroscience that focuses on the strategic prevention of

neuronal cell death. This is achieved by intervening in

and inhibiting the pathogenic processes that contribute

to cellular dysfunction and eventual cell death (1). This

paradigm has attracted significant attention from the

scientific community, promoting the investigation of

innovative therapeutic strategies aimed at preserving

brain tissue and improving overall clinical outcomes (1,

2). Importantly, advanced age is recognized as the

primary risk factor for most neurodegenerative

diseases, including Alzheimer's disease (AD) and

Parkinson's disease (PD), especially in the elderly

population (3).

In the United States, the prevalence of AD in

individuals aged 95 years and older is approximately
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50%, highlighting the urgent need to tackle

neurodegenerative challenges within the aging

population. Likewise, PD affects 2 - 3% of those aged 65

years and older, reinforcing the importance of

addressing age-related neurodegenerative disorders (4).

Epidemiological studies have revealed a significant

association between physical activity and a decreased

risk of AD and dementia. Participation in physical

activities is linked to a substantial risk reduction of 45%

for AD and 28% for dementia (5). This highlights the

potential of lifestyle interventions, particularly exercise,

to promote neuroprotection.

The complex relationship between

neuroinflammation and neurodegenerative diseases is

well-established. The overproduction of inflammatory

cytokines, such as interleukin-1β (IL-1β), tumor necrosis

factor-α (TNF-α), and interleukin-6 (IL-6) in the brain,

along with heightened levels of C-reactive protein (CRP)

in plasma, has been associated with memory

impairment and an elevated risk of AD (6). Moreover,

oxidative stress, marked by increased levels of ROS, is

recognized as a crucial factor in neurodegenerative

diseases, contributing to deficits in learning and

memory (6, 7). An in-depth understanding of these

complex mechanisms lays the groundwork for creating

targeted interventions designed to alleviate the effects

of neurodegenerative diseases, especially within the

aging population (8).

This discourse underscores the multifaceted nature

of neuroprotection, integrating age-related risk factors,

the potential of lifestyle modifications, and the intricate

molecular pathways involving neuroinflammation and

oxidative stress (9). These considerations serve as the

foundation for future research efforts and therapeutic

advancements in the pursuit of effective strategies

against neurodegenerative diseases (10, 11).

Contemporary research reveals that the adult

mammalian brain remains dynamically influenced by

external stimuli, as demonstrated in human and

experimental animal studies (12). Neuroplasticity, a term

encompassing the nervous system's potential to modify

its structure in response to changes in expected and

environmental conditions, has become a focal point of

investigation (13).

This phenomenon is observed under various

circumstances, including the acquisition of novel

strategies, recovery from nervous system injury, or in

the absence of sensory stimulation (13). Neuroplasticity

is evident at multiple levels of the nervous system,

encompassing ion channels, synapses, neurons,

neuronal columns, cortical organization, and modes of

operation (14). These layers exhibit a complex

interconnection and interdependence. Exploring

neuroplasticity at various levels of the nervous system

broadens our understanding of its intricacies and

underscores the dynamic and adaptive nature of the

adult mammalian brain in response to diverse stimuli

and experiences (15).

Considering the crucial significance of

neuroplasticity in adapting to various demands and

situations, the primary focus lies in elucidating

methods to enhance neuroplastic processes in order to

foster learning and memory, prevent cognitive decline

throughout life, and facilitate recovery after brain

injuries (16). Recent investigations suggest that physical

activity and exercise training are viable avenues for

enhancing neuroplasticity, thereby contributing to

improved cognitive performance, as substantiated by

studies involving both human subjects and animals (2,

16). Physical exercise (PE), in particular, has emerged as a

potent stimulator of neuroplasticity, potentially

fostering positive adaptations in learning and memory

(17).

However, it is essential to note that the impact of

physical activity extends beyond favorable cognitive

outcomes, encompassing its potential to influence

negative forms of learning, such as the acquisition of

fear or undesirable behaviors (18). Notably, PE has

garnered attention in disease modification, with

previous research highlighting its promise as a non-

pharmacological therapeutic option for various

conditions, including neurological, metabolic, mental,

and cardiovascular diseases (19).

These findings highlight the diverse benefits of

integrating PE into health strategies, indicating its

potential for cognitive enhancement and addressing

wider health issues (20). As research in this area

advances, a deeper understanding of how physical

activity affects neuroplasticity provides essential

insights for creating targeted interventions aimed at

fostering cognitive resilience and enhancing overall

well-being throughout the lifespan (21).

