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Abstract

Introduction and aim Alzheimer’s disease (AD) poses a major public health challenge with
limited pharmacological treatments, shifting focus to lifestyle interventions. This review
analyzes the role of physical activity (PA) in preventing and modulating AD progression,
focusing on cognitive function, brain structure, and molecular mechanisms.

Materials and methods A literature search was conducted in the PubMed database, focusing
primarily on Randomized Controlled Trials (RCTs) and observational cohort studies
concerning PA interventions in Mild Cognitive Impairment (MCI) and AD.

Summary: Evidence suggests PA significantly impacts clinical progression. In MCI, training
may possibly delay conversion to dementia by 8-24 months, with neuroprotective effects
sustaining post-intervention. Conversely, AD patients require continuous training to maintain
benefits. Mechanisms involve "muscle-brain crosstalk™ releasing neurotrophins (BDNF, IGF-
1) and exerkines (irisin, cathepsin B, lactate), which promote neurogenesis and modulate
neuroinflammation. Multimodal interventions (e.g., dance, Tai Chi) show superior cognitive
outcomes compared to simple aerobic exercise. Efficacy is modulated by biological factors;
APOEA4 carriers and women may derive specific, distinct benefits from PA.

Conclusions PA is a crucial non-pharmacological strategy for AD. High-intensity and
multimodal training offer the greatest therapeutic potential. Since efficacy varies by genetic

profile and sex, personalized recommendations are essential. Implementation at the preclinical
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stage is crucial for maximizing cognitive retention, yet introducing physical activity remains

beneficial across all stages of AD.

Keywords Alzheimer’s disease, physical activity, Mild Cognitive Impairment, BDNF, APOE4,

neuroprotection.

Introduction

In the context of rapidly aging populations, dementia syndromes are becoming one of the main
challenges for healthcare and social care systems. Systematic WHO data indicate that globally,
57 million people are living with dementia (as of 2021) and an additional 10 million patients
are diagnosed with the condition annually. It is estimated that Alzheimer’s disease (AD)
accounts for 60-70% of these cases, making it the most common cause of dementia worldwide
[1]. Alzheimer’s disease is an age-related neurodegenerative condition whose primary causes
and exact mechanisms of progression remain undetermined. The main pathological processes
are characterized by the extracellular deposition of B-amyloid plaques (Ap) in brain tissue and
vessels, and the intracellular accumulation of neurofibrillary tangles of hyperphosphorylated—
and therefore pathological—tau protein [2]. Amyloid-B, in both plaque and oligomer forms,
impairs intersynaptic communication, leading to neuronal damage and death. Phospho-tau
tangles (p-tau) disrupt neuronal architecture, impeding intracellular transport [3]. Other
pathophysiological pathways considered by researchers as potentially initiating the disease
process and modulating its course include neuroglial inflammation, reduced glucose
metabolism, mitochondrial dysfunction, oxidative stress, and vascular changes [2].

The progression of AD is described as a time continuum, starting from the asymptomatic
preclinical phase, through mild cognitive impairment (MCI) caused by AD, up to full-
symptomatic Alzheimer’s dementia. Researchers indicate that even in half of the people
diagnosed with MCI may have an AD background [4]. Given systematic data indicating a two-
fold increase in cases in Europe and a three-fold increase globally [5], the implementation of
lifestyle interventions is gaining prominence. In 2020, The Lancet commission suggested that
40% of dementia cases are associated with modifiable risk factors for Alzheimer’s disease,
including physical inactivity [6]. Considering the limited pharmacological therapeutic options,
preventive methods are becoming paramount in combating the annually increasing incidence

of dementia syndromes.



The role of physical activity remains of interest to Alzheimer’s disease researchers, not only
due to improvements in cardio-respiratory fitness—which reduce cardiovascular risk, a factor
closely linked to AD occurrence—but primarily due to how physical effort induces specific
signaling pathways that mitigate the atrophy of key brain structures and promote neurogenesis,
which translates clinically into improved cognitive function [7]. This paper aims to review the
literature examining the relationship between physical activity and the prevention of AD onset
as well as the modulation of its course, with a particular focus on cognitive function and the

maintenance of the volume of key brain structures throughout the disease trajectory.

Impact on Clinical Progression

Physical activity influences the clinical course of Alzheimer's disease. A crucial aspect for the
proper analysis of the beneficial effects it brings in counteracting neurodegenerative processes
and inhibiting cognitive deterioration is the assessment of the severity of cognitive dysfunction.
Mild Cognitive Impairment (MCI) refers to a decline in cognitive function that surpasses typical
age-related changes but does not interfere with daily activities. MCI affects between 3% and
22% of individuals aged 65 years and older [8]. Annually, 5% to 10% of those diagnosed with
MCI progress to fully symptomatic Alzheimer's disease [9]. In light of current scientific
evidence, it is justified to evaluate how physical activity influences cognitive functions in fully
symptomatic AD and whether it can slow down or prevent conversion from the preclinical

phase.

Interventions in patients with MCI

In the therapy of patients diagnosed with MCI, a key issue remains not only the immediate
stimulation of cognitive functions but, above all, the durability of neuroprotective effects.
Studies indicate that different training modalities offer distinct benefits in this regard. Uysal et
al. demonstrated that a 12-week intervention combining aerobic training (treadmill) with
stretching (3 sessions per week for 30 minutes, 50-75% MHR) yields measurable clinical
benefits. Importantly, the intervention group achieved a score of 22.75 points on the Mini-
Mental State Examination (MMSE), which constituted a statistically significant improvement
not only in the baseline vs. post-intervention analysis (an increase from 20.92 points) but also
a clear advantage over the control group, which concluded the study with an average score of
20.92 points. An additional benefit in this model was a significant reduction in depressive

symptoms measured on the Hamilton scale [10].



In turn, data regarding long-term neuroprotection were provided by Broadhouse et al., who
analyzed the impact of intense resistance training (approx. 80% MHR). In contrast to short-
term effects, the improvement in ADAS-Cog scores persisted in a statistically significant
manner at the one-year follow-up after the 24-week intervention. The mechanism responsible
for this sustained effect is the preservation of hippocampal subiculum volume. This finding
indicates that neuroplastic changes are initiated and maintained following training. From a
clinical perspective, the intervention increased cognitive function by 1-2 points on the ADAS-
Cog scale, which, according to the researchers’ estimates, may delay symptom progression and
conversion to Alzheimer's disease by 8 to 24 months. These results emphasize the significance

of resistance training as a systematic activity [11].

Interventions in diagnosed Alzheimer’s disease

Intervention priorities shift regarding patients with mild-to-moderate Alzheimer's disease.
Inhibition of cognitive decline and alleviation of neuropsychiatric symptoms play a key role in
discussing this group of patients. However, an analysis of available studies indicates that
therapeutic efficacy is strictly correlated with training parameters. Simple interventions based
on uniform aerobic exercise yield inconclusive results regarding global cognitive functions. Yu
et al. employed a program based on moderate-intensity stationary cycling (60-minute sessions,
3 times per week, 70% MHR). Despite 6 months of work, this group did not achieve a
statistically significant advantage on the ADAS-Cog scale compared with the control group
performing stretching [12]. A similar tendency was noted by Angiolillo et al. in a study utilizing
Nordic Walking (2 sessions per week for 6 months). Although the specificity of this effort
translated into improvement in selected domains (executive functions, episodic memory), the
intervention did not result in a significant increase in the global MMSE score [13].
Overcoming this barrier seems possible through enriching the training environment. Lok et al.
demonstrated this by applying a combined model: exercises with music (3 times per week for
30 min) and brisk walking (2 times per week for 40 min). A program composed in this way
resulted not merely in the inhibition of decline, but in a significant increase in MMSE scores
relative to baseline (from 23.36 to 25.50 points), with a simultaneous reduction in depressive
symptoms, as assessed using the Cornell Dementia Depression Scale [14].

Exercise intensity and the resulting oxygen uptake remain extremely important factors
modulating the body's response. David et al. conducted a study involving patients with
biomarker-confirmed AD pathology, using a comprehensive program comprising 60 minutes
of combined aerobic and resistance training. The key observation concerned the nature of the



effort: vigorous-intensity activity, rather than moderate activity, most effectively built cognitive
reserve (VO2 max). The fundamental significance of this variable stems from the fact that it
mediated not only the preservation of the volume of key structures (hippocampus, amygdala),
but also, above all, a significant increase in Montreal Cognitive Assessment (MoCA) scores
compared to baseline values. Interestingly, the greatest benefits were observed in patients with
worse baseline status (low MoCA scores and VO, max), suggesting the potential for
improvement even in an advanced stage [15].

However, the difference in the durability of effects between AD and MCI must be emphasized,
as vividly illustrated by the work of Fonte et al. The authors applied intense mixed training (3
sessions per week for 90 min) in both patient groups. In the post-intervention analysis, both
MCI and AD patients showed a slowing of cognitive deterioration relative to controls. The
dynamics of change only became apparent in the follow-up, three months after the intervention:
while the effect was maintained in the MCI group, a significant decline was already evident in
the AD group. This suggests that, unlike the preclinical phase, fully developed Alzheimer’s
disease requires uninterrupted, systematic physical activity to maintain the obtained benefits
[16].

Neurobiological mechanisms

The role of BDNF and IGF-1

At the molecular level, physical activity exerts a multimodal influence on mechanisms related
to the pathophysiology of Alzheimer's disease. Recent studies reveal an increasing number of
factors that are part of exercise-induced signaling pathways influencing neuroplastic processes
[17]. The literature describes a relationship termed "muscle-brain crosstalk,” detailing
substances that promote hippocampal neurogenesis and improve cognitive function [18].
Brain-Derived Neurotrophic Factor (BDNF) is a polypeptide growth factor that stimulates
neurogenesis, neuronal growth and differentiation, and neuroregeneration, while also
counteracting apoptosis. It exerts its effects through Tropomyosin receptor kinase B (TrkB) and
p75NTR receptors. It modulates neuronal plasticity processes during learning and memory
formation. BDNF is also present in the neuronal cytosol as a pro-neurotrophin (proBDNF),
which exhibits similar physiological effects but has approximately 10-20 times weaker
biological activity. This is of key importance in the context of proBDNF's higher affinity for
p75NTR, which induces apoptotic processes in neuronal cells. Activation of the TrkB receptor
triggers a signaling cascade that leads to the phosphorylation of GSK-3R3, thereby inactivating



it. Inits active form, GSK-3[ has a pro-apoptotic effect, e.g., by phosphorylating the tau protein,
and high levels of this kinase have been recorded in AD patients [19].

A central question for researchers remains how physical activity translates into neurobiological
protection through the modulation of BDNF. The meta-analysis by Dinoff et al. provides a clear
answer regarding acute aerobic exercise—demonstrating a significant increase in BDNF
regardless of age, sex, or BMI—the impact of chronic exercise appears more complex [20]. In
a study by Erickson et al. that covered a 6-month aerobic intervention, a simple increase in
BDNF levels was not observed in the entire group. However, a key structural relationship was
revealed: an increase in hippocampal volume (left and right) was observed exclusively in
exercising individuals, and this increase significantly correlated with increased serum BDNF
concentrations in these patients [21].

The protection of this specific structure is of fundamental importance, as Rao et al. indicates
that the hippocampus undergoes neurodegeneration already at an early stage of the disease. It
is essential for generating episodic memory (via the dentate gyrus) and transmitting the memory
trace to the cerebral cortex for consolidation (via the CA3 region) [22]. Therefore, physical
activity, by influencing BDNF levels, seems to directly counteract these adverse processes.
Like BDNF, a molecule closely linked to the modulation of GSK-3R kinase activity in the
context of AD pathophysiology, is insulin-like growth factor type 1 (IGF-1). A drastic decrease
in IGF-1 receptors has been observed in the brains of individuals suffering from AD. This
resistance induces increased GSK-3R activity, leading to the hyperphosphorylation of tau
protein [23]. Peripheral IGF-1 levels increase in response to physical exertion, although they
do not necessarily reflect brain concentrations. The role of IGF-1 is also postulated as a
mediator of the effects of physical activity on increased BDNF levels and improved cognitive
function [24].