This research focuses on neuroprotection and

neuroplasticity, particularly in the context of

neurodegenerative diseases. Key questions include

identifying mechanisms of neuroprotection to prevent
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neuronal cell death, understanding the risk factors

associated with neurodegenerative diseases, and

evaluating the impact of physical activity on cognitive

decline. Additionally, the research aims to explore the

roles of neuroinflammation and oxidative stress in

cognitive impairment and assess how exercise can

enhance neuroplasticity. The overarching objective is to

develop targeted interventions that promote cognitive

health and resilience.

2. Methods

2.1. Data Mining and Literature Search

The WEB OF SCIENCE, SCOPUS, and PubMed databases

were utilized for data mining and literature search. This

study was performed by cross-checking the keywords

based on Medical Subjects Headings (MeSH) terms:

“Physical exercise,” “exercise training,” “moderate

exercise,” “overtraining,” “aerobic training,”

“neuroplasticity,” “cognition,” “brain development,”

“hippocampal neurogenesis,” “learning,” and “memory.”

Original animal and human studies were included,

specifically those that evaluated the role of exercise

training and physical activity in regulating

neuroinflammation and neurodegenerative diseases.

2.2. Bioinformatic Analysis

To examine the impact of physical mobility on

neuronal destruction in dementia, we gathered the

related microarray dataset, GSE110298, which compares

sedentary individuals with AD to Alzheimer's patients

with high mobility throughout their lifetime. The

GSE110298 dataset was analyzed using the Bioconductor

package in the R programming language, with a

significance level of P-value < .05 and logFC ± 2. Using

the Cytoscape 3.6.0 software, we implemented visualizer

settings, betweenness, and closeness to visually

represent essential proteins in the genetic network.

3. Results

3.1. Master Gene Network Analysis Highlights Molecular
Pathways Impacted by Sedentary Behavior in
Neurodegenerative Disease

Estimating network characteristics related to the

impact of mobility on neuronal damage in dementia

conditions identified 242 regulatory genes implicated in

the development of dementia in a sedentary lifestyle.

The protein-protein interactions (PPIs) network was

established by 62 hub genes that are specifically

engaged in the physical training process. Exploration of

master gene networks, elucidating key molecular

signaling pathways implicated in dementia, was

conducted using the Enrich-R algorithm (Figure 1A and

B).

3.2. The Role of Physical Exercise and the Nervous System's
Response

Physical exercise constitutes a fundamental

component within the framework of a healthy lifestyle

(22, 23). Distinguished by its organized, systematic, and

repetitive nature, PE is designed to enhance various

facets of physical fitness, efficiency, and overall well-

being. Prescriptions for PE often encompass specific

parameters, including the type of activity, its intensity,

frequency, and duration. Diverse training

methodologies have been devised to augment

cardiorespiratory fitness, musculoskeletal function, and

metabolic activity. Among the prevalent exercise

training methods are aerobic, endurance, and resistance

(strength exercise) regimens (24).

Aerobic exercise, also known as moderate-intensity

continuous training (MICT), involves activities such as

walking, cycling, running, and swimming at a moderate

effort level for extended durations, typically lasting at

least 30 minutes (25). While the health benefits of MICT

are extensively researched and established in humans, a

prevalent impediment to the consistent practice of

aerobic exercise is the perceived time constraints faced

by the global population (26, 27). Addressing this

challenge is pivotal for promoting widespread

engagement in aerobic exercise and reaping its

associated health advantages.

To address this issue, researchers and fitness experts

have focused on investigating the physiological effects

of concise exercise sessions to optimize time efficiency,

exemplified by high-intensity interval training (HIIT).

High-intensity interval training consists of brief bouts

of intense exercise interspersed with rest or low-

intensity recovery periods. Typically conducted within a

session lasting 30 minutes or less, inclusive of warm-up

and cool-down phases, HIIT has garnered attention for

its potential benefits (26, 28, 29).

The hallmark of HIIT involves engaging in high-

intensity intervals approaching maximum effort,

reaching intensities between 80 to 100% of the maximal
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Figure 1. The association between protein protein intraction related to neurogenesis and physical activity. A, the hub genes associated with neurogenesis and exercise training.
Based on the in-silico analysis and liturated reiwe exercise training could medite these hub genes; B, the enrichment analysis indicated that exercise training regulate the
Neuroactive, Neurotrasnmiter, Neuronal system.

heart rate (HRmax) (30). These high-intensity intervals

typically last for a maximum of 60 seconds, followed by

recovery periods of up to 4 minutes, encompassing low-

intensity exercise or rest. Despite variations in the

durations of high- and low-exercise bouts documented

in studies (31), all HIIT sessions are consistently confined

to 30 minutes or less.

Exploration into the central nervous system's

response to HIIT has revealed significant findings in

research targeting both the spinal cord (32) and the

brain (33, 34). Notably, a 16-week HIIT program

demonstrated elevated oxygen consumption and brain

oxygenation among older individuals compared to

MICT (33). Similar findings were observed in younger

adults as well (35). The brain-derived neurotrophic

factor (BDNF) response in these studies appeared

contingent upon the intensity of the exercise. However,

the underlying chemical processes governing these

brain adaptations to HIIT remain not fully elucidated.

Further research is essential to deepen our

comprehension of these mechanisms and their
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implications for optimizing neurophysiological benefits

through HIIT (35).

Researchers and fitness experts have focused on

investigating the physiological effects of concise

exercise sessions to optimize time efficiency,

exemplified by the approach of HIIT. High-intensity

interval training, an acronym for HIIT, entails brief

bouts of intense exercise interspersed with rest or low-

intensity recovery periods. Typically conducted within a

session lasting 30 minutes or less, inclusive of warm-up

and cool-down phases, HIIT has garnered attention for

its potential benefits (26).

The relationship between physical activity and brain

function has also gained recent attention, with prior

studies primarily focusing on the effects of low to

moderate-intensity aerobic exercise. Physical activity

emerges as a potent stimulant for neuroplasticity,

facilitating the growth of new neurons and enhancing

mental well-being. Engaging in regular exercise has

been associated with the alleviation of symptoms

related to sadness and anxiety, as well as improvements

in mood and stress management. Moreover, exercise has

demonstrated its efficacy in enhancing hippocampal

memory functions, particularly in visuospatial memory

tasks (2, 19).

The observed health benefits are partly attributed to

the impact of physical activity on the expression or

elevation of neurotrophins, pivotal molecules that

enhance neuronal structure in the brain. The

augmentation of neurotrophin levels, notably BDNF,

correlates with improved neuronal structure (36).

Endurance training has been shown to elevate BDNF

expression, resulting in increased dendritic spine

density and dendritic arborization. These structural

modifications have been linked to favorable

enhancements in memory and learning outcomes (37).

Furthermore, exercise substantially influences brain

neurogenesis, with different training methods leading

to varied physiological changes, thereby influencing

brain plasticity (38). The elaborate interplay between

physical activity and neurological adaptations

underscores the multifaceted nature of the benefits

conferred by exercise, not only on mental well-being but

also on the structural and functional aspects of the

brain. Continued exploration in this field holds promise

for uncovering nuanced mechanisms and refining

exercise prescriptions to optimize cognitive and

emotional outcomes (38).

The positive impacts of PE extend across various

physiological systems, with notable benefits observed in

the central nervous system. Extensive documentation

underscores the advantageous effects of physical

activity on cognitive performance, neural health, and

the safeguarding of neurons against brain damage (39).

As a potent non-pharmacological therapy, PE has

demonstrated its efficacy in enhancing learning and

memory while mitigating the risk of developing AD

(40).

Consistent engagement in physical activity has been

associated with a reduction in amyloid oligomer levels,

a pivotal factor in the pathogenesis of AD. Specifically,

moderate exercise, which avoids inducing fatigue,

exerts both anti-inflammatory and antioxidant effects.

This moderation in exercise has been linked to reducing

inflammatory cytokines, including TNF-α, IL-1β, IL-6, and

CRP, alongside an augmentation of antioxidant activity

to counteract oxidative damage (19, 40). The impact of

various forms of exercise on brain plasticity is nuanced

and contingent on factors such as intensity, timing, the

style of workouts, and the species and age of the

individual or animal. These findings underscore the

versatility of PE as a holistic approach, not only for

cognitive enhancement but also for promoting neural

resilience and mitigating the risk of neurodegenerative

conditions (41).

The hormesis hypothesis posits that both insufficient

physical stress (inactivity) and excessive stress

(overtraining) can lead to diminished physiological

performance. Intense exercise without adequate

recovery, or when compounded with other life stressors,

may result in overreaching, eventually leading to

overtraining syndrome. Overtraining is characterized by

pronounced fatigue and reduced performance, often

persisting for extended periods ranging from months to

several years. This state disrupts the equilibrium of

various hormonal, metabolic, and immunologic

variables (42).