The Role of Exerkines

Recent studies focus on identifying factors and analyzing their metabolic pathways that, at the
molecular level, mediate the effects of physical activity on the prevention and modulation of
Alzheimer’s disease. The key to understanding this relationship appears to lie in the role of
substances termed exerkines, secreted by peripheral tissue cells. Some of them are able to cross
the blood-brain barrier and stimulate the secretion of neuroprotective factors, including BDNF.
The literature in this area remains largely limited to studies using animal models, yet these

studies provide promising results [17].



The foundation of the muscle-brain communicative axis is irisin/FNDCS5. It is a muscle-secreted
molecule that not only regulates peripheral homeostasis, but also plays a mediating role in
neuroprotection [25]. Studies on mouse AD models show that blocking its signaling pathway
inhibits the beneficial effects of physical activity on neuroplasticity and memory retention [26],
while an increase in its level correlates with the BDNF mobilization [27]. Importantly, from a
clinical perspective, in humans, a decrease in irisin levels in cerebrospinal fluid (CSF) is
characteristic of the "moderate-to-late AD" stage, in contrast to the MCI phase, suggesting its
critical significance after conversion to the fully symptomatic form [26].

Exercise-dependent Cathepsin B (CTSB) acts via a parallel pathway. In study on mouse models
subjected to aerobic exercise, not only was an increase in protein concentration observed, but
also a statistically significant increase in CTSB gene expression, which correlated with
increased BDNF levels. These results find confirmation in human cohort: after a 4-month
intervention (treadmill running), the rise in plasma CTSB showed a positive correlation with
the improvement of cognitive functions, specifically regarding the visuospatial memory trace
[28].

A significant link between metabolic and structural pathways is lactate. As a product of
anaerobic metabolism, it promotes the SIRT1/PGC-1a pathway, stimulating irisin secretion and
increasing BDNF levels [27,29]. Simultaneously, it plays a key role in the VEGF secretion
cascade, inducing angiogenesis via the HCARL receptor, which constitutes a fundamental
neuroprotective mechanism [30].

VEGF itself thus demonstrates a dual action: vascular and neurogenerative [18]. In response to
high-intensity interval training, a significant increase in VEGF in the hippocampus and cerebral
cortex, as well as a densification of the vascular network, were noted in mice [30]. This is
reflected in the metabolic parameters of the human brain: Tubi et al. demonstrated that higher
CSF VEGF levels correlate with increased glucose metabolism in critical regions regarding AD
pathophysiology (temporal and parietal cortex, posterior cingulate gyrus) in patients with
amyloid pathology. This group also achieved better results in executive function tests,

confirming the translation of molecular mechanisms into the observed clinical effect [31].

Neuroinflammation and Clearance of Pathological Proteins

Exerkines and neurotrophins triggered by physical exercise act in an autocrine or paracrine
manner, inducing a neuroprotective effect [18, 21]. In light of recent studies, hemodynamic
mechanisms related to interstitial fluid transport in the central nervous system (CNS), as well
as the modulation of the microglial immunological profile mediated by physical activity, also



significantly inhibit neuropathological processes. In transgenic mice, a 6-week running
intervention improved cognitive function scores and decreased beta-amyloid deposits by
enhancing clearance of interstitial fluid in the CNS [32].

Physical activity also influences the conversion of microglia from a pro-inflammatory (M1) to
a protective/anti-inflammatory profile (M2), although the validity of this classification in
humans remains a subject of debate. Mee-Inta et al. highlight the pro-inflammatory influence
of molecules such as TNF-alpha and IL-1f, as well as the anti-inflammatory character of IL-4
and IL-6, the latter of which stimulates the secretion of the anti-inflammatory IL-10 and the IL-
1 receptor antagonist (IL-1Ra). Moreover, lower IL-6 concentrations are observed in
individuals diagnosed with AD [33].

A study on transgenic mice subjected to a resistance training intervention resulted in a general
reduction in microglial density, suggesting the suppression of chronic inflammation. In the
hippocampus of mice from the experimental group, an increase in anti-inflammatory cytokines
IL-10 and IL-4 was observed, with a concurrent reduction in TNF-alpha and IL-1p. After the
intervention, beta-amyloid plaque volume was reduced in a statistically significant manner [34].
Study on human cohort conducted by Casaletto et al. aligns with findings from animal models.
The American-Canadian team demonstrated that higher physical activity was associated with a
lower proportion of activated (inflammatory) microglia, particularly in regions linked to AD
pathophysiology (inferior temporal gyrus, ventromedial caudate nucleus). The greatest benefits

in this regard were derived by patients with advanced AD [35].

Factors Modifying the Efficacy of Physical Activity

Widely recognized and well-documented predictive factors for Alzheimer’s disease include
both sex and the polymorphism in the gene encoding apolipoprotein E (APOE). According to
data, women present a higher probability of developing Alzheimer’s disease. The presence of
the APOE epsilon 4 allele in patients is one of the key risk factors for a higher incidence of
Alzheimer’s disease [36].

A meta-analysis of twenty prospective cohort studies indicates a more than two-fold higher
probability of developing the disease in APOE4 allele carriers compared to individuals with
other variants, and an 86% higher possibility of conversion from Mild Cognitive Impairment
(MCI) to fully symptomatic Alzheimer’s disease [37]. The literature also indicates a prevalence
rate of 91% and a mean age of diagnosis at 68 years for homozygous carriers of the epsilon 4
variant, compared to 47% and 76 years for heterozygotes, and 20% and 84 years for individuals
free from this variant, suggesting an earlier age of onset for this patient population [38].
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However, the extent to which these predictive factors influence the protective mechanisms
provided by physical activity in the prevention and modulation of Alzheimer’s disease
progression remains under investigation. Results of a study conducted by a Spanish-American
team demonstrated that APOE4 allele carriage moderates the impact of regular exercise on the
prevention of Alzheimer’s disease onset. Cognitively unimpaired patients who carried the
APOE4 allele and were less physically active (<1845 MET-minutes/week) constituted a
significantly more vulnerable group regarding the onset of Alzheimer’s disease due to increased
B-amyloid deposition, compared to non-carriers [39].