The impacts of excessive exercise without adequate

rest, often associated with overtraining, extend to tissue

damage, particularly in muscles and joints, triggering

the production of trauma-related cytokines (43). These

cytokines, in turn, stimulate circulating monocytes to

produce inflammatory cytokines. Studies indicate that

high-intensity exercise elevates TNF-α, IL-1β, IL-6, and CRP

levels (44). Furthermore, acute exercise and

overtraining have been associated with generating
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reactive oxygen and nitrogen species, leading to

oxidative stress. However, when appropriately managed,

regular exercise can activate the antioxidant system,

providing protection against oxidative damage (45).

Excessive exercise is linked to potential adverse

effects such as cognitive impairment, compromised

immune systems, and heightened inflammation. While

past research has consistently demonstrated the

positive impact of physical activity on memory and

cognitive functions, the nuanced effects of the type and

intensity of exercise on memory, and the potential

involvement of mechanisms like inflammation and

immune system imbalance, have been subjects of

investigation. Nevertheless, the specific impact of

excessive exercise on brain inflammation and cognitive

function in athletes remains uncertain and warrants

further exploration (46).

3.3. The Role of Exercise in the Dopaminergic, Serotonergic,
and Noradrenergic Systems

Physical activity significantly impacts the central

dopaminergic, noradrenergic, and serotonergic

systems, revealing important findings related to

neurotransmitter regulation. Studies using

homogenized tissues show notable changes in the

production and breakdown of monoamines and

neurotransmitters during physical activity. Methods

such as micro-dialysis and voltammetry highlight how

exercise training influences the localized release of

neurotransmitters. Specifically, the release of

monoamine neurotransmitters such as serotonin (5-

HT), dopamine (DA), and noradrenaline (NA) is

modulated during exercise (47).

Exercise training also affects extracellular levels of

DA, NA, serotonin, γ-amino butyric acid (GABA), and

glutamate (GLU). Increased DA levels in the brain during

exercise elevate blood calcium levels, influencing DA

production via the activation of tyrosine hydroxylase, an

enzyme that depends on calcium/calmodulin (48).

Exercise training enhances the binding affinity between

DA and its receptor, measured by [3H] spiroperidol

binding, which indicates a stronger interaction between

these molecules. Moreover, exercise triggers a

neurophysiological response that leads to adaptations

to stress by activating a protective mechanism involving

galanin production in the locus coeruleus. This

mechanism hyperpolarizes noradrenergic neurons,

suppressing the release of norepinephrine (NE) and

thereby reducing anxious behavior. Norepinephrine is

crucial in memory consolidation and retrieval, acting

on the amygdala and frontal brain (48). Chronic and

wheel exercise training have shown elevated NE levels in

the spinal cord pons-medulla, further underscoring the

complex interaction between exercise and

neurotransmitter systems. This increase in natural NE

activity suggests a connection between NE and the

cognitive improvements linked to physical activity. This

section emphasizes the intricate relationship between

PE and neurochemistry, highlighting the potential

benefits for stress management and cognitive abilities

(49).

3.4. Impact of Different Types of Physical Activity

Resistance exercise (RE), characterized by muscle

contractions against external resistance, is

recommended by the World Health Organization as a

beneficial exercise modality for older adults (50).

Resistance exercise effectively enhances muscle mass,

strength, bone density, and overall body power. It also

improves functional capacity and balance, mitigating or

even reversing sarcopenia and age-related declines in

physical function (51). Beyond these physical benefits, RE

holds potential for enhancing cognitive function and

memory, particularly in older adults and individuals

with AD (52). Resistance exercise exerts neuroprotective

effects by increasing the release of neurotrophic factors,

promoting neurogenesis, modulating inflammatory

responses, and reducing amyloid-beta (Aβ) burden in

individuals with AD.

Preclinical studies using animal models of AD

consistently demonstrate cognitive benefits from RE.

Liu et al. reported that RE improved cognitive function

in a mouse model of AD by reducing Aβ burden and tau

pathology while attenuating neuroinflammation. This

neuroprotective effect is attributed to RE’s ability to

upregulate presynaptic structural proteins crucial for

vesicle recycling, enhancing synaptic transmission (53).

Similarly, Pena et al. demonstrated that RE-induced

neuroprotective mechanisms reduced Aβ accumulation

in the hippocampus, improving learning and memory

(54). Ozbeyli et al. suggest that RE-mediated

enhancement of working memory may be linked to

modulation of oxidative stress pathways and the

antioxidant system (55).

Further supporting these findings, Jafarzadeh et al.

(2021) used a rat model of streptozotocin-induced
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cognitive impairment and observed that RE improved

learning and memory, along with increased expression

of neurotrophic factors and their receptors (56). These

preclinical studies provide compelling evidence that RE,

through various mechanisms, confers significant

cognitive benefits in AD models, corroborating findings

from clinical studies involving patients with mild

cognitive impairment (MCI) (57).