In a study of an analogous cohort, this conclusion was confirmed following acute physical
exertion. Moreover, the group of patients with the APOE4 burden exercising at high intensity
(robust increased flow in the middle cerebral artery) achieved higher scores in cognitive tests
(Stroop test), despite increased B-amyloid burden, compared to both the "APOE4 carrier + low-
intensity exercise™ group and the "APOE4 non-carrier + high-intensity exercise” group. The
above results demonstrate the key neuroprotective role of physical activity. An efficient
cerebral vascular response may increase the brain's resistance to the chronic, neurotoxic effect
of B-amyloid deposition. The APOE4 genotype appears as a crucial modulator that can intensify
the negative effect of low physical activity or amplify the positive impact in patients engaging
in moderate to intense exercise [40]. Although the APOE4 genotype appears to be a
fundamental modulator of the interaction between physical activity and pathophysiology, recent
studies demonstrate that women with two copies of the APOE4 allele experience a significantly
faster age-related decline in cognitive function than men with the same genotype [41]. In the
heterozygous state, a higher level of neurodegeneration was observed in them, even at the same
level of B-amyloid in CSF [42].

In light of these results, it is justified to state that women may be the primary beneficiaries of
the positive impact of physical activity on the prevention of Alzheimer’s disease. This is
confirmed by the Wang Y study, which demonstrated the preventive character of regular
moderate-to-vigorous physical activity (MVPA) when performed for 300 minutes per week or
more. However, upon stratification by sex, this effect remained statistically significant
exclusively for women, becoming more pronounced when exceeding 600 minutes per week
[43].

Physical activity provides a universal benefit. Analysis of the study conducted by Gonneaud et
al. showed that higher activity levels preserve gray matter volume and increase glucose
metabolism in the cingulate gyrus in both genders. However, the patient's sex determines the

biological pathways of these protective mechanisms. This dimorphism in women manifests in
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their brain hemodynamic response: increased perfusion in the precuneus/posterior cingulate
gyrus region was observed exclusively in women, allowing them to maintain cognitive
proficiency despite potential pathological changes [44,45].

In men, the mechanism appears to be more directly targeted at pathology (lower amyloid burden
values retained statistical significance exclusively in this group), and particular emphasis
should be placed on maintaining good physical condition. Male patients with low mobility were
characterized by a much more rapid decline in cognitive functions compared to an analogous

group of women, who underwent slower deterioration [44,45].

Type and Dose of Training

Both aerobic and resistance training effectively inhibit cognitive deterioration. In light of recent
studies, new directions are emerging regarding the type of physical activity, especially those
simultaneously combining physical effort with concentration and pattern memorization. Mind-
body exercises are a type of activity that combines precise movement with breathing techniques
and emphasizes mindfulness during execution [46]. Researchers demonstrate not only their
positive impact on cognitive function preservation but also their superiority over classical
moderate-intensity aerobic training, which will be presented later in this chapter.

In studies of patients diagnosed with amnestic mild cognitive impairment (aMCl), the release
of neuroprotective mediators and the modulation of cognitive functions were analyzed under
the influence of aerobic and resistance exercises, and in a control group whose lifestyle did not
change [47] or was modified by low-intensity effort [48]. In both intervention groups, reaction
time shortened (Flanker Test); however, aerobic training was associated with a statistically
significant increase in the release of BDNF, IGF-1, and potentially VEGF (p=0.050), whereas
resistance training resulted only in the mobilization of IGF-1[47]. In a 16-week observation,
the effect of cognitive function stimulation was maintained; however, in the aerobic exercise
group, IGF-1 release lost significance, and in the resistance group, it approached statistical
significance (p=0.052) [48].

Thus, the effect on cognitive functions is significant in both physical activity models; however,
at the molecular level, they act via distinct pathways. Between aerobic and resistance efforts, a
combination of both seems most appropriate, ensuring a various approach to attenuating
cognitive function loss.

An alternative to classical physical exertion remains multimodal training, encompassing
aerobic, neuromotor, cognitive, and social domains. A study conducted by Chen et al. evaluated
whether a Mind-Body exercise, such as Tai Chi Chuan, shows superiority compared with

12



traditional aerobic training. A cohort of 328 patients with mild cognitive impairment and type
2 diabetes were randomized into three parallel groups: Tai Chi Chuan exercises, moderate-
intensity walking, and a control group whose lifestyle did not change. In the intervention
groups, the scope of physical effort was defined as three training sessions per week, each lasting
60 minutes, for a period of six months. Analysis of the results of the cognitive function test
battery performed 12 weeks after the end of the intervention showed a statistically significant
point difference favoring Tai Chi over both the control and the fitness walking groups (24.67
versus 23.84 in the walking group and 22.77 in the control group) on the Montreal Cognitive
Assessment scale. Moreover, Mind-Body training improved immediate and delayed memory
(Wechsler Memory Quotient), shifting ability (Trail-Making-Test part B), and processing speed
(Digit Symbol Substitution Test) compared with the control group, whereas classic aerobic
training demonstrated superiority only in inhibiting cognitive deterioration. The absolute
difference between intervention groups may not appear impressive; however, the Tai Chi Chuan
group's advantage of 1.90 points over the control and 0.84 points over the fitness walking group
constitutes a promising effect, considering that individuals with MCI lose an average of 0.52
points on the MoCA annually [49].

The multimodal approach also showed efficacy through choreography training.

In individuals attending one-hour dance classes twice a week, a greater beneficial effect on
cognitive functions was observed than in a group practicing classic aerobic-resistance training
with dual-task elements (e.g., fitness walking and repeating city names). Dance is a complex
sensory-cognitive training requiring the acquisition of new motor skills. The dance group
achieved significantly greater improvement in the storage and retrieval of memory traces
(Wechsler Memory Scale-Third Edition: Verbal Recognition Memory) than the second
intervention group (aerobic-resistance). The ability to recall from visual memory and
consolidation (Repeatable Battery for the Assessment of Neuropsychological Status: Visual
Delayed Recall) increased following each type of intervention, yet only by approximately 27%
in the aerobic-resistance group, versus approximately 40% in the dance group [50].

The positive impact of implementing a cognitive and/or social component into classic aerobic-
resistance training seems indisputable. It promotes various types of memory, its consolidation,
and supports information processing abilities. Promising results from extensive studies by
researchers worldwide should provide an impetus for creating diversified training plans that

activate protective mechanisms through multiple pathways.
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Conclusions

Physical activity constitutes a key, non-pharmacological strategy modifying the course of
Alzheimer’s disease. In the MCI phase, it may possibly delay conversion to the fully
symptomatic form of the disease by as much as 8 to 24 months, and neuroprotective effects
persist even after the cessation of regular physical effort. Conversely, in diagnosed AD,
systematic training appears to be a necessary condition for maintaining the efficacy of inhibiting
cognitive deterioration. Recent studies indicate the superiority of high-intensity multimodal
training. The concurrent engagement of the motor and cognitive spheres yields significantly
better effects than simple interventions. However, the current evidence base has limitations.
Many studies are conducted on small samples or with short follow-up periods, limiting the
ability to assess long-term intervention effects. In addition, differences in PA protocols and
participant characteristics make direct comparison and synthesis of results challenging. The
efficacy of physical effort is also mediated by individual factors, such as sex or the carriage of
the APOE4 gene allele. Despite the well-established positive influence of physical activity
among populations of AD patients and individuals at risk for this condition, particularly positive
effects are observed among individuals carrying the APOE4 variant; furthermore, there are
indications of sexual dimorphism in the scope of protective mechanisms induced by physical
effort.

Disclosure

Authors’ Contributions

Conceptualization was done by Jakub Kazmierczyk; methodology by Jakub Kazmierczyk and
Michat Popczyk; software by Jakub Jopek, checking by Aleksandra Marciszewska; formal
analysis by Hanna Tymchenko; investigation by Agnieszka Piechowicz; resources by
Agnieszka Przybylowska; data curation by Martyna Swiatecka; writing-rough preparation by
Ewa Buczkowska; writing-review and editing by Aleksandra Marciszewska; visualization by
Jakub Kazmierczyk and Hanna Tymchenko; supervision by Natalia Popczyk; project
administration by Ewa Buczkowska.

All authors have read and agreed with the published version of the manuscript.

Funding statement: The study did not receive special funding.

Informed Consent Statement: Not applicable.

14



Acknowledgements: Not applicable.

Conflict of Interest Statement: The authors report that there is no conflict of interest.

Declaration of the use of generative Al and Al-assisted technologies in the writing process.
In preparing this work, the authors used Gemini for the purpose of language-related support,
including grammatical and stylistic editing in English. After using this tool, the authors have
reviewed and edited the content as needed and accept full responsibility for the substantive

content of the publication.

References:

[1] “Dementia,” World Health Organization, accessed March 31, 2025,
https://www.who.int/news-room/fact-sheets/detail/dementia

[2] Rostagno AA. Pathogenesis of Alzheimer's Disease. Int J Mol Sci. 2022 Dec 21;24(1):107.
doi: 10.3390/ijms24010107. PMID: 36613544; PMCID: PMC9820480.

[3] 2020 Alzheimer's disease facts and figures. Alzheimers Dement. 2020 Mar 10. doi:
10.1002/alz.12068. Epub ahead of print. PMID: 32157811.

[4] 2024 Alzheimer's disease facts and figures. Alzheimers Dement. 2024 May;20(5):3708-
3821. doi: 10.1002/alz.13809. Epub 2024 Apr 30. PMID: 38689398; PMCID: PMC11095490.
[5] Scheltens P, De Strooper B, Kivipelto M, Holstege H, Chételat G, Teunissen CE, Cummings
J, van der Flier WM. Alzheimer's disease. Lancet. 2021 Apr 24;397(10284):1577-1590. doi:
10.1016/S0140-6736(20)32205-4. Epub 2021 Mar 2. PMID: 33667416; PMCID:
PMC8354300.

[6] Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee S, Brayne C, Burns
A, Cohen-Mansfield J, Cooper C, Costafreda SG, Dias A, Fox N, Gitlin LN, Howard R, Kales
HC, Kivimaki M, Larson EB, Ogunniyi A, Orgeta V, Ritchie K, Rockwood K, Sampson EL,

Samus Q, Schneider LS, Selbzk G, Teri L, Mukadam N. Dementia prevention, intervention,
and care: 2020 report of the Lancet Commission. Lancet. 2020 Aug 8;396(10248):413-446. doi:
10.1016/S0140-6736(20)30367-6. Epub 2020 Jul 30. Erratum in: Lancet. 2023 Sep
30;402(10408):1132. doi: 10.1016/S0140-6736(23)02043-3. PMID: 32738937; PMCID:
PMC7392084.

[7] Zhang XX, Tian Y, Wang ZT, Ma YH, Tan L, Yu JT. The Epidemiology of Alzheimer's
Disease Modifiable Risk Factors and Prevention. J Prev Alzheimers Dis. 2021;8(3):313-321.
doi: 10.14283/jpad.2021.15. PMID: 34101789; PMCID: PMC12280729.

15


https://www.who.int/news-room/fact-sheets/detail/dementia

[8] Sanford AM. Mild Cognitive Impairment. Clin Geriatr Med. 2017 Aug;33(3):325-337. doi:
10.1016/j.cger.2017.02.005. Epub 2017 May 17. PMID: 28689566.

[9] Mitchell AJ, Shiri-Feshki M. Rate of progression of mild cognitive impairment to dementia-
-meta-analysis of 41 robust inception cohort studies. Acta Psychiatr Scand. 2009
Apr;119(4):252-65. doi: 10.1111/j.1600-0447.2008.01326.x. Epub 2008 Feb 18. PMID:
19236314.

[10] Uysal I, Basar S, Aysel S, Kalafat D, Biiyiiksiinnet¢i AQ. Aerobic exercise and dual-task
training combination is the best combination for improving cognitive status, mobility and
physical performance in older adults with mild cognitive impairment. Aging Clin Exp Res.
2023 Feb;35(2):271-281. doi: 10.1007/s40520-022-02321-7. Epub 2022 Dec 23. PMID:
36550323.