Brain-derived neurotrophic factor and nerve growth

factor (NGF) play crucial roles in neuronal survival and

plasticity, making them key targets for investigation in

AD, a disease characterized by neuronal loss and

synaptic dysfunction. In vitro studies demonstrate that

BDNF and NGF enhance the viability of neuronal

cultures exposed to Aβ peptides (58). Conversely,

reduced BDNF signaling and impaired NGF signaling via

TrkA receptors have been linked to elevated levels of Aβ
and tau, suggesting a role for these neurotrophins in

amyloid precursor protein (APP) processing (58).

In vivo studies further support the neuroprotective

effects of BDNF and NGF. Low BDNF levels are associated

with cognitive impairments, including deficits in

memory and learning (59). Conversely, increasing BDNF

levels in AD animal models has been shown to mitigate

neuronal loss and improve cognitive performance (60).

However, not all studies consistently demonstrate a

direct impact of BDNF and NGF on Aβ plaque or

neurofibrillary tangle formation (52, 61-63), which may

be due to variations in animal models and study

methodologies.

Regular PE exerts multifaceted neuroprotective

effects, stimulating the synthesis of insulin-like growth

factor 1 (IGF-1), mediating hippocampal neurogenesis,

and promoting overall neuronal health (64, 65). Notably,

RE has been shown to effectively elevate IGF-1 levels in

the brains of individuals with MCI, a population

characterized by low IGF-1 levels (66, 67). This increase in

IGF-1 enhances synaptic plasticity, neuronal survival, and

cognitive performance, thus ameliorating AD

pathophysiology. Furthermore, RE’s benefits extend

beyond direct effects on IGF-1. By enhancing muscle

strength, RE indirectly elevates both IGF-1 and BDNF

levels, which promotes neurogenesis and improves

insulin sensitivity (68).

Preclinical studies using animal models of AD also

demonstrate that RE enhances IGF-1 signaling while

concurrently reducing APP mRNA and Aβ levels (69).

These findings underscore the potent influence of RE on

modulating key neurotrophic factors, highlighting its

potential as a protective strategy against AD pathology

by mitigating Aβ-mediated toxicity in the brain (70).

3.5. Exercise as a Potent Modulator of Neuroinflammation
and Neurodegeneration

Exercise, particularly aerobic exercise and HIIT, has

emerged as a powerful modulator of

neuroinflammation and neurodegeneration (71). These

exercise modalities benefit the brain by modulating key

signaling pathways involved in neuronal survival,

plasticity, and inflammatory responses (72). Specifically,

exercise stimulates the expression of BDNF, a crucial

molecule for neuronal growth and survival, and

peroxisome proliferator-activated receptor gamma

coactivator 1-alpha (PGC-1α), a master regulator of

mitochondrial biogenesis and antioxidant defense (73).

Conversely, exercise effectively reduces the activation of

the nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-κB), a central mediator of

inflammation (74).

It is important to note that different exercise types,

including variations in intensity and duration, may

differentially impact these signaling pathways and exert

distinct effects on neuroinflammation and

neurodegeneration (75). Understanding the intricate

interplay between exercise modalities and these

molecular pathways is crucial for developing targeted

interventions to mitigate neuroinflammation and

promote brain health (76). While all types of exercise

appear beneficial, emerging evidence suggests that the

type and intensity of exercise differentially influence

neuroinflammation and neurodegeneration via distinct

molecular pathways (71).

For instance, aerobic exercise robustly increases

circulating levels of BDNF, which promotes neuronal

survival and synaptic plasticity. This increase in BDNF is

often accompanied by enhanced PGC-1α expression, a

key player in mitochondrial biogenesis and antioxidant

defense (73). In comparison, HIIT, while also promoting

BDNF and PGC-1α, may exert more potent anti-

inflammatory effects by suppressing NF-κB signaling

more effectively (77, 78). Thus, tailoring exercise

regimens to specific intensities and modalities may be

critical for optimizing neuroprotective benefits and

mitigating neuroinflammation in different contexts.

Further research is warranted to elucidate the precise

molecular mechanisms underpinning these distinct
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Table 1. The Summary of the Study Related to the Physical Activity and Neurogenesis

Type of Study and Duration Gender Outcome Ref.