[11] Broadhouse KM, Singh MF, Suo C, Gates N, Wen W, Brodaty H, Jain N, Wilson GC,
Meiklejohn J, Singh N, Baune BT, Baker M, Foroughi N, Wang Y, Kochan N, Ashton K,
Brown M, Li Z, Mavros Y, Sachdev PS, Valenzuela MJ. Hippocampal plasticity underpins
long-term cognitive gains from resistance exercise in MCI. Neuroimage Clin. 2020;25:102182.
doi: 10.1016/j.nicl.2020.102182. Epub 2020 Jan 14. PMID: 31978826; PMCID: PMC6974789.
[12] Yu F, Vock DM, Zhang L, Salisbury D, Nelson NW, Chow LS, Smith G, Barclay TR,
Dysken M, Wyman JF. Cognitive Effects of Aerobic Exercise in Alzheimer's Disease: A Pilot
Randomized Controlled Trial. J Alzheimers Dis. 2021;80(1):233-244. doi: 10.3233/JAD-
201100. PMID: 33523004; PMCID: PMC8075384.

[13] Angiolillo A, Leccese D, Ciccotelli S, Di Cesare G, D'Elia K, Aurisano N, Matrone C,
Dentizzi C, Di Costanzo A. Effects of Nordic walking in Alzheimer's disease: A single-blind
randomized controlled clinical trial. Heliyon. 2023 Apr 28;9(5):e15865. doi:
10.1016/j.heliyon.2023.e15865. PMID: 37305510; PMCID: PMC10256925.

[14] Lok N, Tosun AS, Lok S, Temel V, Aydin Z. Effect of physical activity program applied
to patients with Alzheimer's disease on cognitive functions and depression level: a randomised
controlled study. Psychogeriatrics. 2023 Sep;23(5):856-863. doi: 10.1111/psyg.13010. Epub
2023 Jul 24. PMID: 37487556.

[15] David S, Costa AS, Hohenfeld C, Romanzetti S, Mirzazade S, Pahl J, Haberl L, Schneider
KM, Kilders A, Eggermann T, Trautwein C, Hildebrand F, Schulz JB, Reetz K, Haeger A.
Modulating effects of fitness and physical activity on Alzheimer's disease: Implications from a
six-month randomized controlled sports intervention. J Alzheimers Dis. 2025 Jan;103(2):552-
569. doi: 10.1177/13872877241303764. Epub 2025 Jan 15. PMID: 39814521.

16



[16] Fonte C, Smania N, Pedrinolla A, Munari D, Gandolfi M, Picelli A, Varalta V, Benetti
MV, Brugnera A, Federico A, Muti E, Tamburin S, Schena F, Venturelli M. Comparison
between physical and cognitive treatment in patients with MCI and Alzheimer's disease. Aging
(Albany NY). 2019 May 24;11(10):3138-3155. doi: 10.18632/aging.101970. PMID: 31127076;
PMCID: PMC6555450.

[17] Rody T, De Amorim JA, De Felice FG. The emerging neuroprotective roles of exerkines
in  Alzheimer's disease. Front Aging Neurosci. 2022 Aug 31;14:965190. doi:
10.3389/fnagi.2022.965190. PMID: 36118704; PMCID: PMC9472554.

[18] Chow LS, Gerszten RE, Taylor JM, Pedersen BK, van Praag H, Trappe S, Febbraio MA,
Galis ZS, Gao Y, Haus JM, Lanza IR, Lavie CJ, Lee CH, Lucia A, Moro C, Pandey A, Robbins
JM, Stanford KI, Thackray AE, Villeda S, Watt MJ, Xia A, Zierath JR, Goodpaster BH, Snyder
MP. Exerkines in health, resilience and disease. Nat Rev Endocrinol. 2022 May;18(5):273-289.
doi: 10.1038/s41574-022-00641-2. Epub 2022 Mar 18. PMID: 35304603; PMCID:
PMC9554896.

[19] Malczynska P, Piotrowicz Z, Drabarek D, Langfort J, Chalimoniuk M. Rola mézgowego
czynnika neurotroficznego (BDNF) w procesach neurodegeneracji oraz w mechanizmach
neuroregeneracji wywotanej wzmozong aktywnos$ciag fizyczng [The role of the brain-derived
neurotrophic factor (BDNF) in neurodegenerative processes and in the neuroregeneration
mechanisms induced by increased physical activity]. Postepy Biochem. 2019 Mar 22;65(1):2-
8. Polish. doi: 10.18388/pb.2019_251. PMID: 30901514,

[20] Dinoff A, Herrmann N, Swardfager W, Liu CS, Sherman C, Chan S, Lanct6t KL. The
Effect of Exercise Training on Resting Concentrations of Peripheral Brain-Derived
Neurotrophic Factor (BDNF): A Meta-Analysis. PL0oS One. 2016 Sep 22;11(9):e0163037. doi:
10.1371/journal.pone.0163037. PMID: 27658238; PMCID: PMC5033477.

[21] Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, Kim JS, Heo S,
Alves H, White SM, Wojcicki TR, Mailey E, Vieira VJ, Martin SA, Pence BD, Woods JA,
McAuley E, Kramer AF. Exercise training increases size of hippocampus and improves
memory. Proc Natl Acad Sci U S A. 2011 Feb 15;108(7):3017-22. doi:
10.1073/pnas.1015950108. Epub 2011 Jan 31. PMID: 21282661; PMCID: PMC3041121.

[22] Rao YL, Ganaraja B, Murlimanju BV, Joy T, Krishnamurthy A, Agrawal A. Hippocampus
and its involvement in Alzheimer's disease: a review. 3 Biotech. 2022 Feb;12(2):55. doi:
10.1007/s13205-022-03123-4. Epub 2022 Feb 1. PMID: 35116217; PMCID: PMC8807768.
[23] Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, Tavares R, Xu XJ, Wands JR, de la

Monte SM. Impaired insulin and insulin-like growth factor expression and signaling

17



mechanisms in Alzheimer's disease--is this type 3 diabetes? J Alzheimers Dis. 2005
Feb;7(1):63-80. doi: 10.3233/jad-2005-7107. PMID: 15750215.

[24] Stein AM, Silva TMV, Coelho FGM, Arantes FJ, Costa JLR, Teodoro E, Santos-Galdur6z
RF. Physical exercise, IGF-1 and cognition A systematic review of experimental studies in the
elderly. Dement Neuropsychol. 2018 Apr-Jun;12(2):114-122. doi: 10.1590/1980-
57642018dn12-020003. PMID: 29988330; PMCID: PMC6022990.

[25] Liu S, Cui F, Ning K, Wang Z, Fu P, Wang D, Xu H. Role of irisin in physiology and
pathology.  Front  Endocrinol  (Lausanne). 2022 Sep  26;13:962968. doi:
10.3389/fend0.2022.962968. PMID: 36225200; PMCID: PMC9549367.

[26] Lourenco MV, Frozza RL, de Freitas GB, Zhang H, Kincheski GC, Ribeiro FC, Gongalves
RA, Clarke JR, Beckman D, Staniszewski A, Berman H, Guerra LA, Forny-Germano L, Meier
S, Wilcock DM, de Souza JM, Alves-Leon S, Prado VF, Prado MAM, Abisambra JF, Tovar-
Moll F, Mattos P, Arancio O, Ferreira ST, De Felice FG. Exercise-linked FNDC5/irisin rescues
synaptic plasticity and memory defects in Alzheimer's models. Nat Med. 2019 Jan;25(1):165-
175. doi: 10.1038/s41591-018-0275-4. Epub 2019 Jan 7. PMID: 30617325; PMCID:
PMC6327967.

[27] Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, Wu J, Ma D, Lin JD,
Greenberg ME, Spiegelman BM. Exercise induces hippocampal BDNF through a PGC-
1o/FNDCS5 pathway. Cell Metab. 2013 Nov 5;18(5):649-59. doi: 10.1016/j.cmet.2013.09.008.
Epub 2013 Oct 10. PMID: 24120943; PMCID: PMC3980968.

[28] Moon HY, Becke A, Berron D, Becker B, Sah N, Benoni G, Janke E, Lubejko ST, Greig
NH, Mattison JA, Duzel E, van Praag H. Running-Induced Systemic Cathepsin B Secretion Is
Associated with Memory Function. Cell Metab. 2016 Aug 9;24(2):332-40. doi:
10.1016/j.cmet.2016.05.025. Epub 2016 Jun 23. PMID: 27345423; PMCID: PMC6029441.
[29] El Hayek L, Khalifeh M, Zibara V, Abi Assaad R, Emmanuel N, Karnib N, EI-Ghandour
R, Nasrallah P, Bilen M, Ibrahim P, Younes J, Abou Haidar E, Barmo N, Jabre V, Stephan JS,
Sleiman SF. Lactate Mediates the Effects of Exercise on Learning and Memory through SIRT1-
Dependent Activation of Hippocampal Brain-Derived Neurotrophic Factor (BDNF). J Neurosci.
2019 Mar 27;39(13):2369-2382. doi: 10.1523/JNEUROSCI.1661-18.2019. Epub 2019 Jan 28.
PMID: 30692222; PMCID: PMC6435829.

[30] Morland C, Andersson KA, Haugen @P, Hadzic A, Kleppa L, Gille A, Rinholm JE, Palibrk
V, Diget EH, Kennedy LH, Stglen T, Hennestad E, Moldestad O, Cai Y, Puchades M,
Offermanns S, Vervaeke K, Bjgras M, Wislgff U, Storm-Mathisen J, Bergersen LH. Exercise

18



induces cerebral VEGF and angiogenesis via the lactate receptor HCAR1. Nat Commun. 2017
May 23;8:15557. doi: 10.1038/ncomms15557. PMID: 28534495; PMCID: PMC5457513.
[31] Tubi MA, Kothapalli D, Hapenney M, Feingold FW, Mack WJ, King KS, Thompson PM,
Braskie MN; for Alzheimer's Disease Neuroimaging Initiative. Regional relationships between
CSF VEGF levels and Alzheimer's disease brain biomarkers and cognition. Neurobiol Aging.
2021 Sep;105:241-251. doi: 10.1016/j.neurobiolaging.2021.04.025. Epub 2021 May 21. PMID:
34126466; PMCID: PMC8544907.

[32] Reddy OC, van der Werf YD. The Sleeping Brain: Harnessing the Power of the
Glymphatic System through Lifestyle Choices. Brain Sci. 2020 Nov 17;10(11):868. doi:
10.3390/brainsci10110868. PMID: 33212927; PMCID: PMC7698404.

[33] Mee-Inta O, Zhao ZW, Kuo YM. Physical Exercise Inhibits Inflammation and Microglial
Activation. Cells. 2019 Jul 9;8(7):691. doi: 10.3390/cells8070691. PMID: 31324021; PMCID:
PMC6678635.

[34] Hashiguchi D, Campos HC, Wuo-Silva R, Faber J, Gomes da Silva S, Coppi AA, Arida
RM, Longo BM. Resistance Exercise Decreases Amyloid Load and Modulates Inflammatory
Responses in the APP/PS1 Mouse Model for Alzheimer's Disease. J Alzheimers Dis.
2020;73(4):1525-1539. doi: 10.3233/JAD-190729. PMID: 31958083.

[35] Casaletto KB, Lindbergh CA, VandeBunte A, Neuhaus J, Schneider JA, Buchman AS,
Honer WG, Bennett DA. Microglial Correlates of Late Life Physical Activity: Relationship
with Synaptic and Cognitive Aging in Older Adults. J Neurosci. 2022 Jan 12;42(2):288-298.
doi: 10.1523/JNEUROSCI.1483-21.2021. Epub 2021 Nov 22. PMID: 34810231; PMCID:
PMC8802938.

[36] Riedel BC, Thompson PM, Brinton RD. Age, APOE and sex: Triad of risk of Alzheimer's
disease. J Steroid Biochem Mol Biol. 2016 Jun;160:134-47. doi: 10.1016/j.jsbmb.2016.03.012.
Epub 2016 Mar 8. PMID: 26969397; PMCID: PMC4905558.