Human

Twenty-four weeks F Improve cognitive function and enhance the BDNF (79)

Late-life PE F/M Alternation of gene expression in the Hippocampal (80)

Three-times/week during 38 - 42 gestation’s weeks F Improve the cognition, learning, memory (81)

Physically activity before or during pregnancy F Improve the cognition, learning, memory (82)

Mouse

30 min/day and 5 times/week, 4 weeks m Neurogenesis and memory (83)

Three months m Hippocampal neurogenesis (84)

Three months m Cognitive function and promotes microglial glucose metabolism and morphological plasticity (85)

Four weeks m Neurogenesis and memory and increased the hippocampal plasticity (86)

Six weeks, 40 min, 5 d a week m Ameliorate brain physiology and cognitive behavior. (87)

Abbreviation: PE, physical exercise.

responses and to develop personalized exercise

prescriptions for individuals at risk for

neurodegenerative disorders. In Table 1, we summarize

the studies that have investigated the relationship

between exercise and neurogenesis.

3.6. Endurance Training and Brain Plasticity

The influence of endurance exercise on brain

plasticity is multifaceted, with cellular exercise

promoting cell growth in the hippocampus, activating

pathways that prevent cell death, and elevating the

expression of BDNF (88). Brain-derived neurotrophic

factor, a member of the neurotrophin family, plays a

crucial role in neuronal restructuring, synaptic

plasticity, and neurotransmitter release. Increased BDNF

binds to its receptor, tyrosine-related kinase B (TrkB),

activating the cyclic adenosine monophosphate (cAMP)-

response element-binding protein (CREB). cyclic

adenosine monophosphate-response element-binding

protein activity enhances the expression of genes like c-

fos and JunD, which support the growth of new neurons

and the survival of existing neurons (89). Research on

mice undergoing a 12-week endurance training regimen

demonstrated increased neurogenesis and BDNF

expression in the hippocampus. Additionally, aerobic

exercise counteracted the negative impacts of obesity

on memory and neurogenesis in mice fed a high-fat diet

(90). Endurance exercise is also associated with

increased growth of brain endothelial cells and

angiogenesis, resulting in higher capillary density in the

brain—a process uniquely linked to endurance exercise’s

impact on brain function (91).

The protein pentraxin 3 (PTX3), a regulator of

angiogenesis, has been implicated in promoting

neurogenesis and cognitive recovery after an ischemic

stroke. Pentraxin 3 -deficient animals exhibited more

neuronal death and reduced vascular proliferation (92).

Additionally, PTX3 expression in the brain increases after

a stroke, aiding recovery by promoting the formation of

new blood vessels (93). Recent data suggests a potential

connection between the liver and the brain regarding

the cognitive benefits of exercise (94). Elevated levels of

glycosylphosphatidylinositol (GPI) phospholipase D1

(Gpld1), an enzyme in the liver, have been associated

with enhanced cognitive performance and

neurogenesis (95). Mice injected with plasma from

exercising animals showed increased neuron quantity

and improved learning and memory, attributed to

elevated Gpld1 protein levels following exercise (95).

The hub genes related to neurogenesis as a result of

long-term endurance exercise are illustrated in Figure 1A

and B.

The confirmed positive correlation between

neurogenesis and cognitive function in animal research

aligns with the beneficial impacts of aerobic exercise on

cognitive function observed in human studies (96). A

meta-analysis of randomized controlled trials involving

Alzheimer’s patients and individuals with MCI

demonstrated significant improvements in cognitive

performance following aerobic exercise interventions

(97). Notably, moderate-intensity aerobic exercise had a

more substantial impact on cognitive performance than

low- and high-intensity exercise in individuals with MCI.

These findings collectively emphasize the profound and
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diverse positive effects of endurance exercise on brain

plasticity and cognitive function (98).

3.7. Brain-Derived Neurotrophic Factor Function and Exercise
Training

Brain-derived neurotrophic factor is a protein from

the neurotrophin family that is found in both the brain

and peripheral organs, including skeletal muscle (99).

Neurons in the central nervous system (CNS) are the

primary producers of BDNF, and it plays a crucial role in

memory and learning functions. Brain-derived

neurotrophic factor binds to the tyrosine kinase b

receptor (TrkB) to enhance processes like long-term

potentiation, neurogenesis, axonal development, and

synaptogenesis (100).

Scientific evidence suggests that the brain is a

primary source of circulating BDNF at rest and during

exercise, in addition to its local effects in the brain.

Brain-derived neurotrophic factor also influences

physiological processes like glucose metabolism and fat

oxidation. Various factors can enhance the expression

and functionality of BDNF, such as treatments like

kainic acid, which elevates BDNF levels in the

hippocampus by enhancing glutamatergic signaling

(101).

Intermittent hypoxia has been shown to increase

BDNF levels in neurons, particularly in the primary

motor cortex (102). Additionally, PE, especially MICT, is

recognized as an effective trigger for boosting BDNF

production in both the brain and body. Several

biochemical pathways have been proposed to explain

how exercise increases BDNF production, including

pathways involving intracellular calcium levels, reactive

oxygen species (ROS), and systemic molecules like

lactate (103).

One model suggests that exercise raises intracellular

calcium levels, which stimulates CaMKII and enhances

the MAP-K pathway, leading to the activation of CREB

transcription and subsequent BDNF transcription (104).

Another theory proposes that exercise increases BDNF

production by enhancing the effectiveness of ROS. This

model posits that exercise boosts mitochondrial activity,

resulting in higher ROS production, which in turn

activates cAMP-CREB and promotes BDNF transcription

(105).

Lactate produced during PE, particularly during

high-intensity exercise, may also stimulate the creation

of BDNF (106). Lactate has been shown to increase NMDA

receptor activation, elevate neuronal calcium levels, and

enhance BDNF transcription. High-intensity interval

training, characterized by short periods of intense

activity with brief rest intervals, has been demonstrated

to elevate brain BDNF production in healthy rats.

Evidence suggests that HIIT increases hydrogen

peroxide (H₂O₂) and TNF-α in the brain, potentially

stimulating BDNF or CREB synthesis (107).

While recent studies have shown the beneficial

impact of HIIT on BDNF levels, the specific anatomical

areas responsive to increased neurotrophins after HIIT

remain to be fully identified. Further research,

including a more thorough assessment of the chemical

mechanisms involved, is necessary to deepen our

understanding of the intricate relationship between

exercise, particularly HIIT, and BDNF production in the

brain (107). Based on these studies, we can conclude that

exercise training may improve neurogenesis, plasticity,

and neurotrophin levels (107).

3.8. Practical Recommendations for Implementing Physical
Activity Neuroinflammation and Neurodegenerative

Malashenko et al. have created a novel digital model

that combines the Zettelkasten pedagogy with an

interval repetition method to provide thorough and

complete student instruction. The approach aims to

optimize the learning experience and efficacy by

enhancing student focus and long-term knowledge

retention. This study employs a quantitative research

approach, integrating experiments and surveys. The

model's efficacy was evaluated using achievement tests

and metacognitive awareness questionnaires. The

concept was shown to be efficacious in augmenting the

educational experience and enhancing students'

performance. The Zettelkasten mechanism facilitates

attention management, while the interval repetition

technique enhances memory retention. The students

who employed the model achieved superior scores and

indicated greater comprehension and awareness of

their learning. This work is the pioneering attempt to

combine Zettelkasten and the interval repetition

method into a unified classroom learning approach. The

approach may be integrated into the educational

methodology or offered as instructional modules.

Nevertheless, the research contains inherent constraints

that must be recognized (108).

The COVID-19 epidemic has resulted in the

proliferation of online platforms for health colleges in
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Bali that are available at no cost. Nevertheless, selecting

the optimal platform might be difficult because of the

plethora of choices accessible on the internet. To tackle

this problem, a novel method called the Weighted

Product-based CIPP assessment model has been devised.

The quality of the model is essential for achieving

success in identifying the optimal online platform. The

objective of Divayana et al.'s study was to evaluate the

efficacy of integrating the Weighted Product method

algorithm with the CIPP model in identifying the

optimal platform for health colleges during the

epidemic. A survey consisting of eight questions was

used to evaluate the accuracy of the computation. The

research included a panel of 20 specialists from various

health institutions in Bali. The descriptive-quantitative

analysis assessed the quality % of the computation

simulation by comparing it with the quality standard

using an eleven-point scale. The findings indicated a

quality percentage of 87.250%, classifying it as excellent.

This study has a substantial influence on the area of

educational assessment by integrating the Weighted

Product approach with the CIPP model. This integration

simplifies the task of educational evaluators in

identifying the optimal online platform for online

learning both during and after the COVID-19 pandemic

(109).

Hargitai and Bencsik examine the correlation

between the culture of a learning company and key

elements that impact digital transformation, such as

leadership style, training, digital preparedness, and

trust. This study used a grounded theory approach to

investigate the influence of these elements on the

operation of learning organizations. A total of 618

evaluable answers were obtained from the survey

administered to managers of industrial enterprises in

Eastern Europe. The precise linear structural model was

analyzed using the PLS-SEM approach. The findings

indicate that supportive leadership behavior and

management style promote employee growth and

training, enhancing their preparedness for

digitalization and Industry 4.0 technologies. Training

enhances proficiency in digitalization technologies,

while leadership endorsement impacts digital trust and

workforce adaptation to digital technology. This study

expands upon prior research by explicitly examining

the effects on learning organizations within the

digitalization framework. This study determines that

supportive leadership is essential in influencing the

culture of learning business and facilitating digital

transformation (110).