[37] Li RX, Ma YH, Tan L, Yu JT. Prospective biomarkers of Alzheimer's disease: A
systematic review and meta-analysis. Ageing Res Rev. 2022 Nov;81:101699. doi:
10.1016/j.arr.2022.101699. Epub 2022 Jul 26. PMID: 35905816.

[38] Liu CC, Liu CC, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer disease: risk,
mechanisms and therapy. Nat Rev  Neurol. 2013 Feb;9(2):106-18. doi:
10.1038/nrneurol.2012.263. Epub 2013 Jan 8. Erratum in: Nat Rev Neurol. 2013. doi:
10.1038/nmeurol.2013.32. Liu, Chia-Chan [corrected to Liu, Chia-Chen]. PMID: 23296339;
PMCID: PMC3726719.

19



[39] Pedrero-Chamizo R, Zhuang K, Juarez A, Janabi M, Jagust WJ, Landau SM. Alzheimer's
disease prevention: Apolipoprotein e4 moderates the effect of physical activity on brain beta-
amyloid deposition in healthy older adults. J Sci Med Sport. 2024 Jun;27(6):402-407. doi:
10.1016/j.jsams.2024.03.012. Epub 2024 Apr 3. PMID: 38664148.

[40] Palmer JA, Kaufman CS, Vidoni ED, Honea RA, Burns JM, Billinger SA. Cerebrovascular
response to exercise interacts with individual genotype and amyloid-beta deposition to
influence response inhibition with aging. Neurobiol Aging. 2022 Jun;114:15-26. doi:
10.1016/j.neurobiolaging.2022.02.014. Epub 2022 Mar 4. PMID: 35344819; PMCID:
PMC9731173.

[41] Shibata K, Chen C, Tai XY, Manohar SG, Husain M. Impact of APOE, Klotho, and sex
on cognitive decline with aging. Proc Natl Acad Sci U S A. 2025 Feb 11;122(6):e2416042122.
doi: 10.1073/pnas.2416042122. Epub 2025 Feb 4. PMID: 39903109; PMCID: PMC11831164.
[42] Xu X, Kwon J, Yan R, Apio C, Song S, Heo G, Yang Q, Timsina J, Liu M, Budde J,
Blennow K, Zetterberg H, Lle6 A, Ruiz A, Molinuevo JL, Lee VM, Deming Y, Heslegrave AJ,
Hohman TJ, Pastor P, Peskind ER, Albert MS, Morris JC, Park T, Cruchaga C, Sung YJ. Sex
Differences in Apolipoprotein E and Alzheimer Disease Pathology Across Ancestries. JAMA
Netw Open. 2025 Mar 3;8(3):e250562. doi: 10.1001/jamanetworkopen.2025.0562. PMID:
40067298; PMCID: PMC11897841.

[43] Wang Y, Li F, Cao S, Jia J. Dose- and pattern- physical activity is associated with lower
risk of dementia. J Prev Alzheimers Dis. 2025 Aug;12(7):100223. doi:
10.1016/j.tjpad.2025.100223. Epub 2025 Jun 12. PMID: 40514301; PMCID: PMC12321609.

[44] Gonneaud J, Moreau I, Felisatti F, Arenaza-Urquijo E, Ourry V, Touron E, de la Sayette
V, Vivien D, Chételat G. Men and women show partly distinct effects of physical activity on
brain integrity. Alzheimers Dement (Amst). 2022 Mar 28;14(1):e12302. doi:
10.1002/dad2.12302. PMID: 35382233; PMCID: PMC8959639.

[45] Thibeau S, McFall GP, Camicioli R, Dixon RA. Physical Activity and Mobility
Differentially Predict Nondemented Executive Function Trajectories: Do Sex and APOE
Moderate These Associations? Gerontology. 2019;65(6):640-648. doi: 10.1159/000496442.
Epub 2019 Mar 25. PMID: 30909272.

[46] Tan L, Strudwick J, Deady M, Bryant R, Harvey SB. Mind-body exercise interventions
for prevention of post-traumatic stress disorder in trauma-exposed populations: a systematic
review and meta-analysis. BMJ Open. 2023 Jul 12;13(7):e064758. doi: 10.1136/bmjopen-2022-
064758. PMID: 37438059; PMCID: PMC10347470.

20



[47] Tsai CL, Ukropec J, Ukropcova B, Pai MC. An acute bout of aerobic or strength exercise
specifically modifies circulating exerkine levels and neurocognitive functions in elderly
individuals with mild cognitive impairment. Neuroimage Clin. 2017 Oct 31;17:272-284. doi:
10.1016/j.nicl.2017.10.028. PMID: 29527475; PMCID: PMC5842646.

[48] Tsai CL, Pai MC, Ukropec J, Ukropcova B. Distinctive Effects of Aerobic and Resistance
Exercise Modes on Neurocognitive and Biochemical Changes in Individuals with Mild
Cognitive Impairment. Curr Alzheimer Res. 2019;16(4):316-332. doi:
10.2174/1567205016666190228125429. PMID: 30819077.

[49] Chen Y, Qin J, Tao L, Liu Z, Huang J, Liu W, Xu Y, Tang Q, Liu Y, Chen Z, Chen S,
Liang S, Chen C, Xie J, Liu J, Chen L, Tao J. Effects of Tai Chi Chuan on Cognitive Function
in Adults 60 Years or Older With Type 2 Diabetes and Mild Cognitive Impairment in China: A
Randomized Clinical Trial. JAMA Netw Open. 2023 Apr 3;6(4):e237004. doi:
10.1001/jamanetworkopen.2023.7004. PMID: 37022680; PMCID: PMC10080376.

[50] Bisbe M, Fuente-Vidal A, Lépez E, Moreno M, Naya M, de Benetti C, Mila R, Bruna O,
Boada M, Alegret M. Comparative Cognitive Effects of Choreographed Exercise and
Multimodal Physical Therapy in Older Adults with Amnestic Mild Cognitive Impairment:
Randomized Clinical Trial. J Alzheimers Dis. 2020;73(2):769-783. doi: 10.3233/JAD-190552.
PMID: 31868666; PMCID: PMC7029368.

21