The findings underscore moderate physical activity's

potent anti-inflammatory and antioxidant effects,

highlighting its significance for neuroprotection and

overall brain health (111). However, translating these

findings into effective public health interventions

requires practical recommendations that are accessible

to all. Community-based programs promoting brisk

walking, cycling, or swimming can be implemented,

offering supervised sessions and educational resources

on proper technique and individualized goal setting

(112). One effective strategy is the implementation of

community-based programs that promote accessible

and enjoyable forms of moderate-intensity exercise,

such as brisk walking groups, cycling clubs, or aquatic

fitness classes (113). Effective translation of the

neuroprotective advantages of PE into practical advice

for those at risk of neurodegenerative illnesses is

possible. These recommendations aim to integrate

different forms of physical activity into a feasible and

enduring lifestyle regimen that can optimize brain

health, enhance cognitive abilities, and maybe postpone

the development of neurodegenerative disorders such

as AD, PD, and other types of dementia (114).

To practically implement these discoveries, it is

advisable to include regular aerobic exercise, resistance

training sessions, HIIT, mind-body exercises, flexibility

and stretching routines, consistency and progression,

social involvement and enjoyment, monitoring and

adjustment, and seeking healthcare professionals for

guidance. Regular aerobic activity, such as brisk

walking, running, swimming, or cycling, is suggested to

be engaged for a minimum of 150 minutes each week

(115, 116). The efficacy of this particular kind of exercise

has been shown to augment the volume of the

hippocampus, enhance cerebral blood circulation, and

elevate the levels of BDNF. These factors are crucial in

promoting neurogenesis and synaptic plasticity,

particularly with memory and learning processes.

Resistance training interventions, including

weightlifting, resistance bands, and body-weight

exercises such as squats and push-ups, may enhance

executive skills, memory, and general cognitive well-

being (115).

The suggested frequency for HIIT is one to two times

per week. This training involves brief bouts of high-

intensity activity followed by periods of rest or low-
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intensity exercise. The efficacy of this training modality

in rapidly increasing levels of BDNF, enhancing brain

plasticity, and improving cognitive processes like

memory and executive control has been shown.

Engaging in mind-body exercises such as yoga, Tai Chi,

or Pilates may alleviate stress and anxiety, enhance

mental clarity, focus, and emotional control, and

promote physical balance and flexibility. Performance of

balance and coordination exercises activates brain areas

associated with motor control and spatial awareness,

promoting the preservation of cognitive skills

associated with movement and balance. Regular

performance of flexibility and stretching exercises is

recommended, preferably daily or after other exercise

sessions, for a minimum duration of 10 - 15 minutes (115,

117).

4. Future Research and Limitations

Further investigation is necessary to identify the

specific anatomical regions that exhibit responses to

elevated neurotrophin levels during HIIT. Addressing

this significant limitation is essential for advancing

future research. Additionally, subsequent studies should

explore the potential consequences of overtraining, as

well as the relative benefits and drawbacks of exercise,

given its established associations with neuroprotection.

Although the link between physical activity and

neuroprotection is recognized, the biological

mechanisms that underpin this relationship remain

insufficiently understood, highlighting the need for

further exploration of these pathways.

There is a pressing requirement for additional

research examining the effects of various exercise

modalities (e.g., resistance training versus aerobic

exercise) on neuroinflammation and cognitive

outcomes, to identify the most effective intervention

strategies. One limitation of the current study is that the

reviewed literature often employs heterogeneous

methodologies, complicating direct comparisons of

results. Variations in exercise types, intensities,

durations, and participant demographics can

contribute to inconsistent findings. Furthermore,

factors such as diet, genetics, and overall lifestyle may

significantly influence the neuroprotective effects of

physical activity; however, these variables are not

consistently controlled in existing studies.

While the advantages of moderate exercise are well-

documented, the potential adverse effects of

overtraining on cognitive function and

neuroinflammation warrant further investigation, as

current research may not comprehensively address this

issue. Many studies focus on specific populations, such

as older adults or individuals with MCI, which may limit

the generalizability of the findings to broader

demographic groups. Additionally, accurately

measuring neuroinflammation and cognitive function

presents challenges, and reliance on self-reported

physical activity levels may introduce bias into the

research outcomes.
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